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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 [IPCC AR4 report [Solomon
etal.,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
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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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scattering granular layer (known as the surface scattering
layer) forms at the surface of bare ice and the presence of
meltwater prevents this surface scattering layer from forming
[Light et al., 2008]. The pond itself absorbs a relatively small
amount of radiation (a few percent, dependent upon thick-
ness) and scatters almost none, and pond-covered ice absorbs
considerably less radiation than bare ice of the same thick-
ness. The transmittance of solar radiation through pond-
covered ice into the ocean is estimated from field observations
to be 3-5 times greater than that through bare ice of similar
thickness [Perovich, 2005], although this is dependent upon
the thickness of the ice and pond. Light et al. [2008], com-
bining laboratory observations and a radiative transfer model,
estimate that a 0.4 m pond underlain with 1 m of ice will
transmit nearly 50% of the incident solar, shortwave radiation
to the ocean below whereas a 0.4 m pond on 3 m thick ice
transmits about 15% of the solar radiation to the ocean below.
Based upon these, and numerous other, observations, many
have referred to pond-covered ice as “windows” that let light
into the ocean below the ice.

[s] The fractional area of the sea ice surface covered in
ponds is needed to determine the area-averaged albedo of
the ice cover, an important quantity in the sea ice compo-
nents of Global Climate Models (GCMs). The fractional area
covered in ponds has been most extensively studied from
visual photography using air craft and balloons [Derksen et
al., 1997; Tschudi et al., 2001; Perovich and Tucker, 1997,
Eicken et al., 2004], but also from satellite imagery [Barber
and Yackel, 1999; Fetterer and Untersteiner, 1998b]. The
evolution of the melt pond cover on a given region of sea ice,
such as a particular floe, is typically highly variable since it is
controlled by a number of competing factors. Based upon
observations, FEicken et al. [2002] divided the evolution of
the melt pond cover into four main stages. The first stage is
when snowmelts to produce the initial source of meltwater; at
this time the ice is relatively impermeable and lateral melt-
water transport to local topographic lows in ice height or
cracks in the ice cover determines the initial pond cover. On
rougher ice, this is typically the stage of maximum pond
coverage. On particularly flat, typically first-year, ice it is
possible for snowmelt to flood the surface so that the pond
fraction may cover up to 60% of the surface, Eicken et al.
[2004]. The second stage is characterized by the completion
of snowmelt so that meltwater is now generated from sea ice
melt only and the increase in permeability of the ice cover.
Ponds can now only remain above sea level if the ice melt
supply from the catchment area surrounding a given pond
exceeds the drainage rate, which is rare, and the pond covered
fraction of the ice cover diminishes as the ponds drain to sea
level. In the third stage, vertical drainage is sufficiently rapid
that all ponds are at sea level, however since this is also the
period in which melting is most rapid, the pond area fraction
increases. Some ponds will melt through completely to the
ocean. On flatter, first year ice this can be a period of maxi-
mum pond coverage. On rougher ice, the pond area fraction
tends to be lower, and certainly individual ponds are of
smaller area, since topography limits lateral meltwater
transport [Fetterer and Untersteiner, 1998a]. The final stage
is when the ponds freeze over at their upper surface.

[6] Various attempts have been made to model melt ponds.
Taylor and Feltham [2004] developed a one-dimensional
model of melt ponds that consisted of heat and salt balance
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equations, a two stream radiation model, and treated the sea
ice as a mushy layer [Feltham et al., 2006]. This model was
forced with SHEBA data [Perovich et al., 1999] and was able
to produce realistic pond depth and albedo evolution. A
subsequent model was developed to study the area evolution
of melt ponds on sea ice [Liithje et al., 2006]. This model
divides a sea ice floe into square cells, inside which the pond
height and ice depth are recorded and allowed to evolve
according to the state of the surrounding cells (the model thus
forms a cellular automaton). While these two models have led
to some improvements in our understanding of the processes
governing melt pond evolution, they are not suitable for
inclusion into a GCM. It is for this reason that we developed a
melt pond model for use in the sea ice component of a GCM
[Flocco and Feltham, 2007].

[7] In the work of Flocco and Feltham [2007], we pre-
sented the theory behind our melt pond model and ran the
model in stand-alone mode, which means that the model
was set up to simulate the melt pond cover with the melting
rates of snow, bare ice, and pond-covered ice imposed (i.e.,
no heat transfer calculations were performed), in a similar
way to the model of Liithje et al. [2006]. Since then, we
have incorporated the melt pond theory into the Los Alamos
CICE sea ice model, which performs, among other things,
the heat transfer calculations. Incorporation of the melt pond
theory into CICE has required extension of the original
theory to deal with the refreezing of melt ponds. This work,
together with some other minor modifications, is described
in this paper.

[8] The model presented here includes snowmelt, reduced
albedo of pond-covered ice, vertical drainage, and freezing
of ponds and thus can capture many of the observed features
of the pond evolution summarized above. However, since
the model does not represent the actual topography of the ice
cover, which is a necessary limitation of the need to be able
to incorporate the model into the current generation of GCM
sea ice components, it can only represent lateral meltwater
transport in a crude manner. Lateral meltwater transport in
this model [Flocco and Feltham, 2007] is accounted for by
invoking the continuum hypothesis, upon which all GCM-
style sea ice models are based: it is assumed that a given
point on an ice cover is surrounded by ice of all surface
heights. A necessary consequence of this assumption is that
meltwater is transported to the ice of lowest surface height.
It is observed that meltwater will travel many hundreds of
meters to reach a local topographic low, e.g., Eicken et al.
[2002]. It is assumed in the model used in this paper that
meltwater is transported to the lowest surface height within
one time step of the model. While one can clearly imagine
situations in which this is unrealistic, without a representa-
tion of surface topography the distance to points of lowest
surface height, and thus the time required to reach these
locations, cannot be estimated. Observations and model
simulations (F. Scott and D. L. Feltham, A model of the
three-dimensional evolution of Arctic melt ponds on First-
year and Multi-year sea ice, submitted to Journal of Geo-
physical Research, 2010) suggest that this model assumption
does not strongly affect the predicted pond cover, which is
most likely due to the fact [e.g., Perovich et al., 2003; Eicken
et al., 2004] that for the majority of the melt season the
ponds are observed to be at sea level, and this is faithfully
represented in the model [Flocco and Feltham, 2007].
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Figure 1. Schematic of sea ice thickness distribution reor-
ganized as an ice floe. Here o and 3 are the top and the bot-
tom part of the sea ice thickness distribution and £, is the
pond depth.

[v] We have conducted a number of numerical simula-
tions using the sea ice model with our model of melt ponds
in order to demonstrate the impact that the melt ponds have
on the sea ice mass balance and to examine sensitivity of
the simulations to aspects of the melt pond model. While the
incorporation of our melt pond routine significantly alters the
mass balance of the ice cover, the resulting simulations are
not unreasonable and do not cause any substantial redistri-
bution of sea ice. It is not the purpose of this paper to accu-
rately simulate the sea ice cover, since this would require
calibration against observations and tuning of uncertain
parameters not related to melt ponds, and would detract from
our main aim, which is the investigation of the impact of melt
ponds on the sea ice mass balance.

[10] In section 2, we describe essential elements of our
previous melt pond theory and the CICE sea ice model,
including a semi-empirical pond parameterization included in
the standard CICE release version 4.1, and briefly describe
how the output of the melt pond model is used to calculate
albedo. In section 3, we describe how our model deals with
the refreezing of melt ponds and our treatment of the per-
meability of sea ice. In section 4, we first present simulations
of the sea ice cover with, and without, melt ponds and then
examine the sensitivity of the simulations using our melt pond
model to variations in the sea ice permeability, the number of
thickness categories resolved in CICE, and the meltwater
redistribution scheme. We discuss our results in section 5 and
summarize our main conclusions in section 6.

2. Scientific Context

2.1. Elements of the Melt Pond Theory of Flocco and
Feltham [2007]

[11] Almost all sea ice models characterize the sea ice
cover with one state variable, namely ice thickness. More-
over, since a single model grid cell would in reality contain
ice of various thicknesses, the more sophisticated sea ice
models characterize the ice cover with a thickness distribution
function [Thorndike et al., 1975]. The thickness distribution
function g(h, x, f) is defined such that g dh is the fractional
area of ocean covered by ice whose thickness lies between
h and h + dh at (horizontal) position x and time ¢. This dis-
tribution function is normalized so that

/Oocgdh: 1. (1)
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[12] Inpractice, the distribution function is discretized, e.g.,
in the standard implementation of CICE version 4.1, there
are 5 thickness categories. When meltwater forms, it runs
downhill under the influence of gravity and thus the topog-
raphy of the ice cover plays a crucial role in determining the
melt pond cover. While the thickness distribution function
describes the relative areas within a grid cell covered in ice
of a certain thickness, the spatial disposition of this ice, i.e.,
the topography of the ice cover, is not captured. In order to
redistribute meltwater over the ice surface, necessary to cal-
culate pond area and depth, we [Flocco and Feltham, 2007]
split the sea ice thickness distribution function into a surface
height distribution function a(#, x, f) and a basal depth dis-
tribution function 3(4, x, £) (see Figure 1). The procedure for
determining u(h, x, f) and B(h, x, £) from g(h, x, ¢) is described
in detail by Flocco and Feltham [2007]. Briefly, we consider
each thickness category to be separately in hydrostatic equi-
librium and the position of sea level is calculated assuming
that the ice in the whole grid cell is rigid and in hydrostatic
equilibrium; the fraction of the ice above a reference height
forms «a(h, x, f) and the fraction below the reference height
forms ((h, x, f). The principle for meltwater distribution
within a given grid cell and time step is, then, to take the
volume of meltwater (suitably modified by advection, pre-
cipitation, melting, freezing, drainage and run-off) and cover
the ice thickness categories in order of increasing surface
height (accounting for saturated snow, where present).

[13] In the standalone melt pond model [Flocco and
Feltham, 2007], we discretized the thickness, surface height,
and basal depth distribution functions with 80 ice thickness
categories. A layer of snow of variable depth was initially
placed on the ice, and the melting rates for the snow, the
bare sea ice, pond-covered ice, and ice-ocean interface were
prescribed. As ice in a given surface height or basal depth
category melts/freezes, it is transferred into a lower/higher
height or depth category. The model does not account for
lateral melt of the ponds. It is observed that the greatest
determinant of the pond fraction is the area of ice below
sea level, e.g., Perovich et al. [2003] and Eicken et al. [2002,
2004]. Lateral melt plays a relatively minor role in deter-
mining the pond area since it alters the area of low-lying ice to
a relatively small degree and the lack of topography in con-
tinuum GCM-style models limits the realism with which
lateral melting could be modeled. The most straightforward
approach to incorporating lateral melt would be to cause
volume transfer between thickness classes, which is algo-
rithmically equivalent to the effect of vertical, surface melt,
although some assumptions would be required regarding total
pond perimeter.

[14] The Flocco and Feltham [2007] model simulations
produced realistic results, with a maximum pond covered
area of about 50% of the sea ice surface, in agreement with
field observations. Various sensitivity studies were per-
formed (varying, for example, mean snow and ice thickness).
In particular, it was found that by using an ice thickness
distribution that reproduces young, flatter ice, the pond area
increases and the maximum pond depth decreases, while
pond area decreases and the pond depth increases when using
a sea ice thickness distribution that simulates old, rougher
ice. In particular, and most relevant to application within
the current generation of GCMs, it was found that a
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drastic reduction of the number of ice thickness categories
still yielded realistic results in terms of pond area and
depth.

2.2. Elements of the Los Alamos Sea Ice Model CICE

[15] The Los Alamos sea ice model CICE is a dynamic-
thermodynamic sea ice model designed for inclusion within
a GCM. In its standard configuration, CICE includes 5 ice
thickness categories. The sea ice velocity is calculated from
a momentum balance equation that accounts for air drag,
ocean drag, Coriolis force, sea surface tilt, and the (diver-
gence of) internal ice stress. The internal ice stress is calcu-
lated using the viscous plastic rheology of Hibler [1979], with
artificial elasticity included to aid the solution procedure
[Hunke and Dukowicz, 1997]. The redistribution of ice thick-
ness in ridging follows the work of Rothrock [1975]. For
further details, see Lipscomb et al. [2007].

[16] The CICE model solves one-dimensional, vertical heat
balance equations for each thickness category and snow, if
it is present. The sea ice heat balance equation is nonlinear to
account for brine content within the sea ice, and contains a
source term to account for absorbed solar radiation, and is
based on the model of Maykut and Untersteiner [1971] using
the energy conserving scheme of Bitz and Lipscomb [1999].
The upper sea ice boundary condition consists of a balance of
shortwave, longwave, sensible, latent, and conductive heat
fluxes when the ice surface is below freezing. When the
surface temperature warms to the melting temperature, it is
held at the melting temperature and the flux imbalance drives
melting through a moving boundary (Stefan) condition. No
surface freezing is possible. The lower sea ice boundary
conditions are that the ice temperature is equal to the ocean
mixed layer temperature, and a Stefan condition [Carslaw
and Jaeger, 1997] determining either melting or freezing
dependent on the difference between the conductive heat flux
in the ice toward the atmosphere and the turbulent oceanic
heat flux into the ice.

2.3. Calculation of Surface Albedo

[17] The main outputs of the melt pond model of Flocco
and Feltham [2007], and the modified model presented in
this paper, are the pond area and pond depth. These outputs
are then used in a separate routine within CICE to calculate
the area-averaged sea ice albedo. The standard version of
CICE version 4.1 also contains a semi-empirical parame-
terization for determining melt pond area and depth based
upon the volume of meltwater V present in a grid cell. This
parameterization thus generates the same outputs as does
our melt pond theory. This parameterization was devised to
improve the match between CICE simulations and SHEBA
observations, and is unpublished (D. Bailey, personal com-
munication, 2009).

[18] In the CICE semi-empirical scheme, pond area a,onq
and depth /,,,,, are calculated according to

Apond = V 1.25V (2)
hp[md = O-8apand~ (3)
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If the air temperature is below freezing, the meltwater vol-
ume at time step ¢ + 1 is decreased from that at time step ¢

according to
dT, — 2
) @)

imelt — 2

Vie1 = Viexp (0.1

where dTy is the difference between the ice melting temper-
ature T;,,.;; (set equal to 0°C) and the surface temperature.
[19] In the simulations presented in sections 4 and 5, we
used either the output of our melt pond model or the CICE
semi-empirical parameterization as input to the Community
Climate System Model (CCSM) version 3 albedo scheme.
The CCSM albedo scheme determines surface albedo from
spectral band (visible or near infrared), presence of snow,
presence and depth of melt ponds, and sea ice thickness. The
direct and diffuse albedos are considered equal (the solar
zenith is ignored) but this does not constitute a major error
since melt ponds form at a time of the year when the dif-
ference between diffuse and direct albedo is rather small.
The albedo of the pond-covered ice is calculated taking into
account the pond area, the pond albedo, and the bare ice
albedo. The pond albedo decreases exponentially with pond
depth following the Ebert and Curry parameterization
[1993], with the minimum allowable value being the ocean
albedo. For further details on the CCSM albedo scheme see
Ebert and Curry [1993] and Grenfell and Maykut [1977].

3. New Development of the Melt Pond Model of
Flocco and Feltham [2007]

3.1.

[20] In our previous work, we studied the evolution of
melt ponds only during the melt season. However, toward
the end of the melt season air temperatures begin to drop
and melt ponds freeze over at their upper surface to form ice
lids, with meltwater between the ice lid and pond bottom.
Here, we extend our previous theory to allow the ponds to
freeze over. When the ice lids first form, diurnal variation in
surface heat fluxes can cause the lid to form and melt again
but after a short transition period the ice lids persist and
grow downward until the meltwater is completely frozen.

[21] When the surface energy budget of a melt pond be-
comes negative, the pond will cool down. Taylor and
Feltham [2004], in their one-dimensional simulation of
melt ponds, showed that the ponds are turbulently con-
vecting so that so that the pond temperature is close to
uniform, except for narrow diffusive boundary layers at the
top and bottom. The turbulent heat transfer is efficient and is
modeled using the four-thirds law for turbulent convection.
(The four-thirds law arises when the heat flux across a fluid
layer is assumed to be independent of the depth of a fluid
layer, so that the Nusselt number, which is the ratio of the
convective to diffusive heat flux, is proportional to the
Rayleigh number to the power of one third [Linden, 2000;
Taylor and Feltham, 2004].) It is easy to show [e.g., Taylor
and Feltham, 2004] that ponds of all reasonable depths (up
to 2—3 m) will cool down to close to the freezing tempera-
ture within a few time steps of the CICE model (each time
step is 1 h) when the net surface energy budget is negative.

Refreezing of Ponds
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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 Runs®

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

Min Max Min Max Min Max Min Max

CPOM 037 190 0.16 099 0 044 0.03 0.60
CICE 009 184 0.04 098 0 049 0.0 0.22
Nopond 220 3.11 062 099 NA NA NA NA

“Hi, sea ice thickness; Aice, sea ice concentration; apond, fractional melt
pond covered area; hpond, melt pond depth.

[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 (H,,) is given by the Stefan energy
budget at the lid-pond interface

p*L dHui =k aTice

dt Oz

anond
0z '’ (5)

_kp

where p; is the ice density, L is the latent heat of fusion of
pure ice per unit volume, 7 is the temperature, ¢ is time, z is
vertical position and &; and k, 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, klagg‘f ~ k,%, the

Stefan condition yields the classic Stefan solution for ice lid
depth H,,,= , /i—kL AT;.ot"?. 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].

3.5

-6~ CPOM
—— CICE
—— no pond

[\S)

Ice thickness (m)
—_
W

;
Jan Apr Jul Oct
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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 IT (m?)
and solid fraction of sea ice proposed by Golden et al. [2007],

II=3(1-¢) x 107" (6)

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

~ coue — C(T)

o= ™
where ¢, 1s the bulk salinity of the ice (3.2 parts per thou-
sand in this work), C(7) is the concentration of salt in the brine
and C; is the concentration of salt in the ice crystals (zero

0.9F NN
0.8F e
07k L

ratio

0.6F - o .......

e e
~ v

Fractional sea ice concen

I
w

g
o

-~ CPOM
| ™ CICE
=9~ no pond

b .
o2 -

; ;
Jan Apr Jul Oct

o
—

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.
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Figure 3. (a) Climatology of the model-domain average of fractional pond area for the CPOM and the
CICE model runs. (b) Climatology of the model-domain average of melt pond depth for the CPOM and

the CICE model runs.

here). The function C(7T) gives the liquidus concentration of
brine at which ice and brine can coexist in thermodynamic
equilibrium, and is the one presented by Assur [1958] C(T) =
—1.20-21.87-0.9197%— 0.01787>. In practice, once the ice
become permeable enough, around 107'° m? the pond
quickly drains to sea level and stays at that level.

4. Results

[25] We present results using a standalone version of
CICE version 4.1, modified to include our melt pond scheme,
with atmospheric and oceanic forcing. We use the standard

parameter choices within CICE version 4.1 and have not
tuned the model against observations. The simulations we
present are designed to explore the role that melt ponds play
in determining the mass balance of sea ice and not for detailed
comparison against observations.

[26] A regional domain consisting of the Arctic basin and
peripheral seas is used with open boundaries at the Bering
Strait and in the mid Greenland, Iceland and Norwegian seas.
Baffin Bay is filled in so there is no open passage through the
Canadian Archipelago to the North Atlantic. The grid is based
on the ORCAL tripolar grid developed for the NEMO ocean
code [Madec, 2008].
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Figure 4. (a) Average (1980-2001) fractional pond area for July using the CPOM scheme. (b) Average
(1980-2001) pond depth for July using the CPOM scheme.
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Figure 5. (a) Climatology of the model-domain average of sea ice thickness for the CPOM and the low
permeability model runs. (b) Climatology of the model-domain average of sea ice concentration for the

CPOM and the low permeability model runs.

[27] The atmospheric forcing closely follows that of
Miller et al. [2006]. ECMWF re-analysis ERA-40 data is
used for 10 m wind speeds, long and shortwave down-
welling radiation, and snowfall. A forcing period of six
hours is used for the wind speed and daily forcing for the
radiation and snowfall. The POLES Sea Ice Model Forcing
Data Set [Zhang et al., 1998] is used for daily two meter air
temperatures and humidities. ERA-40 data is not used for
these forcing variables because the ERA-40 air temperature
is known to frequently exceed the freezing point during the
summer over Arctic sea ice [Flato and Hibler, 1995]. The
CICE model contains a representation of the oceanic mixed
layer and the heat flux at the ice—ocean interface depends
on the mixed layer temperature and is calculated using a
turbulent heat transfer equation.

[28] The initial sea surface temperature and salinity is set
from the Polar science center Hydrographic Climatology
(PHC) [Steele et al., 2001]. The model is spun-up for twelve
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years using repeated 1980 forcing data, after which it is run
from 1980 to 2001, the period from which scientific results
are taken. We produce a climatology over the period 1980—
2001 for monthly means of ice thickness, ice concentration,
pond area and albedo, averaged over the model domain.
[29] In section 4.1 we describe the results obtained with
no pond parameterization, with the semi-empirical melt
pond parameterization (hereafter, the CICE pond scheme),
and with our new pond scheme (hereafter, the CPOM pond
scheme). In section 4.2 we explore the sensitivity of the
simulations with the CPOM pond scheme to variation in ice
permeability, the number of thickness categories, and the
meltwater redistribution scheme, which are the factors that
have most impact on the CPOM melt pond distribution.

4.1. Sea Ice Simulations With and Without Melt Ponds

[30] Table 1 summarizes the main results from our
simulations in this section. In Figure 2, we show the sea-
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Figure 6. (a) Climatology of the model-domain average of fractional pond area for the CPOM and the
low permeability model runs. (b) Climatology of the model-domain average of melt pond depth for the

CPOM and the low permeability model runs.
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Figure 7. (a) Climatology of the model-domain average of sea ice thickness for the CPOM and the eight
ice categories model runs. (b) Climatology of the model-domain average of sea ice concentration for the

CPOM and the eight ice categories model runs.

sonal cycle of basin-averaged sea ice thickness and sea ice
concentration with no ponds (labeled “no pond”), with the
CICE pond scheme (labeled “CICE”) and with the CPOM
pond scheme (labeled “CPOM”™). From Figure 2a, it is
evident that the presence of melt ponds has a significant
impact on the ice thickness and the seasonal variation in ice
thickness is greater when melt ponds are included. The sea
ice concentration, and its seasonal variability, is also strongly
affected by the presence of melt ponds (Figure 2b), as is to be
expected since melt ponds can cause thin ice to melt through
completely, reducing the ice concentration.

[31] We note that the CICE pond scheme simulation
shows the seasonal ice retreating earlier, in between March
and April, than the CPOM and no melt pond simulations.
The CICE pond scheme simulations also show lower ice
thickness and ice concentration than the CPOM scheme.

[32] In Figure 3, we show the seasonal cycle of basin-
averaged pond covered area fraction and pond depth for
the CICE and CPOM pond schemes. Both schemes produce
pond area fractions (Figure 3a) comparable with the literature

T T T
a) . : © |-e- crom
. | =% 8icecat

..............................................

Fractional pond area

L
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[Perovich et al., 2002] but differ in behavior at the beginning
of the refreezing season. The CPOM scheme shows a rapid
decrease in the pond area at the end of the melting season.
This is due to the explicit parameterization of the refreezing
process. The pond area obtained from the CICE scheme
shows a slow decrease in pond area fraction, with ponds still
present in November (not observed in reality).

[33] Figure 3b shows that the pond depth in the CICE
pond scheme produces a lower maximum pond depth value
than the CPOM scheme but the CICE pond depth decays
rather slowly to zero in November. The CPOM pond scheme
produces a greater maximum pond depth, but the pond depth
decays more rapidly as the ponds freeze over. The pond depth
presented for the CPOM pond scheme is for the ponds
exposed to the air only. An under-ice pond will still have a
positive pond depth that will slowly freeze in the way
described in section 3.1. The average July (1980-2001) maps
of fractional pond-covered area and depth using the CPOM
melt pond scheme are shown in Figure 4.
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Figure 8. (a) Climatology of the model-domain average of fractional pond area for the CPOM and the
eight ice categories model runs. (b) Climatology of the model-domain average of melt pond depth for the

CPOM and the eight ice categories model runs.
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Table 2. Intervals of the Sea Ice Thickness Used in the Model
Runs When Using Eight or Five Ice Categories

Eight Ice Categories
Ice Thickness (m)

Five Ice Categories
Ice Thickness (m)

0-0.375 0-0.60
0.375-0.875 0.60-1.40
0.875-1.500 1.40-2.40
1.500-2.250 2.40-3.60
2.250-3.125 3.60-5.00
3.1254.125

4.125-5.250

5.250-6.500

4.2. Sensitivity of Melt Pond Scheme to Model
Parameters

4.2.1. Variation of Permeability

[34] In Figure 5, we show the seasonal cycle of basin-
averaged ice thickness and ice concentration with the stan-
dard CPOM run of the previous section and an equivalent
run using a sea ice permeability that is artificially reduced by
a factor of 10°. The effect of the reduction in permeability is
to increase the ice thickness by about 0.2 m, but little impact is
found on the ice concentration. The increase in ice thickness
occurs because meltwater with a positive hydraulic head (i.e.,
the pond surface is above sea level) is trapped on the ice floe
because vertical drainage is so weak, and the standing
meltwater freezes over in winter and contributes to the ice
thickness.

[35] In Figure 6, we show the seasonal cycle of basin-
averaged pond covered area fraction and pond depth with
the standard CPOM run of the previous section and an
equivalent run using the low sea ice permeability. The low
permeability run has an increase in pond area of about 10%
but the pond depth is similar in the two cases; this means
that the extra volume of meltwater in the low permeability
case is used to cover a greater fraction of the low ice thickness
categories. We performed similar calculations in which the
sea ice permeability was artificially increased by a factor of
10°. These runs (not shown) were almost identical to the
standard CPOM run, indicating that in the standard run the
ponds quickly drain to sea level and remain there.

4.2.2. Variation of Number of Ice Categories

[36] Our melt pond routine places meltwater on the lowest
ice first and then, once this is filled up to the height of the
next lowest ice, meltwater is placed on the next lowest ice,
and so on. Because of this, the melt pond characteristics
are sensitive to where we place the limits of the ice thickness
categories. In Figure 7 we show the seasonal cycle of basin-
averaged ice thickness and ice concentration and in Figure 8
we show the seasonal cycle of basin-averaged pond covered
area fraction and pond depth with the standard CPOM run
of the previous section and an equivalent run in which the
number of ice thickness categories is increased to eight ice
thickness categories from five in the standard case. The
thickness categories we used are given in Table 2.

[37] We see from Figure 7 that the run with the increased
number of ice thickness categories produces ice that is up to
0.35 m thinner, and a decrease of up to 10% in ice con-
centration, compared to the standard CPOM run during the
melt season. The reason for this, as can be seen in Figure 8,
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C08012

is that the run with the larger number of thickness categories
produces ponds that cover up to 10% more of the sea ice
surface. Since a greater fraction of the ice surface is covered
in meltwater in the run with eight thickness categories,
melting is enhanced over a larger area. Although the ponds
cover a larger area in the eight thickness category case, the
ponds are up to 0.15 m less deep than the standard CPOM
run and, in fact, a similar volume of meltwater is produced
in the two cases. Table 3 summarizes the two sensitivity
studies considered.

4.2.3. Alternative Meltwater Redistribution Scheme

[38] The principle of placing meltwater on the lowest ice
first, and only when this is completely covered, placing
meltwater on the next lowest ice, and so on, is straightfor-
ward and physically based, however the complexity of the
real sea ice surface is such that this will not always be
possible. Without the ice topography (and other surface
characteristics), it is necessary to make assumptions regard-
ing the extent to which meltwater will flow to the lowest ice.
In order to address this uncertainty, the sensitivity study
presented here takes the available meltwater and distributes
it onto height classes in order of increasing height, but with
only 50% of the available area of the height class covered.
This means that meltwater is distributed across higher
(thicker) ice than would otherwise be the case and also
implies that the maximum attainable pond area fraction is
50%.

[39] In Figure 9 we show the seasonal cycle of basin-
averaged ice thickness and ice concentration and in
Figure 10 we show the seasonal cycle of basin-averaged
pond covered area fraction and pond depth with the stan-
dard CPOM run of the previous section and an equivalent
run with the alternative meltwater redistribution scheme,
labeled “apond 0.5.”

[40] We see from Figure 9 that the alternative, “apond
0.5,” meltwater redistribution scheme results in ice which is
on average thicker and more concentrated than the standard
CPOM scheme. This is because the pond fraction in the
“apond 0.5” scheme is lower at the point in the simulation
when melting is greatest, see Figure 10, and thus the effect
of the melt ponds on enhancing melt of the ice cover is
somewhat reduced. The reason that the pond fraction is
lower in the alternative meltwater redistribution scheme in
the peak melt period is that only up to 50% of the available
area in any given ice category is covered in meltwater,

Table 3. 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, Eight Ice Catego-
ries, Alternative “Apond 0.5” Meltwater Redistribution, and Low
Permeability Model Runs®

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

Min Max Min Max Min Max Min Max

CPOM 037 190 0.16 099 0 044 0.03 047
Eight ice categories 0.08 1.85 0.03 098 0 0.55 0.01 0.39
Low permeability 042 196 0.17 099 0 047 0.04 0.49
Apond 0.5 06 257 036 099 0 034 0 0.49

“Hi, sea ice thickness; Aice, sea ice concentration; apond, fractional melt
pond covered area; hpond, melt pond depth.
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Figure 9. (a) Climatology of the model-domain average of sea ice thickness for the CPOM and the alter-
native meltwater redistribution model runs. (b) Climatology of the model-domain average of sea ice con-
centration for the CPOM and alternative meltwater redistribution model runs.

which limits the contribution to total pond fraction from the
lower ice height/thickness classes, which are of large area at
this time. Similarly, the reason that the pond fraction in the
“apond 0.5” meltwater redistribution scheme is larger than
that produced by the standard CPOM redistribution scheme
either side of the peak melting period is that, at these times,
the average ice thickness distribution has its peak in the
intermediate thickness classes. The alternative meltwater
redistribution scheme allows meltwater to cover 50% of
these classes of higher ice, after only 50% of the lowest
height/thickness class is completely covered. In the standard
scheme, because the lowest ice class must be completely
filled, there is insufficient meltwater to cover the higher
classes. One should interpret the calculated pond depth,
shown in Figure 10, with care; this is the difference in height
of meltwater on the thickest ice height class and the height
of the lowest ice height class. In fact, the total volume of
meltwater produced is lower in the “apond 0.5” meltwater
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0.4} :
0.35f .

Fractional pond area
(=)
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w
T

redistribution scheme. Table 3 summarizes results from this
sensitivity study.

5. Discussion

[41] The results of the preceding sections demonstrate that
the inclusion of melt ponds in a model of sea ice designed
for inclusion in a GCM has a significant effect on the pre-
dicted ice thickness and ice concentration.

[42] The early onset of the melt season compared to
SHEBA observations, Perovich et al. [1999], is due to the
early onset of snowmelt in the model. The early onset of
snowmelt is not affected by the melt pond routine we have
developed. However, once the snow has begun to melt,
the melt pond routine is activated and causes meltwater to
accumulate. The formation of quite deep ponds at this time
is not due to high melt rates (which might be caused by too
high fluxes, for example) but due to meltwater accumulating
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Figure 10. (a) Climatology of the model-domain average of fractional pond area for the CPOM and
alternative meltwater redistribution model runs. (b) Climatology of the model-domain average of melt
pond depth for the CPOM and the alternative meltwater redistribution model runs.
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Figure 11. (a) Climatology of the model-domain average of sea ice extent for the CPOM, “no pond,”
and CICE model runs compared with the sea ice extent calculated using SSMI sea ice concentration data.
(b) Climatology of the model-domain average of sea ice extent for the CPOM, eight ice categories, and
low permeability model runs compared with the sea ice extent calculated using SSMI sea ice concentra-

tion data.

onto the ice of low surface height. Both the CPOM melt
pond routine and the semi-empirical melt pond routine act
in the same way at this time of year, and have similar
pond fractions. That the semi-empirical scheme has a pond
maximum in July rather than June is just because it does not
account for meltwater drainage and so ponds are above sea
level. Ponds above sea level at this time are not observed.

[43] From the simulations of pond fraction, we can con-
clude that for the period and forcing data considered that the
physically based (CPOM) melt pond routine is an improve-
ment over the semi-empirical parameterization in CICE in
that it captures the refreezing of melt ponds.

[44] The CPOM melt pond routine distributes meltwater
using the surface height (thickness) distribution, which is
desirable since it is observed that pond coverage depends
upon, in particular, the roughness of the ice cover. This is
an improvement over semi-empirical schemes that take no
account of the ice thickness distribution (such as the CICE
formulation) because as the nature of the ice cover evolves
so will the pond coverage. However, the sensitivity study in
which the number of ice thickness categories was increased
demonstrates that the pond coverage, and hence the mass
balance of the ice cover, is sensitive to the number and
location of thickness categories. This sensitivity is because
of the approximation of a continuous thickness distribution
with a small number of discrete thickness categories, e.g., in
the work of Flocco and Feltham [2007] eighty thickness
categories were used.

[45] Our simulations using either the CPOM or CICE melt
pond scheme produce a reasonable climatology of ice thick-
ness, but the ice concentration and extent (shown below)
are much too low in summer. This is not surprising since
we have deliberately not “tuned” the model against observa-
tions, which is the commonly implemented process whereby
uncertain parameters describing physical processes such as
the ice strength, air-ice drag coefficient, etc are adjusted in
order to improve the match between model simulations and
observations. In Figure 11 we show model simulations of ice

extent against Special Sensor Microwave/Imager (SSMI)
estimates of extent calculated using the Bootstrap algorithm
[Comiso, 1990]. Sea ice extent is defined here to be the area
of sea ice concentration exceeding 15%. In Figure 11a are
shown sea ice extent results for the CICE run with no ponds,
the run with the standard CICE melt pond routine, and the run
with the CPOM melt pond scheme. The run with no ponds
shows a delay in the summer shrinking of the sea ice and too
great an extent, with a minimum value of 7 x 10° km?. The
model runs including ponds both produce a sea ice minima
about a month earlier than observed (August instead of
September) and which is much too small, being about 2 x
10° km?. Figure 11b shows that the equivalent simulations
of'ice extent using the CPOM melt pond scheme but with a
higher number of thickness categories or lower perme-
ability differ little from the standard CPOM run. By con-
trast, the study with the alternative meltwater distribution
scheme does a much better job of producing a realistic
minimum ice extent. Table 4 summarizes the results.

[46] There may be several factors combining to produce
too low an ice extent and ice concentration during the
summer months related to, for example, the forcing data set,
sea ice rheology, basal melting, etc. Here, since it is relevant
to melt ponds, we demonstrate the impact of a change in

Table 4. Summary of the Minimum and Maximum Values of the
Sea Ice Extent for the “No Pond,” CICE, CPOM, Low Permeabil-
ity, Alternative “Apond 0.5” Meltwater Redistribution, and Eight
Ice Categories Model Runs

Sea Ice Extent (10° km?)

Min Max
No pond 7.26 11.60
CICE 2.20 11.59
CPOM 1.90 11.59
Low permeability 1.96 11.60
Eight ice categories 2.00 11.59
Apond 0.5 43 11.65
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Figure 12. (a) Climatology of the overall model-domain average of albedo for the CPOM run and for
the modified CPOM run with increased albedo for the melt ponds and for the ocean. (b) Climatology of
the model-domain average of sea ice extent for the CPOM and for the modified CPOM run with increased
albedo for the melt ponds and for the ocean compared with the sea ice extent calculated using SSMI sea

ice concentration data.

albedo of the melt ponds and ocean. The ocean and melt
pond albedo are not part of the melt pond scheme, which
only provides melt pond area and depth, but are calculated
using the CCSM albedo scheme in CICE. In Figure 12 we
show the seasonal cycle of basin-averaged albedo and sea ice
extent using the CPOM melt pond scheme for a run in which
the pond albedo is arbitrarily increased by 25% and a run in
which, in addition to the increase in pond albedo, the ocean
albedo is increased from 0.06 to 0.15 (also shown is the
standard CPOM run). We see that the change in albedo values
results in a relativel;/ small increase in the sea ice extent of
about 0.5 x 10° km®. The increase in ice thickness and con-
centration resulting from the increase in albedo is also fairly
small, Figure 13. Table 5 summarizes these findings.

[47] Although there are shortcomings in the physically
based CPOM melt pond scheme, discussed above, inclusion

T
-©- CPOM
-~ pond and ocean albedo increased

Ice thickness (m)
o o o e
BN o)} [ele] = [\ E (@) o]
T

e
]

=]

of this scheme within CICE has allowed the melt ponds to be
reproduced within observational bounds. Since the modeled
summer ice concentration and extent are too low, even
accounting for a viable range of pond and ocean albedos, this
suggests that previous simulations with a realistic sea ice
extent may have been artificially compensating for the lack of
ponds. The relative success of the alternative meltwater
redistribution scheme in producing a realistic minimum ice
extent suggests that differing choices of redistribution scheme
can act as an effective tuning parameter.

6. Summary and Conclusions

[48] The failure of the models reported in the IPCC AR4
report to incorporate within their predicted ranges of vari-
ability the recently observed, rapid reduction of Arctic sea
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Figure 13. (a) Climatology of the model-domain average of sea ice thickness for the CPOM and for the
modified CPOM model run with increased albedo for the melt ponds and for the ocean. (b) Climatology
of the model-domain average of sea ice concentration for the CPOM and for the modified CPOM model
run with increased albedo for the melt ponds and for the ocean.
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Table 5. Minimum and Maximum Values of the Sea Ice Thickness, the Sea Ice Concentration, the Fractional Melt Pond Covered Area,
the Melt Pond Depth and the Ice Extent for the CPOM, Modified CPOM Model Run With Increased Pond Albedo and Then With

Increased Pond and Ocean Albedo®

Ice Extent

Hi (m) Aice (%) Apond (%) Hpond (m) (10° km?)
Min Max Min Max Min Max Min Max Min Max
CPOM 0.37 1.90 0.16 0.99 0 0.44 0.03 0.48 1.90 11.59
Ponds albedo increased 0.40 1.91 0.18 0.99 0 0.45 0.01 0.49 2.12 11.59
Ponds and ocean albedo increased 0.48 1.96 0.22 0.98 0 0.48 0 0.53 2.60 11.59

“Hi, sea ice thickness; Aice, sea ice concentration; apond, fractional melt pond covered area; hpond, melt pond depth.

ice suggests a reanalysis of the physical basis of the sea ice
components of these models is warranted. Here, we have
focused on incorporating the first physically based repre-
sentation of melt ponds into the sea ice component of just
such a climate model (the Los Alamos CICE model).

[49] Melt ponds form in spring on the Arctic sea ice and
by the end of summer they cover almost 50% of the sea ice
surface. Pond-covered ice has a lower albedo than bare
ice, and a positive feedback mechanism operates whereby
enhanced melt in the presence of ponds results in further
production of meltwater and so on. The theoretical basis of a
melt pond scheme was presented by Flocco and Feltham
[2007]: this scheme distributes meltwater onto the sea ice
surface in a manner that takes account of the thickness dis-
tribution, vertical drainage of meltwater, and other factors.
Here we have incorporated this melt pond scheme into the
CICE sea ice model and expanded the theory to include a
vertical sea ice permeability that depends upon the state of the
ice and a representation of the freezing over of melt ponds.

[50] Our model simulations show that the inclusion of
melt ponds in a sea ice model, other factors being held
equal, greatly reduces the ice thickness and extent. Our melt
pond scheme is compared to a simpler, semi-empirical
parameterization included in the standard release of CICE
version 4.1. We find that both melt pond schemes have a
similar effect on the predictions of thickness, ice concentra-
tion, and extent, but that the physically based scheme more
realistically deals with the reduction in pond coverage after
the melt season has finished, which is because it models the
freezing over of the ponds.

[s1] Although there are shortcomings in the physically
based CPOM melt pond scheme, inclusion of this scheme
within CICE has allowed the melt ponds to be reproduced
within observational bounds. Since the modeled summer ice
concentration and extent are too low, even accounting for a
viable range of pond and ocean albedos, this suggests that
previous simulations with a realistic sea ice extent may have
been artificially compensating for the lack of ponds. The
relative success of the alternative meltwater redistribution
scheme in producing a realistic minimum ice extent suggests
that differing choices of redistribution scheme can act as an
effective tuning parameter. This implies that an in depth
sensitivity study of a sea ice model including melt ponds is
required to calibrate sea ice models with ponds.

[52] The distribution of meltwater in our physically based
melt pond routine is determined using the thickness distri-
bution so that, for example, the presence of a large area of
thin ice will result in shallow ponds of large area. This is an
improvement over semi-empirical schemes that take no

account of the ice thickness distribution (such as the CICE
formulation) because as the nature of the ice cover evolves
so will the pond coverage, e.g., in recent years the fraction
of relatively smooth first year ice has increased in the Arctic
[Cavalieri et al., 2003]. Our sensitivity study in which the
number of ice thickness categories was increased demon-
strates that the pond coverage, and hence the mass balance
of the ice cover, is sensitive to the number and location of
thickness categories. This sensitivity is because of the approx-
imation of a continuous thickness distribution with a small
number of discrete thickness categories, e.g., in the work of
Flocco and Feltham [2007] eighty thickness categories
were used. Rather than dramatically increase the number of
thickness categories, we recommend that a more practical
option for the sea ice components of GCMs incorporating our
melt pond scheme is to implement a modest increase in the
number of thickness categories but to focus the thickness
categories toward thinner ice, which is more likely to be
covered in melt ponds. The sensitivity study in which the
CPOM meltwater redistribution scheme was altered to allow
only 50% of each ice height class to be covered in meltwater
was able to produce an ice extent closer to observations,
suggesting that investigation of the appropriate meltwater
redistribution scheme for GCM-style sea ice models is
warranted.
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