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[ 1 ] In this paper, we examine the tropical lower
stratosphere and upper troposphere and elucidate the key
role of ozone changes in driving temperature trends in this
region. We use a radiative fixed dynamical heating model to
show that the effects of tropical ozone decreases at 70 hPa
and lower pressures can lead to significant cooling not only
at stratospheric levels, but also in the ‘‘sub-stratosphere/
upper tropospheric’’ region around 150 – 70 hPa. The impact
of stratospheric ozone depletion on upper tropospheric
temperatures stems from reduced longwave emission from
above. The results provide a possible explanation for the
long-standing discrepancy between modeled and measured
temperature trends in the uppermost tropical troposphere
and can explain the latitudinal near-homogeneity of recent
stratospheric temperature trends. Citation: Forster, P. M.,
G. Bodeker, R. Schofield, S. Solomon, and D. Thompson (2007),
Effects of ozone cooling in the tropical lower stratosphere and
upper troposphere, Geophys. Res. Lett., 34, L23813, doi:10.1029/
2007GL031994.

1. Introduction
[2] Stratospheric temperature trends provide key evidence for attributing climate change to humans [e.g.,
Ramaswamy et al., 2006]. Earlier discrepancies between
satellite and model temperature trends in the free troposphere are now largely resolved [Climate Change Science
Program (CCSP), 2006]. However, in the tropical upper
troposphere and lower stratosphere, unresolved differences
remain between observed and expected trends. A characteristic of climate models is that their temperature response
in the troposphere increases with altitude, typically extending up to 100 hPa. In contrast, radiosonde temperature trend
analyses show temperature increases only extending up to
200 hPa with cooling above that level [e.g., Santer et al.,
2005; CCSP, 2006]. This issue remains a concern in
detection/attribution studies, and is a primary focus of this
paper.
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[3] A second focus of the paper is explaining the latitudinal homogeneity of recent stratospheric temperature
trends. Previous studies have shown that greenhouse gases
alone do not reproduce the cooling that has been observed
in the tropical lower stratosphere. In this paper we examine
in more detail the role of ozone changes in such cooling.
[4] The region between typical convective outflow and
the cold-point tropopause, can be referred to Tropical
Tropopause Layer (TTL) or the tropical sub-stratosphere
[Folkins et al., 1999; Gettelman and Forster, 2002;
Thuburn and Craig, 2000] and has many stratosphere-like
attributes. Temperatures here appear to be predominantly
controlled by radiative rather than convective processes. A
recent study also found that tropical tropopause height
changes are more closely related to stratospheric temperatures than to those in the troposphere [Seidel and Randel,
2006]. Climate models appear to overestimate the convective response in the tropical upper troposphere and thus their
temperature changes here are closely tied to the moistadiabatic temperature response [Mitas and Clement, 2006;
Cordero and Forster, 2006; Santer et al., 2003]. For these
reasons we perform our attribution experiments with a
detailed and tested radiative response model, which deliberately does not include dynamical or convective components. However, tropical upwelling could be increasing by a
few percent per decade in the lower stratosphere [e.g.,
Butchart et al., 2006; Nikulin and Karpechko, 2005] so
we perform sensitivity tests to examine the possible role of
these changes.

2. Datasets
[5] Key to our approach is using accurate and detailed
ozone trends at high vertical resolution. These trends were
calculated by applying a least squares variance-weighted
regression model [Bodeker et al., 2001] to version 6.2
Stratospheric Aerosol and Gas Experiment (SAGE) II ozone
profiles [McCormick et al., 1989]. The publicly available
ozone profiles were subjected to further quality assurance to
ensure that erroneous data were excluded from the trend
analysis as prescribed by Wang et al. [1996, 2002]. Additionally, individual ozone profiles measured under cloudy
or high aerosol loading conditions (i.e. conditions due to
Mt Pinatubo) were screened according to recommendations
[Rind et al., 2005]. Variance weighted monthly mean, and
latitude mean (5°), number density profiles of ozone, and
their variances, were calculated and used as input to the
trend analysis.
[6] Trends were calculated for 1984– 2005 using a second
order auto-correlation regression model. The quasi-biennial
oscillation, solar cycle, and El Niño Southern Oscillation,
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offset and trend basis functions were included, accounting
for seasonal variability, as detailed by Bodeker et al. [1998].
A second order autocorrelation of the residuals was applied
in the calculation of the coefficient uncertainties [Bodeker et
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al., 2001]. The ozone profile trends are shown in Figure 1a
and are similar to those given by Randel et al. [1999]. It is
not the goal of this paper to identify the cause(s) of these
tropical ozone decreases, which are a matter of current
research, but rather to examine their implications for tropical temperature trends. While tropical ozone profile data
suggest decreases in the lower stratosphere, total ozone
column data appear to display little trend there, suggesting
the possibility of cancellation at other altitudes [see, e.g.,
Randel et al., 1999]. Note, that at altitudes lower than 18 km
(roughly 70 hPa) SAGE trends become more uncertain and
less statistically significant [see also Randel and Wu, 2007],
but as will be shown below, our key findings are insensitive
to changes in this uncertain region.
[7] As in previous studies [e.g., Forster and Shine,
2002] we use the Reading Narrow Band Model (RNBM)
to compute temperature changes, assuming fixed dynamical heating. We make use of recent line databases and
the latest ozone absorption cross sections. Timeseries of
the long-lived greenhouse gases (LLGHGs), CO2, N2O,
CH4, CFC11 and CFC12, are also employed in the
model, using data from Forster et al. [2007]. Of these
CO2 has the dominant cooling effect in the upper
stratosphere, while the CFC changes contribute a small
warming effect at the tropopause (see Forster and Joshi
[2005] for further details). The model was run to equilibrium for each month in the two end years of the linear
trend analysis and temperatures compared to determine
the temperature trend per decade. Vertical resolution was
around 500 m in the tropopause region. Temperatures
were adjusted at pressures lower than 300 hPa. The
choice of this level had minimal impact on the results.
[8] We compared our temperature trends to those from
radiosonde analyses using subsets of the global radiosonde
network as also used by Thompson and Solomon [2005]
(the radiosonde data used by Thompson and Solomon
[2005] and reproduced here are virtually identical to the
RATPAC data described by Free et al. [2005]). We also
used the AMSU/MSU T4 satellite data which covers the
region from about 150 to 15 hPa (the T4 data used here
were obtained from Remote Sensing Systems). Data from
these are compiled into monthly average temperature
anomalies and a similar linear trend analysis to the ozone
case applied. While the radiosonde climatologies incorporate various adjustments to account for data inhomogeneities [Free et al., 2004], a recent analysis by Randel and Wu
[2006] suggests a systematic cold bias in the RATPAC
tropical lower stratospheric data compared to the T4 satellite
observations. This potential cold bias in the tropical lower

Figure 1. (a) 1984 – 2005 SAGE II linear ozone trends in
% per decade. Other panels show 1984 – 2005 linear
temperature trends (K/decade) from fixed dynamical
heating calculations with the RNBM model. Calculations
employ various ozone and LLGHG trends. (b) Ozone trends
employed at pressures less than 70 hPa. (c) Ozone trends
employed at pressures less than 200 hPa. (d) LLGHG
changes (CO2, CH4, N2O, CFC11, and CFC12). (e) LLGHG
changes and ozone changes from Figure 1c.
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Figure 2. Vertical profiles of 1984– 2005 linear temperature trends (K/decade) for the tropics (30S-30N). (left) For the
same LLGHG and ozone combinations as Figure 1. (right) For model combined LLGHG and ozone changes (black line)
and from the radiosonde analyses of Thompson and Solomon [2005] (red line).
stratosphere radiosonde observations is considered in the
subsequent model comparisons.

3. Results
[9] Stratospheric temperature trends were computed from
the RNBM model employing ozone trends from our SAGE
analysis in Section 2 and LLGHG changes for the 1984 –
2005 period, and are illustrated in Figures 1b, 1c, 1d and 1e.
Figures 1b and 1c show the annually averaged temperature
changes from Figure 1b applying ozone changes only at
lower pressures (higher altitudes) than 70 hPa, and
Figure 1c, applying all ozone trends at pressures lower than
200 hPa. Differences are evident in the mid latitude Southern Hemisphere lower stratosphere, where the significant
ozone depletion at pressures higher than 70 hPa drives
cooling at these lower altitudes (see Figure 1c). At other
latitudes, cooling occurs for pressures higher than 70 hPa
irrespective of whether or not local ozone losses are
imposed at those levels, as discussed below. Large coolings
of over 0.5 K/decade are seen in the tropical and subtropical
lower stratosphere (100– 50 hPa) especially in the Southern
Hemisphere. Inspecting the seasonal trends, this tropical
cooling occurs year round. Another sensitivity test
employed ozone trends from the latest Randel and Wu
[2007] SAGE analysis, which has slightly less tropical
ozone reduction. Employing these data, our model gave
temperature trends in the lower stratosphere that had a very
similar vertical and horizontal structure but were around
0.05 K/decade more positive compared to those employing
our own analysis.
[10] LLGHG trends have a small effect near the tropopause and give a cooling that increases with altitude.
Between 30– 100 hPa (33 – 15 km) the combined effect of
ozone and LLGHGs (Figure 1e) is of more-or-less uniform
cooling with latitude. There is a slight tropical minimum in
the cooling around 30 hPa, and a maximum cooling of
slightly over 0.5 K/decade in the mid latitude Southern
Hemisphere lower stratosphere. The generally accepted
view [e.g., Shine et al., 2003] has long been that ozone
cooling is at a minimum in the tropics, having its largest
effect at higher latitudes. However, the current results

clearly point to a large ozone induced tropical lower
stratospheric cooling over 1984 – 2005, agreeing with
Thompson and Solomon [2005] who noted that the tropics
were cooling at a similar or greater rate than higher
latitudes. Forster and Shine [1997] noted a tropical lower
stratospheric cooling over 1979 – 1995, employing an earlier
version of combined SAGE I and SAGE II trends. However,
due to uncertainties in merged satellite timeseries, these were
not deemed trustworthy. Here confidence is strengthened
both by a longer record than these previous studies, and by
examination of the correspondence of the resulting modeled
temperature trend structure to improved observations – see
Discussion and Conclusions.
[11] Figure 2 shows vertical profiles of trends in the
tropics. The blue dashed line on Figure 2 (left) shows the
temperature changes calculated when ozone trends at pressures higher than 70 hPa are excluded. The resulting
temperature change is similar to that applying ozone
changes everywhere at pressures lower than 200 hPa,
especially in the tropics. This demonstrates that the changes
in temperature in this region are linked to ozone changes,
but not at the local altitudes. The ozone trends at 70 hPa are
subject to much smaller uncertainties than those at higher
pressures, so that this finding makes the link of temperature
changes in the key region from about 150 to 70 hPa to
ozone changes more robust. Analyses of radiation fields
shows that the cooling in the 150 hPa – 100 hPa region is
caused by decreases in down-welling longwave radiation
from the ozone decrease and subsequent cooling of the 70–
30 hPa layer. The cause of the cooling in this higher layer is
split roughly equally between the effects of a decrease in
shortwave absorption from reduced ozone at these levels
(40%), and a decrease of the absorption of upwelling
longwave radiation by the same reduced ozone (60%).
[12] At 70 hPa ozone and LLGHG changes cannot
account for all the cooling seen in the observations, and
with decreasing pressure the discrepancy gets worse
(Figure 2, right). Since recent work does not show evidence
of a long-term change in stratospheric water vapour over
this time period [Randel et al., 2006] it is unlikely that this
cooling could have been caused by any water vapour
increase. It is possible that ozone changes in the extratropics
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Figure 3. Shows the synthetic T4 weighted model trend
for ozone and greenhouse gas changes (blue line), greenhouse gas changes only (blue dashed line), and the satellite
derived trends as a function of latitude with 95% error bars
(red line; for details of the T4 trends and error calculations
shown here, see Thompson and Solomon [2005]).
or an increase in wave driving may induce changes in the
meridional circulation and act to cool the tropical stratosphere, which could add to the radiative effects shown here
[e.g., Ramaswamy et al., 2001]. However, radiosonde errors
have been shown to increase with altitude and the potential
for errors in the sonde data at these higher altitudes of the
tropics has recently been highlighted [e.g., Sherwood et al.,
2005; Randel and Wu, 2006; Free et al., 2005]. Figure 3
suggests that the trends calculated here are in good agreement with the T4 satellite data (150 – 15 hPa) for the tropics.
[13] The results presented in Figures 2 and 3 suggest that
it is likely the cooling trend in the tropical lower stratosphere is overestimated in the radiosonde record. Randel
and Wu [2006] and Sherwood et al. [2005] found that a
subset of the best tropical stations that had little evidence of
bias gave coolings of around 0.5 K/decade at 70 hPa and
lower pressures. Using such a subset would bring observations and model into closer agreement.

4. Discussion and Conclusions
[14] The two principle conclusions of the study are the
following:
[15] (1) Radiative cooling due to ozone depletion in the
tropical lower stratosphere above 70 hPa induces cooling
which extends down to at least 150 hPa, well into the
tropical upper troposphere. The simulated cooling of the
upper tropical troposphere is due to a reduction in downwelling longwave radiation from the ozone depleted region
above. The results suggest decreasing ozone in the tropical
stratosphere may be responsible for observations of cooling
in the tropical sub-stratosphere region.
[16] (2) The simulated response to the observed ozone
trends drives temperature trends that are roughly comparable at all latitudes, consistent with the latitudinal nearhomogeneity of recent stratospheric temperature trends
revealed by Thompson and Solomon [2005].
[17] Analysis of the Randel and Wu [2007] trends that are
time dependent show that this ozone trend and subsequent
cooling is quite gradual over the time period – there are no
sudden jumps and the magnitude is roughly the same size as
the biennial variation in ozone and temperature caused by
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the Quasi-Biennial Oscillation. Ozone trends do not explain
the sudden decrease in tropical tropopause temperatures
during 2001 noted by Randel et al. [2006].
[18] A caveat of this work is that we do not account for
the influence of convection or dynamics in the sub-stratosphere/upper troposphere. As noted in the introduction,
climate model convection schemes are uncertain. The
150 – 100 hPa region is above the maximum level of
convective outflow around 200 hPa and convective vertical
mixing drops off rapidly in the sub-stratosphere [Gettelman
and Forster, 2002; Folkins et al., 1999]; we therefore argue
that excluding changes in convective mixing is acceptable,
especially as there is currently no adequate model of vertical
mixing this region. However, changes in convective heating
at lower altitudes would effect the temperature change at the
bottom boundary which would have a small impact higher
up. More significant would be any changes in the overturning circulation of the stratosphere. Butchart et al. found
an average increase of 4% per decade in tropical upwelling
mass flux from CO2 warming scenarios over the 20th
century, and we used this estimate as a basis for sensitivity
tests. This upwelling was incorporated into the model by
modifying the background heating rates. This increase in
upwelling gave a maximum cooling trend of 0.8 K/decade
in the 100 –70 hPa region. Adding this additional cooling
would therefore significantly impact the comparison of our
radiative response model with observations.
[19] The impact of ozone depletion in the stratosphere on
temperature trends in the upper troposphere revealed in this
study does not appear to be captured in most climate
models. Climate models would be expected to capture the
change in longwave emissions form ozone and the resulting
temperature change, but they do not have enough ozone
reduction in the tropical lower stratosphere for the mechanism to operate. In addition they may also overestimate the
influence of convection in the upper troposphere. Our
results therefore suggest that climate change simulations
could over-estimate the warming of the upper troposphere.
This, in turn, could lead to an overestimation of the water
vapour feedback [see, e.g., Cordero and Forster, 2006].
Additionally, the ozone-induced cooling will likely affect
the static stability of the region and the amount of water
vapour entering the stratosphere, introducing a small negative radiative forcing. In closing, we note that this study has
shown that (1) incorporating accurate ozone trends and
(2) improving our understanding of the convective, dynamical, and radiative influences on the tropopause region is
key to understanding the spatial patterns of temperature
changes, which in turn are critical for climate change.
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