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Calibration of the TOPEX altimeter using a GPS buoy
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Abstract. The use of a spar buoy equipped with a Global Positioning System
(GPS) antenna to calibrate the height measurement of the TOPEX radar altimeter
is described. In order to determine the height of the GPS antenna phase center above
the ocean surface, the buoy was also equipped with instrumentation to measure
the instantaneous location of the waterline, and tilt of the buoy from vertical.
The experiment was conducted off the California coast near the Texaco offshore
oil platform, Harvest, during cycle 34 of the TOPEX/POSEIDON observational
period. GPS solutions were computed for the buoy position using two different
software packages, K&RS and GIPSY-OASIS II. These solutions were combined
with estimates of the waterline location on the buoy to yield the height of the
ocean surface. The ocean surface height in an absolute coordinate system combined
with knowledge of the spacecraft height from tracking data provides a computed
altimeter range measurement. By comparing this computed value to the actual
altimeter measurement, the altimeter bias can be calibrated. The altimeter height
bias obtained with the buoy using K&RS was -14.61+4 cm, while with GIPSY-OASIS
IT it was -13.14+4 cm. These are 0.1 cm and 1.6 cm different from the -14.7+4
cm result obtained for this overflight with the tide gauge instruments located on

Platform Harvest.
Introduction

During the evening of October 17, 1993 PST, the
morning of October 18, UTC, the University of Col-
orado in cooperation with the Jet Propulsion Labora-
tory deployed a spar buoy equipped with a TurboRogue
Global Positioning System (GPS) antenna under the
ground track of the TOPEX/POSEIDON (T/P) space-
craft. The antenna was connected via a cable to a GPS
receiver on a nearby boat. The buoy was deployed off
the coast of California adjacent to the offshore Texaco
platform, Harvest (see Figure 1). The Harvest Plat-
form is the NASA calibration site for T/P [Morris et
al., 1995]. The objective of this experiment was to
investigate an alternative calibration technique to de-
termine the range bias in the TOPEX radar altimeter
using the GPS buoy, GPS receivers located at Vanden-
burg Air Force Base and on the Harvest Platform, and
the tracking systems on board the spacecraft. These
systems are a GPS receiver, a laser retroreflector, and
the French Doppler system, Doppler Orbitography and
Radiopositioning Integrated by Satellite (DORIS).
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Given the altitude of the spacecraft determined from
these tracking systems and the height of local sea level
as determined by a differential GPS solution using the
buoy and a fiducial GPS receiver, one can compare the
altimeter range measurement to the calculated range
and determine the bias. We estimate that the GPS
buoy can determine sea level as a function of time to
£2.2 cm based on an error budget of 1 cm for the po-
sition of the L3 phase center relative to the waterline
using instruments attached to the buoy and 2 c¢m for
the GPS solution of the phase center location in abso-
lute coordinates. Current knowledge of the T/P orbit
height is 3.5 ¢m, 1o, based on laser and DORIS data
[Tapley et al., this issue] and better than 3 c¢m, lo,
based on GPS data [Bertiger et al., this issue]. This
means that the altimeter range bias can be determined
to an RMS accuracy of about 4.1 ¢cm with laser and
DORIS orbits and 3.7 cm or better with GPS orbits
on any given pass. Because of operational constraints,
GPS orbits are not always available; however, they were
for this experiment.

There are several reasons for requiring periodic cali-
bration of the altimeter height measurement. Any drift
in the range bias results in an apparent rise or fall in
global sea level. Furthermore, drifts in the range bias
will corrupt basin-scale circulation patterns deduced
from altimeter data. The increased accuracy to which
the radial component of the T/P orbit is being deter-

24,517



24,518

BORN ET AL.: GPS BUOY CALIBRATION OF THE TOPEX ALTIMETER

N
S’
~—r

HARVEST
OIL PLATFORM

GPS
@ CONSTELLATION f \/\
TOPEX/POSEIDON

Y

VANDENBURG &2

SPAR-BUOY

Figure 1. Experiment configuration overview.

mined will allow basin-scale circulation patterns to be
measured to unprecedented accuracy, but only if the
range bias is understood. Thus it becomes increasingly
important to ensure the accuracy of the altimeter range
measurement. Knowledge of the bias itself is important,
even if there is no drift, in order to tie the elevation
of mean sea level from T/P to that of future altimetric
missions such as the follow-on missions for T /P, Geosat,
and ERS 1. If the fidelity of the absolute height mea-
surements from these missions cannot be maintained,
there is little hope of monitoring the long-term rise and
fall of sea level to useful accuracy.

Our first experiments with a GPS-equipped buoy
took place off the Scripps pier at La Jolla, California
in December 1989 [Rocken et al., 1990]. This buoy was
basically a waverider (designed to ride up and down
with the waves). Our first spar buoy (designed to have
as little vertical motion as possible) was deployed ad-
jacent to the Harvest Platform in August of 1990 in
order to gain experience with the buoy and to provide
an opportunity to test the operational procedure for de-
ploying the buoy and gathering data after the launch of
T/P [Kelecy et al., 1992]. In addition, the spar buoy
and a GPS-equipped waverider buoy were deployed in
November 1991, under the ground track of the ERS 1
satellite. This spacecraft also carries an altimeter, and
the objectives of this experiment were to test the two
buoy configurations and to calibrate the ERS 1 altime-
ter range bias [Kelecy et al., 1994].

Experiment Description

The spar buoy used in this experiment is sketched
in Figure 2 and is described in detail by Kelecy et al.
[1994]. Table 1 presents the locations of the instru-
ments on the buoy. Overall, the buoy is about 13 m
long with a radome at the top to house the GPS an-
tenna. Two Paroscientific depth sensors are located on
the buoy, as shown in Figure 2, in order to help deter-
mine the location of the waterline during the experi-
ment and to measure any tilt of the buoy. In addition,
a MagneRule PLUS was located on the buoy in order
to provide an independent measure of the distance be-
tween the waterline and the GPS antenna phase center.
The MagneRule PLUS consists of a stainless steel rod
with a float that can slide along the rod. With calibra-
tion, the instrument is capable of reporting the position
of the float with an accuracy of about 1 mm over the
range of its 2.44 m scale. The depth sensors each consist
of a pressure transducer and temperature sensor. The

Table 1. Buoy Instrument Locations

Interval Distance, m
L3 phase center to base of radome 0.088
MagneRule zero to base of radome 0.480
Depth sensor 1 to base of radome 4.810
Depth sensor 3 to base of radome 7.611
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pressure measurements are internally compensated for
temperature dependence. The depth sensors are cali-
brated side by side with a portable standard, both in
the air and with the depth sensors in a known amount
of water. The air calibration establishes the bias in the
measurements while the water calibration establishes
the effective measurement point on each depth sensor.
The resulting accuracy of the depth sensors is about 1
cm.
The buoy design used in this experiment was devel-
oped in order to minimize vertical motion of the radome
at the top of the spar. There are two components to
this motion: vertical buoy motion in response to grav-
ity waves and tilting of the buoy both due to response
to waves and due to tension on the tether. Tilting of the
buoy contributes to the vertical location of the radome
as the cosine of the angle of the buoy from vertical.
When the buoy is allowed to float freely (requiring ac-
tive maneuvering by the pilot of the boat) there is little
or no mean tilt. Otherwise there is both a mean tilt and
a change in the location of waterline on the buoy. The
relative importance of each depends on the location at
which the tether is attached to the buoy. The difficulty
of maintaining slack on the buoy tether is one of the
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Figure 2. Schematic of the spar buoy design.
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motivations for developing an autonomous buoy as de-
scribed later. Tilting of the buoy in response to waves
is minimized by the design of the buoy and should have
a negligible impact. The instrumentation on the buoy
is designed to provide both a redundant measure of the
waterline position and the ability to monitor the mean
tilt of the buoy. By doing this we can avoid the com-
plexities of a waterline calibration under difficult at sea
conditions and errors caused by changing tensions on
the buoy tether.

Several hours prior to the T/P spacecraft overflight,
the buoy was deployed from Platform Harvest and tow-
ed by boat a short distance from the platform to await
the arrival of the spacecraft. The TurboRogue receiver
was carried on the boat and connected via cable to the
antenna in the radome of the buoy. After deployment,
over 1 hour of high rate (1/s) GPS data were taken,
centered on the overflight time of the spacecraft (Au-
gust 18, 1993, 0050:29.3081 UTC). Only about 50 min
of MagneRule and depth sensor data were taken, how-
ever, due to delays in starting the instruments. Data
also were taken on the platform in both high-rate (1/s)
and low-rate (1/30 s) modes using two Turbo Rogue re-
ceivers hooked to the same antenna. In addition, high-
rate data were taken by a Rogue receiver at a fiducial
site at Vandenburg Air Force Base.

All tracking systems were operational around the
time of the overflight, insuring quality orbit solutions.
Laser tracking of the T/P spacecraft was obtained from
Mazatlan, Quincy, and Monument Peak. In addition,
the spacecraft was tracked by GPS and the global com-
plement of DORIS stations. MagneRule data were col-
lected every 0.5 s and depth sensor data were collected
every second. The MagneRule directly measures the
position of the waterline on the buoy, while the depth
sensors measure a combination of air pressure, static
water pressure, and wave pressure effects.

Two National Oceanic and Atmospheric Administra-
tion (NOAA) tide gauges located on Platform Harvest
were in operation during the overflight [Gill et al., 1995]
thus allowing a comparison of the tide gauge sea level
with that determined by the buoy. These are part of
the NOAA Next Generation Water Level Measurement
System. The primary gauge was an acoustic system us-
ing round trip travel times to measure sea level (which
is the standard tide station configuration now being im-
plemented by NOAA). The secondary system for water
level measurement was a nitrogen-driven bubbler sys-
tem implemented with a Paroscientific depth sensor.
These will be referred to as the NOAA acoustic and
NOAA Digibub systems for the rest of this paper.

GPS Solutions

Two GPS software packages were used in this study:
Kinematic and Rapid Static (K&RS) developed by Ma-
der[1986] at NOAA and GIPSY-OASIS II (GOA II) de-
veloped at the Jet Propulsion Laboratory (JPL) [Licht-
en and Border, 1987]. K&RS was developed specifi-
cally for high-precision kinematic positioning such as
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the application presented here. GOA II was developed
for more general applications such as high-precision
geodesy (using global-scale networks) and GPS-based
orbit determination for low Earth orbiters. In both
cases L3 phase center solutions were generated by ap-
propriate linear combination of the carrier phase mea-
surements at the L1 (1575.42 MHz) and L2 (1227.60
MHz) frequencies to produce an "ionosphere free” so-
lution. The following two paragraphs give brief sum-
maries of the two techniques as they were applied to
the GPS buoy problem.

K&RS produces an independent geometric buoy posi-
tion for each epoch using double difference carrier phase
measurements to eliminate clock errors. Reference lo-
cations and atmospheric models are treated as abso-
lutes. To estimate tropospheric corrections, K&RS uses
a modified Marini model [Mader, 1986]. Double differ-
ence carrier ambiguities are resolved as fixed integers.
The K&RS solution presented here was carried out over
the 11-km baseline between the GPS location at Van-
denburg and the GPS buoy using National Geodetic
Survey precise orbits for the GPS satellites [Schene-
werk et al., 1993]. Local meteorological conditions
were measured at the platform [Gill et al., 1995] and
at Vandenberg using radiosonde data to provide input
to the modified Marini model. Conditions at the plat-
form were extrapolated to the buoy location assuming a
dry adiabatic lapse rate for temperature and a standard
pressure gradient. Relative humidity was adjusted by
assuming that the water vapor pressure was constant.
At the time of overflight, the buoy was separated by
about 1.5 km horizontally and 30 m vertically from the
location on Platform Harvest where the meteorological
data were taken. Meteorological measurements were
necessary both at Vandenberg and Harvest because of
differences in the atmosphere over the sites even though
they were only about 11 km apart. This may have been
due either to the fact that the Vandenberg receiver was
inland or that an atmospheric front was in the vicinity
at the time of the overflight. Extrapolating meterolog-
ical measurements from the Harvest Platform to Van-
denberg would have resulted in changes in the K&RS
GPS buoy position of greater than 2 cm.

GOA 1II uses a Kalman-type filter to estimate the
buoy position, as well as other parameters, as a function
of time. The GOA II solution presented here involves
GPS data from Vandenburg, Platform Harvest, the T /P
satellite, and the the GPS buoy. GPS satellite orbits
were obtained from the JPL daily analysis. The loca-
tions of Vandenburg and Platform Harvest were treated
as fiducial sites with coordinate uncertainties of 0.001
m. The buoy position was modeled as a random walk
process with a dynamic uncertainty of 5 m/4/s. The
clock errors for Platform Harvest and the buoy (rela-
tive to the Vandenburg clock) were each modeled as a
white random process. GOA II uses the Lanyi model
[Lanyi, 1984] as a nominal starting point for estimating
the total tropospheric delay. In general, GOA II uses
one or more parameters in the filter to estimate a resid-
ual tropospheric delay at each station, which includes
both the total wet tropospheric delay and any error in
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the Lanyi dry delay model. For this experiment, the
buoy tropospheric parameter was treated as a bias with
an uncertainty of 0.5 m. This was necessary because
the GPS buoy experiences significant vertical motions,
and the observations were limited to only five satellites
over a relatively short data arc (less than 60 min). More
observations would be required to reliably separate ver-
tical motions from changes in the tropospheric delay.
Furthermore, because the data in this experiment were
also limited in spatial separation of the stations (less
than 100 km), only a single tropospheric residual for
all three stations was estimated. The carrier phase bias
for each tracked satellite was similarly estimated as a
bias in the filter. The International Terrestrial Refer-
ence Frame of 1992 [International Earth Rotation Ser-
vice, 1993] was used to provide coordinates corrected
for plate motion to August 1993, for the Vandenburg
and Harvest GPS markers.

Results

Figure 3 shows the horizontal track of the buoy rela-
tive to the Harvest Platform from GPS measurements.
Platform Harvest, denoted by H in the figure, is lo-
cated at 34.470923 N and 120.685845 W [Christensen
et al., this issue]. During data aquisition the buoy tra-
versed approximately 1.6 km in a southeasterly direc-
tion. Slack was maintained in the line between the buoy
and the boat in order to allow the buoy to float freely,
thereby minimizing vertical offsets and tilting of the
buoy.

The raw and filtered history of the L3 phase center
of the GPS antenna from the K&RS solution is shown
relative to the T/P reference ellipsoid in Figure 4. The
T/P ellipsoid has a semimajor axis of 6378.1363 km and
a flattening of 1/298.257. The GOA II solution is not
shown because it is virtually identical at the scale pre-
sented. The raw phase solutions can be used to infer the
local wave height, assuming a time history of the wa-
terline on the buoy is available from an instrument such
as the MagneRule. The slope observed in the filtered
result is due predominantly to tides.

Figure 5 shows the raw and filtered data obtained
from the MagneRule and the two Paroscientific depth
sensors. The MagneRule data have been converted from
volts to meters and are referenced to the top position of
the float (see Table 1). The depth sensor measurements
are in units of meters of fresh water and include atmo-
spheric pressure as well as static and dynamic pressures
due to the water column. The changes in the waterline
relative to the buoy are a combination of wave motions
and buoy motions. The effect of buoy motion on each
of the sensors will be the same while the pressure effects
due to wave motion will decrease with depth. Note the
attenuation of the wave signals in the depth sensor data.

The data from the two depth sensors were used to
compute tilt of the buoy during the experiment so that
the GPS antenna phase center height above the refer-
ence ellipsoid could be corrected. The pressure differ-
ence histories of the two depth sensors indicated that
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Figure 3. GPS buoy locations during the experiment based on the K&RS solution. The location
of Platform Harvest is indicated by the H in the upper left corner.
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Figure 4. Location of the buoy-GPS antenna L3 phase center based on the K&RS solution. The
GOA II solution is essentially the same at these scales.

at the overflight time, the height of the GPS antenna
phase center was in error by less than 2 mm due to buoy
tilt, suggesting that our attempts to allow the buoy to
float freely were successful.

Sea level was determined by combining the GPS data,
indicating the position of the L3 phase center of the
GPS antenna, with data indicating the position of the
waterline. Here two independent measures of the wa-

terline are possible. Since the positions of the waterline
from the two depth sensors agreed to better than 1 cm
with the location of the waterline from the MagneRule
and use of the MagneRule data allows direct determina-
tion of sea state, only the sea level from the MagneRule
is presented here. Figure 6 shows the raw and filtered
height of sea level above the T/P reference ellipsoid as
determined from a combination of the L3 phase center
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MAGNERULE AND DEPTH SENSOR DATA
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Figure 5. Raw and filtered MagneRule and depth sensor data. The Magnerule data have been
converted from volts to meters (measured downward) and are referenced to the top position of
the float. The depth sensor measurements are in units of meters of fresh water and include
atmospheric pressure as well as static and dynamic pressures due to the water column.
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Figure 6. Sea level from the K&RS GPS solution combined with MagneRule data. Results
based on the GOA II solution are essentially the same at these scales.

heights from the K&RS solution and the MagneRule
waterline information in Figure 5.

The GPS buoy and Platform Harvest were not pre-
cisely colocated, and so a correction needs to be made

for the expected difference in mean sea level between
the platform and buoy. Based on Rapp’s mean alti-
metric surface [Ba#ié and Rapp, 1992], the difference in
mean sea level between the platform and the buoy was
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-0.008 m at the start of measurements, -0.010 m at the
time of overflight, and -0.000 m at the end of the mea-
surements. Figure 7 compares the height of sea level
above the reference ellipsoid determined from the two
NOAA tide gauges located on Platform Harvest with
the filtered GPS results from both K&RS and GOA
IT as adjusted for the Rapp gradient. The tide gauge
measurements were converted to absolute sea level us-
ing the results of a survey between the instruments and
a GPS receiver near the top of the platform [Gill et al.,
1995] and a GPS determined location for the receiver
[Christensen et al., this issue]. At the time of overflight,
platform sea level with respect to the T/P ellipsoid from
K&RS was -36.162 m, from GOA II was -36.147 m, from
the NOAA acoustic tide gauge -36.163 m, and from the
NOAA Digibub tide gauge -36.170 m. Table 2 provides
statistical comparisons over the length of the pass. The
two GPS solutions had a mean difference of 0.9 cm and
a standard deviation of 1.2 cm over this interval. It is
encouraging that the mean difference between the GPS
solutions and the primary tide gauge measurement is
the same or less than the standard deviation for both
solutions.

Figure 8 is a panel of several examples of gravity wave
spectra determined from the raw GPS/MagneRule sea
level shown in Figure 6. The spectra show two dis-
tinct wave trains moving through the area with peri-
ods of about 8 and 14 s. Beginning about the time of
the overflight, there is an increase in the power of the
higher-frequency wave train corresponding to a frontal
passage. This was observed by the boat crew as an
increase in wind speed and wave height.

Spectra of the wave field were determined using fast
Fourier transform (FFT) techniques from 256 1-s points
with each set of data overlapping the previous set by 128
points. Before the FFT was applied, the mean and a
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linear trend were removed and a cosine taper applied
to 10% of the data at each end. A Parzen window with
a cutoff point of 100 lags was used to smooth the spec-
tral estimates [see Bendat and Piersol, 1971]. Hy/3 es-
timates shown in Figure 9 were calculated as 4 times
the standard deviation of the wave field for each of the
spectral data sets. The period of increasing wave height
associated with the frontal passage is clearly indicated.
The altimeter recorded a value of 1.5 m for Hy/3 at the
overflight time compared with 1.65 m derived from the
buoy data. The history of H;,3 measurements recorded
by the altimeter indicates that it also crossed this front
in the vicinity of the platform. The presence of a front
near the point measurement site of the platform makes
it difficult to compare the point measurement with the
spatially averaged altimeter measurement. The proba-
ble cause for the buoy yielding a higher value of Hy;s
than the altimeter is that the front had just passed
the platform about 2 min before the altimeter arrived.
Hence the altimeter footprint contained larger waves
behind the front and smaller waves ahead of the front.
The spatial average of these tended to yield a lower
number for Hy/3 than the buoy measured.

This experiment was performed to demonstrate the
usefulness of a GPS buoy for calibrating altimetric satel-
lites. For this reason the GPS buoy measurements were
taken coincident with the normal calibration measure-
ments. Christensen et al. [this issue] have determined
the bias in the TOPEX altimeter range to be -14.7+4
cm for this overflight. The bias was calculated by com-
bining the ocean surface height in an absolute coordi-
nate system with knowledge of the spacecraft height
from tracking data to provide a computed altimeter
range measurement. By comparing this computed value
to the actual altimeter measurement, the altimeter bias
was found. Converting the tide gauge measurements to
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Figure 7. GPS/MagneRule sea level and tide gauge comparison. The tide gauge measurements

have been converted to absolute sea level.
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Table 2. GPS versus Tide Gauge Comparisons

Comparison Mean,m o/m
K&RS versus NOAA acoustic 0.000 0.013
GOA II versus NOAA acoustic 0.009 0.009
K&RS versus NOAA Digibub 0.007 0.011
GOA II versus NOAA Digibub 0.018 0.008

*Standard Deviation

an absolute reference frame requires that there be an
accurate survey performed between the tide gauges and
a known reference (in this case a GPS receiver near the
helicopter pad on the platform). The only difference in
closure using a GPS buoy is that the GPS buoy is used
to provide absolute sea level instead of a tide gauge,
survey, and reference marker. Here we are substituting
the GPS buoy sea levels based on K&RS and GOA II
for the NOAA acoustic tide gauge values used by Chris-
tensen et al. and conclude that the altimeter range bias
for this overflight is -14.6:£4 c¢cm for the K&RS solution
and -13.13+4 cm for the GOA II solution.

Discussion

The major advantage of the buoy approach over a
fixed platform is that the calibration can be carried out
anywhere in the world in the vicinity of any one of hun-
dreds of fiducial GPS receiver sites. We are currently
developing a low-cost autonomous buoy designed for a
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variety of offshore science experiments including satel-
lite altimeter calibration and measurement of ocean cur-
rents. The mechanical design of the buoy is similar to
the spar used in the experiments described here. The
basic buoy equipment will include an L band choke ring
antenna, a GPS receiver, a MagneRule, a single-board
computer, a UHF antenna and radio modem, and two
pressure transducers. A data collection and differential
GPS reference station system designed to be located on
a nearby platform or support boat will include a second
GPS receiver and antenna, a UHF antenna and radio
modem, and a personal computer with data collection
and storage capacity. A trade-off must be performed be-
tween buoy positioning accuracy and receiver cost. The
GPS receiver is currently the cost driver in buoy de-
sign, with dual-frequency survey receivers such as the
Trimble SSE or Allen Osborne TurboRogue typically
used. The dual-frequency capability permits high accu-
racy over large separations between the buoy and the
ground reference stations. Several lower cost alterna-
tives that will be considered include NovAtel’s single-
frequency high-performance C/A code and carrier re-
ceiver, a very low cost single-frequency C/A receiver
such as the Rockwell Navcore V, and a dual-frequency
codeless receiver to be designed based on an existing re-
ceiver built by AIR of Boulder, Colorado, which would
track P(Y) code and L1/L2 carrier signals. We believe
that the generic buoy and data collection and processing
system would provide cost effective support for future
scientific programs.
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Figure 9. H, 3 from the K&RS GPS/MagneRule sea level. H; /3 from the TOPEX altimeter is

indicated with an asterisk.

It should be noted that the altimeter bias estimated
here is for a single altimeter pass. The error in the bias
is composed of both random and systematic effects, so
that when the buoy is deployed under multiple satellite
passes the resulting error will be significantly smaller,
perhaps less than 2 cm. Improved orbit determination
in the future will result in a significant reduction in
the single-pass error, thus also improving our ability to
monitor the altimeter bias.

Conclusions

Based on the results presented here, and results ob-
tained from previous deployments of a GPS-equipped
buoy, it is concluded that such a buoy can be an effec-
tive tool for measuring and monitoring altimeter height
biases. The buoy must be properly instrumented to
provide waterline location and tilt information and a
fiducial GPS site should be located within several hun-
dred kilometers of the overflight point. The proxim-
ity of a fiducial GPS site is necessary so that differen-
tial GPS techniques can minimize atmospheric effects
and GPS orbit error. As the length of this baseline in-
creases, it becomes more difficult to estimate the initial
position of the kinematic receiver and to correctly esti-
mate phase bias parameters due to these errors. In the
other extreme of a very short baseline (less than about
10 km), the two receivers will see essentially the same
ionosphere. In these cases it is possible to process with
L1 only data, which is less noisy than the ionosphere-
corrected L3 data.

The Platform Harvest survey [Gill et al., 1995] was
performed under very difficult circumstances. The ex-
cellent agreement that we have found between the ab-
solute GPS sea level and tide gauge measurements con-
verted to absolute sea level not only confirms the va-

lidity of the GPS buoy approach but provides indepen-
dent verification of the platform survey. We find it es-
pecially encouraging that GPS sea level obtained from
two very different software packages had a mean differ-
ence of only 0.9 cm with a standard deviation of 1.2 cm
over the length of the pass.
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