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ABSTRACT

Here we describe the design, performance and field tests of a lightweight (13.1 kg), low-cost
(15.000 USD), and portable remotely operated vehicle (ROV) of dimensions 55x43x34 cm
(LxHxW), with a new optical based positioning system. The ROV is designed for deployments
and measurements of the irradiance field at a short distance below sea ice bottom in landfast level
sea ice at calm under ice conditions. It is equipped with two cameras (front and rear) for optical
positioning based on reference poles with LED lights below the ice. A third upward camera is for
guiding during deployment and positioning. The ROV is equipped with spacer poles to maintain
a constant distance between ROV with onboard optical sensors and bottom of the ice. All pre-tests
of housing, thrusters, optical positioning, and ROV maneuverability were carried out in freshwater
basins prior to field trials and tests. These were conducted at Kangerlussuag, West Greenland on
landfast first-year 79-80 cm thick ice with a variable (1-12 cm) snow cover in March 2016. The
ROV was easily deployed through a hole (75 x 50 cm) in the ice and easy to maneuver below the
ice. Test of positioning system showed an average deviation of 28 £ 5 cm between optically based
position and actual position with an average offset from center line of 16 + 5 cm. The ROV was
applied for measuring the under-ice irradiance field and results demonstrated a solid negative
correlation between snow depth and PAR transmittance. We derived a Normalized Differences
Index (NDI) for snow depths: NDlsnow depth = [E(610 nm) — E(490 nm)]/[E(610 nm) + E(490 nm)]
with minimum attenuation at 490 nm and maximum at 610 nm. It is discussed that the correlations
for both PAR transmittance and the NDI with snow depths are due to a combination of a constant
distance between optical sensor and ice bottom, and accurate positioning. A test showed that the
wakes of thrusters removed parts of the ice algae biomass, but the study demonstrates the
applicability of this ROV design for measurements of the under-ice irradiance field below landfast

sea ice with a new optical based positioning system.
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1. Introduction

A variety of Remotely Operated Vehicles (ROVs) have been used in the polar regions for research
either using ship based platforms, or operated directly from the ice through a hole, or in leads in
the ice. ROVs are particularly well-suited for under-ice missions in that they allow access to an
area/environment otherwise difficult to access, and minimize disturbance of the ice environment
compared to traditional coring methods. ROVs further enable operations across a range of
temporal and spatial resolutions, and perform measurements of key under-ice variables that would
be difficult to obtain by any other methods (Moore et al., 1986; Christ and Wernli, 2013). ROV-
based research in polar regions has been applied for assessing the spatial variability of sea ice
thickness (Wadhams, 2012), for physical, chemical and biological water sampling close to icebergs
(Hobson et al., 2011), study their micro algae communities (Robison et al., 2011), and Antarctic
benthic communities (Cazenave et al., 2011). At the ice-water interface ROVs have been deployed
for imaging of ice algae (Ambrose et al., 2005), ice algae aggregates (Katlein et al., 2015), for
mapping under-ice irradiance, transmittance, and ice algae distributions (e.g. Mundy et al., 2007,
Nicolaus and Katlein, 2013; Bowen et al., 2014; Katlein et al., 2015b; Lange et al., 2016; Taskjelle
et al., 2016; Arndt et al., 2017; Katlein et al., 2017; Meiners et al. 2017). An advantage of ROVs
over traditional techniques of through-hole sampling is their ability to obtain measurements and
images across large spatial scales and non-invasively, in contrast to the traditional invasive drilling
of ice cores with limited spatial resolution. Transmittance through the ice and irradiances at the
bottom of the ice are the main parameters explaining the spatial distribution of ice algae, with their
photosynthesis being limited by irradiance and less by nutrients (Arrigo and Sullivan, 1994;
Mundy et al., 2005; Arrigo et al., 2010). Under-ice irradiance is regulated by the optical properties

of the ice and snow (e.g. Perovich et al., 1998; Nicolaus and Katlein, 2013, Lund-Hansen et al.,
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2013; Katlein et al., 2015b; Taskjelle et al., 2016) and studies have established negative relations
between snow depth and ice algae biomass (Juhl and Krembs, 2010; Mundy et al., 2005). There
is, in this respect, a need for more detailed and accurate measurements and descriptions of under-
ice PAR and spectral transmittance distributions that can be applied in the Arctic primary
production models. Achieving this also requires replacement of the standard core-based point-
sampling method of PAR and spectral transmittance based on through-hole and L-arm techniques
(Lund-Hansen et al., 2013, Lange et al., 2016). For ROV-based remote sensing of snow and sea
ice transmittance, it is specifically required that under-ice PAR and spectral irradiance can be
obtained at accurate positions. ROVs flying depths for under-ice irradiance is typically 1-2 m
below the bottom of the ice (Katlein et al., 2015b; Lange et al., 2016). Under-ice transmittance has
been mapped with constant distances between sensor head and the ice but with no precise
positioning and reduced maneuverability (Nicolaus et al., 2013; Taskjelle et al., 2016). The
radiometer sledge developed by Nicolaus et al. (2013) with a constant distance between ice and
sensor head of 2 cm had a positioning accuracy of < 1.0 m. We have constructed a novel,
lightweight, and very low-cost ROV equipped with a new positioning system that allows
decimeter-scale positioning accuracy over underwater transects of at least 15 m. The ROV is easily
deployed through a hole in the ice and can place optical instruments at a precise and constant
vertical distance to the bottom of the ice at all positions using spacer poles. The ROV was designed
and developed for landfast level sea ice and here we describe the ROV, validate its positioning
accuracy, and demonstrate its use for obtaining PAR and spectral transmittance under landfast

level sea ice at Kangerlussuag, West Greenland.
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2 Materials and procedures

2.1. ROV design

The outer frame of the ROV was a blend of polycarbonate and aluminum parts on which the
thrusters and canister were mounted (Figs. 1la-c). Dimensions of the ROV were (55%43%34 c¢cm
LxHxW) with an in-air weight of 13.1 kg. The canister was custom-made from milled aluminum
and acrylic pipe, and housed the electronics and the three cameras. The main floats (yellow) were
made of extruded polystyrene with closed cell structures for buoyancy. Additional floats made of
polyethylene foam material (grey) and also with closed cell structures were mounted on site to
trim the ROV to keep a weak positive buoyancy (Fig. 1a). At position the ROV drifts towards the
bottom of the ice with thrusters turned off in order not to cause any disturbance of the ice algae.
Vertical thrusters were turned on when leaving the position to circumvent the weak positive
buoyancy. The ROV was powered through the tether by an external power supply (here we used a
gasoline driven Honda EC2000 2.0 KW). The ROV was equipped with three cameras: one for
recovery (Pointgrey Blackfly, BFLY-PGE-12A2C-CS, 1280%960 pixels) and two for positioning

(Pointgrey  Blackfly, BFLY-PGE-50A2C-CS (2592x1944), Richmond, BC, Canada,

http://www.ptgrey.com). The positioning cameras were mounted with lenses (Fujifilms, Fujinon

HF9HA-1B, Tokyo, Japan, http://www.fujifilmusa.com), with one facing forwards and one

backwards for positioning and direct visual feedback (Fig. 1a-c). The third camera was facing
upwards and equipped with a fish-eye lens (Lensation, Lensagon BF5M13720, Karlsruhe,

Germany, http://www.lensation.de) and used to maneuver the ROV during deployments and

recovery. Maneuvering was executed with six thrusters (Blue Robotics T200 Thrusters, Torrance,

California, U.S., http://www.bluerobotics.com), with four of the thrusters mounted in a vectored

configuration. A configuration where the length axis of the thrusters is oriented 45° relative to the
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center axis of the ROV for optimum control and stability in the horizontal direction. The remaining
two were oriented vertically for pitch, roll, and depth control. An auto-depth module, which
operates via the onboard pressure transducer (Type 4130A0.2, Kistler, Herfglge, Denmark,

http://www.kistler.com), maintained a constant depth at horizontal movements. The vertical

thrusters were placed underneath the housing to minimize any influence of the wake of the
thrusters during operation and deployments (Fig. 1c). A control room was set up in a tent on the
ice where an operator maneuvered the ROV based on live-feed information from the three ROV
cameras, depth recordings, and positioning data (Fig. 1d). A group of five persons tested the ROV
at several sites and it took about one hour to drill the hole in the ice, set up the control room, and
place the LED reference poles at each end of the transect of interest. All control of the ROV was

manual, using a X-box Controller (Wired USB gamepad controller for Microsoft Xbox 360,

http://www.microsoft.com). Navigation data comprised three live-feed signals from the cameras,
depth, and output data from the positioning system. Data were displayed and processed on a laptop
PC, in a program developed by the authors using LabVIEW's Real Time Module (LabVIEW,

Austin, Texas, USA, http://www.ni.com). The electronics in the housing were kept above freezing

point by the generated heat from the internal DC-stepdown voltage converters. A tether facilitated
electric power to the ROV, and data transmission (Ethernet) between control room laptop PC and
ROV. The tether consisted of three separate cables bundled into one with cable ties around a metal
wire. Small floats were mounted at about every 1 m along the tether to keep neutral buoyancy and
minimize drag. The ROV was parked at positions under the sea ice with the spacer poles resting
against the bottom of the ice, which ensured a constant and small distance between optical sensors
and the ice at all positions (Fig. 1c). The weak positive buoyancy of the ROV allowed the

spectroradiometric measurements to be carried out with all thrusters turned off and the ROV
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parked at constant positions below the ice. The maximum ROV working range was initially
developed and designed to 30 m but was changed to 15 m during tests due to unexpected high
attenuation in the water (Fig. 1d). The ROV was kept in a heated and insulated box between
deployments in the control room. This was to prevent freezing of water around thrusters, which
might be damaged at the low air temperatures (minus 5-20 °C). The total material cost was about
15.000 USD. Technical details concerning brands, specifications, and calibration of the positioning

system can be found as Supplementary Material.

2.2. Positioning system

Reference poles with LED lights were mounted through holes in the ice at either end of an
experimental transect for positioning of the ROV (Figs. 1b-d). The poles were constructed of
polyoxymethylen (POM) to prevent freezing into the ice as we had to relocate between different
test sites and remove poles. Each pole contained two LEDs in aluminum housing for protection,
and to ensure a high thermal conductivity of generated heat by the LEDs, in order to avoid any
damage of the LEDs. The depth of the poles was adjusted by horizontally mounted aluminum rods
at the top of the poles (Fig. 1b). The LEDs were powered via the surface power supply — the Honda
generator. The positioning system was designed to allow the ROV to navigate in 2D with respect
to the two reference poles, each equipped with two strong lights visible to the front and rear
cameras on the ROV (Fig. 1d). The two reference poles were positioned at each end of the ROV
transect with the LED lights pointing towards the ROV. The real time positioning system of the
ROV was based on image processing of live-feed digital images from front and rear cameras on

the ROV with the LEDs positioned at the end and beginning of the transect (Fig. 1d). Centroids of
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LED lights were detected through image processing, from which vertical pixel distance between
the LEDs (pxv) and the average horizontal offset from the vertical center of the field of view (pxn)
was determined (Fig. 2a). The LED pixel distance (pxv) was converted to distance based on a
relation established previously during ROV tests in a freshwater basin. This is also the case with
the relation between (pxn) and angle (a) between line of reference point and center of field of view
(Fig. 2b). The angle (o) was obtained from both the front (o) and the rear (or) cameras. Calculation
of an along transect position was based on the two angles (of) and (ar), and the distance to a
reference pole (D2), which was derived from the image processing, and the known distance (D1)

between reference poles (Fig. 2c). The D2 is the distance to the nearest LED pole.

2.3. Payload

The ROV was equipped with a spectroradiometer (TriOS RAMSES ACC-UV/VIS, Rastede,

Germany, http://www.trios.de) measuring between 320-950 nm with a spectral resolution of 3.3

nm in a titanium housing (Fig. 1a). The sensor was connected to a ruggedized field computer in
the control room and data were acquired using the company (TriOS) delivered software
MSDA_XE version 8.8.13. Data were transmitted through an independent cable attached to the
ROV tether. The spectroradiometer sensor was calibrated immediately prior to the campaign by
the company. The GoPro camera (GoPro 4.0 Black Edition, Santa Mateo, California, U.S.,

http://www.gopro.com) mounted on the canister is applied for video and still images recording of

under-ice conditions (Fig. 1a). The blue sensor near the GoPro camera is a self-contained PAR

sensor (Dataflow Systems, Christchurch, New Zealand, http://www.odysseydatarecording.com)

for continuous PAR recording.
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2.4. Field tests

The ROV was tested and deployed below the sea ice in Kangerlussuag (66° 56.37' N; 50° 59.28"
W), West Greenland, in March 2016 under landfast 79-80 cm thick level first-year ice. A detailed
description of the Kangerlussuaq test site is given by Nielsen et al. (2010) and Lund-Hansen et al.
(2013). To deploy the ROV under the sea ice we cut a hole (75 x 50 cm) in the ice with a motorized

Jiffy 25 cm ice drill (http://www.jiffyonice.com) and a manual ice saw

(http://www.landmsupply.com), tailored to the dimensions of the ROV. ROV tests and under-ice

deployments are demonstrated in a video (http://dx.doi.org/10.17632/rt4nd5bw5c.1). We

performed two field positioning tests - A and B.

2.5. Test A

During test A we tested the ability of the ROV to navigate at known and accurate positions. The
ROV was placed at a position on a transect based on the read-out from the imaging positioning
system with spacer poles resting against the bottom of the ice. To evaluate the performance we

carefully drilled a hole with a Kovacs 5 cm driller (http://www.kovacsicedrillingequipment.com)

through the ice at the image based position to check whether the drilled hole was visible to the
upward-directed camera on the ROV. The footprint of the camera with the fisheye lens was a circle
with a radius of about 35 cm in which the spacer poles rectangle (34 x 55 cm) was clearly visible.

The criterion for approval was a visible hole as observed from the camera.
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2.6. Test B

Test B comprised drilling of eight 5 cm holes along a snow free line between the two reference
poles. Distances from the reference pole to each of the holes were measured to nearest 1 cm. A red
plastic pole was inserted through the hole and the ROV was maneuvered and parked at a position
where the stick would touch the front of the ROV between the front spacer poles using the upward
directed camera. The accuracy of the ROV positioning system was quantified as the difference
between the tape measured position of the hole, and the position read-out from the ROV
positioning system along the transect line. ROV offset, i.e. the perpendicular distance between
poles line and center axis of the ROV (Fig. 2¢), was given as the distance between poles line and

optical based position of the ROV.

2.7. Ice algae biomass and flow simulations

A risk with ROVs at short distances to the object of interest is that the wakes of the thrusters may
disturb or eventually remove the object (Christ and Wernli, 2013), in this case the ice algae at the
bottom of the sea ice, that could potentially be flushed away. We investigated the question by
performing a CFD (Computational Fluid Dynamics) simulation followed by field tests. The

simulation applying SolidWorks Flow Simulation software (http://www.solidworks.com) was

based on a scenario with a simplified model of the ROV at a constant distance of 25 cm between
the top of the ROV frame and the ice, to simulate field conditions, maximum output from thrusters
at in situ pressure and water temperature. Distance between vertical thrusters and ice bottom was
55 cm. Based on the simulated flow velocities we calculated the shear stress (N m) applied by

the thrusters on the bottom of the ice, for an assumed logarithmic velocity distribution, and a
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bottom ice roughness of zo = 0.5 mm based on observations of under-ice flow fields (Crawford et
al. 1999). Next, we carried out a field test (test C) to evaluate whether and to what extent the wakes
of the thrusters disturbed or affected the ice algae biomass at the bottom of the ice. We established
two parallel transects spaced 0.5 m apart with the ROV parked consecutively at nine predetermined
positions at one transect, leaving one transect undisturbed. After parking of the ROV at the bottom
of the ice we carefully drilled a 9 cm hole to retrieve the ice core. Positions were determined by
the image based positioning system and position accuracy was checked based on the criteria that
the hole was visible to the upwards directed camera. The ice cores were sampled using a 9 cm
Kovacs ice corer driven with a battery-powered electrical drill. The lower 3 cm of each ice core
was cut off for chlorophyll a (Chl @) analyses using a stainless steel saw. The Chl a is the dominant
light absorbing pigment in phytoplankton and ice algae, and is a commonly used proxy for algae
biomass due to a general linear relation between Chl a and ice algae biomass (Falkowski and
Kiefer,1985). Ice samples were placed individually in zip-lock bags in a cooling box, and
transported back to the laboratory at Kangerlussuaq International Science Support (KISS), and
thawed overnight at 4°C in the dark. An exact volume between 0.25 and 0.5 liters of melted ice
was filtered through glass fiber filters (GF75 Advantec) (0.75 um), and these were packed and
frozen at minus 18°C for transport to Denmark for Chl a analyses - see (Lund-Hansen et al., 2013)
for details. This test assumes that any differences in Chl a concentrations between the two transects
were related to disturbance by the ROV as Chl a concentrations were quite even within a small
(0.5 m) spatial scale. Water samples from below the ice were collected using a bilge pump for

determination of Chl a concentrations and processed as above.
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2.8. Irradiance application tests

Under-ice irradiance spectrums were obtained with the TriOS spectroradiometer at stations with
synchronous measurements of incident surface PAR (PARsurface) USing a LiCor LI-192 sensor

(Lincoln, Nebraska, U.S., http://www.licor.com). Surface PAR data were recorded as the average

of 10 readings with 1 reading per second using a LiCor LI-250A meter with ROV parked at
stations. Spectral irradiance between 400 and 700 nm from the spectroradiometer was integrated
to give under-ice PAR at each station (PARrov), and PAR transmittance was calculated as
(PARRov/PARSsurace). A comparison of spectral derived PAR and PAR measured with the LiCor
sensor in air was carried out and differences were very small (2-5 um m s) at surface PAR of
450-600 um m2 s, Transmittance also comprises 25 cm of sea water immediately below the ice

as the distance between sensor head and ice bottom by the 4 spacer poles on the ROV (Fig. 1a-c).

2.9. Spatial resolution test

We marked 11 positions with a tape ruler to nearest 1 cm along a transect with a gradient of snow
depths measured with a ruler to nearest 0.5 cm. PAR transmittance was measured with the ROV
parked below the ice followed by ice coring and sampling for Chl a at the same positions applying
the sampling procedures described above. Ice thickness was measured to the nearest 1 cm using a

ruler.
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3. Results

3.1. Positioning and performance of the ROV

Air temperatures varied between -5 and -20 °C and water temperatures below the ice were -1.5 °C,
and weather was mostly calm with clear skies during the days of work on the ice. The ROV was
easy to deploy through the hole in the ice by two persons and was easy to maneuver below by one
ROV pilot. The positioning system working range was designed for 30 m but all tests were carried
out with a maximum distance between reference poles of 15 m due to an unexpected higher light
attenuation in the water below the ice (Fig. 1c). The higher light attenuation was related to higher
(0.8 £ 0.2 mg m) Chl a concentrations in the water as compared to a concentration of 0.12 + 0.06
mg m typical of previous years (Lund-Hansen et al., 2017). However, test A showed that the 5
cm diameter drilled holes were clearly visible (upwards camera) within the rectangle in 7 of 9
trials. The holes were visible to the camera but outside the rectangle in the two failed cases. The
difference between the optical based position and the actual position, termed test B, showed an
average difference of 28 + 5 cm (n = 8) (Fig. 3a). The difference was negative, i.e. the distance
between LED pole and the given optical position was shorter than the distance between LED pole
and actual position, for the first part of the transect, and conversely positive for second part (Fig.
3a). The change from negative to positive deviation halfway, was probably related to the fact that
the system only uses the distance measurements to the closest reference pole — D2 (Fig. 2¢). The

average offset from the transect line was 16 cm =5 cm (n = 8).
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3.2. ROV and ice algae biomass

In test C regarding a possible disturbance of the algae we found a statistical significant (p < 0.001,
n = 9) lower average Chl a concentration (1.92 + 0.13 mg m) after the ROV had been parked at
positions, compared to the undisturbed transect (2.49 + 0.14 mg m2). The average Chl a difference
of 0.57 mg m2was quite consistent at all stations and equaled a loss of 23 percent (Fig. 3b). Based
on the CFD simulations we calculated that the thrusters applied a shear stress of 0.1 N m on the
bottom of the ice at maximum output. A shear stress of 0.1 N m2 is fairly high and can bring fine
grained sediments in to suspension (Lund-Hansen et al., 2004). This is also, to our knowledge, the
first estimate of a current shear stress that can flush away the ice algae, yet the critical shear stress

is unknown, but clearly lower than 0.1 N m™,

3.3. Application for under-ice irradiance

We obtained 4 spectra below ice (79-80 cm thick) along a transect at nearly constant incident
surface PAR (552.3 + 8.0 um photons m s™) within 20 minutes with 3 snow depths (1.0, 5.5, and
11.0) and no snow. A comparison of irradiance spectra (400-700 nm) below the ice with no snow
and three different snow depths showed a significant decrease in under-ice irradiance with increase
in snow depths (Fig. 4a). The irradiance reduction was strongest in the red part of the spectrum (>
610 nm) leaving nearly no light below the ice with a 11 cm snow cover. We also found a strong
(r? = 0.97, n = 34), and significant (p < 0.001) negative correlation between snow depth and PAR
transmittance (Tear), transformed through -In(Tear) (Fig. 4b). Transmittance varied between a
minimum of 0.1 and a maximum of 7.8%. The irradiance at 490 nm was least attenuated by the

snow cover and the normalized differences index (NDI) analyses was applied to derive an index

14
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for snow depths, equivalent to the study by Mundy et al., (2007). Present NDI is of the form: NDI
= [E(\) — E(490))/[E(X) + E(490)], where A is every other wavelength between 320-920 nm, and
we scanned the irradiance—snow cover thickness dataset (n = 24) for the wavelength (1) that gave
the highest coefficient of determination (r?) between NDI [E(490):E())] and snow depth. The
highest coefficient was found for NDI [E(490):E(610)] with a high (r? = 0.76) and significant (p <
0.001) negative correlation between NDI and snow depths (Fig. 4c). Experiments were carried out
below a dry snow cover that was probably related to a period of strong winds about one week

before we arrived at the site.

3.4. Spatial analyses

For spatial analyses we used the ROV at positions along a separate transect with a gradient of snow
depths. Results substantiate the inverse relation between snow depths and PAR transmittance, and
demonstrate a positive relation between PAR transmittance and algae biomass (Chl a) (Fig. 4d).
With a spectroradiometer footprint radius of 0.5 m the sensor will receive 80% of the irradiance
flux with a distance of 0.25 m between sensor head and bottom of the ice applying the eg. 1 in
Nicolaus et al., (2010). With distances between positions of 0.93m-2.29m, there were little or no
overlap of the effective footprints. The snow depth > 1.0 cm thick secured a diffuse light field below
the ice (Petrich et al. 2012). The applied distance of 25 cm between sensor head and ice bottom

provided a good spatial resolution of biomass and transmittance (Fig. 4d).
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4. Discussion

4.1. The ROV

Deployment of ROVs below the ice in a polar environment with low temperatures and potential
freezing of movable parts such as thrusters is a design challenge (Christ and Wernli, 2013). We
considered this with pre-tests by placing the ROV in a freezer at - 30 °C to test thruster
functionality at low temperatures, and a pressure test to 10 m depth in a saltwater basin below
freezing point (- 1.6 °C). The working range of the ROV with the present configuration was 15 m
and smaller to other ROVs used in Arctic and Antarctic under-ice work (Robison et al., 2011;
Christ and Wernli, 2013; Katlein et al., 2015b). Tether length and the optical positioning system
(i.e. the light attenuation in the water) both limited the working range. This was exemplified by
our positioning tests that were carried out at a 15 m working range due to higher Chl a
concentrations and increased light attenuation below ice than previously in Kangerlussuag.
However, this range was sufficient for the present aim of resolving variation in under-ice
irradiances under landfast ice at a small horizontal scale. In the present study we did not experience
any significant malfunction of the ROV or of any of its components other than a few minor failures
such as replacement of a broken thruster and an Ethernet connector. However, that the wake of the
thrusters was able to reduce ice algae biomass makes it necessary to redesign the way the ROV is
taking off from under the ice. Now, the ROV fulfilled our immediate goals to design and deploy a
low-cost ROV for accurate measurements of under-ice irradiance variability, and develop an ROV
that is easy to deploy, maneuver below the landfast ice, and relocate. Using a X-box controller in
combination with the thruster configuration provided an intuitive way of controlling the ROV that

required little or no prior training. Experience was only needed when the ROV had to make small
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sideways displacements, where the tether could slightly pull on the ROV making it drift away from

the desired position.

4.2. Positioning

Positioning is crucial when deploying ROVs and most solutions are acoustically based with sonar
transducers placed below the water or ice surface, and with a transponder mounted on the ROV,
as with the SCINI ROV, also designed for under-ice deployments (Cazenave et al., 2011). We
have developed a new optically based positioning system, which was less expensive than any
acoustic based solutions at the time of ROV design in October-November 2015. An acoustic
solution would further obstruct the concept of designing a low-cost ROV. We were further
concerned that acoustic signals could be distorted when operating at close ranges to the bottom of
the ice. There are at present (February 2018) commercially available acoustic positioning systems

for the price of about 5.000 USD (http://www.bluerobotics.com), though the precision of the

system is yet unknown. Our measurements showed an average difference between optically based
position and actual position of 28 + 5 cm with an average offset, i.e. the perpendicular distance
between transect line and center of ROV, of 16 + 8 cm. The SCINI ROV for under-ice benthic
research using sonar transducers had a similar precision of positioning with an average error of 27
cm between actual position and position of the ROV (Cazenave et al., 2011). The limitation of our
optically based positioning could be caused by several issues, but based on the present study we
identify three main factors. First factor is the calibration of the correlation between pixel count and
angle, and distance. This calibration sequence conducted in fresh water basins could be improved

giving a considerably better accuracy. The second factor is the physical placement of the cameras,
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where a slightly distorted camera would lead to a systematic error in angle computation. The third
factor is how the data is being computed into the geometric properties (distance along and offset
from line), where the current optical system only uses the required numbers to triangulate, thus
disregarding the distance measurement to the reference pole the furthest away. Information from
that pole could be used in the position calculations applying surveying techniques where more than

one triangulation is applied to achieve a better accuracy and an estimation of error.

4.3. Applications

The deployments of the ROV enabled the positioning of the mounted spectroradiometer under the
sea ice and facilitated non-invasive measurements of spectral irradiance and transmittance in this
otherwise inaccessible environment. The measurements were used to quantify the relationship
between snow depths and spectral attenuation of specific wavelengths as for the present NDI
(490:610). Chl a in vivo has absorption peaks around 440 nm and 667 nm (Bricaud et al., 2004)
and no large absorption peaks centered around 490 and 610 nm. The index is then only
insignificantly influenced by the presence of the algae, and especially at the low ice algae
concentrations found in Kangerlussuaq around 1-2 mg Chl a m. Mundy et al. (2007) found little
effect on spectral composition below the ice between 400 and 550 nm related to a snow cover,
which corroborates with our results of minimum attenuation at 490 nm with a snow cover. Nicolaus
et al. (2013) also found minimum attenuation around 500 nm. In the present study ice algae
biomass was reduced by the wakes of the thrusters and deriving a biomass NDI was not pursued
any further. The importance of a snow cover in determining ice algae biomass and photosynthesis

on the underside of sea ice has been clearly demonstrated in several studies (Mundy et al., 2005;
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Juhl and Krembs, 2010; Lund-Hansen et al., 2013). This strongly emphasizes the need for a good
description of transmittance and under-ice spectral composition as ice algae only absorbs light at
specific wavelengths, as mentioned above. For instance, present data showed that the spectral
composition of the under-ice irradiance depends on snow depths where there was virtually no red
light (> 610 nm) below the ice at 11 cm snow depth, which is ecologically significant as ice algae
exhibit a strong absorption peak at 667 nm (Bricaud et al., 2004). Previous studies have shown a
general negative relation between snow depths and PAR transmittance (Mundy et al., 2005; Juhl
and Krembs, 2010), and here we obtained a high and statistically significant correlation between
snow depths and -In(Tpar). Similar correlations between ice thickness of ponded and bare ice and
Trar have been established but with lower correlation coefficients (Light et al., 2015).
Transmittance is transformed with natural logarithm as transmittance decreases exponentially with
pathway length (Kirk, 1994). Irradiance is scattered and absorbed in sea ice though less than in the
snow (Perovich et al., 1990), but irradiance attenuation in the ice is here considered a constant as
sea ice thickness only varied about 1 cm between 79 and 80 cm. We further assumed that optical
constituents as particulate matter, brine and gas volumes that affect transmittance did not change
within the limited time-scale and small horizontal distances applied here. There were algae present
at the bottom of the ice but in so low concentrations (1-2 mg m) that their absorption effects on
PAR transmittance can be assumed to be minimal, which leaves only the snow to be the main
factor for the variability in transmittance. The 25 cm of water column between spectroradiometer
head and ice bottom contained phytoplankton, and PAR was reduced by 7.7% between bottom of
the ice and sensor head, using a Kq(PAR) = 0.32 m™! obtained below the ice in Kangerlussuaq
previously (Lund-Hansen et al., 2018). Further, the phytoplankton is evenly distributed below the

ice, and thus the small reduction is similar at all positions. Given that the snow is the main factor
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for the Tpar variability, the strong correlation between snow depths and Tpar demonstrates that
the ROV works well and that the design is applicable for such optical under-ice studies. It is
strongly supposed that applying a short, and here 25 cm, and constant distance between bottom of
the ice and sensor head with parking of the ROV during measurements improved the results
obtained. ROVs for measuring under-ice irradiance fields generally fly about 1-2 m below the ice
(Nicolaus et al., 2012; Katlein et al., 2015b) whereas a shorter distance (5-10 cm) can be obtained
with through hole L-arms (Lund-Hansen et al., 2013; Lange et al., 2016) but it is difficult to obtain

same distance at all positions.

5. Conclusions

In view of the technical challenges of working in the Arctic at water and air temperatures well
below zero with a low-cost ROV, we consider the tested ROV design and set-up for being suitable
for measuring under-ice irradiance in level landfast sea ice. The optically based positioning system
proved to be a good and reliable solution where positions we retrieved within specified
uncertainties, which could be reduced even further by an improved calibration. With this ROV we
obtained high correlations between snow depths and PAR transmittance, as well as a new NDI
index for snow cover thickness applicable in future similar studies. The ROV can be improved to

avoid or strongly reduce any disturbance of the ice algae located at the bottom of the ice.
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Figure legends

Fig. 1. a) The ROV with payload ready for deployment through hole a (7550 cm) in the ice, b) a
reference pole with LEDs for image based positioning, ¢) the ROV parked below the ice with the
LED reference pole in the distance and drilled holes 9 cm for Chl a sampling, d) ROV set-up on
the ice at deployments with control room. Reference poles with LEDs below the ice form a
straight line path with a fixed distance between the LEDs, e) the ROV is deployed through a hole

in the ice.

Fig. 2. a) The reference poles with LEDs (see also Fig. 1d) are filmed and the horizontal pixel
count (pxn) to the middle of the image, and the vertical pixel count (pxv) between the two lights
are both continuously measured with the ROV mounted camera, b) the vertical pixel count pxv is
used to determine the distance to each of the reference poles, and horizontal pixel count pxn is used
to correct for sideward drift and orientation as to keep pxn = 0. The smaller the distance between
reference pole and ROV, the higher the pxv The relationship results in a regression formula
between the distance to the reference pole and pxv, depending on the fixed parameters, i.e. the
camera chip size (CCD sensor), field of view of the lens, the medium (water), depth and the
distance between the LEDs, ¢) a cartoon of the ROV between the two LED poles, with angles os
(front) and ar (rear) between center axis of ROV and direction to poles. Positions were determined

using os (front) and or (rear) at all times and the distance to the nearest pole D2.

Fig. 3. a) Chl a concentrations (mg m™) at positions along a transect without (no ROV at any of
the positions) and a transect with ROV parked below the ice at positions for optical measurements,
b) grey bars are deviation (cm) between calculated ROV position and actual position along the

transect and black bars are the perpendicular deviation (cm) (offset) from transect line.
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Fig. 4. a) Under-ice irradiance (MW m nm™) in the PAR band (400-700 nm) at three snow
depths (1.0, 5.5, and 11.0 cm) and with no snow, and note that 5.5 and 11.0 cm of snow depths
refer to secondary y-axis for scaling purposes, b) the relation between snow depths (cm) and
PAR transmittance (Trar) as -In(Tpar) and Tpar (%) on secondary y-axis, c) relation between
snow depth (cm) and the snow NDI, d) PAR transmittance (Tear (%), Chl a (mg m), and snow
depths (cm) along a transect. Note that Chl a has been multiplied by 6 for scaling purposes. Ice

thickness was 79-80 cm at positions.
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