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ABSTRACT

A geodetic GPS receiver has been installed on a Wave Glider, an unmanned water surface vehicle. Using
kinematic precise point positioning (PPP) GPS, which operates globally without directly requiring reference sta-
tions, surface heights are measured with ~0.05-m precision. The GPS Wave Glider was tested in Loch Ness,
Scotland, by measuring the gradient of the loch’s surface height. The experiment took place under mild weather,
with virtually no wind setup along the loch and a wave field made mostly of ripples and wavelets. Under these
conditions, the loch’s surface height gradient should be approximately equal to the geoid slope. The PPP surface
height gradient and that of the Earth Gravitational Model 2008 geoid heights do indeed agree on average along the
loch (0.03mkm™!). Also detected are 1) ~0.05-m-sized height changes due to daily water pumping for hydro-
electricity generation and 2) high-frequency (0.25-0.5 Hz) oscillations caused by surface waves. The PPP heights
compare favorably (~0.02-m standard deviation) with relative carrier phase-based GPS processing. This suggests
that GPS Wave Gliders have the potential to autonomously determine centimeter-precise water surface heights
globally for lake modeling, and also for applications such as ocean modeling and geoid/mean dynamic topography
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determination, at least for benign surface states such as those encountered during the reported experiment.

1. Introduction

Accurate water surface height measurements are
needed for the investigation and modeling of the marine
geoid, the mean dynamic topography (MDT) of the
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ocean, and the dynamics of shelf and coastal environ-
ments. Sea level measurements rely predominantly on
the use of coastal tide gauges and satellite altimetry.
Tide gauge data have fine temporal resolution (minutes
to hours) and are the most reliable source of long-term
sea level change, but their spatial representativeness is
limited to the area surrounding the tide gauge. Ex-
trapolating sea levels from tide gauge data is prob-
lematic, even when correcting for land movement and

This article is licensed under a Creative Commons
B Attribution 4.0 license.


mailto:miguel.morales-maqueda@ncl.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

1160

averaging sea level records over many tide gauge sta-
tions (Jevrejeva et al. 2006). The interannual variability
of tide gauge-based sea level, for example, is perhaps
several times larger than sea level variability over the
open ocean derived from altimetry (Prandi et al. 2009).
Theory also suggests that tide gauges do not reflect the
dynamics of sea level near and beyond the continental
shelf break (Huthnance 2004). In contrast, altimetry data
have nearly global coverage, but their spatial (10100 km)
and temporal (10-30 days) resolutions are relatively coarse.
In addition, since the corrections applied to the altimetric
waveforms are better suited for the open ocean than for the
coast, distortions of the waveforms within ~10km of the
coast need to be corrected (Gommenginger et al. 2011).

GPS devices are an ideal complement to tide gauges
and altimetry, especially in bridging the above-mentioned
gaps in temporal and spatial resolutions left by the latter
two systems and in improving the quality of measure-
ments near coastal areas. GPS can provide geocentric
measurements of instantaneous sea level with a precision
of 0.05-0.10m (e.g., Kuo et al. 2012)—hence, similar to
the altimetry precision of ~0.03m (Palanisamy et al.
2015), but with the temporal resolution of tide gauges,
and may be deployed anywhere in the ocean. GPS devices
have been deployed on buoys for altimetry calibration
(e.g., Watson et al. 2003), mean sea surface and geoid de-
termination (e.g., Bonnefond et al. 2003; Rocken et al.
2005), definition of data of offshore moorings and struc-
tures (Watson et al. 2008), wave measurement (e.g.,
Cardellach et al. 2000), and river level heighting (Moore
et al. 2000). However, as with tide gauges, they only pro-
vide measurements at discrete point locations. GPS devices
on board commercial ships have been used to measure sea
surface topography (Foster et al. 2009) and for tsunami
detection (Foster et al. 2012), but they have the drawbacks
of requiring onboard radar altimetry to correct for varia-
tions in the ship’s free board and being constrained to
shipping routes.

A remedy to the limitations of GPS buoy- and ship-
based measurements is the installation of GPS devices
on unmanned surface vehicles (USVs) capable of both
keeping station, thus acting as buoys, and engaging in
survey missions over user-controlled routes. We report
on results of the first test of such an integrated GPS-USV
system for centimeter-precise water surface height de-
termination, comprising a geodetic Trimble GPS NetR5
receiver and a Trimble Zephyr 2 antenna mounted on a
Liquid Robotics Wave Glider SV2 (GPS Wave Glider).
The Wave Glider is a surfboard-sized unmanned vehicle
that converts wave energy into forward propulsion,
without the need of fuel or electric power. It is a proven
technology that has been successfully deployed on many
missions (e.g., Willcox et al. 2009; Daniel et al. 2011).
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As a demonstration of the GPS Wave Glider concept,
we deployed the instrument in Loch Ness, Scotland,
which provided an easily accessible and controlled, safe
environment for our trial. Winds were weak for the
duration of the experiment, resulting in low-amplitude
waves (less than 0.1-0.2m) at the loch’s surface. Hence,
surface conditions were comparable to those that would
be experienced for sea states between 0 and 3 if the
Wave Glider were deployed in the open ocean. Such sea
states are fairly common during the summer months, for
example, in the western North Sea, they occur more
than 40% of the time between May and August (Fugro
GEOS 2001). In the absence of winds or other dynam-
ical forcing (maximum wind setup on the loch’s northern
end during the experiment is calculated as below 1 mm),
the water surface should lie on a gravity equipotential
and, the water level of Loch Ness being only about 16 m
above Ordnance Datum Newlyn (ODN), was expected
to be approximately parallel to the geoid. The slope of
the loch’s surface will therefore be compared in this
paper with the geoid gradient from the Earth Gravita-
tional Model 2008 (EGM2008; Pavlis et al. 2012, 2013),
which is —0.03mkm ' from the south to the north ends
of the loch. In addition, Loch Ness undergoes a daily
surface height change that had a range of around 0.05 m
during the period of our measurements, and is caused by
pumping of water from Loch Ness to Loch Mhor, water
which is later released back to Loch Ness for the gen-
eration of hydroelectric power at Foyers (Fig. 1). The
aim of this study is to assess the GPS Wave Glider’s
ability to measure the spatial and temporal variations
in Loch Ness surface height arising from the geoid
gradient and the daily pumping of water, and also to
consider the presence and nature of observed high-
frequency GPS height variations due to the wave field.
This serves as a demonstration of the GPS Wave
Glider’s measurement precision and potential for ap-
plications such as the determination and modeling of
the marine geoid and the ocean’s MDT, both of which
require centimeter-precise measurements of water
surface heights.

2. Equipment, deployment, and data acquisition

For the Loch Ness deployment, besides integrating
the Trimble NetRS geodetic GPS receiver and Zephyr 2
antenna, the GPS Wave Glider included an Airmar
CS4500 ultrasonic water speed sensor (nominal accuracy
of 0.05ms '), a SignalQuest SQ-SI-360DA solid-state
microelectromechanical system (MEMS) inclinometer
(stated accuracy and smallest recorded measurement
unit of +1° and 0.1°, respectively), an echo sounder, a
downward-looking acoustic Doppler current profiler,
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FIG. 1. (inset) Highlands of Scotland, showing the location of Loch Ness (inside the white-edged
rectangle). (larger frame) A zoom over Loch Ness. Water-covered areas are shown in white and
land in gray. The track of the Wave Glider is superimposed as a dashed line. Also shown are the
positions of BPR FAUG and BPR INVR, FAS tide gauge, FAUG GPS) and INVR GPS, and
the location of the hydroelectric power station at Foyers. The location of the barometer is
indistinguishable from that of BPR FAUG in the map. The contour lines correspond to

EGM2008 geoid heights (m).

and a PAMBuoy passive acoustic monitoring device.
The setup is shown in Fig. 2. To ensure unobstructed
Zephyr 2 GPS antenna-to-satellite visibility, the
manufacturer-provided Airmar PB200 meteorological
mast, Automatic Identification System (AIS) antenna,
and active radar reflector were removed.

To measure the geoid gradient along the loch, the
GPS Wave Glider was deployed from 57°08'51”N,
004°40'03"W, near Fort Augustus at the southwest end
of the loch, and fully autonomously navigated to

57°23'13”"N, 004°21'31”"W, near Inverness at the north-
east end of the loch, along a central trajectory as shown
in Fig. 1. The survey started at 1136 UTC 14 March 2013
and finished at 1259 UTC 15 March 2013, with the GPS
Wave Glider covering a distance of about 32 km in approx-
imately 25h. Dual-frequency carrier phase and code GPS
data from the Trimble NetRS5, together with inclinometer
data, were collected at 1 Hz throughout, with the water speed
sensor data and navigation information necessary for piloting
the Wave Glider telemetered via Iridium every 5 min during



1162

Meteorological mast

e

= AIS antenna

FI1G. 2. Wave Glider in Loch Ness during trials preceding the loch
transect. For the glider’s deployment along the loch transect, the
meteorological mast, active radar reflector, and AIS antenna were
abated so as not to obstruct the GPS satellite visibility from the
Zephyr 2 antenna.

the first 4h of the survey and every 15min thereafter. The
sole perturbation of the glider during the survey took place
between 1717:30 and 1722:30 UTC 14 March 2013, when the
vehicle was inspected at close range by us from a boat,
resulting in severe masking of the GPS antenna-to-satellite
line of sights during this time.

To provide control measurements of variations in
relative water level, a Paroscientific Digiquartz baro-
meter model 765-15A pressure standard, with the man-
ufacturer’s accuracy of 0.0008dbar, and two Richard
Branker Research TGR-1050P bottom pressure re-
corders (BPRs), with the manufacturer’s accuracy and
resolution of 0.01 and 0.0002dbar, respectively, were
deployed for the duration of the survey. The barometer was
installed at the Old Pier House (57°09'07"N, 004°40'18" W),
very close to the location indicated as BPR Fort Au-
gustus (FAUG) in Fig. 1, and was set to record surface
air pressure at 0.2Hz. The BPRs were deployed at
57°09'18"N, 004°40'00"W (BPR FAUG) and 57°24'24"N,
004°20'18"W [(BPR Inverness (INVR)] and recorded at
1Hz. We also obtained 15-min data from the Scottish
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Environment Protection Agency (SEPA) tide gauge at
Fort Augustus (FAS).

Since the meteorological mast on the Wave Glider had
been uninstalled for this deployment, we do not have in-
formation on the wind speed and direction during the
vehicle’s passage. The barometer shows a nearly linear
drop in surface air pressure, from 1007.5 to 991 hPa, be-
tween the deployment time and 0430 UTC 15 March
2013. The pressure then remained at 990-992 hPa until
the end of the experiment. Wind data from the Met Office
Integrated Data Archive System (MIDAS) stations 67
and 105, located in the vicinity of Loch Ness, indicate a
persistent southerly-southwesterly—that is, ~0° to ~45°
relative to the loch’s long axis—Ilight or gentle breeze of
about 3-5ms~' throughout the deployment. This is
consistent with the wave field in the loch comprising
mostly wavelets. Accordingly, the glider’s hourly aver-
aged speed was only 0.35ms™ ! (o = 0.08ms ™ 1).

3. GPS data processing

The GPS data collected by the Trimble NetRS5 were
postprocessed to estimate positions every 1s using the
kinematic precise point positioning (PPP) mode, as
would be needed in the open ocean, where no reference
station data would be normally available, but also in
relative kinematic mode for quality control with respect
to Ordnance Survey GPS reference stations at Fort
Augustus and Inverness (FAUG GPS and INVR GPS,
respectively, in Fig. 1), both Leica GS10 receivers log-
ging at 1 Hz. The glider was never farther than about
20km from one of these reference stations during the
survey. The NASA JPL Global Navigation Satellite
System (GNSS)-Inferred Positioning System (GIPSY)
V6.2 software was used for the kinematic PPP GPS
processing, fixing reprocessed JPL “reprol (reprocess-
ing campaign 1) satellite orbits and 30-s clocks, ap-
plying ECMWF a priori zenith hydrostatic delays
(Boehm et al. 2006b), and the zenith wet delay (process
noise of 2.0 X 10 ¥kms ™" and gradients estimated,
using the Vienna Mapping Function 1 (VMF1) gridded
mapping function (Boehm et al. 2006b). A coordinate
process noise of 1.0 X 10 kms~ "% was used, together
with elevation angle-dependent observational weighting,
a 10° elevation angle cutoff, and float ambiguities. In-
ternational GNSS Service reference frame 2008 (IGS08)
absolute antenna phase center models were applied, with
solid Earth tides modeled according to International
Earth Rotation and Reference Systems Service (IERS)
2010 conventions (Petit and Luzum 2010). The reference
stations FAUG and INVR were similarly coordinated
using GIPSY (but in static mode), using the same time
span of data. These coordinates were then held fixed in the
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FI1G. 3. (a) Time series of heights above the ellipsoid of the GPS antenna reference point cal-
culated during the Loch Ness passage. The top blue curve corresponds to the kinematic post-
processed PPP GPS 1-s ellipsoidal heights (referenced to their mean value over the ~25h of the
survey, which is 70.00 m). The bottom blue curve represents the ellipsoidal heights derived from
relative GPS postprocessed with respect to FAUG and INVR (also referenced to its mean value
over the ~25 h of the survey, namely, 70.00 m) and offset by —0.5 m for clarity. The green and red
curves are obtained by performing 3-s and 900-s boxcar moving averages, respectively, on the
blue curves. (b) Difference between the PPP and relative GPS curves shown in (a).

relative GPS processing, for which the GPS Analysis at
Massachusetts Institute of Technology (GAMIT) Track
V1.28 software was used, computing the glider’s position
using a network solution. IGS08 absolute antenna phase
center models were applied, the ambiguities were fixed to
integers, and the tropospheric Global Mapping Function
(GMF; Boehm et al. 2006a) was used but without
estimating a tropospheric parameter. The GAMIT Track
default coordinate process noise of 4.5 X 10 *kms~ " was
applied, together with elevation angle—dependent obser-
vational weighting. Data from 1717:30 to 1722:30 UTC
were excluded from the processing due to the severe
signal masking described above.

4. Measured water surface height of Loch Ness

Figure 3a shows the time series of heights above the
World Geodetic System 1984 (WGS84) ellipsoid of the
GPS Wave Glider’s Zephyr 2 antenna reference point,
which we estimate was about 0.36 m above the glider’s
deck, which, in turn, rose above the water surface by
around 0.04 m in calm water. The top curve is obtained

using the kinematic PPP GPS technique. The blue curve
corresponds to the 1-s time series. The clear negative
trend in ellipsoidal height is mostly, as we will argue
below, due to the geoid gradient along the loch. Once
the linear component of the trend is removed, the time
series has a standard deviation (o) of ~0.06 m, which is
commensurate with kinematic PPP precisions obtained
with unobstructed sky visibility (e.g., Chen et al. 2013;
Kuo et al. 2012). Moving averaging the data with a 3-s
boxcar window (green curve) reduces o to 0.04m (ap-
proximately 50% of the time series variance is concen-
trated at frequencies higher than 0.25Hz, which we
investigate in section 4c). Further filtering the data
with a 900-s boxcar window hardly affects o, since there
is only a 5% loss in signal variance in the frequency in-
terval (1.1 X 10 *Hz, 0.25Hz). The bottom curve of
Fig. 3a is the time series obtained using the relative GPS
approach offset from the PPP curve by —0.5m. There
is a striking visual similarity between the PPP and relative
GPS time series and, when linearly detrended, the cor-
relations between them are 0.93, 0.87, and 0.91 for the 1-, 3-,
and 900-s moving averaged time series, respectively,
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FIG. 4. (a) Kinematic PPP (red) and relative (yellow) 900-s GPS ellipsoidal heights against
distance from FAUG GPS station (57°08'09.6"N, 4°41'16.8"W). Also shown are the EGM2008
(blue) geoid heights, plotted with the mean removed. (b) Surface height anomalies: Kinematic
PPP GPS 900-s ellipsoidal minus EGM2008 geoid heights (red) and relative 900-s GPS
ellipsoidal minus EGM2008 geoid heights (yellow) as a function of linear distance from
FAUG GPS station. (c) Surface height anomalies: Kinematic PPP GPS 900-s ellipsoidal
minus EGM2008 geoid heights (red) and relative 900-s GPS ellipsoidal minus EGM2008
geoid heights (yellow) as a function of time. Also shown are the 900-s time series of surface
height from the FAS tide gauge (black) and the equivalent surface height derived from the
FAUG BPR (offset by 0.025 m; dashed blue curve top) and INVR BPR (offset by —0.025 m;
dashed blue curve bottom). The mean values have been removed from all the time series.

demonstrating the robustness of the PPP method through
quality control with the relative GPS technique. The dif-
ferences between the PPP and relative GPS surface height
time series are shown in Fig. 3b, with a common mean
of —0.005m and standard deviations of 0.023, 0.022, and
0.017 m for the 1-, 3-, and 900-s filtered curves, respectively.

a. Comparison of GPS Wave Glider ellipsoidal
heights with EGM2008 geoid heights

Since the Wave Glider speed was not uniform during
the passage, the points in Fig. 3 cannot be used to in-
terpret spatial gradients in water surface height. In Fig. 4a,
the 900-s curves shown in Fig. 3a are redrawn against the
horizontal distance from FAUG GPS. EGM2008 geoid
heights in the tide-free system, compatible with the GPS,
were computed at the 900-s latitudes and longitudes using
the harmonic synthesis program (http://earth-info.nga.mil/
GandG/wgs84/gravitymod/egm2008/hsynth_ WGS84.f), and
are also shown in Fig. 4a with both GPS and EGM2008
values plotted with their means removed. There is a

very clear FAUG-to-INVR gradient in the GPS 900-s
curve of —0.03mkm ', equal to that of the EGM2008
geoid heights. The agreement between the two gradients
helps to validate the EGM2008 geoid model and illus-
trates the potential of the GPS Wave Glider for marine
geoid/MDT determination. If absolute values are con-
sidered, the mean of the ellipsoidal surface height in-
ferred from our GPS Wave Glider survey (69.65m) is
15.25m greater than the mean of the EGM2008 geoid
heights, comparable to the stated (Pugh et al. 2011) 16-m
Loch Ness elevation above mean sea level.

b. Detection of water surface height variations due
to pumping

The PPP and relative GPS 900-s averaged ellipsoidal
heights shown in Fig. 4a exhibit a near-cyclic variation
about the EGM2008 geoid heights (Fig. 4b). To in-
vestigate if these variations can be attributed to the

known daily pumping and re-release of water between
Loch Ness and Loch Mhor, the PPP and relative GPS
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surface height anomalies (computed by subtracting the
EGM?2008 geoid heights and then removing the mean)
are shown in Fig. 4c against time. Also plotted are the
anomalies from the FAS tide gauge and from the FAUG
and INVR BPRs (after the subtraction of air pressure).
The BPR and tide gauge anomalies show a clear surface
height “‘tide” of around 0.025m amplitude, in accor-
dance with the known daily pumping of water. This cy-
clic variation in the surface height anomaly is also
detected by the PPP and relative GPS 900-s time series.
The excursions of the PPP GPS 900-s time series about
the EGM2008 geoid heights are larger than those of
the relative GPS (with standard deviations of 0.03 and
0.02 m, respectively), which we attribute to the removal
of common glider and reference station satellite orbit,
clock, and atmospheric errors in the relative solution
but not in the PPP solution. However, the correlation
between the two series is large at 0.83, which means
that nearly 70% of the variance is common to the two
series and that the GPS Wave Glider is able to detect low-
frequency “tidal” signals of ~0.025-m amplitude. Around
50% of the variance common to the PPP and relative
GPS time series is indeed accounted for by the tidal sig-
nal. If this signal is subtracted from both the PPP and
relative GPS time series, the correlation of the resulting
curves drops to 0.60 (i.e., just above 35% of the variance
of either of the series is then explained by the other).

¢. High-frequency GPS height variations

A final aspect of the GPS time series that we wish to
explore concerns the origin and nature of the compo-
nents of the signal with frequencies larger than 0.25 Hz.
These frequencies contribute about half of the total
variance of the surface height time series, with a po-
tential noise source for the GPS Wave Glider being wind
waves and the glider motion in response to the wave
field. The periods of such motions oscillate between a
small fraction of a second and a few seconds. While we
have no quantitative information about surface winds
and the associated wave field during the experiment, the
inclinometer time series allows us to evaluate the high-
frequency motions of the Wave Glider independently of
the GPS data. Figure 5a shows the 1-s linearly detrended
time series of Wave Glider pitch during the loch passage.
There is a bias toward positive pitch that can be ex-
plained by 1) the bow of the glider tends to become el-
evated with respect to the stern as the vehicle moves
forward and 2) the PAMBuoy mentioned in section 2
was installed astern, thus creating a weight imbalance
between the stern and the bow. Figure 5b shows the 1-s
time series of PPP GPS surface height anomalies:
both the EGM2008 geoid heights and the FAS tide
gauge elevations have been subtracted from the GPS
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ellipsoidal heights and a remaining linear trend of 9 X
10 *mh~' was removed. The clear visual similarity
between the curves depicted in Figs. 5a and 5b is quan-
tified in Fig. 5c, where the coherence between the in-
clinometer pitch and PPP GPS surface height anomalies,
calculated following Welch’s averaged modified periodo-
gram method (Welch 1967), is shown. A total of 356 non-
overlapping sections were used, each 256s long,
windowed with a Hann window. The high-frequency
components of both signals are very coherent, with a
broad peak at a period of ~3s (Fig. 5c¢), suggesting that
the oscillations in PPP GPS heights with periods of up
to a few seconds are largely caused by glider motions in
response to surface wave activity. The amplitude of this
variability appears to undergo slow modulations at
time scales of a few hours, which we attribute to
changes in wind forcing and hence surface wind waves.
Unfortunately, there are no MID AS stations recording
wind in Loch Ness, and so we cannot relate these am-
plitude changes to wind changes. An analysis of surface
current speed and heading, calculated from Wave Glider
trajectory parameters and water speed sensor data, does
not reveal any obvious current variability that could ex-
plain the observed amplitude modulation.

5. Discussion and conclusions

We have undertaken a pilot deployment of a Wave
Glider SV2 equipped with a Trimble NetR5 geodetic
GPS receiver, a Trimble Zephyr 2 antenna, and an in-
clinometer in Loch Ness, Scotland. The GPS Wave
Glider traveled 32km along the length of the loch in
around 25-h, propelled by small surface wavelets. Using
both PPP and relative GPS techniques, an ellipsoidal
surface height gradient of —0.03mkm ™! was measured
that matched very closely the EGM2008 geoid gradient,
thus illustrating the fitness of the GPS Wave Glider for
marine geoid/MDT determination. After removing the
geoid gradient from the ellipsoidal GPS heights, the
surface height anomalies revealed a cyclic variation of
~0.025-m amplitude that matched tide gauge and bot-
tom pressure recorder measurements at both ends of the
loch, and was expected from the daily pumping and re-
lease of water from/to Loch Ness for generating hy-
droelectric power. We also found agreement between
glider pitch and PPP GPS heights at periods of less than
4s, typical of surface gravity waves, suggesting the GPS
Wave Glider is also able to capture high-frequency
surface signals. The PPP GPS mode 1-s glider ellipsoi-
dal heights had a standard deviation of 0.023m when
compared with heights from relative GPS, with respect
to GPS reference stations at both ends of the loch and
no more than around 20km distant at any time. This
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FI1G. 5. (a) Linearly detrended, 1-s Wave Glider pitch (°). The trend amounts to an insignificant
—0.005°h~". (b) PPP GPS 1-s surface height anomalies, having subtracted the EGM2008 geoid
height and FAS tide gauge elevations from the GPS ellipsoidal heights. The mean value of the
resulting time series has been removed, together with a residual linear trend of ~9 X 10 *mh ™!,
(c) Magnitude-squared coherence between Wave Glider pitch and PPP GPS surface height
anomalies (black curve) calculated following Welch’s averaged modified periodogram method.
The red curve represents the 99% confidence coherence threshold for independent pitch and
height time series [according to Eq. (7) of Miles 2011].
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demonstrates the potential of the GPS Wave Glider for
centimeter-level surface height measurement globally for
lake modeling and altimetry quality control (e.g., Birkett
and Beckley 2010) and in the open ocean during benign sea
states, as the PPP method does not require nearby refer-
ence station data, only accurate satellite orbits and clocks
computed from a global network of tracking stations.

It is pertinent to reiterate here that our experiment
took place in mild weather conditions, accompanied by
calm to slight sea states, ideal therefore to test the op-
timum performance of the system in an environment
with low dynamical noise. Surface conditions in the open
ocean tend to be less benign, although sea states be-
tween 0 and 3, comparable to those encountered by us in
Loch Ness, are not rare. For example, as stated in section 1,
in the western North Sea they occur more than 40% of
the time between May and August, and even in winter
they have a time frequency of about 10% (Fugro GEOS
2001). The Global Atlas of Ocean Waves: Based on
VOS Observations (Gulev et al. 2003a,b) shows that, at
any given time, sea states between 0 and 3 cover about
5% of the World Ocean’s area, mostly in equatorial

areas but extending well into the mid- and high-latitude
Pacific and Atlantic Oceans during the Northern Hemi-
sphere summer. The response of the Wave Glider to
more vigorous wave fields (e.g., Kraus 2012) and the ways
in which high-frequency platform motions, white cap-
ping, and breaking waves affect the precision of the GPS
time series require detailed investigation and the con-
duction of fieldwork in harsher conditions than experi-
enced in Loch Ness. However, given that we use high-rate
GPS data (e.g., here 1Hz), and providing GPS signal
tracking is maintained, we would still anticipate being
able to measure tidal and geoid/MDT signals in harsher
conditions, as the lower-frequency parts of the GPS
time series are not likely to be substantially degraded
by wind and swell wave signals with periods of at most
a few seconds.

These results testify to the suitability and promise
of the novel GPS Wave Glider technology to provide
centimeter-precision measurements of sea surface
height, fully autonomously and in regions not readily
accessible to the deployment of conventional tide gauges,
GPS buoys, or bottom pressure recorders.
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