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Abstract. Atmosphere and ocean general circulation modell Introduction

(AOGCM) experiments for the Intergovernmental Panel on

Climate Change Fourth Assessment Report (AR4) are anaGeneral Circulation Models (GCMs) are important tools for
lyzed to better understand model variability and assess th@ssessing how natural and anthropogenic forcings affect our
importance of various forcing mechanisms on stratospheri¢limate and their predictions form the basis of our knowledge
trends during the 20th century. While models represent theof future climate change. Climate models have evolved and
climatology of the stratosphere reasonably well in compar-improved into the currently used coupled Atmosphere Ocean
ison with NCEP reanalysis, there are biases and large variGCMs (AOGCMs). To better represent the many physi-
ability among models. In general, AOGCMs are cooler thancal processes, horizontal and vertical resolution has also in-
NCEP throughout the stratosphere, with the largest differ-creased. Current models whose data will be used in Intergov-
ences in the tropics. Around half the AOGCMs have a top€rnmental Panel on Climate Change (IPCC) Fourth Assess-
level beneath~2hPa and show a significant cold bias in ment Report (AR4) focus on simulating the response of the
their upper levels{10 hPa) compared to NCEP, suggesting surface and troposphere. The stratosphere of most of these
that these models may have compromised simulations nedfodels tends to be poorly resolved. In contrast, past strato-
10 hPa due to a low model top or insufficient stratosphericspheric ozone assessment reports (e.g., WMO, 2003) tend
levels. In the lower stratosphere (50 hPa), the temperaturé0 use data from models that focus resolution on the strato-
variability associated with large volcanic eruptions is absentsphere. For a number of reasons it is becoming increasingly
in about half of the models, and in the models that do includeapparent that accurate simulations of the stratosphere are im-
volcanic aerosols, half of those significantly overestimate thePortant to determine the evolution of the surface climate and
observed warming. There is general agreement on the vertiother aspects of climate change.

cal structure of temperature trends over the last few decades, 1) Stratospheric temperature trends may provide some of
differences between models are explained by the inclusiorihe best evidence for attributing climate change to humans
of different forcing mechanisms, such as stratospheric ozonéRamaswamy et al., 2006; Santer et al., 2005; Shine et al.,
depletion and volcanic aerosols. However, even when hu2003; Tett et al., 1996). Different climate forcing mecha-
man and natural forcing agents are included in the Simu.nismS such as carbon dioxide and solar constant changes are
lations, significant differences remain between observationgnore readily distinguishable in their stratospheric response,
and model trends, particularly in the upper tropical tropo- compared to their surface response, which is often very sim-
sphere (200 hPa—100 hPa), where, since 1979, models shol@r between forcing agents (e.g., Forster et al., 2000). Fur-

a warming trend and the observations a cooling trend. ther, human and natural effects can also be readily distin-
guished in tropopause height changes, which are a product

of the tropospheric warming and stratospheric cooling asso-
ciated with many human forcing agents (Santer et al., 2003a;
Santer et al., 2003b).
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o were not specifically designed for stratospheric simulation.
To aid climate-change attribution, we then expand this inter-
nn M comparison to look at temperature trends in the stratosphere
® U 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
aaaaa of predictions for the 21st century. This work also aims to
shed light on the potential for stratospheric change to af-
fect temperatures in the upper troposphere, although this is
not the focus of the paper. In Sect. 2, a brief description of
S i the IPCC models and various observation-based datasets are
T - given. Model simulations and their comparisons with obser-
vations are given in Sect. 3, while Sect. 4 is devoted to un-
derstanding 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

. N conclusions in Sect. 6.
2) It has been shown that stratospheric variability and

changes, particularly in the Northern and Southern Hemi-
sphere polar vortices can affect the weather and climate 05 \1odel and observed data
the troposphere (e.g., Shindell and Schmidt, 2004; Thomp-

son et al., 2005). In particular Thompson et al. (2005) andtpe analysis uses AOGCM simulations from the IPCC
Gillett and Thompson (2003) showed that part of the sur-npodel archive at the Program for Climate Model Diagno-
face cooling in and around Antarctica could be associated;ig 5nd Intercomparison (PCMDI). Nineteen AOGCM sim-
with stratospheric ozone loss affecting the stratospheric poyjations submitted to the archive from groups in ten dif-
lar vortex. In addition, several papers (e.g., Miller et al., ferent countries are compared using wind and temperature
2006; Stenchikov et al., 2002) show that strong tropical vol-fie|ds from the climate of the 20th century experiments. For
canic eruptions (e.g., Mt. Pinatubo) and ozone depletion caych model, the run 1 simulation was used, even if multi-
both affect the winter arctic oscillation in the Northern Hemi- ple ensemble members were available. These models incor-
sphere. However it also appears that a well resolved stratoporate various natural and anthropogenic forcings including
spherg is required tg accurately produpe the correct ropoghanges in ozone distribution, greenhouse gases and aerosols
spheric response (Gillett et al., 2002; Sigmond et al., 2004). gjstribution, although not all models incorporate all of these

3) Several forcing or feedback mechanisms have a compoforcing mechanisms. A list of the model forcings directly
nent associated with the stratosphere. Modeling the effectgelevant to the stratosphere is given in Table 1 and will be
of stratospheric ozone depletion and explosive volcanic erupdiscussed further in the next section.
tions have benefited from a better representation of the strato- The submitted model simulations record data at 17 vertical
sphere (Houghton et al., 2001). Solar irradiance changes majvels in the atmosphere (1000, 925, 850, 700, 600, 500, 400,
also have an effect on surface climate through inducing dy-300, 250, 200, 150, 100, 70, 50, 30, 20, 10 hPa). The actual
namical changes in the stratosphere (Haigh, 2001; Haigh eiodel top and number and placement of stratospheric levels
al., 2005; Nathan and Cordero, 2006; Rind, 2002, 2004). It isyary from model to model, and are shown in Fig. 1. While
also important to resolve stratospheric water vapor changeghe majority of models do have a model top above 10 hPa,
as these can have a large effect on surface climate, as wehe number of levels above the tropopause and the vertical
as in the stratosphere (e.g., Forster and Shine, 2002). Fagesolution varies widely. Of the 19 models, only eight have
example Stuber et al. (2001) found that the ECHAM4 GCM more than three levels above 10 hPa. This scarcity of model
had a very strong feedback associated with stratospheric waevels in the stratosphere may be a significant impairment to
ter vapor increases resulting from tropopause temperature inaccurately resolving the large scale structure and variability
creases. of the stratosphere (Hamilton et al., 1999).

Pawson et al. (2000) designed an intercomparison to com- Observational climatologies of temperature are used from
pare and characterize the stratosphere using GCMs from hoth satellite and radiosonde observations. These include
variety of modeling groups. In this paper we repeat aspects oflata from the Microwave Sounding Unit (MSU) carried on
this intercomparison for the current IPCC AOGCMs which the NOAA polar orbiting satellites. Retrievals from the MSU

Altitude (km)
T
Pressure (hPa)

Fig. 1. Approximate altitude of the vertical levels for models sub-
mitted to the IPCC ARA4.
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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, 0zone
refers to changes in stratospheric ozone and solar refers to changes in solar irradiance. The term Z-top refers to the approximate altitude o
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 \olcanic Ozone Solar Z-top S-lev Model top
BCCR-BCM2.0 Y N N N 33 5 Low
CCSM3 Y Y Y Y 40 7 Low
CGCM3.1(T47) Y N N ? 49 11 High
CNRM-CM3 Y N NP N 76 17 High
CSIRO-MK3.0 Y N Y N 38 3 Low
ECHAM5/MPI-OM Y N Y ? 29 4 Low
FGOALS-g1.0 Y N N Y 45 9 High
GFDL-CM2.0 Y Y Y Y 35 3 Low
GFDL-CM2.1 Y Y Y Y 35 3 Low
GISS-AOM Y N N N 33 3 Low
GISS-EH Y Y Y Y 67 9 High
GISS-ER Y Y Y Y 67 9 High
INM-CM3.0 Y N& N N 32 6 Low
IPSL-CM4 Y N N N 32 7 Low
MIROC3.2(hires) Y Y Y Y 45 19 High
MIROC3.2(medres) Y Y Y Y 67 6 High
MRI-CGCM2.3.2 Y N N Y 54 8 High
PCM Y Y Y Y 43 7 Low
UKMO-HadCM3 Y N Y ? 39 5 Low

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

provide atmospheric temperature at broadly defined levels o€ussion of observational uncertainties will be provided in

the troposphere and lower stratosphere. In this study, weect. 5.

use a climatology of MSU temperature data compiled by Re- The model data will also be compared to the National Cen-

mote Sensing Systems (RSS, Mears et al., 2003) of channeér for Environmental Prediction/National Center for Atmo-

2 (MSU2) and channel 4 (MSUA4) retrievals of monthly and spheric Research (hereafter NCEP) Reanalysis. The NCEP

zonally averaged gridded temperature anomalies betweedata are derived using atmospheric general circulation mod-

1979-99. els in a data assimilation system using in-situ and remotely

sensed observations (Kistler et al., 2001). The NCEP re-

We use two radiosonde datasets compiled from the groupanalysis is available from 1948, but for stratospheric com-

at the Hadley Centre (HadAT2, Thorne et al., 2005) andparisons, only since the beginning of satellite observations

the NOAA (RATPAC-A, Free et al., 2005). These datasets,in 1979 are the data likely to be reliable for global strato-

which use subsets of the global radiosonde network and spaspheric studies (Randel et al., 2004). Although the ERA-40

the years 1958-2004, are compiled into monthly averageeanalysis dataset has a higher range of altitudes, there are

temperature anomalies. While these recently developed raaot significant differences between NCEP and ERA-40 in the

diosonde climatologies incorporate various adjustments tastratosphere (Randel et al., 2004), and thus we will only show

account for data inhomogeneities (Free et al., 2004), a reresults using the NCEP reanalysis.

cent 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 potential3 20th century climate: model intercomparison

cold bias in the tropical lower stratosphere radiosonde ob-

servations will be considered in the subsequent model comThe AOGCMs participating in the IPCC model comparison

parisons. While uncertainties regarding the MSU and ra-represent the most advanced and comprehensive set of cli-

diosonde observations exist, previous analyses suggest thatate simulations so far produced. Simulations for the 20th

these datasets are appropriate for the study of large scaleentury have been compared with each other and with avail-

atmospheric variations (Seidel et al., 2004). A further dis-able observations. In Table 1, we identify a subset of forc-

www.atmos-chem-phys.net/6/5369/2006/ Atmos. Chem. Phys., 6, 5368-2006



5372 E. C. Cordero and P. M. de F. Forster: Stratospheric variability and trends

O T ek BemZ6 N TR
4 ccsm3 . \1,:
/' \
(]

csiro-mk3.0.
echam5-mpi-o

300 T T T T T

bcer-bem2.0

ccsm3 inm-cm3.0
ipsl-cm4

csiro-mk3.0
echam5-mpi-om

280

260

inm-cm3.0

100 !
ipsl-cm4

100+

Temp (K)

Altitude (hPa)
s = \?/7//

Altitude (hPa)

200000 1 e 1000t ., 4
200 220 240 260 280 300 -10 -5 0 10 > > > L L n n L
Temp (K) Model Temperature Bias (K) -50 0 50
Latitude

Fig. 2. Globally averaged temperature (left) and model tempera-rig 3 zonally and annually averaged temperature at 500 hPa (up-

ture bias (right) between 1979-1999 for the climate models and theper) and 50 hPa (lower) between 1979-1999 from the climate mod-
NCEP reanalysis. The lines identifying each model alternate be s ang NCEP. The -variation in the NCEP reanalysis is shown
tween solid and dashed, so that for each color the first listed modelln the heavy black vertical lines, and the colors are as in Fig. 2.
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. 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.

ingS used in the IPCC simulations of the 20th Century climate A Comparison of Zona”y averaged temperatures averaged
that directly influence the stratosphere. The information onpetween 1979-1999 at 500 hPa and 50 hPa from the models
model forcing was largely obtained from the IPCC model and NCEP is displayed in Fig. 3. In the middle troposphere,
website, where modeling groups supplied information aboutthe models are within 5K of each other and the NCEP re-
their runs. For model simulations where the supplied infor- analysis, with the uncertainty in NCEP less than 5K at all
mation did not appear to match the model temperature simtatitudes. At 500 hPa the largest difference between models
Ulations, a note was made. While all the models include th%nd observations is seen at the p0|ar NH' where the mod-
steady increase in greenhouse gas forcing, the models diffes|s are consistently colder than NCEP. An evaluation of sea-
in their inclusion of variations in stratospheric ozone deple-sonal temperature variations (not shown) shows that during
tion, volcanic aerosols and variations in solar radiation. Inpoth December, January, February (DJF) and June, July, Au-
the following section, an analysis of model experiments isqust (JJA), most models are cooler than NCEP in the NH,
made to assess model performance and the role of varioughile in the SH, there does not appear a similar bias. In
forcing processes. the stratosphere, the range of temperatures between models

Figure 2 shows a vertical profile of the annual averageis larger than in the troposphere, with a spread in magnitude
global temperature from the IPCC models and the modebf about 11K in the tropics and poles and a slightly smaller
temperature bias with respect to the NCEP reanalysis. Theange at midlatitudes. As shown by the uncertainty in the
temperature distribution is averaged between 1979-1999 anNCEP reanalyses, the natural variability in the stratosphere
ranges from the surface to 10 hPa. The temperature distriand especially near the polar stratosphere is larger than in the
bution illustrates the delineation in lapse rate between thdroposphere.
troposphere and stratosphere, and the minimum in temper- Atthe poles, the models generally are in reasonable agree-
ature at the tropopause. Near the surface and throughouhent with the NCEP analyses, with no apparent cold pole
the middle troposphere, the IPCC models agree reasonablyiases that was a feature of older versions of GCMs (e.g.,
well with each other and are generally within 2-3 K of the Pawson et al., 2000). In fact, the corresponding winter (DJF)
NCEP reanalysis, while at higher altitudes, the spread amongolar temperatures in the NH are almost all within the NCEP
the models increases. For example, at 700 hPa, the rangecertainty, while in the SH, of the 11 models that are out-
of IPCC models differ by only~3 K, while at 200hPa and side the NCEP uncertainty, eight of the models are biased
10 hPa, the models differ by 6 K and 17 K respectively. Bothwarm. In the tropics, a majority of the model simulations are
the NCEP standard deviation and the model bias compared toooler than the reanalysis, and the model to model variability
NCEP are larger in the stratosphere compared to the tropas larger than in the extratropics, while the natural variability
sphere. The models generally underestimate the global temin the tropics is actually smaller than in the poles. Thus, the
perature in the stratosphere, a common GCM characteristicooling bias seen in the global average temperature (Fig. 2),
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Fig. 5. Time series of zonally averaged zonal wind at 80(left)

and 60 S (right) at 50 hPa between the year 1979-1999 for a subset
at least at 50hPa, is not from a cold pole bias, but ratheiy the submitted IPCC models and the NCEP reanalysis. Each of
from biases in the tropical latitudes. However, at higher al-the 20 years of data is plotted on top of each other and compared to
titudes, a cold pole bias is seen in many models. For exthe 20 year mean NCEP reanalysis given in the black bold line.
ample 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 betweeriémperature bias based on the inclusion of ozone depletion
70-90 S. These results imply that model representation of th&vithin these models.
planetary wave spectrum in the lower stratosphere of the win- The evolution of stratospheric winds is related to tempera-
ter hemisphere may be reasonable, while higher up this mafure variations and ultimately controlled by large scale wave
not be the case. A natural question is then what role does thactivity. In Fig. 5, the annual cycle in zonal wind at°60
location of the model lid and number of stratospheric levelsand 60 S at 50 hPa is displayed for each of the IPCC mod-
have on these results? els and the NCEP reanalysis for the years 1979-1999. In

To evaluate the potential role of the vertical resolution andthe NH, the winds are westerly and strongest during winter
location of the model lid on the structure of stratospheric (DJF) and easterly and weak in the summer (JJA). By plot-
temperature, we group the models into two categories baseting each year on the same scale, the interannual variabil-
on the altitude of the model lid and then examine the seasondly can also be estimated. While overall there is reasonable
temperature variation between models and NCEP at three la@greement with NCEP in terms of the timing of the maxi-
itude ranges (70-9MN, 30° N-30° S and 70-99S) during ~ Mum westerly winds, there exist significant variations in the
the winter of each hemisphere (Fig. 4). The first group is la-Peak magnitude of the westerly winds and the magnitude of
beled “high” and has a model lid at or above 45 kn2(hPa; the interannual variability. The interannual variability in NH
indicated as high in Table 1) while the second group is la-DJF winds range from-6 ms™* in the CSIRO model to al-
beled “low” and has a model lid below 45 km. Figure 4 illus- Most 20ms? in the MRI model, compared to NCEP which
trates the results of this comparison showing the differencdS arounc~20m st
(model — NCEP) for the two model groups in the high lati-  The variability in the SH is markedly different compared
tude winter hemisphere. During DJF and JJA, the differencewith the NH. The year to year variability of peak westerly
between models with low and high tops is only significant winds ranges from 4-10n78, almost half the variability
near 10 hPa, the top reporting altitude for the IPCC datasetseen in the NH. The smaller variability in the SH polar winds
In both cases, the models with a lower top (and fewer stratoindicates a weaker planetary wave spectrum and is gener-
spheric levels) have a cold bias at 10 hPa of nearly 15K.ally consistent with observation (Newman and Nash, 2005).
while the higher top models have a corresponding cold biadVhile the maximum winds reach over 50 misin a couple
of between 4-7 K. While there does not seem to be any staef the models, the NCEP reanalysis maximum winds ap-
tistically significant bias at lower altitudes, it is clear that fur- pears larger than all the models except the CCSM3 model.
ther analysis is required to more completely understand howHowever, because few reliable radiosonde observations in
the representation of the stratosphere affects atmospheric cithe middle to high latitude SH exist, biases in the NCEP re-
culation at lower levels. It is certainly plausible that bi- analysis may exist at these locations (Randel et al., 2004). At
ases at upper levels would alter wave-mean flow interactionhigher altitudes, the magnitude of the winter winds increases
and thus affect circulation and structure at lower levels. Wein both hemispheres, as does the range of variability between
also note that in our analysis, we don't find any systematicmodels.
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BECrBemZ 0000657 T gissergzsT T T T T T from —0.06 to —0.61 K decade! in models with statisti-
SGem3 Lid? Ia-oma D25 cally significant trends, compared to the radiosonde obser-
vations that both show a statistically significant cooling of
~0.47 Kdecadel. 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 ra-
diosonde trend, with only four models (CSIRO-MK3.0;

’ GFDL-CM2.1; UKMO-HADCM3) near or above the ra-
(S diosonde trend. The two simulations by MIROC3.2h/m were
also close to the observed trend, but were not statistically sig-
nificant probably due to high variability caused by excessive
e e “|‘| sensitivity to volcanoes. As discussed below, the models that
1950 1960 tor0 1980 1690 2000 include ozone depletion forcing were much closer to obser-

vations compared to models without ozone trends.

Fig. 6. Time series of globally averaged annual temperature The most apparent feature in the 50 hPa temperature time
anomaly averaged at 50hPa. The solid vertical black lines indi-series outside of the cooling trend are the three warm-
cate major volcanic eruptions and the bold lines (solid and dashed;»ng perturbations corresponding to the volcanic eruptions
represent the radiosonde observations from RATPAC and HadATs¢ pmt. Agung (1963), El Chichn (1982) and Mt. Pinatubo

respectivelly. Next to each model is the linear temperature trend ip(1991). The warming results from increases in the absorption
K decade -+ calculated between 1958-1999, and the lines alternate’ . . . L . .
from solid to dashed as in Fig. 2. Models with statistically signifi- of incoming solar radiation and the absorption of outgoing

cant trends are indicated with asterisk (*) after the trend. 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,
A comparison between zonal winds at°#0 and 60 S although it was reported that two other models also included
(Fig. 5) suggests that while hemispheric variations betweeryolcanic perturbations and yet did not show any correspond-
the poles are reasonably captured, important departures frofid temperature response.
the observed climatology exist. This suggests that variations A simple analysis is performed to estimate the response in
in dynamics and the characterization of large scale waves inemperature due to the three large volcanic eruptions. The av-
IPCC models may inhibit the ability of models to accurately erage model temperature for the five years prior to the erup-
resolve stratospheric variability and change. tion 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 erup-

The primary radiative forcing mechanisms responsible fortion in 1963 and El Chiobn in 1982 range from 0.5K to
global temperature changes in the stratosphere over the lagt4 K compared to the radiosonde observations that warmed
three decades have been increases in well-mixed GHG cor@3lobally by between 0.4 K-0.6 K. The Mt. Pinatubo eruption
centrations, declines in stratospheric ozone, explosive volProduced a large temperature response observed in both ra-
canic eruptions and solar changes (e.g., Ramaswamy et adiosonde and satellites (Free and Angell, 2002; Karl et al.,
2006). Increases in stratospheric water vapor may also in2006) of about 1K, while the models that include volcanic
fluence global temperature trends (e.g., Shine et al., 2003j2erosols range from 1K to 3.5K. The tendency of the mod-
As the future promises further changes in all of these forcingelS to overestimate the volcanic induced warming is espe-

processes, temperatures in the stratosphere will continue tgially large in a subset of the models. A comparison of
change. the model and observed temperature response shows that

anomaly at 50 hPa from the IPCC models and radiosond&CSM3, MIROC3.2 and PCM) overestimate the observed
observations between the years 1950 and 1999. Trends aMéarming by a factor of 1.8-3.7. The excessive warming seen
determined from a linear regression, while a Student t-test igh MIROC3.2 has also been noted in Stenchikov et al. (2006).
performed to determine if the trend is statistically significant. At higher altitudes (10 hPa; not shown), cooling trends
In cases where the trend is statistically significant at the 95%are consistently larger and the magnitude of temperature
levels, an asterisk (*) is placed next to the trend. variations associated with volcanic perturbations is reduced.

Model temperatures at 50 hPa show that the majority ofQualitatively, the trend toward stronger cooling with altitude
models indicate some cooling since 1958, with generallygenerally agrees with the results of Shine et al. (2003) at
larger cooling rates since 1980. The cooling trend rangesl0 hPa and will be discussed further below.
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Fig. 7. The vertical distributions of model average global tempera- Fig. 8. The model average global temperature trend calculated be-
ture trends in K decadé are calculated between 1958-1999. The tween 1958-1999 (left) and 1979-1999 (right). The solid (dashed)
radiosonde observations are given by the star and diamond symbolénes represent trends averaged from models with (without) strato-
and the thin horizontal line corresponds to their 2-sigma variation. spheric ozone depletion. Average radiosonde trends and their 2-
sigma variation are given by the red stars and the thin horizontal
lines respectively. In the 1979-1999 trend, the satellite observations

Global model trends at altitudes from the surface to 10 hP&€ 9\ven by the triangle symbol, where the thin horizontal line rep-
. resents the 2-sigma variation in temperature and the thin vertical

calculgted be.tween 1958_1999 are. compared with the COM&ine represents the approximate vertical range of the observations.
sponding radiosonde observations in Fig. 7. The 2-sigma un-
certainty in the HadAT2 and RATPAC-A radiosonde trends
are computed using the standard error, while each measure-
ment was assumed to be independent where autocorrelatiohaswamy et al., 2006; Shine et al., 2003). As illustrated
has not been accounted for. The radiosonde trends, whict Table 1, of the 19 models that we compare for the 20th
are in good overall agreement with each other, show warmeentury, all models include well-mixed greenhouse gas forc-
ing within the troposphere between 0.1 to 0.2 K decadst ing while only 11 include stratospheric ozone depletion. To
the surface to between 0.1 to 0.3 K decatlap to 250hPa.  explore this further, temperature trends for models with and
Between 200 and 150 hPa, the crossover point between trgvithout ozone depletion are compared in Fig. 8 for the two
pospheric warming and stratospheric cooling in both ra-time periods of 1958-1999 and 1979-1999. The simulations
diosonde observations are collocated, while there are larg@re separated based on the inclusion of stratospheric ozone
differences among the models. Above 100 hPa, atmospherigepletion and model temperature trends are averaged in these
cooling increases with altitude up to abot®.5 K decade® ~ two groups. The temperature trends from the RATPAC-A
at 50hPa. Model predictions generally range from 0.05and HadAT2 radiosonde observations are also averaged, and
to 0.2 Kdecadel! at the surface to 0.1 to 0.3Kdecade the 2-sigma estimate of the trend uncertainty is indicated us-
at 250hPa. In the upper levels, the range of modeling horizontallines. For the calculations of temperature trend
trends becomes wider, ranging fror0.6 to 0 K decade! between 1979-1999, satellite-derived trends computed from
at 50 hPa, compared to a radiosonde calculated trend dhe RSS MSU analyses and their 2-sigma uncertainty are also
—0.5K decade!. While the majority of models are within  shown, along with the approximate vertical range of these
the 2-sigma uncertainty of the radiosonde observations in th@bservations.
lower and middle troposphere (e.g., at 500 hPa, 16/19 mod- |n the trend calculations for both time periods, the mod-
els are within the uncertainty), in the upper troposphere ancls that include ozone depletion are significantly closer to
lower stratosphere, the majority of models show not enoughhe observations than the models that omit ozone vari-
cooling and are outside the uncertainty (e.g., at 50 hPa, 4/19tions. In the trend between 1958-1999, the 50hPa
models are within uncertainty). While a cooling bias in trend for the models with ozone depletion average almost
the temperature trends derived from radiosonde observa-0.4 K decade! while the models without ozone depletion
tions may exist (e.g., Randel and Wu, 2006; Seidel et al.are around-0.1 K decade!. In this case, the models with
2004), most models simulate the past stratospheric temperazone depletion are within the range of uncertainty for the
ture trends quite poorly. radiosonde observations. In the lower stratosphere/upper tro-

A potential explanation for why some of the models usedposphere near (150-100 hPa), even models with ozone deple-
for the IPCC compare poorly to radiosonde temperaturetion fall outside the uncertainty of radiosonde observations,
trends is the absence of stratospheric ozone depletion (Ravhile below 150 hPa, the models with ozone depletion are
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O e A e R 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
X \ instrument biases at tropical latitudes (Randel et al., 2006).
I Indeed there is better agreement between the models and the
satellite observations, although at 70 hPa, the models includ-
ing ozone depletion are within the uncertainty of both obser-
— vational datasets.

Temperature trends in the tropics {30-30° 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 de-

100 — B

Pressure

Yes O, . .
- Rgsos . pletion produce a larger cooling trend compared to models
[ ~  Sat-ReS. that do not. At these altitudes, the magnitude of the ra-
10000 v b w Lu - diosonde trends is similar for the global and tropical aver-
-15 -1.0 -0.5 0.0 0.5

Trend (Kidecade) ages, although the 2-sigma uncertainty in the tropical trend
is about 20% larger than the global value. In the lower strato-
Fig. 9. As in Fig. 8 except for the tropical trend (38-30°S)  Sphere and upper troposphere, the models show larger warm-
between 1979-1999 trend. Satellite observations are given by thég trends in the tropics compared with the global trends.
triangle symbol, where the thin vertical line represents the 2-sigmaAt 150 hPa, the tropical trends with and without ozone de-
uncertainty and the thin vertical line represents the approximate verpletion are between 0.1 and 0.2 K decabenore positive
tical range of the observations. than the global trends. The crossover point between tropo-
spheric warming and stratospheric cooling for the models in-
cluding stratospheric ozone depletion is around 150 hPa for
within the radiosonde uncertainty and the models WithOUtthe global dataset and nearly 100 hPa for the tropical data.
ozone depletion remain outside the observations all the waYf hese Changes are also reflected in the radiosonde observa-
down to 700 hPa. tions, where the crossover point is estimated at 250 hPa glob-
The crossover point between the tropospheric warmingally 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 de-over 1979-2003 using both NCEP reanalysis and radiosonde
pletion show a crossover point at around 150 hPa, while thejatasets.
models without ozone depletion show a crossover point at Below 200hPa, the models and both satellite and ra-
70hPa or about 4.8km higher in altitude. From 200 hPadiosonde observations show statistically similar magnitudes
down to the surface, the models including ozone depletionin tropical warming trends, although the models are system-
are within the range of uncertainty for the radiosonde ob-atically warmer than the observations. The maximum warm-
servations, while the models without ozone depletion areing trend in the tropical troposphere occurs near 300 hPa at
warmer than the observations down to 500 hPa. around 0.3K decadé, while the maximum warming trend
The global trends computed for the years 1979-1999 shovin the global troposphere occurs near 200 hPa at around
a similar overall pattern compared to the 1958-1999 data.2 K decade?!. The larger warming in the tropics compared
although the rate of the tropospheric warming and strato-to the extratropics has been observed in previous model in-
spheric cooling is greater over the last two decades. Theercomparisons (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 identi-
sidering most ozone depletion has occurred since 1979. Ified in some observational trends and in the current group of
addition, the models also show better agreement to eaclPCC models (Karl et al., 2006; Santer et al., 2005). The dif-
other, and with both radiosonde and satellite observationderence between the average models with and without ozone
from the surface to 300hPa. At higher altitudes, how- depletion in the upper troposphere and lower stratosphere
ever, the spread between the two model groups is largef200 hPa—50hPa) is less in the tropics compared to the global
than during 1958-1999. At 50hPa, the temperature trendrends.
is —0.6 Kdecade! for the models with ozone depletion  This analysis illustrates the importance of including ozone
and —0.1 K decade?! for the models without ozone deple- variations for accurate calculations of trends in the lower
tion, while the radiosonde and satellite observations arestratosphere and upper troposphere. The significant differ-
—0.8 K decade! and—0.45 K decade! respectively. These ence between the two groups of models suggests that inclu-
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sion of ozone trends is critical to correctly modeling the long- sub-stratosphere) is above typical altitudes of convective out-
term temperature variability in the stratosphere and may alsdlow (e.g., Folkins et al., 1999; Gettelman and Forster, 2002;
be important to tropospheric climate. It is also noted thatThuburn and Craig, 2000) and as such may behave more like
during the 1979-1999 period, two large volcanic eruptionspart of the stratosphere (Forster et al., 1997; Thuburn and
produced large temperature perturbations and thus increasegraig, 2000). Forster and Collins (2004) also suggest that
the uncertainty of the trend calculation during this period. although the water vapor feedback is generally well under-
Thus, the inclusion of volcanic aerosol is also important for stood, the water vapor feedback in the upper troposphere may
assessing long-term climate variations in the stratosphere. 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).
5 Discussion If this is not occurring in reality or if stratospheric radiative
processes are playing more of a dominant role in the 200—
Using MSU4 weighted temperature trends, Ramaswamyl00 hPa region than the AOGCMs suggest, then temperature
et al. (2006) recently attributed stratospheric temperatur@rends could be more negative than typical models suggest in
changes since 1979 to a combination of human and natuthis region. Randel et al. (2006) suggest that recent tempera-
ral factors. Good agreement between models and obseture changes around the tropical tropopause could have been
vations were found when including well-mixed greenhousecaused by a radiative response to a combination of ozone
gas changes, ozone changes and natural solar and volcariid water vapor changes; perhaps similar mechanisms are
changes. Each forcing contributed to the overall temperaturecontrolling the observed temperature trends in the 200 hPa—
response time series. Their conclusions were based on result$0 hPa region and current AOGCMs are unable to capture
from a single model. Our findings generally support their these mechanisms. As the water vapor feedback from this
conclusion across a wide range of models. However, our reregion is very important for tropospheric climate evolution,
sults also suggest that ozone and volcanic forcings need teur work suggests the need for a more focused effort to try
be carefully evaluated and implemented in models. In partic-and understand the large scale processes governing tempera-
ular, most models that included volcanic aerosols appear teure trends in the region, as well as efforts to make sure that
have too much lower stratospheric (50 hPa) warming associAOGCMs can adequately simulate these responses.
ated with Mt Pinatubo.
For many years there has been controversy over appar-
ent differences in modeled and observed temperature trends Conclusions
in the free troposphere, comparing trends from radioson-
des, satellites and models (e.g., NRC, 2004). The recerAOGCM simulations submitted for the Fourth Assessment
Climate Change Science Program (CCSP) report (Karl eReport of the IPCC are analyzed to assess the ability of
al., 2006) and the papers it cites (e.g., Fu et al., 2004) rethese models to simulate stratospheric variability and trends.
solve many of these issues. Our findings also tend to supModel temperature simulations are compared with NCEP re-
port the conclusions of this report, that models and observednalysis, and show that model to model variability is larger in
trends appear in agreement, within their respective uncertainthe stratosphere compared to the troposphere, even when nat-
ties. However, the CCSP report also notes that in the tropicsiral variability is considered. Model simulations that include
“while almost all model simulations show greater warming volcanic aerosols are necessary to reproduce the observed in-
aloft, most observations show greater warming at the sur-terannual variability in the stratosphere, although about half
face”. Our results also support this conclusion. In particular the models that include volcanic aerosols tend to significantly
they point to a real difference in the upper tropical tropo- over predict the temperature response at 50 hPa. Although a
sphere. Since 1979 there seems to have been a real coaleld temperature bias in relation to NCEP is seen in a major-
ing trend in the radiosonde observations down to altitudesty of the models throughout the stratosphere, the presence of
around 200 hPa, whereas in models it is almost impossible cold pole bias is only evident at 10 hPa during the winter.
to get a cooling below 100hPa. They all exhibit a typical At 50 hPa, most models are within the NCEP variability in
moist-adiabatic type of response (see e.g., Karl et al., 2006%he NH winter, and within or warmer than the NCEP vari-
Although the cooling trend in radiosonde datasets could beability in the SH winter. However, at 10 hPa, about half the
up to 0.1Kdecade! too large in this region (Randel and models are between 10-15K colder than NCEP. It appears
Wu, 2006) and radiosonde trends have many uncertaintieghat this difference is related to representation of the strato-
this difference appears real. sphere within each model. In models with few stratospheric
Reasons for this difference could be associated with conievels and a relatively low model top, the cold pole bias is
vection schemes in the models and/or their upper tropo-about 9 K larger than the models with more stratospheric lev-
spheric water vapor feedback and/or resolution in the up-els and a higher model top. This comparison suggests that
per troposphere. Much of the upper tropical tropospheren the present collection of models used by the IPCC, about
(often termed the Tropical Tropopause Transition layer orhalf the models do not possess a high enough model top to
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accurately simulate stratospheric variability at 10 hPa. Thisposphere (Cordero and Nathan, 2005; Nathan and Cordero,
shortcoming is expected to affect other fields at 10 hPa and i2006), and to assess how these processes are represented in
likely to contribute to unrealistic variability at lower levels, climate models.
although this has not been explicitly verified in this study and
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