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ABSTRACT

Temperature trends derived from historical radiosonde data often show substantial differences compared
to satellite measurements. These differences are especially large for stratospheric levels, and for data in the
Tropics, where results are based on relatively few stations. Detailed comparisons of one radiosonde dataset
with collocated satellite measurements from the Microwave Sounding Unit reveal time series differences
that occur as step functions or jumps at many stations. These jumps occur at different times for different
stations, suggesting that the differences are primarily related to problems in the radiosonde data, rather than
in the satellite record. As a result of these jumps, the radiosondes exhibit systematic cooling biases relative
to the satellites. A large number of the radiosonde stations in the Tropics are influenced by these biases,
suggesting that cooling in the tropical lower stratosphere is substantially overestimated in these radiosonde
data. Comparison of trends from stations with larger and smaller biases suggests the cooling bias extends
into the tropical upper troposphere. Significant biases are observed in both daytime and nighttime radio-
sonde measurements.

1. Introduction

Accurate knowledge of past temperature trends is an
important aspect of detecting and attributing decadal
climate variability and change, and stratospheric
changes are a key aspect of the vertical profile. Lower
stratospheric temperature changes contribute to finger-
print patterns used in climate change studies (e.g., Tett
et al. 1996; Santer et al. 1996, 2005), and are also key for
understanding decadal trends within the stratosphere
itself (Shine et al. 2003). A current outstanding uncer-
tainty for stratospheric temperature trends regards the
magnitude of recent decadal-scale cooling in the tropi-
cal lower stratosphere, and agreement (or lack thereof)
between radiosonde and satellite observations. Briefly,
historical radiosonde data show substantially larger
cooling than satellite data in this region. This is seen in

comparison of trends from radiosondes and satellites
calculated for various periods (e.g., Lanzante et al.
2003b; Seidel et al. 2004), although the issue is confused
by the fact that satellite comparisons typically involve a
vertical integral over a layer spanning the upper tropo-
sphere and lower stratosphere. More pointedly, both
the vertical and latitudinal structure of lower strato-
spheric temperature trends derived from radiosondes
(Lanzante et al. 2003b; Thompson and Solomon 2005)
disagree with results derived from satellite data [viz.
trends derived from the Microwave Sounding Unit
(MSU) and Stratospheric Sounding Unit (SSU) shown
in Ramaswamy et al. (2001), and updated in the World
Meteorological Organization (2003)]. The satellite data
show a relative minimum in cooling trends for the tropi-
cal lower stratosphere, whereas trends derived from the
historical radiosonde record show a maximum in this
region. The tropical cooling maximum derived from ra-
diosondes is also in disagreement with current model
simulations of past stratospheric temperature changes
(Shine et al. 2003; Santer et al. 2005).

Our objective in this paper is to demonstrate that
there are significant biases in temperature trends de-
rived from historical radiosonde data, and to explore
the magnitude and structure of these biases in one ra-
diosonde dataset. Direct comparisons between collo-
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cated satellite measurements and vertically integrated
radiosonde data show that many stations suffer from
discontinuities or jumps, probably attributable to
changes in instrumentation or radiation corrections that
are known to cause long-term cooling biases (Gaffen
1994; Parker and Cox 1995; Gaffen et al. 2000; Elliott et
al. 2002; Angell 2003; Lanzante et al. 2003a,b; Christy et
al. 2003). These biases are particularly large for strato-
spheric levels. Although several recent analysis of ra-
diosonde data attempt to account for these changes
(Lanzante et al. 2003a; Parker et al. 1997; Thorne et al.
2005), the problems are subtle, pervasive, and difficult
to correct accurately. We furthermore examine the ver-
tical structure of radiosonde biases in the Tropics by
comparing trend statistics between groups of stations
with larger and smaller biases, highlighting the influ-
ence on both tropospheric and stratospheric levels. Ad-
ditionally, the effects of day versus night measurements
on bias statistics are briefly examined in the appendix.

2. Data and analyses

The radiosonde data used here are based on the tem-
porally homogenized dataset described in Lanzante et
al. (2003a). These data (hereafter called LKS) are
based on a near-global network of 87 stations, provid-
ing monthly temperature anomalies on standard pres-
sure levels covering the period 1948–97. We focus here
on the period after 1979, which overlaps the satellite
record. The LKS data are based on careful analysis of
measurements at each station, with adjustments made
for changes in instrumentation or data processing, as
such effects are evident in deseasonalized time series.
The LKS data were updated to 2004 using the Inte-
grated Global Radiosonde Archive (IGRA), and we
focus on stations with long records of stratospheric data
(to at least 50 hPa) that have measurements extending
to 2004. We obtained IGRA data for each of the LKS
stations, and matched deseasonalized time series at
each pressure level to corresponding time series from
LKS data. Special care was taken to assure continuity
between the LKS and IGRA data across 1997–98, and
this was evaluated using comparisons with MSU satel-
lite data as discussed below. We maintain separate 0000
and 1200 UTC datasets, in order to analyze local time
behavior (see appendix), but most of our results are
based on combined 0000 and 1200 UTC data for sta-
tions that have both [for two stations we choose to use
only one measurement time, based on our analysis of
data quality: Santa Cruz (using 1200 UTC data) and Bet
Dagan (0000 UTC)]. Overall the combined LKS �
IGRA time series analyzed here are very similar to the
Radiosonde Atmospheric Temperature Products for

Assessing Climate (RATPAC) data described in Free
et al. (2005).1

Satellite observations from the MSU instrument pro-
vide measurements of mean temperatures over vertical
layers, covering approximately 13–24 km altitude for
channel 4 (termed TLS) and 0–12 km for channel 2
(termed TMT). The TLS weighting primarily covers the
stratosphere in the extratropics, but spans the upper
troposphere and lower stratosphere in the Tropics (the
weighting function peaks near the tropical tropopause).
TMT also has a contribution from the stratosphere,
with �10% of the integrated signal arising from levels
above 15 km. There is also a satellite product derived
by differencing the near-nadir and off-nadir scans from
MSU channel 2, termed TLT, which has an effective
weighting function somewhat lower (�0–8 km) than
TMT. TLT has the advantage of having minimal con-
tributions from the stratosphere. The MSU time series
are derived from a series of operational satellite instru-
ments, and continuous time series are generated by
considering overlaps between adjacent satellites, taking
into account orbital changes and calibration effects.
Here we consider results based on two different MSU
datasets, obtained from Remote Sensing System (RSS)
analysis, described in Mears et al. (2003) and Mears and
Wentz (2005), and from the University of Alabama at
Huntsville (UAH), as described in Christy et al. (2003).
The MSU2LT data from UAH are from a recently up-
dated version (v5.2). We use two different satellite
datasets because there are some important differences
in trends derived between the two, especially for TMT
and TLT (see Mears et al. 2003; Santer et al. 2005), and

1 The version of RATPAC data described in Free et al. (2005)
was based on combined 0000 and 1200 UTC observations. Sub-
sequently, an updated version of RATPAC with separate 0000
and 1200 UTC data has become available (with plans for regular
updates), and we have made detailed comparisons between our
LKS � IGRA data and these RATPAC data. For the majority of
the stations the datasets are very similar, and results shown in this
paper are nearly identical to those derived from RATPAC. There
are some differences in specific time series for a few stations
where LKS time series ended before 1997 (due to choices regard-
ing homogeneity rather than data availability). The time series for
these stations were not updated beyond 1997 in RATPAC, but
were updated to 2004 in our dataset. These stations include:
Verkhoyansk, Saint Paul, Annette, Petropavlovsk, Tripoli, Santa
Cruz, Dakar, Durban, and Gough Island. The different end points
in time series for these stations make trend results substantially
different between our LKS � IGRA data and RATPAC. There
are also some differences in the “gappiness” of our dataset versus
RATPAC for a few stations where we have filled in short gaps in
the pre-1997 time series with IGRA data; these stations include:
Bermuda, Hilo, Bogota, Nairobi, Manaus, Ascension Island, and
Martin de Vivies. Trend results for these stations are very similar
between our data and RATPAC.
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we wish to demonstrate that our results are not depen-
dent on the specific satellite dataset used.

To directly compare the radiosonde and MSU satel-
lite data, we vertically integrate the radiosonde tem-
peratures using the TLS, TMT, and TLT weighting
functions, approximated for the data on standard pres-
sure levels (see Fig. 1 of Seidel et al. 2004). For the TLS
comparisons, we integrate the radiosonde data to the
30- or 50-hPa level, depending on data availability at
each station; for stations where observations do not
reach 50 hPa, the TLS calculations are not performed
(data are considered missing). Note that the upper data
level is constant for each station, so that the radiosonde
minus satellite changes identified here are not a result
of variations in upper-level data availability. We focus
on LKS � IGRA radiosonde stations over �70°N–S
that have at least 70% of monthly data for the time
period 1979–2004; this amounts to 66 stations listed in
Table 1.

3. Results

The overall variability observed by satellites and
(vertically integrated) radiosonde data agree very well
at each station, but time series of differences can reveal
small, systematic changes. Figure 1 compares RSS TLS
measurements with vertically integrated radiosonde
data for Hilo (20°N) and Majuro (7°N), illustrating this
behavior. The differences at Hilo show relatively small
values throughout the record, with no obvious large
changes or discontinuities. In contrast, the time series
of radiosonde minus satellite differences at Majuro
show an obvious jump of approximately 1 K occurring
in �1989. Note that this jump is not apparent within the
variability of the original time series, but is clear in the
differences. Consistent with this change, the vertically
integrated radiosonde data at Majuro show substan-
tially larger negative trends than the satellite measure-
ments (as shown below).

The discontinuous jumps in satellite–radiosonde dif-
ferences revealed at Majuro (Fig. 1b) are evident at
many stations, and are particularly evident at a number
of tropical stations with long-term data records. Figure
2 shows the differences at six additional stations over
�30°N–S showing discontinuous behavior at each sta-
tion. The exact timing of the jumps is different among
the different stations, suggesting the differences are not
a result of changes in the satellite data, but rather in the
individual radiosonde records. Similar calculations
based on UAH data show very similar results, with
nearly identical timing to the jumps seen in Fig. 2. The
overall effect of the changes is similar at each of the
stations in Fig. 2, with a net cooling in the radiosonde–

TABLE 1. LKS � IGRA radiosonde stations shown in Fig. 4,
together with the TLS difference trend with respect to RSS data
at each station (as in Fig. 4b). Trend results are shown for separate
0000 and 1200 UTC data for stations where both measurement
times are available. The bracketed suffixes denote that these sta-
tions are combined within the larger (L) and smaller (S) bias
tropical station groups, shown in Fig. 8.

Station Lat

Difference
trend for TLS
(K decade�1)

Syowa (0000/1200 UTC) �69.0 �0.25/�0.38
Macquarie Island (0000/1200 UTC) �54.5 �0.30/�0.15
Marion Island (0000/1200 UTC) �46.8 �0.26/�0.45
Invercargill (0000/1200 UTC) �46.4 �0.60/�0.62
Chatham Island (0000 UTC) �43.9 �0.85
Puerto Montt (1200 UTC) �41.4 �0.59
Gough Island (0000/1200 UTC) �40.3 �0.28/�0.05
Martin de Vivies (1200 UTC) �37.8 �0.31
Adelaide (0000/1200 UTC) �34.9 �0.35/�0.20
Buenos Aires (0000/1200 UTC) �34.8 �0.61/�0.57
Capetown (0000 UTC) �33.9 �0.15
Perth (0000/1200 UTC) �31.9 �0.52/�0.60
Durban (0000 UTC) �29.9 �0.31
Norfolk Island (0000 UTC) (S) �29.0 0.14
Antofagasta (1200 UTC) (L) �23.4 �0.83
Rio de Janeiro (1200 UTC) (S) �22.8 �0.08
Townsville (0000 UTC) (S) �19.2 �0.21
Tahiti (0000 UTC) �17.5 �0.34
Nandi (0000 UTC) (L) �17.4 �0.65
Darwin (0000 UTC) (S) �12.4 �0.23
Ascension Island (1200 UTC) (L) �7.9 �0.80
Manaus (1200 UTC) (S) �3.1 �0.23
Nairobi (0000 UTC) (S) �1.3 �0.18
Singapore (0000 UTC) (L) 1.3 �0.72
Bogota (1200 UTC) (L) 4.7 �0.51
Majuro (0000 UTC) (L) 7.0 �0.52
Truk (0000 UTC) 7.4 �0.41
Bangkok (0000 UTC) 13.7 �0.21
Dakar (1200 UTC) 14.7 �0.78
San Juan (0000/1200 UTC) (S) 18.4 �0.12/�0.21
Hilo (0000/1200 UTC) (S) 19.7 �0.20/�0.04
Jeddah (0000/1200 UTC) 21.6 �0.30/�0.17
Hong Kong (0000/1200 UTC) (L) 22.3 �0.60/�0.49
Minamitorishima (0000/1200 UTC) 24.3 �0.47/�0.31
Brownsville (0000/1200 UTC) (S) 25.9 �0.24/�0.19
Santa Cruz (1200 UTC) 28.4 �0.20
Kagoshima (0000/1200 UTC) 31.6 �0.42/�0.24
Bet Dagan (0000 UTC) (S) 32.0 0.14
Bermuda (1200 UTC) (L) 32.3 �0.80
Tripoli (1200 UTC) 32.6 �0.10
Miramar (0000/1200 UTC) 32.8 �0.22/�0.08
North Front (0000/1200 UTC) 36.2 �0.06/�0.16
Dodge City (0000/1200 UTC) 37.7 �0.20/�0.14
Minqin (0000/1200 UTC) 38.7 �0.39/�0.42
Kashi (0000/1200 UTC) 39.4 �0.29/�0.43
Wakkanai (0000/1200 UTC) 45.4 �0.17/0.01
Rostov (0000 UTC) 47.2 0.10
Great Falls (0000/1200 UTC) 47.4 �0.30/�0.42
Torbay (0000/1200 UTC) 47.6 0.04/�0.43
Munchen (0000/1200 UTC) 48.2 �0.06/�0.18
Moosonee (0000/1200 UTC) 51.2 0.10/�0.04
Petropavlovsk (0000/1200 UTC) 53.0 0.35/0.06
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