
Wrangell-St. Elias National Park, Alaska, courtesy Eric Rolph

Primary Secondary

Primary

Secondary



Perovich (2011)



Oceanography  |  September 2011 167

UNDERSTANDING
!e observational record is clear. Arctic 
sea ice cover is in decline. During the 
past three decades there has been a 
reduction in ice extent, a decrease in ice 
thickness, and a shi" from multiyear 
ice to #rst-year ice. To determine future 
ice cover trajectories, the causes of this 
decline must be understood. Ultimately, 
sea ice cover is governed by dynamics, 
resulting in ice motion, and thermody-
namics, causing ice growth and melt. 
To understand the observed changes, 
we must assess the impacts of changing 
dynamics and thermodynamics on the 
ice cover. As a #rst step toward under-
standing, we examine the speci#c case of 
the summer of 2007 when the ice cover 
had a record annual decrease to reach a 
record minimum ice extent. 

The Summer of 2007
!e record minimum September 2007 
ice extent of only 4.2 million km2 

was shocking. It was a decrease of 
1.7 million km2 from the previous 
September. Stroeve et$al. (2007) 
compared the observed September 
2007 ice extent to general circula-
tion model runs and found it to be 
signi#cantly below all model runs and 
millions of square kilometers less than 
the ensemble mean.

Figure$4 puts the 2007 loss in a 
geographic context by showing the ice 
loss between 1980 and 2007 (red shaded 
area of map). !ere have been major 
ice retreats o% the coasts of Siberia and 
Alaska. In 2007, the Northwest Passage 
through the Canadian Archipelago was 
ice-free and the Northern Sea Route was 
almost completely open.

!e massive melt of 2007 garnered 

considerable attention, and many factors 
were o%ered to explain the ice loss. !ese 
factors included warmer temperatures, 
preconditioning of the ice (a term 
used to describe general thinning of 
the ice over several years), changes in 
atmospheric circulation, ice motion, 
ocean heat advection, clouds, and solar 
heating of leads. 

In a sense, the summer of 2007 began 
years earlier, with a preconditioning 
of the ice (Stroeve et$al., 2008). !ere 
had been a signi#cant decline in the 
amount of older multiyear ice in the 
Arctic prior to 2007 (Rigor and Wallace, 
2004; Nghiem et$al., 2007; Maslanik 
et$al., 2007) due to melting and export 
of multiyear ice from the Arctic Basin. 
A decrease in multiyear ice implies 
a decrease in ice thickness. Using an 
ice-tracking algorithm and satellite ice 
thickness observations, Maslanik et$al. 

Figure!4. Sea ice extent in September 1980 (red and white) and September 2007 (just white). Red area denotes change 
between 1980 and 2007.

Arctic Summer Sea Ice Cover: 1980 (red) vs. 2007 (white)

Perovich (2011)
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Spectral intensity distribution of Planck’s black-body radiation as a 
function of wavelength for different temperatures
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h, Planck’s constant
c, speed of light
T, temperature
k, Boltzmann constant
λ, wavelength
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Figure 2. Time series from August 2006 to October 2007 from the Beaufort Sea ice mass balance buoy. (top) Air
temperature. (middle) Internal ice temperature using color contours, with blue being cold and red warm. The gray shaded
area represents snow, the black areas represent missing data, and the dark blue represents the ocean. (bottom) Upper ocean
temperature near the bottom of the ice (black) and the bottom melt rate (red) in cm per day. Bottom melt rates were
smoothed using a three-day running mean.

Figure 3. Anomaly of 2007 total (1 January through 21 September) cumulative solar heat input directly into the ocean
compared to the average from 1979 to 2005. The black line designates the drift track of the ice mass balance buoy from
1 June to 21 September 2007. The four dots denote positions from mid-July to mid-September that were averaged to
calculate the time series in Figure 4.
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result. This observation indicates that bottom melting was a
major contributor to the 2007 ice loss in the Beaufort Sea.
Details of the Beaufort results are presented in Figure 2,
which shows the annual cycle of temperature and mass
balance from August 2006 through December 2007. For the
most part, conditions were typical of thick (3.2 m) multiyear
ice in this region: minimum winter air temperatures of
!45!C, snow depth of 0.4 m, winter ice growth of
0.33 m, and onset of melt in early June. What was
extraordinary was the rapid bottom melting. In the month
of August, bottom melting averaged 4 cm per day and
reached maximum values of 11 cm per day in the last week
of August, compared to characteristic averages of about
1 cm per day for this region [Perovich et al., 2003].
[9] The extreme amount of bottom melting observed in

2007 required considerable heat from the upper ocean.
Earlier work has established the importance of solar heating
of open water on bottom melting of the ice [Maykut and
McPhee, 1995; Perovich, 2005]. We believe that solar

radiation deposited in areas of open water was a primary
source of the large amount of ocean heat in 2007. Open
water reflects only 7% of the incident solar radiation,
compared to 85% for snow-covered sea ice and 65% for
bare sea ice. As the ice cover decays, highly reflecting ice is
replaced by highly absorbing ocean, resulting in more
solar heat absorption and more melting. Furthermore, an
ice cover thinned by excessive bottom melt transmits
more solar radiation directly to the ocean than the original
thicker ice cover. This is the classic ice–albedo feedback
mechanism.
[10] The solar heat input directly to the upper ocean (Frw)

can be estimated using the relationship

Frw " Fr 1! aw# $Aw; #1$

where Fr is the incident solar irradiance, aw is the albedo of
the ocean, and Aw is the fractional area of ice-free ocean.
This relationship represents a lower bound on the solar heat
input to the upper ocean, as it does not consider the
contribution from sunlight penetrating through the ice cover
into the ocean.
[11] Using Equation 1, daily values of Frw from 1 January

2007 to 21 September 2007 were computed on a 25-km %
25-km grid over the entire Arctic Ocean and adjacent seas.
The daily values were then integrated over the entire time
period to get the cumulative solar heat input. The ocean
albedo was set to 0.07 based on observations by Pegau and
Paulson [2001]. Values of Aw were obtained from passive
microwave satellite data and Fr from operational products of
the European Center for Medium Range Weather Forecasts.
The cumulative solar heat directly input to the ocean from
1 January to 22 September in 2007 was compared to values
for the same time interval averaged over the years 1979–
2005 [Perovich et al., 2007].
[12] Figure 3 shows the percent anomaly for 2007 com-

pared to the 1979–2005 average. The ice mass balance
buoy drift track is plotted in black. The 2007 solar heat
input in the buoy drift area was 400–500% higher than
average. This anomaly can only result from changes in
incident solar irradiance or in the area fraction of open water
(Equation 1); changes in ice thickness or pond cover would
not affect this calculation. The incident solar irradiance
anomaly in June through August 2007 was only 6%,
indicating that the positive solar heat input anomaly was
due to the larger-than-average fraction of open ocean area in
this region (Aw). The 2007 ocean area fraction was 0.34 in
July and 0.51 in August 2007, compared to 1979–2005
mean July and August values of 0.19 and 0.26, respectively.
Thus the positive anomaly in solar heat input was due to an
almost doubling of the area fraction of open water in 2007
compared to the prior climatology.
[13] Calculations confirm that solar heating due to open

water was sufficient in magnitude and in timing to produce
the observed bottom melting (Figure 4). Indeed, the anom-
alously large areas of open water absorbed twice as much
heat as was needed for the observed bottom melting. Again,
it is important to note that this represents a lower bound on
the solar heat absorbed in the ocean as there was also a
contribution from sunlight transmitted through the ice. This
contribution will increase as the ice becomes thinner and
more ponded [Perovich et al., 2007]. There was ample

Figure 1. (top) The ice extent on 27 August 2007 courtesy
of the National Snow and Ice Data Center and Google maps.
The shades of blue show the percent area covered by ice
from 0% (dark) to 80–100% (light). The red dot is the
position of the Beaufort Sea buoy, and the yellow dot is the
position of the North Pole buoy. (bottom) Observations of
total surface and bottom melting in different years in the
Beaufort Sea and North Pole regions.
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albedo was set to 0.07 based on observations by Pegau and
Paulson [2001]. Values of Aw were obtained from passive
microwave satellite data and Fr from operational products of
the European Center for Medium Range Weather Forecasts.
The cumulative solar heat directly input to the ocean from
1 January to 22 September in 2007 was compared to values
for the same time interval averaged over the years 1979–
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[12] Figure 3 shows the percent anomaly for 2007 com-
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buoy drift track is plotted in black. The 2007 solar heat
input in the buoy drift area was 400–500% higher than
average. This anomaly can only result from changes in
incident solar irradiance or in the area fraction of open water
(Equation 1); changes in ice thickness or pond cover would
not affect this calculation. The incident solar irradiance
anomaly in June through August 2007 was only 6%,
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due to the larger-than-average fraction of open ocean area in
this region (Aw). The 2007 ocean area fraction was 0.34 in
July and 0.51 in August 2007, compared to 1979–2005
mean July and August values of 0.19 and 0.26, respectively.
Thus the positive anomaly in solar heat input was due to an
almost doubling of the area fraction of open water in 2007
compared to the prior climatology.
[13] Calculations confirm that solar heating due to open

water was sufficient in magnitude and in timing to produce
the observed bottom melting (Figure 4). Indeed, the anom-
alously large areas of open water absorbed twice as much
heat as was needed for the observed bottom melting. Again,
it is important to note that this represents a lower bound on
the solar heat absorbed in the ocean as there was also a
contribution from sunlight transmitted through the ice. This
contribution will increase as the ice becomes thinner and
more ponded [Perovich et al., 2007]. There was ample

Figure 1. (top) The ice extent on 27 August 2007 courtesy
of the National Snow and Ice Data Center and Google maps.
The shades of blue show the percent area covered by ice
from 0% (dark) to 80–100% (light). The red dot is the
position of the Beaufort Sea buoy, and the yellow dot is the
position of the North Pole buoy. (bottom) Observations of
total surface and bottom melting in different years in the
Beaufort Sea and North Pole regions.
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with melt ponds
Nares Strait 2009
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Plate 2. Photographs of ice surface conditions on (a) April 10, (b) June 7, and (c) June 9. 
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established and is a result of the increasing opacity of water in 

the infrared [Grenfell and Maykut, 1977; Grenfell and Perovich, 

1984]. At these wavelengths, absorption in the water is so large 
that albedo is determined by surface reflection. In the visible, 

however, the spectral albedo is governed by the properties of 
the underlying ice and the depth of the pond. As these param- 
eters vary, so does the pond albedo. Spectral albedo measure- 

ments for the white, blue, and dirty ponds illustrate this point. 
The underlying ice in the blue pond had notably fewer bubbles 

than the ice in the white pond, and visible albedo was roughly 
20% smaller than that for the white ice. The dirty pond is a 

more extreme case where the pond was much deeper, approx- 

imately 0.7 m, and the bottom was visibly dirty, with large 
quantities of particulates. The depth of the pond caused a 

significant reduction of the albedo at visible wavelengths. The 
presence of the particulates further decreased the magnitude 
of the albedo and caused a distinctive peak at 550 nm in the 
spectrum. 

4. Discussion 

The physical structure of sea ice is important in determining 
the structure of the associated light field. The addition of 

absorbing materials within the ice causes a reduction in the 

radiance at all angles. Changes in the scattering properties, 
both in magnitude and in angular distribution, may be related 
to gradients in the physical structure of the ice as well as the 

included particulate materials. Changes in the angular distri- 
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Figure 10. April measurements of spectral albedos for the 
"clean" hummock and particle-laden refrozen melt pond in the 
multiyear ice floeß The snow was removed from both sites to 

observe solely the signal from the ice and entrapped materialsß 
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Figure 11. June measurements of spectral albedos for a 
hummock and three melt ponds in the multiyear ice floe. The 
observations were made under a complete cloud cover with the 
solar disk barely visible. The cases were a multiyear hummock 
(at = 0.61), a white pond with bubbly ice under 15 cm of 
meltwater (a r = 0.37), a 15-cm-deep blue pond (at = 
0.29), and a 70-cm-deep dirty pond (a r - 0.17). 

bution of the scattering cause variations in the shape of the 

radiance distribution, increasing the radiance at some angles 
while decreasing it at others. The scattering within the ice also 
tends to act as a low-pass filter, smoothing out features that 
have small horizontal extent as seen in the horizontal transects 

of transmittance and in the light field under the frozen melt 
pond on the multiyear ice. 

Layers within the ice that affect the radiance distribution can 

have three sources: those related to changes in physical struc- 
ture, those related to changes in absorbing inclusions, and 

those in which both of the previous mechanisms are present. 
Changes in the physical structure may be related to changes in 
the formation mechanism (e.g., frazil to congelation transi- 
tions), the growth conditions (e.g., crystal orientation, align- 
ment, bubble density, or growth rate), and metamorphic pro- 
cesses (melting, brine drainage). The springtime biological 
layer on the underside of the ice is a good example of the 
influence of absorbing materials, although this phenomenon is 
relatively short-lived compared with the less dramatic but tem- 

porally persistent in-ice distributions of absorbing material. In 
many cases the physical structure and enhanced concentrations 

of inclusions are spatially coherent. Frazil ice formation in the 

fall is the foundation of the surface sea ice layer of the ice that 
we studied. Frazil ice incorporates phytoplankton, dissolved 
organics, or resuspended sediments contained within the sea- 
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Figure 6. Total albedo measured every :5 m along a 75-m transect on April •0, lane 7, and lane 9. •1 three 
sets of measurements were m•de under sunny skies with a strong solar direct beam component. 
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Results are presented for 0.1 m of cold snow over ice, 0.06 m of melting snow over ice, bare melting ice and 
a 0.1-m-deep melt pond The ice thickness was approximately 1.6 m in all cases. There were significant 
concentrations of algae present in the skeletal layer at the bottom of the ice for both the melting snow-covered 
ice and the bare ice cases. 

10-3 

10 -4 

i. 

Perovich et al (1998)

1200 PEROVICH ET AL.: VARIABILITY IN SEA ICE PROPERTIES 

Plate 2. Photographs of ice surface conditions on (a) April 10, (b) June 7, and (c) June 9. 
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Figure 2. Time series from August 2006 to October 2007 from the Beaufort Sea ice mass balance buoy. (top) Air
temperature. (middle) Internal ice temperature using color contours, with blue being cold and red warm. The gray shaded
area represents snow, the black areas represent missing data, and the dark blue represents the ocean. (bottom) Upper ocean
temperature near the bottom of the ice (black) and the bottom melt rate (red) in cm per day. Bottom melt rates were
smoothed using a three-day running mean.

Figure 3. Anomaly of 2007 total (1 January through 21 September) cumulative solar heat input directly into the ocean
compared to the average from 1979 to 2005. The black line designates the drift track of the ice mass balance buoy from
1 June to 21 September 2007. The four dots denote positions from mid-July to mid-September that were averaged to
calculate the time series in Figure 4.
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cloudiness and increased solar heat 
input. More open water and more inci-
dent solar radiation warmed the upper 
ocean, enhancing ice melt and initi-
ating ice albedo feedback that further 
enhanced ice melt. If indeed the summer 
of 2007 was a perfect storm, it was a 
storm that befell an increasingly fragile 
ice cover. Years of gradually warming air 
temperatures had le! an ice cover that 
was susceptible to the extreme atmo-
spheric and oceanic forcing of 2007.

Feedbacks and Tipping Points
When projecting future trajectories of 
sea ice cover, the role of feedbacks, such 
as that of ice albedo, is of particular 
interest because of their ability to either 
amplify or dampen changes. Perovich 
et"al. (2007) investigated the e#ect on 

solar heat input to the ocean of changes 
in the area of open water in the Arctic 
sea ice cover. A synthetic approach was 
taken using incident irradiances from 
reanalysis products, $eld observations 
of ocean albedo, and satellite-derived ice 
concentrations to calculate the amount 
of solar heat input directly to the upper 
ocean for every day from 1979 through 
2005 for all areas in the Arctic where sea 
ice was present. 

Figure"6 maps the trends in annual 
solar heat input directly to the ocean 
from 1979 to 2005. Positive trends are 
pervasive, covering 90% of the area. 
%e mean trend is a modest 0.8% yr–1. 
However, peak trends are 4% per year, 
resulting in a more than doubling of 
the solar heat input from 1979 to 2005. 
%is increased solar heat input to the 

ocean contributed to warming of the 
upper ocean (Steele et"al., 2008) and to 
enhanced melting on the bottom of the 
ice (Perovich et"al., 2008).

%e presence of positive ice albedo 
feedback raises concerns regarding sea 
ice tipping points (Lindsay and Zhang, 
2005). Using the standard tipping point 
metaphor, consider the Arctic sea ice 
cover to be a rowboat. Interannual 
variability in ice extent rocks the boat 
back and forth, but with no change to 
the stable state of the boat/ice cover. 
However, add a general warming trend, 
and there is a general decline of ice 
cover plus the natural variability. %e 
rowboat is leaning to one side as it is 
being rocked. For the rowboat, there is a 
tipping point where a new equilibrium is 
reached, upside down and full of water. 
From this new equilibrium, it is di&cult 
to return to the old state. For sea ice, 
this tipping point is a reduction in ice 
area, ampli$ed by ice albedo feedback, 
resulting in a precipitous decline to an 
ice-free Arctic Ocean in summer. %e 
ice-free state absorbs more solar heat 
in the summer, retarding freezing in 
the fall and winter, leading to a thinner 
winter ice cover that completely melts 
in summer. In this fashion, the ice-free 
state continues even if there is a return to 
cooler temperatures.

%e strengths of the feedback 
processes determine whether sea ice 
has a tipping point (Curry et"al., 1995). 
Model studies by Flato and Brown 
(1996) and Stern et"al. (2008) show bifur-
cating scenarios with two stable states, 
indicative of a tipping point. Eisenmann 
and Wettlaufer (2009), using a simple sea 
ice model, determined a trajectory with 
a tipping point under extreme warming 
where there is no ice in summer or 

Figure!6. Map of the linear trend of annual total solar heat input directly to the ocean, with 
units of percent per year from Perovich et!al. (2007).

Percent/year Increase of Annual Solar Heat Input into the Arctic Ocean

Perovich (2011)
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TABLE !. Incoming Energy Fluxes (in Watts per Square Meter) and Calculated Temperatures (in Degrees Celsius) Over Perennial Sea Ice 
in the Central Arctic 

Sept. Oct. Nov. Dec. Jan. Feb. March April May June 

Incoming shortwave 99.1 26.8 8.0 92.7 232.6 312.0 
radiation F• 

Incoming longwave 285.5 244.9 199.2 176.1 171.5 166.6 164.9 173.8 215.4 270.8 
radiation FL 

Flux of sensible heat -4.9 -0.6 5.6 11.1 16.8 15.9 11.9 8.7 -2.0 -7.5 

Flux of latent heat -8.6 -4.5 0 0 0 0 0 0 -4.5 -10.0 

Fe 
Calculated surface -5.0 -15.0 -25.4 -29.9 -30.4 -32.0 -33.8 -28.8 -15.8 -3.5 

temperature To 
Calculated air -5.2 -15.0 -25.3 -29.5 -29.8 -31.5 -33.4 -28.5 -15.8 -3.7 

temperature Ta 
Relative humidityf 0.94 0.91 0.91 0.96 

Values are climatological averages which describe conditions on the first day of each month. 
Relative humidity f is assumed to be 0.90 during the winter months. 

coefficients there should be substantially larger than those over 

the thick ice [Deardorff, 1968]. In fact, measurements over a 

refreezing lead give an average value for Cs of 3.3.10 -a [Lind- 
say, 1976]. A value of 3.10 -a was chosen for the calculations 
which follow. 

The dependence of albedo on ice thickness has been investi- 

gated by Weller [1972]; his results were used in this study and 
are reproduced in Table 2. Salinity profiles in young ice re- 

ported by Malmgren [1927] and by Weeks and Assur [1967] 
form the basis for the values of So shown in Table 2. The 

magnitude of i0 has not been well determined, but the 17% 

value used by Maykut and Untersteiner [1971] appears to be 
reasonable and was also used here. Clean ice and snow radiate 

_ 

in the longwave essentially as a blackbody [Kellogg et al., 
1964], so e was set equal to unity. The surface pressure was 
taken to be 1013 mbar and the density of the air was assumed 

to be 1.3 kg/m a. The temperature at the bottom of the ice was 

assumed to be at the freezing point of seawater, or To = 
-1.8øC. 

RESULTS 

Surface temperatures for a variety of ice thicknesses between 

0.05 and 0.8 m were calculated from (11) by using the input 
data described in the previous section. The change in To with 

H was found to depend strongly on season (Figure 1). When 

the air was cold, To decreased rapidly as the ice became 

thicker, reaching roughly 50% of the perennial ice value at H = 

0. f m and 90% of this value at H = 0.8 m. The dependence of 
To on H became more subdued in the late spring and early fall, 
when the ice was near the melting point. The seasonal varia- 

tion in To is shown in Figure 2 for a number of different ice 

thicknesses; the H = 3 m curve was taken from Maykut and 
Untersteiner [1971] and includes a seasonally varying snow 
cover. 

TABLE 2. Albedo and Average Salinity Values (in kg/m 8) at the 
Surface of Young Sea Ice 

Ice Thickness, m 

0.05 0.1 0.2 0.3 0.4 0.6 0.8 1.0 

A!bedoa 0.27 0.32 0.36 0.39 0.41 

Surface 14.4 11.4 9.6 8.3 7.3 

salinity 

0.44 0.46 0.47 

6.7 6.0 5.2 

Onset of spring melting in the young ice depended only 
weakly on thickness but occurred 1-2 weeks earlier than it did 

at the snow-covered surface of perennial ice, primarily because 
of its lower albedo. Since the snow cover on perennial ice does 
not usually melt away until late June, young ice is subject to an 
additional month of surface ablation, and it is unlikely that 
first-year ice less than a meter in thickness can survive the 

summer unless it accumulates a significant snow cover during 
the spring. All ice categories underwent rapid changes in sur- 
face temperature during the fall and spring (Figure 2), but the 
thin ice exhibited less temperature variation during the winter 
months than the thick ice owing to the more important role of 
the conductive heat flux in the thin ice. Between October and 

May, for example, Fc is the largest single component in the 

heat balance over young ice. Whereas a change in To signifi- 
cantly alters only FE and Fs over the thick ice, a similar change 
in the thin ice produces a large compensating response in Ft. 
For this reason, temperatures in young ice are only mildly 
sensitive to changes in atmospheric forcing. 

The dependence of Fs, Fe, and FE on season and ice thick- 

ness (Figures 3-5) was determined by using (3), (4), and (8) 
and the calculated temperatures shown in Figure 2. Turbulent 
heat fluxes over open leads were also calculated by assuming a 
water temperature of -1.8øC. The calculations demonstrate 

that the turbulent and conductive heat fluxes are extremely 
sensitive to ice thickness. It is, however, the sensible heat flux 

which dominates the heat exchange with the atmosphere over 
young ice. In early March, for example, F• ranges from a small 

heat gain over perennial ice to a heat loss over open water of 
615 W/m •' (Figure 3), roughly 3• times the total of the incident 

radiation fluxes. While the latent heat flux over open water is 
comparable to the radiation fluxes throughout much of the 

winter, Fe decreases very rapidly with increasing H (Figure ,4) 
because of the steep decrease in saturation vapor pressure 
below 0øC. Thus above an ice thickness of about 0.2 m, F, is 

only of secondary importance in the overall heat balance. The 

emitted longwave radiation at the surface (Figure 5) undergoes 
a maximum change of about 60% (125 W/m •') between peren- 

nial ice and open water, similar in magnitude to the change in 
F, but occurring much more gradually. In all cases the relative 

differences in heat exchange tend toward zero as the ice ap- 
proaches the melting point. The energy needed to support the 
large winter fluxes over the thin ice is derived from the latent 

heat released by the growth of ice, not by heat transport in the 
ocean. 

Incoming Shortwave Radiation 
Incoming Longwave Radiation

Sensible Heat Flux
Latent Heat Flux

Model Input:
(Watts/m2) 

0 to 312 W/m2

172 to 286 W/m2
-8 to 17 W/m2
-10 to 0 W/m2

Maykut (1978)



Cox AND WEEKS: NUMERI• ••ONS OF FIRST-YEAR SEA ICE 12,451 

o • I • I • I • I I 

_ 

-:50 

-40 ,50 I00 Iõ0 200 2,50 
I Sep D•y 

I -- 

Fig. 2. Ambient air temperature over perennial sea ice in the central 
Arctic [Maykut, 1978]. The coefficients for the stepwise 
polynomials can be found in the work of Cox and Weeks [1988]. 

The thermal conductivity is obtained from Ono [1975] 

- 

where ki (W m -1 K -1) is the conductivity of pure ice, equal 
to 

k•=4.186 x 10•[ 5.35 x 10-3-2568 x 10-s (To-273.15)] 

and k/, (W m -1 K -1) is the conductivity of pure brine, equal to 

/c• = 4.186x104 [1.25x10 -3 
+ 3.0x 10 -s {To-273.15)+ 1.4 x 10 -? (To-273.15) 2] 

The brine volume Vt, of the surface layer is calculated from 

the equations given by Cox and Weeks [1983]. In these 
calculations the volume of solid salts present in the ice is 

neglected, and the surface salinity used is obtained from the 

previous growth step. The remaining input variables include 

the ambient temperature Ta, the incoming shortwave 
radiation Fr,the incoming longwave radiation Ft, and the 
relative humidity f. Maykut [1978] gives average values of 

these variables for the central Arctic Basin for the first day 

of each month during the winter and uses a polynomial 

smoothing technique suggested by Marlcut and Untersteiner 

[1971] to obtain daily values. In that they did not present 

specific results, the coefficients of our stepwise polynomial 
fits to these data sets are available from Cox and Weeks 

[1988]. We show examples of our fits for Ta and Flirt 

Figures 2 and 3. 

For a given ice thickness, the only unknown in the 

surface energy balance equation (1) is now the ice surface 
temperature T o. Maykut [1978] used the Newton-Raphson 

method to solve for T o. Here we have adopted Miller's [1979] • 
suggestion and utilized the half-interval method to solve the 
above equation because it simplifies the calculation of To if 

changes are made in the energy balance equation. The 

additional complications introduced by snow on top of the 

ice cover and by gas included within the ice cover and their 

effect on sea ice growth and properties are considered later in 

this paper. 

Ice Growth 

A finite difference scheme was used to describe ice 

growth and to calculate changes in ice temperature. In our 

model rims, 0.5-cm layers of ice were incrementally added to 

the bottom of the ice sheet. The time required to grow each 
layer was then calculated from Stefan's equation 

p• LA/-/ 
(2) 

where At is the time required to grow the ice layer of 

thickness AH (0.5 cm), P i is the density of the ice layer, L is 
the latent heat of freezing, and F c is the average conductive 

heat flux. The ice density was calculated using the equations 

given by Cox and Weeks [1983] with the volume of gas 

entrapped in the ice set equal to zero. The latent heat of 

freezing was assumed to be constant at 2.93x105 J kg -1, and 
the average conductive heat flux was taken as the arithmetic 

mean of the heat flux at the top and bottom of each layer 

obtained from the surface energy balance. We also attempted 
to use a more rigorous description of the latent heat of 

freezing [Oho, 1967, 1975], but unrealistically high growth 
rates and initial ice salinities were obtained. As the choice of 

the latent heat of freezing greatly affects both the computed 
thickness and salinity of the ice, this problem clearly 
requires further study. The average ice growth rate for a given 
layer is then obtained from (2). 

At p• L 
(3) 

It should also be pointed out that (3) neglects the oceanic 
heat flux, a term which could be significant in areas of 
seasonal ice during periods when the ice is growing rapidly. 

TI-IE S••BRINE VOLUME MODEL 

Initial Salt Entrapment 

The initial ice salinity at the base of the ice sheet is 

determined by the growth velocity of the ice and the 

concentration of the underlying seawater. The initial salinity 
of the ice S i ,is usually expressed as 

Si = keerS,,., 

where keff is the effective distribution coefficient and Sw is 
the salinity of the seawater away from the growing ice-water 
interface. The best available data on the distribution 
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Fig. 3. Incoming longwave radiation over perennial sea ice in the 
central Arctic [Maykut, 1978]. The coefficients for the stepwise 
polynomials can be found in the work of Cox and Weeks [1988]. 

Flw incoming
longwave radiation
measurements

Cox and Weeks (1988)

Model Input:



still displays smaller albedos than multiyear ice, since the
albedo of seasonal ponds is typically less than multiyear
ponds, and because ponds typically remain more extensive
on seasonal than multiyear ice during this stage [Grenfell and
Perovich, 2004]. Eventually, after fall freezeup, the albedos
of seasonal and multiyear ice converge, as both types of ice
become covered by an optically thick snow layer.

3. Discussion

[20] The decreased albedo of seasonal ice results in greatly
increased solar input. We illustrate this by considering a
particular example. During the summer of 1998, measure-
ments of incident, reflected, and transmitted solar radiation of
multiyear ice were made as part of the Surface Heat Budget
of the Arctic Ocean field experiment (SHEBA) [Persson
et al., 2002; Uttal et al., 2002]. The ice drifted from 76! to

80!N along 165!W longitude in a region that was predomi-
nantly multiyear ice. This region is now mainly seasonal ice.
[21] Observed daily averaged values of incident solar

irradiance (Fr) from SHEBA are plotted in Figure 4a. An
annual solar cycle modulated by cloud cover variations is
evident. During the SHEBA experiment, surface melt started
on 29 May and ended on 17 August [Perovich et al., 2003].
A multiyear ice albedo evolution sequence based on SHEBA
observations is plotted in Figure 4b [Perovich, 2002], along
with a seasonal ice albedo evolution governed by the SHEBA
onset dates.
[22] The time series of incident solar radiation is combined

with the albedos to determine the daily incident sunlight
deposited to the ice Qs:

QS " 1# a$ %Fr Dt;

Figure 4. Time series of solar partitioning: (a) daily average incident solar radiation observed at SHEBA 1998, (b) albedo
evolution from seasonal (red) and multiyear ice (blue), (c) daily solar heat input to the snow and sea ice, and (d) cumulative
solar heat input to the snow and sea ice.
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Fsw incoming radiation
energy/second/area

α albedo

Solar heat input into ice
energy/area

Perovich and Polashensky (2012)
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  Fsw
  -α Fsw

        -I0
        
         +Flw
         -FE

        +Fs
        +FL
        +Fc
     = 0

Incoming shortwave radiation

Reflected shortwave radiation albedo α

Net influx of radiation passing
into the interior of the ice


Incoming longwave radiation

FE ~ T4 emitted longwave radiation



FS ~ u*(Ta-T) sensible heat flux

FL ~ u*(qa-q) latent heat flux

FC ~ (Tf-T)/H conductive heat flux

Ice Surface Energy Balance

Maykut (1978)
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presence of liquid brine entrapped within the ice. Because 

brine volume depends on the salinity and temperature of the 

ice, the growth of young ice is characterized by rapid changes 

in the conductivity and specific heat as it thickens and desali- 

nation occurs. Internal absorption of solar radiation also af- 

fects the brine volume and thermal properties of the ice. Heat 

conduction through young ice can be modeled fairly precisely 

by first specifying how the salinity profile changes with thick- 

ness and then applying a time-dependent ice growth model of 

the type described by Maykut and Untersteiner [1971]. Unpub- 

lished calculations using this model indicate that with 

smoothly varying incident energy fluxes and realistic salinity 

profiles, temperature profiles in rapidly growing young ice 

remain nearly linear. Only in the case of strong internal heat- 

ing or an abrupt change in atmospheric forcing do the pre- 

dicted profiles show a significant departure from linearity; in 

very thin ice (H < 0.3 m), even these effects are small. Phys- 

ically, this is plausible because, first, the thermal relaxation 

time of young ice is small in comparison with the time needed 

to change its thickness significantly and, second, the con- 

ductivity is sensitive to salinity only at temperatures near the 

freezing point, i.e., in a small region next to the bottom of the 

ice. This suggests that conduction of heat to the surface of 

young ice can be approximated with reasonable accuracy by 

assuming a linear temperature distribution within the ice and 

expressing Fc as the product of the salinity-determined con- 

ductivity at the surface and the overall temperature gradient 

across the slab. Untersteiner [1961] gives the following rela- 

tionship for the conductivity ]it Of sea ice: 

k, = ko + I•S/(T- 273) 

where ko = 2.03 W m -x øK-X is the conductivity of pure ice, S 

is the ice salinity, t5 = 0.117 W m•'/kg is a constant, and T is 

given in degrees Kelvin. Hence 

Fc = (ko+ To-273 H 
where To is the temperature at the bottom of the ice and So is 
the salinity of the surface layer. This approximation should be 
reasonably good during the coldest part of the year when the 
conductive heat fluxes are large, but it will tend to slightly 

overestimate the heat transport during May and September 

when Io is large. 

Using (2), (3), (4), (8), and (9), we can rewrite (1) as 

(1 - i0)(1 - a)F, + FL - •aTo 4 + pcoGu(T, - To) 

0.622oLC, u 

go 
[a(fTd - To •) + bUT. a- To a) 

+ c(fT. •'- To 2) + d(fT. - To) + e'(f - 1)1 

+ (ko + 
I f we now define 

To- 273 H 

K, = 0.6220LC, u/œo 

K,• = ocvC•u 

(lO) 

R = (1 - io)(1 - a)F,. + FL + KsT, 

+ fKe(aT, • + bT, 3 + cT, •' + dT, + e') 

then (10) can be rewritten as 

A To 5 + BTo • + CTo 3 + DTo •' + ETo + F = 0 (11) 

where 

A =•a+aK, 

B = (b - 273a)K, - 273•a 

C = (c - 273b)K, 

D = (d- 273c)K, + Ks + ko/H 

E = (e' - 273d)Ke - (R + 273Ks) - [(To + 273) - •So]/H 

F = 273(R - e'K,) + (273ko - •So)(To/H) 

To can be obtained from (11) by using the Newton-Raphson 
iterative method. Once To is known, Fs, Fs, Fe, and F• can be 

easily calculated. 

INPUT DATA 

The basic variables required by the model are Fr, F•, T,, and 

f, which depend on time, and a and So, which depend on H; all 
other parameters are assumed to be constant. Although re- 

liable heat budget data over the Southern Ocean are generally 

unavailable, numerous estimates of energy exchange in the 

Arctic have been made [Fletcher, 1965; Badgley, 1966; Donn 

and Shaw, 1966; Vowinckel and Orvig, 1966, 1967]. For the 

calculations reported below we have followed the suggestion 

of Fletcher [ 1965] and selected the values given by Marshunova 

[1961] for Fr and F• and those of Doronin [1963] for Fs and F,. 

These values were chosen because they apply to perennial ice, 

are supported by the largest amount of observational data, 

and when used in conjunction with an ice growth model pro- 

duce results in excellent agreement with other field data [May- 

ku! and Untersteiner, 1971]. Daily totals throughout the year 

were obtained from the monthly averages using the poly- 

nomial smoothing technique described by Maykut and Un- 

tersteiner [1969]. Table 1 shows values on the first day of each 
month. 

To calculate turbulent heat exchange over the young ice, we 

would like to specify T, and f in a manner that is consistent 

with the assumed heat balance over the perennial ice. Since 

observed values of T, would not necessarily guarantee the 

desired consistency, we integrated the M aykut/Untersteiner 

ice growth model forward in time (using the energy budget 
shown in Table 1)until ice of equilibrium thickness (•3 m) 

was attained. The predicted surface temperatures (Table 1) 

then represent a consistent set of values which apply to snow- 

covered, perennial ice in the central Arctic. T, can now be 

calculated from (4) by using the specified values of Fs and the 

calculated values of To. Resulting air temperatures at a height 

of 2 m are shown in Table 1, assuming an average wind speed 
of 5 m/s and a sensible heat transfer coefficient of 1.75.10 -3 

[Thorœe et al., 1973]. Despite somewhat different origins of the 

data, monthly air temperature averages obtained from the 

above method generally agreed to within IøC with those calcu- 

lated from 26 years of drifting station observations (A. Han- 

son, personal communication, 1967), providing additional 

support for the Fs values reported by Doronin. Estimates of f 
were then obtained from (8) by using the F, values given by 

Doronin together with the calculated To and T, values, again 

assuming u = 5 m/s and C, = 1.75.10 -3. During the winter, 

when the latent heat flux was essentially zero over the thick ice, 

f was arbitrarily assumed to be 0.9. Because the boundary 

layer is typically unstable over the thin ice, bulk transfer 

Ice Surface Energy Balance
(with engineering details)

Maykut (1978)
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Fig. 1. Predicted change in the surface temperature of young ice with 
thickness and season. 

Table 3 summarizes the heat balance over open water and 
various ice thicknesses in terms of 'available' shortwave radia- 

tion [(1 - io)(1 - a)Fr], net longwave radiation, sensible heat, 

latent heat, and heat supplied from below the surface. Net 

shortwave radiation at the surface of the open water was 

calculated assuming an albedo of 0.1. The large oceanic heat 

flux is derived largely from latent heat released by freezing, but 

solar energy absorbed in the water can make a substantial 

contribution when the sun is up. With the exception of a much 

larger latent heat flux the heat budget for the open water 

shown here compares favorably with that calculated by Bad- 

gley [1966] using an independent data set. It is clear from 

Table 3 that the net heat input to the atmosphere (F, = -Fc) 

over open water and very thin ice is determined primarily by 
the rate at which turbulent heat is transferred; over the thicker 
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Fig. 3. Seasonal variations in the sensible heat flux as a function of 

ice thickness (in meters). 

first-year ice the sensible heat flux is similar in magnitude to 
the net longwave radiation and makes an equal contribution to 

F,. The ratio of F, over young ice to that over perennial ice is 

shown in Figure 6. It can be seen that net heat losses in areas 

with an ice thickness in the 0- to 0.4-m range usually exceed 
those over the perennial ice by 1-2 orders of magnitude. Even 

the 0.8-m ice has an F, roughly 5 times as large as that of the 
perennial ice. If young ice does typically cover 10% of the 

central Arctic Ocean, then regional values of F, will depend 
strongly on the way in which ice thickness is distributed below 
H=lm. 
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Fig. 2. Seasonal variations in surface temperatures over various cate- 
gories of ice. Lines of constant ice thickness are given in meters. 
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Fig. 4. Seasonal variations in the latent heat flux as a function of ice 
thickness (in meters). 

thin ice
warm

thick ice
cold

Model output:

Ice surface temperature

Model input:


Fr(t)    shortwave radiation
Tair(t)  air temperature
Flw(t)   longwave radiation
lots of empircal constants
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Table 3 summarizes the heat balance over open water and 
various ice thicknesses in terms of 'available' shortwave radia- 

tion [(1 - io)(1 - a)Fr], net longwave radiation, sensible heat, 

latent heat, and heat supplied from below the surface. Net 

shortwave radiation at the surface of the open water was 

calculated assuming an albedo of 0.1. The large oceanic heat 

flux is derived largely from latent heat released by freezing, but 

solar energy absorbed in the water can make a substantial 

contribution when the sun is up. With the exception of a much 

larger latent heat flux the heat budget for the open water 

shown here compares favorably with that calculated by Bad- 

gley [1966] using an independent data set. It is clear from 

Table 3 that the net heat input to the atmosphere (F, = -Fc) 

over open water and very thin ice is determined primarily by 
the rate at which turbulent heat is transferred; over the thicker 
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first-year ice the sensible heat flux is similar in magnitude to 
the net longwave radiation and makes an equal contribution to 

F,. The ratio of F, over young ice to that over perennial ice is 

shown in Figure 6. It can be seen that net heat losses in areas 

with an ice thickness in the 0- to 0.4-m range usually exceed 
those over the perennial ice by 1-2 orders of magnitude. Even 

the 0.8-m ice has an F, roughly 5 times as large as that of the 
perennial ice. If young ice does typically cover 10% of the 

central Arctic Ocean, then regional values of F, will depend 
strongly on the way in which ice thickness is distributed below 
H=lm. 
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Fig. 2. Seasonal variations in surface temperatures over various cate- 
gories of ice. Lines of constant ice thickness are given in meters. 
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Fig. 4. Seasonal variations in the latent heat flux as a function of ice 
thickness (in meters). 
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Model output:

Sensible Heat Flux

Model input:


Fr(t)    shortwave radiation
Tair(t)  air temperature
Flw(t)   longwave radiation
lots of empircal constants

thin ice
  large flux

thick ice
  small flux
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Fig. $. Seasonal variation in the amount of emitted longwave radia- 
tion as a function of ice thickness (in meters). 

Effects of changes in air temperature. While the results 
presented in the previous sedtion are based on climatological 
average•, it is not uncommon for air temperatures to show a 
10 ø or 15 ø departure from the mean. The extent to which the 

heat exchange would be affected by such anomalies in air 
temperature is examined in this section. The simplest approach 
to the problem is to assume that temperature changes are 
confined to the layer between the reference height and the 
surface. A more realistic approach is to assume that the tem- 
perature change in the boundary layer is accompanied by 
similar changes at higher levels, so that both the incident 
longwave radiation and the turbulent fluxes would be affected. 

Most of the results shown in this section were obtained by 
using the second approach, but for comparison a number of 

For a specified change in temperature A T. the new reference 

level temperature is simply T.' -- T. +/x T., where T. is given 
in Table 1. To determine the corresponding change in F,., we 
note that FL can be related with good reliability to cloudiness 
G and air temperature near the surface. Maykut and Church 
[1973] found that longwave data from Barrow, Alaska, were 
described by an equation of the form 

FL = aT.'(a + bG p) (12) 

where a, b, and p are empirically determined constants which 
probably depend somewhat on local climate. In contrast to 

studies at lower latitudes they found no correlation between F•. 
and humidity near the surface, a situation which should be 

repeated throughout the polar regions. If we make the assump- 
tion that cloudiness is not significantly altered by the changing 
temperature, it follows from (12) that 

F'= L 

Substituting the primed quantities for T. and Ft in (10) and 
solving with various values of/XT. provide the desired heat 
budget information. 

Figure 7 shows seasonal changes in the surface temperature 
of 0. l-m ice as a function of/XT,, assuming that both T, and 
FL are changed. It is evident that for a particular H, ATo/AT, 

does not depend strongly on either the sign of AT, or the 
season. Small variati6ns in ATo/AT, do arise because of the 

nonlinear dependence of Fe on temperature but are negligible 
except over the very thinnest ice or when the air temperatur e is 
close to the freezing point. Over 0.05-m ice there is a 4% 

difference in AT0, depending on whether AT, is positive or 
negative; this difference drops off to less than 1% over the 0.4- 
m ice. Between October and May there is only about a 2% 

change in/x To/iX T,, over the thinnest ice categories; however, 
in May and September there is up to a 10% departure from the 
winter values. The dependence of iX To/AT, on H is shown in 

cases were also run in which only T. was changed. -3o ........ 
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Fig. 6. Seasonal variation in the ratio of the net heat loss over 
various categories of young ice to that over perennial ice. Lines of 
constant ice thickness are given in meters. 

MAY 

Fig. 7. Seasonal changes in surface temperature of 0.1-m-thick sea 
ice for different departures of air temperature from the mean. Temper- 
ature changes are assumed to apply to the boundary layer as well as to 
higher levels. Lines of constant A Ta are marked in degrees C61sius. 
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Model output:

Emitted Longwave Flux

Model input:


Fr(t)    shortwave radiation
Tair(t)  air temperature
Flw(t)   longwave radiation
lots of empircal constants

thin ice
  large flux

thick ice
  smaller flux
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