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Abstract. A vertical array of thermistors coupled with an au-
tonomous data-logging system was used to obtain a 15-month
record of ice temperature profiles in a multiyear floe in the Beau-
fort Sea. This record was used to monitor atmosphere, ice and
ocean temperatures, determine changes in the ice mass balance,
and infer estimates of the ocean heat flux and the snow thermal
conductivity. Ablation during the summer melt season consisted
of approximately 0.3 m of snow melt, 0.67 m of ice surface abla-
tion and 0.25 m of bottom ablation. There was 0.45 m of bottom
accretion during the growth season. The annually averaged ocean
heat flux was 4 W m=2, with a summertime value of 9 W m2.
Comparing these results to earlier studies conducted in the same
region showed considerable interannual variability in summer
melting. The thermal conductivity of snow cover was approxi-
mately 0.3 W m~! K-! during winter.

Introduction

The Arctic sea ice cover plays a major role in governing the
exchange of energy between the ocean and atmosphere in the po-
lar regions. Results of global climate change models indicate that
there is still much to be learned about the details of the complex
atmosphere—ice—ocean interaction (Rind et al., 1995). The key to
improving this understanding is the collection of field measure-
ments pertinent to the development of physically based
parameterizations of sea ice thermodynamic processes. A basic
element in studies focused on thermodynamics is the mass bal-
ance of the ice cover (Hanson, 1965; Koerner, 1973). Coupled
with ice temperature measurements, mass balance measurements
provide valuable information on the heat exchange among the air,
ice and ocean (Untersteiner, 1961; McPhee and Untersteiner, 1982;
Wettlaufer, 1991). '

Making direct measurements of the mass balance is straight-
forward. Typically an array of stakes and thickness gauges is used
to measure ablation and accumulation of ice and snow at the top
and bottom of the ice cover (Untersteiner, 1961; Hanson, 1965;
Koerner, 1973). The mass balance of sea ice can also be inferred
from temperature profile measurements (Perovich et al. 1989).

In spite of the importance of mass balance measurements and
the relatively simple equipment involved in making them, there
are few observational results. This is due, in large part, to the ex-
pense involved in operating a long-term field camp, which typi-
cally serves as the base for these studies. The combined results of
four sea ice mass balance studies (Untersteiner, 1961; Hanson,
1965; Koerner, 1973; Maykut and McPhee, 1995) suggest that there
is significant interannual variability in the ablation/accretion rate
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of the sea ice cover. Measurements of the total ablation of
unponded, level multiyear ice over the summer season range from
39 to 60 cm. As discussed in Untersteiner (1961) and Hanson
(1965), the interannual variability at a particular latitude may be
greater than variability at different latitudes in a single year.

In this paper we present a 15-month temperature record of the
atmosphere, ice and ocean which was collected autonomously. The
measurement site was installed at the center of a multiyear floe in
the Alaskan Beaufort Sea and, as such, represents a single point
measurement. This approach is not appropriate for gaining a de-
tailed understanding of the temporal variations in heat and mass
balance due to the influence of the variable top and bottom sur-
face topography, typical of multiyear floes (Wettlaufer, 1991). As
McPhee and Untersteiner (1982) point out, however, it does lend
itself to studies that consider long time periods, since overall
changes in the ice temperature profile are bound to be large com-
pared to the errors of a single measurement. With this in mind, the
record will be used to examine the temperature evolution of the
ice as it progresses through a complete annual cycle. The tem-
perature profiles will also be used to infer the snow and ice mass
balance and estimate the oceanic heat flux and thermal conductiv-
ity of the snow on a seasonal basis. These results will be com-
pared to field and theoretical studies.

Data Acquisition

In late September 1993 an ice camp was established in the
Alaskan Beaufort Sea to support the six-month, Office of Naval
Research-sponsored Sea Ice Mechanics (SIMI) field program. The
temperature measurement site was located near the center of a 2-
km-diameter multiyear floe that served as a base for the SIMI ice
camp. The temperature profile in the ice, and the adjacent atmo-
sphere and ocean, was obtained using a string of 48 thermistors,
mounted on solid 3.2-cm-diameter PVC rods that were frozen into
the ice. At the time of installation, the ice was 2.13 m thick, with
no snow on the surface. Thermistors extended 55 cm above and
345 cm below the ice surface, at a spacing of 5, 10 or 20 cm. The
closest spacing was at the ice/air interface and in the water col-
umn near the bottom of the ice. To minimize the effects of solar
radiation, the thermistor string was painted white. The accuracy
of the thermistors is £0.1°C. Temperatures were measured and re-
corded hourly using a Campbell Scientific CR10 datalogging and
storage system.

Using this setup we were able to measure and store tempera-
ture profiles from October 1993 until December 1994, eight months
beyond the end of the SIMI field experiment. The periods when
there were personnel at the site allowed for manual measurements
of the snow cover and ice thickness at the data collection site and
other locations on the multiyear floe. The equipment at the data
collection site was recovered during a final visit to the floe on 29
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April 1995, when one last set of measurements was taken to de-
fine the state of the ice and snow cover after the second winter had
passed.

Results and Discussion

Temperature

The 15-month-long record of air, ice and ocean temperature is
summarized in Figure 1. The air temperature was measured using
the top thermistor, which was between 20 and 120 cm above the
surface, depending on the snow depth and the amount of surface
ablation. The annual cycle of air temperature is evident in Figure
la. During the summer, air temperatures were fairly constant near
0°C, and there was a gradual decrease in the fall and increase in
the spring. In the winter there was considerable variation in air
temperature, with minimum temperatures of approximately —40°C.
There was a major warming event on 25 January when air tem-
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peratures increased by more than 30°C to values near 0°C. During
fall and winter, changes of more than 10°C in a day or two were
common. These warming events occurred at roughly 6- to 8-day
intervals, consistent with the observed periodicity of synoptic-scale
weather systems in the Beaufort Sea area. The first sunrise at the
floe occurred in early February, and by the beginning of March
there were 10 hours of sunlight daily. At this time a distinct diur-
nal cycle in air temperature became evident. This diurnal signal
was strong throughout the spring, was present to a lesser extent in
the summer, and had faded away by the end of September.
Contours of ice temperature are plotted in Figure 1b. Seasonal
trends in ice temperature are consistent with previous observa-
tions (Untersteiner, 1961) and model results (Maykut and
Untersteiner, 1971). In late summer the ice began to cool, and
throughout the fall this cooling propagated down through the ice,
reaching the bottom in mid-December. At this point the ice sheet
began to thicken by bottom accretion. During the winter the ice
cooling and bottom accretion continued. There was significant
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Figure 1. Time series of a) air temperature, b) internal ice temperature and ¢) upper ocean temperature from 27
September 1993 to 16 December 1994. The gray shaded area in b) denotes the snow cover; the temperature
contours are bounded by the surface and bottom of the ice.
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warmlng of the upper portion of the ice in late January in response
to near —0°C air temperature. As the air témperature incredsed in
the spring, the ice began to warm. Surface melting began in early
J une, and by early July the ice temperature was nearly isothermal

—1°C £0.5°C. By mid- Auoust the melt season had €nded and
fall freeze- -up had begun.

Water temperatures riear the bottom of the ice are plotted in '

Figure lc. These temperatures were measured 320 cm from the
surface of the ice, which was approximately 60 cm beneath the i ice
in June of 1994. For the most part, temperatures were between
-1.45°C and -1.6°C. A slight warming of the water was notice-
able in June, and this warming became mote distinct during the
suminer, reachmg temperatures as high as ~1.25°C. Temperatures
decreased in. September returning to values near -1.5°C. No ob-
servatiotis of the upper ocean salinity were made during summer
when the camp was unimanned. Thus, it is not clear if the water
was still at its salinity-determined freezing point and the tempera-
ture increase was in resporse to a freshening of the upper ocean or
if the water warmed above freezing.

'Mass balance

For much of the year, the temperature profiles from our ther-
mistor string can be used to infer the position of the snow surface,
ice surface and ice bottom to within +1-2 cmi. Air/snow, snow/rce
and ice/water interfaces are denoted by discontinuities in the tem-
perature profile. A sequerice of temperature profiles can be used
to monitor the temporal changes in the position of these interfaces,
and therefore the mass balance of the ice. This method is severely
limited during the summer melt season when there is no signifi-
cant thermal contrast between the lower portion of the ice and the
upper pait of the water colitmn. The position of the ice surface can
still be estimated since air temperatures are typically slightly above
0°C. ‘ o

The time history of snow accumulation and ablation and ice
accretion and ablation is plotted in Figure 1b. At installation on 27
September the ice was 213 cm thick and there was o snow presert.
Snow depth increased rapidly in early fall to approximately 25
cm, then continued to increase slowly throughout the winter to a
maximum value of 35 cm. Throughout this period there were fluc-
tuations in snow depth of rou0h1y +5 cm due to wind transport of
snow. The snow cover melted rapidly in one week from 8 June to
14 June, and the surface remained free of any appreciable amount
of snow until the end of August. With the snow cover gone, icé
surface ablation began. Ablation was slow the first two weeks,
became more rapid in July, and finally tapered off in eatly August:
By 20 August there was new snow on the surface and fall freeze-
up had begun. The total ablation on the surface during the summer
melt season was 30 ¢cm of snowmelt and 67 cm of ice ablation.
Snow accumulation between August 1994 and December 1994
totaled 30.cm, with most of the snowfall occurfing in September
and October. The rapld cooling observed during fall freeze-up
above a depth of 67 cm indicated that at least at the end of sum-
mer, the thermistor string was not in a melt pond.

. There was little change in mass at the underside of the ice dur-
ing the autumn of 1993. Beomnmo in mid-December there was
steady ice growth until April, when the growth rate slowed appre-
ciably. Growth ended and ablation began in early June The ice
thickness increased from 213 ¢m in September 1993 to 258 cm in
June 1994, then decreased to approximately 166 cm in September
1994. Thus there was 45 cm of bottom accretion during the growth
season and 25 cm of bottom ablation during the melt season. This

indicates that the total heat input to the ice cover during the pri- .
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mary melt period from 4 June to 12 September was 361 MJ 2
Surface melting accounted for 55% of the heat input, while bot-
tom ablation was 22%, ice warming was 14%, and snowmelt was
9%. The total heat input during this period was equivalént to an
average net flux into the ice cover of 42 W m2

Results have been reported from other mass balance studies -
conducted in this same general région during ice station Alpha II
in 1959 (Hanson, 1965) and during AIDJEX in 1975 (Maykut and
McPhee, 1995). Surface melting during Alptia IT began on 20 June
and ended 12 August, and there was a total of 38 cm. of surface
ablation on unponded ice and 11 cm of bottorn ablation (Hanson,
1965). Surface ablation in porided ice was notably greater, total-
ing 85 cm. During AIDJEX the average ablatiof for unponded ice
was 26 cm on the surface and 34 cm on the bottom (Maykut and
McPhee, 1995). Total ablation during SIMI was 50% greater than
observed during AIDJEX and nearly double that observed during
Alpha Il on unponded ice. In both SIMI and Alpha II; surface ab-
lation was two to three times larger than bottom ablatron, consis-
tent with observations made at more northerly latitudes
(Untersteiner; 1961; Hanson, 1965; Koerner, 1973). This is in con-
trast to the AIDJEX datd, where bottom ablation was greater. Com-
paring resulis from these three cases illustrates the‘cons'id'erable
interannual variability present in summer ice ablation. This is in
keeping with the earlier finding (Untersteiner, 1961; Hanson, 1965)
that iriterannual variability at a particular latitude can be greater
than variability at different latitudes in 4 single year.

Akey issue i§ what causes this variability in ablatiorn, There are
several possrble factors, 1ncludm° the snow depth in late spring,
the occurrénce of the first snowfall in early autumn, the surface
albedo, the pond fraction during the melt seasorn, the. amount of
open water present and the cloudiness (Jin et al.; 1994; Ebert et
al., 1995). At present the importance of these factors, and the sen-
sitivity of the mass balance to small perturbations in them, is not
known.

Ocean heat flux

Ice temperature profiles, combined with measurements of bot-
tom ablation and accretion, have been used to estimate the tirie-
averaged ocean heat flux (F,,) (McPhée and Untersteiner, 1982;
Perovich et al., 1989; Wettlaufer; 1991). In this method thé time-
averaged ocean heat flux is caleulated as a residual of the conduc-
tive, specific and latent heat: F;, = 1/At (Qf + O, +Q)). A refer-
ence depth, in this case 175 cm, is selected in the ice. The heat
conducted through this level (Qy), the cooling or warming of the
ice below the level (Q,) and the latent heat of freezing or melting
(Q ) are all calculated as a function of time. The Q’s are computcd
using standard relationships for the conductive, specific and la:
tent heats (Wettlaufer 1991), with the ice salimty and density and
the time series of temperature and changes in mass at the ice bot-
toth used as ifiput parameters. In out measurements the larcest
uncertainty is in the amount of bottom ablation or accretion, and
thus 0, Except for the summer, we can estimate mass changes at
the ice bottom to within 2 cm. To minimize the effects of this
uncertainty, we have averaged over time intervals of at least 60
days giving an uncertainty in Q; of 3-6 MJ m~2 and F of 1-2 W
m™~ Another limitation of this analysis is that it is a smvle -point
measurement of ocean heat flux. Wettlaufer (1991),ina study cori-
ducted in the eastern Arctic northeast of Fram Strait, showed laroe
variations measured at different sites on a single floe due to small-
scale topography of the underside of the ice and instabilities in the
ice/ocean boundary layer. Measurements made in the Beaufort Sea
during AIDJEX at four sites in multiyear ice showed little spatial
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variability in bottom ablation ratés during June and July, but sig-
nificant differences of 0.5 cm day.‘1 in August (Maykut and
McPhee, 1996). Morphological studies on the SIMI floe indicated
that the temperature site was situated in relatively undeformed area
of multiyear ice, where under-ice topographic influénces were
small. )

The annual average of the ocean heat flux was 4 W m2, com-
parable to the value of 3.5 W m‘2‘ determinéd from mass balance
data by Maykut and McPhee (1995) for AIDJEX. The four sub-
periods, representing the period of rapid growth during winter,
slow growth during spring, ablation during summer and the gradual
cooling of the ice in fall, illustrate the strong seasonal dependence
of the ocean heat flux. During winter, F, W Was essentially zero. In
the spring, F,,, increased to 5 W m2 as the incident solar radiation
and the heat input to the water column increased. The maximum
average value of F, =9 W mi~2 was observed during the summier
melt when the heat input to the water column was a maximum.
Based on the results of Maykut and McPhee (1995), we expect
that there were peak values of F,, during the summer that were
considerably higher than this average, but without a direct means
of measuring bottom ablation duririg summer we can only com-
pute values averaged over the entire summer. The fall average of
5 W m™2 probably results from the extraction of the remainder of
the solar heat deposited.in the upper ocean during the summer.
Maykut and McPhee (1995) reported values of F, determined from
direct ocean turbulent heat flux measurements at four sites during
AIDJEX. F,, time-averaged from late May through October ranged
from 10 to 14 W mi2, 25% to 75% higher than the 9 W m™2 mea-
sured for the same time of year during this experiment.

Snow conductivity

The thermal insulating properties of a snow cover, and its im-
pact on ice growth, are well established. Because of this, knowing
the thermal conductivity of snow is important for sea ice thermo-
dynamic modeling studies. Numerous observations in the Arctic
and at lower latitudes have determined that the thermal conduc-
tivity of snow varies over a wide range of values (Sturm et al.,
1997), creating some uncertainty as to the appropriate value to
use for the snow cover on sea ice. At the SIMI site the snow cover
was typical of that found on multiyear Arctic sea ice. It was pri-
marily a wind-packed slab with a density between 0.30 and 0.35 g

m™ and a thin layer of depth hoar at the base. The temperature
record can be used to estimate in situ the thermal conductivity of
the snow cover on sea ice. To do this, we exploit the continuity of
heat flux at the snow/ice interface, k(dT/dz) = k;(dT}/dz), where
T, is snow temperature; T; is ice temperature and z is the vertical
position within the snow or ice. The upper portion of the ice cover
was desalinated so its thermal conductivity (k;) was that of fresh
ice, 2.04 W m~! K-1. The temperature data can be used to com-
pute the temperature gradients in the snow and ice and thus to
determine k. However, accurately determining the gradients is
not trivial, as the temperature profiles may be affected by such
factors as transient temperature pulses or solar heating (Zhang and
Osterkamp, 1995). To simplify the determination of the tempera-
ture gradients and to improve the quality of the calculated &, we
selected periods that satisfied four criteria: air temperatures were
stable and cold, there were no significant transients, the tempera-
ture gradients were linear, and there was no solar heating of the
snow or ice. Using these criteria we determined &, on 16 Novem-
ber, 16 December and 15 January (Figure 1). Snow depths for these
cases were between 30 and 35 cm and snow temperatures ranged
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from —17° to =33°C. Temperature profiles in the snow and in the
upper layer of the ice were each fitted to linear equations and the
gradients computed. Calculated conductivities were similar in all
three cases, with values of 0.30 W m™1 K~! on 16 Novemiber, 0.29
W m~! K-! on 16 December and 0.31 W m~ K=! on 15 January.
Uncertainties for k  are +0.01 W m KL These results are within
the range for hard wind-packed slabs on terrestrial substrates re-
ported by Sturm et al. (1997) and, we feel, are representative of
the cold, wind-packed snow that covers Arctic sea ice for much of
the year.

Conclusions

Snow depths were approximately 30-35 c¢m for much of the
year, and the snow thermal conductivity during winter was 0.30
W m~! K-, Over an annual cycle there was 67 cm of surface abla-
tion and 25 cm of bottom ablation during the melt season, with 45
cm of bottom accretion during the growth season. The annually
averaged ocean heat flux was 4 W m™2, with a summertime value
of 9 W m~2. Comparing these results to earlier observations in the
same region demonstrates the considerable interannual variability
present in summer ice decay.
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