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KEYWORDS Summary The partitioning of solar radiation in the Arctic sea ice during the melt season is
Arctic sea ice; investigated using a radiative transfer model containing three layers of melt pond, underlying sea
Melt pond; ice, and ocean beneath ice. The wavelength distribution of the spectral solar irradiance clearly
Radiation transfer; narrowed with increasing depth into ice, from 350—900 nm at the pond surface to 400—600 nm in
Mass balance; the ocean beneath. In contrast, the net spectral irradiance is quite uniform. The absorbed solar
Numerical modelling energy is sensitive to both pond depth (H,) and the underlying ice thickness (H;). The solar energy

absorbed by the melt pond () is proportional only to H,. However, the solar energy absorbed by
the underlying ice (¥;) is more complicated due to the counteracting effects arising from the pond
and ice to the energy absorption. In September, ¥, decreased by 10% from its August value, which
is attributed to more components in the shortwave band (<530 nm) of the incident solar radiation
in September relative to August. The absorption coefficient of the sea ice only enhances the
absorbed energy in ice, while an increase in the ice scattering coefficient only enhances the
absorbed energy in the melt pond, although the resulted changes in ¥, and ¥; are smaller than
that in the albedo and transmittance. The energy absorption rate with depth depends strongly on
the incident irradiance and ice scattering, but only weakly on pond depth. Our results are
comparable to previous field measurements and numerical simulations. We conclude that the
incident solar energy was largely absorbed by the melt pond rather than by the underlying seaice.
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1. Introduction

A steady decline in Arctic sea ice, especially during the melt
seasons since 2000, has been well demonstrated (e.g. Comiso
et al., 2017). An increase in solar radiation absorbed by the
Arctic Ocean was also observed by satellite instruments
during the same period (NASA, 2014). The partitioning of
solar radiation in an ice-covered sea is a central issue of the
energy budget of the Arctic Ocean and the mass balance of
Arctic seaice (Lei et al., 2016; Wang et al., 2014, 2016). The
solar energy absorbed by the sea ice cover largely determines
the rate of ice melting (Hudson et al., 2013), while the
backscattering part provides heats to the atmosphere (Per-
ovich, 2005). Energy penetrating through the sea ice cover
warms up the ocean beneath the ice, which is a primary
source of ocean heat (Katlein et al., 2015). The apparent
optical properties (AOPs) — albedo (reflectance) and trans-
mittance — determine the partitioning of solar radiation into
backscattering, absorption and transmittance in the Arctic
sea ice (Perovich, 1996).

Extensive field observations have been carried out to
measure the AOPs of first-year (FYl) and multiyear sea ice
(MYI), and were employed to parameterize the distribution of
solar energy in numerical models (e.g. Taskjelle et al., 2015).
In Arctic summer, melt ponds pose notable impacts on the
AOPs of sea ice. Not only is the albedo of the melting ice
significantly lower than that of dry or snow-covered ice, but
melt ponds take more solar radiation which then penetrates
the ice (Webster et al., 2015). Even a skim layer of liquid
water on an ice surface can change the AOPs considerably
(Light et al., 2015). For example, the transmittance through
FYI is almost three times larger than through MYI because of
the larger melt-pond coverage of FYI, and the energy absorp-
tion is also 50% larger in FYI than in MYl (Nicolaus et al.,
2012). Ponded ice transmits roughly 4.4 times more total
energy into the ocean than nearby bare ice. The ubiquitous
surface-scattering layer and drained layer present on bare
sea ice are responsible for its relatively high albedo and low
transmittance, while light transmittance through ponded ice
depends on its physical thickness and the magnitude of the
scattering coefficient in the ice interior (Light et al., 2015).

Radiative transfer models (RTM) are another approach to
determine the partitioning of solar radiation in melting sea
ice. A plane-parallel melt pond model with either a Lamber-
tian or a non-Lambertian reflector for the pond bottom was
developed to estimate the pond albedo and radiance dis-
tribution in ponded ice (Podgorny and Grenfell, 1996). Solar-
radiation flux transfer in melt ponds was simulated by Sky-
llingstad et al. (2009), and variations in the pond albedo with
pond depth and the underlying ice albedo were proposed.
Influences of different impact factors on the pond albedo and
transmittance were investigated, and a parameterized pond
albedo as a function of both pond depth and ice thickness was
suggested (Lu et al., 2016). This parameterization is more
suitable for thinning Arctic sea ice than the exponential
relationship between albedo and pond depth (Morassutti
and Ledrew, 1996), which is valid for thicker ice.

A summary of previous field and numerical studies on the
AOPs of melting sea ice is listed in Table 1, where @ and T
denote the percentage of solar energy backscattered by the
pond surface and transmitted into the ocean beneath ice,

respectively, and ¥, and ¥; are the fractions absorbed by the
melt pond and the underlying ice layer, respectively. Some
studies combined the absorption of melt ponds and the
underlying ice, and present it as the sum of ¥, and ¥;.

The results of the studies that considered the partitioning
of solar energy in melting sea ice differ widely from each
other, as seen in Table 1. One can attribute the variations to
the different ice conditions in the studies. As such, a systemic
investigation on the various factors that affect the energy
distribution is still needed. In addition, the portion of solar
energy absorbed by meltwater is obviously larger than that
absorbed by underlying sea ice, which argues for the notable
capacity of melt ponds in energy absorption, and which also
implies the possible complicated processes associated with
the allocation of energy to the air, pond, ice, and the water
below. However, melt ponds are always treated as a con-
troller of surface albedo, and are not individually considered
in numerical models (Pedersen et al., 2009); hence, an
investigation of their full physics is required.

To achieve these goals, an RTM initially developed to
parameterize melt-pond albedo (Lu et al., 2016) was used.
The framework of the RTM is summarized in Section 2. In
Section 3 we investigate the distribution of solar radiation,
the energy budget in the melting sea ice, and the absorption
ratio of solar energy. Discussions on the surface transmission
parameter, ice internal melt, and photosynthetically active
radiation (PAR) beneath the ice are presented in Section
4. Conclusions are drawn in Section 5.

2. Model description

Radiation transfer in a plane-parallel medium can be simpli-
fied as two streams: upwelling and downwelling irradiances.
These are governed by two coupled first-order differential
equations under the assumptions of diffuse incident solar
radiation and isotropic scattering (Flocco et al., 2015):

dF'(z,») = —k.F ' (z,0)dz—0,F ' (z,1)dz + o, F ' (z,)dz
dF'(z,A) = kuF ' (z,1)dz + 0, F ' (z,A)dz—0,F ' (z,1)dz °

M

where o, is the wavelength-dependent scattering coefficient
and k;,_is the absorption coefficient, which defines the inher-
ent optical properties (IOP) of the medium. F'(z, 1) and F(z,
A) are the upwelling and downwelling irradiances, respec-
tively, z is the depth in the medium and A is the wavelength.

The RTM developed by Lu et al. (2016) contains three
layers: the melt pond, the underlying ice, and the ocean
beneath the ice. Assuming the continuity of radiation flux at
each interface between the layers, the irradiance in both
directions in the melt pond and underlying ice can be calcu-
lated. Two AOPs, the spectral albedo of the melt pond «,, and
the spectral transmittance T,, are determined accordingly.

A two-stream model is employed instead of a more
advanced RTM such as the one given by Podgorny et al.
(2018) using Monte Carlo approach. This is because the
two-stream model is mathematically straightforward, and
an analytical solution is available for model validation. More-
over, different studies have revealed that the results of the
two-stream RTM using Eq. (1) agree well with field measure-
ments on sea ice (Flocco et al., 2015; Taylor and Feltham,
2004). The drawbacks of such model lie to assumptions of
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Table 1

Partitioning of incident solar energy in melting sea ice in Arctic summer, including the fractions reflected back by the ice

surface o, absorbed by the melt pond ¥, absorbed by the underlying ice ¥;, and transmitted into the ocean beneath ice T. Note that
o+ ¥, + ¥+ T=100%. The sum of ¥, and ¥; is presented if their individual values were not reported in the references.

References a [%] W, + ¥ [%] T [%] Ice conditions
Hudson et al. (2013) 15 46 39 Dark pond on FYI FM
34 46 20 Bright pond on FYI FM
Perovich et al. (2001) 15 73 12 Pond on MYI, August FM
35 58 7 Pond on MYI, June FM
Light et al. (2015) 18 30+ 30 22 Pond on FYI FM
25 40 + 25 10 Pond on MYI FM
Nicolaus et al. (2012) 21 57 22 Pond on FYI FM
29 56 15 Pond on MYI FM
Perovich and Tucker (1997) 24 69 7 Pond on MYI, July FM
Perovich (2005) 26 57 17 Pond on MYI FM
Ebert et al. (1995) 20 66 + 12 2 Pond on FYI, July NS
Podgorny and Grenfell (1996) 13 38 +38 11 Old pond with LBR NS
26 38+29 7 Young pond with LBR NS
— 38 +37 = Old pond with non-LBR NS
— 39 +28 — Young pond with non-LBR NS

FM — field measurements. NS — numerical simulation. LBR — Lambertian bottom reflection.

diffuse incident solar radiation in the air and isotropic scat-
tering in the ice. The former assumption is not a major
problem in Arctic summer because sky is often covered with
low stratus cloud. The latter one is also not badly biased for
melting sea ice, because the geometric structure of porous
sea ice becomes more irregular that can favour isotropic
scattering in the ice (Lepparanta et al., 2003).

The I0Ps of sea ice and water are prescribed in this study and
follow the previous results in Lu et al. (2016). The wavelength-
dependent absorption coefficient of water (k, ) employs the
pure water values from Kou et al. (1993) and Smith and Baker
(1981). The absorption coefficient of seaice (k; ;) is determined
by combining the contributions from pure ice and brine pock-
ets, where absorption in the gas inclusions can be neglected.
Scattering in meltwater and the ocean beneath the ice is
neglected (o, = 0) according to previous studies (e.g. Taylor
and Feltham, 2004). This has been shown to be a valid approx-
imation for melt ponds with a depth less than 1 m (Podgorny and
Grenfell, 1996). And the upwelling radiation backscattered by
the ocean beneath ice is also extremely small (~1% of the total
upwelling radiative flux) because the scattering coefficient of
water is 2—3 orders of magnitude lower than that of sea ice
(Smith and Baker, 1981). The scattering coefficient of sea ice is
independent of wavelength, and a value of o;=2.5m™" was
promoted for summer Arctic sea ice. The incident solar irra-
diance F(1) measured by Grenfell and Perovich (2008) under a
completely overcast sky in August with the solar disc not visible,
is employed as a representation of Arctic summer. The con-
sidered wavelength range covers the solar spectrum from
Aq =300 nm to A, = 2500 nm.

3. Results

3.1. Vertical distribution of the spectral
irradiance

Different to sea ice, irradiance in the ocean can be expressed
by Beer's absorption law if the transmitted irradiance

F,.(z, =0,1) is known, since the ocean may be regarded
as a semi-infinite medium with a negligible scattering coeffi-
cient:

Fi (2u,2) = F (0, )exp(—kyuzw) 2
F)(zw,2) =0

The upwelling irradiance beyond the pond surface may
also be deduced as «,Fy(1). Then the distributions of the
downwelling and upwelling irradiances in the pond—ice—
ocean system are obtained. A typical case with H,=0.3m
and H; = 1.0 m, corresponding to FYI in Arctic summer season,
was implemented to calculate the spectral irradiance dis-
tribution. The net irradiance distribution across the ice
sheet, Fhet(z, 1), was also calculated, which is the difference
between the downwelling and upwelling streams (Fig. 1).

The irradiance in Fig. 1 is continuous in magnitude and
spectrum within the three regimes (melt pond, underlying ice
and the ocean beneath the ice), and discontinuities occur
only at the interface between the air and the pond because of
reflections there.

Most of the downwelling incident irradiance in the visible
band is dissipated in the pond water and the upper ice layer,
and only an irradiance of ~0.1 W-m~2nm~" (15% of the
maximum in melt pond) at wavelengths 400—600 nm reaches
the bottom of the ice (Fig. 1a). The downwelling irradiance in
the near-infrared (NIR) band is completely absorbed in the
pond water, with none reaching the bottom of the ice.
The amount of ultraviolet (UV) radiation is nearly constant
in the melt pond, however 80% of its energy is dissipated by
the underlying sea ice, leaving only ~0.05 W-m~2nm~" in
350—400 nm band transmitting through the sea ice to the
ocean below.

The maximum amount of downwelling irradiance exists in
the melt pond at a wavelength of 450 nm, 0.6 W-m~2nm~",
which is even greater than the incident solar radiation. It can
be explained by the total reflection of light at the air-pond
interface, where the downwelling irradiance, Fpl(O, 1), isthe
sum of the fraction of the Fy(1) entering the pond and the
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Figure 1

Spectral irradiance distribution in the pond—ice—ocean system with H, = 0.3 m and H; = 1.0 m: (a) downwelling irradiance

F!(z, 1), (b) upwelling irradiance F'(z, 1), and (c) net irradiance Fnet(z, 1) = F*(z, 1) — F'(z, ). The colour denotes the spectral value in
units of W-m~2-nm~". Irradiances beyond 1200 nm are truncated in the plots because of their very small quantities. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

fraction of the upwelling irradiance reflected downwards by
the pond-air interface, F,'(0, A) = (1 — Ry) Fo(x) + R} F,'(0,
A). Ry = 0.05, which is the Fresnel reflection coefficient at the
air-water interface under diffuse sky conditions (Perovich,
1990), and R} = 0.54, which is the specular reflectance of the
upwelling irradiance at the water-air interface (Dera, 1992).
Hence, 95% of the incident solar radiation enters the melt
pond, and half of the backscattering irradiance from the
underlying ice is reflected back again at the pond surface,
where both contribute to a maximum downwelling irradiance
that is even greater than Fy(A). On the other hand, the
maximum value changes slightly with pond depth because
the absorption is very limited (~1073) at 450 nm, and scat-
tering is also negligible in water.

Upwelling irradiance was found only in the pond and ice
layers in the visible band (Fig. 1b), because scattering in the
ice is the only source of an upwelling stream, and back-
scattering from water is negligible. Most of the downwelling
irradiance into the ice lies in the visible band, so back-
scattering also occurs in this band. The peak of the upwelling
irradiance (~0.4 W-m~2nm~" at 450—550 nm) occurs in the

upper ice layer and is constant with pond depth owing to the
accumulative contributions from the backscatters in the
lower ice layer.

The net irradiance is more uniform (0.1—0.2 W-m~2.nm™")
than the downwelling and upwelling irradiances throughout
the pond—ice—ocean volume (Fig. 1c). However, the wave-
length range clearly narrowed with increasing depth, from
350—900 nm at the pond surface to 400—600 nm in the ocean.
The enhanced absorption in ice and water at longer wave-
lengths is the primary reason for this, which also implies that
visible-band radiation is the main contributor to the heat
balance in the underlying ice volume and the ocean further
below.

3.2. Radiation partitioning in the pond—ice—
ocean system

To account for the partitioning of solar energy in the pond—
ice—ocean system, the broadband albedo « and transmit-
tance T are defined as:
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o= /haAFO(A)d)L/Q

A

A2
7= [ TFo)dn/Q 3)
g~y
Q= [ Fo(x)dxr
M
We assume that the energy budget in the pond—ice sys-
tem, and the portion of solar radiation absorbed can be
determined by ¥ =1 —« — T. Then, the fraction absorbed
by the melt pond ¥,, and by the underlying ice ¥;, can be
individually determined by:

'}‘Z
v, - / [F et (Zp = 0, 1) —Fnee (2p = Hp2)]d1/Q

o . 4
lI/,' = /}L [Fnet(zi = 07 A)*Fnet(l,' = Hi,)»)}d)\/Q

1

It is clear that ¥ =¥, + ¥;. The dependence of the solar
energy partitioning in different parts of the melting sea ice
with pond depth, H,, and underlying ice thickness, H;, is
shown in Fig. 2.

The broadband albedo depends mainly on H; for thin ice
(Hi < 1 m), but as H; increases, « is initially sensitive to both
H; and H, and finally just on H, for H; >3 m (Fig. 2a). In
contrast, the broadband transmittance depends mostly on H;,
and slightly on H, (Fig. 2b). This result agrees well with Lu
et al. (2016). That is, the portion of solar energy that
penetrates all the way to the ocean beneath the ice increases
only when the ice becomes thinner, because the extinction
effect of ice to the penetrating radiation (absorption + scat-
tering) is stronger than that of water (absorption). However,
the portion backscattered by melting ice increases with H; for
thin ice and decreases with H, for thick ice. This dependence
is complicated because a deeper pond poses a negative
impact (absorption) on the backscattering, while thicker
ice poses both negative (absorption) and positive (scattering)
impacts on the backscattering. The overall effect of the ice is
positive, however, owing to the larger value of the scattering
coefficient relative to the absorption coefficient in the visible
band (Fig. 1). The various factors of radiative transfer within
the pond and ice cause the backscattering to depend on both
Hp and H;, rather than just one factor, in the whole regime.

The portion of solar energy absorbed by melting sea ice
seen in Fig. 2c, increases with both H; and H,, because either a
deeper pond or a thicker underlying ice benefits the absorp-
tion of solar radiation. It is interesting if this portion is
divided into two. The portion of solar energy absorbed by
the melt pond increases only with increasing pond depth
(Fig. 2d). The positive effect of backscattering in thicker
underlying ice on absorption in melt ponds seems negligible.
While the portion absorbed by underlying ice varies in a more
complicated way, although the contour lines in Fig. 2e are
similar with those seen in Fig. 2a. This can be explained by
the counteracting effect of pond and ice to the energy
absorption in ice. For a deep pond on thin ice, an increase
in ice thickness will significantly enhance the absorbed
energy of the underlying ice. For a shallow pond with thick
ice, a decrease in pond depth also greatly benefits the
absorption by ice. However, for medium values of H, and
H;, the positive effect of an increase in H; can be completely
counteracted by the negative effect of an increase in H,,. For

example, the portion of solar energy absorbed by the under-
lying ice for H; =2 mand H,, = 0.2 mis close to that of the case
with H;=3m and H, =0.3 m (Fig. 2e).

The relative dominance between the absorbed energy by
the pond and ice, namely the ratio of ¥, to ¥;, is shown in
Fig. 2f. It is surprising that the solar energy absorbed by the
melt pond is much larger than that by the underlying ice,
except for some very shallow ponds with H, < 0.1 m. Indeed,
the ratio ¥,/¥; even approaches 5—7 for a deep pond on a
thin ice layer (Fig. 2f). That is, among the 40—60% solar
energy absorbed by melting seaice (Fig. 2c), alarge portion is
attributed to the surface water rather than the underlying
ice. This again pronounces the importance of melt ponds in
enhancing the absorption of sea ice to solar radiation,
although part of ¥, conducts to the underlying ice.

The solar energy absorbed by melting sea ice (¥, + ¥;) is
dominant with a portion of 40—70%, as seen in Table 1, which
agrees with the results in Fig. 2c. ¥,/¥; varies within the
1-5.5range in Table 1, which also approximately agrees with
Fig. 2f. The remaining difference can be attributed to the
different ice conditions when the field observations were
conducted and the definitions used in the numerical model-
ling. Nevertheless, both results in Table 1 and in Fig. 2
strongly argue for the dominance of solar energy absorption
in the melt pond rather than in the underlying ice.

3.3. Impact of other factors on the energy
partitioning

Except for the influence of pond depth and the underlying ice
thickness, the impacts of other factors to the energy parti-
tioning merit investigation. The values of H; and H, are
consistent with those in Fig. 1. Variations of the energy
partitioning with incident solar irradiance, ice absorption
coefficient and ice scattering coefficient are shown in
Figs. 3—5, respectively.

Six different incident solar spectra were selected accord-
ing to Grenfell and Perovich (2008). They were measured
near solar noon of the days during the HOTRAX cruise in 2005,
and we used them to represent Arctic summer conditions for
a completely overcast sky in August and September (Fig. 3a).
These six cases differ widely with respect to Fg(1). The
broadband albedo and transmittance are slightly higher in
September than in August (Fig. 3b). Meanwhile, the portion
of solar energy absorbed by the melting sea ice decreases
significantly from August to September, in which ¥, has a
similar trend with ¥, but ¥; is nearly constant in time. This
can be attributed to the distribution of the relative energy
Fo(2)/Q with wavelength. Although the level of Fgy())
decreases gradually with date (Fig. 3a), more relative energy
is contained in the shortwave band (<530 nm) and less in the
longwave band (>530 nm). This trend becomes more pro-
nounced with date. As a result, the amount of longwave
radiation that can be easily absorbed by surface meltwater
decreases significantly with date, and the portion absorbed
by the underlying sea ice changes slightly because of the
small absorption coefficient of ice in the shortwave band.

Variations in the absorption coefficient of seaice in Fig. 4a
can be attributed to the different combinations of volume
fractions of pure ice and brine pockets. However, the differ-
ence between the maximum and minimum values of k; ; is
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Figure 2  Variations in the portion of solar energy in relation to: (a) the albedo «, (b) transmittance T, (c) the amount absorbed by the
melting sea ice ¥, (d) the amount absorbed by the melt pond ¥, (e) the amount absorbed by the underlying ice ¥;, and (f) the ratio of

¥, to ¥;, with pond depth H, and the underlying ice thickness H;.

still limited, although vp; and v, vary within a relative large
range according to the field observations (Huang et al.,
2013). As such, variations in the AOPs of the melting sea
ice in Fig. 4b are also small. The most obvious change among
them is the increase of W¥; with increased absorption in the
ice. The concurrent slight decrease in ¥, is mainly attributed
to the enhanced portion of absorption in the ice rather than
the decrease in the absolute values of absorption in the
melt ponds. Meanwhile, both the broadband albedo and

There is a + T+ ¥ =100%, and ¥ =¥, + ¥;.

transmittance decrease slightly with increasing absorption
in ice, consistent with Lu et al. (2016).

The scattering coefficient of sea ice ranges from 0 to
2.5m~" in Fig. 5, which corresponds to sea ice from an
idealized purely absorbing medium, to melting blue ice with
a small content of gas bubbles (1.2 m~"), and then to porous
white ice containing large quantities of gas bubbles according
to Perovich (1990). Compared with the obvious changes in
the broadband albedo and transmittance, variations in the
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Hi=1.0m.Recalla + T+ ¥ =1, and ¥ = ¥, + ¥;. The spectral irradiance on August 7 in (a) is the default value of Fy defined previously.
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(a) Absorption coefficients of clean seawater, pure bubble-free ice and sea ice. The value of k;,; value is calculated as

ks, i = vpiks,pi + vppks,w Which is based on volume fractions of v,; > 60% and v,, < 20%, as determined from field observations of summer
Arctic sea ice (Huang et al., 2013). (b) The influence of the ice absorption coefficient on the portion of solar energy in the melting sea

ice for H,=0.3m and H;=1.0 m.

portion of solar energy absorbed by the melting sea ice are
relative small. The portion of absorption in ice is nearly
constant in Fig. 5 because the increasing ice-scattering
coefficient only causes more upwelling irradiance through
backscattering. However, the portion of absorption in the
surface meltwater increases consequently owing to the
enhanced backscattering irradiance that is absorbed again
by the meltwater. Both contribute to the small increase in the
portion of solar energy absorbed by melting sea ice.

3.4. Energy absorption rate

The rate of energy absorbed per unit volume (w) is note-
worthy because it is an important source term in the equation
of heat conduction, which describes the contribution of solar
radiative heating to warming and melting in sea ice. The

energy absorption rate w is given by (Taylor and Feltham,
2004):

A2
0= _/ L"e;(zz’” d. 5)
M

Variations in w vertically downwards in the pond—ice—
ocean system for different values of the incident solar
radiation, pond depth and underlying ice thickness, and IOPs
of the sea ice, are shown in Fig. 6.

Generally, the rate of energy absorption is greatest at the
pond surface, which then drops off rapidly by an order of
magnitude in the first 0.3 m owing to the loss of radiation in
the NIR band, and then decreases more gradually with the
attenuation of the remaining radiation. Sudden changes in o
seen at the pond—ice and ice—ocean interfaces in Fig. 6 are
mainly attributed to the different IOPs of the two media.
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Scattering in ice weakens the energy absorption rate of ice,
although the energy fluxes are continuous at the interfaces.

Variations in sky conditions do not alter the relative
magnitude of the energy absorption curves to any extent
(Fig. 6a), but the absolute values of w are strictly sorted
according to the sequence of the incident energy (Fig. 3a).
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Figure 5 The influence of the ice scattering coefficient on the
portion of solar energy in the melting sea ice for H, = 0.3 m and

H,'=1.0m.
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Near the pond surface, the absorption in August 7 is about
15 times greater than in September 10. This decreases
gradually to 10 at a depth of about 0.7 m, and then remains
at a relatively constant level, which approximates the ratio
of the integrated irradiance for these two sky conditions,
namely 10.3 in Fig. 3a.

The influence of scattering in ice is more interesting
(Fig. 6b). The energy absorption in the pond water and upper
ice layer is greatest for ice with the largest quantity of gas
bubbles—that is, the highest scattering coefficient—but it
falls below the value for ice with fewer bubbles at a depth of
about 0.9 m. This is because the higher scattering in ice
results in greater extinction in the upper layer of the
pond—ice system and lower transmission to the interior of
the ice, whereas more radiation penetrates deep into ice
with fewer bubbles, adding to the energy input to the interior
of the ice.

Increasing pond depth reduces the energy absorption at
the pond's bottom (Fig. 6c) because more radiation is dis-
sipated in the pond water. However, the ice layer acts as a
filter, so that the energy absorption at the bottom of the ice,
and the consequent transfer of energy into the underlying
ocean, is almost uniform. An increase in the ice thickness
(Fig. 6d) does not alter the energy absorption by the pond
water, but it significantly reduces the absorption at the
bottom of the ice and the transfer into the underlying ocean.
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Figure 6 Variations in the rate of absorbed energy w in the pond—ice—ocean system vertically downwards for different: (a) incident
solar irradiance, (b) ice scattering coefficient, (c) pond depth, and (d) underlying ice thickness.
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At the same depth, however, due to scattering by the ice, the
energy absorption rate within the ice volume is higher when
the underlying ice is thicker.

4. Discussion
4.1. The surface transmission parameter I

lo was designed to quantitatively measure the fraction of
radiation transmitted through the highly scattering surface of
the ice (Hoffman et al., 2014; Light et al., 2008), and it
permits the calculation of shortwave solar radiation within
theice in global climate models (GCMs). The equation for Iy is
given by:

[32Fnet(z = 0.1m, 2)dx

o =1
72 Fret(z =0, 1)dA

; (6)
where Fiet(A, z=0.1m) is the spectral net flux at 0.1 m
depth, and F,.t(x, z=0) is the spectral net flux at the
surface, which is equal to Fy(1 — ;). The surface layer
thickness is 0.1 m, which was first defined by Maykut and
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Untersteiner (1971) to conform to their grid spacing and then
inherited in following studies.

In most GCMs, Iy is a constant. For example, values of
0.7 and O for Iy in the visible and NIR bands, respectively,
were suggested in CCSM3 (Briegleb et al., 2004). However, Iy
should be variable for ponded sea ice according to
Eq. (6). Both H; and H, pose an impact on the values of
the spectral net flux, and then on the value of Iy. The results
are shown in Fig. 7, where the values of Iy for the visible
band were determined with Eq. (6) using A; =400 nm to
A2 =700 nm, while 1, =300nm to A, =400 nm for the UV
band, and A; = 700 nm to A, = 2500 nm for the NIR band.

Variations of Iy in the given ranges of H; (0.5—5 m) and H,,
(0—0.5 m) are limited, with broadband values of 0.59 + 0.03,
0.97 + 0.01 for the UV band, 0.94 &+ 0.01 for the visible band
and 0.36 + 0.02 for the NIR band, respectively (Fig. 7). These
are different to the recommendations in CCSM3 (Briegleb
et al., 2004), but close to the results of Light et al. (2008),
where Io = 0.99 and 0.48 for ponded MYI in the UV and visible
band and NIR band, respectively.

For shallow ponds with depths < 0.1 m, the surface trans-
mission parameter Iy decreases significantly with increasing
H; for thin ice (H; < 2 m) but with increasing H,, for thick ice
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Figure 7  Variations of the surface transmission parameter /o with pond depth, H,, and underlying ice thickness, H;. In (a) we can see
the broadband value of Iy, while in (b), (c), and (d) the results for the UV band (300—400 nm), visible band (400—700 nm), and NIR band
(700—2500 nm) are respectively shown. Note that the 0.1-m-thick surface layer contains surface meltwater and upper underlying ice

for H, < 0.1 m, and only upper meltwater layer as H, > 0.1 m.
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(H; > 3 m) (Fig. 7a). For ponds deeper than 0.1 m, the beha-
viour of Iy is different: it still decreases with increasing H; for
thin ice, but increases with increasing H, for thick ice. That
means that the impact of H,, on I, is opposite for shallow and
deep ponds. Such a trend is also argued by Fig. 7c¢ and
significantly in Fig. 7d, where the value of Iy in the NIR band
depends almost on H,. However, variations in the UV band are
different (Fig. 7b): Ip in the UV band is almost constant (0.98)
as H,>0.1m, but it increases with pond depth as
Hp, < 0.1 m, opposite to that in Fig. 7a. A weak dependence
on H; can be only detected for thin ice (H; < 1 m) in Fig. 7b.

It is easy to understand the impact of H; on Ip, because a
thicker ice layer introduces more backscattering, thus weak-
ening transmission through the surface layer. However, for
very thick ice, most of the incident radiation in the NIR band
is absorbed in the first few centimetres into the meltwater or
ice because of the large absorption in this band (Fig. 4a), so
that any further increase in H; will not further alter the value
of Iy (Fig. 7d). Similarly, backscattering in the UV band is very
small because less incident radiation in the UV band can
penetrate into deeper ice (Fig. 1c), i.e. for a UV absorption
coefficient of ~10~" m~", therefore the value of Iy in the UV
band does not depend on H; for thick ice (Fig. 7b).

The impact of H, on Ip is more complicated. For a deep
pond (Hp, > 0.1 m), a further increase in H, will reduce the
amount of incident radiation reaching the underlying ice,
which results in less backscattering into the melt pond.
Transmission through the 10-cm meltwater layer increases
as a result. In contrast, an increase in H, for a shallow pond
(Hp, < 0.1 m) will significantly enhance the absorption in
meltwater because of the large absorption coefficient in
the NIR band (Fig. 4a), therefore less incident radiation will
reach the lower boundary of the 10-cm surface layer. This
also explains why the impact of H,, on Io is enhanced in the NIR
band (Fig. 7d). However, there is little difference in the UV
band. The incident radiation is nearly constant in the melt
pond (Fig. 1a) because of the small absorption coefficient of
water in the UV band (Fig. 4a), and any increase in H, will not
change the situation very much. So, Iy in the UV band is
constant as H, > 0.1 m. For H, < 0.1 m, a larger H, causes a
smaller H; within the 10-cm-thick surface layer, and less
backscattering due to ice, and finally more transmission
through the surface layer (Fig. 7b).

4.2. The internal melting of ponded ice

Internal melting is an important process of sea ice in the
melting season (Huang et al., 2016). Different to the surface
and basal melting which changes the ice thickness directly,
internal melting changes the internal inclusions in sea ice,
and ice crystals transform into liquid water pockets (Leppar-
anta, 2015) that further affect the mechanical and thermal
properties of the sea ice (Light et al., 2003). To properly
account for internal melting necessitates the inclusion of ice
porosity as a dependent model variable. Lepparanta (2009)
considered a two-phase approach with liquid phase and solid
phase portions considered in each grid cell in addition to the
temperature.

The same approach can be employed when considering
the internal melting of the sea ice below a melt pond. For
simplicity, the temperature profile is taken as isothermal in

the underlying ice, which is equal to the freezing point, and
the salinity profile is also uniform in depth. These assump-
tions are acceptable for melting sea ice according to field
observations (Polashenski et al., 2012). Then, the amount of
absorbed solar energy by the underlying ice will increase the
porosity only, and the heat fluxes from the melt pond and the
ocean beneath the ice will alter the pond—ice and ice—ocean
interfaces, respectively. Consequently, the model physics
can be presented as:

dH?
Surface : Q, = —p,~de—£7
Internal: = p,-Ld—]t), (7)
dHP
Bottom: Q, = —p,-l-d—t'7

where Q, and Q,, are the heat fluxes from the melt pond and
the ocean beneath the ice, respectively, p; is the ice density,
L is the latent heat of fusion, v is the liquid water content
(essentially the porosity of ice), and w is the energy absorp-
tion rate defined in Eq. (5). Superscripts s and b denote the
change of ice thickness H; occurring on ice surface and
bottom, respectively.

For the initial condition of H,=0.3m and H;=1.0m,
evolutions of the ice porosity and thickness can be estimated
according to Eq. (7). At each time step, the solar energy
absorbed by the melt pond and the ocean beneath the ice for
a constant F (same with that in Fig. 2) can be determined by
Eq. (7). Half of the solar energy absorbed by the melt pond,
¥,Q, is assumed to conduct to sea ice according to Zhang
et al. (2014), and 5% of the transmitted energy, TQ, con-
tribute to basal melt, which approximately agrees with the
oceanic heat flux of 2 W m~% in most GCMs. That is, Q, = 0.5
¥,Q and Q,, = 0.05 TQ. Surface melting of the underlying ice
contributes only to an increase of pond depth, and the
drainage of meltwater into the ocean is neglected as in Lu
etal. (2016). That is, AH,, = AH;* p;/ py, Where p,, is the water
density. Our result is shown in Fig. 8.

During the modelled one-month melt season, the under-
lying ice thickness decreased from 1 m to 0.46 m, which
includes a surface melt of 0.44m and a basal melt of
0.02 m (Fig. 8). Consequently, the ice porosity increased
from idealized zero with depth, to 0.29 at the surface and
0.06 at the bottom. It is noticeable that once the porosity of
the ice reaches 0.3—0.5, the ice can no longer bear its own
weight, and subsequently breaks into smaller pieces into the
water (Lepparanta, 2009). Hence, in the real initial case with
v>0, sea ice tends to break up before the thickness
decreases to half of its initial value during the melting
process. Structural defects will appear first in the upper
layer of ice because of the larger ice porosity there, as
according to Fig. 8. Additionally, the oceanic heat flux used
for the basal melt of sea ice comes only from the transmitted
solar radiation in Eq. (7). However, an upwelling heat stream
seasonally of up to 10 W m~2 due to mixing with warmer
underlying water has been also observed in the Arctic Ocean
(Polyakov et al., 2017). If the extra heat flux is added to Q,,
the basal melt rate in Fig. 8 will increase by roughly
3mmday ', resulting in 0.1 m more basal melt in the
one-month melt season. However, the extra heat flux from
deep ocean has only a minor impact on the surface melt and
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Evolutions of the porosity and thickness of the underlying ice in the model defined by Eq. (7). The y-axis denotes the vertical

position relative to the initial ice thickness, whereby the changes in ice thickness due to surface melt and basal melt with time can be

presented.

porosity evolution of sea ice, because ¥, is only sensitive to
H, and the extra decrease in H; affects T more significantly
than ¥; (Fig. 2).

The results in Fig. 8 also argue for the importance of
including ice porosity in numerical models in addition to
temperature and salinity. First, ice porosity describes the
phase changes between ice crystal and liquid water, which
agree more with actual physical conditions that occur in
interior ice during melting and freezing (Light et al.,
2003). This is particularly important for melting ice in the
summer, because when the ice temperature is close to the
freezing point, any additional heat flux will introduce phase
changes that alter the ice porosity. Secondly, ice porosity has
an upper limit, as mentioned earlier, so modelled ice thick-
ness actually cannot decrease to zero as ice has already
broken into pieces due to its weight. Finally, some thermal
properties, such as the latent heat of fusion and the specific
heat capacity, are also sensitive to the phase components in
the sea ice (Shokr and Sinha, 2015). They are constants in
most models, but they can be treated as variables that
contribute to the ice mass balance if ice porosity changes
during the melt process in future.

4.3. The PAR beneath ice

The solar radiation transmitted to the ocean beneath the sea
ice impacts not only the physical properties of the system,
but also biological processes and biogeochemical fluxes in the
sea ice and the uppermost ocean (Arndt et al., 2017). How-
ever, only the solar radiation in the visible band can be
employed by photosynthetic organisms to the process of
photosynthesis. This spectral region corresponds to the range
of light visible to the human eye, which is also consistent with
the wavelength range in Fig. 1c that most of the transmitted
radiation lies in. There are two different ways to quantify
PAR: the power of the irradiance, from the point of view of
energy transfer, and quantum irradiance g, from the point of
view of the flow of light quanta. The total scalar irradiance
Eo(z, 1), usually employed in biological studies and defined
as the irradiance on a point from all directions weighted

equally, can be estimated from the planar irradiance F(z, 1)
employed in Eq. (1):

EO(zv)") = aUFT (27)") + adF‘L (Zv)")7 (8)

where 1 <a,, a4 < 2, and for diffuse radiation, the coeffi-
cients are 2. Then, in the ocean beneath ice, there are:

i A 9
A1Eo(zw,)h) hes da,
where h=6.2566 x 10734 Js is the Planck constant, and
Co=2.9979 x 108 ms~" is the velocity of light in a vacuum.
A1 =400 nm and A, = 700 nm are employed in the calculation
of PAR.

The ratio g/E changes with variations in the spectral
distribution of the irradiance rather than its level (Leppar-
anta et al., 2003; Reinart et al., 1998). So, it is interesting to
see how the ratio changes with the properties of the melt
pond and the underlying ice. Our results are shown in Fig. 9.

The quantum irradiance g of the PAR transmission drops
from 460 pmol-m 25" to 30 pmol-m %s~" as H; increases
from 1.3m to 5.0m, and the influence of H, is limited
(Fig. 9a). The weakening transmission due to increasing ice
thickness is the direct reason for this, and therefore the
variations in g are similar with those seen for the transmit-
tance (Fig. 2b). A threshold level of g for primary production is
around 10 pmol-m~2:s™"; therefore the PAR transmission for
melting Arctic sea ice can of course satisfy this standard.

Within the given range of H, and H;, q/E = 4.27
+0.10 pmol-J~". The dependence of g/E on H; is obviously
greater than on H,. With increasing ice thickness, the trans-
mitted PAR into the ocean beneath the ice decreases accord-
ingly, and the ratio g/E also decreases. In air it is normally
assumed that the spectrum of sunlight PAR is even, thus g/E =
4.60 wmol-J~". Here we have a lower value, which means
longer wavelengths rather than short ones penetrate the ice.
This is an important parameter as such.

Vertical distributions of the ratio g/E with depth for
different combinations of H; and H, are shown in Fig. 9b.

Eo(zw, 1) = 2F,} (Zw, *)
{E(zw> - / :Eo<zw,x)dxq(zw> -
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It is found that a thicker ice layer gives a smaller g/E value at
the ice bottom, but the value drops slower with depth as
compared with that of a thinner ice layer. Thus, at a depth of
25 m beneath the ice, g/E = 3.93 for all cases. Below this
depth, the q/E value for thicker ice is gradually beyond that
for thinner ice. The influence of H, on the profile of g/E can
be neglected.

5. Conclusions

A two-stream RTM was employed to study the partitioning of
solar radiation in the Arctic sea ice during the melt season.
Variations of the incident irradiance with depth into the
melting sea ice were obtained. Portions of the backscattered
solar energy, the fraction absorbed by the melt pond and the
underlying ice, and that which penetrates into the ocean
beneath the ice were investigated together with their varia-
tions due to difference impact factors. Changes in the energy
absorption rate were also determined, which were shown to
be a contribution of solar radiative heating to thermody-
namic equilibrium of sea ice.

The spectral downwelling irradiance distribution clearly
narrowed in wavelength, and decreased in value, with
increasing depth into the pond—ice—ocean system. Upwel-
ling irradiance resulting from backscattering in ice occurred
only in the visible band. The net irradiance was quite uni-
form, but its wavelength range also narrowed with increasing
depth, from 350—900 nm at the pond surface to 400—600 nm
in the ocean water. The solar radiation that contributed to
the heat balance in the underlying ice volume and the ocean
beneath the ice occurred only in the visible band.

Both pond depth, H,, and the underlying ice thickness, H;,
pose an important impact on the partitioning of solar radia-
tion. The transmitted solar energy into the ocean is sensitive
only to H;, while the backscattered solar energy depends
more on H; than on H, for thin ice, consistent with the
previous results in Lu et al. (2016). The portion absorbed
by melting sea ice increased with both H; and H,. Among
them, the portion in melt pond increased only with H,, and
the variations in the portion in the underlying ice were seen

to be complex because of the counteracting effects of pond
and ice to the energy absorption in ice. Moreover, the solar
energy absorbed by the melt pond was several times larger
than that by the underlying ice except for some very shallow
ponds (H, < 0.1 m).

The influence of the level of the incident solar irradiance
was limited, but the portion of solar energy absorbed by the
melt pond decreased by 10% from August to September,
which is attributed to the more energy contained in the
shortwave band (<530 nm) relative to the longwave band
(>530 nm) in September than in August. The portion of solar
energy absorbed by the underlying ice increased by 5% as the
ice-absorption coefficient increased. As the ice-scattering
coefficient increased, the portion of absorption in the ice was
nearly constant, but the portion of absorption in the melt
pond consequently increased by 5%, in contrast to the obvious
changes in the albedo (25%) and transmittance (30%).

Variations in the profile of the energy absorption rate in
the melting sea ice showed a strong dependence on the
incident irradiance and scattering in ice, but only a weak
dependence on pond depth. The increasing ice thickness only
reduced the absorption rate in the ocean beneath the ice.
Discussions on the surface transmission parameter showed
that Iy decreased with an increase in H;, but the effect of H,
on Iy was opposite for shallow and deep ponds. Moreover,
variations of Iy in the UV band were different to those in the
visible and NIR bands. Increasing the ice thickness reduced
both the quantum irradiance and the ratio q/E for the PAR
transmission, and also slowed down the attenuation rate of
q/Ein the ocean. The impact of H, on the PAR beneath ice was
limited. Our idealized modelling of the evolution of ice
porosity argues for the importance of including ice porosity
in numerical models especially for melting sea ice in summer.

Our results agree well with previous field measurements
and numerical simulations. More importantly, we demon-
strated that the amount of solar energy absorbed by the
melt ponds is much larger than that by the underlying ice.
Contrary to bare ice, which reflects most of the incident solar
radiation, a thin layer of meltwater not only makes the
underlying ice absorb more solar energy, but it also creates
a situation where the ice is surrounded by two warm water
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layers. The upper layer is the melt pond absorbing most solar
radiation, and the lower is the ocean mixed layer absorbing
nearly 10% more transmitted radiation. Both enhance the
melting of sea ice. However, we still have little knowledge on
the assignment of absorbed solar energy by melt ponds.
Further investigations on how this large part of solar energy
is assigned to warm the underlying ice, diffuse to the upper
atmosphere, and warm the pond water are still need.
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