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ABSTRACT

The primary focus of this paper is the analysis of the roles of long-term increases in carbon dioxide (CO2)

and sea surface temperatures (used as indicators of climate change) and man-made halocarbons (indicators of

chemical ozone depletion linked to halogens) in explaining the observed trend of ozone in the tropical lower

stratosphere and implications for related variables including temperature and tropopause height. Published

estimates indicate a decrease of approximately 10% in observed ozone concentrations in this region between

1979 and 2005. Using a coupled chemistry–climate atmosphere model forced by observed sea surface tem-

peratures and surface concentrations of long-lived greenhouse gases and halocarbons, the authors show that

the simulations display substantial decreases in tropical ozone that compare well in both latitudinal and

vertical structure with those observed. Based on sensitivity simulations, the analysis indicates that the de-

creases in the lower stratospheric (85–50 hPa) tropical ozone distribution are mostly associated with increases

in CO2 and sea surface temperatures, in contrast to those at higher latitudes, which are largely driven by

halocarbon increases. Factors influencing temperature trends and tropopause heights in this region are also

probed. It is shown that the modeled temperature trends in the lower tropical stratosphere are also associated

with increases in CO2 and sea surface temperatures. Following the analysis of lower stratospheric tropical

temperature trends, the secondary focus of this paper is on related changes in tropopause height. Much of the

simulated tropopause rise in the tropical zone as measured by tropopause height is found to be linked to

increases in sea surface temperatures and CO2, while increases in halocarbons dominate the tropopause

height changes in the subtropics near 308; both drivers thus affect different regions of the simulated changes in

the position of the tropopause. Finally, it is shown that halocarbon increases dominate the changes in the

width of the region where modeled total ozone displays tropical character (as indicated by low values of the

column abundance). Hence the findings suggest that climate changes and halocarbon changes make different

contributions to different metrics used to characterize tropical change.

1. Introduction

Stratospheric ozone has displayed recent changes (i.e.,

between 1950 and the present) that are widely docu-

mented. Many of the changes in extratropical regions have

been related in large part to the increase in active chlorine

released by man-made halocarbon compounds (Newman

and Rex 2007 and references therein). In contrast, the

halocarbons flowing into the tropical lower stratosphere

from the troposphere have not yet broken down to yield

active chlorine that can deplete ozone, and therefore

little chemical ozone depletion is expected in that region

based on current understanding. Yet, observations have

indicated recent ozone decreases in the lower strato-

sphere in the tropics. For example, based on the Strato-

spheric Aerosol and Gas Experiment (SAGE) I and II

satellite observations of stratospheric ozone, Randel

and Wu (2007) have estimated that the tropical lower

stratosphere (308N–308S, 18 km) was characterized by a
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statistically significant net (1979–2005) percentage de-

crease on the order of 10%. This raises the question of

other processes that could cause tropical ozone de-

creases, such as changes in dynamics and ozone trans-

port (Thompson and Solomon 2005; Eyring et al. 2007).

Recent studies have indicated the importance of changes

in vertical velocity on tropical lower stratospheric tem-

peratures and water vapor (Austin and Li 2006; Fomichev

et al. 2007; Austin and Reichler 2008; Rosenlof and Reid

2008). Furthermore, a variety of studies (based on obser-

vations and/or models) have indicated that the tropopause

and the width of the tropics have experienced significant

changes over the last several decades (e.g., Santer et al.

2003; Dameris et al. 2005; Austin and Reichler 2008;

Gettelman et al. 2008; Seidel et al. 2008).

The primary focus of our paper is to identify which

forcings could explain recent observed changes in lower

stratospheric ozone and temperature (especially in the

tropics). Indeed, among the many changing forcings the

stratosphere experiences, changes in climate (identified

here by increases in CO2 and sea surface temperatures)

and stratospheric ozone chemistry (associated with in-

creases in halocarbons) are some of the largest. We de-

scribe a suite of simulations (Table 1) in which some

input parameters (surface concentration of halocarbons

for example) are kept constant over the duration of the

simulation; these can then be compared with the simu-

lation in which all forcings are allowed to vary. In par-

ticular, we analyze modeled trends in zonal-mean ozone

and temperature, along with changes in tropopause pres-

sure (as the tropopause position is dependent on the

temperature structure of the atmosphere) and total ozone

column, which are both relevant to studies of the width of

the tropics (Seidel et al. 2008). The paper is organized as

follows: in section 2, we discuss the model and model

simulations used in this study. In section 3, we show the

comparison between the simulated and observed de-

creases in tropical lower stratosphere ozone. The specific

effects of climate and halocarbons changes on various

quantities (zonal-mean ozone and temperature, tropo-

pause pressure, and total ozone column) are discussed in

sections 4, 5, and 6. Finally, conclusions are drawn in

section 7.

2. Model description and simulation setup

We use the Community Atmosphere Model version 3

(CAM3) (Collins et al. 2006), modified to include in-

teractive chemistry (i.e., with feedback of chemistry to

the radiation calculation in the atmosphere). To simulate

the evolution of the atmospheric composition over the

recent past, the chemical mechanism used in this study

is formulated to provide an accurate representation of

both tropospheric and stratospheric chemistry (Lamarque

et al. 2008). Specifically, to simulate the chemistry above

100 hPa, we include a representation of stratospheric

chemistry (including polar ozone loss associated with

stratospheric clouds) from version 3 of the Model for

Ozone and Related Tracers (MOZART-3) (Kinnison

et al. 2007).

The model configuration used in this study includes

a horizontal resolution of 28 latitude by 2.58 longitude

and 26 levels from the surface to ;40 km: with this up-

per lid, only a fraction of the whole stratosphere is re-

solved; in particular, the region of maximum gravity

wave drag is located above the model top (Garcia et al.

2007). Therefore, to obtain a reasonable representation

of the overall stratospheric circulation, the integrated

momentum that would have been deposited above the

model top is deposited in the model top layer [for more

details, see Lamarque et al. (2008) and Fig. 1 for com-

parison of the model used here to the Whole Atmosphere

Community Climate Model (WACCM) simulations (see

http://waccm.acd.ucar.edu/) with a model lid at 140 km

instead of our 40 km (Garcia et al. 2007). Rigid-lid dy-

namical and no-flux chemical upper boundary condi-

tions are specified.

The monthly surface area density of stratospheric aero-

sols is based on SAGE observations and drives chemical

but not radiative effects; indeed, an overestimated warm-

ing from the Pinatubo eruption in the tropical lower

stratosphere (and hence too much influx of water into the

stratosphere) was found when volcanic radiative impacts

were included in this version of the model. Thus, the

stratospheric warming associated with the direct radiative

effects of volcanic aerosols is not captured.

Finally, the calculation of the photolysis rates includes

an estimate of the column ozone abundance above the

model top using WACCM simulation results. However,

no variation in the solar cycle is considered, based on the

expectation that this will be a small effect over the sim-

ulated region and time scales of interest.

A set of three simulations (see Table 1) was performed:

the reference simulation and two sensitivity simulations

aimed at identifying the specific roles of changing halo-

carbons and climate, respectively.

The reference simulation (hereafter denoted All forc-

ings) represents our best attempt at simulating the transient

evolution of the atmosphere between 1970 and 2005.

In this case, at the lower boundary, the time-varying

(monthly values) zonal-averaged distributions of CO2,

CH4, N2O, H2, and all the halocarbons (CFC-11, CFC-12,

CFC-113, HCFC-22, H-1211, H-1301, CCl4, CH3CCl3,

CH3Cl, and CH3Br) are specified following the datasets

used in Garcia et al. (2007). In addition, the monthly

mean time-varying observed sea surface temperatures
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(SSTs) and sea ice distributions are prescribed from

the Hadley Centre reconstruction (Rayner et al. 2003).

Emissions of tropospheric ozone precursors and aerosols

are constant throughout the simulations and representa-

tive of the mid-1990s. Initial conditions (1 January 1970)

for all chemical and meteorological fields are taken from

the simulated 1970 distributions of Garcia et al. (2007).

Two realizations using this setup were performed, dif-

fering only by their initial conditions taken from two

WACCM realizations of 1970 from Garcia et al. An

extensive comparison to observations (chemical and dy-

namical), both in the troposphere and stratosphere, is

shown in Lamarque et al. (2008).

The two sensitivity simulations are identical in all as-

pects to the All forcings setup except that, respectively,

1) the chlorofluorocarbons (CFCs) and other halocar-

bons are fixed at their 1970 levels and 2) the sea sur-

face temperatures are fixed at their climatological mean

(1949–2004) and surface CO2 mixing ratio is kept at its

1970 level (note that CH4 and N2O are allowed to vary in

this simulation). The analysis of these simulations elu-

cidates the role of ozone depletion driven by halogen

chemistry versus climate change (identified here by the

increases in CO2 and SSTs; we do not attempt to de-

termine the degree to which CO2 and SST changes may

themselves be coupled). Only one realization of each

sensitivity simulation is performed.

3. Tropical ozone trend

As discussed in the introduction, acceleration of the

vertical velocity over the tropical lower stratosphere has

been clearly identified in model simulations and attributed

to increases in greenhouse gases in some studies (Rind

et al. 2001; Austin and Li 2006; Butchart et al. 2006;

Fomichev et al. 2007; Garcia and Randel 2008). Our All

-forcings simulations of the long-term mean and linear

trends in the tropical-average vertical velocity are found

to be very similar (Fig. 1) to the equivalent quantities

from WACCM and to the estimates of Schoeberl et al.

(2008) except in our model top layer. The agreement

between our low-top model and WACCM can be ex-

pected if the changes in vertical velocity in the tropi-

cal lower stratosphere are associated mostly with local

Eliassen–Palm flux divergence (Garcia and Randel 2008)

and are not strongly affected by the lack of representa-

tion of the stratosphere above 40 km. Our vertical res-

olution is slightly coarser in the lower stratosphere than

WACCM, possibly explaining the small differences found

in vertical velocity between 20 and 50 hPa.

Figure 2 (left panel) shows the net relative change in

zonally averaged ozone between 1979 and 2005 aver-

aged between 208N and 208S, as simulated by our model

in the All forcings case (black lines) and from observa-

tions (Randel and Wu 2007) (blue squares). In the trop-

ical lower stratosphere, we find good agreement between

the model results and the observations, with decreases of

up to 10% between 100 and 50 hPa. The increase near

FIG. 1. Vertical distribution of the 208S–208N (left) average (1975–2005) vertical velocity from CAM (All forcings)

and WACCM (km yr21) and (right) trend in vertical velocity (1975–2005) from CAM and WACCM (% decade21).

For both CAM and WACCM, two realizations have been averaged.

TABLE 1. List of simulations.

Simulation CO2/SSTs CFCs Realizations

All forcings Time-varying Time-varying 2

CO2 SSTs Time-varying Fixed 1

CFCs Fixed Time-varying 1
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30 hPa found in the tropical ozone data of Randel and

Wu (2007) is not present in our simulations; however,

unlike the decrease at lower and higher altitudes, this

feature is not statistically significant in the observational

record. Overall, not only the vertical structure but also

the latitudinal extent of the modeled lower stratospheric

ozone trends agrees well with the data (Fig. 3). Qualita-

tively similar results were found in recent papers such as

Manzini et al. (2003) and Garcia et al. (2007), but specific

mechanisms for these decreases were not discussed in

those papers. In addition, Fomichev et al. (2007) and

Eyring et al. (2007) showed decreased tropical ozone

abundances in simulations of the future but did not con-

sider past conditions and the mix of halocarbon and cli-

mate change processes that could affect this region. We

will examine these findings in detail in the next section by

analyzing the results of simulations in which each forcing

is specifically tested.

4. Roles of climate and chemistry in lower
stratosphere changes

In this section, we focus on the mechanisms driving

the aforementioned decrease in lower stratosphere trop-

ical ozone using the full set of simulations (see Table 1).

Figure 2 (right panel) shows the computed tropical av-

erage trends of ozone for each simulation; note that the

two realizations of the All forcings simulations are aver-

aged here since the left panel indicates that they are quite

similar. Figure 2 shows that at altitudes above 20 hPa

changes in ozone are largely driven by CFCs, while at

levels below 50 hPa, time-varying CO2 and SSTs (i.e.,

with constant CFCs) account for most of the simulated

ozone trend and produce a profile change in good agree-

ment with that observed (left panel). The time evolution of

the tropical lower stratosphere (85 hPa) mean vertical

velocity (Fig. 4) shows that the simulation in which only

the CFCs are changing (green line) exhibits a fairly con-

stant value (of ; 6 km yr21) throughout the simulation.

On the other hand, the other simulations (All forcings

FIG. 2. Vertical distribution of the net ozone change averaged from 208S–208N, and annually, calculated from linear

regression: (left) observational data (from Randel and Wu 2007) and both realizations of the All forcings model

simulation (solid and dashed lines) and (right) average of the two realizations of the All-forcings simulation (black),

and the similar diagnostic from the simulations with varying CO2 and SSTs (red) and CFCs (green).

FIG. 3. Vertical distribution of the zonal-mean ozone net change

(1979–2005): (top) the model results (average of both All forcings

realizations) and (bottom) the SAGE data (Randel and Wu 2007).
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and time-varying CO2 and SSTs) are quite similar in their

long-term evolution and exhibit a positive trend (in-

creasing velocity). Furthermore, analysis of the chemical

tendency in the All forcings simulations (Fig. 5) indicates

that the tropical lower stratosphere is characterized by

net ozone production, itself increasing over time. There-

fore, changes in known ozone chemistry cannot explain

the modeled ozone decrease and only transport (of which

the vertical component is the largest term; Randel et al.

2006) can be responsible.

We next analyze the full domain of simulation and

focus on the zonally averaged trend in annual average

ozone (Fig. 6) and temperature (Fig. 7). Changes in ozone

(Fig. 6, top panel) for the All forcings simulations in-

dicate the expected large (.20% in the annual mean)

decrease in Antarctica, and general decreases every-

where in the stratosphere. As shown in the previous sec-

tions, there is a well-defined region of strong decrease just

above the tropical tropopause; it is however clear that

the simulation with only CO2 and SSTs changing pro-

vides a more symmetrical (around the equator) ozone

trend than the All forcings simulation or the data (Fig. 3).

The simulation with only CFCs varying (Fig. 6, bottom

panel) shows clearly their dominant role in driving

Northern and Southern Hemisphere ozone losses.

Unlike in the Northern Hemisphere, there is an al-

most continuous band of strong ozone decreases (of ap-

proximately 4%) in the lower stratosphere (100 hPa) of

the Southern Hemisphere in the All forcings simula-

tions (Fig. 6, top panel). This decrease is associated with

increases in CFCs, as the simulation where those are

fixed (Fig. 6, middle panel) does not display that feature,

while the simulation with only CFCs changing (bottom

panel) shows extensive Southern Hemisphere ozone loss

throughout the extratropical stratosphere.

In terms of temperature (Fig. 7), broad regions display

statistically significant trends, even without the effect of

the CFCs. Some of the large negative trends in Ant-

arctica are solely associated with changes in CO2, as also

found in 23CO2 experiments such as Rind et al. (2001),

Manzini et al. (2003), or Fomichev et al. (2007). Similar

to the changes in ozone described in Figs. 2 and 3, we

find in the All forcings simulation a clearly defined neg-

ative linear trend in temperature at approximately 70–

85 hPa spanning 308S–308N. While only the largest trend

in that region is statistically significant in the fixed CFCs

simulation, we compute the linear trend in the vertically

averaged [using the Microwave Sounding Unit (MSU4)

averaging kernel] annual temperatures from the various

simulations; this can be directly compared to Fig. 6 of

Randel et al. (2009). We find very good agreement of the

All forcings simulations over much of the tropics with the

data presented in Randel et al. (estimates from MSU4-

only are approximately 20.2 K decade21 between 208S

and 308N; other estimates are between 20.2 and 20.4

K decade21). Over those latitude and altitude ranges

Fig. 8 shows that the calculated temperature trend is

associated mainly with changes in CO2 and SSTs, not

CFCs. The amplitude of the linear trend from Fig. 7 is in

reasonable agreement with the radiative calculation of

FIG. 4. Time series (1970–2005) of the simulated annual average

tropical mean (averaged from 208S–208N) vertical velocity (km yr21)

at 85 hPa.

FIG. 5. Time evolution of the tropical (integrated between 208S

and 208N) annual average ozone net chemical tendency (in kg s21)

at three pressure levels of the lower stratosphere in the All forcings

simulation (average of two realizations).
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FIG. 6. Vertical cross section of the trend (1975–2005) in annual-mean ozone, expressed as

% decade21, statistically insignificant trends based on Student’s t-test estimates at the 95%

level are hatched, see Von Storch and Zwiers (1999): (top) average of the two All forcings

realizations; (middle) the simulation with CFCs fixed at their 1970 value; and (bottom) the

simulation with only CFCs changing. The red line indicates the climatological position of the

simulated tropopause.
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Forster and Shine (1997), indicating that the tempera-

ture changes are most likely a consequence of the ozone

changes described above. Calculated changes poleward of

about 458S differ from the Randel et al. estimates, as the

model trend [with a one-sigma error estimate O(0.1 to

0.15) where trends are larger than 21 K decade21]

displays a transition to large negative linear trends at

lower latitudes than the observations.

FIG. 7. As in Fig. 6, but for temperature (K decade21).
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An interesting result of this study is the difference

between the simulations with and without CFCs. In par-

ticular, increasing CFCs have contributed to a reduced

warming in both hemispheres at ;308 just above the

tropopause; indeed, the linear trend (in both hemispheres

but more strongly in the Southern Hemisphere) at 100–

200 hPa is weaker in the All forcings simulation than with

fixed CFCs. Figure 6 suggests that this change is likely due

to a larger decrease in lower stratospheric ozone found in

the All forcings simulations, which represents a combi-

nation of latitudinal extension of the ozone decrease over

Antarctica (top panel) and into the tropical regions. This

reduced warming contributes to the strengthening of the

temperature gradient across the subtropical jet (note the

climatological position of the tropopause indicated by

the red line); through the thermal wind relationship, this

leads to an increase in zonal wind with height. This

particular feature is described in Fig. 9, which shows the

linear trend in zonal–mean zonal wind for the All forc-

ings (Fig. 9a) and fixed CFCs simulations (Fig. 9b). The

difference is shown in Fig. 9c, indicating a region around

308S above the tropopause of strengthening zonal wind

in the case of the All forcings simulations; in relative

terms, this strengthening accounts for approximately

30%–40% of the local (308S and 100–200 hPa) zonal wind

trend. Using the thermal wind relationship [Eq. (7.1.1) of

Andrews et al. (1987)], we can compute the change in

zonal wind vertical gradient from the temperature trends

(Fig. 7), which is then vertically integrated from the

surface to obtain the change in zonal wind (Fig. 9d). The

very good correspondence between Figs. 9c and 9d in-

dicates that the difference in the temperature trends due

to the inclusion of CFCs is, indeed, responsible for a

strengthening of the zonal wind distribution in the vi-

cinity of the subtropical jet.

To further analyze this link, we compare the annual-

mean lower-stratospheric (85 hPa) tropical vertical ve-

locity with the annual-mean thermal wind gradient [›u/›z

from Eq. (7.1.1) of Andrews et al. (1987)] in the vicinity of

the Southern Hemisphere subtropical jet. Results (Fig. 10)

show that the two time series are well correlated (.0.6

without detrending, 0.56 after detrending), indicating

that a strengthening of the thermal wind gradient in that

FIG. 8. Linear trend (K decade21) for MSU4-weighted model

simulations (1979–2005, solid lines). The all-forcings curve (solid

black line) is the average of both realizations.

FIG. 9. Vertical cross section of the linear trend (1975–2005) in annual-mean zonal wind, expressed as m s21 decade21: (a) average of the

two All forcings realizations and (b) the simulation with CFCs fixed at their 1970 value. Regions below the 95% statistical significance are

hatched and the red line indicates the climatological position of the simulated tropopause. (c) The difference between (a) and (d); the same

quantity as (c), but derived from the difference in temperature trends (Fig. 6) using the thermal wind relationship [Eq. (7.1.1) of Andrews

et al. 1987].
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region is consistent with a vertical acceleration in the

tropical lower stratosphere. Therefore, as Garcia and

Randel (2008) indicated, we find that changes in the

gradients of temperature and zonal wind in the lower

stratosphere are related to the simulated changes in

vertical velocity in the tropical lower stratosphere. In

addition, we have explicitly shown how the CFCs have

played a role in forcing the changes in temperature in

this region over the last few decades in our model. This

can be thought of as an amplifying mechanism whereby

decreases in ozone around 308S lead to a reinforcement

of the strength of the tropical residual circulation and

drive a decrease of tropical lower stratosphere ozone.

Clearly, from Figs. 2 and 4, this cannot be the main

driver in the increases in vertical velocity in the tropical

lower stratosphere (changes in temperature gradient from

CO2 dominate the signal), but could be responsible for

the underestimate (Fig. 2, right panel) of the fixed-CFCs

simulation to fully reproduce the All forcings trends.

5. Changes in tropopause pressure

It can be expected that the changes in temperature in

the lower stratosphere and upper troposphere such as

described above will have an impact on the position of

the tropical tropopause (Shepherd 2002; Santer et al.

2003; Seidel and Randel 2006; Austin and Reichler 2008;

Lu et al. 2009). Using the temperature lapse rate crite-

rion to define the tropopause [vertical temperature gra-

dient less than 2 K km21 over at least 1 km; e.g., Reichler

et al. (2003)], we construct the monthly distribution (in

latitude and longitude) of tropopause pressure and tem-

perature for each simulation. Averaged over the tropics

only (208S to 208N), we find that our All forcings simu-

lated tropopause pressure exhibits a linear trend (1980–

2004) of 21.09 6 0.2 hPa decade21, similar to Austin

and Reichler (2008). This is associated with trends in

tropical tropopause height that are in reasonable agree-

ment with the observations in Seidel and Randel (2006).

(tropopause height is used here instead of pressure to

match the data presented in Seidel and Randel); see

Fig. 11. Furthermore, over the 1980–2004 period, our All

forcings simulated global average tropopause pressure

trend is 21.29 6 0.05 hPa decade21, within the range of

21.7 6 0.6 hPa decade21 from Seidel and Randel (2006)

and 21.67 hPa decade21 [from National Centers for En-

vironmental Prediction (NCEP)/National Center for At-

mospheric Research (NCAR) reanalysis; Son et al. 2009].

On the other hand, our All forcings simulation indicates

only a small global tropopause temperature (20.06 6

0.05 K decade21) change over the same period, which is

smaller than the value (20.27 6 0.06 K decade21) found

by Austin and Reichler (2008); reasons for this difference

require further investigation.

The latitudinal distribution of the linear trend in tro-

popause pressure over 1980–2005 (this period was chosen

as to avoid the presatellite era data) is shown in Fig. 12

for NCEP–NCAR reanalysis (left panel, Kalnay et al.

1996) and model results. Based on a 95% Student’s

t-test confidence interval (Von Storch and Zwiers 1999),

FIG. 10. Time series (from one All forcings realization) of the

annual mean tropical (108S–108N) lower stratospheric (85 hPa)

vertical velocity (black line) and the annual mean thermal wind

gradient (red line), calculated from Eq. (7.1.1) of Andrews et al.

(1987), at 200 hPa and 258S.

FIG. 11. Linear trend (1980–2004) of tropopause height

(m decade21) from observations (Seidel and Randel 2006) and

model simulations (average of both All forcings realizations) in-

terpolated to the location of the observing stations.
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NCEP/NCAR trends are statistically significant between

308S and 308N. Over that region the main features are a

tropical tropopause rise (20.1 hPa yr21 between 208S

and 208N) increasing to as much as 20.3 hPa yr21 at

308S. The All forcings simulation provide a very similar

deep tropical (208S–208N) tropopause rise; analysis of the

sensitivity simulations indicates that most of this trend is

associated with changes in CO2 and SSTs (Fig. 12, right

panel), similar to the MSU4-weighted analysis of Fig. 8.

Outside the tropical regions, there is very little overlap

between regions where the data and the model both

show statistically significant changes. It is, however, in-

teresting to note that the model mimics many of the

features observed in the Northern Hemisphere. On the

other hand, there is no indication that the model is able

to capture the aforementioned 308S signal (identified by

the arrow in Fig. 12) in the NCEP–NCAR reanalysis. It

is important to realize that the short observational re-

cord and model data contain substantial interannual

variability; thus, uncertainties are large.

6. Impact on metrics for the width of the tropical
zone in the stratosphere

Total ozone column has been used as a metric for

diagnosing air masses (Hudson et al. 2003, 2006). In

particular, the latter paper presents an interesting trend

in the estimate of the area associated with tropical air

masses, indicative of an expansion of the tropics (Seidel

et al. 2008). In our All forcings simulation (Fig. 13), the

Southern Hemisphere poleward of 708S experiences

a modeled decrease of about 50 DU over two decades.

Expressed in relative difference, this translates into a de-

crease of over 5% decade21 (and reaching 7% decade21

at the South Pole), slightly under the estimate by Fioletov

et al. (2002) and Chipperfield and Fioletov (2007); other

features are well represented by the model [e.g., see

additional diagnostics on total ozone column trends in

Lamarque et al. (2008)]. Figure 13 also shows that our

simulated long-term decreases in total ozone column are

almost solely associated with changes in CFCs; interest-

ingly, at the edge of the tropics (Fig. 12), the tropopause

trend in the model is also mostly associated with changes

in CFCs (albeit not statistically significant over the lim-

ited simulated time period). This indicates that in this

model, the change in the width of the region where total

ozone displays tropical character [total ozone lower than

about 270–320 DU, depending upon season as discussed

in Hudson et al. (2003)] is strongly affected by CFCs,

contrary to discussions in Hudson et al. (2003, 2006).

The steep horizontal gradient of total ozone makes

small changes important, as shown in Fig. 12. This work

thus suggests that trends in tropical width deduced from

a variety of metrics should be interpreted with care, as

they may not all be linked to the same forcing mecha-

nisms despite apparent similarities in temporal or spatial

behavior (as summarized by Seidel et al. 2008).

7. Discussion and conclusions

We have performed coupled chemistry–climate sim-

ulations for 1970–2005 with a modified version of CAM3

FIG. 12. Meridional distribution of the linear trend (1980–2005) in zonally averaged tropopause pressure, ex-

pressed in hPa yr21: (left) tropopause pressure trends for the All forcings simulation (average of both realizations,

black line) and for the NCEP–NCAR reanalysis (red dots) (gray hatching indicates where the NCEP tropopause

trends are not statistically significant at the 95% level) and (right) results from All forcings (black, average of both

realizations) and the simulations with varying CO2 and SSTs (red) and CFCs (green) (gray hatching indicates where

the modeled tropopause trends are statistically insignificant at the 95% level).
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in which observed forcings (sea surface temperatures

and surface concentrations of greenhouse gases, ozone-

depleting substances, and CO2) were specified. In ad-

dition, simulations were also performed in which 1)

halogens were kept at their 1970 level throughout the

simulation and 2) CO2 was fixed at its 1970 level and

the SSTs were set to their climatological means. This

combination of complementary simulations provided

us with additional information compared to previous

studies (Manzini et al. 2003; Dameris et al. 2005; Garcia

et al. 2007) in identifying the separate roles of chemistry

or climate change in driving observed changes. In par-

ticular, we have shown that much of the lower strato-

spheric tropical ozone decrease between 1980 and the

late 1990s can be attributed to long-term increases in

CO2 and sea surface temperatures (through accelera-

tion in the tropical lower stratosphere vertical veloc-

ity), at least for the region between 100 and 50 hPa.

The same region displays a negative trend in temper-

ature; results from the radiative calculations in Forster

and Shine (1997) indicate that the amplitudes of the

temperature trends are in agreement with the observed

and simulated ozone changes. Above this pressure

range, increased ozone loss from man-made halogen

compounds becomes the most significant driver of the

observed long-term trend and dominates the total column

trends.

We have also shown that the strengthening of the

simulated temperature gradient across the Southern

Hemisphere subtropical jet was larger when CFCs were

allowed to increase over their 1970 levels, implying

a positive feedback that amplifies the trend in tropical

lower stratosphere vertical velocity as discussed in Garcia

and Randel (2008).

Further, we showed that the decrease in tropical

tropopause pressure at most latitudes in our model is

associated with changes in CO2 and SSTs. In marked

contrast, halocarbon increases dominate the changes in

width of the region where modeled total ozone displays

tropical character. The difference in the main drivers of

trends in tropopause pressure versus total ozone column

indicates that the similarity in the trends in tropical

width trend estimates based on those parameters (Seidel

et al. 2008) is probably an expression of multiple changes

occurring at the same time.

Our findings regarding the key role of SSTs and CO2

on tropical tropopause trends might seem in contradic-

tion with the findings of Santer et al. (2003) and Lu et al.

(2009), as both highlighted the importance of ozone on

tropopause trends. It is, however, necessary to remember

that these studies prescribed an ozone change; in our

case, we explicitly compute it and have shown that the

trends in ozone over much of the tropics are themselves

driven by climate change. While much of the tropical

lower stratospheric decrease is due to dynamics, halo-

carbons also affect the tropopause near 308S with a

positive feedback between the extratropical and trop-

ical changes. Therefore, the results presented here show

that the full understanding and attribution of the im-

pact of recent and future changes in the tropopause

region and in the width of the tropics and their implica-

tions for global change will require the use of interactive

chemistry in climate models to fully capture forcings and

feedbacks.

FIG. 13. Meridional distribution of the zonal mean total ozone

column for the All forcings simulations (solid and dashed black

lines) and the simulations with varying CO2 and SSTs (red line) and

CFCs (green line): (top) the average for 1995–2004 and (bottom)

difference between the (1995–2004) average and the (1975–1984)

average.
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