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[1] The extent and thickness of the Arctic sea ice cover has decreased dramatically in the
past few decades with minima in sea ice extent in September 2005 and 2007. These
minima have not been predicted in the IPCC AR4 report, suggesting that the sea ice
component of climate models should more realistically represent the processes controlling
the sea ice mass balance. One of the processes poorly represented in sea ice models is
the formation and evolution of melt ponds. Melt ponds accumulate on the surface of sea
ice from snow and sea ice melt and their presence reduces the albedo of the ice cover,
leading to further melt. Toward the end of the melt season, melt ponds cover up to 50% of
the sea ice surface. We have developed a melt pond evolution theory. Here, we have
incorporated this melt pond theory into the Los Alamos CICE sea ice model, which has
required us to include the refreezing of melt ponds. We present results showing that the
presence, or otherwise, of a representation of melt ponds has a significant effect on the
predicted sea ice thickness and extent. We also present a sensitivity study to uncertainty in
the sea ice permeability, number of thickness categories in the model representation,
meltwater redistribution scheme, and pond albedo. We conclude with a recommendation
that our melt pond scheme is included in sea ice models, and the number of thickness
categories should be increased and concentrated at lower thicknesses.

Citation: Flocco, D., D. L. Feltham, and A. K. Turner (2010), Incorporation of a physically based melt pond scheme into the sea
ice component of a climate model, J. Geophys. Res., 115, C08012, doi:10.1029/2009JC005568.

1. Introduction

[2] The extent and thickness of the Arctic sea ice cover
has decreased dramatically in the past few decades. Sub-
marine data gathered from 1958 to 1976 indicates a decrease
of sea ice thickness of about 1.5 m [Rothrock et al., 1999],
and satellite observations show that the ice cover is con-
tinuing to thin [Laxon et al., 2003]. In September 2005 and
2007, historical minima of sea ice extent have been observed.
These minima have not been predicted by even the most
pessimistic model forecasts in the IPCCAR4 report [Solomon
et al., 2007; Stroeve et al., 2007], and this, combined with the
known shortcoming of model sea ice physics, suggests that
the sea ice component of climate models should more real-
istically represent the physical processes controlling the sea
ice mass balance. One of the physical processes poorly
represented in sea ice models is the formation and evolution
of melt ponds.
[3] Melt ponds accumulate on the surface of sea ice from

snow and sea ice melt. A fraction of the surface melt runs
directly into the sea off the edge of floes or through cracks,
but the remainder forms melt ponds. The hydraulic head of a

melt pond, i.e., the height of the pond surface above sea
level, drives meltwater to flush through permeable sea ice
until the pond surface reaches sea level. Toward the end of
the melt season melt ponds cover up to 50% of the sea ice
surface. As fall progresses into winter, the ponds begin to
freeze at their upper surface and the internal liquid region so
formed slowly freezes, releasing latent heat. Melt ponds
affect the heat and mass balance of the ice cover in various
ways [Taylor and Feltham, 2004], for example the latent
heat released in freezing of melt ponds keeps the ice rela-
tively warm and reduces winter freezing. However, the most
important effect that melt ponds have on the heat and mass
balance of the ice cover is through their impact on the
albedo of the ice which they cover.
[4] Pond‐covered ice absorbs more solar radiation, and

therefore melts more quickly, than the bare sea ice, with the
melt rate beneath melt ponds estimated to be up to 2–3 times
greater than that of bare ice [Fetterer and Untersteiner,
1998a]. The spectrally averaged, shortwave albedo of pond‐
covered ice has been measured in field experiments to be
between 0.1 and 0.5 [e.g., Grenfell and Maykut, 1977;
Perovich et al., 2002; Eicken et al., 2004], and is principally
determined by the optical properties and physical depth of the
ice beneath the pond, both of which have some correlation
with pond depth. These albedo values are much lower than
those of bare ice and snow covered ice, which are in the range
0.52 to 0.87 [Perovich, 1996]. The reason that pond‐covered
ice has a lower albedo than bare ice is that a drained, highly
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RAD Ponds

“retained” melt water fraction: 0.15 + 0.7ai for hi > 1 cm

refreezing: Vp = Vpe−0.005(−2−Tsfc) for Tsfc < −2◦

area ap =
√

Vp/0.8 < 1
depth hp = 0.8ap < 0.9hi
volume Vp = aphp

snow ap = (1− hs/0.03) ap

transport Vp, ap
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TOPO Ponds

retained melt water fraction: 0.15 + 0.7ai for hi > 1 cm

reduce Vp by fraction of ice area that ridged
Melt water fills thinnest categories first, may overflow
Snow occupies space according to ρs
If the ice is permeable, pond can drain to sea level
Vip = refrozen ice “lid” on pond
newly forming: use Fsfc
thickening: use Stefan solution for ρiLdH

dt = ki
∂T
∂z

melting: use meltt
transport Vp, ap, Vip
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TOPO Ponds

Major differences from Flocco et al. 2010:

use delta-Eddington radiation scheme
ice lid growth not added to ITD until Vp = 0
retained melt water fraction
reduction by ridging
transport ap

transport Vp and Vip on each category
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[22] When the pond temperature reaches its freezing
point, a layer of ice is formed at its upper surface. The rate
of growth of the ice lid (Hui) is given by the Stefan energy
budget at the lid‐pond interface

!iL
dHui

dt
¼ ki

@Tice
@z

" kp
@Tpond
@z

; ð5Þ

where ri is the ice density, L is the latent heat of fusion of
pure ice per unit volume, T is the temperature, t is time, z is
vertical position and ki and kp are the thermal conductivity
of the ice lid and pond respectively. The second term on the
right hand‐side is close to zero since the pond is almost
uniformly at the freezing temperature. Approximating the
temperature gradient in the ice lid as linear, ki

@Tice
@z ≈ ki

DTice
Hui

, the

Stefan condition yields the classic Stefan solution for ice lid

depth Hui =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ki
!sL

DTice
q

t1=2. The volume (thickness) of the ice

lid is stored as a variable and used in the following time steps.
The routine checks the surface flux conditions in the next time
step and allows the ice‐lid to grow, partially melt, or melt
completely as appropriate. The volume of the ice lid is sub-
tracted from the pond volume and added to the ice floe volume,
contributing to the evolution of the ice thickness distribution.
Calculations show that a floating ice layer of thickness 70 cm
can form in two months, which is confirmed by observations
of under‐ice ponds a few months after the initial surface
freezing [Perovich et al., 2002].

3.2. Permeability of the Sea Ice
[23] As meltwater accumulates on the ice cover, a pre-

scribed fraction (we chose 20% based on sensitivity studies
of Flocco and Feltham [2007]) runs off the edges of the
floes or through cracks. The remaining meltwater sits on the
ice surface and may drain vertically through the ice and into
the ocean while the hydraulic head is positive (the pond
surface is above sea level). The location of sea level with
respect to the ice surface is calculated at each time step from
a hydrostatic balance. The vertical drainage of meltwater
through the sea ice and into the ocean is calculated using
Darcy’s Law for flow through a permeable medium.
[24] In our previous work [Flocco and Feltham, 2007], for

simplicity, the permeability was chosen to be a prescribed
function of time (based upon measurements of Eicken et al.
[2004]): relatively impermeable in the early part of the melt
season, increasing in permeability during the main season, and
decreasing toward the end of the melt season. Although conve-
nient for the previous work, we wish to be able calculate per-
meability according to the physical state of the ice. During the
melting season sea ice warms so that the brine pathways enlarge
and multiply so that the solid volume fraction ’ decreases and
the sea ice becomes more permeable. Here, we adopt the rela-
tionship between the vertical permeability of sea ice P (m2)
and solid fraction of sea ice proposed byGolden et al. [2007],

P ¼ 3 1" "3
" #

% 10"8: ð6Þ

Since the solid fraction varies throughout the depth of the sea
ice, so does the permeability. The rate of vertical drainage is
determined by the lowest (least permeable) layer, corresponding
to the highest solid fraction. From the equations describing sea
ice as a mushy layer [Feltham et al., 2006], the solid fraction
is determined by

" ¼ cbulk " C Tð Þ
Ci " C Tð Þ

; ð7Þ

where cbulk is the bulk salinity of the ice (3.2 parts per thou-
sand in this work),C(T) is the concentration of salt in the brine
and Ci is the concentration of salt in the ice crystals (zero

Figure 2. (a) Climatology of the model‐domain average of sea ice thickness for the CPOM, the CICE
and the “no pond” model runs. (b) Climatology of the model‐domain average of sea ice concentration for
the CPOM, the CICE, and the “no pond” model runs.

Table 1. Minimum and Maximum Values of the Sea Ice Thick-
ness, the Sea Ice Concentration, the Fractional Melt Pond Covered
Area, and the Melt Pond Depth for the CPOM, CICE, and “No
Pond” Model Runsa

Hi (m) Aice (%) Apond (%) Hpond (m)

Min Max Min Max Min Max Min Max

CPOM 0.37 1.90 0.16 0.99 0 0.44 0.03 0.60
CICE 0.09 1.84 0.04 0.98 0 0.49 0.0 0.22
No pond 2.20 3.11 0.62 0.99 N/A N/A N/A N/A

aHi, sea ice thickness; Aice, sea ice concentration; apond, fractional melt
pond covered area; hpond, melt pond depth.
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topo is more complex but not significantly more expensive
topo needs consistent thermodynamics
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