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Global Mean Sea Level Variations from
TOPEX/POSEIDON Altimeter Data

R. S. Nerem

The TOPEX/POSEIDON satellite altimeter mission has measured global mean sea level
every 10 days over the last 2 years with a precision of 4 millimeters, which approaches
the requirements for climate change research. The estimated rate of sea level change is
+3.9 + 0.8 millimeters per year. A substantial portion of this trend may represent a
short-term variation unrelated to the long-term signal expected from global warming. For
this reason, and because the long-term measurement accuracy requires additional mon-
itoring, a longer time series is necessary before climate change signals can be unequiv-

ocally detected.

The measurement of a long-term rise in
global mean sea level would provide impor-
tant corroboration of predictions by climate
models of global warming as a result of an
increase in the “greenhouse” gases (1-3).
The largest contributors to global sea level
change caused by global warming are ex-
pected to be the melting of continental
glaciers and polar ice (4) and the thermal
expansion of the oceans (5). Climate mod-
els used to assess the effects of increased
greenhouse gases in the atmosphere predict
an increase in global mean air temperature
of 1° to 4°C over the next century, which
in turn would lead to global mean sea level
changes of 30 to 50 cm (I, 6).

Global sea level change has typically
been estimated from tide gauge measure-
ments collected over the last century (7).
However, tide gauges may move vertically
as a result of postglacial rebound (8), tec-
tonic uplift, and subsidence caused by un-
derground fluid removal at rates comparable
to the sea level change signal; tide gauges
also have limited spatial distribution (9,
10). Therefore, long-term averaging is re-
quired to overcome these limitations (11).

NASA/Goddard Space Flight Center, Space Geodesy
Branch, Code 926, Greenbelt, MD 20771, USA.
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After allowing for postglacial rebound of
the mantle (8), most recent estimates of the
observed global sea level rise over the last
century range from 1.7 to 2.4 mm/year (11—
13).

Satellite altimeter measurements com-
bined with a precisely known spacecraft
orbit should provide improved measure-
ments of global sea level change over short-
er periods because of their near global cov-
erage and because they measure sea level
relative to a precise reference frame whose
origin coincides with the Earth’s center of
mass. Measurement errors for previous mis-
sions such as Seasat (1978), Geosat (1985
to 1989), and ERS-1 (1991 to present) were
too large to detect the small changes in
global mean sea level (14-16). The main
errors were in determining the satellite’s
altitude, the ionosphere delay correction,
the wet troposphere delay correction, and
the long-term integrity of the radar instru-
ment calibration.

For the United States—France TOPEX/
POSEIDON (T/P) satellite, launched on 10
August 1992, many of these errors were
greatly reduced (17): The orbit altitude pre-
cision has been improved to 3 to 4 cm root
mean square (rms) with the use of SLR
(satellite laser ranging) and DORIS (Dopp-
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ler orbitography integrated by satellite)
tracking data and improved satellite force
models (18, 19); an ionosphere correction
is produced directly from the dual frequency
altimeter measurements (20); a wet tropo-
sphere correction is provided by on-board
microwave radiometer measurements of the
integrated water column (21); and the al-
timeter system calibration is monitored at
two ground verification sites (22). The T/P
satellite is in a near circular orbit at an
altitude of 1336 km that is inclined to the
equator at an angle of 66.06°, thus defining
the latitudinal coverage of the measure-
ments. The ground track repeats every 10
days and has a maximum cross-track spac-
ing of 316 km at the equator (17). The T/P
data have an absolute point-to-point accu-
racy of better than 5 cm (17). Because orbit
altitude errors can be geographically corre-
lated, even better accuracy is obtained for
the measurement of sea level changes over
10-day intervals, with the data agreeing
with island tide gauges at the 2-cm rms
level (23, 24).

There are two radar altimeters on board
T/P: a dual-frequency altimeter, which op-
erates 90% of the time, and an experimen-
tal, solid-state single-frequency altimeter,
which operates the remaining time. Data
from both altimeters were used in this study
(25). The radar altimeters collect 10 mea-
surements per second, but 1-s averages were
used in this study, which yields about a
half-million measurements every 10 days.
These measurements have been corrected
for the effects of ionospheric path delay,
dry-wet troposphere delay, and variable sea
state. The resulting sea level variations
have also had tidal effects removed, includ-
ing the solid Earth tides, the ocean tides
(26), and the ocean tidal loading. Sea level
variations caused by variations in air pres-
sure loading (the “inverted barometer” ef-
fect) were not removed because it is the
total sea level signal that is of interest, and
globally, the current model for this correc-
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Fig. 1. Global mean sea level variations computed for each 10-day cycle of T/P altimetry covering cycles
9 through 81 (11 December 1992 to 5 December 1994), except for cycle 79, which was unavailable as
of this writing. Also shown are global mean SST anomalies covering the same time period, derived from
the weekly 1° by 1° SST fields of the National Meteorological Center (33, 34).

tion does not conserve oceanic mass. After
* editing suspect data (27), mean sea level
variations were computed by averaging the
local sea level variations within each 10-
day repeat cycle over all observed latitudes
and longitudes. Because the altimeter data
are unequally distributed in latitude, a lati-
tude-dependent weighting factor was ap-
plied so that each area of the ocean con-
tributed equally to the determination of
mean sea level.

The stability of the altimeter instrument
calibration is of significant concern for
studies of mean sea level change because
the instrument can drift with time as the
hardware ages. For this study, calibration
results derived from on-board internal in-
strument measurements were adopted (28,
29). They show a shortening of the altim-
eter range measurement of 2.8 mm/year
over the first 2 years of the mission; thus,
this calibration has significantly reduced
the sea level rise estimate. This internal
calibration assesses only the altimeter elec-
tronics and not the supporting measure-
ment corrections; corroboration of the ob-
served drift by the ground calibration sites is
still needed. The results from the official
ground calibration sites (22), as well as
comparisons to tide gauge data (23), are
inconclusive but will improve with further
monitoring.

The data analyzed in this study covers
T/P repeat cycles 9 to 81, corresponding to
11 December 1992 to 5 December 1994.
The first 80 days of the mission data were

eliminated because the data are suspect
(30). The time series of 10-day global mean
sea level variations after correction for the
instrument drift is shown in Fig. 1. There
was no significant change when data above
+55° latitude were eliminated; thus, the
results are probably not greatly affected by
the lack of coverage above *+66°. Satellite
altitude error is not a large contributor to
errors in the time series, as the results were
not greatly affected by the use of indepen-
dent orbit solutions computed with tracking
data from an experimental on-board Global
Positioning System (GPS) receiver (31).
The use of an alternative ionosphere cor-
rection, derived from the DORIS tracking
data, also did not greatly affect the time
series, indicating that errors in this relative-
ly large measurement correction are not a
major concern.

The mean sea level variations shown in
Fig. 1 have a standard deviation of 4 mm,
nearly a factor of 5 better than previous
missions (14—16). A spectral analysis of the
sea level variations shows millimeter-level
signals at periods of 30, 52, 63, 89, and 127
days but no significant seasonal variations,
although the annual heating cycle is clearly
seen if the Northern and Southern Hemi-
spheres are evaluated independently (24).
A linear least-squares fit to the variations
gives a rate of sea level rise of +3.9 = 0.8
mmy/year, where the predicted error is a
“noise”-only estimate based solely on the
variance of the time series. It is difficult to
provide absolute error estimates for the
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mean sea level variations because this re-
quires a detailed understanding of the char-
acteristics of the contributing errors to un-
precedented levels. The local rate of sea
level change varies geographically by +40
mm/year mainly because of the current El
Nifio—Southern Oscillation (ENSO) event.
The detection of spatial variations in the
long-term signal of sea level rise will require
a considerably longer time series acquired
from multiple satellite missions comparable
to T/P.

It is quite possible that the mean sea level
variations shown in Fig. 1 are real, and thus,
they were compared to coincident global
mean sea surface temperature (SST ) anom-
alies because of the importance of upper
ocean heat content on steric sea level (32).
Weekly 1° by 1° SST fields produced by the
National Meteorological Center (NMC)
(33) were used to compute global mean SST
anomalies (34) (Fig. 1). Both time series
generally increase over the T/P mission. As
expected, the two time series share many
common features, such as the short-term
increase in sea level and SST seen near the
end of 1993, although the correlation of the
two time series is only +0.5. A spectral
analysis of the SST anomalies shows signals
with amplitudes of 0.01°C and periods of 31,
59, 87, and 119 days, similar to the sea level
variations. Because sea level responds to
temperature variations throughout the water
column (though mainly in the top mixing
layer), the level of agreement is quite en-
couraging and supports the idea that a sig-
nificant portion of the observed variations
in mean sea level arise from variations in
upper ocean heat content. An examination
of the entire 13-year SST time series (1982
to the present) (35) shows that the largest
observed SST anomalies coincide with the
occurrence of ENSO episodes. Therefore,
the recent rise in global mean sea level
might be attributable to both the current
ENSO event and the long-term signal ex-
pected from global warming; thus, the im-
portance of collecting a longer time series
must be emphasized. It is also worth noting
that most of the observed sea level rise
occurs during the second year of the time
series.

The estimated rate of mean sea level rise
of +3.9 *+ 0.8 mm/year during 1993 to 1994
(36) is somewhat larger than the historical
tide gauge estimates of sea level rise (1);
however, considerably more altimeter data
are required before the global warming sig-
nal can be separated from the short-term
sea level variations. In September 1995,
T/P will complete its nominal 3-year mis-
sion, but an extended mission of three ad-
ditional years is anticipated. Nevertheless,
T/P demonstrates the precision necessary to
detect variations in global mean sea level
caused by changes in the Earth’s climate.
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Interannual and Interdecadal Variability in 335
Years of Central England Temperatures

G. Plaut, M. Ghil,* R. Vautard

Understanding the natural variability of climate is important for predicting its near-term
evolution. Models of the oceans’ thermohaline and wind-driven circulation show low-
frequency oscillations. Long instrumental records can help validate the oscillatory be-
havior of these models. Singular spectrum analysis applied to the 335-year-long central
England temperature (CET) record has identified climate oscillations with interannual (7-
to 8-year) and interdecadal (15- and 25-year) periods, probably related to the North
Atlantic’s wind-driven and thermonhaline circulation, respectively. Statistical prediction of
oscillatory variability shows CETs decreasing toward the end of this decade and rising

again into the middle of the next.

Low—frequency climate variability, interan-
nual and interdecadal, has been attributed
to changes in the oceans’ thermohaline cir-
culation (THC) or wind-driven circulation.
Multiple equilibria have been found in both
THC (1) and wind-driven circulation (2)
models. THC oscillates on scales of decades
to millennia (3), whereas wind-driven os-
cillations are seasonal (4) or interannual
(5). The strongest interannual climate sig-
nal is associated with the tropical El Nifio—
Southern Oscillation (ENSO) (6). The
ENSO does have global effects (7), but
their details are fairly uncertain at present
(8). To determine the extent to which ex-
tratropical oceanic phenomena or ENSO
affect climate variability in the northern
mid-latitudes, we examined the CET record
(9), the longest continuous instrumental
temperature record.

Interdecadal and interannual oscilla-
tions have been recognized (10-13) in
global or hemispheric temperature series of
shorter duration (14-16) by two indepen-
dent statistical techniques: singular-spec-
trum analysis (SSA) (10, 12, 17-19) and
the multitaper method (11, 20). Given the
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shortness of the series, these earlier results
are still controversial (21, 22). The CET
record (9, 23) now covers 335 years of
averaged monthly temperatures, starting in
January 1659 (24). Analysis of the CET
record should thus settle this controversy,
help determine the plausible causes of the
peaks that have been detected, and permit a
first glimpse at the secular variations of
interdecadal variability.

To facilitate comparison with global and
hemispheric analyses (10-13, 20-22), we
performed SSA on the yearly averages of
the CET record (23, 25). High-frequency
interannual variability, such as a quasi-bi-
ennial oscillation (26), stands out when the
monthly, rather than annual, CET data are
analyzed with a wide enough SSA window
(not shown); this variability is often related
to ENSO (6, 27). We concentrate here on
periods of 5 years and longer; use of a 1-year
sampling interval and M = 40 lags (17)
permits the study of periods between 5 and
40 years (19). Resolution increases with M,
whereas statistical significance decreases.
Window widths between 30 and 60 years
gave similar results.

A break appears in the singular-spec-
trum slope (Fig. 1A) at order k = 11. A
nonparametric Monte Carlo significance
test (19) confirmed that the record’s statis-
tical dimension is S = 11 (28). The first
two empirical orthogonal functions (EOFs)
(Fig. 1B) are a data-adaptive running mean
and its antisymmetric counterpart (10, 27).
Eigenvalues 3 to 11 form four pairs (skip-





