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Changes in Stratosphere-Troposphere Exchange of Air Mass
and Ozone Concentration in CCMI Models From 1960 to 2099

Mingcheng Wang! (© and Qiang Fu!

'Department of Atmospheric Sciences, University of Washington, Seattle, WA, USA

Abstract This study investigates changes in stratosphere-troposphere exchange (STE) of air masses and
ozone concentrations from 1960 to 2099 using multiple model simulations from Chemistry Climate Model
Initiative (CCMI) under climate change scenario RCP6.0. We employ a lowermost stratosphere mass budget
approach with dynamic isentropic surfaces fitted to the tropical tropopause as the upper boundary of lowermost
stratosphere. The multi-model mean (MMM) trends of air mass STEs are all small over all regions, which are
within 0.3 (0.1) % decade~! for 1960-2000 (2000-2099). The MMM trends of ozone STE for 1960-2000 are
0.3%, —2.7%, 3.4%, —0.9%, and —2.7% decade~! over the Northern hemisphere (NH) extratropics, Southern
hemisphere (SH) extratropics, tropics, extratropics, and globe, respectively. The corresponding ozone STE
trends for 2000-2099 are 3.0%, 4.3%, 0.8%, 3.5%, and 4.7% decade~!. Changes in ozone STEs are dominated
by ozone concentration changes, driven by climate-induced changes and ozone-depleting substance (ODS)
changes. For 1960-2000, small changes in ozone STEs in the NH extratropics are due to a cancellation between
effects of climate-induced changes and ODS increases, while the ODS effect dominates in the SH extratropics,
leading to a large ozone STE magnitude decrease. Increased ozone transport from tropical troposphere to
stratosphere for 1960-2000 is due to increased tropospheric ozone. A decreased global ozone STE magnitude
for 1960-2000 was largely caused by ODS-induced ozone loss that is partly compensated by climate-induced
ozone changes. For 2000-2099, about two-thirds of global ozone STE magnitude increases are caused by ozone
increases in the extratropical lower stratosphere due to climate-induced changes. The remaining one-third is
caused by ozone recovery due to the phaseout of ODS.

Plain Language Summary Stratosphere-troposphere exchange (STE) of ozone is an important
source of tropospheric ozone and can impact the tropospheric air quality. This study investigates changes in
STE of ozone concentrations for 1960-2099 using multiple climate model simulations from the Chemistry
Climate Model Initiative under the RCP6.0 scenario. It is shown that the trends in global ozone STEs are
—2.7% decade™! for 19602000, and 4.7% decade~! for 2000-2099 in. In other words, global ozone STEs are
decreased by 11% from 1960 to 2000, but increased by 47% from 2000 to 2099. We separate the contributions
from climate change and ozone-depleting substance (ODS) effects to the ozone STE changes. A decreased
global ozone STE magnitude for 1960-2000 was caused by ODS-induced ozone loss that is partly compensated
by climate-induced ozone changes. For 2000-2099, about two-thirds of the global ozone STE magnitude
increases are caused by ozone increases in the extratropical lower stratosphere due to climate changes. The
remaining one-third is caused by ozone recovery due to the phaseout of ODS.

1. Introduction

Stratosphere-troposphere exchange (STE) of ozone is an important source for the tropospheric ozone budget
(e.g., Bates & Jacob, 2020; Collins et al., 2003; Griffiths et al., 2020; Stohl et al., 2003). Bates and Jacob (2020)
examined an expanded odd oxygen family and showed a greater stratospheric ozone contribution of up to 26% to
the tropospheric ozone budget under present-day conditions in the GEOS-Chem model. In addition, ozone STE
could impact tropospheric air quality, oxidation capacity, and methane lifetime (e.g., Fiore et al., 2002; Geng
et al., 2017; Kentarchos & Roelofs, 2003; Lin et al., 2015; Ordoéiiez et al., 2007).

In response to greenhouse gas-induced climate changes, climate models consistently predict an accelera-
tion of Brewer-Dobson circulation (BDC) (e.g., Abalos et al., 2021; Butchart, 2014; Butchart et al., 2006; Fu
et al., 2010; Fu et al., 2019; Li et al., 2008; Lin et al., 2009; Lin & Fu, 2013) and increased ozone STEs (e.g.,
Abalos et al., 2020; Collins et al., 2003; Hegglin & Shepherd, 2009; Hess et al., 2015; Meul et al., 2018). Induced
by anthropogenic ozone-depleting substances (ODS), the Antarctic ozone hole has been a focus of attention over
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four decades (Molina & Rowland, 1974; Solomon et al., 1986; Solomon, 1999, and references therein). Due to the
worldwide phaseout of the production of ODS imposed by the Montreal Protocol and its amendments, the ozone
layer is expected to recover in the middle of the 21st century (WMO, 2007). The evolutions of stratospheric ozone
associated with the ODS changes could also impact the stratospheric ozone influxes into the troposphere (e.g.,
Hegglin & Shepherd, 2009; Meul et al., 2018; Shindell et al., 2006). For instance, Shindell et al. (2006) found
that more than half of the tropospheric ozone increase since the preindustrial period was offset by reduced ozone
STE due to stratospheric ozone depletion.

Various approaches have been developed to estimate ozone STEs (see Hsu et al., 2005; Schoeberl, 2004; Stohl
et al., 2003; Wang et al., 2022; Wang & Fu, 2021; Yang et al., 2016). The lowermost stratosphere mass budget
approach (e.g., Appenzeller et al., 1996) can be used to accurately quantify the net mass fluxes of air, ozone, and
other chemical species across the tropopause over the Northern hemisphere (NH) extratropics, Southern hemi-
sphere (SH) extratropics, tropics, and globe, although it cannot isolate STE events spatially and temporally. The
mass budget approach is often used as an important constraint and reference to assess estimates from other meth-
ods (e.g., Stohl et al., 2003; Skerlak et al., 2014), and has been widely used to estimate air mass and ozone STEs
in the past, current, and future climates (e.g., Hegglin & Shepherd, 2009; Meul et al., 2018; Schoeberl, 2004;
Wang et al., 2022; Wang & Fu, 2021).

The 380 K isentropic surface, or 100 hPa, is often used as the upper boundary of the lowermost stratosphere
in the mass budget approach (e.g., Appenzeller et al., 1996; Hegglin & Shepherd, 2009; Olsen et al., 2013;
Schoeberl, 2004; Wang & Fu, 2021; Yang et al., 2016). However, this upper boundary is expected to change
with the changing tropical tropopause in different climates. Previous studies also often only estimated the ozone
stratosphere to troposphere transports and their changes over the extratropics (e.g., Hegglin & Shepherd, 2009;
Meul et al., 2018). Based on reanalysis and observations, Wang and Fu (2021) found that tropical upward ozone
flux compensates for a significant portion of extratropical downward ozone flux: the ozone STEs averaged over
2007-2010 are 535 and 350 Tg year~! over the extratropics and globe, respectively. In investigating air mass and
ozone STE changes in the Last Glacial Maximum (LGM) versus the preindustrial climate, Wang et al. (2022)
introduced a dynamic isentropic surface that is determined by fitting to the tropical tropopause as the upper
boundary of the lowermost stratosphere in the mass budget approach. This method is referred to as the dynamic
upper isentrope method (Wang et al., 2022), which is particularly suitable for estimating air mass and ozone
STEs across different climates. Wang et al. (2022) applied this method to the WACCM®6 simulations of the LGM
climate (Fu et al., 2020a, 2020b; Wang et al., 2020).

In this study, we investigate the changes in air mass and ozone STEs for 1960-2000 and 2000-2099 based on
multiple Chemistry Climate Model Initiative (CCMI) model simulations (Morgenstern et al., 2017) by employing
the dynamic upper isentrope method. The future climate simulations here follow the IPCC RCP6.0 scenario. The
contributions to the air mass and ozone STE changes from the greenhouse gas and sea surface temperature (GHG/
SST) changes and ODS changes are quantified. The roles of ozone STEs in tropospheric ozone budgets are also
examined. This study differs from previous studies by (a) using a dynamic isentropic surface as the upper bound-
ary of the lowermost stratosphere, and (b) estimating STEs of ozone concentrations not only over the extratropics
but also over the globe including the entire tropical region. Note that ozone STE over the globe instead of that
over the extratropics is the STE contribution to the tropospheric ozone budget (Wang & Fu, 2021).

The CCMI modeling data and analysis method used in this study are described in Section 2. Section 3 presents the
air mass and ozone STE changes, while the causes for these STE changes are shown in Section 4, and Section 5
separates the GHG/SST and ODS contributions to the STE changes. Section 6 examines the tropospheric ozone
budget. A comparison with previous studies is discussed in Section 7. A summary and conclusions are provided
in Section 8.

2. Modeling Data and Analysis Method

Model simulations, including REF-C2, SEN-C2-fODS, and SEN-C2-fGHG, from the CCMI over 1960-2099,
are used in this study (Table S1 in Supporting Information S1). In REF-C2 experiments, the historic forcings and
observed sea surface conditions are used for 1960-2010; the 2010-2099 period follows the WMO (2010) A1l
scenario for ODS and RCP 6.0 (Meinshausen et al., 2011) for other GHG, tropospheric ozone precursors, and
aerosol and aerosol precursor emissions (Morgenstern et al., 2017). The simulation of SEN-C2-fODS is the same
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as REF-C2, but with the ODS fixed to 1960 levels, while SEN-C2-fGHG is the same as REF-C2 but with GHGs
fixed at 1960 levels and SST and sea ice conditions prescribed as the 1955-1964 average. In this study, the effect
of GHG/SST changes is quantified as the difference between the REF-C2 and SEN-C2-fGHG, and the effect of
ODS changes is the difference between REF-C2 and SEN-C2-fODS. Note that the GHG/SST effect here is the
combined effects of GHG and SST/sea ice changes, and the latter includes those not only due to GHG changes
but also other factors such as aerosol changes and internal variability. More details about the CCMI models and
experiments can be found in Morgenstern et al. (2017).

In this study, we use simulations from 10 CCMI models for REF-C2 and from four models for SEN-C2-fODS and
SEN-C2-fGHG (Table S1 in Supporting Information S1), which provide the required fields, including radiative
heating rates, for our air mass and ozone STE calculations. Furthermore, we only analyze and present results
based on the first ensemble of the model for which there are multiple ensemble members. The results, however,
are almost identical if we use all ensemble members (not shown).

The monthly ERAS and Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA?2)
from 1980 to 2020 are used in this study. Compared to ERA-Interim, the representations of the atmospheric
temperature, wind, and humidity are generally better in ERAS (Hersbach et al., 2020). The representation of the
stratosphere including ozone is improved in MERRAZ2 relative to MERRA (Gelaro et al., 2017). The reanalysis
and CCMI simulations are compared to provide confidence in the results obtained from CCMI models.

We use the lowermost stratosphere mass budget approach with a dynamic upper isentropic surface that is deter-
mined by fitting to the tropical lapse-rate tropopause as the upper boundary of the lowermost stratosphere (Wang
et al., 2022). Herein an upward flux has a positive sign. See Appendix A for a description of this so-called
dynamic upper isentrope method in more detail. The derived global air mass fluxes at the upper isentrope may
not be zero. Following Olaguer et al. (1992) and Rosenlof (1995), we adjust the diabatic heating rate at the fitted
upper isentrope by subtracting or adding a constant to produce a global zero net air mass flux for each month.
The multi-model mean (MMM) adjustment is about —0.05 K Day~! (Olaguer et al., 1992), which has little time
dependence. We find that similar results are obtained with or without adjustment (not shown). Hereafter, 'diabatic
heating' refers to diabatic heating after adjustment, unless otherwise indicated.

The tropopause net air mass and ozone fluxes are the differences of two opposing one-way fluxes (i.e.,
stratosphere-to-troposphere and troposphere-to-stratosphere transports). In this study, the stratosphere-troposphere
exchange is referred to as the net fluxes across tropopause. Following Meul et al. (2018), we divide 1960-2099
into 1960-2000 and 2000-2099 because the atmospheric ODS concentrations peak around 2000. The trends for
these two periods are calculated using least-squares fitting. The latitudes with a zero diabatic heating at the fitted
isentropic surface are defined as the tropics/extratropics boundaries (Appendix A). The climatological values
for 1980-2020 averaged over NH extratropics, SH extratropics, tropics, extratropics, and globe are obtained for
each CCMI model, the MMM, and reanalyses. Unless otherwise indicated, the trends in units of % decade™!
for 1960-2000 and 2000-2099 are the trends over these periods for each model and the MMM divided by the
corresponding climatological values for 1980-2020. Note that using the climatological values over a different
period may somewhat impact the magnitudes of the trends in units of % decade~!. Herein a positive (negative)
trend in units of % decade™! always indicates an increase (decrease) in magnitudes, regardless of the signs of the
variables considered.

3. STE Changes

Before presenting STE results, we show in Figure 1 the time series of the annual-mean tropical-mean lapse-rate
tropopause pressure (Figure 1a), temperature (Figure le), and fitted upper isentrope (Figure 1i), their climato-
logical values averaged over 1980-2020 (Figures 1b, 1f, and 1j), and their trends for 1960-2000 (Figures Ic, 1g,
and 1k) and 2000-2099 (Figures 1d, 1h, and 11). The tropical tropopause pressure (temperature) climatology
from 10 CCMI models ranges from 94 to 112 hPa (190-200 K), and the fitted isentrope ranges from 367 to
382 K. The CCMI MMM of the tropical tropopause pressure (106 hPa), temperature (196 K), and fitted upper
isentrope (374 K) climatology agrees well with the ERAS and MERRA?2 reanalyses (Figures 1b, 1f, and 1j).
All models simulate a decreasing tropopause pressure (i.e., an increasing tropopause height) from 1960 to
2099 (Figure 1a), consistent with previous studies (e.g., Lin et al., 2017; Lorenz & DeWeaver, 2007; Santer
et al., 2003). On the other hand, all models show an increasing tropopause temperature for 1960-2099, except
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(a) Tropical tropopause pressure

(b) Average for 1980-2020 (c) Trend: 1960-2000 (d) Trend: 2000-2099
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Figure 1. (a) Time series of the annual-mean tropical-mean lapse-rate tropopause pressure (hPa) from 1960 to 2099, (b) its climatological values averaged over
1980-2020, (c) its trends for 1960-2000, and (d) trends for 2000-2099. (e-h), and (i-1) are the same as (a—d) but for tropopause temperature and fitted upper isentrope,
respectively. Each color represents one model. The black lines in the first column from the left and gray bars in the second to fourth columns are the multi-model mean
(MMM) results. In the second column from the left, the ERAS and MERRAZ2 results are shown as white bars with black edges for a comparison.

CNRM-CM5-3 for 1960-2000 (Figure 1g). The magnitude of the MMM tropical tropopause pressure trend
over 2000-2099 (—0.7 hPa decade™) is larger than that over 1960-2000 (—0.4 hPa decade™') (Figure 1d vs.
Figure 1c), while the MMM tropical tropopause temperature trends over 1960-2000 and 2000-2099 are the
same (i.e., 0.04 K decade™") (Figures 1g and 1h). In line with the lower tropopause pressures and higher trop-
opause temperatures, the fitted upper isentropes are increased consistently from 1960 to 2099 (Figure 1i). The
MMM trend of fitted upper isentrope over 2000-2099 (i.e., 0.9 K decade™) is larger than over 1960-2000
(0.6 K decade™) (Figure 11 vs. Figure 1k), due to the larger magnitudes of tropical tropopause pressure trends
over 2000-2099 than 1960-2000 (Figure 1d vs. Figure 1c). The upper isentropes in CCMI are increased from
~365 to 378 K in 1960 to 373-394 K in 2099 (Figure 1i), while the tropical tropopause pressures are decreased
from ~95 to 115 to 88—105 hPa (Figure 1a). Therefore, it could be problematic to use a constant upper boundary
(e.g., 380 K or 100 hPa) for the lowermost stratosphere in changing climates.

3.1. STE of Air Mass

The annual-mean tropopause net air mass fluxes are shown in Figure 2. The magnitudes of these fluxes averaged
over 1980-2020 in CCMI models are 9-12, 7-10, and 17-22 x 10° kg s~! in the NH extratropics, SH extrat-
ropics, and tropics, respectively, which are close to the corresponding ERAS and MERRA?2 flux magnitudes
of 10.8-12.0, 10.2-10.6, and 21.0-22.6 x 10° kg s~!, and consistent with previous estimates (e.g., Appenzeller
et al., 1996; Schoeberl, 2004; Wang & Fu, 2021). The small differences in the net air mass fluxes from the same
reanalyses between this study and Wang and Fu (2021) are because Wang and Fu (2021) used a 380 isentrope
that is above those fitted to the reanalysis tropical tropopause (Figure 1j). The air mass flux magnitudes over
the NH extratropics are larger than the SH extratropics counterparts, in line with past studies (e.g., Gettelman
et al., 1997; Olsen et al., 2004; Yang et al., 2016). The magnitudes of MMM air mass STEs, that is, 9.9, 8.2, and
18.2 x 10° kg s~! in the NH extratropics, SH extratropics, and tropics, respectively, are all somewhat smaller than
those from reanalyses (Figures 2b, 2f, and 2;j).
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(a) Air mass STE: NH extratropics

(b) Average for 1980-2020 (c) Trend: 1960-2000 (d) Trend: 2000-2099
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Figure 2. The same as Figure 1, but for annual-mean tropopause net air mass fluxes (10° kg s~!), that is, air mass stratosphere-troposphere exchange (STE), over the
(a—d) Northern Hemisphere extratropics, (e-h) Southern Hemisphere extratropics, and (i-1) tropics. The trends' units are in % decade™!, which are the mass flux trends
scaled by the corresponding climatological values over 1980-2020.

In the NH extratropics, the signs of air mass STE trends from various CCMI models for 1960—-2000 can be either
positive or negative, and the MMM trend is 0.15% decade™! (Figure 2c). In the SH extratropics and the tropics
for 1960-2000, all models except CNRM-CM5-3 show increased magnitudes of air mass STEs, with MMM
trends of 0.3% and 0.2% decade™!, respectively (Figures 2g and 2k). For 2000-2099, the magnitudes of MMM air
mass STE trends in the NH extratropics, SH extratropics, and tropics are all close to zero (i.e., —0.04%, 0.08%,
and —0.01% decade™!, respectively) (Figures 2d, 2h, and 21). As will be shown in Section 4, the small changes
in air mass STEs for both 1960-2000 and 2000-2099 are due to the cancellation between changes in diabatic
heating and isentropic density. Such a result is consistent with Oberldnder-Hayn et al. (2016) who showed that
the residual mass transport between the troposphere and stratosphere due to global warming changes little after
considering changes in tropopause heights. Note that the small increases in air mass STEs for 1960-2000 could
be partly because part of the BDC strengthening is driven by ozone depletion (Fu et al., 2015, 2019; Lin &
Fu, 2013), which has a negligible impact on the tropopause height. For 2000-2099, in response to ozone recovery,
the BDC is weakening (Lin & Fu, 2013) with a rate of ~40% of that for 1960-2000, which might also play a role
in modulating the air mass STE trend for 2000-2099.

3.2. STE of Ozone

The annual-mean tropopause net ozone fluxes are shown in Figure 3, with annual and seasonal mean values for
both climatology and trends provided in Table 1. Averaged over 1980-2020, the CCMI annual-mean tropopause
net ozone flux magnitudes in the NH extratropics, SH extratropics, tropics, extratropics, and globe are 207-338,
114-259, 50-185, 321-592, and 217447 Tg year~!, respectively, with corresponding MMM magnitudes of 282,
196, 138, 478, 340 Tg year~! (Figure 3 and Table 1). The large range in the ozone STEs from various models
indicates the importance of analyzing multiple model simulations. The MMM magnitudes are close to the esti-
mates based on the ERAS and MERRA2 of 306-343, 225-241, 169-202, 531-583, and 363-382 Tg year™!
in the NH extratropics, SH extratropics, tropics, extratropics, and globe, respectively, and are also consistent
with previous studies (e.g., Gettelman et al., 1997; Hsu et al., 2005; Olsen et al., 2013; Wang & Fu, 2021; Yang
et al., 2016). The magnitudes of ozone STEs in the NH extratropics maximize in the spring (Table 1) because
of the seasonal breathing of the lowermost stratosphere ozone mass (Appenzeller et al., 1996). In the SH extra-
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Figure 3. The same as Figure 1, but for annual-mean tropopause net ozone fluxes (Tg year™"), that is, ozone stratosphere-troposphere exchange (STE), over (a—d) the
Northern Hemisphere extratropics, (e-h) Southern Hemisphere extratropics, (i-1) tropics, (m—p) extratropics, and (q—t) globe. The trends' units are in % decade™!, which
are the ozone flux trends scaled by the corresponding climatological values over 1980-2020.

tropics, the ozone STE magnitude in spring is smaller than in winter (Table 1) because of the ODS-induced
ozone depletion during spring. The upward ozone fluxes in the tropics compensate for about 12%-34% of the
extratropical downward ozone fluxes, with a MMM value of 29%. The MMM annual mean ozone STE climatol-
ogy magnitude is 478 Tg year~! over the extratropics and 340 Tg year~! over the globe (Table 1). Therefore, the
tropical upward ozone flux should not be neglected for the global ozone STE (Wang & Fu, 2021).

Table 1
Annual and Seasonal Mean Tropopause Net Ozone Flux Climatology (Tg year~'), That Is, Ozone Stratosphere-Troposphere Exchange (STE), Averaged Over
1980-2020, in the Northern Hemisphere (NH) Extratropics, Southern Hemisphere (SH) Extratropics, Tropics, Extratropics, and Globe

SH extratropics Tropics Extratropics
NH extratropics Tg year™!' (% decade™! for 1960-2000, % decade~! for 2000-2099) Globe
ANN —282.3 0.3, 3.0) —195.6 (-2.7,4.3) 137.6 (3.4,0.8) —477.9 (0.9, 3.5) -3403  (-2.7,4.7)
DIF —323.8 (1.0, 2.6) —122.6 (-12.3,6.7) 151.9 (3.1,0.7) —446.5 (2.6, 3-7) —294.5 (-5.6,5.3)
MAM —474.0 (0.5, 3.0) —158.1 (-5.3,6.9) 131.2 3.3,0.7) —632.1 (-1.0, 4.0) -500.9 (-2.1,4.8)
JJA —253.2 (0.0, 2.0) —270.3 0.5,2.7) 145.4 3.1,1.2) -523.5 0.3,2.4) -378.1  (-0.8,2.8)
SON —78.0 (-2.3,7.9) —231.4 (0.5, 3.2) 121.9 (4.4,0.5) —309.4 (0.2, 44) —187.5 (-3.2,6.9)

Note. The numbers in the parentheses are the corresponding trends (% decade™") for 1960-2000 and 2000-2099. Trend numbers shown in bold are statistically
significant at a 95% confidence level following the Santer et al. (2000) method. The multi-model mean results are shown here.
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The MMM annual mean ozone STE trends for 1960-2000 are 0.3%, —2.7%, 3.4%, —0.9%, and —2.7% decade ™"
over the NH extratropics, SH extratropics, tropics, extratropics, and globe, respectively (Table 1). The decreased
MMM annual-mean global ozone STE magnitude for 1960-2000 (i.e., —2.7% decade™") is caused by both more
troposphere-to-stratosphere ozone transport over the tropics (52%) and less stratosphere-to-troposphere ozone
transport over the extratropics (48%) from Table 1. As will be shown in Section 5, the decreased ozone STE
magnitude in the SH extratropics for 1960-2000 is caused by ODS-induced ozone depletion, while the small
change in ozone STE in the NH extratropics is due to a cancellation between GHG/SST and ODS effects. The
increased ozone STE over the tropics is due to both increased tropospheric ozone and tropopause height for 1960—
2000 (Section 5). For 2000-2099, all CCMI models predict increased magnitudes of annual-mean ozone STEs
over the NH extratropics, SH extratropics, tropics, extratropics, and globe, which from various CCMI models
have ranges of 2.1-5.7, 3.1-8.2, 0-2.2, 2.7-6.6, 3.7-8.9 with MMM trends of 3.0%, 4.3%, 0.8%, 3.5%, and 4.7%
decade™!, respectively (Figure 3 and Table 1). In December-January-February (DJF), March-April-May (MAM),
June-July-August (JJA), and September-October-November (SON), the MMM trends in global ozone STEs are
—5.6%, —2.1%, —0.8%, —3.2% decade~! for 1960-2000 and 5.3%, 4.8%, 2.8%, 6.9% decade~! for 2000-2099,
respectively (Table 1).

The relative increase in annual-mean ozone STE magnitude for 20002099 over the globe (i.e., 4.7% decade™!
in Table 1) is more than that over extratropics (i.e., 3.5% decade ™' in Table 1). This is mainly because the ozone
STE over extratropics has a larger climatology magnitude, that is, a larger denominator, than that over the globe.
For 1960-2000, a larger relative decrease in annual-mean ozone STE magnitude over the globe than that over the
extratropics (i.e., =2.7 vs. —0.9% decade~! in Table 1) is also due to a significantly increased ozone upward flux
over the tropics during this period.

The importance of using dynamic isentropes to estimate STEs of air mass (Table A1) and ozone (Table A2) is
shown and discussed in Appendix B by comparing the results with those using a fixed isentrope. For example,
using a fixed isentrope of 380 K with 2 potential vorticity unit (PVU) for extratropical tropopause following
Appenzeller et al. (1996), the MMM annual-mean ozone STE trend over extratropics for 2000-2099 becomes
4.4% decade! versus 3.5% decade™! using the dynamic isentropes. On the other hand, using a fixed isentrope
of 380 K along with the WMO tropopause for both tropics and extratropics following Wang and Fu (2021), the
MMM annual-mean ozone STE trend over extratropics for 2000-2099 is 2.5% decade~!. We also notice large
differences in estimated ozone STEs over the tropics by using fixed versus dynamic isentropes (Table A2). Wang
et al. (2022) discussed the biases in estimated air mass STE climatologies and changes due to the use of a fixed
isentrope in detail, which can also be seen in Table Al.

4. Causes for the STE Changes

The annual mean tropopause net air mass and ozone fluxes and changes can be well approximated by the
diabatic fluxes and changes across the upper isentropic surfaces (Olsen et al., 2013; Schoeberl, 2004; Wang
et al., 2022; Wang & Fu, 2021) (also see Appendix A). The diabatic fluxes are determined by diabatic heating,
isentropic density, tropical boundaries, and ozone concentrations at the fitted isentropic surface (Appendix A).
In this section, we first present the changes in diabatic heating, isentropic density, tropical boundaries, and ozone
concentrations, and then examine their roles in determining the changes of air mass and ozone fluxes across the
upper isentropic surface for both 1960-2000 and 2000-2099.

4.1. Changes in Diabatic Heating, Isentropic Density, Tropical Boundaries, and Ozone Concentration

Figure 4 shows the time series of annual-mean adjusted diabatic heating rates at the fitted upper isentrope aver-
aged over the NH extratropics, SH extratropics, and tropics (Figures 4a, 4e, and 4i), with the corresponding
climatological values for 1980-2020 (Figures 4b, 4f, and 4j), and trends for 1960-2000 (Figures 4c, 4g, and 4k)
and 2000-2099 (Figures 4d, 4h, and 41). The diabatic heating is negative in the extratropics and positive in the
tropics. The CCMI MMM magnitudes of climatological values in the SH extratropics and tropics are close to
ERAS and MERRA?2 estimates (Figures 4f and 4j), but are somewhat smaller than the reanalyses in the NH
extratropics (Figure 4b). Except for the CCSRNIES-MIROC3.2 in the tropics for 2000-2099 (Figure 41), all
models predict increased magnitudes of annual-mean diabatic heating in all regions. The MMM trends for 1960—
2000 (2000-2099) in the NH extratropics, SH extratropics, and tropics are 0.66 (0.69), 0.70 (0.63), and 0.64
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Figure 4. The same as Figure 1, but for the annual-mean adjusted diabatic heating rates (K day~') at the fitted upper isentrope averaged over the (a—d) Northern
Hemisphere extratropics, (e-h) Southern Hemisphere extratropics, and (i-1) tropics. The trends' units are in % decade™!, which are the diabatic heating rate trends scaled
by the corresponding climatological values over 1980-2020.

(0.89) % decade™!, respectively. The stronger diabatic heating in the tropics (Figures 4k and 41) but stronger
diabatic cooling in the extratropics (Figures 4c, 4d, 4g, and 4h) for 1960-2000 and 2000-2099 in the CCMI
models are generally consistent with previous studies that show a strengthening BDC in a warming world (e.g.,
Abalos et al., 2021; Butchart, 2014; Butchart et al., 2006; Li et al., 2008; Lin & Fu, 2013). The diabatic heating
at the upper isentropic surface is contributed by longwave and shortwave radiative heatings (Figures S1 and S2 in
Supporting Information S1), which are discussed in Appendix C.

Figure 5 shows the results for isentropic density. There are good agreements between CCMI models and reanal-
ysis (Figures 5b, 5f, and 5j). All CCMI models show decreased isentropic density at the fitted upper isentrope in
all regions for both 1960-2000 and 2000-2099, which are largely related to the higher upper isentropic surfaces,
corresponding to the higher tropical tropopause heights in a warming world (Figure 1).

The results of the tropical boundary (i.e., latitudes with zero diabatic heating at the fitted upper isentrope) in
the NH, SH, and the tropical width are shown in Figure 6. The CCMI climatological results agree well with the
reanalyses (Figures 6b, 6f, and 6j). For 1960-2000, the trends of the SH tropical boundary and tropical width
are inconclusive, although the NH tropical boundary indicates a poleward shift (Figures 6¢c, 6g, and 6k). On the
other hand, all CCMI models simulate equatorward shifts of the tropical boundary in both NH and SH and a
narrowing tropical width for 2000-2099 (Figures 6d, 6h, and 61). Such a result is in line with Li et al. (2010) and
Hardiman et al. (2014), who showed the narrowing of the upwelling branch of the BDC due to climate change
using chemistry-climate model simulations. The trends of the NH and SH tropical boundaries and tropical width
for 2000-2099 are —0.09, —0.08, and —0.17 latitude degree decade ™, respectively.

The results of ozone concentrations at the fitted upper isentrope are presented in Figure 7. The CCMI climato-
logical values are in good agreement with ERAS and MERRA?2 over the SH extratropics and tropics (Figures 7f
and 7)), but somewhat smaller than the reanalyses over the NH extratropics (Figure 7b). For 1960-2000, the trends
of mean ozone concentrations in the NH extratropics range from —3.7% to 2.8% decade~!, with a MMM trend of
—0.02% decade™! (Figure 7¢). This is due to the opposite effects of GHG/SST and ODS (Section 5). In the SH
extratropics, all models show decreases in ozone concentrations for 1960-2000 (ranging from —0.11% to —18.3%
decade!), with a MMM trend of —4.6% decade™! (Figure 7g), which is caused by large ozone depletion due to
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Figure 5. The same as Figure 1, but for the annual-mean isentropic density (kg m~2 K~') at the fitted upper isentrope averaged over the (a—d) Northern Hemisphere
extratropics, (e-h) Southern Hemisphere extratropics, and (i-1) tropics. The trends' units are in % decade~!, which are the isentropic density trends scaled by the
corresponding climatological values over 1980-2020.
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Figure 6. The same as Figure 1, but for the annual-mean tropical boundary (i.e., latitudes with zero diabatic heating at the fitted upper isentrope) in the (a—d) Northern
Hemisphere, and (e-h) Southern Hemisphere, and for (i-1) the annual-mean tropical width.
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Figure 7. The same as Figure 1, but for annual-mean ozone mass mixing ratio (ppm) at the fitted upper isentrope averaged over the (a—d) Northern Hemisphere
extratropics, (e-h) Southern Hemisphere extratropics, and (i-1) tropics. The trends' units are in % decade™!, which are the ozone mass mixing ratio trends scaled by the
corresponding climatological values over 1980-2020.

ODS (Solomon et al., 2017). On the other hand, all models (except CCSRNIES-MIROC3.2 and CNRM-CMS5-3)
show increased ozone concentrations at the fitted upper isentrope in the tropics for 1960-2000 (Figure 7k). For
2000-2099, all models predict increased ozone concentrations at the fitted upper isentrope in all regions, with
MMM trends of 3.3%, 5.1%, and 0.9% decade™! in the NH extratropics, SH extratropics, and tropics, respec-
tively (Figures 7d, 7h, and 71). The MMM ozone trend in the tropics for 2000-2099 is much smaller than its
counterpart for 1960-2099, which may be related to the reduced ozone precursor emissions due to the action of
tropospheric ozone control (e.g., Cooper et al., 2014). The smaller ozone increases in the tropics for 2000-2099
versus 1960-2000 could also explain the smaller tropical ozone STE trends for 2000-2099 versus 1960-2000
(Figure 31 vs. Figure 3k).

4.2. Attribution of Ozone STE Changes to Individual Components

We further quantify the individual contributions from changes in tropical boundaries, diabatic heating, isentropic
density, and ozone concentrations to changes in air mass and ozone STEs (Wang et al., 2022; Wang & Fu, 2021)
for both periods. First, we calculate the monthly climatology fields of diabatic heating, isentropic density, tropical
boundary, and ozone concentrations for each model for 1960-2000. Second, we replace the monthly climatol-
ogy field of the tropical boundary with the monthly tropical boundary time series for 1960-2000, but retain the
monthly climatology fields of diabatic heating, isentropic density, and ozone concentrations. Then, we replace the
monthly climatology field of isentropic density with the monthly isentropic density time series for 1960-2000,
but retain the monthly climatology fields of diabatic heating and ozone. We continue replacing the monthly
climatology field of diabatic heating with the 1960-2000 time series and again retain the monthly ozone clima-
tology field. Finally, we replace the monthly ozone climatology field with the 1960—2000 ozone time series (i.e.,
all monthly fields for 1960-2000). The monthly air mass and ozone STEs and their trends are calculated for each
case, and the trend differences between the two cases are referred to as the individual contribution from the field
replaced (the first case has a zero trend). The same calculations for 2000-2099 are performed. The replacement
order has a negligible impact on the results (not shown), which indicates that the contribution from the nonlinear
term is small despite that these variables might not be independent of each other.
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Figure 8. The trends of diabatic air mass (left) and ozone fluxes (right) across the fitted upper isentrope for 1960-2000 (gray) and trends due to the changes in tropics/
extratropics boundaries (green), diabatic heating (pink), isentropic density (blue), and ozone concentrations (orange) for the individual model and the multi-model mean
(MMM). See the legend for the name of each model.

The results for 1960-2000 and 2000-2099 are shown in Figures 8 and 9, respectively. The increased magnitudes
of diabatic heating (Figure 4) increase air mass STE magnitudes, while decreased isentropic density (Figure 5)
decreases them (left columns in Figures 8 and 9). The opposite change signs in diabatic heating and isentropic
density suggest a close coupling of these two variables in the lower stratosphere. The two competing effects
result in small changes in air mass STEs, although there are a few exceptions, such as CCSRNIES-MIROC3.2
for 2000-2099. The contributions from tropical boundary changes (Figure 6) to air mass and ozone STEs are
small in all regions from all models. On the other hand, the changes in ozone STEs in all regions are dominated
by changes in ozone concentrations (right columns in Figures 8 and 9). Those results are consistent with Wang
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Figure 9. The same as Figure 8 but for trends between 2000 and 2099.

et al. (2022), who used the WACCMS6 simulations and showed that decreased ozone STEs in LGM versus the
Preindustrial time are mainly caused by decreased ozone in the extratropical lower stratosphere.

5. GHG/SST and ODS Contributions

In this section, the contributions of GHG/SST and ODS to ozone STEs changes are quantified. We use four
models including ACCESS, CMAM, CCSRNIES-MIROC3.2, and NIWA which have both SEN-C2-fGHG and
SEN-C2-fODS experiments (Table S1 in Supporting Information S1). The MMM in this subsection is thus the
mean of these four models. The impact of GHG/SST on the ozone STEs, which is also referred to as climate-induced
impact/change in this study, can be through the BDC changes (e.g., Brasseur & Solomon, 2006; Butchart, 2014;
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Figure 10. Time series of annual-mean tropopause net ozone fluxes, that is, ozone stratosphere-troposphere exchange (STE), due to the changes in greenhouse gases
and sea surface temperatures (GHG/SST, red) and ozone-depleting substances (ODS, blue) between 1960 and 2099 in the Northern Hemisphere extratropics (the first
column), Southern Hemisphere extratropics (the second column), tropics (the third column), extratropics (the fourth column), and the globe (the fifth column) for
(a—e) ACCESS, (f—j) CMAM, (k—0) CCSRNIES-MIROC3.2, (p—t) NIWA, and (u-y) the multi-model mean (MMM) of the four models. The time series of changes
due to GHG/SST (ODS) over 1960-2099 are the differences between REF-C2 and SEN-C2-fGHG (SEN-C2-fODS), scaled by the REF-C2 climatological values over
1980-2020.

Li et al., 2009; Wang et al., 2020). And stratospheric chemistry related to ozone temperature-dependent reactions
(e.g., Match & Gerber, 2022). In addition, the ozone mixing ratio at the fitted isentropic surface would increase
as the tropical tropopause becomes higher in a warming world for given ozone fields since ozone mixing ratio
increases with height in the tropical upper troposphere and lower stratosphere and in the extratropical lower
stratosphere. For the ODS impact on ozone STEs, in addition to the ozone depletion caused by ODS (e.g.,
Solomon, 1999), the ODS would also lead to changes in BDC (e.g., Abalos et al., 2019; Li et al., 2008; Lin &
Fu, 2013; Polvani et al., 2019). In this study, the ODS impacts on ozone STEs include both chemical depletion
and BDC change effects, but the chemical depletion effect dominates.

Figure 10 shows the time series of changes in tropopause net ozone fluxes due to GHG/SST and ODS changes
for 1960-2099 over various regions from various models and MMM. The corresponding time series for ozone
mass mixing ratio at the fitted upper isentrope are shown in Figure S3 in Supporting Information S1. Note that
the GHG/SST (ODS) effects are the differences between REF-C2 and SEN-C2-fGHG (SEN-C2-fODS), scaled
by the corresponding REF-C2 climatology over 1980-2020. Since ozone STE changes are largely determined by
the ozone concentration changes, the time series in Figure 10 over NH extratropics, SH extratropics, and trop-
ics are very similar to the corresponding ozone mixing ratio difference time series in Figure S3 in Supporting
Information S1. Due to ODS effects, the magnitude decreases in ozone concentrations and ozone STEs in the
SH extratropics peak around 2000, then gradually recover by 2080. In the NH extratropics, the ozone changes
due to the ODS are relatively small, especially in CMAM and CCSRNIES-MIROC3.2. In ACCESS and NIWA,
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the magnitudes of ozone concentration and ozone STEs show modest initial decreases due to ODS, peak around
2000, and then gradually recover by 2060, which is a bit earlier compared to the SH extratropics. Over the tropics,
the impacts of ODS on ozone concentrations and ozone STEs are small. On the other hand, GHG/SST effects
lead to increases in ozone concentrations and ozone STEs from all models over all regions for both periods of
1960-2000 and 2000-2099.

The trends of tropopause net ozone fluxes and the trends due to GHG/SST, ODS, and other changes for 1960—
2000 and 2000-2099 are shown in Figure 11. The “other” change here is the difference between the trend in
REF-C2 and the summation of trends due to GHG/SST and ODS effects, which is due to the non-SST impacts
of volcanic eruptions, solar cycle, and tropospheric ozone changes. The trends are in units of % decade™', scaled
by REF-C2 climatology averaged over 1980-2020. For 1960-2000, GHG/SST leads to increased ozone STE
magnitudes over all regions (left column of Figure 11). ODS leads to decreased magnitudes over NH extra-
tropics (Figure 11a) and especially over SH extratropics (Figure 11c), but not over tropics (Figure 11e). The
“other” effect increases ozone STE over the tropics (Figure 11e) while it increases/decreases the STE magni-
tudes somewhat over the NH/SH extratropics (Figures 11a and 11c¢), leading to little impact on the extratropics
(Figure 11g). For the MMM in the NH extratropics and the extratropics, magnitudes of ODS effects are compa-
rable with GHG/SST effect, leaving small changes in ozone STEs there (Figures 11a and 11g). However, in the
SH extratropics and globe, the magnitudes of ODS effects are larger than GHG/SST effects, leading to decreases
in ozone STEs (Figures 11c and 111i). In the tropics, the ODS effect for 1960-2000 is close to zero, while GHG/
SST and “other” effects are comparable (Figure 11e). The latter is caused by large increases in tropospheric
ozone concentrations, due to increased tropospheric ozone precursor emissions for 1960-2000 (see Section 6). A
decreased global ozone STE magnitude (Figure 11i) was caused by the ODS effect that is partly compensated by
the GHG/SST effect, but is somewhat enhanced by the “other” effect associated with more ozone transport from
the tropical troposphere to stratosphere.

For 2000-2099, the ozone STE magnitude increase in the NH extratropics is dominated by the GHG/SST effect
(Figure 11b). In the SH extratropics, the ODS effect on ozone STE is comparable but somewhat smaller than
the GHG/SST effect (Figure 11d), both increasing the ozone STE magnitude. Both GHG/SST and ODS effects
are small in the tropics (Figure 11f). About one-third of the MMM global ozone STE magnitude increase for
2000-2099 is due to ozone recovery caused by the phaseout of ODS, and two-thirds is due to the GHG/SST effect
(Figure 11j).

It is noted that the relative trends of ozone STE and ozone mixing ratios at the fitted isentrope in the NH extra-
tropics for 1960-2000 can be either positive or negative among CCMI models (see Figures 3¢ and 7c). This is
because GHG/SST and ODS for 1960-2000 have positive and negative effects, respectively, and their magnitudes
can be quite different among the CCMI models (Figure 11a). For instance, the ODS effect is —4.3% decade™!
in NTWA but is near zero in CMAM, while the corresponding GHG/SST effect is near zero in NIWA but 2.8%
decade™! in CMAM.

Changes in ozone STEs are largely determined by ozone concentration changes (Figures 8 and 9). BDC
significantly modulates ozone concentrations in the lower stratosphere (e.g., Brasseur & Solomon, 2006; Li
et al., 2009; Wang et al., 2020). The stratospheric temperature also affects the stratospheric ozone through the
temperature-dependent Chapman reactions (e.g., Chiodo et al., 2018; Haigh & Pyle, 1982; Jonsson et al., 2004;
Match & Gerber, 2022). On the other hand, the ozone concentration in the upper troposphere and lower strato-
sphere increases with height (e.g., Wang et al., 2020). The climate-induced changes in ozone STEs associated
with GHG/SST changes thus include the impacts of changes in BDC, ozone chemistry, and fitted isentropic
surface height. Figure 12 shows the trends of ozone mixing ratio at the fitted upper isentrope averaged over the
NH and SH extratropics and tropics for both 1960-2000 and 2000-2100, due to GHG/SST, ODS, and “other”
changes, where GHG/SST effects are separated into those due to GHG/SST-induced BDC&Chemistry changes,
and those due to fitted isentropic surface height changes. See Appendix D for the two methods used to separate
the effects of BDC&Chemistry and fitted isentrope height changes. Similar results are obtained using the two
methods (Figure S4 in Supporting Information S1), and the results from the first method are shown in Figure 12.

As expected, increased fitted isentrope heights lead to increased ozone concentrations there over all regions
(Figure 12). In the extratropics, the BDC&Chemistry lead to increased ozone concentrations for 1960-2000 and
2000-2099, with larger magnitudes for 1960-2000. Interestingly, the BDC&Chemistry effects in the extratropics
are slightly larger than the isentrope effects for 1960-2000, but smaller for 2000-2099 (Figures 12a and 12c vs.
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Figure 11. The trends of tropopause net ozone fluxes (gray), that is, ozone stratosphere-troposphere exchange (STE), for 1960-2000 (left) and 2000-2099 (right), and
the trends due to changes in greenhouse gases and sea surface temperatures (GHG/SST, pink), ozone-depleting substances (ODS, blue), and other (green) in (a—b) the
Northern Hemisphere extratropics, (c—d) Southern Hemisphere extratropics, (e—f) tropics, (g—h) extratropics, and (i—j) the globe for the four individual model and the
multi-model mean (MMM) of the four models. The trends' units are in % decade™!, which are the ozone flux trends scaled by the corresponding REF-C2 climatological
values over 1980-2020.

Figures 12b and 12d). In the tropics, the BDC&Chemistry and isentrope effects are in opposite signs, as expected.
For 1960-2000, the increased ozone concentrations due to GHG/SST are more dominated by the isentrope effect
(Figure 12e). On the other hand, the BDC&Chemistry and isentrope height effects over the tropics for 2000-2099
more cancel each other (Figure 12f).

WANG AND FU 15 of 26

ASUAOIT suowwo)) daAnear) ajqeaidde ay) £q pauioaod are sa[onIe YO osn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR)/W0d Kd[1m ATeiqiaul[uo//:sdny) SuonIpuoy) pue sud | oy 39S [€707/L0/+0] uo Areiqiy aurjuQ Lo[IM ‘L8F8E0ALETOT/6TO1 01/10p/wod Kaim’ Areiqiaurjuo sqndnSe;/:sdyy woiy papeojumod ‘€1 ‘€207 ‘96686917



A7t |

NI Journal of Geophysical Research: Atmospheres 10.1029/2023JD038487

ADVANCING EARTH
AND SPACE SCIENCE

(a) O3 mixing ratio trend (1960-2000): NH extratropics 8 (b) O3 mixing ratio trend (2000-2099): NH extratropics

—4 - —4 -
B GHG/SST: BDC&Chemistry oDS All
1 GHG/SST: Isentrope s Other
_8 1 1 1 1 1 _8 1 1 1 1 1
8 (c) O3 mixing ratio trend (1960-2000): SH extratropics 8 (d) O3 mixing ratio trend (2000-2099): SH extratropics
4 1 44

% Decade™!
o
1 1

—4 4 —4 -

_8 1 1 1 1 1 _8 1 1 1 1 1
8 (e) O3 mixing ratio trend (1960-2000): Tropics 8 (f) O3 mixing ratio trend (2000-2099): Tropics
4 4 4 4

% Decade™!
o
1

_l_._l_.___l___L Oj_l - 1§

T T T T T T T T T T
ACCESS CMAM CCSRNIES- NIWA MMM ACCESS CMAM CCSRNIES- NIWA MMM

MIROC3.2 MIROC3.2

Figure 12. The trends of ozone mass mixing ratio at the fitted upper isentrope (gray), averaged over (a—b) the Northern Hemisphere extratropics, (c—d) Southern
Hemisphere extratropics, and (e—f) tropics for 19602000 (left) and 2000-2099 (right), and the trends due to greenhouse gases and sea surface temperatures
(GHG/SST)-induced BDC&Chemistry (brown) and upper isentrope height (orange) changes, ozone-depleting substance (ODS, blue) change, and other changes (green)
for the four individual model and the multi-model mean (MMM) of the four models. The trends' units are in % decade™!, which are the 0zone mass mixing ratio trends
scaled by the REF-C2 climatological values over 1980-2020.

Recently Match and Gerber (2022) used multiple chemistry-climate model experiments and an idealized model to
disentangle the impacts of BDC strengthening and tropical expansion on the tropical lower stratospheric ozone.
They argued that under global warming, along with strengthening upwelling, tropospheric expansion contributes
at a leading order to the tropical lower stratospheric ozone reduction. In particular, Match and Gerber (2022)
showed that the tropical lower-stratospheric ozone concentration at a given height decreases due to a lifting
of tropical tropopause. If this is the case, the “BDC&Chemistry” effects in the tropics shown in Figures 12e
and 12f should also include the impact of tropospheric expansion under global warming, which reduces tropical
lower stratospheric ozone (Match & Gerber, 2022). A further separation of the tropical expansion contribution
from the BDC and ozone chemistry effects requires an interventional approach such as that used by Match and
Gerber (2022), which is out of the scope of the current study. Note that the “Isentrope” effect shown in Figure 12
is specifically for the ozone concentration changes at the fitted isentropic surface due to a higher fitted surface
in a warming world, for the given ozone climatology field (Appendix D). The “Isentrope” effect is positive as
expected (Figure 12), which does not include the tropospheric expansion impact for a given height. It is worth
pointing out that the ozone change that we are interested in here is at a dynamic level relative to the tropical trop-
opause instead of at a given level (e.g., a given height) as in Match and Gerber (2022).

WANG AND FU

16 of 26

ASUAOIT suowwo)) daAnear) ajqeaidde ay) £q pauioaod are sa[onIe YO osn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR)/W0d Kd[1m ATeiqiaul[uo//:sdny) SuonIpuoy) pue sud | oy 39S [€707/L0/+0] uo Areiqiy aurjuQ Lo[IM ‘L8F8E0ALETOT/6TO1 01/10p/wod Kaim’ Areiqiaurjuo sqndnSe;/:sdyy woiy papeojumod ‘€1 ‘€207 ‘96686917



I Vel .
A\ Journal of Geophysical Research: Atmospheres 10.1029/20231D038487
450 (a) Tropospheric ozone burden 2 (p) 0Ozone lifetime 6000 (c) Ozone production rate

v

(d) Ozone loss rate

(e) Ozone deposition flux (f) Global ozone STE

5500 3000 3000
—— CMAM —— EMAC-L90MA
5000+ 2500+ 2500 — GEOSCCM —— MRI-ESM1rl
EMAC-L47MA — MMM
~ 45004 ~ 20004 ~ 20004
% ‘E L‘E
L 4000 L 1500 0 1500
o = o
" 3500 P00 | " 1000
3000 s004 - 500 s M ARSI
2500 T T T T T T 0 T T T T T T 0 T T T T T T
800 (g) Residual 18 (h) Global ozone STE/Ozone production rate 40 (i) Ozone burden due to tropopause change
|
16 h Al
m | A M‘V ‘v‘
144\ | /\p \W\
NP TN VW
124 Y A

I\ ALY \
LAY N |
N uM ~

104

8_

6_

4 T T T T T T _10 T T T T T T

K A I U i
Year Year

Figure 13. Time series of (a) global annual-mean tropospheric ozone burden, (b) ozone lifetime, (c) ozone production rate, (d) ozone loss rate, (¢) ozone deposition
flux, (f) global ozone stratosphere-troposphere exchange (STE), (g) the residual of tropospheric ozone budget (i.e., the residuals of tropospheric ozone sources minus
the ozone sinks), (h) the ratio between global ozone STE and tropospheric ozone production rates, and (i) tropospheric ozone burden due to tropopause change between
1960 and 2099. Black lines are the multi-model mean results. Note that the sign of global ozone STE is changed to positive in (f). In (i), the solid and dashed lines
represent the upper and lower bounds of our estimates, respectively (see the text for the details).

6. Tropospheric Ozone Budget

Figure 13 shows the time series of tropospheric ozone burden, tropospheric ozone lifetime, ozone production
rate, ozone loss rate, ozone deposition, global ozone STE, ozone budget residual, the ratio of global ozone STE to
ozone production rate, and tropospheric ozone burden change due to tropopause changes, which can be derived
from the outputs of five CCMI models (Table S1 in Supporting Information S1). The MMM here is the mean
of these five models. The ozone lifetime is the tropospheric ozone burden divided by the ozone sinks (i.e., the
summation of ozone loss rate and dry deposition). The residual is the difference between total ozone sources (i.e.,
chemical production and global ozone STE) and total ozone sinks (i.e., chemical loss and deposition). Note that
the sign of global ozone STE is changed to positive in Figure 13f.

As shown in Figure 13a, all models show that the tropospheric ozone burdens increase quickly until 2000, then
increase at a slower rate until 2060, and decrease afterward. The large increases in tropospheric ozone burden for
1960-2000 agree with previous studies (e.g., Revell et al., 2015; Young et al., 2013). Tropospheric ozone burden
changes are likely due to changes in GHG and ozone precursor emissions, for example, methane and nitrogen
oxides (Abalos et al., 2020; Meinshausen et al., 2011). The tropospheric ozone lifetime decreases for 1960-2000,
then remains unchanged for 2000-2099 (Figure 13b). Like the tropospheric ozone burden, the magnitudes of
ozone production rate, loss rate, and deposition flux increase quickly until 2000, then increase at much smaller
rates until 2060, and decrease afterward (Figures 13c and 13e). The magnitudes of ozone STEs are relatively
small compared to ozone production and loss rates (Figure 13f). Most models have residuals ranging from —100
to 200 Tg year~!, except for the MRI-ESM1r1, which has a residual of up to 600 Tg year~! (Figure 13g). Note
that the CCMI outputs of tropospheric ozone production and loss rates only include the major reactions, which
may partly be responsible for the non-zero residuals of the tropospheric ozone budget. The non-zero residuals
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may also be related to the simplified tropospheric chemistry implemented in CCMI models (see Morgenstern
et al., 2017) and the fast chemical cycles between ozone and hydrogen oxide (Bates & Jacob, 2020). The ratios
between global ozone STE and ozone production rates decrease for 1960-2000 and then increase for 2000-2099,
indicating that global ozone STEs play a more important role in the past and future climates as compared to the
current, for example, 1980-2020 (Figure 13h).

As the tropopause height increases in a warming world, tropospheric air mass also increases. Thus, in addition to
the tropospheric ozone chemistry, surface deposition, and ozone STE, the tropospheric ozone burden might also
change with the tropopause. To quantify this effect, we first derive the tropopause monthly anomalies in REF-C2
from 1960 to 2099, relative to the monthly climatology in the first six years over 1960—1965. The tropospheric
ozone burden anomalies due to tropopause anomalies are then obtained by multiplying the tropospheric column
air mass anomalies with the corresponding tropopause monthly ozone mass mixing ratio for 1960-2099. Here it
is assumed that the ozone concentrations within the increased tropospheric column due to lifting tropopause are
those at the tropopause, which represents an upper bound of estimates. We also derive the tropospheric ozone
burden anomalies due to tropopause anomalies by multiplying the tropospheric column air mass anomalies with
the corresponding monthly ozone mass mixing ratio at 500 hPa for 1960-2099. Here it is assumed that ozone
concentrations associated with the increased tropospheric column due to lifting tropopause are the tropospheric
values, representing a lower bound of estimates. The results are shown in Figure 13i. With the increased tropo-
pause heights from 1960 to 2099 (Figure 1a), the MMM tropospheric ozone burden increases by 4.2-18.4 Tg,
which is about 1%—5% of the total tropospheric ozone burden.

7. Discussions

The strengthening of ozone STEs in a warming world from this study agrees with previous studies (e.g., Abalos
et al., 2020; Collins et al., 2003; Hegglin & Shepherd, 2009; Hess et al., 2015; Meul et al., 2018). Using the
lowermost stratosphere mass budget approach with a fixed 100 hPa upper boundary and residual vertical veloc-
ity, Hegglin and Shepherd (2009) derived ozone STE based on three-ensemble CMAM simulations under the
IPCC A1B emissions scenario. As in many previous studies using the lowermost stratosphere mass budget
approach, the upward ozone fluxes in the deep tropics are neglected in their global ozone STE calculations
(Wang et al., 2022). Hegglin and Shepherd (2009) showed that ozone STE increased by 23% for 1965-2095 (i.e.,
atrend of 1.8% decade™") as a result of climate change. Such a result is quite close to our estimates of ozone STEs
trends due to GHG/SST changes over the extratropics, with the MMM trends of 1.8% decade™! for 1960-2000
and 2.1% decade™! for 2000-2099 (see pink color bars in Figures 11g and 11h). But it is somewhat smaller than
our global ozone STE trends of 2.1% for 1960-2000 and 2.7% for 2000-2099 (see pink color bars in Figures 11i
and 11j). A global ozone STE relative trend is smaller than that over the extratropics partly because the global
ozone STE climatology magnitude of 340 Tg year~! (Table 1) is smaller than the extratropical 478 Tg year~!,
meaning a smaller denominator magnitude when deriving the relative trend. An agreement over extratropics
between our results and the results of (Hegglin and Shepherd (2009) is encouraging but may happen by chance.
With a fixed 100 hPa as the upper boundary of the lowermost stratosphere (Hegglin & Shepherd, 2009), higher
tropopause heights in warming climates would lead to the poleward shift of the equatorward boundaries of their
region over which the ozone STE was estimated. It would thus lead to an apparent increase in the net downward
ozone fluxes over the region considered, because fewer tropical upwelling portions are included (see Section 3
in Wang et al., 2022 for more details). On the other hand, the ozone STE trend may also be affected by different
emission scenarios (i.e., IPCC A1B with an effective radiative forcing of 6.05 W m~2 in 2100, vs. RCP 6.0 with
an effective radiative forcing of 5.15 W m~2 in 2100) and different models used. It is also noted that the region
over which the ozone STE was examined by Hegglin and Shepherd (2009), which includes part of the tropics but
misses the deep tropics, is different from both the extratropics and global coverage in this study (Appendix B).

Using a fixed upper boundary of 91 hPa for the lowermost stratosphere, Meul et al. (2018) investigated future
ozone STEs and separated the GHG/SST and ODS effects based on EMAC model simulations. As in Hegglin and
Shepherd (2009), the upward ozone fluxes in the deep tropics are neglected in their global ozone STE estimates.
For 1960-2000, their ozone STE trend is —0.76% decade™!, which is within our CCMI range from —5.7% to
1.9% decade™! in the extratropics (Figure 30). For 2000-2100, Meul et al. (2018) showed the ozone STE trend
was 4.2% decade™! under the RCP6.0 scenario, which is again within our CCMI estimates over the extratropics,
ranging from 2.7% to 6.6% decade™! (Figure 3p). It is noted that our MMM ozone STE relative trend magnitude
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over the extratropics (i.e., for —0.9% decade™! in 1960-2000 and 3.5% decade™! in 2000-2099) is smaller than
that over the globe (i.e., for —2.7% decade ™" in 19602000 and 4.7% decade™" in 2000-2099) (see Table 1). It is
also worth noting that the trends in this study are scaled by the 1980-2020 climatology, and the magnitudes of
relative trends from 2000 to 2099 would become smaller if scaled by mean values over 2000-2099.

Using multiple CCMI model simulations and the stratospheric ozone passive tracers (i.e., O,S), Abalos
et al. (2020) found that the stratospheric ozone in the troposphere was projected to increase by 10%—16% (i.e.,
trends of 1%—1.6% decade™") by the end of the 21st century in the RCP6.0 scenario. Note that the relative trends
in stratospheric ozone amount (Tg) from Abalos et al. (2020) should not be directly compared with the relative
trends in ozone STE rate (Tg year~"). This is especially the case by considering that the magnitudes of ozone STEs
are relatively small compared to the ozone chemical production and loss rates (see Figure 13). The ozone STE
changes shown in this study might not be expected to lead to the same relative changes in the stratospheric ozone
amount in the troposphere as shown in Abalos et al. (2020). Bates and Jacob (2021) introduced an expanded odd
oxygen family to track the contributions of different ozone sources, which could be a useful tool to quantify the
ozone STE contribution to the tropospheric ozone burden change, but it is out of the scope of the current study.

8. Conclusion

This study investigates air mass and ozone STEs using CCMI model simulations from 1960 to 2099 under a
climate change scenario (RCP6.0). Contrary to previous studies using a fixed upper boundary of the lowermost
stratosphere, we employ a lowermost stratosphere mass budget approach with a dynamic isentropic surface fitted
to the tropical tropopause as the upper boundary of the lowermost stratosphere (Wang et al., 2022). In addition,
we estimate the STEs of air mass and ozone concentrations over the extratropics, tropics, and globe. The contri-
butions to the air mass and ozone STE changes from GHG/SST and ODS changes are quantified.

The changes in air mass STEs in CCMI models for 1960-2000 and 20002099 are all small (within 0.3% and
0.1% decade™!, respectively) over all regions, with either positive or negative signs. This is due to the cancellation
between increased magnitudes of diabatic heating related to the BDC strengthening and decreased isentropic
density due to higher fitted upper isentrope. The MMM of ozone STE trends for 1960-2000 are 0.3%, —2.7%,
3.4%, —0.9%, and —2.7% decade! over the NH extratropics, SH extratropics, tropics, extratropics, and globe,
respectively. The corresponding MMM ozone STE trends for 2000-2099 are 3.0%, 4.3%, 0.8%, 3.5%, and 4.7%
decade!. The changes in ozone STEs in both 1960-2000 and 2000-2099 are dominated by ozone concentration
changes. For 1960-2000, the small ozone STE changes in the NH extratropics are due to the cancellation between
GHG/SST and ODS effects, while the large decreases in ozone STEs in the SH extratropics are dominated by
ozone depletion caused by ODS. More ozone is transported from the tropical troposphere to stratosphere for
1960-2000 largely due to increased tropospheric ozone. A decreased global ozone STE magnitude for 1960—
2000 was caused by ODS-induced ozone loss that is partly compensated by climate-induced ozone changes.
For 2000-2099, we find about one-third of global ozone STE increases are caused by the ozone recovery due
to the phaseout of ODS, while two-thirds are due to increased ozone concentrations in the lower stratosphere
due to GHG/SST effects through a strengthening of BDC, reduced stratospheric ozone destruction related to the
temperature-dependent Chapman reaction, and upward shift of the upper boundary of the lowermost stratosphere.

Finally, we show that ratios between the global ozone STE and the tropospheric ozone production rates are
decreased for 19602000 but increased for 2000-2099, indicating ozone STEs play a more important role in the
tropospheric ozone budget in the past and future climates compared to the current climate.

Appendix A: Lowermost Stratosphere Mass Budget Approach With Dynamic Upper
Isentrope

A schematic of the dynamic upper isentrope method of Wang et al. (2022) is shown in Figure Al. Contrary to
the use of a constant 380 K isentrope, the dynamic upper isentrope (red solid line in Figure A1) is determined
for each month by minimizing the difference between an isentrope and the lapse-rate tropopause over the trop-
ics that is equatorward of the latitudes with zero tropopause diabatic heating. The results remain similar if we
derive the dynamic upper isentrope annually by fitting the isentrope to the annual-mean tropical lapse-rate trop-
opause (not shown). In the dynamic upper isentrope method, the tropics/extratropics boundaries are defined as
the latitudes with zero diabatic heating at the fitted upper isentrope. The fitted isentropic surface in the tropics is
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Figure Al. Schematic diagram of the stratosphere-troposphere exchange of air masses and ozone concentrations in the
dynamic upper isentrope method. The green dashed line is the zero diabatic heating contour, and the blue solid line is the
lapse-rate tropopause. The red solid line is the isentropic surface fitted to the tropopause over the tropics that is equatorward
of the latitudes with zero tropopause diabatic heating. In the dynamic upper isentrope method, the tropics/extratropics
boundaries are defined as the latitudes at the fitted isentrope with zero diabatic heating. The fitted isentropic surface serves
as the upper boundary of the extratropical lowermost stratosphere (light blue shaded regions), while the tropical tropopause
is approximated by the fitted isentropic surface. Blue arrows indicate the tropopause net fluxes in the extratropics, and the
downward and upward red arrows indicate the diabatic fluxes across the upper isentrope in the extratropics and tropics,
respectively. The isentropic surfaces of 320, 340, 360, and 380 K are shown as red dashed lines.

used to approximate the tropical lapse-rate tropopause. The tropopause is then the combination of the lapse-rate
tropopause in the extratropics and the fitted upper isentrope in the tropics. Note that Wang et al. (2022) used the
3.5 PVU tropopause over the extratropics. The regions poleward of zero diabatic heating latitude at the fitted
upper isentrope are the extratropics (blue shading in Figure A1), and the equatorward regions are the tropics.
The summation of fluxes over the NH and SH extratropics is referred to as the flux over the extratropics, and the
flux over the globe is the summation of the fluxes over the extratropics and tropics. The flux over the globe is
insensitive to the definition of tropical boundaries (Wang & Fu, 2021).

The diabatic flux across the fitted upper isentrope, F, ., over the NH extratropics, SH extratropics, and tropics is

pper’

Fupper = / Qo dA (A1)

where Q = R% is the diabatic heating rate, c = —g~! g—: is isentropic density, R is the radiative heating rate, 6 is

the potential temperature, 7 is the temperature, p is pressure, g is the gravitational acceleration constant, and A is

the area at the fitted isentropic surface in the NH extratropics, SH extratropics, and tropics.

Following Appenzeller et al. (1996), the net air mass flux across the tropopause (F,

op) Over NH/SH extratropics

can be derived from the sum of the diabatic flux across the fitted upper isentrope (F, ) and the lowermost strat-

pper
osphere air mass change rate (:—Af),

dM

Erop = Fuppcr + 7

(A2)

where the lowermost stratosphere air mass, M, is from

P
M = /// 1/g dpdA (A3)
P,

in which P, and P, are pressures at the tropopause and fitted isentropic levels, respectively. In the tropics,
F F

trop = upper*

Similarly, the diabatic ozone flux at the fitted upper isentropic surface, Fuo 3 > 18 determined by

pper?
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Fo. = / Q0 qosdA (A4)

where ¢,; is the ozone mass mixing ratio. The net ozone flux across the tropopause (stu) over NH/SH extrat-

ropics can be calculated from the diabatic ozone flux at the fitted upper isentropic surface (FUO s ) and the rate of

pper
. M,
change of ozone mass in the lowermost stratosphere (i ),

di

g0 _ por, AMo,
trop — * upper dt

(A5)

where the lowermost stratospheric ozone mass, Mo,, is

B
Mo} = /// qo; (p)/g dpdA (A6)
P;

in which go, (p) is the ozone mass mixing ratio at every pressure level within the lowermost stratosphere. In the
tropics, Er0039 = Fu?,;er, Note that, contrary to Wang et al. (2022), we neglect the ozone net chemical source in
the lowermost stratosphere (CTO3) in Equation AS. That is because only half of the 10 models (see Table S1
in Supporting Information S1) provide ozone chemical production and loss terms. In addition, ozone chemi-
cal production and loss terms from the CCMI models do not include the reactions involving the ODS (e.g.,
chlorine-related ozone loss reactions). More importantly, the magnitudes of CTO3 in the lowermost stratosphere

are quite small, including over the SH extratropics (not shown).

In the above equations, F, . is positive (negative) for the upwelling (downwelling) flux. F,  is negative for the
flux entering the troposphere in the extratropics and positive for the flux entering the stratosphere in the tropics.

More details can be found in Wang et al. (2022).

rop

205 in Equation AS are negligibly small as compared

It is noted that the annual mean % in Equation A2 and -

to the annual mean tropopause net air mass and ozone fluxes, respectively. For instance, the MMM annual
dMo3) climatology for 1980-2020 is —0.04 x 10° kg s~! (=3.9 Tg year™!) in the NH extratropics

dt

and 0.05 x 10% kg s~!' (=0.5 Tg year™!) in the SH extratropics, corresponding to 0.4% (1.4%) of the MMM
annual-mean tropopause net air mass (ozone) flux climatology in the NH extratropics and —0.6% (0.2%) in the

SH extratropics. In addition, the MMM dd—"f (JMO'*) trend magnitude for both 1960-2000 and 2000-2099, scaled

dt
by the MMM annual-mean tropopause net air mass (ozone) flux climatology, is within 0.02% decade™' (0.1%

decade~"), which are also negligibly small. As the tropopause height increases in a warming world, so does the
air mass in the troposphere, which has a mean change rate of 0.013 x 10° kg s~! for 1960-2099 from MMM. At
the same time, the mean change rate of air mass in the overworld is —0.011 x 10° kg s~!, but the mean change

mean 2 (
dt

rate of air mass in the lowermost stratosphere (including both NH and SH extratropics together) is close to zero.
Furthermore, since the magnitude of overworld air mass change is less than 0.1% of air mass STEs over extrat-
ropics/tropics, we can justify the adjustment of the diabatic heating rate at the fitted upper isentrope to maintain
a global zero net air mass flux.

Appendix B: Ozone STEs Using a Dynamic Isentrope Versus Those Using a Fixed
380 K

Tables Al and A2 show the MMM annual-mean air mass (A1) and ozone (A2) STE climatology over 1980-2020
and the relative trends for 1960-2000 and 2000-2099, derived using a dynamic upper isentrope (Dynamic), a
fixed isentrope following Appenzeller et al. (1996) (Fixed 1), a fixed isentrope following Wang and Fu (2021)
(Fixed 2). In Fixed 1, the 2 PVU tropopause and a fixed isentrope of 380 K are used, and the extratropics/tropics
boundaries are the cross latitudes between the 2PVU tropopause and 380 K isentrope (see Figure la in Wang
et al., 2022). Hegglin and Shepherd (2009) and Meul et al. (2018) used a similar method but set the upper bound-
ary of the lowermost stratosphere at a fixed pressure level of 100 and 91 hPa, respectively. In Fixed 2, the lapse-
rate tropopause and 380 K isentrope are used, and the extratropics/tropics boundaries are the zero diabatic heating
latitudes at the 380 K isentrope (see Figure 1b in Wang et al., 2022). Note that in Figure 1b of Wang et al. (2022),
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Table A2

the extratropics/tropics boundaries are the zero diabatic heating latitudes at the tropopause, but the results are
quite similar using the zero diabatic heating latitudes at the 380 K isentrope (not shown). The tropopause net air
mass and ozone fluxes over the extratropics and tropics from Fixed 2 include the horizontal transport across the
gaps between the tropopause and 380 K between the extratropics and the tropics (Wang & Fu, 2021), which are
not part of STEs.

The global ozone STE climatologies from the three methods are similar (Table A2), as expected (Wang
et al., 2022). However, the ozone STE partitioning over the tropics and extratropics is different between Fixed
1 and Dynamic (Table A2). For example, the ozone STE over extratropics is —384 Tg year~! from Fixed 1 but
—478 Tglyear from Dynamic. This is because the extratropics in Fixed 1 include part of the tropics with upward
transport (Wang et al., 2022; Wang & Fu, 2021). There are some differences between the Fixed 2 and Dynamic
in the ozone STE partitioning, but they are much smaller than those between Fixed 1 and Dynamic (Table A2).
The global ozone STE trends for 19602000 and 2000-2099 are similar among the three methods, but differences
exist in the tropics and extratropics. For instance, the tropical ozone STE trends for 1960-2000 (2000-2099) are
3.4%, 5.2% and 1.7% Decade! (0.8%, 5.0%, and —1.0% Decade~!) from Dynamic, Fixed1, and Fixed2, respec-
tively. The corresponding ozone STE trends over extratropics are —0.9%, —1.8%, and —1.2% Decade™! (3.5%,
4.4%, and 2.5% Decade™).

Table A1 shows large biases in estimated air mass STE climatologies and changes due to the use of a fixed isen-
trope. Wang et al. (2022) discussed these biases in detail (Table A2).

Table A1

Comparison of Air Mass Stratosphere-Troposphere Exchange (STE) Based on a Lowermost Stratosphere Mass Budget
Approach With a Dynamic Upper Isentrope (Dynamic), a Fixed Isentrope of 380 K Following Appenzeller et al. (1996)
(Fixed 1), and a Fixed Isentrope of 380 K Following Wang and Fu (2021) (Fixed 2)

NH extratropics SH extratropics Tropics

10° kg s~! (% decade™! for 1960-2000, % decade™! for 2000-2099)

Dynamic -9.9 (0.15, —0.04) -8.2 (0.32, 0.08) 18.2 (0.22, -0.01)
Fixed 1 -34 3.0, 8.3) -2.3 (4.8,12.4) 59 (4.0, 9.6)
Fixed 2 -9.0 1.1, 1.7) =74 1.3, 1.5) 16.4 1.2, 1.6)

Note. Annual mean tropopause net air mass flux climatology averaged over 19802020 in the Northern Hemisphere (NH)
extratropics, Southern Hemisphere (SH) extratropics, and tropics are shown. The numbers in the parentheses are the
corresponding relative trends (% decade™) for 1960-2000 and 2000-2099. Trend numbers shown in bold are statistically
significant at a 95% confidence level following Santer et al. (2000). The multi-model mean results are shown here.

Same as Table Al But for Ozone STE in the Northern Hemisphere (NH) Extratropics, Southern Hemisphere (SH) Extratropics, Tropics, Extratropics, and Globe

NH extratropics

SH extratropics Tropics Extratropics

Tg year™!' (% decade™! for 1960-2000, % decade~! for 2000-2099) Globe

Dynamic
Fixed 1
Fixed 2

0.3, 3.0) —195.6 (-2.7,4.3) 137.6 3.4,0.8) —477.9 (=0.9, 3.5) —340.3 (=2.7,4.7)
(=0.3,3.7) —153.6 (-4.1,5.5) 49.0 (5.2,5.0) —383.8 (-1.8,4.4) —334.9 (-2.9,4.3)
(=0.1, 2.2) —202.7 (-2.7,2.9) 151.0 1.7, -1.0) —485.8 (-1.2,2.5) —334.8 (-2.5,4.1)
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Appendix C: Longwave and Shortwave Diabatic Heating Rates

The results of longwave and shortwave diabatic heating rates are shown in Figures S1 and S2 in Supporting
Information S1. No adjustment is applied to the longwave and shortwave heating rates here. The longwave heat-
ing rates are negative in the extratropics (Figures Sla and Sle in Supporting Information S1) and positive in the
tropics (Figure S1i in Supporting Information S1). For 1960-2000, magnitudes of longwave cooling in the NH
extratropics are increased in all models except for CNRM-CM5-3, with a MMM trend of 0.76% decade~! (Figure
Slc in Supporting Information S1), while the MMM trend of longwave cooling in the SH extratropics is close
to zero (Figure S1g in Supporting Information S1). For 2000-2099, all models predict increased magnitudes of
longwave cooling in the NH and SH extratropics (Figures S1d and S1h in Supporting Information S1). Observa-
tional and modeling studies showed that stratospheric water vapor concentrations increase with global warming
(e.g., Rosenlof et al., 2001; Yue et al., 2019). The increased longwave cooling rates in the NH extratropics for
1960-2000 and 2000-2099 and in the SH extratropics for 2000-2099 may be caused by increased water vapor
(e.g., Gettelman et al., 2004; Wang et al., 2022). The small changes in longwave cooling in the SH extratropics
for 1960-2000 may be related to the large ozone depletion there. In the tropics, the cooling related to increased
water vapor might dominate for 1960-2000 (Figure S1k in Supporting Information S1). For 2000-2099, the
change in longwave heating is quite different from different models with a near-zero MMM change, indicating
that the cooling related to increased water vapor and the heating due to carbon dioxide increases might be more
comparable (Figures S11 in Supporting Information S1).

Shortwave heating rates are positive in all regions (Figure S2 in Supporting Information S1). For 1960-2000,
all models except UMUKCA-UCAM predict increased shortwave heating rates in the NH extratropics (Figure
S2c in Supporting Information S1), and all models also predict positive changes in the tropics (Figure S2k in
Supporting Information S1), while no consistent changes exist in the SH extratropics (Figure S2g in Supporting
Information S1). For 2000-2099, all models predict positive trends of shortwave heating rates in all regions
(Figures S2d, S2h, and S2I in Supporting Information S1). Here the increased shortwave heating rates with global
warming could be attributed to higher concentrations of water vapor and carbon dioxide (Gettelman et al., 2004).
The volcanic eruptions of El Chichon in March 1982 and Pinatubo in June 1991, which occurred in the second
period of 1960-2000, would lead to increased shortwave heating for 1960—2000. The large ozone depletion in
the South pole for 1960-2000 may cancel out GHG/SST and volcanic effects in the SH extratropics. The ozone
recovery for 2000-2099 would also contribute to the increased shortwave heating over the extratropics, while
the ozone increases over the tropics for 1960-2000 would contribute to the positive change there, too (Figure 7).

Appendix D: Ozone Trends at the Fitted Isentrope Due To Changes in BDC and
Isentropic Surface Height

We use two methods to separate GHG/SST (i.e., climate)-induced ozone trends into trends due to changes in
BDC&Chemistry and trends due to fitted isentropic surface height changes for 1960-2000 and 2000-2099. In the
first method, the time series of fitted upper isentrope associated with GHG/SST only for 1960-2099 is derived
using the REF-C2 minus SEN-C2-fGHG fitted upper isentrope for 1960-2099 plus the SEN-C2-fODS monthly
fitted upper isentrope climatology over 1960-1965. We calculate the monthly climatology of fitted upper isen-
trope for 1960-2000 and 2000-2099 using the time series of fitted upper isentrope associated with GHG/SST
only as derived above. Ozone trends at the upper isentrope climatology are then calculated using the REF-C2
minus SEN-C2-fGHG ozone mixing ratio, which are referred to as the ozone trends due to BDC&Chemistry
changes. The ozone trends due to the changes in fitted isentropic surface heights are the difference between the
ozone trends due to GHG/SST and the trends due to BDC&Chemistry.

In the second method, we first obtain the ozone time series associated with GHG/SST only using the REF-C2
minus SEN-C2-fGHG ozone fields for 1960-2099 plus the SEN-C2-fODS monthly ozone climatology over
1960-1965. Same as in the first method, the time series of fitted upper isentrope associated with GHG/SST only
for 1960-2099 is also obtained, from which the fitted upper isentrope trends (K decade™!) for 1960-2000 or
2000-2099 are derived. We then calculate the ozone vertical gradients (units: % K1) in the isentropic coordinate
for 1960-2099, using ozone fields at the fitted upper isentrope which are associated with GHG/SST only; the
averaged ozone vertical gradients for 1960-2000 or 2000-2099 are then obtained. Finally, the averaged ozone
vertical gradients are multiplied by the fitted upper isentrope trends to obtain ozone trends due to changes in
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isentropic heights for 1960-2000 or 2000-2099. The ozone trends due to BDC&Chemistry are the difference
between the ozone trends due to GHG/SST and those due to fitted upper isentrope. The ozone mixing ratio trends
in the two methods are all scaled by the 1980-2020 climatology in REF-C2.

It is encouraging that the results from the two methods that might involve different underlying assumptions are
very similar (Figure S4 in Supporting Information S1).

Data Availability Statement

The CCMI output data can be downloaded from the Centre for Environmental Data Analysis (CEDA): https://cata-
logue.ceda.ac.uk/uuid/9cc6b94df0f4469d8066d69b5df879d5 and is described by Hegglin and Lamarque (2015).
The ERAS data is downloaded from Copernicus Climate Change Service (C3S, 2017): https://cds.climate.
copernicus.eu/#!/home. The MERRA-2 data used in this study are available upon request from NASA Goddard
Earth Sciences Data and Information Services Center (DISC) https://disc.gsfc.nasa.gov/information/glossary ?ti-
tle=MERRA-2 and described by Bosilovich et al. (2015).
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