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Abstract The relative impacts of greenhouse gas (GHG) increase and stratospheric ozone depletion on
stratospheric mean age of air in the 1960–2010 period are quantified using the Goddard Earth Observing
System Chemistry-Climate Model. The experiment compares controlled simulations using a coupled
atmosphere-ocean version of the Goddard Earth Observing System Chemistry-Climate Model, in which either
GHGs or ozone depleting substances, or both factors evolve over time. The model results show that GHGs
and ozone depleting substances have about equal contributions to the simulated mean age decrease, but
GHG increases account for about two thirds of the enhanced strength of the lower stratospheric residual
circulation. It is also found that both the acceleration of the diabatic circulation and the decrease of the mean
age difference between downwelling and upwelling regions are mainly caused by GHG forcing. The results
show that ozone depletion causes an increase in the mean age of air in the Antarctic summer lower
stratosphere through two processes: (1) a seasonal delay in the Antarctic polar vortex breakup that inhibits
young midlatitude air from mixing with the older air inside the vortex, and (2) enhanced Antarctic
downwelling that brings older air from middle and upper stratosphere into the lower stratosphere.

1. Introduction

The strengthening of the stratospheric Brewer-Dobson circulation (BDC) in the past decades is a robust model
response to greenhouse gas (GHG) increases and stratospheric ozone depletion (Butchart et al., 2006, 2010).
Two diagnostics have been commonly used to study the speed up of the BDC: the increased strength of the
stratospheric residual mean circulation (e.g., Butchart & Scaife, 2001; Garcia & Randel, 2008; Hardiman et al.,
2013; Li et al., 2008; Lin & Fu, 2013; McLandress & Shepherd, 2009) and the decrease of the stratospheric mean
age of air (Austin & Li, 2006; Garcia et al., 2007; Oberländer-Hayn et al., 2015; Oman et al., 2009; Ploeger et al.,
2015). The acceleration of the residual circulation is caused by increases in stratospheric Rossby and gravity
wave driving (Garcia & Randel, 2008; Shepherd & McLandress, 2011), although Oberländer-Hayn et al.
(2016) argued that the acceleration might be interpreted as an upward lift of the stratosphere. Generally an
increase of the residual circulation leads to a decrease of the mean age (Li, Waugh, Douglass, Newman,
Strahan, et al., 2012), but Neu and Plumb (1999) and Linz et al. (2016) showed that the BDC is directly related
tomean age gradient between tropics and extratropics, not themean age itself. The simulated increase of the
residual circulation is supported by indirect observational evidences (e.g., Stolarski et al., 2006; Young et al.,
2012). However, the modeled decreasing age trend is not fully consistent with observational and reanalysis
studies, particularly in the upper stratosphere (e.g., Diallo et al., 2012; Engel et al., 2009; Ray et al., 2014).

Although the strength of the BDC in a changing climate has been extensively studied (e.g., Butchart, 2014),
the relative importance of GHG increases and stratospheric ozone depletion in driving the BDC changes
remains uncertain. Separating the impact of GHGs and stratospheric ozone not only improves the attribution
of the causes of the past BDC changes but also helps to project future BDC evolution.

The few studies that have attributed BDC changes to GHG and ozone forcing have used different methods to
separate these impacts, and the results are not consistent. For instance, the contribution of stratospheric
ozone depletion between 1960 and 2000 to the increase of annual-mean tropical upward mass flux at
70 hPa was estimated to be about 60% by Li et al. (2008), about 50% by Oman et al. (2009), and about
16% by McLandress et al. (2010). Examining changes in stratospheric mean age in the past decades, Oman
et al. (2009) and Polvani et al. (2018) attributed most of the annual-mean decrease to stratospheric ozone
depletion, whereas Oberländer-Hayn et al. (2015) found that GHG and ozone forcing have similar
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contributions to mean age changes during austral summer. There is no consensus on the relative importance
of GHGs and stratospheric ozone on past changes in the BDC. It is not clear why the results are so different,
but the use of different sea surface temperatures (SSTs) could be an important cause due to the large impact
of SSTs on the BDC (e.g., Kodama et al., 2007; Oberländer et al., 2013).

The main purpose of this paper is to separate the effects of GHGs and stratospheric ozone on past changes in
mean age, including their seasonality, using a coupled atmosphere-ocean version of the Goddard Earth
Observing System Chemistry-Climate Model (GEOS CCM). We also investigate the relative roles of GHG
increases and stratospheric ozone depletion in driving changes in residual circulation, mean age difference
between downwelling and upwelling regions, and diabatic circulation. This work uses a coupled
atmosphere-ocean model, ensuring consistency between SSTs and the external forcing. Because SSTs
strongly affect the BDC, the use of self-consistent SSTs represents an advance over prior studies (e.g.,
Oberländer-Hayn et al., 2015; Oman et al., 2009) that used atmospheric models with prescribed SSTs.

A brief introduction of the GEOS CCM and descriptions of experimental design are given in section 2. Results
are presented in section 3. Discussion and conclusions are given in section 4.

2. Model and Experimental Design

A coupled atmosphere-ocean version of the GEOS CCM (Li et al., 2016) is used in this study. The atmospheric
model is GEOS-5 Fortuna-2.5_p3 (Molod et al., 2012) with 72 layers and a model top at 0.01 hPa. The ocean
model is the Modular Ocean Model version 4p1 (Griffies, 2010) with 50 layers. The GEOS CCM used the strato-
spheric chemistry model of Oman and Douglass (2014). The simulations in this study used horizontal resolu-
tion of 2.5° longitude by 2° latitude (atmosphere) and approximately 1° by 1° (ocean). A more detailed
description of the GEOS CCM is given in Li et al. (2016), who used the same model and evaluated the simu-
lated climatology with emphasis on the Southern Hemisphere (SH). Overall, the model’s performance is
comparable to current state-of-the-art climate models.

Three ensembles of transient simulations, for 1960–2010, were run in order to separate the effects of increas-
ing GHGs and decreasing stratospheric ozone on the circulation. Each ensemble includes four members, and
the ensemble members differ only in their initial conditions. The first (control) ensemble is forced with the
observed changing concentrations of GHGs and ozone depleting substances (ODSs). The other two ensem-
bles include one change: the GHG ensemble uses changing GHGs with fixed 1960 levels of ODSs; the ODS
ensemble uses fixed 1960 levels of GHGs and changing ODSs. The use of these three ensembles enables
the contributions of GHGs and stratospheric ozone (via ODSs) to changes in the stratospheric mean age to
be separated. Unless stated otherwise, monthly mean model outputs are used in this study.

GHG changes affect the BDC both directly through radiative forcing of the atmosphere and indirectly through
an impact on the SSTs. The increase of ODSs and subsequent stratospheric ozone loss may also result in a SST
response. However, it is found that this indirect effect of stratospheric ozone depletion on the atmosphere via
SST changes is small: the ODS ensemble does not exhibit statistically significant zonal mean SST trends in
1960–2010 except in a narrow latitude band near 50°S (not shown). Thus, the zonal mean SST trends in
the control ensemble can be attributed predominately to increasing GHGs. This result is consistent with
McLandress et al. (2012).

3. Results
3.1. Stratospheric Mean Age of Air

In agreement with previous model studies (e.g., Garcia et al., 2007; Li, Waugh, Douglass, Newman, Strahan,
et al., 2012; Oman et al., 2009), the control ensemble simulates a decrease in mean age throughout the strato-
sphere in the 1960–2010 period (Figure 1a). The decreasing trends in mean age are statistically significant,
where the statistical significance is evaluated at the two-tailed 95% confidence interval following Santer
et al. (2000). The distributions of the trends in the latitude-pressure section mirror the shape of the climatol-
ogy, with upward bulging isopleths in the tropics and large vertical gradients in the lower stratosphere. The
trends are not hemispherically symmetric in the lower stratosphere, with a stronger decrease in the SH than
in the Northern Hemisphere (NH). In the upper stratosphere above about 10 hPa the trends are uniformly
distributed in latitude and height.
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The effects of GHG increases and stratospheric ozone depletion on mean age trends can be separated by
examining the single forcing ensembles. Figures 1b and 1c show that the ODS and GHG ensembles capture
the decreasing trends of stratospheric mean age, with comparable magnitude. The ODS ensemble shows a
larger decrease than the GHG ensemble in the SH lower stratosphere. In order to unambiguously attribute
the mean age trends to GHGs and ODSs, the linear additivity of the model responses to the two forcings
needs to be verified. Here the significance of the residual trends, that is, the sum of the ODS and GHG trends
minus the control trends, is used to determine the additivity (McLandress et al., 2011). As can be clearly seen
in Figure 1d, the residual trends are not statistically significant, indicating that linear additivity for mean
age holds.

The global-averaged mean age trends are used to quantify the relative importance of GHGs and ODSs.
Figure 2a shows that GHG increases (red line) and stratospheric ozone depletion (blue line) contribute nearly
equally to the annual-mean mean age decrease throughout the stratosphere. The linear additivity of mean
age response is clearly seen in Figure 2a as the sum of the GHG and ODS trends (black dashed line) almost
overlaps with the control trends (black solid line). The trends in December–February (DJF, Figure 2b) and
June–August (JJA, Figure 2c) are similar to the annual-mean trends, indicating weak seasonal variability.
Again, GHG and ODS forcings contribute nearly equally to the mean age decrease in DJF and JJA and their
contributions are linearly additive.

Although increasing GHGs and decreasing stratospheric ozone have nearly the same effects on the global-
averaged mean age trends, their impacts on the latitudinal structure of the trends are different. As shown in
Figure 1, ODSs cause a larger mean age decrease than GHGs in the SH lower stratosphere. In order to illustrate
this in more detail, the latitudinal distribution of the mean age trends at 70 hPa is compared in Figure 3.
ODS-induced trends (blue line) are about 20% stronger than GHG-induced trends (red line) southward of
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Figure 1. (a–c) Annual mean stratospheric mean age of air climatology (contours) and trends (color shading) in 1960–2010 in the control, ozone depleting substance
(ODS), and greenhouse gas (GHG) ensembles. (d) The residual trends of mean age (sum of ODS and GHGminus control) in 1960–2010. Stippling indicates that trends
are not statistically significant at the two-tailed 5% level. Contour intervals are 0.5 years in Figures 1a–1c.
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30°S but are weaker northward of 30°S. The hemispherically asymmetrical structure of the trends in the
control ensemble (black solid line) is mostly caused by stratospheric ozone depletion.

The seasonality of the mean age trends has not been investigated by previous studies. Our results show that
the mean age trends have small seasonal variations in most of the stratosphere (Figure 4). Differences
between DJF and JJA in the control ensemble are generally small except in the Antarctic lower stratosphere
around 100 hPa (Figures 4a and 4d). In this area, the mean age increases in DJF (although the increasing
trends are significant only in a small region between 60° and 70°S) and decreases in JJA. This seasonality is
solely due to stratospheric ozone depletion (Figures 4b and 4e). The increasing trends in the ODS ensemble
are 2 times larger than that in the control ensemble and are mostly significant, but they are partially offset by
the decreasing trends in the GHG ensemble (Figure 4c). The processes that cause the mean age increasing
trends in the summertime Antarctic lower stratosphere will be discussed in detail in section 3.4.

3.2. Residual Circulation

The Transformed Eulerian Mean (Andrews et al., 1987), or the residual mean meridional circulation, is often
used to approximate the BDC. The decrease of the stratospheric mean
age is generally associated with the acceleration of the stratospheric
residual circulation (Austin & Li, 2006). It should be emphasized that
changes in the mean age are affected not only by changes in the resi-
dual circulation but also by those in mixing and recirculation (Li,
Waugh, Douglass, Newman, Strahan, et al., 2012; Neu & Plumb,
1999; Ploeger et al., 2015). Therefore, the responses of residual circu-
lation and mean age to GHG and ODS forcings could be different.

The strength of the residual circulation is defined as the tropical
upward mass flux, which equal to the sum of the NH and SH down-
ward mass flux (Rosenlof, 1995). The net downward mass flux in each
hemisphere is calculated as

2π ∫
pole

φt
ρa cosφw�adφ (1)

where w� is the residual vertical velocity, ρ is the density, a is the
Earth’s radius, and φt is the turnaround latitude where w� changes
from upward to downward. The acceleration of the stratospheric resi-
dual circulation, diagnosed in terms of annual-mean tropical upward
mass flux, is predominately driven by GHG increases below 10 hPa
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Figure 2. Vertical profiles of global-averaged (a) annual-mean, (b) December–February (DJF), and (c) June–August (JJA) mean age trends in 1960–2010 for the control
(black solid line), ozone depleting substance (ODS, blue line), and greenhouse gas (GHG, red line) ensembles. The black dashed lines are the sum of the ODS and GHG
trends. The error bars denote 95% confidence interval of the trends in the control ensemble.
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(Figure 5a). For example, 64% and 36% of the tropical upwelling trend at 70 hPa is, respectively, caused by
GHGs and ODSs. This is in contrast with the nearly equal contributions of GHGs and ODSs to the mean age
trends (Figure 2). Another difference between trends in the residual circulation and mean age is that the
former has large seasonal variations. The trend at 70 hPa is more than 2 times larger in DJF (2.6 × 108 kg/s/
decade) than in JJA (1.1 × 108 kg/s/decade) (Figures 5b and 5c). This seasonality is mainly driven by ODSs,
which cause a much stronger trend in DJF (1.4 × 108 kg/s/decade) than in JJA (0.3 × 108 kg/s/decade).
Indeed, in DJF at 70 and 50 hPa the ODS ensemble shows slightly larger increasing trends than the GHG
ensemble (Figure 5b).

3.3. Mean Age Difference and Diabatic Circulation

It is not surprising that the relative roles between GHGs and ODSs in driving themean age trends are different
from their roles in driving the residual circulation trends, because mean age also depends on mixing.
However, isentropic mixing does not affect mean age difference between downwelling and upwelling
regions on an isentropic surface in steady state (Linz et al., 2016). Thus, themean age difference depends only
on the mean advection through the isentropic surface, or the diabatic circulation, provided that diabatic
diffusion is small. In this section, we investigate the contributions of GHGs and ODSs to changes in mean
age difference and diabatic circulation.

In steady state and assuming that diabatic diffusion of age is negligible, Linz et al. (2016) showed that the
mass-flux weighted age difference between downwelling and upwelling regions on an isentropic surface
(ΔAge) can be calculated as the ratio of the mass above the surface (M) to the upward mass flux through
the surface (D).

DJF Control

-90 -60 -30 0 30 60 90
Latitude

 100

  10

1

P
re

ss
u

re
 (

h
P

a)

-90 -60 -30 0 30 60 90
Latitude

 100

  10

1

P
re

ss
u

re
 (

h
P

a)
-90 -60 -30 0 30 60 90

Latitude

 100

  10

1

P
re

ss
u

re
 (

h
P

a)

-90 -60 -30 0 30 60 90
Latitude

 100

  10

1

P
re

ss
u

re
 (

h
P

a)

-90 -60 -30 0 30 60 90
Latitude

 100

  10

1

P
re

ss
u

re
 (

h
P

a)

-90 -60 -30 0 30 60 90
Latitude

 100

  10

1

P
re

ss
u

re
 (

h
P

a)

(a) DJF ODS(b) DJF GHG(c)

JJA Control(d) JJA ODS(e) JJA GHG(f)

-0.15 -0.12 -0.09 -0.06 -0.03  0.00  0.03  0.06
year/decade

Figure 4. Stratospheric mean age trends in 1960–2010 in December–February (DJF) and June–August (JJA) for (a, d) control, (b, e) ozone depleting substance (ODS),
and (c, f) greenhouse gas (GHG) ensembles. Stippling indicates that trends are not statistically significant at the two-tailed 5% level.
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ΔAge ¼ M=D (2)

and

ΔAge ¼ Aged � Ageu ¼
∫upσ _θAgedA

∫upσ _θdA
� ∫downσ _θAgedA

∫downσ _θdA
(3)

D ¼ ∫
up
σ _θdA (4)

M ¼ ∫σdAdθ (5)

where _θ is the vertical velocity in isentropic coordinates, σ ¼ � 1
g
∂p
∂θ is the density in isentropic coordinates, p is

pressure, θ is potential temperature, and A is area on an isentropic surface. The upward mass flux D defines
the strength of the diabatic circulation. The vertical velocity _θ is calculated from diabatic heating rate. The
upwelling and downwelling regions on an isentropic surface are defined where _θ is positive or negative,
respectively.

The steady state assumption in equation (2) is not valid in 1960–2010 because the diabatic circulation and
mean age difference have significant trends in this period (not shown). Therefore, we calculate changes
between the 2001–2010 mean and 1960–1969 mean, since the trends within these two decades are not

significant and the steady state assumption holds. First, the annual-mean mean age, p, _θ, and σ are interpo-
lated from pressure surfaces to isentropic surfaces, and the annual-mean ΔAge,M, and D are calculated. Then
the decadal mean in 1960–1969 and 2001–2010 and the changes between these two decades are computed.
The results are shown in Figure 6. For the 2001–2010 mean in the control ensemble, the mean age difference
between the downwelling and upwelling air matches closely with what theory predicts from the ratio of mass
to mass flux (Figure 6a). The mean age difference is generally smaller than the ratio of mass to mass flux,
which is likely due to neglect of diabatic diffusion in equation (2) (Linz et al., 2016, 2017).

Equation (2) predicts a decrease of the mean age difference with an increase of the diabatic circulation D.
Figures 6b and 6c show that the mean age difference and the ratio of mass to mass flux decrease from
1960–1969 to 2001–2010, consistent with theory. GHG forcing is the major driver of both the decrease in
mean age difference and ratio of mass to mass flux, accounting, respectively, for about 61% and 67% of their
decadal changes in the 400 K–1000 K region. Changes in the mean age difference and the ratio of mass to
mass flux have similar vertical structure, but the latter has larger magnitude, which again is likely due to
the neglect of diabatic diffusion. The important result here is that the relative roles of GHGs and ODSs in
driving changes of the diabatic circulation are similar to their roles in the changes of mean age difference.

3.4. Mean Age Increase in the Summertime Antarctic Lower Stratosphere

The increase of mean age in the Antarctic lower stratosphere during DJF is a unique result from this study. To
date, only Oberländer-Hayn et al. (2015) simulated a mean age increase, which occurred in the wintertime
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Arctic upper stratosphere and lower mesosphere and was caused by a weakening of the residual circulation
in that region. However, the mean age increase in our simulations is associated with residual circulation
strengthening. Figure 7a shows that the SH residual stream function significantly strengthens during DJF
in the control ensemble, which is mostly due to stratospheric ozone depletion, particularly below 10 hPa
(Figure 7b). The NH residual circulation also strengthens in DJF, although the trends are weaker and are
predominately caused by GHG increases (Figure 7c). The JJA trends are weaker than DJF trends and are
attributed mainly to GHG increases (Figures 7d–7f).

We find that the DJF mean age increase is caused by two processes: (1) a delayed breakup of the Antarctic
polar vortex, and (2) an enhanced downwelling in the Antarctic lower stratosphere. As we will show below,
both processes are caused by stratospheric ozone depletion.

The breakup of the Antarctic polar vortex strongly affects the seasonal evolution of mean age. Figure 8a
shows the seasonal cycle of daily mean age in the Antarctic lower stratosphere (averaged south of 64°S
at 100 hPa) in the control ensemble. In the pre-ozone hole period (1960–1974, black line), the mean age
reaches a maximum value of about 4 years in middle November and then decreases and reaches its mini-
mum value in middle February. This seasonal cycle with oldest air in late spring and youngest air in late
summer is determined by the seasonal evolution of stratospheric transport (residual mean circulation
and mixing) and Antarctic transport barrier (i.e., the polar vortex) (Konopka et al., 2015; Li, Waugh,
Douglass, Newman, Pawson, et al., 2012). During the austral winter and early spring, the strong polar jet
suppresses mixing between high and middle latitudes, leading to the accumulation of old air in the
Antarctic lower stratosphere brought by the downwelling branch of the residual circulation. As the
Antarctic polar vortex breaks up in late spring, mean age starts to decrease by mixing with the midlatitude
young air. Thus, the timing of maximum mean age corresponds with the timing of polar vortex/transport
barrier breakup.

The seasonal cycle of mean age in the Antarctic lower stratosphere changes significantly between 1960–1974
and 1996–2010. Figure 8a shows that the timing of maximummean age is delayed frommiddle November in
1960–1974 to middle December in 1996–2010, indicating a delayed breakup of the Antarctic transport bar-
rier. This delay partly contributes to the mean age increase in 1996–2010 during DJF. The maximum mean
age in 1996–2010 is about 0.5 years younger than its counterpart in 1960–1974. But at the time when the
Antarctic polar vortex breaks up and the mean age begins to decrease in 1996–2010, this process already
takes place for about 1 month in 1960–1974, leading to older mean age in 1996–2010 from middle
December to early January.

Comparing the control and single forcing ensembles reveals that the seasonal cycle shift of the mean age is
solely driven by stratospheric ozone depletion (Figures 8a–8c). The ODS ensemble shows a similar 3 week
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delay in the timing of maximum/minimum mean age as in the control ensemble. The GHG ensemble
simulates mean age decrease throughout the year without seasonal cycle change between 1960–1974
and 1996–2010.

The delayed breakup of Antarctic polar vortex is further confirmed by its increased persistence. Figures 8d–8f
compare the seasonal evolution of the daily zonal mean zonal wind at 60°S and 100 hPa, used here as a proxy
for the polar vortex strength, between 1960–1974 and 1996–2010. We find that in all three ensembles and in
both periods, the maximum mean age corresponds to a vortex strength of about 29 m/s, which can be used
as a criterion for polar vortex breakup at 100 hPa (e.g., Nash et al., 1996; Waugh et al., 1999). The control
ensemble shows stronger westerlies between October and February in 1996–2010 than in 1960–1974
(Figure 8d). The vortex breakup (when the polar jet falls below 29m/s) is delayed bymore than 3 weeks, caus-
ing a shift of the mean age seasonal cycle. The strengthening of the polar jet is caused by stratospheric ozone
depletion (Figure 8e). GHG increases do not affect the polar jet (Figure 8f).

It has long been recognized that ozone depletion, by cooling the Antarctic lower stratosphere and enhancing
the meridional temperature gradient, increases the persistence of Antarctic polar vortex (e.g., Waugh et al.,
1999). The delayed Antarctic vortex breakup is not limited to 200–70 hPa where mean age increases but
extends throughout the lower to middle stratosphere. Figures 9a and 9b show the seasonal evolution of
changes (1996–2010 minus 1960–1974) in daily zonal mean zonal wind at 60°S and daily Antarctic mean
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Figure 7. Linear trends of the stratospheric residual mean stream function for the 1960–2010 period in December–February (DJF) and June–August (JJA) for
(a, d) control, (b, e) ozone depleting substance (ODS), and (c, f) greenhouse gas (GHG) ensembles. Contour intervals are ±(0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1)
109kg/s/decade. Color shading indicates statistically significant trends. The green line is the climatological tropopause in the control ensemble.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027562

LI ET AL. 2105



age in the control ensemble, respectively. Between 100 and 10 hPa, the impact of a delayed polar vortex
breakup on mean age is clearly seen by reduced mean age decrease from early November to middle
December. However, mean age increases only below about 70 hPa. Apparently, other processes also
contribute to the summertime Antarctic mean age increase.

We suggest that the strengthening of the Antarctic downwelling, which transports older air from higher
levels into the lower stratosphere, plays an important role. Because tropospheric Rossby waves can propa-
gate into the stratosphere only when the mean flow is westerly, the delayed breakup of the Antarctic polar
vortex enhances wave driving and increases downwelling in the Antarctic stratosphere (Li et al., 2008;
McLandress et al., 2010; Stolarski et al., 2006). Figure 9c shows large increases of the downward residual
vertical velocityw� over Antarctica (averaged over 64°–90°S) from late spring to late summer, corresponding
with the strengthening of the polar vortex (Figure 9a). However, enhanced downwelling does not always lead

to enhanced vertical mean age advection �w� ∂Age
∂z

� �
because it also depends on the vertical gradient of

mean age. Figure 9d shows that a large increase of vertical mean age advection is only found in December
and January between about 150 and 70 hPa, where mean age has a strong vertical gradient. The changes
in vertical advection can be further decomposed into changes in downwelling and changes in vertical age
gradient. It is found that the increase in vertical advection is mainly due to the enhanced downwelling, only
at 150 hPa that the increase in vertical gradient makes important contributions (about 50%). The large
increase of vertical advection precedes the mean age increase (Figure 9b), supporting our mechanism. The
increase in vertical mean age advection in late spring/early summer and the subsequent decrease in late
summer in the lower stratosphere are consistent with the changes of mean age seasonal cycle due to the
delayed polar vortex breakup, suggesting that enhanced downwelling also contributes to a delayed mean
age seasonality. Comparing the vertical advection to the net tendency of mean age, it is found that the
increase in vertical advection contributes 25% to the net tendency increase at 100 hPa (not shown), where
the largest mean age increase is found. We conclude that the DJF mean age increase is mainly due to a
delayed polar vortex breakup, with important contributions from enhanced downwelling.
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Figure 8. Seasonal evolution of daily Antarctic mean age of air (averaged over 64°–90°S) at 100 hPa in 1960–1974 (black line) and 1996–2010 (red line) for the
(a) control, (b) ozone depleting substance (ODS), and (c) greenhouse gas (GHG) ensembles. Same as Figures 8a–8c but for zonal mean zonal wind at 60°S and 100 hPa.
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Changes in the summertime Antarctic lower stratosphere circulation shown in Figure 9 are predominately
driven by stratospheric ozone depletion (not shown). GHG increases do not contribute to the enhanced
downwelling and vertical age flux in the Antarctic lower stratosphere (not shown). In summary, Antarctic
ozone depletion delays the breakup of the polar vortex and enhances the downward transport of old air into
the lower stratosphere, leading to mean age increase.

4. Discussion and Conclusions

The GEOS CCM with a coupled ocean has been used to separate the impact of GHG increases and strato-
spheric ozone depletion on stratospheric mean age of air, the residual circulation, and the mean age differ-
ence between downwelling and upwelling regions in the 1960–2010 period. Three 4-member ensembles of
transient simulations were conducted, varying GHGs and ODSs, varying ODSs but fixed 1960 levels of GHGs,
and varying GHGs but fixed 1960 levels of ODSs. The relative roles of GHGs and ODSs in driving past trends in
the BDC were quantified by comparing these ensembles.

The responses of the stratospheric mean age of air to GHG and ODS forcing are linearly additive in our simu-
lations, meaning that trends in the mean age can be unambiguously attributed to GHGs and ODSs. The
results show that GHGs and ODSs contribute nearly equally to the simulated decrease of global-averaged
mean age in 1960–2010. However, they have different effects on the latitudinal structure of the mean age
trends: GHGs cause a hemispherically uniform mean age decrease, while ODSs induce a stronger mean
age decrease in the SH than in the NH. The impact of GHG increases and stratospheric ozone depletion on
mean age is seasonally uniform in most of the stratosphere. The exception is in the Antarctic lower strato-
sphere, where ozone depletion causes large seasonal variations with a mean age increase in DJF and a
decrease in JJA.

The relative roles of GHGs and ODSs in driving the residual circulation trends are different from their roles in
mean age trends. Stratospheric ozone depletion only accounts for about one third of the annual-mean
tropical upward mass flux trend at 70 hPa. In comparison, it accounts for about half of the annual- and
global-mean mean age trend. Residual circulation trends due to ozone depletion have large seasonal varia-
tions, with a much stronger increase in DJF than in JJA, which is not found in the mean age trends. Our results
imply that the projected stratospheric ozone recovery in the 21st century would have a larger impact on
future mean age evolution than on future residual circulation changes. Thus, it would be easier to detect a
future ozone-recovery signature from a slowdown of decreasing trend of mean age than it would be using
changes in the trend of the residual circulation.
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Although the qualitative relationship between the stratospheric mean circulation and mean age is well
known, quantitatively, it is the mean age difference between downwelling and upwelling regions, not the
mean age itself, that is directly related to the mean overturning circulation (Linz et al., 2016). Our calculations
show that the decrease in the mean age difference is consistent with what theory predicts from the increase
in the tropical upward mass flux. GHG forcing is a major driver of the decrease in the mean age difference,
consistent with its role in the acceleration of the BDC. These results indicate that the mean age difference
between downwelling and upwelling regions should be an important metric to study changes in the BDC.

Long-term observations of mean age are scarce, and they do not show significant mean age decreases
throughout the stratosphere, contrary to model results (e.g., Engel et al., 2009; Ray et al., 2010, 2014). The
simulated mean age increase in the Antarctic lower stratosphere during DJF thus provides novel insights into
the mechanisms at work. The increase in mean age is not caused by weakening of the residual circulation, as
might be expected intuitively, but is due to the combined effects of a delayed breakup of Antarctic transport
barrier and enhanced downwelling in the Antarctic lower stratosphere. Both processes are mostly attributed
to ozone depletion. Stratospheric ozone depletion cools the Antarctic lower stratosphere in spring and
increases the persistence of the polar vortex, leading to (1) a delayed breakup of the polar vortex, which
delays the mixing of younger air from middle latitude with the older Antarctic air, and (2) enhanced
Antarctic downwelling that transports more old air from higher levels into the lower stratosphere. These
two processes cause the mean age to increase in the summertime Antarctic lower stratosphere, with the
delayed Antarctic polar vortex breakup playing a more important role. This mechanism cannot explain the
reported mean age increase in the NH extratropics (Engel et al., 2009) or in the polar upper stratosphere
(Stiller et al., 2012).

Our finding demonstrates a special case that an enhanced BDC leads to an increase of mean age, contrary to
the conventional view. This discrepancy can be explained in the framework of age spectrum, in which
changes in the mean age are determined by changes in the relative importance of young air with fast path-
ways and old air with slow pathways in the age spectrum (Li, Waugh, Douglass, Newman, Strahan, et al.,
2012). In the case of Antarctic summertime lower stratosphere, the major fast pathway is mixing with midla-
titude lower stratosphere and the major slow pathway is descent from Antarctic upper stratosphere through
the deep branch of the BDC. An enhanced Antarctic downwelling causes an increase in the percentages of
old air, which contributes to the increase of mean age. A delayed breakup of the Antarctic transport barrier
reduces the percentages of young air. Together, these two processes lead to an increase of mean age.

Our proposed mechanism is partly supported by observations that show a delay in Antarctic polar vortex
breakup and increases in the summertime Antarctic downward transport (Stolarski et al., 2006; Waugh
et al., 1999). However, the Antarctic polar vortex in GEOS CCM is too persistent (not shown), a common bias
in almost all the CCMs (Eyring et al., 2006). This bias may amplify the dynamical response to stratospheric
ozone depletion (Fogt et al., 2009; Lin et al., 2017). Therefore, GEOS CCM might overestimate the increase
of mean age in the summertime Antarctic lower stratosphere.

The results of this study need to be interpreted in the context of those from a related study of Garfinkel et al.
(2017), who showed that the simulated trends of the BDC depend on the duration of the period, and the start
and end dates used for calculation. While some of our results agree with the small number of previous studies
in this topic, there are some substantial differences. For example, Oman et al. (2009) found that stratospheric
ozone depletion is muchmore important than GHG increases in causing the mean age decrease. Oberländer-
Hayn et al. (2015) found that the mean age responses to GHG and ODS forcings are not linearly additive in
their simulations. These different results could be caused by differences in models or methods. The use of
a coupled atmosphere-ocean model (this study) versus prescribed SSTs (Oberländer-Hayn et al., 2015;
Oman et al., 2009) could have an impact on model results. In order to better understand the roles of the
GHGs and stratospheric ozone in driving past changes and future evolution of the BDC, single forcing experi-
ments under the coupled atmosphere-ocean-chemistry model framework from more modeling groups
are needed.
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