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Abstract. Atmosphere and ocean general circulation model
(AOGCM) experiments for the Intergovernmental Panel on
Climate Change Fourth Assessment Report (AR4) are analyzed to better understand model variability and assess the
importance of various forcing mechanisms on stratospheric
trends during the 20th century. While models represent the
climatology of the stratosphere reasonably well in comparison with NCEP reanalysis, there are biases and large variability among models. In general, AOGCMs are cooler than
NCEP throughout the stratosphere, with the largest differences in the tropics. Around half the AOGCMs have a top
level beneath ∼2 hPa and show a significant cold bias in
their upper levels (∼10 hPa) compared to NCEP, suggesting
that these models may have compromised simulations near
10 hPa due to a low model top or insufficient stratospheric
levels. In the lower stratosphere (50 hPa), the temperature
variability associated with large volcanic eruptions is absent
in about half of the models, and in the models that do include
volcanic aerosols, half of those significantly overestimate the
observed warming. There is general agreement on the vertical structure of temperature trends over the last few decades,
differences between models are explained by the inclusion
of different forcing mechanisms, such as stratospheric ozone
depletion and volcanic aerosols. However, even when human and natural forcing agents are included in the simulations, significant differences remain between observations
and model trends, particularly in the upper tropical troposphere (200 hPa–100 hPa), where, since 1979, models show
a warming trend and the observations a cooling trend.

1

Introduction

General Circulation Models (GCMs) are important tools for
assessing how natural and anthropogenic forcings affect our
climate and their predictions form the basis of our knowledge
of future climate change. Climate models have evolved and
improved into the currently used coupled Atmosphere Ocean
GCMs (AOGCMs). To better represent the many physical processes, horizontal and vertical resolution has also increased. Current models whose data will be used in Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) focus on simulating the response of the
surface and troposphere. The stratosphere of most of these
models tends to be poorly resolved. In contrast, past stratospheric ozone assessment reports (e.g., WMO, 2003) tend
to use data from models that focus resolution on the stratosphere. For a number of reasons it is becoming increasingly
apparent that accurate simulations of the stratosphere are important to determine the evolution of the surface climate and
other aspects of climate change.
1) Stratospheric temperature trends may provide some of
the best evidence for attributing climate change to humans
(Ramaswamy et al., 2006; Santer et al., 2005; Shine et al.,
2003; Tett et al., 1996). Different climate forcing mechanisms such as carbon dioxide and solar constant changes are
more readily distinguishable in their stratospheric response,
compared to their surface response, which is often very similar between forcing agents (e.g., Forster et al., 2000). Further, human and natural effects can also be readily distinguished in tropopause height changes, which are a product
of the tropospheric warming and stratospheric cooling associated with many human forcing agents (Santer et al., 2003a;
Santer et al., 2003b).

Correspondence to: E. C. Cordero
(cordero@met.sjsu.edu)
Published by Copernicus GmbH on behalf of the European Geosciences Union.

5370

E. C. Cordero and P. M. de F. Forster: Stratospheric variability and trends

80

0.01

70

0.10

60

50

Pressure (hPa)

Altitude (km)

1.00

40

10.00

30

20
100.00

10

0
UKMO-HadGEM1

PCM

UKMO-HadCM3

MRI-CGCM2.3.2

MIROC3.2(medres)

IPSL-CM4

MIROC3.2(hires)

GISS-ER

INM-CM3.0

GISS-EH

GISS-AOM

GFDL-CM2.1

GFDL-CM2.0

ECHO-G

FGOALS-g1.0

ECHAM5/MPI-OM

CNRM-CM3

CSIRO-Mk3.0

CGCM3.1(T63)

CCSM3

CGCM3.1(T47)

BCC-CM1

BCCR-BCM2.0

1000.00

Fig. 1. Approximate altitude of the vertical levels for models submitted to the IPCC AR4.

Figure 1. Approximate altitude of the vertical levels for models submitted to the IPCC AR4.

2) It has been shown that stratospheric variability and
changes, particularly in the Northern and Southern Hemisphere polar vortices can affect the weather and climate of
the troposphere (e.g., Shindell and Schmidt, 2004; Thompson et al., 2005). In particular Thompson et al. (2005) and
Gillett and Thompson (2003) showed that part of the sur22
face cooling in and around Antarctica could be associated
with stratospheric ozone loss affecting the stratospheric polar vortex. In addition, several papers (e.g., Miller et al.,
2006; Stenchikov et al., 2002) show that strong tropical volcanic eruptions (e.g., Mt. Pinatubo) and ozone depletion can
both affect the winter arctic oscillation in the Northern Hemisphere. However it also appears that a well resolved stratosphere is required to accurately produce the correct tropospheric response (Gillett et al., 2002; Sigmond et al., 2004).
3) Several forcing or feedback mechanisms have a component associated with the stratosphere. Modeling the effects
of stratospheric ozone depletion and explosive volcanic eruptions have benefited from a better representation of the stratosphere (Houghton et al., 2001). Solar irradiance changes may
also have an effect on surface climate through inducing dynamical changes in the stratosphere (Haigh, 2001; Haigh et
al., 2005; Nathan and Cordero, 2006; Rind, 2002, 2004). It is
also important to resolve stratospheric water vapor changes
as these can have a large effect on surface climate, as well
as in the stratosphere (e.g., Forster and Shine, 2002). For
example Stuber et al. (2001) found that the ECHAM4 GCM
had a very strong feedback associated with stratospheric water vapor increases resulting from tropopause temperature increases.
Pawson et al. (2000) designed an intercomparison to compare and characterize the stratosphere using GCMs from a
variety of modeling groups. In this paper we repeat aspects of
this intercomparison for the current IPCC AOGCMs which
Atmos. Chem. Phys., 6, 5369–5380, 2006

were not specifically designed for stratospheric simulation.
To aid climate-change attribution, we then expand this intercomparison to look at temperature trends in the stratosphere
simulated since 1958, and compare these to observations.
The primary goal of this paper is to evaluate the ability
of the participating IPCC models to simulate the structure,
variability and trends of the lower stratosphere during the
20th century. Understanding these strengths and weaknesses
not only provides feedback to the modeling community, but
can also communicate to the larger public the uncertainties
of predictions for the 21st century. This work also aims to
shed light on the potential for stratospheric change to affect temperatures in the upper troposphere, although this is
not the focus of the paper. In Sect. 2, a brief description of
the IPCC models and various observation-based datasets are
given. Model simulations and their comparisons with observations are given in Sect. 3, while Sect. 4 is devoted to understanding the temperature trends in the stratosphere over
the last three decades. Section 5 is a discussion regarding the
vertical profile of temperature trends and we finish with our
conclusions in Sect. 6.

2

Model and observed data

The analysis uses AOGCM simulations from the IPCC
Model archive at the Program for Climate Model Diagnosis and Intercomparison (PCMDI). Nineteen AOGCM simulations submitted to the archive from groups in ten different countries are compared using wind and temperature
fields from the climate of the 20th century experiments. For
each model, the run 1 simulation was used, even if multiple ensemble members were available. These models incorporate various natural and anthropogenic forcings including
changes in ozone distribution, greenhouse gases and aerosols
distribution, although not all models incorporate all of these
forcing mechanisms. A list of the model forcings directly
relevant to the stratosphere is given in Table 1 and will be
discussed further in the next section.
The submitted model simulations record data at 17 vertical
levels in the atmosphere (1000, 925, 850, 700, 600, 500, 400,
300, 250, 200, 150, 100, 70, 50, 30, 20, 10 hPa). The actual
model top and number and placement of stratospheric levels
vary from model to model, and are shown in Fig. 1. While
the majority of models do have a model top above 10 hPa,
the number of levels above the tropopause and the vertical
resolution varies widely. Of the 19 models, only eight have
more than three levels above 10 hPa. This scarcity of model
levels in the stratosphere may be a significant impairment to
accurately resolving the large scale structure and variability
of the stratosphere (Hamilton et al., 1999).
Observational climatologies of temperature are used from
both satellite and radiosonde observations. These include
data from the Microwave Sounding Unit (MSU) carried on
the NOAA polar orbiting satellites. Retrievals from the MSU
www.atmos-chem-phys.net/6/5369/2006/
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Table 1. Specific forcings and details of the vertical model structure for each model submitted to the IPCC. The forcing terms are for the 20th
century simulation (20CM3) where GHG represent increases in well-mixed greenhouse gases, volcanic refers to volcanic aerosols, ozone
refers to changes in stratospheric ozone and solar refers to changes in solar irradiance. The term Z-top refers to the approximate altitude of
the top of the model, S-lev refers to the number of stratospheric levels. Models with a top at or above 45 km are classified as “High” while
models with tops below that level are classified as “‘Low”.
Model

GHG

Volcanic

Ozone

Solar

Z-top

S-lev

Model top

BCCR-BCM2.0
CCSM3
CGCM3.1(T47)
CNRM-CM3
CSIRO-Mk3.0
ECHAM5/MPI-OM
FGOALS-g1.0
GFDL-CM2.0
GFDL-CM2.1
GISS-AOM
GISS-EH
GISS-ER
INM-CM3.0
IPSL-CM4
MIROC3.2(hires)
MIROC3.2(medres)
MRI-CGCM2.3.2
PCM
UKMO-HadCM3

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

N
Y
N
N
Na
N
N
Y
Y
N
Y
Y
Na
N
Y
Y
Na
Y
N

N
Y
Nb
Nb
Y
Y
Nb
Y
Y
N
Y
Y
N
N
Y
Y
N
Y
Y

N
Y
?
N
N
?
Y
Y
Y
N
Y
Y
N
N
Y
Y
Y
Y
?

33
40
49
76
38
29
45
35
35
33
67
67
32
32
45
67
54
43
39

5
7
11
17
3
4
9
3
3
3
9
9
6
7
19
6
8
7
5

Low
Low
High
High
Low
Low
High
Low
Low
Low
High
High
Low
Low
High
High
High
Low
Low

Na = Documentation claims inclusion of volcanic aerosols, but Fig. 6 shows no temperature response to volcanic eruptions.
Nb = Documentation claims inclusion of ozone trends, but Fig. 7 shows little cooling in the lower stratosphere.

provide atmospheric temperature at broadly defined levels of
the troposphere and lower stratosphere. In this study, we
use a climatology of MSU temperature data compiled by Remote Sensing Systems (RSS, Mears et al., 2003) of channel
2 (MSU2) and channel 4 (MSU4) retrievals of monthly and
zonally averaged gridded temperature anomalies between
1979-99.
We use two radiosonde datasets compiled from the groups
at the Hadley Centre (HadAT2, Thorne et al., 2005) and
the NOAA (RATPAC-A, Free et al., 2005). These datasets,
which use subsets of the global radiosonde network and span
the years 1958–2004, are compiled into monthly average
temperature anomalies. While these recently developed 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-A tropical lower stratospheric data
compared to the MSU satellite observations. This potential
cold bias in the tropical lower stratosphere radiosonde observations will be considered in the subsequent model comparisons. While uncertainties regarding the MSU and radiosonde observations exist, previous analyses suggest that
these datasets are appropriate for the study of large scale
atmospheric variations (Seidel et al., 2004). A further diswww.atmos-chem-phys.net/6/5369/2006/

cussion of observational uncertainties will be provided in
Sect. 5.
The model data will also be compared to the National Center for Environmental Prediction/National Center for Atmospheric Research (hereafter NCEP) Reanalysis. The NCEP
data are derived using atmospheric general circulation models in a data assimilation system using in-situ and remotely
sensed observations (Kistler et al., 2001). The NCEP reanalysis is available from 1948, but for stratospheric comparisons, only since the beginning of satellite observations
in 1979 are the data likely to be reliable for global stratospheric studies (Randel et al., 2004). Although the ERA-40
reanalysis dataset has a higher range of altitudes, there are
not significant differences between NCEP and ERA-40 in the
stratosphere (Randel et al., 2004), and thus we will only show
results using the NCEP reanalysis.

3

20th century climate: model intercomparison

The AOGCMs participating in the IPCC model comparison
represent the most advanced and comprehensive set of climate simulations so far produced. Simulations for the 20th
century have been compared with each other and with available observations. In Table 1, we identify a subset of forcAtmos. Chem. Phys., 6, 5369–5380, 2006
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Figure 2. Globally averaged temperature (left) and model temperature bias (right) between

Fig. 2. Globally averaged temperature (left) and model temperature bias (right) between 1979–1999 for the climate models and the
alternate between solid and dashed, so that for each color the first listed model uses a solid line
NCEP reanalysis. The lines identifying each model alternate beand the second listed model a dashed line. The gray shading in the model temperature bias plot
tween solid and dashed, so that for each color the first listed model
shows NCEP plus and minus 2 standard deviations around the climatological mean.
uses a solid line and the second listed model a dashed line. The gray
shading in the model temperature bias plot shows NCEP plus and
minus 2 standard deviations around the climatological mean.
1979-99 for the climate models and the NCEP reanalysis. The lines identifying each model

ings used in the IPCC simulations of the 20th century climate
that directly influence the stratosphere. The information on
model forcing was largely obtained from the IPCC model
website, where modeling groups23 supplied information about
their runs. For model simulations where the supplied information did not appear to match the model temperature simulations, a note was made. While all the models include the
steady increase in greenhouse gas forcing, the models differ
in their inclusion of variations in stratospheric ozone depletion, volcanic aerosols and variations in solar radiation. In
the following section, an analysis of model experiments is
made to assess model performance and the role of various
forcing processes.
Figure 2 shows a vertical profile of the annual average
global temperature from the IPCC models and the model
temperature bias with respect to the NCEP reanalysis. The
temperature distribution is averaged between 1979–1999 and
ranges from the surface to 10 hPa. The temperature distribution illustrates the delineation in lapse rate between the
troposphere and stratosphere, and the minimum in temperature at the tropopause. Near the surface and throughout
the middle troposphere, the IPCC models agree reasonably
well with each other and are generally within 2–3 K of the
NCEP reanalysis, while at higher altitudes, the spread among
the models increases. For example, at 700 hPa, the range
of IPCC models differ by only ∼3 K, while at 200 hPa and
10 hPa, the models differ by 6 K and 17 K respectively. Both
the NCEP standard deviation and the model bias compared to
NCEP are larger in the stratosphere compared to the troposphere. The models generally underestimate the global temperature in the stratosphere, a common GCM characteristic
Atmos. Chem. Phys., 6, 5369–5380, 2006

Fig. 3. Zonally and annually averaged temperature at 500 hPa (upper) and 50 hPa (lower) between 1979–1999 from the climate modbetween 1979-99 from the climate models and NCEP. The 2-σ variation in the NCEP reanalysis
els and NCEP. The 2-σ variation in the NCEP reanalysis is shown
is shown in the heavy black vertical lines, and the colors are as in Fig. 2.
in the heavy black vertical lines, and the colors are as in Fig. 2.
Figure 3. Zonally and annually averaged temperature at 500 hPa (upper) and 50 hPa (lower)

observed in various model intercomparisons (e.g., Austin et
al., 2003; Pawson et al., 2000), while there is also a clear
cold bias observed in the middle and upper troposphere.
A comparison of zonally averaged temperatures averaged
between 1979–1999 at 500 hPa and 50 hPa from the models
and NCEP is displayed in Fig.24 3. In the middle troposphere,
the models are within 5 K of each other and the NCEP reanalysis, with the uncertainty in NCEP less than 5 K at all
latitudes. At 500 hPa the largest difference between models
and observations is seen at the polar NH, where the models are consistently colder than NCEP. An evaluation of seasonal temperature variations (not shown) shows that during
both December, January, February (DJF) and June, July, August (JJA), most models are cooler than NCEP in the NH,
while in the SH, there does not appear a similar bias. In
the stratosphere, the range of temperatures between models
is larger than in the troposphere, with a spread in magnitude
of about 11 K in the tropics and poles and a slightly smaller
range at midlatitudes. As shown by the uncertainty in the
NCEP reanalyses, the natural variability in the stratosphere
and especially near the polar stratosphere is larger than in the
troposphere.
At the poles, the models generally are in reasonable agreement with the NCEP analyses, with no apparent cold pole
biases that was a feature of older versions of GCMs (e.g.,
Pawson et al., 2000). In fact, the corresponding winter (DJF)
polar temperatures in the NH are almost all within the NCEP
uncertainty, while in the SH, of the 11 models that are outside the NCEP uncertainty, eight of the models are biased
warm. In the tropics, a majority of the model simulations are
cooler than the reanalysis, and the model to model variability
is larger than in the extratropics, while the natural variability
in the tropics is actually smaller than in the poles. Thus, the
cooling bias seen in the global average temperature (Fig. 2),
www.atmos-chem-phys.net/6/5369/2006/
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at least at 50 hPa, is not from a cold pole bias, but rather
from biases in the tropical latitudes. However, at higher altitudes, a cold pole bias is seen in many models. For example at 10 hPa, during DJF, 14/19 of the models are colder
than the observed variability between 70–90 N, while during
JJA, 14/19 are colder than the observed variability between
70–90 S. These results imply that model representation of the
planetary wave spectrum in the lower stratosphere of the winter hemisphere may be reasonable, while higher up this may
not be the case. A natural question is then what role does the
25
location of the model lid and number
of stratospheric levels
have on these results?
To evaluate the potential role of the vertical resolution and
location of the model lid on the structure of stratospheric
temperature, we group the models into two categories based
on the altitude of the model lid and then examine the seasonal
temperature variation between models and NCEP at three latitude ranges (70–90◦ N, 30◦ N–30◦ S and 70–90◦ S) during
the winter of each hemisphere (Fig. 4). The first group is labeled “high” and has a model lid at or above 45 km (∼2 hPa;
indicated as high in Table 1) while the second group is labeled “low” and has a model lid below 45 km. Figure 4 illustrates the results of this comparison showing the difference
(model – NCEP) for the two model groups in the high latitude winter hemisphere. During DJF and JJA, the difference
between models with low and high tops is only significant
near 10 hPa, the top reporting altitude for the IPCC dataset.
In both cases, the models with a lower top (and fewer stratospheric levels) have a cold bias at 10 hPa of nearly 15 K,
while the higher top models have a corresponding cold bias
of between 4–7 K. While there does not seem to be any statistically significant bias at lower altitudes, it is clear that further analysis is required to more completely understand how
the representation of the stratosphere affects atmospheric circulation at lower levels. It is certainly plausible that biases at upper levels would alter wave-mean flow interaction,
and thus affect circulation and structure at lower levels. We
also note that in our analysis, we don’t find any systematic
www.atmos-chem-phys.net/6/5369/2006/

temperature bias based on the inclusion of ozone depletion
within these models.
The evolution of stratospheric winds is related to temperature variations and ultimately26controlled by large scale wave
activity. In Fig. 5, the annual cycle in zonal wind at 60◦ N
and 60◦ S at 50 hPa is displayed for each of the IPCC models and the NCEP reanalysis for the years 1979–1999. In
the NH, the winds are westerly and strongest during winter
(DJF) and easterly and weak in the summer (JJA). By plotting each year on the same scale, the interannual variability can also be estimated. While overall there is reasonable
agreement with NCEP in terms of the timing of the maximum westerly winds, there exist significant variations in the
peak magnitude of the westerly winds and the magnitude of
the interannual variability. The interannual variability in NH
DJF winds range from ∼6 m s−1 in the CSIRO model to almost 20 m s−1 in the MRI model, compared to NCEP which
is around ∼20 m s−1 .
The variability in the SH is markedly different compared
with the NH. The year to year variability of peak westerly
winds ranges from 4–10 m s−1 , almost half the variability
seen in the NH. The smaller variability in the SH polar winds
indicates a weaker planetary wave spectrum and is generally consistent with observation (Newman and Nash, 2005).
While the maximum winds reach over 50 m s−1 in a couple
of the models, the NCEP reanalysis maximum winds appears larger than all the models except the CCSM3 model.
However, because few reliable radiosonde observations in
the middle to high latitude SH exist, biases in the NCEP reanalysis may exist at these locations (Randel et al., 2004). At
higher altitudes, the magnitude of the winter winds increases
in both hemispheres, as does the range of variability between
models.
Atmos. Chem. Phys., 6, 5369–5380, 2006
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A comparison between zonal winds at 60◦ N and 60◦ S
(Fig. 5) suggests that while 27
hemispheric variations between
the poles are reasonably captured, important departures from
the observed climatology exist. This suggests that variations
in dynamics and the characterization of large scale waves in
IPCC models may inhibit the ability of models to accurately
resolve stratospheric variability and change.
4

20th century trends

The primary radiative forcing mechanisms responsible for
global temperature changes in the stratosphere over the last
three decades have been increases in well-mixed GHG concentrations, declines in stratospheric ozone, explosive volcanic eruptions and solar changes (e.g., Ramaswamy et al.,
2006). Increases in stratospheric water vapor may also influence global temperature trends (e.g., Shine et al., 2003).
As the future promises further changes in all of these forcing
processes, temperatures in the stratosphere will continue to
change.
Figure 6 shows a time series of global temperature
anomaly at 50 hPa from the IPCC models and radiosonde
observations between the years 1950 and 1999. Trends are
determined from a linear regression, while a Student t-test is
performed to determine if the trend is statistically significant.
In cases where the trend is statistically significant at the 95%
levels, an asterisk (*) is placed next to the trend.
Model temperatures at 50 hPa show that the majority of
models indicate some cooling since 1958, with generally
larger cooling rates since 1980. The cooling trend ranges
Atmos. Chem. Phys., 6, 5369–5380, 2006

from −0.06 to −0.61 K decade−1 in models with statistically significant trends, compared to the radiosonde observations that both show a statistically significant cooling of
∼0.47 K decade−1 . Among the models examined, 14 out
of 19 (12 out of 19) show a statistically significant cooling
trend between 1958–1999 (1979–1999). However, among
these models, the majority underestimate the observed radiosonde trend, with only four models (CSIRO-MK3.0;
GFDL-CM2.1; UKMO-HADCM3) near or above the radiosonde trend. The two simulations by MIROC3.2h/m were
also close to the observed trend, but were not statistically significant probably due to high variability caused by excessive
sensitivity to volcanoes. As discussed below, the models that
include ozone depletion forcing were much closer to observations compared to models without ozone trends.
The most apparent feature in the 50 hPa temperature time
series outside of the cooling trend are the three warming perturbations corresponding to the volcanic eruptions
of Mt. Agung (1963), El Chichón (1982) and Mt. Pinatubo
(1991). The warming results from increases in the absorption
of incoming solar radiation and the absorption of outgoing
infrared radiation by volcanic aerosols (Ramaswamy et al.,
2001). As indicated in the forcing table (Table 1), eight of
the models used for the IPCC include volcanic perturbations,
although it was reported that two other models also included
volcanic perturbations and yet did not show any corresponding temperature response.
A simple analysis is performed to estimate the response in
temperature due to the three large volcanic eruptions. The average model temperature for the five years prior to the eruption is subtracted from the temperature one year following
the eruption. In this way, we can compare the model response
with the radiosonde observation.
The model warming associated with the Mt. Agung eruption in 1963 and El Chichón in 1982 range from 0.5 K to
2.4 K compared to the radiosonde observations that warmed
globally by between 0.4 K–0.6 K. The Mt. Pinatubo eruption
produced a large temperature response observed in both radiosonde and satellites (Free and Angell, 2002; Karl et al.,
2006) of about 1 K, while the models that include volcanic
aerosols range from 1K to 3.5 K. The tendency of the models to overestimate the volcanic induced warming is especially large in a subset of the models. A comparison of
the model and observed temperature response shows that
about half the models that include volcanic aerosols (i.e.,
CCSM3, MIROC3.2 and PCM) overestimate the observed
warming by a factor of 1.8–3.7. The excessive warming seen
in MIROC3.2 has also been noted in Stenchikov et al. (2006).
At higher altitudes (10 hPa; not shown), cooling trends
are consistently larger and the magnitude of temperature
variations associated with volcanic perturbations is reduced.
Qualitatively, the trend toward stronger cooling with altitude
generally agrees with the results of Shine et al. (2003) at
10 hPa and will be discussed further below.
www.atmos-chem-phys.net/6/5369/2006/
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Figure 7. The vertical distributions of
−1model average global temperature trends in K decade are

Global model trends at altitudes from the surface to 10 hPa
calculated between 1958–1999 are compared with the corresponding radiosonde observations in Fig. 7. The 2-sigma uncertainty in the HadAT2 and RATPAC-A radiosonde trends
are computed using the standard error, while each measurement was assumed to be independent
where autocorrelation
28
has not been accounted for. The radiosonde trends, which
are in good overall agreement with each other, show warming within the troposphere between 0.1 to 0.2 K decade−1 at
the surface to between 0.1 to 0.3 K decade−1 up to 250 hPa.
Between 200 and 150 hPa, the crossover point between tropospheric warming and stratospheric cooling in both radiosonde observations are collocated, while there are large
differences among the models. Above 100 hPa, atmospheric
cooling increases with altitude up to about −0.5 K decade−1
at 50 hPa. Model predictions generally range from 0.05
to 0.2 K decade−1 at the surface to 0.1 to 0.3 K decade−1
at 250 hPa. In the upper levels, the range of model
trends becomes wider, ranging from −0.6 to 0 K decade−1
at 50 hPa, compared to a radiosonde calculated trend of
−0.5 K decade−1 . While the majority of models are within
the 2-sigma uncertainty of the radiosonde observations in the
lower and middle troposphere (e.g., at 500 hPa, 16/19 models are within the uncertainty), in the upper troposphere and
lower stratosphere, the majority of models show not enough
cooling and are outside the uncertainty (e.g., at 50 hPa, 4/19
models are within uncertainty). While a cooling bias in
the temperature trends derived from radiosonde observations may exist (e.g., Randel and Wu, 2006; Seidel et al.,
2004), most models simulate the past stratospheric temperature trends quite poorly.
A potential explanation for why some of the models used
for the IPCC compare poorly to radiosonde temperature
trends is the absence of stratospheric ozone depletion (Rawww.atmos-chem-phys.net/6/5369/2006/
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Figure 8. The model average global temperature trend calculated between 1958-99 (left) and
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maswamy et al., 2006; Shine et al., 2003). As illustrated
in Table 1, of the 19 models that we compare for the 20th
century, all models include well-mixed greenhouse gas forcing while only 11 include stratospheric ozone depletion. To
explore this further, temperature trends for models with and
without ozone depletion are compared in Fig. 8 for the two
time periods of 1958–1999 and 1979–1999. The simulations
are separated based on the inclusion of stratospheric ozone
depletion and model temperature trends are averaged in these
two groups. The temperature trends from the RATPAC-A
and HadAT2 radiosonde observations are also averaged, and
the 2-sigma estimate of the trend uncertainty is indicated using horizontal lines. For the calculations of temperature trend
between 1979–1999, satellite-derived trends computed from
the RSS MSU analyses and their 2-sigma uncertainty are also
shown, along with the approximate vertical range of these
observations.
In the trend calculations for both time periods, the models that include ozone depletion are significantly closer to
the observations than the models that omit ozone variations.
In the trend between 1958–1999, the 50 hPa
trend for the models with ozone depletion average almost
−0.4 K decade−1 while the models without ozone depletion
are around −0.1 K decade−1 . In this case, the models with
ozone depletion are within the range of uncertainty for the
radiosonde observations. In the lower stratosphere/upper troposphere near (150–100 hPa), even models with ozone depletion fall outside the uncertainty of radiosonde observations,
while below 150 hPa, the models with ozone depletion are
Atmos. Chem. Phys., 6, 5369–5380, 2006
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results are qualitatively consistent with Shine et al. (2003)
who found significant divergence in the magnitude of model
derived vertical temperature trends even when the same
ozone trend datasets were employed in different models. As
discussed previously, it has been suggested that radiosonde
trends in stratospheric cooling may be too large as a result of
instrument biases at tropical latitudes (Randel et al., 2006).
Indeed there is better agreement between the models and the
satellite observations, although at 70 hPa, the models includ100
ing ozone depletion are within the uncertainty of both observational datasets.
Temperature trends in the tropics (30◦ N–30◦ S) calculated
between 1979–1999 are shown in Fig. 9. From 50 hPa up
to 10 hPa, the results look quite similar to the global model
trends. The models that include stratospheric ozone deYes O3
No O3
pletion produce a larger cooling trend compared to models
Avg Sonde
that do not. At these altitudes, the magnitude of the raSat - RSS
1000
diosonde trends is similar for the global and tropical aver-1.5
-1.0
-0.5
0.0
0.5
ages, although the 2-sigma uncertainty in the tropical trend
Trend (K/decade)
is about 20% larger than the global value. In the lower stratosphere and upper troposphere, the models show larger warmFig. 9. As in Fig. 8 except for the tropical trend (30◦ N–30◦ S)
ing trends in the tropics compared with the global trends.
between 1979–1999 trend. Satellite observations are given by the
Figure 9. As in Fig 8 except for the tropical trend (30ºN-30ºS) between 1979-99. Satellite
triangle symbol, where the thin vertical line represents the 2-sigma
At 150 hPa, the tropical trends with and without ozone deobservationsuncertainty
are given byand
thethe
triangle
symbol, where
the thin vertical
line represents
thin vertical
line represents
the approximate
ver-the 2-sigma
pletion are between 0.1 and 0.2 K decade−1 more positive
of the
observations.
uncertainty tical
and range
the thin
vertical
line represents the approximate vertical range ofthan
the the global trends. The crossover point between tropospheric warming and stratospheric cooling for the models inobservations.
cluding stratospheric ozone depletion is around 150 hPa for
within the radiosonde uncertainty and the models without
the global dataset and nearly 100 hPa for the tropical data.
ozone depletion remain outside the observations all the way
These changes are also reflected in the radiosonde observadown to 700 hPa.
tions, where the crossover point is estimated at 250 hPa globThe crossover point between the tropospheric warming
ally and near 200 hPa in the tropics. Thompson and Solomon
and stratospheric cooling is also significantly different be(2005) found similar vertical profiles of temperature trends
tween the two model groups. The models with ozone deover 1979–2003 using both NCEP reanalysis and radiosonde
pletion show a crossover point at around 150 hPa, while the
datasets.
models without ozone depletion show a crossover point at
Below 200 hPa, the models and both satellite and ra70 hPa or about 4.8 km higher in altitude. From 200 hPa
diosonde observations show statistically similar magnitudes
down to the surface, the models
in tropical warming trends, although the models are system30 including ozone depletion
are within the range of uncertainty for the radiosonde obatically warmer than the observations. The maximum warmservations, while the models without ozone depletion are
ing trend in the tropical troposphere occurs near 300 hPa at
warmer than the observations down to 500 hPa.
around 0.3 K decade−1 , while the maximum warming trend
The global trends computed for the years 1979–1999 show
in the global troposphere occurs near 200 hPa at around
a similar overall pattern compared to the 1958–1999 data,
0.2 K decade−1 . The larger warming in the tropics compared
although the rate of the tropospheric warming and stratoto the extratropics has been observed in previous model inspheric cooling is greater over the last two decades. The
tercomparisons (e.g., IPCC, 2001) and the larger warming in
larger stratospheric cooling since 1979 is not surprising conthe free troposphere compared to the surface was also identisidering most ozone depletion has occurred since 1979. In
fied in some observational trends and in the current group of
addition, the models also show better agreement to each
IPCC models (Karl et al., 2006; Santer et al., 2005). The difother, and with both radiosonde and satellite observations
ference between the average models with and without ozone
from the surface to 300 hPa. At higher altitudes, howdepletion in the upper troposphere and lower stratosphere
ever, the spread between the two model groups is larger
(200 hPa–50 hPa) is less in the tropics compared to the global
than during 1958–1999. At 50 hPa, the temperature trend
trends.
is −0.6 K decade−1 for the models with ozone depletion
This analysis illustrates the importance of including ozone
and −0.1 K decade−1 for the models without ozone deplevariations for accurate calculations of trends in the lower
tion, while the radiosonde and satellite observations are
stratosphere and upper troposphere. The significant differ−0.8 K decade−1 and −0.45 K decade−1 respectively. These
ence between the two groups of models suggests that incluPressure

10
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sion of ozone trends is critical to correctly modeling the longterm temperature variability in the stratosphere and may also
be important to tropospheric climate. It is also noted that
during the 1979–1999 period, two large volcanic eruptions
produced large temperature perturbations and thus increased
the uncertainty of the trend calculation during this period.
Thus, the inclusion of volcanic aerosol is also important for
assessing long-term climate variations in the stratosphere.

5

Discussion

Using MSU4 weighted temperature trends, Ramaswamy
et al. (2006) recently attributed stratospheric temperature
changes since 1979 to a combination of human and natural factors. Good agreement between models and observations were found when including well-mixed greenhouse
gas changes, ozone changes and natural solar and volcanic
changes. Each forcing contributed to the overall temperatureresponse time series. Their conclusions were based on results
from a single model. Our findings generally support their
conclusion across a wide range of models. However, our results also suggest that ozone and volcanic forcings need to
be carefully evaluated and implemented in models. In particular, most models that included volcanic aerosols appear to
have too much lower stratospheric (50 hPa) warming associated with Mt Pinatubo.
For many years there has been controversy over apparent differences in modeled and observed temperature trends
in the free troposphere, comparing trends from radiosondes, satellites and models (e.g., NRC, 2004). The recent
Climate Change Science Program (CCSP) report (Karl et
al., 2006) and the papers it cites (e.g., Fu et al., 2004) resolve many of these issues. Our findings also tend to support the conclusions of this report, that models and observed
trends appear in agreement, within their respective uncertainties. However, the CCSP report also notes that in the tropics
“while almost all model simulations show greater warming
aloft, most observations show greater warming at the surface”. Our results also support this conclusion. In particular
they point to a real difference in the upper tropical troposphere. Since 1979 there seems to have been a real cooling trend in the radiosonde observations down to altitudes
around 200 hPa, whereas in models it is almost impossible
to get a cooling below 100 hPa. They all exhibit a typical
moist-adiabatic type of response (see e.g., Karl et al., 2006).
Although the cooling trend in radiosonde datasets could be
up to 0.1 K decade−1 too large in this region (Randel and
Wu, 2006) and radiosonde trends have many uncertainties,
this difference appears real.
Reasons for this difference could be associated with convection schemes in the models and/or their upper tropospheric water vapor feedback and/or resolution in the upper troposphere. Much of the upper tropical troposphere
(often termed the Tropical Tropopause Transition layer or
www.atmos-chem-phys.net/6/5369/2006/
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sub-stratosphere) is above typical altitudes of convective outflow (e.g., Folkins et al., 1999; Gettelman and Forster, 2002;
Thuburn and Craig, 2000) and as such may behave more like
part of the stratosphere (Forster et al., 1997; Thuburn and
Craig, 2000). Forster and Collins (2004) also suggest that
although the water vapor feedback is generally well understood, the water vapor feedback in the upper troposphere may
not be particularly well represented by model simulations of
the Mt Pinatubo eruption. In the AOGCMs, relative humidity
stays more or less constant with altitude (Karl et al., 2006).
If this is not occurring in reality or if stratospheric radiative
processes are playing more of a dominant role in the 200–
100 hPa region than the AOGCMs suggest, then temperature
trends could be more negative than typical models suggest in
this region. Randel et al. (2006) suggest that recent temperature changes around the tropical tropopause could have been
caused by a radiative response to a combination of ozone
and water vapor changes; perhaps similar mechanisms are
controlling the observed temperature trends in the 200 hPa–
100 hPa region and current AOGCMs are unable to capture
these mechanisms. As the water vapor feedback from this
region is very important for tropospheric climate evolution,
our work suggests the need for a more focused effort to try
and understand the large scale processes governing temperature trends in the region, as well as efforts to make sure that
AOGCMs can adequately simulate these responses.

6

Conclusions

AOGCM simulations submitted for the Fourth Assessment
Report of the IPCC are analyzed to assess the ability of
these models to simulate stratospheric variability and trends.
Model temperature simulations are compared with NCEP reanalysis, and show that model to model variability is larger in
the stratosphere compared to the troposphere, even when natural variability is considered. Model simulations that include
volcanic aerosols are necessary to reproduce the observed interannual variability in the stratosphere, although about half
the models that include volcanic aerosols tend to significantly
over predict the temperature response at 50 hPa. Although a
cold temperature bias in relation to NCEP is seen in a majority of the models throughout the stratosphere, the presence of
a cold pole bias is only evident at 10 hPa during the winter.
At 50 hPa, most models are within the NCEP variability in
the NH winter, and within or warmer than the NCEP variability in the SH winter. However, at 10 hPa, about half the
models are between 10–15 K colder than NCEP. It appears
that this difference is related to representation of the stratosphere within each model. In models with few stratospheric
levels and a relatively low model top, the cold pole bias is
about 9 K larger than the models with more stratospheric levels and a higher model top. This comparison suggests that
in the present collection of models used by the IPCC, about
half the models do not possess a high enough model top to
Atmos. Chem. Phys., 6, 5369–5380, 2006
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accurately simulate stratospheric variability at 10 hPa. This
shortcoming is expected to affect other fields at 10 hPa and is
likely to contribute to unrealistic variability at lower levels,
although this has not been explicitly verified in this study and
remains a topic of future study.
Stratospheric temperature trends in models are compared
to existing radiosonde and satellite observed trends. In general, the models tend to underestimate the cooling trends in
the stratosphere observed over the last forty years. The cooling of the stratosphere, which is largely controlled by declines in stratospheric ozone and increases in tropospheric
GHGs, is only well simulated in models that include ozone
depletion over the last thirty years. This agrees with previous studies (i.e., Shine et al., 2003) that examined how temperature responds to ozone, GHG and water vapor changes
using a middle atmosphere model. Our work, however,
shows that the largest discrepancy between model trends and
observations is found in the upper troposphere and lower
stratosphere, where even models that include ozone depletion do not cool as much as the observations. This discrepancy appears largest between 1979–1999, in tropical latitudes (30 N–30 S) between 100–200 hPa. Although tropical
radiosonde observations may themselves possess a spurious
cooling trend, our analysis suggests that these differences appear real and should motivate further investigations to identify the source of these differences.
Over the next century, we expect that stratospheric temperatures will continue to change. Simulations of the 21st
century used for the IPCC AR4 (not shown) indicate that
the stratosphere will continue to cool, although there is a
wide range of projections. Model predictions show that the
strength of cooling in the stratosphere is dependent on both
the particular emission scenario, which indicates the level
of greenhouse gas forcing, and the amount of stratospheric
ozone. However, because of difficulties in obtaining information regarding the ozone distribution used in 21st century simulations, coupled with the wide variations in future
ozone distributions between the models, a more detailed understanding of how temperature will vary in the future is
especially challenging with this dataset. This demonstrates
how important experimental design and availability of metadata can be in model intercomparisons.
As stratospheric temperatures and winds are also sensitive to variations in tropospheric wave processes, it is also
important to investigate how gravity and larger scale wave
processes are represented in models, and whether model biases are introduced through the particular implementation of
these processes. At present there remains significant uncertainty concerning dynamical processes associated with the
parameterization of gravity waves and propagation of planetary waves in global models (e.g., Austin et al., 2003; Shepherd and Shaw, 2004). With concurrent changes in ozone
and GHGs, there is an important need to understand how
changes in wave-mean flow interaction in the middle atmosphere may affect climate both in the stratosphere and troAtmos. Chem. Phys., 6, 5369–5380, 2006

posphere (Cordero and Nathan, 2005; Nathan and Cordero,
2006), and to assess how these processes are represented in
climate models.
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Randel, W. J., Wu, F., Vömel, H., Nedoluha, H. G., and Forster,
P. M. d. F.: Decreases in stratospheric water vapor since
2001: Links to changes in the tropical tropopause and the
Brewer-Dobson circulation, J. Geophys Res., 111, D12312,
doi:10.1029/2005JD006744, 2006.
Rind, D.: Climatology: The sun’s role in climate variations, Science, 296, 673–677, 2002.
Rind, D., Shindell, D., Perlwhitz, J., and Lerner, J.: The Relative Importance of Solar and Anthropogenic Forcing of Climate
Change between the Maunder Minimum and the Present, J. Climate, 17, 906–929, 2004.
Santer, B. D., Sausen, R., Wigley, T. M. L., Boyle, J. S., AchutaRao,
K., Doutriaux, C., Hansen, J. E., Meehl, G. A., Roeckner, E.,
Ruedy, R., Schmidt, G. A., and Taylor, K. E.: Behavior of
tropopause height and atmospheric temperature in models, reanalyses and observations: Decadal changes, J. Geophys Res.,
108, D14002, doi:10.1029/2002JD002258, 2003a.
Santer, B. D., Wehner, M. F., Wigley, T. M. L., Sausen, R., Meehl,
G. A., Taylor, K. E., Ammann, C., Arblaster, J., Washington, W.
M., Boyle, J. S., and Bruggemann, W.: Contributions of anthropogenic and natural forcing to recent tropopause height changes,
Science, 301, 479–483, 2003b.
Santer, B. D., Wigley, T. M. L., Mears, C., Wentz, F. J., Klein, S. A.,
Seidel, D. J., Taylor, K. E., Thorne, P. W., Wehner, M. F., Gleckler, P. J., Boyle, J. S., Collins, W. D., Dixon, K. W., Doutriaux,
C., Free, M., Fu, Q., Hansen, J. E., Jones, G. S., Ruedy, R., Karl,
T. R., Lanzante, J. R., Meehl, G. A., Ramaswamy, V., Russell,
G., and Schmidt, G. A.: Amplification of surface temperature
trends and variability in the tropical atmosphere, Science, 309,
1551–1556, doi:10.1126/science.1114867, 2005.
Seidel, D. J., Angell, J. K., Christy, J., Free, M., Klein, S. A., Lanzante, J. R., Mears, C., Parker, D. E., Schabel, M., Spencer, R.,
Sterin, A., Thorne, P. W., and Wentz, F. J.: Uncertainty in signals of large-scale climate variations in radiosonde and satellite
upper-air temperature datasets, J. Climate, 17, 2225–2240, 2004.
Shepherd, T. G. and Shaw, T. A.: The angular momentum constraint
on climate sensitivity and downward influence in the middle atmosphere, J. Atmos. Sci., 61, 2899–2908, 2004.
Shindell, D. T. and Schmidt, G. A.: Southern hemisphere climate
response to ozone changes and greenhouse gas increases, Geo-

Atmos. Chem. Phys., 6, 5369–5380, 2006

5380

E. C. Cordero and P. M. de F. Forster: Stratospheric variability and trends

phys. Res. Lett., 31, L18209, doi:10.1029/2004GL020724, 2004.
Shine, K. P., Bourqui, M. S., Forster, P. M. F., et al.: A comparison
of model-simulated trends in stratospheric temperature, Q. J. R.
Met. Soc., 129, 1565–1588, doi:10.1256/qj.02.186, 2003.
Sigmond, M., Siegmund, P. C., Manzini, E., and Kelder, H.: A simulation of the separate climate effects of middle-atmosphere and
tropospheric CO2 doubling, J. Climate, 17, 2352–2367, 2004.
Stenchikov, G., Hamiliton, K., Stouffer, R. J., Robock, A., Ramaswamy, V., Santer, B. D., and Graf, H.-F.: Arctic oscillation
response to volcanic eruptions in the IPCC AR4 climate models, J. Geophys. Res., 111, D07107, doi:10.1029/2005JD006286,
2006.
Stenchikov, G., Robock, A., Ramaswamy, V., Schwarzkopf, M.
D., Hamiliton, K., and Ramachandran, S.: Arctic oscillation response to the 1991 Mount Pinatubo eruption: effects of volcanic
aerosols and ozone depletion, J. Geophys Res., 107(D24), 4803,
doi:10.1029/2002JD002090, 2002.
Stuber, N., Ponater, M., and Sausen, R.: Is the climate sensitivity to
ozone perturbations enhanced by stratospheric water vapor feedback, Geophys. Res. Lett., 28, 2887–2890, 2001.

Atmos. Chem. Phys., 6, 5369–5380, 2006

Tett, S. F. B., Mitchell, J. F. B., Parker, D. H., and Allen, M. R.: Human influence on the atmospheric vertical temperature structure:
Detection and observations, Science, 274, 1170–1173, 1996.
Thompson, D. W., Baldwin, M. P., and Solomon, S.: Stratospheretroposphere coupling in the Southern Hemisphere, J. Atmos.
Sci., 62, 708–715, 2005.
Thompson, D. W. and Solomon, S.: Recent stratospheric climate
trends as evidenced in radiosonde data:Global structure and tropospheric linkages, J. Climate, 18, 4785–4795, 2005.
Thorne, P. W., Parker, D. E., Tett, S. F. B., Jones, P. D., McCarthy,
M., Coleman, H., and Brohan, P.: Revisiting radiosonde upper air
temperature from 1958 to 2002, J. Geophys. Res., 110, D18105,
doi:10.1029/2004JD005753, 2005.
Thuburn, J. and Craig, G. C.: Stratospheric influence on tropopause
height: The radiative constraint, J. Atmos. Sci., 57, 17–28, 2000.
WMO: Scientific assessment of ozone depletion:2002. Global
ozone research and monitoring project, Report number 47, 498,
2003.

www.atmos-chem-phys.net/6/5369/2006/

