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This paper investigates correlations between sea level measurements and H,,, at
Texaco’s Platform Harvest. In order to do so, a relationship is shown between the
sample standard deviations of the 6-min NOAA acoustic system measurements and
H,; as estimated from CU Paros depth sensors. A transfer function for the NOAA
acoustic system is developed by comparison between spectra of 2-s tsunami mode data
with spectra from 1.1-s pressure data. Part of this transfer function is caused by the
decay in pressure effects due to waves between the surface and the orifice of the
protective well. The rest is due to damping characteristics of the protective well itself.
The transfer function helps show the limitations of using the sample standard devia-
tions of the NOAA acoustic system as a measure of H,,.

Differences between sea level measurements show a distinct component related
to H,,;. The effects related to H,,,, low-frequency differences in the measurements,
and wave effects are separated using an iterative procedure. If H, -related effects are
removed, then the sea level measurements agree to better than 1 cm rms for all three
systems. The cause of the low-frequency differences is not understood. An estimate of
the H,,; dependence of each individual system is found by removing a I-year tidal
prediction based on the NOAA acoustic system from sea level from each of the systems.
It is assumed that real H,,, dependencies in sea level are small. The resulting residuals
are iteratively separated as before. These results indicate that the greatest H,,; depen-
dence is found in the NOAA Digibub system and the least in the NOAA acoustic
system. It should be noted that the H,,, dependency found here occurs because of the
harsh open ocean conditions at Platform Harvest and would not be expected to be
observed under normal conditions in sheltered waters such as harbors, rivers, or
lagoons.
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As has been described in Morris et al. (1995), Texaco’s Platform Harvest was chosen to
be the NASA calibration/verification site for the TOPEX/Poseidon altimetric mission. As
part of the instrumentation of the platform, there were three tide gauge systems installed
at Platform Harvest off the coast of southern California near Point Conception. The
platform has been determined to be located at 34.470923 N and 120.685845 W using
GPS measurements (Christensen et al., 1994) and is in approximately 200 m of water.
Two of the tide gauge systems consisted of experimental modifications of the standard
NOAA Next Generation water level management system (Gill et al., 1995), one employ-
ing a downward-looking acoustic sensor (acoustic system) and the other a ‘‘bubbler”’
pressure sensor (Digibub system). The third system consisted of two Paros depth sensors
run by the University of Colorado (Kubitschek et al., 1995). The modifications to the
standard NOAA system and the design of the CU system were governed by the need for
long-term observations in the harsh open ocean environment found at Platform Harvest.
Each of the tide gauge systems was mounted to Platform Harvest using a stainless steel
riser. The NOAA acoustic system used its riser as a stilling well, the NOAA Digibub had
its nitrogen gas orifice at the bottom of its riser, and the CU depth sensors were mounted
in a cage that projected below the end of its riser. The data collection rates varied by
system. Both NOAA systems collected data on 6-min centers based on averages of 3-min
bursts of measurements taken 2 s apart. In addition to the averages, sample standard
deviations were reported based on each 3 min of data. During many of the satellite
overflights, 2-s data (Tsunami mode data) were also collected from the NOAA Next
Generation acoustic system. The CU system collected data on 82.4-s centers (low-rate
data) between overflights with 1.1-s data collected during the 2-h period surrounding
most overflights high-rate data).

General comparisons between sea level measurements from the different systems are
given in Gill and Parke (this issue). The purpose of this paper is to explore the H,,,
dependence of the sea level measurements. H,,, is defined to be the average of the highest
one third of the waveheights (measured peak to trough) in a given region. The relationship
between H,,, and more conventional statistics depends on the spectra but has been shown
to be approximately 4.00 times the rms of the wavefield (Kinsman, 1965). For this paper
we use 4.00 times the rms of the wave field to define H,,;. Because high sampling rates
occurred only around the times of the satellite overflights, there was no high resolution
direct measure of H,,, at other times. Thus this paper begins with a comparison of H,,;
estimates from the CU high-rate data and the sample standard deviation measurements
from the NOAA acoustic system. A transfer function is developed for the NOAA acoustic
system in order to explore the limitations of this relationship. Sea level measurements are
then compared using the sample standard deviations of the NOAA acoustic system as a
measure of H 5.

H,,; from NOAA Acoustic System Sample Standard Deviations

H,; estimates were generated from CU 1.1-s high-rate data during the 2-h period around
each TOPEX/Poseidon overflight. Each estimate was based on 6 min worth of data
centered on the NOAA measurement times. Figure 1 shows a plot of these H,,, estimates
vs. the sample standard deviation measurements of the NOAA acoustic system. As can
be seen, there is a direct relationship between H , ; as estimated from the CU data and the
sample standard deviations. Figure 1 also shows a line fit through the data using minimum
absolute deviations (Press et al., 1992). The slope of the line is 0.1548 m/m. The standard
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deviation about this line of H,,; estimates generated from the sample standard deviations

is 0.41 m.
There appears to be a bimodal relationship between the H ,; estimates and the NOAA

acoustic system sample standard deviations at low significant waveheights. This occurs
because there tends to be a bimodal distribution in wave frequencies observed at the
platform (Kubitschek et al., 1995). The lower branch in Figure 1 corresponds to relatively
high wave frequencies. The upper branch corresponds to relatively low wave frequencies.

In order to investigate the frequency dependence of the NOAA acoustic system more
fully, an estimate of the transfer function of the acoustic system was generated by
comparison between spectra from tsunami mode data and CU high-rate data collected
around the overflight times. In order to have the frequency content of the spectra match,
the CU data were interpolated to the times of the NOAA data. The spectra of the CU
pressure data were converted to spectra of surface waves using classical wave theory
(Kinsman, 1965). The transfer function was then generated by dividing the spectra from
the acoustic system by the equivalent estimated surface height spectra from the CU data.
Estimates were only made for those frequencies for which the estimated surface wave
spectrum was at least 0.05 m?%s. |

In all, 223 spectra were compared. The transfer functlons from each of these cases
were averaged whenever there were more than 10 values available. Except for the low
frequency range between one cycle per 15 s and one cycle per 20 s, there were always at
least 50 estimates. The results are shown in Figure 2.
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Figure 1. Comparison of NOAA Next Generation standard deviations with H,,, values from CU
pressure gauges.
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This transfer function is the product of an exponential decay down to the orifice of
the protective well and the transfer function of the protective well. A description of the
protective well is given in Gill et al. (1995). The equation for the solid line in Figure 2
is given by

t., = [exp(— wz))[exp(— wz)]? )

where o is the angular wavenumber, z,is the mean depth of the orifice below mean sea
level (7.041 m), and z, is 4.65 m. What this means is that on average there is less
attenuation of surface wave energy inside the stilling well than occurs from the natural
decay of wave pressures from the surface to the orifice depth.

The transfer function of Figure 2 shows some of the limitations of using sample
standard deviations from the acoustic system data as a measure of H, ;. Frequencies above
one cycle/10 s are damped severely. Thus the standard deviations are much more sensitive
to low-frequency waves than high-frequency waves. Thus in the presence of swell, H,,,
should be overestimated by the relation given previously while in the presence of locally
generated waves H,,, should be underestimated.

In addition, a few of the comparisons show the effects of resonances inside the
stilling well. The worst of these cases occurred for the overflight of TOPEX/Poseidon
cycle 22. The transfer function results are shown for all of the cycle 22 spectral compar-
isons in Figure 3. As can be seen, there is considerable enhancement of wave energy near
one cycle/11 s.

Despite these limitations, the standard deviations of the NOAA acoustic system are
a good first-order measure of H,,; and will be used as such for the rest of this paper.
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Figure 2. Transfer function between NOAA Next generation tsunami mode data and surface wave
variations as determined by comparison with CU pressure data.
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Figure 3. Transfer function as shown in Figure 2, except for cycle 22.

Sea Level Differences

The top three sections of Figure 4 show the difference between sea level measured by the
three sea level systems, with the CU data averaged to the 6-min NOAA sampling times.
The fourth section shows the sample standard deviations from the NOAA acoustic system.
There is a very clear correlation between the sea level differences and the sample standard
deviations.

Figure 5 shows a scatterplot of the difference between the NOAA acoustic and
Digibub systems vs. the sample standard deviations from the acoustic data. There is a
clear relationship between the two. A good description can be found by assuming that
the H,,; dependence was zero up to a threshold and varied linearly thereafter. This is the
functional dependence found by EG&G (1985) when comparing the NOAA acoustic
system with wave staff measurements. This functional form will be assumed for the rest
of this paper although the actual functional form may well be a function that is asymptotic
to zero at low H,,; values and asymptotic to a straight line at high H,,; values. The data
here are not sufficient to tell the difference. The EG&G measured values cannot be used
to correct the acoustic data because the EG&G measurements were taken in shallow water
and with a different orifice depth. Scatterplots using the differences between the CU sea
level and the NOAA sea levels show a similar functional form and so are not presented
here.

A first-order separation of the H, ; related effects, low-frequency differences, and
wave effects was found iteratively by assuming the above functional form for the H,,
dependence (with NOAA acoustic sample standard deviations being used as a surrogate
for H,,;). This procedure consisted of an initial guess at the H,,, dependence. With the
estimated H,,; dependence removed, the residual was filtered with a triangle filter of
length 1 week to produce an estimate of the non—-H,,-related long-period differences
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Figure 4. Comparison of sea level differences with the standard deviations from the NOAA
acoustic system. Extended DOY is days after O h Dec. 31, 1991.

between the systems. The long-period differences were removed from the original data
and an H,,; dependence was iteratively fit to the residuals. The H,, dependence was
found by assuming a threshold value of the NOAA acoustic sample standard deviation
and fitting a line to the residual differences as a function of the sample standard deviations
using the technique of minimum absolute deviations. The zero crossing of this line was
used as a new threshold and a new fit produced. This was continued until the fit converged.
Once a new H,; dependence was generated, a new estimate of the non—H, ;-related long-
period differences was generated and so on.
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This iterative process was continued for four iterations. Figure 6 shows an equivalent
scatterplot to Figure 5 with the estimated long-period differences removed. If the sepa-
ration were perfect, all that would be left would be the H, , effects and wave energy. The
change from Figure 5 is not dramatic because the sea level differences between the systems
appear to be dominated by the H,,; dependence. The fit to the difference between the
acoustic system and CU system vs. the NOAA acoustic sample standard deviations
produced a threshold of 0.167 m and a slope of —~0.06547 m/m. The fit to the difference
between the NOAA Digibub system and the CU system produced a threshold of 0.241 m
and a slope of 0.08256 m/m. The fit to the difference between the NOAA Next Generation
acoustic system and the NOAA Digibub system produced a threshold of 0.223 m and a
slope of —0.14894 m/m.

Figure 7 shows the resulting estimate of the non-H, ;-related differences between the
systems. As can be seen, there are long-term variations between the systems of approxi-
mately *2 cm. The source of these variations is not well understood. By comparing the
three plots, one can determine which of the instruments is different than the others at a
given time. Around day 340 there is a positive departure in the differences between the
NOAA acoustic sea level and the sea levels from the other two systems, indicating that
during this period the acoustic system differed from both the Digibub and CU systems.
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Figure 5. Scatterplot of sea level difference between NOAA acoustic and NOAA Digibub data
with the standard deviations of the NOAA acoustic system.
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Around day 440 there is a negative departure between the CU sea level and the other two,
indicating that during this period the CU system differed from both the NOAA acoustic
and Digibub systems.

Raw sea level differences between the acoustic and Digibub systems have a mean of
—1.5 cm and a standard deviation of 3.4 cm, the differences between the acoustic and
CU systems have a mean of —0.8 cm and a standard deviation of 2.9 cm, while the
differences between the Digibub and CU systems have a mean of 0.5 cm and a standard
deviation of 2.7 cm. Upon removal of the estimated H,,; effects and surface gravity
waves, these become 0.4 cm and 1.6 cm, 0.4 cm and 1.4 ¢cm, and —0.2 cm and 1.5 cm,
respectively. It is encouraging that with the H,,,-dependent effects and waves removed
the systems agree to better than 0.5 cm in the mean and the differences have standard
deviations on the order of 1.5 cm.

Absolute Sea Level

As was seen in the previous section, there is a strong H,,; dependence in the differences
between sea level measurements from the different systems at Platform Harvest. In the
sea level differences, sea level changes due to tides and other oceanographic effects cancel
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Figure 6. Scatterplot of sea level difference between NOAA Next Generation and NOAA Digibub
data with low-frequency component removed vs. the standard deviations of the NOAA Next
Generation system.
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Figure 7. Low-frequency non-H, ,-related component of sea level differences shown in Figure 4.
Extended DOY is days after 0 h Dec. 31, 1991.

out, and so H,,; dependence is easier to detect. This section explores estimating the H,,
dependence from the sea level data itself by removing a tidal prediction based on a year
of acoustic system data (Gill and Parke, 1995). In doing this, it is assumed that the natural
H,, dependence of sea level is smaller than the instrument effects.

Figure 8 shows the residuals for each of the systems when the tidal prediction is
removed. In each case there is a lot of background variation and the H,,; dependence is
hard to detect visually (although the dependence does show up in scatterplots of residual
vs. the NOAA acoustic sample standard deviations for the Digibub and CU systems).
The iterative procedure of the previous section was used to provide a first-order separation
between H,, effects, long-period non—H, ;-related variations, and waves.
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After six iterations, the estimate of the long period non—H,,;-related variations is
given in Figure 9. This dominantly represents nontidal oceanographic changes at the
platform. Gill and Parke (1995) show that these sea level changes are dominantly a
response to atmospheric pressure.

The fit to the H,,; dependence (with the NOAA acoustic sample standard deviations
once again being used as a surrogate for H,,;) produced a threshold of 0.130 m and a
slope of 0.0060 m/m for the NOAA acoustic system data. A fit to the NOAA Digibub
data produced a threshold of 0.217 m and a slope of 0.1141 m/m. A fit to the CU data
produced a threshold of 0.251 m and a slope of 0.0766 m/m. This suggests that the
strongest H,,; dependence is in the Digibub system while the smallest is in the acoustic
system. The mechanism for the Digibub system H,,; dependence is probably that during
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Figure 8. Sea level data with a 1-year tidal prediction based on NOAA acoustic data removed
Extended DOY is days after 0 h Dec. 31, 1991.
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times of high H,, the effective measurement point of the system is driven up into the
orifice chamber producing a bias in the measurement. The mechanism for the H,,; depen-
dence of the CU system is not known but may be related to the design of the cage in
which the depth sensors are located.

Discussion

It has been shown that the standard deviations of the NOAA acoustic system can be used
as a first-order measure of H,,, at Platform Harvest. There is a clear relationship between
these standard deviations and the differences in sea level between the systems. This
implies that there is an H,,, dependence in at least two of the systems. However, there is
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no way to use the differences between the systems to determine the H,,, dependence of
each individual system.

It is encouraging that when an H,,, adjustment is made to the sea level differences
and waves are filtered out, the sea level systems agree in the mean to better than 0.5 cm
and the differences have a standard deviation of about 1.5 cm. It is also encouraging that
there is no evidence of drift between the systems.

A first-order estimate of the H,,, dependence was found by removing a 1-year tidal
prediction from each of the sets of measurements and seeking an H,,, dependence in the
residuals. This approach is limited by the fact that there will be in general real H, ;-related
changes in sea level. It is assumed that the real-world H,,; dependence is much smaller
than the instrument dependences. The H,, dependence presented here was used in a
TOPEX/Poseidon closure analysis (Christensen et al., 1994). It should be noted that the
algorithm for altimeter H,,, estimates is empirically determined and may also incorporate
real-world H,,; dependencies.

The H,,; dependence found here occurs only above a threshold value of H,,;. Because
of this, it would not be expected to observe any H,,; dependence in sheltered waters such
as harbors, rivers, or lagoons. It is only in the harsh open ocean environment, such as
that in the EG&G (1985) study or at Platform Harvest, that sufficiently high sea states
routinely occur. The H,,; dependence of the instruments should be revisited in the future
when there are at least data from one complete seasonal cycle. With enough data, the
natural H,,; dependence of sea level can be investigated. For example, H,, is correlated
with atmospheric pressure and atmospheric pressure is correlated with sea level. If these
relationships can be sufficiently understood, then the above estimates of the instrument
corrections can be repeated with a realistic natural H,,; dependence for sea level rather
than assuming that there is effectively none.
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