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[1] This study examines global tropopause variability on synoptic, monthly, seasonal, and
multidecadal timescales using 1980–2004 radiosonde data. On synoptic and monthly
timescales, tropopause height variations are anticorrelated with stratospheric temperature
variations and positively correlated with tropospheric temperature variations.
Correlations are stronger in the extratropics than in the tropics, for the upper troposphere
(500–300 hPa) than for the lower troposphere, and for the lower stratosphere than for
the middle stratosphere. The extratropical tropopause is more sensitive to temperature
changes than the tropical tropopause, and in both regions, monthly anomalies of
tropopause height are more sensitive to stratospheric temperature change than
tropospheric, rising 2–3 km per degree cooling of the lower stratosphere. Tropopause
height trends over 1980–2004 are upward at almost all of the (predominantly
extratropical) stations analyzed, yielding an estimated global trend of 64 ± 21 m/decade,
a corresponding tropopause pressure trend of �1.7 ± 0.6 hPa/decade, and tropopause
temperature decrease of 0.41 ± 0.09 K/decade. These tropopause trends are accompanied
by significant stratospheric cooling and smaller tropospheric warming. However, the
tropopause trends are spatially correlated with stratospheric temperature trends and
uncorrelated with tropospheric temperature trends. This association of tropopause height
and stratospheric temperature trends, together with the presence of a significant
quasi-biennial oscillation signal in tropopause height, suggests that at these lowest
frequencies the tropopause is primarily coupled with stratospheric temperatures.
Therefore, as an indicator of climate change, long-term changes in the tropopause may
carry less information about changes throughout the vertical temperature profile than has
been suggested by previous studies using reanalyses and global climate models.
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1. Introduction

[2] Recent work by Sausen and Santer [2003] and Santer
et al. [2003a, 2003b, 2004] suggests that changes in the
height (or pressure) of the global tropopause may be a
sensitive indicator of anthropogenic climate change. These
studies employed reanalysis data and climate model simu-
lations, in which tropopause height increases were closely
associated with tropospheric warming and stratospheric
cooling. Global tropopause pressure changes in the
ECMWF 15-year reanalysis for 1979–1993 have been
estimated between +0.1 and �1.13 hPa/decade [Hoinka,
1998, 1999; Santer et al., 2003a], and the ECMWF 40-year
reanalysis and the NCEP/NCAR reanalysis both show
larger trends of about �2 hPa/decade for 1979–2001
[Santer et al., 2003a, 2004]. These reported tropopause
trends in reanalyses are remarkable given that typical
reanalysis vertical resolution is about 50 hPa in the vicinity

of the tropopause, and that the tropopause is calculated by
interpolation of lapse rates between model or analysis
levels. To date, no studies have reported global tropopause
trends based on the primary upper air data source entering
the reanalyses–radiosonde data, although several investiga-
tors have done so for limited regions [Nagurny, 1998;
Highwood et al., 2000; Randel et al., 2000; Chakrabarty
et al., 2000; Seidel et al., 2001; Varotsos et al., 2004; Añel et
al., 2006].
[3] In this study, we attempt to estimate trends in the

global tropopause on the basis of radiosonde observations,
which offer substantially higher vertical resolution than
reanalyses, thus allowing a more accurate identification of
the tropopause and possible multiple tropopause levels.
Daily or twice-daily soundings, extending back about
50 years at some locations, present the possibility of
examining tropopause variations on timescales ranging
from synoptic to multidecadal. To provide a broader context
for the analysis of long-term tropopause changes, we also
examine the covariability of tropopause height and strato-
spheric and tropospheric temperature.
[4] Section 2 outlines the radiosonde data used and

methods of analysis, including a discussion of temporal
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inhomogeneity in the observations. Section 3 discusses the
climatological location and temperature of the tropopause
and its mean seasonal cycle. Section 4 compares the typical
magnitudes of tropopause height and pressure variability on
different timescales, and section 5 discusses the day-to-day
and monthly covariability of tropopause height and the
temperature profile. Trends in tropopause height, pressure
and temperature are presented in section 6, and a summary
is given in section 7. Appendix A discusses the effect of
reducing the vertical resolution of sounding data on our
results.

2. Data and Methods

2.1. Radiosonde Observations

[5] Our analysis is based on radiosonde observations
from the 100 stations shown in Figure 1 and listed in
Table 1 obtained from the Integrated Global Radiosonde
Archive [Durre et al., 2006] at the NOAA National Cli-
matic Data Center (NCDC). These stations were selected on
the basis of the length and completeness of their archived
data record, with an aim toward global coverage. Many of
the stations have been extensively studied by Gaffen [1994],
Lanzante et al. [2003], Free et al. [2005], and Randel and
Wu [2006] and so some of their station histories and
idiosyncrasies were familiar to us.
[6] Using all available soundings taken during the period

1958–2004 and within three hours of 0000 or 1200 UTC, we
determined the location of the lapse rate tropopause (LRT, or
LRT1) and, if present, the second tropopause (LRT2), using
the definition promulgated by the World Meteorological
Organization’s Commission for Aerology [World Meteoro-
logical Organization, 1957, p. 137], which we cite here
because the original reference is not readily available:

(a) The first tropopause is defined as the lowest level at which the
lapse rate decreases to 2�C/km or less, provided also the average
lapse rate between this level and all higher levels within 2 km does
not exceed 2�C/km.

(b) If above the first tropopause the average lapse rate between any
level and all higher levels within 1 km exceeds 3�C/km, then a
second tropopause is defined by the same criterion as under (a).
This tropopause may be either within or above the 1 km layer.

[7] We used all reported levels of data (both the standard
and ‘‘significant’’ levels) but did not rely on the reported
LRT in the sounding data, because these values are some-
times unreliable and often missing (J. C. Antuña et al.,
Impact of missing sounding reports on mandatory levels and
tropopause statistics: A case study, unpublished manuscript,
2006). (Appendix A examines the influence of reducing the
vertical resolution of the soundings by ignoring significant
level data on our results.) In addition to identifying the
pressure, temperature, and geopotential height (interpolating
the existing height data when necessary) of the tropo-
pause(s), we also extracted temperature and height data
for the surface and the 850, 500, 300, 200, 150, 100, 70, 50,
30, 20 hPa levels, and computed the layer mean temperature
for 850–300 hPa and 100–50 hPa. Soundings with no
identifiable LRT or with scanty data were not included. A
companion paper, in preparation, focuses on the definition
and characteristics of the second tropopause, which is often
evident in the extratropics. Here our main interest is in the
first tropopause and its relation to the temperature profile
above and below it.
[8] The daily soundings were used to create time series

for analysis of variability on four timescales: synoptic,
monthly, seasonal, and multidecadal, separately for the
two observation times. The mean seasonal cycle was
computed by averaging all soundings for each calendar

Figure 1. Locations of radiosonde stations used in this study. Solid circles indicate that data for both
0000 and 1200 UTC were used. Half-solid circles indicate that data for only one observation time were
used; if 0000 (1200) UTC data were used, the left (right) side of the circle is solid. Open circles indicate
that no data were used, and circles with a vertical line in the center indicate that data were used only in the
creation of climatological means and zonal time series.

D21101 SEIDEL AND RANDEL: GLOBAL TROPOPAUSE VARIABILITY AND TRENDS

2 of 17

D21101



month. Monthly means for each month were calculated if at
least 50% of the expected observations were available.
Monthly anomaly time series were computed by subtracting
the mean seasonal cycle from the monthly means, and these
anomalies were used in estimating multidecadal trends.
Synoptic variations, the shortest timescale studied, were
defined as the departure of daily values from the monthly
mean for the relevant month and year.

2.2. Temporal Homogeneity Concerns

[9] It is well known that radiosonde temperature, humid-
ity, geopotential height, and tropopause observations suffer
from time-varying biases that confound attempts to extract
climate signals, particularly multidecadal trends [Gaffen,
1994; Parker and Cox, 1995; Seidel et al., 2001; Redder et
al., 2004; Lanzante et al., 2003; Sherwood et al., 2005;
Randel and Wu, 2006]. Although two new radiosonde
temperature data sets incorporate homogeneity adjustments
to remove these biases [Free et al., 2005; Thorne et al.,
2005], they are not suitable for analysis of the tropopause,
because they deal only with temperature at specified pres-
sure levels (the so-called mandatory levels) and make no
attempt to address the tropopause. In both cases, the

Table 1. Radiosonde Stations Used in This Study, Including

Latitude, Longitude, World Meteorological Organization Identifi-

cation Number, and an Indication of What Data Were Used

Station Latitude Longitudea ID Datab

Alert 82.50 �62.33 71082 5
Mould Bay 76.23 �119.33 71072 2
Preobrazheniya 74.67 112.93 21504 2
Point Barrow 71.30 �156.78 70026 5
Jan Mayen 70.93 �8.67 01001 3 R
Chetyrekhstolbovoy 70.63 162.40 21965 2
Verkhoyansk 67.55 133.38 24266 5
Sodankyla 67.37 26.65 02836 1 R
Turuhansk 65.78 87.95 23472 1 L
Angmagssalik 65.60 �37.63 04360 1 R
Pechora 65.12 57.10 23418 1 L
Baker Lake 64.30 �96.00 71926 5
Keflavik 63.97 �22.60 04018 3 L
Anchorage 61.16 �149.98 70273 1 S
Lerwick 60.13 �1.18 03005 5
Kirensk 57.77 108.12 30230 2
Saint Paul Island 57.15 �170.22 70308 3 R
Annette Island 55.03 �131.57 70398 5
Omsk 54.93 73.40 28698 5
Petropavlovsk 53.08 158.55 32540 5
Orenburg 51.68 55.10 35121 1 L
Moosonee 51.27 �80.65 71836 5
International Falls 48.57 �93.38 72747 1 S
Munchen 48.25 11.58 10868 5
Glasgow 48.21 �106.63 72768 5
Quillayute 47.95 �124.55 72797 5
Torbay 47.67 �52.75 71801 5
Great Falls 47.48 �111.35 72776 5
Rostov-on-Donu 47.25 39.82 34731 4 L
Caribou 46.87 �68.02 72712 5
Wakkanai 45.42 141.68 47401 4 L
Salem 44.92 �123.02 72694 5
Green Bay 44.48 �88.13 72645 5
Pittsburgh 40.53 �80.23 72520 5
Kashi 39.47 75.98 51709 5
Sterling 38.98 �77.48 72403 1 S
Lajes 38.73 �27.07 08508 1 LV
Minqin 38.72 103.10 52681 2
Ashabad 37.97 58.33 38880 3
Dodge City 37.77 �99.97 72451 5
Oakland 37.75 �122.22 72493 5
Nashville 36.25 �86.57 72327 5
North Front 36.25 �5.55 08495 1 L
Charleston 32.90 �80.30 72208 5
Miramar 32.85 �117.12 72293 5
Tripoli 32.68 13.17 62010 2 LV
Bermuda 32.37 �64.68 78016 1 LR
Bet Dagan 32.00 34.82 40179 5
Kagoshima 31.63 130.60 47827 1 L
Santa Cruz 28.47 �16.25 60020 2 R
Corpus Christi 27.78 �97.51 72251 1 SV
Brownsville 25.92 �97.42 72250 5
Key West 24.58 �81.70 72201 5
Minamitorishima 24.30 153.97 47991 1 LV
Hong Kong 22.32 114.17 45004 4 R
Lihue 21.98 �159.35 91165 1 S
Jeddah 21.67 39.15 41024 1 L
Hilo 19.72 �155.07 91285 5
San Juan 18.43 �66.00 78526 5
Dakar 14.73 �17.50 61641 1 LR
Bangkok 13.73 100.50 48455 3
Niamey 13.48 2.17 61052 1 V
Truk 7.47 151.85 91334 1 LS
Koror 7.33 134.48 91408 1 LV
Majuro 7.08 171.38 91376 1 R
Abidjan 5.25 �3.93 65578 2
Bogota 4.70 �74.15 80222 1 R
Singapore 1.37 103.98 48698 4 R
Nairobi �1.30 36.75 63741 3
Manaus �3.15 �59.98 82332 2
Diego Garcia �7.35 72.48 61967 2

Table 1. (continued)

Station Latitude Longitudea ID Datab

Ascension Island �7.97 �14.40 61902 1 R
Honiara �9.42 160.05 91517 2
Darwin �12.43 130.87 94120 1 LV
Nandi �17.45 177.27 91680 1 R
Papeete �17.55 �149.62 91938 1 R
Antananarivo �18.80 47.48 67083 2
Townsville �19.25 146.77 94294 1 L
Rio de Janeiro �22.82 �43.25 83746 1 V
Antofagasta �23.42 �70.47 85442 1 R
Isla de Pascua �27.17 �109.43 85469 2
Norfolk Island �29.03 167.93 94996 1 LV
Durban �29.97 30.95 68588 3 V
Perth �31.92 115.97 94610 1 LRV
Capetown �33.96 18.60 68816 5
Buenos Aires �34.82 �58.53 87576 1 R
Adelaide �34.95 138.53 94672 3 L
Martin de Vivies �37.80 77.53 61996 4
Gough Island �40.35 �9.88 68906 3 L
Puerto Montt �41.43 �73.10 85799 1 R
Chatham Island �43.95 �176.57 93986 1 R
Invercargill �46.40 168.33 93844 3 L
Marion Island �46.88 37.87 68994 3 L
Macquarie Island �54.50 158.95 94998 3 L
Bellingshausen �62.20 �58.93 89050 2
Syowa �69.00 39.58 89532 5
Mawson �67.60 62.88 89564 4
Molodezhnaya �67.67 45.85 89542 2
McMurdo �77.85 166.67 89664 2 R
Amundsen Scott �90.00 180.00 89009 3

aPositive, east; negative, west.
bData indicators are as follows: 1, no data were used because of

suspected inhomogeneities (except in Figure 8 (left)); 2, data were not used
because of insufficient sampling, except to create climatological stations
means and zonal-average time series and trends; 3, only 0000 UTC data
were used; 4, only 1200 UTC data were used; 5, 0000 and 1200 UTC
data were used. The reason for suspecting that data from stations with
data indicators 1, 3, or 4 may be temporally inhomogeneous during the
period 1980–2004 (for one or both observation times) is indicated by the
codes L (change points identified by Lanzante et al. [2003]), R (satellite-
radiosonde comparison by Randel and Wu [2006]), S (station history
information, including Gaffen [1993] and Elliott et al. [2002]), and/or V
(visual inspection of tropopause height anomaly time series).
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adjusted data are monthly anomaly time series, so it is not
possible to identify either the daily tropopause location or
even its monthly mean level (because the data are anoma-
lies, not actual temperatures, and so lapse rates cannot be
computed).
[10] Embarking on this study, our hope was that temporal

inhomogeneities affecting the temperature and geopotential
height data would not affect observations of the pressure of
the tropopause level. Our reasoning was that the location of
the ‘‘kink’’ in the temperature sounding associated with the
tropopause would not be influenced by high or low biases in
the temperature data if pressure were used as the vertical
coordinate, since, unlike geopotential height (derived from
vertical integration of temperature, humidity and pressure

observations), pressure is independently measured, and it is
generally thought that radiosonde pressure observations are
more accurate than temperature. Unfortunately, this argu-
ment was not valid (see Figure 2), so we were compelled to
confront the homogeneity issue directly.
[11] Four sources of information were used to screen

stations with inhomogeneous data. First, we relied on the
extensive analysis of Lanzante et al. [2003], whose ‘‘deci-
sion files’’ include the dates of inhomogeneities conserva-
tively or liberally identified by that expert team for each of
their 87 stations, for 0000 and 1200 UTC separately, for
1958–1997. Conservatively identified change points at or
above the 850 hPa level were grounds for our excluding a
station’s data. Second, stations were excluded if there were

Figure 2. Time series of monthly anomalies (mean annual cycle removed) of tropopause height and
pressure at 0000 UTC at Darwin, Australia (top two panels), and at 1200 UTC at Buenos Aires,
Argentina (bottom two panels).
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known instrument changes documented in station history
records (Gaffen [1993] and subsequent updates by NCDC;
Elliott et al. [2002]), some occurring after 1997, the end of
the Lanzante et al. [2003] analysis. Third, we eliminated
several stations that Randel and Wu [2006] suspected were
inhomogeneous on the basis of discontinuities in time series
of radiosonde minus satellite observations during 1979–
2004. In particular, we excluded any station with a lower
stratospheric trend difference between the radiosonde data
and satellite data exceeding 0.5 K/decade [Randel and Wu,
2006, Table 1]. Fourth, we visually inspected time series of
monthly tropopause height and pressure anomalies for each
station and found some examples of obvious change points
in the data. In many cases, more than one source of
information pointed to inhomogeneity problems at a given
station. Table 1 (rightmost column) shows whether and why
data from each station were suspected of being inhomoge-
neous, or had excessive missing values.
[12] Figure 2 shows two examples of tropopause height

and pressure monthly anomaly time series to illustrate the
data homogeneity issue. At Darwin, Australia, there is an
abrupt upward jump in tropopause height of about 1 km in
about 1984. The strong anticorrelation between LRT pres-
sure and height is reassuring, but the 20–30 hPa LRT
pressure jump in 1984 indicates that, if the height change
at that time is spurious, pressure data are also affected. A
similar feature is evident in the data from Buenos Aires,
Argentina, in late 1979. Although no abrupt changes are
apparent in the Buenos Aires data after 1980 in Figure 2,
Randel and Wu [2006] identified this station’s 1979–2004
data as suspect on the basis of comparison with satellite
data, and we eliminated them from our main analysis.

[13] We also omitted stations with more than one third of
the monthly anomalies missing. On the basis of this
criterion and the four indicators of data inhomogeneity,
we restricted our analysis to the 25-year period 1980–
2004, to best balance the number of stations and the length
of record. This left 50 of the original 100 stations (Table 1
and Figure 1), of which 31 had data deemed homogeneous
for both 0000 and 1200 UTC. An additional 16 stations with
insufficient sampling for trend analysis were included in
analyses of climatological statistics (section 3) and zonal-
average time series (section 6).

3. Climatological Tropopause Location and
Mean Seasonal Variations

[14] The mean structure of the first tropopause has been
depicted in numerous previous studies [e.g., Makhover,
1979; Hoinka, 1999]. Figure 3 shows the annual-mean
height, pressure and temperature of both the first and second
tropopause (LRT1 and LRT2), as a function of latitude. For
each station, 0000 and 1200 UTC values are plotted
separately if available. Because the LRT2 is not found in
all seasons, LRT2 data are presented only for stations at
which at least 25% of the soundings had identifiable LRT2
levels. This occurs mainly outside the tropics and polar
regions, in the vicinity of the jet streams.
[15] The radiosonde data indicate climatological LRT1

heights decreasing from 16.6 km near the equator to about
9 km in the polar zones, in good agreement with earlier
work cited above. Corresponding pressure values are
approximately 100 hPa near the equator and increase to
about 250 hPa poleward of 60 degrees latitude. The lowest

Figure 3. Climatological average height, pressure, and temperature of the first and second lapse rate
tropopause (LRT1, solid circles; LRT2, open circles), and the frequency of occurrence of LRT2, for each
station and time of observation, as a function of latitude. The amplitude of the mean annual cycle of
LRT1 height is indicated by the horizontal lines. Values for LRT2 are shown in the first three panels only
for stations where the frequency of LRT2 exceeds 25%.
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climatological LRT pressure is 97 hPa at Bangkok, Thai-
land, and the highest value is 300 hPa at Alert, Canada. The
amplitude of the mean seasonal cycle of LRT1 height is
shown by the horizontal lines in Figure 3. The amplitude is
smallest (0.5–1.7 km) at stations between 20�N and 20�S
latitude and has maximum values (2–6 km) in midlatitudes.
There is some indication of larger amplitude seasonal varia-
tions in the Northern Hemisphere (NH) than in the Southern
Hemisphere (SH), which could be related to the greater
fraction of land-covered surface there.
[16] In midlatitudes, the location of LRT2, which is not

present all year but mainly in winter, is almost identical to
the location of the tropical LRT1, 16 km and 100 hPa. Its
temperature, however, more closely resembles that of the
local LRT1 and never differs by more than 5 K. At most
stations, LRT2 is a few Kelvin cooler than LRT1, which is a
combined result of the lapse rate between the two levels and
the fact that LRT2 statistics are based mainly on fall-winter-
spring data, whereas LRT1 data are more representative of
the year. At stations near 50�N and 50�S latitude, LRT2 is a
few degrees warmer than LRT1, because of temperature
inversions between LRT1 and LRT2 in winter.
[17] Figure 4 shows the mean seasonal cycle of the height

of LRT1 and LRT2 at five representative stations. Here
LRT2 results are shown only if at least 50% of the
soundings for a given calendar month had identifiable
LRT2 levels, so that at equatorial Nairobi, Kenya, it is
never shown, and at Bet Dagan, Israel, and Capetown,
South Africa, in midlatitudes, it is not apparent in summer
months. Figure 3 and results from the full network of
stations confirm that when the LRT2 is present at extra-
tropical stations it is located close to 16 km, the height of
LRT1 in the tropics (e.g., Nairobi), where the seasonal
variation is generally less than 1 km and peaks in NH
winter/spring, consistent with findings presented by Seidel
et al. [2001] from a larger set of tropical stations. At
midlatitude stations, LRT1 reaches its maximum height in
local summer, following the annual cycle of tropospheric
temperature; the patterns at Bet Dagan and Capetown are
typical.
[18] At polar stations, the situation is more complex, as

discussed in detail by Wong and Wang [2000], using a
climate model and NCEP/NCAR reanalysis data, and
Highwood et al. [2000] and Zängl and Hoinka [2001],
who analyzed ECMWF reanalysis data. The interplay
of radiative and dynamical processes in both the tropo-
sphere and stratosphere results in three different patterns
of seasonal variability [Zängl and Hoinka, 2001]. The
examples from Point Barrow, Alaska, and the Japanese
Antarctic station at Syowa (Figure 4) are typical of two
of these patterns, with a single annual wave showing
maximum tropopause height in NH summer. According to
Zängl and Hoinka [2001], this pattern is typical in the
south polar region and in the subpolar parts of eastern
Siberia and North America. They find a double-wave
pattern, with smaller amplitude variations, in other NH
subpolar regions and in the high Arctic. In our network,
the majority of NH high-latitude stations, including Point
Barrow (Figure 4) have a single-wave seasonal variation,
but we find a suggestion of double-wave patterns at
Alert, Jan Mayen, Sodankyla, Angmagssalik, Lerwick,
and Baker Lake (see Table 1 for station locations), in

general agreement with the spatial patterns identified by
Zängl and Hoinka [2001].

4. Typical Magnitudes of Tropopause Height
and Pressure Variations

[19] Figure 5 compares the variability of LRT height (left)
and pressure (right) at different timescales. For synoptic
(day-to-day), climatological annual cycle (month-to-
month), and monthly anomaly variations, we show the
distribution among stations of the standard deviations of
the relevant time series. The long-term change estimates are
distributions of the magnitudes of the changes in LRT
pressure or height over 1980–2004, based on linear trends.
Results in Figure 5 are based on all stations but primarily
represent the extratropics. Specific tropical-extratropical
differences are noted in turn.
[20] The largest LRT variations occur on the synoptic

scale. The standard deviations of day-to-day LRT height
changes have median values of about 1.4 km (with a range
of 0.5–1.9 km). The corresponding median standard devi-
ation of LRT pressure is 45 hPa (range 9–57 hPa). The
tropical stations have synoptic-scale standard deviations in
the lowest quartile of the distribution.
[21] Tropopause height standard deviations associated

with the climatological annual cycle have a median value

Figure 4. Climatological mean annual cycle of the height
of the first and second lapse rate tropopause (LRT1 and
LRT2) at five stations. The height of LRT2 is shown only if it
was identified in at least 50% of the soundings for the month.
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of 0.8 km (and a range of 0.2–2.2 km) and so are about half
the size of synoptic variations. The annual cycle standard
deviations of LRT pressure have a median value of 22 hPa.
The midlatitude stations have the highest seasonal variabil-
ity, while variability of LRT height and pressure at tropical
stations is below the median values (Figure 3).
[22] The standard deviations of monthly anomalies range

from 0.2 to 0.6 km for LRT height and from 3 to 22 hPa for
LRT pressure, again with larger variations outside the
tropical belt. These are less than half the magnitude of the
variability on synoptic timescales, which are smoothed in
the creation of monthly anomalies and do not persist long
enough to dominate the monthly values.
[23] The 25-year trends computed from the monthly

anomaly data have maximum magnitudes of 0.5 km, or
11 hPa, but more than half the stations show long-term
changes less than 0.2 km or 4 hPa. These are an order of
magnitude smaller than the vertical resolution of contem-
porary global climate models and of atmospheric reanaly-
ses. As discussed by Santer et al. [2003a], 50-hPa resolution
near the tropopause is typical, which corresponds to about
2 km in height coordinates.

5. Covariations on Day-to-Day and Monthly
Timescales

[24] On multidecadal timescales, the global tropopause
height rises with a warming troposphere and cooling strato-
sphere, in both climate models and reanalysis data sets

(Sausen and Santer [2003] and Santer et al. [2003a, 2003b,
2004]; see also the discussion by Shepherd [2002]). These
results are consistent with those of Hoinka [1999], who
analyzed ECMWF reanalysis, radiosonde, and satellite
Microwave Sounding Unit data and found a positive corre-
lation between global tropopause height and tropospheric
temperature. Similarly, Kiladis et al. [2001], analyzing
radiosonde and NCEP/NCAR reanalysis data, report
(1) an ENSO signal in the tropical tropopause, with higher
tropopause heights associated with warmer sea surface
temperatures [see also Reid and Gage, 1985; Randel et
al., 2000], and (2) extratropical tropopause temperature
changes that are positively correlated with temperature
anomalies in the stratosphere and negatively correlated with
those in the troposphere. They attribute the tropical rela-
tionship to convection and the extratropical to quasi-
geostrophic Rossby waves. However, they suggest that
climatological tropopause features and their seasonal varia-
tions may show different relationships, and may be due to
different processes, including radiative effects and wave
driving in the middle atmosphere.
[25] In this section and the next, we investigate the

covariability of tropopause height and the vertical tempera-
ture profile at different timescales and with the vertical
resolution available from the radiosonde data. Figure 6 shows
the vertical profiles of correlations between tropopause
height changes and temperature changes, at monthly and
synoptic (day-to-day) timescales, for three sample stations, as
well as the pressure level of the local climatological mean

Figure 5. Comparison of the variability of lapse rate tropopause (left) height and (right) pressure at
different timescales. The first three box plots in each panel show the distribution of the standard deviations
of tropopause height or pressure associated with (from left to right) daily synoptic variations for the
complete length of record, monthly variations associated with the climatological mean annual cycle, and
variations of monthly anomalies for the complete length of record. The fourth (rightmost) box plot in each
panel shows the distribution of the absolute magnitudes of the net (1980–2004) change in tropopause
height or pressure, based on linear trends. Box and whisker plots show minimum, maximum, and 25th,
50th (median), and 75th percentiles of values obtained at individual stations and observation times.
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tropopause. Figure 7 (top) shows summary statistics of the
monthly correlations from all the stations for which we did
not have data inhomogeneity concerns (indicated by a 3, 4, or
5 in Table 1). Linear regression coefficients between LRT
height and temperature are shown in the bottom panels of
Figure 7, expressing LRT height changes in terms of tem-
perature change at each pressure level.
[26] Each of these profiles has a characteristic ‘‘S’’ shape,

with negative correlations (regressions) above the tropo-
pause and mainly positive values below. The strongest
negative and positive correlations occur in the lower strato-
sphere and upper troposphere, respectively. Correlations
based on synoptic and monthly anomaly data have similar
vertical structure, but the latter are often stronger than the
former (Figure 6). There is generally excellent agreement
between correlations based on 0000 and 1200 UTC data at
the same station (Figure 6).
[27] For synoptic scales in extratropics, the observed

relationships between tropopause height and vertical tem-
perature structure are consistent with balanced dynamical
structure in midlatitude cyclones and anticyclones [see
Hoskins et al., 1985, Figure 15]. In particular, balanced
cyclonic structure is characterized by a low tropopause, in
association with a relatively cold troposphere and warm
lower stratosphere; conversely, balanced anticyclones have
a relatively high tropopause, warm troposphere and cold
lower stratosphere. The fact that the monthly timescale
anomalies in Figure 7 exhibit similar correlations (and
regression values) to synoptic scales may be explained if
the monthly anomalies are primarily due to the accumulated
effects of synoptic variability.
[28] Tropopause height is less strongly correlated with the

temperature profile in the tropics than in the extratropics
(Figure 7, top), particularly at levels far from the tropo-
pause. In the tropics, 300 hPa temperatures show the
strongest positive correlations (median value 0.47), and
100 hPa temperatures show the strongest negative correla-
tions (median �0.60), although the exact levels of maxi-
mum correlation vary from station to station, depending on
the local mean tropopause level. At 50 hPa and above, and
at the surface and 850 hPa level, tropical correlations are
almost always less than 0.4 in absolute magnitude. In the
extratropics, strongest positive correlations are at 500 hPa
(median 0.78) and strongest negative correlations are at the
150 and 100 hPa levels (medians �0.71).
[29] The regression values indicate that the tropical tropo-

pause rises about 1 km per 1 degree warming of the upper
troposphere and about 2 km per 1 degree cooling of the lower
stratosphere. For the extratropics, a 1 degree warming at
500 hPa, or a 1 degree cooling at 200 hPa, is associated with a
3 km tropopause rise. Thus the extratropical tropopause
appears to be more sensitive to temperature changes than
the tropical tropopause. However, when interpreting these
regression results, it is important to recognize that the
troposphere does not warm independently of the stratosphere
cooling on synoptic or monthly timescales, because of the
balanced dynamical structures discussed above.

6. Trends in Tropopause Height and Temperature

[30] Tropopause height trends during 1980–2004, esti-
mated by linear regression, and their ±2-sigma confidence

Figure 6. Vertical profiles of the correlation between
temperature anomalies at a given level and tropopause
height anomalies at three stations, (top) Alert, (middle)
Nashville, and (bottom) Bangkok. Correlations based on
monthly and synoptic anomalies are indicated by solid and
dotted lines, respectively. Correlations based on 0000 and
1200 UTC anomalies are indicated by solid and open
circles, respectively, for Alert and Nashville. The position of
the climatological lapse rate tropopause (LRT) is shown by
horizontal lines.
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intervals (taking into account the effect of temporal auto-
correlation on the number of independent values in each
series [Santer et al., 2000]), are shown in Figure 8. Here,
and only here (Figure 8, left), we show results based on the
full original station network (Table 1) as well as results
based on the 50 stations (indicated by a 3, 4, or 5 in Table 1)
whose homogeneity we had no reason to question (right

panel, with one half the horizontal axis range of the left).
There is more scatter in the results from the full network,
and some notable outliers, with trends less than �500 m/
decade. The more restricted network shows remarkably
consistent trends, with positive values at almost all stations
and observation times, with a range of �43 to +209 m/
decade, and an average value of 62 m/decade. However, the

Figure 7. Vertical profiles of the distribution of (top) correlation coefficients and (bottom) regression
coefficients (km/K) between monthly anomalies of temperature at a given level and tropopause height.
Panels at left are for tropics (30�S to 30�N), and panels at right are for extratropics. Each box and whisker
plot is based on all available stations and times of observation and show minimum, maximum, and 25th,
50th, and 75th percentile values.
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trend confidence intervals for many of the individual
stations overlap zero.
[31] Averaging time series from different stations and

observation times to form seven zonal mean time series in
25.7-degree latitude bands reduces the noise and increases
the statistical significance of the trends. Figure 9 shows the
seven zonal time series, as well the global average, based on
area weighting of the zonal series. In creating these zonal
time series, we included data from all stations for which we
did not suspect the data were inhomogeneous, even if the
time series had gaps that precluded computation of trends at
that station. Thus all stations except those indicated by a
‘‘1’’ in Table 1 are included in the zonal means.
[32] Figure 10 shows trends in zonal-mean tropopause

height, pressure, and temperature, as well as the number of
time series used per zone. Clearly, the NH extratropics is the
best sampled region, which leads to generally smoother time
series (Figure 9) and smaller trend confidence intervals
(Figure 10). In all zones, we find an increase in tropopause
height ranging from 10 to 119 m/decade and a decrease in
tropopause pressure ranging from 0.8 to 2.7 hPa/decade.
The largest tropopause height and temperature trends are in
the SH subtropical zone (where a large trend at Durban,
South Africa, dominates this poorly sampled region), and
the smallest are in the NH polar region. In all but the most
northerly zone, tropopause temperature trends are negative,

with the strongest cooling (0.78 K/decade) in the SH
subtropical zone.
[33] To test the sensitivity of the zonal trends to station

sampling, we also computed zonal means using only the
stations with sufficient data to allow computation of
individual station trends (indicated by a 3, 4, or 5 in
Table 1). Figure 10a shows that tropopause height trends
from these two networks are in good agreement over
most of the globe. The differences are largest in the
tropics, where the more restrictive network yields a larger
trend by about a factor of 2, but the two estimates
(shown by solid circles and open squares) are always
within each other’s uncertainty estimates.
[34] We have also computed tropopause trends on a

seasonal basis (not shown). The increase in LRT height is
found in all four seasons and all seven zonal bands, with
three exceptions. Trends are near zero in JJA in the tropical
and SH midlatitude bands, and there is a statistically
significant LRT height decrease in the North Polar zone in
DJF.
[35] Trends based on the global time series indicate

highly statistically significant tropopause changes during
1980–2004. The height of the LRT increased at a rate of 64
± 21 m/decade (yielding a net rise of 160 m over the 25-year
period), with an associated pressure decrease of 1.7 ±
0.6 hPa/decade (net change of �4.2 hPa), and a temperature

Figure 8. Tropopause height trends (m/decade) for 1980–2004 as a function of latitude. Error bars
show ±2-sigma confidence intervals. Each point represents a different station and time of observation.
(left) Trends at stations indicated by 1, 3, 4, or 5 in Table 1, with open circles indicating stations and
observation time with inhomogeneous time series. (right) Results only for stations with no discernible
inhomogeneities (indicated by 3, 4, or 5 in Table 1). Note the different horizontal axis scales.
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decrease of 0.41 ± 0.09 K/decade (net change of �1.0 K).
These LRT changes were accompanied by a slight (not
statistically significant) warming of the tropospheric 850–
300 hPa layer of 0.036 ± 0.066 K/decade and a strong
cooling of the stratospheric 100–50 hPa layer of 0.77 ±
0.21 K/decade.
[36] Previous studies, based on a variety of data sources

and for different regions, report different tropopause
trends. Global tropopause trends have been estimated
exclusively from reanalysis data. Sausen and Santer
[2003] and Santer et al. [2003a] report trends in tropo-
pause pressure of �1.82 hPa/decade for 1979–1997 and
�2.16 hPa/decade for 1979–2000, respectively, in the
NCEP/NCAR reanalysis. Santer et al. [2003a] also report
a trend of �1.13 hPa/decade in the 15-year ECMWF
reanalysis for 1979–1993, an order of magnitude larger
than the estimates of Hoinka [1998, 1999], who reports
trends of �0.1 and +0.1 hPa/decade. Using the improved
40-year ECMWF reanalysis, Santer et al. [2004] find global
trends of �2.36 ± 0.47 and �2.66 ± 0.48 hPa/decade for
1979–2001, using data with two different vertical resolu-
tions. As shown in Appendix A, we obtain a similar global
LRT pressure trend difference (0.4 hPa/decade) by reducing
the vertical resolution of the radiosonde data, although some
local differences are much larger.
[37] If we limit our analysis to the same data periods (but

starting in 1980 rather than 1979) as used in those studies,

we obtain global tropopause pressure trends of �0.77 ±
1.42, �1.60 ± 1.00, �1.89 ± 0.81, and �1.83 ± 0.75 hPa/
decade for 1980–1993, 1980–1997, 1980–2000, and
1980–2001, respectively. These radiosonde trend confi-
dence intervals are large enough to encompass most of the
published tropopause trends in reanalyses. However, the
radiosonde-based trends are smaller than the reanalysis
trends reported by Sausen and Santer [2003] and Santer
et al. [2003a, 2004] (except for the 15-year ECMWF
trends), but much larger than those reported by Hoinka
[1998, 1999].
[38] In the tropics, Randel et al. [2000] found a decrease

in tropopause temperature (�0.5 K/decade) and pressure
(�0.4 hPa/decade) in 1979–1997 radiosonde data, but no
trend during the same period in NCEP/NCAR reanalysis
data. The radiosonde results are consistent with Seidel et al.
[2001], who report a 1978–1997 increase in tropopause
height of �20 m/decade, decrease in pressure of �0.5 hPa/
decade, and cooling of �0.5 K/decade, on the basis of
radiosonde data in the 15�S to 15�N equatorial zone. The
1980–1997 trend in our tropical zone is �0.72 ± 1.5 hPa/
decade. The difference may be due to the poorer spatial
sampling in this analysis compared with the earlier studies
which focused on the tropics; here we have only ten station
time series contributing to the tropical zonal mean.
[39] Several studies have reported regional tropopause

changes. Thompson et al. [2000] attribute an increase in

Figure 9. Monthly anomalies of tropopause height for the globe (bottom trace) and in seven
25.7-degree latitude bands for 1980–2004. Each tick mark represents 1 km on the vertical axis,
except for the global time series, where each represents 0.5 km.
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wintertime tropopause height over Europe and Canada, as
seen in NCEP/NCAR reanalysis data for 1968–1997, in
part to changes in the Arctic Oscillation. Añel et al. [2006]
also find a strong signal of the Northern Annular Mode in
the variability of radiosonde-derived tropopause height over
Eurasia, and note that computed trends in tropopause height
are very sensitive to decisions regarding data quality and
homogeneity. Forster and Tourpali [2001] analyzed ozone-
sonde data at eleven NH sites and found tropopause height
increases of 330 to 520 m during 1970–1996/1997, with

associated trends in ozone profile, consistent with earlier
work by Steinbrecht et al. [1998] focusing on data from
Hohenpeissenberg. Nagurny [1998] reports an increase of
�0.3 km in the height of the Arctic tropopause, on the basis
of radiosonde data from drifting stations, and Highwood et
al. [2000] find Arctic tropopause pressure decreases of 5 to
14 hPa (with largest trends in winter, associated with the
Arctic Oscillation) over 1965–1990. Varotsos et al. [2004]
report an upward trend in tropopause height and a decrease
in tropopause temperature over Greece during 1984–2002,

Figure 10. Trends in zonal-mean tropopause height (Figure 10a), tropopause pressure (Figure 10c), and
tropopause temperature (Figure 10d) as a function of latitude, and the number of station time series used
to create the zonal time series (Figure 10b). Error bars indicate the ±2-sigma confidence intervals for the
trend estimates. For tropopause height (Figure 10a), trends are estimated via simple linear regression
(solid circles) and multiple regression (open triangles) using time series based on all station data in the
relevant 25.7-degree latitude zone and via simple linear regression using time series based only on
stations with at least 67% of nonmissing monthly anomaly data (open squares).
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and discuss associated trends in column ozone. Chakrabarty
et al. [2000] report an increase in tropopause height over
India of 0.57 to 1.13%/decade (about 140 m/decade) with
radiosonde data periods ranging from 26 to 32 years,
beginning in 1965.
[40] The relationships between LRT height trends and

temperature trends are shown in the scatterplot in Figure 11.
There is no clear relationship between the local strength of
tropospheric (850–300 hPa) temperature trends and that of
LRT height trends. However, stratospheric (100–50 hPa)
temperature trends and LRT height trends are anticorrelated
and the data indicate LRT height increases of about 100 m
per degree K of stratospheric cooling, with r2 = 0.30. The
relationship is almost identical within the tropics (triangles
in Figure 11) and the extratropics (circles). The ratio of the
magnitude of changes in temperature and LRT height is
smaller, by a factor of 20 to 30, than the corresponding
relationships between LRT height variations and strato-
spheric temperature variations on monthly timescales, dis-
cussed in the previous section (Figure 7).
[41] Recall, too, that on these shorter timescales, LRT

height is significantly correlated with tropospheric tempera-
ture, which is not the case for trends, although this finding
may be largely due to the weakness of the tropospheric trends
in these data. The tropospheric trends are ‘‘weak’’ in two
senses of the word. First, they are small and in many cases not
statistically significantly different from zero. Second, despite
our attempts to screen out stations with temporally inhomo-
geneous data (as discussed in section 2.2) the tropospheric
time series may contain small inhomogeneities which
recent studies suggest might lead to an underestimate of

tropospheric warming [Lanzante et al., 2003; Free et al.,
2005; Sherwood et al., 2005; Randel and Wu, 2006].
[42] The increase in global LRT height is evident in the

time series in Figure 9 (bottom trace), which also shows
other components of interannual variability. To ascertain the
nature of these variations, we performed a multiple regres-
sion analysis of the global and zonal tropopause height
monthly anomaly time series including proxies to model the
quasi-biennial oscillation (QBO) and El Niño–Southern
Oscillation (ENSO). We use the 70 hPa zonal winds at
Singapore as a QBO proxy [Naujokat, 1986], which we find
to be the best level for correlations with the global tropo-
pause (somewhat stronger than the 50 hPa level). ENSO
variations are derived using the Multivariate ENSO Index
(http://www.cdc.noaa.gov/people/klaus.wolter/MEI/
mei.html#ref_wt1; Wolter and Timlin [1998]). We also
included proxies for 11-year solar cycle variability and
stratospheric aerosol loading due to volcanic eruptions,
but these did not yield statistically significant results. Santer
et al. [2004] find tropopause height decreases following the
El Chichón and Pinatubo eruptions in both ECMWF and
NCEP/NCAR reanalyses. These differing results may be
related to differences in statistical method used to identify
the volcanic signal or to discrepancies between reanalysis
and radiosonde depictions of the signal.
[43] Tropopause height regression coefficients and their

±2 sigma confidence intervals for the QBO proxy are shown
in Figure 12. The QBO exhibits a coherent global signa-
ture in tropopause height, with out-of-phase variations
between the equator and midlatitudes of both hemispheres,
a pattern first documented by Angell and Korshover [1964].

Figure 11. Scatterplot showing the relationships between tropopause height trends and temperature
trends in the troposphere (850–300 hPa, open symbols) and stratosphere (100–50 hPa, solid symbols).
Each point represents a different station and observing time, with triangles for tropical (30�S to 30�N)
stations and circles for extratropical stations. The sloped line shows the regression relation for the
stratospheric temperature trends.
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Tropopause height variations at the equator are out of
phase with zonal winds at 70 hPa. These wind variations
are in thermal wind balance with temperature fluctuations in
the lower stratosphere, so that the equatorial tropopause
height is negatively correlated with the lower stratospheric
QBO temperature signal [Reid and Gage, 1985; Randel
et al., 2000]. Previous studies [e.g., Randel et al., 1999]
have revealed an out-of-phase latitudinal structure in each
hemisphere as a characteristic pattern of QBO-related
temperature variations in the lower stratosphere. That the
global QBO-related tropopause height variations show a
similar pattern (Figure 12) suggests that tropopause height
is closely coupled to lower stratosphere temperatures. To
quantify this relationship, we performed similar QBO regres-
sions with temperature time series, and then calculated the
ratio of tropopause height (from Figure 12) to temperature
QBO signals. The QBO temperature regressions show
significant results for pressure levels in the lower strato-
sphere (with structure similar to that in Figure 12), and the
resulting ratio of tropopause height to temperature changes is
near �200 m/K. This ratio is similar in magnitude to the
trend ratio estimated in Figure 11, but a factor of 10 smaller
than the synoptic and monthly ratios in Figure 7.
[44] The ENSO signal obtained in this analysis (not

shown) is only statistically significant in the tropical zone
and would suggest a coherent variation of tropopause height
within that band. However, the spatial pattern of the ENSO
signal in the tropical tropopause has a predominant east-
west seesaw pattern [Randel et al., 2000; Kiladis et al.,
2001; Gettelman et al., 2001] that is poorly sampled with
our limited station network.

[45] The multiple regression analysis also included a
trend term, and the results, shown in Figure 10a, are in
excellent agreement with the trends computed using simple
linear regression. This suggests that the upward tropopause
trends found in each of the zonal band are not attributable to
variations associated with ENSO, the QBO, solar output, or
volcanic aerosols.

7. Summary

[46] This study has focused on quantifying tropopause
variability observed in global radiosonde data and under-
standing correlations between tropopause height and tem-
peratures throughout the vertical profile. We have analyzed
variability over a range of timescales (synoptic through
interannual changes), and compare the results across scales.
Because we want to highlight long-term changes in tropo-
pause height, temporal inhomogeneities in radiosonde data
have been carefully considered. We relied on several sour-
ces of information to screen station data for homogeneity,
which reduced the initial network of 100 stations with data
extending back to the late 1950s to a set of 51 stations for
the 25-year period 1980–2004.
[47] The climatological height of the first lapse rate

tropopause (LRT) varies smoothly with latitude, from 9 km
near the poles to 16 km in the tropics, corresponding to
pressures of 300 to 100 hPa, consistent with previous
results. In midlatitudes a second LRT is found at �16 km
(�100 hPa), although it is not often present in summer. In
extratropical regions the annual cycle of LRT height peaks
in summer, whereas in the tropics the annual cycle of LRT
height is very small.
[48] LRT height and pressure vary on synoptic (day-to-

day), monthly, seasonal, and multidecadal timescales. Syn-
optic variability is the largest, with standard deviations of
approximately 1–2 km or 20–50 hPa. Variability associated
with both the annual cycle and monthly anomalies is less
than half the synoptic variability, and in both cases is
smaller in the tropics than extratropics. LRT changes over
the 25 years analyzed have maximum magnitudes of
0.5 km, or 12 hPa, and median values of 0.2 km or 4 hPa.
We note that these observed changes are much smaller than
the vertical resolution of contemporary global climatemodels
and of atmospheric reanalyses [Santer et al., 2004].
[49] On synoptic and monthly anomaly timescales, tropo-

pause height variations are anticorrelated with stratospheric
temperature variations and positively correlated with tropo-
spheric temperature variations. Correlations are stronger in the
extratropics than in the tropics, for the upper troposphere
(500–300 hPa) than for the lower troposphere, and for the
lower stratosphere than for the middle stratosphere. The level
at which correlations switch from negative to positive is very
close to the local mean LRT pressure. These observed relation-
ships for extratropical synoptic scales are characteristic of the
balanced dynamical structure of midlatitude cyclones and
anticyclones, and the monthly anomalies likely reflect the
accumulated effects of synoptic variability. Regression analy-
sis indicates that the extratropical tropopause is more sensitive
to temperature changes than the tropical tropopause. In both
regions monthly anomalies of tropopause height are more
sensitive to stratospheric temperature change than tropospheric,
rising 2–3 km per degree cooling of the lower stratosphere.

Figure 12. Coefficient of regression between zonal-mean
tropopause height anomalies and the quasi-biennial oscilla-
tion, as measured by 70 hPa winds over Singapore, as a
function of latitude. Error bars show ±2-sigma confidence
intervals.
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[50] Tropopause height trends over 1980–2004 are
upward at almost all of the stations analyzed, yielding a
global trend of 64 ± 21 m/decade, a corresponding global
LRT pressure trend of �1.7 ± 0.6 hPa/decade, and associ-
ated LRT temperature decrease of 0.41 ± 0.09 K/decade (or
net changes of 160 m, �4.2 hPa and �1.0 K). These LRT
trends are accompanied by significant stratospheric cooling
and smaller tropospheric warming. However, the strength of
the LRT trends is spatially correlated with that of the
stratospheric temperature trend but there is no significant
correlation between LRT trends and tropospheric tempera-
ture trends. Whether this result is physically meaningful or
is a statistical artifact of the larger stratospheric than
tropospheric trend signal is unclear.
[51] The sensitivity of tropopause height trends to strato-

spheric temperature trends is about 100 m/K, which is
20–30 times weaker than the corresponding sensitivity for
synoptic or monthly timescales. A similar small value of
200 m/K is found for relating QBO variations in tropopause
height and lower stratospheric temperature. This suggests
that the coupling of tropopause height and stratospheric
temperatures on interannual timescales involves different or
additional mechanisms than for synoptic/monthly scales.
Radiative effects are a likely contributor to this balance; the

relatively long radiative timescale in the lower stratosphere
(�30 days) suggests that radiation is relatively unimportant
for synoptic scales, but probably a large influence for inter-
annual changes. We note that the radiosonde data analyzed
here do not allow separation of this sensitivity between the
tropics and extratropics (because there are few tropical sta-
tions and our results are based primarily on extratropics).
Such a difference in sensitivity might be expected because
the equilibrium structure and dynamical balance of the
tropopause is fundamentally different between the tropics
(radiative-convective balance [e.g., Thuburn and Craig,
2002]) versus extratropics (baroclinic wave dynamics [e.g.,
Haynes et al., 2001; Schneider, 2004]).
[52] The observed correlation of tropopause height trends

with stratospheric temperature trends, plus observation of a
significant QBO signal in tropopause height time series,
suggest that at these lowest frequencies the tropopause is
primarily coupled with stratospheric temperatures. Con-
versely, tropopause height trends and tropospheric temper-
ature trends are uncorrelated (although the smallness and
uncertainties in the latter may influence this result). There-
fore, as an indicator of climate change, long-term changes in
the tropopause may carry less information about changes
throughout the vertical temperature profile than has been

Figure A1. (left) Tropopause height trends (m/decade) for 1980–2004 as a function of latitude based
on full resolution (open circles) and low-resolution (solid triangles) data. (right) Trend differences, low
resolution minus full resolution.
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suggested by previous studies using reanalyses and global
climate models.

Appendix A: Effect of Vertical Resolution of
Sounding Data on Lapse Rate Tropopause
Statistics

[53] Reanalysis data and climate model simulations have
lower vertical resolution than radiosonde data, which could
influence both the precision and accuracy of derived lapse
rate tropopause heights. To investigate the effect of vertical
resolution of temperature sounding data on LRTstatistics, we
repeated our analyses using radiosonde profiles degraded
by elimination of all of the ‘‘significant’’ data levels. For
each sounding, temperature and height data at the ‘‘manda-
tory’’ levels (1000, 850, 700, 500, 400, 300, 200, 150, 100,
50, 30, 20, 10, 7, 5, 3, 2, and 1 hPa) were used to evaluate
lapse rates at intermediate levels (between pairs of adjacent
mandatory levels), and the LRT was identified by interpo-
lation (in height coordinates) of the lapse rate data to a level
at which the LRT definition was satisfied. Using these LRT
data, we computed all of the same climatological statistics
as was done with the full resolution data.
[54] Climatological annual-average LRT height and pres-

sure based on the low-resolution data (not shown) show the
same overall patterns as obtained using the full resolution
soundings (Figure 3). However, small biases were found,
with LRT pressure and height differences ranging from �6
to 9 hPa and �164 to 364 m, respectively, with mean
absolute differences of 2.7 hPa and 96 m.
[55] Trends in LRT height for the period 1980–2004

evaluated from the low- and full resolution data are shown
in Figure A1 (left). At some stations the values are very
similar, but at many the differences (Figure A1, right) are
similar in magnitude to the trends themselves. The range of
trend differences (low minus full resolution) is �110 to
82 m/decade, the mean absolute difference is 24 m/decade,
and typical differences are 10–50% of the trend based on
the full resolution data. There is better agreement for large-
scale average trends. Zonal trends from the full resolution
data (Figure 10a) are not statistically significantly different
from those based on the low-resolution data (not shown).
The global LRT height trend from low-resolution data is
51 ± 26 m/decade, compared with 64 ± 21 m/decade for full
resolution, and comparable values for LRT pressure trends
are �2.1 ± 0.7 and �1.7 ± 0.6 hPa/decade.
[56] On the basis of this analysis, we conclude that

climatological statistics based on lower-resolution data
contain biases that vary from location to location and that
local trend estimate from lower-resolution data can be
biased with respect to those based on full resolution data,
but the biases in global-average trends are less severe.
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