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ABSTRACT. Data recorded by autonomous solar tracking systems onboard ships can
be used to validate remote-sensing reflectance observations collected by satellite sen-
sors. Important water quality parameters can also be derived from these data using
inverse models. These systems require a mechanical setup that is interfaced with a com-
puter to log radiometric data and to optimally adjust radiometer direction relative to
the sun and the platform on which the system is installed to avoid glint. Although
solutions are known, no autonomous module compatible with the Sea-Bird Scientific
HyperSAS radiometric system is currently available. Here, we present an open-source
system, pySAS, that can be constructed for less than $5,000 (excluding radiometers).

The pySAS uses two GPS units for orienting the radiometers to avoid effects of the plat-

form’s magnetic field. The system can be modified for use with other radiometers.

INTRODUCTION

Since Mobley’s (1999) analysis of above-
water methods for obtaining remote-
sensing reflectance, efforts have been
made to optimize and automate the
acquisition of radiometric data to mimic
reflectance obtained by satellites sensors
(Hooker et al., 2002).

The method we discuss here involves
collecting measurements with three radi-
ometers: two pointing at the sky (for
downwelling planar irradiance and down-
welling radiance) and one measuring the
light leaving the ocean surface (upwell-
ing radiance). This method provides more
accurate red and near-infrared retriev-
als, essential for atmospheric correction,
than is possible with in-water techniques
(Li et al., 2016). It also offers the ability
to obtain data autonomously over long
oceanic transects via ferries (Yang et al,,
2018) and research vessels (Balch et al.,
2008). These data are critical for valida-
tion of space measurements as well as for
obtaining, via inversion modeling, optical
and biogeochemical properties of water.

Mobley (1999) advocated specific opti-
mal orientation of radiometers relative to
the solar plane. Therefore, systems were
designed to track the sun as it traversed
the sky, as well as to adjust the radiometer
position as the vessel changed its heading
(Balch, 2004). Several commercial radi-
ometer setups (e.g., CIMEL CE318, Bio-
spherical Instruments OSPREy, In Situ
Marine Optics DALEC, and Water Insight
WISP-Station) are fully autonomous, so
that they are capable of logging data while
orienting the radiometers on a mov-
ing platform. In contrast, other radiom-
eter models, such as the TriOS RAMSES
or the Sea-Bird Scientific HyperSAS, are
deployed as single radiometers for man-
ual operation, requiring an independently
developed autonomous orienting and log-
ging system. To our knowledge, such sys-
tems have been made for moderate costs
(<$10 k) for the TriOS RAMSES radi-
ometers (e.g., REFLEX/SO-RAD from
S. Simis https://github.com/StefanSimis/
so-rad and PANTHYR, Vansteenwegen
et al., 2019), but there is no commercially

available system for Sea-Bird Scientific’s
HyperSAS radiometers.

We designed, constructed, and tested
three radiometer pointing systems, each
costing less than $5,000 in parts (exclud-
ing radiometers). The data collected were
processed by the open-source software
HyperInSPACE from Dirk Aurin, sup-
ported by NASA (https://github.com/
nasa/HyperInSPACE).  HyperInSPACE
automatically quality checks the mea-

sured spectra and generates a variety of
biogeochemical products via established
inversions. Wide deployment of such
systems on research vessels and ships
of opportunity as well as on stable plat-
forms, such as ocean rigs and piers, could
enable expanded data collection glob-
ally, providing critical information on
the state of upper ocean biogeochemis-
try (e.g., concentrations of chlorophyll a
and particulate organic matter) and val-
idating remotely sensed measurements
(e.g., to evaluate different atmospheric
correction schemes).

pySAS SYSTEM

Materials and Assembly Steps

The pySAS system is composed of (1) a
Sea-Bird Scientific HyperSAS consist-
ing of four sensors that measure water-
leaving radiance (Lt), sky radiance (Li),
and downwelling irradiance (Es), as well
as the vessel’s pitch and roll; (2) a tower
that orients and holds the radiometers;
and (3) a controller box that calculates
the desired sensor orientation and logs
data (Figures 1 and 2). The <$5,000 cost
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includes the tower (materials and build)
and the controller box (for details, see the
list of materials on the project’s GitHub
page at https://github.com/OceanOptics/

pySAS). The Sea-Bird Scientific sensors
could be replaced by other radiometers,
provided they meet the 12 VDC power
and RS-232 communication require-
ments and the pySAS software is adjusted
to the appropriate data format. When
conditions are suitable for collecting
measurements, the controller box turns
the sensor power on, records data, and
displays the observations. The control-
ler box turns the HyperSAS sensors off in
unsuitable conditions.

The tower is composed of a stationary
base constructed from a stainless steel
housing that encloses a stepper motor and
a planetary gear box. A rotating shaft with
a small platform extends up from the base
tower. An aluminum frame that holds the
HyperSAS sensors is then attached to the
rotating platform. The tower is powered
and controlled by the controller box. Like
the radiometers, the tower is powered

only when conditions for making mea-
surements are suitable. The controller box
records the orientation of the radiome-
ters for use in post processing. Technical
drawings of the tower’s construction are
available in the GitHub repository.

The controller box, a strong water-
tight enclosure with IP 68 connectors,
contains: (1) a power supply, fuses, and
relays to control the power distribution to
peripherals (tower, HyperSAS, and GPS);
(2) a serial hub to interface with periph-
erals; (3) a Real-Time Kinematic (RTK)
Global Systems
(GNSS) to measure heading accurately;
and (4) a single board computer (SBC,
Raspberry Pi). The RTK GNSS is a dual
GPS system with two external antennas

Navigation Satellite

that we recommend placing 1.5 m apart
with a clear view of the sky. In addition
to the materials list, instructions on how
to connect and configure all components
are detailed on the project’s GitHub page.

On May 10, 2022, Sea-Bird Scientific
discontinued the HyperSAS system but
maintained the production of HyperOCR
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FIGURE 1. Schematic of pySAS hardware, not to scale. The Sea-Bird Scientific
HyperSAS radiometers, tilt sensor, support (colored in blue), and cables (dashed) are
not included in the pySAS materials list.
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radiometric sensors. Therefore, the system
presented here, if reproduced, would lack
a pitch and roll sensor, the SAS cable, and
a support holding the Li and Lt radiom-
eters at 40°. Many DIY projects interface
an inertial measurement unit with a sin-
gle board computer. While that requires
extra work, we have no doubt that it can
be done with the present pySAS system.
An alternative to the SAS cable would
be to add an extra RS232 port so that
the Li and Lt sensors are each interfaced
through their own serial connections as is
presently done for the Es sensor.

Software

The custom Python software that drives
the system turns the sensors on and off,
orients the radiometers, and logs and dis-
plays the data. The software has two modes
of operation: (1) in manual mode, the user
can control each sensor independently,
and also control the orientation of the
tower; (2) in automatic mode, the soft-
ware obtains GPS position, heading, and
time in order to calculate the position of

FIGURE 2. pySAS was mounted on the bows
of (@) R/V Ira C and (b) R/V Roger Revelle.
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the sun (Reda and Andreas, 2005), and
then powers, orients, and logs data from
the HyperSAS sensors. In automatic
mode, the conditions for sampling are
met if the sun’s elevation reaches at least
X° and the radiometers can be pointed
at Y° away from the sun’s azimuth angle
(looking at the sea rather than the deck of
the ship). X and Y are set by the user, typi-
cally at 10° and +135°, respectively.
Connecting the controller box to
power turns it on, and the operating sys-
tem boots in approximately one minute.
If no internet connection is available, the
software sets the system time with the
GPS, once an adequate fix is set. The soft-
ware is designed to run autonomously,
checking once per minute to determine
whether conditions for sampling are met,
and if they are, to initiate observations.
Users can monitor and control the sys-
tem by connecting to the wi-fi hotspot
broadcasted by the controller box and by
loading the web interface with a browser
on a smartphone, tablet, or computer
(Figure 3). The user interface displays the
incoming data, including three hyper-
spectral radiance and irradiance spectra
and system orientation with respect to
the sun. The interface also allows the user
to control, for example, the direction of
the system relative to the vessel and the
mode of operation (automatic or man-
ual), or to turn the system off. The user’s
configuration is stored for future use.

VALIDATION OF SYSTEM
PERFORMANCE

Data Integrity of Radiometers

We conducted tests to validate the integ-
rity of recorded data, the accuracy of
system components, and overall sys-
tem operation. We validated instru-
ment logging by simultaneously chan-
neling incoming HyperSAS frames to
both the pySAS system and a Windows
computer running Sea-Bird Scientific’s
SatView software. Once logged, both
systems’ files were parsed with Sea-Bird
Scientific’s SatCon and the Python mod-
ule pySatlantic. Comparing the logged
frames from all four combinations of

software revealed that the data were
identical, with two expected exceptions:
rounding differences in the parsed frames
and a slight variation in the two systems’
timestamps (<1 s).

GPS Accuracy

We validated the heading of the system
GPS in two ways. We logged the system
heading while stationary for 10 minutes
to obtain a precise fix. The heading val-
ues were compared with satellite imagery
and landmarks to determine accuracy,
which was <0.4° with a 3D fix. Note that
the GPS manufacturer claims 0.4° with
1-meter distance between antennas. The
system was then rotated from -180° to
180° for three passes, and through linear
interpretation we found that the heading
remained consistent with the manufac-
turers’ specifications.

System Performance

System performance was validated by
comparing the position of the shadow
with the orientation of the tower during
a clear sky day. Images from the camera
were used to measure the sun azimuth
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and the tower orientation every five min-

utes. During the 11.6 hours of operation,

the orientation of the tower had a bias

varying with the time of day between 0°

and 8° with an average of 4.1°. This error

encompasses:

= the GPS heading uncertainty (0.4°
according to the manufacturer),

= the position uncertainty from the tower
(theoretical resolution is 9 x 107%°
according to the stepper motor man-
ufacturer after reduction of gear box;
however, we measured 0.6° of play in
the support of the radiometers),

= the uncertainty in the sun position
model (0.00463 + 0.00550°, https://
pysolar.readthedocs.io/en/latest/),

= the uncertainty from the camera
observation (0.92 + 0.02° variability
from a pixel to another),

= the bias from the manual alignment
of the tower with the GPS antennas
regardless of the mechanical frame
used for alignment, and

= the uncertainty in the verticality of the
sundial pole (that is, the ground was
not perfectly horizontal and the pole
may have been slightly tilted).
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FIGURE 3. User interface of pySAS when connected to a control-box wi-fi with any device that sup-
ports a web interface. The left panel displays a graphical view of the system’s azimuthal orientation
(blue line), the sun azimuth angle (yellow line), ship’s heading (black line) and restricted area (gray
shade, where the system will be looking at the vessel and hence not provide useful measurements).
The middle panel displays real-time radiometric measurements. The right panel displays status and
control buttons (see guide on GitHub repository for more details).
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This procedure confirmed the over-
all proper orientation of the radiometers
with respect to the sun and illustrated the
need to carefully align the GPS with the
tower to improve accuracy.

FIELD DEPLOYMENTS

We constructed and then deployed
three pySAS systems on five campaigns
across the North Atlantic and the North
Pacific for a total of 77 days of operation
(Table 1). For the EXPORTS-NA! cam-
paign, remote-sensing reflectance (R,,)
was computed from HyperInSPACE

v1.0.9 measurements, with most param-
eters set at default values (Figure 4).
Resulting R, spectra were averaged over
five minutes corresponding to 1.6 km of
transect on average, except for five sam-
ples during which the ship was station-
ary. We validated the observations made
with pySAS by comparing them with R
measured by ocean color satellites after
applying the spectral response function
from each satellite sensor to pySAS water-
leaving radiance (Lw). Remote-sensing
images were downloaded at level 2 for
MODIS-Aqua, MODIS-Terra, VIIRS-

TABLE 1. List of cruises on which pySAS was deployed. Note that though the
hardware is the same for all pySAS versions deployed, the software was signifi-
cantly updated in the latest version to improve the user experience. EXPORTS
= EXport Processes in the Ocean from Remote Sensing program. NP = North

Pacific. NA = North Atlantic.

CAMPAIGN NAME DATE pySAS VERSION O:::f\'lfl) C';N
,I:/Q/AAMtEIitll\s/ Mar—Apr 2018 | Proof-of-concept 8
E;(\fg:;j ﬁgve e Aug—Sep 2018 | Proof-of-concept 8
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Eég?ls;segéoo X May 2021 Prototype 22
SCORSN, | wepzen | TP o

0.0101 16:12
0.008
14:32
0.006 -
&
= 12:51
o
0.004 -
0.002 11:11
0.000 - 09:30

350 400 450 500

550 600 650 700
Wavelength (nm)

FIGURE 4. Remote sensing reflectance (R,,) measured by the pySAS system mounted at the bow
of RRS James Cook on May 30, 2021, during an EXPORTS transect across the North Atlantic from
4910°N, 12.00°W to 49.31°N, 9.82°W. Spectra are colored by time of the day.
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SNPP, and VIIRS-JPSS1. Comparisons
between the satellites and pySAS R, that
were made following the criteria of Bailey
and Werdell (2006; 5 x 5 pixel boxes,
+3 hour windows, default Ocean Color
flag level 3) showed agreement within
28% on average across the spectrum, con-
firming the quality of the data collected
with pySAS (Figure 5).

During the field deployment, the sys-
tem proved to be reliable and strong, with
the use of stainless steel and an oversized
stepper motor for the tower. We tested
the waterproof quality of the tower in the
laboratory by submerging it overnight at
~1 m depth. In the field, we took precau-
tions with the systems by adding desic-
cant bags inside the controller box and
tower, greasing the rotary shaft seal, plac-
ing the controller box in the shadow as
much as possible, and moving the sys-
tem out of the weather during rough
sea states. Based on our deployments to
date, the parts showing the most wear
are the cable and connectors to the GPS
antennas. Although they worked fine
for each deployment, they would benefit
from reinforcement.

SUMMARY AND IDEAS FOR
IMPROVEMENTS

pySAS is a user-friendly system for
obtaining optimal radiometer position-
ing relative to the sun when measuring
water-leaving reflectance. The system
is currently compatible with Sea-Bird
Scientific radiometers, though it is easily
adapted for use with other radiometers by
modifying the code. An important advan-
tage of pySAS is its web interface, which
allows simple control of the system and
visualization of the measurements (Lt, Li,

" EXPORTS (EXport Processes in the Ocean
from Remote Sensing) is a large-scale NASA/
NSF project to study the ocean’s carbon cycle,
so that information from satellites can make
more accurate predictions of global climate
change. It is designed to provide critical infor-
mation for quantifying the export and fate of
upper ocean net primary production using sat-
ellite observations and state-of-the-art ocean
technologies. EXPORTS-NA refers to the cam-
paign in the North Atlantic.
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and Es) in real time, ensuring that quality
data are recorded. In addition, the data
recorded with pySAS can be ingested by
HyperInSPACE for automatic processing.

Additional improvements to the sys-
tem could include a sky-facing cam-
era with a fisheye lens to enable greater
viewing extent. Combined with a cloud
detection algorithm, the system could
automatically flag data recorded in sub-
optimal conditions or save energy if
the user wishes to avoid collecting data
during cloudy conditions. Similarly, a
downward-facing camera could evalu-
ate the presence of white caps, foam, or
debris that may degrade measurement
quality. Another improvement could be
use of a tower with active stabilization
in order to maintain the radiometers in
horizontal positions despite the vessel's
motion. Commercially available tow-
ers are available (e.g., FLIR PTU-D48;
$6,000) that may be integrated in future
versions of pySAS.
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