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Calculation of solar-energy inputs into melt ponds
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ABSTRACT. The emphasis of this paper is on the partitioning of solar energy in an
open plane-parallel melt pond with a Lambertian bottom. Spectral radiative-energy
fluxes into the meltwater and underlying ice—ocean layers are calculated analytically as a
function of pond-bottom spectral albedo, pond depth and illumination condition. Albedo of
the pond bottom is reconstructed from data on pond albedo and depth. Results of calcula-
tions are presented [or melt ponds of comparatively high and comparatively low reflectivity
for a broad range ol pond depths and for various illumination conditions. In the 350-
700 nm spectral band, spectrally averaged pond albedo and solar-energy inputs arc a func-
tion of pond-bottom albedo, pond depth and illumination condition. In the 700-2400 nm
spectral band, the partitioning of solar energy in melt ponds depends on pond depth and
illumination condition only. The effect of uncertainty in specilying pond-bottom albedo on
total energy input into the water layer is relatively small compared to that on spectrally

averaged pond albedo and total energy input into the ice—ocean layer.

INTRODUCTION

Recent numerical experiments with sea-ice models (e.g.
Ebert and Curry, 1993) have demonstrated the sensitivity
of the ice thickness to melt-pond parameterization, includ-
ing sensitivity to treatment of optical properties of melt
ponds. In turn, those depend on (1) physical and structural
properties ol underlying ice and (2) pond depth. The poten-
tial importance of this feedback relation has focused
research on development of methods of calculation and
parameterization of melt-pond albedo and solar-energy in-
puts into melt ponds and underlying ice (Ebert and Curry,
1993; Jin and others, 1994; Ebert and others, 1995; Morassut-
ti and LeDrew, 1995; Makshtas and Podgorny, 1996).

There are two main problems associated with studies of

the radiative transfer in melt ponds. First, available data on
melt-pond albedo in the visible are subject to considerable
variability (e.g. Morassutti and LeDrew, 1995), which sug-
gests that the optical properties of the underlying ice are
also subject to variability (Makshtas and Podgorny, 1996).
On the other hand, in situ radiation measurements within
the underlying ice, and ice sampling from benecath the
ponds are difficult to make without disturbing the physical
and optical properties of the ponded ice. As a consequence
of the latter, specification of such inherent optical properties
as scattering coefficients and phase functions of ponded ice
in the radiative-transfer models still remains a problem.
The purpose of this paper is to present a method of cal-
culating solar-energy fluxes into melt ponds consistent with
a general practice of radiation measurements on the ponded
ice. Such observations are usually limited to measurements
of pond spectral albedo, and depth and registration of illu-
mination conditions. Although measurements of horizontal
variations in depth within an individual pond have been
made (personal communications [rom H. Eicken, 1994; A.
Makshtas, 1993), any attempts to assess the effects ol horizon-
tal variations in pond depth and optical properties of the
pond-bottom ice on melt-pond albedo are not known.
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Accordingly, a one-dimensional radiative-transfer model is
employed, in which spectral radiative-energy fluxes into the
water and ice ocean layers are treated as a function of spee-
tral albedo of the pond bottom, pond depth and illumina-
tion condition. In turn, pond-bottom
reconstructed from available data on pond albedo and
depth. Based on this model, solar-energy inputs into melt
ponds of comparatively high and comparatively low reflec-
tivity for a broad range of pond depths, and for various illu-
mination conditions were calculated. Consideration is
limited to the case of open melt ponds.

albedo 1s

THEORY

For the sake of simplicity, and due to the paucity of relevant
observational data, two main assumptions about melt ponds
have been made. These are Lambertian-bottom reflection
and planc-parallel geometry. In this case, the only para-
meter needed to specily optical properties of the underlying
ice for a particular wavelength is its spectral albedo, ;.
Pond-hottom albedo, therelore, represents bulk scattering
effects of the underlying ice. The advantage of this definition
is that an o value reconstructed from measurements of
albedo and depth of a particular pond for a given illumina-
tion condition can he then used for calculating albedo and
radiative fluxes for the same pond subjected to another type
of illumination and having an another depth. It is also
assumed that optical properties of the water are known,
and scattering in the water based on a theoretical study of
Makshtas and Podgorny (1996) is ignored. Using a Monte
Carlo model, Makshtas and Podgorny (1996) found that
Lambertian scattering at the pond bottom overwhelms
small amounts of scattering in the water. Accordingly, opti-
cal thickness of the water layer is defined as 7y, = Ky |hyl,
where k£, is the beam-absorption coeflicient of the water
and hy, is the thickness of the meltwater layer (or melt-pond
depth). The downwelling irradiance at the top of the water
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laver is assigned to be Fj for both direct and diffuse modes of

illumination.

According to Makshtas and Podgorny (1996), the spec-
tral albedo for a melt pond of optical thickness 7, under
direct illumination, oy, is given by

g = R(pg)+

20y (l - H(,u.n)) j(l - R(n)) exp(—i—‘;)duexp(—%)

0

1

1 — 20y J(l - I?(‘r,')) exp(—g%)du

0
(1)

where g is the cosine of the solar-zenith angle ;. 7 is the
cosine of the zenith angle in the water layer, R(u) and
R(n) are Fresnel rellections coellicients for irradiance inci-
dent on the air-water from above and from below, respec-
tively, g and 1 are related by /1 — pp> = nyy/1 — 1y’
(Snell’s law), and ny, 1s the refractive index of the water.

We now designate H, and f; + H,. as the net spectral
radiative-energy fluxes absorbed by the pond water and ice
(including the ocean under the ponded ice). H; + H is
obtained from

(1 - R(u)) (1 - @) Fyexp(~ )
Hi+ H,. = 1 (2)
1— 20 ](1 -~ R{?))) oxp(— 2;“‘)(111

and H from

H“. = (1 = Ct“»)H} - (Hl = Hn(') = (3)

Spectral albedo and radiative-energy fluxes under clou-
dy conditions are calculated assuming that the diffuse
downwelling radiance at the top of the water is isotropic.
The spectral albedo for a melt pond of optical thickness 7,
illuminated by uniform diffuse radiance, cy, is given by

1
O =2 / R(pe)pdp
0

1
doghg” '(1 - R sxp( —2t)d
i 4 (w)) pr( ,,) U
== - ¢ (4)
10 (1= Biny)exp( —2=d
o r{( (:])) t‘:])( 5 )( n
Similarly,
1
M2 (1 — a;) Fy f(l - R(vr;)) exp(—t—‘f‘) dn
B+ B = 0 1
1 -2 f(1— R(n)) exp(—2=)d
o {( (r])) (:XI)( - )( n
(5)
I:I\'z(lfdw)ﬂlf(}}i‘}’ﬁuv)- (6)

More details about development of the forward model can
be found in Makshtas and Podgorny (1996) and Podgorny
and Grenfell (1996). Furthermore, as relationships between
vy and ay, and between @, and «; are established in an ana-
lytical form, o can be casily derived from melt-pond albedo
and depth assuming that x,, and illumination condition are
given (Podgorny and Grenfell, 1996).

Dimensionless quantities ¥, and dimensionless radia-
tive-energy fluxes into the water ¥ and ice—ocean layers
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Yt Y are introduced for the mth spectral band as fol-
lows
[ aw(N)Fo(A)dA [ Hi(A)dx
A A
gt =" , Br=—a————— (T
& | Fy(A)dA s | Fo(A)dAa @
2 A o B
Here index j denotes subscripts “w™, “1" or “oc” Fy(A) 1s the
distribution of the incident-spectral irradiance and A is the

wavelength. Clearly,
Y el (8)

1, j

The &, & and & + @

oc

values specify redistribution of
the incident solar energy among the energy returning to the
atmosphere and stored in the water and ice—ocean layers in
the Ay, band. Spectrally averaged albedo of the melt pond is

1
Zm gja '

DATA

In this paper, wavelengths ranging [rom 350 to 2400 nm are
focused upon. The #y values in the 350-800 and 800 1140
nm wavelength regions are taken from Smith and Baker
(1981) and Kou and others (1993), respectively. At the wave-
lengths exceeding 1140 nm all incident radiation penetrat-
ing into the water layer through the air-water interface is
assumed to be completely absorbed by the water. The ny
values in the 350—700 nm wavelength region are calculated
using an empirical equation derived by Quan and Iry
(1995). Calculations of 7y, are made for the temperature
0°C and the salinity 3%o. For the wavelengths larger than
700 nm, the n, values are adapted from Hale and Query
(1973).

In order to specily a;. pond albedo and depth data rele-
vant to ponds of comparatively high and comparatively low
reflectivity in the visible are used. The idea is to characterize
the carly and late stages of the underlving ice during the
summer melt period. Accordingly, the ponds used are
referred to as the young and old melt ponds. Albedo meas-
urements for the young pond were made in the beginning of
July 1974 near ice island T-3 under an almost clear sky. The
solar-zenith angle was about 657 and the pond depth was
0.25 m. Albedo measurements for the old melt pond were
made in the beginning of August 1974 on ice island '1-3. The
solar-zenith angle was about 717 and the pond depth was
0.3 m. More details about measurement procedure can be
found in Grenfell and Maykut (1977). Figure 1 shows melt-
pond spectral albedos in the visible used as input data for
the calculations. The infrared albedos are not shown since
they reduce to the Fresnel reflection limit (e.g. Grenfell and
Perovich, 1984).

The incident spectral irradiances used for clear and
cloudy skies are shown in Figure 2. The values given are
adapted from Grenfell and Perovich (1984) and Grenfell
(1991). For the clear-sky case, all the radiation reaching the
surface 1s assumed to be direct, neglecting scattering in the
atmosphere. For the cloudy-sky case, the radiation reaching
the surface 1s assumed to he isotropic.

CALCULATIONS AND DISCUSSION

The algorithm for calculating solar-energy inputs into melt
ponds is as follows. Initially, ¢ is reconstructed from the

189
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Fig. 1. Spectral albedo for the young and old melt ponds.
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Fig. 2. The incident spectral irradiances under clear and

cloudy skies.

data on «,, Hy, and 0 for the young and old ponds. Then
Hy. H; + H,., H, and H; + H,. are computed for various
pond depths and illumination conditions based on Equa-
tions (2), (3), (5) and 6). The relevant values of melt-pond
spectral albedo are computed based on Equations (1) and
().

Figure 3 shows the spectral radiative-energy [luxes into
the water (solid line) and ice ocean (dashed line) layers vs
wavelength for the ponds of high (top) and low (bottom)
reflectivity under clear skies. Because the same values of
pond depth (0.3 m) and solar-zenith angle (60°) have been
applied to both ponds in this case, the only reason for differ-
ences between the curves corresponding to the young and
old ponds is different albedos of the pond bottom. As seen
from Figure 3, the effect of bottom albedo on H; + Hy, is

significant over the entire visible spectrum. The cffect of

bottom albedo on Hy is not so pronounced, and can be
observed only at the wavelengths ranging from 600 to
700 nm. With respect to calculating the ![/_’i” values, it is con-
venient, therefore, to divide wavelength region under con-
sideration into two spectral bands: Ay = 350-700 nm and
Ay = 7002400 nm.
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Fig. 3. The spectral radiative-energy fluxes inlo the water and
ice—ocean layers under clear skies (pond depth —0.3m, the
solar-zenith angle —60°).

‘lable 1 presents the ¥" values for both ponds under clear
and cloudy skics vs pond depth. Table 2 presents the ¥;"
values under clear skies vs the solar-zenith angle. Again, re-
distribution of solar energy is a strong function of bottom
albedo in the 350 to 700 nm spectral band, but it is nearly
the same for both ponds in the 700-2400 nm spectral band.
In order to investigate sensitivity of the calculated ¥}
values to specification of pond-bottom albedo, we introduce

a quantity

& = ‘ Z (lff(ymmg};" — !17(01(1)_;")‘ 3 (9)

m

where index j is used in the same sense as in Equation (7).
Because optical properties of pond-bottom ice seem to fall
between those of the young and old ponds in most cases,
the 6; values provide a convenient measure of the maximum
error in calculating the solar energy reflected by pond and
deposited in the water and ice-ocean layers due to uncer-
tainty in specifying the albedo of the pond bottom. Based
on the results presented in'Table 1, for example, we find that
8, Oy and & + 6, are in the range 9-14%, 0-3% and 12
13% of total incident radiation in the 350—-2400 nm wave-
length region, respectively. Assuming that depth of the melt
ponds does not exceed 1 m, &y is always less by an order of
magnitude than ) W%y In turn, 6, and & + s can be
nearly as large as > W1 and > (¥" + W) which sug-
gests a greater sensitivity of these quantities to optical prop-
erties of the pond-bottom ice.

Although our algorithm includes effects of multiple re-
flections in melt ponds, it is relatively simple with respect
to numerical realization. Fresnel reflection integrals in
Equations (1), (2), (4) and (5) can easily be computed ex-
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Table 1. Partitioning of solar energy (%o of total incident radiation in the 350~2400 nm wavelength region ) in the ponds of high
and low (in parentheses ) reflectivity as a function of pond depth
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Pond depith Band [ Band 1T
m 350-700 nm 7002400 nm
! ! o+, w,* ,* @7 4,
Clear skies, #, = 60
0.03 224 (9.1) 0.7 (04 23.1 (36.8) 42 (4.0 23.2 (244
0.1 21.8 (8.9 22 (14 : (36.0) 39 (37 15.1 (153
0.3 203 (8.5) 55 (3.7) 20,5 (34.1) 35 (34 74 (76)
1.0 16.9 (7.5) 12.8 (9.5) 16.5 (29.3) 32/(32) 492 (49.0) 14 (1.5
Cloudy skies
0.03 25,1 (10.4) 0.8 (0.5) 26.1 (41.1) 4.5 (4.2) 13.3 (15.3) 28.0 (283
0.1 24.3 (10.2) 2.5 (1.5) 252 (40.3) 4.1 (3.9) 248 (248) 19.1 (19.3)
[ 226 (9.8 6.3 (1.1) 231 (38.1 3.6 (35 344 (34.3) 10.0 (10.2
1.0 18.8 (8.6) 14.6 (10.7) 18.5 (327 33 (3.2 42.7 (425 21 (23
Table 2. As in Table 1, but for clear skies only as a function of solar-zenith angle 6,
90 — 6, Band 1 Band 1T
degrees 350 700 nm 700-2400 nm
! ! @'+, w,* " @+,
10 282 (20.1) 4.0 (27 14.0 (23.4) 189 (18.8) 30.3 (30.3) L6 (4.7)
20 22.3 (11.4) 5.2 (3.5) 18.8 (31.3) 39.9 (39.9) 6.1 (6.6)
30 20.3 (8.5) 5.5 (3.7) 20.5 (34.1) 2 (3.4 428 (427 74 (76
10 19.6 (7.5) 5.5 (3.6 211 (35.2) 435 454 81 (8.3)
50 194 (7.1) 54 (3.5) 21:5(857) 134 (43.3) 86 (89

panding exp(—7y/n) and exp(—27./7) in power series
(Makshtas and Podgorny, 1996). Therefore, one of the possi-
ble applications of the developed algorithm is parameter-
ization of pond albedo and solar-cnergy inputs into melt
ponds for the use in sea-ice models. Because effects of pond
depth and illumination condition on redistribution of solar
energy in a plane-parallel melt pond can easily be incorpo-
rated into such a parameterization, additional efforts are
needed only to parameterize pond-bottom albedo. In view
of the variability of the optical properties of ponded ice, this
parameterization should rely on a large quantity of meas-
urements of pond albedo and depth for each particular type
of the ponded ice (e.g. first-year, multiyear, white, blue, con-
taminated, ete) in order to be statistically significant.
Although the method presented here takes into account de-
pendence of pond albedo and solar-energy inputs on illumi-
nation condition and hence on lattude, different
parameterization of pond-bottom albedo can prohably be
required for the Eurasian and Canadian sectors of the Arc-
tic, reflecting effect of contaminants on the melt ponds in the
central Arctic and on Siberian shelves (Eicken and others,
1994),

As already mentioned, the above calculations have been
made under two simplifying assumptions about melt ponds:
Lambertian bottom reflection and plane-parallel geometry.
Although the first is not generally true, it scems to be too
early to proceed to a more sophisticated assumption about
pond-bottom reflection because no observations of angular
distribution of reflected radiation within melt ponds are
available at present. Such measurements could be used for
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the development of a more detailed forward model of the
radiative transfer in a melt pond with a non-Lambertian
bottom and a more accurate parameterization of pond-
bottom albedo.

Finally, a question of particular concern to the problem
under consideration is incorporation of horizontal heteroge-
neity of pond-bottom albedo and variations in pond depth
into melt-pond parameterization. A compromise approach
to evaluating solar-energy disposition in sea ice with a com-
plex geometry is that in which the radiative transfer in sca
ice is assumed to be dependent on local optical properties of
the ice, but independent of these values in neighboring
regions (c.g. Perovich, 1990). Any net horizontal photon
transport is neglected under such an assumption. Although
quantitative estimates of the relevant errors have never heen
made, one can assume that this approach will result in
larger errors when applied to a melt pond on the multiyear
ice, reflecting a complex surface relief of the multivear ice.
As a consequence of general limitations imposed by one-di-
mensional models, numerical experiments with three-di-
mensional radiative-transfer models are required before
the above question can be answered.

CONCLUSIONS

Partitioning of solar energy in an open plane-parallel melt
pond with a Lambertian bottom has been investigated. In
the 350-700 nm wavelength band, spectrally averaged pond
albedo and solar-energy inputs into melt ponds are a func-
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tion of pond-bottom albedo, pond depth and illumination
condition. In the 700-2400 nm wavelength band. the parti-
tioning of solar energy in melt ponds depends only on pond
depth and illumination condition. Finally, beyond approx-
imately 1000 nm it should only depend on illumination con-
dition, because the incident irradiance reaching the ice
layer is negligible for actual melt-pond depths. The effect of
uncertainty in specifying pond-bottom albedo on total
encrgy input into the water layer is relatively small com-
pared to that on spectrally averaged pond albedo and total
energy input into the ice—ocean layer.

A possible output from the algorithm could be para-
meterization of pond albedo and solar-energy inputs into
the water and ice-occan layers for the use in sea-ice models.
The first step in this direction should be development of a
statistically significant parameterization of pond-bottom
albedo for various types of the underlying ice. This can be
made either based on available data on melt-pond albedo
and depth or by using direct measurements of pond-bottom
albedo within the meltwater layer.
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