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ABSTRACT

Deep-layer temperatures derived from satellite-borne microwave sensors since 1979 are revised (version 5.0)
to account for 1) a change from microwave sounding units (MSUs) to the advanced MSUs (AMSUs) and 2) an
improved diurnal drift adjustment for tropospheric products. AMSU data, beginning in 1998, show characteristics
indistinguishable from the earlier MSU products. MSU–AMSU error estimates are calculated through compar-
isons with radiosonde-simulated bulk temperatures for the low–middle troposphere (TLT), midtroposphere
(TMT), and lower stratosphere (TLS.) Monthly (annual) standard errors for global mean anomalies of TLT
satellite temperatures are estimated at 0.108C (0.078C). The TLT (TMT) trend for January 1979 to April 2002
is estimated as 10.068 (10.028) 60.058C decade21 (95% confidence interval). Error estimates for TLS tem-
peratures are less well characterized due to significant heterogeneities in the radiosonde data at high altitudes,
though evidence is presented to suggest that since 1979 the trend is 20.518 6 0.108C decade21.

1. Introduction

The time series beginning in 1979 of bulk atmo-
spheric temperatures derived from microwave emissions
near the 60-GHz oxygen absorption band now incor-
porate measurements from 11 National Oceanic and At-
mospheric Administration (NOAA) polar-orbiting
spacecraft and two types of instruments. In constructing
these datasets we have always attempted to satisfy cli-
mate research requirements so as to provide the maxi-
mum climate utility even though the original purpose
of these measurements was to initialize short-term
weather forecast models (NRC 1999; 2000a,b). There
have been five revisions of these products as nonclimatic
influences were discovered and removed (see Christy et
al. 2000, hereafter CSB). In version A, a simple bias
removal was performed between the satellite records
(Spencer and Christy 1990). In version B, a linear ap-
proximation for NOAA-11 diurnal drift, at the time only
recently discovered, was applied (along with other mi-
nor adjustments; Christy et al. 1995.) In Christy et al.
(1998; version C) further diurnal adjustments were ap-
plied to the other satellites, a filtering procedure em-
ployed, and error analyses were performed. A full de-
scription of the construction techniques applied to ver-
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sion D is found in CSB where adjustments for orbital
decay and instrument calibration were applied. The sat-
ellite products described below will be referred to as
version 5.0 (rather than ‘‘E’’).

Every orbiting instrument utilized in our products has
experienced at least some overlapping observations with
another, a key feature necessary for merging. Most over-
lapping periods are 2 yr or longer, allowing precise de-
termination of instrument biases and relative drifts to
be assessed. The early spacecraft were plagued by short-
er overlap periods (Christy et al. 1998), but the influence
of those early potential errors on the time series is con-
tinually reduced as the overall period of observations
lengthens. Also, as more records are merged, random
errors tend to have a smaller net influence on trends.

We have two main goals in this study. First, we shall
present the updated version 5.0 of the temperature prod-
ucts produced at the University of Alabama in Hunts-
ville (UAH). In particular we shall describe and test 1)
the methodology for improving the diurnal drift cor-
rection and 2) the procedure for continuing the time
series using data from the new microwave instruments.
Second, we shall investigate the error characteristics of
the time series on scales ranging from monthly anom-
alies of a single grid to annual anomalies of global av-
erages. In so doing we show a discovery of a discon-
tinuity in U.S. radiosonde data related to a slight change
in instrumentation in 1997.

It is important to note that this study addresses only



614 VOLUME 20J O U R N A L O F A T M O S P H E R I C A N D O C E A N I C T E C H N O L O G Y

FIG. 1. Static atmospheric weighting function profile for the MSU and AMSU products.
Not shown is the surface contribution factors, which for land (ocean) for TLT are 0.20
(0.10) and for TMT are 0.10 (0.05) of the total weighted profile. The land surface con-
tribution increases for higher surface altitudes.

FIG. 2. A comparison of the annual, global mean temperature error
for MSU2 due to diurnal drifting of the afternoon satellites (see text).
The values are the net drift effect from 0130 to 0530 and 1330 to
1730 combined.

one type of error in the satellite products: measurement
error. We do not delve into the issue of sampling error,
that is, whether a time series of a given length answers
questions of trends for longer periods (Folland et al.
2001).

2. Recent developments in UAH microwave
products

The three bulk atmospheric temperature products gen-
erated since our effort began were known as microwave
sounding unit (MSU) data (vertical profiles in Fig. 1).
Each of the four MSU channels represents a frequency
that detects emissions from a vertical atmospheric pro-
file dependent upon the frequency and view angle from
nadir (there are 11 view angles per scan). However,
NOAA-14, placed in service in April 1995, was the last
to carry an MSU. Since the commissioning of NOAA-
15 in September 1998, with its advanced MSU (AMSU),
there are new data streams to accommodate and explore.
The AMSU-A instrument has considerably increased the
monitoring capability, using 15 channels with 30 view
angles per scan.1 The final products examined here are
produced on a global, 2.58 rectangular grid.

1 The other component of AMSU, AMSU-B, monitors five channels
with 90 view angles per scan.
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FIG. 3. Monthly global mean errors for MSU2 on NOAA-11 as it drifted from a 0130/1330
local crossing time in 1988 to almost 0530/1730 local crossing time in 1995.

Version D becomes version 5.0

During its lifetime, a polar-orbiting spacecraft ex-
periences some east–west drift relative to the sun (or
local time); hence, it is not technically correct to refer
to these as absolutely ‘‘sun synchronous.’’ A spacecraft
initially crossing the equator at 1400 LT (and 0200 LT)
typically drifts to 1700 LT over a 3–4-yr period. As
such, the diurnal cooling experienced on earth between
1400 and 1700 LT (and 0200 and 0500 LT) is measured
by the satellite, becoming a source of spurious trends.
In version C we applied a linear latitudinal correction
based solely on intersatellite comparisons (Christy et al.
1998.) In version D, a direct calculation of the effect
using the cross-swath differences dependent upon lati-
tude, land/ocean, and month of year was performed.

The diurnal adjustment in version D was determined
as a linear (constant) change of temperature (T) per hour
of drift (Dt), so that

DT 5 a (Dt ),adjustment 1 observed drift

where a1 represented a table of constants dependent on
latitude, surface type, and month.2 It is important to note,
as explained in CSB, that the rate of change (a1) was

2 Consider a northbound spacecraft looking down on the earth. The
center of the swath (footprint 6 of the 1–11 views) observes the
temperature at a local time, say 1500. The scanner sweeps left to
right during its 25.6-s full rotation. Footprints to the right of 6 will
represent later local times and those to the left, earlier. The almost-
simultaneous difference between the temperatures of the right and
left footprints (which may be from two adjacent swaths in high lat-
itudes) will represent the change in the diurnal temperature over the
time represented by the difference in local time of the footprint data
used. The ‘‘cross-swath’’ differences are calculated from data after
binning into grids by view angle and local time, so that the effect of
swath angle rotation at higher latitudes is avoided, allowing data from
adjacent swaths but of the same latitude to be used in the cross-swath
difference at higher latitudes.

determined directly from the cross-swath data differ-
ences, which eliminated spurious effects from both in-
tersatellite biases and interannual temperature variations
(a significant advantage.)

In version 5.0 we use the same mapped cross-swath
data though we perform a quadratic rather than a linear
approximation to the data. For each given month, lati-
tude, and surface type we generate a plot (or functional
relationship) between local time versus the average
change in temperature from the initial reference time.
A quadratic equation is fitted producing constants a1

and a2 (see equation below). The ‘‘constants’’ are further
modified, slightly, so that their values form a smooth
seasonal cycle (to the second harmonic) for each latitude
and surface type. Thus, for a given latitude, surface type,
and orbit node (A.M. or P.M.) there are 12 values of a1

and a2, one for each month of the year. In other words,
we have calculated a diurnal cycle for each latitude,
surface type, orbit node, and month of the year:

2DT 5 a (Dt ) 1 a (Dt )adjustment 1 observed drift 2 observed drift

In Fig. 2 we show the global, annual mean errors ac-
counting for the diurnal drift for the ‘‘afternoon’’ sat-
ellites, TIROS-N, NOAA-7, -9, -11, and -14. The effect
of applying a nonlinear approximation is quite small but
does improve the error statistics for the tropospheric
datasets. NOAA-11 drifted significantly (from 1330 in
late 1988 to 1730 local equatorial crossing time in early
1995), and we show in Fig. 3 the calculated adjustment
for both linear and nonlinear monthly approximations.
Near the end, the adjustments tend to be greater in the
nonlinear approximation because cooling accelerates to-
ward sunset. Since Fig. 3 represents the adjustment add-
ed to the data, this indicates that a compensation for a
spurious cooling (seen in Fig. 2) is being applied to
NOAA-11.

An analysis of version 5.0 products indicates slight
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TABLE 1. Comparison metrics between version D and version 5.0 (nonlinear diurnal correction). Note that version 5.0 of TLS is shown as
nonlinear (n.l.) though the actual TLS5.0 uses the linear approximation.

Jan 1979–Mar 2002 TLT TMT TLS

Version D vs 5.0 D vs 5.0 D vs n.l.5.0
Trend 8C decade21 10.053, 10.061 10.041, 10.013 0.509, 20.498
sD DAY 8C 0.069, 0.067 0.034, 0.033 0.047, 0.049
Signal/noise (DY) 37.9, 38.9 142, 149 187, 172
Rms satellite trend

(. 1-yr overlap)
0.033, 0.028 0.010, 0.008 0.022, 0.027

TABLE 2. Comparison of sD DAY (std dev of differences in global
mean temperature anomaly) determined from co-orbiting classes of
instruments.

Values of global sD DAY (8C)

Atmospheric
layer

Between
MSUs

Between
MSU and AMSU

Between
AMSUs

LT
MT
LS

0.061–0.080
0.026–0.047
0.032–0.071

0.059
0.040
0.054

0.050
0.030
0.042

changes in the intersatellite error statistics as summa-
rized in Table 1. The three statistical metrics are 1)
sDDAY, meaning the standard deviation of the difference
in daily global temperature anomalies between every
pair of co-orbiting satellites, 2) the ratio of the variance
of the daily global anomalies (sDAY)2 versus the variance
of the intersatellite differences (sDDAY)2, and 3) the root-
mean square (rms) of the intersatellite trend differences
measured for each overlapping period of observations.
For both tropospheric datasets, temperature of the low–
middle troposphere (TLT; see below) and temperature
of the midtroposphere (TMT) there are slight improve-
ments in the intersatellite error characteristics, so this
nonlinear approximation is adopted.3 For temperature of
the lower stratosphere (TLS), a slight degradation oc-
curs, so we shall remain with the linear approximation
there. Hence, TLS in versions D and 5.0 will be the
same except for the addition of AMSU data.

1) T2LT BECOMES TLT

The three products produced originally with MSUs
were known as T2LT, T2, and T4 (Fig. 1). Here T2LT

represents the low–middle troposphere and is derived
from a linear combination of 8 of the MSU channel 2
(MSU2) 11 view angles to remove stratospheric and
upper-tropospheric emissions (Spencer and Christy
1992b). Note that T2LT differs from T2 in that the tem-

3 The difference between the linear and nonlinear diurnal adjust-
ment has a slight dependence on view angle. TLT utilizes a difference
between view angles near the limb, and the net effect was largely
cancelled. TMT is the average of the middle view angles, the limb-
most of which were affected but which were not compensated by the
impact of view angles further to the limb as in TLT. Thus, the impact
of the nonlinear correction on TMT is slightly greater than TLT, as
seen in the slightly larger trend difference compared with version D.

peratures of the differing view angles in T2 data are not
linearly combined to remove the stratosphere emissions
[see section 2a(2)]. About 90% of the emissions orig-
inate below 400 hPa in T2LT and we were able to re-
produce the same weighting profile using AMSU chan-
nel 5 (AMSU5) with a linear combination of the 30
view angles’ brightness temperatures.4 Since MSU2 data
will no longer be available once NOAA-14 is decom-
missioned, we shall hereafter refer to this product as
TLT.

One means of estimating errors in these data is to
compare simultaneous observations from co-orbiting
(overlapping) satellite pairs. In this way, the earth itself
becomes the common calibration target observed by
both instruments, as in sDDAY described above. Com-
paring global TLT observations from NOAA-14’s MSU
and NOAA-15’s AMSU we find sDDAY 5 0.0598C, a
value less than those calculated between the other MSU
pairs (Table 2.) And sDDAY of TLT between the two
AMSUs for their 15 months of overlap (Feb 2001–Apr
2002) is 0.0508C, suggesting that there has not been a
loss but an enhancement of precision with the new in-
strumentation.

2) T2 BECOMES TMT

The vertical profile of T2 (MSU2) is similar to
AMSU5, though a bit higher in altitude, with 90% of
the emissions originating in the layer below 120 hPa
(Spencer and Christy 1990.) We have selected to use
AMSU5 to continue the product represented by T2. Due
to its slightly lower profile, AMSU5’s typical brightness
temperature is 2.18C warmer than T2.5 As shown in Table
2, this difference in profile is not evident in sDDAY, which
from MSU2 (NOAA-14) versus AMSU5 (NOAA-15) is
0.0408C and is within the MSU2 versus MSU2 range.
The two AMSU5s on NOAA-15 and NOAA-16 produce
sDDAY of 0.0308C. Though slightly different in profile,

4 We considered several multichannel representations of TLT, but
in comparison tests with concurrently observed MSU TLT, we found
significant increases in noise using multichannel retrievals versus the
AMSU5/multiview-angle method.

5 AMSU5 monitors two bands centered on 53.596 GHz while
MSU2 monitors 53.74 GHz.
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these results indicate that AMSU5 is sufficiently similar
to MSU2 to continue the time series.6

The MSU2–AMSU5 product will be referred to as
TMT rather than T2. We note that the physical inter-
pretation of variations of TMT is difficult to explain as
emissions from the entire atmospheric column contrib-
ute to TMT. As troposphere and stratosphere vary, some-
times in strong anticorrelation (e.g., tropospheric cool-
ing, stratospheric warming following volcanic events),
it is unclear how to attribute responses for such a profile
(CSB).

3) T4 BECOMES TLS

The vertical profile of T4 (MSU4) is very similar to
AMSU9, with 90% of the emissions generated from the
layer between 150 and 20 hPa.7 About 20% of T4’s
emissions originate below the tropopause in the Tropics;
thus, T4 does not exclusively represent stratospheric
temperature variations. The bias between AMSU9
(NOAA-15) and MSU4 (NOAA-14) is only 0.328C, a
value within the range of biases determined among
MSU4s themselves. Again, the value of sDDAY calculated
between MSU4 (NOAA-14) versus AMSU9 (NOAA-15)
is 0.0548C, and that of the AMSU9s on NOAA-15 versus
NOAA-16 is 0.0428C, both being in the range of MSU4
versus MSU4 (Table 2.) Thus, the error characteristics
of MSU4 versus AMSU9 are indistinguishable from
those of intercompared MSU4s. As noted, we shall des-
ignate this product as TLS.

The statistical tests performed on the MSU versus
AMSU data indicate that the time series of these three
products, TLT, TMT, and TLS, are sufficiently homo-
geneous to justify their continuance. However, addi-
tional and independent evaluation of these products is
necessary, which will also assess the impact of the ac-
cumulation of all sources of measurement error and non-
thermometric effects (e.g., humidity, surface emission
changes, etc.; see Spencer et al. 1990).

3. Radiosonde comparisons

Intercomparing data records observed by separate co-
orbiting microwave instruments provides one means of
error testing (e.g., Tables 1, 2.) However, because one
of the correction factors (the instrument heating ad-
justment) required information gleaned from the over-
lapping observations themselves, the measured inter-
satellite agreement is in some sense contrived (CSB).

6 We attempted to create a multichannel AMSU retrieval to match
MSU2 from various combinations of AMSU channels (specifically
5–8), but the noise characteristics were greater than those of AMSU5
alone. The AMSU5 linear coefficients for view angles 1 (limb) to 15
(symmetric with 16 to 30) are 21.74, 20.57, 0.00, 0.42, 0.40, 0.56,
0.54, 0.39, 0.44, 0.26, 0.00, 0.26, 0.00, 0.00, and 0.04.

7 AMSU9 monitors two bands centered on 57.290344 GHz while
MSU4 monitors 57.95 GHz.

What is needed is a completely independent set of ob-
servations with which to evaluate the satellite products.

Radiosonde observations provide pressure-level tem-
perature readings from which a weighted average may
be calculated to match the microwave vertical profiles.
We use a static weighting function (Fig. 1) applied to
the radiosonde data. In the first two analyses below,
Minqin (China) and the 28-station composite (appen-
dix), we utilized the Comprehensive Aerological Ref-
erence Data Set (CARDS),8 which consists of individual
soundings from several hundred stations distributed
worldwide (Eskridge et al. 1995). Temperatures from
each acceptable sounding were interpolated to a 5-hPa
vertical grid and the appropriate static weighting func-
tion was then applied. Spencer and Christy (1992a) com-
pared static weighting functions versus the full radiation
model (which includes humidity), showing a degrada-
tion in the monthly standard errors of only 0.028C,
which is well within the magnitude of the error statistics
discussed below.

A radiosonde-simulated temperature was generated if
the sounding contained at least the mandatory levels.
Anomalies were calculated for each sounding (0000 and
1200 UTC separately) based on the 22-yr mean, daily
annual cycle for each layer and observed time. For each
observing time 10 observations were required to cal-
culate a monthly average from the daily anomalies. Lin-
ear interpolation was applied to fill temporal gaps not
longer than 20 days for some levels, though missing
data periods of this length were rare. Several stations
reported consistently only once per day, 0000 or 1200
UTC, so their anomalies were based on the appropriately
observed time.9

Unfortunately, virtually all radiosonde datasets suffer
from some type of discontinuity due to changes in in-
strumentation, software processing, and station moves
(Gaffen 1994; Gaffen et al. 2000; NRC 2000b). Below,
we shall note the possible impacts of some of these
problems. Radiosonde-simulated temperatures will be
referred to as RLT, RMT, and RLS whose profiles are
designed to match those of TLT, TMT, and TLS, re-
spectively. The comparison studies shall be divided into
three categories: 1) a single station, 2) multistation com-
posites, and 3) global averages from independent re-
search groups.

a. Minqin, China: A single station comparison

We use Minqin, China (38.68N, 103.18E, elevation
1367 m), to introduce the comparison method because

8 We used the first version of CARDS, though another version is
now being processed (I. Durre 2002, personal communication).

9 A full description of the Climatological Averaging of Temperature
Soundings (CATS) code and user’s guide, which produced the ra-
diosonde-simulated satellite temperatures authored by W.B. Norris
and J.R. Christy, is available online at http://vortex.nsstc.uah.edu/
atmos/cats/cats.html.
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FIG. 4. Radiosonde and satellite comparison of monthly temperature anomalies for the
midtroposphere (RMT and TMT) at Minqin, China. Monthly differences are shown offset
28C in the lower time series for clarity.

TABLE 3. Basic statistics utilized in comparisons between the ra-
diosonde at Minqin, China, and microwave temperature products (sat-
ellite). The comparison period is 1979–2000. Here LT, MT, and LS
refer to low–middle troposphere, midtroposphere, and lower strato-
sphere, respectively.

LT MT LS

rMON

rANN

b, Minqin (8C decade21)
b, satellite (8C decade21)
sMON Minqin, satellite (8C)
sD MON (8C)
Neff of monthly d’s (N 5 264)
sANN Minqin, satellite (8C)
sD ANN (8C)
Neff of annual D’s (N 5 22)
sb ERR/Ï25 (global)

0.90
0.97

10.48
10.47

1.20, 1.19
0.53

212
0.52, 0.56

0.14
10
0.0140

0.95
0.97

10.30
10.29

0.81, 0.79
0.25

174
0.34, 0.35

0.09
17
0.0069

0.95
0.96

20.78
20.75

1.20, 1.25
0.38

99
0.69, 0.72

0.19
15
0.0155

Minqin is almost unique among radiosonde stations.
Minqin radiosonde data are virtually complete for both
0000 and 1200 UTC and utilize consistent instrumen-
tation for the 22-yr period of comparison (1979–2000.)
Minqin was chosen independent of this study, being
selected by NOAA as 1 of 12 stations for examination
at the upper-air workshop in Asheville, North Carolina,
October 2000 (Free et al. 2002). To our knowledge,
Minqin temperatures had, previous to the workshop, not
been compared with satellite products.

The basic statistical metrics used are monthly and
annual correlation of anomalies (rMON, rANN), trend per
decade (b, the slope of the regression line of best fit),
standard deviation of the monthly and annual anomalies
(sMON, sANN), and standard deviation of the monthly and
annual difference of anomalies between two temperature
datasets (sDMON, sDANN). The Minqin results are shown
in Fig. 4 for TMT versus RMT and Table 3 for all three
layers.

The agreement shown in Table 3 between the two

independent systems is quite remarkable. In previous
work we performed many other individual comparisons
over shorter periods (Spencer and Christy 1992a,b;
Christy et al. 1998; CSB) and were not anticipating this
level of agreement. At Minqin, both measuring systems
show that substantial warming occurred in the low–mid-
dle troposphere, TLT and RLT, while the lower strato-
sphere, TLS and RLS, experienced substantial cooling.
As indicated above, it is always difficult to interpret
variations of the ‘‘midtroposphere,’’ TMT and RMT, as
the weighting function spans portions of the troposphere
and lower stratosphere. As expected, however, the trends
for TMT and RMT are intermediate between TLT and
TLS.

The satellite data are processed without regard for
any specific location, so that Minqin is truly a random
selection in space. Given that satellite and radiosonde
(or simply sonde) provide two independently measured
time series for each layer, we now make a ‘‘thought
experiment’’ to deduce more general results. CSB con-
servatively (i.e., as a minimum) estimated that the global
atmosphere represented by the temperatures of the sat-
ellite products is characterized by about 26 spatial de-
grees of freedom (DOFs). Thus, assuming that Minqin
represents 1 DOF, the variations of global average deep
layer temperatures have 26 times the DOF of the Minqin
sample. We may therefore infer standard errors for glob-
al averages assuming a normal distribution of random
errors. From the standard errors of the annual Minqin
anomalies we also estimate standard errors in the global
trend (last entries in Table 3) as described below.

Let us further assume that the temperatures from the
Minqin radiosonde are perfect and that all error resides
with the satellite data. Upscaling the results of Table 3
by Ï(26-1) to global error estimates, we would estimate
that the 95% confidence interval (CI) for global mean,
monthly values of TLT, TMT, and TLS are 60.248,
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TABLE 4. As in Table 3 but for the composite of 10 stations between 08 and 308N using VIZ radiosondes.

10 stations 08–308N LT MT LS

rMON

rANN

b, sondes (8C decade21)
b, satellite (8C decade21)
sMON sondes, satellite (8C)
sD MON (8C)
sANN sondes, satellite (8C)
sD ANN (8C)

0.91
0.97

10.07
10.05

0.35, 0.35
0.15
0.23, 0.21
0.06

0.93
0.93

20.01
10.04

0.34, 0.33
0.12
0.26, 0.24
0.10

0.96
0.96

20.65
20.42

0.76, 0.71
0.21
0.59, 0.49
0.19

TABLE 5. As in Table 3 but for the composite of 18 stations between 308 and 908N using VIZ radiosondes.

18 stations 308–908N LT MT LS

rMON

rANN

b, sondes (8C decade21)
b, satellite (8C decade21)
sMON sondes, satellite (8C)
sD MON (8C)
sANN sondes, satellite (8C)
sD ANN (8C)

0.95
0.93

10.15
10.30

0.71, 0.69
0.22
0.31, 0.34
0.12

0.95
0.87

10.01
10.14

0.50, 0.47
0.15
0.21, 0.20
0.11

0.98
0.98

20.80
20.64

1.09, 1.13
0.22
0.70, 0.62
0.14

60.128, and 60.258C, respectively, assuming an addi-
tional adjustment to the magnitude of sD by Ï(N/Neff),
where Neff equals the effective number of independent
samples and is derived from the time series of the D’s.10

For annual global anomalies, the 95% CI for TLT, TMT,
and TLS becomes 60.088, 60.048, and 60.098C, re-
spectively.

Because the trends between satellite and radiosonde
are essentially identical in Table 3, our estimate of the
satellite trend error will be based on sDANN. We use the
formulation for standard error of the slope (b) as fol-
lows:

2
2 2 2s 5 N(s )(N/N ) N x 2 x .1O 2 1O 2bERR DANN eff @ [ ]

Though the time series are 22 years in length (N), the
values of sbERR and the confidence intervals require Neff

of the D’s. For global estimates, the assumption again
is 26 spatial DOFs. Thus random errors are reduced as
the virtual sample size increases. For the present case
where N 5 22 and (DOF 2 1) 5 25 we have (units of
8C2 decade22):

2 2s 5 (s )(N/N )(0.004 517).bERR DANN eff

The resulting 95% CI for global trends becomes
60.0318 (Neff 5 10), 60.0158 (Neff 5 17), and 60.0338C
decade21 (Neff 5 15) for TLT, TMT, and TLS, respec-
tively. We will place these remarkably small values in
context once other independent evaluations (listed in
Tables 9, 10) are completed. This will help us determine

10 The estimate of Neff or the effective number of independent sam-
ples is Neff 5 N(1 2 r1)/(1 1 r1), where r1 5 autocorrelation at lag
one of N, D’s.

whether Minqin, though independent in its selection,
presented a fortuitously optimistic result.

b. Multiple, mostly consistent radiosonde stations

In the United States and areas under its authority, 28
radiosonde stations (of the 1001 total) have utilized
VIZ instrumentation since 1979 (appendix) and are
therefore potentially excellent choices for another com-
parison study. As we shall see, some changes have ap-
parently impacted the homogeneity of the observations,
preventing us from assuming that all error lies with the
satellite data when computing error estimates.

Tables 4–6 display the same statistics as calculated
for Minqin for three multistation groupings. We divided
the 28 stations into those south of 308N (10 stations;
Table 4) and those north of 308N (18 stations; Table 5.)
This was done so that a few high-latitude stations with
high variance would not dominate the results. For the
28-station composite (Table 6) we simply averaged the
composites from the 10 low-latitude and the 18 high-
latitude averages.

Though there were some unique problems with some
stations, overall there is good agreement, except that the
satellite data produce more positive trends, especially
in the lower stratosphere. Since TLS is entirely inde-
pendent of TLT and TMT, we may hypothesize that
inhomogeneities, increasing with altitude, caused these
radiosonde time series to produce trends more negative
than observed by the satellites.

Upon further examination, we find three possible
causes for relative negative trends due to radiosonde
issues. The first problem, noted in anecdotal accounts
of radiosonde operators and reported in Oort and Liu
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TABLE 6. As in Table 3 but using the composite of the 28 VIZ stations (sondes) utilized in Tables 4 and 5.

28 stations 08–908N LT MT LS

rMON

rANN

b, sondes (8C decade21)
b, satellite (8C decade21)
sMON sondes, satellite (8C)
sD MON (8C)
sANN sondes, satellite (8C)
sD ANN (8C)

0.94
0.95

10.11
10.17

0.41, 0.39
0.15
0.24, 0.24
0.07

0.93
0.90

10.00
10.09

0.33, 0.30
0.12
0.22, 0.19
0.10

0.97
0.98

20.73
20.53

0.81, 0.77
0.19
0.63, 0.53
0.16

FIG. 5. Comparison of RMT and TMT for the 10 U.S. controlled radiosonde stations between
08 and 308N. Note the difference time series showing relative shifts in early 1983 and mid-1997.
Monthly differences are shown offset 28C in the lower time series for clarity.

(1993), is due to the changing quality of radiosonde
balloons over the years. On the coldest days, the earlier
balloons tended to burst at lower altitudes so that cold
readings were preferentially missing and monthly av-
erage temperatures were spuriously warm. Over time,
there appears to have been an improvement so that more
soundings on the colder days are successfully com-
pleted. This characteristic would appear as a relative
negative trend in the radiosonde minus satellite record,
with increasing magnitude with height.

We tested this notion by computing the difference
trend between RLS and TLS for winter (December–
February, hereafter DJF) and summer (June–August,
hereafter JJA) separately for the 10 highest-latitude sta-
tions (poleward of 458N.) The result is consistent with
the hypothesis in that the DJF difference trend (RLS
minus TLS) was 20.358C decade21 and for JJA,
20.128C decade21. Similarly, for high-latitude stations,
the DJF TMT difference trend was also more negative
(20.16 vs 20.128C decade21).

We then looked at the number of observations re-
ported at the 50-hPa pressure level at Barrow, Alaska.
Over the past 22 years in the six months from October

to March, the trend in the number of 0000 UTC ob-
servations per month is positive, indicating an increase
over this period of 5.9 more daily observations per
month in 2000 than in 1979 (about 24 to 30). This
represents a highly significant increase in the number
of observations taken and is consistent with the trends
observed and the anecdotal information of early balloon
failure in the coldest atmospheres.

A second VIZ issue was discovered in the comparison
of TMT and RMT seen clearly in the 10 08–308N sta-
tions (Fig. 5), that being a statistically significant break
between May and June 1997. We later learned that for
most VIZ stations, the instrumentation was changed
from VIZ-B to VIZ-B2 on 1 June 1997. The new model
carried an improved pressure sensor that apparently is
the source of the discontinuity discovered by the com-
parison shown in Fig. 5. Of the 28 stations used here,
21 switched to VIZ-B2 on 1 June 1997 and the re-
maining seven ‘‘when supplies of VIZ-B are depleted’’
(see http://www.ua.nws.noaa.gov/Equip.htm). We tested
Annette Island and Hilo, two stations in the latter cat-
egory, but could only determine that their break oc-
curred anytime from June 1997 to mid-1998. Single-
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TABLE 7. As in Table 6 but after adjustment for VIZ-B to VIZ-B2 transition to RLT and RMT.

28 stations 08–908N LT adj. MT adj. LS

rMON

rANN

b, sondes (8C decade21)
b, satellite (8C decade21)
rms (bsondes 2 bsat) (8C decade21)
sMON sondes, satellite (8C)
sD MON (8C)
Neff of mon D’s (N 5 264)
sANN sondes, satellite (8C)
sD ANN (8C)
Neff of annual D’s (N 5 22)
sb ERR/Ï5 (global)

0.95
0.98

10.16
10.17

0.105
0.42, 0.39
0.15

115
0.26, 0.24
0.051

21
0.0078

0.95
0.96

10.05
10.09

0.095
0.34, 0.30
0.10

90
0.22, 0.19
0.068
8
0.0169

0.97
0.98

20.73
20.53

0.230
0.81, 0.77
0.19

64
0.63, 0.53
0.16
6
0.0460

station results are less robust due to background noise
in the difference time series, so we assumed that all
stations changed from VIZ-B to VIZ-B2 on 1 June 1997.

Apparently, the VIZ-B to VIZ-B2 change is detect-
able in the troposphere but not the stratosphere. This is
likely because a pressure (P) bias translates into a tem-
perature (T) bias at a given pressure in the troposphere
where there is a strong T–P relationship, but not in the
nearly isothermal stratosphere (Parker and Cox 1995).
By examining the 36 months on either side of the May–
June 1997 break, we calculated a spurious RMT cooling
of 0.138C for the 28-station composite. Similarly, for
RLT, the break identified a shift of 0.168C. Table 6 has
been recalculated for RLT and RMT, using the adjust-
ments applied on 1 June 1997, and the new statistics
are presented in Table 7. The adjustment on 1 June 1997
has increased the radiosonde trends, which are now in-
significantly different from the satellite trends. Though
the trend is dependent on the adjustment applied, we
have no other means to determine the obvious temper-
ature impact due to the instrument change. What is im-
portant here, from the satellite perspective, is that the
discontinuity was discovered prior to any knowledge of
the sonde instrument change.

A third potential problem is seen in the RMT and
RLS differences prior to early 1983 and evident in the
10 stations south of 308N for RMT and all 28 stations
in RLS (Figs. 5 and 6). The differences portray RMT
and RLS as relatively warmer than TMT and TLS with
a peak in the difference in 1982. This has proven to be
a puzzling result. This is a period observed by two in-
dependent spacecraft, NOAA-6 and NOAA-7, which
have very minor corrections applied, that is, for TLS
much less than 0.058C (CSB). We also note that MSU2
and MSU4 on these spacecraft are essentially indepen-
dent instruments and would not be expected to produce
nearly identically timed errors in comparison with the
radiosondes.

The differences are greatest in 1982 and their values
for the three products are 0.068, 0.178, and 0.438C for
(RLT minus TLT), (RMT minus TMT), and (RLS minus
TLS), respectively. This evidence suggests that the ra-
diosondes are the main source of the error, but see below

for an explanation due to satellite merging. A possible
source of heterogeneity is that beginning in 1982 the
U.S. National Weather Service began the transition from
on-site, baseline-box calibration of sondes with mer-
cury-in-glass thermometers to factory calibration. It is
possible that this transition led to a net change in the
absolute calibration of the U.S. sondes. Unfortunately,
the transition varied from station to station and was not
documented (Spencer and Christy 1993). Because we
are unable to explain these early differences, we shall
assume that they represent a problem with the satellite
data in the calculations of monthly and annual statistical
error below.

We investigated three possibilities that might cause
satellite TLS to contain a spuriously positive trend
shown in these results. First, we looked at the magnitude
of the adjustments applied to the raw satellite data. The
magnitudes in total are very minor, on the order of a
few hundredths of a degree Celsius both positive and
negative over the span of a few years. The individual
satellite records indicate a high level of agreement dur-
ing overlapping observations and so required very little
adjustment. By contrast, the DJF RLS minus TLS trend
difference alone accumulates to a total of 0.778C over
the 22-yr period. We could not propose a mechanism
that would cause a significantly larger satellite trend
error in winter versus summer related to the satellite
adjustments or observations.

Second, it is possible that the static weighting func-
tion applied to the radiosonde data might be misrep-
resentative of the true profile, perhaps being more el-
evated than in reality. This would produce a more neg-
ative sonde-simulated trend versus the satellite. This
possibility was examined in Spencer and Christy (1993),
who varied weighting functions but found the best cor-
relation with a profile only slightly lower in the very
highest altitudes.

Third, we note that in Figs. 5 and 6 there is a shift
or drift in the difference time series in early 1983. In
Fig. 6, a similar, though less noticeable, shift occurs
between February and March 1991. Both of these events
occur close to transitions in spacecraft, NOAA-6 to
NOAA-8 in April 1983 and NOAA-10 to NOAA-12 in
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FIG. 6. Comparison of RLS and TLS for 28 U.S. controlled radiosonde stations. Note the
difference time series showing the relative warmth of the radiosondes around 1982. Monthly
differences are shown offset 38C in the lower time series for clarity.

April 1991. In both cases, however, another spacecraft
was on-station (NOAA-7 and NOAA-11, respectively),
providing data across these boundaries. However, the
merging of the data from a new satellite may have per-
turbed the regional fields around these grids creating
local heterogeneities, though the same feature is not
found in other comparisons (e.g., Minqin above or glob-
al analyses below). The discrepancies around 1981–83
are particularly curious since NOAA-6 and NOAA-7 re-
veal exceptional agreement in this period with virtually
no adjustments required to the raw data for either TMT
or TLS. Nevertheless, because we assume that the dif-
ference time series is due to satellite issues, these dis-
crepancies will increase the calculated satellite error.

We shall calculate global error estimates based on
error statistics of the composite time series assuming
the entire globe contains 6 times the DOF represented
by the area monitored by the 28 radiosondes, which
stretch from the western tropical Pacific, to Barrow
(Alaska), to San Juan (Puerto Rico). Again, we shall
assume all error is contained within the satellite data.

In general, the results in Tables 4–7 show that the
low-latitude atmosphere is characterized by less vari-
ability and less error than in high latitudes, especially
on shorter timescales. The 95% CI ranges for the global
(i.e., generalized) trend of each product, TLT (Neff 5
21), TMT (Neff 5 8), and TLS (Neff 5 6) are 60.0168,
60.0398, and 60.1138C decade21 (see bottom row of
Table 7 and summary in Table 10). A trend in the dif-
ference time series is likely associated with an auto-
correlation of D’s, reducing Neff and increasing the CI.
Note that the absolute trend difference between RLS
and TLS is 0.208C decade21 (20.738 vs 20.538C de-
cade21; Table 7), while the generalized result (Table 10)
suggests an error range of 60.118C decade21. This re-
sult, where the generalized error range does not capture
the trend difference of the sample, occurs only here.
There is a possibility that a systematic trend error is

contained within the satellite data that affects all grids
and thus is incorrectly reduced by the generalization
method. However, because we have presented evidence
that a systematic negative trend exists in the RLS VIZ
data, and no other comparison produces this potentially
inconsistent result, we shall remain with the error range
calculated above (60.118C decade21).

c. Global means of upper air temperatures from
radiosondes and reanalyses

Our final comparisons will be performed using four
datasets of tropospheric and stratospheric global anom-
alies, described in the Intergovernmental Panel on Cli-
mate Change (IPCC) 2001 report (Folland et al. 2001;
though the NCEP reanalyses have since been upgraded;
see below.) Our comparisons will utilize only annual
anomalies of RLT and RLS, but will include an addi-
tional year (1979–2001).

Numerous changes have occurred since 1979 in vir-
tually all of the stations that supply data to these com-
pilations. An example is shown in Fig. 7 for the U.S.
station at Chuuk, Federated States of Micronesia, where
the VIZ-B instrument package was replaced with Vais-
ala RS80 on 1 Dec 1995 revealing an obvious cooling
in RLS versus the satellite TLS. Indeed, many stations
replaced their instrumentation with Vaisala equipment
during this period with similar results. Such changes are
more noticeable in the stratosphere where the effects of
biases owing to faulty calibration, solar heating, and
longwave radiation (and changing adjustments to at-
tempt to compensate for these) tend to accumulate
(Parker et al. 1997). In addition to the balloon bursting
problem noted earlier, radiosonde trends in the strato-
sphere of these datasets are likely more negative than
in reality given the general move toward Vaisala equip-
ment.

As before we shall calculate the 95% CI of the trends
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FIG. 7. Comparison of RLS and TLS for Chuuk, a west Pacific
island. The change from VIZ-B to Vaisala RS80 in December 1995
gave significant, spurious cooling (differences offset by 68C for clar-
ity).

based on the magnitude of sDANN, which for global da-
tasets (with no reduction of noise due to geographic
upscaling) becomes

2 2s 5 (s )(N/N )(0.09881).bERR DANN eff

1) HADLEY CENTRE, MET OFFICE

The Hadley Centre Radiosonde Temperature (HadRT)
products designed for comparison with microwave in-
strumentation were introduced by Parker et al. (1997).
HadRT data rely on monthly average temperature re-
ports from CLIMAT TEMP data (upper air climatolog-
ical data) supplied by balloon station operators. A
weighting function profile was developed and applied
to the mandatory pressure level data to simulate tem-
perature anomalies of TLT and TLS. Approximately 400
stations provide input for these averages, though large
regions of the globe are not sampled. Three major com-
parison studies have been performed (Parker et al. 1997;
Santer et al. 1999; Hurrell et al. 2000) in addition to
the IPCC 2001 compilations (Folland et al. 2001). RLT
values from HadRT2.0 have no adjustments applied to
them. However, we use HadRT2.1s for RLS values in
which significant stratospheric temperature heteroge-
neities worldwide, where supported by known instru-
mental or operational changes, have been eliminated by
TLS comparisons (Parker et al. 1997).

Of the three radiosonde-only global analyses, we an-
ticipate the best satellite agreement from HadRT prod-
ucts due to the application of the appropriate weighting
function to mimic the satellite profile. The following
two datasets [NOAA–Angell and the Russian Research
Institute of Hydrometeorological Information (RIHMI)]
are simple averages of layer temperatures and will be
included only for illustrative purposes and will not be
included in the cumulative statistics due to the mismatch
between layer averages and satellite profiles.

2) NOAA–ANGELL

NOAA–Angell is described in Angell (1988) with an
update in Angell (2000) in which some comparisons
with our satellite data were made. The NOAA–Angell
dataset is built from 63 stations with long and fairly
continuous records, though it contains some significant
heterogeneities (Trenberth and Olson 1991; Gaffen et
al. 2000.) Global anomalies are determined from a geo-
graphically weighted sum of anomalies in seven broad
latitude bands. The quantity measured is the thickness
temperature determined by the physical distance (i.e.,
volume) between two pressure levels. For comparison
purposes we use the 850–300-hPa layer for RLT and
the 100–50-hPa layer for RLS. In addition to the mis-
match in layer averages versus satellite profile, the im-
plicit inclusion of the influence of moisture in layer
thickness will also lead to differences (CSB).

3) RIHMI

The Russian Research Institute for Hydrometeoro-
logical Information maintains a set of global analyses
of pressure level temperature based on over 800 radio-
sonde stations from the CARDS and telecommunicated
datasets (Sterin 1999). The data are objectively inter-
polated to all unobserved regions where relaxation to
climatology (i.e., zero anomaly) is assumed. Due to the
relatively stiff interpolation procedures, Folland et al.
(2001) found the variance of RIHMI much reduced. As
with all radiosonde-based datasets, RIHMI suffers from
heterogeneities in the individual station records. The
temperature of the 850–300-hPa layer is calculated us-
ing all mandatory level information (i.e., 850, 700, 500,
400, and 300 hPa) and so is more consistent with a
mass-weighted value than NOAA–Angell’s 850–300-
hPa thickness temperature. We shall use RIHMI’s 850–
300- and 100–50-hPa layer temperatures for comparison
with TLT and TLS.

4) NCEP REANALYSES

The U.S. National Centers for Environmental Predic-
tion (NCEP) have generated an historical set of global
weather analyses using a single global circulation model
with observations from in situ and satellite sources (Kal-
nay et al. 1996). Pressure level temperatures from these
analyses have been vertically averaged, proportionally,
to create RLT and RLS as was done with HadRT data
(Stendel et al. 2000). Some concerns about continuity
have been discussed in Basist and Chelliah (1997), Pielke
et al. (1998), and Stendel et al. (2000) who also compared
NCEP and satellite data, finding generally good agree-
ment. The data utilized here include a replacement of the
post-January 1997 data, which alleviated a problem with
land surface temperatures (see http://wesley.wwb.noaa.
gov/reanalysis.html).

The reanalyses do not use the microwave datasets as
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TABLE 8. Statistics computed from global upper air datasets 1979–2001.

Global analyses LT LS

HadRT, NOAA, RIHMI
NCEP

rANN

0.94, 0.89, 0.92
0.96

rANN

0.99, 0.94, 0.96
0.96

HadRT, NOAA, RIHMI
NCEP
Satellite

b, 8C decade21

10.04, 20.02, 10.00
10.05
10.06

b, 8C decade21

20.64, 21.20, 20.46
20.82
20.52

HadRT, NOAA, RIHMI
NCEP
Satellite

sANN 8C
0.15, 0.21, 0.11
0.17
0.16

sANN 8C
0.57, 0.89, 0.35
0.67
0.47

HadRT, NOAA, RIHMI
NCEP

sD ANN 8C
0.05, 0.10, 0.07
0.05

sD ANN 8C
0.13, 0.47, 0.17

0.25

HadRT, NCEP
Neff of D’s (N 5 23)

6, 7
Neff of D’s (N 5 23)

11, 1

HadRT, NCEP
sb ERR

0.0308, 0.0285
sbERR

0.0578, ?

FIG. 8. Time series of annual global mean lower-tropospheric temperature anomalies from
satellite, HadRT2.1s, and NCEP reanalyses. Differences (HadRT minus satellite and NCEP
minus satellite) are offset 0.68C in the lower time series.

adjusted and merged by UAH but do incorporate the
NOAA satellite sounding profiles of which the MSU
and AMSU radiances are a part. Thus, in simple terms,
the global weather analyses are based on the spatial
pattern of temperatures provided mostly by satellite in-
formation, which is simultaneously anchored to radio-
sonde soundings and made consistent with the model
dynamics. Because the sounding coefficients used to
create the satellite profiles are updated every week by
direct comparison with radiosondes, the long-term
trends in NCEP are dependent on radiosondes. The
NCEP reanalyses are quite different from the satellite
and radiosonde datasets discussed above, but in the strict
sense they are not independent from the sondes.

d. Results

The comparison results for these global analyses are
shown in Table 8. The RLT and TLT comparisons in-

dicate very good agreement with the largest differences
found between NOAA–Angell RLT and TLT as ex-
pected. Excellent correlations are shown for RLS and
TLS, but the differences in trends are quite large. We
would expect the trends of NOAA–Angell RLS and
RIHMI RLS to be more negative because the 100–50-
hPa layer avoids the tropical upper troposphere and its
positive trend. However, RIHMI’s low variance seems
to have dominated the otherwise anticipated trend dif-
ference.

The 95% CI of the TLT global trend becomes 60.0758
and 60.0678C decade21 for HadRT2.0 and NCEP, re-
spectively (Fig. 8, Table 10). The wider range of confi-
dence intervals than determined earlier is due to fewer
DOF in the D time series (Table 8). For HadRT2.1s RLS,
Neff is 11, but because the difference trend of the NCEP
RLS versus TLS is pronounced and systematic, its value
of Neff is 1. The NCEP RLS minus TLS difference time
series is essentially a line with zero slope to 1992, then
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FIG. 9. As in Fig. 8 but for the lower stratosphere: HadRT2.1s is used instead of HadRT2.0. Differences
(HadRT minus satellite and NCEP minus satellite) are offset 28C in the lower time series. Note the
divergence between the satellite data and NCEP in 1992 and 1997 in the NCEP minus satellite time
series.

TABLE 9. Summary of 95% confidence intervals for gridpoint (2.58) statistics. The values in parentheses assume that the differences
between radiosondes and satellite data are due equally to errors with each system rather than due to satellites alone.

TLT
(8C)

TMT
(8C)

TLS
(8C)

95% CI monthly gridpoint anomaly
Minqin
U.S. VIZ radiosondes low lat
U.S. VIZ radiosondes high lat
U.S. VIZ radiosondes (all)

61.01
60.67
61.28
61.02

60.48
60.41
60.69
60.57

60.72
60.71
60.90
60.81

95% CI annual gridpoint anomaly
Minqin
U.S. VIZ radiosondes low lat
U.S. VIZ radiosondes high lat
U.S. VIZ radiosondes (all)

60.27
60.27 (60.19)
60.51 (60.36)
60.41 (60.29)

60.17
60.27 (60.19)
60.34 (60.24)
60.31 (60.22)

60.36
60.53 (60.37)
60.52 (60.37)
60.52 (60.37)

a negative slope from 1992 onward, hence only 1 DOF.
Consequently, the 95% CI varies drastically for these two
estimates, being 60.138 (HadRT2.1s) and 64.798C de-
cade21 (NCEP). The trends for 1979–91 from TLS and
NCEP RLS are 20.038 and 20.048C decade21, respec-
tively, being virtually identical; but then the systematic
and pronounced divergence begins (Fig. 9.) We have
since discovered that a significant discrepancy in the post-
1996 100-hPa temperatures between the two main ver-
sions of the NCEP reanalyses has appeared, so values
for the appropriate NCEP parameters in Table 8 (and
Table 10) are replaced with ‘‘?’’ (see http://wesley.
wwb.noaa.gov/tovspproblem/index.html).

Wide-ranging changes in instrumentation and meth-
ods have their greatest impact on stratospheric temper-
atures. Consequently, our error estimates for TLS will
be large and likely will not represent the true precision
of the satellite data. This has proven especially true for
the NCEP reanalyses where many factors affect the de-
termination of temperature, including unadjusted radio-

sonde data (e.g., Chuuk), top-of-atmosphere radiation
balance constraints, model assimilation techniques, in-
tersatellite bias adjustments (or lack thereof ), etc.

4. Combined results

The simple error statistics for each of the test samples
are compiled in Table 9 for grid points and Table 10
for global statistics (where evaluation is possible). The
monthly gridpoint errors appear reasonable as the errors
determined independently by Minqin (38.68N) are in-
termediate between those of the low latitudes and high
latitudes of the VIZ network. In fact, the composited
monthly values of all 28 VIZ stations agree remarkably
well with Minqin. (Gridpoint results from the multista-
tion VIZ network are derived from the rms of each
individual station’s sDMON and sDANN.)

A different result emerges for the annual anomalies
where the Minqin results are consistently smaller than
those calculated from the VIZ network. The magnitude
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TABLE 10. Summary of 95% confidence interval estimates from calculations for global temperature statistics based on datasets defined.

TLT
8C decade21

TMT
8C decade21

TLS
8C decade21

Global 95% CI trend
Minqin
U.S. VIZ sondes, composite sD ANN

U.S. VIZ sondes, rms Db
HadRT
NCEP
Rms consensus

60.031
60.016
60.043
60.075
60.067
60.051

60.015
60.039
60.039

60.033

60.033
60.113

60.127
?
60.100

95% CI monthly global anomalies
Minqin
U.S. VIZ radiosondes
NCEP
Rms consensus

8C
60.24
60.20
60.16
60.20

8C
60.12
60.15

60.14

8C
60.25
60.35
60.41
60.35

95% CI annual global anomalies
Minqin
U.S. VIZ radiosondes
HadRT, NCEP
Rms consensus

8C
60.08
60.04
60.20, 60.18
60.14

8C
60.04
60.10

60.08

8C
60.09
60.27
60.38, ?
60.27

of annual anomalies is more easily impacted by system-
atic errors of the type suggested earlier for the U.S. VIZ
sondes, and this is likely to be what is causing the in-
creased error estimates. The values shown in Table 9
essentially assume that all of the difference between
radiosonde and satellite is due to satellite error. It is
reasonable to conclude that at least half of the difference
is due to VIZ radiosonde inaccuracies, and we have
demonstrated the existence of such without mentioning
errors due to interpolation of data or instrument noise.
Thus, a more accurate result is likely obtained by re-
ducing the error ranges shown for U.S. VIZ sondes by
a factor of 0.707 (1/Ï2). These are shown in paren-
theses in Table 9 for the annual values and now, for the
28-station composite, agree remarkably well with those
of Minqin.

Table 10 lists the estimates of precision for global
quantities from the four (mostly) independent and cer-
tainly very dissimilar datasets. Recall that the four re-
alizations arise from

1) a single radiosonde with consistent instrumentation
(Minqin),

2) 28 U.S. radiosondes with mostly consistent instru-
mentation,

3) 400 global radiosondes (HadRT) with less consis-
tency, and

4) NCEP reanalyses using satellite and radiosonde data
in a data assimilation project.

The consensus error statistics are simply the rms values
of the individual results. We assume that each of the
estimates is of equal value in the consensus calculations.
Each has its strengths and weaknesses. In terms of in-
strument consistency, the preference is essentially the
order given in the above list. In terms of the ability to
generalize to the global average, the order would be
reversed. Thus weighing both consistency and geo-
graphic coverage together, we assume that the datasets

are equivalent in terms of their ability to provide useful
information on satellite errors.

For a randomly selected monthly gridpoint anomaly,
the results suggest the 95% CIs are 61.08, 60.68, and
60.88C for TLT, TMT, and TLS, respectively (Table 9).
Annual gridpoint CI values for the same three layers
are likely about 60.38, 60.28, and 60.48C, respectively.
Global mean monthly anomalies for TLT, TMT, and TLS
likely are known to within 60.208, 60.158, and
60.358C. Likewise, for annual, global mean anomalies
we estimate 60.158, 60.108, and 60.308C for TLT,
TMT, and TLS, respectively, though it is conceivable
that these are overestimates given the problems, espe-
cially in the stratosphere, with radiosonde data.

For the trend of TLT and TMT, the 95% CI is likely
about 60.058C decade21. CSB (version D) estimated
this as 60.06 based on shorter time periods and fewer
comparisons. However, our present result assumes that
all of the difference between the satellite and the various
datasets is due entirely to satellite error, a very conser-
vative assumption. Further arguments could be made
regarding radiosonde-based errors that would reduce the
portion of error attributed to TLT and TMT, and thus
reduce the magnitude of their error statistics, but we
shall not make those arguments at this time. In any case,
as of this writing, we note that the global TLT (version
5.0) trend is 10.068C decade21 60.05.11

As with CSB, we are less confident in estimating trend
errors for TLS. There simply are no significant groups
of radiosonde stations (on which much of the NCEP

11 A separate error estimate for TLT and TMT is based on the
magnitude of the rms of the individual U.S. slope differences (Table
7, and given in Table 10 as rms Db). For example, assuming 26
spatial DOF of the globe and a TLT slope error of 0.1058C decade21

for an individual grid (or spatial DOF), the 95% CI for the error trend
becomes 60.0438C decade21. TLS is not included because the mean
composite slope difference was significantly different from zero.
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FIG. 10. Monthly temperature anomaly time series of TLS, TMT, and TLT.

reanalyses are also based) that have good records with
long-term stability. The satellite adjustments required
for TLS are smaller than those of TLT, so one would
expect the performance of TLS to contain less error, yet
the radiosonde comparisons (except the generalized
Minqin results) imply greater error. The 95% CI for the
precision of the TLS global trend is likely less than the
value listed as consensus (60.108C decade21).

5. Conclusions

Advances in technology have lead to the need for
merging data from older instruments (MSU) with newer
instruments (AMSU) to continue the time series of bulk
atmospheric temperatures derived from microwave ra-
diometers. Though the AMSU channel frequencies do
not exactly match the MSU frequencies in the case of
MSU2, we have demonstrated that approximations gen-
erated from AMSU data do indeed reproduce the type
of information formerly provided from the MSUs. We
have found from comparisons of MSU versus AMSU
and AMSU versus AMSU that in all cases the new data
met or improved upon the error characteristics of MSU
versus MSU. The homogeneity of these data is therefore
retained to the level of error characteristic of the MSU-
only time series.

We have upgraded the diurnal drift correction to the
tropospheric datasets, TLT and TMT, now applying a
slightly nonlinear adjustment. Our method, which uses
the cross-swath satellite data for the diurnal adjustment,
has the advantage of eliminating intersatellite biases and
interannual variability of the temperature field. The
monthly time series of TLT, TMT, and TLS anomalies
are shown in Fig. 10.

To assess the measurement error of the satellite da-
tasets we have performed direct comparisons with ra-
diosonde and radiosonde-based data. These are inde-

pendent comparisons. Unfortunately, no instrumentation
provides a ‘‘perfect’’ measurement of the bulk atmo-
spheric temperature, especially over a 23-yr period, so
there is difficulty in determining the error of one system
by comparison with another, which itself is subject to
error. Our use of four ‘‘independent’’ groups of data
(Minqin, 28 U.S. controlled radiosondes, about 400 ra-
diosondes of HadRT, and NCEP reanalyses), attempted
to provide multiple estimates of the errors sought.

Low–middle tropospheric comparisons suggest that
globally the satellite system provides monthly and an-
nual anomalies within a 95% CI range of error of ap-
proximately 60.208 and 60.158C, respectively (Table
10), though conceivably these ranges could be smaller
depending on the magnitude of error that may be as-
signed to radiosondes. Stratospheric measurements from
radiosondes are fraught with time-dependent biases and
the estimates for global monthly (annual) satellite errors
are likely to be smaller than the consensus values of
60.358C (60.278C) derived in Table 10.

The evidence presented herein suggests that the glob-
al, low–middle tropospheric and midtropospheric trends
are known to within about 60.058C decade21 and pos-
sibly better. An argument could be made that each of
the comparison tropospheric datasets used in this study
has systematic, long-term error that by chance happens
to agree with the UAH satellite products. This is highly
unlikely as we have deliberately performed the analyses
with multiple networks, most being completely inde-
pendent of the others. This is not the case in the strato-
sphere, however, where systematic changes, which have
very little impact on the tropospheric portion of the
sounding, have considerable impact on the stratospheric
readings (Parker et al. 1997). With this as cautionary
note, we estimate the global TLS trend as 20.518C de-
cade21 with a 95% CI of 60.108C decade21 (Table 10).

In this paper, we have at least identified probable
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bounds of the satellite error statistics. With additional
work on applying radiosonde corrections independent
from microwave data, it may be possible to better char-
acterize these errors in the future (Free et al. 2002; Lan-
zante et al. 2003). More generally, this study emphasizes
the need for an observing system that meets the re-
quirements of climate science regarding upper air ob-
servations, especially for a vertical resolution that is
finer than provided by satellites alone and particularly
for altitudes above the troposphere (NRC 1999;
2000a,b).
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APPENDIX

Radiosonde Station Information

TABLE A1. Information on individual stations used in the comparisons is provided in this appendix. Observation times (UTC) indicate the
time that contained the most complete data throughout the 22-yr period (99 indicates 0000 and 1200 UTC were both well observed and
averaged together).

Station
WMO

no.
Lat
(8N)

Lon
(8E)

Elevation
(m)

Obs time
(UTC)

Minqin 52681 38.6 103.1 1367 99

10 VIZ 0–308N
Barbados
Brownsville, TX
Corpus Christi, TX
Del Rio, TX
Grand Cayman
Guam
Hilo, HI
Key West, FL
Majuro, Marshall Islands
San Juan, Puerto Rico

78954
72250
72251
72261
78384
91217
91285
72201
91376
78526

13.07
25.90
27.77
29.37
19.30
13.55
19.72
24.56
7.08

18.43

259.50
297.42
297.50

2100.92
281.36
144.83

2155.07
281.72
171.38

266.00

58
7

13
313

3
111

11
6
3

19

12
00
99
99
12
00
99
12
00
12

18 VIZ 308908N
Albuquerque, NM
Annette Island, AK
Barrow, AK
Bismarck, ND
Caribou, ME
Dodge City, KS
Glasgow, MT
Great Falls, MT
Green Bay, WI
Jackson, MS
Medford, OR
Mercury, NV
Nashville, TN
Oakland, CA
Pittsburgh, PA
Quillayute, WA
Spokane, WA
St. Paul Island, AK

72365
70398
70026
72764
72712
72451
72768
72776
72645
72235
72597
72387
72327
72493
72520
72797
72786
70308

35.05
55.03
71.30
46.77
46.87
37.77
48.21
47.47
44.49
32.32
42.37
36.62
36.25
37.75
40.53
47.95
47.63
57.15

2106.61
2131.57
2156.78
2100.75
268.02
299.97

2106.62
2111.37
288.12
290.07

2122.87
2116.02
286.57

2122.22
280.23

2124.55
2117.54
2170.22

1620
34

4
506
190
790
700

1130
214
101
405

1009
184

3
370

62
728

9

00
00
00
00
12
00
00
99
99
99
00
00
12
12
12
00
00
00

VIZ B to Vaisala
Chuuk, Federated

States of Micronesia 91344 7.45 151.84 3 00


