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ABSTRACT

While climate change is predicted to strengthen the stratospheric Brewer-Dobson circulation, the impacts on
stratosphere-troposphere exchange (STE) remain uncertain. The evaluation of changes in the Brewer-Dobson circu-
lation driven STE contributes to better understanding the radiative and dynamical balance of the stratosphere and to
quantifying future pollution from chemical species such as ozone. In this work, STE changes are quantified in the
Community Earth System Model (CESM) with the Whole Atmosphere Community Climate Model (WACCM), a full
Chemistry Climate Model with resolution of chemical and dynamical processes up to the lower thermosphere. Data
is used in monthly output from fully-coupled runs spanning the time period from 1955-2099 under a RCP 6.0 IPCC
scenario. An inert tracer, with fixed concentration above 80 hPa and with an e-folding timescale of 25 days, enables
quantification of transport with exclusion of chemical effects. This study focuses on the Upper Troposphere/Lower
Stratosphere (UTLS) region and identifies increases in transport across the tropopause, especially in the subtrop-
ics. Relative to a 1955-1984 baseline, upper tropospheric annual-mean tracer concentrations increase by as much
as 25% by the end of the century, and lower troposphere concentrations by 5-10% in the mid-latitudes and 15-20%
in the north-polar and equatorial latitudes. The maximum seasonal increases (primarily in boreal autumn/winter)
approach 40% in the upper troposphere, and in the lower troposphere 15-20% in the mid-latitudes and 20-30% in the
north-polar and equatorial latitudes. The tropospheric tracer burden increases by 1.7 ± 0.3% per decade, following
a significant linear trend. The greatest concentration increases are largely controlled by vertical transport through
the subtropical tropopause layer, and these transport-driven increases are also observed in chemically-active species
such as ozone.
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1 Introduction

The stratospheric mean meridional circulation, i.e. the
Brewer-Dobson circulation, involves ascent of tropical
tropospheric air into the stratosphere, subsequent pole-
ward transport, and descent back into the troposphere at
mid and high latitudes, driving transport of air parcels
and incorporated chemical species (Butchart, 2014). The
associated Stratosphere-Troposphere Exchange (STE) —
transport across the tropopause — helps control the
chemical composition of the troposphere and stratosphere
(Holton et al., 1995; Banerjee et al., 2016; Collins et al.,
2003; Butchart et al., 2006).

STE has large implications for humans and
the climate system. Troposphere-to-stratosphere trans-
port (TST) is responsible for bringing to the strato-
sphere many of the chemicals involved in annual South-
ern Hemispheric ozone depletion (Holton et al., 1995);
stratosphere-to-troposphere transport (STT) is responsi-
ble for as much as 40% of tropospheric ozone (as much
as 60% in winter) (Roelofs and Lelieveld, 1997; Collins
et al., 2003). The Brewer-Dobson circulation peaks in
intensity in local winter, and due to greater planetary
wave breaking in the Northern Hemisphere, the North-
ern Hemispheric circulation is stronger and better defined
than is its Southern Hemispheric counterpart (Butchart,
2014; Holton et al., 1995). The circulation is expected
to increase in intensity with climate change, and this in-
crease is expected to also peak in boreal winter (Butchart
et al., 2006; Neu et al., 2014). While some work has been
done on the topic with ozone and overall mass fluxes us-
ing other models, it is unclear how increases in the in-
tensity of the residual mean circulation will transfer to
changes in STE. Hsu et al. (2005) explored STE meth-
ods and variability for ozone. Collins et al. (2003) and
Sudo et al. (2003) showed the impact of changes in STE
on spatiotemporal ozone trends – primarily in the tropo-
sphere; Banerjee et al. (2016) did the same for the strato-
sphere. Boothe and Homeyer (2017) examined and com-
pared STE in various modern reanalysis products, while
Butchart et al. (2006) explored the increase in the rate of
STE mass exchange with climate change. This work is
most similar to Butchart et al. (2006), but extends an up-
dated analysis to a different model and focuses on STE.

There are limitations to the insights models offer
regarding the stratospheric circulation. Both Chemistry
Climate Models (CCMs) and stratospheric-resolving

General Circulation Models (GCMs) display high vari-
ability in reproducing changes in STE (Morgenstern
et al., 2017; Neu et al., 2014; Butchart et al., 2006). To
combat this, their results and structure can be compared
and compiled in aggregate to create more robust estimates
(Morgenstern et al., 2017; Butchart et al., 2006). The re-
cent Chemistry-Climate Model Initiative (CCMI), whose
first phase comprised of 20 comprehensive chemistry-
climate and transport models, seeks to facilitate and
standardize this comparison (Morgenstern et al., 2017;
Butchart et al., 2006; Eyring et al., 2013). The Com-
munity Earth System Model, developed at the National
Center for Atmospheric Research, partook in the CCMI
initiative; its runs for this purpose (using the Whole At-
mosphere Community Climate Model as its atmospheric
component) are the basis of this work.

This report aims to understand the impact of cli-
mate change on STE using CESM; section 2 describes
the version of CESM1(WACCM) used, as well as anal-
ysis tools and equations; section 3 details the changes in
STE observed, and their relation to dynamic forcing; sec-
tion 4 summarizes results and hints at further analysis to
address seasonality and examine particle trajectories in
STT transport.

2 Methods

2.1 Data

This study makes use of fully coupled runs of the Com-
munity Earth System Model 1 (CESM1) with the Whole
Atmosphere Community Climate Model (WACCM) as
the atmospheric component — CESM1(WACCM). The
simulations were run for phase 1 of the Chemistry-
Climate Model Initiative (CCMI); this work uses
CESM1(WACCM)’s REF-C2 (reference prediction) con-
figuration ensemble member 1. The model has 1.9 ◦

×

2.5 ◦ latitude × longitude resolution (approximately 200
km), and 66 vertical levels extending to 5.96 × 10−6

hPa (∼140 km — the lower thermosphere), offering 1.4
to 1.75km resolution in the Upper Troposphere / Lower
Stratosphere (UTLS) region (Garcia et al., 2017). The
model’s high-top vertical domain, high vertical resolution
especially in the UTLS region, and comprehensive chem-
istry and dynamics throughout allow for robust simula-
tion of the stratospheric circulation and changes it might
undergo. Simulating these changes is the basis for un-
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derstanding transport in this work. The simulations uti-
lize IPCC Representative Concentration Pathway (RCP)
6.0, a moderate forcing scenario, to define anthropogenic
forcings (van Vuuren et al., 2011). The model output
used is monthly and zonally averaged over the 145-yr
period 1955-2099, retaining the dimensions latitude, al-
titude/pressure, and time. Additional details regarding
general model configurations for CCMI may be found
in Eyring et al. (2013), model and simulation descrip-
tions may be found in Morgenstern et al. (2017), and gen-
eral information on WACCM is available in Morgenstern
et al. (2017); Marsh et al. (2013); Abalos et al. (2017);
Neale et al. (2010).

2.2 Tracers and Definitions

2.2.1 Residual Mean Circulation

We describe the Brewer-Dobson circulation by the resid-
ual mean circulation’s vertical component w∗ and merid-
ional component v∗ (Holton et al., 1995; Butchart, 2014).
In this analysis, we focus primarily on the vertical compo-
nent w∗ to quantify vertical stratosphere-to-troposphere
transport (STT) and troposphere-to-stratosphere trans-
port (TST). Examining this vertical transport is useful be-
cause the tropopause acts as a significant boundary; thus,
high vertical concentration gradients are observed in real
tracers such as ozone.

2.2.2 ST80_25 and Ozone

We make use of an inert tracer, hereinafter called
‘ST80_25’. ST80_25 is fixed in concentration above 80
hPa (the lower stratosphere) and decays with an e-folding
timescale of 25 days. This leads to sharp gradients across
the tropopause as is observed in measurements of species
such as ozone, and facilitates the characterization of verti-
cal transport across the boundary. This tracer’s inertness
and rapid decay relative to the timescale of the strato-
spheric circulation allow for characterization of changes
in transport without the complication of chemical pro-
cesses during transport. We additionally utilize an ozone
tracer, primarily because of its importance for human ac-
tivity, availability in the simulation, and potency in the
climate/dynamical system as an example of a chemically-
active species. With it, we examine how an active species
may display changes observed in the inert tracer, and get

a sense of the importance of chemistry in changing con-
centrations during transport.

2.2.3 Time Periods

We define the periods ‘past’ and ‘future’ to be the 30-
year period 1955-1984 (the beginning of the simulation
time-domain) and the 30-year period 2070-2099 (the end
of the simulation time-domain), respectively. Averaging
over thirty year periods minimizes the effects of decadal
and other long-period oscillations. Differences between
the beginning and end of the simulation time-domain are
used to best quantify the maximal transport change, and
to avoid dynamical effects of features such as the South-
ern Hemisphere Ozone Hole, which peaked in the late
20th century.

2.3 Dynamical Forcing and Tracer Continuity

The zonal-mean tracer continuity equation can be written
as follows (Equation 1),

∂C̄

∂t
= −w̄∗

∂C̄

∂z
− v̄∗

∂C̄

∂y
−∇ · M̄ + S̄ (1)

where an over-bar indicates a zonal-mean, C represents
concentration, w∗ and v∗ the vertical and meridional com-
ponents of the residual circulation, and ∇·M the mixing
and S the net source terms respectively, and other pro-
cesses both resolved and unresolved in the model. Due to
the large vertical concentration gradients in species such
as ST80_25 and ozone, we posit that vertical transport
dominates tracer concentration variability. Thus Equa-
tion 1 may be approximated as shown in Equation 2,

∂C̄

∂t
≈ −w̄∗

∂C̄

∂z
(2)

This relationship is examined in our data set via corre-
lation of the left and right side of Equation 2. The cor-
relation R values offer an index of Equation 2’s veracity
at any one point, allowing us to assess the importance of
vertical motion in determining STT transport.
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3 Results and Discussion

3.1 Climatology

The climatological mean ST80_25 concentrations,
shown in log-scale in Figure 1, display sharp vertical
gradients in the UTLS region. Additionally, transport
into the troposphere is visible, especially the mid-
latitudes (note the downward-bulging white contours).
These regions of STT are in sharp contrast with the
low concentrations observed in the upward-moving
equatorial branch of the residual mean circulation (black
contours). The seasonal variability in ST80_25 concen-
tration is shown in Figure 2, indicating the circulation’s
annual periodicity and winter/spring downward transport
maximum in each hemisphere.

Figure 1: Annual-mean climatology over 1955-2099
of ST80_25 concentration (shading and white contours;
units are log10 molar mixing ratio). The thick black line is
the mean tropopause height; the thin black contours rep-
resent the positive (solid) and negative (dashed) vertical
component w∗ of the mean residual circulation climatol-
ogy at a contour interval of 1 mm s−1.

A similar result is observed for ozone concentra-
tions (Figure 3). With ozone, sharp gradients in the UTLS
region remain present, as well as marked STT transport
(note again the downward-bulging white contours). Evi-
dence of anthropogenic influence in the boundary layer is
also visible in Figure 3, especially in the Northern Hemi-
sphere high-latitudes. Boundary-layer ozone production
obscures transport for the ozone tracer, highlighting the
usefulness of ST80_25.

Seasonal-Mean ST80_25 log10 Concentration, 1955-2099

Figure 2: Seasonal-mean climatology over 1955-2099
of ST80_25 concentration (shading and white contours;
units are log10 molar mixing ratio). The thick black line is
the mean tropopause height; the thin black contours rep-
resent the positive (solid) and negative (dashed) vertical
component w∗ of the mean residual circulation climatol-
ogy at a contour interval of 1 mm s−1.

Figure 3: Annual-mean climatology over 1955-2099 of
ozone concentration (shading and white contours, units
are log10 molar mixing ratio). The thick black line is the
mean tropopause height; the thin black contours represent
the positive (solid) and negative (dashed) vertical compo-
nent w∗ of the mean residual circulation climatology at a
contour interval of 1 mm s−1.
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(a) 700 hPa - Lower Troposphere (b) 300 hPa - Upper Troposphere (c) 90 hPa - Lower Stratosphere

Figure 4: Mean seasonal cycle over the period 1955-2099 of ST80_25 concentration (shaded and white contours;
units: log10 molar mixing ratio). The black contours represent the positive (solid) and negative (dashed) vertical
component w∗ of the residual mean circulation climatology at a contour interval of 1 mm s−1 in (a), 2 mm s−1 in
(b), and 0.1 mm s−1 in (c).

Figure 5: Change in the annual-mean climatology over
1955-2099 of w∗ (shading and white contours; units are
m/s). The thick gray and black lines are the mean ‘past’
and ‘future’ tropopause heights respectively; the thin
black contours represent the positive (solid) and negative
(dashed) changes in the meridional component v∗ of the
mean residual circulation climatology at a contour inter-
val of 0.1 m s−1.

Additional ozone climatology details, including partial-
pressure and seasonal plots, are available in Appendix A,
Figure A1; partial pressure highlights BDC transport –
ozone is produced in the tropical upper stratosphere and
transported poleward and downward. We may also vi-
sualize the seasonality of the atmospheric circulation by
examining the monthly tracer progression at a particular

Figure 6: Fractional change in the annual-mean climatol-
ogy over 1955-2099 of ST80_25 concentration (shading
and white contours). The thick gray and black lines are
the mean ‘past’ and ‘future’ tropopause heights respec-
tively; the thin black contours represent positive (solid)
and negative (dashed) changes in the vertical component
w∗ of the residual mean circulation climatology at a con-
tour interval of 0.2 mm s−1.

height level. We examine 90 hPa (the lower stratosphere),
300 hPa (the upper troposphere), and 700 hPa (the lower
troposphere) in Figure 4. These three height levels are
fairly representative of the variation observed over the en-
tire atmospheric column, highlight spatiotemporal corre-
lation, and draw attention to time-lags between dynamic
forcing in w∗ and tracer concentration response.
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ST80_25 Concentration, Difference between  1955-1984 and 2070-2099

Figure 7: Fractional change in the seasonal-mean climatology over 1955-2099 of ST80_25 concentration (shading
and white contours). The thick gray and black lines are the mean ‘past’ and ‘future’ tropopause heights respectively;
the thin black contours represent positive (solid) and negative (dashed) changes in the vertical component w∗ of the
residual mean circulation climatology at a contour interval of 0.2 mm s−1.

Figure 4 shows good spatial correlation but a slight time-
lag between changes in w∗ and concentration response.

3.2 Future Concentration Changes

An understanding of climatology allows for analysis of
changes between ‘past’ (1955-1984) and ‘future’ (2070-
2099). We hypothesize the vertical component of the

residual circulation (i.e. the Brewer-Dobson shallow
branch) is responsible for driving transport across the
tropopause (Equation 2). The increases in w∗ are shown
in Figure 5. The residual circulation narrows in the
equatorial region, but more importantly intensifies sig-
nificantly in the low/mid latitudes. Increased downward
transport in the subtropical UTLS provides a potential
mechanism for local Stratosphere-to-Troposphere Trans-
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port increases. Because of high vertical concentration
gradients, we utilize fractional rather than absolute con-
centration changes to quantify increases in STE. The frac-
tional change between past and future for ST80_25 is
shown in Figure 6 (seasonal changes in Figure 7).

In the annual-mean, strong increases are present
in the subtropical regions - as high as 25-30%, while
smaller increases around 10% are present across the
boundary layer (Figure 6). In the lower tropospheric po-
lar and equatorial regions, concentrations increase by 20-
25%. Interestingly, the equatorial increases occur despite
the region’s greatly increased vertical motion. However,
surrounding regions experience greater positive change
indicating that the entire region is saturated by increased
STT transport and horizontal processes play a meaning-
ful role in distributing tracer concentrations. Seasonally,
strong increases are present in the subtropical regions –
as high as 40% in the upper troposphere, while smaller
increases of up to 15-20 % are present in the cool seasons
in the lower troposphere. The existent seasonality is also
amplified for minima; concentrations decrease by 5-10%
in the Southern Hemisphere troposphere in DJF (austral
summer), and by 0-5% in the boundary layer in JJA (bo-
real summer) in the Northern Hemisphere. Strong con-
centration decreases along the high-latitude tropopause
are likely caused by the rising boundary and the strong
concentration gradient across it, as well as by increased
mixing along the boundary as explored in Abalos et al.
(2016). The role of this mixing was not explored in this
study, but has implications for extra-tropical STT and for
understanding transport pathways into the extra-tropical
lower troposphere where increased transport is observed.
A direct STT transport pathway may still be inferred,
however, in the subtropical UTLS, approximately coinci-
dent with (but generally at a slightly greater latitude than)
the increase in intensity of the residual vertical circulation
(black contours in Figures 6 and 7).

Examining concentration changes in ozone
shows similar structures but smaller magnitudes in the
subtropical UTLS compared those of ST80_25. How-
ever, in other regions chemical processes alter concen-
tration changes more significantly — specifically greater
increases in the lower stratosphere and greater decreases
in the boundary layer compared with ST80_25’s. This
is especially clear in the ozone seasonal-mean changes
(Appendix B, Figure B1). Still, the overall similarity in
structure and magnitude between concentration changes

Figure 8: Fractional change in the annual-mean clima-
tology over 1955-2099 of ozone concentration (shading
and white contours). The thick gray and black lines are
the mean ‘past’ and ‘future’ tropopause heights respec-
tively; the thin black contours represent positive (solid)
and negative (dashed) changes in the vertical component
w∗ of the residual mean circulation climatology at a con-
tour interval of 0.2 mm s−1.

in chemically-active ozone and inert ST80_25 show that
the results and subtropical STT pathway observed in
ST80_25 are potentially robust.

We return to seasonal progressions and examine
their long-term changes (Figure 9). These show ST80_25
change is well correlated with change in w∗. The general
structure of changes in w∗ is increased upward motion
in the low-latitudes and downward motion in the high-
latitudes. One deviation from this pattern is in the South-
ern Hemisphere spring where the ozone hole recovery re-
verses the sign of the BDC trends (Hardiman et al., 2014).
Otherwise, the pattern is fairly consistent and homoge-
neous, oscillating latitudinally with the season. At 90
hPa (Figure 9c – close to the 80hPa ceiling for ST80_25),
increases in the low-latitudes surround concentration de-
creases as the equatorial tropopause approaches 90 hPa
in the March-November period. At 300 hPa (Figure 9b),
the pattern is symmetric, with concentration increases in
the low latitudes, and decreases in the high latitudes as
the rising tropopause and increased mixing in the region
drive concentrations down. At 70 hPa (Figure 9a), con-
centration increases dominate the entire spatiotemporal
plane, except in austral high-latitude spring and summer.
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(a) 700 hPa - Lower Troposphere (b) 300 hPa - Upper Troposphere (c) 90 hPa - Lower Stratosphere

Figure 9: Fractional change in the mean seasonal cycle over the period 1955-2099 of ST80_25 concentration (shaded
and white contours). The black contours represent positive (solid) and negative (dashed) changes in the vertical
component w∗ of the residual mean circulation climatology at a contour interval of 0.25 mm s−1 in (a), 0.5 mm s−1

in (b), and 0.05 mm s−1 in (c).

In the Northern Hemisphere, the increases peak at around
20-25% in the boreal fall/winter months, but approach
zero change in the boreal spring/summer. This strong
seasonality is critical for estimating impacts and is com-
pletely missed in the annual-mean.

3.3 Correlating Dynamic Forcing and Ob-
served Response

We observed good spatial correlation between changes
in w∗ and changes in ST80_25 concentrations. We use
correlation maps to verify these correlations and show
that changes in dynamical forcings are in fact largely
responsible for changes in transport. Correlations are
calculated by determining the correlation coefficient be-
tween the left and right sides of Equation 2 for our model
output. The correlation coefficient is favored over the
coefficient of determination to contrast regions of posi-
tive and negative correlation. Examining correlation for
ST80_25 (Figure 10) over the entire simulation period
shows strong correlation throughout much of the UTLS
region, particularly in the Northern Hemisphere where
the circulation is stronger and better defined. Weaker cor-
relation values are observed along the tropopause, partic-
ularly in the high-latitudes, supporting the hypothesis of
increased mixing there. The lower troposphere, particu-
larly south of 40◦N, displays noisy correlations possibly
derived from surface convection and turbulence emanat-
ing from the continents and boundary layer – this region
is thus excluded from this analysis. Correlations did not
change appreciably with time, likely due to noise in the

Figure 10: Correlation between ∂C̄
∂t

and −w∗ ∂C̄
∂z

over
the period 1955-2099. The thick black line is the mean
tropopause height; the thin black contours represent the
positive (solid) and negative (dashed) vertical component
w∗ of the residual mean circulation climatology at a con-
tour interval of 1 mm s−1.

signals, potential time-lags, and the varying importance
of other dynamical features. But, as was seen in Figures
5, 6, and 7 the increased signal magnitude did drive an in-
creased concentration response. Additionally, Figure 10
suggests an STT pathway exists downward through the
subtropical UTLS region and potentially through high-
latitude UTLS region as well. As priorly mentioned con-
vection and mixing in the lower-troposphere and mixing
along the high-latitude tropopause obscure pathways; we
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(a) One-point correlation map for 20◦N, 350 hPa (b) One-point correlation map for 0◦N, 140 hPa

Figure 11: One-point correlation maps between ∂C̄
∂t

at the indicated points and −w∗ ∂C̄
∂z

at every point, over the
period 1955-2099. The thick black line is the mean tropopause height; the thin black contours represent the positive
(solid) and negative (dashed) vertical component w∗ of the residual mean circulation climatology at a contour interval
of 1 mm s−1.

can make no assumptions regarding the extent of these
pathways or the existence of others without the use of a
Lagrangian model.

The correlations observed in Figure 10 may be
an underestimation — they do not quantify how the
area surrounding a point may affect concentration change
at the point, and ignore the effect of concentration de-
cay. They also do not consider possible time-lags be-
tween forcing and response — in some regions, cross-
correlation showed a time delay of one month resulted
in much higher correlation coefficients. Additionally, al-
though we are not using a Lagrangian model and thus
cannot trace air parcel trajectories, we can examine re-
gions of dynamic continuity via our correlations to infer
what transport pathways observed in Figure 10 are im-
portant for determining concentrations at specific loca-
tions. To this end, we select individual points and per-
form ‘one-point correlations’, correlating the left side of
Equation 2 at each individual point with the right side of
Equation 2 at every point in the model domain. We se-
lect the point 20◦N, 350 hPa because it is a maximum in
the ST80_25 fractional increase, as shown in Figure 6.
We additionally select 0◦N, 140 hPa as it is a local maxi-
mum in the annual-mean concentration increase but is in
a region of low concentration and correlation (Figures 1,
6, and 10). The one-point correlation maps in Figure 11

show that while the increase at 20◦N, 350 hPa (11a) is pre-
dominantly dynamically driven, the increase at 0◦N, 140
hPa (11b) is not. Note in 11a the strong correlation above
the point (marked with a blue rectangle) consistent with
strong coupling with downward motion in the subtropical
UTLS. The point is oppositely correlated with the same
region in the Southern Hemisphere due to the seasonality
in w∗. Additionally, the concentration changes at 20◦N,
350 hPa are less correlated to the dynamical forcing in
high-latitude lower-stratosphere region than are concen-
tration changes in those regions (refer to Figure 10). This
indicates that only local downward motion is driving cor-
relation and supports the hypothesis of a transport path-
way downwards across the subtropical tropopause. High
correlations are conspicuously absent in 11b, however,
indicating that the maximum in fractional concentration
increase observed there is not primarily driven by vertical
transport despite its magnitude.

The ozone correlation map is quite similar to that
of ST80_25, although with ozone the correlation may be
examined well above 80 hPa. However, there are two
distinct regions of negative correlations centered at ∼300
hPa on either side the equator (Figure 12a), not observed
in ST80_25.
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(a) Ozone correlation map for the UTLS region

(b) Ozone correlation map for the greater atmosphere

(c) One-point correlation map for 20◦N, 350 hPa

(d) One-point correlation map for 60◦N, 150 hPa

Figure 12: Ozone correlation maps over the simula-
tion period 1955-2099; The thick black line is the mean
tropopause height; the thin black contours represent the
positive (solid) and negative (dashed) vertical component
w∗ of the residual mean circulation climatology at a con-
tour interval of 1 mm s−1 in (a) and (c) and 0.5 mm s−1

in (b) and (d) . For one-point correlations, the point used
is marked with a blue rectangle.

The cause of these features is unknown and was not ex-
plored in this study; they could be caused by chemical
processes affecting ozone concentrations in the model.
Extending the ozone correlation cross-section to higher
levels (Figure 12b) reveals strong correlations in the
lower stratosphere, indicating dynamic control, but weak
correlations in the upper stratosphere and above (above
10-50 hPa), where chemical processes dominate. Low
correlation is again observed along the tropopause, and
the same STT pathways as in Figures 10 and 11a may
be inferred. We again examine the one-point correlation
map for 20◦N, 350 hPa, and find weaker correlations than
were found with ST80_25, likely because of the negative
correlation feature centered nearby at 300 hPa. Exam-
ining a one-point correlation map for 60◦N, 150 hPa (in
the lower stratosphere just above the tropopause mixing
region) highlights the continuity of Equation 2 through-
out the stratosphere. Strong correlations exist at all levels
of the atmosphere, inverse in the hemispheres due to the
seasonality in w∗, and reversed in sign above 1 hPa as
the gradient in w∗ switches signs. This continuity sug-
gests that even in regions of chemical control, dynamics
still do play a significant role in determining concentra-
tion changes.

We next examine whether the meridional com-
ponent of the Brewer-Dobson circulation is driving the
equatorial maximum at around 140 hPa using correlations
with v∗. v∗ correlations are much less coherent outside
the tropics than are w∗ correlations and, as such, are not
shown here. We perform a one-point correlation using v∗
at the point 0◦N, 140 hPa to examine if this maximum is
meridionally driven; the results in Figure 13 show that
this is perhaps partially the case. The point 0◦N, 140
hPa lies in a region of low vertical velocity between two
strong branches of vertical motion. The highest corre-
lation’s location beneath the point (marked with a blue
rectangle) is perhaps consistent with this strong vertical
transport in the region. Thus, the maximum at 0◦N, 140
hPa likely has some dynamical forcing from a combina-
tion of v∗ and w∗; but determining whether this is an ac-
curate representation of the main drivers of concentration
changes at this point or simply a model artifact is beyond
the scope of this analysis.

The cause for the increased concentrations across
the UTLS could also partially lay beyond the dynamics
of the residual mean circulation. Changes in the zonal-
mean zonal velocity are spatially well correlated with
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Figure 13: Correlation between ∂C̄
∂t

and −v∗ ∂C̄
∂y

over
the period 1955-2099. The thick black line is the mean
tropopause height; the thin black contours represent the
positive (solid) and negative (dashed) vertical component
w∗ of the residual mean circulation climatology at a con-
tour interval of 1 mm s−1.

fractional increases in concentration along the tropopause
and around 0◦N, 140 hPa as shown in Figure 14, although
the actual zonal-mean zonal winds do not show the same
spatial agreement. Work has been done on the role of
the subtropical jet and other processes in enabling trans-
port/STE (Langford (1999); Sudo et al. (2003); Boothe
and Homeyer (2017)), but this study cannot say what spe-
cific role any processes play outside of their contribution
to the residual mean circulation.

3.4 Tropospheric Burden Time-series

To examine the temporal evolution of STE, we examine
the tropospheric burdens of ST80_25 and ozone through
time, relative to a baseline from 1955-1984. These bur-
dens, along with ozone’s stratospheric burden (showing
the ∼11-year solar cycle) are shown in Figure 15. Fig-
ure 15a shows the burden for ST80_25, which increases
at a rate of 1.7 ± 0.3% per decade at a 99% confidence
interval. This linear trend is seemingly unaffected by
decadal and other cycles and is significant, leading to in-
creases of 20-25% by the end of the century over the base-
line, consistent with the results discussed in Section 3.2.
The same cannot be said for ozone which shows a non-
linear relationship with time, having significant chemi-

(a) Zonal-mean zonal wind (black contours)

(b) Change in zonal-mean zonal wind (black contours)

Figure 14: Zonal-mean zonal wind (14a) and its changes
(14b) (thin black contours) overlaid on the fractional
change in the annual-mean climatology over 1955-2099
of ST80_25 concentration (shading and white contours).
The thick gray and black lines are the mean ‘past’ and
‘future’ tropopause heights respectively; the contour in-
terval for the thin black contours (positive - solid; nega-
tive - dashed) is 5 m s−1 in (a) and 0.5 m s−1 in (b).

cal processes including sources and sinks that can change
in a future climate. Examining seasonally-partitioned
ST80_25 burden time-series in Figure 16 shows that the
rate of increase is higher in boreal Summer and Au-
tumn (around 1.8% per decade) than in boreal Winter and
Spring (around 1.6% per decade). It is important to note,
however, that boreal fall has the lowest overall concentra-
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(a) Tropospheric ST80_25 (b) Tropospheric Ozone (c) Stratospheric Ozone

Figure 15: Tropospheric burden from 1955-2099 relative to a 1955-1984 baseline.

(a) DFJ: 1.64 ± 0.52% (b) MAM: 1.60 ± 0.35%

(c) JJA: 1.84 ± 0.40% (d) SON: 1.80 ± 0.38%

Figure 16: ST80_25 seasonal burden from 1955-2099 relative to a 1955-1984 baseline, along with rates of increase
per decade, and 99% confidence intervals.

tions, and MAM the highest, so the implications for the
overall burden are more complex than these percentages
suggest. Further examination of these rates of change and

their contribution to the overall ozone burden is neces-
sary to to better understand the seasonality of future STT
changes.
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4 Conclusion and Future Work

4.1 Conclusion

In this paper we have studied the impact of climate
change on the stratosphere-troposphere exchange. We
have used climate simulations of the CESM1(WACCM)
chemistry-climate model over the period 1955-2099 to
explore both the spatial and temporal changes in STE,
and have offered and explored some initial hypotheses
regarding their cause.

STE increases in CESM1(WACCM), particu-
larly STT across the subtropical tropopause (Figures 6,
7, 15a, and 16). Comparing the first and last 30-year
segments of the simulation period, we identify annual-
mean increases in the concentration of our inert tracer
ST80_25 of as much as 30% in the subtropical upper-
troposphere and as much as 25% in the lower troposphere.
These increases are as high as 40% in the upper tropo-
sphere and 30% in the lower troposphere in boreal winter,
and negligible in boreal summer as existing seasonality
is amplified. Concentration increases are well correlated
with vertical transport forcing, particularly in the North-
ern Hemisphere, and transport pathways through the sub-
tropical tropopause are suggested (Figures 10 and 11a).

The tropospheric ST80_25 burden increases at
a rate of 1.7 ± 0.3% per decade, leading to increases
of 20-25% over a 1955-1984 baseline by the end of the
century (Figure 15a). These increases display slight sea-
sonal variability, peaking in boreal Summer and Autumn
at around 1.8% per decade — greater than the boreal Win-
ter and Spring value of around 1.6% per decade (Figure
16).

4.2 Future Work

Mixing processes along the high-latitude tropopause ob-
scure quantification and tracking of transport through this
region; further work is needed to decompose effects of
these varied processes and understand transport pathways
and mechanisms. The use of a Lagrangian model (similar
to James et al. (2003a,b)) with air-parcel trajectories is es-
sential for examining the mechanics of mixing processes
and transport pathways subsequent to transport across the
tropopause. This would aid in explaining how concen-
tration increases reach the surface at all latitudes, and in
quantifying the role of meridional transport in establish-

ing latitudinal variability. More work to address the sea-
sonality of transport changes is necessary to infer their
impacts. Understanding the role of subtropical processes
in causing these increases could aid in this endeavor. This
work has focused primarily on STT, more work such as
Abalos et al. (2017) on TST is necessary to understand
the reverse transport.

This type of work is relevant to other chemically-
active species (e.g. Kracher et al. (2016)); potential future
analyses could include using simplified models equipped
with the findings of this study to understand how other
species’ concentrations could change over time.
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Appendix

A Ozone Climatology

(a) Annual-Mean Log Partial Pressure

Seasonal-Mean Ozone log10 Concentration, 1955-2099

(b) Seasonal-Mean Log Concentration

Seasonal-Mean Ozone log10 Partial Pressure, 1955-2099

(c) Seasonal-Mean Log Partial Pressure

Figure A1: The climatology over 1955-2099 of ozone (shading and white contours, all plots log10 units). (a) shows
the annual-mean partial pressure climatology (Pa), (b) the seasonal-mean concentration climatology (molar mixing
ratio), and (c) the seasonal-mean partial pressure climatology (Pa). The thick black line is the mean tropopause
height; the thin black contours represent the positive (solid) and negative (dashed) vertical component w∗ of the
residual mean circulation climatology at a contour interval of 1 mm s−1.

B Ozone Seasonal-Mean Future Concentration Changes
Ozone Concentration, Difference between  1955-1984 and 2070-2099

Figure B1: Fractional change in the seasonal-mean climatology over 1955-2099 of ozone concentration (shading
and white contours). The thick gray and black lines are the mean ‘past’ and ‘future’ tropopause heights respectively;
the thin black contours represent positive (solid) and negative (dashed) changes in the vertical component w∗ of the
residual mean circulation climatology at a contour interval of 0.2 mm s−1.
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