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ABSTRACT

The purpose of this study is to quantify the effects of coupled chemistry–climate interactions on the am-
plitude and structure of stratospheric temperature variability. To do so, the authors examine two simulations
run on version 4 of theWhole Atmosphere Coupled ClimateModel (WACCM): a ‘‘free-running’’ simulation
that includes fully coupled chemistry–climate interactions and a ‘‘specified chemistry’’ version of the model
forced with prescribed climatological-mean chemical composition. The results indicate that the inclusion of
coupled chemistry–climate interactions increases the internal variability of temperature by a factor of ;2 in
the lower tropical stratosphere and—to a lesser extent—in the Southern Hemisphere polar stratosphere. The
increased temperature variability in the lower tropical stratosphere is associated with dynamically driven
ozone–temperature feedbacks that are only included in the coupled chemistry simulation. The results high-
light the fundamental role of two-way feedbacks between the atmospheric circulation and chemistry in driving
climate variability in the lower stratosphere.

1. Introduction

The key role of stratospheric chemistry in setting the
climatological-mean stratospheric circulation is well
established. The absorption of shortwave radiation by
ozone leads to increasing temperature with height and
thus contributes to high values of static stability at
stratospheric levels (Brasseur and Solomon 2005). Water
vapor contributes to radiative cooling above the extra-
tropical tropopause (Forster and Shine 2002), which leads
to the formation of a region of enhanced static sta-
bility in the lowermost stratosphere (the tropopause
inversion layer; Birner 2006; Randel et al. 2007b). The
climatological-mean overturning circulation in the
stratosphere is mainly driven by the mixing of po-
tential vorticity by atmospheric waves, but is also
influenced by the radiative forcing due to trace gases

such as ozone, water vapor, and carbon dioxide (Holton
and Wehrbein 1980). Consequently, precise knowledge
of the chemical composition of the stratosphere is re-
quired for an accurate understanding of the strato-
spheric thermal structure and mean circulation.
The key role of stratospheric chemistry for long-term

changes in the stratospheric circulation is also well es-
tablished. The Antarctic ozone hole has resulted in a
colder and stronger Southern Hemisphere (SH) strato-
spheric polar vortex (Randel andWu 1999; Waugh et al.
1999) and a poleward shift of the tropospheric westerly
jet, which has significant impacts on SH surface climate
(Thompson and Solomon 2002; Gillett and Thompson
2003). The effects of Northern Hemisphere (NH) polar
ozone depletion on the circulation are in general much
weaker, consistent with the relatively small ozone losses
there (e.g., Calvo et al. 2015; Stone et al. 2019; Ivy
et al. 2017). Changes in atmospheric carbon dioxide have
led to a colder stratosphere (Ramaswamy et al. 2001;Corresponding author: SimchanYook, simchan.yook@colostate.edu
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Shine et al. 2003), and several modeling studies show that
greenhouse gases and ozone depleting substances have
also strengthened the stratospheric Brewer–Dobson cir-
culation (Butchart and Scaife 2001; Garcia and Randel
2008; Polvani et al. 2019).
The importance of stratospheric chemistry for internal

variability in the stratospheric circulation remains more
uncertain. For example, Smith et al. (2014) compared
the mean and variability of the simulated climate in two
preindustrial simulations run on the National Center for
Atmospheric Research (NCAR) Whole Atmosphere
Community Climate Model (WACCM) with varying
configurations of chemical process: 1) a ‘‘free-running’’
simulation that includes fully coupled chemistry–climate
interactions and 2) a ‘‘specified chemistry’’ simulation
forced with prescribed, annually repeating, climatological-
mean chemical composition of ozone and other radiatively
active gases [atomic and molecular oxygen (O and O2),
nitrogen oxide (NO), and carbon dioxide (CO2)] in the
middle atmosphere derived from the free-running experi-
ment. Both models are coupled to active ocean, land, and
sea icemodels. Themain conclusion from theirwork is that
prescribing annually repeating values of chemical compo-
sition leads to an effectively identical mean climate as that
found in the coupled simulation. However, they did not
explore in detail the role of coupled chemistry in driving
the variability in climate about its seasonal cycle
throughout the global stratosphere. More recent works
have explored the role of feedbacks between chemistry
and dynamics for stratosphere–troposphere coupling
(Haase and Matthes 2019), for the annual temperature
cycle in the lower tropical stratosphere (Fueglistaler
et al. 2011; Gilford and Solomon 2017; Ming et al.
2017), and for temperature variability in the polar
stratosphere (Rieder et al. 2019). But again, the im-
portance of such feedbacks for temperature variabil-
ity throughout the global stratosphere has not been
quantified.
Here we revisit the so-called free-running and speci-

fied chemistry simulations produced with the NCAR
WACCM to systematically explore the importance of
coupled chemistry interactions for internal climate var-
iability throughout the global stratosphere. A key result
of the current study is that the inclusion of coupled
chemistry—and thus of variability in ozone about the
seasonal cycle—leads to a roughly twofold increase in
temperature variability in the lower tropical stratosphere
and, to a lesser extent, in the SH polar stratosphere, but
relativelymodest changes elsewhere. Section 2 provides a
description of the climate models, the output used in the
analyses, and the analyses methods. Section 3 explores
the differences in temperature variance between simu-
lations run with and without coupled chemistry and

section 4 probes the connections between strato-
spheric ozone, radiative heating, and temperature vari-
ance. Section 5 provides a discussion and summary of the
results.

2. Model and analysis details

a. WACCM

We analyze existing 200-yr-long time-slice preindus-
trial experiments run with two different versions of the
Whole Atmosphere Community Climate Model version
4: 1) an experiment run on a free-running, fully coupled
chemistry version of the model (FR-WACCM; Marsh
et al. 2013) and 2) an experiment run on a version of
the model with seasonally varying specified chemistry
(SC-WACCM; Smith et al. 2014).
WACCM is the atmospheric component of theNational

Center for Atmospheric Research (NCAR) Community
Earth System Model version 1 (CESM). The chemistry
module includes 59 species, 217 gas-phase chemical reac-
tions, 17 heterogeneous reactions on 3 aerosol types, and
heating from volcanic aerosols (Marsh et al. 2013). Both
the FR-WACCM and SC-WACCM simulations are run
with horizontal resolution of 1.98 3 2.58, 66 vertical levels, a
model top at approximately 140km, and identical inter-
active ocean, land, and sea ice models.
The FR-WACCM simulation was run with 1850 pre-

industrial emissions, no volcanic forcings, and no quasi-
biennial oscillation (QBO). Chemical species such as
Ox, NOx, and HOx were calculated by the chemistry
model. The SC-WACCM simulation is essentially iden-
tical in all respects to the FR-WACCMsimulation except
that 1) the concentrations of ozone are prescribed
everywhere and other radiatively active atmospheric
constituents (O, O2, NO, and CO2) are prescribed in the
upper atmosphere (above ;70km) based on annually
repeating, long-term mean values derived from the
FR-WACCM run; 2) the concentrations of water vapor
and other radiatively active trace gases [e.g., nitrous
oxide (N2O) and methane (CH4)] in the atmosphere
are calculated using the relatively simple Garcia and
Solomon two-dimensional model (Garcia and Solomon
1994) rather than fully comprehensive chemistry; and
3) methane oxidation processes in the middle atmo-
sphere are simplified as the conversion of each loss
of CH4 molecule into the production of two water
vapor molecules. That is, the long-term, seasonally
varying chemical concentrations are identical in the
FR-WACCM and SC-WACCM, but only FR-WACCM
explicitly simulates the coupling between atmospheric
dynamics and chemistry and includes variability in
concentrations about the seasonal cycle. More details
of the FR-WACCM and SC-WACCM simulations are
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provided in Marsh et al. (2013) and Smith et al. (2014),
respectively.

b. Coupled Model Intercomparison Project (CMIP5
and CMIP6) and reanalysis output

Wealso analyze output from 1) 13 coupled atmosphere–
ocean simulations from the CMIP5 archive run with
and without coupled chemistry processes and 2) the
Community Atmosphere Model 6 (CAM6) from the
CMIP6 archive. Themodels all extend to at least 1hPa and
are all run with preindustrial forcings. The model output is
linearly interpolated to the same 1.98 latitude 3 2.58 lon-
gitude mesh and pressure levels as the WACCM output.
Observations are derived from the European Centre

for Medium-Range Weather Forecasts (ECMWF) in-
terim reanalysis (ERA-Interim; Simmons et al. 2007).

c. Analysis methods

We analyze model (WACCM) output of anomalous
monthly mean temperature, ozone concentrations, short-
wave (SW) heating rates, longwave (LW) heating rates,
and vertical velocity. Anomalies are defined as deviations
from the long-term mean annual cycle at all grid points.
The F statistic is used to assess the statistical significance of
the ratios between variances. Area averages are weighted
by pressure and cosine of latitude as necessary.

3. Results

Figures 1 and 2 summarize the key differences in ozone
and temperature variability between the free-running
coupled chemistry (FR) and the specified chemistry
(SC) simulations. The top panels show the variances in
zonal-mean ozone concentrations in the FR simulation
(note that the variances are by construction zero in the SC
simulation), the middle panels show the variances in
zonal-mean temperature in the FR simulation, and the
bottom panels show the ratios of the variances in zonal-
mean temperature between the FR and SC simulations.
Figure 1 is based on output from all months of the year.
Figure 2 highlights results at 60hPa as a function of
calendar month.
Ozone variability in the FR simulation increases

markedly with height at stratospheric levels (Fig. 1a). It
exhibits two distinct maxima in the middle stratosphere,
one at tropical latitudes and another at polar latitudes
(Fig. 1a). At the 60hPa level, variability in polar ozone
peaks during the winter months in the Northern
Hemisphere and during the late winter/spring months
in the Southern Hemisphere (Fig. 2a). Month-to-
month variability in tropical ozone peaks during the
NH winter months (Fig. 2a), consistent with the sea-
son when the wave-driven vertical motion is largest in

the tropical stratosphere (Yulaeva et al. 1994; Norton
2006; Randel et al. 2007a; Grise and Thompson 2013).
As is the case for ozone, temperature variability in the

FR simulation also exhibits distinct maxima in the polar
stratosphere and the lower tropical stratosphere (Fig. 1b).
Variability in polar temperatures peaks during the winter
months in the Northern Hemisphere and during the late
winter/spring months in the Southern Hemisphere
(Fig. 2b), consistent with the seasonally varying dynamic

FIG. 1. Variance in zonal-mean (a) ozone concentration and
(b) temperature in the free-running coupled chemistry (FR) sim-
ulations. (c) Ratios of the variance in zonal-mean temperature
between the coupled chemistry (FR) and fixed chemistry (SC)
simulations. Stippling indicates regions where the ratios exceed the
95% threshold. The contour intervals with white solid lines are 10
times the contour intervals with black solid lines. The blue dashed
line indicates the climatological-mean tropopause height in FR
run. The mean tropopause heights in both simulations are effec-
tively identical to each other.
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variability in the high-latitude stratosphere (Andrews
et al. 1987). Variability in tropical temperatures peaks
during the NH winter months (Fig. 2b), consistent with
the seasonally varying dynamic variability in the tropical

stratosphere (Yulaeva et al. 1994; Norton 2006; Randel
et al. 2007a;Grise andThompson 2013). Themost distinct
differences between the patterns of temperature and
ozone variance lie at tropical latitudes, where 1) the peak
in temperature variance is found at lower altitudes than
the peak in ozone variance (Figs. 1a,b) and 2) the tem-
perature variance exhibits a more pronounced tropical
maximum (Figs. 2a,b).
The ratios in zonal-mean temperature variance be-

tween the FR and SC simulations indicate that coupled
chemistry leads to several significant changes in strato-
spheric temperature variance (Figs. 1c and 2c). By far
the most pronounced differences in zonal-mean tem-
perature variance between the FR and SC simulations
are found in the lower tropical stratosphere. Coupled
chemistry leads to increases in temperature variance
of.150% throughout the tropical stratosphere from the
tropopause to;30 hPa and;200% around the;70hPa
level (Fig. 1c). The increases in temperature variance in
the FR run are highly significant and peak during the
NH spring months of February–June, when they ap-
proach 300% (Fig. 2c). Weaker but significant temper-
ature variance increases are found in both polar regions
during local summer (Fig. 2c), and temperature variance
decreases are found in the middle latitudes, particularly
during NH spring (Fig. 2c).
Recent work has noted the importance of coupled

chemistry for polar stratospheric temperature variabil-
ity during the spring months (Rieder et al. 2019). The
results in Fig. 2 support these findings. But they also
indicate that by far the most pronounced effects of
coupled chemistry on stratospheric temperature vari-
ability are found not in the NH polar stratosphere, but
in the lower tropical stratosphere, where temperature
variances increase by up to a factor of 3 when coupled
chemistry is included in the simulation.

4. Interpretation

Why does coupled chemistry lead to increases in
stratospheric temperature variance? FR-WACCM and
SC-WACCMdiffer fromeach other only in their treatment
of atmospheric chemistry. They have identical seasonal
cycles, but only FR-WACCM includes intraseasonal and
interannual variability in ozone about the seasonal cycle.
We hypothesize that the changes in temperature variance
with coupled chemistry arise primarily from the changes in
both shortwave and longwave heating on dynamically
induced variations in ozone.
To test this hypothesis, we show first the temperature

variance explained by variations in SW heating rates
in the FR simulation. Variations in shortwave heating
account for a relatively large fraction of the temperature

FIG. 2. As in Fig. 1, but for the variance in zonal-mean ozone con-
centrations and temperature at 60hPa for each calendarmonth. In (c) solid
(dashed) contours are used for ratio values larger (smaller) than 1.
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variance in two primary regions: 1) the tropical strato-
sphere and 2) the SH polar stratosphere during spring
(Figs. 3a,b). The correlations are particularly high in the
lower tropical stratosphere, where they approach r 5
0.92 based on 200 years of monthly mean output. In
contrast, variations in shortwave heating account for a
relatively small fraction of the temperature variance in
the midlatitude stratosphere. Figure 3 thus reveals that
1) regions where variations in the SW heating rates
explain a large fraction of the variability in the tem-
perature field (Fig. 3a) correspond closely to 2) regions
where the inclusion of coupled chemistry leads to in-
creases in the temperature variance (Fig. 1c).
We computed similar results for LW heating (not

shown). Variations in LW heating include changes not
only in the absorption and emission of longwave radia-
tion by ozone, but also in the longwave emission by all
radiatively active gases (the Planck feedback). As dis-
cussed below, the changes in absorption and emission of
longwave radiation by ozone likely play an important
role in setting the vertical structure of the temperature
response to coupled chemistry, much as they play an
important role in the seasonal cycle of lower-stratospheric
temperatures (Gilford and Solomon 2017).

Why are the SW heating rates most closely coupled to
stratospheric temperatures in the tropical stratosphere?
Variability in SW heating is expected to contribute most
to temperature variability in regions where 1) the mean
shortwave radiation is large and/or 2) other radiative
processes (e.g., longwave radiative relaxation) or dy-
namical processes (e.g., the eddy transports of heat) do
not dominate the thermodynamic energy budget. Both
conditions are met in the tropical stratosphere and—to a
lesser extent—at high latitudes during the warm-season
months. The seasonal cycle of the variances explained
by SW heating (Fig. 3b) follows from the seasonal cycle
of the ozone variances (Fig. 2a). Within the tropics,
dynamically driven variations in vertical motion—and
thus ozone—are most pronounced during the NH cold-
season months (Fig. 2a; Yulaeva et al. 1994). As such,
variations in SW heating account for a larger fraction of
variability in temperature during roughly the same
season (Fig. 3b).
And why are the SW heating rates more closely cou-

pled to temperatures in the lower stratosphere (i.e.,
below 50hPa) than the middle stratosphere? The ver-
tical structures of both 1) the temperature variances
explained by SWheating (Fig. 3a) and 2) the increases in
temperature variances between the FR and SC simula-
tions (Fig. 1c) are consistent with the competing long-
wave and shortwave radiative effects of ozone. For
example: Consider the tropical stratospheric response to
anomalous downward motion. The resulting dynami-
cally induced increases in stratospheric temperatures
and ozone should lead to anomalous SW heating through
changes in the transmission and absorption of solar ra-
diation, anomalous LW heating due to the absorption of
upwelling and downwelling radiation within the 9.6mm
band, and anomalous LW cooling due to increased
temperature (Petty 2006; Plass 1956; Kiehl and Solomon
1986; Gilford and Solomon 2017). The different effects
are not vertically uniform: Both the SW heating and
LW cooling will be larger in the middle stratosphere
where ozone concentrations are high, there is more
ultraviolet radiation, and there is less absorption
overhead. In contrast, the LW heating by ozone will be
largest in the lower stratosphere due to increased ab-
sorption of 1) upwelling longwave radiation from the
troposphere and 2) downwelling longwave radiation
from the middle stratosphere. As a result of the above,
LW cooling due to ozone is more effective at damping
temperature changes in the middle stratosphere than it
is in the lowermost stratosphere, and the net radiative
effects of ozone variability on stratospheric tempera-
tures should be most pronounced in the lower strato-
sphere (e.g., see also Forster and Shine 1997; Fels
et al. 1980).

FIG. 3. Percentage of (a) zonal-mean temperature variability
explained by variations in the zonal-mean SW heating rates in the
FR simulation. (b) As in (a), but for results at 60 hPa as a function
of calendar month.
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To analyze the influence of dynamically driven ozone
variability on the stratospheric temperature, we
regressed zonal-mean temperature, ozone, SW heating
rates, and LW heating rates against a simple index that
measures the dynamical upwelling in the tropical
stratosphere (Figs. 4 and 5). Recall that the LW heating
rates include both the effects of changes in emissivity
and temperature, and thus the LW fluxes shown below
include changes in both 1) absorption and emission of
both upwelling and longwave radiation within the
9.6mm band and 2) the Planck feedback.
The tropical upwelling index was formed as follows:

1) The Eulerian-mean vertical velocity was averaged
over 208S–208N and between the 100 and 10hPa
levels as a function of calendar month to form a time
series w(t) of tropical stratospheric vertical velocity,
where t denotes each month.

2) The lag between tropical upwelling and stratospheric
temperatures (Newman andRosenfield 1997; Randel
et al. 2002; Ueyama and Wallace 2010) was ac-
counted for by averaging consecutive values of the
resulting monthly-mean vertical velocity time series,
such that W(t) 5 (2/3)w(t 2 1) 1 (1/3)w(t), where
W(t) is the tropical upwelling index.

3) The resulting tropical upwelling index W(t) values
were standardized so that a unit change in the index
corresponds to a typical fluctuation in tropical strato-
spheric vertical velocity.

Note that the tropical upwelling indexW(t) is defined as
an average of vertical velocity in pressure coordinates.
Thus, positive values of the index correspond to anom-
alous downward motion, and vice versa.
In practice, the tropical upwelling index can be re-

covered as a linear combination of the first two principal
components of tropical stratospheric vertical velocity
anomalies in both SC and FR, which explain more than
95% of the variability in the tropical stratospheric ver-
tical velocity field.
Figures 4 and 5 explore the differences in radiative

effects between FR and SC associated with a typical
fluctuation in tropical upwelling. The top panels show
the differences between 1) temperature regressed on
W(t) in FR-WACCM and 2) temperature regressed on
W(t) in SC-WACCM. Subsequent panels show compa-
rable results for ozone concentrations, SWheating rates,
and LW heating rates, respectively. Figure 4 shows re-
sults for all months of the year. Figure 5 highlights re-
sults at 60 hPa as a function of calendar month.
Anomalous sinking motion in the tropics [i.e., positive

values of the tropical upwelling index W(t)] leads to
larger increases in atmospheric temperatures due to
adiabatic warming in FR than it does in SC, as evidenced

FIG. 4. Differences between regressions on an index of tropical
upwelling in the FR and SC simulations. Rows correspond to the
differences in regression coefficients for (a) temperature, (b) ozone,
(c) SW heating rate, and (d) LW heating rate. Results are based on
output for all calendar months.
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by the differences in the regression coefficients shown in
the top panels in Figs. 4 and 5. The larger temperature
response in FR is primarily confined to the lower
stratosphere at tropical latitudes (Fig. 4a). The tem-
perature anomalies associated with a typical fluctuation
in vertical motion in FR exceed those in SC by up to
0.6K month21 s21 (Fig. 5a). The most pronounced
differences between the regression patterns of temper-
ature (Fig. 5a) are found in the tropics during the NH
winter months.
Anomalous downwelling in the tropical stratosphere

is accompanied by widespread increases in ozone con-
centrations throughout the lower and middle tropical
stratosphere below ;15hPa (Fig. 4b). Note that since
there is no ozone variability in SC, the results in Figs. 4b
and 5b are equivalent to the regressions for FR since the
regression coefficients for SC are zero everywhere. The
increases in ozone are consistent with anomalous
downward transport of high-ozone air from upper levels.
Like the differences in temperature variations between
the coupled and specified chemistry simulations, they
also peak during the NH cold-season months (Fig. 5b).
Unlike the differences in temperature variations be-
tween the coupled and specified chemistry simulations,
the differences in ozone peak in middle stratosphere
;30 hPa rather than;70hPa. The decreases in ozone in
the tropical stratosphere above ;15hPa are consistent
with the facts that 1) ozone is controlled primarily by
photochemistry rather than transport there, and 2)
warming due to anomalous downwelling leads to de-
creases in ozone through changes in the gas-phase cat-
alytic destruction of ozone (e.g., Fusco and Salby 1999;
Eyring et al. 2010). The decreases in ozone at high lati-
tudes reflect the fact that anomalous downwelling in the
tropical stratosphere is accompanied by anomalous up-
welling at latitudes (vertical motion at high latitudes is
not shown).
The differences in SW heating rates between periods

of tropical downwelling in the FR-WACCM and SC-
WACCM simulations (Figs. 4c and 5c) are qualitatively
very similar to the differences in ozone (Figs. 4b and 5b).
At first glance, the differences in LW heating rates
(Figs. 4d and 5d) bear close resemblance to the differ-
ences in ozone variability. However, closer inspection
reveals that the anomalous cooling due to enhanced
emission of longwave radiation is confined to levels
above about 50 hPa. That is, anomalous LW cooling
opposes anomalous SW heating at levels above;50hPa
but is approximately zero or even weakly positive in the
lower tropical stratosphere (Figs. 4d and 5d). The ver-
tical structure of the differences in LW heating is con-
sistent with the physical reasoning outlined earlier,
namely that 1) the Planck feedback is more efficient

FIG. 5. As in Fig. 4, but for the results at 60 hPa for each calen-
dar month.
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at higher levels, where the opacity of the overlying at-
mosphere is smaller (Hitchcock et al. 2010); and 2) the
increased absorption of both downwelling and upwell-
ing longwave radiation by ozone should be largest in the
lower stratosphere, as is the case in the seasonal cycle
there (Gilford and Solomon 2017).
Together, the results in Figs. 4 and 5 suggest that the

inclusion of ozone variability in coupled chemistry
simulations is most effective at increasing the tempera-
ture variance in the lower tropical stratosphere since
LW radiative cooling is less effective at opposing radi-
ative heating there. The vertical profile of the increases
in temperature variance due to coupled chemistry is thus
consistent with our understanding of the radiative bal-
ance in the lower stratosphere and its relatively long
radiative time scales (e.g., Forster and Shine 1997; Fels
et al. 1980; Hitchcock et al. 2010). In fact, consistent with
our hypothesis, coupled chemistry leads to marked in-
creases not only in lower tropical stratospheric tem-
perature variance, but also in the memory in lower
tropical stratospheric temperatures from one month to
the next (Fig. 6).
Previous studies have suggested that dynamical

feedbacks other than the ozone–radiation feedback
highlighted here may affect tropical stratospheric tem-
perature variability. For example, changes in the strati-
fication of the atmosphere affect vertical motion and its
influence on adiabatic temperature change (Birner and
Charlesworth 2017; Fueglistaler et al. 2011), and varia-
tions in the dynamical and radiative time scales affect
stratospheric temperature variance (Charlesworth et al.
2019). Importantly, the differences in stratospheric
temperature variance revealed here do not seem to de-
rive from changes in the variance of stratospheric dy-
namics, that is, the variance of the temperature tendency
due to vertical motion (vS) is roughly unchanged in the
tropical stratosphere between the FR and SC-WACCM
simulations (not shown).
The results indicated in Figs. 1–5 also appear to extend

to simulations used in the AR5 and AR6 reports.
Figure 7 compares the lower-stratospheric temperature
variance in FR-WACCM and SC-WACCM with that
found in the observations (ERA-Interim), a range of
high-top CMIP5 models, and output from the low-top
version of the NCAR Community Atmospheric Model
(CAM6) used in the AR6 report. The high-top models
are grouped into two different categories: 1) models
with a parameterized QBO (shown at left) and 2)
models without a QBO (right). The temperature vari-
ances are found in model output by 1) forming tem-
perature anomalies by removing the long-term mean
seasonal cycle from the output, 2) averaging the anom-
alies over the region 308S–308N and 70–50hPa, and then

3) computing the variances of the spatially averaged
temperature time series. The observed variance is found
in a similar manner, except that we also remove the in-
fluence of volcanic eruptions since they are not included
in the numerical output. The influence of volcanic
eruptions on lower-stratospheric temperature variance
is mitigated by excluding data during 1982–84 and 1991–
93 (i.e., the years surrounding the eruptions of ElChichón
and Mount Pinatubo, respectively).
Together, the results in Fig. 7 reveal that 1) models

with interactive chemistry (FR-WACCM, GFDL-CM3,
and MIROC-ESM-CHEM) all indicate larger tropical
stratospheric temperature variances than models with
prescribed chemistry, when the output is binned by

FIG. 6. The e-folding time scale of zonal-mean temperature
anomalies in (top) the coupled chemistry simulation (FR) and
(middle) the prescribed chemistry simulation (SC), and (bottom)
the differences between FR and SC.
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model treatments of theQBO; 2) the tropical stratospheric
temperature variance in the coupled chemistry version of
WACCM(FR) is very similar to the observed,whereas the
variance in the prescribed chemistry version (SC) notably
underestimates the observations (Fig. 7); and 3) the trop-
ical stratospheric variance in CAM6 (far right bar in Fig. 7)
is similar to that found in the prescribed chemistry version
ofWACCM, and thus also significantly underestimates the
observations.

5. Discussion

Previous studies have suggested that ‘‘the climatology
and variability of the stratosphere . . . are nearly identi-
cal’’ in simulations run on coupled and prescribed
chemistry versions of the NCAR Whole Atmosphere
Community Climate Model (Smith et al. 2014, p. 883).
The results shown here indicate that, in fact, coupled
climate–chemistry interactions play an essential role in
driving temperature variability in the tropical lower
stratosphere and—to a lesser extent—the polar regions
during summer. In the tropical lower stratosphere,
simulations with explicit interactions between dynamics,
ozone, and radiation indicate approximately twofold
increases in month-to-month temperature variability
relative to simulations with prescribed chemistry. The
increases in lower tropical stratospheric temperature
variance are consistent with the changes in shortwave
and longwave radiative heating rates that accompany
dynamically driven ozone variability in tropical strato-
sphere. The variance increases are most pronounced in
the lowermost stratosphere where 1) heating due to
the absorption of both upwelling and downwelling

longwave radiation are important (Gilford and Solomon
2017) and 2) longwave radiative cooling is relatively
inefficient at damping temperature variability onmonthly
time scales.
The conclusions are drawn from analyses of 200-yr-

long simulations run on two different versions of the
WACCM: 1) a fully coupled chemistry version of the
model (FR-WACCM; Marsh et al. 2013) and 2) a
specified chemistry version of the model (SC-WACCM;
Smith et al. 2014). Importantly, they also extend to
models run for IPCC AR5: lower-stratospheric tem-
perature variability is consistently larger in models with
interactive chemistry relative to models with prescribed
chemistry. Hence the results indicate the critical role of
explicitly simulated coupled chemistry interactions for
the fidelity of simulating stratospheric climate variabil-
ity in climate change simulations.
Variations in lower tropical stratospheric tempera-

tures play an outsized role in global climate variability
(e.g., Fueglistaler et al. 2011). They set the amplitude of
stratospheric water vapor concentrations (Brewer 1949;
Fueglistaler et al. 2009), which, in turn, play a key role in
the radiative forcing at the tropopause (Forster and
Shine 1999). The climatological-mean seasonal cycle
of water vapor in the tropical upper troposphere–
lower stratosphere region is well simulated in both
FR-WACCM and SC-WACCM (Smith et al. 2014).
However, in contrast to ozone, water vapor is not strictly
prescribed in the SC simulation. For example, like
ozone, stratospheric water vapor concentrations in FR-
WACCM are calculated using prognostic chemistry.
However, unlike ozone, stratospheric water vapor con-
centrations in SC-WACCM are not prescribed from

FIG. 7. The temperature variances in the lower tropical stratosphere in the observations (ERA-Interim), high-top
models from theCMIP5 archive, andCAM6 from theCMIP6 archive.Orange- and red-colored bars denotemodels
with interactive chemistry, while cyan- and blue-colored bars denotemodels with prescribed chemistry. Orange and
cyan bars denote models with a QBO parameterization, while red and blue bars denote models without QBO
parameterization. The black bar denotes ERA-Interim and the gray bar denotes CAM6.
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annually repeating values, but rather are calculated
including approximate methane oxidation and photolysis
rates, and transport. Hence, it is difficult to use the dif-
ferences between FR-WACCM and SC-WACCM to
assess the role of coupled chemistry on stratospheric
water vapor variability. We view it as critical for future
work to quantify the importance of the nearly twofold
increase in temperature variability documented here for
stratospheric water vapor and the resulting radiative
forcing of the tropopause as well as its possible influ-
ences on tropospheric climate.
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