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Abstract

UCT SHARC Buoy V3.0: Waves-in-ice measurement in the
Antarctic MIZ

Michael Noyce

Tuesday 24th October, 2023

The Antarctic Marginal Ice Zone is an area of key scientific interest as the climatic processes in
the region affect the global climate. Sea ice in particular has been difficult to model due to its high
variability, as a result there is a pressing need to collect in situ data to further develop and validate
models of the annual and seasonal sea ice cycles. The UCT SHARC Buoy has been developed to
collect and measure in situ wave data that characterises the interaction between ocean waves and
sea ice. It aims to do this accurately and with a platform that is cost-effective enough to deploy
at scale. To achieve this, the use of low-cost inertial measurement units (IMUs) to measure wave
activity on a mock ice floe was validated in a controlled wave tank setting. Following this, the
existing SHARC Buoy instrument was upgraded to collect and process high-frequency IMU data
and tested for reliability. Finally, the devices were deployed and collected on the SCALE Winter
Cruise 2022. The time series were analysed to verify that the instrument’s measurements and
local calculation of wave parameters were accurate. Several inertial phenomena were noted in
the inertial time series and characterised, specifically the collisions between ice floes which are of
importance in the region.
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Chapter 1

Introduction

1.1 Project background and motivation

1.1.1 Brief history of Antarctic sea ice research

The Antarctic Continent is one of stark beauty and interest. It has been studied scientifically since
at least 1839 for Ross’s geomagnetic survey of the region using the polar vessels Erebus and Terror
(Fogg 2000). However, its remoteness has made comprehensive study of the region difficult and
expensive (Kennicutt et al. 2016). This can be contrasted with the importance the region has on
global climate, as a key regulator of global climate and local variations have global impacts - such
as reducing the Earth’s albedo and increasing the absorption of heat (Barnes 2015).

Figure 1.1: Image of the Antarctic continent from
space surrounded by weather systems, highlighting the
intensity of the weather around the continent. Image
credit: NASA Jet Propulsion Laboratory (NASA Jet
Propulsion Laboratory 1997)

The ubiquity of the sea ice around the con-
tinent likely contributed to the sparseness of
scientific study of the region until the recent
past. However innocuous sea ice coverage may
appear - its importance becomes clear when it
is ignored, crushing exploration and scientific
vessels such as the Endurance captained by Sir
Ernest Shackleton in 1915 (Thomas & Dieck-
mann 2003), emphasising the need to under-
stand the properties - if for no other reason
than the safety of seafaring in the region.

Serious study of Antarctic sea ice began to-
wards the end of the 19th century - during the
so-called Heroic Era of Polar Exploration. Re-
search outputs from the period included the
classic book on ice: Glaciology (Wright &
Priestley 1922). Since then, sea ice research
has picked up significantly, as a result of in-
creased scientific interest and technological de-
velopment (Thomas & Dieckmann 2003). In
addition, modern sea ice research has been driven by the concerns of the effects of anthropogenic
warming of the region (Ludescher et al. 2019).

1

https://www.jpl.nasa.gov/images/pia00729-south-polar-projection-of-earth
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1.1.2 The Antarctic Marginal Ice Zone (MIZ)

The Antarctic Marginal Ice Zone (MIZ) is a dynamic transitional region of ice cover between multi-
year sea ice and open ocean. It is traditionally defined as the region in which sea ice concentration
varies between 15-80% (Strong et al. 2017) A more informal definition is the region of ice which
is close enough to the ocean to be strongly influenced by its activity (Wadhams 1986). However,
the definition of the MIZ is currently an area of contention with more robust definitions being
proposed (Vichi 2022).

Figure 1.2: Photograph showing the edge of Marginal Ice Zone.
Open ocean is giving way to pancake ice which will eventually
give way to more consolidated ice. Image credit: Marcello Vichi

Over the course of the last few
years, intense scientific interest has
been developed around the phenom-
ena and processes in the MIZ (Squire
2020). The MIZ could be viewed
as the canary in the coal mine, it is
a highly dynamic system whose pro-
cesses influence key measures such
as the sea ice extent (SIE) (Kohout
et al. 2014).

1.1.3 Waves-in-ice

One particular geophysical problem
has been investigated in the polar re-
gions since at least 1887 (Greenhill
1887) - the problem of waves propa-
gating through ice. Complex models
began to be developed in the 1950s
and 60s such as the models of Evans
& Davies (1968).

Figure 1.3: Waves-in-ice propagating through the outer region
of the MIZ during the retrieval of SHARC Buoy SB01 (in fore-
ground) in the SCALE Cruise 2022. Photo credit: Nicole Taylor

Waves-in-ice are of particular impor-
tance as they are a key driver of the
mechanical breakup of ice. Massom
et al. (2018), have shown that the
MIZ acts as a protective buffer to ice
shelves, which otherwise calve off due
to the flexure caused by ocean waves.

In the late 1970s and 1980s, Wad-
hams et al. (1988) began the first
experimental investigation of ocean
waves in polar sea ice, using ac-
celerometers to determine the atten-
uation of waves in Arctic sea ice in
the Greenland and Bering Sea’s. In-
sights from these models were also
used to model Antarctic waves-in-ice
and the resulting breakup of landfast
ice (Crocker & Wadhams 1989).
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Of particular interest in these investigations was that this marked an early use of in situ field
measurements of wave activity to parameterise the waves-in-ice models of the polar region.

The key problem for modelling waves-in-ice phenomena is determining the parameters of the
models. These parameters are determined by in situ field measurements such as the experiments
of Wadhams et al. (1987). Key parameters of a waves-in-ice model generally include: attenuation
of significant wave height as the waves propagate through ice, advection of waves onto ice and
the breakage of ice by waves (Williams et al. 2013).

Despite decades of research, waves-in-ice has proved to be a difficult problem in many respects
as the MIZ is heterogeneous and current parameterisations for wave forecasting (such as Wave
Watch III) are not satisfactory in the Antarctic (Squire 2020).

A further problem is the stark difference between the behaviour of Arctic and Antarctic sea ice
(Maksym et al. 2012, Serreze & Meier 2019). The primary driver of this difference is the exposure
of the Antarctic sea ice to high energy wind and wave fields which is not the case in the Arctic,
due to its protection by the surrounding land (Maksym et al. 2012). Thus, a different approach
to data collection and modelling is needed for the different regions.

The general consensus is that empirical models based on field data may be a viable solution to this
otherwise intractable problem (Squire 2020, Meylan et al. 2014, Ardhuin et al. 2017).

1.1.4 Overview of the Role of Technology

Technology, particularly in situ and remote sensing, has been identified as a primary vehicle through
which science in the region will continue to develop (Kennicutt et al. 2015). Kennicutt et al.
(2015) developed an "Antarctic Roadmap for 21st-century science" for the Scientific Committee
for Antarctic Research (SCAR) and have identified that buoy networks (including open ocean
buoy and ice tethered buoy networks) are key to collecting "big datasets" to answer geophysical
questions in the region.

This approach has proven to be highly effective in capturing the large-scale variability in the Arctic.
The Marginal Ice Zone (Lee et al. 2012) and Sea State (Thomson et al. 2018) missions used
extensive autonomous Lagrangian (ice-tethered) platforms (Doble et al. 2017) to collect the large
datasets needed for real-time forecasting in the Arctic (Lee & Thomson 2017). A similar approach
is being implemented in the Antarctic through the Seasonal Climate observAtionaL Experiments
(SCALE). However, there is much room for growth as data paucity is still a significant limitation,
especially when compared to the Arctic (Maksym et al. 2012).

1.1.5 Contemporary Waves-In-Ice Research

Interest in the Antarctic MIZ increased in 2014, when Kohout et al. (2014) released their findings
that waves propagated far further into the MIZ than previously thought - in some cases penetrating
hundreds of kilometres into the ice (Kohout et al. 2014). Further, these waves were causing
breakages in the ice even at these advanced distances due to ice flexure. This changed the
understanding of the Antarctic MIZ and has resulted in research to re-parameterise exisiting waves-
in-ice models (Mosig et al. 2015). These models had remained largely similar to the models first
developed in the pioneering research by Wadhams in the 1980s (Wadhams 1986, Wadhams et al.
1987, 1988). These models assumed exponential attenuation of all waves - given the findings of
Kohout et al. (2014) this appears to only hold for waves in the high-frequency regime whilst waves
in the low-frequency regimes attenuate at slower rates.

After the release of a paper by Kohout et al. (2014) in 2014 there has been an increase in the

http://scale.org.za/
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number of waves-in-ice instruments, due to improvements in the microprocessors (MCUs) and the
inertial measurement units (IMUs) used in these instruments as well as their relative cost. These
are devices that aim to collect in situ measurements of wave activity in the MIZ. The first of
the new generation of these devices was the device used by Kohout et al. (2014), the Waves-
in-Ice-Observation System or WIIOS. The WIIOS was designed to collect wave measurements to
calculate attenuation in deployments of multiple buoys (Kohout et al. 2015).

A fundamental problem in Antarctic research is the paucity of data available to use as a reference
for climate models. For example, the WAM model was updated for waves-in-ice modelling with
the data from a single buoy (Doble & Bidlot 2013). Further, as missions to the MIZ in winter
have, until very recently, been rare or non-existent - data collected does not necessarily represent
the behaviour of the zone across seasonal variation (if such seasonal variation exists - with the
lack of current data it is hard to tell). This data can be collected in situ or remotely (generally via
satellite). However, in situ sensing has the potential to produce higher fidelity data.

This led to the next generation of buoys built using low-cost commercially available components.
An example of such a buoy was Rabault et al. (2020)’s Waves-In-Ice-Buoy (Rabault et al. 2020).
The WIIB indicated a fundamental shift in the economics of polar measurement. For the first
time, low-cost commercial components such as microcontrollers and sensors had become accurate
enough and reliable enough to deploy in the MIZ for scientific measurement. Waves-in-ice mea-
surements for the WIIB were successfully retrieved for deployments in the Arctic and compared to
models of the region.

The importance of the MIZ was highlighted by events in the Weddell Sea in 2017. The SIE reduced
dramatically after increasing in extent for the previous 40 years - since records began (Turner et al.
2020). The decrease was not predicted by climate models, indicating gaps in the understanding
of waves-in-ice coupled models and sea ice physics (Stopa et al. 2018).

Additionally, the wave climate in the Arctic is becoming more similar to the Antarctic as lower sea
ice extents in the region result in larger wave fetches, which are present in the Southern Ocean
(Maksym 2019). This result in larger waves and more ice fracture. The increasing similarity makes
data from the Antarctic of even greater interest.

Thus, there is a pressing need to collect in situ data - particularly in situ waves-in-ice data of the
Antarctic to anticipate how the climate is changing in the region.

1.1.6 The University of Cape Town’s Southern Hemisphere Antarctic Research
Collaborative (SHARC) Buoy Program

The University of Cape Town’s SHARC Buoy project was initiated in 2018. It aimed to be a
modular multi-sensor system capable of measuring a variety of environmental processes. These
included temperature, pressure, location, acceleration and orientation. The overall goal was to
develop a platform that was capable of collecting in situ data to parameterise and validate climate
models of the region - specifically models of the MIZ. Additionally, it was considered desirable for
the device to be developed on the African continent.

1.2 Problem Identification

The SHARC Buoy platform was initially developed to measure waves-in-ice phenomena. However,
development of a reliable in situ sensing system for use in an extreme environment poses a range
of difficulties from both a hardware and software point of view.
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These difficulties include but are not limited to:

• The inability to access the device once deployed

• Failure of components due to the extreme conditions

• Unexpected behaviour of the device due to unplanned modes of failure

• Accurate measurement in extreme conditions

• Transmission of large datasets via satellite link

• Onboard processing of large datasets using limited computational resources

• Use of non-renewable power supplies for extended periods in extreme cold

These difficulties have resulted in the development of multiple iterations of the SHARC Buoy. A
brief overview of each version is provided in table 1.1.

Given the previous development of the SHARC Buoy system, V3.0 aimed to be the first buoy to
collect in situ waves-in-ice data in a large deployment. This was made possible by the previous
development of the system.

Up to V3.0 the system did not have the ability to either collect high-frequency IMU data reliably,
nor process the data locally to produce summary wave statistics to send via satellite link.

Thus, V3.0 sought to convert the SHARC Buoy to a full waves-in-ice instrument, capable of
collecting data for scientific research.

Table 1.1: Overview of SHARC Buoy versions up to V3.0

Version Year Description

1.0 2018
Initial prototype proposed by Prof Amit Mishra, Jarryd Son and
Marcello Vichi. Envisioned as a multi-sensor platform.

1.1 2019
First prototype developed by Robyn Verrinder, Jamie Jacobson
and Justin Pead. Ice-drift and environmental sensor platform.

1.1 2019
First version tested on the SCALE cruise 2019. 2 units deployed. 1 lasted
for ∼1 hour.

2.0 (1.2) 2019
Second prototype developed by Robyn Verrinder, Jamie Jacobson
and Justin Pead. Integrated IMU (MPU6050) as proof of concept.

2.0 2021
Second version deployed on the SANAE summer relief mission
and from the RV Polarstern. Deployment lasted ∼1 week.

3.0 2022
Third prototype developed by Robyn Verrinder, Michael Noyce,
Lawrence Stanton and Justin Pead. Integrated waves-in-ice
measurement and high-frequency local storage.

3.0 2022
Third version deployed on SCALE winter cruise 2022. 6 units deployed.
4 function as waves-in-ice devices, 2 as ice-drift devices.
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Figure 1.4: SHARC Buoy Versions shown during the various deployments. From
left to right, SHARC Buoy V1.0 deployed on deck before final deployment during the
SCALE winter cruise 2019, V2.0 deployed during the summer 2020-2021 Polarstern
expedition in the Weddell Sea and V3.0 immediately after a basket deployment during
the SCALE winter cruise 2022.

1.3 Project Objectives

The objectives of the project were as follows:

1. To upgrade the hardware and firmware of the SHARC Buoy to store and process high-
frequency wave IMU data

2. The development of a program to extract wave summary statistics in situ to reduce the size
of Iridium data transmissions

3. The validation of the system measurements of waves-in-ice phenomena using both field
measurements and wave tank testing

1.4 Project Scope and Limitations

The primary aim of the project was to upgrade the existing hardware and firmware to collect waves-
in-ice inertial data and to validate the collected data. Previous hardware choices and firmware
development was used to the extent possible with updates being made to overcome previous
issues.

The use of low-cost commercial hardware and inertial measurement units was made intentionally
so that the platform could be cost-effective in the Global South and deployed at scale. However,
this means that the data collected required processing and validation to make sure that the system
functioned as intended.

To determine the status of the SHARC Buoy as a useful waves-in-ice instrument, as opposed to a
prototype, technology readiness levels can be used (Mankins 1995) (using the NASA definition and
replacing ’space’ environment/conditions with Antarctic MIZ environment/conditions). The goal
is to deploy at a technology readiness level (TRL) of 5 - 6 ("System prototype demonstration in an
laboratory environment" - "Technology demonstrated in relevant environment" through test and
demonstration"). Following deployment, and using the data and testing from the cruise, a TRL
of 7 ("Technology demonstrated in "Antarctic MIZ environment") constituted the final objective.
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This thesis outlines the development, testing and validation of these updates and the data collected
on the SCALE cruise 2022. It does not outline further development of the underlying firmware
after the SCALE cruise. Additionally, it does include updates to the wave parameter extraction
algorithm after the cruise. Analysis of the data collected is done to the extent that it validates
the measurement of waves-in-ice phenomena.

The phenomena of interest are:

1. Wave frequency spectra derived from the inertial time series measured from the oscillation
of the ice floe (on which the device is deployed) under wave forcing

2. The collision/rafting of ice floes identified in the time series

3. The attenuation of wave activity at specific frequencies measured by comparing the wave
spectra at different locations, combined with knowledge of the location of different devices
over the deployment duration.

The wave spectra are calculated for the uni-dimensional case. The directional spectra for the
three-dimensional case are not calculated. This is due to the limitations in determining heading
using commercial components close to the polar regions where magnetic interference is significant.
Additionally, where possible, a small angle assumption is used to determine the wave height as this
reduces error caused by the introduction of noise from several degrees of freedom on an inertial
measurement device.

1.5 Plan of development

The project followed the following stages:

1. The analysis of the V2.0 platform and identifying the important areas of development.
Waves-in-ice measurement was selected as the key area of improvement.

2. Wave tank testing with inertial measurement units to collect wave data to use to develop a
measurement and storage system as well as a spectral analysis algorithm

3. The integration of wave measurement into the SHARC Buoy platform, including the update
of the hardware and firmware of the system (V3.0).

4. The deployment of the system on the SCALE 2022 cruise for the collection of raw data to
validate the instrument in the field

5. The analysis of the collected data to validate the instrument

6. Updating the final firmware for the handover of the project.

1.6 State of the Art

The SHARC V3.0 is state of the art in two key respects. Firstly, cost-effective waves-in-ice devices
are a new development, with several prototypes and early commercial versions starting with the
Waves-in-ice Buoy (Rabault et al. 2019). These instruments are extremely new to polar research
and especially Antarctic MIZ research and so can be easily considered state of the art.

Secondly, the SHARC V3.0 was the first waves-in-ice device to be retrieved from the Antarctic
MIZ with high-frequency inertial time series, allowing for novel analysis of the data to determine
the reliability of the summary statistics that most devices transmit. In addition, it allows for the



CHAPTER 1. INTRODUCTION 8

analysis of high frequency phenomena of interest that have been observed but rarely measured for
extended time periods such as the collision of ice floes.
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1.7 Overview of thesis

Table 1.2: Thesis outline.

Chapter Name Overview

1 Introduction

An outline of the importance of the waves-in-ice
research problem and how in situ sensing is
an important approach to resolving several
key scientific questions

2
Literature
Review

Introduce the scientific and engineering background
to the waves-in-ice measurement. Specific focus
given to the hydrodynamics, waves-in-ice phenomena
and the measurement of these phenomena. Issues relating
to the design of polar instruments are discussed.

3
Waves-in-ice
Measurement

A description of the approach used to measure
waves-in-ice. Specific focus is given to potential
sources of bias and the necessary corrections

4 Methodology
An overview of approach taken to update
the SHARC Buoy for the SCALE cruise 2022.

5
Hardware
Development

An overview of the hardware changes made for the
SHARC Buoy for the SCALE cruise 2022.

6
Firmware
Development

An overview of the firmware updates made for the SHARC
Buoy V3.0 in preparation for the 2022 SCALE cruise.

7 Testing
The overview of the testing procedures used to validate
the system prior to deployment.

8 Deployment
A description of the deployment during the SCALE cruise.
The approach to deployment, the configuration of the
instruments and the data collected.

9
Result and
Discussion

The results collected from the SCALE cruise are discussed,
with a particular focus on waves-in-ice but also including
temperature and pressure and location data.

10 Conclusion
The SHARC Buoy V3.0 is evaluated as a platform and the
findings in the 2022 SCALE data are highlighted.

11 Recommendations
Suggestions for further improvements to the SHARC Buoy
platform to improve the reliability and longevity of the
device in the field as well as the quality of data collected
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Literature Review

2.1 Ocean dynamics

The SHARC Buoy aims to measure waves-in-ice as an ice-tethered instrument. It uses the move-
ment of the ice as a proxy measurement for the wave activity in Marginal Ice Zone. An overview
of how the underlying ocean dynamics are characterised and measured is thus necessary. Firstly,
how the ocean is modelled statistically with the random-phase amplitude model is given. Secondly,
a description of the linear wave theory on which this statistical model is based is provided. A brief
discussion of the dispersion relation in the ocean, which allows the distribution of waves in time
and space to be related, is done as this relation is used later for wave tank testing. Thirdly, a
discussion on the power spectral density (PSD) and how it is related to the wave spectrum is given
along with the method used for calculation.

2.1.1 Random Phase - Amplitude Model

Ocean waves are measured using statistical models which describe the relationship between wave
frequency and the random surface elevation of the ocean surface. Waves can be described mathe-
matically as the superposition of a series of sinusoidal harmonics (Falnes 2002, Holthuijsen 2007).

Figure 2.1: The surface elevation at any given instant is the result of the superposition
of sinusoidal harmonics according to linear wave theory.

The dominant model used to describe wave activity is the random phase amplitude model. This
model treats the surface elevation as a stationary stochastic (random) process (Holthuijsen 2007).

10
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The following assumptions are necessary for the random phase amplitude model.

1. Stationarity (Gaussian process): The process is time-invariant. This implies that the mean
and variance of the time series do not change. This assumption is approximately true over
time series between 15 - 30 minutes.

2. Random phase: The phase of deep water ocean waves has a uniform probability distribution
between 0 and 2π.

3. Independence of wave components: Wave components present at different frequencies are
assumed to vary independently and is a consequence of the random-phase assumption. This
is approximately true in deep water and for waves that are not steep.

Variance is used as a useful statistical measurement (the sum of variances at all frequencies is
equal to the random surface elevation). Additionally, research has shown that the energy in waves
is proportional to their variance (Holthuijsen 2007).

The surface elevation can thus be described as:

E(f ) = lim
∆f→0

1

∆f
E{
1

2
a2} (2.1)

Where f is the wave frequency, E(f ) is the expectation function for the amplitude variance density
(variance divided by frequency interval ∆f ), a is the random variable amplitude, 12a

2 is the variance
of the amplitude. The unit of the wave spectrum are m2s or alternatively m2Hz−1).

This results in a wave spectrum, which plots the distribution of the variance of the amplitude as a
function of frequency. A wave spectrum from SHARC Buoy SB06 is shown below as a reference
along with the amplitude time series.

(a) A time series of the amplitude for SB06.
(b) The power/wave spectral density calculated from the
amplitude time series from SB06.

Figure 2.2: Wave spectrum from the time series collected in the MIZ during the
winter SCALE cruise 2022. Note the 12.5 s dominant period which is typical of the
waves in the zone.

2.1.2 Linear Wave Theory

The random phase - amplitude model is based on linear wave theory. Linear waves imply that
waves of different frequencies do not interact with one another.
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Linear Wave Theory is based on the following assumptions:

1. Fluid is incompressible

2. Fluid has constant density

3. Fluid is a continuous body

4. Gravity is the only force acting on the system

Given these assumptions, particles on the wave follow an orbital motion, as shown in figure 2.3 .

Figure 2.3: A result of linear wave theory is that waves have an orbital motion.

If the water is too shallow then the orbital paths shown in figure 2.3 are deformed. Linear wave
theory is only approximately applicable for certain depths and wave steepness. The applicability
of linear theory can be determined using the Ursell number (NUrsel l), which is a measure of the
non-linearity of a wave.

NUrsel l =
steepness

(relative depth)3
=
H/L

(d/L)3
, (2.2)

where the steepness is given by the waveheight, H, divided by the wavelength, L, and the relative
depth is given by the depth, d , divided by the wavelength cubed.

Linear Wave Theory or a Stokes correction of linear wave theory is applicable for NUrsel l ≤ 10.

For deep water, wave steepness (H/L) alone must also be considered as it can indicate the ap-
plicability of linear wave theory. When the non-linear effects become sufficiently large, a Stokes
correction must be used. For wave tank testing, NUrsel l is used as the maximum depth is shallow
and an approximation of deep water is desired as these are the conditions of deployment in the
Southern Ocean for the instrument. Finally, steep waves are not expected for instruments deployed
sufficiently far into the sea ice (Toffoli et al. 2015).

2.1.3 The dispersion relation in deep water

Different frequency components of waves disperse as they propagate out from the area of gener-
ation (Holthuijsen 2007). Longer wavelengths (low frequencies) travel faster than shorter wave-
lengths (high frequencies) resulting in the disparity. This is known as dispersion. The dispersion
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relationship in ocean gravity waves is given by the equation:

ω2 = gk tanh(kd) (2.3)

Where ω is the frequency, k is the wavenumber, a measure of the spatial distribution of waves,
d is the depth and g is gravitational acceleration. In sufficiently deep water, kd →∞ and so
tanh(kd)→ 1 which results in:

ω =
√
gk (2.4)

This provides a relationship between the distribution of the waves temporally and spatially (Newman
1977) and so can be used to iteratively calculate the wave number given the depth and frequency.

This use of this relation is necessary for designing experiments in a wave tank setting - especially
for floating bodies. The interaction between waves and floating bodies will be reviewed in section
2.2.

2.1.4 Power Spectral Density (PSD)

The wave spectrum and PSD

The wave spectrum can be defined in terms of wave variance (as discussed in section 2.1.1). An
alternate approach is to describe waves in terms of signal processing theory.

The energy of a signal, y(t) (wave amplitude in this case) is defined as:

E =

∫ ∞
−∞
|y(t)|2 dt (2.5)

Using Parseval’s theorem (roughly that the energy in the time domain of a signal is equal to the
energy in the spectral domain) the energy in the time and frequency domain’s can be related as:

∫ ∞
−∞
|y(t)|2 dt =

∫ ∞
−∞
|Y (f )|2 df (2.6)

Finally, the definition of signal energy requires that the energy is bounded, this is not the case
for waves which are measured as a stationary stochastic process (i.e. have unbounded energy)
(Topper 2013). Thus, the signal power is calculated. Using the Wiener-Khinchin relation the PSD
is defined as the Fourier transform of the autocorrelation function. For an ergodic process the

autocorrelation function (φyy ) can be estimated as φ̂yy = 1
T

∫ T
2

− T
2

y(t)y(t−τ)dτ where φ̂yy → φyy
as T →∞. Thus, the PSD estimate, P̂ can be defined:

P̂ (f ) =
1

T

∫ T
2

− T
2

φ̂yye
i2πf τ dτ (2.7)

This can be further simplified to:

P̂ (f ) =
1

T
|Y (f )|2 (2.8)
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This is known as the periodogram estimator which is discussed in the next section for the discrete
case.

Periodogram estimator

Practically, the spectrum is calculated from a discrete time series of measurements. The generally
preferred method for PSD estimation for wave measurement being a variation of the periodogram
method (Thomson & William 2014) discussed below.

The two-sided periodogram estimate of the PSD of a signal y , P̂yy of length N with K zero
padding is given by:

P̂yy =
1

(N+K)∆t
|Yk |2 (2.9)

Where Yk is the Discrete Fourier Transform (DFT) of signal y(t).

Note that the division by the sample period ∆t turns the energy spectrum into a power spectrum.

Given that the random surface elevation time series is real-valued, the power spectrum is symmet-
rical and so a single-sided PSD estimate is given by:

PSD(f ) = 2∗ P̂yy =
2

(N+K)∆t
|Yk |2 (2.10)

Where P̂yy is the single sided periodogram estimate of a real valued time series. The SI units of
PSD(f ) are m2s, the same as the wave spectrum E(f ) (equation 2.1). Thus, with proper scaling:
PSD(f )≡ E(f ).

The Welch Method

The periodogram method has several limitations. The limitations are caused by the truncation of
the measured signal and a limited sampling frequency. The key limitation is the variance of the
periodogram estimate. Unfortunately, this variance does not reduce by taking the periodogram of
a longer time series. In fact the variance of the periodogram estimate of the PSD is approximately
equal to the square of the variance of the true PSD, regardless of the length of the original
truncated time series. This reduces the reliability of the PSD estimate.

Fortunately, the variance of the signal can be reduced by averaging several periodograms of a
time series at the cost of spectral resolution (Bartlett’s Method). It can be further reduced with
windowing by a smooth window function (reducing spectral leakage) of each periodogram and by
overlapping these periodograms to increase the number of periodograms taken of a time series
(Welch’s method). Note that windowing a signal reduces the power contained in the periodogram
estimate. Thus a compensating factor should be used.

Welch’s method can be represented as (Welch 1967):

P̂ (f ) =
1

K

k

∑
k=1

Ik(fn) (2.11)

Where Ik is the k th modified periodogram estimate given by:
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Ik(fn) =
L

U
|Ak(n)|2 (2.12)

Where Ak(n) is a FFT of the kth windowed data segment, Xk of length L given by:

Ak(n) =
1

L

L−1

∑
j=0

Xk(j)W (j)e
−2kijn/L (2.13)

And U is a normalisation factor for power given by:

U =
1

L

L−1

∑
j=0

W 2(j) (2.14)

(a) Welch method estimate (b) Periodogram estimates

Figure 2.4: Welch’s method reduces the variance of PSD estimates. Shown above
is the comparison between a series of different periodogram estimates within a single
time series and the averaged PSD estimate.

Wave Parameters

The parameters of interest in wave measurement are statistical measurements of wave height and
period. As the spectrum captures the behaviour of the wave (assuming a stationary Gaussian
process) these can be calculated from the moments of the wave spectrum (Holthuijsen 2007),
these are defined as:

mn =

∫ ∞
0
f nE(f )df (2.15)

Where mn is the nth spectral moment.

The definitions of interest for quantifying wave parameters are(Tucker & Pitt 2001) given in Table
2.1. These parameters are key in defining the wave activity in a location.
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Table 2.1: Wave parameters

Parameter Equation Description
Tm01 or T̄ m0/m1 The mean wave period.
Tm02 or T2 m2/m0 The average up-crossing period between waves.
Hm0 or Hs 4

√
m0 The significant wave height.

Confidence Intervals

The uncertainty associated with wave measurements is traditionally quantified with a chi-square
distribution with confidence intervals of 90% (Earle 1996).

P (f ) ·DoF
χ2(DoF, 1−α2 )

,
P (f ) ·DoF
χ2(DoF, 1+α2 )

, (2.16)

Where P (f ) is the PSD estimate, DoF are the degrees of freedom and χ2 are the percentage
points of chi-squared probability.

The degrees of freedom, DoF , can be estimated using:

DoF ≈
2K

1+ 0.4(K−1)K

(2.17)

Where K are the number of data segments used in Welch’s method.

2.2 Hydrodynamics of a single ice floe

The most recognisable feature of the Antarctic Marginal Ice Zone are a type of ice formation known
as ice pancakes. A description of their formation is given in section 2.3. It is, therefore, necessary
to discuss how floating bodies (in this case pancake ice), interact with waves as the SHARC Buoy
platform acted as a Lagrangian (ice-tethered) instrument deployed on an ice pancake. Initially,
a discussion of how waves excite a floating body is provided. Secondly, a discussion of how this
excitation can be measured using response amplitude operators is given. Finally, the drift caused
by wave forcing is discussed and how it affects the measurement of wave activity.

2.2.1 Floating bodies in water

The interaction between waves and floating bodies is generally described by the excitation force
exerted on a body by incident waves and the radiation of waves from an oscillating system. Incident
waves excite a floating body, causing it to oscillate. These oscillations in turn cause the body to
radiate waves. A floating body in water can be modelled as a simple mass and damper system
(Falnes 2002, Fossen 2011). If the system is assumed to be linear then the following linear mass-
spring-damper model can be used:

[MRB+A(ω)]ξ̈+B(ω)ξ̇+C(ω) = fcos(ωt) (2.18)

Where ξ is the perturbation matrix representing the perturbation (small change in movement or
position) of the body ({b}) relative to the equilibrium frame ({s}), MRB is the inertial matrix of
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Figure 2.5: The frames of reference for a floating body. In this case a disk model of
an ice pancake. The body frame ({b}= {xb,yb,zb}) is a reference frame fixed to the
body, inertial measurement occurs in this frame as inertial measurement units will move
in this frame, with the addition of a vertical offset in the case of the SHARC Buoy. In
this case the body frame is chosen to be located on the geometric centre of the disk
but this need not be the case. The position and orientation of the body frame are
described relative the Earth-centered Inertial (ECI) frame ({i} = {xi ,yi ,zi}) which is
approximated by the North-East-Down (NED) frame convention ({n}= {xn,yn,zn}).
Additionally, the convention for describing the velocities in the body frame is surge (u),
sway (v), heave (w), roll (p), pitch(q) and yaw (r). Finally, if the system was assumed
to be in equilibrium with no external wave excitation a set of ship-keeping coordinates
are useful to define as {s} = {xs ,ys ,zs}. These help to define the movement of the
body relative to its equilibrium state under wave excitation. Note the direction of the
axis as shown are considered positive in this thesis. Diagram adapted from Fossen
(2011) p.85.

a rigid body, A is the added mass matrix, B is the damping matrix, C is the restoration matrix, f
is the external force matrix, ω is the frequency and t is time.

The added mass matrix A and the damping matrix B model the radiation forces which carry away
wave energy from the body. The added mass is caused by a standing wave being formed around
the body as a result of the energy imparted to the surrounding water by the oscillation of the body
(Journée & Massie 2001). The restoration matrix C represents the forces due to gravity buoyancy.
these are the forces which tend to restore a floating object to the upright position.

Equation 2.18 can be expressed for the heave case shown in figure 2.6, although it is applicable in
any of the 6 degrees of freedom about the body axis. In this case z = zb− zs :

(m+a)z̈ +bż +cz = Fcos(ωt) (2.19)

In the heave case, each of the matrices can be simplified to one-dimensional vectors in the heave
direction.

The above solution to the mass-spring-damper model in the heave direction is useful for deriving
the response amplitude operators discussed in the next section (2.2.2).
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Figure 2.6: Floating bodies in water can be modelled as a mass and damper system.
In figure 2.6, the pancake is shown as a mass damper system in heave (w).

2.2.2 Response Amplitude Operators (ROAs)

Assuming a linear system (linear wave theory and a uniform body), the response amplitude operators
(RAO) are a series of transfer functions which map the motion (response amplitude) of a body to
the amplitude of the exciting wave. For the heave case, where zae iωθ is oscillating amplitude of
the body in response to oscillating wave excitation ξae iωθ, the RAO is:

Hz(ω,θ) =
za
ξa

(2.20)

If the system is modelled as a mechanical oscillator (i.e. equation 2.19) the RAO can be calculated
in terms of the various forces acting on the body. For the simplified case of a floating body being
symmetrical about x = 0 and z = 0 axes (Newman 1977, p. 321) the heave RAO can be given as:

Hz(ω,θ) =
F

−ω2(a(ω)+m)+ iωb(ω)+c (2.21)

Where F is the external input force caused by the wave input, a(ω) is the spring constant and
b(ω) is the damping constant and c is the restoration force.

Two key results arise from this formulation (eq. 2.21). Firstly, as ω→ 0 (i.e. long wavelengths
and low frequencies) Hz(ω,θ)→ 1 (Newman 1977). This can be thought of as all the frequency-
dependent terms in the denominator tending to 0, leaving only the restoration force c . This is
similar to the body motion and the wave motion being equivalent with the common analogy being
that of a cork bobbing on the ocean. Secondly, this is the model of a low-pass filter. The response
of the body is a low pass filtered response of the input wave excitation. This result has been
observed in the Antarctic MIZ with high-frequency waves being largely absent in ice-covered areas
(Shen et al. 2001).

The first result is important for an ice-tethered system as it shows that such a system moves with
the wave, and not relative to it, if the wavelength is sufficiently large and the wave frequency is
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sufficiently low. This is a necessary precondition for the inertial measurement of the movement
of waves through ice floes. However, this result only states that there is approximately relative
motion between wave and body given the assumption of sufficiently low-frequency, it does not
suggest that there is no drift, this will be reviewed in subsection 2.2.3.

The hydrodynamic response and ROAs of a disk model of a sea ice pancake in a wave tank setting
have been investigated by Yiew et al. (2016) and Bennetts & Williams (2015). Yiew et al. (2016)
found that the idealised floe had ROAs that were approximately unit values for λ/D ≥ 3 (where λ
is the wavelength and D is the diameter of the floating object).

Figure 2.7: Heave Response Amplitude Operator (RAO) for a series of idealised floes.
Note that the RAO tends to 1 for each curve at approximately λ/D ≥ 3. Diagram
credit: Yiew et al. (2016)

Using the dispersion relation (2.1.3) and the size of the pancake, an estimate of the highest
measurable frequency for proxy wave measurement through the pancake can be determined. Given
an estimate of pancake size in the Antarctic MIZ during the approximate period the SHARC Buoys
were deployed, the winter expanse, a larger pancake (on which the buoys would be deployed) would
be on average 3.1 m in diameter (with variation possible due to storm activity) (Alberello et al.
2019). Using 3.1 m as D and the finding of Yiew et al. (2016), λ/D ≥ 3 solving for wavelength,
λ≥ (3.1)(3) = 9.3 m. Finally, solving the dispersion relation for wave frequency:

f =
1

2π

√
g
2π

λ
=
1

2π

√
g
2π

9.3
≈ 0.4 Hz

Thus, a pancake of 3.1 m in diameter in the open ocean under wave excitation will be able to
capture the wave information for waves with a frequency of approximately 0.4 Hz (a wave period
of ≈ 2.5 seconds) or lower.

2.2.3 Wave forcing of floating bodies

Large bodies, relative to wavelength (the dimension of the body being the size of the wavelength
or greater) will result in the reflection or scattering of the oncoming waves whereas a small body
(its dimension being smaller than the wavelength) will be passively driven by the oncoming waves
(Grotmaack & Meylan 2006). This follows from the mass-damper-spring model.

The drift of a floating object caused by wave activity is known as wave forcing. This poses a
problem for measurement, as a measurement device would be moving relative to the waves it is
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measuring, which would cause a Doppler effect. This can significantly affect the measurement of
wave period in steep waves (Longuet-Higgins 1986). It should be noted that both current and
wind forcing on a floating body can also cause Doppler shift.

The effect of Doppler shift on the measured wave period (of a Lagrangian instrument) can be
calculated with the following equation (Longuet-Higgins 1986):

TL =
λ

c−U (2.22)

Where the Lagrangian period TL is equal to the wavelength, λ, divided by the drift velocity U
subtracted from the phase speed, c . The Eulerian equivalent TE , for reference can be expressed,
TE =

λ
c .

Figure 2.8: The difference between a Lagrangian (left) and Eulerian (right) frames in
wave measurement, including the affects of drift (c). Buoy measurements are made
in a Lagrangian (body axis {b}) frame. The fixed (equilibrium/ship-keeping axis) {s})
is the reference point about which a sensor oscillates in the Eulerian (fixed) frame if
the device was tethered. Diagram adapted from Longuet-Higgins (1986)

The drift velocity of the ice relative to the wave thus can have significant impacts on wave mea-
surement. The standard measurement period of 15 - 30 minutes is susceptible to drift-induced
bias, particularly given the distance ice can drift within a short period, this should be noted with
reference to drift data. This will impact the shape of the measured wave spectrum, especially if
the spectrum is assumed to have been representative of a particular geographical coordinate as
opposed to being interpolated between coordinates.

2.3 Waves-in-ice

The primary phenomenon investigated using the SHARC Buoy is the phenomenon of waves-in-ice.
Thus an overview of the key climatic features of the MIZ that result in waves-in-ice and how this
phenomenon is modelled is given. This provides context to the measurements on the SHARC
Buoy.

This section starts with a discussion of the lifecycle of the ice in the MIZ, highlighting the interac-
tion between waves (particularly wave frequency) during the processes of formation and recession.
In particular, how the evolution of floes may affect the frequency response of a floe on which a
Lagrangian device is tethered. A brief overview of the modelling of waves-in-ice from both an
individual floe and climate perspective - showing where the measurements from the SHARC Buoy
are useful and fit into the greater picture. Finally, an overview of individual processes is provided -
to indicate how these processes either affect or can be identified from the SHARC data and their
importance to models of the MIZ.
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2.3.1 Lifecycle

Figure 2.9: Ice type and processes from the SCALE Cruise 2022. Ice Types:
(a) Grease ice with ice pancakes, (b) ice pancakes, (c) consolidated ice pan-
cakes/composite ice, (d) larger ice floes made of composite pancakes with interstitial
grease/frazil/brash ice (e) melting ice pancakes with interstitial ice. Image credit: (a)
Kurt Martin, (b) Marek Marchow, (c, f) Nicole Taylor, (d, e) Marcello Vichi

The lifecycle of the MIZ undergoes periods of ice formation (advance) and recession (retreat).
Shen et al. (2001) proposed a three-stage model for the formation of a pancake ice field. Firstly,
when the ocean cools sufficiently, frazil ice begins to form, giving the ocean the reflective appear-
ance of grease in water - this is known as grease ice (figure 2.9a). Following the grease ice stage,
frazil crystals accumulate together, forming ice pancakes (figure 2.9a,b) - the pancake formation
stage. The raised edges on the pancakes are thought to be caused by collisions with neighbouring
pancakes (figure 2.9b,d). Wind and wave activity cause rafting of neighbouring pancakes onto
each other (figure 2.9d). Finally, neighbouring pancakes fuse together forming composite pan-
cakes/consolidated sheet (figure 2.9c,e) - the composite pancake stage. This model was validated
in Arctic ice by (Roach et al. 2018)

It is important to note that the formation process has a strong relationship with wave activity.
High-frequency wave components cause the accumulation of frazil ice into pancakes (Yue & Shen
2021) and lower-frequency components ’herd’ pancakes together into composite pancakes/sheets
(Shen et al. 2001).

A proposed mechanism for the thickening of ice pancakes is the rafting (figure 2.9d) of separate
floes onto each other (Dai et al. 2004). The rafting and thickening of floes would change the
hydrodynamic response of the individual floes by increasing their diameter or thickness. However,
the SHARC Buoys were deployed on either consolidated (figure 2.9c) or large floes (figure 2.9e).
Though it is possible that rafting occurred prior to the storm’s arrival on the 22 July 2022.

Melt of sea ice generally occurs in spring. However, winter melt was observed during the deployment
period on the SCALE Cruise during July 2022 (2.9f). The cause of the melt is currently unknown.
However, it is known that, once the ice starts to melt, waves penetrate further into the ice and
break up increases (Vichi et al. 2019).

The size of the floe, particularly the diameter of the floe, affects the hydrodynamic response of
the floe (chapter 2.2). Thus, the evolution of the floes over time changes the response of the
floes to waves and in particular - their response to high-frequency events such as collisions.
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2.3.2 Attenuation

Figure 2.10: The propagation of waves through ice results in the attenuation of
wave height. There are a variety of mechanisms proposed for the attenuation. Simple
measurement of attenuation between two SHARC Buoy sensors (i , j) is shown.

A well known waves-in-ice phenomenon is the attenuation of wave height, generally as a function
of frequency as waves propagate through the ice in the Antarctic MIZ(Thomson 2022). The
frequency dependence has been shown through a variety of campaigns (Meylan et al. 2014, Kohout
et al. 2020) in different ice conditions and in the modelling of the region (Meylan et al. 2018, Squire
2018). The ice cover generally acts like a low pass filter with exponential attenuation of high-
frequency wave components with low frequency waves propagating far into the MIZ(Kohout et al.
2020). Attenuation rates have been shown to be sensitive to ice type (Rogers et al. 2016), floe
size (Roach et al. 2019) and concentration (Doble & Bidlot 2013).

Meylan et al. (2014) calculated the attenuation coefficient in the Antarctic MIZ with the following
equation:

α(T ) =
ln(Si(T )/Sj(T ))

Di ,j
(2.23)

Where Si and Sj are the wave spectra at sensors separated by distance Di ,j . Si is assumed to
be further North if the North-South assumption is used. Many studies have assumed that waves
enter the ice cover, refract and proceed to travel meridionally South (Meylan et al. 2014, Kohout
et al. 2020, Brouwer et al. 2022). This is likely due to the difficulty in determining wave direction
as a result of the magnetic interference experienced by magnetometers (which are generally used
to determine heading) - this will be discussed in chapter 2.6.
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2.3.3 Ice floe collisions

Figure 2.11: Impacts between floes can be caused by the orbital motion of the indi-
vidual floes relative to each other - resulting in a regular periodic impact pattern. In
this diagram waves are propagating from left to right.

Collisions between ice floes have been proposed as a mechanism for the attenuation of waves-in-ice.
The interaction between floes has been modelled, in the simplest case, using wave orbits (Rottier
1992) as depicted in figure 2.11.

These impacts have been investigated in a wave tank setting. Bennetts & Williams (2015) inves-
tigated the transmission of waves through an array of floating disks and it was determined that
wave impacts became a significant cause of wave attenuation at higher concentration arrays which
was under-predicted by modelling - likely caused by collisions between the disks. In the experiment,
an acceleration threshold was set in the x-axis facing towards the incident waves.

Yiew et al. (2017) investigated the waves induced impacts between two floes. They found that
disks collide regularly in the intermediate to long wavelength regime (≥ 3 times disk diameter)
and that, for long wavelengths, collisions are caused by the relative surge motion which can be
predicted by the surge motion of a solitary disk. It is interesting to note that wavelength to disk
diameter to achieve a ROA of 1 (≥ 3 disk diameter) is the same ratio which is associated with the
transition to a frequent collision regime (see section 2.2.2).

Finally, collision events have been measured in the Antarctic MIZ by Smith & Thomson (2020).
They found that the relative velocity of floes predicted the frequency of impacts. The impacts
result in a transfer of momentum between floes. Assuming disk-shaped floes, the transfer of
momentum can be expressed by the following equation from Shen et al. (1987):

∆M = ρs(VA−VA∗)
πD2

4
(2.24)

Where the change in momentum, ∆M is equal to the density of the ice floe, ρs , multiplied by the
change in velocity of floe A before and after the collision, VA− VA∗, multiplied by the volume of
the disk-shaped floe with diameter D, πD

2

4 .

The relative velocity of floes can also be used to estimate the dissipated energy as a result of the
collisions. The original formulation of the energy dissipation between floes is given by Shen et al.
(1987) as the change in kinetic energy before and after a collision:

ec =
1

2
ρs(VA

2−VA∗2+VB2−VB∗2)
πD2

4
(2.25)

Where the energy dissipated by a collision of identical floes is equal to the mass of the individual
floes given by the density of the floes, ρs , multiplied by the volume of each floe with diameter, D,



CHAPTER 2. LITERATURE REVIEW 24

given by πD
2

4 , multiplied by the change in velocity of each floe summed together.

This requires measurements from both the floes immediately before and after the collisions. Thus,
in situ measurements can only practically measure the intensity and frequency of floe-floe collisions
as the transfer of momentum cannot be fully measured unless there is an instrument placed on all
floes involved in a collision. This is still of significant interest in characterizing the floe dynamics,
both from an inertial measurement perspective as it contaminates wave measurement and because
it has not been measured for a long duration (multiple days on a single floe) to the author’s
knowledge.

The contamination of wave data was noted by Doble et al. (2017) in the transmitted raw data from
the Novel Directional Wave Buoy (NDWB) platform. They reported outputs from the Kalman filter
onboard the system became unrepresentative with root mean square values of displacement out-
putted by the Kalman filter exceeding 20 times the displacement calculated from the z-acceleration
(heave). Thus, for an accurate measurement of wave height, either the raw data must be collected
or a filtering system should be designed to remove the contamination of ice-impacts.

2.4 Inertial Measurement Units

The instrument used to measure waves-in-ice phenomena on the SHARC Buoy was a low-cost
IMU. It is therefore necessary to discuss the advantages and limitations of such an approach. This
section starts with a description the principles of operation of the IMU. A discussion of the error
characteristics of IMUs is then given, with references provided as to how this may affect wave
measurements. Finally, the calibration of IMUs is discussed.

2.4.1 Theory

Inertial Measurement Units (IMUs) utilise a microelectromechanical (MEMS) system to measure
acceleration and angular velocity on a small integrated circuit (IC). These are used on the SHARC
Buoy to measure wave activity. They are strapdown devices meaning that they operate in the body
frame ({b}= {xb,yb,zb}), assuming that the IMU measurement axes and the body are orthogonal.
A 6 degree of freedom (DOF) IMU will measure acceleration and angular velocity values in three
orthogonal axes. A 9 DOF device includes a magnetometer to determine heading.

The devices are susceptible to several sources of error, particularly drift of integrated accelera-
tion and angular velocity measurements, which needs to be accounted for in processing of the
measurements of the device.

2.4.2 Error characteristics

IMUs are susceptible to multiple types of error. The main types of error are:

• Scale error (sg, sa)

• Bias (bg,ba)

• Random noise (ua,ug)

The scale factor is a multiplying factor used to convert between the output and the input. In this
case, the conversion between a raw accelerometer or gyroscope output. Thus the scale error is
the difference between the actual scale factor and the used scale factor.

The bias is the offset of the measured output when there is no angular velocity or acceleration
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acting on the device. This bias should be removed before integration.

The random noise is the Gaussian (white) noise in the measured output. This is often quoted in
terms of noise density which is the noise divided by the square root of the sample rate.

The general model for measurement noise in an IMU is given by (Chao et al. 2010). The error
model for the gyroscope is given as:

ω̂ = (1+ sg)ω+bg+ug (2.26)

Where the measured value of angular velocity, ω̂, is given by one plus the scaling factor, sg
multiplied by the true value of angular velocity, ω, plus the addition of white noise, µg.

And the error model for the accelerometer is given as:

â = (1+ sa)a+ba+µa (2.27)

Where the measured value of acceleration, â, is given by one plus the scaling factor, sa multiplied
by the true value of angular velocity, a, plus the addition of white noise, µa.

The error for the devices resulting from bias can be determined by removing the measured bias
from the IMU after determining it from a sufficiently long time series measured while the device
is stationary. The scaling factor can be determined using the multi-position method of calibration
(subsection 2.4.3).

For Kalman filtering of IMU data (subsection 2.8), a key parameter of the filter is the drift due to
the integration of noise, known as angle random walk (ARW) for the gyroscope or velocity random
walk for accelerometers. These error terms are determined using the Allan Variance method, which
is a method for determining the stochastic noise terms from a time series (see Appendix D).

2.4.3 Calibration

The calibration of IMUs can be done before measurement, for low-cost applications this is gen-
erally done with a multi-position method, where the IMU is rotated between a number of static
positions, which allows for the angular velocity to be integrated between positions described by
a gravitational vector. This allows the gyroscope to be calibrated. Accelerometer readings are
generally determined by a comparison between the gravitational vector and the measurement in
each axis. The approach initially used in the thesis was the approach of (Tedaldi et al. 2014).

In wave applications, if linear wave theory is assumed, the device is assumed to oscillate about a
point, thus - detrending acceleration data is an effective means to determine the acceleration in
the body frame (without drift) assuming the scaling factor is accurate.

2.4.4 Validation

For wave measurement applications, IMU’s are validated with wave tank testing. This is done by
feeding a known set of wave measurements with a known frequency and wave height and comparing
this to the measured wave height. An example of this approach can be found in Rabault et al.
(2016).
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2.5 Wave measurement

The IMU data collected on the SHARC Buoy is processed into wave data. The section discussed
how the vertical acceleration in the inertial axis is calculated from the 6 DOF (degree of free-
dom) IMU measurements. Following this, an outline of the approach to integrating the vertical
acceleration to displacement is given.

2.5.1 Determination of vertical acceleration

The fusion of the inertial data collected in the body frame to determine the acceleration in the
vertical axis (zi) of the inertial frame (i = xi ,yi ,zi) is necessary to measure waves in the uni-
dimensional case. The vertical acceleration values are used to calculate displacement after a
double integration. Thus, the method of fusing the IMU data from a multiple DOF measurement
to a single DOF is needed.

The easiest method of determination of the vertical acceleration is to assume that the heave
experienced by the body is approximately the true vertical acceleration. This assumption is true
assuming that the wave slope is small (i.e. ≤ 10◦, see figure 2.12) as the small angle assumption
(≤ 10◦) for pitch (θ) and roll (φ) will hold in this case. This is generally the case in the Antarctic
MIZ. The advantage to this method is that it simplifies calculation (not a trivial requirement on
embedded systems), and reduces noise (each measurement DOF introduces noise), and so is used
widely. For example, the Waves-in-ice Observation System (Kohout et al. 2014) and the Novel
Directional Wave Buoy (Doble et al. 2017) both used the heave acceleration only to calculate
wave height. However, if the waves become steep or there is a sustained tilt of the platform it will
overestimate the wave height. Alternatively, if there is no tilt it will underestimate wave height
(Bender et al. 2010). This approach can be represented as (Bender et al. 2010):

Âiz ≈ Âbz ≈ g−Zs (2.28)

Where the estimate of the true vertical acceleration Aiz , is approximately equal to the vertical
acceleration of the platform, ÂbZ , is given by the gravitational acceleration, g, multiplied by 1
subtracting the acceleration measurement of the sensor, Zs , measured in m/s2.

Figure 2.12: A small angle assumption is necessary to use only the heave acceleration
measurements to measure wave activity for the unidimensional case.

The true acceleration of the platform is given by using pitch and roll information to accurately
determine the component of gravity acting on the z axis of the accelerometer (Bender et al. 2010):
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Abz = (gcos(θ)cos(φ)−Zs)cos(φ)cos(θ) (2.29)

The true vertical acceleration (acceleration in the zi direction) can be calculated by determining
the true vertical acceleration of the platform and transforming it into the inertial frame. This is
given by the following equation (Bender et al. 2010, Kohout et al. 2014):

Âiz = g− (sin(θ)Xs + sin(φ)cos(θ)Ys +cos(φ)cos(θ)Zs) (2.30)

For the directional case, the heading of the device is needed to determine the directional measure-
ments. This requires an accurate measurement of yaw, this is generally measured by a magne-
tometer as the drift in the gyroscope is too great for the mission duration of instruments (generally
not an acceptable error within a few minutes of operation). Unfortunately, magnetometers do not
function accurately in the Antarctic MIZ (Kohout et al. 2014).

2.5.2 Integration of acceleration data

The integration of the vertical acceleration into vertical displacement is necessary to determine
wave amplitude. This is generally done using a double integration in the frequency domain (Rabault
et al. 2020, Alari et al. 2022, Kohout et al. 2014) with a high pass filter used to remove low
frequency drift introduced by the white noise and spreading from other frequencies within the
spectrum (Lang 1987). The following function describes both the high pass filtering (note the
removal of frequencies below f1 and the cosine taper between f1 and f2) as well as the double
integration (note the multiplication by 1

ω2
).

r(f ) =


0 f ≤ f1
1
2(1−cos(

f−f1
f2−f1 ))(

−1
2πf )

2 f1 ≤ f ≤ f2
−1
(2πf )2

f ≥ f2
(2.31)

The frequencies f1 and f2 are chosen based on the expected wave period. The Waves-in-ice
Observation system (Kohout et al. 2014) and the waves-in-ice buoy (Rabault et al. 2020) both
used f1 = 0.02Hz and f2 = 0.03Hz which is selected for waves with periods ranging from 4 to
20 seconds. (Alari et al. 2022) selected f1 = 0.08Hz and f2 = 0.10Hz which they deemed to be
sufficient for their measurements in the Baltic, noting that a lower cut-off would require validation.

2.6 Waves-in-ice instruments

A comprehensive overview of the current waves-in-ice instruments is given by Jacobson (2021).
However, some recent developments have occurred after this review that will be discussed here, as
well as a focus on the specific wave measurement capabilities of each of the devices. The section
starts with a discussion of the general requirements of the SHARC buoy system to provide context
to the updates that were made to the system for the V3.0 model. Then a discussion of the sensor
fusion techniques used by the most recent systems is provided.

2.6.1 Embedded System

The waves-in-ice instruments have several common requirements for their embedded systems.
These are discussed in table 2.2. Fundamentally there is a trade-off between power consumption,
with low-power MCUs being ideal and processing power with Linux System-on-a-Chip (SoCs)
generally being more powerful.
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New platforms such as the OpenMET Buoy V2021 (Rabault et al. 2022) and systems based off
its design such as the open source ice tracker (Rabault 2022) have shifted away from a Linux
SoC and towards a central MCU with sufficient memory (both flash and RAM) for onboard digital
signal processing (DSP). This trend is followed by the LainePoiss Buoy which also uses a central
MCU (Alari et al. 2022). This is a revision from alternative devices such as the revised Waves-in-
ice-Observation-System (Kohout et al. 2020) which uses an Intel Edison SoC (along with a MCU
to control low-power modes) and the open source waves-in-ice buoy (Rabault et al. 2020) which
used a Raspberry Pi. These older devices make use of the large RAM and more powerful DSP
libraries available.

The STM32 series of MCU’s as well as other ARM MCU’s based on the Cortex-M processor have
the CMSIS DSP library available for use (ARM 2022). The library includes the following functions
necessary for developing a wave measurement pipeline on the buoy:

• Finite Impulse Response (FIR) filtering

• Real Fast Fourier Transform (RFFT)

• Real Inverse Fast Fourier Transform (RFFT)

These can be leveraged to have a more power and cost efficient solution for the onboard signal
processing required for the estimation of wave parameters as these functions have been optimised
to perform on the Cortex-M hardware. It is important to note that the length of the operations is
generally constrained to arrays of 256, 512 or 1024 in length.

Table 2.2: The general requirements of the embedded systems for waves-in-ice in-
struments.

Requirement Description

Interface with
multiple sensor
packages

The central embedded system must be able to interface
with several sensor packages over a variety of
communication protocols. Specifically: I2C, SPI and
UART/USART interfaces

High-frequency IMU
interface

In particular, each instrument contains an IMU device.
This sensor package is sampled at a high-frequency
(approx. 100-640 Hz). Further the interface must function
reliably for extended periods.

Onboard digital
signal processing (DSP)

The devices must have the ability to process large stored
inertial datasets with DSP functions such as the Fast
Fourier Transform (FFT), Finite Impulse Response (FIR)
filtering. Furthermore, the length of the DSP operations on the
system should be sufficient (eg. 512, 1024, 2048) to process
segments of the signal without causing significant distortion.

Random Access Memory
Size

The local processing of data is done using the random
access memory on the embedded system. This memory
must be sufficiently large to store and operate on the
the maximum number of numerical arrays used
concurrently during the onboard processing.

Program memory size

The memory storage for the embedded system must be
large enough to store the full program implemented on the
system. Generally implemented in Flash memory on MCUs,
this requirement is an important requirement for a smaller system -
especially when the system grows in size.
On larger Linux SoC systems, this is not a significant
requirement.

Storage memory

The storage memory must be large enough to store the raw
data logged during deployment for local processing
or in case of retrieval. The hardware storage type and interface
must be highly reliable in extreme conditions.

Power consumption

The type of embedded system (MCU, SoC etc.) selected and the
implementation of the program has significant impacts on the
power consumption of the device. Long-duration missions are
the ultimate goal for waves-in-ice devices and so an appropriate
embedded system must be selected.
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2.6.2 Sensor Fusion

The determination of wave height from inertial measurements requires the calculation of vertical
acceleration using information from all the axes present on the IMU (with the exception of yaw for
the uni-dimensional case). IMU measurements are generally filtered using a Kalman filter. This
filter fuses the information from multiple raw measurements along with a model of the system to
produce an estimate of the system’s behaviour (e.g. orientation). Kalman filtering has been used
in the Waves-in-ice Buoy (Rabault et al. 2020), the LainePoiss Buoy (Alari et al. 2022) and the
Novel-Directional Wave Buoy (Doble et al. 2017).

The Kalman filter is an optimal state estimator that aims to minimize the error covariance.

Figure 2.13: Overview of the operation of the Kalman Filter. Diagram credit: Bishop
& Welch (2001).

In this thesis, Kalman filtering is treated as a black box, with the IMU error values being used as
parameters of a generic filter used to determine the orientation of the buoy. This orientation is
used to determine the vertical acceleration using the methods outlined in subsection 2.5.1

2.7 GPS wave measurement

GPS wave measurement is an alternative to the IMU based wave measurement given described
above. Herbers et al. (2012) have developed a GPS based platform that used the differential
measurements in Doppler shift of GPS signals to determine the orbital velocities of waves. Alter-
natively, positional GPS measurements can be used with post-processing techniques (Raghukumar
et al. 2019). GPS based Spotter buoys, developed by Raghukumar et al. (2019), showed good
agreement with Datawell rider inertial measurement based buoys in deployments on the California
coast. SWIFT Buoys, which are also capable of GNSS based wave measurement, have collected
waves-in-ice data in the Arctic (Hošeková et al. 2020). GPS based minibuoys have been deployed
in the Antarctic for waves-in-ice measurement (Ardhuin et al. 2020).

GNSS based wave measurement was not implemented on the SHARC Buoy as there was a concern
that GNSS based wave measurement has not been validated in the Antarctic against IMU wave
data to the authors knowledge. However, GNSS measurement should be considered for future
buoys (see 11).

2.8 Literature review summary

An overview of linear wave theory was provided along with the limitations of this theory, as this is the
dominant theory used to describe waves in deep water such as the Antarctic MIZ. The dispersion
relation and the relationship between wavelength and frequency in gravity was described.



CHAPTER 2. LITERATURE REVIEW 30

The mathematics used to describe linear waves in the open ocean was outlined, specifically wave
spectra, with a focus given on how variance is reduced between power spectra estimates using the
Welch method. The calculation of wave parameters from these spectra is described along with
the calculation of the uncertainty in the statistical estimates calculated from the wave spectra.

The hydrodynamics of wave flows is given as justification for the proxy measurement of waves
through ice with ice-tethered instruments. Additionally, the various sources of error introduced by
the proxy measurement were described.

The error characteristics, calibration and validation of IMUs for wave measurement was given with
a focus on wave measurement applications.

The various approaches for wave measurement (for the uni-dimensional case) were investigated
with the applicability of the small angle assumption being outlined. The integration of vertical
acceleration was described with different frequency ranges between devices noted.

Considerations for wave measurement using embedded systems were investigated with the use of
Kalman filtering for sensor fusion briefly discussed.

Finally, GNSS based wave measurement was discussed with reasoning given as to why it was not
used.



Chapter 3

Waves-in-ice measurement

The SHARC Buoy V3 measured wave activity through ice. This required the validation testing of
the IMUs used to measure the wave activity. Wave tank testing was used to validate the wave
measurement by verifying that wave frequency and height could be extracted from the raw IMU
data. Additionally, the frequency response of the IMU measurement on a pseudo-ice pancake
was investigated. A signal processing pipeline was implemented, both on MATLAB and in a more
resource-constrained form for the STM32 microcontroller (MCU) for local processing of wave data.
The MCU implementation is discussed in detail in chapter 6.4. Finally, the necessary corrections
in the wave measurement are considered. These include determining the true vertical acceleration,
correcting for the stand dynamics and finally the Doppler shift introduced by drift.

3.1 Wave tank testing

3.1.1 Experimental Setup

Figure 3.1: The setup included a pancake tethered 7 m from a wave generator, with
a capacitance probe placed 1 m in front and 1 m behind the pancake. The pancake
was made of polypropylene which has a density of 0.905 g/cm3 which is approximately
equivalent to the density of ice 0.91 g/cm3 (not accounting for variation in sea ice).
The pancake was 30 cm in diameter and 4 cm in height. An IMU data logger was
placed on the centre of the pancake in a waterproof housing. The wave height was
calibrated using capacitance probe 1, with probe 2 there to detect attenuation at
various frequencies. For the full setup and experimental planning, refer to Appendix
A.

The validation of IMU wave measurement was done in the wave tank at the CSIR Coastal and
Hydraulics Laboratory, in Stellenbosch, South Africa. The waves were generated in a 32 m x 1 m
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2D glass wave flume with a piston paddle wave-maker designed by HR Wallingford. The experiment
was designed to generate a series of waves which could then be measured by a floating IMU
logger which would have similar inertial characteristics to an ice pancake floe. This was done by
constructing a scaled-down plastic disk 30 cm in diameter with a thickness of 4 cm. A disk shape
was selected to approximate the shape of ice pancakes in the MIZ (see figure 2.9) The plastic
used was polypropylene which has a similar density to ice at 0.905 g/cm3 (Rochling 2021) which
is similar to the density of sea ice which varies widely but has an average density of 0.91 g/cm3

(Timco & Frederking 1996). This was constructed to try and mimic the inertial response of
pancake ice. The generated waves were measured by two capacitance probes. The waves were
calibrated from the measurements of probe 1 with probe 2 being used to determine if significant
attenuation of waves occurred between probe 1 and the logging platform (SHARC-I) which would
bias the validation. A longshore was created on the opposite side of the wave tank to dampen
waves and reduce reflection. As the tank was 32 m, no detectable reflection was measured by the
probes deployed at 7 m and 9 m from the wave generator respectively.

The ideal wave series would emulate the waves measured in the MIZ. However, the use of the wave
tank imposes constraints. The primary constraint is the depth of water in the tank (0.8 m), which
is lower than the height of the tank (1.0 m), meaning that a smaller wave height with longer wave
length is necessary to assume linear wave theory. Additionally, the wave height cannot be too small
relative to the wavelength of the wave else surface tension will become a significant force relative
to gravity (cnoidal waves). The wavelength should be several times the length of the platform to
allow the platform sufficient response time to the individual waves (see subsection 3.1.3). Finally,
the drift should not be sufficiently large that the tether introduces additional dynamics into the
measurement.

1. The tank depth (1m in the CSIR Lab) is sufficient (i.e. kd < 2) to assume deep ocean
assumptions (no reflection off tank bathymetry)

2. That scaling the waves relative to the size of the floe will yield result that can approximate
real world conditions

3. That wave steepness, ka < 0.08, allows for linear wave theory (or an nth order Stokes
correction) to be used.

Given these constraints, waves with accelerations in the range that would be measured in the MIZ
were generated and used to validate the IMU. A table of the wave parameters is given (table
3.1). Higher and steeper waves could be used for frequency identification but for calculating wave
parameters, the restrictions above were necessary.

(a) Front perspective (b) Side perspective

Figure 3.2: Wave tank testing
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3.1.2 IMU Validation

To validate the IMU used in the buoy, wave tank testing of the selected IMU was performed. The
ICM20689 (InvenSense 2021b) was initially used as the selected IMU. This was replaced with the
ICM20649 (InvenSense 2021a) as a result of silicon supply shortages.

A logger was developed using the Arduino Due board powered by a compact portable power supply
with the selected IMU. The logger was placed in a waterproof enclosure fixed to the center of the
top surface of the pancake. The IMU was located in the center of the pancake. The IMU logged
at a frequency of 100 Hz . The ICM20689 experiments lasted for a duration of 5 minutes whilst
the ICM20649 experiments were 30 minutes in duration.

The IMU measurement was compared to the measurement of the capacitance probes within the
wave tank. These probes were calibrated before the start of an experiment and are accurate to
within 0.5 mm.

Table 3.1: Wave parameters for IMU validation experiments

Experiment
Description

Tm01
(s)

Hm0
(mm) IMU

Wave
Spectrum

Relative
depth
(kd)

Steepness
(ka)

Ursell
Number

IMU validation:
Identify dominant
frequency

0.875 61 ICM20689 JONSWAP 4.21 0.16 0.17

IMU validation:
Identify dominant
frequency (repeat),
measure wave
parameters

0.889 54 ICM20689 JONSWAP 4.07 0.14 0.16

IMU validation:
Identify dominant
frequency

1.997 32 ICM20649
Regular
(sinusoidal)

1.04 0.02 1.47

IMU validation:
Measure wave
parameters

1.713 44 ICM20649 JONSWAP 1.28 0.04 1.33

The simplest validation tests determined if the measured vertical acceleration (heave acceleration)
correlated to the acceleration measured using the capacitance probe. This is shown in figure
B.3. It is important to note that if the waves imparted too much lateral drift, dynamics would be
introduced by the tether, resulting in phase shifts and or a reduction in the measured acceleration
amplitude as can be seen in the time series (figure 3.3a) beyond t = 7 seconds. The dominant
frequency (f ≈ 1 Hz) can also clearly be identified.

The ICM20649 was validated using two time series a series of regular waves and a series of irregular
waves. The regular waves were used to determine that the correct elevation was measured and
that a specific frequency could be accurately measured. The irregular waves were used to validate
the estimation of wave parameters. This allowed for the calculation of wave height to be more
accurate as the calculation of the significant wave height involves the integration over the wave
spectrum (subsection 2.5.2). As a regular wave (sinusiodal wave with a single frequency) has a
wave spectrum which in the ideal case has a Dirac delta function at the wave frequency (a function
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(a) Acceleration time series (b) Raw FFT

Figure 3.3: Figure 3.3a acceleration time series of the heave measurement of the
ICM2089 IMU (orange) vs the measured displacement of the capacitance probe dif-
ferentiated (blue) to determine measured acceleration (Wave Spectrum: JONSWAP,
Wave Frequency: 1.14 Hz , Hm0: 61 mm). Figure 3.3b, FFT to determine the fre-
quencies present in the acceleration signal.

which is zero for all frequencies except at the wave frequency). Practically, there is some frequency
spread which allows an estimate of wave height. However, the accuracy of the estimates is reduced
as a result.

Another consideration was the integration of the data, double integration in the frequency domain
specifically the frequency cutoff defined the cosine taper (subsection 2.5.2). The use of the
platform and a strapdown accelerometer introduced low-frequency noise in the range 0−0.1 Hz .
This noise is known to be introduced by the floating platform itself, thus during the wave tank
testing integration was done for the range 0.15−4 Hz . For the system itself the cutoff of 0.03 Hz
was used as there has not been a quantification of the low frequency noise introduced by the ice
floe onto which the device is deployed. 0.03 Hz is the frequency threshold below which there is no
significant wave energy and so is used in many buoys (Rabault et al. 2020, Kohout et al. 2015).

(a) Elevation time series (b) Wave spectrum (Welch estimate)

Figure 3.4: Figure 3.4a elevation time series calculated from the heave measurement
for the ICM20649. Capacitance probe wave spectrum shown in Appendix B.2a. Figure
3.4b IMU measured wave spectrum.
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Table 3.2: Wave parameters measured by the capacitance probes vs. IMU measure-
ments

Parameter
Capacitance
Probe IMU

Hm0 0.044 m 0.042 m

Tm01 1.713 s 1.857 s

The significant wave height was chosen to be approximately 5 cm to increase the size of the
acceleration signal relative to the noise of the sensor (see chapter 5.3.2). The dominant wave
period was chosen to be approximately 0.5 Hz (see Appendix B for datasheets). This allowed
for a test that did not introduce the dynamics of the tether as it resulted in minimal drift as the
wavelengths were sufficiently long relative to the size of the platform. Additionally, as the waves
were irregular, the different wave frequencies in the spectrum would correspond to different wave
elevations, allowing the lower frequency range and wider acceleration range to be validated.

The measured significant wave height was within 2 mm of the value measured by the capacitance
probes in the wave tank. The difference in mean wave period can be accounted for the "spectral
spreading" (see Lang (1987)) introduced by the platform itself causing higher frequency compo-
nents to shift to lower frequency bins, which are then removed by the high pass filter described
above (frequency cutoff of 0.1 Hz), The removal of the low frequency components during the
integration from acceleration to displacement integration results in a marginally higher mean wave
period calculated from the spectral moments of the wave spectrum.

The measured acceleration range can be calculated using (Rabault et al. 2016):

Az = aω
2 (3.1)

Where Az is vertical acceleration, ω is the angular frequency (given by ω=2πf ) and a is amplitude.
The frequency range being 0.30− 1.0 Hz . The peak acceleration is given by equation 3.1 as
0.5 m/s2. For an expected wave period in the MIZ of 10 s, this would correspond to approximately
1 m wave height.

Note that the peaks of the spectrum (figure 3.4b) are not as high as measured in appendix B.2a,
this is due to spectral spreading as a result of the platform of the peak amplitudes into neighbouring
frequencies (see subsection 2.5.2 and Lang (1987)). This is in addition to the loss of spectral
resolution caused by the use of the Welch method.

The experimental testing validated the cost-effective IMU for the dominant acceleration range that
would be measured in the MIZ during storm activity (i.e. significant wave height > 1 m). The
validation of smaller acceleration measurements was determined by measuring the noise floor of the
sensor (subsection 5.3.2). For further validation or for updating the IMU, lower wave amplitudes
should be selected. Validation of lower frequencies and was done in the field by comparison with
FMI instruments.
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3.1.3 Frequency Response

The frequency response of the pancake platform was investigated to see if there was a significant
effect on the measured wave height of the pancakes. This was done as data was collected on the
SCALE cruise to determine the size of the pancakes, and thus the maximum wave frequency that
could be measured in situ.

This was done in a wave tank setting (figure 3.1). A series of regular waves of the same amplitude
(20 mm) with a range of frequencies (0.5 Hz, 0.75 Hz, 1.0 Hz, 1.5 Hz, 2.0 Hz) were used to
excite the pseudo ice pancake used. The results are shown in figure 3.5.

Table 3.3: Wave parameters for frequency response investigation experiments

Experiment
Description

Tm01
(s)

Hm0
(mm) IMU

Wave
Spectrum

Relative
depth
(kd)

Steepness
(ka)

Ursell
Number

Frequency
response (1)

2.000 22 ICM20689 Regular 1.04 0.014 1.01

Frequency
response (2)

1.333 20 ICM20689 Regular 1.89 0.024 0.27

Frequency
response (3)

1.000 20 ICM20689 Regular 3.23 0.040 0.09

Frequency
response (4)

0.667 20 ICM20689 Regular 7.23 0.090 0.0188

Frequency
response (5)

0.500 32 ICM20689 Regular 12.86 0.26 0.0095

The waves used exceeded the steepness and depth assumptions used in section 3.1.1 as it was
necessary to use a broader range of measurements. However, it should be noted that the non-
linearities introduced have an impact on measurements where linear wave theory is assumed.

Figure 3.5: The IMU measured elevation of the pancake vs wave frequency for a series
of waves with a significant wave of height of 20 mm generated at different frequencies.
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The frequency response can be characterised by determining the response amplitude operators
(ROA) measured in heave on the pancake (see section 2.2.2).

The heave ROA can be calculated as follows:

RAOHeave =
aH
a

(3.2)

Where aH is the measured heave amplitude response and a is the amplitude of the incident waves.
The results were nondimensionalised by determining the ratio of the wavelength to the disk diam-
eter.

Figure 3.6: The measured frequency response of the floating disk nondimensionalised.
A polynomial fit is shown.

The results from wave tank testing corroborate Yiew et al. (2017) results that the heave response
approaches 1 as the wavelength relative to the diameter of the platform increases. This result
is important as it shows that if the wavelength is sufficiently large relative to the ice, IMU-based
measurement is accurate. The results show more variation than Yiew et al. (2017) (see figure
2.7) due to the use of regular wave as opposed to irregular, resulting in a smaller wave spectrum
which is more susceptible to variance in measurement, as opposed to a larger spectrum which when
integrated over will not be as susceptible to smaller variations in the spectrum.
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3.2 Signal Processing Pipeline

To extract wave parameters, a signal processing pipeline was developed. The key parameters of
interest are the significant wave height, Hm0 and the mean wave period, Tm01 (see subsection
2.1.4). Figure 3.7, shows the general process of obtaining wave height estimates.

The pipeline in figures 6.7 and 6.9 was used in on the embedded system of the SHARC Buoy.
A pipeline utilising MATLAB’s pwelch function was developed for use as a golden standard. The
typical outputs for the reference program are shown in figure 3.7.

The pipeline follows the following process:

1. The heave raw acceleration data is recorded at 100 Hz (fig. 3.7a)

2. The vertical acceleration is scaled (fig. 3.7b). In fig. 3.7b the data is detrended for clarity.
This is not necessary as the high pass filter will detrend the elevation time series.

3. The acceleration series is converted to the frequency domain (FFT) and multiplied by the
response function r(f ) (subsection 2.5.2).

4. The response function removes low frequency trends and performs a double integration in
the frequency domain. It is then converted back to the time domain (IFFT). This double
integration results in spectral leakage, causing transients to be introduced at the ends of
the elevation time series, these are truncated as shown in figure 3.7c, these become more
pronounced the shorter the given time series is as they are the result of taking a finite record
of an infinite signal.

5. The elevation time series is separated into a series of overlapping windowed segments
(Welch’s method). Periodogram estimates are then performed on each overlapped seg-
ment. Fig. 3.7e shows the individual periodogram estimates of the separate windows. The
chi-square distribution is used to estimate the uncertainty of the spectrum (90% certainty),
producing the upper and lower estimates.

6. The individual estimates are averaged and the final wave spectrum is shown. The wave
parameters can be calculated by calculating the spectral moments over this time series.

The trapezoidal rule is used to integrate over the wave frequency spectrum (figure 9.6f) as in the
SWASH Model (Pés 2013). Uncertainty is estimated by the chi-square distribution. The final
wave parameters for the wave sample (SB06 22 July 2022 06:32 - 07:32 UTC) are shown in in
table 3.4.

Table 3.4: Wave parameters for SB06 22 July 2022 06:32 - 07:32 UTC

Parameter Result Lower Estimate Upper Estimate

Hm0 (m) 1.40 1.12 1.90
Tm0 (s) 13.1 - -

For simplicity figure 3.7 excludes the correction of the acceleration to the vertical. The small angle
assumption is used and heave measurement is assumed to be approximately equal to the vertical
acceleration (see subsection 2.5.1). A correction for vertical acceleration is discussed in section
3.3.
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(a) Raw heave acceleration (b) Heave acceleration scaled

(c) Elevation (d) Elevation zoomed

(e) Periodogram estimates (f) Welch estimate

Figure 3.7: The signal processing pipeline used to calculate the wave spectrum (E(f )),
measured by the SHARC Buoy. Pipeline shows processing of data collected during
deployment. Two wave fields were present, resulting in a bimodal spectrum.
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3.3 Correction to vertical

A correction to the vertical is needed to determine the vertical acceleration if the waves are
sufficiently steep. This is shown by comparing the vertical correction in calm conditions such as
in figure 3.7 above to a more extreme case (once the sensor experienced a polar cyclone). A full
graph of the orientation

The orientation of the device was determined using a Kalman filter (MATLAB’s imufilter function).
Once run this filter took approximately 30 seconds to converge due to the initial estimation error.
Following this, the true vertical acceleration was calculated as (see section 2.5.1):

Âiz = g− (sin(θ)Xs + sin(φ)cos(θ)Ys +cos(φ)cos(θ)Zs) (3.3)

From this, a comparison between the heave estimate and the true vertical is shown. On the buoy
the heave was used as an estimate of the vertical acceleration as an onboard Kalman filter was not
implemented. This is due to the unknown dynamics of the ice (particularly floe impacts which are
prevalent in the x-y axis) and so the error introduced by the fusion of sensor data is not quantified.
Thus, it was deemed prudent to use heave for in situ data processing as opposed to a filtering
technique. This choice is justified by the examples shown in figure 3.8.

(a) Orientation in moderate waves (b) Correction for moderate waves

(c) Orientation for high waves (d) Correction for high waves

Figure 3.8: Investigation of correcting vertical acceleration of buoy as opposed to
using using the small angle assumption assumption

The moderate wave conditions result in orientations that do not warrant concern as non exceed
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the small angle assumption. However, the higher wave conditions (figure 3.8c result in orientation
values for pitch and sway that exceed the 10◦ threshold for the small angle assumption. However,
upon closer inspection (see figure 3.8d), these errors are especially small. The root mean square
error (RSME) of the high wave dataset (SB06 24/07/2022 04:43 - 05:13 UTC) was 1.5004e−
17m/s2! The full difference between the corrected data and the heave assumption is shown in
the results section. However, the small angle assumption on the buoy is considered a reasonable
assumption given the conditions in the MIZ as shown in this case study.

3.4 Stand Correction

The IMU on the buoys was deployed ∼ 90 cm above the ice pancake (with variation possible due
to the spikes used to keep the buoy in place). The reasons for this are discussed in section 5.1.
This introduces the dynamics of the stand to the wave measurement which needs to be accounted
for. Importantly the "strapped down" assumption of the IMU onto the pancake as the vertical
accelerations will be multiplied by the distance of the IMU above the pancake, r .

Figure 3.9: The buoy stand with additional dynamics shown. Note the reference
frames will generally rotate together and so the roll and pitch angles should be ap-
proximately equivalent.

These dynamics introduced a rotational (an) and translational (at) acceleration component to the
measured by the IMU placed 90cm (accounting for variation in penetration of spikes into the ice
at the base of the stand) above the pancake. Given the bulk of the mass, the base of the stand
is considered to be approximately equivalent to the centre of gravity of the pancake.

The corrections can be given by the following equations:

ap = ab−ab/p (3.4)

Where the acceleration of the pancake ap is given by the acceleration of the body ab subtracting
the relative acceleration vector of the buoy relative to the pancake. This vector is calculated as:

ab/p = ω× (ω× r)+α× r (3.5)

Where the acceleration of the buoy relative to the pancake, ab/p, is given by the sum of the
rotational component, an = ω× (ω× r), and translational component of acceleration, α× r . The
angular velocity, ω and angular acceleration, α, are about the base of the stand.
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The effect of the stand on the dynamics on heave measurement is negligible. The effect on surge
and sway can be significant and so should be taken into account. This is shown in fig 3.10. The
importance of the sway and surge correction is dependent on orientation as discussed in section 3.3
as a more substantial tilt increase the value of the surge or sway value in the vertical acceleration
calculation (equation 3.3).

(a) Surge (b) Sway

(c) Heave

Figure 3.10: Comparison of acceleration time series for measured values and corrected
values for surge, sway and heave on a small timescale (1 second) to show introduction
of dynamics. Acceleration taken from longer wave time series with differences only
obvious over shorter (higher frequency) time frames.

3.5 Doppler Shift Correction

The measured wave spectrum of the buoys was shifted by the drift of the ice creating a Doppler
shift relative to the actual wave spectrum. To account for this a correction is applied to the wave
spectra. The following equation from Collins et al. (2017) was used:

fin = fobs −
g+4πfobsU cos(θr )−

√
g2+8πgfobsU cos(θr )

4πU cos(θr )
(3.6)

where the intrinsic frequency fin is given by the observed frequency fobs subtracting a correction
consisting of the drift velocity U, and the relative angle between the buoy heading and the wave
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direction is given by θr . It is necessary to assume that the drift in the buoys is induced by wind
and wave forcing in the direction of the predominant drift. Thus, the relative angle, θr = 180◦ as
the buoy is moving away from the waves (using the ’coming from’ convention). This results in a
frequency downshift as the buoys drift away from the oncoming waves. This is shown for a time
series from SB04 with a high drift velocity. It is noted that the correction is minimal given the
typical drift of sea ice is << 1 m/s2. Additionally, the above correction assumes that the drift
relative to the waves is caused only by wind as opposed to current forcing, a worst case scenario
as waves move with the reference frame of the current.

Figure 3.11: The drift of the buoys results in a Doppler shift which is shown for a
high drift case for SB04 (U = 0.21 m/s)

3.6 Summary

The experimental setup used to validate the selected IMUs, the Invensense ICM20689 and ICM20649
was described. Using this setup, the results used to validate the IMUs were discussed with cor-
relation between the measurements floating platform and the capacitance probes discussed. The
variation in measurement caused by using a floating platform was discussed, in the particular the
tendency of a floating platform to introduce spectral spreading. The strong correlation of mea-
surements allowed for the validation of the ICM20649 which was subsequently integrated into the
SHARC V3.0 for deployment.

A brief investigation into the frequency response of the floating platform was performed. The
finding corroborated the findings of Yiew et al. (2016) that when the wavelength approaches three
times the diameter of the platform, the response amplitude operator in heave approaches a unit
value which is a necessary prerequisite for waves-in-ice measurement.

The method used to calculate wave spectra is outlined with an example case from data collected
from device SB06.

Three potential sources of error that are introduced by the buoy are investigated. The accuracy of
using the small angle assumption was shown to be acceptable in the example given. The dynamics
introduced by using a raised platform (used to increase survivability) were investigated using data
from SB06 during high was conditions, these were shown to predominantly affect the surge and
sway measurements with this effect only being noticeable over short time frames (≤ 1 s). Finally,
the phase shift introduced by drift was investigated for a high drift case from the data collected
on SB06, this was shown to be relatively small but notable.
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Design Methodology

4.1 Project requirements

The project aimed to develop and update an existing device to collect waves-in-ice data as stated
in section 1.3. To do this an updated set of requirements and specifications for the SHARC
V3.0 were developed. Additionally, a series of acceptance test procedures were developed. The
device was developed during an accelerated time period (6 weeks) after final confirmation of the
deployment time frame. Thus, an agile methodology was used consisting of several sprints. These
sprints allowed the development of an updated firmware, updated hardware (chapter 5) and an
accelerated testing process (chapter 7) that allowed the devices to perform in the field.

The following sprints were performed:

1. Design and selection of the V3.0 hardware

2. Development of a high-frequency sampling subsystem

3. Development of a wave parameter extraction pipeline

4. Integration of a new MCU, IMU and GNSS into the system

5. Accelerated testing of the subsystems

6. Accelerated system level testing in the field

The requirements and specifications used to update the device during these sprints are outlined
in C.1. The requirements, specifications and testing and development of the previous device is
discussed by Jacobson (2021).

44
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4.2 User requirements

The SHARC V3.0 aimed to collect waves-in-ice data in the Antarctic MIZ, this was an upgrade
to the SHARC V2.0 which operated as a GPS drifter and environmental sensor. This upgrade
meant that the system had to be upgraded to meet the requirements involved by collecting and
processing high-frequency data reliably for extended durations in a harsh environment.

The user requirements were developed by reviewing the SHARC Buoy V2.0. The deployment of
the SHARC V2.0 was successful, with the final device lasting approximately 1 week while deployed
on ice in the Weddell Sea. The following issues were noted on the V2.0:

1. The MCU was prone to brownouts during the transmission of Iridium packets as the power
supply (even with the addition of large capacitors) occasionally did not meet the required
current draw of the Iridium modem.

2. The DuraClik connectors used between PCBs, although designed for high impact automotive
applications required specialist experience to use and so were prone to connection faults.

3. The operational duration of the buoy was short (5-7 days) despite the power saving measured
implemented in firmware.

Additionally, the following capabilities were desired for the new SHARC Buoy:

1. Wave measurement

2. Operational lifetime lasting the full duration of a deployment.

The SHARC V3.0 was expected to last the duration of the SCALE Winter Cruise 2022 deployment
(approximately 1 week) whilst collecting waves-in-ice measurements.

An important user requirement was that the system must be cost effective as it is deployed at
SCALE (7 units planned to be deployed in the SCALE Winter Cruise 2022). Thus, each unit
should not be too expensive as this may restrict the number deployed.

The user requirements are outlined in table C.1 in Appendix C.

4.3 Functional requirements

To measures waves-in-ice the system needed the ability to collect acceleration and orientation
measurements at a high-frequency. To provide the user with waves-in-ice measurements. these
should be stored in an accessible manner for retrieval and analysis. In addition to this, the local
data should be processed into summary statistics and sent via satellite, as the transmission of raw
data is prohibitively expensive, to the end user for further analysis.

To meet the user requirements, the buoy will have to operate in extreme cold temperatures for 1
week. Additionally, it will have sufficient memory to store the high-frequency IMU measurements.
These measurements will need to be stored in an organised file system in external memory to allow
the retrieval of the data, or for the firmware to perform an in situ analysis.

To perform the in situ analysis, the system must have the ability to perform DSP operations on
large datasets.

The battery capacity must also be increased to last the operational duration of the deployment,
taking into account the increased power consumption as a result of the wave sampling and pro-
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cessing.

Finally, the system is operating in an extreme environment, on large datasets. Therefore, it should
have the ability to recover from an unexpected firmware fault and continue operation. Furthermore,
if the power supply becomes unstable or fails unexpectedly, even while the buoy is actively reading
or writing to the memory, the memory should retain previously sampled data.

The full functional requirements are in sections C.1.2 and C.1.2 in Appendix C.

4.4 Specifications

The buoy hardware was updated to include an updated 6DOF IMU (3DOF accelerometer, 3DOF
gyroscope), first the Invense ICM20689 (InvenSense 2021b) and then the ICM20649 (InvenSense
2021a) which was capable of sampling 6DOF at 100 Hz to with error characteristics capable of
measuring waves-in-ice (see section 5.3.1). In addition the IMU was capable of operating reliably
within the desired temperature range (extreme cold operation in temperatures of up to − 40 ◦C).

The power supply should be increased from 20 Ah to ≥ 50 Ah, to meet the power consumption
requirements of the buoy. The buoy should last at least one week with the worst conditions
assumed with additional redundant capacity. The SHARC V2.0 operated for approximately 1 week
with an average current draw of 100 mA when not in sleep mode. The updated buoy would
have an increased current draw as a consequence of sampling the IMU at high-frequency for a 30
minute sampling period with an additional data processing period after sampling. Additionally, the
device will be expected to operate continuously during operation as it will be deployed into storm
conditions of interest. In addition the power supply should be able to provide 2 A maximum current
to meet the current draw requirements of the Iridium modem which will transmit twice as often.
A highly conservative 50% derating of the batteries is done to assume the worst conditions for a
lithium battery based on the standard derating for polar instruments (Doble et al. 2017).

Table 4.1: Operational duration estimate

Individual battery capacity (Ah) 14
Individual voltage (V) 3.6
Number of batteries 8
Number in parallel 4
Number in series 2
Total battery capacity (Ah) 56
Derating (%) 50
Derated capacity (Ah) 28
Average device current consumption (mA) 130
Estimate operational duration (days) approx. 9 days

The chosen MCU should be able to perform DSP operations on large datasets. Therefore, it
requires sufficient RAM memory (≥ 150 kB). The MCU should have access to efficient libraries
that are able to perform DSP operations (FFT, FIR filtering etc.) on the chosen chip. In addition
the MCU should have a floating point unit (FPU) to make development of the DSP pipeline easier.

The external memory should have sufficient capacity to store the IMU logging 6DOF at 100 Hz
for 2 weeks. It should support the FATFS library (ChaN 2023) to allow the organisation of the
sampled data for access and retrieval. The data should be stored in timestamped logs with separate
files for each log.

The wired connections between separate PCBs should be replaced by a PCB stack joined with
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male to female headers to prevent the mechanical failure of the electrical connections. This
should additionally help the device to survive the mechanical shocks resulting from ice floe impacts,
deployment onto the ice and high winds.

The communication interface for the IMU should be an I2C interface running in fast mode (400
kHz) with errors resulting in a reset of the I2C interface. The external memory should make use
of an SDIO/SDMMC interface as it is more reliable (as it has custom circuitry) than the SPI SD
interface. The data should be stored using FATFS with separate folders for each sensor log. The
IMU data should be partitioned into individual files within each 30-minute log to prevent the loss
of a full log in the event of an error encountered during the reading from or writing to a log file.

The CMSIS DSP library for ARM MCUs will be used as it is efficient and operates in the MCU
hardware. The 32-bit point floating point operations will be used in the pipeline.

In the event of a system response the system reset function will be triggered by the nested vector
interrupt controller (NVIC) on the ARM MCU and the firmware will resume operation.

The specification are outlined in sections C.1.3 and C.1.3 in Appendix C.

4.5 Acceptance test procedures (ATPs)

Before the deployment of the buoys several ATPs were performed to ensure the operation of the
systems would be reliable.

Firstly the high-frequency logging subsystem will be operated for a duration of 12 hours in a freezer.
The collected data will be analysed to see if data corruption occurred during logging.

The assembled buoy will be tested in an accelerated setup with shortened wave sampling intervals
to determine if memory storage and logging was reliable. In addition, the Iridium transmission
should be tested in the accelerated testing to determine if the system has a robust power supply
able to provide the maximum current draw required during transmissions over an extended duration.
This should be done in a cold environment (≤−10◦C) over a period of at least 12 hours.

During testing the power supply should be switched off during read and write operations and the
stored data analysed to see if the filing system has been corrupted.

Each SHARC Buoy V3.0 should run several sampling intervals before deployment, with transmis-
sions and stored data analysed for validity.

Finally, firmware faults should be intentionally created to trigger a hard-fault error (an error after
which the firmware cannot recover) on the system. The system response should be an automatic
reset of the firmware and re-entry into the RESET state.

The specifications are outlined in sections C.2 in Appendix C.
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Hardware Development

The hardware on the SHARC V3.0 was updated to allow for continuous operation and high fre-
quency IMU logging. Previous hardware issues such as faulty connectors were revised and the power
supply was updated to increase the operational period of the devices. The updated user require-
ments, functional requirements and specifications for the hardware are provided. The hardware
subsystems are then discussed individually.

5.1 Mechanical Design

The SHARC Buoy V3.0 was larger than the V2.0. This was due to the larger size of the power
supply and embedded system on the buoys. The use of the Nucleo-144 package (STMicoelectronics
2023) on the buoy resulted in a larger diameter for the enclosure (see size comparison in fig. 5.2)
as the development boards were used on the device to shorten development time as opposed to
using a custom embedded system. The stand was designed to endure the environmental conditions
of the Antarctic MIZ by elevating the system above the ice surface which is susceptible to overwash
from ocean waves and freezing into the ice as a result of ice production on the top of ice pancakes.

(a) V 2.0 (b) V 3.0

Figure 5.1: Changes in stand design between SHARC Buoy V1.0 and V3.0 Design
credit: V2.0 Keith MacHutchon, Robyn Verrinder, V3.0 James Hepworth

48
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Table 5.1: Comparison between the SHARC V2.0 MCU and the V3.0 MCU

MCU Flash (MB) SRAM (kB) FPU

STM32L476RG 1 128 Yes

STM32L4R5ZIT6P 2 640 Yes

5.2 Embedded System

The embedded system hardware was updated with several upgrades. The primary upgrade be-
ing from the STM32L476RG MCU (STMicroelectronics 2019) to the STM32L4R5ZIT6P MCU
(STMicoelectronics 2020). The primary reason for this was the increased RAM and flash memory
available on the devices. This was particularly important for handling the large arrays of data used
by the wave parameter extraction program running on the buoy. The increased flash memory size
allowed for a larger firmware size, which was needed to incorporate the new GPS driver.

(a) STM32L476RG Nucleo-64 (b) STM32L4R5ZIT6P Nucleo-144

Figure 5.2: Comparison of the STM32 Nucleo-64 and Nucleo-144 development boards
used in the individual packages. Image credit: STMicroelectronics

The second upgrade was to the memory on the system. Previously flash chips had been selected
for their reliability. However, the memory size of the chips was too small to be used for storing
long time series. They were replaced by SD cards. Industrial SD cards were chosen as they
could function reliably at low temperatures. Commercial SD cards generally function down to a
temperature of -20◦C whilst industrial SD cards function at temperatures of -40 ◦C. This is due
to the differences in the NAND flash memory used on SD cards, with industrial cards using more
reliable single level cell (high cost, high reliability) or multilevel cell (lower cost, high reliability) in
comparison to triple-level cell generally used in commercial chips which has a poorer temperature
performance and lower reliability.

A 16 GB ATP industrial SD card (ATP Electronics 2017) was chosen as it had the appropriate
temperature range for the Antarctic winter. The performance of the SD card was confirmed in
testing (see chapter 7).
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The size of the SD card was determined by the sampling rate over the operational duration of the
device. This was an important consideration as industrial SD cards are about a factor of 10 more
expensive than commercial SD cards. The main use of memory was the storage of the 6DOF IMU
data. The deployment was expected to last 5-7 days. The sampling rate of the IMU was 100 Hz
and it was assumed to operate continuously during the period. Each raw value was stored as a 32
bit integer on the SD card. For a one week deployment this could result in a maximum of 12 GB
of data and so a 16 GB memory card was sufficient.

Figure 5.3: The updated embedded system for the SHARC V3.0

5.3 IMU

The IMU used on the SHARC Buoy V1.0 and V2.0 was the Invensense MPU6050. This IMU
has been deprecated. The successor model was the ICM20689. This was used for wave tank
testing in 2021. Due to the component shortage, the ICM20689 was not available in 2022 and
the replacement selected was the ICM20649. A comparison of the IMUs is given in tables 5.2 and
5.3.

The onboard IMU was validated by verifying the reliability of the IMUs both at room temperature
and at -20◦C (see section 7.1.5).

5.3.1 Error characteristics

Specifications

The IMU selection was considered based on the error characteristics and specifications of the
devices. The initial selection of the ICM20689 was due to the cost effective and relatively high
accuracy of the IMU in comparison to high cost devices such as the VectorNav VN100 (VectorNav
2020) or the XSens MTi-100 series (XSens 2020) which cost in the range of $ 800 - 1200
USD (R14000 - R22000 @ R17.95/USD) which is similar to the cost of a full SHARC Buoy
(approximately R 20000).

Thus, to deploy multiple instruments, it was preferable to use a more cost effective IMU. To select
this device the error characteristics were assessed. The most important characteristics are the
accelerometer error characteristics in heave with the gyroscope characteristics being important for
the accuracy of sensor fusion in determining the orientation of the IMU.

The IMUs were first determined to have sufficient bandwidth (for a sampling rate of 100 Hz) and
full-scale range (waves are in the region of < 1 m/s2 with other phenomena of interest such as
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floe-floe collisions being up to 4 g). Following this the noise density was reviewed to see if it would
be too high relative to small wave heights. Finally, the temperature variation was determined to
be sufficiently low so as to not bias the wave measurement.

The heave measurement of the VectorNav VN100 is quoted as within 5% or 5 cm (VectorNav
2020). This reference is used as to what a reasonable expectation for accuracy for cost effective
sensors should be. The total error as a result of noise and the variation as a result of temperature
is analysed below.

Table 5.2: Accelerometer characteristics

Accelerometer Specification MPU6050 ICM20689 ICM20649
Noise Density ( µg/

√
Hz) (@ 10 Hz) 400 150 289

Sensitivity Change vs. Temperature (%/◦C) +/- 0.02 +/- 0.016 +/- 0.026
Initial Calibration Tolerance (%) +/-3 +/- 2 +/- 0.5
Full Scale Range (g) 2 - 16 2 - 16 4 - 32
Bandwidth (Hz) 4000 4000 4500

Table 5.3: Gyroscope characteristics

Gyroscope Specification MPU6050 ICM20689 ICM20649
Noise Density ( ◦/s/

√
Hz) (@ 10 Hz) 0.005 0.006 0.0175

Sensitivity Change vs. Temperature (%, [−40,+80]◦C) +/- 2 +/- 2 +/- 2
Full Scale Range (◦/s) 250 - 2000 250 - 2000 500 - 4000
Bandwidth (Hz) 8000 8000 9000

5.3.2 Noise analysis

The noise floor of the IMUs determined the minimum possible wave height that could be measured
by the system. This was determined by placing the IMU on a stable surface for a 4-hour duration
and measuring the noise characteristics for the given configuration (100 Hz , 4 g range) The power
spectrum of the noise was taken for the heave axis. The noise was then integrated by multiplying
the noise power value by (2πf )−4 to integrate the noise from acceleration to displacement (Rabault
et al. 2020, Alari et al. 2022).

The error was found to be high at the lower frequencies. Applying the high pass filter used
in the double integration revealed the noise "height" to be approximately 5 cm at the lowest
measured frequency (0.03 Hz), as a result of using a lower cost IMU). However, the noise decreased
exponentially to 12 mm at 0.04 Hz which was the lower end of the frequency range in the measured
wave spectra from the deployed buoys. At the dominant frequency range of approximately 0.06−
0.08 Hz , the noise height was less than 3 mm.
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(a) Noise PSD (b) Noise height

Figure 5.4: Noise floor analysis for the ICM20649

The ICM20649 had a significantly higher noise density than the ICM20649. However, this is a
result of the sensor being designed to withstand and measure impacts in a sport setting. This
proved to be advantageous as it was able to measure the floe collisions during the deployment
period without saturating whilst functioning reliably.

An additional reason to characterize the noise of the IMU is to determine that "spurious noise" is
not affecting the wave measurement at different frequencies (Thomson et al. 2021). In particular
high frequencies (f ≥ 0.5 Hz), where the noise of the instrument may increase the measurement
of waves at high frequencies. If any high frequency wave measurements approach the noise floor
above, they should be viewed with suspicion.

5.3.3 Temperature variation

The error caused by temperature variation on the IMUs is another parameter of concern. The
MEMS system on the ICM20649 is temperature sensitive and so a characterisation of the error at
low temperatures is necessary.

The quoted accelerometer sensitivity change vs temperature is 0.026 %/◦C (InvenSense 2021a).
At −20 ◦C this would correspond to a 1.04 % and to a maximum of 1.56% at the extreme
temperature range of −40 ◦C. For an expected waves-in-ice measurement value of 0.1 m/s2, this
would correspond to a measurement error of 0.00104 m/s2 at −20 ◦C. At an expected wave
period of 0.1 Hz , this corresponds to a displacement measurement error of 3 mm. At lower wave
frequencies the error becomes more pronounced (∼ 1 cm for the above case at 0.05 Hz). However,
at the dominant wave frequencies and heights, the error due to temperature is minimal.

Figure 5.5 shows the displacement error caused by temperature for two acceleration values typ-
ical of the higher and lower end of measured waves in ice values (0.05 m/s2 being the lower
end and 0.1 m/s2 being the upper end). At extreme temperatures − 40 ◦C and low frequencies
(< 0.05 Hz) the error is significant relative to the measured wave height. However, the tempera-
tures experienced during deployment (see section 9.4) were less than −12 ◦C. This resulted in a
maximum error of ∼ 2 cm at 0.03 Hz which is lower than the noise floor (see temperature graph
in subsection 9.4).
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Figure 5.5: The displacement error caused by temperature variation on the MEMS
based ICM20649.

5.4 GPS

The previous GPS selected for the SHARC V1.0 and V2.0 was the UBlox Neo-7m. This device
has since been deprecated. The successor NEO 9m (ublox 2022) was chosen. Both were run in
continuous mode. This indicates that the GNSS (Global Navigation Satellite System) device was
kept on to reduce the lock on time and the potential to not get a fix. The continuous operation
was allowed by the increased battery capacity discussed in section 5.5.

5.5 Power Supply

A key limitation in cold environments is the need to derate the capacity and voltage provided by
batteries. Conservatively, the voltage and capacity of batteries in polar environments is generally
derated by 50% (Doble et al. 2017). This may be too conservative in some environments. However,
it functions as a good guideline. There are two approaches to this problem. Firstly, to reduce power
consumption, which has already been done on the buoy by including introducing sleep states and
selecting low power electronics (MCU, IMU and GPS). Secondly, to increase the battery capacity.

Another consideration was the changing characteristics of the cells due to temperature. Lithium
thionyl chloride batteries were selected for their high capacity and temperature tolerance.

• A high voltage (3.6 V ) which remains highly stable during the operational lifetime of the
battery

• Able to withstand low temperature operation

• High capacity relative to size (14 Ah)

• Low self-discharge rate

More specifically the Minamoto ER34615M lithium thionyl chloride cells were selected (Minamoto
2022). The stainless steel housing of these batteries offered additional protection from environ-
mental corrosion.

The batteries were configured into a 4 by 2 cell array with 4 parallel sets of 2 cells in series. This
resulted in a 7.2 V battery pack with a capacity of 56 Ah. This was significantly higher than
previous SHARC Buoy which used 4 lithium thionyl chloride cells with a lower capacity.
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The voltage regulator and power management board circuit was designed to have an initial soft
start to prevent an initial inrush current.

The batteries were tested in accelerated testing outlined in chapter 7.



Chapter 6

Firmware Development

The firmware for the SHARC V3.0 was based on the firmware developed for SHARC V2.0. In this
regard it used the STM32 hardware abstraction layer (HAL) and a modified version of the original
firmware. However, it included high frequency IMU logging and a wave parameter extraction
algorithm which calculated wave statistics based on the raw IMU data stored on the buoy.

6.1 System Overview

6.1.1 System Architecture and Overview

The integration of a larger external SD memory system as well as the onboard processing neces-
sitated by the wave parameter extraction algorithm meant that new hardware capabilities were
needed. A brief overview was given in chapter 5.

The main considerations were the need to perform power spectral estimates from the collected
time series and the ability to sample an IMU at high frequency.

The firmware was updated from V2.0 by simplifying the firmware state machine. This was done
as the increased battery capacity allowed for continuous operation over the course of the SCALE
winter 2022 deployment. This meant that intermittent operation with sleep periods was not
required and so the system functioned continuously. This was useful as the entire period of
operation was of interest and so increasing the time over which sampling occurred was a priority,
provided the power supply could sustain continuous operation.

The updated and simplified algorithmic state machine (ASM) used for continuous operation is
shown below in figure 6.1.

The SHARC Buoy V3.0 operates as follows (Rx indicates routine x):

1. Rreset : The buoy is initialised in a reset state . This state functions as an entry and
debugging point for the program.

2. Rsmple : The buoy begins a sampling period of 30 minutes

3. RTX : A transmit state begins with a processing period to extract wave parameters. Upon
completion of the processing period, the processed data is sent via Iridium link.

55
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Figure 6.1: Updated Algorithmic State Machine for the SHARC Buoy V3.0

The sampling period on the buoy consisted of the following process:

1. GPS location fix determined (1)

2. Environmental temperature and pressure sampled (1)

3. IMU sampling period of 6 contiguous 5-minute sampling periods (30 minute total)

4. GPS location fix determined and logged (2)

5. Environmental temperature and pressure sampled (2)

This is depicted in figure 6.2. The structure of the sampling period was based on the following
considerations. The sampling of wave activity is susceptible to the Doppler Effect as the device is
not fixed to a particular location during measurement (see 2.2.3). This necessitates the determi-
nation of GPS location both before and after the wave measurement period so that an estimate of
the velocity of the buoy can be determined and an interpolation of the location. The environmental
measurement was taken at both points to increase the sampling period of these parameters.

Figure 6.2: Structure of the sampling period.

6.1.2 Hardware Abstraction Layer

The hardware abstraction layer (HAL) on the STM32 devices continued to be used. The HAL
drivers for communication to the external interface, interrupts (NVIC - Nested Vector Interrupt
Controller) and real time clock (RTC) module.
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Figure 6.3: Structure of the STM32 HAL

6.1.3 Digital signal processing

The digital signal processing on the embedded firmware was done using the CMSIS DSP library.
CMSIS (Common Microcontroller Software Interface Standard) is an abstraction layer for ARM
MCUs. The CMSIS DSP library was used for signal processing on the buoy as it contained functions
that were optimised for the ARM Cortex M4 processor on the STM32L4R5. It is important to
note that these functions are limited in size (256, 512 or 1024 elements) with the number of
elements being constrained to power 2 values to improve the efficiency of the processing.

6.1.4 Toolchain and Firmware Version

The firmware used on the buoy made use of global variables, which is a legacy from the V1.0 and
V2.0 of the buoy. V3.0 still makes use of global variables and so uses GCC9 toolchain.

6.1.5 Conversion between STM32L4 and STM32L4R5

The primary difference between the STM32L476RG and the STM32L4R5 is the size of the RAM
(random access memory) and the flash memory. Thus to port the firmware between the previous
and current version the linker scripts must be updated to reflect the changed memory sizes.

In particular, the minimum stack size had to be increased for the DSP. The maximum size array
that was operated on was 1024 floating point array. This necessitated the stack size to be increased
to ∼ 20 kB.

6.1.6 Error Handling

The processing of large arrays of data on the MCU meant that memory leakage or segmentation
faults were a possibility. Memory faults typically result in a hardfault on the system. This was
accounted for by resetting the system with the Nested Vector Interrupt Controller (NVIC). In such
a case the system would re-enter the state machine in the reset state. Thus, if a stack overflow,
memory leak or segmentation fault occurred the system would reset and continue to function.
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6.1.7 Memory management

Limited memory required decisions to be made about the way data was processed in RAM. To
maximise the available memory arrays were preferably declared locally in functions. This results
in the automatic allocation of memory on the stack when the function is entered, releasing the
memory when the function execution is complete. An input and output array were passed to each
processing function by reference. The use of local arrays was possible as the length of the arrays
were fixed for the duration of their lifetime as the length of the FFT operation (1024). It was
not necessary in this case to use dynamic memory allocation for the signal processing pipeline.
This reduces the chance of failed memory allocation due to the lack of available heap memory or
memory fragmentation. This is a concern for the long operation of the embedded system as there
is no resetting of the system (in the ideal case), and so may reduce the reliability of the system
over time, eventually resulting in a segmentation fault.

Additionally, the GPS driver utilised dynamic memory allocation out of necessity as the NMEA
strings are of variable length which is not known ahead of time. Thus, to reduce the potential
interaction between the GPS driver’s memory usage in the heap, the DSP pipeline was processed
in the stack memory.

The STM32L4R5 has 3 RAM memory partitions: RAM (192 kB), RAM2 (64 kB) and RAM3 (384
kB). In the C language, variables or variable sections cannot be split over multiple RAM partitions.
Thus, the full program is located in the largest RAM (RAM3) and this is updated in the linker
script. To simplify development, a single RAM partition is used. If desired, more RAM can be
utilised to allow for a larger stack or heap for future development.

6.2 Subsystems

6.2.1 Inertial Measurement Unit Interface

Initially, the IMU MCU communication was designed to use DMA transfer. However, the I2C
(inter-integrated circuit) DMA program on the STM32 HAL did not function reliably. As a result
a polling interface was used. This interface functioned reliably in testing and so was used for the
final system. It had the disadvantage of using the processor resources during the duration of the
IMU sampling period.

6.2.2 External Memory Interface

The system utilised high capacity industrial SD cards. To store and access data in a logical manner,
the File Allocation Table (FAT) file structure is included in middleware. The middleware is based
off FatFs system(ChaN 2023).

To use FatFs with an SD card, low level drivers need to be instantiated in the firmware. A file
structure was created for the data with separate files and subfolders created for each sensor system.

The disadvantage of running FatFs on SD cards is if there is an interruption of a read or write
process the resulting file will be empty. Therefore to reduce the potential for data loss, several
files were created for each sampling instance.

Another concern for reliable data logging is that if a write operation is interrupted, the entire FAT
on the SD card can become broken. This requires the careful use of interrupts on the system.
Thus, all interrupts were disabled before the SD I/O operations were performed.

The sampling method was as follows:
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1. Mount SD card and open file for sampling period

2. Write data to file as it is acquired through the duration of sampling period

3. Close file at end of sampling period

4. Dismount SD card

A driver was developed to read and write to the file system. The driver handled the file operations
of opening, closing reading and writing to individual files for ease of use.

6.2.3 GPS Interface

The GPS interface operated continuously. This has the significant advantage of reducing the
potential lock on time resulting from a cold or warm GPS start. This delay would likely result in
increased error in location measurement or in the worst case result in no location measurement as
the GPS was not able to determine a fix at the time the measurement is requested.

The driver was configured to continuously log the GPS NMEA strings in a circular buffer. This was
done using DMA interrupts using a UART interface. At the moment that the data was requested
by the main program, the most recent data in the buffer was used as the location measurement.
Careful use of the interrupts was performed so as to not occur simultaneously with the read/write
of the SD cards.

The driver was in the region of 1 MB. This necessitated the use of the larger flash memory on
the STM32L4R5 (2 MB).

6.2.4 Iridum Interface

The Iridium interface functioned by sending AT commands (Iridium 2014). These are simple text
commands used to interface or send instructions to the modem. The interface was tested by
verifying that the interface responded to the necessary AT commands. The commands were sent
on a UART interface. The length of the transmission was in the region of 100 bytes. The structure
of the Iridium packets used for the deployment are shown in Appendix F. The general format for
wave logging consisted of a drift log storing GPS and environmental data, followed by wave data
followed by a second drift log sampled after the wave measurement so that Doppler shift could be
accounted for.

6.3 Operational Modes

6.3.1 High Frequency Sampling Mode

The high frequency sampling mode was developed for the Targeted Observational Experiment
(TOE) proposed for the SCALE cruise 2022. The system needed to be able to reliably collect and
store a high frequency inertial time series.

This was done by polling the IMU for six five-minute consecutive sampling periods (30 minutes
total). Following this sampling period, the signal processing pipeline (section 6.4 would run to
calculate the summary wave statistics by reading in the IMU data recorded on the SD card.

An implementation of non-blocking communication was developed using the direct memory access
controller (DMA)) on the STM32. However, it did not function reliably. Using the HAL DMA
implementation allowed for data to be recorded without blocking the CPU for the duration of the
sampling period. However, using the DMA for the IMU I2C communication to a buffer in memory
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Figure 6.4: Block diagram of the STM32l4R5 showing the internal components in-
volved in the high frequency data transfer.

(peripheral to memory transfer) followed by transferring this buffer to a file on the FAT on the SD
card, using the DMA to control the SDMMC communication (memory to peripheral), resulted in
unreliable results that may have to do with known issues in the low-level I2C drivers.

An additional concern was triggering interrupts for memory transfers regularly whilst writing to
the SD may result in the corruption of the FAT volume on the SD card. This would result in the
loss of all data collected to the point at which the error occurred. Thus, for reliability a polling
interface was used (figure 6.4).

When the sampling period was concluded the current log and directory number was stored in the
RCC backup registers to allow sampling to continue in order in the case of a brownout.

The sampling method for the IMU is shown in figure 6.5. The effective sampling rate on the SHARC
Buoy devices was 104 Hz . This was the result of an integer rounding error in the calculation of the
sample rate divider register (SMPLRT_DIV) in conjunction with the synchronisation between the
accelerometer and gyroscope done by the output data rate synchronisation function (ODR_SYNC
register). This was corrected in the firmware after retrieval and the processing accounted for the
change in sampling rate which was easily determined using the timestamps in the data.
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Figure 6.5: Flow diagram showing the process for recording and storing the IMU data
using SD cards. A 30 minute sample is recorded by storing six five minute wave logs
of 30000 samples each.

6.4 Signal Processing Pipeline

The signal processing pipeline on the buoy followed the structure specified in figure 6.7 and 6.9.
The main difference between the onboard processing and the processing in MATLAB was the
constrained memory of the STM32L4R5. The constrained memory meant that the processing
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pipeline needed careful consideration. The pipeline was done using floating point arithmetic, this
is less efficient than fixed-point alternatives. However, it significantly simplifies the development
of the pipeline at the cost of a loss of efficiency.

The raw data was stored in external memory in text files. This data was then read in. Note, that it
would be significantly quicker to use binary files (this was not done due to short development time).
Specifically the heave data (z axis of accelerometer) was read in (see subsection 3.3). The data
was read in as segments the length of the FFT operation (1024) and pre-processed by scaling and
detrending the measured heave data. The scaling coefficient was determined from the ICM20649
specifications (InvenSense 2021a), with finer corrections using collected calibration datasets also
possible.

The primary consideration is the maximum length of the FFT that can be performed on the MCU.
In this case the maximum length FFT that can be performed on the cortex M4 with the floating
point unit (FPU) enabled using the CMSIS DSP library on the ARM Cortex M4 is 1024. Thus,
the raw stored data must be decimated and low pass filtered (to remove the higher frequency
harmonics) to fit the constrained length. This is done using a finite impulse response (FIR) filter
and decimation function arm_fir_decimate_f32(). The function implements the FIR filter using
a series of multiply and accumulate operations. This implementation requires the calculation of
the filter coefficients which is done using MATLAB’s fir1() function.

The acceleration data is decimated by a factor of M = 16 (chosen as 1024 is an integer multiple
of 16) and so the filter was designed such that the cutoff frequency would be less than half
the decimated sampling frequency of 6.25 Hz in order to meet the Nyquist sampling criterion.
It should be noted that the frequency cutoff (fcutof f = 1.12 Hz) is still significantly above the
expected frequency range of wave activity in the MIZ. The decimated segments (16 in total) are
then concatenated into a wave sample of n = 1024. This sample has a duration of 163.84 s,
which is sufficient to capture wave information considering that the high pass filter used removing
drift when integration the data (see figure 6.6) sets a cutoff of fcutof f = 0.03 Hz , corresponding
to a period of approximately 33 seconds. For the final filter the decimation factor was increased
to M = 32 (for an sampling rate of 3.125 Hz) which was allowed by the increase from 30 000
to 32 768 samples per segment, allowing each segment to be 327.68 seconds. The examples
segments shown here will be 163.84 s, (as in the firmware deployed on the SCALE Cruise 2022
logged 30 000 sample segments). However, the final pipeline will calculate statistics based on
327.68 second segments.

The decimated data is then detrended using a RC high-pass filter implemented in software. The
filter followed the design of Tucker & Pitt (2001), Kohout et al. (2015) and had a time constant
of 100 s, which is the lowest value that should be used. This value is chosen to ensure the
163.84 s segments are detrended (that the low frequency drift is removed). The filter constant k
is calculated using:

∆t

1−k = 100 (6.1)

Where ∆t is the sampling period and k is the filter constant. With a sampling period of 1/6.25 =
0.16 s and a time constant of 100 s, the filter constant used is k = 0.9986.

After the detrending operation, the preprocessed acceleration is transformed into the frequency
domain using a 1024 point FFT and multiplied by a high pass filter and double integration response
function (see subsection 2.5.2). The high pass filter removes the low frequency drift from the series
and it is also double integrated from acceleration to displacement. As this operation is performed
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Figure 6.6: Gain response of the FIR implemented on the buoy. Cutoff frequency
chosen to remove aliasing and to preserve waves-in-ice information.

on rectangular windowed series, higher frequency noise is introduced from spectral leakage. Thus,
the displacement data is lowpass filtered again to removed the undesired frequency components.

The displacement series is then multiplied by an energy conserving Hanning window function (en-
ergy correction factor = 1.63) to reduce the effect of spectral leakage caused by using a windowed
signal when the spectral averaging method is performed.

Figure 6.7: Pipeline to calculate displacement on the SHARC Buoy

(a) Scaled acceleration segment (b) Decimated data (c) Concatenated data

(d) FFT of acceleration segment (e) Displacement (f) Windowed displacement

Figure 6.8: Plots of locally processed acceleration data on the buoy. Note that
impacts between floes have been preserved in the dataset and can be observed, even
after filtering and decimation in figure 6.8c.
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A periodogram estimate must then be performed on the displacement arrays, using either Welch’s
or Bartlett’s method to reduce the variance of the estimate.

Six 2:44 minute segments (N =6) are averaged using Bartlett’s method on the buoy with modified
periodograms. To increase the number of periodograms and to reduce the loss of information
resulting from the use of windowing, a 50% overlap should be used. However, as 6 time segments
are used, with a total length of 16:20 minutes it is sufficient to use Bartlett’s method (with
modified periodograms). The windowing on the buoy performs two functions. Firstly, to reduce
the spectral leakage by using a smooth window. Secondly, to reduce the effect of the transients
introduced by integration which are present at the start and end of each segment which are less
significant after windowing.

With the current implementation of Bartlett’s method the variance of the calculated PSD is
reduced by a factor of N = 6 when compared to the PSD estimation of a single segment using
the periodogram estimate. Real FFT operations are used to reduce the calculation overhead of
the FFT operations (as the acceleration signal is real valued). The PSD normalisation is complex
(shown as 1

K in figure 6.9), with different FFT implementations using different normalisation
values. The scale factor on the buoy is (see Solomon (1991, p. 9 - 10)):

1/K = 2∗
1

( 1
Fs/M )(1024)

(6.2)

Where the spectrum is initially scaled by 2 to account for the energy of the full spectrum as
the RFFT only accounts for half the spectrum (negative frequency spectrum is neglected). The
spectrum is then scaled by the sampling duration to conserve energy (Parseval’s theorem) and
express the values in terms of m2/Hz . This is calculated by multiplying the updated sampling
period (T = 0.16 s), given by the inverse of the initial sampling frequency (Fs = 100 Hz) divided
by the decimation factor (M = 16), by the length of the full FFT (n = 1024).

Figure 6.9: Pipeline to estimate the PSD from displacement segments. Zi(t) are
displacement segments and Si(t) are periodogram estimates.

With additional development the Welch method could be used. This would require additional
testing to ensure the accuracy of the estimates as well as the memory usage of the new pipeline
implementation. The segments could be overlapped by 50% and increased in number to N =
6+5= 11 segments. This would further reduce the variance of the PSD estimate by approximately
a factor of: 9N11 =

9(11)
11 = 9 (as opposed to the factor of N = 6 currently).
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Figure 6.10: Locally calculated PSD estimates from individual windowed segments.
Six segments are averaged to produce a final spectrum estimate.



Chapter 7

Testing

Before being deployed in an extreme environment the hardware and firmware of the SHARC Buoy
underwent an extensive testing process. These tests were done in a controlled lab environment
and immediately prior to deployment. Subsystem testing of each of the individual devices was done
to confirm the reliability of the system.

7.1 Subsystem Testing

7.1.1 Inertial measurement unit

The ICM20649 was configured with an I2C interface. The device was configured to sample at
100 Hz with a full scale range of 4 g and then sampled for a period of 22 hours (approximately
one day). No data corruption was found to have occurred in this period or in subsequent sampling
periods. The testing was repeated in a freezer to validate reliability in cold temperatures

7.1.2 External memory

The external memory was first tested by opening, writing and reading to a file. This confirmed the
functionality of the SDIO interface on the buoy. Following this several tests recorded large IMU
datasets using the high frequency No data was found to have been corrupted and was stored in
the correct folders and sub-folders on the FAT volume.

7.1.3 GNSS

The GNSS receiver and firmware was tested by confirming that the GNSS was to get a fix of
the coordinates. This was done prior to deployment on the SA Agulhas II. The Ublox Neo 9M
(ublox 2022) was able to give realistic location data that tracked the location data recorded of the
Scientific Data System (SDS) onboard the ship.

7.1.4 Satellite communication

The Iridium 9603 modem uses AT commands. The Iridium modem was checked by confirming
the response of the modem to specific commands. The modem recognised and interfaced reliably
with the MCU using a UART interface.

66
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7.1.5 Temperature testing

A primary concern for the buoy was its ability to function reliably and accurately in cold tempera-
tures. Thus, the high frequency subsystem consisting of the ICM20649, the external memory and
the STM32L4R5 were placed in a chest freezer set at −20◦C for a full day. The remainder of the
buoy’s interfaces had been tested at cold temperatures during previous deployments and so were
considered validated already.

The IMU die temperature was logged. The IMU die quickly drops to the temperature of the freezer
which was set at −20◦C. No data was corrupted during the test, validating the performance of the
subsystem at cold temperatures. The effect of temperature on the MEMS IMU can be determined
using its error characteristics (see subsection 5.2).

Figure 7.1: Temperature testing of the logger setup. The die temperature quickly
reaches the air temperature inside of the freezer. Oscillations are caused by opening
the freezer.
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7.2 System Level Testing

Figure 7.2: SB01 pre-deployment testing

7.2.1 Full System Operation and Remote Deployment

Prior to deployment on the SCALE winter cruise 2022 a SHARC Buoy was deployed on deck and
tested for a duration of three days. The logged data was analysed to see if data corruption had
occurred and if the environmental data tracked the measurements of the Scientific Data System
(SDS) on the SA Agulhas II. This was done to validate the reliability and accuracy of the devices
prior to deployment.

7.2.2 Accelerated power testing

To determine the operational lifespan of the system in its operational environment, the system
was run in an accelerated test. This involved reducing the wave sampling period to 10 s which
would result in the device processing a fixed set of wave data (dummy data collected from wave
tank testing) and transmitting every few minutes. This allowed the testing of the new power
supply’s response to the large (2 A) current draw from the modem. The new supply did not suffer
brownouts and functioned reliably for the duration of the test.

When running the buoy has a power consumption of approximately 120 mA. This corresponds
to an operational duration of approximately 3 weeks (without a 50 % derating which appears
to be overly conservative (Doble et al. 2017)). The primary concern for the power supplies is
operation in cold temperature, in conjunction with the high instantaneous current draw from the
Iridium modem. Thus, accelerated testing at low temperature was performed on the buoy. The
wave sampling period of 30 minutes was reduced to 5 minutes. The SHARC Buoy was run for
∼700 sampling instances, this resulted in ∼ 700 Iridium transmissions. The locally stored data was
analysed for data corruption. As the device performed reliably with no power management issues,
this was considered to be a validation of the device’s power supply and operation.
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Deployment and Retrieval

Figure 8.1: The planned deployment pattern for the SCALE WC22. Diagram credit:
Marcello Vichi

8.1 Deployment plan

The Targeted Observational Experiment (TOE) aimed to collect data from an array of obser-
vational devices (measuring waves-in-ice, air temperature, drift etc.). The SHARC Buoys were
deployed in conjunction with buoys from the Finnish Meteorological Institute. These included open
ocean LainePoiss buoys (Alari et al. 2022) and an ice-tethered "box" buoy based on the work of
Rabault et al. (2022). These systems would provide both additional information and act to validate
the measurement of the SHARC Buoy V3.0.

The deployment (fig. 8.1) was designed such that it would coincide with a polar cyclone passing
through the region. Additionally, it consisted of a fan shape, with the outer region being the ice
stations (where systems were deployed), I1, I2, and I3. The inner region was of the fan were the
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stations I4, I5 and I6 with I0 being the inner most point. This was designed to capture the wave
activity both close to the open ocean and in consolidated ice.

The deployments were performed by hand from a personnel basket lowered onto the sea ice from
the SA Agulhas II. The deployment procedure (see appendix E) of the SHARC buoys was planned
to optimise the measurement of the buoy. The following considerations were taken in the selection
of the deployment location:

1. Ice types

2. Stage of ice formation

3. Wave activity

4. Floe size

Figure 8.2: Buoy drift tracks for the duration of the experiment. Image credit R.
Audh. SB01 path excluded.

The ice types and stage of formation (subsection 2.3.1) determined whether the device would have
a possibility of lasting the full duration of the experiment. Ice that appeared to be in a consolidated
state with the potential for lasting longer periods was selected. The stage of formation was guessed
by determining whether the ice appeared to be in a state of growth and not melt. The wave activity
was generally preferred to be smaller with the exception of SB02 which was deployed in high wave
conditions next to the FMI box buoy and subsequently lost. Larger floe sizes were selected with the
selected pancake being identified by the small ridges in the ice that define the individual pancakes
before they were consolidated into the larger flow (see figure 8.4 D4.1, D4.2, figure 8.3 D6.2).
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The device was deployed onto these pancakes as if the consolidated sheet then proceeded to
undergo a mechanical break up, the device would still be located on a pancake. It was assumed
that the failure of the ice would likely occur along ridges were the previous pancakes had fused.
The final consideration was that the device should be placed as close to the centre of the pancake
as possible to reduce the introduction of additional dynamics, resulting from the oscillation of the
floe, into the IMU measurement.

8.2 Deployment description

Seven SHARC Buoy V3.0 systems were planned to be deployed. During the actual deployment
six systems were deployed (SB01(Ice Station 21), SB02 (ICE22), SB03 (ICE23), SB04 (ICE11),
SB05 (ICE12) and SB06 (ICE00)). Four systems were retrieved (SB01, SB04, SB05, SB06)
with two losing GPS signal (SB02 and SB03). These systems likely were submerged in water and
stopped transmitting as a result of water damage. This is a result of the sudden and unexpected
collapse of the ice field resulting in devices sinking. Of the four retrieved, two had complete
datasets (SB04 and SB06). The remaining two systems had data that was stored asynchronously
as a result of a firmware bug which was corrected during the deployment period. The buoys were
numbered SB01 - SB06 (SHARC Buoy 0X) with the associated deployment location (ICEXX)
shown in figure 9.8. The actual deployment pattern is shown in figures 8.2 and 8.2.

The large variability in conditions during the deployment is shown for buoys SB04 (figure 8.4)
and SB06 (figure 8.3). During the course of the experiment the consolidated ice on which the
buoys were deployed collapsed. The larger floes fractured into their composite pancake floes due
to mechanical breakup of the ice from waves and increases in atmospheric temperature resulting
in change in the structure of the ice field.

Figure 8.3: The conditions during the deployment and retrieval of SB06. Diagram
credit: R. Verrinder, Photo credit: A. Spirakis

SB06 was deployed onto fully consolidated ice as shown in frame D4.1 (figure 8.3). The wave
conditions were calm with movement being barely perceptible. Upon retrieval, SB06 was located on
a large pancake, detached from the cemented floe, with noticeable wave activity. The consolidated
sheet had been broken up into its constituting pancakes with brash and frazil ice in between. The
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floes had points of contact as shown in frame R6.2.

Figure 8.4: SB04

Figure 8.5: The conditions during the deployment and retrieval of SB04. Diagram
credit: R. Verrinder, Photo credit: A. Spirakis

SB04 was deployed onto consolidated ice. The ice pancakes that made up the consolidated sheet
in frame D4.2 were noticeably smaller than SB06. The ice sheet fractured into these smaller
floes with the ice melt being more obvious (frame R4.2) than for the retrieval of SB06 (frame
R6.2). The device had become closer to the edge of the pancake as a result of the melt. The size
reduction resulted in an additional tilt and so this was investigated as a potential source of bias in
the wave measurement in the results (chapter 9).

8.3 Retrieval description

To retrieve the devices it was first necessary to locate them. This was done by tracking the
buoys using the regular location transmission from the devices. These transmissions occurred
at approximately 40-minute intervals, allowing the devices to be tracked due to there regular
transmissions (as opposed to a device which may have a longer sleep interval).

Retrieval consisted of removing the SHARC Buoy enclosure from the stand. There was initially
concern that the high density polyurethane (HDPE) plastic enclosure would freeze into the inside
of the stand’s housing. Upon retrieval it was found that the mild steel cup did not freeze the plastic
enclosure to the buoy stand allowing for easy retrieval using plastic handles which were attached
to the enclosure. As the atmospheric conditions got warmer during the deployment it is possible
that ice formation was not occurring during the retrieval period.

The retrieval process consisted of the SA Agulhas II maneuvering as close as possible to the buoy
as possible. The personnel basket was lowered next to the device and collected by grabbing the
buoy using the attached handle out of the stand housing.

The devices were then opened and the SD cards removed and the data backed up locally.
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Results and Discussion

9.1 Overview

The SHARC V3.0 was designed to collect waves-in-ice data. In this respect it has been success-
ful, with four devices being retrieved with high frequency multi-day inertial measurements of the
Antarctic MIZ which to the author’s knowledge is the first occasion this has been done. Of these
devices two had complete datasets with the remaining devices requiring additional post processing
due to a firmware fault which fall beyond the scope of this thesis due to time constraints. These
data can be used to develop more accurate models of the MIZ dynamics or be used as a reference
for further research.

An analysis of the collected data shows that the device was able to capture the wave activity in the
MIZ as the wave height and period showed similar results to the Finnish Meteorological Institute
(FMI), which was used for validating the instruments.

As a polar cyclone occurred during the deployment (see figure 9.1) a clear distinction can be made
for measurements that occurred before and after the storm passed through the area in which the
devices were deployed. A comparison of the spectra shows the evolution of the cyclone during
this period, showing the ability of the device to identify the different wave frequency components
associated with the cyclone.

The collected IMU data has allowed the analysis of the data to determine the validity of the
measurements of the devices in situ. This was done by analysing the time series data. Different
methods of sensor fusion for the calculation of the vertical acceleration were investigated. It also
allowed the investigation of the following sources of error:

1. The assumption that heave measurement is equivalent to the vertical acceleration

2. The dynamics introduced by using an elevated platform

3. Noise introduced to the measurement from the environment from other MIZ phenomena

In this data series, a series of spikes in the measured acceleration values were detected in both the
vertical measurement (heave) and especially the sway and surge measurement.It is thought highly
likely that these are the first inertial measurement of floe collisions by a device deployed onto the
ice. This is due to the regularity of the impacts coinciding with the period of the measured waves.
For ease of discussion and analysis the measured acceleration spikes will be referred to as collisions.
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In addition to the wave data, location (and so ice drift) and environmental data (air temperature
and atmospheric pressure) were collected. A comparison of these data to the onboard ship mea-
surement was done for validation. It is found that the in situ air temperature measurements are
valid. However, the atmospheric pressure measurement appears to require additional calibration.

Figure 9.1: Mid-latitude cyclone which passed through the south-east Atlantic sector
of the Antarctic MIZ during the cruise. Wind conditions (left) and wave conditions
(right). Diagram credit: South African Weather Service (SAWS)

9.2 Wave Activity

9.2.1 Significant wave height

The significant wave height during the course of the deployment was a result of the swell waves
generated by the polar cyclone in the area of deployment. There is a sharp increase in the wave
height as a result of this well which is easily observed on the evening of the 22 July 2022. This was
observed almost simultaneously (accounting for distance between the sensors). The development
of significant wave height correlated to the measured wave height from the LainePoiss devices
(Alari et al. 2022), known as LP Buoys. This correlation extended to the differences in measured
wave height as the waves attenuated through the ice. For example when the polar storm waves
propagated into the region, peaking locally on the evening of 22 July 2022, the LP Buoys measured
a wave height in the range of 3−4m whilst the SHARC Buoys, which were deployed further into the
ice cover measured a significant wave height of 2−3 m. Following this the wave height increased
steadily, which was captured by the SHARC Buoys, particularly SB04 which was deployed for a
longer duration. Furthermore, LP4 and SB04 measured a wave height of approximately 4 m on
the morning of the 24 July 2022 when SB04 was collected. The similar measurements are likely
due to the fact that LP4 was drifting close to SB04 (see figure 8.2) with LP4 drifting onto the
previous path of SB04.

The correlation between the measurements, accounting for the distance between the sensors and
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attenuation of wave height under ice cover, strongly indicates that the SHARC V3.0 is capable of
accurate wave height measurement.

(a) Significant wave height (Hm0) of SB04 (top) and SB06 (bottom) including
with a 90% certainty interval.

(b) FMI open water LainePoiss (LP) buoys. Diagram credit: Jan-
Victor Björkqvist, FMI

Figure 9.2: Significant wave height during the course of the deployment
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9.2.2 Mean wave period

The calculated mean wave period went from an initial 18 s to 15 − 17 s on the start of the 21 July
2022, which corresponds closely to the value of the LainePoss buoys in the region (approximately
15 s). The mean wave period then drops to 10 − 11 s for the SHARC Buoys and to 8 − 10 s
for the LainePoiss Buoys after the wave field from the polar storm reached the region. The longer
wave period from the buoys in this case probably resulting from the attenuation of high frequency
wave components (resulting in a longer mean wave period calculated from the wave spectra) from
the storm in the ice as the LainePoss Buoys were deployed closer to the open ocean.

(a) The mean wave period (Tm0) of SB04 and SB06.

(b) FMI open water LainePoiss (LP) buoys mean wave period. Dia-
gram credit: Jan-Victor Björkqvist, FMI

Figure 9.3: Mean wave period during the course of the deployment
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9.2.3 Drift vs. Significant wave height

Figure 9.4: Mean wave height

Figure 9.5: Significant wave height and mean wave period during the deployment of
the buoys compared to the drift.

The drift westwards corresponds to the increase in significant wave height. This corresponds to
the arrival of a polar storm during this period, resulting in both increased drift and a larger wave
height. This corresponds to the observations and measurements from the FMI instruments.

9.2.4 Wave spectra

During the deployment, a storm developed. To determine if the devices were able to measure
the changes in conditions, a spectral analysis of the 30 minute data samples collected during the
deployment was performed. This was done using the pipeline described in section 3.2. The shift
from the low frequency smaller wave swell present in the region to the higher frequency wave
generated by the recent storm is evident.

To emphasise the shift and show that the devices were capable of measuring accurate spectra,
three spectra were calculated for SB04 and SB06. One spectrum for the period before the storm
(20 - 21 July 2022), one during the storm (22 July 2022) and finally a spectrum after the storm
waves had moved into the region (23 July 2022). The shift from a peak wave frequency at
∼ 0.06 Hz to a peak wave frequency of ∼ 0.10 Hz is clear.
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(a) SB04 before storm (b) SB06 before storm

(c) SB04 during storm (d) SB06 during storm

(e) SB04 after storm (f) SB06 after storm

Figure 9.6: Wave spectra to show the development of the storm as measured by the
SHARC Buoy devices SB04 and SB06.

The wave spectra measured by the SHARC Buoy underwent a predictable development from the
initial swell waves present to about 0.06 - 0.08 Hz to being dominated by the storm swell centered
at 0.10 Hz.
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9.2.5 Stand correction

The correction for the stand dynamics and vertical acceleration is compared to the estimation of
wave height from the heave measurement only, which is used for the local calculation of wave
parameters. The maximum error was approximately 0.3 m with the average error being less than
0.1 m. It is noted that the error incurred by using the heave measurement increases in high
waves as the small angle assumption (i.e. the platforms tilt is ≤ 10 ◦) does not hold for all
measurements (see section 3.4). The small angle assumption holds in condition with long wave
periods and low significant wave height (resulting in low wave steepness). However, for wave
height estimation in high waves with smaller wave period, the error became significant. Therefore,
future development of the buoy should start with the integration of sensor fusion of multiple axes
to reduce the underestimation of significant wave height for steeper waves. However, this sensor
fusion should be designed so that floe collisions do not bias the vertical acceleration measurement
(i.e. appropriate filtering is performed).

v

Figure 9.7: The difference in significant wave height calculated from heave only
compared to the fusion of all axes using a Kalman filter and the introduction of the
wave dynamics.

9.3 Drift Data

The platforms underwent significant drift, with the westward drift of some the devices being over
200 km for the maximum deployment period. The GPS data was accurate enough to enable the
retrieval the devices. Further characterisation of the GPS error is a priority but has not been
done for the SHARC Buoy beyond the collection of the standard dilution of precision (DOP)
measurements. The GPS data allowed the identification of the Coriolis effect causing the spiral
of SB02. SB01 may have undergone an inertial oscillation early in its drift which is of interest.
However, this needs to be confirmed by further analysis. The drift was sufficiently rapid at points
to cause a Doppler shift (see section 3.5). However, this shift was sufficiently small to be neglected
in most cases (maximum measured shift 0.005 Hz, see figure 3.11).
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Figure 9.8: The drift pattern of the buoys during the SCALE 2022 mission

9.4 Environmental Data

The air temperature data collected corresponds to the data collected by the the SA Agulhas II
by its scientific data system (SDS). The temperature induced melt from the ice was observed
in thermal camera measurements from the SA Agulhas II ’s deck and corresponds to the melt
observed during the retrieval of the instruments (see figures 8.4, 8.3). The air temperature can be
seen to be around 0 ◦C which is the air temperature range at which melt would occur. It should
be noted that ice melt is more closely related to seawater temperature than air temperature.

(a) Temperature graph of SB04 and SB06 (b) Geoplot of the temperature of SB04 and SB06

Figure 9.9: Temperature data plotted of SB04 and SB06
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9.5 Waves-in-ice phenomena

9.5.1 Floe-floe impacts

(a) Impacts in time series. (b) IMU axes during impact

Figure 9.10: Acceleration spikes in time series hypothesised to be floe-floe impacts

The collisions between neighbouring ice floes were potentially observed in the collected data. This
is the first time raw inertial data has been collected off an ice tethered instrument and so analysis
is done to justify the hypothesis that the acceleration spikes observed are indeed ice floe collisions.
Within the dataset, spikes in the acceleration were observed such as in figure 9.10a. These impacts
are caused by wave orbitals (see section 2.3.3).

The analysis of collisions was performed by creating an impact vector of the acceleration parallel to
the wave surface (az , ay in figure 9.10b). This was then compared to acceleration in the heave axis
(az). Visually, the regularity of the spikes can be seen to correspond to the wave period (figure
9.10a). In the wave tank experiments of Yiew et al. (2017) and Bennetts & Williams (2015),
for large wavelengths relative to the floe diameter, collisions are observed approximately once per
wave period. Thus, the frequency of the collisions is compared to the mean wave period (Tm01)
over the course of the deployment, and correlation between the wave period to the frequency of
the collisions is used to strongly imply that the collected data includes high frequency information
describing the collisions. As can be seen in figure 9.6, the dominant frequency before the storm
consists of waves in the 0.06−0.08 Hz frequency range. This then shifted to a dominant frequency
of ∼ 0.1 Hz due to the arrival of a wave field from the storm that occurred during the deployment.
The previous swell waves are still present. Thus, it is expected that the collisions will occur at
approximately 0.06−0.08 Hz initially and then shift towards 0.10 Hz .

The frequency of collisions is then expressed as a ratio of collisions per mean wave period. The
collisions occurred at a very low frequency initially, corresponding to wave tank testing results
predicting impacts approximately once per period at low frequencies (≤ 0.5 Hz).

The number of impacts per period then increased exponentially as the higher frequency waves
generated from the swell arrived. Following this, the number of collisions peaked and then dropped
down to lower levels. It is hypothesised that the presence of multiple wave fields resulted in out of
phase movement between the ice pancakes resulting in the large number of collisions. This could
potentially mean that pancake collisions in certain conditions (i.e. the interaction between wave
fields) are far more important than previously thought in the attenuation of wave height and the
behaviour of the Antarctic MIZ. The measurements for SB04 continued further and displayed a
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second increase in collisions on 23 July 2022.

A second potential effect could be that as more consolidated ice is closer together (i.e. location of
SB06 deployment), more collisions occur relative to ice further apart (SB04 was deployed closer
to the open ocean).

(a) The collisions between floes per mean wave period.
(b) High impact wave sample. Large number of acceler-
ation spikes shown.

Figure 9.11: The number of collisions per mean wave period (left). The sample
showing high number of collisions per period for SB06 (right).

9.5.2 Attenuation

The attenuation between the two devices included in the analysis (SB04 and SB06) can be deter-
mined using the approach of (Meylan et al. 2014) (see section 2.3.2). This approach assumes that
the distance between the sensors calculated in terms of the distance between the sensors mea-
sured in terms of their distance into the ice. The ice is assumed to be homogeneous to simplify
the analysis. This is not the case as can be observed in figure 8.2 with the tracks of SB04 and
SB06 having some in-homogeneity with in-homogeneity across time also being a factor. However,
the determination of attenuation of significant wave height as the waves propagate into the ice
allows for the validation of the device as a waves-in-ice instrument, as this is a primary concern
in the field. A simple observation of figure 9.2a showing the significant wave height shows clearly
that SB04 (top line) has a greater significant wave height than SB06 (bottom line). This shows
the attenuation of wave height between the devices. Additionally, it is clear that the attenuation
increased as the distance between the devices became greater (see figure 8.2, 9.8 and 9.4).
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Figure 9.12: Attenuation between SB04 and SB06 after storm on 23/07/2023 at
approximately 06:00

9.6 Evaluation of in situ wave parameter extraction

During the deployment, the wave parameter extraction pipeline did not function as intended. This
was due to an array being overwritten in the pipeline. This produced unreliable results (which were
transmitted via Iridium). This has been corrected in the firmware. A comparison of the spectrum
and wave parameters calculated locally on the device to the spectrum and parameters calculated
using the pipeline developed on MATLAB, using a retrieved dataset, is done (see description in
section 3.2). The MATLAB signal processing pipeline functions as a golden standard for compari-
son. In particular, MATLAB’s pwelch spectral estimate is compared to the estimator implemented
on the SHARC V3.0. This is done for a 30 minute sample collected by SB04 on 20 July 2022.

(a) Gold standard (b) Local

Figure 9.13: Comparison between local and gold standard wave spectrums.

It should be noted that the primary difference between the gold standard spectrum and the locally
estimated spectrum is the broader spectrum around the spectral peak in the locally calculated
spectrum. This is caused by the energy conservative (as opposed to amplitude conservative)
windowing performed on the elevation time segments. A comparison of the calculated wave
parameters shows the accuracy of the locally estimated spectrum:
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Table 9.1: Wave parameters from golden measure vs. local pipeline

Parameter
Golden
Measure Local

Hm0 (m) 0.35 0.37

Tm01 (s) 18.18 17.67

The parameters calculated in table 9.1 show close correlation in wave height. There exists an
estimation error of approximately ∼ 0.5 s in the estimation of mean wave period, this is likely
due to increased variation in the measurement of the local pipeline in comparison to the golden
measure pipeline.

A final opportunistic note of the graphs shown (fig 9.13) is that there exists a second smaller
spectral peak at 0.03− 0.04 Hz . It is possible that this is a result of the platform (i.e. ice
pancake) that the device is deployed on. The phenomenon of spectral spreading due to platforms
with strap down IMUs interacting with waves (subsection 2.5.2, 3.1.2, Lang (1987)) is well known.
This has not been quantified in ice-tethered instruments (as the estimation of ice floe size and
shape is difficult) and should be investigated further once pancake size data from the SCALE 2022
becomes available to complement the inertial time series data.

9.7 Comparison with contemporary waves-in-ice instruments

Several contemporary waves-in-ice devices exist. Highlighting the differences between the SHARC
Buoy V3.0 and these instruments is done to emphasise the strengths of the device as well as
highlight its limitations.

The device is able to collect and remotely transmit data that is equivalent in accuracy to the
OpenMET Buoy (Rabault et al. 2022) the LainePoiss Buoy (Alari et al. 2022). Several key
advantages are present for the SHARC Buoy. Firstly, the device stores data locally which allows
for raw data to be collected. As there are several under-investigated inertial phenomena (ice floe
impacts, rafting, hydrodynamic properties of the floes) that are neglected by spectral averaging this
is very useful. Similar devices store wave data in RAM which is overwritten for the next sampling
period as opposed to storing the data in external memory.

Secondly, the stand and enclosure in conjunction with the large power supplies used by the devices
allows for increased survivability for longer deployments, setting it apart from the OpenMET
Buoy (known as the "Box Buoy" during SCALE Winter Cruise 2022). The device is capable of
measuring and transmitting wave measurements with the key feature of the system being that it is
cost effective (∼R20 000) which is significantly better than older devices such as the Waves-in-ice
Observation System (WIIOS) and comparable to the OpenMET Buoy. Thus, the SHARC Buoy
fulfills a niche for an instrument intended to survive harsh Antarctic storm conditions whilst still
being cost effective. Similar devices may be better deployed on more consolidated ice as they lack
a protective stand and are vulnerable to wave overwash and ice production.
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Conclusion

10.1 Waves-in-ice Measurement

The UCT SHARC Buoy V3.0 was capable of measuring waves-in-ice phenomena. The main
contribution of the device was the collection of high frequency raw inertial data off pancake ice
floes. In addition to this, the collected data was used to validate the in situ measurement of the
buoy. The collected data from SB04 and SB06 were the most complete, with SB01 and SB05
requiring post-processing as a result of a firmware fault (which caused the sampled data to be
stored out of order).

This data correlated strongly to the measured data collected by the Finnish Meteorological Institute
(FMI) devices for significant wave height and mean wave period. The collected data also showed
clear attenuation between SB04 and SB06. The small angle assumption used for in-situ processing
was tested using the data. It is shown that the assumption generally holds true for lower wave
amplitudes but underestimates the waves at higher amplitudes.

The distance between the deployed SHARC Buoys and FMI instruments was too far to fully validate
the measurements. As a result, it is recommended to perform tests in the open ocean next to a
buoy platform for full validation of the measurements.

The collection of raw high frequency data also allowed the novel analysis phenomena such as the
impacts between floes. These were shown to be far more prevalent than expected are present an
interesting direction for analysis. These spikes also appear to occur often enough that the standard
statistical checks to remove outliers may fail in this case.

10.2 System Validation

The SHARC V3.0 was deployed in the SCALE Winter Cruise 2022. Two devices were retrieved
with full inertial datasets. Two devices malfunctioned causing the data to be stored out of order.
Two further devices were deployed as ice-drifters whose primary purpose was to collect location
data.

The upgraded SHARC V3.0 was able to function in extreme conditions. The updated power
supply allowed continuous operation during the deployment and the collected data reflected the
wave conditions of the region. The GPS and environmental data also correlated strongly to other
sensors aboard the SA Agulhas II ’s SDS.

Using the data from the SCALE 2022 deployment, along with the known performance of the
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device, post-deployment firmware development (updating the local wave algorithm to produce
more reliable results for transmission and improving reliability) was completed to reach the desired
technology readiness level (TRL). This allowed SHARC V3.0 reached the technology readiness
level (TRL) of 9 ("Actual system "Antarctic MIZ operation proven" through successful mission
operations") for ice drift, environmental measurement and inertial measurement (stored locally)
and a TRL of 8 ("Antarctic qualified" through test and demonstration") for in situ transmitted
wave measurement .
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Recommendations

11.1 Sensor fusion

It is recommended to investigate the fusion of GNSS and IMU measurement to estimate heading
the system to allow directional wave measurement. A higher frequency GNSS-IMU fusion will
allow in situ directional wave measurements of the region to be taken. This is very important to
the investigation of waves-in-ice (Alberello et al. 2022). A significant problem being the lack of
reliability of magnetometers near the polar regions (Kohout et al. 2015). This means that either a
calibration process for the magnetometers in the field with validation (such as the determination
of heading from the solar azimuth using onboard cameras (Doble et al. 2017)).

Another approach would be the use of GNSS to determine heading (Herbers et al. 2012). Specifi-
cally, the velocity components on the GNSS measurements could be used to derive directional wave
measurements. However, it would need to validated in the Antarctic region as the choice of GNSS
satellites constellations, GNSS receiver and operating frequency could affect the measurements.

Considering the considerable drift experienced by the buoys, including changes in direction, heading
estimation may be possible using the acceleration or velocity of the system in conjunction with
high frequency GPS measurement to determine heading (Gade 2016).

These techniques have been investigated to determine the heading of AUVs (autonomous under-
water vehicles) for navigation under ice-sheets (Lone 2020). Thus the application to Lagrangian
(drifting) instruments is possible. Accurate in situ directional wave measurements would be a
valuable addition to the SHARC Buoy system.

11.2 Real time operating system (RTOS)

The growing size of the SHARC Buoy codebase and the potential to increase the number of sensing
systems and functionality of the devices strongly suggest that moving the firmware to a Real Time
Operating System (RTOS) is desirable. Instability in the system is a concern with the growing
size of the codebase (Lethaby 2013).

In particular, the need to record high frequency measurements in parallel to processing information
and responding to interrupts. This multitasking paradigm is available using an RTOS middleware
such as FreeRTOS.

Additional benefits of switching to an RTOS are introducing proper timing to tasks, improving
portability between MCUs and a more efficient use of CPU resources (Lethaby 2013).
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11.3 LoRa and data collection

High frequency data of the region is valuable as it allows the investigation of the dynamics of ice
floes which are of interest.

This could be done with LoRa (long range) based communication systems. The integration of
LoRa is a potential means by which instruments could communicate both with each other and
with a retrieval device onboard a ship. The potential for easier data retrieval is important

LoRa performance in the field would need to be assessed. Additionally a protocol for buoy-buoy
(allowing data transfer between buoys means that fewer buoys would have to be communicated
with - reducing travel distance on a mission) and buoy ship communication would have to be
developed.

11.4 IMU selection

The Invensense ICM20649 was appropriate for the 2022 SCALE cruise. However, it has since been
deprecated. Additionally, development time was increased by the need to develop a driver for the
device.

To reduce development time during future development it is recommended to use a low power
high accuracy and stability (for reliability) IMU with existing drivers and filtering software that
can be validated for wave applications such as the STM32 X-Cube-MEMS1-FX middleware with
a supported device such as the LSM6DSL 6DOF IMU (ST Microelectronics 2017). This would
accelerate the speed of development for the given hardware on the buoy (STM32L4R5 MCU) for
the implementation of onboard sensor fusion or the update of the communication interface to a
DMA sampling approach with a FIFO buffer. The LSM6DSL has a smaller temperature variation,
including additional temperature compensation.

If high accurate centimetre or even millimetre level measurements are desired (deployment on multi-
year consolidated flows) a higher precision commercial IMU should be used from a manufacturer
such as XSens or VectorNav.

11.5 Algorithm optimisation

The current wave parameter extraction pipeline takes approximately ∼18 minutes to run. This
is due to the reading in of 180 000 values from an external SD card and processing the data in
individual segments. The following approaches or updates will decrease the time taken to process
the onboard data.

1. If a more accurate IMU is used with a Kalman filter, the use of the double integration with a
high pass filter is unnecessary. The calculation of the spectra can be performed by integrating
the acceleration spectra by multiplication by 2πf −4.

2. If the raw data from the devices is not retrieved, the decimated acceleration data can be
stored incrementally in RAM or flash memory. When the pipeline is run, the data is already
in RAM, allowing, removing the slow read in process.

3. Rewrite the SD drivers to use binary as opposed to ASCII data storage.
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11.6 Onboard Kalman filtering

The buoy should run an onboard Kalman filter in order to perform a fusion of the sensor measure-
ments. However, it is suggested that the retrieved raw time series be used as a reference dataset
to evaluate the performance of the sensor fusion done onboard the buoy.

A tuning of the Kalman filter should be done in order to retrieve reasonable results that are not
biased by the process noise created by measuring waves through an ice tethered instrument.

The measurement noise covariance matrix can be estimated by the error characteristics of the
IMU. However, given the process noise introduced, such as the impacts between floes, the process
noise covariance matrix would need to be tuned. This would reduce the contamination of wave
measurement by other processes in the MIZ.

11.7 Pancake dynamics analysis

A concern is the presence of low frequency drift introduced by the ice platform into the IMU
measurement.

The size and shape of the pancakes affect their response to waves. The general assumption made
is that if the wavelength is sufficiently large that the pancake will move with the waves as it will
have sufficient time to respond (Yiew et al. 2016) without adding an additional transient response.

However, given the experiences of the SCALE 2022 cruise, there was interaction between the
pancakes floes in previously consolidated ice and the open ocean as a result of the collapse of an
ice field. This resulted in floes potentially encountering high frequency wave excitation. Thus,
the response of these pancakes in these unusual conditions is of interest, in particular how these
conditions affect the measurement of waves.

The presence of low frequency components as a result of spectral spreading (Lang 1987) should
also be analysed to see if information about the size and shape of the pancake can be extracted.

11.8 GNSS wave measurement

GNSS based wave measurement is rapidly becoming the standard wave measurement approach
(Herbers et al. 2012, Raghukumar et al. 2019). Integrating this approach into future SHARC
Buoys should be considered. In particular, this approach should be validated using inertial wave
measurement, due to concerns about GNSS accuracy in the Southern Ocean.

11.9 Full validation of wave measurement

The SHARC Buoy deployed next to the OpenMET ("box") buoy was unfortunately lost. Addi-
tionally, the remaining instruments were too far to directly validate the measurements. It is highly
recommended to perform open ocean tests with the platform for full validation next to a validated
buoy platform.



Appendix A

Wave Tank Testing Setup

This is the initial experimental proposal, including experimental planning, for the wave tank testing
for the IMUs used on the UCT SHARC Buoy.

A.0.1 Experimental Setup

The experimental setup consists of a pseudo-ice float with a IMU-microcontroller-RF transmitter
setup deployed on top that communicates acceleration data to a host computer.

The pancake and electronics configuration will hereafter be refered to as the SHARC-i buoy (South-
ern Hemisphere Antarctic Research Collaborative Buoy - Ice).

Two IMUs will be deployed on the SHARC-i, a high cost factory calibrated IMU (VectorNav VN100)
and a low cost IMU that has been calibrated using the method of Tedaldi et al. (2014). This will
allow the comparison of data between the IMUs as well as to the wave data collected within the
wave tank.

The SHARC-i will be deployed in a wave tank in the CSIR Coastal and Hydraulics Laboratory. The
facility has the capacity to generate waves with significant wave height up to 0.25m.

Considering the 0.25m significant wave height limitation, a 1:5 scale will be used (allowing a
1.25m wave representation). This is preferable as it allows for a reasonable pancake size which is
necessary to provide sufficient buoyancy for the electronics (and for the weight of the electronics
to be reduced relative to the size of the pancake).

Table A.1: Scaling of experiment

Experiment Variable Original Size Range (m) 1:5 Downscale
Ice Pancake Diameter 2.1-4.3 0.42-0.86
Ice Pancake Thickness 0.05-0.20 0.010-0.040
Significant Wave Height 1-3 0.2-0.6

The SHARC-i experimental setup is shown below. The pancake will be tethered in the wave tank to
prevent significant drift. Preliminary tests can be done to determine whether the wave transport is
sufficient to justify the tether as the forces of the tether will change the dynamics of the pancake.
The electronics will be housed in a waterproof container in the centre of the pancake, with the
IMUs as close to the centre of the pancake as possible.

The following preliminary experimental inputs are considered as a starting point for the experiment

90



APPENDIX A. WAVE TANK TESTING SETUP 91

Figure A.1: The SHARC-i buoy in experimental configuration

in Table A.2. The use of multiple inputs will allow for a control analysis of the buoy and will provide
a more comprehensive dataset for analysis. The inputs are based on the MIZ characteristics and
the experiment outlined by Bennetts & Williams (2015).

The following assumptions are made:

1. The tank depth (1m in the CSIR Lab) is sufficient (i.e. kd < 2) to assume deep ocean
assumptions (no refraction)

2. That scaling the waves relative to the size of the floe will yield result that can approximate
real world conditions

3. That wave steepness, ka < 0.08, allows for linear wave theory (or an nth order Stokes
correction) to be used.

The Ursell number can be used to determine whether Linear Wave Theory (LWT) or a Stokes
correction of linear wave theory is appropriate.

NUrsel l = steepness/(relative depth)
3

= (H/L)/(d/L)2

=HL2/d3
(A.1)

Values > 26 indicate that linear wave theory or a Stokes correction of linear wave theory is appro-
priate.

Table A.2 has the initial experimental values. Values were calculated to produce wavelengths less
than and greater than the pancake sizes. Additionally, the wave steepness values used by (Bennetts
& Williams 2015) were used as a guideline. Note: L = Wavelength, k = wavenumber, ka = wave
steepness, T = wave period, a = wave amplitude). A deep water dispersion relation was used in
the calculations as the relative depth: kd > 2. Steepness valueska > 0.1 should be considered to
produce greater waveheights.

A.0.2 Platform Development

The platform will be built using a rigid plastic with a density similar to that of ice. The chosen
plastic is polypropylene (PPL) which is a relatively low cost plastic with a density of 0.91g/cm3

which is comparable to the density of ice. A disk shape approximates the elliptical and irregular
shapes found in pancake ice fields. The weight of the electronics relative to the buoyancy of the
pancake platform is a key consideration.

Using the expression:

Fbuoyancy =−ρgV
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Table A.2: Initial experimental inputs

Experiment No. L(m) k (1/m) ka T (s) a (mm)
1 0.20 31.42 0.04 0.36 1.27
2 0.20 31.42 0.08 0.36 2.54
3 0.20 31.42 0.1 0.36 3.18
4 0.50 12.57 0.04 0.57 3.18
5 0.50 12.57 0.08 0.57 6.36
6 0.50 12.57 0.1 0.57 7.96
7 1.00 6.28 0.04 0.80 6.37
8 1.00 6.28 0.08 0.80 12.7
9 1.00 6.28 0.1 0.80 15.9
10 1.50 4.19 0.04 0.98 9.55
11 1.50 4.19 0.08 0.98 19.1
12 1.50 4.19 0.1 0.98 23.8
13 2.00 3.14 0.04 1.13 12.7
14 2.00 3.14 0.08 1.13 25.5
15 2.00 3.14 0.1 1.13 31.8

Figure A.2

Table III shows the buoyancy of each of the proposed platforms. Using table A.3 as a guide and
assuming 0.5kg of electronics and housing (weight of approx. 5N), the possible platform sizes
can be selected. Platforms witrh buoyancy less than 5N will be not be included or be revised to a
thicker size.

A.0.3 Electronics Design

The SHARC-i buoy electronics include: Arduino Uno, Draguino LORA transmitter, Invensense
ICM20689 6 axis IMU, VectorNav VN100 factory calibrated IMU and an SD CARD interface.

The SHARC-i Buoy has the following requirements:

1. Interface with the VectorNav VN100

2. Interface with the InvenSense ICM20689

3. Process the data on the Arduino locally to produce two acceleration and orientation time
series with timestamps
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Table A.3: Buoyancy of potential platform sizes

Diameter (m) Thickness(m) Volume (m^3) Buoyancy(N) Weight(N)
0.40 0.020 0.0025 24 23
0.40 0.040 0.0050 49 45
0.50 0.020 0.0039 38 35
0.50 0.040 0.0079 77 71
0.60 0.020 0.0057 56 51
0.60 0.040 0.011 108 99

4. The identification of local data corruption using checksums and other protocols

5. The generation of appropriate error codes for possible malfunctions

6. The storage of the time series onto a local SD card

7. The transmission of the time series using a Draguino LORA module in real time

Note that the VN100 was not used as results with low cost IMU were sufficient Further note that
the LORA module was not used as it proved to be impractical for high frequency data transfer
with the chosen MCU.

Figure A.3: Block diagram of electronics on SHARC-i Buoy. A local arduino interfaces
with two IMUs. It processes the data locally into a timestamped time series format.
It then both stores the data locally on an SD and transmits it via a LORA module.

A.0.4 Procedure

The procedure of the experiment will involve the experimental setup described in subsection A.0.1.
Following that the wave inputs will be produced for a typical wave sampling period (20-30 minutes).
The inputs will be taken from an updated table A.2. During the experiment, the IMU values will
be recorded both locally and on a host computer as described in subsection A.0.3. Recording will
start from the start of wave generation (so that an step input can be recorded for the control
analysis). Additional testing will be done with the electronics removed so that the response of the
pancake (measured using the onsite capacitive gauges) without the weight of the measurement
equipment can be determined. Initial wave inputs (in the several millimetre range) will be used to
determine the ability of the IMU to detect small amplitude range.
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A.0.5 Further Development

Significant interest exists in determining the causes of the dissipation of wave energy in pancake
ice fields. This leads to possible extensions to the experiments. Suggested mechanisms include:
a rough underside causing friction with the water surface and collisions between adjacent pancake
floes. Thus, two possible inclusions to the experimentation include:

• The collision of two pancakes to investigate collision events in an acceleration time series

• Comparing a pancake with a rough underside to a smooth underside in acceleration time
series.

• The comparison of different ice floe shapes
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Appendix B

Wave Tank Testing Results

B.1 ICM20689 validation

(a) JONSWAP spectrum

(b) Regular wave spectrum

Figure B.1: Validation datasets for the ICM20689
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B.2 ICM20649 validation

(a) JONSWAP spectrum

(b) Regular wave spectrum

Figure B.2: Validation datasets for the ICM20649
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B.3 Frequency response

(a) 0.5 Hz (b) 0.75 Hz

(c) 1.0 Hz (d) 1.5 Hz

(e) 2.0 Hz

Figure B.3: The time series used to investigate the frequency response of the platform



Appendix C

SHARC buoy V3.0 Requirements and
Specifications

C.1 SHARC V3.0 requirements and specifications

C.1.1 User Requirement

Table C.1: Updated user requirements for the SHARC Buoy V3.0

User
Requirement ID Description

Reliability UR01
The system shall function reliably over the duration of the deployment
or, alternatively, continue operation after the failure of a subsystem

Operational
duration

UR02
The system must operate over the full duration
of a deployment

Wave measurement UR03 The system must be able to measure waves and waves-in-ice

Memory storage UR04
The system must include a memory management system capable
of storing sampled data

Wave analysis UR05
The device must be capable of producing producing summary
wave statistics
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C.1.2 Functional Requirements

Hardware

Table C.2: Hardware functional requirements for the SHARC V3.0

Functional
Requirement
ID

Description
User
requirement
addressed

FR01
The mechanical design of the system will be updated to remove
points of failure identified during field testing of the previous
system.

UR01

FR02
The system will be functional in extreme cold
for extended periods

UR01

FR03
The battery capacity of the system will be sufficiently increased
to last for the full operational duration.

UR02

FR04
The system will include an updated IMU able to measure
waves-in-ice

UR03

FR05
The system will include sufficient memory to store sampled
data.

UR04

FR06
The chosen MCU will have the ability to perform DSP
operations on large datasets.

UR05

Firmware

Functional
Requirement
ID

Description
User
requirement
addressed

FR07 The system will retain data after a mode of failure UR01
FR08 The system will be able to recover from a failure mode UR01

FR09
The system will sample an IMU at a sufficient frequency to
measure wave activity

UR03

FR10
The system will store sampled IMU data in an
organised file system

UR04

FR11
The system will process stored IMU data in-situ to calculate
wave statistics by estimating the PSD of a 30 minute
time series

UR05
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C.1.3 Specifications

Hardware specifications

Specification Description
Functional
Requirement

HS01

Accelerometer:
Measurement range: 4g
Sampling rate: >100Hz
Operating temperature: [-40◦C, 80◦C]

FR04, FR02

HS02

Gyroscope:
Measurement range: >500 DPS
Sampling rate: >100Hz
Operating temperature: [-40◦C, 80◦C]

FR04, FR02

HS03

Power supply:
Peak current: >2A
Voltage: >7.2 V
Capacity: >50Ah
Operating temperature: [-40◦C, 80◦C]

FR03, FR02

HS04

MCU:
RAM: >150 kB
Onboard FPU
Flash: >1 MB
Operating temperature: [-40◦C, 80◦C]

FR06, FR02

HS05

External Memory:
Size: >16 GB
Operating temperature: [-40◦C, 80◦C]
Supports FATFS

FR05, FR02

HS06
PCB stack to be used in place of
wire connectors

FR01
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Firmware specifications

Specification Description
Functional
Requirement

FS01

Interface:
Type: Inter-integrated circuit
(I2C)
Mode: Fast mode (400 kHz)
Rise/fall time: 300 ns
Address length: 7-bits
I2C event interrupt enabled
I2C error interrupt enabled

FR09

FS02

Interface:
Type: SDMMC (SDIO)
Clock speed: 32 MHz
Bus width: 1 bit

FR09

FS03

Memory management:
FATFS
Character
Encoding: UTF-8
Max filename length: 255
Sector size: 512 bytes

FR10

FS04

DSP Library:
CMSIS DSP Software
Library
Data type: 32-bit floating point
operations (float32_t)
Target MCU core: M4

FR11

FS05
Hardfault interrupt response:
NVIC_SystemReset()

FR08

C.2 Acceptance test protocols

Acceptance Test Description

ATP01
The SHARC Buoy will log samples on the external memory
at 100 Hz for a minimum 12 hour duration in a freezer at
-20 Celsius without data corruption.

ATP02
The SHARC Buoy will send ∼100 Iridium packets without
a brownout.

ATP03
The SHARC Buoy will retain data after powering off during
a sampling interval.

ATP04
The SHARC Buoy will process previously collected IMU
datasets locally and return accurate summary wave parameters.

ATP05
Each SHARC buoy will operate with fault for a minimum
of 2 sampling sessions before deployment.

ATP06
The SHARC Buoy firmware will automatically reset after
a hardfault is intentionally triggered.



Appendix D

Allan Variance Method

D.1 Allan variance testing

D.1.1 Background

The modern standard for IMU modeling is the Allan Variance method. The method is outlined in
IEEE Std 952-2020(IEEE 2020). The method is a time series analysis that allows the identification
of the source of various noise terms. The Allan Variance noise model is shown in figure D.2.

Allan Variance testing is a form of stochastic modeling. That is, modelling where a white-noise
input to a LTI system is used to determine the transfer function from the power spectrum of the
output (or alternatively output time series). An alternative to stochastic modelling is dynamic
modelling which determines input-output relationship of a system by exciting it with known deter-
ministic inputs. Dynamic gyro models only include scale factor, axis misalignment and bias. Thus
the stochastic model allows for a better characterisation of the random drift behaviour of an IMU
as the underlying noise processes are well understood, allowing a stochastic model to parameterize
a series of canonical transfer functions(IEEE 2020).

The two standard methods for stochastic modelling are:

1. Power Spectral Density (PSD) Analysis (frequency domain)

2. Allan Variance Analysis (time domain)

The Allan Variance method is the most easy to implement of the two methods. It has the added
benefit of being more easy for non-experts to understand (useful for in-field testing and deployments
by non-experts)(El-Sheimy et al. 2008). It must be noted that the Allan Variance analysis does
not allow for a unique characterisation of certain types of noise at the high and low ends of the
frequency spectrum. Thus, an Allan Variance test will form a good initial analysis. For a more
complete model, a PSD analysis should also be performed.

D.1.2 Theory

The Allan Variance is defined as (note that it can be defined by both angle/postion and rate)(IEEE
2020):

103



APPENDIX D. ALLAN VARIANCE METHOD 104

Figure D.1: Block diagram of the stochastic model characterising the random drift
behavior of an instrument.

σ2(τ) =
1

2
< (Ω̄k+m− Ω̄k)2 >

=
1

2τ2
< (θk+2m−2θk+m+ θk)2 >

(D.1)

Where θ(t) is the angle/position, Ωk is the angular rate/velocity and τ is the sample time. <>
denotes the ensemble average.

The Allan Variance can now be estimated as:

σ2(τ) =
1

2τ2(N−2M)

N−2M

∑
k=1

(θk+2m−2θk+m+ θk)2 (D.2)

Where N is the number of samples, m is the number samples in the average and k is the discrete
time sampling instance.

For a full description of Allan Variance analysis see IEEE (2020) Annex C. For a description
of the implementation of the method to create a plot and derive noise values see: Freescale
Semiconductor (2015).

Figure D.2: The general form of the output of an Allan Variance time series. Different
noise types have different slopes in the time series.



Appendix E

Deployment Procedure

The procedure for deployment of each buoy was as follows:

1. Before deployment, each buoy was assembled and tested on board the ship in the Electronics
Laboratory to ensure correct operation. A new battery pack was fitted and a formatted SD-
card was installed.

2. The buoy was placed in a stand on the deck 5 helideck for several hours to check the
communication and GPS systems. This step was important for checking the functioning of
the buoys prior to on-ice deployment.

3. All deployments were conducted from the personnel basket suspended from one of the star-
board bow cranes. Three personnel were in the basket, with the buoy stand laid down in a
horizontal position with the feet spikes facing outwards. The buoy itself was kept safely in
the centre of the basket until deployment.

4. The buoy system was placed on ice by hand by first placing the stand as close to the centre
of the selected pancake as possible.

5. The buoy enclosure was then lowered into the holder on the stand.

6. Finally, the personnel basket was lifted from the ice as soon as the buoy was deployed.

(a) Pre-deployment (b) Deployment (c) Deployed SHARC Buoy

Figure E.1: Deployment procedure for SHARC Buoys on SCALE Winter Cruise 2022.
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Iridium Packet Structure

The following is the packet structure for the Iridium transmissions on the SHARC V3.0. For de-
ployment there were two firmware versions deployed. V1.0 was a drifter that sent GPS coordinates
via Iridium whilst logging high frequency IMU data locally for a potential retrieval. V2.0 sent both
wave and GPS data. The structure of each of the transmissions is shown the tables below.

Table F.1: Structure of Iridium packet for wave drifter (V2)

Bit 0 1 2 3 4 5 6 7
Byte 0
Byte 1
Byte . . .
Byte 29

DRIFTBUFFER (V2)

Byte 30 Empty Space
Byte 31
Byte 32
Byte . . .
Byte 64

WAVEBUFFER (V2)

Byte 65 Empty Space
Byte 66
Byte 67
Byte . . .
Byte 94

DRIFTBUFFER (V1)

Table F.2: Structure of Iridium packet for drifter (V1)

Bit 0 1 2 3 4 5 6 7
Byte 0
Byte 1
Byte . . .
Byte 38

DRIFTBUFFER (V1)

Byte 39 Empty Space
Byte 40
Byte 41
Byte . . .
Byte 77

DRIFTBUFFER (V1)
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Table F.3: Structure of Iridium packet for drift measurement (V2)

Bit 0 1 2 3 4 5 6 7
Byte 0 ID
Byte 1
Byte 2
Byte 3
Byte 4

Epoch Time (uint32_t)

Byte 5
Byte 6
Byte 7
Byte 8

Latitude (float)

Byte 9
Byte 10
Byte 11
Byte 12

Longitude (float)

Byte 13 HDOP Digit (int)
Byte 14 HDOP Precision (int)
Byte 15 VDOP Digit (int)
Byte 16 VDOP Precision (int)
Byte 17 PDOP Digit (int)
Byte 18 PDOP Precision (int)
Byte 19 No. Satellites (int) Fix Type (int)
Byte 20
Byte 21
Byte 22
Byte 23

Environmental Temperature (int_32)

Byte 24
Byte 25
Byte 26
Byte 27
Byte 28

Atmospheric Pressure (int_32)

Byte 29 0xd (End of packet character)
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Table F.4: Structure of Iridium packet for wave measurement (V2)

Bit 0 1 2 3 4 5 6 7
Byte 0 ID
Byte 1
Byte 2
Byte 3
Byte 4

Hm0: Significant Wave Height (float32_t)

Byte 5
Byte 6
Byte 7
Byte 8

Hrms: Root Mean Square Wave Height (float32_t)

Byte 9
Byte 10
Byte 11
Byte 12

T0: Mean Zero Crossing Period (float32_t)

Byte 13
Byte 14
Byte 15
Byte 16

Tm01: Mean Spectral Wave Period (float32_t)

Byte 17
Byte 18
Byte 19
Byte 20

Tp: Peak Wave Period (float32_t)

Byte 21
Byte 22
Byte 23
Byte 24

M0: 0th Spectral Moment (float32_t)

Byte 25
Byte 26
Byte 27
Byte 28

M1: 1st Spectral Moment (float32_t)

Byte 29
Byte 30
Byte 31
Byte 32

M2: 2nd Spectral Moment (float32_t)

Byte 33 0xd (End of packet character)
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Table F.5: Structure of Iridium packet for drift measurement (V1)

Bit 0 1 2 3 4 5 6 7
Byte 0 ID
Byte 1
Byte 2
Byte 3
Byte 4

Epoch Time (uint32_t)

Byte 5
Byte 6
Byte 7
Byte 8

Latitude (float)

Byte 9
Byte 10
Byte 11
Byte 12

Longitude (float)

Byte 13 HDOP Digit (int)
Byte 14 HDOP Precision (int)
Byte 15 VDOP Digit (int)
Byte 16 VDOP Precision (int)
Byte 17 PDOP Digit (int)
Byte 18 PDOP Precision (int)
Byte 19 No. Satellites (int) Fix Type (int)
Byte 20
Byte 21
Byte 22
Byte 23

Environmental Temperature (int_32)

Byte 24
Byte 25
Byte 26
Byte 27
Byte 28

Atmospheric Pressure (int_32)

Byte 29 0xd (End of packet character)
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