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Light measurements in the ocean provide crucial information about the energy fluxes in
the climate and ecosystem. Currently radiative transfer problems are usually considered
in horizontally homogeneous layers although it is known to be a crude assumption in
many cases. In this paper, we examine the effects of a horizontally inhomogeneous sea
ice layer on the light field in the water underneath. We implemented a three dimensional
model, capable to simulate the light field underneath arbitrary surface geometries using
ray optics. The results show clear effects of the measurement geometry on measured
fluxes obtained with different sensor types, which need to be taken into account for the
correct interpretation of the data. Radiance sensors are able to better sense the spatial
variability of ice optical properties as compared to irradiance sensors. Furthermore, we
show that the determination of the light extinction coefficient of water from vertical profiles
is complicated under a horizontally inhomogeneous ice cover. This uncertainty in optical
properties of the water, as well as the measurement geometry also limits the possibility
to correct light measurements taken at depth for the influence of water in between the
sea ice and the sensor.

Keywords: optics, irradiance, inherent optical properties, spatial variability, extinction coefficient

INTRODUCTION

Light measurements using radiometers are an important tool in geosciences. They provide crucial
input data for various disciplines. Inherent optical properties are often derived from vertical profiles
across various disciplines from atmospheric shortwave radiation measurements (e.g., Ohmura
et al., 1998) over rain forest ecology (e.g., Nicotra et al, 1999) to ocean optics (e.g., Antoine
et al,, 2014). In most of those cases the approach of horizontally infinite homogenous layers is a
sufficiently good approximation of reality.

Light measurements above, in and underneath the sea ice are of particular interest due to their
crucial role in the description of the surface energy budget of sea ice and the light conditions
available to organisms associated to the ice (Perovich, 1996). In contrast to most other above named
cases, the light field underneath sea ice exhibits a high spatial variability on length scales smaller
or of similar size as the measurement footprint of the instruments (Perovich, 1990; Petrich et al.,
2012b). Horizontal variability on those length scales is usually not considered in the interpretation
of light measurements apart from a few exemptions—such as light focusing by waves at the ocean
surface (Wijesekera et al., 2005).
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The horizontal heterogeneity of Arctic sea ice is especially
pronounced in the summer season when melting reshapes the
surface and causes the formation of melt ponds (Fetterer and
Untersteiner, 1998; Petrich et al, 2012a) and an increased
number of floe edges due to breakup of the pack ice (Perovich and
Jones, 2014). This surface looks similar to a jigsaw puzzle from
the air and the complicated geometry heavily influences the light
field underneath (Ehn et al., 2011; Frey et al.,, 2011). Typically
geometric effects of the sea ice cover have not been taken into
account during data interpretation.

The objective of this paper is to illustrate the various effects
of measurement geometry to facilitate correct interpretation of
future under ice light measurements. We discuss in particular the
constraints for corrections of measurements not taken directly
at the ice underside and the influence on retrieval of water
properties—such as the extinction coeflicient—by vertical light
profiles in ice covered waters.

METHODS

To evaluate the effects of measurement geometry on under ice
light measurements, we developed a three dimensional model
of geometric radiometry. It builds on previous models of the
under ice light field. These models did not account for arbitrary
surface variations by either only considering a two dimensional
linear transect (Katlein et al., 2014) or strongly simplified surface
geometries that allow for algebraic solutions (Frey et al., 2011).
Here we present a three dimensional model, that can be used
under arbitrary light conditions at the ice underside.

The goal of our model is to calculate the under ice light field as
measured by different sensors under an arbitrary inhomogeneous
ice cover in an efficient manner. The model is of purely geometric
nature using only ray optics. It is not taking into account
scattering within the medium—here sea-water—which is a very
good approximation for the clear water found underneath sea ice
in the central Arctic Ocean, except for strong bloom situations.
We consider the ice to have a flat bottom and all distances
are measured relative to the ice bottom. To be able to separate
the effects caused by geometry from effects of ice topography
and lateral transport of light in the ice by scattering, which has
been investigated previously (Petrich et al., 2012b), the model
calculates the under-ice light field geometry based on the light
transmitted to the ice bottom.

Downwelling planar irradiance F is defined as the cosine
weighted integral over downwelling radiance L(6, ¢) in the upper
half space with the zenith angle 6 and the azimuth angle ¢.

27w /2
F= / / L (8, ¢) cos 6sin 6d6d¢ (1)
¢=0Jo=0

Numerical integration of Equation 1 can be achieved in various
ways. A computationally efficient way is a high order Lebedev-
quadrature (Lebedev and Laikov, 1999), where the unit sphere is
divided into up to 5810 similarly sized sub-segments according
to certain symmetry criteria. Of those, 2861 segments represent
the upward looking solid angles €2;. The angular integration then
reduces to a sum over all upward pointing light rays L; with

weights w; representing the respective solid angle covered by the
segments:

F=) L ¢) i ©)

For each single ray the radiance L; reaching the detector can
then be determined by calculating the intersection point of the
respective ray with the surface plane from the given zenith
and azimuth angles and the depth of the detector z (Figure 1).
The surface plane is represented by a sufficiently large matrix
defining surface light values (sea ice transmittance or total flux).
Light transmittance L was set to 0.04 for bare ice and 0.22 for
melt ponds according to Nicolaus et al. (2012) for the sample
calculations, but every other representation also of continuous
light transmittance fields can be used for calculations. The surface
matrix needs to be wide enough to cover enough grazing rays
with large zenith angles. A horizontal extent of at least 10 times
the investigated sensor depth ensures numerical stability and
accuracy of better than 2% (10%) for planar (scalar) irradiance.
However, the picked surface values cannot be inserted directly
into Equation 2, but need to be corrected for both, the angular
distribution of radiance emitted from the underside of the sea ice,
and the angular sensitivity of the detector.

There are several versions of radiance distribution
implemented in the model. In the fully isotropic case, the
radiance is the same in any direction. As this is not the case
under strongly scattering media, we only implemented it into
the model for validation purposes, as the ratios of different
sensor types are only trivially defined for a completely isotropic
light field (Mobley, 1994). In realistic cases, the normalized
angular radiance distribution is described by the exit function of
an isotropically scattering medium presented by Kokhanovsky
(2006)

L*(0) = ;(1 + 2 cos 0) (3)

FIGURE 1 | Geometry of the light model integrator. The half sphere
represents the unit Lebedev sphere with blue rays pointing in the direction of
each segment. Rays are intersecting the surface (gray transparent layer) in the
location of the red dots. At these locations radiance values are taken from the
inhomogenous surface matrix.
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or for cases of anisotropic scattering in sea ice

L*0,y) = (é + gcos 6) cos 6 (1 —y) +y exp (—0.05686)
(4)

with the anisotropy parameter y and 6 in units of © as presented
by Katlein et al. (2014). Here we only present results for the
case of isotropic scattering in ice being an upper bound, as a
more downward peaked radiance distribution reduces geometric
effects (Katlein et al., 2014). Due to the persistent low stratus
clouds in the summer Arctic this radiance distribution is also a
suitable approximation in the case of open water with scattered
ice floes. The light conditions at the ice bottom are given as
transmittances or fluxes of planar irradiance, so the surface values
need to be divided by m, that the resulting computation yields
irradiance values.

The second correction of the radiances L; is the sensor
dependent weighting of different zenith angles 6;. While for
planar irradiance the radiance needs to be weighted with the
cosine of the zenith angle 6, scalar irradiance is calculated
without any further weighting. For calculation of radiance sensor
readings, only rays with a zenith angle 6 smaller than half the
angle given by the sensors field of view are considered. The result
is then divided by the solid angle covered by the cone of the
sensors field of view. Due to the finite segments of solid angle
represented in the Lebedev sphere, this calculation only provides
stable results for sufficiently large field of view of the radiance
sensor (10°).

Before final evaluation of the sum, all obtained and corrected
radiances are scaled to account for water absorption with a
radiance extinction coefficient using the respective pathlength
d of the ray from the surface to the sensor and the radiance
extinction coeflicient k. In summary, this leads to the following
radiances from the respective directions of the Lebedev-Sphere:

Li=L(,¢)-L* - exp (—kd) (5)

For validation it was checked, that the model correctly
reproduces the ratios between measurements with different
sensor types and the exponential decay under a homogenous
surface. In particular, the apparent extinction coefficient
determined for all three sensor types matches the radiance
extinction coeflicient, as expected in the asymptotic limit. A
MATLAB (version R2014b) implementation of the model can be
downloaded from the MATLAB file exchange under http://www.
mathworks.com/matlabcentral/fileexchange/50566-geometric-
light-field-model.

RESULTS

To evaluate the effect of surface geometry, we ran the model for
four surface geometries depicted in Figure 2. They correspond
to the following sea ice features: The semi-infinite obstruction
with a linear edge (Figure 2A) is a first approach to investigating
lateral effects. The geometry is applicable to any sharp large scale
contrast in the ice optical properties, especially to edges of ice
floes. A linear obstruction (Figure 2B) is similar to the geometry

50

50
b)

Position [m]
o

Position [m]

-50 0 50 -50 0 50

Position [m] Position [m]
FIGURE 2 | The different geometries used in this study. Yellow color
depicts high light transmittance and blue color low light transmittance. The
surface geometries resemble (A) a floe edge, (B) a pressure ridge, (C) a melt
pond, and (D) a real geometry of melt pond covered sea ice extracted from
photography.

of pressure ridges. A single melt pond was approximated by a
circular patch with higher light transmission (Figure 2C) and a
part of a classified aerial image enabled for evaluation of a real
melt pond geometry with a pond fraction of 12% (Figure 2D).

Lateral Effects at a Linear Edge

The response of different light sensors on a transect crossing a
linear edge is shown in Figure 3. This example comprises two
zones of shortwave light transmittances (250-2500 nm) of 0.04
and 0.22 and a water extinction coefficient of k = 0.Im~!,
typical for Arctic first year ice in the summer (Nicolaus et al.,
2012). While the narrow footprint of the radiance sensor (10°)
reproduces the sharp contrast in light measurements even at
greater depths, the measurements with the planar and scalar
irradiance sensors are strongly influenced by geometric effects at
the boundary. The contrast gets smoothed by the large footprint
of the irradiance sensors. Light is propagating laterally into the
darker area from the adjacent bright patch leading to irradiance
levels higher than expected from a one dimensional model. Vice
versa, measurements under the bright patch are influenced by the
adjacent dark patch leading to lower light measurements than
expected from a one dimensional model. At increasing depths,
the contrast between both zones gets increasingly smeared out
leaving only a weak contrast. The variability of the surface
light field can thus only be captured appropriately, when using
radiance sensors or limiting the distance of irradiance sensors to
the sea ice. Scalar irradiance sensors show the strongest geometric
effects.
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FIGURE 3 | Under ice light transmittance across a semi-infinite boundary measured with radiance (left), planar irradiance (middle), and scalar
irradiance (right) sensors. Colors represent normalized light measurements from bright (yellow) to dark (blue). The scenario uses ice transmittances of 0.22 (right of
the edge) and 0.04 (left of the edge) and a depth independent water extinction coefficient of k = 0.1 m-1.
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From the different response of the three sensors to simple
geometric variation, we can immediately deduct, that the ratios
between radiance and planar or scalar irradiance are not constant
in space under a spatially varying sea ice cover. While the ratio of
different light sensor readings is often used to describe the optical
properties of the water body in open ocean optics (Mobley, 1994),
the geometric variation of the ice cover makes such an approach
difficult in ice covered seas.

To allow for the application of the results to any combination
of transmittance values, we normalized the calculated values in
such way, that the range between the asymptotical light values
far into each region is mapped to the interval from 0 to 1.
When considering absorption to calculate the asymptotic values
at a certain depth, the resulting relative light field geometry is
independent of water absorption.

The calculated lateral transects are shown for three different
depths in Figure 4. The radiance measurements follow a step
curve, with a tapering section of a width given by the field of view
of the sensor the distance to the surface.

The irradiance sensors show a different characteristic
response, a smooth transition between the asymptotic values.
For a first estimation of the lateral extent of the geometric
effects, we found that at the distance from the edge, that
equals the distance of the sensor from the ice underside, the
reading of planar (scalar) irradiance is about 12% (20%)—of
the difference in light transmission between the zones—away
from the asymptotic value. The distance at which the irradiance

has reached a difference of less than 1/e of the difference in
light transmission is linearly dependent on the distance between
sensor and ice (Figure 5). Thus, the distance to the ice gives a
first order approximation of the extent of geometric effects in the
lateral dimensions.
The calculated transect of planar irradiance was fitted with
a piecewise exponential function F adapted from Petrich et al.
(2012b):
x>0 1— 0.5exp(—a |x])
Flx) = { x< 0  0.5exp(—alx|) } ’ ©)

where the coefficient of the lateral exponential decay a is given
by the distance of the sensor to the ice by a = 1.405d~!. The
fitted equation matches the calculated curve very well with an
adjusted R* > 0.99. For scalar irradiance the same equation can
be used with a different coefficient a = 0.811d~!. From now on
we will focus on results regarding planar irradiance only, as the
smoothing across light contrasts for spherical irradiance is very
similar but somehow stronger.

We want to point out, that Equation 6 describes the
pure geometric effect of a contrast in ice optical properties
on the under ice light field. The absolute magnitude of the
geometric effects is of course dependent on the contrast in light
transmittance. Similar equations have been proposed by Petrich
et al. (2012b) and Ehn et al. (2011) but in the context of lateral
light propagation due to scattering within the ice.
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FIGURE 4 | Lateral transect of light measurements across a
semi-infinite boundary in 1 m (A), 2.5m (B), and 5m (C) depth below the
ice water interface.
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FIGURE 5 | This plot shows the distance from the edge at which the
difference of the sensor reading from the true asymptotical value has
decreased to 1/e of the difference of light transmission across the
edge (e-folding length).

Lateral Effects Associated with Sea Ice
Features

The results from the linear semi-infinite obstruction can
be qualitatively generalized to the more complex situation
underneath melt ponds, pressure ridges, and leads in the ice

cover. For pressure ridges and leads being mostly linear features,
the results of the previous section can be used directly, if the
ridge or lead is wider than two times the sensor depth. If the
ridge or lead is narrower than this threshold, irradiance levels will
not reach the asymptotic end value under the obstruction. The
contrast in light transmittance then seems weaker than it actually
is. This is similar for circular features such as melt ponds, but due
to the circular geometry, the asymptotic end value underneath
the pond will only be reached at a slightly greater distance from
the pond edge as compared to a linear feature.

Vertical Effects Associated with Ridges

and Melt Ponds

Figure 6 shows the calculated light field underneath a darker
linear feature. It is clearly visible, that the surface geometry can
distort the vertical profile away from an exponential decay. While
under bright patches, the vertical profile follows an exponential
decay monotonically decreasing with increasing depth, the
irradiance maximum can be located at depth under dark patches.
This is due to the fact that the adjacent brighter areas get into the
large footprint of the irradiance sensor when getting to greater
depth and has been observed before (Frey et al., 2011; Nicolaus
and Katlein, 2013).

The depth of this deep irradiance maximum is dependent on
several factors: The width of the dark area and the distance of
the sensor to the boundaries. While the irradiance maximum is
located at the surface under the bright patch, it quickly submerges
to a typical depth of 5-10 m. If the dark patch is large enough, the
magnitude of the deep irradiance maximum decreases. The larger
the dark patch, the deeper the irradiance maximum is located.
Contrary, a greater water extinction coefficient compensates
the effect and reduces the maximum depth, as deep irradiance
maxima then can only be found in a narrower zone close
to the boundary between bright and dark patch. Additionally
a downward peaked anisotropic radiance distribution causes
deeper irradiance maxima, but further limits their lateral extent
(Katlein et al., 2014).

Extraction of the extinction coeflicient from the calculated
light field under a circular melt pond of varying size revealed
significant differences to the given radiance extinction coeflicient
(Figure 7). Even though the vertical profiles could be well
fitted with an exponential decay law (R? > 0.98), the apparent
extinction coeflicient differs from the actual one even under very
large ponds. If the pond radius is equal to the maximum depth
of the sensor during the profile, the retrieved apparent extinction
coefficient is still deviating about 25% from the true value. Usually
the pond radii are much smaller than the depth of the profile,
making a robust retrieval of the extinction coefficient of sea water
from vertical irradiance profiles difficult in ice covered waters.
This shows, that the influence of geometric effects on the light
field cannot be ruled out, even when the profiles seem to follow a
perfect exponential decay.

Combined Lateral and Vertical Effects in a
Real Geometry

We calculated the irradiance field underneath a real surface
geometry from a classified aerial image (Figure 8) obtained
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FIGURE 6 | (A) Vertical depth profiles across a linear dark patch. Red diamonds mark the location of the maximal irradiance. (B) Vertical irradiance profile for the
position shown by the black lines in a within the bright patch (C) and in the middle under the dark patch. Solid blue lines show the calculated irradiance profile while
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FIGURE 7 | Extinction coefficients as retrieved from vertical depth
profiles under the middle of a melt-pond of varying radius.

during a helicopter flight north of Greenland in July 2014 (http://
epic.awi.de/37745/). Figure 8B shows how different the vertical
profiles are when taken at different close lying points. The
variability of the light field reduces with depth as can be seen by
the sharpening of the main peak in the histograms (Figure 8C).
Due to the binary representation of light transmittance,
variability appears to increase in the first few meters underneath
the ice—an artifact not present in the continuous representation
of light transmission as presented in Figure 9C. To assess the
abilities to extract water extinction coefficients, Analysis of all
2600 calculated vertical profiles under the real geometry revealed
a mean extinction coefficient of ¥ = 0.1 m~! when only
considering fits where R* > 0.9. While this result seems to show
accuracy of extraction of the extinction coefficient underneath

a spatially varying ice cover, we want to point to the fact, that
only ~48% of the depth profiles could be fitted with a R? >
0.9. Even within this limited selection of vertical profiles, the
mean deviation (§ = (Jk — k,|)/k) of the retrieved extinction
coefficient k, from the true extinction coefficient k is 28%
with values of k, ranging between k, = 0.08m ! and k, =
0.53m™!. About 10% of the extracted extinction coefficients were
overestimated by more than 120%. To obtain an extinction
coefficient closer than 10% to the real one from averaging
of several vertical profiles, one would need to consider over
200 randomly positioned not obviously contaminated profiles,
which is not practicable. Estimates can in general be significantly
improved to reduce the mean deviation from 27 to 7% by only
considering the lower part (>15m depth) of the vertical profile
which is less affected by geometric effects. As the extinction
coefficient might vary vertically, this estimate may though not
represent the water layer close to the sea ice.

We repeated the calculations for a continuous light-
transmittance field T derived from a simple radiative transfer
model T = (1 —a) exp(—1.5z;) and field observations of ice
thickness z; and albedo o (Figure 9) to contrast to the simplified
case of two ice classes. While the main results stay unchanged,
influence of geometric effects is less obvious. This is mainly due
to the fact, that due to the comparably high ice thickness and
high pond albedos measured in the field (Katlein et al., 2015),
the contrasts in transmittance are lower than for the typical case
of Arctic first-year sea ice used for the binary representation
of light transmittance. The continuous representation also leads
to softer spatial contrasts. In this more realistic case, the mean
deviation of the extinction coefficient k, retrieved from relatively
uncontaminated profiles (R? > 0.9) from the true extinction
coefficient k is only 8% with values of k, ranging between k, =
0.09m~! and k, = 0.16m~!. This is a smaller deviation than
in the idealized case, but still significant. If more contaminated
profiles (R> < 0.9) are included in the analysis, errors grow
rapidly.
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Furthermore, we evaluated the effect of lateral geometry on
measured data to explore the advantages and disadvantages of
correcting measurement data for the distance between sensor
and the ice water interface. Using the true extinction coefficient
for correction of planar irradiance (radiance) values assuming an
exponential decay law, we determined mean deviations between
calculated and true value of 45% (10%) at a depth of 5m and
60%(35%) at a sensor depth of 30 m. When using an extinction
coefficient deviating from the true one by the mean error in the
retrieval from vertical profiles (27%), this deviation increases to
52% at 5m and 81% at 30 m depth. Considering the worst case
deviation of retrieved apparent extinction coefficient of in our
case k, = 0.44m~!, a deviation of 440%, the mean error of the
depth corrected data is significantly bigger than the mean error
of uncorrected data for all sensor depths shallower than 3 m.

In spite of the errors when comparing specific points, depth
correction successfully corrects the mean energy loss with depth.
Contrary it cannot restore the variability of the light field present
in the surface, which is better accomplished by radiance sensors
(Figure 10).

DISCUSSION

Relevance of Geometric Effects

Our work shows, that geometric effects can play an important
role in the interpretation of optical measurements under
inhomogeneous sea ice. They certainly need to be taken into
account for studies with a spatial resolution on the meter scale
and in the case of typical melt-pond covered Arctic summer sea
ice due to the strong contrasts of light transmittance through
adjacent bare and ponded ice. If the sea ice does not exhibit strong
contrasts in optical properties, such as in thicker multi-year sea
ice or during the winter season, then geometric effects are limited
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FIGURE 10 | Mean (solid lines) and standard deviation (colored area) of
light transmittance over sensor depth for uncorrected irradiance
(black), depth corrected irradiance (red), and depth corrected radiance
data (blue).

to floe edges and fields of small broken floes. Geometric effects
are strongest when high contrasts (>2:1) in light transmission
can be found on length scales between 1 and 30 m. For longer
spatial scales and weaker contrasts geometric effects are less
important. Their significance can be further reduced by lateral
smoothing of light transmittance contrasts by in ice scattering,
as well as stronger absorption and especially scattering in the
water column. A more downward-peaked anisotropic radiance
distribution as below sea-ice further increases the magnitude of
geometric effects.

In many cases, geometric effects can be neglected without
significant loss of information, as the presented numbers provide
upper bounds and they are averaged out in larger scale studies
of the energy balance. Nevertheless, they need to be considered
in the cases presented above to avoid wrong interpretation of
measurement data. Thus, we want to highlight the necessity, to
check during processing whether a dataset is contaminated by
geometric effects and take the appropriate measures.

Retrieval of Extinction Coefficients

The retrieval of inherent optical properties from the observation
of apparent optical properties is a main objective of ocean optics
observations (Light et al., 2008; Antoine et al., 2014). Our results
show, that the inhomogeneous ice cover increases the difficulties
for the retrieval of inherent optical properties from vertical
profiles dramatically. To obtain valid measurements of inherent
optical properties, the surface needs to be homogenous in a
radius much bigger than the maximum depth of the vertical
profile around the vertical profile. This does not only apply to
measurements from instruments lowered through a hole in the
ice (Frey et al., 2011), but also to optical packages deployed in the
vicinity of sea ice (Bélanger et al., 2013), for example in a pool of
open water next to the ship used to lower instrumentation in the
water column or generally in the vicinity of ships. Unfortunately
contamination from geometric effects may not be detectable from
the shape of the vertical profile. While these geometric effects
would not be as severe in radiance sensors, it is very likely that
imperfect horizontal positioning during vertical profiles due to
lateral drift and sensor tilt can also reduce the quality of the
retrieval of inherent optical properties. While these restrictions
strictly apply for pan- or monochromatic sensor data, they could
at least in principle be overcome by dedicated inversion of multi-
or hyperspectral data.

Precise modeling of the light field under sea ice needs to take
into account the complex geometry of the sea ice surface and
cannot be achieved by multiple one dimensional models. Thus,
light measurements under sea ice should be interpreted in the
context of spatial datasets of ice geometry, such as aerial images
and ice bottom topography (Williams et al., 2013). In particular,
care should be taken to account for the measurement geometry
when investigating any geometric aspect of the under ice light
field, such as high resolution lateral transects.

Depth Correction of Sensor Data

Our results show, that the usefulness of correcting light
measurements taken at depth to the level of the ice-water
interface is strongly dependent on the ultimate goal of the
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data analysis. For studies interested in the spatial variability
of the light field, we recommend to use radiance sensors and
convert the readings to irradiance at the ice bottom according
to Katlein et al. (2014). If only irradiance sensors are available,
they should be operated with minimum distance to the ice.
Discarding data with a distance of more than a certain limit to the
ice bottom instead of applying a correction, avoids introducing
undetermined errors due to unknown exact geometry and water
absorption. Even when water absorption is precisely known from
direct measurements using a transmissometer, the geometric
errors of a measurement taken at depth cannot be corrected. For
example, a one dimensional “correction” of a measurement taken
under a dark patch would result in too high light values at the ice
bottom.

On the other hand, even an imperfect estimate of light
extinction in the water column can provide a reasonable way,
to account for the water in between sensor and ice when
investigating the large scale average of measurements for studies
of the energy balance.

The geometric effects average out on larger scales and
thus do not affect the energy transfer to depth. However, the
measurement geometry influences the shape of histograms of
measured light values such as those presented in Nicolaus
et al. (2013). Thus, geometric effects should be considered
when picking modal values from histograms for upscaling
efforts (Arndt and Nicolaus, 2014). Here data that is potentially
contaminated by geometric effects should be discarded from the
analysis.

Sensitivity of Different Sensor Types

We mostly showed results for planar irradiance data, as this
sensor type is most widely used throughout the physical
community (Perovich, 1996; Eicken and Salganek, 2010; Nicolaus
et al.,, 2010; Hudson et al., 2013). The footprint of these sensors
is very large leading to strong effects of measurement geometry.
Radiance sensors have a narrower field of view and thus suffer less
from geometric effects and better represent the true variability of
light conditions even in measurements taken at depth. While this
is an advantage in lateral surveys, it can also impact the quality
of vertical profiles under a spatially varying ice cover, when the
profile deviates from being perfectly vertical.

Spherical irradiance sensors behave similar to planar
irradiance sensors, but have an even larger effective field of
view as the proportional contribution of lateral traveling light to
the signal is even bigger. The effects of measurement geometry
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are thus even stronger for spherical sensors making them the
least suitable sensor for studies on spatial variability. This
disadvantage for studies of spatial variability is of course an
advantage, when only the mean energy fluxes are of interest.

CONCLUSION

We developed and implemented a model of geometric
radiometry underneath spatially inhomogeneous surfaces
and investigated the effects of various simplified geometries
on the light field underneath. The model code has been made
accessible to the public. Results show that radiance sensors
are least affected by the measurement geometry and spherical
irradiance sensors are mostly unsuitable for studies of spatial
variability.

The effect of the inhomogeneous surface hinders effective
retrieval of the inherent optical properties of the water column
from vertical profiles in the sea ice covered ocean and limits the
possibilities of correcting data that was measured at depth, for the
influence of light extinction in water. Such corrections for sensor
depth as well as the interpretation of ratios between different
sensors have to be conducted in awareness of the ice geometry,
for example using the information from aerial images. Great
care should be taken when interpreting measurements taken over
lateral contrasts in the optical properties of the sea ice. Here the
distance of the sensor to the ice significantly smoothens out the
contrast and might easily mask the effects of lateral light transport
in the ice by scattering.
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