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ABSTRACT: We identify and characterize an error in the National Data Buoy Center (NDBC) wave records due to the
sustained tilt of a buoy under high winds. We use a standard, operational 3-m aluminum discus buoy from NDBC with two
wave systems, one gimballed, and the other strapped down but uncorrected. By comparing the two, we find that the most
extreme significant wave heights are systematically overestimated. The overestimation is shown to be confined to a region
around the peak frequency in the spectra: 0.05-0.15 Hz. Wave direction and directional spread are unaffected. A bias due
to tilt error can be observed starting at winds of 10 m s~ ' or wave heights of 4 m. The bias increases as a function of wind
speed and wave height, i.e., the bias is +10% when winds are 20 m s~ '. Very high waves and winds are relatively rare, so
while the tilt error does not affect overall statistics and basic analyses it could potentially affect analysis sensitive to the ex-
tremes. A correction is derived for significant wave height, which is a quadratic function of wind speed. The correction is
shown to reduce wave heights in uncorrected records, but is found inadequate for general use. There is evidence of tilt
error at other NDBC stations, but the full extent of prevalence in the record is not known at this time.
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1. Introduction

The National Atmospheric and Oceanic Administration
maintains the National Data Buoy Center (NDBC) as an op-
erational headquarters for ocean weather data. NDBC data
are mission critical to the National Weather Service; NDBC
data are ingested and used to produce weather and marine
forecasts. Therefore, providing current and reliable oceano-
graphic and meteorological information in support of forecast
centers is NDBC'’s primary purpose, and the data collected typi-
cally serve this purpose within about 6 h of being recorded.
NDBC buoy design is linked to this mission and thus is based on
robustness, reliability, and, in an environment of ever increasing
demands and shrinking resources, cost effectiveness. They have
a number of standards in place that assure that, on average, their
wave measurement products of significant wave height, peak pe-
riod, and peak wave direction are withing a certain tolerance
(NDBC 2009). Most new systems are evaluated against older
systems before becoming operational.

NDBC'’s purpose is important to keep in mind when using
their data for purposes outside the scope of their mission. An
illustrative example comes from wave climate studies that
require long records—record lengths only available from
NDBC. Gemmrich et al. (2011) questioned previous studies
of trends in the northeast Pacific wave climate, specifically
Allan and Komar (2000), Gower (2002), Menéndez et al.
(2008), and Ruggiero et al. (2010). Gemmrich et al. (2011)
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showed that step changes in the mean wave height, an artifact
of operational changes to the buoys overtime (or poor data),
exacerbated ostensible trends. Moral of the story: small arti-
facts can go undetected because NDBC’s standards and
checks are limited by their mission scope, and these artifacts
could wreak havoc on your analysis.

The value of a long wave record is obvious in a changing cli-
mate, so the more we understand about these artifacts the
better. In this spirit, we document another data artifact in the
NDBC wave height record. A particular version of NDBC
wave measurement system overestimates significant wave
heights compared to standard measurements. The overestima-
tion is only significant for the high wave heights (Hgs > 4 m) re-
cords, and thus affects only a very small percentage of the total
time series, depending of course on the local wave climate. Al-
though the population of wave heights affected is small, some
analyses would be very sensitive to this error including, e.g.,
extreme value analysis, calculating trends and variability of the
99th+ percentiles.

The artifact is due to heel, or sustained tilt, of the buoy. To
understand why this is important, recall the time series of sea
surface elevation at a single point can be measured, in princi-
ple, by a vertically stabilized accelerometer on a platform that
follows the surface. This is the physical basis of a wave mea-
surement from a buoy: they carry an accelerometer and bob
with the waves. Within the buoy, an accelerometer can be sus-
pended in a viscous fluid on a gimbal so that as the buoy
pitches and rolls the accelerometer is always measuring the
true vertical. This is the design of the iconic HIPPY 40 sensor
(abbreviated as HIPPY) produced by Datawell BV. If not
gimballed, the sensor is mounted in a static position within
the buoy. This is referred to as “strapped down,” and the ac-
celerometer collects data in the frame of reference of a buoy
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that has the usual 6 degrees of freedom: heave, pitch, roll,
surge, sway, and yaw.

A strapped-down accelerometer could introduce a bias into
significant wave height given a sustained heel. There can be
over- or underestimation depending on the relative orienta-
tion of the heel to the axis of the buoy’s heave accelerometer.
This is demonstrated in Bender et al. (2010), hereafter B10)
and Riley et al. (2011), hereafter R11). Given the 6 degrees of
freedom are measured (e.g., from an inertial motion unit) and
the orientation on Earth (compass bearings), one can account
for heel using an Euler angle transformation (e.g., Anctil et al.
1994). Assuming small angles, the transformation effectively
takes the measurement from a buoy reference frame to an
Earth reference frame giving true vertical displacement
(Drennan et al. 2014; Collins et al. 2014)."

The buoy feels a drag force due to wind on the air side of
the buoy. Wind pushes the buoy in space, once the mooring
nears its maximum extent it limits the movement of the buoy
with force in the opposing direction applied to bottom of the
buoy. The balance of wind and mooring forces results in heel.
The heel projects a component of gravity out of the vertical,
which is measured as an acceleration. Here we show that the
overestimation is shown to be confined to frequencies
0.05-0.15 Hz; this band corresponds with the spectral peak
when wave heights are large. Wave direction and directional
spread are relatively unaffected. We observe the effect start-
ing at winds of 10 m s ', and it increases as a function of wind
speed. Because high winds and high waves tend to cooccur,
the effect is shown to be most prevalent in high waves. A cor-
rection is derived for significant wave height, which is a qua-
dratic function of wind speed. The correction is shown to
reduce wave heights in uncorrected records, but it is not ap-
propriate for general use. There is evidence of this effect at
other NDBC stations, but the full extent of prevalence in the
record is not known at this time.

2. Methods

In this study we analyze data from a strapped-down sensor
prior to the implementation of tilt correction. The data come
from a standard operational NDBC 3-m aluminum discus
buoy deployed with two wave sensor packages—one gim-
balled, one strapped down—at station 46029. NDBC station
46029, known as Columbia River Bar, is located on the Pacific
coast continental shelf approximately 37 km west of Columbia
River Mouth in depth of 134 m (see Fig. 1). The Pacific North-
west is known for large waves produced by strong winter lows
(e.g., Tillotson and Komar 1997). The strapped-down system
used a MicroStrain 3DM-GX1 accelerometer (3DMG), proc-
essed with NDBC’s Digital Directional Wave Module (DDWM)
v2.0 (Teng et al. 2009). The other system was a HIPPY 40
sensor processed by NDBC’s Wave Processing Module (WPM)
(Chaffin et al. 1994). The dual-sensor time series is about

!'This procedure is also referred to as a “tilt correction” or
“numerical vertical stabilization,” and the error caused by not ac-
counting for it is sometimes referred to as “the Bender effect.”
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5 years long, from 2011 to 2016. Some analysis on these data
has been presented by NDBC at conferences and are gener-
ally consistent with our findings (Bouchard et al. 2013,
2014, 2016). The total number of paired observations for
the period of record was 30893. In addition to buoy 46029,
Coastal Data Information Program (CDIP) station 179 (NDBC
46248) was moored about 15 km to the west in a depth of
175 m. CDIP station 179 was a Datawell Directional Waver-
ider using a HIPPY 40 sensor. The total number of tripleted
observations was 23207. Of special relevance is the compari-
sons by O’Reilly et al. (1996) and Jensen et al. (2021).
O’Reilly et al. (1996) showed good agreement between a
NDBC 3-m discus buoy with a HIPPY sensor and a Datawell
Waverider on wave energy and mean wave direction in the
spectral band 0.06-0.14 Hz. Jensen et al. (2021) showed
excellent agreement between a tilt-corrected 3DMG and a
HIPPY 40 that were mounted on the same 3-m discus buoy,
their data serve as a benchmark from which we present com-
parable figures in the appendix.

The 3-m discus buoy has a weather vane on the frame that
is a standard part of its design, an example of which is shown
in Fig. 2. Thus in high winds, the buoy is always oriented
within 45° of the wind (not shown).

Frequency spectra and the four directional moments are avail-
able from each sensor package on the 3-m discus and the Waver-
ider. The NDBC wave modules produced similar spectra for
both 3DMG and HIPPY sensors. For comparison, the Waver-
ider spectra were interpolated to the NDBC spectral bands, and
then for all we used the range 0.035-0.485 Hz. Spectral parame-
ters were recalculated from the frequency spectra S(f) as follows:

0.035
N )
0.485
Hs = H,, =4\/nT, (2)
0.035
j S*(f)df
To=has ®
15 (f)df
10.485

The spectral moments m,, are frequency weighted integrals
over the spectrum; Hy is the significant wave height, which is
the mean of the highest 1/3 wave heights; and 7,4 is a metric
for the frequency of the spectral peak (Young 1995). The di-
rectional parameters of mean wave direction 6(f), directional
spread o(f), and mean direction at the spectral peak 6(f,) were
calculated from the first two directional coefficients, a;(f) and
b1(f), which relate the co- and quadrature spectra to the direc-
tional-frequency spectrum (Longuet-Higgins et al. 1963):

6(f) = arctan Zlg; , “
1

o(f) = /1 — /(@ + bd), 5)

6, = 6(fp) and f, = max¢[S(f)]. (6)
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FIG. 1. Map of the study area with land shown in gray. (left) A regional map showing western Washington State.
(right) A zoom of the coastal area near the buoys. The 3-m discus buoy is shown in blue and the CDIP buoy is shown
in red. Water depth is shown on a color scale with units of meters.

Figure 3 shows the time series of wind and wave parameters av-
eraged daily. The time series considered contains a wide variety
of conditions with typical seasonal variation including wind speeds
up to 24 m s~ !, with H up to 10 m and peak periods that range
from 5 to 25 s. The wave direction is primarily from the west and
northwest. The time series qualitatively shows good agreement
for Hg and T),4. There is episodic disagreement between the sen-
sors on the 6,,. This is typical when multiple seas of similar energy
are present, and either direction could be chosen as the peak di-
rection given innate sampling variability. Next we examine spec-
tral parameters in detail to identify and characterize the tilt error.

3. Results
a. Identifying tilt error
1) TIME SERIES

Figure 4 shows a detailed look at the Hy time series that spans
about 6 weeks. The time series of significant wave height shows
very close correspondence between the three systems, with the
exception that the 3DMG has an elevated peak compared to ei-
ther the HIPPY or the Waverider during the highest wave event.

2) COMPARISON

Figures 5a—c show the scatterplot with 50%, 90%, 99%,
and 99.9% quantiles are also indicated. Table 1 gives the cor-
relation coefficient (R?), bias, and root-mean-square errors
(rmse). The scatterplots and error statistics show nearly iden-
tical comparison between either 3-m discus system and the
Waverider. The differences are small considering sampling
variability and 15-km distance between buoys (e.g., Collins
2012). The scatterplot between the two systems on the 3-m
discus buoy shows very little scatter (0.07- versus 0.23-m
rmse). This is because mounting the two systems on the same
platform essentially removes the sampling variability. How-
ever, there is a noticeable shift in the bias and rmse as a func-
tion of increasing wave height. As wave height increases, the
3DMG overestimates wave height. Indeed the g—g plot shows
that there is a noticeable divergence from the 1:1 line
around 99% level (~6 m) and continues to diverge as wave
height increases.

Apparently, the tilt error is undetectable in the statistics un-
til an appreciable percentage of the data are affected. Indeed,
p values from a Kolmogorov-Smirnov test are shown in Fig. 6
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FIG. 2. An example of a 3-m aluminum discus buoy (image from
https://www.ndbc.noaa.gov/images/buoys/3moly.jpeg).

for data populations subject to various thresholds. Depending
on your chosen significance value, the population distribu-
tions are not statistically different, i.e., the difference was
unlikely to arise randomly, until a threshold of about 4 m.
Whereas when distributions from both 3-m discus systems are
compared to the that from the Waverider, they fail the null
hypothesis without thresholds.

We check the error statistics for a particular threshold, 6-m
Hg, which is approximately the 99th percentile. Table 1 gives
error statistics for high waves (=6-m Hy). The scatter for very
high waves is expected to increase because the sampling vari-
ability increases as a function of wave height [e.g., Eq. (11) of
Anctil et al. 1993]. The dual system still compares relatively
well with high correlation reasonable rmse, but the 3DMG is
biased nearly 0.3 m higher than the HIPPY about 4.3%. There
is a 0.15-m difference in bias between the Waverider and the
two systems, with the HIPPY biased low by 0.26 m and the
3DMG biased low about 0.11 m. Without the wave height
threshold, the tilt error is buried. Even with a 6-m threshold, the
0.30-m bias between the systems is reduced to a 0.10-m difference
compared to a buoy only 15 km away where waves are apparently
slightly larger farther out to sea.
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Next, we perform a similar analysis but instead of threshold-
ing by wave height, the data are binned by wave height.
Figure 7 shows the percent bias and normalized rmse (nrmse)
between wave heights measured by the 3DMG, HIPPY, and
Waverider. For each pair, error is calculated for each wave
height bin; bin widths are 1 m. From 1- to 4-m H, the Waver-
ider measured 5% higher wave heights than either system on
the 3-m discus buoy. This is because the buoy is farther out to
sea, and the waves are dissipating over the shelf as they ap-
proach the coast. The difference between the Waverider and
the HIPPY remains constant near —5% over all wave heights,
whereas the bias increases for the 3DMG as a function of wave
height. For the 3DMG relative to the HIPPY, there is slight
negative bias until about 3 m. There is an almost linear increase
in the relative bias from 0% at 4 m to 6% at 8 m. The compari-
son between the Waverider and the 3DMG is ostensibly better
for high wave heights than that of Waverider and HIPPY, but
only because an error is compensating for what should be real
differences. Notice that the error bars (nrmse) are much larger
between 3-m discus and Waverider (15%-20%) compared to the
two collocated systems (5%). Even within 15-km distance, there
is a systematic difference between the two 3-m discus systems rel-
ative to the Waverider, but the difference in bias is small com-
pared to the random error. Only for the highest wave height
bins is the difference in systematic error a comparable magni-
tude to the random error. It appears that wave measurements
are accurate, such that with enough measurements we can
identify small systematic differences (<5%), but the precision
is limited by sampling variability.

3) DISTRIBUTIONS

A slightly different perspective comes from the empirical
distributions, which are similar to g—q plots in that time infor-
mation is discarded. Figure 8 shows the long term empirical
distribution from each sensor (for the same times). The distri-
butions are nearly identical below 7 m. At 7 m, the HIPPY
sensor and the Waverider diverge from the 3DMG, which
maintains a higher probability into the most extreme wave
heights. The divergence grows as a function of wave height
(or probability level). At the 0.1% level, HIPPY,
Waverider, and 3DMG measured 7.9, 8.0, and 8.3 m, respec-
tively, and at the 0.01% level, 8.8, 9.0, and 9.8 m, respectively.
Although there is uncertainty due to the reduced number of
samples in the tail of the distribution, there is clearly a diver-
gence in 3DMG from the other two sensors. The difference is
about ~1 m (13%) at the 0.01% level.

b. Characterizing the error
1) SPECTRAL CHARACTERISTICS OF TILT ERROR

In this and the following subsections, we characterize the
tilt error of the 3DMG assuming the HIPPY system on the
same 3-m discus to be ground truth. In Fig. 9, frequency spec-
tra are binned by wave height and the percent error is shown
as a function of frequency. The errors below 0.06 are likely re-
lated to low signal-to-noise and the application of different
low-frequency cutoffs (Earle 1996). Outside of the very low
frequencies, the largest error (20%) occurs in the vicinity of
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FIG. 3. Time series of (from top to bottom) wind speed, significant wave height, peak period, and peak direction.

the peak frequency for the highest wave heights, and falls off
sharply toward the high frequencies. The errors also drop as
the frequency increases until the energy is underestimated at
all frequencies > 0.25 Hz. This underestimation is nearly the
same across wave height bins indicating that it is not related
to tilt. (Although 20% underestimation may be of concern for
certain applications, the difference in energy is small because
rear face of frequency spectra tend to decay with f~*.) This
shows that the overestimation related to tilt is confined to the
energy around the spectra peak.

—3DMG

10/ —HIPPY
9 ] Waverider |
o \
7 ’
E 6| l |
w
T

11/0412  11/11412 111812 11/25M12  12/02/12 12/09M12

FIG. 4. Short time series extracted from Fig. 3b of significant wave
height.

Similarly, Fig. 10 shows the spectra as binned percent error
in Hg, and where the error is distributed across the spectra.
The subsets are selected from all cases of HIPPY Hg > 6 m
and Hg percent error threshold, where all data with Hg per-
cent errors greater than 1%-20% are shown. Top plot shows
the mean spectra from HIPPY and the bottom plot shows the
mean percent difference between 3DMG and HIPPY. The
spectral shape can be thought of as a weighting function for
the error that is distributed across frequency space. For
most spectral bands at or above the peak, the mean spectra
are ordered by error where the highest error corresponds to
the spectra with the highest energy, but there is also over-
lap. As the percent error in H increases, it appears as an in-
crease in the error around 0.05-0.10 Hz, which corresponds
to the location of the peak frequency. Although there ap-
pears to be significant underestimation in the high frequen-
cies, this does not affect Hg because the weight is low in the
tail of the spectrum.

2) DIRECTIONAL CHARACTERISTICS OF
THE TILT ERROR

Figure 11 shows the difference between HIPPY and 3DMG
measurement for mean direction and directional spread
binned by wave height. There are no meaningful differences
between the two systems for mean direction, on average the
bias falls within quality standards of =10° defined by NDBC
(https://ndbc.noaa.gov/rsa.shtml). There are systematic
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FIG. 5. Scatterplots with density shown in color. Specific quantiles are indicated at the 50%, 90%, 99%, and 99.9%
levels with a red dot against a black dashed 1-1 line. (a) 3-m discus HIPPY vs 3-m discus 3DMG. (b) Datawell Waverider
vs 3-m discus 3DMG. (c) Datawell Waverider vs 3-m discus HIPPY.

differences that appear in the very low frequencies below the
typical peak frequencies, with no apparent delineation as a
function of wave height. The information in this region is
likely dominated by noise or artifacts. The directional spread
shows systematic differences where 3DMG measures higher

directional spread through the energy containing frequencies.
The error, both systematic and random, appears to improve
as wave height increases. We can conclude that tilt error does
not have a meaningful impact on the measuring wave direc-
tion and directional spread.

TABLE 1. Error statistics including correlation coefficient (R?), bias, and root-mean-square error (rmse).

HIPPY Waverider
Sensor R? Bias (m) rmse (m) R? Bias (m) rmse (m)

3DMG 1.00 0.003 0.070 0.97 —0.088 0.241
HIPPY 0.97 —0.087 0.222
HS =6m

3DMG 0.88 0.29 0.42 0.57 -0.11 0.68

HIPPY 0.52 —0.26 0.65
Hg = 6 m and two-part correction

3DMG 0.93 —0.03 0.18
Hg = 6 m and Hg-only correction

3DMG 0.88 —0.06 0.25
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FIG. 6. The p value from two-sample Kolmogorov—Smirnov test as
a function of threshold wave height.

¢. A parametric correction for Hg
1) FIT TO ERROR

Using HIPPY as ground truth 30893 paired observations,
we can visualize 3DMG error as a function of both significant
wave height and wind speed. According to B10 and R11, the
major source of sustained tilt is due to the action of wind on
the buoy. If this is true, then this error should increase as a
function of wind speed. And indeed it does as shown on the
right-hand side of Fig. 12. Figure 12 shows that both the abso-
lute and relative (normalized by the wave height) differences
increase as a function of wave height and wind speed for the
period of record when both sensors are reporting. There is a
slight negative bias at low wave heights and wind speeds.
Starting at Hg = 4 m or U = 10 m s~ ", this shifts to positive
bias that continues to increase in magnitude as a function of
wave height and wind speed. The increase of relative error ap-
pears to be linear with wave height and quadratic with wind
speed.

5
—+(3DMG-HIPPY)/HIPPY
~1-(3DMG-Waverider)/Waverider
(HIPPY-Waverider)/Waverider

1“ Hﬁﬁw%'d%

o

| -‘/_‘_‘/__.—

percent bias [%]
o

1 2 3 4 5 6 7 8 9
Hg [m]

FIG. 7. Relative bias as binned with wave height. The nrmse is
shown with vertical bars. HIPPY vs 3DMG in blue, Waverider vs
3DMG in red, and Waverider vs HIPPY in yellow.
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FIG. 8. The empirical cumulative distribution function from
HIPPY (blue), 3DMG (red), and Waverider (yellow).

Since NDBC does not transmit tilt data, the best proxy is
wind speed. Therefore, it is desirable to develop a correction
based on wind speed. We start with a quadratic fit to the data
as a function of wind speed. As evident in the fit to the data in
Fig. 13, the correction is useful when the winds are over about
10 m s~ L. The correction did not fully eliminate the linear
trend as a function of wave height, so an additional step based
on a linear fit to the difference as a function of wave height
was applied. This two-part correction could be used when
wind speed is available. If wind speed is not available, then
one could use just a linear wave height correction.

2) HOW TO APPLY A CORRECTION

The corrections were derived from relative error space, so
it is applied with the following equations:

c1 =aU* + U + a3, 7

Hs, = Hs(1 — ¢1)/100. (8)

]

30

20

percent error [%]
o

0.05 0.1

0.15 0.2
frequency [Hz]

025 03

FIG. 9. Percent bias as a function of frequency. 3DMG spectra
evaluated against HIPPY spectra. Colors are wave height bins as
indicated in the legend.
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FIG. 10. As in Fig. 9, but binned by Hy percent bias. (top) The
spectral shapes as measured by HIPPY are shown for the different
error bins indicated by color. (bottom) How the error, (HIPPY —
3DMG)/HIPPY, is distributed across frequency space.

The coefficients were determined by the quadratic fit above:
ay = 0.057, a, = 0.6217, and a3 = 0.3145. Now, the second part
of the procedure (or the only part if wind speed is unavailable)
applies to wave heights greater than 4 m:

C = blHS + bz, (9)

Hs, = Hs, (1 = ¢2)/100. (10)

For the two-part correction, by = 0.06455 and b, = —2.576.
If wind speed is unavailable, the coefficients are then b; =
1.4804 and b, = —5.6255. We applied both the two-step and the
Hg-only correction and recalculated the statistics in Table 1.
The Hg-only correction provides a marked improvement and
the two-step is better still. Figure 14 shows the wave height
distribution plot with the corrections applied. Although some
small differences remain for return periods of wave heights
5-7 m, beyond 7 m the corrections lead to a distribution more
consistent with the HIPPY distribution. There is little differ-
ence between the two correction methods.

4. Discussion

We compared data from a strapped-down wave system on
an NDBC 3-m discus buoy to a gimballed system on the same
buoy and to a nearby Waverider. We uncovered evidence of
an error due to not correcting for sustained tilt of the buoy. It
was difficult to identify because it progressively affects high
wave heights and wind speeds, and thus it is not significant for
the majority of the data. Identifying the error is only possible
after thresholding for high wave heights (Fig. 6). Using a buoy
only 15 km away, we could no longer identify the error with
precision due to sampling variability and slight inhomogeneity
in the wave field. Even with good metadata identifying the
NDBGC stations affected by tilt error, it may be difficult to es-
tablish a baseline for comparison. The error is found to be
most prevalent in high waves and high winds. This is because
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FIG. 11. The difference between HIPPY and 3DMG for (top)
wave direction and (bottom) directional spread as a function of fre-
quency. The color indicates binning by wave height with bin cen-
ters from 1 to 8 m (blue to red) as defined in Fig. 9. The mean of
all bins is a dashed black line. Error bars are given for directional
spread representing plus and minus one standard deviation.

the heel is controlled mostly by wind force on the buoy and
high winds and large waves tend to cooccur and be more or
less aligned,® particularly in large, slowly developing extra-
tropical and polar lows that frequent the eastern Pacific.

Since wind is the primary mechanism inducing heel, and
wind also controls the orientation of the buoy through drag
on the weather vane, the bias (magnitude and direction) is de-
termined by the relative angle between the weather vane the
accelerometer. R11 showed positive bias when tilt was ori-
ented along the axis with the weather vane (following winds
or head on winds), negative when at 90°, and slightly positive
when at 45°. B10 showed an overestimation of 60% around
the peak of Hurricane Katrina, but what is often overlooked
directly following the overestimation, there was underestima-
tion of 43%. This was due to a unique situation where ex-
treme surge was relaxing and dragging the buoy along,
mooring anchor and all. The mooring line likely reached its
maximum extent, exerting some force on the buoy through
the bridle that, in turn, controlled the buoy heel. As demon-
strated in Fig. 16 of B10, the orientation of the heel was deter-
mined by the wind until the point where the buoy was
dragged, then orientation of the heel was somehow deter-
mined by relaxing surge. The result was overestimation then
underestimation. The surge relaxation is likely extremely rare
and we speculate that wind is the primary mechanism for
buoy heel in the NDBC database at large. Furthermore, a
buoy with a weather vane, like most 3-m discus buoys, always

2 Tropical cyclones offer a counterexample (Collins et al. 2018,
2021).
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FIG. 12. Hg bias and percent bias as a function of wave height and wind speed. The blue dots are each individual mea-
surement; the black line with error bars is the bin average (bias) and standard deviation (rmse).

faces within 45° of the wind direction. This is why, in contrast
to B10, we observe on average only positive bias.

Along with bias, variability also increases with wave height
and wind speed. This is expected when accounting for sam-
pling variability, but these two systems are sampling the same

20 : ) e .
- data U<10 : . .

- data U>10 b #

15| -Fbin average

- - fit to data U=10

--fit digitized from B10

10

Percent Error [%]
w

5 10 15 20 25
Wind Speed [m/s]

FIG. 13. As in Fig. 12d. Now red dots indicate data with wind
speed > 10 m s~ . A dashed line shows a quadratic fit to the red
data. A dash—dotted line is a digitized fit to the data from Fig. 17
of B10.

buoy motion. We do not know the cause of the variability, so
here we venture some speculation. As the winds and waves in-
crease, a buoy is forced to the edge of its mooring scope
through wind drag on the structure. A counterforce is only
felt once a buoy reaches the edge of its watch circle when the
mooring is taut. So the heel is actually due to the counterforce
being applied through the bridle on a taut mooring below the
surface in response to a wind force above the surface. Forces
of opposite sign applied to the top and bottom of a solid form
create a moment, and the object rotates in response to the
moment. Perhaps the reason that the error is higher in B10 is
the water depth of 19 m, and thus a much shorter mooring.
The hypothesis is that for a short mooring it would require
less work (and time) for a buoy to reach its maximum extent
and thus tilt would be more prevalent. Varying winds would
push the buoy around in a circle before it had a chance to
reach its maximum extent. Whether or not the mooring is taut
controls the tilt and introduces variability. Logically, a longer
mooring would have more variability and less total bias than a
short mooring.?

Figure 13 shows the relative error as a function of wind
speed. Also shown is a digitization of the fit in the bottom
panel of Fig. 17 in B10. One can draw some similarities from

3 If the data exist to test this hypothesis, please let us know.
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FIG. 14. Wave height distributions from HIPPY (blue), 3DMG
(red), 3DMG with two-part correction (yellow), and 3DMG with
Hj-only correction (purple).

the curve of the fit from B10 to the curve of fit derived here,
but there is a significant offset. One reason is that B10 had ac-
cess to raw signals of uncorrected and corrected to compare.
Here we treat the gimballed system as ground truth. Appar-
ently there is a small offset between the two systems, about
0.5% before tilt error becomes apparent. In addition their
buoy was in 19-m water depth, and their data are limited to
one very extreme case study. Regardless, the parametric error
correction derived from our dual-system comparison would
not have performed well for the case B10.

The parametric correction was derived from a fit to the er-
ror. It is likely that the error, and thus the coefficients of the
fit depend on several factors. The windage would be altered
by different hull types and differences in superstructure, e.g.,
the use of a seal cage. The mooring force would be affected
by depth and mooring design. Both forces on the buoy de-
pend on the local wind and wave climate. The platform exam-
ined here is a standard 3-m aluminum discus buoy in
relatively deep water during the DDWM era, and we would
caution against applying it to anything else. Other buoy hulls
will almost certainly require a different correction, or perhaps
not require a correction at all. For example, Collins et al.
(2014) found that a NOMAD-type hull buoy required no tilt
correction for significant wave height (though it did matter
for the very highest individual waves). This is because the
heel of that buoy was not controlled by windage but by the
balance between the buoyancy and the ballast attached to a
keel on the bottom of the buoy. Other factors, say, depth and
the potential for the mooring to be under tension may also
have an effect on the heel. Last, since orientation matters, we
do not know how consistent NDBC was when mounting the
IMU s relative to the weather vane. All of these factors pre-
vent general application.
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a. Specific application

Short of an exhaustive list of NDBC stations affected, for
this publication we have identified several stations and time
periods in Table 2.

Table 2 details deployments of three other stations with
3-m discus buoys with a strapped-down accelerometers using
DDWM firmware < v2.03. Stations 41002 and 42056 were
aluminum and 41013 was foam. After this period the firmware
was updated, so data after this period would have been tilt
corrected. Stations 41002 and 42056 used different hulls prior
to the 3-m discus, and station 41013 used the same form factor
but with a foam composition. First, let us take a look at the
data from before and after the implementation of tilt correc-
tion (via firmware upgrade).

Figure 15 shows the long-term distribution of wave heights
at each location. The colors indicate status of the buoy either
before the firmware update (uncorrected) or after (firmware
update). Also shown are the application of the parametric
corrections applied to the uncorrected data. To deal with the
variable size of the records, we took a equal number of ran-
dom subsamples from each record, 12000 for 41002 and
42056 and 8000 for 41013. We repeated the process 1000 times
and took the mean. All records show significant differences
between the corrected and uncorrected records. The uncor-
rected and firmware updated distributions are similar until
they deviate near 4-m Hg. We interpret this as evidence of tilt
error in the buoy record during that uncorrected time period.

There are data at each station prior to the uncorrected
data, but for most stations the hull types were significantly dif-
ferent: 6-m NOMAD or 10- or 12-m discus. Since the hull
type likely effects the heel, these were not suitable for com-
parison. For station 41013, the metadata indicated that prior
to the use of a strapped-down accelerometer, there was 3-m
discus with a HIPPY 40 module, so we include it in the center
panel of Fig. 15). The material of the hull is different, al-
though with a similar shape the wind force over hull structure
should be similar. This being said, how buoy material effects
heel is not known. The distribution from HIPPY sensor
matches nicely with the distribution after the firmware up-
date. This suggests that the implementation of tilt correction
in the firmware update was effective.

Although the parametric correction developed nudges the
distribution in the right direction, it does not match the post
firmware update distributions. Even accounting for hull and
depth (station 41002 and 42056), evidently there are still other
factors. At all three stations, the tilt errors were apparently
larger than those found in the dual-system buoy. At station
41013, the distributions are similar until Hg = 4 m, and then
distributions drastically diverge with differences greater than
3 m. This location has relatively shallow water, perhaps wave
shoaling and breaking, and strong currents, all these factors
may work to increase the buoy heel.

b. Prevalence

Even if we cannot confidently correct the data at present,
one may like to know whether or not the data they are analyz-
ing contain this type of error. The first NDBC wave buoys
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TABLE 2. Sample table caption and table layout.
Nominal Nominal location
Station Name depth (m) (lat, lon) Service dates Hull notes
41002 South Hatteras 3950 31.989°N, 74.962°W 18 May 2012-12 Apr 2016  Prior: 6-m NOMAD
12-m discus
41013 Frying Pan Shoals, 33 33.441°N, 77.764°W 23 Aug 2011-11 Sep 2015 Before 2005: 3 m with HIPPY
North Carolina
Scoop after 2015
42056 Yucatan Basin 4554 19.820°N, 84.945°W 17 May 2011-3 Apr 2014 Prior: 12-m discus

deployed in the late 1970s used gimballed systems. Sometime
in the 1990s they began testing and implementing systems
that were strapped down. Internal investigations by NDBC
did not show a significant difference between the strapped-
down and gimballed systems [Teng et al. (2009) and an un-
published study referred to in R11]. The comparisons were
limited to wave heights < 3.2-m Hj. Our work shows that the
tilt error would not have appeared within this wave height
range. By the 2000s, most NDBC buoys were using a
strapped-down sensor and the DDWM payload. B10 revealed
the importance of tilt correcting in large waves generated by
Hurricane Katrina, and, ostensibly in response, NDBC imple-
mented a tilt correction in the DDWM later 2011 (R11). This
update came in version 2.03 of the DDWM firmware, which
had to be updated manually during regular buoy mainte-
nance. Therefore, NDBC buoys with DDWM with version <
2.03 were not tilt corrected until sometime (possibly years) af-
ter the 2011 update. Using this information it is possible to
catalog stations potentially affected by this error if detailed
metadata are available. Indeed, this was how the three sta-
tions examined above were identified. Obviously, there are no

guarantees that tilt error is the only issue affecting the data.
The bigger obstacle to knowing whether or not data are af-
fected is that, at the time writing, there are no publicly avail-
able metadata with firmware and module information.
However, there is work underway at NDBC and elsewhere to
collect, curate, and make more detailed metadata available.
There is also work to combine disparate versions of the data
into a single, quality controlled database (e.g., Hall and Jen-
sen 2021).

Although tilt error is shown to affect only a very small por-
tion of the data starting at wave heights of ~4 m, it is conceiv-
able that tilt error could have exacerbated cases of model
underestimation in the literature, e.g., Cavaleri (2009) and
Cardone et al. (1996). Models and other sensors, most notably
satellite altimeters, rely on NDBC buoy data for evaluation
and calibration (Queffeulou 2004; Zieger et al. 2009; Ribal
and Young 2019; Dodet et al. 2020). Different altimeter data-
bases use different buoys over different time periods. This
could have important implications for studies of climate and
extremes (e.g., Stopa et al. 2019; Collins et al. 2021). Again,
the portion of data affected is small so that the calibrations

10° o NDBC 41002 _ NDBC 41013 . NDBC 42056
—s—uncorrected —e—uncorrected —s—uncorrected
—e—firmware update —e—firmware update —e—firmware update
~—2-part correction HIPPY ~—2-part correction
1071 hs-only correction - 2-part correction - hs-only correction
i hs-only correction 1 1
1072+ 1E i1 E 3
LL ] 1 4
o
(&}
107 1t N
107
16~ ‘ : : : ; ‘ : : : ‘
0 2 4 6 8 100 2 4 6 8 0 2 4 6 8 10
Hg [m] Hg [m] Hg [m]

FI1G. 15. Wave height distributions for three NDBC stations. Blue data are likely affected by tilt error; red data are after the implementation
of tilt correction in the NDBC software. Also shown are the parametric corrections developed here as indicated in the legends.
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based on the bulk of data remain unaffected, but conceivably,
tilt errors could have an impact wave heights greater than
4 m. Since tilt error increases in magnitude as a function of
wind speed (and wave height), one should be careful that
analysis based on the extreme values is not affected by this is-
sue. All of this suggests a need for better understanding the
measurement of very large significant wave heights.

Although we focused on error caused by tilt of the buoy,
the analysis also revealed systematic spectral differences in
the high frequencies. As evident in Figs. 9, 10, and A2, the
3DMG underestimates spectral density which increases as a
function of frequency. It appears that tilt has a small effect
outside the most energetic range (0.05-0.15 Hz), where the
differences in spectra a stratified by wave height in Fig. 9, but
not Fig. A2. Although not important for Hy, differences in
high frequencies have implications for air-sea interaction,
breaking and transport, and remote sensing, and deserve fur-
ther investigation.

5. Summary

Tilt error can occur if a buoy experiences heel, or sustained
tilt, and the wave sensor is a strapped-down accelerometer. If
a strapped-down sensor collects all 6 degrees of freedom, then
a numerical correction can be performed (e.g., Anctil et al.
1994; B10; R11; Collins et al. 2014). The NDBC DDWM did
not implement the tilt correction until version 2.03 of the firm-
ware. We set out to identify and characterize the error with
wave data from two different wave measurement systems on
a single buoy (NDBC 46029), one strapped down and another
a gimballed. We also compared both systems to a nearby Da-
tawell Waverider. It appears that uncorrected strapped-down
system introduces a positive bias into the measured wave
heights starting at about 4-m Hg. Buoy heel is induced by
buoy windage and the error can be described in terms of wind
speed. The error was about +5% in Hg at wind speeds of
15 m s~ ! and +10% at wind speeds of 20 m s~ '. The error
was shown to be relatively small compared to the sampling
variability, and is more difficult to detect when comparing the
two systems to a nearby Waverider (15-km separation).

The bias in Hg is related to overestimation of spectral en-
ergy around the peak frequencies (0.05-0.15 Hz). Tilt error
outside the spectral peak is small but evident across all fre-
quencies; differences in directional quantities are negligible.
Spectral differences unrelated to tilt were also revealed: sys-
tematic underestimation in the high frequencies of the 3DMG
relative to the HIPPY. A parametric correction was derived
using wind speed and wave height. Using metadata, several
NDBGC stations were found that were potentially affected by
tilt error, and their wave height distributions before and after
the firmware update shows evidence of tilt error. However,
the correction derived from the dual-system buoy was not
particularly effective at correcting distributions at the other
sites where the magnitude of the error was apparently higher.
It is doubtful that a general tilt correction could be derived
from the dual-system buoy given the disparities in buoy hulls,
depths, currents, mooring systems, and other factors that may
contribute to buoy heel.
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FI1G. Al. As in Fig. 5c, but for NDBC buoy 46042. Scatterplots
with density shown in color. Specific quantiles are indicated at the
50%, 90%, 99%, and 99.9% levels with a red dot against a black
dashed 1-1 line

Luckily, the error uncovered here affects only the highest
wind speeds and wave heights (>4-m Hy), and therefore a
rarefied population of data at most locations. The extent to
which the fleet of NDBC buoys affected is not well known at
this time. On the whole, this error does not detract from
NDBC's history of providing reliable data, well suited for in-
forming weather prediction, model evaluation, and remote
sensor calibration under the vast majority of conditions. How-
ever, before performing analysis sensitive to the extremes,
users should try to ensure the buoy data are unaffected by tilt
error.
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APPENDIX

Benchmark Comparison

NDBC buoy 46042 was another 3-m discus buoy with
both 3DMG and HIPPY 40 sensor systems. It was deployed
during the FLOSSIE experiment (Jensen et al. 2021). This
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FIG. A2. As in Fig. 9, but for NDBC buoy 46042. Percent bias as
a function of frequency. 3DMG spectra evaluated against HIPPY
spectra. Colors are wave height bins as indicated in the legend.

3DMG system was a version after the application of tilt
correction, so it may serve as a benchmark for our dual-
sensor comparison. Figure Al shows scatterplot built from
about 4 years’ worth of data. Comparing 32 945 paired data
points, the bias was —0.03, rmse was 0.06, and the correla-
tion was 1.00. Figure A2 shows the spectral difference
binned by wave height. Besides the increased scatter, there
is no difference between the wave height bins. There is a
similar disagreement below the spectral peak, and a pattern
of underestimation from low to high frequencies, but over
estimation around the peak frequencies.
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