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Tropospheric Expansion Under Global Warming Reduces
Tropical Lower Stratospheric Ozone
Aaron Match! (2 and Edwin P. Gerber!

!Center for Atmosphere Ocean Science, Courant Institute of Mathematical Sciences, New York University, New York City,
NY, USA

Abstract In response to global warming, ozone is predicted to increase aloft due to stratospheric cooling
but decrease in the tropical lower stratosphere. The ozone reductions have been primarily attributed to a
strengthening Brewer-Dobson circulation, which upwells ozone-poor air. Yet, this paper finds that strengthening
upwelling only explains part of the reduction. The reduction is also driven by tropospheric expansion under
global warming, which erodes the ozone layer from below, the low ozone anomalies from which are advected
upwards. Strengthening upwelling and tropospheric expansion are correlated under global warming, making

it challenging to disentangle their relative contributions. Therefore, chemistry-climate model output is used to
validate an idealized model of ozone photochemistry and transport with a tropopause lower boundary condition.
In our idealized decomposition, strengthening upwelling and tropospheric expansion both contribute at leading
order to reducing tropical ozone. Tropospheric expansion drives bottom-heavy reductions in ozone, which
decay in magnitude into the mid-stratosphere.

Plain Language Summary The ozone layer absorbs ultraviolet light otherwise harmful to life.
Due to compliance with the Montreal Protocol, the ozone layer is generally recovering from depletion. But,

at the same time, global warming is predicted to impact ozone, increasing ozone in the upper stratosphere

and decreasing ozone in the tropical lower stratosphere. These decreases are typically argued to result

from a strengthening of tropical stratospheric upwelling under global warming. Yet, this paper shows that in
addition to contributions from strengthening upwelling, much of the ozone loss arises from a deepening of the
troposphere under global warming. The deepening of the troposphere erodes the ozone layer from below, with
the low ozone anomalies in the eroded region subsequently transported upwards by the background upwelling.
Deepening of the troposphere therefore helps to explain the predicted ozone reductions throughout the tropical
lower stratosphere.

1. Introduction

Chemistry-climate models robustly predict that, in response to global warming, ozone will increase in the upper
stratosphere and decrease in the tropical lower stratosphere (SPARC, 2010). The simulated ozone response
to a quadrupling of CO, is shown in Figures la—lc, using output from chemistry-climate models with inter-
active ozone chemistry contributed to the Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring
et al., 2016). The robustness of the simulated decrease in tropical lower stratospheric ozone suggests models may
capture consistent mechanisms for the change (Chiodo et al., 2018). Global warming might already be reducing
ozone in the tropical lower stratosphere, where the recovery since 2000 due to the Montreal Protocol has been
notably absent (Petropavlovskikh et al., 2019).

Most mechanistic studies explain the reduction in tropical lower stratospheric ozone as resulting from a strength-
ening of tropical upwelling associated with the Brewer-Dobson circulation (e.g., Banerjee et al., 2016; Chiodo
et al., 2018; Dietmuller et al., 2021; Li et al., 2009; Meul et al., 2014; Oman et al., 2010; Plummer et al., 2010;
Shepherd, 2008; SPARC, 2010; Waugh et al., 2009). Strengthened upwelling reduces ozone by transporting
ozone-poor air upwards against the climatological gradient. We identify four lines of evidence implicating
strengthening upwelling. First, prescribing strengthened upwelling in a chemical transport model (CTM) reduces
tropical lower stratospheric ozone (Jiang et al., 2007). Second, the dipole of ozone decreasing in the tropical
lower stratosphere while increasing in the extratropical lower stratosphere has been interpreted as a signature
of a strengthened Brewer-Dobson circulation (Shepherd, 2008). Third, the sign of ozone changes in the lower
stratosphere were found to match the sign of the change in ozone advection (Li et al., 2009). Fourth, across global
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Figure 1. Ozone difference between three pairs of Coupled Model Intercomparison Project Phase 6 experiments. (Top
row) Ozone difference between final 100 years of abrupt-4xCO, and piControl. (Middle row) Ozone difference between
piClim-4xCO, and piControl reveals the effect of stratospheric cooling. (Bottom row) Ozone difference between amip-p4K
and amip reveals the effect of surface warming. Note that included models vary in each row.

warming simulations, increases in upwelling are correlated with decreases in tropical lower stratospheric ozone
(Chiodo et al., 2018; Dietmuller et al., 2021; Oman et al., 2010; SPARC, 2010, Figure 9.6).

Beyond these formidable lines of evidence implicating strengthening upwelling, we propose an additional loss
mechanism—expansion of tropospheric ozone destruction. Global warming deepens the troposphere (Match &
Fueglistaler, 2021; Singh & O’Gorman, 2012; Vallis et al., 2015), transforming stratospheric air into tropospheric
air with a shorter ozone lifetime due to tropospheric chemistry and rapid overturning that facilitates dry depo-
sition at the surface (Wild, 2007). In other words, tropospheric expansion takes a “bite” out of the ozone layer
from below. In the tropics, the low-ozone anomalies from the bite are then advected upwards by the background
upwelling, smearing the ozone reductions upwards into the tropical lower stratosphere until photochemical equi-
librium is reestablished. A related mechanism has been invoked to explain the ozone annual cycle in the tropical
tropopause layer (Folkins et al., 2006), but this mechanism has not been invoked to explain the response to global
warming.

The goal of this study is to evaluate whether tropospheric expansion contributes at leading order to ozone reduc-
tions in the tropical lower stratosphere under global warming. Comprehensive model experiments will be used to
examine the ozone response to a quadrupling of CO,, and that response will be decomposed into ozone responses
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Figure 2. Dynamical changes relevant to ozone response in MRI-ESM2-0. (a) Temperature difference between pairs of
experiments. (b) Residual upwelling difference between pairs of experiments. (c) Tropopause height (WMO definition of
thermal tropopause) in each experiment, with exact values noted. Quantities are averaged over the tropics from 30°S to 30°N.

to stratospheric cooling and surface warming. When further insights from CMIP6 are stymied by correlations
between upwelling and tropopause height, we will analyze an idealized model of ozone photochemistry and trans-
port to further decompose the relative roles of strengthening upwelling and tropospheric expansion.

2. Chemistry-Climate Model Results

The ozone response to global warming is proposed to involve three mechanisms: (a) stratospheric cooling, (b)
strengthening upwelling, and (c) tropospheric expansion (scrutinized herein). We analyze these mechanisms in
comprehensive chemistry-climate models contributed to CMIP6 (Eyring et al., 2016). Features that are robust
across models are treated as predictions worth understanding, as in previous studies (e.g., Chiodo et al., 2018),
even though models could have limitations stemming from limited resolution or sub-grid parameterizations.
Figures la—1c compare ozone under abrupt quadrupling of CO, (abrupt-4xCO,) with the pre-industrial control
(piControl), showing well-reported increases throughout the upper stratosphere but decreases in the tropical
lower stratosphere (e.g., Chiodo et al., 2018).

All three mechanisms are expected to be simulated self-consistently in response to global warming, so additional
information is needed to decompose the mechanisms of the ozone response. We gather such information from
mechanism denial experiments, in which the ozone response to greenhouse gas forcing is decomposed into (a)
the response to quadrupling of CO, at fixed surface temperature, and (b) the response to surface warming at
prescribed CO, concentrations. A similar decomposition was performed by Fomichev et al. (2007). Our results
provide the first intermodel comparison of such mechanism denial experiments.

2.1. Ozone Response at Fixed Surface Temperature

The ozone response at fixed surface temperature is diagnosed by comparing an experiment with quadrupled CO,
but prescribed pre-industrial sea surface temperature (piClim-4xCQ,) to the pre-industrial control experiment
(piControl). The piClim-4xCO, experiments were conducted as part of the Radiative Forcing Model Intercom-
parison Project (RFMIP; Pincus et al., 2016), and we analyze CNRM-ESM2-1, GFDL-ESM4, and MRI-ESM2-0.
Figures 1d—1f show the ozone responses. Even at fixed surface temperature, the stratosphere cools directly from
the greenhouse gas forcing (Manabe et al., 1967). Stratospheric cooling increases ozone aloft by slowing ozone
chemical loss reactions (e.g., Jacob, 1999).

These experiments exhibit minor reductions in ozone in the tropical lower stratosphere, our region of inter-
est. These reductions are typically understood to arise from “reverse self-healing,” whereby the anomalously
increased ozone aloft absorbs ultraviolet photons that would have otherwise formed ozone in the lower strato-
sphere (Groves et al., 1978; Haigh & Pyle, 1982; Jonsson et al., 2004). Figure 2 compares the dynamical and
thermodynamical environments in these suites of experiments, highlighting which variables are likely to drive
the ozone response. Figure 2a confirms that, at fixed surface temperature, the stratosphere cools substantially in
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response to quadrupling of CO,, with minimal changes in upwelling (Figure 2b) or tropopause height (Figure 2c).
Ozone reductions in the tropical lower stratosphere remain small without strengthened upwelling or tropospheric
expansion.

2.2. Ozone Response to Prescribed Surface Warming

The ozone response to surface warming is diagnosed by comparing historical simulations with prescribed sea
surface temperatures subject to a warming of 4 K (amip-p4K) versus historical simulations with no additional
warming (amip). The amip-p4K experiments were conducted as part of the Cloud Feedback Model Intercompar-
ison Project (Webb et al., 2017), and we analyze CNRM-CM6-1, E3SM-1-0, and MRI-ESM2-0. Figures 1g—1i
show this ozone response to prescribed surface warming. Surface warming reduces ozone in the tropical lower
stratosphere while barely perturbing ozone aloft.

Figure 2a shows that there is minimal stratospheric temperature change in response to prescribed surface warming
(red), so there is little ozone change from temperature-dependent chemistry. The prevailing explanation for how
surface warming reduces tropical lower stratospheric ozone is that it strengthens the upwelling of ozone-poor air
from below. Indeed, prescribing surface warming reproduces the full strengthening of the Brewer-Dobson circu-
lation from the quadrupled CO, case (Figure 2b, black and red curves). Yet, at the same time, the troposphere
deepens in response to surface warming (from 15.5 km in the amip experiment to 16.6 km in the amip-p4K for
MRI-ESM2-0), comparable to the 1 km by which the tropopause deepens upon a quadrupling of CO, (from
15.4 km in piControl to 16.2 km in abrupt-4xCO, for MRI-ESM2-0).

Because surface warming simultaneously strengthens upwelling and deepens the troposphere, these experiments
cannot facilitate a decomposition of the relative roles of strengthening upwelling and tropospheric expansion. We
therefore formulate a model in which tropopause height can be held fixed while increasing upwelling, and vice
versa.

3. The Idealized Model: Formulation

Our idealized model couples together a tropical and extratropical column, each undergoing Chapman photo-

chemistry, transport via a leaky tropical pipe, and tropopause lower boundary conditions. The model predicts the

annual, spatial mean ozone concentration in the tropics [Os ], and the extratropics [O3] ;. The prognostic equations

for ozone number density [units: molec cm~] are as follows:
d[03]; _ 2[0s);

- | photochemistry +

ot ot

9[0s];
ot

| transport ( 1 )

where subscript i corresponds to tropics (T) or extratropics (E):

3.1. Photochemistry

Ozone photochemistry is represented by the paradigmatic Chapman cycle (Chapman, 1930), following the treat-
ment of Jacob (1999). Chapman photochemistry considers the evolution of three oxygen species (O, O,, and O,):

O, +hv—>0+0 (i< 240nm) (R1)
O+0,+M - 05+ M (R2)
Os+hv—>0,+0  (A<3200m)  (R3)
0s + 0 = 20, (R4)

where M represents third bodies with the number density of air molecules. Following textbook treatments, reac-
tions 2 and 3 proceed quickly, so ozone evolves slowly as follows:
d[0s]

2ksk
T Ipholochemislry = 2leO2nu - ) 30 ;2 [03]2 (2)
h g
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where Co, is the molar fraction of O, in air (today, 0.21), and n,(z) is the number density of air [molec cm™]
decaying exponentially over H = 7 km.

The photolysis rate constants k, and k, depend on radiation interacting with O, and O,. The photolysis rates are
calculated by integrating the spectrally resolved photolysis rate:

k= /4(/1)0(/1)Iad/1 3
A

with wavelength A [nm], quantum yield ¢ (molecules produced per photon absorbed), absorption coefficient ¢
(cm? molec™"), and actinic flux density with respect to wavelength I, (photons cm~ s~! nm~"). The actinic flux

is a radiative quantity dependent on absorption above:

IA(Z) = I,Looexp (—ﬂ> (4)

cos 6

where 7, is the wavelength-dependent optical depth resulting from absorption by chemical species aloft and € is
the solar zenith angle. We consider overhead sun in the tropics (€ = 0°) and low sun in the extratropics (6 = 60°).
Only absorption by O, and O, is considered:

7i(2) = / (60,(A) [02] + 60,(A) [05]) d 2’ )

Temperature-dependent rate constants k, and k, are calculated as in Brasseur and Solomon (2005). Analytical
solutions of the equilibrium ozone profile do not exist for Chapman photochemistry because the radiation that
forms ozone is a function of the ozone profile itself. The ozone equilibrium is found numerically, also accounting
for transport.

3.2. Transport

Ozone is transported between the tropics and extratropics by advection and mixing, a leaky tropical pipe (Neu &
Plumb, 1999; Plumb, 1996) following the treatment of Stolarski et al. (2014).

|lransp0rt = —WHhs—
ot

d[0s]y 0 ([0slr
0z

) — u([Os]r = [Os]k) (6

a

(051, Os];
_[63]E [transport = I,U”lai (ﬂ) + (D + p) ([0s]r — [O3]E) @
t 0z a

where w is the rate of upwelling/downwelling (default: 0.3 mm s™!), u is the lateral mixing rate between the trop-
ics and extratropics (1 year™!), and D (units: s~!) is the mass flux divergence of the tropical upwelling.

D= —eZ/H% (we*/") (®)

The mass flux divergence of the upwelling in the tropics transports ozone to the extratropics.

3.3. Tropopause Boundary Conditions

The tropopause is approximated as a zero-ozone lower boundary for the stratosphere in each column, reflecting
the fast tropospheric destruction of ozone through chemical sinks and dry deposition facilitated by the rapid
overturning of the troposphere (e.g., Wild, 2007). Increases in tropopause height destroy stratospheric ozone
by converting stratospheric air into zero-ozone tropospheric air. Increases in tropopause height also lift the
zero-ozone boundary condition for ozone transport, reducing ozone in the interior of the domain. By default, the
tropical tropopause is at 17 km and the extratropical tropopause is at 10 km.
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3.4. Model Set-Up and Parameters

The idealized shortwave radiative transfer and photolysis rates are solved on a wavelength grid with 141 discre-
tized wavelengths ranging from 180 to 320 nm. The default temperature is uniformly 240 K. O, absorption coef-
ficients (602) are taken from Ackerman (1971) and O, absorption coefficients (0-03) from Demore et al. (1997).
Solar actinic flux is calculated from the Solar Spectral Irradiance Climate Data Record (Coddington et al., 2015),
averaged from 01 January 2020 to 02 April 2021. Spectrally resolved parameters are linearly interpolated to the
wavelength grid.

The vertical dimension is discretized into vertical levels (Az = 500 m) ranging from the tropopause to 40 km. The
timestep is 10,000 s, and the model is run to approximate equilibrium for 50,000 time steps (roughly 15 years).

Chapman photochemistry is known to simulate roughly double the observed ozone concentration, due to neglected
catalytic destruction from NO, and HO, (e.g., Jacob, 1999, as observed in our model in Figure S1 in Supporting
Information S1). Incorporating catalytic chemistry can increase the number of chemical reactions by an order
of magnitude (Crutzen, 1971), yet our results suggest these reactions are not necessary to explain leading-order
aspects of the ozone response to global warming. By neglecting catalytic chemistry, our idealized model trades
off the quantitative accuracy of more complex models while distilling the essential mechanisms of the ozone
response to global warming.

4. The Idealized Model: Validation and Results

Because idealized Chapman photochemistry overestimates basic state ozone, we need to determine whether our
idealized model nonetheless possesses realistic sensitivity to quadrupling CO,. We impose a CO, quadrupling
through three idealized perturbations resembling the responses in MRI-ESM2-0 (Figure 2): stratospheric cooling
of 10 K, strengthened upwelling of 0.05 mm s~!, and tropospheric expansion of 1 km. We focus on whether trop-
ospheric expansion contributes at leading order to tropical lower stratospheric ozone reductions.

The idealized model response to these perturbations is shown in Figure 3b (black curve), as compared to the
comprehensive CMIP6 results in Figure 3a. The idealized model reproduces the order of magnitude of the ozone
changes as well as the vertical structure, with increases aloft and decreases below (compare the black curve in
Figure 3b to each curve in Figure 3a). This agreement builds confidence that the idealized model is produc-
ing a reasonable representation of the emergent ozone dynamics. We further validate the idealized model by
reproducing the response to stratospheric cooling in Figure 3d. The idealized response to stratospheric cooling
reproduces the modest ozone reductions from reverse self-healing, although it overestimates the ozone increase
aloft by roughly a factor of two. In addition, we use the idealized model to reproduce the response to surface
warming (Figure 3f vs. Figure 3e). In both the chemistry-climate models and our idealized model, reductions in
tropical lower stratospheric ozone are primarily driven by surface warming. The idealized model results do not
change much when realistic temperature and upwelling are used in the basic state and for the global warming
perturbations, as shown in Figure S2 in Supporting Information S1. Although the idealized model appears fit for
our analysis, its details are likely sensitive to the overestimated ozone in its basic state (Figure S1 in Supporting
Information S1), which could inflate its sensitivity to both strengthening upwelling and tropospheric expansion.

Having built confidence in the idealized model, we turn to its key purpose: decomposing the relative contri-
butions of strengthening upwelling and tropospheric expansion. This decomposition can be seen in Figures 3b
and 3f. Strengthening upwelling (magenta) leads to ozone decreases throughout the tropical lower stratosphere,
as expected from its advection against the climatological gradient of increasing ozone in this region. Strength-
ening upwelling induces large ozone anomalies in the lower stratosphere, where transport is fast compared to
photochemical recovery timescales (years around 23 km and months around 28 km; Dutsch, 1968; Jacob, 1999).
Strengthening upwelling barely perturbs ozone in the upper stratosphere, where transport is slow compared to
photochemical recovery timescales (weeks around 33 km and days around 38 km).

Although absent from previous explanations, tropospheric expansion plays a leading order role, too (Figure 3f,
red). This is our main result. Mechanistically, tropospheric expansion destroys ozone by transforming stratospheric
air into tropospheric air with a shorter ozone lifetime, that is, “taking a bite” out of the stratosphere. The anom-
alies from the bite are then advected upwards by the background upwelling into regions where photochemical
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Figure 3. (Left column) Tropically averaged ozone change in Coupled Model Intercomparison Project Phase 6 (CMIP6)
experiments and (right column) idealized model response decomposed into relevant mechanisms. (a) Ozone responses to
quadrupled CO, in CMIP6. (b) Idealized model response to perturbations analogous to quadrupled CO,, that is, stratospheric
cooling of 10 K (blue), strengthened upwelling of 0.05 mm s~! (magenta), and tropospheric expansion of 1 km (red), all
perturbations together (black), and their linear sum (dashed black). (c) Ozone responses to quadrupled CO, at fixed surface
temperature. (d) Idealized model response to stratospheric cooling. () Ozone responses to increased surface temperature by
4 K. (f) Idealized model response to strengthening upwelling (magenta), tropospheric expansion (red), both (orange), and
their linear sum (dashed orange). Ozone reductions are driven at leading order by strengthening upwelling (magenta) and
tropospheric expansion, which leads to bottom-heavy reductions (red) (panels b and f).
equilibrium is eventually re-established. These advected anomalies that are smeared out through the lower strato-
sphere add up to a much larger column ozone anomaly than what was formed by the bite itself. In other words, the
integral of the red curve in Figure 3b is dominated by the region above 18 km (the advected anomalies) compared
to the region from 17 to 18 km (the bite). Figure 4 illustrates this two-step (bite then advect) mechanism. The
change in column ozone is the same in response to the perturbations to upwelling versus tropopause height used
in our idealized experiments, but the main result is that these processes both contribute at leading order.
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A)  Step 1: Tropospheric expansion B) Step 2: The “bite” is advected
hPa “takes a bite” out of the stratosphere upwards in the tropics km

10 F 32

Global warming tropopause

100-\A. ] 16

Pre-industrial tropopause
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Figure 4. Cartoon illustrating the impact of expansion of tropospheric destruction of ozone. (a) Tropospheric expansion
“takes a bite” out of the stratosphere by converting stratospheric air to tropospheric air. (b) The “bite” is advected upwards in
the tropics by the background Brewer-Dobson circulation until photochemical equilibrium is gradually re-established.

5. Discussion
5.1. Does Ozone Shift Upwards?

Tropopause height has long been known to influence ozone. At synoptic scales, mid-latitude storms redistribute
ozone laterally and vertically, leading to correlations between column ozone and tropopause height (Appenzeller
et al., 2000; Meetham & Dobson, 1937; Reed, 1950; Schubert & Munteanu, 1988). Steinbrecht et al. (1998)
speculated that these synoptic correlations might extend to decadal scales. At these longer timescales, Forster
and Tourpali (2001) attempted to remove the dynamical component of tropopause height variations by analyzing
ozone trends in tropopause-following coordinates. Thompson et al. (2021) and Bognar et al. (2022) used a similar
approach in the tropical lower stratosphere. This method is based on the idea that tropospheric expansion leads
to an upward shift of stratospheric ozone. Yet, physically, tropospheric expansion leads to an upward shift in the
tropospheric destruction of ozone, not to an upward shift in ozone itself. The ozone response will only resemble
a vertical shift where ozone is controlled by upwelling, which excludes the extratropics, which are downwelling,
and the upper stratosphere, which is in photochemical equilibrium (Figures S3e and S3f in Supporting Informa-
tion S1). Because ozone does not shift uniformly upwards with the tropopause, tropopause-following coordinates
do not generally remove the effects of tropospheric expansion. Although a uniform shift is not expected from
tropospheric expansion, the tropical ozone response to quadrupling of CO, strongly resembles a vertical shift
predicted from tropospheric expansion, with decreased ozone below and increased ozone aloft (Figures S3a and
S3b in Supporting Information S1). But, this increased ozone aloft results from stratospheric cooling, so the
resemblance to a vertical shift driven by tropospheric expansion is coincidental.

5.2. Revisiting the Case for Strengthening Upwelling

We now revisit the four lines of evidence implicating strengthening upwelling. Many correctly noted that strength-
ening upwelling plays a role in reducing ozone, but (sometimes knowingly) did not preclude a role for other
mechanisms. First, in the cogent study of Jiang et al. (2007), it was shown that enhancing the Brewer-Dobson
circulation in a chemical transport model (CTM) reduced tropical lower stratospheric ozone. Jiang et al. (2007)
did not claim that their results precluded other mechanisms.

Second, the ozone reductions in the tropical lower stratosphere and increases in the extratropical lower strato-
sphere have been implicated as a fingerprint of a strengthened Brewer-Dobson circulation (Shepherd, 2008). Yet,
Figure 1 shows that the ozone reductions in the tropics result from surface warming (bottom row), whereas the
ozone increases in the extratropics result from stratospheric cooling (middle row). Ozone increases in the extra-
tropical lower stratosphere likely arise from background downwelling of the increased ozone from stratospheric
cooling.

Third, Li et al. (2009) reported that the sign of ozone changes in the lower stratosphere matched the change in
the ozone tendencies due to advection, suggesting that ozone reductions resulted from strengthening upwelling.
However, tropospheric expansion also reduces ozone advection by modifying the boundary conditions on ozone
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transport, potentially altering the ozone gradients. Local budgets cannot disentangle the effects of strengthening
upwelling from tropospheric expansion.

Fourth, across models, greater strengthening of upwelling correlates with greater reductions in tropical lower
stratospheric ozone (Chiodo et al., 2018; Dietmuller et al., 2021; Oman et al., 2010; SPARC, 2010, Figure 9.6).
This correlation was claimed to implicate strengthening upwelling. However, this correlation does not reveal
causation because strengthening upwelling and tropospheric expansion are both mediated by surface warming
(Abalos et al., 2021; Butchart, 2014; Oberldnder-Hayn et al., 2016). Indeed, Chiodo et al. (2018) noted that
models with the largest upwelling response also had the largest tropospheric warming.

5.3. Relevance to Recent Trends

The contribution of tropospheric expansion to reductions in tropical lower stratospheric ozone appears to be
approximately linear with respect to surface warming. In MRI-ESM2-0, the time-dependent ozone response in
a 1pctCO, experiment grows with global average surface temperature anomaly exactly as predicted by linearly
interpolating the response under abrupt-4xCO, (Figure S4 in Supporting Information S1). Furthermore, tropo-
spheric expansion is linear with respect to surface warming (as shown in GCMs by Match & Fueglistaler, 2021,
their Figure 1), and the column ozone response is linear with respect to tropospheric expansion in the idealized
model (Figure S5 in Supporting Information S1). Radiosonde data and reanalyses indicate that the troposphere is
expanding at a rate roughly consistent with expectations from global warming, although with spatial heterogene-
ity and contributions from other factors such as ozone depletion (Meng et al., 2021; Santer et al., 2003; Seidel &
Randel, 2006; Xian & Homeyer, 2019). The linearity of the response suggests that roughly a quarter of the 4xCO,
and amip-p4K scenarios could be relevant to present with a warming of 1 K. A definitive attribution statement
is beyond the scope of this work and would need to disentangle additional contributions from internal variabil-
ity and ozone-depleting substances (Abalos et al., 2019; Dietmuller et al., 2021; Petropavlovskikh et al., 2019;
Polvani et al., 2018). In particular, halogen-induced ozone depletion can increase tropical upwelling without
causing a surface-mediated change in tropopause height, increasing the relevance of upwelling to date.

6. Conclusions

Chemistry-climate models predict that, in response to increased CO,, ozone increases in the upper stratosphere due
to stratospheric cooling but decreases in the tropical lower stratosphere (Chiodo et al., 2018; Groves et al., 1978;
Haigh & Pyle, 1982). The ozone reductions have previously been attributed to strengthening upwelling, which
advects ozone-poor air from below (e.g., Banerjee et al., 2016; Chiodo et al., 2018; Dietmuller et al., 2021; Li
et al., 2009; Meul et al., 2014; Oman et al., 2010; Plummer et al., 2010; Shepherd, 2008; SPARC, 2010; Waugh
et al., 2009). This study also implicates tropospheric expansion, which erodes the ozone layer from below, the low
ozone anomalies from which are advected upwards by the background upwelling. Changes in tropopause height
and upwelling are correlated in chemistry-climate models under global warming. We constructed an idealized
model to separate them, showing that both contribute at leading order to ozone reductions in the tropical lower
stratosphere.

These results facilitate new understanding of the ozone response to global warming, highlighting potentially
under-emphasized sources of uncertainty when predicting ozone and interpreting ozone trends. Whereas the
previous global warming mechanism singularly emphasized the Brewer-Dobson circulation, biases in which
could arise from wave dissipation and numerical diffusion in the stratosphere, our results highlight the additional
role of tropospheric processes. Convective parameterizations, in particular, could lead to bias both through their
impact on transport (vertical advection, mixing) and through differences in the tropopause height perturbation
for a given surface warming.

Data Availability Statement

02 absorption coefficients from Ackerman (1971) accessed from https://uv-vis-spectral-atlas-mainz.org/uvvis/
cross_sections/Oxygen/O2.spc Ackerman (1971) 298K_116.3-243.9 nm (int-c).txt. O3 absorption coeffi-
cients from Demore et al. (1997), accessed from http://satellite.mpic.de/spectral_atlas/cross_sections/Ozone/
03_JPL-2002(2002)_273K_175-363nm(rec).txt. Solar actinic flux from Coddington et al. (2015) accessed from
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