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Abstract A three-dimensional sea ice model is presented with resolved snow thickness variations and
melt ponds. The model calculates heating from solar radiative transfer and simulates the formation and
movement of brine/melt water through the ice system. Initialization for the model is based on observations
of snow topography made during the summer melt seasons of 2009, 2010, and 2012 from a location off the
coast of Barrow, AK. Experiments are conducted to examine the importance of snow properties and snow
and ice thickness by comparing observed and modeled pond fraction and albedo. One key process simu-
lated by the model is the formation of frozen layers in the ice as relatively warm fresh water grid cells freeze
when cooled by adjacent, cold brine-filled grid cells. These layers prevent vertical drainage and lead to
flooding of melt water commonly observed at the beginning of the melt season. Flooding persists until
enough heat is absorbed to melt through the frozen layer. The resulting long-term melt pond coverage is
sensitive to both the spatial variability of snow cover and the minimum snow depth. For thin snow cover,
initial melting results in earlier, reduced flooding with a small change in pond fraction after drainage of the
melt water. Deeper snow tends to generate a delayed, larger peak pond fraction before drainage.

1. Introduction

Accurate representation of sea ice processes in earth system climate models is critical for simulating poten-
tial changes in the climate system. Recent decreases in ice coverage and ice thickness distributions [Stroeve
et al., 2007; Perovich and Richter-Menge, 2009] have been linked to both large-scale changes in ice transport
and increased summer melting from the ice-albedo feedback. A key element in the local ice-albedo feed-
back is the presence of melt ponds on the ice surface [Schr€oder et al., 2014]. Melt ponds typically have a
much lower albedo than surrounding sea ice and can transmit solar radiation more directly into the upper
ocean [Inoue et al., 2008]. As ponds form, they absorb more solar radiation, which is then available to
increase the ice-melting rate in a nonlinear feedback process. Eventually, ponds can melt completely
through the ice, decreasing the ice integrity so that wind forcing can generate ice breakup.

Melt ponds depend critically on the underlying ice structure, with pond formation and evolution strongly
tied to the ice and snow cover conditions that exist at the beginning of the summer melt season. On first-
year ice, ponds form early in summer as snow melts and floods the ice surface. After several days, flaws in
the ice provide pathways for ponds to drain to the ocean, with remaining ponds limited to regions of the
ice surface that are below sea level [Polashenski et al., 2012]. Initial flooding of the ice surface produces a
pond fractional coverage ranging from 40 to 70%, depending on the topography of the snow surface and
timing of the pond drainage through ice flaws [Polashenski et al., 2012]. After the ice drains, sea-level ponds
cover a decreased area ranging from 10 to 20% and then grow in size and depth at a more gradual rate
until either they melt through the ice or the ice breaks up from structural weakness and wind forcing.

Eicken et al. [2002] describe this sequence of events in four stages with stage 1 representing the flooding of
the ice, stage 2 the drainage, stage 3 ponds at sea level, and finally stage 4 ice breakup or ponds refreezing.
Examples of this behavior from three melt seasons are shown in Figure 1 along with the three correspond-
ing stages of pond evolution for 2009. In 2009 (black line), pond area fraction peaks early in June followed
by a rapid decline and then a much more gradual increase over the remainder of the month. In 2010 (red
line) and 2012 (blue line), pond fraction increases later than in the 2009 case and decreases gradually from
the peak flooding in mid June, suggesting that stage 2 persists for much of the measured time period for
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these two years. Both short and long stage 2 periods are commonly observed for sea ice off the coast of
Barrow [Polashenski et al., 2012] and are not well understood. For example, we do not know what factors
lead to earlier flooding and why some cases drain more rapidly than others.

First-year ice is typically less deformed in comparison with older ice, and observations indicate that ponds
initially form in regions with thin snow cover between snow drifts or snow dunes on top of the relatively
flat first-year ice. Snow dunes depend on the amount of snow and wind produced by winter storms, indicat-
ing that winter weather conditions may be important in determining the location and size of ponds on level
first-year ice [Petrich et al., 2012]. The low topographic variation can lead to a large extent of surface flood-
ing. In contrast, ponds on multiyear ice typically form in preexisting ice depressions created by either old
frozen ponds or through ice deformation from ice motion. Surface ice flooding is less prevalent on multi-
year ice, and ponds tend to grow steadily over a more limited area during the summer melt season
[Perovich et al., 2003]. Surface summer albedo values for multiyear ice are consequently higher in compari-
son with first-year ice because of smaller pond fractional coverage.

The importance of melt ponds has been highlighted in recent climate modeling experiments. Including
more realistic melt pond processes improves modeled sea ice interannual variability [Flocco et al., 2012;
Hunke et al., 2013a]. Sea ice melting is difficult to parameterize because of the importance of meter-scale
ice features such as melt ponds and leads, as well as submeter-scale structures including ice flaws and brine
channels. Current pond parameterizations, for example as used in the CICE model [Hunke et al., 2013a], cal-
culate pond coverage based on the volume of melted surface snow and ice along with variations in ice
thickness categories. This approach simulates summer pond evolution for a basic ice surface, taking into
account possible dependences of pond coverage on snow depth and the fraction of undeformed ice in a
grid cell. Details, such as the impact of snow dunes and ice surface flooding, are not specifically included in
these parameterizations.

Our goal is to better understand the processes that determine pond coverage and evolution during the
summer melt season by applying a high-resolution sea ice and pond model. The modeling approach fol-
lows similar ice-pond models presented in Scott and Feltham [2010], Skyllingstad et al. [2009], and L€uthje
et al. [2006], but with greater emphasis placed on the role of surface snow cover in controlling the pond
evolution. We use recently measured surface snow topography and pond coverage statistics collected at
the Barrow Alaska observation site [Polashenski et al., 2012] to initialize the model and to validate the

Stage 1 Stage 2 Stage 3

Figure 1. Measured pond fraction (percent of points covered with a pond) along a 200 m long survey line near the Barrow, AK ice mass
balance site during three melt seasons. Also shown schematically are the three stages of melt pond evolution for year 2009.
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model-predicted pond and ice characteristics. Polashenski et al. [2012] analyze sea ice evolution over an
area of roughly 100 m 3 200 m, mapping the ice surface morphology using a combination of LiDAR altime-
try and aerial photos. These data provide a map of the initial snow cover height variations, along with the
evolution of the surface topography and ponding from the beginning of the melt season until the ice was
too unstable for continued field operations. Topography data were collected at the Barrow site for the 2009,
2010, and 2012 melt seasons, with the 2009 season providing the most complete observation set. Here we
use these data to initialize our simulations and provide a means for adjusting model parameters. Our goal is
to determine which features and processes are critical in the formation and evolution of ponds.

We begin with a description of the resolved sea ice model (hereafter RSIM) in section 2. Section 3 describes
the model initialization and forcing. In section 4, we perform a series of sensitivity experiments using meas-
urements taken near the Barrow, AK field site, to calibrate the model and analyze the roles of initial snow
depth, sea ice thickness, and atmospheric forcing on pond formation and ice melting rates. Section 5 com-
pares the calibrated model to field observations. The paper concludes with a summary of our results and
discussion of the implications of this work for sea ice parameterization in climate system models.

2. Model Description

Our approach extends previous modeling work of Skyllingstad et al. [2009] and Skyllingstad and Paulson
[2007]. These two studies examine the heat budget of melt ponds and develop a horizontally two-
dimensional model of pond growth on level ice. Here we add a melt-water budget that allows for ponds on
nonporous sea ice. We also include the vertical structure of the ice porosity, salinity, and temperature. And
incorporate a more realistic calculation of shortwave radiative transfer through ice, snow, and ponds using the
delta-Eddington method taken from the CICE model [Hunke et al., 2013b; Briegleb and Light, 2007]. These
improved representations, in addition to allowing the model to simulate many more scenarios, will enable a
better comparison of model behavior between our resolved sea ice model (RSIM) and CICE in later work.

The model consists of a hybrid two- and three-dimensional system with two-dimensional properties, such
as ice thickness, (his(x,y)), and a three-dimensional grid with each grid column containing a mixture of sea
ice, snow, water, and air as shown schematically in Figure 2. The volume fraction for each component can

Figure 2. Schematic diagram of sea ice grid structure and key bulk parameters for a column before pond formation. Dark blue indicates
ice filled with brine below sea level. Light blue levels contain sea ice or snow with the spaces filled with melted fresh water. The white
levels correspond to snow (since they are above the initial sea ice thickness) with spaces filled with air.
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be deduced from the ice (including both sea ice and snow) volume fraction (/(x,y,z)) and the location of the
cell relative to both the water table and the initial sea ice thickness (throughout the paper we follow
Feltham et al. [2006] and refer to the ice volume fraction / and void fraction 1 2 / in describing the porosity
of the ice/snow). Within a grid cell, a single temperature (T(x,y,z)) represents both solid and liquid water,
and the bulk salinity (Sbulk(x,y,z)) the total amount of salt. For each column, his(x,y) is the distance from the
bottom of the ice to the top of the snow (or sea ice, if there is no snow). The sea level hf is the distance
from the bottom of the ice to sea level, and space within the ice (void fraction, 1 2 /) is always filled with
brine below hf. In the freeboard above hf, spaces in the ice are filled with fresh melt water up to the water
table height hp. Thermodynamically, the grid point is considered a pond when hp> his 1 0.02 m, with the
pond modeled as an independent layer having uniform water temperature (for radiative purposes, ponds
are defined differently as described below). We chose the 0.02 m threshold to ensure a pond depth of at
least two vertical grid levels in the model (see supporting information for more details on the grid struc-
ture). Sea level is determined in the model after each time step by summing the total ice, liquid water, and
snow mass and calculating the displacement. The basic model equations for predicting snow, ice, and pond
temperature, along with surface and bottom heating and cooling terms, are presented in the supporting
information section.

Shortwave radiative transfer through the ice system is calculated using the delta-Eddington method taken
from the CICE model [Hunke et al., 2013b]. One of three surface types, snow, pond, or ice, is set for each grid
point depending on the water table height and the snow/ice height at any given time. These surface types
are used by the radiative transfer scheme to determine shortwave radiative absorption and the grid point
albedo. CICE uses a prescribed number of levels for ice, with layer thicknesses varying depending on the ice
thickness. In contrast, we apply a variable number of ice levels of the same thickness, depending on the ver-
tical grid resolution and his. As in CICE, snow and ponds are treated as one-layer systems depending on the
depth of the snow cover and the water table depth (hp) relative to the ice thickness (his). Snow depth is pre-
scribed at the beginning of each simulation and decreases through melting. We set the surface type as
snow until the snow depth is zero, and snow depth is set to a minimum of 0.02 m in the radiation scheme.
We also designate a snow or ice surface as a pond of depth 0.01 m in the radiation scheme when the local
water level, as indicated by hp, exceeds the surface height his by less than 0.02 m. Our assumption here is
that the albedo decreases when the surface is saturated with water, but subgrid-scale variations in the sur-
face ice/snow cover produce a surface that is not entirely water covered. Consequently, we do not apply
the pond thermodynamic model in these shallow pond cases (resolved thermodynamic ponds require a
depth of 0.02 m), but assume the top grid point is completely water-filled ice or snow for radiative transfer
calculations.

Variations in his are controlled by surface and bottom melting of individual grid cells. Ice in the model
domain is assumed to be a rigid floe without dynamic effects such as keel growth or leads. Surface (Dhtop)
and bottom (Dhbot) melting result in a discrete change in the bulk thickness value (Dhis) per time step
(Dt 5 600 s) for each 2-D grid point:

Dhis5Dhtop1Dhbot (1)

where Dhbot52wbotDt, wbot (m s21) is the (constant) bottom melting rate, Dt is the model time step, and
Dhtop is derived from the sum of surface solar, long wave, sensible, and latent heating along with conduc-
tion and transport of heat into the ice/snow, defined in the supporting information section.

The water table, hp, is calculated by tracking the quantity of melt water produced at each horizontal grid
point location. Melt water is produced in each grid cell by reductions in the snow and ice volume fraction
(i.e., internal melting) and at the surface by decreases in sea ice or snow thickness (i.e., surface melting). Bot-
tom melting results in a direct reduction in his and hp, requiring a recalculation of hf based on the total grid
point ice mass displacement. We calculate the total melt water volume mw using,

dmw

dt
52

X
x;y

Xhisðx;yÞ

z5hf

qw

qi

d/ x; y; zð Þ
dt

1
@his

@t
qw

qi

/top

Dz
2

qw

qi

wdarc

Dz

( )
(2)

where /top is the sea ice or snow volume fraction of the top layer and wdarc is a vertical Darcy velocity
(wdarc � 0 in the current implementation). Changes in the ice fraction / below hf are not considered in the
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melt water budget because brine channels in these grid cells are assumed to be always full of water. Above
hf, void regions in ice and snow may be filled with air rather than water or brine. Melt water is assumed to
immediately settle to the lowest level above sea level, allowing hp to be calculated by summing the ice void
fractions upward from sea level hf until the vertically integrated void fraction (the ice volume fraction sub-
tracted from one) equals the total melt water fraction,

X
x;y

Xhpðx;yÞ

z5hf

12/ðx; y; zÞð Þ5mw (3)

where by definition, hp has a minimum of hf. This integration has the net effect of moving melt water instanta-
neously across the horizontal ice/snow surface each time step. We justify this assumption by noting that
observations of the water table during pond events indicate very little height difference across the ice surface.

Vertical transport of melt water above sea level is modeled using standard Darcy flow ground water methods
that depend on the ice permeability and local pressure head, following Scott and Feltham [2010]. A key aspect
of our model is that we use observations of melt pond behavior to calibrate the ice permeability coefficient to
accurately simulate the melting process, flooding, and pond drainage. The Darcy velocity is calculated using

wdarc52pv
gqw

l

hp2hf
� �

his
for hp > hf ; otherwise wdarc50:0; (4)

where g 5 9.81 m s22 is the gravitational acceleration, qw 5 1000 kg m23 is the water density, l 5 1023 kg
m21 s21 is the dynamic viscosity of water, and pv is the vertical permeability. We set ice permeability values
based on the observed behavior of melt ponds reported in Polashenski et al. [2012] combined with the
semiempirical formula for permeability introduced by Golden et al. [2007],

pv5Pv 12/ð Þ3m2: (5)

A constant vertical permeability coefficient of Pv51310210 is determined through an ensemble of simula-
tions presented below in section 4. This value is notably lower than the Golden et al. [2007] estimate for
cold season, brine-filled ice where P5331028. We also note that this parameterization does not directly
take into account retention of melt water by capillary action in snow or ice, although these effects may be
partially explained through our calibration process.

Eicken et al. [2004] suggest that the vertical permeability is a key parameter that sets the timing and extent
of pond coverage. They, along with Polashenski et al. [2012] and Landy et al. [2014], hypothesize that when
surface melt of snow begins, fresh water drains onto the ice and forms impermeable frozen layers. Frozen
layers also form when fresh water drains into the upper ice and freezes in the vacated brine channels. Both
processes effectively decrease the ice permeability by reducing the void fraction to near zero. As solar inso-
lation increases, further internal warming of the ice from penetrative radiation eventually leads to melting
of these channels so that fresh water trapped on the surface can drain and flush the remaining brine from
the ice pores. At this time, snow melt water is typically above sea level. The water exerts a hydrostatic pres-
sure head in the ice pores that effectively forces brine from the ice into the upper ocean until the melt
water level equals sea level.

A key goal of our research was to construct an ice/snow model that could accurately predict the multistage
pond behavior reported in Eicken et al. [2004], Polashenski et al. [2012] and Landy et al. [2014]. One impor-
tant element of this model is the refreezing of fresh water in grid boxes just above sea level where it comes
in contact with brine-filled ice that has a freezing point below zero. This refreezing of melt water in the
upper portion of the ice above sea level is a critical process that controls the initial pond formation and tim-
ing of the pond drainage. When this ice eventually melts, our results suggest that a reduced permeability
coefficient value, relative to Golden et al. [2007], is necessary to prevent rapid pond drainage. Through cali-
bration of the permeability coefficient value, our model produces stable ponding behavior very similar to
the observations when tuned with the correct snow and ice depth at the initial time step. Field observations
from Polashenski et al. [2012] and Landy et al. [2014] clearly show that pond drainage differs greatly from
drainage corresponding to standard sea ice brine permeability [Golden et al. 2007], and we find that the
smaller values of Pv, in comparison with the Golden formula, yield pond drainage more in line with their
field studies.
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3. Initial Conditions and Forcing

Model resolution for experiments presented here is set to 1.0 m in the horizontal direction and 0.01 m in
the vertical direction over a domain size of 100 m 3 200 m, with cyclical horizontal boundary conditions.
Initial ice thickness and snow depths are estimated from field observations collected off of Pt. Barrow, Alaska

Figure 3. LiDAR-estimated initial snow surface elevation (m) for observation years 2009, 2010, and 2012. Ranges indicate the snow surface
variations, but do not provide a snow thickness. Note difference in scales.

Figure 4. Surface fluxes from the Point Barrow Department of Energy Atmospheric Radiation Measurement (DOE-ARM) site for (a) 2009,
(b) 2010, and (c) 2012. Scales differ between variables; positive values indicate surface warming, negative values cooling. Upward infrared,
sensible, and latent heat fluxes are averaged over the model domain.
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(71.366 N, 156.542 W) during the melt seasons of 2009, 2010,
and 2012. The initial vertical sea ice thickness is horizontally uni-
form, with values between 1.2 and 1.6 m, inclusive, depending
on the particular simulation. This range is derived from measure-
ments from the University of Alaska-Fairbanks ice mass balance
site [Eicken et al., 2012] near the LiDAR (or field) observation site
at the simulation start date. Because measurements of ice thick-
ness are limited to only a few locations, we consider an ensem-
ble of initial ice thicknesses in testing the ice model.

Initial snow surface variations are based on LiDAR observations
described in Polashenski et al. [2012] and represent 3 years with
different melt pond behavior as shown by Figure 2. LiDAR data
typically have horizontal resolution as fine as 0.1 m, although
simulations here are conducted using a smoothed data set
with resolution of 1.0 m, rotated and interpolated to a uniform
grid using a Barnes objective analysis scheme [Barnes, 1964].
The LiDAR data provide relative heights for the snow depths,

but it does not measure the snow thickness relative to the underlying ice. LiDAR estimated initial snow surface
elevation plots, relative to a minimum of zero, are shown in Figure 3 for each of the three cases. For each
year, we specify the total depth of the snow by adding a horizontally constant ‘‘minimum snow depth’’ or
hmsd, to the elevation data presented in Figure 3. As with the initial ice thickness, we examine an ensemble of
hmsd that are within the range of measurements taken along a 200 m transect adjacent to the LiDAR scan area
for each case. The initial snow depth (initial hsnow) is the sum of the relative thickness from LiDAR data shown
in Figure 3 plus the optimal hmsd for each ensemble simulation. The sum of the initial sea ice thickness, hinit,
and the initial snow depth, hsnow, is the initial sea ice/snow height his (Figure 1). Sensitivity experiments pre-
sented later in the paper indicate that both hmsd and hinit have a significant impact on the formation and evo-
lution of melt ponds in the model. The values used in baseline simulations presented below were selected
based on both observations and sensitivity tests to yield the most accurate pond fraction time series.

Simulations are conducted for a 40 day period beginning on 20 May, when observed ice has a brine salin-
ity value near that of the underlying sea water. Ice internal temperatures are set to the brine freezing
point temperature, Tfr, for ice below the water table and 24.08C for ice and snow that is not brine-filled.
Bulk ice salinity is set to 4 psu below 0.1 m ice depth with a linear decrease from 4 to 0 psu at the ice/
snow interface. These initial profiles are similar to field measurements reported in Polashenski et al. [2012]
during the middle of May in 2009. Initial ice volume fraction, /, in the model is set to 0.5 for snow and
0.88 for ice. Snow density with this volume fraction is 460 kg m23, which is appropriate for old, melting
snow [Jonas et al., 2009].

Surface downwelling shortwave and longwave radiative fluxes are set using observed data from the Depart-
ment of Energy-Atmospheric Radiation Measurement (ARM) program North Slope site located at Pt. Barrow,
Alaska. Measurements of surface air temperature, relative humidity, and wind speed from the ARM site are
used to compute sensible and latent heat fluxes and upwelling longwave flux. Details of these calculations
are included in the supporting information. Plots of the combined net total longwave, sensible, and latent
heat fluxes are shown in Figure 4 for each year in our study, with positive values indicating a net warming of
the ice. Figure 4 also shows downwelling shortwave radiative flux, with positive values again indicating a
warming of the surface. For most of the melt season, the sum of the longwave, sensible, and latent heating
fluxes represents cooling, with only a few periods of significant warming. Thus, most of the heating for melt-
ing of sea ice comes from the downwelling shortwave radiation. This is in agreement with surface flux obser-

vations measured using eddy covariance methods during
the SHEBA field experiment [Persson et al., 2002], suggest-
ing that our bulk estimates are reasonable.

4. Model Calibration and Initial Conditions

The 3 years described above are used to calibrate the
model over a range of snow and sea ice characteristics.

Table 1. Model Parameters Held Constant in Each
Simulationa

Parameter Value

Bottom melt rate 0.01 m d21

qsnow 460 kg m23

Snow grain size 500 lm

aSnow density is based on observations of old
snow reported in Jonas et al. [2009].

Table 2. Internal Parameter Values Used in
Calibrationa

Parameter Range

Pv (m2) 5 3 10211, 1 3 10210,
1.5 3 10210, 3 3 10210, 1 3 1029

aOptimal value is in bold.

Table 3. Initial Ice Thickness and Minimum Snow Depth
Ranges Considered for Each Simulated Year

Ice Thickness (m)
Minimum Snow

Depth (m)

1.2, 1.3, 1.4, 1.5, 1.6 0.09, 0.1, 0.12, 0.13, 0.14, 0.15
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Two types of parameters can be varied in our
model. ‘‘Internal’’ model parameters, such as
the vertical permeability coefficient, quantify
physical processes, which should be consist-
ent for all simulations. ‘‘Initial conditions’’ rep-
resent the initial snow and sea ice state of
the model for a particular time. Thus, internal
parameters should be the same for all simula-
tions (following calibration), while the initial
conditions are different for each year. Our
goal in these experiments is to determine a
standard set of ‘‘internal’’ model parameters
that will yield stable and accurate ponding
behavior for all years considered and to
explore the sensitivity of the ponding behav-
ior to differences in initial conditions.

Because we have only rough estimates of
these parameters for each simulation year,
ranges of values are used to optimize the
model accuracy over all three years. Numer-
ous ensemble experiments (not presented
here) were conducted to narrow the scope of
key initial condition variables to the initial
minimum snow depth and the initial ice
thickness. Other initial variables, for example,
the initial snow and sea ice temperature, did
not significantly change the pond behavior
over a range of realistic values. Similarly,
numerous simulations (not presented here)
identified the vertical permeability coeffi-
cient, Pv, as the key internal parameter.
Other internal parameters, such as snow den-
sity in the radiative transfer scheme (qsnow)
and bottom melt rate (wbot), were found to
have less effect on the pond evolution. For
each of the initial variables and internal
parameters that do not significantly affect
the results, we choose a single, default value
listed in Table 1. These values are generally
based on ice profiles taken during 2009, for
example, the ice salinity and temperature at
the beginning of the simulation [see Pola-
shenski et al., 2012]. For the remainder of this
paper, we use these default values for all
simulations.

For the three key variables: vertical perme-
ability coefficient, initial sea ice thickness,
and initial minimum snow depth, we per-
formed a number of simulations applying
values over the ranges given in Tables 2 and
3, using an iterative process. We compared
the resulting time series of pond fraction to
the observed values presented in Figure 2 to

Year 2009

Year 2012

Year 2010

Figure 5. Simulated pond fractions (%) for optimal initial conditions and
different permeability coefficient (m2) values for (a) 2009, (b) 2010, and (c)
2012. Also plotted are the measured pond fractions (dashed) from the
single lines of field measurements from Barrow, AK.
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determine the optimal Pv, and, for each of
the 3 years, the optimal initial ice thickness
and minimum snow depth. Overall, our goal
was for the model to generate a pond evolu-
tion similar to the observations, with initial
flooding followed by pond drainage and
then a more stable pond fraction dependent
on the amount of sea ice lying below sea
level. A successful simulation is one where
pond formation (stage 1) begins on approxi-
mately the correct date; the maximum flood-
ing, at the transition from stage 1 to stage 2,
covers a fractional area similar to observa-
tions; and drainage leads to a correct pond
fraction when the pond surfaces are at sea
level (beginning of stage 3). Unfortunately,
we do not have data beyond the stage 2/
stage 3 boundary (minimum pond extent fol-
lowing drainage) for 2010 and 2012.

In the following sections, we examine the
sensitivity of the model to each of these three
variables. For simplicity, we first show time
series ensembles where only one parameter
is varied with other parameters held fixed at
the optimal values given in Tables 2 and 3
(e.g., Figures 5 and 6). We also present two-
dimensional ensembles of maximum and
minimum pond fraction where the two initial
condition parameters, minimum snow depth
and ice thickness, are varied (e.g., Figure 8).
This allows easier identification of the proc-
esses that control pond evolution.

4.1. Calibration of Permeability Coefficient
We first focus on the permeability coefficient,
Pv, which sets the rate for water percolation
through brine channels in the ice. Table 2
lists the range of values that are considered
for this variable, and the default values are
used for all other variables. Figure 5 shows
the melt pond fractions (as the percent of
grid points that are ponds, where
hp> his 1 0.02 m as described in section 2)
for this range of Pv for each year. In general,
the model is more sensitive to this parameter
for 2009 in comparison with 2010 and 2012.
For 2009, the smallest Pv generates a perma-
nently flooded scenario, and the largest val-
ues lead to complete drainage and no ponds
after the initial flooding event. Sensitivity to
Pv in 2010 and 2012 is less severe; however,

in all cases, applying a value of Pv 5 1 3 1029 leads to a nearly pond free surface after drainage. Overall,
the starting date of ponds is within a day or two of the observations and the value of the permeability coef-
ficient has little effect on this date.

Year 2009

Year 2010

Year 2012

Figure 6. Pond fraction (%) for a range of initial minimum snow depths
(m), using the optimal internal parameters and the optimal initial ice
thickness for (a) 2009, (b) 2010, and (c) 2012. Dashed lines are observed
pond fraction.
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Our analysis indicates that the value of
Pv 5 1 3 10210 m2 yields a reasonable
fit between the simulated and observed
pond fraction behavior as measured by
the timing and value of the peak pond
fraction and resulting pond fraction at
the end of the measured record. Values
too small lead to excessive flooding that
does not sufficiently drain the ice sur-
face, leaving pond coverage that is often

too high. Larger values tend to drain pond water before ponds can preferentially melt sea ice, leaving
an insufficient number of ponds below sea level after drainage is complete. That is, stage 2 starts too
early, so the pond fraction at the beginning of stage 3 is too small. For both 2010 and 2012, the optimal
permeability coefficient yields a pond fraction at the end of the observed record that is less than the
measured value by about 10–15%. We note that our model is limited to level ice and does not account
for variations in the ice topography or leads that would prevent unrealistic flooding. Consequently,
smaller values for Pv might be more appropriate if the model is initialized with spatially varying ice
thickness.

4.2. Sensitivity to Initial Minimum Snow Depth
We next examine the sensitivity of the pond fraction to initial minimum snow depth (Figure 6). Unlike
Pv, we determine the best-fit minimum snow depth for each year separately. As before, default values
for the other variables (Table 1) are used along with the optimal permeability (section 4.1), and initial
ice thicknesses for each year (section 4.3). A summary of all optimal parameters is presented in
Table 4.

Overall snow cover contributes to the fresh water budget that is key in the formation of ponds. For
example, if the snow cover is very thin, then fresh water is limited to just the drained upper ice con-
tained in the ice freeboard. Increasing the initial minimum snow depth is equivalent to adding
potentially more melt water that can fill ponds. Consequently, in most of the simulations, maximum
flooding corresponds to deeper initial snow cover. Initial minimum snow depth can also have a sig-
nificant effect on the initial pond formation date, with shallow initial snow in some cases accelerating
the formation of ponds (especially for 2010 and 2012). Snow depth also affects the pond coverage
after drainage in year 2009. This suggests that initial snow cover thickness in year 2009 was not the
primary factor in the initiation of melt pond formation but had a greater control on the pond cover-
age after flooding.

We note that the minimum snow depth does not necessarily agree with field observations of snow depth
during each of the test years. Snow surveys often show regions of minimum snow depth that are less than
the values that were optimal for our simulations. Other factors, such as variations in the ice thickness, also
could be affecting the formation of ponds. An example is given in Landy et al. [2014], where initial snow
topography did not always correspond to actual snow thickness, but was in some locations indicative of an
ice hummock where ice was noticeably thicker than the surrounding region. Here we view the minimum
snow depth as a descriptor that takes into account the overall snow and ice thickness variations, rather
than an absolute value for the minimum snow depth.

4.3. Sensitivity to Initial Sea Ice Thickness
The initial ice thickness (Figure 7) is important in determining the evolution of modeled ponds, but to a
lesser degree than the initial minimum snow depth. Measurements of ice thickness are only available at
single points during the three study years and are not reliable given the variation in sea ice thickness gen-
erated by differences in snow cover and bottom freezing. Consequently, we explore a range of ice thick-
ness for each year to determine the model sensitivity to this parameter.

Simulation results do not in general show a systematic relationship between pond fraction and the initial
ice thickness for the three study years. For 2010 and 2012, the maximum pond fraction (flooding) is gener-
ally higher for thinner ice, but the pond fraction tends to converge after drainage to a consistent value

Table 4. Optimal Values of Initial Minimum Snow Depth and Ice Thickness
Along With Maximum Flood Pond Fraction and Pond Fraction at the Last
Observation Timea

Year hinit (m) hsnow (m)
Flood

Fraction (%)
End

Fraction (%)

2009 1.2 0.09 55 (50) 18 (20)
2010 1.5 0.14 55 (55) 20 (29)
2012 1.3 0.13 61 (59) 20 (36)

aObserved values are in parenthesis.
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across all thicknesses. In contrast, year 2009
produces a larger maximum pond fraction
for thicker ice, with thinner ice having a
noticeably lower pond fraction after drain-
age. In some cases (2012), thinner ice gener-
ates more flooding but the resulting pond
fraction after drainage does not show signifi-
cant differences between the ensemble
members.

Ensemble plots of the minimum (following
drainage) and maximum pond fraction (Fig-
ure 8) show the combined effects of initial
ice thickness and minimum snow depth on
the pond behavior. Each year displays a dif-
ferent overall relationship. For example, in
year 2009, maximum pond fraction is larger
for deeper snow cover (Figure 8b). Year 2009
also shows a modest relationship between
maximum pond coverage and minimum
pond coverage; more flooding corresponds
to somewhat reduced pond coverage after
drainage. A different behavior is noted in
year 2010 where minimum and maximum
pond fractions vary more in unison, with
high maximum pond fraction corresponding
to high minimum pond fraction. As shown in
Figures 6 and 7, ponds in 2010 do not drain
rapidly after reaching a maximum, with pond
fraction remaining constant or decreasing
slightly with time. Year 2012 presents a case
with less organized behavior. The maximum
pond fraction is produced with deeper snow
cover and thinner ice, with decreased maxi-
mum pond fraction for shallow snow cover
and thicker ice. The minimum pond fraction
does not have a simple relationship with
either sea ice thickness or minimum snow
depth.

The formation of sea level ponds after drain-
age depends on how much ponds scour out
the sea ice beneath the ponds during the ini-
tial flood stage. Scouring beneath ponds is
produced by increased melting relative to
adjacent snow covered ice that has much
higher reflectance of solar radiation. We
would expect that thinner initial sea ice would
lead to more sea level ponds after drainage
because less scouring is necessary to form a
below-sea-level depression. This effect seems
to be active in 2010 (Figures 7 and 8) where
the minimum pond fraction generally

increases slightly as sea ice thickness decreases. In the other cases, the minimum pond fraction does not
show a significant relationship with the ice thickness with only small difference in pond fraction toward the
end of the simulations.

Year 2009

Year 2010

Year 2012

Figure 7. Same as Figure 8, but for a range of initial ice thickness (m),
using the best-fit initial minimum snow depths (m) for (a) 2009, (b) 2010,
and (c) 2012.
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5. Basic Case Pond Fraction and Albedo

Calibration of the model was performed using the average pond coverage over time as summarized for
each year in Figure 9. Overall, the differences between the observed and simulation pond fractions are typi-
cally within 10%, which is reasonable given the uncertainty in measured snow depth and ice thickness.
Nevertheless, it is clear that the model has an unrealistically large sensitivity to some of the parameters. For
example, assuming a thicker snow cover in 2009 greatly decreases the pond coverage following drainage

Figure 8. Minimum (postdrainage) and maximum pond fraction as a function of initial minimum snow depth and ice thickness for (a and b)
2009, (c and d) 2010, and (e and f) 2012.
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as shown in Figure 6, whereas observations suggest that postdrainage pond coverage does not often col-
lapse to near zero values.

Through the remainder of this paper, we examine the ‘‘base case’’ simulations shown in Figure 9, which use
the default values for all initial conditions and internal model parameters for a given year (Tables (1–4)). Our
goal is to compare these best-case simulations with observed properties from the field and evaluate how
well the model is able to duplicate pond features, such as overall albedo, pond shape, and connectivity. We
also examine the simulated ice vertical structure to better understand the processes that lead to flooding
and pond drainage.

Figure 9. Observed (dashed) and simulated (solid) pond fraction using optimal internal parameters (Table 3) and initial conditions for
each year (Table 4).

Figure 10. Model predicted (solid) and observed (dashed) surface albedo for 2009 (black) and 2010 (red).
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5.1. Basic Case Albedo
Average surface albedo is an important metric
that can help in understanding differences
between the model and measurements. Sur-
face albedo measurements were taken along
the survey line adjacent to the LiDAR observa-
tions in 2009 and 2010. From the model we
can estimate albedo using

At512
Rabs

Rsw1eð Þ ; (6)

where Rabs is the shortwave and near infrared
radiation absorbed by the ice and ocean, Rsw

is the incident downwelling shortwave and
near infrared radiation, and e 5 0.001 is a
small constant to prevent numerical over-
flow. We calculate At by averaging the albedo
from each of the grid cells. Plots of the
observed and model average albedo are
shown in Figure 10. Simulated albedo for
both model years follows the general trend
of decreasing albedo over time. Initially, the
albedo is relatively constant at about 0.8,
representing typical snow cover before sig-
nificant melting. The observed albedo drops
rapidly with the onset of ponding, reaching
average values in both years that are less
than 0.4 along the survey line. In the simula-
tions, flooding generates a significant drop in
albedo for both years (�0.4 in 2009 and
�0.3 in 2010), but the decreases are not
quite as large as the observed values (�0.5
decrease in both sets of observations). Simu-
lated albedo increases during drainage as in
the measurements, followed by a downward
trend as the ice thins toward the end of the
record.

Average albedo is affected by both the areal
coverage and the depth of melt ponds, as
deeper ponds have lower albedo. We can
diagnose these two effects in the simula-
tions by plotting the albedo as a function of
pond fraction for the base case simulations
(Figure 11). Generally, albedo decreases lin-
early as a function of pond fraction, with
each year displaying roughly the same rela-
tionship (excluding the complex behavior
between 20 and 30% pond fraction). For

example, a typical albedo value for a pond fraction of 40% is about 0.6. The effects of deepening ponds
on albedo are noticeable when the spread of albedo values is large for a given near-constant pond frac-
tion. For 2009 and 2012, we note a larger spread of albedo values when the ponds are at roughly 20–
30% coverage, representing the time period of sea-level ponds. Albedo at these times decreases mostly
because of pond deepening, with pond fraction only increasing a small amount (this is shown more
clearly in 2012).

Figure 11. Modeled albedo as function of pond fraction for basic case
simulations for (a) 2009, (b) 2010, and (c) 2012. Points are taken every
12 h over 40 days.
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Comparisons of measured versus simulated albedo cross sections provide another diagnostic for assessing
the importance of pond coverage and depth (Figure 12). On broad scales, the albedo characteristics in the
measured fields and model results are in rough agreement. For example, the 2009 case has generally lower
albedo associated with ponds between 0 and 125 m in both plots; 2010 has a more uniform variability
across the domain, with ponds appearing as local minima in albedo. Absolute values of the albedo, how-
ever, are quite different in the observations and model, with the measured pond albedos consistently lower
than the simulated pond values. Measured pond albedo is often near 0.2 in 2009 and frequently displays
local minima in 2010 that are near 0.2. In contrast, the simulated pond albedo never falls below 0.4 in either
year, and tends to have just two discrete values rather than the more uniform variability noted in the
measurements.

Observed albedo was estimated by performing a running average of albedo measurements over a 2.5 m
distance, which partially explains why the observations have a smooth spatial character. Other differences
between the simulated and observed albedo variations are likely due to use of a single snow grain size,
which effectively sets the ice and snow surface albedo, and the use of a threshold liquid water height,
his 2 hp 5 0.0 m, for determining if the surface is treated as pond covered in the radiative transfer scheme
or as a snow/ice surface. We note that this transition is only applicable to the radiative transfer model in
determining the surface type (as described in section 2), and is distinct from the pond threshold used to
determine when ponds are thermodynamically active in the model (i.e., when hp exceeds his by 0.02 m,
see supporting information). During the actual melting process, melt water gradually changes the albedo
as voids between snow and ice fill with water. This effect is not currently included in the model. Aerial
photographs, presented in the next section, qualitatively show how flooding leads to a smooth transition
from snow-covered to pond-covered ice. Sediments in the observed sea ice and ponds are also evident in
the photographs and currently are not included in the model, which could partially explain the simulated
higher overall albedo values.

5.2. Basic Cases: Evolution of Spatial Characteristics
Changes in simulated pond fraction can be related to observed pond coverage by comparing the pond depth at
various times in the simulation with aerial photographs from year 2009 (Figure 13). Comparisons are shown for
pond evolution stages 1 and 3 [Eicken et al., 2002]. Flooding in the model during stage 1 is well represented as
shown by comparing pond depth with the aerial coverage in Figure 13a. In general, modeled ponds correspond
to areas of lower ice and snow thickness. Pond-free ice area is consistent between the two images; however, gray
regions in the aerial image show that sediment and wet snow can affect the albedo. Deeper snow in the upper

Figure 12. (left) Observed albedo along the survey line and (right) modeled albedo from x 5 10 m for (a) 6 June 2009 and (b) 20 June
2010. Observations are a running average over a distance of 2.5 m; simulated values are from each grid point with 1 m separation.
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(a) June 7, 2009

(b) June 13, 2009

(c) June 20, 2009

Figure 13. Aerial photograph of ice surface (left), model simulated pond depth (m, middle), and ice 1 snow thickness (m, right) for (a) 7th
June (Stage 1), (b) 13th (early Stage 3), and (c) 20th (late Stage 3) of 2009. Note the different color bar scales for each date.
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third of the domain limits flooding, so that ponds are mostly confined to the lower two thirds of the region. After
draining (i.e., at the beginning of stage 3), inconsistencies between the model and aerial image are apparent for
the location, size, and shape of ponds (Figure 13b). In particular, the observed ponds tend to form channels con-
necting larger ponds, whereas the model does not represent this behavior. In the model, horizontal melt water
transport is instantaneous, which cannot preferentially melt ice like water moving through channels on the ice sur-
face. Overall, however, modeled ponds tend to follow the pattern shown in the aerial image even though individ-
ual features are not as well represented. Ponds in the last image, which is late in stage 3, tend to show the best
agreement in size and location for areas without drainage channels, for example, in the bottom quarter of the
domain. Smaller ponds are generated in drainage channels, for example between the large ponds in the photo-
graph, suggesting that movement of water on the top of the ice has a significant impact on the location of long-
lived ponds and probably contributes to a larger pond fraction at later times.

June 21, 2010

June 17, 2012

(a)

(b)

Figure 14. Simulated pond depth (m, left) and ice and snow thickness (m, right) for (a) 21 June 2010 and (b) 17 June 2012. Plots represent
ponds during late stage 2 when ponds are near sea level height.
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Plots of the pond coverage and ice/snow thickness for the 2010 and 2012 case demonstrate pond behavior for
late stage 2 (Figure 14). Ponds flood low-lying areas in the snowfield as shown by the collocation of ponds and
minimum ice and snow thickness. After drainage, ponds occupy regions where the ice has preferentially melted
from the lower pond albedo. Comparison between the simulated ponded regions and ponds inferred from the
LiDAR data shows similar features (not shown).

5.3. Frozen Layer Time Evolution
The basic processes that lead to the formation of surface melt ponds are controlled largely by the interac-
tion between relatively cold, brine-filled ice and fresh water released by snow and ice melt at the surface.
Key in this process is the conductive heat flux between grid cells that are salty and relatively cold with
overlying grid cells that contain fresher water and are relatively warm. For both grid cells, the local tem-
perature is fixed at the freezing point, which is set by the brine salinity. Because the fresh water cells are
warmer than the underlying brine-filled cells, heat is lost from the fresh water cells to the brine-filled cells.
As the brine solution in the salty grid cell warms, a portion of the conductive heat flux causes melting of
the ice. At the same time, heat loss in the fresh water cell causes ice to form, until the cell is eventually
completely ice-filled. This process leads to the generation of ice layers that trap surface melt water. A sim-
ilar process is commonly used in ice cream makers with an ice/salt solution providing the subfreezing
temperatures.

Ice layers typically form where the fresh water in snow or empty brine channels overlies brine-filled ice at
sea level. Ice temperatures follow the freezing temperature appropriate for the local brine salinity. The
resulting vertical structure in the model is shown by plotting void fraction, salinity, and temperature
vertical-horizontal cross sections at three different times from the simulation of year 2009 (Figure 15). At the
first time (1 June), the ice has already formed a layer of solid ice (void fraction 5 0.0) between the water
table height, indicated by the dashed line, and the ice/snow surface. Nearly all of the water melted by solar
heating of the snow has refrozen in this layer, which is why the water table is below the frozen layer. Snow
in this plot is indicated by the significantly higher void fraction above �1.15 m.

June 1, 2009 June 4, 2009 June 9, 2009(a)

(b)

(c)

Figure 15. Vertical cross sections along x 5 50 m at three different times for (a) void fraction (1 2 /), (b) salinity (psu), and (c) temperature (8C) for 2009. Also shown are the location of
the snow/ice surface (solid) and the water table (dashed). Ponds are located where the water table is higher than the snow/ice level.
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As more snow melts (4 June), the water table increases to a level above the surface, resulting in flooding as
shown by regions where the dashed line is above the solid line. By this time, water has started melting
through the ice layer, flushing some of the salinity from the ice. Eventually, the frozen layer beneath the
ponded regions thaws completely, and the salinity of the ice reduces to near zero. Stronger melting of ice
under ponds compared with snow covered and bare ice generates large depressions that remain filled with
water when the ice drains to sea level.

The formation of impermeable ice layers or superimposed ice in the model is similar to observations
reported in Eicken et al. [2004] showing the importance of superimposed ice on pond formation and lon-
gevity. Here impermeable layers form both in brine channels and, after the channels are plugged, on top of

Figure 16. (a) Time-integrated cumulative sum of net longwave, sensible, and latent heat flux (dashed) and with total short wave solar flux
(solid) and (b) ablation rate of the horizontally averaged snow and ice thickness. The short-wave flux is the incident radiation and does not
account for the surface albedo. All fluxes are averaged over the surface.
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the ice as melt water drains vertically. The specific location of melt water refreezing in the model is set by
the sea level height because that is where the ice temperature is maintained below freezing by the brine. In
reality, brine channels higher in the ice column could freeze completely closed before allowing fresh water
to penetrate to sea level. More measurements of melt water penetration in the field are needed to clarify
this process.

6. Discussion and Conclusions

Development of realistic sea ice models with accurate melt pond representation has been hampered by the
lack of detailed measurements of ice thickness and snow properties. The importance of these parameters
has only recently been identified through field observations showing that pond formation is highly depend-
ent on the surface topography of snow-covered ice at the beginning of the melt season [Polashenski et al.,
2012; Landy et al., 2014]. In this paper, we develop a sea ice model that uses snow cover topography to pre-
dict the evolution of melt ponds for typical first-year sea ice. The model is similar to the ice model presented
in Scott and Feltham [2010] and Notz and Worster [2006], with ice, snow, and pond water simulated using a
three-dimensional Cartesian grid. The model is coupled with a radiative transfer model and parameterized
movement of brine via a Darcy velocity based hydrological approach. Three different melt seasons are used
to calibrate the model for the prediction of melt pond fraction as a function of time. Overall, our results
demonstrate the importance of snow cover in determining melt pond coverage as suggested by Polashenski
et al. [2012].

A significant finding of this work concerns the sensitivity of melt pond area fraction to the permeability of
the ice. Observations suggest that the volume fraction varies significantly as melt water refreezes in ice
pores during early melt [Polashenski et al., 2012; Landy et al., 2014]. Frozen layers can effectively prevent
melt water from draining through the ice until the ice warms sufficiently for flaws to develop. As flaws
grow, surface melt water occasionally drains rapidly so that the entire system changes abruptly, or in other
cases drains slowly over a period of days to weeks. We determined that using a permeability coefficient
based on brine-filled ice [e.g., Golden et al., 2007] generates too much drainage of melt water, limiting pond
fractions after drainage. In our model, a permeability coefficient roughly 100 times smaller was needed in
most cases to prevent excessive drainage and reduced pond fractions. The low values of vertical permeabil-
ity required to explain meltwater pooling are in line with observations of the importance of a comparatively
thin surface ice layer in retaining meltwater at the surface [Eicken et al., 2004].

Results from our experiments also suggest that the time when ponds first form is a function of both the spe-
cific snow surface topography and the total heat received by the ice surface. For the three years examined
here, the order of pond formation dates was earliest for 2009 and latest for 2010 (see Figure 2). Plots of the
integrated energy flux at the ice surface (Figure 16) agree with this pattern before 10 June, showing the
highest cumulative heating (note that this is the total downwelling shortwave radiation and does not
account for albedo change) for 2009, with less heating for 2010 and 2012. Also shown in Figure 16 is the
average ablation rate for each of the study years. Outside of the large peak on 20 June 2012, year-to-year
variations in melting rate are relatively consistent with values around 20.02 m d21 (this includes a constant
20.01 m d21 imposed bottom melting rate). These values are comparable with measured ablation rates in
the central Arctic Ocean, for example, as presented in Eicken et al. [2002], but are smaller than the maximum
rate of 20.05 m d21 measured at the Barrow site for 2001 [Grenfell et al., 2006]. Overall, the ablation rate
does not show a significant pattern that can be directly related to differences between the pond fraction
coverage in the three cases.

To test the importance of snow topography versus forcing, we ran the model using the 2010 and 2012
snow topographies, but with the surface heat flux forcing from 2009. Results from these experiments (not
shown) generated ponding at about the same time as those with the original forcing. Consequently, it
would appear that the weather conditions during the melt season, while important, do not totally control
the formation time of ponds.

The timing of pond drainage after the initial flooding is critical for determining the extent of ponds after
the surface has drained to sea level. If drainage is too early, then ponds do not have sufficient time to pref-
erentially melt the ice below them (compared with surrounding ice) to create below-sea-level ice topogra-
phy, and thus melt pond fraction is unrealistically low postdrainage. Drainage too late causes too much
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flooding, and the wide extent of ponds results in similar melting across much of the ice surface. Again, the
differential melting is insufficient for postdrainage ponds. Consequently, long-lived ponds in the model are
only possible for specific conditions of minimum snow depth and snow properties that fit a optimal dura-
tion of flooding. The model is reasonably consistent with measurements in showing that deeper snow cover
delays the formation of ponds and leads to more extensive pond coverage during the flooding stage. We
also found that, for each year in our study, the minimum snow cover was very consistent between about
0.1 and 0.15 m. This suggests that drifting of snow on ice tends to scour away regions so that nearly all the
snow is removed, which in the model yields a small but nearly constant minimum snow depth for optimal
pond fraction prediction.

Observed pond behavior also appears to be sensitive to snow properties; however, observed ponding rarely
has extremes in behavior that are possible using the model. For example, flooding over the ice surface for
large regions is typically not observed because melt water will eventually encounter a large flaw or crack in
the ice and drain. Observed ponds also have noticeably lower albedos in comparison with the ice model,
with values often near 0.2 versus 0.4 in the model. One possible reason for this difference is that the radia-
tive transfer scheme [Hunke et al., 2013b] is based on ponding over much thicker ice observed during the
SHEBA experiment and may have too much scattering for ice under ponds. Alternatively, we do not param-
eterize sediment loading in the sea ice model, which has a clear impact on the measured albedo.

Some of the model sensitivity results from the way snow albedo is calculated when the snow is nearly satu-
rated with melt water. The CICE radiative model used here has relatively sharp transitions between pond,
snow, and ice surface conditions. These transitions are smoothed for typical CICE large-scale model applica-
tions because of multiple ice thickness categories that are used for O(km) scale grid points. In our imple-
mentation, the surface type for each grid cell is uniform and determined by the depth of the melt water
relative to the height of the snow/ice. When the melt water depth is greater than the surface height, we
transition from snow/ice to a pond surface in the radiation scheme, which causes an abrupt lowering of the
surface albedo for the grid point. This lower albedo, in turn, increases the rate of surface melting. More field
measurements are needed to better define the transition from snow to pond so that this process can be
refined over the current approximation.

Understanding the role of snow cover in setting melt pond coverage is important for representing melt
ponds in climate models. Both observations and our modeling results suggest that winters with light snow
cover will develop less melt pond coverage during flooding because of reduced fresh water during the ini-
tial melting stage. Other characteristics of the snow cover, for example the degree of snow dune variability,
may also be important in determining the melt pond coverage. Future simulation studies along with more
extensive measurements of melt pond systems will help determine if these effects are of first-order impor-
tance in determining the spring melt pond fraction.
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