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meanders. Given an accurate model and accurate forc-
ing (wind stress and heat fluxes), the ocean model will
generate mesoscale eddies (see Rhodes et al., this
issue). The model may generate eddies with character-
istics (size, propagation speed, decay time) similar to
observed eddies. However, the mesoscale field is non-
deterministic. The model will not generate exactly the
same eddy that is observed in the ocean at the same
time. Thus, continuous observations of the mesoscale
field must be assimilated into numerical models so that
the models will represent the synoptic mesoscale field.

The Altimeter Products
System (ALPS) is the operational
Navy system that provides sea
level anomaly observations of the
ocean mesoscale to the Navy
operational assimilation systems.
The Naval Oceanographic Office
(NAVOCEANO) is the Navy
operational command that gath-
ers altimeter data from available
satellites, processes the data, and
provides the data operationally.

One particular analysis system is the Modular Ocean
Data Assimilation System (MODAS) using a 2-dimen-
sional interpolation (MODAS 2-D). MODAS 2-D is
designed to provide a rapid analysis capability for the
open ocean mesoscale surface structure. The benefit of
MODAS 2-D relative to complex numerical models is
the reduced computational cost. However, more com-
plete models are expected to produce greater skill in
nowcasts forecasts and thus reduce expected errors.

Altimeter Measurement Details
The altimeter instrument computes range by meas-

uring the round trip travel time of a radar pulse. In
addition, the altimeter instrument is able to measure
the significant wave height and surface roughness over
the radar footprint beneath the satellite from the

Sea level changes observed by satellite altimeter
instruments have long been recognized as a vital
source for information on open ocean circulation. In a
simplified manner, the ocean may be viewed as layers
of fluids within which different dynamic processes
dominate. Near the ocean surface (within about 30 m,
though at times much deeper), fluxes of momentum
from wind stress and heat are strong contributors to
environmental variations. The rate at which surface
fluxes mix into the ocean depends primarily on turbu-
lence generated by wind stress and surface waves.
Variations occur on relatively
short time periods (on the order
of hours to days) in the surface
mixed layer. Aside from the
mixed layer, the open ocean may
be generally viewed as a warm
water mass overlying a colder
relatively denser water mass.
Ocean variations are primarily
controlled by changes in the
depth of the thermocline, which
is the boundary that separates
the two water masses. There is a strong correlation
between thermocline depth and sea level, which pro-
duces a pressure anomaly throughout the water col-
umn (see Fox et al., this issue). For example, a relative-
ly high sea level indicates high pressure, and this
pushes the thermocline downward.

For the Navy, thermocline variations imply a
changed ocean density, which in turn impacts acoustic
operations as ocean density controls propagation of
sound. A density anomaly between an acoustic source
and a sensor may refract sound waves so that the
source is not observed. Knowledge of the existence of
density anomalies alerts operators to potential acousti-
cally hidden areas.

Open ocean dynamics generating the sea level
changes are mainly mesoscale eddies and current

Operational Altimeter Sea Level Products

SPECIAL ISSUE – NAVY OPERATIONAL MODELS: TEN YEARS LATER

G.A. Jacobs, C.N. Barron, D.N. Fox
Naval Research Laboratory • Stennis Space Center, Mississippi  USA

K.R. Whitmer
Sverdrup Technology • Stennis Space Center, Mississippi  USA

S. Klingenberger, D. May, J.P. Blaha
Naval Oceanographic Office • Stennis Space Center, Mississippi  USA

Knowledge of the existence 
of density anomalies alerts 

operators to potential 
acoustically hidden areas.

Oceanography • Vol. 15 • No. 1/2002

This article has been published in Oceanography,
Volume 15, Number 1, a quarterly journal of The
Oceanography Society. Copyright 2001 by The
Oceanography Society. All rights reserved.
Reproduction of any portion of this article by
photocopy machine, reposting, or other means
without prior authorization of The Oceanography
Society is strictly prohibited. Send all correspon-
dence to: info@tos.org, or 5912 LeMay Road,
Rockville, MD 20851-2326, USA.



14
Oceanography • Vol. 15 • No. 1/2002

where A represents corrections to the measured
range due to atmospheric and other influences. For
oceanographic purposes, the sea surface height above
the ocean rest state (SSH) is of importance. If G is the
geoid height or the distance from the reference level to
the geopotential surface followed by the ocean surface
if the ocean were at rest and no forcing applied then

SSH = O - (R + A) - G (2)

Often the geoid height is unknown or contains sub-
stantial errors. These errors may be avoided by exam-
ining only sea level changes from one time to another
or deviations from a long time period mean. The sea
surface height anomaly (SSHA) is

SSHA = SSH - MDH = SL - (G + MDH) (3)

where MDH is the mean dynamic
height or height above the geoid due to
the time-averaged ocean circulation.

Each of the components needed to
determine SSHA is contaminated by errors
originating from noise, inaccurate model
solutions, and insufficient or inaccurate
knowledge. In an operational environ-
ment, the errors of each data source must
be minimized where possible and the data
carefully quality controlled before being
used in operational analysis systems.

The satellite altimeter data spectrum
of applicability has long been governed
by errors from a wide range of sources.
Data delivery latency is the factor that
distinctly separates altimeter data in the
operational environment from the scien-
tific environment. Operational centers
provide products that are needed by end
users today. In order to maximize data
accuracy, science products are able to
assemble the best corrections and algo-
rithms years after the original measure-
ments. New understanding, develop-
ments, and techniques have allowed
significant improvements to data sets
that are over 20 years old such as the
SeaSat altimeter (Davis et al., 2000). Of
course, as scientific developments occur
benefits may be realized in operational
systems. Operational systems must con-
tinually be updated with the latest tech-
nology to provide accurate products.

In an environmental prediction sys-
tem, the output product skill and accura-
cy are dependent on the input data accu-
racy. Environmental prediction systems
require knowledge of the data accuracy,
and this accuracy must be insured when
products are delivered to operational sys-

returned radar signal. The surface roughness is related
to wind stress. These measurements are of interest for
evaluating atmospheric models as well as wave mod-
els. NAVOCEANO makes daily comparisons of altime-
ter wave height information to models and provides
the information on the NAVOCEANO web site
(www.navo.navy.mil).

The sea surface deviation from its rest state implies
a pressure gradient, which in turn controls ocean cir-
culation. The quantity measured by the altimeter
instrument is the satellite range (R), which combined
with satellite orbital height above the reference ellip-
soid (O) provides the sea level height above the refer-
ence ellipsoid (SL) (Figure 1)

SL = O - (R + A) (1)

Figure 1. The sea level anomaly is the value provided by ALPS. Every
value contributing to sea level anomaly must be measured, provided by
models, or provided by other independent data. Each quantity contributes
errors to the measurement of sea level anomaly. Careful quality control and
error minimization is one of the principal ALPS goals.
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with a unified system by 2010, and the ALPS will ingest
NPOESS altimeter.

ALPS Quality Control and Error Reduction
The ALPS processing does not deviate extensively

from processing outlined in many previous papers on
altimeter data. The altimeter Geophysical Data Records
(GDRs) contain the altimeter range measurement,
atmospheric corrections, orbit solutions, and sub-
sidiary data from which the SSH is derived. The atmos-
pheric corrections compensate for the satellite emitted
radar pulse propagation speed variations. The correc-
tions include propagation speed changes due to the
total dry air mass between the satellite and the sub-
satellite point (dry troposphere correction), the total
precipitable water vapor (wet troposphere), and the
total electron count (ionosphere). A correction is also
made for the bias of sea level measurement toward
wave troughs (electromagnetic bias), which occurs
because the wave troughs provide better reflectors than
the crests. Each satellite derives corrections from differ-
ent sources (Table 1), but the sources may be broadly
classified into observed or independently modeled.

Corrections based on climatology, numerical mod-
els, or models assimilating data are generally free of
spurious values and gaps. Observed corrections are
provided by sensors onboard the satellite, and spurious
values or outliers contaminate these corrections.
Outlier detection algorithms must be run on each
observed correction, and ALPS checks model-derived
corrections for obviously bad values.

The outlier detection of the GDR corrections con-
sists of an along-track data consistency check in which
data values are compared to nearby values to insure
data consistency. Values not passing this test are
flagged as suspect. Each correction is applied to the sea
level measurement if the correction is not flagged. If
any correction is flagged as bad, the SL measurement is
marked with a unique flag identifying the missing cor-
rection. At every step through the ALPS processing, if a
measurement is found to be bad or suspect, a unique
flag is attached to the measurement. Once a measure-
ment is flagged for a particular reason, the flag is not
changed again. Thus the final ALPS output contains all
the original data including points found to be bad or
suspect as well as the flag indicating the reason the data
was first flagged.

Such suspect data tracking is useful for system
troubleshooting. No system (particularly an opera-
tional system) runs without problems for all time. If
problems arise, the operational system must provide
methods to quickly narrow the scope of troubleshoot-
ing. The data users cannot wait long periods of time for
extensive troubleshooting to take place. Knowledge of
the place in space and time at which data are flagged
and the reason for the flagging provides rapid error
detection and debugging.

A range of non-mesoscale ocean processes affects
SSHA. Within the open ocean, tides are the largest con-

tems. Data outside expected limits usually cause grave
errors in the analysis.

Careful quality control must be implemented to
maintain data quality and accuracy. The data process-
ing must also be monitored from beginning to end. On
several occasions during the few years that the ALPS
system has been operational, singularly unique prob-
lems have arisen beyond the control of the ALPS system
or the operational center performing the daily process-
ing. One example is the failures of the orientation gyro-
scopes on the European Earth Remote Sensing satellite
(ERS-2) satellite. The satellite was allowed to drift more
than 5 km from its predefined exact repeat track. The
large excursions caused large errors due to cross-track
geoid gradients. The ERS-2 system output was discon-
tinued until a correction could be implemented based
on the mean sea level developed by Smith (1998).

Data Sources
The Naval Oceanographic Office (NAVOCEANO)

at Stennis Space Center, Mississippi, is one of the two
main Navy centers for providing operational products
(see Burnett et al., this issue). The Altimetry Data
Fusion Center (ADFC) at NAVOCEANO has coordi-
nated with NASA to provide for the rapid delivery of
TOPEX altimeter data. The TOPEX/POSEIDON (T/P)
satellite was launched in August 1992 as a scientific
mission to examine ocean tides, ocean basin scale cir-
culation, global sea level rise, and climate change. The
GPS receiver onboard the satellite was an experimental
system that proved valuable for producing accurate
orbit solutions in real time. The Jet Propulsion
Laboratory (JPL) provides both the TOPEX instrument
data processing and orbit generation in real time for
NAVOCEANO. The rapid delivery of data from the
European Earth Remote Sensing satellite (ERS-2) is
coordinated through the National Oceanic and
Atmospheric Administration (NOAA) Laboratory for
Satellite Altimetry. The NOAA Laboratory for Satellite
Altimetry combines the ERS fast delivery product from
the European Space Agency (ESA) with orbit solutions
generated by Delft University. The Navy operates the
Geosat Follow-On (GFO) altimeter satellite, and the
data flows directly to the NAVOCEANO Payload
Operations Center (POC). GFO orbit solutions are pro-
duced by the Naval Space Operations Command
(NAVSOC) based on the Doppler beacon data and by
NASA Goddard Space Flight Center, based on laser
ranging measurements. The real time delivery of all
these data products would not be possible without the
extensive coordination between agencies. 

NAVOCEANO is actively working to incorporate
future altimeter mission data sets as well. The data
expected from JASON-1 and ENVISAT will be deliv-
ered to NAVOCEANO, ingested into ALPS, and
processed along with the other data sets. Beyond these
missions, the National Polar-orbiting Operational
Environmental Satellite System (NPOESS) is expected
to replace the NOAA and DOD polar orbiting satellites



16
Oceanography • Vol. 15 • No. 1/2002

increased due in large part to improved gravity models
(Tapley et al., 1994). Correction of residual orbit solu-
tion errors is possible because of the unique character-
istics of the orbit errors. The orbit errors are predomi-
nantly at 1 cycle per satellite revolution (cpr) with
smaller amplitudes at 2 cpr.

The orbit error is removed by fitting a sinusoid to
the SSHA. Unfortunately, the SSHA contains not only
the orbit error, but also real oceanographic features that
may appear similar to the functional form used to
remove the orbit errors. The main example of this is the
global steric anomaly. The global steric anomaly is
caused by the asymmetric heating and cooling of the
northern and summer hemispheres due to the earth’s
rotation axis inclination from its orbital plane. The
northern hemisphere sea level expands during north-
ern summer at the same time that the southern hemi-
sphere sea level contracts. The opposite situation
occurs in northern winter. Suppose we use one satellite
revolution of data to estimate a 1 cpr orbit error. When
viewed from one satellite revolution of data, the steric
anomaly appears very similar to a 1 cpr sinusoid. When
using functional forms over data lengths shorter than
one satellite revolution, the removal of ocean signal
increases dramatically.

Including a climatological sea level in the process
of estimating orbit error helps to alleviate the problem
of removing ocean signal. The global steric anomaly is
relatively regular from year to year, and a reasonable
climatology such as GDEM (Teague et al., 1990) cap-
tures the seasonal variations relatively well. The orbit

tributors, which makes them a contaminating signal.
Tides are aliased because of the relatively long repeat
period of the altimeter satellites (T/P 9.95 days; ERS 35
days; GFO 17.05 days). The T/P repeat period was
chosen particularly to alias tides to frequencies that are
not near the mean, annual, or semi-annual. This allows
accurate estimation of tide constituents and insures
that the mean, annual, and semi-annual variability are
not contaminated by tides. Large improvements have
been made in tide solutions using the T/P data (Le
Provost et al., 1998; Shum et al., 1997; Ray, 1993), and
these improved tide solutions are available as correc-
tions to other altimeter data sets. The model presently
used in ALPS is the Grenoble FES98.2 (Le Provost et al.,
1994) although more accurate tide solutions are
presently available. This is an example of one area in
which scientific advances improve operational sys-
tems, and thus the systems must continually be main-
tained to improve data accuracy.

Orbit solution errors contribute the largest ampli-
tude and most spatially correlated SSHA errors.
Correlated data errors cause problems in environmen-
tal assimilation systems since the systems are usually
built on the premise that errors between measurements
are uncorrelated. Orbit errors are the main difference
between operational and scientific data sets because
the solution accuracy is strongly dependent on the
quantity and quality of satellite position observations
available. Not all satellite position measurements can
be provided within 24 hours. Real time orbit accuracy
(and thus real time altimeter data) has greatly

Sensor and Dry Wet Ionosphere Electro-magnetic Orbit 
GDR source troposphere troposphere bias sources

TOPEX JPL NOGAPS Water vapor Dual frequency Observed wave JPL, GPS based
radiometer altimeter height and wind

speed

ERS-2 NOGAPS Water vapor Bent model Observed wave Delft University,
NOAA radiometer height PRARE-based

Geosat NOGAPS Water vapor Global Observed wave NAVSOC,
Follow-On radiometer Ionosphere height Doppler beacon
NAVOCEANO Maps based; NASA,

laser ranging
based

Table 1. The primary real time correction and orbit solution sources used for each satellite system. Corrections derived from
models are given in italics. Outliers or spurious values are generally not expected from modeled corrections. Careful outlier
editing of observed corrections is made in ALPS. See Rosmond et al. (this issue) for a description of the NOGAPS system.
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level of TOPEX is 5.5 cm, ERS is 8.8 cm, and GFO is 7.7
cm. TOPEX is the most accurate altimeter system to
date, and the real time RMS error here is close to the
level reported by Fu et al. (1994) of 5.1 cm. The

crossovers between GFO and
TOPEX are consistently less than
those between ERS and TOPEX,
indicating that GFO is more accu-
rate or that the errors in GFO are
more consistent with those in
TOPEX. The output along track for
one particular day (Figure 2) indi-
cates similar features in all three
altimeter data sets.

MODAS Interpolation
The along track SSHA from ALPS is provided to

MODAS 2-D, which uses an optimal interpolation (OI)
procedure (Bretherton, 1976) to generate a rapid
mesoscale ocean product. The optimal interpolation is
strongly dependent on the covariance function, which
describes how SSHA at one point in space and time is
related to SSHA at another point in space and time.
This information is extremely important for computing
SSHA at points that are far from the satellite ground
tracks. Ocean eddies generally have length scales from
20 to 100 km. Providing a synoptic picture of the ocean
eddy field would not be possible using only the data of
a single altimeter satellite and is only marginally possi-
ble with three (Jacobs et al., 2001). An eddy may hap-
pen to be located along one satellite ground track at one
time, but will gradually propagate away from the
ground track. Some additional information is needed to
help provide SSHA estimates away from ground tracks,
and this information is embodied in the OI covariance
functions or the numerical model dynamics into which
the data is assimilated.

The characteristic propagation speeds, length
scales, and time scales provide this extra information.
These quantities have been observed by in situ instru-
mentation as well as estimated from historical altimeter
data directly. Presently MODAS 2-D uses the mesoscale
characteristics computed throughout the globe by
Jacobs et al. (2001). The spatial and temporal scales as
well as propagation speeds are determined by fitting a
Gaussian functional form to the binned observed
covariance functions based on the historical Geosat-
ERM, T/P, ERS-1, and ERS-2 data sets.

In addition to estimating the SSHA, the OI process
provides an estimate of the analysis error. This error
depends on the covariance function, and since MODAS
2-D uses a relatively realistic mesoscale covariance
function it provides an estimate of the error in each
satellite’s ability to measure the mesoscale field. The
SSHA output by MODAS 2-D and the expected error
field is quite different if each data set is used individu-
ally as opposed to using all the data sets together
(Figure 3 and Figure 4). The TOPEX expected error is

error is estimated by minimizing the SSHA minus cli-
matological dynamic height anomaly for the same time
of year.

One of the most important aspects of ALPS is con-
sistency. All altimeter data sets
must be treated as equally as pos-
sible (even though they are quite
unique) in order to insure errors
in the data sets are as uniform as
possible. In addition, each satellite
SSHA must be a deviation from
consistent MDH. We are not able
to compute the MDH directly
from the altimeter data, but we
can compute the geoid plus the MDH over the time
period of each satellite directly from each satellite data
set. Simply averaging the provides this. However, this
would produce a MDH relative to a different time peri-
od for each satellite, and consistency would be lost.
The methods we use to generate SSHA relative to a
consistent time period for ERS are outlined in Jacobs et
al. (2001). The mean sea level used for GFO is based on
the Geosat-ERM data, and the methods used to derive
a consistent mean for this data set are described in
Jacobs and Mitchell (1997).

The overall real time system accuracy is measured
by crossover analysis, which examines the sea level at
points where ascending and descending ground tracks
cross one another. At these points, the SSHA should be
the same between ascending and descending passes if
the ocean circulation were not to change. The further
the temporal separation between the crossover meas-
urements, the greater the influence of oceanographic
changes might be. In spite of this concern, the crossover
analysis provides a good measure of overall system
accuracy, which includes accuracy of all atmospheric
corrections, orbit solutions, tide solutions, and mean
sea levels added together. The RMS crossover differ-
ences (Table 2) for each satellite and between the differ-
ent satellites (at points where one satellite ground track
crosses another) indicate the noise level of each system.
The RMS noise of each altimeter would be the diagonal
values divided by the square root of 2. Thus the noise

TOPEX ERS GFO

TOPEX 7.85

ERS 11.01 12.51

GFO 9.80 12.45 10.83

Table 2. The RMS crossover difference (cm RMS) for
each satellite and between the satellites is computed using
20 days of data from May 18 through June 7, 2001. All
data between 65°S and 65°N are included (there is no cut-
off based on ocean depth).

The overall real time system 
accuracy is measured by

crossover analysis
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Figure 2. The along-track SLA output by ALPS in the Kuroshio Extension region for each of the three altimeter data sets (top:
GFO, middle: TOPEX, bottom: ERS) indicate the same features. One cycle of data is plotted for each altimeter.
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Figure 3. The optimal interpolation results provided by MODAS 2-D using a) ERS only, b) GFO only, c) TOPEX only, and
d) all satellites together.

Figure 4. The expected error associated with each interpolation product of Figure 3 shows the sampling capabilities of the meas-
urement systems. The TOPEX errors are due to the large ground track spacing and short temporal sampling. ERS and GFO
orbits have a 3 day sub-harmonic that creates the larger diamond patterns.
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One example of the MODAS 2-D interpolated SSH
and interpolated SST (Figure 5) indicates the good cor-
respondence between the eddy and meander positions
of the Kuroshio. The altimeter provides only the SSHA.
To generate total SSH an MDH must be added to SLA.
The MDH is derived from the climatological dynamic
height relative to 1000 m using the MODAS 
climatology.

Continuation
A conclusion to this article would imply an end.

However, the altimeter products will continue to flow
from the ADFC, and ALPS will continually be main-

relatively small along ground tracks due to the higher
data accuracy as well as the frequency of measurement
(9.95 days). However, between ground tracks errors are
expected to be large because the mesoscale length
scales (about 100 km in the Kuroshio) are much small-
er than the ground track spacing (about 260 km at
35°N). The expected errors of GFO and ERS are gener-
ally more uniform than TOPEX. The ground track
spacing of these satellites is smaller (125 km for GFO
and 65 km for ERS at 35°N) than TOPEX with longer
repeat periods (17.05 days for GFO and 35 days for
ERS). Using all three satellites together reduces the
error levels computed by the optimal interpolation.

Figure 5. (top) The output by MODAS 2-D plus a climatological mean dynamic height relative to 1000 m provided by the
MODAS climatology is compared to (bottom) the sea surface temperature during the same time. The subjective frontal posi-
tion lines in each plot are in the same position. There is a good correspondence between temperature fronts and sea level fea-
tures. The advection of the temperature field is controlled by the geostrophic currents associated with the pressure gradients
caused by the sea level.
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tained and upgraded. Thus we provide an outlook for
the future.

All the data products described here are publicly
available in real time on “The Real Time Ocean
Environment” web page (http://www7300.nrlssc.-
navy.mil/altimetry). Every day, the ALPS and MODAS
2-D analyses are run on the previous 60 days of altime-
ter data. The reason for rerunning 60 days of data every
day is to allow for data transmission problems that
may delay data delivery. The along-track SSHA output
by ALPS is processed and displayed daily along with
the MODAS 2-D SSHA analysis throughout the globe.

However, we should never take it for granted that
a measurement system will continue to perform at its
present levels without problems. The principal ALPS
goals are not only to provide as accurate data as possi-
ble but also to provide continuous monitoring of the
data and rapid alerts to any problems. To this end, all
flagged points for each altimeter, orbit corrections
applied, crossover RMS, and fraction of possible data
found to pass the quality control procedures are updat-
ed daily on the web. These tools allow operators to
continuously monitor the real time data streams and
correct any problems quickly without significant inter-
ruption to the operational products.

For the future, the system will be maintained as
part of the continuing Navy operational capabilities.
ALPS will integrate new data streams from the planned
JASON-1 and ENVISAT missions as well as NPOESS.
Presently several enhancements are planned for transi-
tion to the system, and as has been the case for many
years continued understanding of the altimeter system
and corrections provide further advances in data accu-
racy. These changes are introduced primarily to support
greater accuracy for the MODAS and numerical model
systems using the ALPS output. Since the origination of
ALPS, these enhancements have increased the ocean
environment estimation accuracy, and continued
enhancements will further improve the accuracy.

Acknowledgments
This work was sponsored as part of the NRL 6.4

Altimeter Data Fusion Center Support project, man-
aged by the Space and Naval Warfare Systems
Command under program element 0603207N. The
operational altimeter data would not be possible with-
out the combined work of many people in many
groups including NASA, the Jet Propulsion
Laboratory, Goddard Space Flight Center, the National
Oceanic and Atmospheric Administration, the
European Space Agency, the Colorado Center for
Astrodynamics Research, the University of Texas
Center for Space Research, and Ohio State University
to name just a few.
References
Bretherton, F.P., R.E. Davis and C.B. Fandry, 1976: A

technique for objective analysis and design of
oceanographic experiments applied to MODE-73.


