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Abstract

An irradiance profile measurement approach and profiling system were developed to measure the solar
irradiance profile of the Arctic sea ice using fiber optic spectrometry. The approach involved using a miniature
spectrometer to sense light signals collected and transmitted from a fiber probe. The fiber probe was small, and
could thus move freely in inclined bore holes drilled in sea ice with its optical entrance pointing upward. The
input-output relationship of the system was analyzed and built. Influence factors that determined the system
output were analyzed. A correctional system output approach was proposed to correct the influence of these
factors, and to obtain the solar irradiance profile based on the measurements outputted by this system. The
overall performance of the system was examined in two ice floes in the Arctic during the 9th Chinese National
Arctic Research Expedition. The measured solar irradiance profiles were in good agreement with those obtained
using other commercially available oceanographic radiometers. The derived apparent optical properties of sea ice
were comparable to those of similar sea ice measured by other optical instruments.
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1 Introduction

Seaice is a kind of translucent material with an intricate
internal structure, which is considerably affected by the complic-
ated interaction between physical, biological, and chemical pro-
cesses in the polar environments (Thomas and Dieckmann,
2009). The enormous area in both polar regions (about 4% of the
total surface of the earth) makes sea ice play a significant role in
determining global biogeochemical cycles and global climato-
logy via regulating the material and energy exchanges between
the ocean and atmosphere (Arrigo, 2014; Vancoppenolle et al.,
2013). However, numerous studies indicate that sea ice in the
Arctic has been undergoing tremendous changes for the past sev-
eral decades. These are manifested as trends such as the shrink-
ing of sea ice cover, the reduction in the ice thickness, the declin-
ing ice concentration (Arrigo et al., 2008; Maslanik et al., 2007;
Serreze et al., 2007). These variations reflect the combined influ-
ence of thermodynamic and dynamic processes in the Arctic
Ocean, among which solar radiation is of key importance.

Solar radiation (especially the shortwave radiation) has a sig-
nificant role in governing the heat- and mass-balance of sea ice
(Grenfell et al., 2006; Leu et al., 2015; Nicolaus et al., 2010a).
Detailed knowledge about the partitioning of solar radiation in
the environment created by sea ice helps understand not only the
range of energy absorbed by the snow and sea ice and transmit-

ted to the underlying ocean, but also its formation and decay
characteristics and mechanisms. Moreover, the availability of
solar radiation is vital for determining the biomass and taxonom-
ic composition of the ice algae communities developed on the
snow or ice’s surface, in the interior and bottom of ice, and in the
upper ocean (Haas et al., 2001; Saenz and Arrigo, 2012). There-
fore, solar radiation partitioning is one of the most fundamental
concerns in the Arctic sea environment. Until now, the measure-
ments of solar radiation in the Arctic sea environment predomin-
antly focused on the solar radiation above sea ice, which could be
used to indicate the fraction of solar radiation incident on, and
reflected by, the ice surface separately (Feister and Grewe, 1995;
Grenfell and Perovich, 1984). In contrast, there are also some
studies measuring solar radiation below ice, from which the part
of the solar radiation transmitted to the underlying ocean could
be derived (Frey et al., 2011; Nicolaus et al., 2010a; Zhao and Li,
2009). However, knowledge about the distribution of solar radi-
ation at different depths of sea ice, which could be used to indic-
ate the partitioning of solar radiation in sea ice, is rather limited
(Ehn et al., 2008b; Light et al., 2008; Light et al., 2015).

Grenfell and Maykut (1977) measured solar irradiance at
multiple depths of sea ice by using a fiber-optics light guide to
sequentially collect and transmit the light signals at multiple
horizontal holes, and then using a portable spectrophotometer to
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sense them. The holes were drilled at different depths in the wall
of a narrow trench that was excavated in ice in advance. Arrigo et
al. (1991) obtained the PAR (photosynthetically active radiation)
profile within sea ice in a similar manner. The disadvantage of
these methods is that the amount and the position of the solar
irradiance measured in sea ice are limited by the holes drilled.
Light et al. (2008b), Ehn et al. (2008b) and Xu et al. (2012) used a
spectrophotometer or spectrometer to measure the radiation sig-
nals recorded by a fiber probe that was gradually lowered down
to a vertical bore hole with a certain number of increments.
Incident radiation variation was measured for the correction of
light field variations during each radiation profile measurement.
To minimize the influence of the vertical bore hole on the meas-
ured irradiance, the fiber probe was specially designed to block
the light signal coming directly down the bore hole. However,
such a design also results in the solar radiation within a certain
zenith angle (e.g., ~15°) being blocked, which might lead to an
underestimation of the solar irradiance. Ehn et al. (2008a) gradu-
ally drilled an auger hole upward from the bottom of the ice and
fed a cosine receptor to the top of the hole to guide the solar radi-
ation signal that was then detected by a spectroradiometer. An
irradiance profile was obtained as the hole was gradually drilled
with an interval of 0.05 m. Even though the irradiance profile was
very accurate, the measurement process was both labor intens-
ive and low in efficiency.

In this study, a novel approach was developed to take in-situ
measurements of the solar irradiance profile within sea ice based
on the fiber optic spectrometry technology via inclined holes
instead of vertical ones. First, the general measurement principle
and the corresponding profiling system was introduced. Next, we
modeled the system signal output to bridge it with the incident
light level and developed a correctional approach to get the solar
irradiance based on the system output. Finally, the overall meas-
urement performance of the system was examined and evalu-
ated in the Arctic sea environment.

2 Methods

2.1 Measurement principle

Special precautions need to be taken while measuring the sol-
ar irradiance profile in the Arctic sea ice in terms of the collec-
tion and measurement of the solar radiation signals. Direct
movement of optical sensor or optical probe within the solid sea
ice medium is unrealistic. Meanwhile, non-invasive irradiance
measurement technology for use in solid sea ice is still under
development. Therefore, approaches involving the use of an op-
tical probe that can be moved freely within a bore hole to collect
and transmit the solar signals, and the use of an optical sensor
(e.g., spectrophotometer or spectrometer) to sense these signals,
was adopted in previous studies to obtain solar irradiance pro-
files in sea ice (Light et al., 2008). The general measurement prin-
ciple for this study is very similar. However, a much smaller and
simpler optical probe (i.e., cosine receptor; compared with that
used by Light et al. (2008) and Ehn et al. (2008b)) was used. This
probe could be placed in the bore hole with its upper face (i.e.,
optical entrance) directly pointing upward to collect the down-
welling irradiance signal. To minimize the influence of the bore
hole on the collected solar radiation signals, an inclined hole was
drilled to keep most of the light field the optical probe faced un-
disturbed. Compared with the previous approaches mentioned
above this configuration can significantly minimize self-blocking
of the optical probe, and the uncertainty of the measured solar
irradiance could be reduced.

2.2 System description and measurement considerations

In this study, a miniature spectrometer (C11009MA, Hama-
matsu Photonics K K, Japan) was adopted to measure the solar
signal guided by an optical probe (Fig. 1). The spectrometer is a
compact module with relevant optical parts and driver electron-
ics sealed inside a metal case. This configuration can effectively
overcome the influence of the potential condensation of air-
borne water when the ambient temperature is lower than the
dew point. Moreover, there are no moving parts involved in this
module, guaranteeing the reliability and repeatability of the
spectrometer. These characteristics are the primary motivations
for using this spectrometer module in the harsh Arctic sea envir-
onment (e.g., low temperature, high humidity). The module has
a spectral range of 340-780 nm and spectral resolution of 9 nm.
The specified operating temperature range is 5-40°C. However,
Wang et al. (2017) have shown that this module can work nor-
mally even at temperatures down to -50°C. A high-transmission
silica fiber (Optran® Ultra HWF, CeramOptec”, Germany) was
used to transmit the light collected by an optical probe. The fiber
has a spectral range of 350-2 200 nm, which covers the spectral
bands of the solar radiation of interest (i.e., 350-750 nm). The
typical transmission of the fiber is higher than 99%/m and
90%/m for wavelengths approximately longer and shorter than
450 nm, respectively. For the 3.5 m fiber length adopted in this
system, at least 96% of the energy of the collected solar signal
could be transmitted to the spectrometer for most of wave-
lengths. This high transmittance is vital for improving the meas-
urement sensitivity of the system and detecting the low solar ra-
diation signal beneath sea ice. A cosine-corrected irradiance
probe (CC-3, Ocean Optics, Inc., USA) was connected to one end
of the silica fiber via a SMA-905 interface to collect the solar irra-
diance signal from the Arctic sea environment. It has a spectral
range of 350-1 000 nm and has a good cosine response for angles
smaller than approximately 78°. The small geometry of the probe
(i.e., 6.35 mm in diameter) helps minimize the diameter of the
bore hole drilled in sea ice and eventually alleviate the influence
of the bore hole on the light field of sea ice. To increase signal
coupling between the spectrometer and the optical fiber, a fiber
collimating lens (SPL-COL-5, SPL-tech, China) was placed (i.e.,
attached at the optical entrance of the spectrometer) between the
spectrometer and the other end of the fiber. Other than the fiber
probe exposed to the Arctic sea environment, all other parts of
the system (i.e., the spectrometer and relevant driver electronics,
lens, and part of the fiber) were fixed within a waterproof case for
protection.

To obtain the solar irradiance profile within sea ice first an
inclined auger hole was drilled, which had a diameter of 5 cm
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Fig. 1. Schematic diagram of measurement site, including meas-
urements of radiation above and within ice.
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and tilt angle of 45° (Fig. 1). We next fixed the optical probe to a
fiberglass pole and carefully adjusted the angle between the op-
tical probe and the pole to keep the opaline glass window of the
probe pointing upward within the bore hole. The measurement
started at the ice surface and ended when the entire length of the
fiber (i.e., 3.5 m) was utilized. An irradiance profile was obtained
by gradually lowering the optical probe into the auger hole with
distance intervals of 10 cm (along the axis direction of the auger
hole) to collect the solar irradiance signal, while using the
C11009MA miniature spectrometer to sense the signal. Dark out-
puts were also acquired from the spectrometer for the sub-
sequent correction at the end of the profile measurement by pla-
cing the optical probe inside a dark box and taking measure-
ments. Potential intensity fluctuations of the incident solar radi-
ation were monitored during the entire profile measurement
using a radiometrically calibrated hyperspectral irradiance
sensor (RAMSES-ACC-VIS, TriOS Mess- und Datentechnik
GmbH, Germany), which was deployed approximately 1.2 m
above the ice surface using a tripod. This radiometer was used
broadly in the Arctic sea environment to measure solar irradi-
ance above the ice surface and in the underlying ocean (Lei et al.,
2012; Nicolaus et al., 2010b). It has a spectral range of 320-980
nm and spectral accuracy of 0.3 nm. It is worth mentioning that a
simultaneous comparison measurement between our system
and the radiometer was carried out in air before each profile
measurement for the spectral sensitivity correction of our system.
This was achieved by placing the optical probe of our system and
optical entrance of the radiometer side by side and measuring
the downwelling irradiance.

2.3 System output modeling

As determined by the optical and electrical characteristics of
the spectrometer adopted, the output of the spectrometer is com-
posed of two parts of signal output generated by the incident light
signal and the dark output, which is the spectrometer output in
the absence of any light and has no relationship with the incid-
ent light signal (Wang et al., 2015). This analog spectrometer out-
put is then digitized by an analog-to-digital (AD) circuit involved
in the spectrometer driver electronics, hence, the output is gen-
erated as AD counts. However, what we want to obtain from the
system is the spectral intensity of the solar irradiance. As a result,
the relationship between the spectrometer signal output (i.e., the
profiling system output) and the spectral intensity of the incident
solar irradiance is investigated and modeled in this part, which
lays a solid theoretical foundation for the subsequent system out-
put correction.

As mentioned above, the profiling system has a single spec-
trometer to sense the signal from the fiber probe. The incident
light signal E| goes through several steps from entering the sys-
tem to becoming the final system output C, (Fig. 2). First, it is col-
lected and transmitted by the fiber probe and focused at the
optical entrance of the spectrometer by a lens. Second, it enters
the spectrometer through a slit and is dispersed and re-focused
to an internal complementary metal-oxide-semiconductor
(CMOS) photodiode array image sensor where each photodiode
(i.e., each pixel of the spectrometer) receives a fixed narrow spec-
tral band of photons and converts them into charges. Third, the
charges accumulated at each photodiode are sequentially out-
putted and proportionally converted to analog voltage signals by
a charge-to-voltage converter in the internal driver electronics of
the spectrometer, under the timing of the spectrometer driver
electronics (Nan et al., 2017). Finally, the voltage signal is propor-
tionally digitalized by the AD conversion circuit utilizing a 16-bit
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Fig. 2. Schematic of the light signal transmission and conver-
sion, from entering the optical probe to becoming the system
output.

AD converter (ADC; AD7988-5, Analog Devices Inc., USA), using
a fixed voltage reference (5 V nominal; ADR435B, Analog device
Inc., USA).

Based on the above analysis (Fig. 2), the system output C,(1)
at each wavelength / (i.e., at each photodiode) could be modeled
as shown below. For the miniature spectrometer used, the charge
Q,(4,%) accumulated at each wavelength is proportional to the
incident light intensity E,(1) at the spectrometer’s optical
entrance and the time duration ¢ for the accumulation of the
charge (i.e., integration time of the spectrometer). This relation-
ship is given by

Qs()‘a t) = k(/\) EO()‘) t? (1)

where k(1) is the conversion factor for converting the light intens-
ity entering the spectrometer into photodiode output charge,
which is a function of the optical system efficiency, the diffrac-
tion efficiency of the grating, and the sensitivity of the image
sensor. The wavelength 4 is expressed as a fifth order polynomial
of pixel of the spectrometer provided by the vendor. And pixel
corresponds to the physical position order in which the photodi-
ode sits in the image sensor.

The charge Q/(4,) is then converted into voltage signal V,(4,)
via the internal charge-to-voltage converter of the spectrometer:

Ve(A 1) = eQs(N, 1) . )

Further, it is digitized by the 16-bit AD converter with a nominal
5V voltage reference V.

Cs(\ 1) Vit 216
5(167 ) — S( bl ) :> CS(A7 t) —
2 Viet Viet
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where ¢ is the conversion factor of the charge-to-voltage convert-
er, and C(4,?) is the digitized system output. By replacing Q(%,f)
with Eq. (1) in Eq. (2), and replacing V (4,t) with Eq. (2), Eq. (3)
can be rewritten as

16

Cs(\, t) = —ek(\) Eo(M\) &. @)

ref

Equation (4) gives the relationship between the system output C,
and the incident light intensity E, at the spectrometer’s optical
entrance. However, intensity of the incident solar irradiance E;(4)
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where the fiber probe is placed, which is also the ultimate para-
meter we want to obtain from the system measurements, has not
been included in this equation. Before reaching the optical en-
trance of the spectrometer, the incident solar irradiance under-
goes several processes of being collected, transmitted, and fo-
cused by the fiber probe and focusing lens. During these pro-
cesses, the changes in the spectral intensity of this signal are
shown by

Eo(A) = Ei(\) Tp(A) Ti(A) Ty (A) Te(N), 5)

where Tp(/l) is the transmission coefficient of the optical probe,
and is primarily determined by the probe’s geometric dimension
and the material used. T(4) is the transmission coefficient of the
optical fiber, and is influenced by the material used, core diamet-
er, fiber length, and surface quality of the two ends. Tj(4) is the
transmission coefficient of the lens, and T (4) is the overall coupling
coefficient between the different optical components included
(i.e., the probe and the fiber, the fiber and the lens, and the lens
and the spectrometer’s optical entrance). By replacing E (1) with
Eq. (5) and rearranging terms, Eq. (4) can be rewritten as

216
Cs()‘7 t) = v

ref

=s(A) Er(\) ¢, (6)

ek(A) Tp(A) Tr(A) Ti(A) Te(A) Er(A) £

216
where s(\) = V—sk
ref

ivity of the combination of the spectrometer, lens, and fiber
probe. Equation (6) gives the theoretical model between the sys-
tem output C,(4,f) and the incident light level E (1), and it
denotes that C,(4,f) is proportional to F;(4) and integration time ¢
when the spectrometer works at its linear operating range. This
relationship agrees well with the fact that more photons will
strike the photodiodes and more charges will be generated in the
spectrometer accordingly if the incident light intensity is stronger
and the integration time is longer. s(1) is strongly wavelength-
dependent primarily because of the wavelength dependence of
the transmission coefficient of the fiber probe and the lens and
the spectral sensitivity of the spectrometer. However, it should be
constant at each wavelength A for a given temperature. Conversely,
the spectral intensity of the incident light E; could be calculated
via Eq. (6) as

(A) Tp(A) Tr(X) Ti(A) Te(X) is spectral sensit-

E(\) = . 7

2.4 System output correction

From the above analysis, we notice that the influences of the
dark output of the spectrometer and the spectral sensitivity of the
system (i.e., the combination of the spectrometer, lens, and fiber
probe) are still in the measured solar irradiance profile. The
immersion factor of the cosine receptor and the potential intensity
fluctuation of the incident solar irradiance are also involved. The
immersion factor is caused by transmissivity variations of the
cosine receptor when it is used in different mediums. The spec-
tral sensitivity of the system was calibrated in air using the com-
parison measurements mentioned in Section 2.2. However, the
cosine receptor was inserted in the auger hole (i.e., immersed in
water) where its transmissivity would become smaller than that
in air. An underestimation of the solar irradiance in ice will

happen if the immersion factor is not corrected. Additionally, the
irradiance profile measurements are primarily used to calculate
apparent optical properties of sea ice (e.g., diffuse attenuation
coefficient, extinction coefficient, spectral transmittance). For
these calculations, intensity fluctuations of the incident solar ra-
diation should be corrected to make sure all the measurements
of each profile are under the same incident light level. To minim-
ize the influences of the factors mentioned above in any field
measurement, the following correction sequence can be
followed (Fig. 3).

(1) Correcting for the dark output. The dark output Cy, is cor-
rected in the corresponding spectrometer output C,, by subtrac-
tion, to get the signal output C,. The signal output is then divided
by the integration time t adopted during the spectral measure-
ment to convert it to that at the same reference integration time
of 1 s (i.e., C(4,t,)), facilitating the following spectral sensitivity
and intensity fluctuation corrections.

(2) Acquiring and correcting for the spectral sensitivity. Spec-
tral sensitivity is obtained using the comparison between simul-
taneous measurements taken by our system and the radiometer,
while the radiometer output is used to indicate the spectral
intensity of the solar irradiance entering the profiling system.
Since the wavelengths of our system and the radiometer are not
the same, linear interpolation is used to acquire the intensity of
the incident solar irradiance Ez(4) corresponding to each
wavelength of the spectrometer based on the radiometer output
Ex(4g). The spectral sensitivity s(4) is calculated using the inter-
polated solar irradiance Eg(4) to divide the signal output C(4,t,),
which is then used to divide the measured solar irradiance pro-
file for correcting its influence.

(3) Correcting for the immersion factor. The immersion factor
of the cosine receptor is acquired experimentally in a laboratory
setting following the protocols recommended by Petzold and
Austin (1988). Its influence in the corrected solar irradiance
profile is minimized by multiplying each of the solar irradiance
collected in water by the immersion factor, wavelength by
wavelength.

(4) Correcting for the intensity fluctuation of the incident
light. The corrected solar irradiance profile is finally normalized
for any fluctuations in the incident solar irradiance as recorded
by the reference radiometer, using the radiometer output from the
first measurement (i.e., that corresponding to the first irradiance
measurement of one profile) as reference (Mueller et al., 2003).

3 Field examinations and derived apparent optical properties

To examine the viability and overall performance of the pro-
filing system, this system was utilized to measure the solar irradi-
ance distribution within different depths of sea ice in the Arctic
during the 9th Chinese National Arctic Research Expedition
(CHINARE) on August 12-13, 2019. The weather was cloudy, and
the air temperature was approximately 1°C during these two
days. The measurements were made at two blue ice floes. The
first ice floe (i.e., Site 1) was located at 79.91°N, 169.13°W, with
snow and ice thickness of 10 cm and 110 cm, respectively. The
second ice floe (i.e., Site 2) was located at 81.15°N, 169.42°W, hav-
ing a snow thickness of 5 cm and ice thickness of 114 cm.

Based on the measured solar irradiance profile the apparent
optical properties of the snow/sea ice, such as the diffuse attenu-
ation coefficient K ,,«(4), the extinction coefficient K(z,4), and the
spectral transmittance T(z,4), could be derived. The diffuse atten-
uation coefficient is used to indicate the bulk attenuation rate of
the light signal in sea ice/snow with depth. Given that ice/snow is
horizontally homogeneous, the Beer-Lambert model could be
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adopted to approximate the spectral intensity of the solar
irradiance E(z,2) at depth z as a function of the physical depth z as

E(z,\) = E(z9, \) e~ Kot (M) (z=20) ®)
where z, and E(z,,1) are the depth of the upper surface of the
ice/snow in the ice floe and the corresponding solar irradiance,
respectively. From Eq. (8), K,,,,{4) could be inferred by

_ dIn(E(z,\))

Kprof(/\) = dz

. (€]

Therefore, the diffuse attenuation coefficient K, () could be ac-
quired by applying linear regression to the relationship between
In(E(z,1)) and depth z. Since most measurements of each profile
were collected in ice (i.e., the amount of measurement was suffi-
cient for linear regression), Eq. (9) was only used to calculate the
diffuse attenuation coefficient of sea ice in this study. Instead, the
extinction coefficient K(z,1) was adopted to depict the attenu-
ation rate of the light signal in the snow with depth. It could be
derived from the irradiance measurements between two depths
of z, and z,, following the finite-difference method:

-2 E(Zz,)\)—E(Zh)\)
[E (21, ) + E (22, \)] Z2— 1z '

K(z,\) = (10)

where E(z,,4) and E(z,,A) are the solar irradiance at depth of z,
and z,, respectively. Additionally, the spectral transmittance
T(z,4) was also calculated by the following formula:

T(z,\) = EEi (11

where E(0*,1) denotes the downwelling spectral irradiance above
the snow’s surface.

4 Results and discussion

From the measured profiles, we observed that the general
shape of the measured solar irradiance (Figs 4b and e) was in
good agreement with those measured by other commercially
available oceanographic radiometers (e.g., RAMSES-ACC hyper-
spectral irradiance sensors) (Nicolaus et al., 2010b). This charac-
teristic was significant not only for the measurements in the
snow, but also for those in ice and water. The largest value was at
about 460 nm, and it roughly decreased with the shorter and
longer wavelengths. Accordingly, the effectiveness and viability
of this profiling system were verified to some extent. The results also
indicated that the spectral intensity of the solar irradiance decrea-
sed significantly with the depth of snow, ice, and the underlying
ocean (Figs 4b and f). The rate of decrease was much higher in
the snow than in ice and water, which is ascribed to the fact that
the attenuation coefficient of snow is much larger than that of ice
and water. Meanwhile, spectral intensity in the near-infrared re-
gion decreased much more rapidly with deeper depth than that
in the visible region, as the absorption coefficient of the medium
(i-e., the snow, ice and water) is much bigger in the near-infrared
band than that in the visible band.

Using Eq. (10), we calculated the extinction coefficient of the
snow, sea ice, and the underlying water. It denoted that spectral
extinction coefficient of the snow was approximately parabolic in
nature, with a minimum value of 13.30 m! at 535 nm and a mean
value of 14.23 m~! in the wavelength range of 350-750 nm we
investigated for Site 1 (the solid line in Fig. 5a). This general rela-
tionship was also apparent for Site 2 (solid line in Fig. 5b).
However, the value was much smaller with a minimum value of
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8.34 m™! at 530 nm and a mean value of 9.47 m-!. The relatively
small extinction coefficient of snow for Site 2 compared with Site
1 was primarily caused by the relatively thin snow that existed at
Site 2 (i.e., 5 cm snow), which resulted in the influence of the 2.1 cm
sea ice just below the bottom of the snow being included during
the calculation of the extinction coefficient of snow. The extinc-
tion coefficient of sea ice was significant smaller than that of
snow for each wavelength. Taking sea ice located in the middle of
the ice column as an example, its extinction coefficient was relat-
ively stable and changed very little for wavelengths shorter than
600 nm, having a mean value of 0.90 m-! and 0.74 m-! over
350-600 nm for Site 1 and Site 2 separately (dashed-dotted lines
in Fig. 5). For wavelengths longer than 600 nm, the extinction
coefficient increased, the rate of increase becoming larger with
longer wavelengths, from 1.05 m-! at 600 nm to 6.39 m-! at

750 nm for Site 1, and from 0.97 m-! at 600 to 3.79 m-! at 750 nm
for Site 2. The wavelength dependence of the underlying water
was very close to that of sea ice. Shorter than 600 nm, the extinc-
tion coefficient of the water was relatively stable with a mean
value of 0.50 m~! and 0.66 m-! for Site 1 and Site 2, respectively.
Above 600 nm, it increased with longer wavelengths from 0.77 m-!
at 600 nm to 1.82 m-! at 750 nm for Site 1, and from 0.80 m-! at
600 nm to 2.81 m~! at 750 nm for Site 2.

The bulk attenuation coefficient of sea ice K, was calcu-
lated using Eq. (9) and the measurements within sea ice. The res-
ults showed that the wavelength dependence of K,
to that of the extinction coefficient of sea ice (Figs 5 and 6). K ,, ¢
varied little with wavelength between 350-560 nm with a mean
value of 0.25 m~! and 0.31 m~! for Site 1 and Site 2, respectively
(Fig. 6). It increased with longer wavelengths for those longer
than 560 nm, from 0.30 m-! at 560 nm to 1.28 m-! at 750 nm for
Site 1, and from 0.33 m~! at 560 nm to 2.30 m-! at 750 nm for Site 2.

The spectral transmittances derived from the solar profile
measurements for the two sites are shown in Fig. 7. The general
wavelength dependence of the transmittance for the two meas-
urement sites was very similar. It first increased with longer
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Fig. 6. Bulk attenuation coefficient of sea ice as a function of
wavelength at the two measurement sites.
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Fig. 7. Spectral transmittance of sea ice at three demonstrative
depths at Site 1 (a) and Site 2 (b).

wavelengths and reached the peak point at approximately 500 nm.
It then decreased with longer wavelengths, and the decreasing
rate increased with longer wavelengths and deeper depths. This
phenomenon is ascribed to the attenuation characteristic of sea
ice medium, as shown in Figs 5 and 6. The spectral transmit-
tance of the sea ice at each depth in Site 1 was much smaller than
that in Site 2, primarily due to the much thicker snow existed in
Site 1.

5 Conclusions

A new irradiance profile measurement approach and an irra-
diance profiling system were developed to measure the solar irra-
diance profile in the Arctic sea environment. The system adop-
ted a small fiber probe which could move freely in inclined bore
holes, with its optical entrance facing upward, to collect and
transmit the solar irradiance signal. A miniature spectrometer
was used to sense the light signal. This kind of configuration had
the advantages of low self-shading, low cost and simple structure.
By analyzing the processes from the light signal from entering the
system to the output of the system, the input-output relationship
of the system was developed. To obtain the solar irradiance pro-
file from the system output an approach was proposed to correct
the influence of the dark output of the spectrometer, the spectral
sensitivity of the system, the immersion factor of the cosine re-
ceptor, and finally the intensity fluctuation of the incident light
signal in the system output.

The overall performance of the profiling system was ex-
amined in summer during the 9th Chinese National Arctic Research
Expedition (CHINARE) in two blue ice floes. The results indic-
ated that the measured solar irradiance in sea ice agreed well
with that obtained by other commercially available oceano-
graphic radiometers. Meanwhile, the derived diffuse attenuation
coefficient, extinction coefficient, and spectral transmittance of
sea ice were comparable to those of similar sea ice measured by
other optical devices. Even though the performance of the profil-
ing system was promising, several aspects of this system might
benefit from improvement. First, the spectral range of the system
is limited within the visible band in the current configuration.
Broadening its spectral range might help to widen the applica-
tions of the system and the measured irradiance profiles. Second,

Qiu Zexia et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 3, P. 134-141

the spectral sensitivity of the system was corrected by comparat-
ive measurement. A more rigorous calibration of the spectral
sensitivity by a professional calibration agency might help to im-
prove the measurement accuracy of the system.
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