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

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

! 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—
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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.

Difference
trend for TLS

Station Lat (K decade™ )
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) —234 —0.83
Rio de Janeiro (1200 UTC) (S) -22.8 —0.08
Townsville (0000 UTC) (S) -19.2 —0.21
Tahiti (0000 UTC) =175 -0.34
Nandi (0000 UTC) (L) -17.4 —-0.65
Darwin (0000 UTC) (S) ~124 -0.23
Ascension Island (1200 UTC) (L) =79 —0.80
Manaus (1200 UTC) (S) -3.1 -0.23
Nairobi (0000 UTC) (S) -13 —0.18
Singapore (0000 UTC) (L) 13 -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) 184  —0.12/-021
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) 223 —0.60/—0.49
Minamitorishima (0000/1200 UTC) 243 —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) 316 —042/-024
Bet Dagan (0000 UTC) (S) 320 0.14
Bermuda (1200 UTC) (L) 323 —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) 377 —0.20/-0.14
Mingin (0000/1200 UTC) 38.7 —0.39/-0.42
Kashi (0000/1200 UTC) 39.4 —0.29/-0.43
Wakkanai (0000/1200 UTC) 454 —0.17/0.01
Rostov (0000 UTC) 472 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) 482 —0.06/—0.18
Moosonee (0000/1200 UTC) 512 0.10/-0.04
Petropavlovsk (0000/1200 UTC) 53.0 0.35/0.06
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TABLE 1. (Continued)
Difference
trend for TLS

Station Lat (K decade™)
Omsk (0000/1200 UTC) 54.9 0.20/0.18
Annette Island (0000/1200 UTC) 55.0 —0.17/-0.46
Saint Paul Island (0000/1200 UTC) 571 —0.16/—0.56
Kirensk (0000/1200 UTC) 57.7 0.05/0.01
Lerwick (0000/1200 UTC) 60.1 0.20/0.05
Keflavik (0000/1200 UTC) 64.0 —0.08/—0.02
Baker Lake (0000/1200 UTC) 64.3 —0.15/-0.12
Pechora (0000 UTC) 65.1 0.06
Angmagssalik (0000/1200 UTC) 65.6 —0.52/-0.59
Turuhansk (0000/1200 UTC) 65.8 0.16/0.11
Sodankyla (0000/1200 UTC) 67.4 —0.58/—-0.51
Verkhoyansk (0000/1200 UTC) 67.6 —0.03/-0.43
Jan Mayen (0000/1200 UTC) 70.9 —0.44/-0.57
Point Barrow (0000/1200 UTC) 71.3 —0.47/-0.48

satellite differences of order 1-2 K over the 1979-2004
record. This artificial cooling is consistent with previous
analyses of radiosonde data, which show that changes
(improvements) in instrumentation over time can result
in spurious cooling (e.g., Elliott et al. 2002). While the
LKS analyses have attempted to correct for such fac-
tors, Fig. 2 is evidence that small systematic shifts can
still remain uncorrected.

For comparison, Fig. 3 shows radiosonde-satellite
differences at a number of low latitude stations that do
not exhibit large systematic changes over time. While
there can be substantial variability in the difference

HILO
2 - T
0 'l]'l.l fy 'r'l';‘.."",'. L it
™ 1] IH 1 TV T
]'1 i l "N r

_2 N
< 2 I sonaes
X
a O
€
2o—2

difference
L P T L A | : m ‘\l 1 1
YL TP, | P Y MT"l YT I |
0 A T e VBRI Ty

80 8 90 95 00 05
Year

RANDEL AND WU

2097

fields at some stations (e.g., Nairobi), the lack of sys-
tematic changes at a number of stations is evidence that
there are not sizeable inhomogeneities in the RSS TLS
satellite data (which would appear as jumps at each
station), and further supports that the jumps in Fig. 2
are related to radiosonde data.

The fact that the radiosonde changes often occur as
jumps suggests an association with specific changes in
instrumentation or data analysis. Sometimes such
changes are documented in station metadata (often
with inexact dates for changes), but for other stations
metadata is absent or incomplete. For example, the
cooling at Kagoshima after 1993 (top, Fig. 2) is prob-
ably associated with incorporating a new radiation cor-
rection in January 1993 and a change in radiosondes
(from MEISEI RSII-80 to R-91) in May 1994. At Sin-
gapore there was a change from Vaisala RS21 to RS80
during 1982-89 (exact date unknown), and a change in
radiation correction in December 1992, and instru-
ments at Ascension Island changed from Vaisala to
Space Data to VIZ during 1986-92 (exact dates un-
known). The cooling at Antofagosta in 1987 (bottom,
Fig. 2) is likely associated with a change from VIZ to
Vaisala RS80 radiosondes in June 1987. At Perth, ra-
diosonde type changed from Philips MKIII to Vaisala
during 1987-89, and there was a change in radiation
correction in December 1992 (near the time of the
change observed in Fig. 2). These associations strongly
suggest that the jumps are associated with radiosonde-
related changes, although the exact dates may be un-

MAJURO

Temp (K)
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FIG. 1. Top curves show deseasonalized temperature anomalies from RSS TLS observations at (a) Hilo (20°N)
and (b) Majuro (7°N). Middle curves show the respective time series from radiosonde observations, vertically
integrated with the TLS weighting function. Bottom curves show the integrated radiosonde minus satellite obser-

vations at each station.
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F1G. 2. Time series of vertically integrated radiosonde minus
RSS TLS satellite temperature observations at each of the listed
stations. Note the discontinuities and long-term cooling evident at
each station.

known. On the other hand, there are no documented
instrument or data handling changes at Majuro associ-
ated with the cooling after ~1989 (Fig. 1b), or for simi-
lar cooling observed at Truk or Bermuda (not shown
here).

To quantify the cooling biases in the vertically inte-
grated radiosonde and satellite datasets, we calculate
linear trends for the period 1979-2004. Trends are de-
rived from a standard linear regression model, with sta-
tistical uncertainty estimates evaluated via resampling
techniques (which include the effects of serial autocor-
relation; Efron and Tibshirani 1993). Also, in order to
minimize the effects of volcanic eruptions on the strato-
spheric trend results, we simply omit two years of data
following the eruptions of El Chichon (April 1982) and
Pinatubo (June 1991); note the transient stratospheric
warming for these periods seen in Fig. 1. We show two
sets of trend results, namely (i) directly comparing
trends from the zonal mean satellite data and radio-
sonde datasets, and (ii) calculating trends for the (ra-
diosonde minus satellite) differences at each station.
Statistical uncertainties for (i) include a large compo-
nent associated with “natural” climate variability (com-
mon to both datasets, as seen in Fig. 1), and so overes-
timate the uncertainties of radiosonde minus satellite
differences; these trend results are useful, however, to
understand the context and relative size of the radio-
sonde biases. Uncertainties calculated for the differ-

JOURNAL OF CLIMATE

VOLUME 19
(1) IWH/} *n"ﬁ“'#w HI‘ML Bet_Dagan
Al ~"«' AN W
1
_2 MT%\*M'%@N\W Brownsville
g (13|f i Aot W \ﬁ»s-r San Juan
—.1 L
a
1F N1 !'I‘Ji, iri\n’-“ p . .
E _{'_1)|L Uﬁ»am—\‘-'w‘—%ﬁr—# i i‘ﬁr“—fﬁ?—‘- Nairobi
Ll
_L:lr ]’ J‘l J‘)M‘J‘”}‘h’lfwwrﬁ,‘## 1‘ Townsville
g) L#Mﬂ" ﬁvfﬂh"k'#ﬂhh"" Rio De Janeira

80 85 90 95 00 05
Year
FiG. 3. Time series of vertically integrated radiosonde minus
RSS TLS satellite temperature observations at the listed stations.

Each of these stations shows relatively stable differences in time
with respect to TLS measurements.

ence trends [(ii) above] more directly quantify the sta-
tistical uncertainty of biases between the radiosondes
and collocated satellite data.

Figure 4a compares trend results for TLS and inte-
grated radiosonde data; we include satellite results
from both the RSS and UAH TLS data in Fig. 4; the
UAH data give slightly larger cooling trends, but with
very similar overall structure. Both the satellite data
and radiosondes exhibit cooling over much of the
globe, but the trends are substantially larger in the ra-
diosonde data. The differences are especially large in
the Tropics, where the satellite trends show a relative
minimum, but the radiosondes show maximum trends.
Figure 4b shows the corresponding plot of trends in the
radiosonde minus satellite time series at each station; in
this case the error bars reflect the statistical uncertainty
of trend biases (i.e., stations where error bars do not
cross zero highlight significant trend biases). The dif-
ference trends shown in Fig. 4b are tabulated in Table
1, allowing identification of biases at each individual
station. The differences in Fig. 4b (and Table 1) are
based on RSS data, but are very similar to results based
on UAH data. A large fraction of the radiosonde sta-
tions exhibit significant biases in Fig. 4b, and biases are
especially large in the Tropics (~30°N-S) and at a num-
ber of stations in Southern Hemisphere (SH) midlati-
tudes. Most of the trend biases isolated in Fig. 4b are
associated with obvious discontinuities in the difference
time series, as illustrated in Fig. 2. Thus we believe that
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F1G. 4. (a) Latitudinal profile of temperature trends over 1979—
2004 from zonal mean TLS and vertically integrated radiosonde
data. The solid and dark dashed lines show TLS trends derived
from RSS and UAH data, respectively, and the light dashed lines
indicate two-sigma uncertainty levels (RSS plus two-sigma, and
UAH minus two-sigma). The circles with error bars show the
corresponding trends and uncertainties from each radiosonde sta-
tion. (b) Corresponding trends of the radiosonde minus satellite
TLS time series at each station derived using RSS data. Error bars
denote two-sigma uncertainty levels for the difference trends.

—60

the jumps, often associated with radiosonde instrumen-
tation changes, are responsible for the significant cool-
ing biases in these radiosonde data.

Similar discontinuities and differences in trends are
evident in comparisons between radiosondes and TMT.
Figure 5a shows a comparison of zonal mean trends for
1979-2004 from TMT with vertically integrated radio-
sonde data, and Fig. 5b shows corresponding difference
trends calculated RSS and UAH data (these are shown
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Fi1G. 5. (a) Latitudinal profile of temperature trends over 1979
2004 from zonal mean TMT and vertically integrated radiosonde
data. The plotting convention for trends and uncertainties is the
same as in Fig. 4a. (b) Corresponding trends in the radiosonde
minus satellite TMT time series at each station. Separate results
are shown based on the RSS and UAH satellite datasets.
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separately, because the detailed results depend on
which satellite dataset is used). Note the trend values in
Fig. Sa are relatively small for TMT (of order 0.1 K
decade™"), and the differences between the RSS and
UAH datasets are of this same magnitude (with UAH
giving smaller trends). The radiosonde-satellite trend
comparisons in Fig. 5a show systematic patterns, includ-
ing (ii) an overall similar latitudinal structure, with
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trends becoming more negative in each dataset south of
~30°S, and (ii) an overall systematic negative bias of
the radiosonde trends compared to the satellite data.
This is quantified in Fig. 5b, where differences with
respect to the RSS data show significant negative biases
for the majority of stations. Differences calculated with
respect to UAH show smaller overall biases, but there
are still a large number of stations with significant nega-
tive values. Time series of TMT satellite-radiosonde
differences shows that these biases are often associated
with discontinuities, similar to TLS. An example com-
parison for TMT is shown for Singapore data in Fig. 6.
Here the satellite TMT datasets show warming trends,
while the radiosondes give a (small) cooling trend. Dif-
ference time series show a jump between the first and
second half of the time series, and similar results are
found using both RSS and UAH satellite data. In gen-
eral the radiosonde biases for TMT (Fig. 5b) are less
than for TLS (Fig. 4b), and this is consistent with larger
radiosonde trend biases in the lower stratosphere (as
shown below).

The corresponding radiosondes minus satellite differ-
ence trends for TLT are shown in Fig. 7, and overall the
results are similar to those for TMT (Fig. 5b). The sat-
ellite-radiosonde difference trends based on RSS data
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F1G. 6. Top curve shows time series of deseasonalized tempera-
ture anomalies from RSS TMT data at Singapore (1°N), and the
darker next curve shows time series from vertically integrated
radiosonde observations. Linear trends and uncertainties for
these data are also shown, with units of K decade '. The lower
curves shows the radiosonde minus satellite differences, based on
RSS (upper) and UAH (lower) satellite data.
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FiG. 7. Latitudinal profile of trends in radiosonde minus satel-

lite TLT time series at each station. Separate results are shown
based on the RSS and UAH satellite datasets.

show significant negative values for a large number of
stations, suggesting that the biases are not solely a
stratospheric level effect. Smaller biases are found
based on UAH data, but the overall tendency is for
generally negative biases.

A simple estimate of the vertical structure of tropical
radiosonde biases can be generated by comparing sta-
tions with larger and smaller trend biases (identified
from Fig. 4b). We identify stations over ~30°N-S
where the difference trends from Fig. 4b are larger than
—0.5 K decade ' (larger biases), and smaller than —0.3
K decade™! (smaller biases). This yields eight stations
for the larger biased group, and 10 for the smaller bi-
ased group; the individual stations are noted in Table 1.
Note that although Bangkok (latitude 14°N) has small
trend biases, the time series of differences (not shown)
reveals large variations of random sign that suggest
data homogeneity problems and this station is not in-
cluded in the smaller bias group. Figure 8a shows en-
semble temperature trends derived from these groups
of stations; that is, trends are calculated for each station
and averaged. Uncertainties for the ensemble trends
are calculated treating each station as being indepen-
dent. While this is a small data sample with limited
geographical coverage, clear systematic differences in
trends are evident. Stronger negative trends are evident
in the larger bias group, with a factor of two difference
in the lower stratosphere (100-30 hPa). Significant
trend differences extend to lower levels (~300 hPa).
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FiG. 8. (a) Vertical profile of temperature trends over 1979-
2004 derived from the groups of larger bias and smaller bias tropi-
cal radiosonde stations, discussed in the text and identified in
Table 1. The uncertainty estimates assume that trends from each
station are independent. (b) Trends of the time series of tempera-
ture differences between the groups of larger bias and smaller bias
tropical stations.

Note that for the smaller bias ensemble, positive tem-
perature trends increase with height in the troposphere,
consistent with model and theoretical expectations for
near-surface warming (Santer et al. 2005); this increase
is not found in the larger bias ensemble.

Vertical profile trend differences are examined fur-
ther by first averaging time series within each group of
stations, then calculating trends of the difference time
series; this increases statistical significance by first re-
moving variability that is common between the
datasets, such as ENSO variability. The difference
trends are shown in Fig. 8b, showing statistically signifi-
cant differences that span the lower stratosphere and
extend throughout the upper troposphere, down to
near the 500-hPa level. Note that although the differ-
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ence trends are small in the troposphere (~0.1 K de-
cade '), this is the same order as the trend signal itself
(i.e., Fig. 8a). The relatively deep vertical structure of
the trend differences in Fig. 8 is consistent with a strong
influence on TLS, with smaller effects on TMT and
TLT (as shown above).

The results in Fig. 8 are based on a small sample of
stations within each group, with limited geographical
coverage. To determine if this sampling can signifi-
cantly influence the results, we compare satellite-
derived trends and differences at the corresponding sta-
tion locations. Results show no significant trend differ-
ences between the data sampled at the larger bias
locations versus the smaller bias locations; for example,
TLS trends are —0.26 +0.08 (—0.28 +0.09) K decade !
for the larger (smaller) bias groups, and there is a simi-
lar lack of significant differences for the TMT and TLT
calculations. This sampling exercise suggests that the
radiosonde trend differences highlighted in Fig. 8 are in
fact due to differences in the radiosonde biases between
the groups, rather than spatial sampling effects.

4. Summary and discussion

Calculating differences between collocated satellite
measurements and vertically integrated radiosonde
temperatures can reveal jumps and discontinuities in
individual station records. These jumps are not evident
within the variability of the individual datasets, but are
apparent when differences with satellite measurements
are taken. We find that many stations of the LKS +
IGRA radiosonde dataset exhibit such discontinuities,
and that a large number of the problematic stations
occur in the Tropics. The fact that the jumps occur at
different times for different stations (Fig. 2) suggests
that the problems originate primarily with the radio-
sondes rather than the satellite data; this is corrobo-
rated by station metadata (available for most locations,
but likely incomplete), and also by the lack of changes
at a number of other stations (Fig. 3). The net effect of
the jumps is a systematic tendency for spurious cooling
in the radiosonde data at each of the identified stations.
This tendency for artificial cooling in the radiosonde
data is likely associated with changes (improvements)
in radiosonde instrumentation over the last several de-
cades; for many stations the observed jumps are coin-
cident with changes in the radiation correction applied
to the data. While the LKS data have undergone ad-
justments to minimize such changes (which reduces the
tropical stratospheric trends compared to unadjusted
data; Lanzante et al. 2003b), the detailed comparisons
here show that problems persist at many stations. As
discussed in the appendix, cooling biases are observed
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for both daytime and nighttime radiosonde measure-
ments, suggesting the problem is not due solely to solar
shortwave effects.

It is important to stress the importance of station
metadata for both identifying and correcting changes in
historical radiosonde data. Historically there has been
less effort directed to metadata retrieval than data re-
trieval, although notable efforts were undertaken by
Gaffen (1996) and subsequent updates by the National
Climate Data Center (NCDC). Without metadata in-
vestigators must rely on the use of statistical inference
to identify and adjust for nonclimatic changes. Meta-
data describing changes in equipment and procedures
allows investigators to identify the likely timing, sign,
and magnitude of any nonclimatic effects, and hence
apply more optimal adjustments. It should be noted
that metadata completeness was a criteria in station
selection in LKS and that the rest of the historical net-
work typically has much worse metadata.

There are relatively few radiosonde stations in the
Tropics with continuous long-term records of lower
stratospheric temperatures (24 stations in the LKS +
IGRA dataset over 30°N-S. Our results (Fig. 4) show
that about half of these LKS + IGRA tropical stations
exhibit spurious cooling trends associated with artificial
jumps in the data. The results are most problematic for
the near-equatorial region, where most of the LKS +
IGRA stations have substantial cooling biases (see Fig.
4). A comparison of the vertical structure of trends
from the biased and unbiased tropical stations (Fig. 8)
suggests that the biased radiosonde records can over-
estimate lower stratospheric trends (over 100-30 hPa)
by a factor of 2. Significant differences extend to the
upper troposphere. The fact that a large fraction of the
tropical stations with long stratospheric records are sig-
nificantly biased suggests that trend results derived
from an ensemble of these data should be viewed skep-
tically. In particular, these results call into question the
reality of a cooling trend maximum in the tropical lower
stratosphere derived from the LKS + IGRA radio-
sonde data (Thompson and Solomon 2005).

We also find discontinuities and systematic trend bi-
ases for radiosonde comparisons with TMT, and these
TMT differences can be substantial in the Tropics. As
with the TLS comparisons, the differences with TMT
can be seen as jumps in the difference time series (Fig.
6). Our work does not distinguish between the tropo-
spheric and stratospheric contributions to the TMT dif-
ferences, but we find similar biases in comparisons with
TLT (Fig. 7), which argues that radiosonde biases in
fact influence tropospheric levels. The profile trend
comparisons (Fig. 8) suggest that radiosonde trend bi-
ases extend to the upper or middle troposphere, and
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this argues that there are substantial uncertainties in
tropical radiosonde trends over much of their domain
[note a similar conclusion was reached by Lanzante et
al. (2003b)].

The biases highlighted here suggest that the LKS +
IGRA radiosonde data are problematic for analysis of
the vertical profile of tropical temperature trends.
While the homogenization procedures applied to the
LKS dataset have substantially reduced artificial cool-
ing biases (Lanzante et al. 2003b), large biases persist at
many tropical stations. We note that other datasets that
rely heavily on historical radiosonde observations [viz.
the Hadley Center datasets, Parker et al. (1997),
Thorne et al. (2005), and National Centers for Environ-
mental Prediction (NCEP) reanalysis] show large tropi-
cal stratospheric cooling trends, similar to the LKS +
IGRA or RATPAC data (Seidel et al. 2004; Free et al.
2005; Thompson and Solomon 2005). This suggests that
the problems identified here may also influence other
datasets, although this needs to be confirmed by further
analyses. It will be important to minimize such biases in
future analyses of the historical radiosonde data record.
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APPENDIX

Day versus Night Effects in Radiosonde Biases

The radiosonde instrumentation changes probably
produce cooling trends because instrument design and
the correction for radiation effects (both shortwave and
longwave) improve over time. The effects of solar heat-
ing on radiosonde measurements are well known (e.g.,
Luers and Eskridge 1998), and significant changes due
to solar heating effects were noted in U.S. stations that
changed from VIZ to Vaisala radiosondes in the middle
1990s (Elliott et al. 2002). Such effects are clearly seen
in comparing day versus night measurements, and day—
night differences are a useful diagnostic to isolate ra-
diosonde changes (and used in constructing the LKS
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(A=Perth, B=Hong Kong, C=Kagoshima, D= Minamitor-

ishima, and E=Buenos Aires).

dataset; Lanzante et al. 2003a). Accordingly, it would
be instructive to diagnose day-night differences for the
tropical station biases shown here.

Figure A1l shows TLS radiosonde minus satellite dif-
ference trends (as in Fig. 4b), but plotted for the indi-
vidual 0000 and 1200 UTC measurements as a function
of local time of the measurements. Results are shown
for each of the stations over 35°N-S with large trend
biases (from Fig. 4b). The stations in Fig. Al include
five with separate 0000 and 1200 UTC measurements
(Perth, Hong Kong, Kagoshima, Minamitorishima, and
Buenos Aires), that equate to local morning and eve-
ning measurements (the evening measurements are all
made in the dark). Results in Fig. Al show that the
largest trend biases occur for daytime measurements,
but that significant biases are also observed for night-
time data. Direct comparison of the day-night differ-
ences at the five stations with both measurement times
shows that the daytime trends are only slightly larger
than nighttime (by ~0.1-0.2 K decade '), and this dif-
ference is consistent among four of the five stations (the
day-night biases are similar at Perth). These results
suggest that solar heating effects contribute somewhat
to trend biases (because the daytime trend biases are
slightly larger), but are not the only cause of the large
biases for the tropical stations studied here. Sherwood
et al. (2005) have suggested that daytime biases can
account for a substantial component of long-term ra-
diosonde trend biases. The results in Fig. A1 demon-
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strate that significant biases can also occur for night-
time data.
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