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Harvest Platform

• NASA Prime Verification Site for High-Accuracy 
(Jason-class) Altimetry

• Open-ocean location along 10-d repeat track
• 10-km off coast of central California

• Provides independent measure of local geocentric 
sea level

• Precise GPS receivers
• Redundant tide gauges (Bubbler, radar, lidar)
• Local survey

• Yields absolute SSH bias
• Also provides for monitoring of ancillary parameters 

(e.g., wet troposphere delay)

• Supports rich in-situ data set representing over 25 
years of continuous monitoring

• 365 T/P overflights spanning 10 years (1992–2002)
• 259 Jason-1 overflights spanning 7 years (2002–2009)
• 303 Jason-2 overflights spanning 8 years (2008–2016)
• 82 Jason-3 overflights and counting (2016–)

• Informs important evolutions to GDRs
• Together with partner sites, exposed bias errors in SSH
• TOPEX oscillator error (Zanife et al., 1996)
• Jason-1/2 antenna reference errors (Desjonqueres) 
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Outline

• Focus on two most significant challenges for Harvest
1. Using GPS to measure subsidence of seafloor from fluid withdrawal

2. Using tide gauges to measure local (platform) water level in heavy seas

• Describe past experiences 
• How have these challenges informed the evolution of the Harvest 

Experiment?

• Discuss future plans
• Expanding the calibration footprint

• Reducing sensitivity to leading error sources
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Vertical Land Motion from GPS

• Harvest (est. 1985) is the 
central of three oil platforms 
located over the Point Arguello 
offshore reservoir.

• Production began in 1991, 
peaked in 1994, and halted in 
2015. 

• Continuous GPS since 1992: 
one of the oldest GPS/tide 
gauge co-locations in the world.

• GPS at nearby Vandenberg 
AFB (est. 1992) provides 
onshore fiducial point away 
from reservoir subsidence bowl. 

• Non-linear seafloor motions 
present significant challenge for 
altimeter calibration.
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Early Estimate of Vertical Seafloor Motion from GPS
First Results Showed No Evidence of Subsidence

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 99, NO. C12, PAGES 24,465-24,485, DECEMBER 15, 1994 

Calibration of TOPEX/POSEIDON at Platform Harvest 

E. J. Christensen, • B. J. Haines, • S. J. Keihm, • C. S. Morris, • R. A. Norman, 
G. H. Purcell, • B. G. Williams, • B. D. Wilson, • G. H. Born, 2 M. E. Parke, 2 
S. K. Gill, 3 C. K. Shum, 4 B. D. Tapley, 4 R. Kolenkiewicz? and R. S. Nerem 5 

Abstract. We present estimates for the mean bias of the TOPEX/POSEIDON NASA 
altimeter (ALT) and the Centre National d'Etudes Spatiales altimeter (SSALT) using in 
situ data gathered at Platform Harvest during the first 36 cycles of the mission. Data 
for 21 overflights of the ALT and six overflights of the SSALT have been analyzed. 
The analysis includes an independent assessment of in situ measurements of sea level, 
the radial component of the orbit, wet tropospheric path delay, and ionospheric path 
delay. (The sign convention used in this paper is such that, to correct the geophysical 
data record values for sea level, add the bias algebraically. Unless otherwise stated, 
the uncertainty in a given parameter is depicted by _+ cr x, where cr x is the sample 
standard deviation of x about the mean.) Tide gauges at Harvest provide estimates of 
sea level with an uncertainty of -+ 1.5 cm. The uncertainty in the radial component of 
the orbit is estimated to be _+ 1.3 cm. In situ measurements of tropospheric path delay 
at Harvest compare to within _+ 1.3 cm of the TOPEX/POSEIDON microwave 
radiometer, and in situ measurements of the ionospheric path delay compare to within 
-0.4 _+ 0.7 cm of the dual-frequency ALT and 1.1 -+ 0.6 cm of Doppler orbitography 
and radiopositioning integrated by satellite. We obtain mean bias estimates of -14.5 _+ 
2.9 cm for the ALT and +0.9 -+ 3.1 cm for the SSALT (where the uncertainties are 
based on the standard deviation of the estimated mean (cr•/y), which is derived from 
sample statistics and estimates for errors that cannot be observed). These results are 
consistent with independent estimates for the relative bias between the two altimeters. 
A linear regression applied to the complete set of data shows that there is a discernable 
secular trend in the time series for the ALT bias estimates. A preliminary analysis of 
data obtained through cycle 48 suggests that the apparent secular drift may be the 
result of a poorly sampled annual signal. 

1. Introduction 

TOPEX/POSEIDON employs two fundamental tech- 
niques to arrive at observations of sea level, radar altimetry 
and orbit determination. The radar altimeter observes the 
height of the satellite above the ocean surface and orbit 
determination observes the distance of the satellite relative 
to the center of Earth, usually expressed as the height of the 
satellite above the reference ellipsoid. The difference be- 
tween these two measurements is sea level relative to the 
reference ellipsoid. Given corresponding in situ measure- 
ments of sea level, an independent check on altimetric 
observations can be made. This procedure, referred to as 
closure, is basically the approach followed at three verifica- 
tion sites; the Harvest Platform off the coast of California 
near Point Conception, Lampedusa island in the Mediterra- 
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nean Sea, and the Bass Strait near Burnie, Australia [Chris- 
tensen et al., 1989; Christensen and Menard, 1992]. 

This paper will focus on the closure results obtained at the 
highly instrumented oil platform at Point Conception, estab- 
lished by NASA to gather the in situ data required to verify 
the performance of the NASA altimeter (ALT) and the 
Centre National d'Etudes Spatiales (CNES) altimeter 
(SSALT). (For results obtained from the CNES verification 
site at Lampedusa, see Menard et al. [this issue], and from 
the Australian site at Burnie, see White et al. [this issue].) A 
comparison of altimetric and in situ data obtained for each 
overflight leads to bias estimates for each of the two altim- 
eters, that is, the difference between the altimeter-to-ocean 
distance observed by the altimeter and that derived from 
orbit and in situ sea level measurements. (It is important to 
point out that referring to misclosure as altimeter bias is a 
misnomer. Misclosure can originate in the corrections for 
tropospheric path delay, ionospheric path delay, the orbit, or 
the in situ systems themselves. Keeping with tradition, and 
for the sake of brevity, we will refer to the misclosure as 
"altimeter bias.") Knowledge of the altimeter bias lends 
itself to the analysis of sea level data obtained from more 
than one altimetric system, for example, Seasat, Geosat, and 
TOPEX/POSEIDON itself. If the bias estimate is sufficiently 
accurate, long-term trends in sea level can be obtained from 
extant and future altimeter missions. More importantly, any 
significant drift in the bias of an altimetric system can be 
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Figure 5. Geodetic height of the Harvest Platform determined by GPS in ITRF91 coordinates relative to 
the TOPEX/POSEIDON standard reference ellipsoid. 

yields 15.691 cm [Heftin et al., 1993]. The height estimate 
obtained using the baseline vector estimate, combined with 
the station location for Quincy expressed in the 
SSC(CSR)93L02 coordinate system, is 15.690. The 
SSC(CSR)93L02 coordinate system, which defines the geo- 
center and scale of ITRF92 [Boucher and Altamimi, 1992] 
and differs from ITRF92 by only a small rigid body rotation, 
has been adopted by Goddard Space Flight Center (GSFC) 
and Center for Space Research (CSR) for precision orbit 
ephemeris (POE) production [see Tapley et al., this issue]. 
Therefore we used 15.690 cm for closure analyses conducted 
with orbits determined in that coordinate system. We feel 
that this is proper since there is evidence that the 2.3-cm 
discrepancy in the height estimates is due, at least in part, to 
differences in the ITRF91 and ITRF92 coordinate systems. 

As mentioned above, a fixed height of 15.667 m for 
Harvest was used for the nominal closure analysis. This 
height is based on approximately 1 year's worth of daily 
solutions; and as such, represents the average position of the 
monument over the course of the experiment. We remind the 
reader that, for the closure analysis, the instantaneous 
position must be determined as the satellite passes overhead. 
For this exercise the height computed from the GPS survey 
is merely a point of departure. The instantaneous height 
measurement is reconstructed using a combination of the 
surveyed monument location, together with the solid Earth, 
load and pole tide corrections from the GDR. At Harvest the 
mean and standard deviation for each of these tidal compo- 
nents are 0.11 _+ 10.82 cm, 0.03 -+ 1.66 cm, and -0.82 _+ 0.33 
cm, respectively. The interpolation of these tides is dis- 
cussed elsewhere in this paper (see section 9.1). 

5. Orbit Determination 

The altimeter range supplies only half of the information 
necessary to determine sea level. The other critical measure- 
ment is the radial height of the spacecraft above the refer- 
ence ellipsoid of the Earth which is obtained from satellite 
tracking data through the process of orbit determination. 
Any error in the radial height measurement will map directly 
into altimeter bias estimates. Errors in the force models used 
to integrate the satellite trajectory, as well as the noise and 
distribution of the tracking data, will impact the accuracy of 
the computed radial height of the spacecraft. 

The prelaunch error budget for TOPEX/POSEIDON pro- 

jected that the global root-mean-square (RMS) error in the 
orbital height of TOPEX/POSEIDON would be of the order 
of 13 cm [Born et al., 1984]. Due to the substantial efforts of 
the precision orbit determination (POD) team during the 
development phase of mission, the height can actually be 
computed with global RMS accuracies of 3-4 cm using the 
SLR, DORIS, and a GPS demonstration receiver (GPSDR) 
tracking systems [Tapley et al., this issue; Nouel et al., this 
issue; Bertiger et al., this issue]. As discussed below, orbit 
knowledge at Platform Harvest is remarkably better than 
this due to the accuracy of the gravity model, the large 
number of SLR and DORIS tracking stations providing 
coverage of the eastern Pacific, and the nearly continuous 
coverage afforded by GPS. 

5.1. SLR and DORIS Long-Arc Orbits 

A network of 10 to 15 satellite laser ranging (SLR) stations 
is the NASA baseline tracking system for POD and the 
calibration of the two radar altimeters at Harvest. The 
DORIS tracking system is the CNES baseline tracking 
system; it uses microwave Doppler techniques for POD. The 
system is composed of an on-board receiver and a network 
of 40 to 50 ground transmitting stations providing all- 
weather, global tracking of the satellite. The signals are 
transmitted at two frequencies (401.25 MHz and 2036.25 
MHz) to allow removal, to first order, of the ionospheric 
effects in the tracking data. Therefore the total content of the 
ionospheric free electrons can also be estimated from the 
DORIS data and used to obtain an ionospheric correction for 
the SSALT. 

Since the tracking provided by SLR and DORIS is not 
continuous in time and is not three dimensional, orbit 
determination based on dynamic equations is required to 
produce precise orbits for the mission. Prior to launch, the 
knowledge of Earth's gravity field was considered to be the 
limiting error source for POD, so NASA and CNES estab- 
lished a special team to develop a much improved Earth 
gravity model. As described by Nerern et al. [this issue] and 
Tapley et al. [this issue], this effort led to a prelaunch model 
(JGM-1) that was expected to perform even better than the 
project requirement of 13.0 cm RMS. Based on covariance 
analysis, JGM-1 achieved 3.4 cm RMS and the TOPEX/ 
POSEIDON tuned gravity model (JGM-2) improved the 
performance even further to 2.2 cm RMS [Christensen et al., 
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Current Estimate of Vertical Seafloor Motion from GPS

Complex Pattern of Subsidence and Rebound

https://www.data.boem.gov/Main/PacificProduction.aspx
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Upgrade

New
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Current Estimate of Vertical Seafloor Motion from GPS

Recent Uplift Corroborated by Independent GPS Receiver/Antenna

GPS1 
(HARV)

GPS2 
(HARX)

(Offset by Bias)

Second GPS (Monitor) Station Installed Early 2015
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Harvest Long-Term SSH Calibration Record

Nominal Time Series: 
T/P: MGDR + reprocessed orbits (Lemoine et al., 2010) and wet trop. (Brown et al., 2009); Jason-1: GDR-C; Jason-2: GDR-D

Circa October  2017 (Miami OSTST)

Nominal Time Series: 
T/P: MGDR + reprocessed orbits (Lemoine et al., 2010) and wet trop. (Brown et al., 2009); Jason-1: GDR-E; Jason-2: GDR-D; 
Jason-3: GDR-E



FRM4ALT Workshop, April 23, 20189 © 2018. All Rights Reserved.

Harvest Long-Term SSH Calibration Record

Nominal Time Series: 
T/P: MGDR + reprocessed orbits (Lemoine et al., 2010) and wet trop. (Brown et al., 2009); Jason-1: GDR-C; Jason-2: GDR-D

Current Best Estimate (Using New Estimate of Seafloor Motion)

Nominal Time Series: 
T/P: MGDR + reprocessed orbits (Lemoine et al., 2010) and wet trop. (Brown et al., 2009); Jason-1: GDR-E; Jason-2: GDR-D; 
Jason-3: GDR-E
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Regional Campaigns: 
Expanding the Calibration Footprint 

Harvest
NASA Prime Verification Site for High-
Accuracy (Jason-class) Altimetry.
Stable and Accurate Calibration 
Record Spanning 25 Years.

Monterey Bay

Harvest

Catalina

Daisy Bank
Newport, OR

Los Angeles

Catalina Island 
Provisional calibration site est. 6/17 
(lidar tide gauge + existing GPS).

Daisy Bank
Summer 2016 GPS Buoy Campaign at 
Jason Crossover Location

Monterey Bay
Summer 2017 GPS Buoy Campaign 
for SWOT (but also near Jason pass).
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GPS Buoy Project

• Joint NASA JPL, NOAA PMEL and U. Washington project funded through NASA 
ROSES call (Physical Oceanography)*

OBJECTIVES:
• Design, build and test a modular, low-power, robust, high-accuracy GNSS 

measurement system for long-term, continuous and autonomous operations on 
ocean- and cryosphere-observing platforms.

• Probe the limits of new kinematic precise-point positioning (PPP) techniques for 
accurately determining sea-surface height, and recovering neutral and charged 
atmosphere characteristics.

• Explore potential scientific benefits—in the fields of physical oceanography, 
weather and space weather—of accurate GNSS observations from a global 
ocean network of floating platforms.

*Extending the Reach of the Global GNSS Network to the World's Oceans: A Prototype Buoy for Monitoring 
Sea Surface Height, Troposphere and Space Weather, B. Haines, S. Brown, S. Desai, A. Komjathy, R. Kwok, 
D. Stowers, C. Meinig and J. Morison.
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Prototype Precision GPS Buoy
FEATURES
• Integrated low-power (~1 W), dual-frequency GPS 

system  (Septentrio)

• Miniaturized digital compass/accelerometer.

• Iridium communications (presently used for basic 
heartbeat information).

• Adaptable to multiple floating platforms (e.g., buoys, 
wave gliders).

• Enables geodetic quality solutions without nearby 
reference stations.

DEVELOPMENT AND TESTING
• Buoy tested successfully under progressively more 

challenging conditions:

ü Lake Washington (Aug. 7–12, 2015).

ü Puget Sound (Nov. 10 to Dec. 14, 2015).

ü Daisy Bank: open ocean Jason crossover location (May 
11 to Sep. 8, 2016).

ü Monterey Bay: SWOT Pilot Experiment (June 22 to 
September 7, 2017).

Total of 236 days in the water (20 days of data from 
Monterey Bay data lost due to failed USB drive).
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GPS Buoy Campaigns

DAISY BANK CLOSEUP
~200-m depth

Deployment spanned 24 dual Jason-2/3 overflights

MONTEREY BAY CLOSEUP
~1000-m depth

Deployment spanned 6 Jason-3 overflights

Permanent Mooring 
(MBARI)

Bottom Pressure Recorder 
(Scripps)
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SSH Bias: Harvest vs. Buoy
Comparable Results for the Jason-3 Era

Daisy Bank

Monterey Bay
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GPS Wet Path Delay Calibration: Harvest vs. Buoy
Comparable Results for the Jason-3 Era

Daisy Bank

Monterey Bay
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Buoy Results Underscore Importance of Geoid Signal

• In Monterey Experiment, buoy was 
moored in ~1000 m of water over the 
wall of Monterey Canyon.

• Significant small-scale geoid features 
observed as buoy traced out its path 
within 2-km watch circle.

• Stationary, small (spatial) scale features 
in the geoid manifest as long (temporal) 
scale SSH anomalies, due to 
persistence of buoy in certain locations 
(driven by prevailing currents.)

• Simple correction from MSS (DTU13) 
captured anomalous signal observed in 
buoy vs. tide gauge differences.

• Reduced variance of long-term SSH 
anomaly difference by 80%.

• Additional geoid signal remains (and 
could be measured using a dedicated 
buoy survey).
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Towards a Permanent Regional Network:
Provisional Sites on Santa Catalina and San Clemente Islands

• Lidar tide gauge installed June 2016 on Catalina Island
• USC Wrigley Inst. for Environmental Studies near Two Harbors.

• ~20 km (along Jason pass 119) to center of San Pedro Channel.

• Preliminary altimeter vs. TG comparisons show promise
• 30-mm repeatability (N = 14 overflights) for comparison point in 

San Pedro channel.

• But 45% of overflight opportunities eliminated on account of high 
backscatter (low winds).

• Radar gauge installed March 2017 on San Clemente 
• NOAA/NOS COOPS sensor in Wilson Cove for 90 d (VDatum)

• Comparison point is along unobstructed open-ocean approach.

• Wind/wave conditions are intermediate (more active than San 
Pedro Channel, but less active than Harvest).

http://dornsife.usc.edu/wrigley/

Existing GPS (CAT3)

New Tide Gauge (Lidar)

Harvest

San Pedro

Two Harbors

Wilson Cove

Tide Gauge
Comparison Point

Two Harbors, Catalina Island

© 2018. All Rights Reserved.
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Summary
• Absolute SSH bias from Harvest*

• Jason-3: –14 � 15 mm for GDR-E (Cycles 1 to 72 with N = 59)
• Jason-2: +10 � 15 mm for GDR-D (Cycles 1 to 303 with N = 249)
• Jason-1: +10 � 10 mm for GDR-E (Cycles 1 to 259 with N = 206)

• SSH drift at Harvest indistinguishable from zero for all legacy systems 
• ≤ 1 mm/yr for all systems except TOPEX (Side A). Jason-3 time series too short.

• Provisional tide gauges in Channel Islands
• Supplement Harvest for future studies (e.g., SWOT).
• Provide some insurance against possible loss of platform.

• Preliminary results from GPS buoy very promising
• Returned continuous, high accuracy data for Daisy Bank and Monterey Bay
• Supported accurate retrievals of SSH, SWH, wet path delay and ionosphere.
• Competitive with Harvest for all altimeter calibration metrics.
• Next planned deployment: Summer 2018 at Harvest with two buoys.

* Error includes uncertainty in platform vertical


