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Abstract. The light attenuation properties of sea ice play a critical role in regulating the radiative energy budget and primary
production in polar regions. Previous studies have shown that the diffuse attenuation coefficient of downwelling irradiance
(Ky) of young, thin sea ice is sensitive to changes in ice temperature (T}..). However, the depth- and wavelength-dependent
behavior of K, under changing T;,. conditions remains poorly understood. To address this gap, a comprehensive
20 investigation was conducted using synchronized measurements of Ky and 7}, from a cold laboratory experiment, a freezer
experiment, and field observations in Liaodong Bay. The underlying mechanisms were further explored by analyzing the
evolutions of sea ice microstructures and inherent optical properties, supported by Mie scattering theory and freezing
equilibrium principles. Results revealed a distinct depth dependence: a negative correlation between Ky and T}, was found in
95.96% of surface-layer measurements, while a positive correlation occurred in 38.38% of bottom-layer measurements. The
25 overall correlation between K and 7)., was weaker in bottom layers compared to surface layers. This contrasting behavior is
attributed to depth-dependent changes in the relative volume fractions of air and brine, which in turn affect scattering
properties. No consistent trend in the K7}, relationship was found across wavelengths; however, increased variability was
occasionally observed in the 443-555 nm range. These findings enhance our understanding of the thermal sensitivity of light
attenuation in sea ice and provide valuable insights for improving radiative transfer parameterizations in climate models and

30 marine ecosystem simulations.
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1 Introduction

In recent decades, the distribution of Arctic sea ice has declined at an average rate of 3% per decade, accompanied by a
general thinning of ice and an increasing percentage of seasonal sea ice. These changes are driven by global warming, which
35 in turn alters the energy balance in the polar ice region (Comiso et al., 2008; Marks et al., 2017; Nicolaus et al., 2012;
Perovich and Polashenski, 2012). The optical properties of sea ice and their variations play a critical role in the radiative
balance of ice-covered areas (Perovich, 2005; Graversen et al., 2008; Zhang et al., 2023). For example, the rise in
atmospheric temperatures induces accelerated sea ice melt, which reduces surface albedo through the exposure of darker
ocean surfaces (Perovich et al., 2011; Arndt and Nicolaus, 2014; Yu et al., 2024). This albedo decline allows more solar
40 radiation to enter the ice, elevating ice temperatures and further accelerating the melting and recession of sea ice. Current
estimates suggest 69% of incident solar radiation at Arctic air-sea interfaces undergoes ice surface reflection, while the
remaining 31% penetrates the sea ice, with some reaching the underlying seawater (Ebert et al., 1995; Perovich, 2005;
Perovich et al., 2020). Though the albedo feedback mechanism has been thoroughly characterized as a climate
amplifier(Ingram et al., 1989; Curry et al., 1995; Hall, 2004), critical knowledge gaps persist regarding the transport and
45  attenuation of solar radiation within the ice and its response to environmental changes.
Sea ice is not a homogeneous medium composed solely of ice crystals; instead, its structure is characterized by the irregular
presence of air bubbles, brine inclusions, precipitated salts, and various inorganic and organic particles (Light et al., 2003a,
2004). The distribution of light within the upper ocean is closely linked to the microstructure of sea ice, which is crucial for
its optical properties. Temperature, as a core thermodynamic factor, directly dominates key processes such as sea ice growth
50 and ablation by regulating the energy balance and physical properties of sea ice, and is a key factor influencing the evolution
of microstructure(Serreze et al., 2007; Zhang et al., 2023). Variations in ice temperature (7}..) can alter the size, number,
spatial distribution, and chemical properties of these microstructures, leading to changes in the inherent optical properties of
sea ice, such as absorption and scattering properties. These alterations, in turn, affect the radiative transfer of solar radiation
through the ice and modify its apparent optical properties (Light et al., 2003a, 2004; Yu et al., 2022; Yu et al., 2024). The
55 diffuse attenuation coefficient of downwelling irradiance (Ky(A)) is a key apparent optical property quantifying the
attenuation of solar radiation within the ice column (Perovich, 2017). Its response to changes in T} can influence physical
and biological processes regulated by radiation levels, including the primary production of ice algae and the dynamics of sea
ice melt and growth (Perovich and Grenfell, 1981; Grenfell, 1983; Zhang et al., 2023).
Early studies generally concluded that temperature has a limited effect on the optical properties of sea ice, based on
60 experimental observations (Erickson, 2002; Light et al., 2003a; Frantz et al., 2019) and theoretical simulations of radiative
transfer (Grenfell, 1983; Light et al., 2004; Yu et al., 2024). Research on sea ice often overlooked the temperature response
of K4(A) in the context of radiative transfer within sea ice (Nicolaus et al., 2012; Perovich et al., 2020; Arndt and Nicolaus,
2014). However, recent studies have highlighted that the variability in the microstructure and optical properties of sea ice has

become more pronounced due to the increasing proportion of high-salinity seasonal sea ice (Ehn et al., 2007; Light et al.,
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65 2015; Taskjelle et al., 2016; Kauko et al., 2017; Thomas et al., 2021). This shift in ice composition may amplify the impact
of environmental changes on radiative transfer through sea ice (Yu et al., 2024; Yu et al., 2022; Light et al., 2015; Grenfell et
al., 2006; Wang et al., 2020). For instance, research has shown that microstructural changes in Arctic sea ice driven by
climate warming could significantly alter the amount of solar radiation transmitted to the upper ocean, particularly in thin ice
at the edge zones, even if the ice thickness remains unchanged (Yu et al., 2024). Additionally, a study has observed that

70 change in T, can substantially affect the magnitude of K4 for young thin sea ice (Zhang et al., 2023). Nevertheless, the
wavelength and depth dependencies in the variations of K4(A) with T, remain to be fully investigated.

To address this gap, this study explores the variation in K4(A) with T}, across different ice layers and wavelengths, utilizing
simultaneous observations of both Kj(A) and T obtained from a cold laboratory, a freezer, and field measurements in
Liaodong Bay, China. The factors driving the observed depth- and wavelength-dependent variations in K(A) were analyzed

75 in terms of sea ice microstructure and bio-optical properties, employing Mie theory and freezing equilibrium theory.

2 Data and Method
2.1 Laboratory experiments

Laboratories offer a controlled environment where the growth and melting of sea ice can be manipulated and replicated,
making them valuable for quantifying variations in K (A) in response to changes in T, . In this study, synchronous

80 observations of downwelling irradiance (E£4(L)) and T}, profiles were conducted in two laboratory settings: a cold laboratory
at the University of Manitoba, Canada, in 2016 (Fig. la), and a freezer at the South China Sea Institute of Oceanology,
Chinese Academy of Sciences, in 2021 (Fig. 1b) (Zhang et al., 2023). In both experiments, multiple irradiance probes and
thermometers were installed at different depths prior to freezing to monitor temperature and irradiance profiles. Continuous
measurements of £4(A) and 7). commenced once the sea ice at the observed depth had fully formed.

85 In the cold laboratory experiment, three standard-size irradiance probes were placed at depths of 3.45 cm, 9.5 cm, and 16.8
cm within the sea ice. A S2000 spectrometer (Ocean Optics, Inc., USA) and hyperspectral cosine irradiance sensors
(RAMSES-ACC-VIS, Trios, Inc., Germany) were utilized to measure E4(A) over 40 days, with spectral and temporal
resolutions of 3.3 nm and 5 minutes, respectively, across a wavelength range of 320 nm to 950 nm. The K4(A) were
calculated from the E£4(A) between these depth intervals. Specifically, K4;,(X), Kg3(A) and Kyi3(A) represent values derived

90 from E4()A) over the intervals of 3.45-9.5 cm, 9.5-16.8 cm, and 3.45-16.8 cm, respectively.

In the freezer experiment, four miniature irradiance probes were installed at depths of 10.9 cm, 14 cm, 17 cm, and 21.8 cm
(Fig. 1c). Three Maya 2000 spectrometers (Ocean Optics, Inc., USA) were employed to measure E4()) profiles for 24 days,
with spectral and temporal resolutions of approximately 0.5 nm and 1-3 hours, respectively. In this experiment, Ky;,(1A),

Kg4(M) and Ky14(A) were derived from E4(A) over the intervals of 10.9—14 cm, 17-21.8 cm, and 10.9-21.8 cm, respectively.
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95  In both experiments, LED lights powered by low-voltage direct current served as light sources: sixty-watt LEDs in the cold
laboratory and 100-watt LEDs in the freezer. The radiant intensity fluctuations for both light sources were maintained at less
than 5%(Zhang et al., 2023), which meets general stability standards for artificial light sources (Zhao et al., 2010). In the
cold laboratory experiment, a ‘T’-type thermocouple array was used to measure T}, profiles with a depth resolution of 2 cm,
while in the freezer experiment, four electronic thermometers measured the 7). of the ice layers between each pair of

100 adjacent irradiance probes.

Figure 1. Images of (a) cold laboratory experiment, (b) freezer experiment, and (c) probe bracket used in the freezer experiment.
2.2 Field validation in Liaodong Bay

Liaodong Bay, situated at the northernmost part of the Bohai Sea, is the lowest-latitude sea-ice-covered area in the Northern
105 Hemisphere. Its ice-freezing period typically extends from December to February. The substantial diurnal variation in air
temperature in Liaodong Bay, which can exceed 15 °C (Xu et al., 2012b; Zhang et al., 2023), provides a natural environment
for observing variations in K4(A) in response to changes in T}... The sea ice in Liaodong Bay is classified as seasonal sea ice.
Although most of the ice in this region consists of floating ice, the study focused on leveled, shoreline-fixed ice to ensure the
safety of field researchers (Fig. 2). For this type of sea ice, the T, of the upper layer is primarily influenced by air
110 temperature, while the T}, of the lower layer is regulated by water temperature (Xu et al., 2012b).
One validation experiment was conducted in Liaodong Bay from January 6 to 17, 2022. In this experiment, artificial holes
with diameters exceeding 1 m were drilled into the sea ice to accommodate optical probes. Maya 2000 spectrometers were
employed in both experiments, maintaining the same spectral and temporal resolutions as those used in the freezer
experiment. The probes were installed at depths of 4 cm, 10 cm, 15 cm, 23 cm, and 32 cm, fixed using type-‘L’ brackets.
115 Kg,(V), Ky (L) and Kyp3(R) were derived from E4(A) over the intervals of 4-10 cm, 10-15 cm, and 4-15 cm, respectively.
The E4(X) data from the last two probes were both excluded from the analysis, as the corresponding depth was not fully

frozen.
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Figure 2. (a) Location of the study area in Liaodong Bay and images of (b) placing optical probes, (c) the unfrozen observation
120  point, and (d) the frozen observation point.
2.3 Acquisitions of physical and bio-optical properties

2.3.1 Measurement of salinity and density

The physical properties of sea ice were obtained using standard ice coring and stratified techniques. Ice cores were sectioned

vertically into layers approximately 5 cm thick to determine salinity and density. Due to the inherently heterogeneous nature
125 of sea ice, both vertical and horizontal variations in its physical properties are significant. However, for the purpose of this

study, ice samples with lateral dimensions less than 50 cm were assumed to be horizontally homogeneous. The stratified ice

samples were transported to a laboratory maintained at approximately 5 °C and melted completely. The salinity of the

meltwater was measured using a conductivity salinometer.

The density of sea ice was determined via the gravimetric volume method. Each sample was machined into a cuboid with
130  dimensions of 10 cm x 10 cm % 5 cm. The mass (m;) was measured using a balance with a precision of 0.1 g, and the volume

(¥;) was determined using an electronic vernier caliper with a resolution of 0.01 mm. The density (p;) was then calculated as:

py =", (1)

2.3.2 Measurement of microstructure

The microstructure of sea ice was analyzed using a Fahrenheit cold table and a high-resolution digital camera. Ice samples

135  were first cut into 5 cm x 5 cm cubes and placed onto a glass plate maintained just above 0°C. After several minutes, the

5
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cubes adhered to the surface as the melt refroze. Each adhered sample was then sliced into thin sections (thickness < 1 mm)
using a paring knife.

The thin sections were observed under both polarized and natural light and photographed to document their internal
structures. A straightedge was placed adjacent to each section during imaging to provide a spatial reference. The number and

140  cross-sectional area of air bubbles and brine inclusions were quantified using the ImageJ image analysis software.

2.3.3 Calculation of absorption coefficient

The absorption properties of sea ice were determined using traditional ice core sampling. Each core was divided into several
5 em-thick sections, which were subsequently melted at approximately 5 °C. Between 50-200 mL of the meltwater was
filtered through 25-mm Whatman GF/F glass fiber filters under low vacuum conditions. The filters were then scanned using

145 a spectrophotometer (PerkinElmer Lambda 650S, Waltham, MA, USA) to determine the total particulate absorption

coefficient (a,(A)).
The total absorption coefficient of sea ice, awwi()), was calculated following the approach described in (Zhang et al., 2023):
atﬂtﬂ/()‘) = aiL'e(A‘) ViL'e+abrine(;\‘) Vb;’ine+ap()\')+aCDOMO") s (2)

Here, a; () and a;,;,.(A) represent the absorption coefficients of pure ice and brine, respectively. These parameters were
150 derived from the measurements of bubble-free sea ice by Grenfell and Perovich (1981), and seawater in the Arctic Ocean by
Smith and Baker (1981). The volume fractions V., and V,,,,. were estimated using the temperature-, salinity-, and density-

based empirical relationships proposed by Cox and Weeks (1983).

2.3.4 Calculation of scattering coefficient

The scattering coefficient was estimated based on the equivalent sphere approximation, which assumes that air bubbles and
155  brine inclusions can be modeled as spheres while preserving their total volume and surface area. The equivalent cross-

sectional area (y) for the inclusions was calculated as:
Y= J g N(reg)dreg, ®)
where 7,4 is the equivalent spherical radius, and N(r) is the number density of spheres (Light et al., 2003a, 2004).

Assuming that all inclusions are uniformly distributed and isolated, N(r,,) was approximated as:

1

160 N(req) = 00570.05%7

“

where / is the average vertical length of the inclusions. The radius r,; was derived from the measured cross-sectional area (S;,)

q

in the horizontal plane:

req:\/%’ )

The scattering coefficient (o) was then calculated as:
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165 o= [0 12 N(reg)dre (6)

Imin = sca
where O is the scattering efficiency, which was approximated as 2. This simplification is valid under the assumption that
the inclusions are significantly larger than the wavelength of visible light, as supported by previous studies (Light et al.,

2004).

3 Results
170 3.1 Optical and physical properties of experimental sea ice

The vertical profiles of the K4()) for different ice layers in the cold laboratory, freezer, and Liaodong Bay experiment are
shown in Fig. 3. In the artificially grown sea ice from the laboratory experiments, the surface ice layers consistently
exhibited higher K values than the deeper layers. Specifically, the K;(A) of the surface layers (Ky;,(A)) was greater than that
of the bottom layers (Ky3(A)) in the cold laboratory experiment, and Ky;,(A) was greater than Ky4(A) in the freezer
175 experiment (Fig. 3a and 3b). In the freezer experiment, K4(A) for the middle ice layer were not reported due to anomalous
measurements: the E4(L) in the third layer was unexpectedly higher than in the second layer, despite the absence of
instrument malfunction. Similar phenomena have been reported in previous studies (Pegau and Zaneveld, 2000; Ehn et al.,
2008; Xu et al., 2012a), although the underlying causes remain unclear. In contrast, natural sea ice from Liaodong Bay
exhibited an inverse vertical pattern, with the bottom layer showing a greater K4()) than the surface layer (Ky3(A)>K412(M),

180 Fig. 3¢).

The spectral behavior of Ky(A) displayed typical patterns across experiments. In the cold laboratory experiment, K4(A)
decreased monotonically with increasing wavelength (Fig. 3a). In the freezer experiment, K3(A) had a small peak around 440
nm. For the Liaodong Bay sea ice, K4(A) followed an exponential decay within the 430-580 nm range, and exhibited a slight
increase at wavelengths beyond 580 nm. Spectrometer measurements below 430 nm exhibited significant noise and were

185 therefore excluded from both the figures and the subsequent analysis.
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Figure 3. K4()) of different ice layers for (a) cold laboratory experiment, (b) freezer experiment, and (c) Liaodong Bay experiment.
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Apart from T, the physical properties of sea ice were only measured during the Liaodong Bay experiment. Fig 4a presents
190 the average T profile recorded in 2022, with all values exceeding —5°C and showing a slight increase with increasing ice
thickness. During the field temperature experiment, Liaodong Bay experienced a warming phase, with 7}, ranging from
—6.6°C to —1.2°C. The salinity profile exhibited a typical "C"-shaped pattern, with higher salinity values predominantly
observed in the bottom layers (Fig. 4b). Similarly, higher density was generally found in the middle and bottom layers (Fig.

4c¢), likely due to increased brine content in these layers.
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Figure 4. Average profiles of (a) temperature, (b) salinity, and (c) density for Liaodong Bay sea ice measured in 2022.

3.2 Variations of K;()) with T;.. in the cold laboratory experiment

Fig. 5a illustrates the temporal evolutions of the vertically averaged Ky(555) for different ice layers—namely, K4, (),
Kp3(A), and Kyp3(A)—under the cold laboratory experiment. The results show that once sea ice formed (indicated by a stable
200 T, < -2 °C), K4(555) mostly decreased with increasing 7}, and increased as 7} decreased. Regression and quantitative
analyses reveal significant differences in the influences of temperature changes on K, of different layers. Fig. Sb-5g depict
the spectral patterns of the correlation coefficient (R) between Ky(A) at wavelengths of 443, 469, 488, 531, 547, 555, 645,
667, and 678 nm and the corresponding T}, during six distinct temperature variation phases. Over 92% of Ky;,(X) showed a
negative correlation with Ti.., with R of typically below zero. The mean R between Ky;,(A) and T, at the respective
205 wavelengths were -0.48, -0.50, -0.50, -0.50, -0.48, -0.48, -0.42, -0.42 and -0.43, with p-values <0.01. For Ky,3(A), although
most correlations with 7., were also negative, the overall relationship was weaker than that observed for K;,(A). The mean
R values ranged from -0.08 to -0.26 across the wavelengths examined, with p-values <0.05, except that at 488 nm and 547
nm. In contrast, K4;3(A)exhibited consistently negative correlations with T}, with mean R values ranged from —0.55 to —0.66,

with p-values <0.001. The magnitudes of their linear regression were intermediate between those of Ky;,(A) and K3 (1).
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210 Figure 5. (a) Temporal evolutions of the Kg;3(555), Kq12(555) and Kg,3(555), and (b)-(g) slopes of linear regressions between T,
and Ky of different depth range at 443, 469, 488, 531, 547, 555, 645, 667 and 678 nm for six different temperature change processes
in the cold laboratory experiment. The legend in (b) are applicable to all sub-figures.

Nevertheless, positive correlations were observed in certain cases for both K, (1) and Ky,3(X). For example, during the first
warming phase (Fig. 5¢), K4;,(443) exhibited a positive correlation with T, (R = 0.05, p-value < 0.01), while in the second
215 warming phase (Fig. 5f), Ky, at 645, 667, and 678 nm also showed positive correlations (R = 0.13, 0.17 and 0.18; all with p-
value < 0.05). Additionally, during the first cooling phase (Fig. 5b), Ky3(A) from 531 to 678 nm showed significant positive
correlations with 7., with R values ranging from 0.24 to 0.52 (p-value < 0.01).
The variations of Ky(A) with T}, exhibited more complexity from the perspective of varying wavelength. The spectral
patterns of the R varied across temperature variation phases. For instance, during the first cooling phase (Fig. 5a), R for both
220 Ky, and Kyj; remained nearly constant across wavelengths, while R for K3 increased from negative to positive with
increasing wavelength. During the last cooling phase, R remained relatively stable across the spectrum. However, for the
remaining four warming and cooling processes, R varied considerably with wavelength. No clear pattern emerged in the
wavelength dependence of Ky()A) variation with Ti... But overall, K4;, and K3 showed more significant dependence on
wavelength compared to Ky;3. It is worth noting that the results for 412 nm are not shown here due to the multiple instances

225 of negative K4(412) observed in the cold laboratory experiment.
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3.3 Variations of K (A) with T;.. in the freezer experiment

The temporal evolution of the vertically averaged K(555) for different ice layers—Ky;,(A), Kgp4 (1), and Kyp4(A)—were also
examined under the freezer experiment to characterize the overall variation of Ky with T;., (Fig. 6a). The results closely
aligned with those obtained in the cold laboratory experiment. Overall, K;(555) exhibited a decreasing trend with increasing
230 Tj. and an increasing trend with decreasing T}, with some exceptions in the second warming phase, where K first
decreased and then increased with increasing 7;.,. This relationship was most clearly observed in the temporal evolution of

Kaio ().

To further quantify these relationships, linear regression analyses were conducted between 7. and Ky (Ky12, K4, and Ky4)
at wavelengths of 443, 469, 488, 531, 547, 555, 645, 667, and 678 nm. Fig. 6b-6e present the corresponding R across two

235  cooling and two warming phases. Specifically, the mean R values for the four temperature variation phases were -0.97, -0.88,
-0.96 and -0.51 for Ky, (with p-values <0.001 for the first three phases and <0.05 for the fourth), and -0.23, 0.49, 0.93 and
0.84 for K4 (with p-values >0.05 for the first phase and <0.01 for the remaining three), and -0.93, -0.79, -0.67 and 0.13 for
K414 (with p-values <0.001 for the first three and >0.05 for the last phase). Among the three layers, the influence of 7}, on
Kjy1,(A) was the most pronounced. Notably, Ky, exhibited trends opposite to those of Ky;, with respect to Ti.

240 In particular, the correlation between Ky and T, showed minimal spectral dependence across the examined wavelengths and
remained relatively consistent for each layer, except that for K4 in the first cooling phase, with R value decreasing with
increasing wavelengths (Fig. 6b). This is significantly different from that observed in the cold laboratory experiment. It is
noted that the K;(555) for the ice layer between the third and fourth probes were excluded from the analysis due to
anomalous measurements: the observed £4(A) at the third probe was consistently lower than that at the fourth probe, which is

245  hard to account for.
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Figure 6. (a) Temporal evolutions of the K4;4(555), K41(555) and K4,4(555), R values of linear regressions between T;., and K, of
different depth ranges at the center wavelength of MODIS in the freezer experiment: (b) cooling (-2~-9.1), (¢) cooling (-10.9~-23.9),
(d) warming (-25.1~-8.7), and (e) warming (-8.7~-1.2). The legend in (b) are applicable to all sub-figures.

3.4 Variations of K (A) with T; . in the Liaodong Bay experiments

Fig. 7 present the R values from linear regression analyses between T}, and K4(A) for different ice layers observed during the
2022 Liaodong Bay experiment. These analyses correspond to a general warming phase from January 11 to 17, 2022, during
which T, ranged from -6.6 °C to -1.2 °C and exhibited daily fluctuations. Unlike the results from cold laboratory and
freezer experiments, the influence of Ti,, on Ky(X) was relatively consistent across different ice layers in the field. For
example, Ky;,(X) was negatively correlated with 7., during the observation period, with a mean R value of -0.40 (mean p-
value <0.05). Similarly, K,3() also showed a statistically significant negative correlation with 7T}, (mean R = -0.39, p-value
< 0.05). Additionally, the correlation between Ky, and 7., exhibited minimal spectral dependence across the examined
wavelengths and remained relatively consistent. In contrast, Ky,; exhibited pronounced spectral variability: the R values for

its correlations with T} .decreased from 443 nm to 555 nm and then increased toward 678 nm.
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Figure 7. R values of linear regressions between T;.. and K, of different depth ranges at the center wavelength of MODIS in the
2022 Liaodong Bay experiments.

4. Discussion
265 4.1 Depth-dependent variations in K4(2) with T;., from the perspective of microstructure

The variations in K4(A) across different ice layers exhibited contrasting trends with respect to T;, in some cases (Figs. 5-6).
Specially, surface layers typically showed negative correlations between Ky(A) and T;.., while positive correlations were
more often observed in the bottom ice layers. To explore the underlying causes of these depth-dependent patterns, we
analyzed the number and size of air bubbles and brine inclusions in ice samples. Statistical summaries revealed that the
270 upper layers contained a greater number of inclusions compared to the lower layers (Fig. 8a). At depths of 0, 5, 10, 15, and
20 cm, the total counts of air and brine inclusions were 558, 285, 233, 82, and 98, respectively, with corresponding area
fractions of 3.63%, 2.24%, 2.74%, 1.61%, and 1.38%.
To further investigate the depth-dependent variation of Kg(A), the Vi, and V,;, were quantified in three artificially
partitioned layers: a 5-cm thick surface layer, a 10-cm thick middle layer, and a 5-cm thick bottom layer. These values were
275 estimated from measurements of T, salinity, and density. The results indicated that V,;. decreased with depth, while V} e
increased. Specially, the average V. values in the surface, middle, and bottom layers were 8.04%, 6.09%, and 5.02%,
respectively, whereas the corresponding average Vi, were 4.46%, 4.41%, and 5.75%. Furthermore, both V.. and Vi,
tended to increase with rising T;.. (Fig. 8b and 8c). For example, V;; increased from 4.72% to 10.72% in the surface layer,
3.33% to 9.93% in the middle layer, and 2.95% to 9.44% in the bottom layer. Although the magnitude of V,; changes was
280 similar across layers, the surface layer exhibited the greatest variability. (Fig. 8b). In contrast, the largest changes in Vy e

occurred in the bottom layer, increasing from 2.78% to 6.83%, 3.18% to 6.53%, and 2.54% to 9.44% in the surface, middle,

12
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and bottom layers, respectively. These differences in the variation patterns of V,; and Vy;,. among layers are likely key

drivers of the observed depth-dependent characteristics of Ky(A)—T;. relationships.

0 ) 10 15
Depth (¢cm)

12 -1.5 12 -1.5
(®

—e—surface 5 cm

~o--middle 10 cm

.\ © ~bottom 5 cm

Brine volume fraction (%)

1 2 3 4 5 6 1 2 3 4 5 6
Sample ID Sample ID

285  Figure 8. Variations of V,;, and V), with T;. at different depths of layers. It should be noted that the samples were arranged in
the order of increasing T;.. to better present the pattern of change.

The pronounced variation in V; observed in the surface layer coincided with a smaller V. (Fig. 9), a pattern likely linked
to brine drainage induced by the absorption of shortwave radiation. As solar energy is absorbed, it promotes melting along
grain boundaries, enhancing ice porosity and possibly triggering flushing or similar processes (Macfarlane et al., 2023). The
290 increase in V,; contributes to the rise in K, thereby explaining the observed negative correlation between K and T, in the
surface ice layer of Liaodong Bay. This process is driven by increased solar radiation during warmer periods, which elevates
both T;.. and V,;, thereby influencing K4(A). In contrast, laboratory experiments were conducted under artificial lighting
with minimal fluctuations in shortwave radiation. In the freezer experiment, the light intensity variation was limited to an
average of 4.3% over intervals shorter than one hour. In the cold laboratory experiment, over 80% of recorded fluctuations
295 were less than 3% (Zhang et al., 2023). This stable lighting environment was insufficient to significantly alter V.,
suggesting that the negative correlation between Ky and T, observed in laboratory surface ice primarily reflects thermal

rather than radiative effects.
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Figure 9. Relationships between V,;. and V), for the surface, middle and bottom layers, respectively.

300 In the bottom layer, changes in V;;, with T;.. were minimal, while V};,. exhibited the most significant variation (Fig. 9). This
layer contained the highest V},. and inclusion counts, resulting in extensive brine—crystal boundary interfaces. These
interfaces promote melting along grain boundaries during warming (Macfarlane et al., 2023; Dash et al., 2006). Unlike the
surface, the bottom layer is submerged and maintains a relatively low V., limiting the influence of flushing. Consequently,
changes in V,;, in this layer are largely attributed to thermal effects on V.. As brine inclusions melt, both Vi, and Vi,

305 increase due to the higher density of brine relative to ice (Light et al., 2003a). The formation of new air bubbles—referred to
as “active bubbles” —results from melting around brine inclusions. Their development is governed by changes in V., due
to the requirement for air-brine equilibrium in sea ice (Crabeck et al., 2019; Light et al., 2003a). The newly formed air
bubbles may subsequently migrate upward.

The middle layer exhibited intermediate changes in V;, and Ve, with trends more similar to those in the surface layer (Fig.

310 9). This may be related to reduced freeboard during flood tide sampling. Two samples from this layer showed Vi e/ Vair
ratios more akin to those in the bottom layer, possibly reflecting limited internal connectivity within the ice matrix.
Variations in the middle layer were more complex and less predictable, influenced by both melt progression and surrounding
hydrodynamic conditions. Additionally, the vertical stratification of ice is influenced by its crystalline structure, which in
Liaodong Bay transitions from granular ice near the surface to columnar ice at depth (Xu et al., 2012b). This structural

315 change also affects the spatial distribution of air bubbles, as the geometries of granular and columnar ice dictate different
patterns of air inclusion arrangement.

In summary, the variations in K4(A) with T, are primarily driven by changes in V;, in the upper ice layer, and by changes in
Virine In the lower layer. This distinction highlights the differing roles of air and brine inclusions, with upper-layer K4

variations dominated by air bubble dynamics, while lower-layer responses are more sensitive to brine inclusions.
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320 4.2 Depth-dependent variations in K,(A) with T, from the perspective of IOPs

To investigate the influence of V,;, and V,,,,. on sea ice optical properties, the scattering coefficient of different ice layers
were calculated using Mie theory, based on in situ microstructural measurements. Fig. 10 illustrates the variation in o across
four depth intervals: 0-5 cm, 5-10 cm, 10-15 cm, and 15-20 cm. Results show that the uppermost layer exhibits higher o
values compared to the deeper layers, primarily due to its higher air bubble content.

325 Although the trend in o with T}, was consistent across all layers, the relationships between Ky and T, vary with depth.
Given that the K is more sensitive to backscattering than to total scattering, further analysis focused on the variations in
scattering direction. According to the “similarity principle” for highly scattering media, K4 should remain consistent if the
similarity parameters (S) remains unchanged (Light et al., 2003b, 2004). The parameter S is approximated as: S = o(1-g),
where g is the asymmetry parameter representing the the mean cosine of the scattering angle (Van De Hulst, 1980). Based on

330 the freezing equilibrium model and the equivalent sphere theory, an increase in 7} leads to a higher inclusion aspect ratio
(), thereby increasing o. In the surface layer, the observed negative correlation between Ky and T}, implies that both ¢ and
g increase with T}, with the increase in g playing a more dominant role in reducing S and decreasing K. This indicates that,
in the upper ice layer, changes in scattering direction induced by air bubbles are more influential than changes in scattering
magnitude.

335 In contrast, the positive correlation between Ky and T} in the bottom layer suggests that o due to brine inclusions is the
dominant factor. However, when brine inclusions start to merge, their y decreases, leading to a reduction in ¢. This
mechanism may explain the frequently observed shift to a negative Ky-T.. relationship in the deeper layers. For instance, in
the cold laboratory experiment, K3 at specified wavelengths showed a negative correlation with T}, during the first
warming phase (Fig. 5b). Additionally, change in Ky with T, in deeper layers tend to be less pronounced, as evidenced by

340 flatter regression slopes and larger p-values (> 0.05). This muted response may result from attenuation of thermal signals as

they propagate downward through the ice column.
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Figure 10. o of layers with different ranges of depths.
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Unexpectedly, the o values calculated in this study using Mie theory were significantly lower than those reported in (Zhang
345 etal, 2023), where a two-stream radiative transfer equation was employed. The latter approach yielded relatively constant o
values and concluded that variations in K across the ice column were primarily driven by changes in scattering direction.
The reason for this discrepancy remains unclear. However, our findings further suggest that the dominant mechanisms
driving K variability with T} differ by depth: in surface layers, changes in the scattering direction of air bubbles prevail,

whereas in deeper layers, variations in scattering magnitude due to brine inclusions play a more significant role.

350 4.3 Driving factors of the wavelength-dependent variations in K3(») with T,

The observed variations in Ky with T}, exhibited wavelength dependence especially in the shortwave range for cold
laboratory experiment. To identify the driving mechanisms behind this phenomenon, the effects of changes in V., and V},;,,
on the aswmi()) were quantitatively assessed. This is because the wavelength dependence of the Ky spectra depends mainly on
the absorption properties, and the absorption coefficient of sea ice is dominated by two components, brine and pure ice. The

355 results show that the influence of V., and V},;,, on aww was relatively minor and more evident at longer wavelengths. For
example, in the upper ice layer, when T}, increased from -4.8 °C to -1.8 °C, @1i(488) and a/0i(667) decreased by 0.26%
and 1.65%, respectively. Similarly, in the lower ice layer, as T, rose from -4.6°C to -2°C, @w0m(488) and @owm(667)
decreased by 0.25% and 3%, respectively. These findings indicate that temperature-induced changes in V., and V,;,. are not
the primary contributors to the wavelength-dependent behavior of K.

360 Instead, the dominant factors are likely the temperature-driven variations in a,(A) and acpop(). This inference is further
supported by the observation that the wavelength dependence of Ky with T;,. was more pronounced in the lower layers of
Liaodong Bay sea ice compared to the upper layers (Figs. 5-7). The enhanced wavelength sensitivity in the lower layers is
plausibly linked to higher V},,,. and increased vertical brine porosity in the mid- and bottom-ice layers (Salomon et al., 2022),
which together facilitate intra-ice brine movement. This brine flow serves as the primary transport pathway for CDOM and

365 particulate matter, thereby amplifying the effects of @, and acpoy on Ky. The enhanced brine connectivity allows for more
dynamic redistribution of optically active substances, which contributes to the stronger wavelength dependence observed in

these layers.

4.4 Limitations and implications

The analysis of the driving factors from a microstructural perspective was based on variations in V;. and V,;,., which were
370 derived from temperature, salinity, and density measurements. However, several factors may comprise the accuracy of these
parameters, particularly due to the highly dynamic environmental conditions at the sampling sites. One primary limitation
arises from the influence of tidal cycles on salinity and density measurements. Since the ice cores were obtained in nearshore
areas, sea ice freeboard fluctuated throughout the day in response to tidal changes. These fluctuations led to variable brine

dynamics—brine infiltration during high tide and substantial brine drainage during low tide (Xu et al., 2012b). Additionally,
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375 brine loss during the sampling process further introduced uncertainties in the measured salinity and density, subsequently
affecting the derived estimates of V... Another source of uncertainty stems from the spatial heterogeneity of the sea ice.
The variation trends of V. and V},,;,. with T;,, were evaluated across multiple ice samples. Although the samples were
collected within a 5-meter radius, differences in physical and optical properties among them were inevitable. This
heterogeneity is especially pronounced in Liaodong Bay, where sea ice conditions are influenced not only by natural

380 variability but also by anthropogenic factors such as nearby oil-processing infrastructure and aquaculture operations.
Furthermore, the study did not directly measure the perimeters of individual inclusions, making it difficult to distinguish
between brine pockets and air bubbles. As a result, all inclusions were assumed to be spherical when calculating the
scattering coefficient. This simplification may underestimate the overall scattering effects, as brine inclusions are typically
elongated in the vertical direction and deviate from ideal spherical geometry in their optical behavior.

385 While a previous study focusing on the entire ice column demonstrated a significant negative correlation between Ky and T,
for young sea ice (Zhang et al., 2023), the current study reveals a more complex set of mechanisms. The relationship
between Ky and T, exhibits clear depth and wavelength dependence, emphasizing the need for layer-specific analysis.
Additionally, this study was limited to T, below —1.2 °C, as higher-temperature conditions correspond to “rotten” sea ice, in
which the optical effects of temperature are difficult to isolate or interpret reliably. Moreover, the sea ice remained frozen

390 throughout our measurements and did not undergo a complete freeze—thaw cycle.

It is also important to note that 7;,, was not the sole factor influencing changes in K. In field observations, variations in
incident shortwave radiation significantly contributed to the observed patterns. Moreover, the microstructural properties of
sea ice are not governed solely by the current thermal state but are also shaped by the meteorological and hydrological
conditions during the ice formation stage. To advance understanding of the processes that govern optical variability in sea

395 ice, future research should incorporate simultaneous, high-resolution and longer-time-series measurements of ice
temperature, microstructure, and downward spectral irradiance profiles across a broader temperature range, encompassing
both colder and warmer regimes. Such integrative observations will help elucidate the coupled effects of thermodynamic

evolution and optical behavior in natural sea ice environments.

5. Conclusion

400 This study aimed to investigate the characteristics and driving mechanisms underlying the variations of Kj(A) with T}
across different depths and wavelengths, based on synchronous observations conducted in controlled laboratory settings and
Liaodong Bay. The results revealed distinct depth-dependent patterns in the relationship between Ky(A) and 7. In the
surface layer, K4(A) and T}, exhibited a predominantly negative correlation, occurring in 95.96% of cases. In contrast, the
bottom layer showed a positive correlation in 38.38% of cases. No consistent wavelength-dependent trend was observed.

405 Some data showed that the linear regression slopes between K4(A) and T, were most pronounced in the blue-green band

range (443-555 nm), while most data showed minimal variations across the visible spectrum. Further analysis of the
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microstructural and optical properties suggested that the observed variations in K4(A) with T}, were primarily driven by
changes in V,;, in the surface layers and V. in the bottom layers. Additionally, the transport of particulate matter and
CDOM within brine channels may explain the occasional wavelength dependence in the shortwave region. This study
410 advances our understanding of the temperature sensitivity of sea ice light attenuation and highlights the need for further
research. Future efforts should aim to incorporate a broader set of environmental variables, such as incident shortwave and

longwave radiation, and to investigate K4(A) behaviour during the complete freezing—thawing cycles
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