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[1] An updated analysis of observed stratospheric temperature variability and trends is
presented on the basis of satellite, radiosonde, and lidar observations. Satellite data include
measurements from the series of NOAA operational instruments, including the Microwave
Sounding Unit covering 1979–2007 and the Stratospheric Sounding Unit (SSU) covering
1979–2005. Radiosonde results are compared for six different data sets, incorporating
a variety of homogeneity adjustments to account for changes in instrumentation and
observational practices. Temperature changes in the lower stratosphere show cooling of
�0.5 K/decade over much of the globe for 1979–2007, with some differences in detail
among the different radiosonde and satellite data sets. Substantially larger cooling
trends are observed in the Antarctic lower stratosphere during spring and summer, in
association with development of the Antarctic ozone hole. Trends in the lower stratosphere
derived from radiosonde data are also analyzed for a longer record (back to 1958);
trends for the presatellite era (1958–1978) have a large range among the different
homogenized data sets, implying large trend uncertainties. Trends in the middle and upper
stratosphere have been derived from updated SSU data, taking into account changes in the
SSU weighting functions due to observed atmospheric CO2 increases. The results show
mean cooling of 0.5–1.5 K/decade during 1979–2005, with the greatest cooling in the
upper stratosphere near 40–50 km. Temperature anomalies throughout the stratosphere
were relatively constant during the decade 1995–2005. Long records of lidar temperature
measurements at a few locations show reasonable agreement with SSU trends, although
sampling uncertainties are large in the localized lidar measurements. Updated estimates of
the solar cycle influence on stratospheric temperatures show a statistically significant
signal in the tropics (�30�N–S), with an amplitude (solar maximum minus solar
minimum) of �0.5 K (lower stratosphere) to �1.0 K (upper stratosphere).
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1. Introduction

[2] Temperature trends in the stratosphere are an impor-
tant component of global change. These trends can provide
evidence of the roles of natural and anthropogenic climate
change mechanisms; the ‘‘fingerprint’’ of distinct tropospheric
warming and stratospheric cooling provides information on

the effects of these mechanisms [e.g., Intergovernmental
Panel on Climate Change (IPCC), 2001, 2007; Climate
Change Science Program (CCSP), 2006]. Stratospheric tem-
perature changes are also crucial for understanding strato-
spheric ozone variability and trends, including predicting
future changes [World Meteorological Organization (WMO),
2006]. Analysis of simulated temperature trends is now a
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standard diagnostic for evaluating stratospheric climate model
performance [e.g., Eyring et al., 2006; Garcia et al., 2007].
[3] Observations of stratospheric temperature trends have

been regularly assessed as part of the WMO/UNEP Scien-
tific Assessments of Ozone Depletion (WMO [2006] and
previous assessments, and see also Ramaswamy et al. [2001]
and Shine et al. [2003]).
[4] The most recent of these assessments concluded that

between 1980 and 2000, in the global mean, the lower strato-
sphere was cooling at a rate of around 0.5–1 K/decade,
cooling less rapidly (about 0.5 K/decade) in the midstrato-
sphere, and cooling at more than 2 K/decade in the upper
stratosphere and lower mesosphere. The magnitude of such
trends is large compared to trends in global mean surface
temperature, which are about 0.2 K/decade over the same
period [e.g., IPCC, 2007].
[5] Via a model intercomparison exercise, Shine et al.

[2003] attempted to build up a consensus on the causes of
the stratospheric cooling. They concluded that the upper
stratospheric trends were driven, in almost equal share, by
ozone depletion and increases in carbon dioxide. The lower
stratospheric cooling was believed to be mostly driven by
ozone depletion, with a possible, but very uncertain, con-
tribution from increases in stratospheric water vapor. The
degree of agreement between model and observations was
not always high. The models could not account for the ap-
parent minimum in the cooling trend in the midstratosphere,
while the trends from radiosonde data in the lower strato-
sphere exceeded those that could be easily explained by
the models.
[6] A major difficulty in developing understanding of

stratospheric temperature trends are uncertainties regarding
the homogeneity of observational data. The available mon-
itoring systems have been designed primarily to provide
information for weather forecasting or shorter-term research
foci, rather than for the detection of long-term trends, and
hence continuity of record has not been a priority.
[7] The longest data series are from radiosondes, for

which reasonably widespread coverage extends back to
the late 1950s. However, radiosondes often do not penetrate
to pressures less than 20 hPa, and there have been many
changes in instrumentation and observational practice over
this 50 year period, so that that the raw radiosonde data
record contains substantial inhomogeneities [e.g., Gaffen,
1994; Parker and Cox, 1995; Lanzante et al., 2003a, 2003b;
Seidel et al., 2004] which must be accounted for before
reliable trends can be derived.
[8] Near-global satellite observations of stratospheric tem-

peratures started in the early 1970s, with the first continuous
series of observations beginning in the late 1970s with the
Tiros Operational Vertical Sounder (TOVS) instruments on
the NOAA operational satellites. These instruments provide
data up to the upper stratosphere (�50 km); at pressures
lower than 20 hPa (heights greater than 27 km), they are the
only near-global source of temperature information over
multidecadal periods. Unfortunately for trend detection,
individual instrument packages are relatively short-lived,
such that data from 13 different satellites have been used
since 1979; each instrument package has slightly different
characteristics, the orbits differ between satellites and drift
for individual satellites, and the overlap period between
different satellites is sometimes small. Hence, the produc-

tion of a consistent record over the 28 year period from
these operational data presents many challenges.
[9] Other sources of data on temperature trends through-

out the stratosphere include the now-defunct network
of rocketsonde measurements (that typically spanned the
period �1960–1990) [Keckhut et al., 1999] and surface-
based lidar measurements (covering altitudes 30–80 km).
Time series spanning one to two decades are available from
a small number of stations, with plans to continue into the
future. These provide valuable corroborative information,
but their coverage is too limited to allow reliable calculation
of global trends.
[10] The focus of this study is both to update the observed

trends to recent periods, and to subject the data sets to
renewed critical scrutiny. We focus on making detailed
comparisons among the different data sets where possible,
to provide an estimate of uncertainties in the results.
Section 2 will discuss the characteristics of each of the data
sources used here. Section 3 will present updated trends in
the lower stratosphere and section 4 will do likewise for the
middle and upper stratosphere. Section 5 will focus on the
role of the solar cycle variations in temperature. Section 6
will provide a synthesis and discussion of overall results.

2. Data Sets and Trend Calculations

2.1. Operational NOAA Satellite Data

2.1.1. Microwave Sounding Observations
[11] Global satellite observations from the Microwave

Sounding Unit (MSU) Channel 4 and the Advanced Micro-
wave Sounding Unit (AMSU) channel 9 provide a weighted
layer mean temperature of the lower stratosphere over
approximately 13–22 km (as shown by the MSU weighting
function in Figure 1). This weighting primarily covers the
stratosphere in the extratropics, but spans the upper tropo-
sphere and lower stratosphere in the tropics (the weighting
function peaks near the tropical tropopause). The MSU/
AMSU time series are derived by combining measurements
from the series of satellite instruments that have been
operational over 1979–2007, as illustrated in Figure 2
(which shows the northward equatorial crossing times for
the respective satellites). Continuous long-term time series
are generated from the separate satellite measurements,
making adjustments on the basis of overlaps between
adjacent satellites, and taking into account orbital changes
and calibration effects, as well as the small change in
radiometer frequency and bandwidth between the MSU
and AMSU instruments. While large stratospheric climate
signals (such as volcanic warming perturbations) are clearly
evident in the MSU/AMSU data, the estimates of small
decadal-scale trends can depend on the details of combining
data from the separate instruments. Here we consider results
based on two different MSU data sets, obtained from
Remote Sensing System (RSS), described by Mears et al.
[2003] and C. A. Mears and F. J. Wentz (Construction of
climate-quality atmospheric temperature records from the
MSU and AMSU microwave sounders, submitted to the
Journal of Atmospheric and Oceanic Technology, 2008),
and from the University of Alabama at Huntsville (UAH),
as described by Christy et al. [2003]. The differences
between these data sets are likely to be caused by differ-
ences in the methods used to account for drifts in local
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measurement time, small differences in the calibration
adjustments made before combining data from difference
satellites, and, after 1998, differences in the methods used to
account for the slightly different vertical weighting functions
for the AMSU channel 9 and MSU channel 4 measurements
[CCSP, 2006;Mears andWentz, submitted manuscript, 2008].
As noted above, the data sets used in this work are combina-
tions of MSU channel 4 and AMSU channel 9 measurements.
These data sets will be referred to as ‘‘MSU channel 4’’ or
‘‘MSU4’’ for simplicity.

2.1.2. Stratospheric Sounding Unit
[12] The Stratospheric Sounding Units (SSU) have been a

component of the same series of NOAA operational meteo-
rological satellites (TIROS-N andNOAA 6 throughNOAA14;
see Figure 2) that have carried the MSU, since 1979,
although data is only available through October 2005. SSU
provides the only near-global source of data on temperature
trends above the lower stratosphere over such a long period;
it has been extensively used in assessments of those trends,
and their possible causes [e.g., Nash and Forrester, 1986;
Ramaswamy et al., 2001; Shine et al., 2003; WMO, 2006;
Cagnazzo et al., 2006].
[13] The SSU is a step-scanned infrared spectrometer. It

employs the pressure modulator radiometer technique to
achieve selective absorption using onboard cells of carbon
dioxide, to make measurements from the upper troposphere
to the lower mesosphere in three channels in the 15 mm band
of CO2. The three channels have the same frequency but
different CO2 cell pressures, and are denoted as 25, 26 and
27, where the near-nadir (average of the two 10� instanta-
neous field of views centered at ±5�) data have been utilized
for trend analyses. These channels have weighting function
peaks at about 29, 38 and 44 km, respectively (see Figure 1),
and sample relatively broad layers of the stratosphere (�10–
15 km thick). In addition, a number of so-called synthetic
channels (henceforth X channels) [see Nash, 1988] are avail-
able which use the differences between near-nadir and 35�
scans and combinations of channels to construct weighting
functions that increase the vertical resolution of the derived
temperatures. These are referred to as 15X, 26X, 36X and
47X (which peak at about 23, 35, 45 and 50 km, respec-
tively). Because these X channels result from radiance
differences and combinations of channels, there are addi-
tional structural uncertainties compared to the simple near-
nadir radiances; the X channel weighting functions also
exhibit regions of negative weights (Figure 1), which can
complicate interpretation of results.

Figure 1. Weighting functions for the MSU4 and SSU
satellite instruments. The x-channels refer to combinations
of nadir and off-nadir measurements, as discussed in text.

Figure 2. Equatorial crossing time for each of the NOAA operational satellites since 1978. Solid lines
denote satellites with both MSU and SSU instruments, and long dashed lines denote satellites with only
MSU. Short dashes (after 1998) indicate satellites with AMSU instruments.
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[14] As with MSU, many adjustments are necessary to
produce a continuous long-term temperature series from the
measurements from individual satellites, and additional
adjustments are required for SSU. First, the CO2 pressure
in the onboard cells drifts on individual satellites and differs
between satellites. Second, at the higher altitudes sensed by
SSU, the diurnal and semidiurnal tidal variations become
large, and these have to be corrected as the orbits change
due to the precession of the satellite (see Figure 2). This
paper uses the only available time series of corrected SSU
brightness temperatures currently available. These are an
extension of the series derived by Nash and Forrester
[1986] and Nash [1988] [see also Ramaswamy et al., 2001].
These brightness temperatures are available as monthly
zonal mean anomalies from a long-term climatology, on a
10� latitude grid covering 70�N to 70�S.
[15] An additional correction to the time series is made

here. Shine et al. [2008] show that it is necessary to account
for the changes in the SSU weighting functions as the
amount of CO2 in the atmosphere increases. The effect
of increasing atmospheric CO2 is to move the weighting
functions to higher altitudes. For channels sensing mostly in
the stratosphere this would, if uncorrected, result in spurious
positive temperature trends, superimposed on any true
geophysical trend. These corrections are typically of order
0.2 to 0.4 K/decade. For the results discussed here, correc-
tions are applied to each of the SSU channels following
Shine et al. [2008] and assuming a 15.4 ppmv/decade change
in atmospheric CO2, and these corrections are calculated as a
function of latitude and month (the latitudinal and temporal
variability results from changes in the weighting functions
convolved with the background temperature structure).
[16] As discussed by Shine et al. [2008], the SSU

brightness temperature series neglects the impact of Doppler
shifting between CO2 lines in the onboard cell and CO2

lines in the atmosphere; this Doppler shift is largest for
equatorial measurements, and zero for polar cases. While
the impact of this shift is small for the weighting functions
for near-nadir views, it is more substantial for the X channel
weighting functions. This was particularly so for Channel
47X; when corrected for Doppler shifting, the weighting
function has a much larger component in the mesosphere
in the equatorial case than in the polar case. A full anal-
ysis would require the derivation of latitudinally dependent
weighting functions, and tidal corrections that account for
such changes in weighting function. The lack of such an
analysis at this time is a source of large uncertainty in trend
estimates for the X channels in particular. We present no
trends for channel 47X, whose sensitivity to Doppler shift-
ing is largest.

2.2. Radiosondes

[17] Ramaswamy et al. [2001] described four radiosonde
data sets then available for analysis of stratospheric tem-
perature trends. Of these, only one [Parker et al., 1997] had
been adjusted for time-varying biases which could influence
trend estimates [Parker and Cox, 1995; Gaffen, 1994], and
that method used MSU Channel 4 observations as a
reference time series for adjustment of stratospheric temper-
atures from radiosondes. Over the past several years,
considerable progress has been made toward understanding
and correcting time-varying biases in radiosonde observa-

tions. Several groups have developed new methods for
adjusting radiosonde data that are independent of satellite
observations. The Radiosonde Atmospheric Temperature
Products for Assessing Climate (RATPAC) [Free et al.,
2005] is a NOAA data set based on a limited (85-station)
network whose data are adjusted using an approach described
by Lanzante et al. [2003a]. These data are then combined
to create large-scale zonal averages using a first-difference
method [Free et al., 2004]. Here we use the so-called
RATPAC-A database, which has annual mean temperature
anomaly data available at 13 vertical levels for seven
latitude bands (90�N–�S, 0�–90�N, 0�–90�S, 20�N–�S,
30�N–�S, and 30�–90�N and S). The UK Met Office’s
Hadley Centre Atmospheric Temperature data set (HadAT)
[Thorne et al., 2005] incorporates a much larger number
of stations, whose data are adjusted using information from
Lanzante et al. [2003a] and neighbor comparisons, to pro-
duce gridded values. McCarthy et al. [2008] describe an
updated, automated version of HadAT analysis. HadAT2
monthly anomaly data are available on nine pressure levels on
a global grid. Both RATPAC and HadAT2 extend back to 1958
and are updated monthly for climate monitoring purposes.
[18] Although the RATPAC and HadAT work was largely

motivated by interest in understanding discrepancies between
tropospheric and surface temperature trends, and between
satellite and radiosonde estimates of tropospheric trends
[CCSP, 2006; IPCC, 2007], the differences in stratospheric
temperature trend estimates from unadjusted radiosonde and
satellite data products were even larger than tropospheric
differences [Seidel et al., 2004; CCSP, 2006]. The adjust-
ments applied to these data have an important impact on
stratospheric trend estimates [Lanzante et al., 2003b; Free
et al., 2005; Thorne et al., 2005], and generally lead to a
reduction in the estimated cooling rate (less cooling in the
adjusted data than in the unadjusted), with the largest im-
pacts in the tropics and Southern Hemisphere.
[19] However, even the adjusted RATPAC and HadAT

data sets exhibit stratospheric cooling trends significantly
larger than satellite data [CCSP, 2006]. Sherwood et al.
[2005] and Randel and Wu [2006] suggest that these differ-
ences are due to inhomogeneities that were not addressed by
RATPAC adjustments, and Free and Seidel [2007] indicate
this is likely also the case for HadAT. Randel and Wu [2006]
used radiosonde-satellite comparisons at individual stations
to identify discontinuities in the radiosonde data. These
discontinuities occur at different times for different stations
(suggesting that the problems originate with the radiosonde
data), and typically lead to substantial cooling biases in the
radiosonde data. These radiosonde-satellite comparisons
can be used to isolate stations with the largest biases. In
this paper, we include results using radiosonde data during
1979–2007 based on the RATPAC stations, but restrict our
attention to a subset of 47 stations (listed in Table 1, with
locations shown in Figure 3) where biases are not large;
specifically, we have omitted RATPAC stations where the
MSU4 minus radiosonde trends over 1979–2005 are larger
than 0.3 K/decade, as identified in Table 1 of Randel and
Wu [2006]. We refer to this 47-station subset of stations as
RATPAC-lite.
[20] More recently, several additional radiosonde-based

data sets have been developed that incorporate different
homogeneity adjustment techniques. Sherwood et al. [2008]
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have used an approach termed Iterative Universal Kriging
(IUK), which uses a statistical model to simultaneously
identify artificial shifts and natural atmospheric fluctuations.
This methodology is based on analysis of twice-daily global
radiosonde data, and incorporates time series of day-minus-
night differences, accounts for seasonally dependent biases,
and includes no auxiliary input from satellites, forecast mod-
els or station metadata. Haimberger [2007] and Haimberger
et al. [2008] discuss homogenization of radiosonde data
using differences between original observations and back-
ground forecasts of an atmospheric climate data assimilation
(reanalysis) system. The resulting data sets include the so-
called Radiosonde Observation Correction using Reanalysis
(RAOBCOREv1.4) data (employing the European Centre
for Medium-Range Weather Forecasts 40-year reanalysis
(ERA40) reanalysis data for homogenization), and Radio-

sonde Innovation Composite Homogenization (RICH) data
(using reanalysis to identify break points, which are then
adjusted using neighboring radiosonde observations).
[21] Table 2 summarizes the six different radiosonde data

sets that are utilized and compared here. These data sets
span a wide range of approaches for detecting and incorpo-
rating changes in the original radiosonde observations, and
intercomparisons provide an empirical estimation of trend
uncertainties associated with data homogenization (structural
uncertainties). An example of the various data sets is shown
in Figure 4a, comparing time series of 50 hPa zonal mean
temperature anomalies in the tropics (30�N–�S). Note that
the RATPAC data are annual means, while the others are
monthly. The overall variability is very similar among the
data sets, which is reasonable as they are all derived from
many of the same radiosonde observations. Figure 4b shows
the differences of each data with respect to the RICH anal-
ysis, and these time series reveal high-frequency fluctua-
tions associated with distinct space-time sampling, together
with low-frequency structure linked to the different homog-
enization methodologies.

2.3. Lidars

[22] Relatively long time series of stratospheric temper-
atures have also been obtained from lidar measurements at a
number of locations. The Rayleigh lidar technique uses the
backscattering of a pulsed laser beam to derive the vertical
profile of atmospheric density, from which the absolute tem-
perature profile over �30–75 km is deduced [Hauchecorne
and Chanin, 1980]. No adjustment or external calibration is
needed. Validation studies suggest that individual profiles
can be derived with an accuracy of better than 1 K in the
range 35–65 km [Keckhut et al., 2004]. Temperature mea-
surements are typically available 5–20 nights per month at
each station (dependent on the availability of clear sky), and
these are combined to form the monthly data sets analyzed
here.
[23] Lidar temperature measurements from 3 stations with

over a decade of observations are included here, as listed
in Table 3. The longest record of lidar temperature data is
from the Observatory of Haute-Provence (OHP) in southern
France, beginning in 1979. Temperature trends derived from
these OHP data have been discussed by Ramaswamy et al.
[2001] and Beig et al. [2003]. We also include measure-

Table 1. Radiosonde Stations for the RATPAC-Lite Data Set

Station and
Observation Times (UTC) Latitude (deg)

Top Level (hPa)
With Continuous Data

Alert (1200) 82.5 10
Verkhoyansk (0000) 67.6 30
Turuhansk (0000/1200) 65.8 20
Pechora (0000) 65.1 30
Baker Lake (0000/1200) 64.3 20
Keflavik (0000/1200) 64.0 20
Lerwick (0000/1200) 60.1 20
Kirensk (0000/1200) 57.7 30
Saint Paul Island (0000) 57.1 10
Annette Island (0000) 55.0 10
Omsk (0000/1200) 54.9 20
Petropavlovsk (1200) 53.0 20
Moosonee (0000/1200) 51.2 20
Munchen (0000/1200) 48.2 20
Torbay (0000) 47.6 20
Great Falls (0000) 47.4 10
Rostov (0000) 47.2 30
Wakkanai (0000/1200) 45.4 20
Kashi (0000) 39.4 20
Dodge City (0000/1200) 37.7 10
North Front (0000/1200) 36.2 10
Miramar (0000/1200) 32.8 10
Bet Dagan (0000) 32.0 50
Kagoshima (1200) 31.6 20
Santa Cruz (1200) 28.4 20
Brownsville (0000/1200) 25.9 10
Minamitorishima (1200) 24.3 20
Jeddah (1200) 21.6 20
Hilo (0000/1200) 19.7 10
San Juan (0000/1200) 18.4 10
Bangkok (0000) 13.7 30
Nairobi (0000) �1.3 20
Manaus (1200) �3.1 20
Darwin (0000) �12.4 20
Townsville (0000) �19.2 20
Rio de Janeiro (1200) �22.8 20
Norfolk Island (0000) �29.0 20
Durban (0000) �29.9 20
Capetown (0000) �33.9 20
Adelaide (1200) �34.9 30
Martin de Vivies (1200) �37.8 30
Gough Island (0000/1200) �40.3 20
Marion Island (0000) �46.8 20
Macquarie Island (1200) �54.5 50
Syowa (0000) �69.0 20
McMurdo (0000) �77.9 30
Amundsen-Scott (0000) �90.0 10

Figure 3. Locations of radiosonde stations for the RATPAC-
lite data set (red circles) and lidar stations (blue dots) stations
used here.
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