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Abstract The albedo of Arctic sea ice is calculated from summertime output of twentieth century Com-
munity Climate System Model v.4 (CCSM4) simulations. This is compared with an empirical record based on
the generalized observations of the summer albedo progression along with melt onset dates determined
from remote sensing. Only the contributions to albedo from ice, snow, and ponds are analyzed; fractional
ice area is not considered in this assessment. Key factors dictating summer albedo evolution are the timing
and extent of ponding and accumulation of snow. The CCSM4 summer sea ice albedo decline was found,
on average, to be less pronounced than either the empirical record or the CLARA-SAL satellite record. The
modeled ice albedo does not go as low as the empirical record, nor does the low summer albedo last as
long. In the model, certain summers were found to retain snow on sea ice, thus inhibiting ice surface melt
and the formation or retention of melt ponds. These ‘‘frozen’’ summers were generally not the summers
with the largest spring snow accumulation, but were instead summers that received at least trace snowfall
in June or July. When these frozen summers are omitted from the comparison, the model and empirical
records are in much better agreement. This suggests that the representation of summer Arctic snowfall
events and/or their influence on the sea ice conditions are not well represented in CCSM4 integrations, pro-
viding a target for future model development work.

1. Introduction

One of the distinguishing features of the Arctic summertime sea ice cover is its rapidly evolving seasonal
albedo. At the beginning of summer, melt onset is marked by a change from lower albedo dry snow to
higher albedo wet snow [Perovich et al., 2002b]. Peak spring snowpacks on Arctic sea ice are typically 0.2–
0.45 m deep [Warren et al., 1999; Sturm, 2002], and they tend to melt quickly, usually completely melted
within 12–15 days [Perovich et al., 2002b; Nicolaus et al., 2010]. Ponds of accumulated meltwater then begin
to form and can cover as much as 30–40% of the surface area of multiyear ice and up to 70% of the surface
area of first-year ice [Fetterer and Untersteiner, 1998; Tschudi et al., 2001; Perovich et al., 2002b; Perovich and
Polashenski, 2012]. Ponds on multiyear ice occur on horizontal scales of up to 60 m2 [Perovich et al., 2002a],
with depths up to 0.4 m [Perovich et al., 2003]. Ponds on first-year ice are typically larger in horizontal extent,
but generally not as deep. Broadband albedos of individual melt ponds range from 0.1 to 0.7 depending on
the thickness and optical properties of the underlying ice [Perovich et al., 2002b]. Ponds can reduce the
area-averaged surface broadband albedo from about 0.65 for a snow-free, multiyear melting ice cover to
about 0.35, depending on pond optical properties and pond areal fraction [Perovich et al., 2002b; Perovich
and Polashenski, 2012]. Melt ponds have strong effect on surface albedo, and on the summer surface heat
balance of sea ice. In fact, their coverage and the timing of their formation may also significantly influence
biologic productivity in the water column beneath the ice [Palmer et al., 2014].

Pond evolution defines the summer albedo. Ponds start out shallow and flat. They then deepen and shrink
in size, sometimes eventually melting through the ice cover. Quantifying time-dependent large-scale areal
coverage, depth, and size and number distribution of ponds is challenging from both observational and
modeling points of view. Individual ponds, with diameter typically 1–10 m, are generally too small to be
resolved by most remote sensing techniques. Regional and global climate models cannot explicitly resolve
them, as they are distinctly subgrid sized features. As a result, we have poor knowledge of their temporal
evolution at the basin scale, and numerical models have long sought to parameterize their role in the
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surface heat balance of the ice cover only in very general terms. That is now changing. With the introduc-
tion of more sophisticated melt pond models [e.g., Skyllingstad et al., 2009; Flocco et al., 2010, 2012; Holland
et al., 2012; Hunke et al., 2013], it is essential to know where increasingly sophisticated physics are most
needed in these model parameterizations.

The sea ice model in version 4 of the Community Climate System Model (CCSM4) is the Los Alamos Sea Ice
Model (CICE) version 4, also known as the Community Ice Code [Hunke and Lipscomb, 2010]. This model
now includes an explicit treatment for melt ponds on summer sea ice, paving the way for a more sophisti-
cated treatment of shortwave radiative transfer in snow and sea ice [see Holland et al., 2012]. The radiative
transfer scheme [Briegleb and Light, 2007] uses inherent optical properties (IOPs) calculated from informa-
tion about the physical state of the ice cover to produce apparent optical properties (AOPs) such as albedo
and transmittance. Presently, however, the only pond attribute that is used by the radiative transfer scheme
is the overall pond areal fraction; neither pond depth, size, pond age nor time-dependent optical properties
are considered.

Simulations run in CCSM4 show that the model captures most of the important climatological features of
Arctic sea ice quite well. In particular, sea ice thickness distribution, fraction of multiyear sea ice, and loca-
tion of ice edge compare well with available observations [Jahn et al., 2012]. While it is highly instructive to
compare the large-scale features predicted by a model, such expressions of the climate depend on a wide
array of parameterizations that encompass complex physics, not all of which can be, nor should be, treated
in great detail. For this reason, it is possible to get an agreeable result, despite nonexistent or incomplete
parameterization of the actual physics. To this end, this study assesses the treatment of albedo of the melt-
ing summer ice cover in fully coupled CCSM4 simulations.

Validation of modeled albedo across the Arctic is hampered by scarcity of reliable observations. The
remotely sensed records that do exist for surface albedo [e.g., Key, 2001; Karlsson et al., 2013; Riihel€a et al.,
2013a, 2013b] can be limited by infrequent cloud-free views of the surface during summer. This is particu-
larly problematic during periods of intense surface melt when the surface changes daily due to snowmelt
[Warren et al., 1999] or variations in pond extent or optical properties [Perovich et al., 2002b]. The strong
albedo contrast that exists between ice and open water causes the areally averaged surface albedo to be
very sensitive to ice concentration. Extracting accurate estimates of ice albedo from remotely sensed sur-
face albedo thus requires accurate estimates of ice concentration. However, such estimates have large
uncertainties in summer when the distinction between open water and wet ice is arguable [Ivanova et al.,
2014]. As a result, uncertainties in remotely sensed ice concentration may easily mask small changes in the
intrinsic albedo of the ice covered portion of a satellite footprint as viewed from space.

One remotely sensed surface albedo data set that has proven useful for the Arctic is the surface albedo
product from the Satellite Application Facility on Climate Monitoring (CM-SAF) clouds, albedo and radiation
data set (CLARA-SAL) [Karlsson et al., 2013; Riihel€a et al., 2013a]. Koenigk et al. [2014] used CMIP5 model out-
put to illustrate the discrepancy between summertime ice albedo in the models and in the CLARA-SAL
record, generally finding the model estimates to overestimate summer albedo over the 28 year satellite
record (1982–2009).

While Koenigk et al. [2014] used the CLARA-SAL record, along with ice concentration data to assess pre-
dicted sea ice albedos in GCMs, we have chosen to use the empirical treatment of Perovich et al. [2002b,
2011a]. This record is based on high temporal resolution ice albedo data at a single location over the course
of a single year. It is then extrapolated broadly for a 34 year record (1979–2012) to the whole basin based
on information about the dates of melt and freeze initiation. One significant advantage of this empirical
record is that it is entirely independent of summer ice concentration estimates, so, while it is difficult to
know the uncertainties with such spatial and temporal extrapolation, it is not subject to known errors asso-
ciated with summertime ice concentration estimates. Results from CCSM4 were not included in the Koenigk
study. While they discuss CMIP5 models as a group and some of the potential reasons for biases within
them, there is need for more detailed analysis with single models to better understand the processes lead-
ing to model errors.

The objective of this study is to assess the magnitude and seasonal cycle of the surface albedo for sea ice in
CCSM4 in the context of the empirical record. Direct year-to-year comparisons are not justified because the
model is not able to respond to the same melt onset forcings that are embedded in the empirical record.
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Rather, we aim to broadly address two questions: (i) is the CCSM4 model realistically representing the full
progression of summer surface albedo for Arctic sea ice? (ii) What current deficiencies in the treatment of
summer melt physics need to be addressed in large-scale models?

2. Methods

The study of Jahn et al. [2012] assesses Arctic sea ice characteristics simulated over the years 1850–2005
with six ensemble members from the CCSM4 CMIP5 runs [Gent et al., 2011]. For the present study, one sin-
gle member from that ensemble is used, along with one future prediction run with the RCP2.6 forcing.
These are the only runs that include daily output, necessary to capture rapid albedo changes. Given that
the comparisons only occur over the period of the empirical record, the use of different future forcing sce-
narios is not important since they all have similar initial evolution of external forcings. Because comparison
with a single ensemble member is not robust, we make no attempt to compare individual years, but instead
focus on averages and trends. Despite this, consideration of individual ensemble members provides insight
on natural variability that can be lost when ensemble members are averaged.

For this study, we removed the implicit dependence of surface albedo on ice concentration by considering
only the ice covered portion of each grid cell, similarly as done by Koenigk et al. [2014]. For the CCSM4 out-
put, we refer to this ice-only albedo as ‘‘aice_model’’ and calculate it as:

aice model512
Fswabs

AiceFswdn
(1)

where Fswabs is the absorbed shortwave radiation flux within the ice (weighted by the fractional ice concen-
tration), Fswdn is the incident shortwave flux, and Aice is the fractional ice concentration. aice_model varies
roughly between 0.9 for ice covered with deep, cold snow and 0.3 for melting ice that is heavily ponded.

The CCSM4 code includes a simple parameterization of surface melt ponds. The parameterization uses a
subgrid-scale ice thickness distribution [e.g., Thorndike et al., 1975; Holland et al., 2006], and melt pond vol-
ume is carried for each ice thickness category as an area tracer. Defined simply as the product of pond area
and depth, the pond volume grows through addition of a portion of the surface ice or snowmelt water or
rain water. Pond depth is assumed to be a linear function of the pond fraction and is limited to remain at
less than 90% of the category ice thickness. Melt ponds shrink (freeze) when surface temperature drops
below 22�C and completely disappear when the ice thickness drops below 0.1 m, as it is assumed that
ponds on such thin ice will completely run off the ice [Hunke and Lipscomb, 2010]. The pond formulation
only affects the optical properties of the sea ice and does not modify the ice-ocean freshwater exchange.
More information on the pond parameterization is available in Holland et al. [2012].

The simulated snow cover within CCSM4 also has large influence on the modeled surface albedo. Each ice
thickness category has a distinct snow thickness that is transported with the ice motion and redistributed
among ice categories due to growth/melt of sea ice and mechanical redistribution. Snow accumulates due
to precipitation as determined by the atmospheric model. Snow is lost due to surface melt as determined
by the modeled thermodynamics, flooding that occurs when the weight of the snow depresses the ice-
snow interface below the waterline resulting in snow-ice formation, and during ridging. To account for
patchy snow conditions, fractional snow cover within an ice thickness category occurs when the snow thick-
ness decreases below 0.03 m. As such, an individual ice thickness category can include a fractional coverage
of snow cover, pond cover, and bare ice cover at any time. Separate radiative transfer calculations and
resulting albedos are computed for each of these surface types and for each ice thickness category. The
grid-cell ice albedo value (equation (1)) is equivalent to the area-weighted average of these subgrid-scale
values.

We compare this modeled albedo with ice albedo from the empirical record (aice_emp) described in Perovich
et al. [2002b, 2011b], and including updates through 2012. As with aice_model, aice_emp describes only the
intrinsic albedo of the ice. We only summarize how it is calculated here; full details can be found in Perovich
et al. [2002b, 2011b]. The time series for a single summer was obtained from measurements made every
other day on multiyear ice over the course of the summer of 1998 during the Surface HEat Balance of the
Arctic field campaign (SHEBA) [Perovich et al., 2002b]. Perovich et al. [2002b] identified five phases in the
observed seasonal albedo progression: cold snow, melting snow, pond formation, pond evolution, and
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freezeup. Each phase results from large-scale physical changes at the ice surface. These physical drivers
include snow accumulation, metamorphism and melt, summertime snow events, surface ablation, and the
formation and evolution of surface melt ponds. The record is generalized to account for these drivers as the
five-phase progression is the same for each year, except that it is modulated in time based on observed
dates of melt and freeze onset. Four trigger dates (early melt, final melt, early freezeup, final freezeup) were
extracted from the remotely sensed passive microwave assessment of surface conditions [Markus et al.,
2009; Stroeve et al., 2014]. Early melt is defined as the first occurrence of melt independent of whether tem-
peratures remain above freezing or not. Onset of continuous melt is defined as the day after which the sea
ice stays under melt conditions for the summer. Likewise, early freeze is the first occurrence of frozen condi-
tions and final freeze is the date after which freezing conditions persist for the rest of the autumn and win-
ter seasons. These transitions are identified in the passive microwave remote sensing record because a
sharp increase in emissivity occurs when dry snow becomes wet. The empirical data set was built by taking
the observed five-phase progression and applying temporal compression or stretching in accord with the
four trigger dates. The basic rules for adjusting the five phases to the trigger dates are outlined in Table 1.
Using this algorithm, the empirical ice albedo was computed on a 25 km 3 25 km EASE grid for the entire
Arctic.

While it may be possible that this albedo progression could be appropriate only for the region proximal to
SHEBA, we have some indication that it is much more broadly representative. The timing and duration of
the melt season may vary from place to place and year to year, but the progression of melt should be simi-
lar—premelt, snowmelt, pond formation, pond evolution, and freezeup. Perovich and Polashenski [2012]
documented an analogous progression for first-year ice off the coast of Barrow, Alaska. While we do not
expect the albedo to be the same for seasonal and perennial ice, the similarities are notable, and differences
are easily explained by the distinction in ice type. Furthermore, it is worth noting that the SHEBA summer
spanned a range of geographic locations (76�N–79�N, 165�W–170�W), and the albedo data were collected
as the station drifted through this region. So, while the measurements were made on the same floe, they
do span a range of actual geographic locations.

Since this is not strictly an observational record, but a blend of observed trigger dates and extrapolation of
albedo observations from the SHEBA record, we refer to this blended record as the ‘‘empirical’’ record. This
record has been found to be in good agreement with Ice Mass Balance Buoy (IMB) data at diverse locations
across the Arctic Basin [see Perovich et al., 2011a].

3. Results

We compare aice_model directly with aice_emp. For this comparison, study area boundaries were confined to
80�N to the pole at all longitudes exclusive of 100�E–243�E. The area between 100�E and 243�E included all
latitudes between 65�N and the pole [after Jahn et al., 2012]. This includes the area sampled during the
SHEBA summer. In each case, a threshold of minimum ice concentration of 50% was required for the entire
summer. This threshold was chosen so that ice proximal to abundant open water would not be included in
our assessment. By excluding regions of low ice concentration, the SHEBA observations are likely to be
more broadly applicable, and ice subject to the enhanced surface heat fluxes dominated by air-ocean trans-
fer is not considered. While it is possible that the assignment of this threshold may introduce some new
bias, it eliminates the expected bias due to enhanced surface heat flux. For the empirical record, the ice con-
centration threshold is determined from passive microwave observations and the NASA Team algorithm (J.
Maslanik and J. Stroeve, http://nsidc.org/data/docs/daac/nsidc0081_ssmi_nrt_seaice.gd.html; D. Cavalieri

Table 1. Summary of Rules Governing the Annual Progression of Ice Albedo in the Empirical Record of Perovich et al. [2011b]

Phase Trigger Duration Albedo Notes

Cold snow Autumn until early melt onset 0.85
Early melt Remotely sensed early melt onset date Until full melt onset 0.81
Snowmelt Remotely sensed full melt onset date (Tfullmelt) 15 days 20.0067 day21 Decrease from 0.81 to 0.71
Pond formation Tfullmelt 1 15 days 6 days 20.033 day21 Decrease from 0.70 to 0.50
Pond evolution Tfullmelt 1 21 days Until early freezeup 20.0029 day21 Not< 0.2
Early freezeup Remotely sensed early freeze onset date Until full freezeup 0.46 Represents some ponds freezing
Full freezeup Remotely sensed full freeze onset date Until a reaches 0.85 10.026 day21
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and others, http://nsidc.org/data/nsidc-0051.html). The calculation of aice_emp is independent of ice concen-
tration, but the 50% concentration threshold has been applied. For the model, ice concentration is a prog-
nostic variable used to calculate aice_model as well as define the threshold.

3.1. Monthly Averaged Albedos
For the purpose of understanding the seasonal progression of aice averaged over the entire record, we first
compare ice albedos for each month during the melt season. Figure 1 shows monthly averaged values for
aice_model and aice_emp for (a) May, (b) June, (c) July, (d) August, and (e) September. For comparison, sea ice
albedos calculated from the CLARA-SAL data set (aice-CLARA-SAL) are also shown for May to August. These are
derived from the CLARA-SAL surface albedo observations, computed in the same manner as in Koenigk
et al. [2014] by correcting for ice concentration (using the NASA Team algorithm ice concentration as
described above), and assuming albedo of open water to be 0.07 [Pegau and Paulson, 2001]. The 50% ice
concentration threshold was applied to the modeled and empirical records independently, leaving the geo-
graphical extent of this threshold to differ between the records.

All records show that in May, sea ice is still covered with cold snow at most locations, as aice_model and
aice_emp are almost exclusively� 0.8. The CLARA-SAL record indicates slightly lower albedo (0.75) over
almost the entire basin, consistent with comparison with SHEBA observations, where Riihel€a et al. [2013a]
found the CLARA-SAL retrieval to be biased low during May and June. In June, the snow begins to melt and
ponds begin to form, as is evidenced by generally decreased albedos. The empirical record agrees largely
with the model record, but the CLARA-SAL record indicates a faster and more aggressive melt initiation.
July is dominated by remnant snowmelt, pond formation and growth, and correspondingly decreasing
albedos. In the central basin, it appears that the empirical and CLARA-SAL records lead the model record
with much more aggressive pond formation. Averaged over the month, the central basin exhibits aice_model

values> 0.7, whereas the empirical record and the CLARA-SAL record show aice values of 0.55–0.6. Model
albedos at lower latitudes in the western Arctic appear to be consistent with the CLARA-SAL record, signifi-
cantly higher than the empirical record, but notably higher than both records when averaged over the
whole basin. In August, the average empirical record continues to show declining albedo. The model shows
a return to freezing conditions in the central basin, and significantly larger latitudinal gradient than the
empirical record. The CLARA-SAL record shows modest return to freezing conditions in some regions, but
continued reduction of albedo in others. The aice_emp and aice_CLARA-SAL in the central basin fall considerably
lower than the modeled albedos during the end of summer melt, just prior to freezeup. Even at the peak of
melt, average aice_model values retain relatively high values (>0.7), suggesting the model either overesti-
mates the amount of snow remaining on the ice pack (basin wide snow thickness averages for August
ranged from 0 to 0.15 m in the model), underestimates the areal coverage of melt ponds (basin wide aver-
ages for August ranged from 0 to 25%), or neglects to treat the full evolution of pond albedo in enough
detail. In both records, September brings freezing conditions with the accumulation of cold snow and a
return to ice albedo> 0.7. The CLARA-SAL record is insufficient in September due to lack of light. These gen-
eral results are similar to those found by Koenigk et al. [2014], where CMIP5 model runs were found to main-
tain higher summer ice albedo when compared with CLARA-SAL ice albedo observations.

To assess broad temporal trends in ice albedo, Figure 2 shows the average July albedo for roughly each
third of the time period: (a) 1979–1989; (b) 1990–1999; (c) 2000–2012 for the model and empirical records.
As in Figure 1, the average albedo is calculated only over the years where ice concentration exceeds 50%
the entire month and this area has shrunk dramatically in the most recent decade for both records. The
observational record shows average summer albedo decreasing with time, in concert with observed earlier
melt onset. Model results also show decreasing ice albedo, although aice_model in the central basin appears
consistently higher than aice_emp.

3.2. Minimum Summer Albedo
The minimum summer albedo serves as a measure of the severity of surface melt. This albedo minimum
responds to the timing of snowmelt, the rate of pond formation, and the subsequent rate of pond evolu-
tion. Figure 3 shows the average minimum albedo for all 34 summers analyzed. The model albedo record
(Figure 3a) has average minimum value 0.6 in the central basin, decreasing to 0.35–0.4 at the lowest lati-
tudes in the western Arctic with ice concentration �50%. The empirical record (Figure 3b) shows average
minimum albedo of 0.45 in the central basin, also decreasing to 0.35–0.4 at lower latitudes. The CLARA-SAL
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Figure 1. Monthly means of ice albedo computed from (left) CCSM4 variables, aice_model, (middle) empirical record, aice_emp, and (right) the
CLARA-SAL record corrected for ice concentration aCLARA-SAL for (a) May, (b) June, (c) July, (d) August, and (e) September. Albedo for a grid
cell is calculated only if ice concentration is at least 50% for the entire summer.
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record (Figure 3c) shows average minimum albedo of 0.4–0.45 in the central basin, with values as low as 0.3
in surrounding seas.

The average dates of the albedo minima are shown in Figure 4. The three maps show the day of year corre-
sponding to the average date of lowest seasonal albedo. Average dates of minimum albedo in CCSM4 occur
between day 190 (9 July) in the central basin and day 230 (18 August) at the lowest latitudes where ice con-
centration persists above 50%. The empirical record indicates minimum albedo occurs on average between
day 220 (8 August) in the central basin and 240 (28 August) at the lowest latitudes. In the central basin, this
difference is as much as 30 days, with CCSM4 simulations showing albedo minima consistently earlier in the
summer. The average day of year corresponding to the lowest albedo in the CLARA-SAL record appears to
be between day 200 and 220, similar to the CCSM4 calculation. However, the CLARA-SAL ice albedo record

Figure 2. July mean ice albedo from (top) CCSM4 and (bottom) empirical record for three decades, roughly (a) the eighties, (b) the nine-
ties, and (c) the two thousands. Albedos are analyzed only where ice concentration is at least 50% for the entire summer.
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likely suffers from uncertainties in the ice concentration record most toward the end of the melt season
when ice concentration is low, pond fraction is high, and both are quickly changing. Additionally, low light
levels and increased solar zenith angles bias the CLARA-SAL ice albedos at the close of summer [Riihel€a
et al., 2013a].

3.3. Case Studies of Summer Albedo Progression
To assess the details of summer albedo progression, we chose three 100 km 3 100 km case study regions
for considering the daily summer progression of ice albedo. All three are along 170�W, and are centered at
76�N, 79�N, and 82�N (the 76 and 79 boxes correspond to the latitudes bracketing the SHEBA summer drift,
which occurred just to the east, between 160�W and 168�W). Approximate colocation with the SHEBA
summer drift increases confidence in use of the empirical record derived from this region. The box bounda-
ries are static, so unique ice parcels are not followed with time. The locations were chosen to span the south
to north gradient across the western Arctic to further investigate the effects of this region where the albedo
has strong latitudinal dependence. This region is also considered to have representative snow cover (depth
and timing) for much of the Arctic ice cover [Warren et al., 1999]. The inset map in Figure 5 shows the loca-
tion of the SHEBA drift track and each of the three study sites.

Figure 5a shows the progression of daily ice albedo for the model record for these three case study regions.
Figure 5b shows the analogous albedo progression for the empirical record. Each continuous curve repre-
sents a different year in the record. The five phases of albedo established in the empirical record are indi-
cated: (1) cold snow (dark blue), (2) melting snow (cyan), (3) pond formation (green), (4) pond development
(red), (5) freezeup (magenta). While those five phases are not explicitly defined in the model records, we
impose them on the curves in this figure, estimating the duration of each phase as determined by the rules
set by the empirical record. The cold snow phase is identified where the albedo is sufficiently high to be
dominated by cold snow within the cell. The melting snow phase in the model is identified from the time

Figure 3. Average minimum summer ice albedo from (a) model, (b) empirical record, and (c) CLARA-SAL record.

Figure 4. Average day of year for lowest ice albedo from (a) model, (b) empirical record, and (c) CLARA-SAL record.
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the albedo drops below 0.84 until it reaches 0.65 for the last time. Pond formation is identified with an
albedo less than 0.65, decreasing with a relatively steep slope and lasting at least 5 days. Pond
development is determined by a reduced slope. Initial freeze onset immediately follows the albedo mini-
mum. Full freezeup returns the surface to its initial condition, covered by cold snow with albedo of about
0.85.

Responding to synoptic-scale weather variability, the model record has significantly larger variability than
the empirical record. The empirical albedo is heavily smoothed, and while this is not representative of natu-
ral conditions, it is imposed by the algorithm used to generate the record. As with the previous figures, only
summers that meet the 50% ice concentration requirement for the entire summer are included. For both
records, the 76�N study area (the most southerly of the three) has the fewest summers that meet this
requirement. The number of qualifying summers increases for the two more northerly study areas.

Figure 5. Summer ice albedo at three locations along 170�W (82�N, 79�N, 76�N) from (a) model (left) and (b) empirical record (right). Col-
ors correspond to phases of albedo, (1) cold snow (dark blue), (2) melting snow (cyan), (3) pond formation (green), (4) pond development
(red), (5) freezeup (magenta). Gray curves indicate summers where the model albedos do not follow the typical pattern of melt. The inset
shows map of SHEBA drift track and area of three study sites.
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Comparison of the seasonal progression of
the two records suggests that the model cap-
tures much of the physics that is docu-
mented by the annual albedo cycle in the
empirical record. The most notable difference
is that all summers in the empirical record
have minimum albedo below 0.6. This hap-
pens in part because every summer is trig-
gered by an observed melt onset in the
passive microwave record and the algorithm
for creating the empirical dataset requires
melt onset to be followed by melt progres-
sion. The only way for the ice albedo to not
drop to 0.6 would be if the freeze onset date
followed the melt onset date by less than 18
days (15 days snowmelt plus 3 days linear
decrease from 0.7 to 0.6), which was never
observed to happen. In that case, the pond
formation phase would be terminated by
freeze onset, and the albedo would rapidly
rise to >0.85. In the model record, however,
some summers never show albedo below
0.6, indicating that while the ice encountered
during most summers exhibits characteristic
melting conditions, the ice surface in other
summers retains enough snow to fail to form
significant surface ponding. In the model, if
snow is present, then ice surface melt is not
permitted and melt ponds are nonexistent.
We refer to summers that appear to never
experience substantial melt as ‘‘frozen’’
summers. The qualification to be a frozen
summer is that the ice albedo never dips
below 0.62 at any time during the summer.
The value of 0.62 is somewhat arbitrarily cho-
sen, but it seems to appropriately differenti-
ate between summers that exhibit a typical
melt pattern and summers that do not. Addi-

tionally, an albedo of 0.62 correlates with a melt pond fraction of about 0.1. At 82�N, 44% of the summers
remain frozen, at 79�N, 23% remain frozen, at 76�N, 27% remain frozen, although there are approximately
only half as many summers at 76�N that meet the minimum ice concentration of 50% requirement, so those
summers may be biased to the frozen class.

The percentage of modeled frozen summers identified for each grid cell across the entire basin is shown in
Figure 6a. There is a strong gradient from areas north of Greenland, where frozen summers appear to be
the norm, to areas closer to the ice edge where frozen summers are less frequent. For reference, Figure 6b
shows the total number of summers (out of possible 34) with ice concentration exceeding 50%.

We next explore the processes that control the progress of summer melt. These include surface melt water
production, spring snow accumulation, summer snow events, and summer rain events. Ponds and snow
conditions can also be altered by dynamic processes, such as rafting and ridging, and thinning of already
very thin ice [Holland et al., 2012], but those processes will not be considered here.

3.4. Surface Melt
Summertime surface melt of sea ice is driven by a number of factors, including shortwave radiative forcing,
longwave radiative forcing, and sensible heating of the surface. For simplicity, in this assessment, we
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Figure 6. Maps of (a) fraction of summers with ice concentration >50%
that are classified as frozen and (b) number of summers out of 34 possible
that meet the 50% ice concentration threshold.
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consider only the result of these forcings, the liquid surface melt water available for puddling. Figure 7
shows modeled cumulative surface melt (total for snow and ice in 7a) over the course of the summer, aver-
aged over all years for ponded (red) and frozen (blue) summers separately. At all three study sites, the aver-
age total surface melt during ponded summers exceeds average total surface melt during frozen summers
by roughly a factor of two. The numbers of frozen and ponded summers at each location are: 15 and 19
(82�N), 7 and 23 (79�N), and 4 and 11 (76�N). Figure 7b shows ice surface melt to be significant (0.2–0.3 m)
for ponded summers and negligible for frozen summers. Even the high end of modeled surface ice melt
(0.2–0.33 m average for ponded summers; one standard deviation is <0.6 m), is significantly lower than that
observed during SHEBA, where average total ice melt over the summer was 0.55 m for bare ice and 0.76 m
for ponded ice [Perovich et al., 2003] and at a wide variety of IMB sites over the Arctic basin. During 2008,
IMBs generally had surface melt 0.5–0.6 m in the western Arctic, with one as large as 0.8 m [Perovich et al.,

Figure 7. Modeled cumulative summer surface melt for (a) snow and ice and (b) ice only. Summers identified as ponded are shown in red
and summers identified as frozen are shown in blue. The three plots are for study sites along 170�W at (top) 82�N, (middle) 79�N, and (bot-
tom) 76�N.
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2011a]. These observations, while spe-
cific to unique locations during iso-
lated years, do not support the
observation of frozen summers.

Indeed, frozen summers in the model
are characterized by snow cover per-
sisting on the ice surface throughout
the summer, as shown in Figure 8 for
the 79�N study site. The other case
study sites exhibit similar behavior.
The model requires a portion of the
subgrid-scale ice category to be free
of snow before melt ponds are permit-
ted to form. As such, frozen summers
exhibit negligible ponding as the
snow largely remains on the sea ice
throughout the summer. Snow on ice
has significantly higher albedo than
bare ice, so where snow persists, the
albedo remains even higher than it

would even if the surface remained bare and had no ponds. We next consider the source of persistent
summer snow cover.

3.5. Influence of Spring Snow Depth on Melt Progression
The Arctic sea ice cover typically accumulates snow during the autumn, winter, and spring. There is rapid
accumulation of snow in autumn, very little accumulation in December and January, then a slow steady
increase of snow in spring to a maximum in May [Untersteiner, 1961; Hanson, 1965; Warren et al., 1999]. The
transition from snow covered ice to ponded ice is largely dictated by the amount of snow accumulated on
the surface and the rate at which the snowmelts. In the model, melt water is permitted to accumulate on the
ice prior to the complete disappearance of snow from an ice category, but melt ponds cannot show through
the snow-covered portion of an ice category. Ponds only modify the surface albedo of snow-free ice. For these
reasons, we consider whether large accumulations of snow in spring tend to promote frozen summers in the
model record. We have no information about snow accumulation in the empirical record, so this discussion
applies strictly to the model.

Figure 9a shows the depth of accumulated snow beginning 1 May for the 79�N study site over all 34 years
of the analysis with ice concentration minimum 50%. The 4 years with deepest spring snow cover are high-
lighted in different shades of blue. The 4 years with the least snow on 1 May are shown in shades of red.
There is no clear evidence that the years with large spring snow cover exclusively lead to frozen summers,
in fact one of the years with smallest spring snow cover had a summer with snow depth always greater
than 17 cm.

Figure 9b shows the summer albedo progression for these same years. There are examples of a small accu-
mulated snowpack at the beginning of a frozen summer and a large accumulated snowpack at the begin-
ning of a ponded summer. Clearly, the model is capable of melting all the snow present on 1 May of each
spring to initiate a full melt season, but some years this does not occur, even if there is relatively little accu-
mulated snow. While it is possible that a large spring snowpack may inhibit ponding, it does not guarantee
the summer will remain frozen. Likewise, a small spring snowpack does not necessarily mean the summer
ahead will be ponded. We next consider the implications of precipitation events that occur after summer
melt is underway.

3.6. Summer Precipitation
Summer snow events over the Arctic ice cover have been documented to occur, if not frequently, then at
least occasionally [Warren et al., 1999; Perovich et al., 2003] and climate simulations for the 21st century pre-
dict an intensification of the hydrological cycle in the Arctic [Arnell, 2005]. Typical snow accumulations in
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Figure 8. Modeled summer snow depth for frozen summers at 79�N study site.
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the summer are small, less than or equal
to 1–2 cm per event, and events typi-
cally last only a day or two. We have lit-
tle information in the observational
record about the occurrence of summer
snow events, other than reports of
occasional ephemeral summer snow
[e.g., Perovich et al., 2003]. Because of
this lack of detail in the observational
record, we will restrict assessment of
the importance of these events to the
model record. The model runs show
intermittent summer snow events for all
locations, during all years. Figure 10
shows two examples: (a) year 1989 at
the 79�N study site and (b) year 2009 at
the 76�N study site. By the middle of
June, the accumulated snow in 1989
has melted (green curve), the pond frac-
tion has increased sharply (black curve),
and the albedo responds by dropping
below 0.6 (blue curve). It appears that
the summer melt season has begun
and is on track to progress through the
stages of pond evolution. Then a snow
event in the second half of June precipi-
tates less than 1 cm of snow. Given that
the total snow depth is less than
0.03 m, this will result in a fractional
snow cover. Most of the ponds are then
concealed, the pond fraction
approaches zero, and the albedo
increases above 0.8. It appears this
retreat from an albedo trajectory
headed along the pond evolution path
may be reinforced by a subsequent

summer snow event within the week. Ponds reform in the middle of July, but are again suppressed by yet
another snowfall in the middle of August. Clearly, the ponds are prevented from progressing through their
full evolution. Because the albedo drops below 0.62 on two occasions (mid June and late August), we do
not classify this summer as frozen, even though it is illustrative of a summer that begins to melt but then
reverts to freezing before establishing a melting, low albedo ice cover. In this case, the problem may not be
too much snow, but too frequent snow or too large a fractional snow cover response (and consequent
pond response) to small snowfall events. In Figure 10b, the summer of 2009 at 76�N shows a more typical
frozen summer. The accumulated snowmelts during May and June (green curve), but summer snow events
prevent the formation of melt ponds (black curve). Eventually in mid-July, ponds begin to form, but are
quickly eradicated by another snowfall (red curve) in late July. Ponds never become established, the snow
never completely melts, and the albedo never drops below 0.62.

Figure 11a shows average cumulative summer snowfall (beginning 1 May) for ponded summers (red curves)
and frozen summers (blue curves) for the 79�N case study area. This is restricted only to the snow that falls
after 1 May and is independent of autumn-spring snow accumulation. The frozen summer curve quickly
outpaces the melting summer curve, indicating that summers with the highest summer snowfall tend to
remain frozen and summers with the lowest summer snowfall tend to melt. Similarly, Figure 11b shows
cumulative rainfall. Summers with highest cumulative summer rainfall tend to be ponded. These findings
suggest that the summer albedo progression of the modeled ice cover is sensitive to the magnitude and
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Figure 9. (a) Modeled snow depth at 79�N, highlighting the summers with the
four highest snow depths on 1 May in blue and the four lowest snow depths on
1 May 1 in red. (b) Associated albedos for (top) the four highest snow depths
and (bottom) the four lowest snow depths.
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liquid/solid phase of summer precipi-
tation events, but there may also be
important attributes of summer snow,
such as its spatial distribution, longev-
ity, and optical properties, that have
yet to be considered.

4. Discussion

The monthly mean albedo compari-
sons shown in Figure 1 indicate that
the CLARA-SAL record has significantly
lower albedo (0.6–0.7) over the month
of June, compared to the model and
empirical records (0.65–0.8). The
extent to which the CLARA-SAL record
for intrinsic ice albedo is affected by
uncertainties in ice concentration and
any bias resulting from the black-sky
assumption are not established. Dur-
ing July and August, however, the
model record shows significantly
higher albedo (0.45–0.75) than either
the empirical or CLARA-SAL records.
This comparison indicates the need to
better understand and address defi-
ciencies in the physics of summer
melt processes in the CCSM model.

The temporal changes in intrinsic ice
albedo over three decades (Figure 2)
are roughly consistent between the
empirical and model records. These
changes likely have occurred in
response to several factors. In particu-
lar, earlier melt onset exposes bare ice
surfaces to higher levels of shortwave
radiative forcing during the month of
June. This enhances surface melt as
lower-albedo ice, not higher-albedo

snow, is subject to the higher incident shortwave radiation during June, thus increasing heat absorption
and further promoting deterioration of the ice surface conditions. Previous work has demonstrated the tem-
poral trends (1979–2005) in overall albedo of the ice cover accounting exclusively for areas of open water
[Perovich et al., 2007]. Such trends are entirely due to decreased ice concentration. But, here we see that the
intrinsic albedo of the ice covered fraction is also decreasing with time, in agreement with the findings of
Riihel€a et al. [2013b].

The average minimum summer albedo shown in Figure 3 indicates that modeled summertime albedos do
not drop as low, on average, as in the empirical record. In fact, the model record shows average central
basin albedo never dipping below 0.6. In the empirical record, the central basin average summer minimum
is approximately 0.45, and it is generally even lower in the CLARA-SAL record. The minimum average ice
albedo achieved on the SHEBA albedo transect dipped below 0.4 on 10 August. Riihel€a et al. [2013b] indi-
cate that summer sea ice albedo has decreased with time and now shows a basin wide average value below
0.4 in August. This value is considerably lower and occurs later in the summer than the collective CMIP5
model predictions. In both model and empirical records, only the very edges of the 50% ice cover show

Figure 10. Time-dependent ice albedo (blue), snow rate (red), snow thickness
(green), and pond areal fraction (black) for the model summer of (a) 1989 (79�N
170�W study site) where snow interrupts melt and (b) 2009 (76�N 170�W study
site) where the snow never completely melts and episodic summer snow events
prevent surface melt ponds from forming.
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average albedo dipping below 0.35.
The thermodynamic treatment of May-
kut and Untersteiner [1971] suggests
that a sustained broad-scale albedo
lower than 0.45 could rapidly promote
complete demise of the ice cover
within a few years. Given this sensitivity
to summer albedo, it is critical that we
understand the physics of the summer-
time sea ice albedo changes so that
they will be more accurately repre-
sented in the next generation of
models.

Since the empirical record is tied to the
seasonal progression of multiyear ice
exclusively, the observed strong shift in
predominant ice cover longevity, from
multiyear to first-year [Rigor and Wal-
lace, 2004; Maslanik et al., 2007; Nghiem
et al., 2007; Comiso, 2012] is not repre-
sented in that record. Inclusion of a
seasonal albedo progression for first-
year ice, such as put forth by Perovich
and Polashenski [2012], would drive
even stronger reductions in albedo for
the most recent decade in the empiri-
cal record. Furthermore, the empirical
record is also tied to the ice thickness
distribution that was sampled during
the SHEBA albedo observations. While
albedo is most sensitive to ice thick-
ness when the ice is thin, there may be
some bias in the empirical record
toward certain ice thicknesses.

The CCSM4 model, however, does dis-
tinguish between first-year ice and mul-

tiyear ice, and the albedo parameterization also depends on ice thickness. Yet, the albedo parameterization
does not explicitly consider differences in the optical properties or pond conditions for different ice types.
Information about the fraction of first-year ice in the model now makes it possible to include different albedos
for bare first-year and multiyear ice and different evolutions for the two ice types. Considering these factors, it
is likely that both the empirical and model records shown here overestimate the summertime albedo in the
modern Arctic.

Despite removal of the explicit dependence on ice concentration, there remains implicit dependence of
aice_model on the ice concentration, in that the condition of the ice can be affected by its proximity to open
water and associated additional heat. Such ice may exhibit earlier snowmelt, more rapid pond develop-
ment, and/or later freezeup. All these factors should tend to lower aice_model. We made no attempt to adjust
for this implicit dependence in this study, other than to apply the 50% ice concentration threshold.

Figure 4 demonstrates that the decline of summer albedo in the model appears to terminate on average
about 20 days earlier than the empirical record. This suggests that there may be mechanisms in the model
that fail to initiate full melt progression and there may also be mechanisms that terminate melt progression
prematurely. Depending on their timing, either of these conditions can result in a frozen summer. The CLARA-
SAL record appears to show dates of minimum albedo that are very similar to model dates, although it is not
clear how the large uncertainties in ice concentration estimates at the end of summer affect these dates.
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Figure 11. Modeled mean cumulative (a) snowfall and (b) rainfall for ponded
(red) and frozen (blue) summers at 79�N 170�W study site with 61 standard devi-
ations indicated.
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One possible way the model could fail to promote the full progression of melt is by lack of adequate evolu-
tion of melt pond optical properties. Observations indicate that as melt progresses, melt pond floors thin,
and less light is backscattered. As pond floors become very thin, ponds can appear almost as dark as open
water [Perovich et al., 2002b]. Improvements to the melt pond parameterization should include a pond
aging scheme that can account for a decreasing pond albedo during the course of summer. This may be
well handled by emerging schemes that account for the response of pond properties to thermodynamic
forcing [e.g., Flocco et al., 2010, 2012; Hunke et al., 2013], but little is yet known about the evolution of the
optical properties of ponded ice.

It is also possible for the model to terminate the progression of melt early by the accumulation of snow on
the ice surface during summer snow events. This is demonstrated in the example year shown in Figure 10a.
Cumulative summer snowfall appears to be significantly larger for frozen summers (Figure 11a),
regardless of total autumn-spring snow accumulation. Of course it is difficult to determine whether the
additional snow is a cause or an effect of these colder summers. Observations at SHEBA indicated several
light, ephemeral snowfall events in June, but the new snow melted within a day or two [Perovich et al.,
2003]. In fact, the Arctic snow climatology of Warren et al. [1999] shows snow depths generally decreasing
to zero during the summer months, but evidence of occasional modest accumulations occur after the snow
has completely melted [see, e.g., Warren et al., 1999, (Figure 9, July to August 1981)]. The total accumula-
tions in summer are much smaller than the total autumn-spring accumulation, but because summer snow
events tend to be short lived, their timing appears to be critical. For these reasons, improved estimates of
the magnitude, timing, and longevity of summer snow events would be helpful for understanding sea ice
albedo.

Another issue within the model is how these snowfall events are distributed on the ice cover. The model is
equipped with a ‘‘patchy snow’’ parameterization, but it is very simple and there is no accommodation for
redistribution by wind. As such, fallen snow will almost uniformly cover the ice surface within a gridcell. A
comprehensive parameterization would require information about whether observed summer snow events
regularly cover only a portion of the ice. The role of wind redistribution in the observed snow conditions is
also not well established. Clearly, there are a number of factors that determine whether any new snow will
quickly melt and reinstate the presence of ponds or whether the summer will largely remain frozen, but it
seems highly likely this is tied to the timing of these events.

Recent work by Screen and Simmonds [2011] found evidence of recent declines in Arctic snowfall. They diag-
nosed the decline as being almost entirely caused by changes in precipitation form (snow turning to rain)
with very little change in total precipitation. They attribute this phase change to warming of the lower tro-
posphere. In their parameterization tests, the loss of snow on simulated sea ice resulted in a substantial
decrease in the surface albedo over the Arctic Ocean, comparable in magnitude to the decrease in albedo
due to the decline in sea ice cover. They concluded that the decline in summer snowfall, and corresponding
increase in summer rainfall, has likely contributed to the thinning of sea ice over recent decades.

Figure 11b indicates that cumulative summer rainfall is, on average, larger for ponded summers. Figure 12a,
however, shows that this is not likely a result of cloudier conditions, as there appears no obvious difference
in the downwelling shortwave radiation between ponded and frozen summers. As expected, the net short-
wave radiation at the surface is clearly higher for ponded summers (Figure 12b), a direct result of the differ-
ences in surface albedo. The downwelling longwave radiative forcing is stronger for ponded summers
(Figure 12c), likely indicative of warmer air aloft. The 925 hPa temperatures concur (Figure 12d), showing
warmer air above the ice cover during melting summers. These conditions are all consistent with the
increased prevalence of summer rain; however, since the modeled ice albedo is not directly affected by
rainfall, the distinction between warm, rainy summers and frozen summers is potentially even more pro-
nounced than shown here.

We have scant knowledge of the frequency and magnitude of rain events on Arctic sea ice. While rain on
ice is not considered explicitly in the empirical record, it is implicitly considered since there were several
rain events that occurred during the SHEBA summer. Even in very small quantity, rain incident on snow and
ice surfaces can dramatically reduce the albedo. There exist no provisions for albedo modification by rain in
CCSM4, but it will be necessary to carefully consider the effects of summer precipitation, both solid and liq-
uid, on the albedo of snow and ice in future model parameterizations.
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Regardless of whether the melt season is thwarted from the beginning or interrupted during its progress,
the model predicts a significant percentage of frozen summers, as shown in Figure 6a. Between the North
Pole and the northern coast of Greenland, the percentage of frozen summers is generally above 80% for
the time period considered here. This region is known for larger annual snow accumulation [Warren et al.,
1999] and lower temperatures in June [Comiso and Kwok, 1996]. Across the rest of the central basin, the per-
centage of summers that are frozen is generally greater than 40%. The net effect of these frozen summers
is to increase both the average albedo and the minimum albedo.

We next consider how the comparison looks with frozen summers eliminated from the assessments. Figures
13a and 13b show revised average albedos for July and August with frozen summers excluded from the
model record. On whole, these agree much more closely with the empirical record averages (Figure 1). The
comparison for July is strikingly similar (Figure 1c). The comparison for August (Figure 1d) is notably
improved, but the empirical record ultimately still has lower albedo. The comparison of average minimum
albedo (Figure 13c; note different color scale) suggests that the model record that includes only ponded
summers is much closer to the empirical record (Figure 3) in the central basin (minimum albedos close to
0.45), although the minimum albedos in the western arctic tend to be even lower in the empirical record
(close to 0.4). By removing frozen summers from the model record, the average date of minimum summer
albedo becomes slightly later in the model, shifting roughly from day 200–220 to day 210–220. However,
these dates are still about 10–20 days earlier than the empirical record.

The extent to which frozen summers actually occur in the Arctic sea ice pack is not known, but, in generat-
ing the empirical record, the passive microwave record assigns a date of melt onset for all summers during
the 1979–2012 record. It is not possible to say whether melt always progressed in each of these years, or
whether it occasionally reverted for entire summers, as in the model simulations. During the 1994 Arctic
Basin Transect, there was clear evidence of melt ponds on the ice surface all the way to the North Pole

Figure 12. Modeled (a) downwelling and (b) net shortwave radiation flux, (c) downwelling longwave radiation flux, and (d) 925 mb temperatures
for ponded (red) and frozen (blue) years at 79�N 170�W study site with 61 standard deviation indicated.
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[Tucker et al., 1999]. By the time the expedition reached 90�N, pond surfaces were frozen and accumulating
snow, but that was 22 August. Anecdotal reports of conditions where melt ponding appeared to be immi-
nent, but was then halted by brief, but significant June snowfall and then restarted in about 10 days have
been received for regions in the Western Arctic during June of 2014 (C. Polashenski, personal communica-
tion, 2014). We are not aware of documentation in the literature describing the observation of frozen
summers, and the CLARA-SAL record shows only 3 years (1982, 1996, and 2007) where albedo never dipped
below 0.6 in the 82�N study area.

The regularity with which these frozen conditions occur within the CCSM4 simulations appears to indicate
an important model bias and points to the need for better representation of snow and ponding processes
within the model. These apparent biases in the late twentieth century state are likely to influence the
albedo response over the projected 21st century climate with implications for the simulated surface albedo
feedback strength.

Presently, however, the only pond attribute that is used by the existing radiative transfer scheme in CCSM4
is the overall pond areal fraction; neither pond depth, size, nor pond age, are considered. Presumably, a
more sophisticated pond model would more comprehensively address at least some of the missing physics,
including effects of ice permeability, proper treatment of runoff water, and the refreezing of ponds at the
end of summer [Flocco et al., 2010, 2012].

5. Conclusions

The strong contrast found in minimum summer sea ice albedo between the CCSM4 model and the empiri-
cal record indicates shortcomings in how ice albedo is represented in the model. Both records are also com-
pared with intrinsic sea ice albedo computed from CLARA-SAL data, and, although the interpretation of the
intrinsic ice albedo from satellite data is subject to uncertainties in ice concentration, it appears that model

Figure 13. Revised averages for modeled sea ice albedo for (a) July (b) August, and (c) summer minimum albedo with frozen summers
excluded. Note the color bars in Figure 13a correspond with Figure 1, and the color bar for Figure 13c corresponds with Figure 3.
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predicted ice albedo is large compared to that record as well. This is not necessarily a problem with the
albedo parameterization, but may instead be a problem with the sea ice surface state properties (e.g., the
snow and pond cover) simulated in CCSM4. Both the empirical record and the model record used in this
study suggest that the minimum summer ice albedo has declined over the last three decades, likely a result
of earlier melt onset dates. While this is fairly consistent between records, the model also produces melt
seasons that, at most central Arctic basin locations, fail to develop enough surface ponding to suppress the
average albedo of the sea ice below 0.62. In contrast, the empirical record shows average ice albedo minima
of about 0.45 in the central basin.

While the model produces years that appear to have ample ponding, it also produces many years that
remain frozen through the summer and form no, or few, ponds. These so-called ‘‘frozen’’ summers occur
when snow either persists on the ice surface for the duration of the summer, or when, despite complete
snowmelt, new snowfalls during brief, ephemeral summer precipitation events. If the ice is snow covered,
then no ponds are permitted to appear on the ice surface. In the model simulations, cases were found
where large autumn-spring snow accumulations appeared to retard melt at its onset, but summers were
also found where large snow accumulations still led to a trajectory of aggressive summer melt. We found
that brief summer snowfall events are capable of terminating the progression of melt even after surface
melt has commenced. The timing and magnitude of such summer snow events has not been specifically
investigated and little is known about their frequency or prevalence. In light of these findings, the large
amounts of snow that accumulate between autumn and spring may not be as important for determining
summer melt as the relatively small amounts of snow that fall during the summer. While the observational
record of frozen summers in the Arctic is not well established, the empirical record used in this study shows
melt onset occurring every year and thus always promotes the melt season through its full progression.

The CCSM4 model predicts melt seasons that are less intense than observed, leading to questions about the
model treatment of melt ponds and snow on ice and the effects of summer snow and rain events on melting
ice. The inclusion of more advanced melt pond models within coupled models, such as have been developed
by Flocco et al. [2010, 2012], Hunke and Lipscomb [2010], and Hunke et al. [2013], may improve the influence of
summer snowfall events on surface albedo. An improved description of the evolution of melt pond optical
properties should also be treated in future climate models. Ponds are known to generally deepen and darken
as the summer melt season progresses, but, as of yet, there are limited measurements available to constrain
such a parameterization. Also needed are more accurate estimates of annual snow accumulation as well as
better descriptions of the frequency, magnitude, and duration of even ephemeral summer snow and rain
events. The finding that small summer snowfall events can have undue influence on the surface albedo simu-
lation warrants further investigation into the frequency of these events, their duration, the optical properties
of the snow that falls during summer, and the tendency for this small amount of snow to persist. Additional
factors that redistribute snow on the ice surface, such as blowing snow may be important and are not gener-
ally included within large-scale models. Clearly, improved schemes for treating snow that falls on ponds and
the relationship between melting ice and pond water retention are needed.
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