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Abstract

Over the past decades, sea ice in the polar regions has been significantly affecting local and even hemispheric
climate through a positive ice albedo feedback mechanism. The role of fast ice, as opposed to drift ice, has not
been well-studied due to its relatively small coverage over the earth. In this paper, the optical properties and
surface energy balance of land fast ice in spring are studied using in situ observations in Barrow, Alaska. The
results show that the albedo of the fast ice varied between 0.57 and 0.85 while the transmittance increased from
1.3x1073 to 4.1x10-3 during the observation period. Snowfall and air temperature affected the albedo and
absorbance of sea ice, but the transmittance had no obvious relationship with precipitation or snow cover. Net
solar shortwave radiation contributes to the surface energy balance with a positive 99.2% of the incident flux, with
sensible heat flux for the remaining 0.8%. Meanwhile, the ice surface loses energy through the net longwave
radiation by 18.7% of the total emission, while the latent heat flux accounts for only 0.1%. Heat conduction is also
an important factor in the overall energy budget of sea ice, contributing 81.2% of the energy loss. Results of the
radiative transfer model reveal that the spectral transmittance of the fast ice is determined by the thickness of
snow and sea ice as well as the amount of inclusions. As major inclusions, the ice biota and particulates have a
significant influence on the magnitude and distribution of the spectral transmittance. Based on the radiative
transfer model, concentrations of chlorophyll and particulate in the fast ice are estimated at 5.51 mg/m?2 and

95.79 g/m?, which are typical values in the spring in Barrow.
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1 Introduction

Sea ice plays a key role in Arctic climate change because it
controls the energy balance of the Arctic Ocean and affects glob-
al radiative forcing (Hudson, 2011). Recent studies have shown a
decline in Arctic sea ice, including a reduction in the extent of
summer sea ice (Comiso et al., 2008; Serreze et al., 2007; Stroeve
etal., 2007), a decrease in sea ice thickness (Rothrock et al., 2008;
Haas et al., 2008; Kwok and Rothrock, 2009), and an extension of
the melt season (Markus et al., 2009). In addition, it has been
confirmed that a majority of the ice cover has changed from
multi-year ice to seasonal ice (Rigor and Wallace, 2004; Nghiem
et al., 2007; Maslanik et al., 2007, 2011; Comiso, 2012). This shift
has an impact on the morphologic, thermodynamic, and dynam-
ic properties of the sea ice, which in turn affects its heat budget
and mass balance (Perovich and Polashenski, 2012; Stroeve and
Notz, 2018).

The apparent optical properties of sea ice, including its al-
bedo, transmittance, and absorbance, determine the distribu-
tion of solar radiation reaching the ice surface, which affects the
energy balance of sea ice. Those properties vary significantly with
space and time (Grenfell and Perovich, 1984; Perovich, 1991; Per-
ovich et al., 1998). The amount of attenuation is independent of

the intensity or spectral distribution of the incident radiation (Qu
etal., 2009). The albedo of different surface types of sea ice as
well as its seasonal evolution have been quantitatively analyzed
(Perovich et al., 1998; Gerland et al., 1999, 2004; Nicolaus et al.,
2010; Perovich and Polashenski, 2012; Perovich and Richter-
Menge, 2015). Inherent optical properties such as scattering and
attenuation coefficients for the different types of sea ice have also
been studied by Perovich (1990), Grenfell and Warren (1999),
Light et al. (2008, 2015), and Malinka et al. (2016). However, con-
tinuing observations and analyses on the optical properties of sea
ice are still essential due to the rapid changes in the Arctic sea ice
in recent years.

Fast ice is one of the major parts of sea ice in the Arctic, espe-
cially around the ocean coast. Due to the similarity of optical
properties in floe ice and land-fast ice (Grenfell and Perovich,
2004; Grenfell et al., 2006), observations on the easily accessible
fast ice have become an important data source for the study of
long-term changes in the sea ice. Previous studies have shown
that the spatial variation of fast ice transmittance is mainly de-
pendent on snow thickness. The peak of spectral transmittance
ranges from 460 nm for pure ice to 500-550 nm for particulate ice
(Perovich et al., 1998). Grenfell and Perovich compared the res-
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ults in Barrow between 2000 and 2002 with those in the central
Arctic and found that the albedo of land-fast ice evolved one to
two times faster than that of floes in the central Arctic (Grenfell
and Perovich, 2004; Grenfell et al., 2007). Hamre et al. (2004)
found that a 2.5-cm-thick layer of snow is less transparent than a
61-cm-thick layer of ice. Observations by Gradinger et al. in 2002
and 2003 revealed that the light transmitted through particulate-
laden ice was reduced by more than 99% compared to pure sea
ice (Gradinger et al., 2009). Nicolaus et al. (2010, 2013) found that
the spatial variation of the transmittance is determined by both
the thickness and the optical properties of the snow cover, and
that it varies between one-third and three times its average value.
However, the transmittance increased by 20 times from May to
June, which means its seasonal variation far exceeds its spatial
variation.

In addition to the surface characteristics of sea ice, inclusions
in the ice interior such as particle matter and biomass signific-
antly affect the optical properties of sea ice (Light et al., 1998;
Grenfell et al., 2006; Nicolaus et al., 2013). Several previous stud-
ies at the Resolute Bay, Northwest Territories, Canada, have fo-
cused on the relationships among light transmission, snow cover,
and biomass accumulation (Mundy et al., 2007; Campbell et al.,
2014; Leu et al., 2015). These studies have analyzed a seasonal
cycle of biological activities where increasing short wave radi-
ation results in an initiation of algal growth in March or early
April. Biological activities inside the continental ice are also one
of the most significant factors affecting the radiation reaching the
bottom of sea ice (Ehn et al., 2008a). Research by Xu et al. (2012)
showed that the concentrations of particulate matter and colored
dissolved organic matter in sea ice will move the peak of spectral
albedo to a longer wavelength, and determined the absorbance
at shortwave. Nicolaus et al. (2013) found that the amount of
chlorophyll estimated from the observed transmittance is an or-
der of magnitude larger than the observed value. A possible ex-
planation observation is that the relatively high particulate mat-
ter in the fast ice affects the spectral transmittance.

In the studies mentioned above, observations and analysis
were focused mainly on melting fast ice in summer, which has
different physical and optical properties than the ice in spring.
Moreover, because of global warming and Arctic amplification,
the physical structure of sea ice has experienced some significant
changes over the past decade (Barber et al., 2009, 2012), which is
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affecting the radiative transfer in the ice. Knowledge of the evolu-
tion of surface energy flux and optical properties of the fast ice is
still largely lacking.

This paper is focused on the apparent optical properties and
surface energy balance of the land-fast ice in spring. Information
on the in situ observation and data processing method is intro-
duced in Section 2. Section 3 contains a discussion of the distri-
bution of radiative energy in the air-ice-ocean system, turbulent
heat flux at the ice surface, heat conduction in the ice, and the
use of a modified one-dimensional radiative transfer model to
study the effect of included contents on sea ice optical properties
and simulate the spectral albedo and transmittance of the fast
ice. Finally, Section 4 contains a summary of the conclusions
with some perspectives.

2 Data and methods

2.1 Insitu observations

The measurements of apparent optical properties and energy
balance were carried out in Barrow (71.336°N, 156.687°W),
Alaska, from May 1 to 18, 2014 (Fig. 1). Integral and spectral al-
bedo of the fast ice were measured using a CNR4 radiometer pro-
duced by KIPP&ZONEN and a Ramses ACC-VIS hyperspectral
radiometer from TriOS (Figs 2a and b). The CNR4 has a
wavelength coverage of 300-2 800 nm, recording four integral ra-
diation components of downwelling shortwave, upwelling short-
wave, downwelling longwave, and upwelling longwave (herein-
after called Ry, Ry, R, and Ry, respectively). Spectral radiation
was measured using a Ramses ACC-VIS, which has a wavelength
coverage of 320-950 nm with an average spectral resolution of
3.3 nm. The Ramses ACC-VIS can observe the optical signals of
256 channels, of which about 190 bands are corrected and anoth-
er 19 bands are used for correction. Observations of sea ice trans-
mittance were made using a multi-spectral high-resolution pro-
file reflection radiometer (PRR, Fig. 2c) produced by Biospheric-
al Instruments (BSI), which includes two components: underwa-
ter instrument PRR800 and surface instrument PRR810. The
spectral range of PRR800/810 is 305-875 nm with a total of 18 val-
id bands.

Two Ramses ACC-VIS spectroradiometers placed upward
and downward were used to measure the downwelling and up-
welling radiation (Fig. 3). Simultaneous measurement of incid-
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Fig. 1. Study site at Barrow, Alaska.
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Fig. 2. Radiometers used in the observation. a. CNR4, b. Ramses
ACC-VIS, and c. PRR800/810.

ent and reflected radiation is required when measuring the al-
bedo of sea ice. The procedure for observing transmitted radi-
ation is more complicated. First, an ice hole was drilled by ice
auger, and the PRR800 spectroradiometer was lowered into the
water. Next, the forepart of the holder arm was rotated 90° to en-
sure that the instrument was fixed on the bottom of the ice (Zhao
and Li, 2010). After that, the PRR810 spectroradiometer was set
above the surface to measure the incident radiation as a refer-
ence (Fig. 3). When the whole installation was set up, the ice hole
was covered with snow to minimize damage to the surrounding
field. Since changes in weather conditions will affect the light
field, an automatic meteorological station was placed at a dis-
tance from the site of optical observation to collect the necessary
variables including temperature, humidity, pressure, and wind
speed (Fig. 3). Instruments on the site were maintained every day
to avoid contamination from snow or water vapor. The temperat-
ure and salinity of the ice core were measured every 20 cm dur-
ing each sampling period. In addition, data on cloud cover as
well as weather and sky conditions were collected from websites
(www.worldweatheronline.com and www.timeanddate.com).

2.2 Calculation of the optical parameters

Albedo, transmittance, and absorbance are crucial for evalu-
ating the capability of fast ice to absorb solar radiation. The spec-
tral albedo of sea ice is defined as
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ance, and F,4(0, 1) is the plane downward irradiance or incident
irradiance (0 represents the sea ice surface). The spectral charac-
teristics of sea ice albedo depend mainly on the solar radiation
absorption properties of the sea ice surface. Since the land-fast
ice is a complex mixture of pure ice, air bubbles, brine bubbles,
salt crystals, and terrestrial materials, the absorption of solar ra-
diation by these components reveals different characteristics of
albedo in different bands.

In polar climatology, the researchers focus on broadband al-
bedo, or integral albedo, defined as
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The integral albedo depends not only on the spectral albedo
of different bands but also on the spectral distribution of the in-
cident radiation. As a result, changes in sky conditions, such as
clouds, can lead to differences in integral albedo. In general, the
integral albedo under cloudy skies is greater than the albedo un-
der clear skies. The former is usually 8%-12% higher than the lat-
ter (Perovich and Gow, 1996).

The spectral transmittance of sea ice is defined as

_ Fd(Z, )\)
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where F,(z, 1) is the downward irradiance of the plane at a depth
of z, and the corresponding integral transmittance is

Ti(z) = —; 7 . 4)

The transmitted radiation F4(z, 1) through the sea ice refers to
the downward irradiance observed by the instrument at the bot-
tom of the ice, in which case the subscript z can be omitted. The
expression J(4) is the correction coefficient for atmospheric ab-
sorption, which is adopted by multispectral instruments. At
wavelengths within the atmospheric absorption band, radiation
needs to be corrected by §(1) (<1). The correction coefficients of
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Fig. 3. In situinstrumentation on the site.
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different instruments vary. In this study, (1), determined by
comparing multispectral instruments and hyperspectral instru-
ments, is used to avoid overestimating E,.

For sea ice with a thickness of H, the sum of the reflected en-
ergy, transmitted energy, and absorbed energy by the sea ice
should be equal to the energy reaching the surface of the sea ice:

Fd(ovj') = Fu(Oa/l) +Fd(zv;L) +Fa(27}*)’ (5)

where F, (H, 1) is the energy absorbed by the sea ice. Dividing
both sides of the equation by the incident radiation F, (0, 1), it
becomes

1=a(d) + T(H,A) + A(H, 1), (6)

where A (H, 1) is the spectral absorbance of sea ice. Similarly, the
integral absorbance of sea ice can be described as

A(H) =1— oy — T,(H). (7)

It can be seen from Eq. (7) that the absorbance of sea ice is re-
lated to the thickness of sea ice. Since the thickness of sea ice
changed little during the 3-day observation period referenced in
this paper, it can be concluded that the variation of sea ice ab-
sorbance was not related to the sea ice thickness.

As the valid bands differ between Ramses ACC and PRR800/
810, spectral albedo and spectral transmittance cannot be com-
pared directly. However, the average spectral resolution of the
spectral albedo is 3.3 nm, which is much higher than that of the
transmittance (31.7 nm). Therefore, the band of the spectral al-
bedo was interpolated into an array at intervals of 1 nm, from
which values at the same wavelengths as the spectral transmit-
tance were selected to calculate the spectral absorbance of the
sea ice.

2.3 Radiative transfer model

The solar radiation absorbed by sea ice is also closely related
to the physical properties of the sea ice itself. Therefore, a two-
stream radiative transfer model (Lu et al., 2016) was modified to
study the effect of sea ice physical properties on albedo and
transmittance. In the isotropic approach of this three-layer
(snow, ice, and ocean) model, the inherent optical properties of
each layer are defined by the wavelength-dependent scattering
coefficient o, and absorption coefficient k,. Under the assump-
tion of diffuse incident solar radiation and isotropic scattering,
the downwelling and upwelling irradiance at each layer are con-
trolled by two coupled first-order differential equations:

dF¥(z,2) = —k;F4(z,2)dz — 0,F*(2,1) + 0,F" (z,A)dz @®
dF'(z,)) = F'(z,0)dz + 0, F' (2,)) — 0,F*(z,2)dz
the solution of which is
Fle.4) = AL~ p)explise) + B+ m)owp(w2) o
F(z,4) = A(L+ )exp(r:z) + B(1 — pr,)exp(—#;2)

where y; = \/k;/(k;, + 20;) is the absorption strength (4, = 0 for
purely scattering medium and y#; = 1 for purely absorbing medi-

um), k; = \/k;(k; + 20;) is the attenuation coefficient, and A and
B are constants determined by boundary conditions. Since there

was always a wet snow layer on the surface, the reflection and
scattering could not be distinguished. Therefore, the Fresnel re-
flection coefficient between air and snow was set to zero accord-
ing to Perovich (1990).

The scattering coefficient and absorption coefficient of wet
snow in the model are consistent with those defined in Perovich
(1990). Because of the difference in the inclusions of fast ice in
Barrow and floe ice in the central Arctic, the absorption caused
by included particles and chlorophyll was also taken into ac-
count. The attenuation coefficients of sediment from Light et al.
(1998) and those of chlorophyll from Mundy et al. (2007) were
added to the radiative transfer model (Lu et al., 2016). The incid-
ent solar radiation, snow thickness, and ice thickness in the mod-
el were set to the averaged in situ value of one hour around 13:00,
May 11.

3 Results and discussion

3.1 Weather conditions

Measurements were performed from May 1 to 14, 2014, with
complete coverage of the automatic meteorological station and
CNR4. Another two sets of instruments, PRR800/810 and Ramses
ACC-VIS, collected data from May 10 to 12 with some interrup-
tions due to precipitation. A time series of the air temperature,
relative humidity, air pressure, and wind speed were recorded by
the automatic weather station and are shown in Figs 4a-d. Since
clouds have a significant impact on the amount of solar radiation
that reaches the ice, the cloud cover over Barrow during the ob-
servation period was also recorded (Fig. 4e). From May 3 to 10, a
low temperature of less than 0°C persisted for more than one
week with a corresponding reduction of humidity and pressure.
As aresult, the snow on the surface of the sea ice did not melt un-
til May 10, which kept the integral albedo higher than 0.8 during
this period. Pressure reached its maximum of 1 017.9 hPa at 12:00
(all times are local time) on May 2 and then dropped to 986.6 hPa
at 02:00 on May 4. It rose back to 1 011.1 hPa at around 0:00 on
May 11. During the period of low pressure from May 3 to 9, the
average temperature decreased from 1.43°C to —4.86°C, while the
average wind speed increased from 1.72 m/s to 2.01 m/s. The av-
erage humidity ranged from 86.96% to 83.76% with a large vari-
ance from 17.91% to 53.74%. These values mean that the daily
changes in the humidity were affected by the low pressure. After
May 11, when the pressure returned to 1 009 hPa, the temperat-
ure rose back to 0.79°C, suggesting that the air temperature was
significantly affected by the meteorological event. Cloud cover
had an average value of 0.63 with a standard deviation of 0.30,
making a significant factor affecting the incident solar radiation
and the apparent optical properties of sea ice.

Because of the significant impact of the cloud coverage and
precipitation on the apparent optical properties of fast ice,
weather records at Barrow with high time resolution are shown in
Table 1. As shown in Table 1, 12 h out of 72 h were recorded as
“partly sunny”, which means a clear sky was present for only
16.7% of the observation time. Cloudy weather accounted for
63.9% of the study period, and precipitation occurred during the
remaining 19.4%. There were three periods of “light rain” at 10:00
and 23:00 on May 10 and at 13:00 on May 11. The rainy weather
at these times interrupted instrument observations for 1-2 h. Two
light rains at 23:00 on May 10 and 13:00 on May 11 caused signi-
ficant changes in the surface state of the fast ice. Two abrupt
changes in the albedo of the sea ice were recorded after resum-
ing observations.
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Fig. 4. Time series for air temperature (AT) (a), relative humidity (RH) (b), pressure (P) (c), wind speed (WS) (d), and cloudness (e)

during the study period.
Table 1. Summary of the weather and sky conditions in Barrow
. Date
Time May 10 May 11 May 12
00:00 partly sunny low clouds scattered clouds
01:00 partly sunny mostly cloudy overcast
02:00 broken clouds overcast partly sunny
03:00 overcast overcast partly sunny
04:00 overcast overcast mostly cloudy
05:00 mostly cloudy overcast low clouds
06:00 light snow, ice fog light rain, overcast broken clouds
07:00 light snow, ice fog overcast broken clouds
08:00 light snow, mostly cloudy overcast low clouds
09:00 light freezing rain, vercast mostly cloudy low clouds
10:00 light rain, mostly cloudy partly sunny overcast
11:00 more clouds than sun partly sunny overcast
12:00 partly sunny mostly cloudy overcast
13:00 partly sunny light rain, overcast scattered clouds
14:00 partly sunny mostly cloudy scattered clouds
15:00 low clouds overcast partly sunny
16:00 low clouds more clouds than sun overcast
17:00 low clouds overcast mostly cloudy
18:00 low clouds partly sunny light rain, mostly cloudy
19:00 low clouds scattered clouds light snow, mostly cloudy
20:00 low clouds passing clouds light snow, mostly cloudy
21:00 low clouds scattered clouds light snow, more clouds than sun
22:00 partly sunny passing clouds light snow, overcast
23:00 drizzle, low clouds broken clouds light snow, ice fog

3.2 Apparent optical properties

3.2.1 Albedo

In the late spring, the solar radiation reaching the sea ice sur-
face shows an obvious diurnal change, as shown in Fig. 5a. Using
the 490 nm band as an example, the magnitude of shortwave ra-
diation stays below 0.1 W/(m?-nm) from 18:00 in the afternoon to
about 06:00 in the morning. Beginning at 06:00, R 4 gradually in-
creases until 01:00, when the radiation energy reaches its daily

maximum. Under differing weather conditions such as cloud
cover, the magnitude of R4 varies between 0.8 W/(m?-nm) and
1 W/(m2.nm). The diurnally changing pattern of R, is basically
the same as that of R4, which is a reduction in magnitude as
shown in Fig. 5b. After the snowfall on May 11, values of Ry in-
creased significantly, especially at noon, from 0.4 W/(m?2-nm) on
May 10 to around 0.6 W/(m?-nm) on May 11. Together with the
small change in R ; during these two days, the spectral albedo of
the fast ice increased, and the absorbance decreased. In addition
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Fig. 5. Time series of the incident radiation (a), reflected radiation (b), spectral albedo (c), and integral albedo (d), measured by

Ramses ACC-VIS in Barrow.

to the diurnal change, the incident and reflected radiation on the
surface of the sea ice shows obvious differences in various spec-
tral bands, especially at noon when the radiation reaches its peak
as shown in Figs 5a and b. Most energy concentrates in the
450-550 nm band (blue and green light), while the amount of en-
ergy in the purple and red light band is relatively small.

For fast ice with thickness of 1.49 m, the spectral albedo is de-
termined mainly by the surface condition of ice rather than the
incident radiation. Therefore, the spectral albedo has no consid-
erable diurnal change as shown in Fig. 5c. However, some ab-
rupt changes in the albedo occurred after the rain or snow
events. Combined with the weather conditions recorded in Table 1,
the effect of precipitation on the surface albedo can be described
as follows. For the sea ice covered by melting snow (before 0 am
on May 11), the albedo increased along with the wavelength.
After snowfall, the albedo of the sea ice rose significantly (even
before dawn when the incident radiation is very small), with a
maximum appearing in the blue-green band around 550 nm. At
12:00 on May 11, drizzle caused an overall decrease in the albedo
of sea ice, while its variation trend remained stable with
wavelength.

The temporal variation of the spectral albedo basically rep-
resents the characteristics of the integrated albedo, which is
shown in Fig. 5d. From May 10 to 12, the integral albedo of the
sea ice varied between 0.33 and 0.79. Before the snowfall at 0:00
on May 11, the surface of the sea ice was covered by melting
snow with an integrated albedo of 0.44. When the melting snow
was covered by dry snow after the snowfall, the albedo of the sea
ice increased rapidly up to 0.75, which reflects the characteristics
of fresh snow. With the arrival of drizzle at 12:00 on May 11, the
dry snow started to melt due to the solar radiation heating, which
made the surface albedo decrease to 0.62. Since the thickness of
snow on the surface of sea ice increased, the value of the albedo
at this time varied between 0.44 and 0.75. Perovich and Po-
lashenski (2012) analyzed four long-term observations of sea ice
albedo near Barrow and found that the sea ice albedo in 2000 and
2001 was 0.8 before May 29, then gradually decreased to 0.6 when
melt ponds appeared, and then declined further to about 0.3. The

changes of albedo in 2008 and 2009 were the same, but the date
that melt started advanced to May 10, which made the declining
rate of albedo in 2009 significantly faster than in 2008. The res-
ults show that the melting date of the sea ice in 2014 along the
Barrow coast advanced even further. On May 9, the snow on the
surface of the sea ice had begun to melt, and the albedo had de-
creased to about 0.5. The continuous increase in local temperat-
ure since 2000 has caused sea ice to melt earlier. However, snow-
fall in spring will significantly affect the albedo of sea ice before
melt ponds form.

3.2.2 Transmittance

Observation of sea ice transmission began at 10:00 on May 10
and ended at around 13:30 on May 12. Similar to the pattern seen
in albedo, the incident radiation measured by the PRR800/
810 revealed significant diurnal variations with a maximum at
around 01:00 as shown in Fig. 6a. The change of incident radiant
energy is dependent on the spectrum with a maximum value of
450-550 nm and a magnitude of 1 W/(m2-nm). Only a small
amount of radiation was left after the solar energy transmitted
through 1.49 m of melting sea ice. The transmitted radiation has
revealed a diurnal change (Fig. 6b) with a maximum record of
8x10-3 W/(m2.nm) at 550 nm.

In spite of the significant diurnal changes in both incident
and transmitted radiation, the transmittance depends mainly on
the properties of sea ice, which is also the case for albedo. Con-
sequently, there is no diurnal variation in the transmittance of
sea ice as shown in Fig. 6¢. The spectral transmittance reaches its
maximum of about 0.01 at 550-580 nm, and decreases gradually
toward both sides of the spectrum. Radiation transferred through
the 1.49 m of melting ice accounts for only 1% of the incident en-
ergy on the ice surface, even for the band with the strongest
transmission capability. This means that 99% of the incident en-
ergy is reflected and absorbed by the sea ice. During the observa-
tions, the thickness of the ice thinned by only 1 cm over three
days as the sea ice melted. However, this small reduction in
thickness still increased the integral transmittance from 0.001 3
t0 0.004 1, as shown in Fig. 6d. The low magnitude of integral
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Fig. 6. Time series of the incident radiation (a), transmitted radiation (b), spectral transmittance (c), and integral transmittance (d),

measured by PRR800/810 in Barrow.

transmittance in this observation (0.002 8 on average) is consist-
ent with previous studies (between 0.002 and 0.003) on sea ice in
May (Nicolaus et al., 2010, 2013; Katlein et al., 2019). During this
period, the transmittance was influenced mainly by sea ice thick-
ness and had no obvious relationship with precipitation or sur-
face conditions.

3.2.3 Absorbance

According to Eq. (5), the solar radiation absorbed by sea ice
can be derived from the incident, reflected, and transmitted radi-
ation. From the results in Section 3.2.2, the transmittance is less
than 0.01, which means that less than 1% of the incident energy
enters the sea water under ice. Therefore, most of the incident
energy reaching the surface was reflected and absorbed by the
sea ice, causing an opposite change on its absorbance and al-
bedo. Before snowfall on May 11, the albedo of the melting snow
was relatively low, while the energy absorbed by the sea ice
(450-550 nm) was around 0.5 W/(m2-nm), as shown in Figs 7a
and b. After snowfall, the albedo reached more than 0.8, which
means that most of the solar radiation was reflected back into the
atmosphere, reducing the absorbed energy to 0.1 W/(m?-nm).
Due to the melting of dry snow on the surface and drizzle that oc-
curred at noon on May 11, the albedo decreased causing the en-
ergy absorbed by the fast ice to increase to 0.3 W/(m?nm).

Based on Eq. (6), the spectral absorbance of sea ice is closely
related to spectral albedo and transmittance. Due to the thick-
ness and melting stage of the sea ice, the spectral transmittance
was extremely low (0.01). Therefore, the spectral absorbance and
albedo had a strong negative correlation. Before the snowfall, the
sea ice had a better absorption capacity at the shorter wavelengths,
as shown in Fig. 7c. With the surface of sea ice covered by dry
snow, the spectral absorbance rapidly decreased to 0.2 with a
weak variation in wavelengths. As the fresh snow melted, the
spectral absorbance increased gradually without any change in
wavelengths. Combining the wavelength-integrated albedo and

transmittance, the integral absorbance of sea ice can be obtained
as shown in Fig. 7c. Before snowfall, the absorption rate of the sea
ice varied from 0.39 to 0.61, increasing as the wavelengths de-
creased. Meanwhile, the absorbance of the sea ice had an overall
rising trend, which means that the absorption capacity of the sea
ice was increasing. After snowfall, more incident radiation was
reflected, resulting in a rapid reduction in absorbance to about
0.2. As the dry snow on the surface melted, the solar radiation ab-
sorption capacity of the sea ice increased to 0.3 and ultimately to
0.39 by the end of the observation period.

From the results above, it can be concluded that solar radi-
ation absorption and reflection have a significant negative correl-
ation for thick fast ice in the melting season due to the lower
transmittance of less than 0.005, which means that the absorbed
energy decreases as the reflected radiation increases, and vice
versa.

3.3 Energy balance on the surface of the fast ice
Energy balance on the sea ice surface can be written as fol-
lows (Persson et al., 2002; Else et al., 2014):

Fnet:de+Rsu+Rld+Rlu+FSp+Fep+G’ (10)
where F,, is the total heat flux of the sea ice surface, R, is short-
wave incident radiation, R, is shortwave reflected radiation, Ry
is longwave incident radiation, R, is longwave reflected radi-
ation, FSp is sensible heat flux, Fep is latent heat flux, and G is the
subsurface heat conduction.

3.3.1 Turbulent heat flux

The observations of the fast ice were carried out in the late
spring and early summer, during the initial stage of sea ice melt-
ing. The melting of sea ice generally proceeds from the surface to
the interior. The main source of heat for melting is solar radi-
ation on the surface, advection of seawater under the ice bottom,
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Fig. 7. Time series of the incident radiation (a), absorbed radiation (b), spectral absorbance (c), and integral absorbance (d), derived
from interpolated data from Ramses ACC-VIS and PRR800/810 in Barrow.

and the heat conducted from the bottom into the interior. For  tion, surface heat flux was derived as follows (Fig. 8c).

seasonal fast ice, the heat for sea ice melting comes mainly from Sensible heat flux (F,,) and latent heat flux (F,,) can be calcu-
solar radiation. Advection heating makes little contribution to  jated as in Maykut (1978, 1982)

melting due to the distance from the ocean’s interior.

In this study, a time series of the surface radiation flux over 14 Fop = pacpCstt (Ta — Tyy) , 1n
days was obtained (Figs 8a and b) using the CNR4 to measure the
incident and reflected radiation in both shortwave and longwave Fep = 0.622p,L,Colt (ress — €qy) /P, (12)

bands. Based on the air temperature, air pressure, relative hu-
midity, and wind speed measured by the automatic weather sta- ~ where p, is the air density, ¢, is the specific heat of air, C; is the
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Fig. 8. Variations in radiation and heat flux on the surface of the fast ice, including the incident shortwave R, reflected shortwave R,
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radiation (N; and V) (b), and turbulent heat flux (c). The y-axis on the right in panel c is for the latent heat flux F,,.
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transfer coefficient for sensible heat, T, is the air temperature, T,
is the surface temperature, L, is the latent heat of vaporization, C,
is the transfer coefficient for latent heat, P is the surface pressure,
e, is the air saturation vapor pressure, e, is the surface satura-
tion vapor pressure, u is the wind speed, and r is the relative hu-
midity, given that p,=1.29 kg/m?, ¢,=1 030 J/(kg-K),
C.=C,=1.75x10-3, and L =2.49x10 J/kg.

During the observation period, sun at Barrow was below the
horizon only for 2-3 h a day. The shortwave radiation showed a
significant diurnal change while it was always smaller than the
theoretical value of reaching the top of the atmosphere due to the
cloudiness. Cloud cover also had an effect on the peak value of
shortwave radiation at noon. The peak value of incident short-
wave radiation with high cloud cover (May 12-14) was signific-
antly smaller than that when the cloud cover was low (May 8-9).
Solar radiation during the two periods mentioned above had rel-
atively low fluctuation at noon. Given the uncertainty in CRN4 al-
bedo measurements when the solar altitude angle is low, only the
albedo at altitude angles greater than 10° is discussed. As can be
seen from Fig. 8a, the integral albedo was about 0.75 from May 1
to 3, and then increased to 0.85 on May 4, remaining in the range
of 0.8-0.85 until May 11. After that, the albedo rapidly declined to
0.7 and reached a minimum value of 0.57 at noon on May 11 and
12. The albedo obviously responded to the change in air temper-
ature, as can be seen in Figs 8a and 4. The temperature was high-
er than 0°C from May 1 to 3 and May 11 to 15, and below 0°C from
May 4 to 10. At low temperatures, the dry snow maintained an al-
bedo above 0.8. As the air temperature rose, the snow cover star-
ted to melt, which in turn lead to a decrease in albedo. The pre-
cipitation on May 11 also had a significant effect on the albedo.
The drizzle at 13:00 made the snow on the surface wet, so the al-
bedo reached a low of 0.57. After the precipitation, the albedo
rose to 0.78 as the surface refroze due to the low temperature.

The net shortwave radiation N, was positive during the entire
observation period, reaching a peak of 296.74 W/m? on May 11
and 12. At other times, N, was less than 100 W/m?, depending on
the shortwave incident radiation and albedo. Since cloud cover
has a relatively small effect on shortwave incident radiation, it
can be concluded that albedo is the decisive factor for net short-
wave radiation. Compared with N, the net longwave radiation N,
was negative throughout the observation period with a minim-
um value of -79.69 W/m?. Its magnitude was determined mainly
by the large variation in longwave downward radiation (Fig. 8a).

There was a significant disparity in magnitude between the
latent heat flux and the sensible heat flux on the ice surface, as
shown in Fig. 8c. While the surface of the sea ice in summer is
covered by melt ponds, in the spring a snow-covered surface is
common. Therefore, the latent heat flux in spring is extremely
small, and the sensible heat flux caused by the difference in tem-
perature is the major component of the turbulent heat flux. The
sensible heat flux reached a maximum value of 23.7 W/m? at
23:00 on May 7, which was due to the high wind speed and sur-
face temperature difference at that time. The maximum value of
latent heat flux (0.04 W/m?2) occurring at the same time was
caused by the maximum of wind speed and the minimum of rel-
ative humidity. The average values of sensible heat flux and lat-
ent heat flux were -0.431 W/m? and -0.044 W/m?, respectively.
By comparing the magnitude of the net shortwave radiation and
net longwave radiation, it can be seen that the sea ice shows no
trend of gaining or losing energy through turbulent heat flux on
the surface. Therefore, the sea ice lost energy through the net
longwave radiation as the net shortwave radiation became its
main heating source.

3.3.2 Heat conduction
According to Liu et al. (2020), the heat conduction of sea ice
with snow cover can be written as

TS - Tice

G= k=

(13)

where k;=0.3 W/(m-°C) is the thermal conductivity of snow, T, is
the snow surface temperature, T, is the ice surface temperature,
and d, is the snow thickness. An ice core was sampled on site at
06:00 on May 11, at which time the surface temperatures of the
ice and the snow (-2.21°C and 0.42°C, respectively) were meas-
ured as well as the snow thickness (5 cm).

At the moment the ice core was measured, the sea ice was
gaining energy as shortwave radiation and losing energy as long-
wave radiation with an order of magnitude difference (Fig. 9),
which is consistent with the energy budget in Section 3.3.1. In ad-
dition, the sensible heat flux on the surface was positive but small,
since the snow surface temperature (0.423°C) was close to the air
temperature (0.524°C). The latent heat flux was negative with an
extremely minimum value, almost negligible when compared to
other terms in an equation. The results also show that heat con-
duction to the surface was in a negative status, which meant the
sea ice was losing energy through heat conduction to the surface.
The heat conduction had a value of about half the net shortwave
radiation, accounting for 81.2% of the total energy loss. Although
heat conduction with relatively more energy loss was considered,
net heat flux F, ., according to Eq. (10) was positive with a value of
14 W/m?2. Therefore, the addition of a heat conduction term will
not change the general trend of sea ice melting in spring. The res-
ults above show that heat conduction plays an important role in
the energy budget of sea ice and has a positive correlation with
temperature difference inside the sea ice. Therefore, in the
spring, variations in the snow temperature caused by air temper-
ature or surface state will significantly change the value of heat
conduction, which in turn affects the rate of ice melting.
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Fig. 9. Energy budget of fast ice in the spring. From left to right:
net shortwave radiation, net longwave radiation, sensible heat
flux, latent heat flux, and heat conduction, with their values
marked.
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3.4 Impact of inclusions in the fast ice on the optical properties

A main difference between pack ice and fast ice is the amount
of inclusions, which significantly influence the optical properties
of the ice. To quantify the impact of sea ice inclusions, the radiat-
ive transfer model modified in Section 2.3 was used to simulate
the spectral albedo and spectral transmittance of sea ice. The
model is based on the surface state of sea ice (wet snow at that
time) after light rain at 13:00 on May 11. Therefore, the surface in-
cident radiation was set to the average value of one hour before
and after 13:00 on May 11. The ice thickness and the snow depth
were set to measured values of that day, which were 144 cm and 2 cm,
respectively. Although the effects of inclusions such as particu-
lates on the albedo of sea ice depend to a large degree on their
vertical distribution within the ice (Light et al., 1998), the influ-
ence of particulate impurities on the overall scattering of sea ice
can be negligible (Ehn et al., 2008b). Besides, there are few stud-
ies on the dependence of transmittance on the vertical distribu-
tion of sea ice inclusions. Therefore, in the radiative transfer
model used in this study, the particulate matter and chlorophyll
within sea ice are assumed to be evenly distributed vertically.

In the model results (Fig. 10a) obtained under the described
conditions, the simulated albedo agrees well with field measure-
ments. According to the observations and weather records, the
snow layer on the surface of the sea ice was affected by the rain at
11:00-12:00 on May 11, changing from dry snow to wet snow.
Therefore, the integral albedo fell from 0.76 to 0.63 with the peak
value of spectral albedo appearing near 600 nm. Compared with
the in situ measurements, the simulated spectral albedo de-
creased monotonically from 400 nm to 950 nm. The reason for
the decrease is that the effects of particulate matter on the spec-
tral albedo were not taken into account when setting the surface
parameters for the model (Light et al., 1998; Ehn et al., 2008b).
Light et al. (1998) found that as the concentration of sediments
increased, the albedo at each wavelength decreased, while the
peak shifted from 450 nm for clean ice to around 550 nm.
However, the model including a sediment-laden ice layer below
the surface did not show the same result on the position of the

peak, which can be considered as the effect of snow on the sur-
face. For fast ice with snow about 2 cm thick, the albedo is basic-
ally determined by the scattering and absorption coefficients of
the surface layer with a weak effect from the underlying ice, con-
sistent with the minor decrease on the spectrum peak for the sea
ice with inclusion.

Another impact of the inclusions in the ice on the optical
properties is to alter the magnitude and spectrum shape of the
absorbed and transmitted radiation as shown in Fig. 10b. Maxim-
um values of the transmittance from the in situ observations and
simulations with and without the inclusions in the ice reached
0.006 4, 0.006 0, and 0.071, which shows a 10 times overestima-
tion without regard to the interior inclusions (Fig. 10b).
Moreover, the peak value in wavelength in the model without
particulate matter or biomass appears around 450 nm, which is
100 nm smaller than observed in the field. Based on the in situ
measurements, simulated particulate matter content is estim-
ated at 95.78 g/m? with a chlorophyll concentration of 5.51 mg/m?2.

The disparity between the two peak values of simulated and
observed transmittance is caused by the difference in the com-
position of included particles in the fast ice and the floe
(Niirnberg et al., 1994; Stierle and Eicken, 2002). The in situ ice
core sampling from the surface to 70 cm depth (Fig. 11) showed
obviously visible particles in the middle of the ice. For visually
discolored ice, the content of particle matter is between 100 g/m?
and 200 g/m? (Osterkamp and Gosink, 1984; Kempama et al.,
1989; Reimnitz et al., 1993; Eicken et al., 1997, 2005; Gradinger et
al., 2009), which is consistent with the simulation result of
95.78 g/m?. Particulate matter also affects algal growth in the
spring by modulating the available light intensities. According to
Gradinger et al. (2009), chlorophyll concentrations in the spring
at Barrow can reach 36 mg/m? in clean ice and 1 mg/m? in sedi-
ment-laden ice, of which the particulate matter content were
6 g/m? and 106 g/m?, respectively. In this study, the spring bloom
of ice algae was retarded due to the reduction of transmitted
light, so the chlorophyll reached only 5.51 mg/m?2. This is higher
than the result of Gradinger et al. (2009) and closer to the obser-
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Fig. 10. Spectrum-independence of the albedo (a) and transmittance (b) from in sifu observations and simulations with and without
inclusions in the ice. The y-axis on the right in panel b is for the curve without interior inclusions.
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Fig. 11. Upper part of the ice core sampled at the site in Barrow.

vation of Nicolaus et al. (2013) at the same location in May 2010
(3 mg/m?).

4 Conclusions

A quantification of the optical properties and energy budget
of sea ice in spring was developed based on the observations of
land-fast ice in Barrow in May of 2014. The effect of particulate
matter and biomass on the transmittance of sea ice was simu-
lated using a two-stream radiative transfer model.

In this study, the start date of sea ice melting advanced to
earlier than May. Before the melt ponds form, both precipitation
and air temperature affect the snow cover on the surface of the
sea ice, resulting in repeated changes in the albedo between 0.85
and 0.57. During the observation period, the temperature
dropped from 1.43°C to -4.86°C due to the presence of a low
pressure system for one week (May 3-10), increasing the albedo
up to 0.89. In addition, on May 11, the albedo rose from 0.44 to
0.75 due to snow at 0:00, and then reduced to 0.62 after the
drizzle at 12:00.

The absorbance of the fast ice changed between 0.22 and 0.61
as the transmittance rose from 1.3x10-3 to 4.1x10-3 from May 10
to May 12. Because the transmittance of the fast ice was less than
0.01 during the observation period, a negative correlation
between albedo and absorbance can be clearly established.
However, the transmittance of sea ice varies only with time,
showing a one-fold increase in all bands over two days. No obvi-
ous relationship with surface condition was found.

The values of sensible and latent heat flux for the fast ice aver-
aged only -0.431 W/m? and -0.044 W/m?, respectively, showing
no significant trend. Sea ice at this stage loses energy mainly
through net longwave radiation and gains energy through net
shortwave radiation. Heat conduction plays an important role in
the energy budget of sea ice in the spring, accounting for 81.2% of
the energy loss. However, in May sea ice still gains energy overall.
The value of the heat conduction reaches -15.79 W/m?, nearly
half the value of the net shortwave radiation. Since heat conduc-
tion is positively correlated with the temperature difference
between the ice layer and the snow layer, the variations in air
temperature or surface condition can affect the heat conduction,
further altering the rate of sea ice melting.

The numerical simulation results show that in the spring, the
albedo of the fast ice is determined mainly by the thickness and
optical properties of snow on the surface, while the transmit-
tance is affected by the snow depth, sea ice thickness, and
amount of inclusions. Among these factors, the effect of snow
depth on the transmittance is the most significant, which is in
consistent with previous research. Concentrations of the chloro-
phyll and particulate matter inclusions were estimated at
5.51 mg/m? and 95.78 g/m?2. These inclusions significantly affect

the magnitude and distribution of the spectral albedo and trans-
mittance. Therefore, the physical and biological sampling of ice
cores in the field is necessary to evaluate the optical properties of
sea ice and further improve the radiative transfer model.
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