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The recent rapid changes in Arctic sea ice have occurred not only in ice thickness and
extent, but also in the microstructure of ice. To understand the role of microstructure on
partitioning of incident solar shortwave radiation within the ice and upper ocean, this study
investigated the sensitivity of the optical properties of summer sea ice on ice
microstructures such as the volume fraction, size, and vertical distribution of gas
bubbles, brine pockets, and particulate matter (PM). The results show that gas bubbles
are the predominant scatterers within sea ice. Their effects on the scattering coefficient
and ice albedo are 5 and 20 times stronger respectively than the effect of brine pockets.
Albedo and transmittance of ice decrease with higher concentration and larger size of PM
particles. A 4-cm top layer of ice with high PM concentration (50 g/m3) results in a 10%
increase in radiation absorption. The role of ice microstructure in the partitioning of
radiation transfer is more important for seasonal than for multiyear ice, and more important
for ponded than for snow-covered ice. Varying ice microstructure can obviously alter solar
radiation transfer in the ice-ocean system, even with a constant ice thickness. Our results
suggest that numerical models should take the variable microstructure of sea ice into
account to improve model accuracy and to understand the interaction between internal
variations in Arctic sea ice and the ocean, especially in summer.

Keywords: Arctic, sea ice, microstructure, optical properties, radiation transfer
1 INTRODUCTION

Sea ice plays an important role in the atmosphere–ocean system of polar regions, where heat and
mass balances are influenced by the partitioning of solar radiation in sea ice (Hudson et al., 2013;
Mayer et al., 2016). Absorbed, reflected, and transmitted radiation by sea ice have received
increasing attention with rapid change in the Arctic Ocean. The absorbed solar energy within sea
ice result in variations in ice extent and thickness, which in turn affects energy transfer on regional
scales (Perovich et al., 2007; Pistone et al., 2014). The changing reflected radiation is a major factor
in seasonal ice retreat due to the contrast between the albedo of ice and water, known as the albedo
feedback (Kashiwase et al., 2017). The transmittance of radiation affects ocean temperature and
in.org May 2022 | Volume 9 | Article 8619941
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biological processes beneath the ice, which affect ice bottom
melting and primary production (Palmer et al., 2013;
Timmermans, 2015; Castellani et al., 2020; Hobbs et al., 2021).

Based on extensive field measurements, the partition of solar
radiation through sea ice has been linked with changes in ice
thickness, type, and surface condition to improve the
parameterizations of apparent optical properties (AOPs, i.e.
albedo, transmittance, and absorptivity) of ice (Perovich, 2002;
Katlein et al., 2019). These empirical relationships were
traditionally used in albedo estimations in climate models
(Briegleb et al., 2004). Such results were also used in large-scale
estimations for temporal and spatial variations of under-ice light
(Nicolaus et al., 2012; Arndt and Nicolaus, 2014). Furthermore,
exponential attenuation of light with depth is another widely
used method for simulating the under-ice light field (Perovich
et al., 2020; Stroeve et al., 2021; Castellani et al., 2022). Although
these parameterizations can provide a reasonable mean climate
state, they may differ considerably in response to a forcing
perturbation (Curry et al., 2001). Therefore, radiation transfer
models based on inherent optical properties are becoming a
more physically based method to simulate the evolution of ice
AOPs because of their explicit representation of scattering and
absorption by ice (Holland et al., 2012).

However, changes are also occurring within the ice interior
under the scenario of enhanced Arctic warming (Hunke et al.,
2011). For example, the bulk density of Arctic sea ice was lower
in the past decade than was reported in the 1990s, due to the
increasing porosity of ice (Wang et al., 2020). This decrease
occurred because pressure variation within sea-ice inclusions
directly impacts the aqueous–gaseous equilibrium, which
changes the volume of bubbles and brine pockets (Crabeck
et al., 2019). Meanwhile, both gas bubble and brine pocket size
change during melting (Light et al., 2003). Besides, particulate
matter (PM), such as sediment and algae, is often entrained into
Arctic sea ice, especially in summer (Dagsson-Waldhauserova
et al., 2014). These microstructures of sea ice are the key factors
that determine the inherent optical properties (IOPs, e.g.,
scattering coefficient, absorption coefficient, and asymmetry
parameter) of ice (Grenfell, 1991; Perovich and Grenfell, 1981;
Taskjelle et al., 2017). Such variations in microstructure resulted
in IOPs that differerd from previous observations, further
changing the energy absorbed in Arctic sea ice and that
transmitted to the upper ocean (Grenfell et al., 2006; Light
et al., 2015).

Several previous studies have investigated the linkage between
ice microstructure and optical properties (Light et al., 2004;
Frantz et al., 2019), but a comprehensive and quantitative
understanding of how microstructures affect the IOPs and
AOPs of sea ice is still missing, especially the role of different
kinds of inclusion with distinct variations (Vancoppenolle et al.,
2019; Wang et al., 2020). Furthermore, even in the latest models,
sea-ice IOPs are set as constants based on previous field
observations (Briegleb and Light, 2007; Perovich et al., 2020).
With enhanced warming and PM deposition in the Arctic, the
IOPs of sea ice based on earlier observations are no longer
appropriate to study the energy balance of the current Arctic,
especially in summer.
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In light of these ideas, a model sensitivity study was conducted
to quantitatively investigate howmicrostructures affect the optical
properties of sea ice. This paper is organized as follows. The
parameterization of IOPs and the radiative transfer model are
introduced in Section 2. Section 3 describes the influence of
microstructures on ice optical properties, and provides a
discussion. Section 4 gives the implications of the sensitivity
study for the Arctic Ocean. Finally, Section 5 draws conclusions.
2 METHOD

2.1 IOPs
The method proposed by Grenfell (1991) was used to
parameterize sea-ice IOPs as functions of the wavelength,
refractive index, size, and distribution of inclusions. Similar
parameterizations have been widely used to link ice
microstructure with optical properties and have been verified by
extensive observations (Mullen and Warren, 1988; Taskjelle et al.,
2017). This study followed the basic assumptions that pure ice can
absorb light, whereas gas bubbles can only scatter light (Grenfell,
1991), and that brine pockets and PM can both scatter and absorb
light. Furthermore, independent scattering was assumed for the
individual scatterers. Therefore, the bulk scattering coefficient (s),
absorption coefficient (k), and asymmetry parameter (g) of sea ice
can be obtained by the sum of the coefficients of each component,
as follows (Grenfell, 1991):

s = sb + sa + sp =
Z lmax

lmin

pr2bQ
sca
b Nb(l)dl+ 

Z rmax

rmin

pr2aQ
sca
a Na(r)dr + pr2pQ

sca
p Np

(1)

k = ki + kb + kp = kiVi +
Z lmax

lmin

pr2bQ
abs
b Nb(l)dl + pr2pQ

abs
p Np (2)

g =
gasa + gbsb + gpsp

s
(3)

where subscripts i, b, a, and p represent pure ice, brine pockets,
gas bubbles, and PM respectively, ki is the absorption coefficient
of bubble-free ice, Vi is the volume fraction of pure ice, r is the
radius of each inclusion, l is the length of each brine pocket,
Qsca and Qabs are the scattering efficiency and absorption
efficiency respectively, which can be calculated through the
refractive indices and size of inclusions by Mie theory, and N is
the size distribution function. This information can be found in
Table S1. The bulk absorption coefficients (kB), which are
described in the following sections, are derived by integrating
k weighted by the downwelling incident irradiance (F0), a
method that is also adopted in the Los Alamos sea-ice model
(CICE) (Briegleb and Light, 2007). The asymmetry coefficients
were fixed as ga = 0.86 and gb = 0.99, which are independent of
wavelength, because the bubbles and brine pockets are large
enough (Light et al., 2004), and PM particles are treated as
spheres so that gp can be obtained using Mie theory.

The effective radius of inclusions in a specific size range,
which can be obtained according to Hansen and Travis (1974),
was used when calculating Qabs and Qsca. Because brine pockets
May 2022 | Volume 9 | Article 861994
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given by channels longer than 0.03 mm are cylindrical rather
than spherical, a conversion function was used to represent
spheres as hexagonal columns with the same optical properties
(Grenfell and Warren, 1999).

2.2 AOPs
The Delta-Eddington multiple scattering model was used to
estimate sea-ice AOPs. This model is also embedded in CICE
and has been verified by extensive observations (Briegleb and
Light, 2007). The spectral albedo (al) and transmittance (Tl) are
represented by the proportions of reflected and transmitted
irradiance to incident irradiance, respectively, which can be
directly estimated through the radiative transfer model. The
spectral absorptivity (Al) can be expressed as:

Al = 1 − al − Tl , (4)

where the subscript l refers to wavelength. The broadband
albedo (aB), transmittance (TB), and absorptivity (AB) were
calculated by integrating the spectral values in the F0 band (l1
to l2). The symbols that are commonly used in the following
sections are summarized in Table 1.

2.3 Input Parameters
The wavelength band used in the present study extended from
350 nm to 1000 nm, which is consistent with most field
observations and model simulations (Light et al., 1998; Ehn
et al., 2008). Incident solar irradiance under an overcast sky in
August as described by Grenfell and Perovich (2008) was chosen
as the default (Figure 1). Hence, the simulated AOPs are based
on diffuse incident irradiance, which can be assumed
representative of summer conditions in the Arctic (Grenfell
and Perovich, 2008).

According to field observations in late April at Hudson’s Bay
(Ehn et al., 2008) the gas volume Va of melting blue ice varies
between 0.5% and 13% with an average of 2.6%, and the brine
volume Vb was found to vary between 4% and 30% with an
average of 14%. In the following study, the default values of Va

and Vb were assumed as 3% and 10%, respectively. The size of
observed gas bubbles in growing young ice in fall varies between
0.1 and 2.0 mm (Grenfell, 1983). Frantz et al. (2019) carried out
field measurements on the size of inclusions in landfast and
drifting ice in July in the Arctic. Their measurements showed an
average value of 3 mm (ranging from 1 to 5 mm) in July. The
length of brine pockets lb in first-year Arctic ice was found to
range from 0.01 to 8 mm at -15°C by Light et al. (2003).
Combining the above results led to the assumption that the
Frontiers in Marine Science | www.frontiersin.org 3
default ranges of ra and lb in summer ice were 0.5–2.0 mm and
0.5–10 mm, respectively. According to the field observations of
Light et al. (1998) in August in the Arctic, the default PM
parameters were set as concentration Mp = 5 g/m3 and radius
rp = 10 mm.
3 RESULTS AND DISCUSSION

3.1 Sensitivity Study
We quantitatively investigated how gas bubbles, brine pockets,
and PM affect the IOPs and AOPs of sea ice through several
sensitivity studies, which are described in this section. The ice is
regarded as a uniform layer with constant IOPs and default
thickness Hi = 1 m to highlight the influences of variations in
microstructures on the AOPs. The effects of surface properties
(snow or ponds) and different ice types on ice AOPs are
presented in Section 4.2.

3.1.1 Influence of the Incident Irradiance F0
Variations in albedo aB and transmittance TB with incident
irradiance F0 were first examined by setting the ice properties as
the default values. Three radiation spectra in the summer Arctic
measured by Grenfell and Perovich (2008) and a white spectrum
(WS, F0 = constant over all wavelengths) were chosen as the
input spectra for comparison. To avoid the influence of the solar
zenith angle on the AOPs, all incident irradiances were measured
under a completely overcast sky. Figure 1 shows that the
estimated ice aB and TB were larger under the three measured
solar irradiances than under WS due to the particular spectral
distribution of sunlight. There were also small differences among
the solar irradiances. The biggest difference compared with
AOPs under the default irradiance (Aug. 7) appeared on Sep.
10: the default case gave aB = 0.40 and TB = 0.09, but on Sep. 10,
aB = 0.42 and TB = 0.10. This occurred because what affects the
AOPs is the spectral distribution of the incident irradiance, but
not the intensity (Lu et al., 2018). The influence of irradiance on
AOPs is ignored in the following study to highlight the influence
of microstructures on the AOPs of ice.

3.1.2 Influence of Gas Bubbles
To examine the influence of gas bubbles on the AOPs of ice, the
properties of the gas bubbles were first set to the default values
except for the gas volume fraction (Va). When Va increased from
2% to 10%, the scattering coefficient s changed from 40.1 m-1 to
130.5 m-1 due to the increasing boundary area of the gas bubbles
TABLE 1 | Summary of symbols and variables used a.

Parameter of inclusions IOP AOP

N distribution function s scattering coefficient a albedo
r, l radius, length k absorption coefficient T transmittance
V volume g asymmetry parameter A absorptivity
M concentration
Ma
y 2022 | Volume 9 | A
aSubscripts are not shown here. a, b, and p in the inclusion parameters and IOPs represent gas bubbles, brine pockets, and particulate matter respectively. l is defined only for brine
pockets, and M is used only for PM. l and B of AOPs indicate spectral and broadband values, respectively.
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(Figure 2A). In addition, the broadband absorption coefficient
kB decreased from 1.22 m-1 to 1.12 m-1 due to the decreasing
volume of absorbers, and the asymmetry parameter g changed
from 0.92 to 0.88 because gas bubbles with small g made a
stronger contribution to the ice scattering coefficient (see
Equation 3).

Figure 2B shows the resulting changes in the broadband
AOPs. The broadband albedo aB changed from 0.36 to 0.57
when the volume of gas bubbles Va increased from 2% to 10%.
For the broadband transmittance TB, the change was from
0.13 to nearly 0.02. aB and TB are both sensitive to Va, but
the relations are not linear. The effect of Va decreased with
increasing s. A similar situation was also seen for TB. The
bubbles affected the spectral albedo al throughout the entire
study band (Figure S1), but the effects in the UV-optical band
were more evident than those in the near-IR band, due to the
large IR absorption coefficient of ice. The impacts of bubbles on
the spectral transmittance Tl were mainly concentrated in
wavelengths shorter than 850 nm. For longer wavelengths, Tl
was nearly zero due to strong absorption in ice.

Apart from gas content, previous studies have reported that
an increase in gas bubble size can cause changes in surface albedo
(Mullen andWarren, 1988). To obtain a sufficient understanding
of this mechanism, different ranges of bubble radius ra with a
constant volume Va = 3% were considered; the results are shown
Frontiers in Marine Science | www.frontiersin.org 4
in Figure 3. Note that these ranges were determined arbitrarily
because only a few studies have been performed of variations in
the gas bubble size distribution Na in summer ice, but they are
reasonable considering previous studies (Light et al., 2003; Frantz
et al., 2019). The results showed that a constant Va leaves the
absorption in ice unchanged (kB = 1.21 m-1, Figure 3A), but that
the impact of variable ra on scattering, and consequently on the
AOPs, is clear. The lower limit of ra affected the AOPs less than
the upper limit. The broadband albedos aB (or transmittances
TB) for ra ranges of 0.1–2 mm, 0.05–2 mm, and 0.01–2 mm were
nearly identical, and the scattering coefficient s remained almost
the same. If the upper limit increases from 1 mm to 2 mm (for
example as an effect of warming), the average aB changes from
0.51 to 0.42, and TB simultaneously increases to more than twice
the original value. The reason is that large bubbles contribute
more to total Va than small bubbles (Crabeck et al., 2016),
meaning that small bubbles have only a slight effect on s.
Besides, the decrease in al showed a spectral variation, in
which changes at shorter wavelengths were larger (Figure S1).
The variations in Tl were the largest at wavelength l ≈ 500 nm,
as can also be seen in Figure S1.

3.1.3 Influence of Brine Pockets
As the brine volume fraction Vb increased from 5% to 30%, the
scattering coefficient s increased from 42.8 m-1 to 86.1 m-1
FIGURE 1 | Broadband albedo aB and transmittance TB of ice with default parameters under different solar irradiances. The corresponding spectral irradiances are
shown in the same color in the top right corner. Also shown in grey marks are the AOPs under a white spectrum (WS, F0 = constant over all wavelengths). Incident
irradiance on Aug. 7 was the default value of F0.
May 2022 | Volume 9 | Article 861994
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(Figure 4A). The effects of the increasing volume of brine
pockets on s were about one-fifth those of gas bubbles because
the refractive indices of brine pockets and pure ice are close. The
absorption coefficient kB and the asymmetry parameter g
changed from 1.27 to 0.97 m-1 and from 0.89 to 0.94,
Frontiers in Marine Science | www.frontiersin.org 5
respectively. Broadband albedo aB increased from 0.40 to 0.43
as Vb increased from 5% to 30% (Figure 4B), showing only about
one-twentieth of the effect of gas bubbles. Almost no changes
were seen in broadband transmittance TB with Vb because the
effect of decreased absorption largely counteracted that of
A B

FIGURE 3 | (A) IOPs and (B) broadband albedo aB and transmittance TB with changing gas bubble radius ra at a constant volume Va = 3%. The corresponding
spectral AOPs are shown in Figure S1B in supporting information.
A B

FIGURE 2 | (A) IOPs and (B) broadband albedo aB and transmittance TB with increasing gas bubble volume Va from 2% to 10%. The corresponding spectral AOPs
are shown in Figure S1A in supporting information.
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https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Yu et al. Ice Microstructures Affect Radiation Transfer
increased scattering. Unlike the situation with gas bubbles, the
brine pockets affected al throughout the entire study band to a
similar degree (Figure S2A).

Next, we set Vb to 10% and investigated the effects of six
selected ranges of brine pocket length (lb) on the AOPs, as
Frontiers in Marine Science | www.frontiersin.org 6
illustrated in Figure 5. In general, the lower limit of brine pocket
size had more influence on the scattering coefficient s and the
absorption coefficient kB than the upper limit. This situation
occurred because even large brine pockets have a relatively small
equivalent radius (Grenfell and Warren, 1999). Hence, the
A B

FIGURE 4 | (A) IOPs and (B) broadband albedo aB and transmittance TB as brine pocket volume Vb increased from 5% to 30%. The corresponding spectral AOPs
are shown in Figure S2A in supporting information.
A B

FIGURE 5 | (A) IOPs and (B) broadband albedo aB and transmittance TB with changing brine pocket length lb in ice at a constant brine volume Vb = 10%. The
corresponding spectral AOPs are shown in Figure S2B in supporting information.
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extensive small pockets contributed predominantly to scattering
and absorption. An increase of lb at the lower limit decreased s
more than an increase at the upper limit, with impact on aB. For
instance, for three lb ranges, from 0.05 to 5 mm, 0.1 to 5 mm, and
0.5 to 5 mm, aB was 0.49, 0.48, and 0.47 respectively. However,
for lb ranges from 0.1 to 5 mm and 0.1 to 10 mm, s and kB were
similar, as was the resulting aB. The transmittance, TB, increased
when the upper and lower limits increased. However, the upper
limit had less influence. For three lb ranges of 0.05 to 10 mm, 0.05
to 5 mm, and 0.1 to 5 mm, TB increased by about 0.002 (2.2%)
when the upper limit increased from 5 to 10 mm, but by 0.008
(11.3%) when the lower limit changed from 0.05 to 0.1 mm.

3.1.4 Influence of PM
Taking sediment as an example, the effects of PM on ice IOPs
and AOPs are shown in this section. Other kinds of PM are
discussed in later sections. Unlike gas bubbles and brine pockets,
sediment is deposited mostly in the shallow top layer of ice (Light
et al., 1998). Therefore, an abundant PM layer was added to the
top 5 cm of the uniform ice structure, following Marks and King
(2013). In this layer, the concentration of PM (Mp) varied from
10 to 200 g/m3, and the particle radius rp varied from 10 to 200
mm. Below, in the remaining 95 cm of ice,Mp was 5 g/m

3, and rp
was the same as in the top layer.

The radius rp and concentration Mp of PM can influence the
ice AOPs (Figure 6). The scattering and absorption coefficients
(sp, kp) of PM increased with increasingMp, with kp rising faster
than sp (not shown here). Consequently, albedo aB and
transmittance TB decreased with increasing Mp. Furthermore,
the rates of decrease were small when Mp was sufficiently large
because the changes in PM-IOPs were decreasing with increasing
Frontiers in Marine Science | www.frontiersin.org 7
Mp. Taking rp = 20 mm as an example: aB decreased by 0.016
(3.2%) as Mp changed from 10 to 20 g/m3, but by 0.007 (2.2%)
when Mp changed from 190 to 200 g/m3. The corresponding
drops in TB were 0.003 (2.6%) and 0.002 (2.0%), respectively.
When the radius was sufficiently large (e.g., rp > 100 mm), the PM
concentration had almost no effect on aB and TB. This was the
case because the ‘self-shading effect’ is more obvious for larger
particles, which resulted in the absorption in sea ice not
increasing concurrently with Mp (Light et al., 1998). Below a
specific concentration, aB and TB increased with radius due to
the change in the total PM surface area, and the magnitude of the
increase became greater with concentration. Comparing the two
cases of Mp = 20 and 200 g/m3, aB increased by 0.128 (30.3%)
and 0.323 (166.6%), respectively, when rp changed from 10 to
200 mm. This amounted to TB doubling and more than
tripling, respectively.

Due to different times of deposition, the thickness of the
abundant PM layer can vary. This study therefore examined how
the thickness of this layer affected the AOPs. The concentration
Mp of the upper layer was 50 g/m

3, compared with 5 g/m3 in the
lower layer. The particle radius was held constant at 10 mm. The
thickness of the upper layer ranged from 4 to 20 cm, following
Light et al. (1998). As the upper layer became thicker, albedo and
transmittance decreased gradually (Figure 7A), but the
reduction was not the same in different bands (Figure 7B).
The decrease was more obvious for wavelengths shorter than 800
nm because ice becomes the predominant absorber at longer
wavelengths. For instance, at 400 nm, albedo decreased by 0.136
(34.8%) as the thickness of the upper layer changed from 4 to 20
cm, but at 900 nm, the decrease was 0.011 (7.5%). At 850 nm,
transmittance was nearly zero, but in the other bands,
A B

FIGURE 6 | Sensitivity of broadband (A) albedo and (B) transmittance to the concentration Mp and size rp of PM particles. The PM is distributed evenly within the
top 5 cm of ice.
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transmittance was reduced as the upper layer thickness
increased, and the rate of change with thickness slightly
decreased, although not as clearly as in the case of albedo.

3.2 Evolution During a Warming Process
Gas bubbles and brine pockets change continuously with ice
temperature. It is interesting to study the effects of ice
microstructure on AOPs during an idealized warming process.
Due to the absence of field observations of variation in
microstructures, laboratory measurements of brine inclusions
in springtime Arctic ice (ice thickness is 20 cm) from Perovich
and Gow (1996) were used. The brine volume Vb and the cross-
sectional area were documented. The radius of the brine pocket
cross-section (rcb) can be calculated from the area assuming that
brine pockets are cylindrical. Next, the aspect ratio function from
Light et al. (2003) was used to obtain lb. As for the gas bubbles,
sea-ice phase diagrams (Cox and Weeks, 1983; Leppäranta and
Manninen, 1988) were used. The error ranges of the temperature
and salinity measurements were ± 0.1°C and ± 0.2 ppt,
respectively (Perovich and Gow, 1996). The ranges of gas
bubble volume Va are plotted as red bars in Figure 8A. The
initial radius of the gas bubbles ra was assumed as 0.5 mm, but
when the temperature increased, the gas bubbles tended to
become larger (Light et al., 2003; Crabeck et al., 2019). The
number of bubbles was assumed constant, and ra increased with
Va. In this way, AOPs at different ice temperatures can
be obtained.

As shown in Figure 8A, rcb and lb were nearly constant at low
ice temperature, and the brine pockets grew rapidly when the ice
temperature was high enough (> -2°C). On the contrary, the
changes in gas bubbles were not clear due to experimental errors.
Frontiers in Marine Science | www.frontiersin.org 8
According to the maximum and minimum Va, distinct trends of
albedo aB with temperature can be found, as shown by the red
area in Figure 8B. This implies that the gas bubbles have a
predominant role in melting-ice AOPs, even without variations
in ice thickness. Although the changes in aB and TB were not
identical under different Va, the ice absorptivity AB was relatively
stable. Indeed, AB was nearly constant (0.19) when ice
temperature increased from -10°C to -2°C, then decreased to
about 0.15 at -1°C. This was due to the abundance of brine
pockets, which have less absorptivity than pure ice.

3.3 Comparison With Other Studies
Validation of the present method with available information
encounters limitations because only a few studies on the optical
properties of sea ice make any mention of microstructures.
Figure 9A shows a comparison of variations in albedo with Va

in the present study (Figure 2) and other studies. Although only
the gas content is considered here, the present results agree with
other studies. There was no PM reported in these compared ices.
Other details can be found in Table S2. The albedo in Grenfell
(1983) was greater than in the present study because their gas
bubble size was small (0.1–2 mm). Ice thickness in Mobley et al.
(1998) was 1.74 m, which resulted in a greater albedo. The blue
ice in Grenfell and Maykut (1977) was saturated with meltwater,
which was the reason for its lower albedo. These comparisons
confirm the ability of microstructure-dependent IOPs to predict
AOPs. The predominant role of gas bubbles in sea-ice albedo was
also verified because they have stronger effects on the scattering
coefficient than brine pockets (Sections 3.1.2, 3.1.3).

Next, the estimated AOPs were compared according to the
microstructure-dependent IOPs (Section 2.1) and the constant
A B

FIGURE 7 | (A) Broadband and (B) spectral albedo and transmittance in different bands as functions of the upper-layer thickness of sea ice containing PM at high
concentration (50 g/m3).
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IOPs (parameterization in CICE), as shown in Figure 9B. The
observed spectral albedos of melting white and blue ice in late
April 2005 were measured by Ehn et al. (2008) in western
Hudson’s Bay. They also recorded the layered volume fractions
of gas bubbles and brine pockets and the effective radius of
scatterers, which ranged in blue ice from 0.297 to 2.75 mm and
from 0.107 to 2.75 mm in white ice. In the following
comparisons, it was assumed that the gas-bubble radius of the
two types of ice (white ice and blue ice) was consistent with the
effective radius and that the brine pocket length ranged from 0.05
to 10 mm. The PM concentration in the upper layer of ice was
recorded by Ehn et al. (2008), but the refractive indices and sizes
of the particles were not included in their study. Hence, the
default PM parameters in the present study were adopted.

As shown in Figure 9B, the estimated broadband albedo
depends on the microstructure-dependent IOPs agree better with
the observed results than do the constant IOPs. The specific
differences in the shape of the spectral albedo can be explained by
the PM parameters not corresponding to reality. The PM
concentration was greater in blue ice (2.9 g/m3) than in white
ice (0.013 g/m3), and therefore the difference in the shortwave
Frontiers in Marine Science | www.frontiersin.org 9
band of blue ice is more obvious. Clear overestimation can be
seen in the broadband albedo of blue ice by the CICE-IOPs
parameterization, as well as underestimation for white ice. This
behavior occurs because the thickness of the top porous layer in
the CICE parameterization is controlled by ice thickness. This
assumption overestimates the porosity and scattering coefficient
of the blue ice surface layer (no obvious porous layer) and
underestimates them for white ice (0.17 m porous layer),
which results in the estimated broadband albedos of blue ice
and white ice being nearly identical. Hence, fixed IOP
parameterization is not suitable for different ice types, and
inaccurate representation of ice microstructure results in large
uncertainties in AOP estimation.

Apart from PM, another possible uncertainty of
microstructure-dependent IOPs is introduced by the size
distribution functions of gas bubbles and brine pockets. The
functions used here were obtained at a temperature of -15°C
and were chosen because of the very limited available data. At
high temperatures, the distributions shift toward larger sizes
(Light et al., 2003; Perovich and Gow, 1996). Because the effects
of brine pockets on AOPs are very limited compared with those of
A

B

FIGURE 8 | (A) Changes in inclusion volume and size during warming (data from Perovich and Gow, 1996); (B) changes in albedo aB, transmittance TB, and
absorptivity AB of ice during the warming process. Note that the range of values obtained for albedo and transmittance is due to the range of values for Va.
May 2022 | Volume 9 | Article 861994

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Yu et al. Ice Microstructures Affect Radiation Transfer
gas bubbles (Figures 2, 4), the influence of the size distributions of
gas bubbles is regarded as the main discussion target. Generally,
the influence of bubble size distribution is more obvious on the
broadband transmittance TB than on the broadband albedo aB

because the content of small bubbles is more sensitive to the
exponent of the distribution power law (Figure S3). However, the
distribution of bubbles in natural sea ice is unlikely to show much
variation. For comparison, an exponent of -1.5 was used by Light
et al. (2003) and one of -1.24 by Grenfell (1983). The deviation of
aB was 0.004 (0.9%) between these two distributions under the
default ice parameters. The corresponding deviation of TB was
0.003 (3.1%). Therefore, the results in Section 3.1 derived from the
distribution function at -15°C can be considered acceptable.
4 IMPLICATIONS FOR THE ARCTIC

4.1 Influence of Interannual Difference in
Ice Microstructure
It is straightforward to check the effects of different ice
microstructures on sea-ice AOPs in the real Arctic. Wang et al.
(2020) reported the volume fractions of gas bubbles and brine
pockets within summer sea ice in the Arctic Ocean for 2008–
2016, which was used in this section. The mean volume fractions
of gas bubbles Va and brine pockets Vb in ice cores were
calculated for different years, and PM information was not
included in this dataset. A constant ice thickness of 1 m was
also adopted here to highlight the effects of microstructures.

Differences in gas bubbles and brine pockets resulted in
changes in ice IOPs (Figure 10). The bulk Va ranged from
11.6% to 18.5% during the period from 2008–2016, and Vb
Frontiers in Marine Science | www.frontiersin.org 10
ranged from 5.1% to 16.5% concurrently. It can be seen that
changing microstructures affect the ice scattering coefficient s
more than the absorption coefficient kB or the asymmetry
factor g. The s in 2008, 2012, and 2014 were larger than those
in 2010 and 2016 by ~30%. Although Vb in 2016 was the greatest
(16.5%) in these five years, the ice scattering coefficient s was
relatively small (159.6 m-1). This confirms the role of Va in s.

Figure 10 shows that differences in microstructure have a
minor effect on albedo, but their effects on transmittance are
evident. In these five years, changing ice microstructure
introduced an uncertainty of 0.08 in the estimated albedo
(11.1%-12.5%) and of 0.02 (47.5%-90.5%) at most in the
estimated transmittance. Taking the ice in 2008 and 2016 as an
example, the variations in microstructure changed the ice albedo
by only 5%, but increased transmittance by 90.5%. An increasing
absorption by sea ice (8%) can also be seen. Given the incident
solar irradiance of 100W/m2, the different sea-ice microstructure
between 2008 and 2016 resulted in ~2 W/m2 more radiation
transmitted through the ice. If the accumulated PM in the ice
surface is considered (5 g/cm3 PM in the 5-cm surface layer), the
increase in absorbed radiation will be greater (by ~4.7 W/m2)
due to an increase in kB. Increasing solar radiation absorbed by
either sea ice or the underlying ocean encourages melting of the
ice cover, and therefore the fixed optical properties of sea ice are
not enough to describe such a process.

4.2 Effects of Microstructure Under
Different Sea-Ice Conditions
Uniform bare ice was considered in Section 3.1 to highlight the
effects of microstructures, resulting in a relatively narrow variation
range of ice AOPs compared with observations. It would be
FIGURE 9 | Comparisons of albedo (A) as a function of Va between present and previous studies, and (B) according to the microstructure-dependent IOPs (dashed
lines) and the CICE-IOPs parameterization (dot-dash lines). The field observations (solid lines) come from Ehn et al. (2008). Also shown is the broadband albedo on
the left. Note that the albedos of blue and white ice according to CICE-IOPs are nearly identical and hence overlap and that the step behavior is due to different
spectral bands in the CICE parameterization.
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interesting to study the impact of microstructures under various
sea-ice conditions based on these idealized results for bare ice.

Sea-ice properties change with the age of the ice. Multiyear ice
has more gas bubbles than first-year ice (9.3% vs. 2.6%) due to
brine drainage in previous seasons (Perovich, 2002; Ehn et al.,
2008). Hence, the effect of the same changing gas bubbles on
AOPs of first-year ice is approximately five times that of
multiyear ice, according to Figure 2. Analogously, Mark and
King (2013) demonstrated that the albedo offirst-year ice is more
sensitive to additional PM than that of multiyear ice.
Furthermore, saline first-year ice is more prone to brine
convection events, which then enhance gas exchange in sea ice
(Jardon et al., 2013). In other words, gas bubbles change more
easily in first-year ice than in multiyear ice. This suggests that ice
microstructures play important roles in seasonal AOP changes,
and that their effects will likely become more pronounced with
the expected decline of multiyear ice (Stroeve and Notz, 2018)
and the changes in the structure of first year ice (Veyssière et al.,
2022) in the future Arctic.

Ice surface conditions also affect ice AOPs. In the Arctic, snow
accumulates mostly between August and the following April,
especially in autumn (Nicolaus et al., 2021). Due to the strong
scattering of light on snow, most of the effects of ice
microstructures on AOPs are removed by snow protection.
Marks and King (2013) demonstrated that ice microstructures
still have an effect on AOPs in the presence of a 5-cm wet snow
cover. Besides, variations in gas bubbles and brine pockets become
notable only at an ice temperature approaching -2°C (Figure 8A).
Therefore, it can be deduced that the effects of ice microstructures
on AOPs of snow-covered ice in the cold seasons are limited.
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However, things are different for sea ice covered by melt
ponds. Ponded ice has lower albedo and higher transmittance
than bare ice, and its AOPs mainly depend on the depth of the
pond and on scattering by the underlying ice (Lu et al., 2016).
The results in Section 3.1 are still applicable to the IOPs of the
underlying ice. Due to the high absorption of ponded ice,
changes in summer are clearer in ponded ice than in bare ice
(Perovich, 2002). These changes in ponded ice not only increase
the area and depth of ponds, but also result in fewer bubbles,
darkening the underlying ice. The scattering coefficient of this
darkened ice is less than 0.1 times the scattering coefficient of
light-colored (white/grey) ice (Malinka et al., 2018). This will
enhance the increase in absorbed and transmitted radiation by
ponded ice.

4.3 Implications for Models and
Ice-Ocean Interactions
Using constant IOPs introduces uncertainties when estimating
ice AOPs (Figure 9). These remind us that more attention is
needed to the further effects of changing IOPs on modeling
Arctic sea ice, especially in the summer.

First, gas bubbles have been found to have an effect more than 20
times stronger than brine pockets on albedo (Sections 3.1.2, 3.1.3).
The results in Figure 8 show that the microstructures change
sharply when the ice temperature rises above -2°C, which is a
representative ice temperature from June to August (Frantz et al.,
2019). In natural ice, gas bubbles in brine pockets escape to the
atmosphere by buoyancy when individual pockets are sufficiently
large and connected (Crabeck et al., 2019). The decreasing gas
volume (Figure 2) results in a decreasing scattering coefficient and
FIGURE 10 | IOPs and partitioning of radiation on Arctic ice in different years. The data used were obtained from summer ice cores sampled in the Pacific Sector of
the Arctic (Wang et al., 2020). PM is not considered here.
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albedo, as seen in the results in Figure 8 with low gas content.
Similar trends have been observed in the ice extinction coefficient,
which is another kind of IOP used in exponential models and which
can be expressed as a function of both the scattering and absorption
coefficients (Grenfell et al., 2006). For example, decreasing
extinction coefficients were observed in melting multiyear ice
(June to August) in field measurements by Light et al. (2008), and
Perovich and Grenfell (1981) reported that ice albedo decreased by
18.4% when ice temperature increased from -10°C to -2°C in a tank
study. Therefore, it can be suspected that replacing gas in bubbles by
brine convection is the predominant process that affects melting-ice
AOPs. This process is seldom considered in current models. A brine
volume Vb = 7.5%–10% was suggested by Zhou et al. (2013) as the
critical threshold for upward transport of gas bubbles.

Unlike gas bubbles and brine pockets, PM does not change
with ice temperature, but accumulates over time from
atmospheric deposition and primary production. Figure 7
shows the effects of PM on ice AOPs using the case of
sediment as example. A 4-cm upper layer of ice that contains
PM at a high concentration of 50 g/m3 results in 10% more
radiation absorbed in ice, which promotes surface-layer ice
melting. Marks and King (2013) showed that about 0.1 g/m3

black carbon in the ice surface layer can result in over 10% more
absorbed radiation in first-year ice. This demonstrates the
differences between different types of PM on the ice surface.
Additionally, the effects of PM also depend on its vertical
distribution because PM is not always deposited on top of the
ice. In 2-m ice with a 20-mm layer of algae at the bottom, 300
mg/m2 algae reduce ice transmittance by more than a factor of 10
at 450 nm (Grenfell, 1991). However, the effects of algae on
albedo are not evident. In summary, not only the PM
concentration, but also its type and vertical distribution are
needed to understand the effects of PM.

Second, Figure 8 shows that ice IOPs vary with temperatures
due to changing microstructure. These differences result in
changes in solar radiation transfer in the air-ice-ocean system,
even with constant ice thickness, which agrees with field
observations. For example, the extinction coefficient of bare ice
decreases continuously from 1.6 to 0.7 m-1 from June through
August and then increases (Light et al., 2008; Katlein et al., 2021).
For 1-m thick ice, due to changing microstructure, transmitted
radiation through ice increases by a factor of ~1.4 from June
through August. This difference means ~10 W/m2 more
radiation reaching the ocean water (assuming 100 W/m2

incident radiation on ice). In addition to seasonal differences,
there are also inter-annual differences in ice IOPs. Figure 10
shows a relative difference in the scattering coefficient of 26.8%
between 2008 and 2016. Similarly, the extinction coefficient of
melting multiyear ice during SHEBA [~0.7 m-1, Grenfell et al.
(2006)] was smaller than the observed value (~1.5 m-1) in
Grenfell and Maykut (1977). These seasonal and inter-annual
differences change the transmitted radiation through the ice.
Using constant values derived from previous observations
inevitably introduces uncertainties to sea-ice models.

Finally, the differences in sea-ice microstructures appear to
affect the ice melt by changing the heat flux from the upper
ocean, but not by directly absorbed radiation. This occurs
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because the variations in absorption during ice warming are
not large compared to changes in transmittance (Figure 8B).
This interpretation is also justified by Figure 10. Mayer et al.
(2016) also demonstrated that most of the energy imbalance of
the Arctic climate system warms the ocean and that a
comparatively small fraction goes into sea-ice melting.
Previous studies explained the increasing transmitted radiation
into the Arctic Ocean by decreasing ice thickness (e.g. Perovich
et al., 2020; Stroeve et al., 2021), but the microstructure of ice was
ignored. The results in Figure 8, 10 imply that changing sea-ice
microstructures alone clearly affect ice transmittance. Ice
microstructures and visible ice properties (e.g., thickness,
extent, etc.) would together influence the under-ice light field
and the temperature of the upper ocean. As a result, the melting
of sea ice from the bottom is affected by the warmer ocean. In
addition to thinning, sea ice becomes porous with melting, which
affects the IOPs of sea ice in turn. If the interaction between the
sea-ice microstructure and the ocean are considered in future
sea-ice models, the predicted decrease in ice thickness will be
changed, possibly bringing modeled Arctic developments into
better agreement with reality.
5 CONCLUSIONS

In this study, extensive investigations were conducted to present
a quantitative view of how variable microstructure (gas bubbles,
brine pockets, and PM) affect the IOPs and AOPs of sea ice. The
results demonstrated that the volume and size of gas bubbles and
brine pockets change ice IOPs. Furthermore, gas bubbles have a
stronger effect on ice scattering capacity than brine pockets. PM
is a powerful absorber in ice, and its deposition on ice can reduce
transmittance. The influence of PM on albedo also depends on
ice stratification. Our study of warming ice suggests that gas
bubbles play an important role in the AOPs of melting ice.
Differences in ice IOPs alone have been clearly shown to change
the solar radiation through the ice. These findings suggest that
the default values of the optical parameters used in current sea-
ice models may need to be taken as variables. Considering the
variations of ice microstructures is helpful to improve model
accuracy and to understand the interactions between ice
microstructures and ocean in the changing Arctic.

Future research on the dynamics of brine pockets and gas
bubbles during summer warming would be most helpful for
understanding the evolution of sea-ice IOPs. In particular, one
major issue is the variability of the size and volume of gas bubbles
when ice permeability increases. In addition, more observations
of the composition and stratification of PM in ice are needed
to understand its role in solar energy partitioning in the
Arctic Ocean.
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