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598 S. Calmant et al.

M.-N. BOUIN

ENSG/LAREG
Institut Géographique National
Marne la Vallée, France

A bottom pressure gauge (BPG) was installed in proximity (3.7 km at closest approach)
of Jason-1 and formerly TOPEX/Poseidon (T/P) ground track No. 238 at the Wusi site,
located ∼10 km offshore off the west coast of Santo Island, Vanuatu, Southwest (SW)
Pacific. Sea level variations are inferred from the bottom pressure, seawater temperature,
and salinity, corrected for the measured surface atmospheric pressure. The expansion
of the water column (steric increase in sea surface height, SSH) due to temperature and
salinity changes is approximated by the equation of state. We compare time series of SSH
derived from T/P Side B altimeter Geophysical Data Records (GDR) and Jason-1 Interim
Geophysical Data Records (IGDR), with the gauge-inferred sea level variations. Since
altimeter SSH is a geocentric measurement, whereas the gauge-inferred observation
is a relative sea level measurement, SSH comparison is conducted with the means of
both series removed in this study. In addition, high-rate (1-Hz) bottom pressure implied
wave heights (H1/3) are compared with the significant wave height (SWH) measured by
Jason-1. Noticeable discrepancy is found in this comparison for high waves, however
the differences do not contribute significantly to the difference in sea level variations
observed between the altimeter and the pressure gauge. In situ atmospheric pressure
measurements are also used to verify the inverse barometer (IB) and the dry troposphere
corrections (DTC) used in the Jason IGDR. We observe a bias between the IGDR
corrections and those derived from the local sensors. Standard deviations of the sea
level differences between T/P and BPG is 52 mm and is 48 mm between Jason and BPG,
indicating that both altimeters have similar performance at the Wusi site and that it is
feasible to conduct long-term monitoring of altimetry at such a site.

Keywords bottom pressure gauge, Jason, satellite altimetry, sea level, verification

The MOTEVAS project (Mouvements Océaniques et TEctoniques Verticaux par Altimétrie
Spatiale, or Oceanic and TEctonic Vertical Movements by Space Altimetry, in English),
is primarily dedicated to measure crustal motion in the oceanic domain using multiple
datasets, including pressure measured by bottom pressure gauges (BPG) and sea surface
height (SSH) changes provided by satellite altimetry. The project area is near the west
coast of Santo Island, Vanuatu, South West Pacific (Figure 1). There, the Australia plate
subducts beneath the Vanuatu archipelago along the New Hebrides trench. Because the
Australia plate bears the D’Entrecasteaux aseismic ridges that resist subduction, this site is
located in a region of active tectonics (Calmant et al. 2003a), including occurrence of large
earthquakes. In the frame of this project, two BPG-Seabird 26 wave and tide recorders are
currently operating at the Wusi and Sabine banks (see location on Figure 1) since November
1999 and are used in this study.

The Wusi gauge is immerged under the Jason-1 descending track No. 238, and is
about 10 km away from the west coast of Santo Island. Gauge depth is about 12 m. The
Sabine gauge is immerged on Sabine Bank, shallow top of one of the seamounts making
the D’Entrecasteaux Ridge. Its depth is about 15 m. Both gauges are mounted in steel
frames anchored into coral flats. The gauge data are retrieved by divers once a year, and
the gauges are removed every other year for instrumental calibration. In addition to the
pressure, seawater temperature and salinity are recorded at both gauges.

The sea level variation with respect to the time-averaged mean sea surface can be
inferred from the bottom pressure, directly measured by a BPG, corrected using auxiliary
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Comparing SSHs: The SW Pacific MOTEVAS Project 599

FIGURE 1 Map of the MOTEVAS project area in South Pacific. Track 238 of satellite
Jason-1 and TOPEX primary mission and Track 199 of T/P new orbit starting on August
15, 2002 after the orbit maneuver are shown, with 1-km width. Locations in the upper right
inset: Aus: Australia; NC: New Caledonia; V: Vanuatu and F: Fiji.

measurements such as water temperature and salinity and surface atmospheric pressure.
The bottom pressure is not sensitive to steric effects caused by the volume expansion of
the water due to changes of temperature and salinity. Since one of the goals of this study
is to compare the sea levels inferred from BPG and altimeter SSH measurements, the
contribution of the thermo-haline steric effects must be accounted for. Hence, the equation
of state (Leendertse and Liu 1978), which provides a functional relationship between the
seawater density, temperature, and salinity, is used in this study to account for thermosteric
and halosteric effects. Second order thermo-haline effects that are not fully quantified in the
equation of state are ignored in this study. A test is conducted empirically with the bottom
and surface atmospheric pressures, seawater temperature and salinity to quantify the effects
in the inferred sea level contributed by the changes of pressure and of the seawater density.
The details are discussed in the next section.

The sea level comparison in this study is done in the relative sense. The altimeter SSH
is geocentric and refers to a specified reference ellipsoid, whereas the gauge-inferred sea
level is a relative measurement. Hence, no absolute SSH comparison is attempted in this
study. The mean in both altimeter SSH series as well as in the gauge-inferred sea level

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
I
F
R
E
M
E
R
 
B
i
b
l
i
o
t
h
è
q
u
e
 
L
a
 
P
é
r
o
u
s
e
 
-
 
C
e
n
t
r
e
 
d
e
 
D
o
c
u
m
e
n
t
a
t
i
o
n
 
d
e
 
l
a
 
m
e
r
]
 
A
t
:
 
2
0
:
4
1
 
2
7
 
M
a
y
 
2
0
1
0



600 S. Calmant et al.

is removed. The SSH difference or sea level difference defined henceforth is the height
difference between the mean-removed time series from altimeter SSH and from the BPG
sea level. The future work of this project includes the deployment of a Global Positioning
System (GPS) equipped vessel over the BPG. It will connect the gauge-inferred sea level
to the geocentric height, which will allow absolute comparison with altimeter SSH. In
addition, the Wusi and Sabine gauges are located on different plates and thus allow us to
analyze the relative vertical movement by cross referencing both datasets.

TOPEX/Poseidon (T/P) is a joint radar altimeter satellite mission by National Aero-
nautics and Space Administration (NASA), USA, and Centre National d’Etudes Spatiales
(CNES), France. The spacecraft was launched on 10 August 1992. The near-circular T/P
orbit is designed to repeat every 10 sidereal days, with a 66◦ inclination and an altitude
of 1354 km (Fu et al. 1994). The TOPEX altimeter has redundant Sides A and B hard-
ware. Data from Side A began to show performance degradation six years after launch. The
TOPEX Science Working Team decided to switch to the Side B altimeter at 15:04 UTC on
10 February 1999 for future operation (TOPEX Team 2000). The CNES/NASA mission
Jason-1 was launched on 7 December 2001 with an identical orbit as T/P. During its first
month of operation, Jason-1 was placed in tandem with T/P for instrument calibration, and
it is shown that its performance is similar to T/P. Since 15 August 2002, T/P was moved to
a new orbit (one track is close to the MOTEVAS project area, see Figure 1), with ground-
tracks half-way between its original orbit tracks providing a double space-time sampling
with Jason-1 (Menard et al. 2003).

Sea Level Inferred from Bottom Pressure Gauge Data

The ocean bottom pressure measured by the BPG is an integral of water density as a function
of depth, increased by the sea surface atmospheric pressure. The hydrostatic relation (Park
and Saint-Guily 1992) is used to correspond pressure, density, and seawater column above
the BPG:

Pb − Pa = g
∫ 0

−h
ρ(z)dz, (1)

where Pb is the bottom pressure measured by the gauge, Pa is the atmospheric pressure at
the sea surface, g is gravity, ρ is seawater density and z is the vertical axis pointing upward
with 0 and −h indicating the mean sea surface and gauge depth, respectively. The height
of the water column, h, derived from the bottom pressure using Eq. (1) does not include
the steric component of the sea level because steric effect causes volume expansion without
changing the pressure, unless thermo-haline contributions are also considered in the density
variations. Hence, the steric (thermal and salinity) effect is considered using the equation
of state (Leendertse and Liu 1978), as shown in Eq. (2). It provides the seawater density as
a function of temperature and salinity:

ρ(z) = ρ(T, S) ∼= 103 P0

A1 + 0.698P0
,

P0 = 5890 + 38T − 0.375T 2 + 3S, and (2)

A1 = 1779.5 + 11.25T − 0.0745T 2 − S(3.8 + 0.01T ),

where temperature T is in ◦C and salinity S is in practical salinity unit (psu).
Since we have temperature and salinity measurements at the depth of the gauge only, we

assume that the sea temperature and salinity are constant in the seawater column above the
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Comparing SSHs: The SW Pacific MOTEVAS Project 601

gauge, and that density variations are related only to the time variations of the temperature
and salinity based on the equation of state. Although the gauges are located in shallow
water (12–15 m deep), this assumption may introduce a small error in the computation of
the height of water column above the BPG. Hence, the height of the total water column
above the gauge (including the steric effect) is obtained by rearranging Eq. (1) with the
water density derived from Eq. (2) using the real temperature and salinity measurements.

h = Pb − Pa

g · ρ(T, S)
. (3)

Then the mean column height is removed to determine SSH variation. Substituting the
bottom and atmospheric pressure data and assuming the water temperature changes from
4◦ to 30◦C with 35 psu salinity, it is found that the steric effect contributed to sea level
change for about 8 cm. This is in excellent agreement with the SSH variation caused by the
thermal effect (6 cm) estimated by using the World Ocean Atlas 2001 (WOA01) at 15.5◦S
and 165.5◦E (National Oceanographic Data Center 2003; Martinez-Benjamin et al. 2004).

The BPG collect bottom pressure data every second and an average pressure is recorded
internally every 15 minutes. Four minutes of the 1 Hz pressure data is also saved internally
every 3 hours. The latter data are further used to derive wave heights. The device that
we installed on land at Wusi village to record the atmospheric pressure suffered techni-
cal problems and the data used in this study exhibited significant periods of data gaps.
We thus filled the data gaps using measurements recorded by the station operated by
the National Tidal Facility at Port-Vila, about 200 km south of Wusi. Analysis of both
datasets for overlapping sequences showed that the measurements at Port-Vila provide
a satisfying proxy for that at Wusi. However, short wavelength phenomena such as the
pressure drop related to cyclones cannot be recorded accurately with such a separation of
distance. A mean pressure bias of 3.2 mbar found between the two time series has been
removed from the Wusi measurements to fit the Port-Vila series, which are referenced to sea
level.

The pressure gauge anchored on the seafloor at the Wusi site experienced a 37 mm
uplift related to the earthquake that occurred beneath Santo Island at 20:48 UTC on 4
October 2000. The gauge at Sabine did not undergo noticeable coseismic motion, given its
location on the Australia plate, at the rear of the subduction trench. The 37 mm have been
determined in order that the series of mean sea level (tides being filtered out by a 3-day
filter) present the same trend at both gauges. It is in close agreement with the 54 ± 11
cm offset found by GPS on land (Calmant, unpublished data), a few kilometers eastwards.
This uplift of 37 mm from 4 October 2000 is applied to the Wusi gauge series used further
in this study. Differences between the mean sea levels (tides being removed by a 3-day
filter) recorded at both gauges are presented in Figure 2. Slope of the trend fitting these
differences is zero by removing the coseismic jump of 37 mm at Wusi. The standard deviation
is 30 mm. The scatter of this sea level difference is likely due to spatial and temporal
atmospheric pressure variations and currents, which are not taken into account in this
study.

Sea Surface Heights Inferred from Satellite Radar Altimeter Data

Satellite radar altimeters emit and receive radar pulses and measure their travel time when
they are bounced back from the water surface on the earth. One of the primary observables
of radar altimeter is the SSH:

SSH = a − d-corrections, (4)
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602 S. Calmant et al.

FIGURE 2 Mean sea level differences (3-day filter applied for tides) between Wusi and
Sabine BPG. The time series at Wusi had been corrected for the 37 mm uplift caused by
the earthquake on 4 October 2000.

where a is the altimeter orbital height above the reference ellipsoid computed using a pre-
cision orbit determination procedure, d is the range measurement computed from half of
the travel time of the radar pulse and the speed of light. There are typically three categories
of corrections on altimetric data: the instrument, media, and geophysical corrections. The
instrument corrections are due to the variations in spacecraft hardware resulting from the
nature of the return signal, satellite motion and pointing errors, satellite temperature vari-
ations, and other hardware properties. They include, among others, Doppler corrections,
center-of-mass offsets, mispointing tracking adjustments, and internal and sea state bias
(SSB) corrections. The media corrections are associated with the delay of the radar signal
by the atmosphere, including the ionosphere delay, and dry and wet troposphere delays.
The geophysical corrections include tides (solid Earth tide, ocean tide, and pole tide) and
the inverse barometer (IB) correction.

Since altimeter SSH measurements are to be compared with the BPG sea level data,
the ocean tide and the IB corrections are not applied to the altimeter SSH because the
gauge-inferred sea level contains tidal and atmospheric pressure signals. Due to the repeat
orbit design, the altimeter footprints are scattered within a small (±1 km along the orbital
groundtrack) geographical region. Figure 3 shows a typical Jason-1 repeat groundtrack (No.
238) near the Wusi gauge. The 1-Hz footprints scatter approximately in a 2- by 6-km area
in the cross- and along-track directions. High rate altimeter data records (orbit and range)
are available (i.e., 10 Hz for T/P; 20 Hz for Jason-1) from the Geophysical Data Records
(GDR) for T/P or the Interim GDR (IGDR) for Jason-1 and the 1-Hz SSH is computed
by subtracting the averaged high-rate range from the averaged high-rate orbit. Since the
Wusi gauge is not exactly located on these T/P and Jason-1 tracks, a correction of the geoid
gradient from the gauge site to the corresponding 1-Hz altimeter footprint is required. The
mean sea surface model CLS01 with a regular grid of 2′ by 2′ (Hernandez and Schaeffer
2001) is used in this study to account for the gradient difference between the altimeter and
the gauge locations.

Sea level comparisons are conducted for each of the altimeter passes over the BPG.
The corresponding gauge sea level data are filtered by an order three polynomial within a
one-hour bottom pressure data span. As mentioned before, the SSH comparison is made in
the relative sense with their means removed. The scattering of the SSH difference around
the mean, or the standard deviation, is computed. The drift is estimated using a linear model
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Comparing SSHs: The SW Pacific MOTEVAS Project 603

FIGURE 3 Jason-1 altimeter footprint locations near the Wusi gauge. The 1-Hz footprint
location represents the average location of the consecutive valid high-rate data (20 Hz) in
each cycle. Triangle stands for the location of the gauge. The bathymetric contour interval
is 20 m.

from these mean-removed SSH differences. The estimated drift (with adequate data span)
represents the overall time-varying effect of the differenced sea level, including instrumental
effects, drifts from various corrections and crustal movement at the BPG.

TOPEX/Poseidon Side B Sea Surface Height Data

In this study, we used the GDR released from Archiving, Validation and Interpretation of
Satellite Oceanographic data (AVISO). They are the global along-track altimeter measure-
ments averaged every 1 second with all corrections applied. The Merged GDR (MGDR)
are generated from TOPEX and Poseidon measurements to reinforce unity of the T/P mis-
sion (AVISO 1996). The T/P dataset used in this study is part of the Side B data (from
Cycles 264 to 363). The applied corrections and the data editing criteria can be found in
AVISO (1996). The time span of these cycles is from December 1999 to July 2002. For
comparison with the gauge-inferred sea levels, the ocean tides and the IB corrections, which
have been applied to the MGDR, have to be added back.

Jason-1 Sea Surface Height Data

The Interim GDR (IGDR) released from AVISO for Jason-1 are used in this study. Some
of the corrections in Jason-1 IGDR have been updated and are not identical to corrections
in T/P GDR. The list of corrections and the data editing criteria can be found in CNES and
JPL (2003). Jason-1 IGDR used in this study are from Cycles 2 to 43 that are from February
2002 through March 2003. Similar to what has been done to T/P, the ocean tides and the
IB corrections are added back to the IGDR SSH product since the gauge-inferred sea levels
contain both signals.
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604 S. Calmant et al.

CNES and JPL (2003) state that the accuracy of the SSB models remains limited and
continues to be a topic of research. Hence we tested different SSB models for the use of
Jason-1 SSH products including: (1) the SSB model from the IGDR, which is a bilinear
interpolation of a table of sea state biases versus significant wave height and wind speed,
based on nonparametric fits by Gaspar et al. (1994) with the data from Cycles 19–30 of the
Jason-1 mission, (2) the 4-parametric SSB model by Chambers et al. (2003a), and (3) the
nonparametric model by Gaspar et al. (2002), which has been adopted for production of
future Jason-1 GDR (Chambers et al. 2003b). These models are designated as SSB IGDR,
SSB 4PAR, and SSB CLS in this study.

Results

Sea Level Comparison of T/P and BPG

T/P footprints scatter near the Wusi site as do the Jason-1 footprints (Figure 3). To limit the
effect of the along track geoid gradient, 10 high-rate (10 Hz) valid T/P footprints in each
cycle are selected centered at latitude 15.7◦S and their averaged SSH are calculated. The
comparison with the gauge-inferred sea level measurements is then made with the derived
average, instead of the original 1-Hz T/P SSH. Cross-track gradients are accounted for using
the CLS01 mean sea level model.

The sea level differences between T/P and BPG are shown in Figure 4. Standard
deviations for the different cases are summarized in Table 1. We note that accounting for

FIGURE 4 Series A: the difference between T/P Track No. 238 SSH and the inferred sea
levels at the Wusi gauge. Ten high-rate T/P SSH are combined at 15.7◦S latitude. Series
B (in gray): same as A with 37 mm earthquake-related uplift corrected in the sea levels
inferred at the Wusi gauge. Series C: the difference between T/P Track No. 238 and the sea
levels inferred at the Sabine gauge. Ten high-rate T/P SSH are combined at 16◦S latitude.
Combination of high-rate SSH is to remove the along-track gradient, whereas the cross-
track gradients are corrected with CLS01 mean sea surface model. The start and stop time
of the series are 1999/12/03 and 2002/07/31.
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Comparing SSHs: The SW Pacific MOTEVAS Project 605

TABLE 1 Drift Estimates and Standard Deviations of SSH Differences Between
T/P SSH Track No. 238 and BPG Series

T/P–BPG (Wusi)

Series A Series B
(Earthquake (Earthquake

displacement not displacement T/P–BPG (Sabine)
Series in Figure 4 corrected) corrected) Series C

Drift (mm/year) 16.6 ± 8 −1.6 ± 8 −0.9 ± 9
Std Dev. (mm) 55 52 62

the coseismic step in 4 October 2000 reduces both the slope and standard deviation of
the residuals between the T/P-derived and Wusi BPG-derived SSH series. The scatter is
significantly larger in Series C, computed using Sabine bank SSH series. The gauge-inferred
sea levels from both gauges agree well with a standard deviation of 30 mm when tides are
filtered out (Figure 2). Hence, the increase in the standard deviation in Series C compared
to Series B is due to a spatial distance increase, which can be related to high-frequency
atmospheric pressure changes, tide residuals, internal tides and currents. In addition, the
drift estimates are the combined effect of altimeter drift from the instruments and from the
corrections, BPG instrument and the secular part of its vertical movement.

Sea Level Comparison of Jason-1 and BPG

SSB Model Comparison of Jason-1 and BPG
The Jason-1 SSH series with the use of three different SSB models are compared to

the sea levels inferred at the Wusi gauge. The mean-removed height difference between
them is computed and the standard deviation of the height differences and a drift estimate
are calculated. Table 2 summarizes the result. It is clear that all models improve the fit
between Jason-1 SSH to the BPG since the highest standard deviation is found when no
SSB model is applied. Moreover, when SSB CLS model is applied to Jason-1 SSH time
series, it has the smallest standard deviation at 48 mm. This indicates that the application of
SSB CLS model to Jason-1 SSH gives better results (for Cycles 2 to 43 used in this study)
when compared with the sea levels inferred at the Wusi gauge than the other two models
do. Hence, the CLS model was chosen to be applied to the Jason-1 SSH for the analyses in
the next session. A direct comparison between Jason-1 SSH with different SSB models is
made in Figure 5. A 5-cm bias from the CLS model to the other two models is evident.

Sea Surface Height Comparison of Jason-1 and BPG
Since the high-rate (20 Hz) Jason-1 does not include all corrections properly (B.

Beckley, personal communication, 2003), only 1-Hz IGDR SSH product of Jason-1 is

TABLE 2 The Comparison of Jason-1 SSH (Cycle 2–43, 2002/02/03–2003/03/16) with
the Use of Different SSB Models to the Sea Levels Inferred at the Wusi Gauge

No SSB SSB IGDR SSB 4PAR SSB CLS

Drift estimate (mm/year) −56.2 ± 26 −55.7 ± 22 −55.5 ± 22 −47.6 ± 20
Std Dev. (mm) 62 53 51 48
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606 S. Calmant et al.

FIGURE 5 Jason-1 SSH series (Cycles 2–43; 2002/02/03–2003/03/16) with different SSB
models applied.

used in the comparison. The standard deviation of the height differences between Jason-1
SSH and the sea levels inferred from the Wusi gauge is computed. A drift representing
the overall time-varying effect in each scenario is calculated. Different scenarios were se-
lected; results are summarized in Table 3. Clearly, the first scenario (shown in Figure 6)
with smallest standard deviation shows the best coherence between the Jason-1 SSH and
the gauge-inferred sea level with means removed. The solid Earth tide, wet troposphere,
and the gradient corrections are more significant compared to other corrections. The drift
estimates are significantly different since it represents the drift from each individual correc-
tion being analyzed in each scenario. Yet, the uncertainties associated with these drifts are
large, suggesting that longer series are required before definite conclusions can be drawn
on the meaning of these drifts.

A study has been conducted using the University of Texas CSR orbit in place of the
CNES orbit, which is originally provided from the IGDR. It is found that the change of the
orbit does not significantly change the standard deviation of height difference (50 mm for
CSR orbit; 48 mm for CNES orbit).

Analysis of the Significant Wave Height
The pressure gauge we used, Seabird 26, is designed not only for tide recording but also

for wave height monitoring. As mentioned before, 240 1-Hz bottom pressure readings are
recorded at the gauge every 3 hours. These high frequency pressure readings were converted
to H1/3 using the manufacturer’s software package (www.seabird.com/product/spec sheet/
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TABLE 3 Results of the Jason-1 and Wusi Gauge Sea Level Comparisons, with Different
Choices of Corrections or Orbits

Std Dev. Selected
Drift estimate (mm) in height SSB Selected
(mm/year) difference model Orbit Scenarios

−48 ± 20 48 SSB CLS CNES Apply load tide, pole tide, solid
Earth tide, dry/wet troposphere
and ionosphere corrections.
CLS01 mean sea surface
model is used to provide the
gradient corrections.

−44 ± 21 48 SSB CLS CNES Pole tide correction not applied.
−35 ± 21 50 SSB CLS CNES Load tide correction not applied.
−49 ± 20 50 SSB CLS CSR Substitute IGDR orbit with CSR

orbit.
−46 ± 21 50 SSB CLS CNES Dry troposphere correction not

applied.
−56 ± 22 51 SSB 4PAR CNES Substitute SSB CLS with

SSB 4PAR.
−56 ± 22 53 SSB IGDR CNES Substitute SSB CLS with

SSB IGDR.
−56 ± 26 62 — CNES SSB model not applied.
−13 ± 32 71 SSB CLS CNES Ionosphere correction not

applied.
−14 ± 41 88 SSB CLS CNES Wet troposphere correction not

applied.
73 ± 46 110 SSB CLS CNES Gradient (CLS01) not applied.
49 ± 63 138 SSB CLS CNES Solid Earth tide correction not

applied.

26plusdata.htm). Then we compare Jason-1 significant wave height (SWH) from the IGDR
to these gauge-inferred wave heights (H1/3). Figure 7 shows the comparison of the SWH
and the corresponding gauge-inferred wave heights as a function of 10-day Cycle num-
bers. The gray scale represents the mean-removed sea level differences. Figure 7 reveals
that Jason-1 SWH is consistent with the gauge-inferred wave height for small waves
(height less than 3 m). The slope of the best-fit regression line, expressed as a thick
line in Figure 7, is 0.66 ± 0.14 for small gauge-inferred waves. The slope does not
indicate a strong correlation between these two time series. For larger wave heights,
between 3 and 6 m, altimeter SWH measurements are different and vary from 1.5 to
3.5 m.

In addition, we analyzed the relationship between SSH difference and the wave differ-
ence (between SWH and the gauge-inferred waves) but no clear correlation is evident. In
conclusion, the Jason-1 IGDR SWH for Cycles 2 to 43 are not fully consistent with the wave
heights determined from the 1-Hz bottom pressure recorded in situ by the gauge. Larger
discrepancies occur for wave heights between 3 and 6 m. Further investigation with longer
datasets or additional observations using other devices, such as the GPS buoy/vessel, are
necessary.
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608 S. Calmant et al.

FIGURE 6 (Top) Jason-1 SSH and the sea levels inferred at the Wusi gauge. Both means
have been removed. (Bottom) Height differences and associated uncertainties are shown.
The Jason-1 data are from cycles 2 to 43 (2002/02/03–2003/03/16). The corrections applied
to Jason-1 SSH are: load tide, pole tide, solid Earth tide, dry/wet troposphere and ionosphere
corrections. CLS01 mean sea surface model is used to correct the Jason-1 SSH for the geoid
gradient. CNES orbit provided by IGDR is used.

Analysis of Air Pressure Effects
Dry Troposphere Correction (DTC) directly depends on atmospheric pressure. At 15◦S,

this correction is described in Eq. (5), where Patm is the instantaneous atmospheric pressure
(CNES and JPL, 2003).

DTC(mm) = −2.2821 · Patm(mbar). (5)

The IGDR DTC variations are well correlated to the in situ values determined by
merging local atmospheric pressure measurements from nearby sensors using Eq. (5). The
correlation between both series is 0.91 as shown in Figure 8 top panel.

Yet, a clear 41 mm bias is observed between both series, equivalent to a 18 mbar offset.
The IGDR DTC are unusually small since they range between −2.276 m and −2.248 m,
which turn to pressure ranging between 997 mbar and 985 mbar. Such low pressure values
are not recorded either at the Wusi pressure sensor or at the Port-Vila tide gauge (both
are merged to form the local series reported in Figures 8 and 9) nor at the Pekoa airport
(50 km East of Wusi). This large offset cannot be explained by some misreferencing to
sea level, of the local sensors, since it would imply that the three sensors are below sea
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FIGURE 7 Comparison of SWH in Jason-1 IGDR (Cycles 2–43; 2002/02/03–2003/03/16)
to the sea levels inferred from the 1-Hz bottom pressure readings at the Wusi gauge. The
SWH-to-gauge comparison at each cycle is labeled with the cycle number and its gray
code represents the mean-removed SSH difference between Jason-1 SSH and the gauge-
inferred sea levels. The thick line stands for the best fitting regression line when the inferred
wave height is less than 3.0 m. The dotted line stands for perfect and unbiased agreement
(slope = 1).

level, given that they present higher pressure values than the IGDR DTC, or that unrealistic
calibration errors affect all three sensors. It is worth noting that typical errors of 10 mbar
may occur in the South Pacific Ocean, as stated in the Jason-1 User Handbook (CNES and
JPL, 2003). Further study with longer series and careful analysis of the ECMWF fields
(European Center for Medium Range Weather Forecast) data that are used to derive the
IGDR DTC are required to fully understand this bias. Yet, this area is particularly under-
sampled, and it is a place where extreme short time and space variations of the atmospheric
pressure are common. This may have affected the large-scale average values in the ECMWF
fields.

It is also worth noting that the differences in DTC (bias removed) are not correlated to
the SSH differences (correlation is 0.06, lower panel of Figure 8). Thus the former does not
participate significantly to the scatter in the SSH differences.

Although the IB correction is not used in the present study, we present an analysis of
the accuracy of the IB correction from ECMWF packed in the IGDR by comparing it with
ground-truth values recorded on land, at the Wusi village, ∼10 km east of the Wusi gauge.
The IB effect in terms of sea level is:

IB = −9.948(Patm − P), (6)
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FIGURE 8 (Top) Effect of atmospheric pressure estimates on the Dry Tropospheric Cor-
rection. Gray code of the dots stands for the mean-removed SSH difference between Jason-1
and the gauge-inferred sea level. The Jason-1 data are from cycles 2 to 43 (2002/02/03–
2003/03/16). A clear 41 mm bias can be seen. (bottom) Relationship between the SSH
difference and the difference in DTC in relative sense. The two datasets are poorly corre-
lated (correlation is 0.06).

where IB is in mm, Patm is the instantaneous atmospheric pressure, and P is the long-
term mean of the global surface atmospheric pressure over the oceans (CNES and JPL
2003). The scale factor −9.948 mm/mbar is an empirical value for mid latitude (Wunsch
1972).

The mean global surface atmospheric pressure over the oceans is 1010.9 ± 0.6 mbar,
using ECMWF pressure values obtained during the first eight years of the T/P mission.
However, T/P products provide the IB correction with P being a constant, 1013.3 mbar
(CNES and JPL 2003). Given the questioning on the ECMWF reference pressure men-
tioned before, we adopted this value of 1013.3 mbar as P in Eq. (6) with the ground-truth
records at Wusi village to verify IB correction from Jason-1 IGDR. The result is shown
in Figure 9. The mean values of both datasets (188.65 mm in Jason-1 and 9.46 mm in
the ground-truth records) are removed. The slope of the linear fit between both IB series
is estimated to be 0.82 ± 0.05, and both datasets are well correlated (with 0.91 correla-
tion). The discrepancies in these two datasets are likely caused by the fact that Jason-1
IB correction is derived from a worldwide, large-scale pressure model such as ECMWF
that does not fully represent the atmospheric variations at short scale in space and time
as in this study. In addition, choosing a single mean atmospheric pressure, 1013.3 mbar,
as well as the scale factor −9.948 in Eq. (6), also in part cause discrepancies in both
series.
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FIGURE 9 Relative comparison between IGDR IB correction and the IB correction com-
puted based on in situ records of the atmospheric pressure. The means of both have been
removed. The global time-varying mean atmospheric pressure over the oceans is selected
to be 1013.3 mbar. The Jason-1 data are from cycles 2 to 43 (2002/02/03–2003/03/16).
The cycle number is labeled with each comparison. The thick line stands for best fitting
regression line and the associated gray band stands for the uncertainty on the slope. Gray
code of the dots stands for the mean-removed SSH difference between Jason-1 SSH and
the gauge-inferred sea levels. The dotted line stands for perfect agreement (slope = 1).

Conclusions

The use of a BPG and auxiliary measurements such as water salinity and temperature and
surface atmospheric pressure to infer the sea level variations with respect to the mean sea
surface is discussed in this article. The SSH variation caused by the steric expansion due to
the thermo-haline steric effects of the seawater are approximated with the equation of state
in terms of the seawater density. A small error might result from the assumption that the
water density does not vary with depth above the gauge (about 12–15 m deep) at a given
time since no vertical profile of the water column density is available. However, the steric
effect at the Wusi gauge approximated in the present study is comparable to that estimated
by WOA01 model at the closest grid node (15.5◦S, 165.5◦E).

The difference in SSH from the Wusi gauge data and the T/P data shows a standard
deviation of 52 mm, whereas the difference with the Jason-1 SSH presents a 48 mm standard
deviation. In these comparisons, the ocean tide and the IB corrections are added back to the
altimeter SSH obtained from the altimeter GDR, since the contributions of ocean tides and
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atmospheric pressure are included in the gauge-inferred sea level. We conclude that T/P
and Jason-1 sea level measurements perform similarly at the Wusi gauge, thus verifying the
performance of both altimeter systems in a relative comparison.

The solid Earth tide correction, geoid gradient, and the wet troposphere correction,
if not applied, cause significant change in the standard deviation of the sea level compar-
isons between Jason-1 altimeter and the BPG. The along-track gradient in T/P is avoided
using high-rate (10 Hz) data and the cross-track gradient is corrected with CLS01 mean
sea surface model. In the case of Jason-1, both gradients are corrected with CLS01, since
the valid high-rate (20 Hz) SSH were unavailable at the time of processing. Neverthe-
less, an accurate local geoid model is desirable for the gradient correction. The drifts
estimated in T/P and in Jason-1 are significantly different. This is caused by the fact
that the gradient correction in each case was treated differently and the datasets span
different time windows. Longer series are necessary for the drift to be estimated more
accurately.

The best coherence between Jason-1 and gauge sea level is found when the SSB CLS
model is used. However, the model has a 5-cm bias when compared with the other two
models. The comparison for SWH shows a good agreement for waves smaller than 3 m,
but we observe some disagreement for 3 m to 6 m inferred waves heights.

Comparisons of inverse barometer and dry tropospheric corrections with respect to
ground-truth pressure observations show high correlation (0.91) in both cases. A 41 mm
bias is found between the DTC series. The speculation for the disagreement includes that
Jason-1 DTC are derived from a global large-scale model such as ECMWF, which does not
contain the fine details of the pressure variation in such a short time and space scales. Also,
the adopted time-varying mean of the global surface atmospheric pressure over the oceans,
1013.3 mbar, and the scale factor of −9.948 may participate in this discrepancy.

The new T/P orbit since August 2002 has a crossover point with the Jason-1 orbit in
the vicinity of the Wusi BPG (Figure 1). That peculiar situation will enable an improved
analysis of comparison between the two altimeters and the BPG measurements in the near
future.
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