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ABSTRACT
Expendable microSWIFT buoys have been developed and tested for measuring ocean 
surface waves. Wave spectra are calculated via onboard processing of GPS velocities 
sampled at 5 Hz, and wave spectra are delivered to a shore-side server via Iridium 
modem once per hour. The microSWIFTs support additional sensor payloads, in parti-
cular seawater conductivity and temperature. The buoys have a non-traditional, cylind-
rical shape that is required for deployment via the dropsonde tube of research aircraft. 
Multiple versions have been developed and tested, with design considerations that 
include: buoy hydrodynamics, sensor noise, algorithm tuning, processor power, and 
ease of deployment. Field testing in a range of conditions, including near sea ice and 
in a hurricane, has validated the design.
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1. Introduction

The modern era of ocean wave measurements is 
de!ned by an expansion in operational remote sen-
sing (e.g. satellite altimeters, lidar scanners) and by 
a "ood of inexpensive wave buoys (e.g. Spotter 
buoys, openMet buoys). Amidst the plethora of 
miniature wave buoys, one can and should ask if 
another wave buoy is needed. The answer is that 
speci!c projects often require unique features or 
sampling modes not available in existing buoy 
designs. Our development of microSWIFT buoys 
has been motivated by several speci!c projects 
needs, including: access to raw data for phase 
resolved models, high sampling rates for breaker 
detection, robustness in sea ice, aerial deployment 
from the dropsonde tube of research aircraft, and 
inclusion of additional sensors as modular payloads.

Collins et al. (2024) provides a thorough review of 
wave buoy measurements and an inter-calibration e#ort 
for several miniature wave buoys. Much of this activity 
traces directly back to Herbers et al. (2012), who demon-
strated the utility of Global Positioning System (GPS) 
Doppler velocities as the raw motion data for wave spec-
tral analysis. This was a departure from the classic pitch- 
roll-heave motion data (Kuik, Van Vledder, and 
Holthuijsen 1988), and thus the use of GPS data helped 
launch a new generation of wave buoys. The SWIFT buoys 
(Thomson 2012) immediately adopted the GPS approach, 
as did many other buoys and platforms (Raghukumar et 
al. 2019; Thomson et al. 2018). Other modern buoys have 
used newly available, low-cost Inertial Motion Unit (IMU) 

sensors (Feddersen et al. 2024; Rabault et al. 2020, 2022). 
The development of microSWIFT buoys has explored 
both GPS and IMU approaches, as part of a larger e#ort 
to miniaturize the original SWIFT design and end up with 
something compact and expendable.

The goal of this paper is to describe the devel-
opment and testing of microSWIFT buoys, with 
particular attention to lessons learned that have 
steadily improved the quality of the wave data 
and the usability. Section 2 describes the design 
of the buoys, Section 3 describes the algorithms, 
Section 4 describes testing the buoys, and Section 
5 summarizes the deployments to-date.

2. Buoy design

There have been three versions of microSWIFT 
buoys to date, each with a few variations. The 
!rst beta version was a simple proof-of-concept. 
Subsequent versions have evolved to address 
weaknesses identi!ed during testing and to 
address new mission requirements associated 
with new research projects. Figure 1 shows the 
di#erent physical designs, and Table 1 summaries 
the speci!cations. The choice of a cylindrical buoy 
shape throughout all versions, rather than the 
more common spherical buoy shape, is driven by 
a requirement for aerial deployments using the A- 
sized tube (nominal 5-inch diameter) for drop-
sondes from research aircraft, such as the NOAA 
P-3 Hurricane Hunter or Twin Otter.
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2.1. microSWIFT v-beta

The beta version of the microSWIFT buoy was simply a 
1-Liter, Naglene-brand water bottle with two commer-
cial, o#-the-shelf components: a GPS logger (Qstarz) and 
a dog-tracking collar (Garmin Astro). These were !rst 
deployed in 2014 to measure the wakes of 
Washington State Ferries in Rich Passage (Perfect et al.  
2015), and later used for the DUNEX pilot in 2019. The 
endurance was approximately one day, and the system 
had no onboard processing or telemetry. The buoys had 
to be recovered (based on tracking with the dog collars) 
and the raw GPS data o$oaded for post-processing.

2.2. microSWIFT v1 (1-L and 2-L)

The !rst production version of the microSWIFT buoy still 
uses the 1-Liter Naglene bottle as the housing and 
upgrades the electronics to a RaspberryPi-0 processor 
on a custom Printed Circuit Board (PCB). This enables 
integration of a GPS receiver and IMU, with onboard 

processing and telemetry of results via Iridium modem. 
The RPi processor is an excellent choice for rapid, colla-
borative software development. A set of Python codes, 
managed in a public GitHub repo (https://github.com/ 
SASlabgroup/microSWIFT) controls all aspects of data 
logging, processing, and telemetry. The RPi is also an 
excellent choice for short-deployments, because the 
WiFi connectivity can be used to automate the o$oad 
and organization of raw data from a large number of 
buoys (once recovered and in range of the network). 
This was helpful during the DUNEX main experiment, 
when up to 50 buoys were deployed on daily missions 
and post-processing raw data was essential (Rainville et 
al. 2023).

The RPi is a less ideal choice in terms of power usage. 
The v1 buoys use approximately 200 mW on-average, 
and most of this is the RPi itself (as opposed to the GPS, 
IMU, or Iridium modem). For the 1-L Naglene bottle 
housing with two D-cell rechargeable batteries, the 
maximum mission life is two days. A 2-L housing, 
based on Blue Robotics 3-inch inner diameter pressure 

Figure 1. microSWIFT versions. Left: v1 in a 1-L Naglene bottle housing. Right: v2 in a 2-L housing (also used in a variation of v1) 
with an octopus foam collar. The 2-L version has an optional conductivity-temperature (CT) sensor at the bottom of the housing.

Table 1. microSWIFT versions.
Version Processor Endurance Housing Code base Tracking/Telemetry Unit Cost

beta none 1 day 1-L Naglene none Dog collar/none $250
v1 RaspberryPi-0 2 days 1-L Naglene Python Iridium $500
v1 RaspberryPi-0 5 days 2-L Blue Robotics Python Iridium $600
v2 STM 30 days 2-L Blue Robotics C Iridium $900*

*cost is increased by $2,000 with optional CT sensor.
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adjusted for intermediate water depth (if known) by 
using the linear dispersion relation.

The onboard processing code was developed in 
Matlab and the source is included the public 
SWIFTcodes GitHub repository (https://github. 
com/SASlabgroup/SWIFT-codes/waves/NEDwaves. 
m). For the v1 microSWIFTs, this was translated to 
Python. For the v2 microSWIFTs, this was built as a 
C static library using the Matlab Coder application. 
Building the C library required some changes to 
improve memory management, which is not opti-
mized in the Matlab code conversion.

Each 30-minute burst of raw GPS data is pro-
cessed in windows of 256 s each, with 75% overlap. 
Prior to an FFT, each window is prepared with a 
high-pass RC !lter to remove drift from the veloci-
ties and a variance-preserving cosine taper to 
remove edge e#ects. The RC !lter is the same as 
Thomson et al. (2018), where the time constant is 
set as 4⇥ 2π ⇡ 25 seconds as the longest period 
retained in the raw time series data. The resulting 
ensemble spectra have 16 degrees of freedom (from 
8 independent windows). This is then increased to 
48 degrees of freedom by merging every three 
neighboring frequency bands. The frequency-band 
merging also reduces the total size of the !nal 
spectrum for telemetry.

Standard bulk parameters are calculated 
onboard, including signi!cant wave height 
Hs à 4

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅP
EÖfÜdf

p
, peak wave period Tp, and peak 

wave direction Dp. Other parameters are readily 
calculated from the onboard spectra, including the 
energy-weighted centroid period Te and the mean 
square slope mss.

3.1. Telemetry

A key feature of any expendable system is the teleme-
try of data products, since the raw data will not be 
recovered. The microSWIFTs use an Iridium Short Burst 
Data (SBD) modem (model 9603B). The processed 
wave spectra meta data are assembled onboard as 
byte arrays and sent in a single binary SBD packet 
(limit: 340 bytes). This uses half-"oat precision values 
to be able to !t all !ve spectra moments. The custom 
formatting of this binary packet is readable in Python 
( h t t p s : / / g i t h u b . c o m / S A S l a b g r o u p /  
m i c r o S W I F T t e l e m e t r y / b l o b / m a i n /  
microSWIFTtelemetry/sbd/read_sbd.py) or Matlab 
(https://github.com/SASlabgroup/SWIFT-codes/blob/ 
master/GeneralTools/readSWIFT_SBD.m).

A shore-side server at APL-UW receives these SBD 
packets as e-mails and parses them with a Python 
script. The script populates a database hosted on the 
server, which is then accessed with an API (Application 
Protocol Interface). The API is a public interface, which 

queries the server by building urls for speci!c buoys, 
data formats, and times. The API can be queried in a 
variety of automated modes (curl, wget, etc), and there 
no di#erence between the public API and the access of 
internal APL-UW users. A Python package (https:// 
github.com/SASlabgroup/microSWIFTtelemetry) and 
a Matlab function (https://github.com/SASlabgroup/ 
S W I F T - c o d e s / b l o b / m a s t e r / G e n e r a l T o o l s /  
pullSWIFTtelemetry.m) are available to work directly 
with the API. There also is a simple user interface at 
the data tab of www.apl.uw.edu/swift for accessing 
data directly via a web browser. A live map showing 
buoys and data on a rolling three-hour window is also 
available.

4. Initial buoy testing

Prior to !eld deployments, the buoys are tested to 
determine: 1) the sensor noise using static tests, 2) 
the hydrodynamic response using free decay oscilla-
tions in a tank, and 3) the motion signals on a 
rotary test stand. In additions, a series of aerial 
deployment tests determined the rigging required 
for the buoys to survive aircraft deployments.

4.1. Static noise

The !rst test for each microSWIFT version is to record a 
burst of raw data without motion and evaluate the 
sensor noise. Quanti!cation of sensor noise is particu-
larly important for wave buoys intended for deploy-
ment in ice, because even modest noise levels can 
a#ect the spectral energy ratios used to calculate 
wave attenuation by sea ice (Thomson et al. 2021). 
The static test can be done as part of a bench test, 
but only if the bench location has su%cient GPS signal. 
A typical burst of raw data is 2048 seconds long and 
sampled at 4 Hz. The onboard processing of this data 
produces an empirical noise spectrum, along with an 
e#ective noise height Hn. This is only a proxy for 
uncertainty in the operational wave results, as the 
sensor noise and buoy dynamics in a given sea state 
might di#er from the static tests. Still, it is a useful 
check-point in the development process.

Figure 2 shows the noise spectra EnÖfÜ from both v1 
and v2 buoys. The spectra have an expected f�2 shape, 
which results from white noise (f 0) in velocity that is 
converted to elevation (equation 1). These spectra 
can be integrated to obtain an equivalent noise 
level in signi!cant wave height, which is generally 
less than 0.1 m. The v2 buoys have a higher (worse) 
noise "oor, and work is ongoing to reduce this 
noise. A parallel approach is to remove the noise 
by simple subtraction of the empirically determined 
static noise spectrum EnÖfÜ from each observed 
wave spectrum EÖfÜ, assuming that the noise is 
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v1 microSWIFTs. The microSWIFTs were allow to 
drift past the moored waverider and were reset 
once to stay within 500 m of the waverider. Figure 
6a shows the spectral agreement between the 
Waverider and the microSWIFTs. The GPS results 
are in good agreement, though the !lter is clearly 
essential to that agreement. The IMU results agree 
at the highest frequencies, but deviate dramatically 
at the middle and low frequencies. The aforemen-
tioned integration error in the IMU spectral results 
is severe, such that the RC !lter is unable to recover 
a reasonable result.

5.2. Duck FRF (North Carolina, USA)

There were extensive v1-1 L microSWIFT deployments 
during the 2021 DUNEX experiment at the US Army 
Corps of Engineers Field Research Facility in Duck, NC 
(USA). The data and IMU post-processing are described 
in detail in Rainville et al. (2023). These deployments 
were focused on nearshore dynamics, but buoys drifted 
o#shore on a few occasions that provide opportunistic 
validation of wave spectra from the onboard GPS pro-
cessing. Figure 6b shows the spectral comparison of 
microSWIFT drifting past the Datawell Waverider CDIP 
192 on October 26 2021. The GPS results are in good 
agreement, though again the !lter is clearly essential to 
that agreement. The microSWIFT was 59 km from the 
waverider, and there are some di#erences in the sec-
ondary wind-wave peak around f à 0:5 Hz that are 
likely related to small scale wind variations and sea 
breeze along the coast. As in the previous test, the 
IMU results have severe errors at low frequencies that 
overwhelm the RC !lters.

5.3. Beaufort sea (Alaska, USA)

Ongoing aerial deployments in the seasonally ice- 
covered Beaufort Sea intend to quantify the dissipa-
tion of energy by shorefast ice (e.g. Thomson et al.  
2021) and calibrate observations from Distributed 
Acoustic Sensing (DAS) using a sea"oor !ber optic 
cable (Baker and Abbott 2022; Smith et al. 2023). 
Deployments to-date have focused on the early and 
late portions of the open-water season, speci!cally 
in the months of September 2021, November 2021, 
, and June 2022. Figure 6c shows spectra from Sept 
2021. No other buoys or wave measurments were 
available as groundtruth, and thus a parametric 
Pierson-Moskowitz spectra based on observed 10  
m/s winds is used for comparison.

5.4. Hurricane Ian

Hurricane Ian was a major hurricane (category IV) that 
made landfall in Florida in Sept 2022. As part of the 
NOPP Hurricane Coastal Impacts (NHCI) Program, an 
array of wave buoys was deployed ahead of the storm 
using a P-3 aircraft operated by the Navy’s VXS-1 
Scienti!c Development Squadron. These have been 
used to understand the saturation of wave slopes 
under extreme winds (Davis et al. 2023), while also 
providing an opportunity for full scale validation of 
the microSWIFTs. These were open-door deployments 
ahead of the storm. Future deployments will also use 
the dropsonde tube of NOAA P-3 aircraft "ying inside 
the storm, which can more accurately target the track 
of the storm in real-time. (This 2 L size microSWIFT was 
recently certifed for deployment from the NOAA P-3.)

Figure 6. Spectra from early testing of microSwifts (v1). The solid colored lines are the GPS-based onboard processing. The dashed 
lines are the GPS-based result without the high-pass filter. The dotted lines are the IMU-based onboard processing, which were 
abandoned in the later testing because of insufficient filtering.
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Spectral comparisons between a microSWIFT and 
a Spotter are shown in Figures 7 to 9. Each !gure 
has the scalar energy (with and without !ltering), 
along with the normalized directional moments. 
Figure 7 shows the maximum conditions (Hs à 7:4 
m) as hurricane passed through the buoy array. 
Figure 8 shows the energetic conditions (Hs à 4:3 
m) immediately following the hurricane. Figure 9 
shows the calmer conditions (Hs à 2:7 m) one day 
after the hurricane. The agreement between the 
buoys is strong across all conditions and for all 
spectral quantities. Quantities derived from these 
spectra also are in agreement, including full 2-D 
directional spectra (not shown) that can be recon-
structed from the moments a1; b1; a2; b2. The slight 
di#erences between buoys at low frequencies has a 
negligible e#ect on derived quantities, because the 
energy levels at those frequencies are so low. These 
three spectral comparisons are representative of the 

larger dataset, which includes 68 total observations 
(i.e. the hourly Hs results in Figure 5).

6. Discussion

Though the beta version of the microSWIFT was 
based on GPS velocity data for wave estimation, 
the initial design for production versions of the 
microSWIFTs assumed that IMU data would become 
the preferred source for wave estimation. This 
assumption was based on the plethora of low-cost 
and low-power IMUs now available for consumer 
electronics. As shown by Rainville et al. (2023), the 
IMU data collected by microSWIFTs is certainly valu-
able for resolving the kinematics of individual 
waves, as well as for detecting the onset and 
strength of breaking waves. However, such usage 
requires careful post-processing, with band-pass 

Figure 7. Spectral results, including directional moments, from a v1 (2L) microSWIFT near a Spotter buoy during Hurricane Ian 
(Sept 2022). The dashed line is the spectra without a high-pass filter; the solid line includes a high-pass filter. The buoys were 87 
km a part during this observation. Spotter data courtesy of Sofar Ocean, Inc.
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!lters that are tuned to wave motion and sensor 
fusion algorithms that include noise characteristics 
of the linear accelerometers, gyroscopes, and mag-
netometers. The v1 microSWIFTs included both IMU- 
based and GPS-based onboard processing, with a 
"ag in the Iridium SBD telemetry packet to identify 
the data source for each spectral result. As shown in 
Figure 6, the onboarding processing of IMU data 
produced results with severe bias at low 
frequencies.

Use of the IMU data required assuming the vertical 
axis of the body reference frame was nearly aligned 
with the vertical axis of the earth reference frame (i.e. a 
strapped-down accelerometer). This assumption fails 
in extreme sea states (e.g. hurricanes) and causes large 
errors in estimation of directional moments 
a1; b1; a2; b2 from Euler angles (i.e. pitch and roll) in 
any sea state. Furthermore, the magnetometer read-
ings, which are used to determine heading, require 
calibration within the buoy housing to remove the 
e#ects of additional magnetic !elds from batteries 
and ferrous metals. Based on the di%culties in calibra-
tion and tuning of low-cost IMUs, along with the 

relatively poor agreement between the IMU onboard 
processing and the groundtruth measurements, the 
GPS method is the only onboard processing carried 
forward into v2.

Even the onboard processing of GPS data 
required !ltering to remove low-frequency noise. 
This is a persistent problem when using motion 
data to estimate position. Use of GPS velocities 
causes a characteristic f�2 shape of the noise "oor. 
Use of acceleration would cause f�4. Either may by 
appreciable, relative to the true wave signal, at 
lower frequencies.

The other surprising aspect of microSWIFT devel-
opment has been the challenge of working with 
non-spherical hull shapes. The cylindrical shape 
used throughout is required for aerial deployments 
from the drop sonde tube of research aircraft oper-
ating at high altitudes with pressurized cabins (i.e. 
no open-door deployment option). This cylindrical 
shape makes it di%cult to achieve a balance of 
buoyancy, which is necessary to keep the GPS and 
Iridium antenna clear, and stability, which is neces-
sary to avoid resonant hydrodynamic response of 

Figure 8. Spectral results, including directional moments, from a v1 (2L) microSWIFT near a Spotter buoy immediately following 
Hurricane Ian (Sept 2022). The dashed line is the spectra without a high-pass filter; the solid line includes a high-pass filter. The 
buoys were 63 km a part during this observation. Spotter data courtesy of Sofar Ocean, Inc.
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the buoy. The primary solution has been to add a 
thin foam octopus collar around the waterline of 
the microSWIFT hull, which has "exible "aps that 
fold along the hull when packaged in a cardboard 
deployment tube. The foam unfolds in the water 
and provides both additional buoyancy and partial 
damping of buoy resonance. The secondary solution 
has been to use GPS velocities as the wave data 
source because these velocities are agnostic to 
buoy orientation and are natively in the earth refer-
ence frame (not the buoy reference frame).

Following on the favorable comparisons between 
microSWIFTs and various groundtruth measurements 
across the !eld tests, we note that inter-calibration of 
wave measurements remains a di%cult task. As shown 
by Collins et al. (2024), direct comparisons are often 
limited by operational constraints, including: mooring 
dynamics, spectral resolution, buoy endurance, di#er-
ences in !ltering, and di#erences in parameter de!ni-
tions. Beyond the practical constraints, there is also the 
problem of statistical estimates of random waves from 

!nite records. The convention for wave parameter esti-
mation every 30 or 60 minutes is driven by a require-
ment for stationarity in the sea state. A 30-minute 
record might contain over 1,000 realizations for the 
shorter waves, but only a few hundred realizations for 
the longer waves. This is enough for robust statistics at 
all scales since errors in the bulk parameters will reduce 
with the number of realizations N by a factor 1ÅÅÅ

N
p , but it 

can never give the true value that an in!nite record will 
provide. Even small di#erences in either location or 
record length will cause non-zero di#erences in bulk 
parameters. For the case of buoys drifting indepen-
dently for several days, such as the Hurricane Ian 
deployment, the conditions for comparison become 
far less than ideal.

7. Conclusions

The development of miniature, expendable ver-
sions of SWIFT buoy has included iterations on 
processors, housing, and sensors. Each have been 

Figure 9. Spectral results, including directional moments, from a v1 (2L) microSWIFT near a Spotter buoy one day after Hurricane 
Ian (Sept 2022). The dashed line is the spectra without a high-pass filter; the solid line includes a high-pass filter. The buoys were 
66 km a part during this observation. Spotter data courtesy of Sofar Ocean, Inc.
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tested to verify sensor noise, hydrodynamic 
response, spectral !delity, and aerial survival. 
Field deployments have spanned a range of envir-
onments and wave conditions, including hurri-
canes and Arctic seas. The microSWIFT buoys are 
speci!cally designed for the dropsonde tube of 
research aircraft, and this opens possibilities for 
numerous future applications.

8. Data and code availability

Telemetry data from all microSWIFTs and SWIFTs 
are available via public server (see Data tab at 
www.apl.washington.edu/SWIFT). All associated 
codes  are  in  repos  at  https : / /g i thub.com/ 
SASlabgroup. Speci!c projects and publications 
using microSWIFT data have additional archives, 
such as Dryad https://doi.org/10.5061/dryad. 
g4f4qrfvb and https://doi.org/10.5061/dryad. 
hx3#bgk0.
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