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ABSTRACT
Satellite altimetry provides an immensely valuable source of operational significant wave height (Hs)
data. Currently, altimeters on board Jason-1 and Envisat provide global Hs observations, available within
3–5 h of real time. In this work, Hs data from these altimeters are validated against in situ buoy data from
the National Data Buoy Center (NDBC) and Marine Environmental Data Service (MEDS) buoy networks.
Data cover a period of three years for Envisat and more than four years for Jason-1.
Collocation criteria of 50 km and 30 min yield 3452 and 2157 collocations for Jason-1 and Envisat,
respectively. Jason-1 is found to be in no need of correction, performing well throughout the range of wave
heights, although it is notably noisier than Envisat. An overall RMS difference between Jason-1 and buoy
data of 0.227 m is found. Envisat has a tendency to overestimate low Hs and underestimate high Hs. A linear
correction reduces the RMS difference by 7%, from 0.219 to 0.203 m.
In addition to wave height–dependent biases in the altimeter Hs estimate, a wave state–dependent bias is
also identified, with steep (smooth) waves producing a negative (positive) bias relative to buoys.
A systematic difference in the Hs being reported by MEDS and NDBC buoy networks is also noted.
Using the altimeter data as a common reference, it is estimated that MEDS buoys are underestimating Hs
relative to NDBC buoys by about 10%.

1. Introduction
Wave height measurements are used for a variety of
purposes. These range from studies to improve the understanding of the physical processes responsible for
wind–wave evolution to the validation and calibration
of models for waves and other ocean processes as well
as wave climate investigations, which have implications
for shipping and offshore engineering projects.
Traditionally, data coverage over the ocean has been
poor. Wave observations have come from ships and
moored buoys clustered around coastlines. In recent
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times, the advent of satellite remote sensing instruments has facilitated a significant increase in the
amount of data available. The global coverage makes
these observations ideal for assimilation into global
wave models, model evaluation, and the construction of
wave climatologies. The fast delivery (FD) altimeter
products examined here (see section 2) are generally
received at the major centers within 3 h of observation,
with Jason-1 currently being assimilated into the operational wave model at the Australian Bureau of Meteorology (the Bureau). Previous work has shown that FD
data typically contain systematic errors (e.g., Cotton
and Carter 1994), although the precise nature of these
errors has also been found to vary somewhat from
mission to mission. Careful calibration of these data is
thus required before they can be used with confidence.
In this work, FD significant wave height (Hs) from
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both the Jason-1 and Envisat altimeters is validated
against in situ buoy data. A number of correction
schemes are then investigated with the aim of minimizing the overall RMS difference. Section 2 examines
the previous validation work for each altimeter. Section
3 describes the data and method used, followed by a
discussion of the results in section 4, and finally section 5
states some conclusions.

2. Previous work
Seven satellite altimeters have been deployed since
1985, providing the first long-term global observation
of sea level, wind speed, and wave height. Steady improvement has been made with each subsequent satellite, though characteristic biases have tended to vary
somewhat from one to the next. Careful calibration of
altimeter estimates against in situ measurements is thus
important for accurate global estimation of Hs.
Altimeter validation studies, in general, attempt to
obtain a set of collocated altimeter and buoy observations and find an appropriate adjustment for the altimeter, which results in the best fit with the in situ buoy
data. Comparisons between buoy and altimeter-derived
Hs data are complicated by the fact that each is measuring different aspects of the temporally and spatially
varying wave field, and hence may differ, even in the
case that both instruments are making perfectly accurate estimates (Monaldo 1988).
Differences can be divided into three categories:
temporal proximity, spatial proximity, and sampling
variability associated with time and space averaging.
Because of the frequency of satellite passes, altimeter–
buoy measurements cannot always be made simultaneously. Usually, a temporal window of acceptability is
established—a maximum time difference for measurements to be considered a comparable altimeter–buoy
pair. Similarly, an acceptable spatial separation between the altimeter track and the buoy location must be
established. Sampling variability occurs because altimeter measurements are essentially an instantaneous
spatial average of Hs over the altimeter footprint area,
which increases from a diameter of about 3 km for
small wave conditions to about 10 km for large wave
conditions, whereas buoy measurements are timeaveraged measurements of Hs at a point location.
Based on assessments of the spatial and temporal
variation of the wave field, Monaldo (1988) proposes
collocation criteria of observations occurring within 50
km and 30 min of one another. Since then these criteria
have been widely adopted and now provide the standard for this type of work.
The two altimeters examined in this study are on
board the currently flying Jason-1 and Envisat satel-
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lites. Launched in December 2001, Jason-1 is a jointly
operated project between the French and U.S. space
agencies, the Centre National d’Etudes Spatiales
(CNES), and the National Aeronautics and Space Administration (NASA), respectively. It follows on from
the enormously successful Ocean Topography Experiment (TOPEX)/Poseidon mission, sharing the same orbital parameters and following in the same ground
tracks as its predecessor (see Fig. 1a). It flies in a nonsun-synchronous orbit at an altitude of 1336 km and an
inclination angle of 668. It carries a Poseidon-2 altimeter, derived from the experimental Poseidon-1 instrument carried on the TOPEX mission. Detailed descriptions of the mission and the Poseidon-2 altimeter can be
found in Ménard et al. (2003) and Carayon et al. (2003),
respectively. Envisat, launched March 2002, is operated
by the European Space Agency (ESA). This mission
follows on from European Remote Sensing Satellites 1
(ERS-1) and 2 (ERS-2), carrying the radar altimeter,
RA-2, derived from these earlier missions. Envisat flies
in a sun-synchronous orbit at an altitude of 800 km. In
contrast to the prograde orbit of Jason-1, Envisat has a
retrograde orbit of 988; this angle allows for measurement closer to the poles (see Fig. 1b). More detail can be
found in Resti et al. (1999).
Multiple datastreams are available from these satellites. These can be divided into operational, or so-called
FD streams, and higher accuracy, offline (OL) streams.
The former is used primarily for operational data assimilation and is available within 2–3 h of observation,
whereas the latter is typically available several days
later. Radar altimeters are active microwave sensors
that infer Hs directly from the shape of the radar pulse,
or waveform, returning to the nadir-looking altimeter.
For FD products, processing of these waveforms is
carried out on board, whereas ground-based processing
is performed for the offline stream. In this work, the FD
stream is validated, referred to as the operational sensor
data record (OSDR) for Jason-1 and the near–real time
(NRT) stream for Envisat.
Although both Jason-1 and Envisat have been in orbit for a number of years, there is little published work
on the validation of Hs data from these satellites, especially the FD products. The following subsections summarize the published validation studies for each altimeter.

a. Jason-1
Although there is little validation work available for
FD Jason-1 data, there has been some work examining
the offline product. For these studies to be used as a
context for the work presented here, it must be known
how the FD and offline products compare. Desai and
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FIG. 1. Altimeter ground tracks from one day for (a) Jason-1 and (b) Envisat.

Vincent (2003) investigated precisely this, comparing
40 days of data from each stream. Inclusion of sea-state
bias calculations based on, among other things, wind
and wave conditions in the offline product, results in
significant differences between these streams for sea
surface height data. For Hs though, they conclude that
although the FD product does show slightly less scatter,
only small systematic differences exist between the FD
and offline (OL) products, which appear to be well
described by the linear relationship,
OL
H FD
s 5 1:053H s 1 0:011 m:

ð1Þ

Assuming the validity of this result, some work validating offline Hs data with in situ buoy data can now be
considered. One of the earliest studies was performed

by Ray and Beckley (2003) using six months of offline
data from February to August 2002. They find a 7-cm
negative bias, suggesting a correction of (with 95% confidence levels indicated)
OL
 0:104ð60:024Þ m:
H adj
s 5 1:100ð60:015ÞH s

ð2Þ
This study is of limited reliability, however, as conclusions are based on only 368 collocations.
In an attempt to provide a homogeneous dataset
spanning several satellites, Queffeulou (2004) validates
Hs data from six altimeters, using cross-altimeter and
buoy comparisons. Using 50-km along track averages
and a collocation separation criterion of 30 min, his
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study covers the period January 2002–September 2003
and resulted in 2853 collocations for Jason-1. Overall,
he found a 5-cm negative bias in the altimeter data
relative to the buoy data, finding the following linear
relation:
OL
H adj
s 5 1:0072H s 1 0:0392 m:

ð3Þ

Substituting Eq. (1) into Eqs. (2) and (3) gives the
following corrections to FD data, respectively:
FD
H adj
s 5 1:045H s  0:115 m;

and

FD
H adj
s 5 0:957H s 1 0:029 m:

ð4Þ
ð5Þ

It must be stressed that Eqs. (4) and (5) are inferred
from relationships between offline data and buoy data,
and offline data and FD data found in different studies,
and hence cannot be relied upon to provide quality
validations. Despite this, they suggest that little correction to this data is required. This is consistent
with work done at Météo-France (J. M. Lefevre 2006,
personal communication), where biases have been
shown to be small, and FD data are not corrected prior
to assimilation. The European Centre for MediumRange Weather Forecasts (ECMWF) applies a reduction of 4%, based on comparisons with buoy and model
data (Abdalla et al. 2005).

b. Envisat
Queffeulou (2004) performed a validation of Envisat
Hs data, using 30-min temporal and 50-km spatial windows, from April 2003 to February 2004, yielding 1280
collocations. He proposes a correction of
OL
 0:1830:
H adj
s 5 1:0327H s

ð6Þ

However, this is using the offline product, and although
the results of Desai and Vincent (2003) mentioned
above regarding comparisons between FD and offline
data for Jason-1 are encouraging, the relationship between these two streams for Envisat remains unknown.
Abdalla (2006) carried out a thorough investigation
on Envisat FD wind–wave performance based on data
from July 2002 to October 2003. Although no correction is proposed, they estimate that the altimeter overestimates Hs about 9 cm relative to buoy data. As a
result of this work, ECMWF applies the same correction to Envisat as is applied to the Jason-1 data—that is,
a bulk reduction of 4% (J. Bidlot et al. 2006, personal
communication).
Overall, there is a distinct lack of work validating the
FD data for both of these altimeters. Those that do
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exist have often been obtained through informal validations in an operational environment. As such, the
need exists for a documented validation of these datastreams.

3. Method
a. Data
Buoy data are generally assumed to be of high quality and have been used in numerous studies for validation of model data (e.g., Janssen et al. 1997; Caires and
Sterl 2003; Caires et al. 2004) and altimeter data (e.g.,
Tolman 2002; Queffeulou 2004; Faugere et al. 2006).
Buoy data used in this work are obtained from two
buoy networks: the National Data Buoy Center
(NDBC) network operated by the United States and
the Marine Environmental Data Service (MEDS) network operated by Environment Canada. Buoy data
from the Australian network was considered but buoy
locations were too close to the coast, or the reporting
frequency was too low to be of value. With both selected networks, rigorous quality control is undertaken
by these institutions, with bad data being either flagged
or removed completely from the dataset. These networks are a dynamic set, with new buoys regularly being
added and others being removed.
Altimeter data was obtained from several sources.
Near-real-time data from both Jason-1 and Envisat are
received at the Bureau through the Global Telecommunication System (GTS) and archived. Envisat data
was extracted from this archive for the period from
September 2004 to April 2006, with earlier data from
April 2003 being obtained from CNES. Similarly, Jason-1 data was extracted for the period from September
2004 to the end of March 2006, with data from January
2002 obtained from Météo-France. For each altimeter, a
month of overlapping data was analyzed to ensure consistency and accurate decoding from the two sources.
This gave datasets covering a period of 3 yr for Envisat,
and 4½ yr for Jason-1.

b. Method
Though a 50-km spatial proximity criterion, or thereabouts, is widely used for altimeter validation studies, it
is often replaced by a latitude–longitude proximity to
ease calculation (e.g., Janssen et al. 1997; Caires and
Sterl 2003; Greenslade and Young 2004). The obvious
shortcoming of this method is that zonal proximity varies with latitude. It could be argued, as is evident by its
widespread use, that this will not greatly affect validation conclusions. However, using this technique, it was
found that the latitude dependence of the error char-
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FIG. 2. Buoys from the NDBC are marked with squares and those from the MEDS network are marked with triangles.

acteristics varied for each altimeter, a result arising
from their differing inclination angles. Hence, a strict
50-km great arc proximity requirement was adopted.
At each buoy, consecutive altimeter observations
crossing an area within a 50-km radius of the buoy location were grouped together. Passes took less than a
minute to traverse this area, with each pass typically
resulting in 15–18 individual observations that can be
assumed to be simultaneous. These data were quality
controlled by removing individual observations greater
than 6 two standard deviations away from the mean for
that pass. Hourly buoy data were then linearly interpolated to the altimeter overpass time, with the additional
criterion that there be at least one buoy observation
within 1 h before and 1 h after the time of the altimeter
overpass. This interpolated buoy data and the mean of
the quality controlled altimeter observations made up a
single collocation.
To eliminate interference from land, buoys were required to be greater than 50 km offshore. This condition is included because if buoys are too close to the
coast, altimeter overpasses will generally occur seaward
of the buoy location, thus sampling generally higher
wave conditions (Greenslade and Young 2004). This
will affect the collocation statistics, particularly the bias.
Excluding buoys that are too close to the coast mitigates this problem. To ensure that 50 km was sufficiently strict, the buoys were divided into two groups:
those between 50 and 150 km offshore and those
greater than 150 km offshore. Collocation statistics

were compiled for the two groups separately and the
results were found to be consistent, suggesting that 50
km is a sufficient distance to avoid coastal contamination. The set of buoys included in this analysis are
shown in Fig. 2.
During the early altimeter missions, errors associated
with buoy data were small relative to those of the altimeter. As such, buoy data were generally regarded as
‘‘truth’’ and hence the correct procedure was to regress
the altimeter data onto the buoy data—that is, perform
an ordinary least squares (OLS) regression with the
altimeter data as the independent variable and the buoy
data as the dependent variable. As the relative error
of altimeters has reduced over time, more sophisticated
regression techniques have been applied to the problem,
which account for errors in both variables (e.g., orthogonal regression, errors in variables, and principal
component regression). These techniques generally require knowledge of the error variances of the two
datasets. Caires and Sterl (2003) conclude that error
variances for altimeter and buoy data are approximately equal. This has since been adopted by many
others (e.g., Queffeulou 2003; Ray and Beckley 2003;
Soukissian and Kechris 2007) and is assumed here. The
derivation of appropriate corrections is calculated using
total least squares (TLS) methods (also known as errors
in variables). The merits of the TLS methods are discussed in many papers (e.g., Isobe et al. 1990; Soukissian and Kechris 2007).
The statistics used here are the bias, root-mean-
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FIG. 3. Scatterplots of collocated Hs observations for (a), (b) Jason-1 and (c), (d) Envisat for both the NDBC and
MEDS buoy networks. (a), (c) Collocations with NDBC buoys only. (b), (d) Collocations with MEDS buoys only.
The number of collocations in each 0.5-m bin has been contoured.

square (RMS) difference, scatter index (SI), and linear
correlation coefficient (R), defined as follows:
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ð7Þ
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4. Results
a. MEDS and NDBC buoy network differences
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where Ai is the altimeter Hs, Bi is buoy Hs, N is the
number of collocations, and an overbar represents the
mean value.

ð8Þ

;

and

ð9Þ

ð10Þ

The initial collation of the collocated data revealed
an apparent systematic difference between Hs estimates
from the MEDS and NDBC buoy networks. Figure 3
shows scatterplots of collocations for both altimeters
for both NDBC and MEDS buoys. With both satellites,
it is clear that the MEDS buoys are underestimating
buoy Hs measurements relative to the altimeter. Jason-1 shows little bias relative to NDBC buoys but
a 28-cm bias relative to the MEDS buoys. Similarly for
Envisat, a small bias of 3 cm relative to NDBC buoys
compares to 28 cm for the MEDS collocations. This
systematic underestimation appears to be linearly re-
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lated to Hs. The SI indicates a similar amount of noise
for comparisons with both altimeters, suggesting a comparable level of noise for the buoy networks relative to
each other.
To quantify the difference between buoy networks,
altimeter Hs estimates were taken as a reference against
which buoy networks could be compared. Reference to
the altimeter Hs as truth is deliberately avoided here.
As discussed in section 3, neither buoy nor altimeter
measurements can be regarded as truth and both must
be assumed to contain errors. However, under the assumption that the altimeter provides self-consistent and
repeatable measurements, it is valid to employ it as a
common reference.
For each network, an OLS regression is performed
with buoy data as the independent variable and the
altimeter data as the dependent variable. This provides
altimeter Hs as a linear function of both NDBC and
MEDS buoys, given by Eqs. (11) and (12) for Jason-1
and (13) and (14) for Envisat, respectively,
5 0:947H NDBC
1 0:099 m;
H JAS
s
s

ð11Þ

H JAS
5 1:050H MEDS
 0:143 m;
s
s

ð12Þ

H ENV
5 0:909H NDBC
 0:222 m; and
s
s

ð13Þ

H ENV
5 1:023H MEDS
 0:225 m:
s
s

ð14Þ

Then these expressions are equated to give a relationship between the two buoy networks. It is stressed
here that these expressions do not present proposed
corrections. Corrections are derived in the next section
using TLS regressions, rather than the OLS regressions
used here. Equating Eqs. (11) and (12), and (13) and
(14) yields the following linear relationships between
the MEDS and NDBC buoy Hs estimates as determined from Jason-1 (15) and Envisat (16) as a reference:
’ 0:90H NDBC
 0:054 m;
H MEDS
s
s
H MEDS
’ 0:889H NDBC
 0:003 m:
s
s
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and

ð15Þ
ð16Þ

This suggests that MEDS buoys are underestimating
Hs relative to NDBC buoys by about 10%. To test the
significance of this difference, a set of normalized differences was calculated using collocations with each
buoy network. Then a Student’s t test was applied to
these two datasets to determine whether they had significantly different means. Results for each altimeter
separately showed these means to be different at the
99% significance level in both cases.
This presents a significant point of note, which, to the
authors’ knowledge, does not appear in the peerreviewed literature. It has, however, been noted previ-

ously, with several conference proceedings indicating
similar findings. Most recently, in examining TOPEX,
and Jason-1 and Envisat wave heights, Queffeulou
(2006) showed that the validation results are different
according to the buoy network and in the same way for
the three altimeters. For instance, the TOPEX-buoy
mean bias is 20.01 m for the NDBC network and 0.19
m for the MEDS network, with similar results reported
for the other satellites. Examining 2 yr of altimeter
data, Cotton et al. (2004) also identify significant differences in validation results for Envisat and ERS-2 in
reference to different buoy networks, with results again
showing a greater altimeter bias when compared to
MEDS buoys than for that of NDBC buoys. Similar
results are also noted in the work of Challenor and
Cotton (2003). They present altimeter verification results for all altimeters since Geosat versus several buoy
networks. They show that the Japanese buoys measured Hs highest (16% cf. NDBC), then the U.K. buoy
network (14%), then NDBC (as the reference), with
the Canadian network buoys measuring the lowest
(25%). However, it is noted that the errors in these
analyses were quite high because at the time, the Hs
data supplied by the Met Office and Japan Meteorological Agency were only provided to the nearest 0.5 m.
The size of the buoy platform was investigated as a
possible cause of the discrepancy but no significant dependency was identified. They conclude that the differences are likely largely due to different reporting standards and quality control.
The source of this discrepancy remains unclear, although work is currently underway to investigate this
further (J. Bidlot et al. 2006, unpublished manuscript).
Initial investigations suggest that it is not environmental. Examining each buoy individually reveals consistent biases among buoys in the same network, regardless of their position. Buoy size is also unlikely to be the
cause. Again, the consistency within each network, despite each being made up of buoys of various makes
and sizes, suggests this is not a significant contributor.
Although no evidence is presented here, it is suggested
that differences in data processing are likely the primary cause.
Given the prevalence of the use of these buoys, often
together as a presumed consistent dataset, a discrepancy of this magnitude warrants the attention not only
of the data providers but also the community of users.

b. Validation results
To ensure a consistent reference dataset based on the
discussion above, only NDBC buoys were used for altimeter validation. This choice was motivated by the
NDBC dataset being much larger than the MEDS
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FIG. 4. Collocated satellite and buoy data, and the same data with the number of collocations in each 0.5-m bin
contoured for (a),(b) Jason-1 and (c),(d) Envisat.

dataset. NDBC data has also been more extensively
used for this type of work, thereby providing the logical
choice in the interests of providing a consistent dataset
across several satellites.
Using only NDBC buoys yielded 3452 collocations for
Jason-1 and 2157 for Envisat. These collocated data
points are shown in Fig. 4. Table 1 provides the proposed corrections and the statistics for both raw and
corrected data.
The uncorrected Jason-1 data shows a negative bias
of only 1 cm and an RMS of 23 cm. The correction
found with the TLS regressions results in no improvements to the RMS error, suggesting that Jason-1 does
not require correction. As discussed in section 2, results
inferred from Ray and Beckley (2003) and Queffeulou
(2004) found small negative biases, whereas the findings of Abdalla (2006) suggest a small positive bias.
Overall, all these studies propose minor corrections and
are consistent with the findings of this work. These perspectives are also in line with those of Météo-France,

who currently do not apply a correction to Jason-1 fast
delivery data prior to assimilation.
For Envisat a small overall bias of 3.6 cm is present in
the uncorrected data, with the altimeter overestimating
Hs. It is apparent from Fig. 4 that Envisat is overestimating low Hs and underestimating high Hs. Linear cor-

TABLE 1. Validation statistics for raw and linearly corrected
data based on NDBC buoy comparisons for both Jason-1 and
Envisat. For linearly corrected data, regression coefficients are
given based on the relationship H corrected
5 aH raw
1 b:
s
s
Correction
Jason-1
Raw
Linear
Envisat
Raw
Linear

Bias
(m)

SI

RMS
(m)

a

b

0.010 0.110 0.227
0.002 0.110 0.227 1.041 6 0.009 20.076 6 0.001
0.036 0.106 0.219
0.004 0.100 0.203 1.093 6 0.013 20.233 6 0.001
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rection produces more improvement than seen for Jason-1, decreasing the RMS by 7% and the SI by 6%.
In terms of the need for bias corrections, Jason-1
seems to outperform Envisat. However, Jason-1 is the
noisier of the two, with the RMS difference being
slightly higher than Envisat, despite its biases. Once
Envisat is corrected, its RMS is 0.203 compared to 0.227
m for Jason-1. This relative noise between the two altimeters has also been noted by Abdalla et al. (2005).
Similarly, several previous studies have noted an increased level of noise for Jason-1 relative to its predecessor TOPEX (e.g., Cotton et al. 2001; Ray and Beckley 2003; Queffeulou 2006). This suggests that the Jason-1 instrument, rather than differences in the data
processing, is the cause of this difference.
Envisat appears to have shown significant improvements over its predecessor ERS-2, which suffered from
systematic errors at low Hs (Greenslade and Young
2004). It is worth noting, however, that once a branched
linear correction was applied, the RMS error reported
by Greenslade and Young (2004) for ERS-2 was similar
to that found here for the Envisat corrected data. This
suggests that while the systematic biases are still being
reduced with each altimeter mission, random error—or
noise—is leveling out. This also suggests that a large
proportion of the RMS error seen in these results is
from the sampling issues discussed in section 2. The
previously mentioned work of Monaldo (1988), upon
which much of the validity of studies of this nature are
predicated, states an expected buoy–altimeter RMS error of 0.4 m assuming perfect measurements from both
instruments due to these sampling issues alone. The
fact that these results are now better than these theoretical limits suggests that that estimate is in need of
revision.
The apparent difference between the variance for
each altimeter suggests that the assumption of equal
error variances between buoy and altimeter, used in the
TLS regressions, is perhaps a generous one. The use of
a third independent dataset—model data, for example—could be used to overcome the need for such
an a priori assumption. So-called triple collocation
techniques—first used by Stoffelen (1998) in application to marine winds and later by Caires and Sterl
(2003) and Janssen (2007) for the validation of waves—
employ an iterative approach whereby a relative error
between the three datasets is assumed then new estimates are calculated. This is then repeated based on
these new estimates until stable values are reached.
This is a powerful technique in the presence of a third
dataset. Because the corrections found here are small,
the assumption of equal error variance is unlikely to
have a significant affect on results.

c. Wave state influence
Two main classes of gravity waves exist in the ocean,
namely, wind wave (or wind sea) and swell. The former
refers to young waves under growth, or in equilibrium
with local wind, whereas the latter is defined as waves
generated elsewhere that have propagated some distance. This section examines whether altimeter Hs estimates are influenced by the dominance of either wind
sea or swell.
The idea that the wave state may have an influence
on the accuracy of altimeter-derived Hs was examined
by Janssen (2000) in relation to the ERS-2 FD data. He
argues that the ‘‘peakiness’’ of the waves will affect the
retrieval of altimeter wave heights, with the assumption
of a Gaussian distribution of sea surface height being
invalid for steep wave conditions. It was shown that by
adjusting the ERS-2 Hs according to the Phillips parameter ap, better agreement could be found between altimeter and buoy Hs observations; ap is obtained from
wave spectra by parameterizing the spectrum as
1
FðkÞ 5 ap k3 ;
2

ð17Þ

where k is the wavenumber. This is speculative, however, and the authors note the need for further investigation. Challenor and Cotton (2003) also examined
this idea by comparing the normalized altimeter–buoy
error in Hs against wave age. In that study no relationship was found.
A similar approach is taken here, examining the direct effects of wave steepness. Specifically, significant
wave steepness (Ss) (Tucker and Pitt 2001) is used, defined in terms of the integral wave characteristics,
which are reported by the buoys,
Ss 5

Hs
2pH s
5
;
Lp
gT 2p

ð18Þ

where Lp and Tp are wavelength and period, respectively, corresponding to the spectral peak frequency.
This is also referred to as significant slope by Huang et
al. (1981).
It is expected that the effect of wave state on altimeter Hs retrievals would apply similarly to both altimeters. Hence, the datasets have been combined here to
increase the total number of observations and increase
confidence in the results. Unless otherwise stated, altimeter data have been linearly corrected, with the corrections given in Table 1.
Figure 5 shows the mean bias (altimeter minus buoy)
plotted against the wave steepness. The size of the ellipses gives the number of collocations in each bin. This
shows a significant decreasing bias with increasing
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FIG. 5. Altimeter bias as a function of wave steepness. The size
of the ellipses gives the number of collocations in each bin.

steepness, adding weight to the findings of Janssen
(2000).
However, in examining this plot alone, some care
must be taken in the attribution of the cause of these
bias characteristics. Figure 6 shows mean Hs against
wave steepness. It is apparent from this that larger
waves tend to be steeper than smaller ones. As discussed in section 2, altimeters tend to contain wave
height–dependent biases that are easily removed with
linear corrections. Hence, it is possible that biases associated with wave height could be responsible—at
least in part—for these wave steepness–dependent biases. In addition, use of Hs-corrected data here could be
masking some of the wave steepness–dependent bias.
Figure 7 shows altimeter bias as a function of Hs (Fig.
7a) and wave steepness (Fig. 7b) for both corrected and
uncorrected altimeter data. Focusing first on the Hs
case in the uncorrected data, a positive bias is seen for
low wave heights and a negative bias for high, as discussed in section 4. This bias is, not surprisingly, almost
eliminated by the Hs-dependent correction. A qualitative assessment of how much of this bias is due to wave
steepness can be gained by looking at how this correction affects the bias relative to wave steepness. Examining the second plot for the uncorrected data, a large
positive bias is seen for relatively smooth waves,
whereas steep waves yield a negative bias, a result that
could be consistent with both trends having the same

FIG. 7. Altimeter bias as a function of (a) Hs and (b) wave
steepness for both corrected and uncorrected altimeter data [note
that the uncorrected data in (b) are the same as those of Fig. 5].

origins. However, correcting the data according to Hs
does not eliminate the wave steepness bias. Although
there is a reduction in the positive bias in the case of
relatively smooth waves, little difference is seen for
steeper waves, with a decreasing bias with increasing
wave steepness remaining clearly evident. This suggests
that altimeter Hs retrievals suffer from systematic biases associated with both wave height and wave steepness.
Partial correlation (Wilks 1995) provides a means of
isolating these effects. Table 2 shows the Pearson correlation coefficients for the altimeter Hs bias against Hs
and wave steepness, as well as the partial correlations of
each variable with the effects of the other removed.
With a correlation of 20.36, Hs-dependent bias is stronger than that apparent from wave steepness with a correlation of 20.21. Removing the effects of wave steepness has little affect on the Hs correlation. Removing
the effects of Hs does reduce the steepness correlation
somewhat, though it remains significant. This suggests
that both effects apply.
There are obvious limitations to using mean wave
characteristics to define wave steepness. This analysis

TABLE 2. Correlations (R) between altimeter Hs bias (altimeter
minus buoy) and both Hs and wave steepness as well as partial
correlations for each variable with the effects of the other
removed.

FIG. 6. Same as in Fig. 5, but for mean Hs as a function of wave
steepness. The size of the ellipses gives the number of collocations
in each bin.

Variable

R

Hs
Steepness
Hs with the effects of steepness removed
Steepness with the effects of Hs removed

20.36
20.21
20.32
20.13
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would certainly benefit from the use of buoy data,
which contains spectral information; however, it is left
here for future work. Given this apparent wave steepness bias dependence, the opportunity also exists to
extend this work to develop a correction scheme based
on both wave height and wave steepness. Although
peak period information would be required, which is
not directly reported by altimeters, there is some work
investigating the use of semiempirical functions to determine period information from altimeter data (e.g.,
Hwang et al. 1998; Quilfen et al. 2004) that shows good
agreement with buoys. It is also possible to obtain this
information from first-guess model estimates prior to
assimilation, or simply using climatological values.
This work suggests that wave state has an influence
on altimeter estimates of Hs. Although no explanation
is put forward here, the hypothesis of Janssen (2000)
regarding the breakdown of the assumption of a Gaussian distribution in steep wave conditions would certainly warrant further investigation. Given the potential
value of a better understanding of wave steepness effects for both validation studies, and wave model assimilation, it is hoped that this initial work will stimulate further research in this important area.

5. Conclusions
Fast delivery Hs data from both the Jason-1 and Envisat altimeters have been validated against in situ buoy
data. Jason-1 is found to be performing consistently
throughout the range of wave heights and requires no
correction. Consistent with previous work, it is found to
be rather noisy, certainly more so than Envisat. The
RMS difference between Jason-1 and buoy data is
0.227 m. Envisat is overestimating low Hs and underestimates high Hs. A linear correction reduces the RMS
from 0.219 to 0.203 m, a 7% reduction. This lowercorrected RMS relative to Jason-1 is a reflection of the
noise in the Jason-1 data.
A systematic difference in the Hs being reported by
MEDS and NDBC buoy networks is noted. Using the
altimeter data as a common reference, it is estimated
that MEDS buoys are underestimating Hs relative to
NDBC buoys by about 10%.
The influence of sea state on the accuracy of altimeter Hs retrievals has been examined. Specifically, the
relationship between altimeter Hs bias and wave steepness is explored. This work suggests a positive bias is
present in altimeter-reported Hs for smooth conditions
and a negative bias for steep waves. This characteristic
bias is found to be in addition to, rather than because
of, Hs-dependent biases.
Future work will involve the use of bias-corrected

(where appropriate) altimeter data for verification of
the Bureau’s operational wave model. An extension to
the wave model assimilation scheme (Greenslade and
Young 2005), which currently assimilates Jason-1 data,
to include Envisat-corrected data is also planned.
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