
Nature © Macmillan Publishers Ltd 1997

How accurate are
satellite ‘thermometers’?

We believe that lower-tropospheric temper-
atures measured directly by satellites have
excellent long-term accuracy, as seen by
comparisons with independent atmospheric
measurements from weather balloons. 
Our results contradict indirect measure-
ments by Hurrell and Trenberth1 who
claimed that the satellite data have signifi-
cant discontinuities.

There are two independent direct meth-
ods currently used to measure the tempera-
ture of the atmospheric layer known as the
lower troposphere (surface to 7 km). One
method uses balloon-borne instrument
packages (radiosondes) that rise through
the atmosphere and the other uses satellite-
measured intensities of microwave emis-
sions from atmospheric oxygen, which are
proportional to temperature (T2R; ref. 2).
The latter method relies on polar-orbiting
microwave sounding units.

Recently, Hurrell and Trenberth estim-
ated the lower-tropospheric temperature
indirectly using variations in sea surface
temperatures (SSTs)1. When comparing
their SST-based estimates with T2R in the
tropics (20° S–20° N), they found two rela-
tive temperature jumps, one in September
1981 (0.25°C) and one in late 1991 (0.10°C).
They claimed the jumps were due to prob-
lems with the satellite measurements.

To check the claim for 1981, we com-
pared T2R against temperatures measured
independently at tropical radiosonde sta-
tions. We computed the average tropospher-
ic temperature at each location for both
radiosondes and satellites for the two years
before and after September 1981. Using only
four years of radiosonde data assures that
instrumental inconsistencies are essentially
non-existent. For stations in three latitude
bands (±15°, ±20° and ±25° with 14, 30 and
38 locations, respectively) the two-year aver-
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age temperatures after September 1981
minus those before are 10.04, 0.00 and
10.02 °C, respectively. The same differences
for T2R are 10.04, 10.03 and 10.03 °C.
These two independent, direct measure-
ments of tropical tropospheric temperatures
before and after the alleged jump agree
within ±0.03 °C, indicating no “spurious”
jump of 0.25 °C. Similar results are obtained
for the “spurious” 1991 jump.

If these jumps described by Hurrell and
Trenberth are real, trends over the period
since 1979 should show clear differences of
0.1 to 0.2 °C per decade between T2R and
radiosondes. Trends from several multi-
station radiosonde data sets (one of which
used over 300 stations worldwide and three
data sets that had no changes in instrumen-
tation) all agreed with T2R to within 0.03 °C
per decade, the level of uncertainty we had
previously ascribed to the satellite data3–6.

Hurrell and Trenberth proposed the idea
that merging NOAA-07 satellite data into
the time series caused the “spurious” jump
in late 1981. We disprove this claim by dis-
playing the independent anomalies of tropi-
cal T2R from NOAA-06 and NOAA-07
separately (Fig. 1). A displacement of
0.25 °C should be clear, but we found
nothing of that magnitude. The agreement
between the satellites’ anomalies, calculated
directly, is 5 to 10 times better than Hurrell
and Trenberth’s approximation.

Additional speculations about the “spu-
rious” jumps (surface emissivity variations
or disagreements with the rigid SST/tropo-
sphere linkage found in climate models) are
not supported by any observational evi-
dence. Other studies have shown that sur-
face emission variations do not significantly
affect tropical averages (A. Basist, personal
communication) and that multi-decadal
variations in the surface/troposphere rela-
tionship do occur3,7,8. 

In summary, claims of large and spuri-
ous jumps in the T2R satellite data set are 
not supported by either of two direct and
independent measures of tropospheric
temperatures.
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Trenberth and Hurrell reply — It is difficult
to create a continuous, consistent climate
record from satellite observations alone.
The main reason is that satellites and
instruments have a finite lifetime and have
to be replaced. For the current Microwave
Sounding Unit (MSU) record, eight satel-

lites have been used. A significant problem
is that each new satellite has a different orbit
so that a different part of the diurnal cycle is
sampled. This problem also afflicts individ-
ual satellites, as NOAA-6, NOAA-7 and
NOAA-11 all drifted in equator-crossing
time by between one and four hours.

Such drifts are important for MSU-2R,
for which surface emissions account for
nearly 20% of the signal over land, and are
much less important for the middle tropo-
spheric channel MSU-2. This is the reason
for the lower noise (by a factor of three to
five) in MSU-2 compared with MSU-2R, so
that the reproducibility of temperature
anomalies between different satellites is
much better. 

Surface emissions vary substantially
with the diurnal cycle, so the observed
orbital drifts mean that the diurnal cycle
can get aliased with trends, especially over
land. Such drift problems have been identi-
fied and corrected in the tropical outgoing
longwave radiation (OLR) record from the
same NOAA satellites: the NOAA-7 and
NOAA-11 drift effects were especially large9.
Because OLR also depends on cloud-top
temperatures, the corrections do not trans-
late directly to the MSU record, except per-
haps over cloudless regions such as the
Sahara where the greatest negative trends in
the tropical MSU-2R record arise and, con-
sequently, are suspect.

The discrepancy between the MSU-2R
record and that implied by the surface
record in the tropics shows up as two dis-
continuities1, but it is likely to be more than
that. Computing a single bias correction
between two satellites that are drifting in
orbit means that the statistics are not sta-
tionary, and a discontinuity can be intro-
duced into the record in some locations,
but other effects will also be present. This
might be especially relevant to the NOAA-6
to NOAA-7 transition, where the magni-
tude of the discrepancy is larger than can be
explained at present.

The precision claimed by Christy,
Spencer and Braswell for MSU is overesti-
mated. It is based on comparisons between
overlapping satellite records but only after
the offset bias and the annual cycle differ-
ences are removed. All of these are computed
to minimize the differences and there is no
validation using independent data. The evi-
dence suggests that this procedure overfits
the data and removes real variability from
the records, thereby giving a false agreement
between the residuals (their Fig. 1).

These satellite problems demonstrate
that a climate observing system must also
have an adequate ground-based in situ vali-
dation. For the MSU record, comparisons
have been made with radiosondes, but mea-
surement errors and sampling issues have a
substantial impact on these records as well,
especially over the tropical continents

Figure 1 Monthly temperature anomalies (7C) for
the tropics (207 S–207 N) computed independently
from two satellites, NOAA-06 and NOAA-07, for July
1981 to April 1983.

–0.75

–0.5

–0.25

0

0.25

0.5

0.75

Te
m

pe
ra

tu
re

 a
no

m
al

ie
s 

(°
C

)

Alleged 0.25 °C jump

NOAA-07

NOAA-06

NOAA-06 minus NOAA-07

1981 1982 1983

0.0 °C

σ = 0.026 °C

Jul Oct Jan Apr Jul Oct Jan Apr



Nature © Macmillan Publishers Ltd 1997

where the cooling in MSU-2R is largest
(10.24 °C per decade since 1979). Noise in
MSU-2R over tropical oceans is a factor of
two less than over tropical continents
because of differences in surface emissions.

It is wrong, therefore, to assume that
good agreement between a few, mainly trop-
ical island stations validates the MSU prod-
ucts, and it is clear that such stations cannot
adequately represent a larger-area average. A
comparison with the radiosonde record at
Alice Springs, Australia, after August 1987
(when a new radiosonde instrument was
introduced), reveals a spurious stepwise
cooling in the MSU-2R record not seen in
the MSU-2 record (Fig. 2). This is consistent
with the jump in the tropical MSU-2R
record in mid-1991, which coincides with
the NOAA-10 to NOAA-12 transition, iden-
tifiable in comparisons with tropically aver-
aged sea surface temperatures1.

Our argument is not that the surface
and lower-tropospheric temperature trends
must be identical, especially over short
(17-yr) periods, but rather that the added
noise in the MSU-2R record makes it
unsuitable for trend analysis. Unfortu-
nately, it is in this context that the data are
most frequently referenced.
Kevin E. Trenberth, James W. Hurrell
National Center for Atmospheric Research, 
Boulder, Colorado 80307, USA
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Frogs reabsorb glucose
fromurinarybladder

The amphibian urinary bladder is a bi-
lobate, highly distensible and vascularized
sac that stores fluid for use during periods
of water stress1. The organ is composed of a
thin basement membrane overlaid by a
selectively permeable ‘tight’ epithelium and
is important in the homeostatic regulation
of ion and osmolyte balance2,3. We report
here that glucose reabsorption from the uri-
nary bladder permits recovery of sugar des-
tined for excretion in the freeze-tolerant
frog Rana sylvatica, whose unique winter
survival strategy invokes extreme hypergly-
caemia and ultimately, glucosuria.

We formulated the hypothesis that the
urinary bladder might reabsorb glucose
during studies of the wood frog, R. sylvatica,
an anuran that is remarkably well-adapted
to the cold, enduring the freezing of 65–70%
of its body water during hibernation4,5.
Freeze tolerance in R. sylvatica is supported
by physiological responses that mitigate
cryoinjury, including a massive production
of glucose6, which acts as a cryoprotectant7. 

After thawing, frogs are extremely
hyperglycaemic (up to 0.5 M glucose in the
blood). Although some of the circulating
cryoprotectant is directly reconverted to
glycogen in the liver8, blood levels exceed
the renal threshold for reabsorption and
glucose is copiously excreted9. Glucosuria
might critically limit the capacity to resyn-
thesize cryoprotectant during subsequent
freezing bouts, so we questioned whether 
R. sylvatica can effectively recover glucose

from bladder urine.
We studied glucose permeability using

traditional solute-flux techniques with
isolated hemibladders prepared from cold-
acclimated R. sylvatica. We filled ligated
hemibladders with a glucose-laden mucosal
solution, formulated to approximate uretal
urine of recently thawed frogs, and suspen-
ded them in hypertonic saline which we
monitored for the subsequent appearance of
glucose. The concentration of glucose in the
serosal bath increased rapidly but ultimately
approached the asymptote (Fig. 1). Net
efflux from the bladder was strongly influ-
enced by the initial glucose concentration of
the mucosal solution (60 or 100 mM) and
incubation temperature (4 or 23 °C). 

To verify glucose uptake in vivo, we
infused the bladders of live frogs with a 
glucose solution containing tritiated D-glu-
cose. After incubating specimens for 4–6 h
at 4 °C we scanned their tissues for the 
marker. Elevated radioactivity in the blood,
lymph, and visceral and peripheral organs
attested that the exogenous glucose had
permeated the bladder epithelium and
entered the general circulation. Control
experiments confirmed that ligation of the
bladder neck before administering glucose
effected vascular isolation and confined the
radiomarker within the bladder.

The concentration of glucose in urine
produced by recently thawed frogs averages
80 mM (ref. 9), so reabsorption of this
excreted sugar, even at the relatively low
rates operative at winter temperatures
(2–6 °C), seems crucial for restoring carbo-
hydrate and energy balance during recovery
from freezing.

Net efflux rates from isolated hemi-
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Figure 2 Comparison of temperatures from MSU and ground-based measures. Monthly mean temperature
anomalies from MSU (solid lines) and Alice Springs (dashed lines), and the differences (Alice Springs1MSU),
for MSU-2R (upper two curves) and MSU-2 (lower two curves). Mean differences are shown (heavy lines) after
January 1988 for MSU-2, and before and after June 1991 for MSU-2R. Anomalies are relative to 1988–95 means.

Figure 1 Time course for net glucose efflux. Efflux
from isolated hemibladders of R. sylvatica, was
based on incremental increases in glucose concen-
tration of the serosal bath. Back flux was not deter-
mined. Hemibladders were inflated with 400 ml dilute
phosphate-buffered saline (PBS; 35 mosM per kg)
containing 60 or 100 mM glucose, and incubated for
180 min in a stirred serosal bath (PBS, initially 230
mosM per kg) at 4 or 23 7C. Means ± s.e.m.
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