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[1] We present final results from a program to measure the thermal conductivity of sea ice
with in situ thermistor arrays using an amended analysis of new and previously reported
ice temperatures. Results from landfast first-year (FY) ice near Barrow, Alaska, and
McMurdo Sound, Antarctica, are consistent with predictions from effective-medium
models but 10—15% higher than values from the parameterization currently used in most
sea ice models. We observe no previously reported anomalous near-surface reduction,
which is now understood to have been an artifact, nor a convective enhancement to the
heat flow, although our analysis is limited to temperatures below —5°C at which brine
percolation is restricted. Results for landfast multiyear (MY) ice in McMurdo Sound are
also consistent with effective-medium predictions, and emphasize the density
dependence. We compare these and historical measurements with effective-medium
predictions and the representation commonly used in sea ice models, developed
originally for MY Arctic ice. We propose an alternative expression derived from
effective-medium models, appropriate for both MY and FY ice that is consistent with
experimental results, k = (p/p;)(2.11 — 0.011 8 + 0.09 (S/0) — (p — p;)/1000), where p; and
p are the density of pure ice and sea ice (kg m ), and ¢ (°C) and S (ppt) are sea ice
temperature and salinity. For the winter and spring conditions studied here, thermal
signatures of internal brine motion were observed rarely (22 times in 1957 days), and their
maximum contribution to the total heat flow is estimated to be of the order of a few

percent.
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1. Introduction

[2] Seaice is an important component in the world climate
system, and through a variety of feedback mechanisms it acts
as both an indicator and agent of climate change [Lemke
et al., 1990; Dieckmann and Hellmer, 2003]. To improve the
accuracy of sea ice models and general circulation models,
accurate representations of both mechanical and thermody-
namic sea ice properties and physics are required [e.g.,
Dieckmann and Hellmer, 2003]. Our focus in this study is
the thermal conductivity which controls the thermodynamic
growth rate, equilibrium thickness, and conductive heat flux
through the ice. Considerable uncertainty in the thermal
conductivity of sea ice has remained, largely owing to the
difficulty in performing measurements, few of which have
been made with sufficient accuracy to compare with effective-
medium predictions [Ono, 1967; Trodahl et al., 2001].
Moreover, the conductivity representation used almost uni-
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versally in both small- and large-scale sea ice modeling
remains essentially unvalidated by measurements.

[3] In this paper we present results from a program started
in the mid-1990s to measure the thermal conductivity of sea
ice using arrays of thermistor strings frozen into landfast
ice. In previously published findings from this program,
which we have now concluded, three departures from the
expected behavior were observed [McGuinness et al., 1998;
Trodahl et al., 2000, 2001]: (1) A conductivity reduction of
25-50% was resolved over the top 50 cm of first-year (FY)
ice. (2) Below these depths, an overall reduction of 10%
was observed compared with effective-medium predictions.
Enhanced phonon scattering due to small crystal size,
particularly in the upper frazil ice layer, was proposed as
a possible explanation. This effect is indeed responsible for
a reduction in the conductivity of pure ice at sufficiently low
temperatures (7' <100 K) that the mean free path of the
phonons is comparable to crystal dimensions [Slack, 1980].
(3) An apparent increase in the conductivity was reported
for T'<—9°C, which was associated with a brine convection
enhancement of the local heat flow. This convective effect
was more readily accepted than the near-surface reduction,
and raised the question of how to measure and include any
convective contributions in the total heat flow.

[4] We have reexamined these three previous findings by
both performing direct conductivity measurements and by
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continuing the thermistor array program while reviewing
our conductivity analysis of these measurements. Results
from the new direct measurements on surface and subsur-
face McMurdo Sound landfast FY ice are consistent with
effective-medium predictions and clearly show no reduction
over the top 50 cm. They are reported elsewhere, where in
the context of the absence of a near-surface conductivity
reduction, we also discuss limitations in previous array
measurement analysis which we now understand to have
given rise to the previously reported anomalous near-surface
conductivity reduction [Pringle et al., 2006]. In the present
article, we present final results from the combined Victoria
University of Wellington (VUW) and University of Alaska
Fairbanks (UAF) thermistor array program by applying an
amended analysis to both new and previously reported
measurements.

[5] In most sea ice models, the thermal conductivity is
calculated according to the seminal 1-D thermodynamic sea
ice model of Maykut and Untersteiner [1971] as

k=203+0.1175/6 [Wm 'K'] . (1)
Here, and throughout this paper, S is sea ice bulk salinity
(ppt), 6 is temperature in degrees Celsius (°C) and
conductivities are given in units of W m~' K.

[6] Equation (1) derives from that of Untersteiner [1961]
which predates almost all theoretical and experimental
results. It was chosen to provide a simple closed form that
captured the main features of the measurements and predic-
tions available at the time and developed for application to
MY Arctic ice [Maykut and Untersteiner, 1971]. It is still
used in most major models, including the Los Alamos Sea
Ice Model (CICE), US National Center of Atmospheric
Research (NCAR) Community Atmosphere Model
(CAM2), Community Climate System Model (CCSM3.0),
Canadian Ice Service Community Ice-Ocean Model
(CIOM). Some models use only the constant term from
this expression [e.g., Parkinson and Washington, 1979;
Lembke et al., 1990; Wu et al., 1997], including those applied
to Antarctic ice with its much higher fraction of FY ice [e.g.,
Lemke et al., 1990; Wu et al., 1997]. In their study of the
sensitivity of a global sea ice model to model thermody-
namics and mechanics, Fichefet and Maqueda [1997] used
just the constant term, 2.03 W m~! K!, here seen to have
been intended for low-salinity MY ice. The coefficients
have been varied in some work, e.g., Wettlaufer [1991] used
k=2.10 + 0.13 §/0. We are unaware of any models that
incorporate convective heat transport. In addition to such
large-scale models, equation (1) has also been used for ice-
ocean heat flux calculations, and smaller-scale process
modeling, for example, by Vancoppenolle et al. [2005,
2007] in their ‘halo-thermodynamic’ modeling of the desa-
lination of FY ice.

[7] The conductivity of sea ice at a given temperature,
density and salinity can be predicted with effective-medium
models by considering the temperature-dependent conduc-
tivity and thermal equilibrium volume fractions of the ice,
brine and air components and using an idealized inclusion
geometry [Anderson, 1958; Schwerdtfeger, 1963; Ono,
1967; Yen, 1981]. As the conductivity of brine is appro-
ximately four times smaller than that of ice, the dominant

PRINGLE ET AL.: THERMAL CONDUCTIVITY LANDFAST SEA ICE

C04017

feature in these models is the prediction of a conductivity
that decreases as the brine volume increases with increasing
temperature. Although several different inclusion geometries
have been proposed [4Anderson, 1958; Schwerdtfeger, 1963;
Ono, 1967; Yen, 1981], the ultimate accuracy of these
models is limited by the uncertainty in the conductivity of
pure ice at 0°C. A major disadvantage of this approach is that
these models do not provide simple analytical expressions
for the conductivity in terms of density, salinity and temper-
ature. We address this here by fitting a simple analytical form
to models appropriate to MY and FY microstructure.

[8] The paper is arranged as follows. We describe our array
experiments and analysis, including the recently identified
problems and subsequent amendments. We then discuss
results from landfast FY and MY Antarctic and landfast FY
Arctic ice and compare them against effective-medium
predictions and the common modeling representation. In
these comparisons we also include results from the small
number of historical measurements, compiled here for future
reference. We discuss a reassessment of the conductivity
parameterization and propose a single alternative expression,
derived from effective medium models, applicable to both
MY and FY ice. We also describe the observation of thermal
signatures linked to internal brine convection and estimate
the contribution of such events to the total heat flow.

2. Thermal Array Measurements

[v] We have made in situ ice temperature measurements
in landfast sea ice in McMurdo Sound, Antarctica in 1996,
1997, 1999, 2000, 2002, 2003, and in the Chukchi Sea near
Barrow, Alaska in 2000, 2001, 2002, 2003. The arrays were
installed in auger holes, which refroze naturally. The portion
of the hole above freeboard was frozen in by infilling with
water. The nearby installation of two arrays, of different
and/or identical construction, has enabled an assessment of
reproducibility and accuracy of our measurements and a
comparison of the different array designs. The reference
convention for these arrays follows ‘CHO03,” and “‘MC02(2)’
indicating, respectively, Chukchi Sea 2003, and McMurdo
Sound 2002, array (2).

[10] Figure 1 shows details of the VUW and UAF arrays.
VUW arrays comprised a 6.35-mm-diameter, thin-walled
(0.3 mm) 304 stainless steel tube, housing a 2-m length of
3-mm-diameter Teflon, along which YSIS5031 thermistor
beads were positioned. The small remaining volume was
filled with sunflower oil which congeals to a viscous gel at
ice temperatures [McGuinness et al., 1998; Trodahl et al.,
2000]. The figure of merit regarding thermal mismatch
between the array and ice it replaces is the thermal conduc-
tance per unit length, which for the VUW array is appro-
ximately 30% less than the ice it replaces. Weighted by a
larger cross-sectional area, the low conductivity of the
Teflon and oil (~0.2 W m~' K~') here dominate the higher
(but still relatively low) conductivity of the thin-walled stain-
less steel tube (~15 Wm ™' K™). Low-conductivity constan-
tan wiring was used (~22 W m~' K'). UAF arrays were
constructed from a 20-mm-wide polycarbonate-polyethylene
conduit. The thermal conductance per unit length is dom-
inated by the copper wiring, and varies down the array with
the number of wires running to the surface. It ranges
between one third and three times that of the ice is replaces.
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