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Abstract. Late in the melt season, sea ice floes in the Arctic have been observed to exhibit a large
range in melt pond coverage, from heavily ponded to almost pond free. Some of these observations
are consistent with a bimodal distribution in pond coverage with few intermediately ponded ice
floes. We present a model for the evolution of melt ponds on sea ice floes in which conservation
of hydrostatic balance in response to melt creates an unstable fixed point in pond coverage: if the
initial pond coverage is below a threshold value the floe becomes unponded, and if it is above the
threshold the floe becomes heavily ponded. Whether the fixed point is physically realistic depends
on the differential melting rates of different points on the ice: ice at the perimeter of ponds needs to
melt sufficiently slower than bare ice on average. Interestingly, this shows that the melting behavior
of the narrow boundary between bare ice and melt ponds can govern the melt pond evolution of
the entire ice floe. Since melt pond coverage is one of the key parameters controlling the albedo of
sea ice, understanding the mechanisms that control the distribution of pond coverage will help us

improve large-scale model parameterizations and sea ice forecasts in a warming climate.

1 Introduction

Over the past forty years, Arctic summer sea ice extent has reduced by 50 percent, making it one of
the most sensitive indicators of man-made climate change (Serreze and Stroeve||2015}|Stroeve et. al.}
2007 |Perovich and Richter-Menge}|2009). This rapid decrease was at least partially due to the ice-
albedo feedback (Zhang et. al.||2008||Screen and Simmonds||2010j|Perovich et. al.|[2007). Moreover,
if the ice-albedo feedback is strong enough it could lead to instabilities and abrupt changes in ice
coverage in the future (North||1984; Holland et. al.| 2006} Eisenman and Wettlaufer| 2008} /Abbot et
al.||2011). The albedo of ice is strongly affected by the presence of melt ponds on its surface (Eicken
et. al.| [2004} |Perovich and Polashenski} 2012} |Yackel et. al.||2000). Therefore, understanding the
evolution of melt ponds is essential for understanding the ice albedo feedback, and consequently, the
evolution of Arctic sea ice cover in a warming world.

Another important effect of melt ponds is their impact on ocean biology underneath sea ice. Melt
ponds transmit up to an order of magnitude more sunlight than bare ice (Frey et. al.| 2011} Perovich)|

1996). In a warming world, melt pond fractional coverage is expected to increase (Holland et. al.}
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[2012} [Candy et. al.] [2015) leading to an increase in light intensity under the ice cover
2012). This should cause a large increase in primary production beneath the ice, and hence,

accelerate the entire Arctic ecosystem. Already, phytoplankton blooms of unprecedented proportions

have been observed under Arctic sea ice (Arrigo et. al.}|[2012).

Accurate melt pond parameterizations must be incorporated into Global Climate Models (GCMs)

to improve their sea ice forecasts and ecosystem impacts (Flocco et. al.|[2010}[Holland et. al.] 2012}

[Pedersen et. al.| [2009). The main difficulties with understanding the pond evolution are that it is

nonlinear and that it is the result of a variety of different physical processes operating on a range of

length and time scales. Typically, the evolution of pond coverage on first year ice proceeds in a fairly

(consistent manner (Polashenski et. al.}[2012} [Perovich et. al.|[2003}[Landy et. al.|[2014]|Fetterer et.|

1998}, [Webster et. al.| [2015). First the ponds grow quickly while the ice is impermeable. Next
they drain quickly and pond coverage shrinks as the ice transitions from impermeable to permeable.

Then the ponds grow slowly while the ice is permeable and pond water remains at sea level. Finally,
the ponds either refreeze or the floe breaks up.

In this paper we will explore the possibility that pond evolution on a particular floe can deviate
from the above pattern. Specifically, we will be concerned with the evolution of the ice floes while
the ice is permeable. During the SHEBA mission of 1998, it was observed that first year ice can come
in two flavors: one where it becomes heavily ponded and another where it becomes almost unponded
[2002). Figure[T]shows an example of this behavior in two photographs that were
both taken on June 15th 1998 relatively close to each other. One shows heavily ponded ice while the
other only slightly ponded ice. We should note that despite this qualitative evidence, the dichotomy
in pond coverage has not been confirmed by extensive observations. An alternative possibility is

that the pond coverage distribution is unimodal with a long tail towards low pond fractions, which

we will consider later in this paper. Nevertheless, [Perovich et. al.|(2002) suggested that there is a

mechanism driving the ice into one of these two states. The nature of this mechanism, as well as its
role in the total albedo of the ice pack have not been explained.

The purpose of this paper is to present a minimal conceptual model that is capable of producing
a pond coverage dichotomy. By considering different ways to melt permeable floating ice, we show
that pond coverage can either increase or decrease with time depending on the initial pond coverage.
We also show that this threshold behavior depends on the details of interaction between ice and
pond water, meaning that further observations and modeling are required to establish its physical
relevance. Even if the conditions for the dichotomy are not met and ponds always grow, our model
can still produce a large range of pond fractions because the timescale of the governing equation can
span a large range of values. If observations show that our bimodal model is correct, it will allow
us to identify the roles played by different energy fluxes and the interaction between ice and pond
water in creating the dichotomy in melt pond coverage. This will, in turn, help us predict which state

of pondedness will become preferred under a global warming scenario.
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This paper is organized in the following way. In section 2 we provide a physical explanation of a
mechanism that gives rise to a dichotomy in sea ice pondedness. In section 3 we use this understand-
ing to build a single-column model for the evolution of pond coverage, we analyze it using some
realistic parameters, and then we generalize it to a 2D surface. In section 4 we discuss the physical
processes that could enable the conditions under which the bimodal mechanism is operable. In sec-
tion 5 we discuss additional problems the model might face and suggest other possible explanations

for the observations. Finally in section 6 we summarize our results.

2 How differential melt rates can produce a melt pond coverage dichotomy

We first consider the following thought experiment to show that some points on the surface of floating
ice can move upwards as the ice is melting. Imagine a uniform slab of completely permeable ice
floating in water and melting only by absorption of sunlight from above. Suppose that most of the
ice is melting at some rate, but there is a particular place on the ice surface that reflects all incident
sunlight, and does not melt at all. The ice will thin everywhere except at this special place, where
the thickness will remain unchanged. Since the ice is permeable, all the melt water will be removed
to the ocean, and to compensate for the loss of mass above sea level the slab has to float upwards.
This moves the special region that is not melting to a higher elevation than it started at (Fig.a).

If the situation were the same in every respect except the melt were occurring below sea level,
loss of mass below sea level would be followed by sinking of the ice, and all the points on the ice
surface would move downwards at the same rate. The non-melting region would be no different,
and would move downwards as well (Fig. |Z|b). This shows that melting above and below sea level
have different effects on the motion of points on the ice surface. If the ice is melting both above and
below sea level, the non-melting region could in principle move either upwards or downwards, and

the condition that it remains at its starting location is:

dMipovesL _ Pw—pi (@8]

dMpelowsL Pi

where py, and p; are the densities of water and ice respectively, and dmapovemelowsr. Stands for mass
removed above or below sea level. We will call motion that is the result of losing mass above or below
sea level the “rigid body” movement, since it represents the motion of the floe as a whole (Fig.E]a).
An ice floe is naturally not a rigid body, but up to its flexural wavelength we can approximate it as
such. Even though in this paper we assume the entire floe moves as a rigid body, distant regions of
the floe could in fact be unrelated.

Next we consider the case where a small low-albedo surface patch is surrounded by perfectly
reflective ice. In this case, the amount of mass removed above sea level would be insignificant com-
pared to the total mass of the floe, and its rigid body response would be negligible. Nevertheless,
the special region would move downwards at a constant rate (Fig. b, Fig. c). We will call this

type of motion “local”, since, unlike the rigid body movement, it depends on local characteristics
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of a particular point (region). Unlike rigid body displacement, local displacement can only point
downwards for the points on the surface of the ice.

When different regions of ice melt at different rates, the total vertical motion of a point on the
ice surface is a combination of local motion due to melting of the ice at that point, and rigid body
motion due to melting of the surrounding ice. Depending on how quickly the ice melts locally and
how much melt is occurring above and below sea level, a point on the ice surface may either move
downwards or upwards. We know, however, that during the melt season the ice is thinning, which
means that, overall, the freeboard (average height of the ice surface above sea level) is sinking. This
means that on average, points on the ice surface need to be moving downwards. However, some
points could be moving upwards if they melt slower than average.

If the ice is permeable, the surface of all melt ponds must be at sea level. Therefore, the only
way for the ponds to grow is if the points on ice near the pond perimeter, which are slightly above
sea level, move downwards to below sea level. Likewise, the ponds can only shrink if points on the
perimeter move upwards to above sea level. Above we explained how it is possible for points to
move upwards if (1) they melt slowly enough compared to the rest of the points on the ice surface
above sea level and (2) if melting above sea level is strong enough compared to melting below sea
level.

The first condition requires that the points on the pond perimeter melt slower than the rest of the
points on the ice surface above sea level. This means that they must be special in some way. In
fact, they are unique for at least two reasons: (1) they are all near sea level and (2) they are located
at the ice-water interface. This special nature potentially provides them with unique topographical,
thermal, and optical properties, which can influence their rate of melt. For now, we will simply note
that the melt rate at these points depends on detailed physics and could, on average, be either larger or
smaller than the melt rate of the surrounding ice. In section 4 we discuss some possible mechanisms
that could produce a decrease in the rate of melt for the points on the pond edge. For now we will
proceed assuming that it is possible for these points to melt slowly enough to allow them to move
upwards.

The second condition requires that melting above sea level is strong enough compared to melting
below sea level. Since ponds are at sea level, melting ice beneath the ponds removes mass below sea
level inducing a downward motion of the floe that tends to grow the ponds. Melting bare ice, on the
other hand, induces an upward motion of the floe, shrinking the ponds. This leads to a competition
of two opposing effects: melting bare ice increases the bare ice fraction at the expense of melt ponds,
while melting ponded ice grows the ponds at the expense of bare ice. The larger the pond fraction is,
the larger their tendency to grow will be and the smaller their tendency to shrink will be. Therefore,
there could be a particular value of pond fraction where melting above sea level is just strong enough
to compensate for melting below sea level and melting locally at the pond perimeter so that ponds

neither grow nor shrink. If pond coverage is higher than this value, melting below sea level will
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be strong enough to make the ponds grow. If the pond coverage is lower than this value, melting
above sea level will win, and the ponds will shrink. In this way a dichotomy in pond coverage can

be produced.

3 A single-column model for the evolution of pond coverage can produce a pond coverage

dichotomy using realistic parameters

In the previous section we saw that depending on the magnitudes of total melting above and below
sea level, and local melting at the pond perimeter, ponds can either shrink or grow. We will now
quantify these contributions and construct a single-column model to describe the evolution of melt
pond fraction. The single-column model will be represented by a nondimensionalized equation in
which the rate of change of pond fraction is a function of pond fraction.

Following the ideas from the previous section, we divide the total rate of change of vertical posi-

dsio

tion of the point  on the surface of the ice, 73

(r), into a contribution from the rigid body motion,

dsyg I . )
%, and a contribution from the local melting, %(r)

dslol dsrigid body dsloc
= T . 2
pra) a T ™ @

Rigid body displacement is determined by the total energy used for melting the ice above or below

dspi
dt

sea level. It can be split into three contributions: melting bare ice from above (

ice from above (dj‘;“’), and melting the ice bottom by the deep ocean heat flux or energy deposited

), melting ponded

dSbot
dt

in the ocean by transmitting sunlight through leads and ice (%5*). Melting bare ice corresponds to
melting above sea level, while melting ice under melt ponds and melting the ice bottom correspond
to melting below sea level. The total rigid body displacement is the sum of these three contributions,

as follows

dSrigidbody _ dSbi | dSmp | dSpot

dt dt dt dt ®

If we remove a layer of ice of volume dV below sea level, then hydrostatic adjustment reduces
the volume of ice above sea level by dV’ = %dV. Conversely, if we remove a layer of ice of
volume dV above sea level, then the volume of ice below sea level has to reduce by dV’ = %dv. If
the melted layer has a surface area of A, then we can express the volume of the melted region via

the flux of energy, F, used for melting the layer, dV = %

, where L is the latent heat of melt in
units of energy per volume. When ice floats up or down by dsiigia boay due to hydrostatic adjustment,
the change in volume above or below sea level will be proportional to the area of bare ice (Ay;), and
not to the total area of the floe (A). This is because bare ice is above sea level meaning that ice can

only cross sea level in these regions, given that the vertical displacement is small enough (Fig. Eb

The Cryosphere

Discussions



The Cryosphere Discuss., doi:10.5194/tc-2016-7, 2016

Manuscript under review for journal The Cryosphere

Published: 29 February 2016
(© Author(s) 2016. CC-BY 3.0 License.

170

175

180

185

190

195

Therefore, we have dV’ = Ay;dssigid boay- Using the relation between dV and dV’, we can infer that

dsvi _ pi Foi
dt pw L~
dSmp __ Pw — Pi Amp Fmp
dt Pw AI77', L ’
@:_pwf’oii% @)
di pw A L7

where the positive direction is upwards, Ft; is the energy flux used for melting bare ice averaged
over all the regions of bare ice, Fp, is the energy flux used for melting ponded ice averaged over
all the regions of ponded ice, and Fi is the energy flux used for melting the ice bottom averaged
over the ice bottom. Averaged fluxes depend on parameters such as the average insolation on the
floe, average albedo, average longwave, sensible, latent and bottom heat fluxes. Note that melting
above sea level produces a larger change in the rigid body displacement than melting below sea level
because of the effects of buoyancy (% ~ 0.9, as opposed to % ~0.1).

We can determine the local melt rate from the flux of energy, F'(r), used for melting the ice at a

point r on the surface

dSloC _ F(T’)
dt — L ©)

The positive direction is again defined as upwards. The local flux depends on parameters such as
local albedo, local insolation, longwave, sensible and latent heat fluxes, and the slope of the ice at
that point. The flux F'(r) averaged over all the points on the surface of the ice above sea level has
to equal Fy;, since this is the average flux above sea level. This means that the displacement due to

local melting and the rigid body displacement due to melting bare ice are related by

dspi P dsioc
@ oy S A M7 ©)

where < ... > stands for averaging over all the points on the ice surface above sea level. Since ponds

can only shrink or grow through the motion of points on their perimeter, instead of assessing dfl;“ (r)

for a general point, we will consider the average rate of motion due to local melting averaged over

dSioc

all the points on the perimeter of the ponds, < <3

() >perim. effectively reducing our model to a
“single column.” Because of the relation between melting bare ice and local melting (Eq. @), we
will represent local melting at the pond perimeter with the term

dsjoc Fyi

< o >pen'm: 7]9? N (7)

where k is a nondimensional number that summarizes all of the detailed physics of the pond bound-
ary layer that we are not taking into account. Depending on specific physical conditions, k could be
either greater than or less than one. Here we will take & to be constant, but in reality it could be a

function of any of the parameters involved, as well as a function of time.
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Lastly, we need to relate the displacements to the change in area of the melt ponds (Fig. . In
reality this would depend on the rates of melt and the slope between ice and pond water at every
point along the boundary, and it would change with time. Here we will assume there is some average
slope of ice at the pond edge, «, and that it is representative of every point along the edge at all times.
This is clearly a very restrictive approximation but ultimately does not strongly affect our results.
We can then relate the total displacement of the perimeter points to the change in area of the melt

ponds by
dApp = —dsi cot(a) P, 8)

where P is the total perimeter of the ponds. Here we are neglecting the change in pond coverage as
a result of new ponds forming. If we imagine an ice floe of area A covered with ponds of typical
linear size {y (small ponds which might or might not be interconnected), such that pond boundaries
define a curve similar to a fractal with the fractal dimension 2 (Hohenegger et. al.|[2012), then the
perimeter P has to scale as P = % Po(Amp)- The function po(Amp) is dimensionless, positive, of the
order one, and goes to zero as area of melt ponds, Ay, approaches 0 or A (the perimeter of the
ponds vanishes if there are no ponds, or if the whole floe is a single pond). We estimate this function
in appendix A. The reciprocal of the constant /g, % represents the total length of the perimeter of the
ponds per unit area of the ice at the value of pond coverage for which p(Amp) = 1 (in our case this is
also the maximum for the function py(Ap,)). We can now convert the equation for the displacement
into an equation for the pond fraction, thus completing our single-column model. For mathematical
convenience, we will use the bare ice fraction, which is defined as one minus the pond fraction. The
nondimensionalized equation obtained by combining equations 2] [3] [#][7] and [8]reads

dz _ po(z)
dr T

(z—=0) , ©

where z is the bare ice fraction, and 7 = % is the nondimensional time. The timescale 7" and the
parameter x( are defined as follows:
B loLpy tan(c)
(o —kp)Foi+ (pw— pi) Frp
(pw— Pi)(Fmp + Foor)
(pi — kpw) Foi + (pw — pi) Fmp

Equation @ has a fixed point at = = xg. Since po () > 0, the fixed point is unstable (Strogatz,2000).

Tog =

10)

This means that for = < x, the floe gets more and more ponded, while for = > x( the pond coverage
shrinks. A phase portrait for bare ice fraction is shown in ﬁgure@
The main issue with Eq. @ is that z( is by no means constrained to be greater than zero or less

than one, a condition necessary for it to be physically meaningful. This requires

P
A,
o Ei

kFi+ 2B Fpy

0<zp<1l = (11)
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If x is greater than one, there is no fixed point and bare ice fraction always decreases. Guided by
analogy, one might assume that negative z( means that bare ice fraction will always increase. This
is, however, not the case. During the melt season (Fmp > 0 and Fp; > 0), the only way for zg <0
is for the denominator in Eq. to be negative. This is the case if k is large enough. However,
since both zy and T share the same denominator, negative x, would necessarily imply a negative
timescale 7'. Even though in this case the right hand side of Eq. @ would be positive for all possible
values of z, since the timescale is negative, the parameters x( and 7" would have to be redefined with
an additional minus sign, making the rate of change of bare ice fraction negative for all values of x.
This means that bare ice fraction would in fact always decrease. There is a discontinuity at o = 0,
since in the case z¢ — 0* bare ice fraction always increases, and xy — 0 bare ice fraction always
decreases.

The numerator in Eq. represents the sum of the local and bottom melting terms, while the
denominator is the bare ice melting term. In order for the fixed point to be physical, upward motion
due to melting bare ice from above needs to be greater than combined downward motion induced
by local melting at the perimeter and melting from the bottom. The bottom energy flux is roughly

of the same order of magnitude as the surface energy flux (Perovich et. al.}[2003}2011). However,

because it is weighted by ”“I;”‘, it is roughly 9 times less effective in moving the points on the ice
surface than surface melting is, so that in some cases we might consider it small. If the contribution
from bottom melting is negligible, then the conditionreduces to

0<r0<1<:>kp—”_v<1 (12)

In this case, for the fixed point to be between 0 and 1, k needs to be less than 0.9, meaning that
the perimeter needs to melt 10% slower than bare ice on average. If we include bottom melting, and
assume it is of the same magnitude as surface melting, points at the perimeter would have to melt
roughly 20% slower than bare ice (k less than 0.8).

The timescale of Eq. @, T, is unconstrained since it depends on the slope of the ice-water inter-
face, T o tan(«). This is because if the ice-water interface slope is small, any small perturbation of
the freeboard height will lead to large changes in pond area, while if the interface is steep, motions
of the points near the perimeter would produce little change in area. The timescale also depends on
the constant [y, which we cannot constrain well at this point, but since pond patterns are variable at
length scales of meters, we will assume here that [y =~ 1m. The flux of energy used for melting bare
ice in mid-summer is of the order of 50Wm ™2, the flux used for melting ponded ice is of the order of
70Wm ™2, and ocean flux is roughly 30Wm~2 (Perovich et. al.}[2003}Maykut and Mcphee}|1995).

Using these values, we get the timescale as,
T = (0.8 years ) tan(c) (13)

We see that for the timescale to be of the correct order of magnitude, namely 30 to 90 days, the

slope of the ice at the pond perimeter needs to be roughly 5° — 15°, which we believe is reasonable.
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However, there exist significant uncertainties in calculating the timescale (e.g. in estimating [), and
after careful examination of the parameters, the timescale we found in Eq. could prove to be
appreciably off. Nevertheless, we do not believe that this is particularly damaging to the theory
presented here. In the case of k£ = 1 points on the pond perimeter melt at the same rate as points on
bare ice, and our model should reasonably describe pond growth by freeboard sinking. Since it has
been confirmed that ponds can grow significantly by sinking of the freeboard in a matter of days
(Landy et. al.}|2014}|Polashenski et. al.|2012), a potential discrepancy between the model timescale
and the length of the melt season would be purely due to the crudeness of the model, and not due to
insignificance of the presented mechanisms.

We plot numerical solutions to Eq. @ in ﬁgure If k is small enough, after a period of about 30
days floes that started off with similar bare ice fractions end up being quite different. Since the initial
pond coverage depends on premelt snow and ice topographies, and can vary greatly (Eicken et. al.|
2004 Scott and Feltham}/2010), we explore how a full distribution of initial pond coverage changes
through time in Figure We start with an ensemble of floes each having a bare ice fraction drawn
from some initial distribution, and then evolve it according to Eq. @ If the ponds grow simply by
sinking of the freeboard (k = 1, panel a), after some time, the floe distribution becomes very narrow
with a short tail, and a well-defined pond fraction. This is contrary to the observation that there is
a considerable number of floes with low pond coverage. On the other hand, a bimodal distribution
is easily produced if a fixed point splits the initial distribution into two parts (panel b). Even if the
initial distribution is bimodal, it can be difficult to produce a clear bimodal evolved distribution
when the ponds grow simply by freeboard sinking (panel c). Melt pond coverage might also be
unimodally distributed with a long tail. Within our framework, long tailed unimodal distributions
can be produced if the initial distribution is close to a fixed point (panels d to f). Near a fixed point,
dynamics slow down, so that floes that start with pond coverage close to a fixed point will take a
much longer time to experience a change in pond coverage than those that start farther away. Panel
d) shows how a long tailed distribution is created when the initial distribution is close to a fixed point,
but is not split by it. Besides the fixed point at z = z, there also exists a trivial fixed point at x = 1
(Fig.@), This means that even if zy > 1, a long tailed distribution can be produced if a significant
number of the floes start off nearly pond free (panel e). If the initial distribution is bimodal, and one
of the modes is close to = 1, the end distribution will be bimodal (panel f), but the structure of this
distribution will be quite different to that shown in panel b. These results could provide a basis for
observational tests of the model: by observing the change in pond coverage distribution over time,
one could surmise whether there exists a nontrivial fixed point. However, the results shown here
should not be overinterpreted given that we have neglected the details of many processes, such as
formation of new ponds, spatial and temporal variations in a and k, estimation of the function po(z),

etc., that could have important effects on the detailed evolution of pond coverage.
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We can easily generalize our single-column model to two dimensions by writing the equation for
dso for each point on a 2D grid. We did this by specifying the local melting rate for each point:
dsior(T, Amp) = dSbot(Amp) + dSmp(Amp) + dspi + dSiec (1), Where 7 and Ay, stand for the position
vector and the area of melt ponds respectively. We generated a 2D surface as described in appendix
A. We set sea level to z =0, and defined ponds as the regions of the surface with elevation below
zero. We prescribed energy fluxes globally, but prescribed albedo individually at each point. The
albedo of melt ponds was a function of pond depth, while the albedo of ice was constant. A narrow
lip around the pond edge had a slightly higher albedo than bare ice. Knowing the fluxes and the
albedo allowed us to calculate the displacements and evolve the system in time. FigureElshows two
points in time for two surfaces identical in every respect apart from the upper one being initially
slightly more ponded than the lower one.

We see that the floes evolve just as we would expect. Starting with pond coverage larger than
some threshold value, a floe would get heavily ponded, while a floe starting below this threshold will
remain at low pond coverage. A noticeable difference between this and the single-column model is
that in the 2D case, the ponds cannot disappear. They shrink a little, and then they get deeper and
deeper without shrinking or growing. This is because only the points near the pond perimeter melt
slower than bare ice. The points on the bottom of deep ponds melt faster than bare ice, and therefore,

cannot move upwards.

4 Physical mechanisms that could lead to a decreased melt rate at the pond boundary

We saw that in order for the mechanism described in this paper to be realistic, the points near the
pond edge need to melt slower than bare ice far away from the ponds. Let us now consider some
plausible physical processes which might give these points such a property. This is by no means
an exhaustive list, and each of these mechanisms can only be operational under certain conditions.
Furthermore, there could be mechanisms forcing the pond edge points to melt faster than points on
bare ice. Nevertheless, it is encouraging that there are straightforward mechanisms that could cause a
slower melt rate at the pond edge. Since detailed physics, possibly operating on microscopic scales,
determines the difference in melting rates, more experiments, observations, and detailed theories are
needed to determine whether this is the mechanism responsible for the pond coverage dichotomy in

Arctic sea ice suggested by observtions.

a) The diurnal cycle could be such that the ice melts during some part of the day and freezes
during another, with net melting occurring on average. Then, since ice is permeable, meltwater
created during the melting part of the day above bare ice could seep through the ice. During
the freezing part of the day, there would be no water to freeze on bare ice, but there would be
an abundance of water at the pond edge which could freeze, thus making the net melting rate

at the pond boundary lower than average net melting rate on bare ice (Fig.a).
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b) Arctic sea ice is often loaded with dark impurities, such as dust, black carbon or sediments

0 (Niirnberg et. al'|[1994} [Pfirman et. al.][T990} [Perovich et. al.|[T998} [Light et. al.|[T998}[Tucker]

[1999). Dark particulates can significantly lower the abedo of the ice. Even if the ice
appears clean, it can have trace amounts of dark particulates that can lower the albedo by
5—10% in the visible spectrum. In some regions of the Arctic, up to 50% of sea ice can be
significantly loaded with dark particulates. If the ice has a significant amount of impurities,
bare ice could stay covered in dirt, whereas water could wash away the dust on the edge of
the ponds, exposing the more reflective white ice. In this way, the pond edge could have a

significantly lower melt rate than the rest of the ice (Fig.[T0]b).

C

N2

Points at the pond edge are necessarily at a lower elevation than any of the points on bare ice.
This would mean that the pond edge always gets less sunlight compared to bare ice, since it
is partially shaded by it. This effect is strongest if the ice is rough, the slope is steep, and the
Sun is low (Fig. c). For ice slopes at the perimeter of around 30° and perfectly level bare
ice, throughout most of the Arctic, for most of the time, the perimeter points would experience
at least some shadowing. The effect would be lessened if the conditions are cloudy. If the ice
is rough, features such as ridge sails could provide effective shading, and this effect could be
especially prominent. However, we saw that for changes in pond area to occur on relevant
timescales, the slope of the ice at the pond edge has to be small (of the order of 5° —15°). This

could mean that for most cases of interest, the shadowing effect is quite small.

5 Discussion

Our single-column model assumed the slope of the ice at the ice-water interface is constant in both
space and time, and does not vary with pond depth. This clearly unrealistic assumption led to the
possibility of ponds disappearing. We believe it is unlikely that this occurs in nature. As exemplified
by the 2D generalization of the single-column model, our mechanism was able to make the ponds
shrink a little, but could not make them disappear. For the ponds to disappear, points on the pond
bottom have to move upwards, that is, they have to melt slower than points on bare ice. This might
be true for points near the pond edge where the water is shallow, and the effect of increased sunlight

absorption by water is minimal (although even a very shallow layer of water can decrease the albedo

(Makshtas and Podgorny} 1996)). Albedo generally decreases with depth exponentially up to some

critical depth (Morassutti and Ledrew| [1996), and most dark particulates pool on the pond bottom
decreasing its albedo (Light et. al.| [T998] [Niirnberg et. al.} [1994). Furthermore, most of the solar
energy absorbed by the large body of fresh water will be deposited at the bottom, melting the points

on the bottom quickly. However, we believe that even stopping pond growth might be enough to

explain the observations.
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‘We saw that bottom melting makes it harder for points on the pond edge to move upwards. If there
is less bottom melting, the requirements for the dichotomy are looser. Sunlight entering the ocean
through the leads is the main source of the bottom heat flux (Maykut and Mcphee!|1995). Bottom
melting is thus highly correlated with the ice concentration (Perovich et. al.|[2011), which means that
the dichotomy may more likely be observed in regions of high ice concentration, if the mechanism
for bimodality described here is correct.

We showed that the timescale of pond growth or shrinkage is unconstrained since it depends on
the slope of the ice-water interface. As time progresses, the slope of the ice at the edge of the ponds
generally steepens (Fetterer et. al.|[1998). This means that the ponds should eventually stop shrinking
or growing. This model would therefore tend to suggest that growth or shrinkage mostly occurs only
in the early stages of the melt.

Observations do not offer conclusive evidence that the melt pond dichotomy is real. The floes
with small pond coverage could be a part of continuous distribution in pond coverage which is not
resolvable due to a small number of observations. We already mentioned that a long tailed unimodal
distribution can be produced if part of the initial distribution is near a fixed point (Fig. . There
probably exist other mechanisms that can achieve this as well (e.g. the timescale (Eq. ), need
not be the same for every floe, and this variation in the timescale could lead to broadening of the
final pond coverage distribution). Nevertheless, we have shown here that under certain conditions
the dichotomy can be physical, and produced by the mechanism we describe. Our model showed
how important the boundary layer between ice and pond is, and how a small subset of points could
be governing the entire evolution of the system.

Landy et. al.[(2014) describe field observations of melt ponds in the Canadian Arctic in 2011 made
on landfast first year sea ice. They set up a rectangular observation area with a side length of 50m,
and observed melt pond evolution via LIDAR located at the four corners of the observation area.
They observed a freeboard drop of 3cm between June 22nd and June 26th, and the new areas that
became ponded on June 26th were those which were 3cm above sea level on June 22nd. This means
that points on the pond edge melted at roughly the same rate as points on bare ice (k ~ 1), which is
an argument against our bimodal mechanism. This is, however, only a single case study. It would be
best if such observations were made on pond-free floes.

Even if the mechanism described here does not explain the dichotomy in the Arctic sea ice, it
could still operate under different conditions. For example, it was hypothesized that during Snowball
Earth events there was a layer of dirty ice near the equator (Abbot et. al.|2010). Here, the effect of
washing out dark particulates would be especially important. This could have promoted a dichotomy
of hypothetical melt ponds near the equator. It might be interesting to investigate how the ponds

would have evolved as the Snowball warmed and deglaciated.
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6 Conclusions

Observations of Arctic first year sea ice suggest a dichotomy in melt pond coverage: while some
floes become heavily ponded, others remain hardly ponded. Here we presented a conceptual model
to explain these observations. We showed that if some points on the ice melt slower than the others,
they can actually move upwards while the ice is melting. In this way ponds can shrink if points
on their perimeter move upwards. Whether they will move upwards (ponds shrink) or downwards
(ponds grow) depends on the magnitudes of melting above and below sea level, and since ponded ice
is below sea level, on the pond fraction. If the points near the pond perimeter melt slowly enough,
an unstable fixed point in pond coverage emerges, such that the evolution of ponds depends on
whether the initial pond coverage is above or below this threshold. A floe either becomes heavily
ponded or non ponded, potentially explaining the dichotomy. In this way, we showed how a narrow
boundary between bare ice and melt ponds can govern the subsequent evolution of the entire ice floe.
We presented a single-column model of pond evolution, and showed that this evolution happens on
relevant timescales. We also presented a 2D generalization of this model, and showed that it behaves
qualitatively similar to the simple model, with the only noticeable difference being that ponds do not
disappear, but shrink a little and then get deeper and deeper. In order to test our theory we need more
observational data, or detailed physical theories at the micro scale. If the theory proves to be correct
in describing the dichotomy, it will be the first step in assessing the impact of this phenomenon on

the total albedo of the ice pack, and its role in a changing global climate.

Appendix A: Evaluating the dimensionless perimeter function po ()

We evaluated the dimensionless perimeter function po () by generating a synthetic topography and
truncating it by a plane. Ponds were defined as regions of the topography below the plane, and bare
ice as regions above the plane. Then, by lifting the plane we tracked the total area and the total
perimeter of the ponds, thus defining the function po(z). The synthetic topography was created from
a Fourier power spectrum, P (k). For each point 7 the height of the topography, H(r), is the real
part of the inverse Fourier transform,

H(r) = Re( v P(k)e"’"*“z’). (A1)

K Ky

The phase ¢ is a random number from 0 to 27, making the topography random. We defined the
power spectrum as, P(k) = PyO(|k| — ko), where O is the step function equal to unity when its
argument is positive and zero otherwise. The constant & thus defines the length scale of the typical
pond as Iy = i—: By knowing [y and the area of the image in pixels we can infer the dimensionless
perimeter as po(z) = P(z) %, where P(x) is the total number of pixels on the perimeters of ponds
for a particular bare ice fraction x (ratio of the numbers of non ponded pixels to all pixels). Figure

shows an example of one topography and the resulting melt pond configurations for different sea
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level heights (left panel) as well as the dimensionless perimeter function obtained in this way (right
panel). Topography created in this way probably does not represent sea ice realistically, but for our
440 illustrative purposes it is good enough, especially since the shape of the dimensionless perimeter

function does not affect the qualitative behavior of bare ice fraction in our model.
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Figure 1. Images of two different ice floes taken at the same time at the height of the melt season and close to

each other. One is heavily ponded, while other only slightly ponded. This figure is taken from
(2002)
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Figure 4. Hydrostatic adjustment. Ice is melting from below by ocean heat flux Fio. After some time an
area, Ao, of some thickness melts (red region), which corresponds to a volume dV = w. This has to be
followed by sinking of the ice above sea level. Because ice can only cross sea level in places where its surface
is above sea level, the change in ice volume above sea level (dV”, light gray region), after sinking by dsi, is
proportional to the area of bare ice (Api). Hydrostatic adjustment then requires dV’ = %dV. Here, we are
neglecting the effect of ponds growing while the ice is sinking, since it is a second order effect on the hydrostatic

adjustment.
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a) Onset of melt Late in the melt season

=>

b)
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Figure 2. Different ways to melt the ice. Left panels show a slab of ice before the onset of melt. Right panels
show the slab later in the melt season. a) Rigid body displacement - melting above sea level. A slab of ice is
floating in water (blue) and melting from above by sunlight. The dark gray represents ice with a low albedo that
melts, while lighter gray represents perfectly reflective ice that does not melt. After some time, the perfectly
reflective region has moved upwards relative to its location at the beginning because the ice around it has melted,
removing mass above sea level. Black dashed lines show the position of top and bottom of the ice on day 0,
and the blue dashed line represents sea level. b) Rigid body displacement - melting below sea level. Ice (dark
gray) is melting from below. After some time, the surface of the ice sinks regardless of its characteristics. The
reflective region is no different, and moves downwards because ice beneath it has melted removing mass below
sea level. ¢) Local melting. Ice is melting from above by sunlight. Most of the ice is perfectly reflective and
does not melt (light gray), apart from a small region of ice that does melt (dark gray). After some time, most
of the ice remains unchanged, but the special region melts to below sea level. The region of enhanced melt has

moved downwards because it itself has melted.

Figure 5. Relating the vertical displacement to the change in area of melt ponds. The dashed line represents
the new water level relative to ice, after it has sunk by ds.. The area of the melt ponds changes by dA =

dswi cot(a) P, where « is the slope between ice and water and P is the perimeter of the ponds.
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a) Rigid body displacement
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b) Local Displacement
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Figure 3. a) Rigid body displacement represents the motion of the floe as a whole in an effort to maintain
hydrostatic balance because melting removes mass above or below sea level. Melting above sea level induces an
upward motion of the floe, whereas melting below sea level induces a downward motion. b) Local displacement
represents the movement of a point on the ice surface as a result of ice melting at that particular point. It is a
function only of local ice characteristics at that point. For both local and rigid body displacements the positive

direction is defined as upwards.

-0.15

Rate of change of bare ice fraction

S

0.2 0.4 0.6 0.8
Bare ice fraction

Figure 6. Phase portrait for the bare ice fraction. The bare ice fraction is represented on the x-axis, and its rate
of change on the y-axis. The circle represents the unstable fixed point. Fluctuations at low bare ice fractions are
numerical artifacts, and are a result of the way we estimated the function po(z) (see appendix A). If the initial
bare ice fraction is less than the fixed point, its rate of change is negative, and the bare ice fraction decreases.
If the initial bare ice fraction is greater than the fixed point, its rate of change is positive, the bare ice fraction
grows, and the floe gets less and less ponded. The initial bare ice fraction refers to the bare ice fraction at the

time when ice first becomes permeable.
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Figure 7. Numerical solution of Eq. @ for several different initial conditions and several different ratios of
perimeter to bare ice melting, k. Circles represent locations of the fixed points. If the points on the perimeter melt
20% slower than average, the fixed point is physical and the dichotomy in melt pond coverage can be explained
by this mechanism. Changes happen on the timescales of about one or two months, which is comparable to the

timescale of the melt season
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Figure 8. In this figure we have evolved an ensemble of 10° floes with a slope oe = 10° and some initial distri-
bution of bare ice fractions according to Eq. @ Blue curves represent the initial bare ice fraction distribution,
while the red and green curves represent the bare ice fraction distribution after 30 days. Green curves, where
they exist, correspond to a steeper slope of o = 20°. Alternatively they could be viewed as having the same
slope as the red curves, but corresponding to an earlier time. Vertical black lines represent the locations of fixed
points. We consider cases with 0 < zo < 1 as well as k£ = 1 (meaning zo > 1). a) Points on the perimeter of
the ponds melt at the same rate as bare ice, k = 1, and there is no nontrivial fixed point. As time passes, the
distributions become narrower and narrower, with all the floes having very similar pond fractions. b) A fixed
point at xo = 0.8 splits the initial distribution into two parts of comparable area. After 30 days, floes follow a
bimodal distribution. c¢) The initial distribution is bimodal and k£ = 1. Bimodality diminishes with time as the
distribution becomes more localized. d) A fixed point at zo = 0.93 does not split the initial distribution. The
distribution evolves to become unimodal and long tailed e) The initial distribution close to the trivial fixed point
at x = 1 with k = 1 evolves to become unimodal and long tailed f) The initial distribution is bimodal with one

of the modes close tox = 1. k= 1.
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Figure 9. Evolution of 2D surfaces. The upper surface is identical to the lower surface apart from it being
slightly more ponded. After evolving the surfaces for some time the upper one gets heavily ponded, while the
pond coverage on the lower one decreases. A noticeable difference between this and the single-column model
is that in the 2D case, the ponds cannot disappear. They shrink a little, and then get deeper and deeper without

shrinking or growing.
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Figure 10. Processes that might lead to ice at the pond edge melting slower than bare ice a) If ice melts during
one part of the day and freezes during another, meltwater could seep through the bare ice. There would be no
water to freeze on bare ice during the freezing part of the day, but there could be freezing near the pond edge.
This could make the pond edge effectively melt more slowly. b) Inclusion of dark impurities, such as soot, dust,
or sediments, could lower the albedo of bare ice. Pond water could wash away the dirt, making the pond edge
more reflective. ¢) The pond is at a lower elevation than any of the points on bare ice causing it to receive less

sunlight than bare ice. This is especially pronounced on rough ice where ridges could provide effective shading.
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Figure 11. Left panel: random topography created from a Fourier power spectrum and filled to a certain height.
Dark blue regions represent ponds and correspond to regions of the topography below fill level, and the colored
regions represent bare ice. Color stands for height above sea level. Right panel: Dimensionless perimeter as a
function of bare ice fraction obtained from the topography in the left panel by rising the sea level. We see that
the function has the expected shape: it is positive, of the order unity, and goes to zero as x goes to either zero or

one.
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