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Abstract. This paper describes the results of a sea level measurement test 
conducted off La Jolla, California, in November of 1991. The purpose of this test 
was to determine accurate sea level measurements using a Global Positioning System 
(GPS) equipped buoy. These measurements were intended to be used as the sea 
level component for calibration of the EI•S i satellite altimeter. Measurements were 
collected on November 25 and 28 when the EP•S i satellite overflew the calibration 
area. Two different types of buoys were used. A waverider design was used on 
November 25 and a spar design on November 28. This provided the opportunity to 
examine how dynamic effects :øf'•he measurement platform might affect the sea level 
accuracy. The two buoys were deployed at locations approximately 1.2 km apart and 
about 15 km west of a reference GPS receiver located on the rooftop of the Institute 
of Geophysics and Planetary Physics at the Scripps Institute of Oceanography. 
GPS solutions were computed for 45 minutes on each day and used to produce 
two sea level time series. An estimate of the mean sea level at both locations was 

computed by subtracting tide gage data collected at the Scripps Pier from the 
GPS-determined sea level measurements and then filtering out the high-frequency 
components due to waves and buoy dynamics. In both cases the GPS estimate 
differed from l•app's mean altimetric surface by 0.06 m. Thus the gradient in the 
GPS measurements matched the gradient in l•app's surface. These results suggest 
that accurate sea level can be determined using GPS on widely differing platforms 
as long as care is taken to determine the height of the GPS antenna phase center 
above water level. Application areas include measurement of absolute sea level, of 
temporal variations in sea level, and of sea level gradients (dominantly the geoid). 
Specific applications would include ocean altimeter calibration, monitoring of sea 
level in remote regions, and regional experiments requiring spatial and temporal 
resolution higher than that available from altimeter data. 

Introduction 

The Global Positioning System (GPS) now provides 
three-dimensional positioning coverage nearly anywhere 
on or above the surface of the Earth. Dual frequency 
carrier phase measurements from a pair of G PS re- 
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ceivers can be used to compute the relative position of 
a moving G PS antenna, as a function of time, relative 
to a fixed reference G PS antenna to an accuracy of 
centimeters over baselines of several tens of kilometers 

[Rocken et yd., 1990]. These position measurements 
can be expressed in terms of the latitude, longitude, 
and geodetic height of the antenna phase center. If 
the moving G PS antenna is mounted to an ocean buoy 
and the buoy antenna phase center above sea level is 
accurately calibrated, a sea level time series c&n be 
measured. If the buoy is horisontally constrained and 
measurements are made at the appropriate frequency, 
then mean sea level, sea level change due to tides, and 
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wave amplitudes and frequencies can be determined to 
the centimeter level using the present G PS technology 
[Rocken et al., 1990]. If the buoy is allowed to drift 
freely, then the sea level measurements will also be a 
function of latitude and longitude. 

Measurements from a GPS-equipped buoy have the 
potential to provide estimates of both the absolute 
and relative sea level as a function of time at a given 
location. In order to derive accurate sea level mea- 

surements, consideration must be given to whether the 
buoy is free drifting or moored and to the design of 
the buoy being used. In an ocean environment these 
factors determine the buoy dynamics and, if not taken 
into consideration, will degrade the accuracy of the 
GPS-measured sea level. The main purpose of the 
work presented here is to examine these effects by 
comparing results using two widely differing platforms. 
The accuracy of the G PS measurements is evaluated by 
comparing them with the temporal variations provided 
by tide gage data from the Scripps Pier and Rapp'$ 
mean altimetric sea surface [Bagi• and Rapp, 1992]. 

There are applications for using GPS buoys (using 
perhaps future designs) at locations not conveniently 
close to tide gages. An example is the need to calibrate 
remote sensing satellite altimeters, which requires an in 
situ sea level height computed with centimeter accuracy. 
A GPS-equipped buoy has the potential for providing 
the accuracy necessary for this type of application. An 
accurate in situ measurement of local mean sea level 

is needed within the footprint of the altimeter as the 
satellite passes overhead. The precise satellite height 
above the buoy, computed from tracking such as laser, 
Doppler, or GPS, is combined with the sea level height 
measurements to form an accurate altimetric height 
that can then be compared with the observed altimeter 
measurement during the overflight. 

Two altimetric satellites are presently orbiting the 
Earth and provide the opportunity to test the buoy- 
mounted G PS altimeter calibration scheme. The Earth 

Resources Satellite (ERS 1), is an altimetric satellite 
launched in the summer of 1991 by the European Space 
Agency (ESA). The Colorado Center for Astrodynam- 
ics Research (CCAR) at the University of Colorado 
(CU), the University Navstar Consortium (UNAVCO), 
the Scripps Institution of Oceanography (SIO), and 
the National Oceanic and Atmospheric Administration 
(NOAA) participated in a GPS field experiment to 
demonstrate the feasibility of calibrating the satellite 
altimeter using a combination of laser tracking and 
in situ sea level measurements provided by a GPS- 
equipped buoy. 

Other applications would include remote sites where 
there is an operational need to monitor sea level over 
time but for which installation of a conventional tide 

gage would be difficult and regional experiments requir- 
ing either better spatial or better temporal resolution 
than that obtainable from satellite altimetry. Most 
coastal and eddy-resolving experiments requiring accu- 
rate sea level need greater resolution than that available 
from altimetry alone. 

Data Collection 

Shortly after launch, ERS 1 was placed in a 3-day 
repeat orbit for instrument verification activities. Be- 
tween November 21 and 28 the satellite passed three 
times over an area of the Pacific about 15 km due west 

of SIO, located in La Jolla, California. The location of 
the G PS measurements is shown in Figure 1. For two of 
these overflights, those of November 25 and 28, a buoy 
equipped with G PS was deployed from a boat near the 
ground track and data were collected as the satellite 
passed overhead. A shore-based GPS reference receiver 

located at Scripps simultaneously coSected data. Both receivers were Trimble Geodesist-P , eight-channel 
sequencing precision code (P-code) receivers and were 
programmed to collect data at 5 second epochs over 
several hours. Measurements were taken at two fre- 

quencies, 1575.42 MHz (L1) and 1227.60 MHz (L2), 
for each GPS satellite that was being tracked at a 
given epoch and were combined into a least squares 
solution for the relative position of the buoy at that 
epoch. The postprocessing of the Trimble carrier phase 
measurements for the analysis of both absolute and 
relative mean sea level is described in the next section. 

Configurations for the buoys used for the test are 
shown in Figure 2. The wave rider used on November 25 
consisted of a radome-enclosed GPS antenna mounted 

on a life preserver. The life preserver was placed inside 
a large tire inner tube. The purpose of the inner tube 
was to prevent water from splashing on the radome. 
The spar design, used on November 28, was constructed 
from standard 6 inch ID PVC pipe with the radome- 
enclosed G PS antenna mounted on top and ballast at 
the bottom end for stability. In both cases the GPS 
antenna was connected via a watertight cable to a G PS 
receiver which was run from a boat nearby. Each 
platform was unique in its dynamic characteristics and 
response to the waves. 

In order to monitor how the spar buoy was floating, 
two Paroscientific model 8DP020-S depth sensors were 
mounted on the side of the spar. This not only allowed 
monitoring of the depth at which the spar was floating, 
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Figure 1. Measurement locations. 
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Figure 2. Schematic of the buoy designs. Both buoys 
are shown in a side view with the mean water line 

indicating approximately how they floated. (a) Spar 
design and (b) waverider buoy. The waverider buoy is 
also shown in a top view. See the text for details of the 
construction. 

but also allowed estimating the mean tilt of the spar. 
The spar was tethered at the top of the ballast con- 
tainer near the bottom of the spar. This was done so 
that if there was a small amount of tension applied to 
the tether, the response of the buoy would be largely 
vertical, thereby minimizing the mean tilt. 

GPS Kinematic Position Solutions 

Carrier phase measurements at the L1 and L2 fre- 
quencies provide the precise data necessary for accurate 
geodetic measurements. By appropriate scaling of these 
two frequencies the L1 and L2 phase measurements can 
be combined to form a linear combination known as the 

"ionosphere-free" (L3)phase measurement. The double 
differenced phase residual is the measurement used in 
the kinematic positioning algorithms. These are formed 
by differencing phase residuals between the reference 
and moving receivers for all GPS satellites within view 
of both receivers, and then differencing these combi- 
nations with respect to one difference, which has been 
established as a reference satellite. The phase residual is 
the difference between the observed phase and a phase 
computed from the known satellite positions and from 
a priori station coordinates. The kinematic position 
solution is determined as a correction to the a priori 
position of the moving antenna. The change in position 
is observable from the change in phase over time [Mader, 
1986]. 

Accurate kinematic positioning using the carrier 
phase measurement depends on the availability of good- 
quality GPS satellite ephemerides, tracking consistency 

and satellite geometry, correction of the observations for 
propagation media effects, and accurate determination 
of initial carrier phase biases (ambiguity resolution). If 
these phase biases are resolved incorrectly, their use 
in the kinematic phase solution will result in incorrect 
variations with time of the sea surface height. When the 
receiver loses lock on any given satellite, carrier phase 
ambiguities are introduced (cycle slips) that must also 
be resolved correctly while the buoy is in motion to 
avoid errors in the G PS solution. 

Since accurate a priori coordinates are not avail- 
able for initializing the biases of an antenna already 
in motion, special "on the fly" techniques must be 
applied which take into consideration the motion of the 
platform and which can correct for ionospheric effects 
when determining baselines longer than about 15 kin. 
A modified version of the ambiguity function technique 
has been used successfully for these situations [Mader, 

The ambiguity function was first described by Coun- 
selman and Gourevitch [1981] and a detailed analysis 
of its application to GPS was presented by Remondi 
[1984]. The ambiguity function technique has been 
successfully applied to G PS sea level determination 
[Rocken et al., 1990] and to aircraft position determi- 
nation [Mader, 1986]. 

The 45 minute period for November 25, 1991, be- 
gan at 06:25UTC and ended at 07:10UTC, while on 
November 28, 1991, it began at 05:45UTC and ended at 
06:30UTC. For both days, differential pseudorange so- 
luti6ns were used to determine an initial position, good 
to 1-2 meters, for the purpose of reducing the search vol- 
ume necessary for determination of the double-difference 
phase biases. The on-the-fly kinematic ambiguity func- 
tion technique was applied to each data set over the first 
10 minutes of data, beginning at the initial epoch. The 
buoy position corresponding to the maximum ambiguity 
at the initial epoch and the corresponding biases were 
used for computing the kinematic solutions. 

Figure 3 shows the vertical component of the L3 
(ionosphere free) phase solution relative to the Interna- 

25 November 1991 UTC 
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Figure 3. G PS vertical component expressed as height 
with respect to the ITRF90 ellipsoid for November 25, 
1991. 
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tional Terrestrial Reference .Frame 1990 ellipsoid (ITRF- 
90) for November 25, 1991. This ellipsoid is that used 
by the TOPEX/POSEIDON mission and is defined 
by a semimajor axis of 6378136.3 m and a flattening 
coefficient of 1/298.257. The upward trend to the data 
is due mostly to tides, as will be shown later. Figure 4 
shows a similar plot for the vertical component of the 
GPS solution for November 28, 1991. During the first 
part of the measurement period an attempt was m•le 
to allow the spar to float freely. At about 06:10UTC, 
this was ended and tension built on the tether. This 

resulted in the spar beinõ gradually pulled upward in 
the water and resulted in the change in slope of the 
GPS measurement that can be observed in Figure 4. In 
both cases the vertical component shows high-frequency 
oscillations due to waves and buoy dynamics of about 
•0.50 m. 

Figure 5 shows the hori•ongal movement of ghe wave 
rider buoy. Except for a short time a[ •he beõinning• ghe 
boat-buoy combination drifted by abou• 180 m and 140 
m in [he northerly a•d westerly direcgions, respectively. 
Figure 6 shows the horizontal movemeng of •he spar 
buoy. The buoy position drifted by abou[ 280 m and 320 
m in the norgherly •nd easterly directions, respecgively. 
The change in direc[ion in Figure 6 corresponds to [he 
gime when efforgs go allow the spar to fioa• freely were 
ended. 

The telalive dilution of precision (RDOP), when 
scaled by •he data noise, provides a geometrical measure 
of •he relative accuracy expected for the kinemagic base- 
line solutions over the given time period. It has a lower 
bound of 1, which would indicate an •ideal • sa[ellite 
geomegry for ghe baseline, whereas •he upper bound can 
be infinite and indicages 
is either no solution or an infinite number of possible 
solu[ions. Six GPS sa•elliges were gracked for ghe 45 

minute periods for both days. The RDOP profile for the 
45 minute period on November 25 was begween 2.1 and 
2.6 and between 2.2 and 2.4 for •he 45 minute period 
on November 28, 1991. The observed RDOP values 
correspond go a very good sagellige geometry, thus ghe 
geometry does nog con•ribu[e significan[ly •o errors in 
the G PS solutions. 

-33.6 

-34.0 

-34.4 

-34.8 

-35.2 

28 November 1991 UTC 
.... I .... ! .... I .... ! .... ! .... ! .... ! .... I ' ' 'T 

6.2 6.4 6 
Time, hours 

Figure 4. The same as Figure 3, except for November 
28, 1991. 
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GPS horizontal component for November 

Data Reduction 

In order to determine sea level from the G PS mea- 

surements, it is necessary to determine the height of the 
GPS effective measurement point (phase center) above 
sea level. The location of the L3 phase center is a linear 
combination of the locations of the L1 and L2 phase 
centers [Sl•itker, 1978] given by 

dz,3 - 2.545dz;x- 1.545dL2 

where d•;i is the height of the L1 phase center above 
some reference point, dL2 is the height of the L2 phase 
center, and dLa is the height of the L3 phase center. For 
the GPS antenna used here, the distance of the L1 phase 
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center above the antenna ground plane was taken to be 
0.0063 m and the distance of the L2 phase center was 
taken to be 0.0048 m (Ron Hyatt, Trimble Navigation, 
personal communication, 1990). This leads to a height 
of the L3 phase center above the antenna ground plane 
of 0.0086 m. For the November 25 data set using the 
wave-rider buoy, the height of the antenna ground plane 
above the water level was measured twice, once on site 
and once the next day in Mission Bay harbor. In both 
cases, this leads to an estimate of the height of the 
L3 phase center above the water line of 0.129 q- 0.004 
m. Because of the extremely calm weather at the time 
of the first overflight it was possible to determine this 
offset quite accurately. 

For the November 28 data set, two depth sensors 
were placed on the spar buoy and one depth sensor was 
placed in the boat to measure atmospheric pressure. 
This enabled measurement of the mean depth of water 
above each depth sensor and thus provided information 
on how deeply the spar was floating and on the ori- 
entation of the spar. The pressure, Pd, measured by 
each depth sensor is a funtion of the depth of water, hd, 
above the depth sensor, wave effects, and buoy motions 
and is given by 

or 

- + pg& + (3) 
ha 

where P•t is the atmospheric pressure at the sea surface, 
p is the water density, g is local gravity, a(g) is the 
wave spectra as a function of the vector wavenumber g, 
and P• represents a combination of kinematic pressure 
changes and instrument effects. If Pa is low pass filtered, 
then 

f(P,•) - f(PA) + pgdz + P, (4) 

where Ka is the low pass component of the depth of 
water above the depth sensor and P, is a slowly varying 
residual error composed mostly of instrument biases 
and drill. If p is considered a constant over [he water 
column, then 

- (s) 
pg 

The low pass filler chosen here was a triangle filler of 5 
minutes length. The density of the water column was 
estimated by combining a bucket temperature reading 
of 15.6 degrees Centigrade with a salinity of 32.5 parts 
per thousand determined from the generalized digital 
environmental model [Teague, et al., 1990], resulting 
in a density of 1024 kg/m a. Each depth sensor has a 
reference mark on the side. A bias and an effective 

measurement offset with respect to the reference mark 

4.6 . ' ' ' i .... i .... i .... i .... i .... i ' , , ', i .... 
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Figure 7. Depth of water above depth sensor 2 for the 
November 28, 1991, spar configuration. 

were assigned by comparing the pressure measurements 
with a known standard in the air and in a small mea- 

sured amount of water (typically about 0.25 m). It is 
assumed that the calibration values determined at near 

atmospheric pressure will be valid at depth. 
Figure 7 shows the depth of water above the upper 

depth sensor during the measurement period as calcu- 
lated from (5). Note that tilting of the buoy because of 
wave motion will cause a small bias in this calculation. 

It is intended that in a future experiment the behavior 
of the spar will be monitored to investigate further 
the buoy response to waves. Here it is assumed that 
this bias will be negligible. There will be a mean tilt, 
however, because of the difficulty of keeping tension off 
the tether to the buoy. During the first 30 minutes of 
the measurement period, efforts were made to let the 
buoy float freely. As can be seen from Figure 7, this 
effort was not completely successful. For the last 15 
minutes of the measurement period, the attempts to 
allow the buoy to float freely were ended and there was 
considerable tension on the tether. As the tension was 

increased on the tether, the buoy was pulled out of the 
water. 

0.000 .... • .... • .... "l"'! .... I • ............ 
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Figure 8. Tilt correction to vertical GPS component 
for November 28, 1991, spar configuration. 
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Table 1. Location of L3 Phase Center Above Sea Level for the Waverider Buoy 

Comment Distance, or* 
meters me•ers 

Height of L3 phase center above antenna ground plane 
Height of antenna ground plane above water line 
Net offset 

0.0086 0.001 

0.1206 0.004 

0.129 0.004 

* Estimated error. 

A first-order correction for the mean tilt can be made 

by comparing the pressures measured by the two depth 
sensors. Allowing for the effective measurement offsets 
of the instruments, the distance between the sensors 
was 2.577 m. If dl•v is the distance calculated from 

Pz,- P•r 
- 

pg 

where PL and Pv are the filtered pressures measured 
at the lower and upper depth sensors respectively, then 
the mean angle at which the buoy is tilting, •, is given 
by 

c•- cos-•(dLr•/2.577) (7) 
If the distance from the effective measurement point of 
the upper depth sensor to the phase center of the GPS 
antenna is D•rp, then the offset to the position of the 
antenna phase center due to the mean tilt, 5h, will be 
given by 

•h- Dr. rp(cos a- 1) (8) 
F•gure 8 shows •h during the measurement period. 
Note that when there was no attempt to allow the spar 
to float freely, as the spar was pulled out of the water 
it had an increasing tilt. The granularity shown in this 
plot is due to the precision with which the data was 
stored and corresponds to about 0.0005 m. The fact 
that the tilt correction is an order of magnitude smaller 
than the vertical change in the spar position as shown 
in Figure 7, validates the choice of tethering point. 

The calculations that went into determining the offset 
from the G PS phase center to sea level are summarized 
in Tables 1 and 2. The larger expected error for the spar 
buoy occurs because of possible errors in determining 
the amount of water above the upper depth sensor 
and because of the more severe weather conditions that 

occurred during that day. 

Figure 9 shows the sea level inferred when the 0.129 
m offset for the waverider buoy is removed. Figure 10 
shows the sea level inferred from the spar buoy after ad- 
justing the antenna phase center to sea level, including 
removing the effects of tilt and vertical displacement 
of the spar due to tension on the tether. Note that 
no transition can be seen between when the buoy was 
nominally allowed to float freely and when it was not. 
The oscillations that are observable in both plots are 
thought to be due to signal multipath at the GPS an- 
tenna. These oscillations limit the accuracy with which 
absolute sea level and sea level gradients with time can 
be measured with this G PS system over relatively short 
measurement periods such as those employed here (•45 
minutes). For this reason, comparisons will be limited 
to the 0.01 m level. 

During the time of the experiments, tide gage data 
were collected at Scripps Pier in La Jolla, about 14 km 
from the calibration site (Steve Gill, NOAA, personal 
communication, 1992). This data consisted of 6 minute 
mean sea level values collected on a NOAA analog to 
digital recording (ADR) stilling well type tide gage. 
The tide gage data was originally referenced to the 
local NOAA datum. The data had an offset of 4.362 m 

applied in order to reference the data to the National 
Geodetic Vertical Datum and an additional 0.064 m 

offset applied to reference the data to the 19 year mean 
sea level at Scripps Pier for the years 1960- 1978 (Ray 
Smith, NOAA, personal communication, 1993). The 
Scripps Pier tide gage data was filtered in a two-step 
process. First, a predicted tide based on constants 
supplied by NOAA was subtracted from the tide data. 
Then, the residual was filtered with a triangle filter of 
132 minutes length and the predicted tide added back 
in. 

Table 2. Location of L3 Phase Center Above Sea Level for the Spar Buoy 

Comment Distance, 
meters me•ers 

Height of L3 phase center above bottom of antenna 
Distance of bottom of antenna above bottom of dome 

Distance of bottom of dome above depth sensor 2 
Calculated height of water above depth sensor 2 
Net offset 

0.0715 

0.0075 

5.932 

6.011 

o.ool 

o•ool 

0.002 

0.022 

0.022 

* Estimated error. 
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Figure 9. Corrected sea level for November 25, 1991. 
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Figure 11. Estimated mean sea level for November 25, 
1991. 

Analysis 

There are three analyses that will be discussed here: 
(1) the ability of the buoys to represent the temporal 
variations in sea level, (2) comparisons of mean sea level 
at the buoy locations with Rapp's mean surface 
and Rapp, 1992], and (3) comparisons of the gradient 
between the two buoy locations with the gradient ex- 
pected from the Rapp's surface. 

Figure 11 shows residual sea level for the waverider 
buoy with the filtered tide gage data removed. Note, 
again, the residual oscillations are believed to be due 
to multipath arrivals at the antenna. The mean level in 
Figure 11 represents an estimate of mean sea level at the 
buoy location, while the residual slope represents the 
level of discrepancy between the buoy and the Scripps 
Pier data as a function of time. It is assumed that 

tidal and other oceanographic variations will be the 
same at the buoy location as at Scripps Pier. Thus by 
removing the tide gage data, corrections are implicitly 
made for such changes in sea level as the change due 
to the pressure response of the ocean. The mean height 
above the ellipsoid shown in Figure 11 is -35.640 m with 
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Figure 10. Corrected sea level for November 28, 1991. 

a standard deviation of 0.010 m. The slope of a line fit 
through the data by minimizing the absolute deviation 
(a method of robust estimation [Press, et. al, 1992]), is 
0.005 m/hr. Figure 12 shows a similar plot for the spar 
buoy. The mean height above the ellipsoid is -35.590 m 
with a standard deviation of 0.015 m. The slope of a 
line fit through the data as above is 0.003 m/hr. 

The excursions that can be noted at the beginning 
of the waverider data in Figure 11 and the end of the 
spar data in Figure 12 are larger than other variations 
in these plots. The source of this is not known but 
could be the effect of low elevation satellites used in the 

GPS solutions. They do not have a material impact on 
the analyses considered here, however, because if these 
excursions are excluded, the mean height in Figure 11 
changes by 0.001 m and in Figure 12 by 0.003 m. The 
change in the slope of a line fit through the data changes 
by 0.003 m/hr for the waverider results and by 0.004 
m/hr for the spar results. 

Table 3 compares the mean sea level estimated from 
each buoy with the Rapp mean surface. Since the buoys 
were drifting with time, the vertical location of the 
mean surface will also change with time as the position 
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Figure 12. Estimated mean sea level for November 28, 
1991. 
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Table 3. Comparison of GPS and Rapp Mean Sea Level with respect to the 
ITRF90 Ellipsoid 

date G PS location, Rapp location, 
meters meters 

Nov. 25, 1991 -35.64 -35.58 
Nov. 28, 1991 -35.59 -35.53 

on the surface changes. In the case of the wave rider 
buoy, the location of Rapp's mean surface was -35.577 
m with respect to the ITRF90 ellipsoid at the beginning 
of the measurement period, decreased to -35.580 m at 
the southernmost point of the buoy track and increased 
again to-35.578 m at the end. For the spar buoy the 
location of Rapp's mean surface was -35.536 m at the 
beginning of the measurement period, increased to- 
35.529 m at 0õ'15UTC, and increased to -35.520 m at 
the end. Because comparisons are only being made at 
the 0.01 m level, only one value is being presented for 
each experiment. There is a consistent offset of about 
0.06 m between the GPS location of mean sea level and 

the location of Rapp's surface. Since the offsets are 
the same to the 0.01 m level, this also implies that 
the gradient between the waverider and spar results 
matches the gradient in Rapp's surface. 

Conclusions 

The approach described in this paper for determin- 
ing mean sea level was successfully applied to kine- 
matic data collected from a G PS-equipped buoy. Three- 
dimensional GPS solutions were computed using the 
precise carrier phase measurements for two time pe- 
riods. The height components, corrected for tilt and 
vertical displacement in the case of the spar buoy, were 
used to compute two mean sea level measurements at 
the buoy locations. 

The analysis results presented here indicate that con- 
sistent estimates of absolute sea level can be generated 
with G PS using radically different buoy designs. The 
absolute level is consistent with Rapp's mean surface 
[Ba•i• arid Rapp, 1992]. The temporal variations are 
consistent with the variations in the Scripps Pier tide 
gage data. The gradient measured between the two 
measurement locations is consistent with the gradient 
seen in the Rapp surface. The implications of these re- 
suits are that accurate GPS buoy measurements can be 
made with a wide range of platforms with appropriate 
instrumentation. 

Although the G PS buoy produces sea level measure- 
ments that are similar to altimetric measurements, they 
can be used to compliment altimetric data in a number 
of ways. These include calibration of altimetric mea- 
surements, extending altimetric results to smaller scales 
by using an array of G PS buoys for local studies, and 
enhancing the temporal resolution of altimetric data to 
resolve local uncertainties between satellite passes. 

The buoys used here are limited to relatively short 
data sets because it is necessary for the current designs 
to be tethered. This occurs because the buoys contain 
only the GPS antenna and, in the case of the spar buoy, 
instrumentation to monitor sea level with respect to 
the phase center of the G PS antenna. G PS signals 
and instrument data are returned via a cable next 

to the tether. Future work will include development 
of an autonomous buoy, monitoring the response of 
given buoy designs in order to improve buoy dynamics, 
demonstration of the ability of GPS buoys to calibrate 
altimetric satellites, and work on buoys capable of long- 
term measurements; both tethered and free floating. 
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