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X-2 BEHRENDT ET AL.: THERMODYNAMIC SEA ICE GROWTH

Abstract.  Upward-looking sonar (ULS) data were used to analyse ther-
modynamic sea ice growth. The study was carried out for an ocean region

in the central Weddell Sea, for which data of sea ice thickness variability and
of the oceanic heat flux through the ice are rare. In the study area the con-
tribution of sea ice deformation to vertical ice growth is relatively small in
some years. This provides the opportunity to simulate thermodynamic sea
ice growth considering the influence of a snow cover and of the oceanic heat
flux. To this end, a modified version of Stefan’s Law was used. The result-
ing ice thickness variations were then compared with the ULS measurements.
For the investigated cases, the best consistency between data and model re-
sults was obtained assuming a snow layer of less than 5 cm thickness and
average oceanic heat fluxes between 6 and 14 W m~2. It is demonstrated that
in conjunction with ice drift data and analytical models for thermal sea ice
growth, ULS ice thickness measurements are useful for studying the seasonal
cycle of growth and decay, and for inferring the magnitude of the average

oceanic heat flux under sea ice.
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BEHRENDT ET AL.: THERMODYNAMIC SEA ICE GROWTH X-3

1. Introduction

Satellite microwave radiometers have been used to monitor Antarctic sea ice since 1979
[Parkinson and Cavalieri, 2012]. However, only information about areal parameters, such
as ice extent and ice concentration, can be obtained from radiometer data. A complete
assessment of sea ice changes and their relevance to global climate requires additional
information about the variations of the ice volume [Lemke et al., 2007]; hence, the sea ice
thickness must be known [ Wadhams, 1994]. Due to the lack of submarine data from the
Antarctic ocean regions the knowledge about sea ice thickness and its temporal variations

is extremely sparse.

To measure sea ice thickness in the Antarctic with sufficient spatial and temporal sam-
pling is still one of the most challenging tasks in sea ice monitoring. Satellite algorithms
for the retrieval of sea ice thickness from space-borne radar or laser altimeters are cur-
rently under development [e.g., Giles et al., 2008; Yi et al., 2011]. They aim at providing
information about circumpolar sea ice thickness on a monthly basis. A first analysis of
basin-wide sea ice thickness for the Southern Hemisphere based on laser altimeter data
has been published recently by Kurtz and Markus [2012]. The error of laser altimetry for
ice thickness estimates, however, is still relatively large (on the order of 0.5-0.7 m), mainly
because of difficulties in obtaining data of the snow cover thickness on the ice [Kwok and

Cunningham, 2008].
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X-4 BEHRENDT ET AL.: THERMODYNAMIC SEA ICE GROWTH

In this paper, we focus on local studies of temporal ice thickness variations. To date,
upward-looking sonars (ULS) are the only instruments for measuring the long term de-
velopment of sea ice thickness with relatively high accuracy. They are moored at fixed
locations and measure the vertical extension of the sub-surface portion of sea ice (the
ice "draft”). These data can be converted into total ice thickness assuming hydrostatic
equilibrium or by using empirical relations based on data from ice drilling. ULS mea-
surements are not biased toward undeformed ice thickness and are therefore capable of
detecting the full range of the sea ice thickness distribution. The accuracy of ice thickness
data obtained from ULS measurements is about 5 to 10 cm [Melling et al., 1995]. Most
of the ULS studies published so far were carried out in the Arctic. They were mainly
concerned with investigating the thickness statistics of different ice classes and pressure
ridges [Melling and Riedel, 1995; Melling and Riedel, 1996; Fukamachi et al., 2006], the
long term development of sea ice thickness [Melling et al., 2005], and with ice volume flux

studies [ Vinge et al., 1998].

In simulations of atmosphere - sea ice - ocean interactions and in global climate simu-
lations thermodynamic sea ice growth is usually modeled by solving equations of heat
transfer [Maykut and Untersteiner, 1971; M. Losch, personal communication]. This re-
quires special numerical techniques as the thermal properties of sea ice vary with changing
temperature and salinity of the ice in a nonlinear way [ Yen, 1981]. As a simple alternative,
thermodynamic ice growth can also be described by analytical methods such as Stefan’s
Law [Stefan, 1891], in which the thermal properties of sea ice are usually taken as con-

stants. At their mooring site, ULS data enable detailed studies of ice thickness variations

DRAFT February 18, 2015, 2:49pm DRAFT



63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85
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in the course of a full season. The sea ice thickness distribution is determined by three
factors: thermodynamic growth and decay, ice advection toward and away from the mea-
surement site, and convergent and divergent motion of the ice, causing ice thickening due
to rafting and ridging and ice thinning due to formation of openings in the ice (e.g. leads)

[ Thorndike, 1975].

In most cases it is not possible to separate the influence of the three before-mentioned
terms to the sea ice thickness actually retrieved from ULS data. Hence, it is also difficult
to assess the influence of environmental conditions on each of these terms. Most of the
studies employing Stefan’s Law were carried out in embayments [Allison, 1981], fjords
[Hoyland, 2009] or coastal landfast ice [Purdie et al., 2006; Lei et al., 2010], where the ice
is less affected by deformation. Our study focuses on thermodynamic ice growth in the
central Weddell Sea in single years between 1993 and 2010, in which ice deformation could
be neglected. We apply Stefan’s Law to estimate the influence of the two limiting factors
of thermodynamic ice growth in austral winter: the thermally insulating snow cover on
top of the ice and the oceanic heat flux from below. Thermodynamic growth cycles of
sea ice have been rarely measured in pack ice. Our ULS measurements therefore provide

valuable data to close this gap.

In the next section, we describe the used data and processing methods as well as the
measurement sites. Ice advection and the influence of sea ice deformation at our test
site are analyzed in section 3. We test the suitability of Stefan’s Law for simulating the

observed pack ice thickness and discuss its extensions to include effects of a snow cover
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X-6 BEHRENDT ET AL.: THERMODYNAMIC SEA ICE GROWTH

and the oceanic heat flux in section 4. The results are briefly summarized and discussed

in sections 5 and 6.

2. Data and Methods

In the Southern Hemisphere, the largest array of ice-profiling sonars is operated by the
Alfred Wegener Institute (AWI). On 13 different locations, a varying number of instru-
ments has been deployed in the Weddell Sea since 1990 [Behrendt et al., 2013]. The ULS
data for this study were taken from the PANGAEA archive [Behrendt et al., 2012]. The
mooring positions include a transect spanning the Weddell Sea from the tip of the Antarc-
tic Peninsula at Joinville Island in the west to Kapp Norvegia in the east (Fig. 1). A
second transect is located on the prime meridian between 59°S and 69.4°S latitude. For
the first transect, data series are available since 1990, for the second transect since 1996.
Because of logistical reasons, instrument failures and lost moorings, all data series contain
significant temporal gaps. An overview of the available data can be found in Figure 2
shown in Behrendt et al. [2013] and in an updated version of this figure on the PANGAEA

website.

The sea ice in the Weddell Sea is transported in a cyclonic gyre [Deacon, 1979], first
westward along the continental margin and then northward along the Antarctic Penin-
sula (Fig. 1). Based on ULS data, the mean monthly ice export was estimated to be 59
x 10% m3 s7! [Drinkwater et al., 2001]. Our study area is located in the center of the
Weddell Gyre at ULS mooring AWI-208 (65°S, 36.5°W, Fig. 1). At AWI-208 the sea ice

completely disappears during summer. Further south, a significant fraction of ice remains
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also in the summer months [Parkinson and Cavalieri, 2012]. The first ULS on position
AWI-208 was deployed in the period from December 1990 to December 1992. Because of
a technical failure no data could be obtained. The second instrument measured between
January 1993 and January 1995 with a sampling rate of 4 minutes, and the third one
between March 2008 and January 2011 with a sampling rate of 1 minute. The time series
of ice draft from this region include the most pronounced thermodynamic cycles of ice

growth among all ULS data recorded since 1990 as explained below.

The draft data (d) for this study were converted into total ice thickness (z) (both given

in meters) using the empirical relationship

2 =0.028+1.012 d. (1)

This equation was established from ice drilling in the Weddell Sea. The draft values cov-
ered a range between 0.4 and 2.7 m with a coefficient of determination of 12 of 0.99. The
data included cases in which a snow layer was present on the ice. For details see Harms et
al. [2001], and references cited therein. Due to the constant factor of 2.8 ¢cm in equation
(1), thickness values <0.4 m are overestimated. The bias increases as the ice gets thinner.

This, however, is not critical for the analyses presented below.

From their position at depths between 100-150 m, the AWI ULS instruments send short
sound pulses at 300 kHz toward the ice-covered ocean surface and measure the travel time
of the signal. The processing of the ULS data and the retrieval of ice draft is described

in detail in the article by Behrendt et al. [2013]. The ice draft is obtained by subtracting
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the calculated distance between ice bottom and ULS from the instrument depth. Since
the properties of the water column between the ULS and the ice are not known, the
ice drafts are calculated using a fixed value of sound speed. The results are corrected
manually by experienced ice analysts who identify open water leads or thin ice areas in
the data series to compensate the error resulting from the assumption of a fixed sound
speed. For the accuracy of the data obtained in this way, Behrendt et al. [2013] found
+5 cm in the freezing/melting seasons and +12 cm in winter. The first number compares
well with the estimation of Melling et al. [1995] given above. When the ice concentration
reaches nearly 100 percent in winter, significant biases can occur in the manual ice draft
estimation because of the lack of open water leads needed for the correction procedure.
Details of the ULS data set from the Weddell Sea, the measurement principle, the data
processing and the error estimation can be found in Behrendt et al. [2013]. Additional
information on ULS measurements is provided in the pioneering studies of Melling et al.

[1995] and Melling [1998].

A bias, which in case of a rough topography of the ice underside results from the finite size
of the sonar footprint, can be neglected for undeformed level ice, which is the main focus of
this study. A problem is the lack of any information about the local ice drift at the moor-
ing site of the AWI ULS instruments. Hence, we had to look for alternatives. The sea ice
drift data used for this study are the Polar Pathfinder Daily Ice Motion Vectors provided
by the National Snow and Ice Data Center (NSIDC) [Fowler et al., 2013]. The data are
available on a daily basis from October 1978 to December 2012 and are mapped on a 25

km polar stereographic grid. Surface air temperatures at the 2 m level were taken from
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the ERA Interim reanalysis project of the European Centre for Medium-Range Weather
Forecasts (ECMWF). The data we used are provided on a 1.5 deg longitude-latitude grid

and include analyses, forecasts, or combinations of both at different time steps.

3. Ice Drift Conditions and Deformation

The local ice thickness is the result of thermodynamic ice growth, of the advection of
ice away from or into the area of observation, and of ice deformation. In ULS surveys
the measured data reflect the bottom topography of ice fields drifting through the locally
fixed sonar footprint. This means that the recorded draft time series may include ice orig-
inating from different ice regimes. If the drift speed varies, convergences and divergences
may occur which result in the deformation of the ice, creating ridges, rubble fields or open
water leads. Such deformation processes disturb the detection of clear thermodynamic
growth cycles. Hence, we need to assess for the different ULS positions whether advection
of ice from other regimes and local deformation can be neglected relative to the thermo-
dynamic growth. Therefore we analyze ice drift patterns retrieved from satellite data and

histograms of ice thickness measured by the ULS instruments.

The fact that pronounced thermodynamic growth cycles seem to occur preferably in the
region of AWI-208 can be attributed to the large-scale ice motion in the Weddell Sea,
which reveals a relatively low velocity at this and the neighboring position AWI-209
[Kottmeier and Sellmann, 1996]. To demonstrate the effect of ice drift on the measured

ice draft, we compare the ice seasons 2009-2010 and 2010-2011 at the location of AWI-208.
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In the draft records for the position AWI-208 (Fig. 2) every blue dot stands for one
corrected measurement of ice draft, converted into total ice thickness. The logging rate
of the ULS instrument was one minute, that is, 1440 measurements were recorded per
day. The measurements in 20092010 (upper graph) are clustered in a band between
0 and 1 m, reflecting the thermodynamic ice growth [Strass and Fahrbach, 1998|. The
zonal ice drift on the position of AWI-208 in the period 2009-2010 shows initial variations
around zero. A short-term peak in the ice thickness is observed in October (A in the fig-
ure), at the end of a period of stronger zonal drift toward the east, which most probably
transported older deformed ice from the coast of the Antarctic Peninsula into the region.
The variation of the northward drift component appears to be slightly smaller. The drift
situation of the 1993-1994 season was similar to the ice season 2009-2010, that is, the
zonal ice drift varied only slightly around zero. Also in this case, the thermodynamic
growth could be recognized relatively clearly in the ULS data record. Similar but less
pronounced parts of thermodynamic cycles were measured on ULS positions AWI-209
(east of AWI-208) in 1993 and AWI-229/231 (on the prime meridian) in 1998 [Behrendt,
2013]. The mean ice drift in the winter season 2009-2010 (Fig. 3) shows slow northward
movement in the region around AWI-208 and higher drift speeds in the boundary regions
of the Weddell Gyre. The drift paths indicate that the measured ice started its drift in
regions south and southeast of AWI-208. The drift paths from south of AWI-208 seem to
be favorable to the detection of thermodynamic growth cycles. The trajectories in 1993

1994 (not shown) were similar to 2009-2010, with even less fluctuations in zonal direction.
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The ice in the season 2010-2011 was on average thicker than in the year before. This
can be attributed to the stronger ice drift toward the east, which transports thicker ice
from the western Weddell Sea toward the center of the gyre. The thickness record for
20102011 (Fig. 2, lower graph) shows initial states of thermodynamic growth in April
and May. From June onward, the data become more scattered and it is more difficult
to identify a single prominent mode in the ice draft distribution. The eastward ice drift
dominates at the position of AWI-208. The strong drift event in October/November is re-
flected in rising ice thickness (marked with B in the Figure). In April/May the northward
drift was comparably strong. Throughout the year, the drift in northward direction dom-
inated on timescales of 20 days. The drift situation of 2008-2009 revealed characteristics
similar to the 2010-2011 season: pronounced periods of eastward drift and dominating
northward drift on timescales of 20 days. The ice draft record in 2008-2009 is also similar
to 2010-2011, that is, initial fragments of thermodynamic ice growth were detected in
autumn and deformed ice dominated later in the year. The mean ice drift in 2010-2011
(Fig. 3) reveals dominating northward drift in the central Weddell Sea and a strong drift
toward the northeast in the northern part of the gyre. The drift paths indicate that the
ice measured at AWI-208 early in the year originated from positions south of the mooring.
The ice measured by the ULS later in the year started its drift on positions southwest of
the mooring. The starting positions in the far south suggest that deformed second-year
ice occurred over the ULS position. The ice drifted northward and was later advected by
westerly winds across the ULS position. The same pattern of drift trajectories was found

for the period 2008-2009 (not shown).
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To investigate the ice thickness distribution g(z) at a given ULS location over one season,
we follow the approach of Strass and Fahrbach [1998] and use the discrete form of the
probability density function (PDF). It is estimated by dividing the number of thickness
values in an interval between z and z + Az by the total number of measurements made
and additionally by the bin width (here 0.1 m). The distributions plotted in Figure 4 were
obtained from the ULS drafts by calculating the ice thickness using the linear relation
between draft and thickness quoted above (equation 1). The PDFs show the typical de-
crease in frequency of larger thickness values. When using exponential functions we found
the best fits for ice thickness values between 3 and 16 m. To compare PDF's of different
years, we splitted the distributions into ice thickness ranges from 0 to 1.5 m and 1.5 to 16
m. To better distinguish the influences of thermodynamic growth and ice deformation, we
calculated the volume fraction (the integral of z % g(z) * dz) for the two thickness ranges

instead of the area fraction (the integral of g(z) % dz [ Thorndike, 1975]).

In the four ice seasons shown in Fig. 4, a few drafts of up to 36 m were measured, which
we associate with icebergs. The maximum modal ice thickness at about 1 m is more pro-
nounced in seasons with clear thermodynamic growth cycles (1993-1994 and 2009-2010)
and is close to the maximum thickness of thermodynamically grown level ice [Harder and
Lemke, 1994]. Extended ice areas with a mean thickness above about 1 m therefore def-
initely represent not only thermodynamic growth but also the additional influence of ice
deformation. Since ice areas with thicknesses <1 m may also be the result of ongoing
thermodynamic ice growth coupled with events of ice deformation, the interpretation of

the histogram mode in terms of separating deformed and level ice requires additional in-
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formation such as the ice drift conditions discussed above.

As an additional criterion, we tested the slope of the exponential function as a qualitative
indication of the degree of ice deformation. For the period 2009-2010 we obtained a steep
decline which we attribute to the low amount of deformed ice in this season. For the
period 1993-1994, however, the slope is similar to the seasons 2008-2009 and 20102011,
for which the contribution of ice deformation was larger. This may be a result of the lower
quality of the fit, caused by the larger scatter of the values above 10 m (Fig. 4). A more
robust criterion is the difference of the relative volume fractions in the ice thickness ranges
0-1.5 m and 1.5-16 m. It is smaller for the periods 2009-2010 and 1993-1994 (indicating
less deformation) and larger for periods 2008-2009 and 2010-2011. In 2010-2011, e. g.,

there is about 16% more ice volume above 1.5 m than in the season before (Fig. 4).

4. Simulation of Sea Ice Growth

4.1. Stefan’s Law for Snow-Covered Ice

Stefan’s description of thermodynamic sea ice growth [Stefan, 1891] is based on the
assumption that the heat loss during the freezing process is directed upward and is com-
pletely balanced by the latent heat of fusion of the ice [Allison, 1981]. We use Stefan’s Law
without considering solar shortwave radiative fluxes, which is justified since we focus only
on conditions in austral winter. The growth rate dH/dt is thus exclusively determined by

the energy balance at the ice/water interface |Petrich and Eicken, 2010]
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dH
L= = F.— F,, 2
piLi (2)

where p; is the bulk density, L; is the latent heat of freezing of sea ice, F. is the upward
conductive heat flux through the ice and F,, is the oceanic heat flux from below. The

term on the left hand side of the equation represents the latent heat flux due to freezing

(Fr).

In the first step of our analysis, we neglect the oceanic heat flux and only consider the
presence of snow on the ice. In case of a snow layer of thickness h on top of an ice layer
of thickness H, the conductive heat flux on the right hand side of equation (2) can be

expressed by Fourier’s Law of heat conduction for two layers

PiLiCZI = 7;}”;1;})7 (3)

PV W
where T, is the water temperature, T is the snow surface temperature, and A; and A\, are
the thermal conductivities of ice and snow, respectively. To solve this equation analytically
one usually assumes that the snow thickness increases linearly with ice thickness: h = rH.

The validity of this assumption is discussed below. The analytic solution of equation (3)

then is

2\ T
H= |— 27 /Tw—T dt. 4
piLi(1+ 3ir) ) ( 0) (4)

For the absence of snow (r = 0) the equation reduces to the classic solution of Stefan [1891].

Since the snow surface temperature Ty is usually not known, another possibility is to use
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the air temperature. The net heat flux between the atmosphere and the snow surface (F,)
can then be parameterized by the linear approximation F, = k(T - T,) [Leppdranta, 1993].
The atmospheric surface temperature (T,) is taken from measurements at automatic
weather stations close to the site of the ULS mooring or from daily temperature provided
by meteorological data centers such as ECMWEF. The effective heat transfer coefficient
k is a function of wind speed, snow insulation, radiation, humidity, evaporation, and
atmospheric stability which can be determined from measurements of sea ice growth under
different meteorological conditions [Anderson, 1961; Petrich and Ficken, 2010; Eicken,
personal communication]. Since the coefficient k includes turbulent heat fluxes as well
as net longwave radiative fluxes [Petrich and Ficken, 2010], one can assume F, = F,

[Leppdranta, 1993 and equation (3) can then be expressed as

dH  T,-T,
pili—- = 1, H_  h- (5)
dt L

The analytic solution, using h = rH is

T
2\ s
H= i /ﬂfqgﬁ+ﬁ—A,MMA: S T

piL (1+ﬁ7’) 0 ( ) (k(l“‘:\\;T)) ®)

This equation is the basis for our estimations of the influence of snow on the observed ice
thickness. In the following we provide the values we used for the different constants in

equation 6, supplemented by additional information and a sensitivity analysis.

The density of sea ice was set to p; = 0.92 ¢ ecm ™3, which is a typical value for first-year

level ice with no air inclusions. Timco and Frederking [1996] found values between 0.90
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and 0.94 g cm ™3 for sea ice below the water surface. Varying p; between 0.90 and 0.94 has
only a negligible effect on the calculated ice thickness, which is below the accuracy of ULS
measurements in winter. Following Pringle et al. [2007], we use a value of \; = 2.2 W m™!
K~! for the thermal conductivity of sea ice. Leppdranta [1993] and Petrich and Eicken
[2010] suggest A\s = 0.1); for snow. Lei et al. [2010] used temperature measurements
together with a thermodynamic snow /sea ice model and obtained a value of \; = 0.2 W
m~! K~!, which did not reveal any significant seasonal variations. This value is consistent
with results of Sturm et al. [2002] for new snow in the Arctic. However, the value of A
depends strongly on the snow type. In the Antarctic the values range between 0.07 W
m~t K~! for new snow and 0.45 W m~ K~! for very hard wind slab [Sturm et al., 1998].
As we expect more young snow on first-year level ice in the Weddell Sea [Massom et al.,
2001], we varied A, between 0.13 and 0.19 W m~* K~!. Using this range of values, the
variations in the calculated ice thickness hardly exceeded the ULS accuracy. For the heat
transfer coefficient, one can apply the relationship A;/k = 0.1 m [Leppdranta,1993|, which
means that k = 22 W m~=2 K=, Petrich and Eicken [2010] assumed values between 10
and 45 W m~2 K~! based on measurements of sea ice growth under different environmen-
tal conditions (see also Anderson [1961]). To determine the best value for k, we varied
this parameter in our simulations (see section 4.3). The smallest deviations between the
model and our observations were obtained for k > 60 W m~2 K~!. As noted by Petrich
and Eicken [2010], a value of k = 45 W m~2 K~! is valid for a snow layer of 13 ¢cm on
ice of 1 m thickness. Since we obtain smaller snow depths in the presence of an oceanic
heat flux, we consider k = 60 W m~2 K~! as a realistic value for our simulations (note

that only corresponding results are discussed in section 4.3). The effect of increasing the
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k value above 60 W m~2 K~! was found to be negligible for the simulated ice growth. We
took L; = 334 J g~!, which lies between the values of 333 J g~! reported by Fukusako
[1990] and 335 J g~! from Leppdranta [1993]. A variation of £1 J g=! can be ignored in

ice thickness calculations.

The water temperature was set to the freezing point T,, = -1.8°C and the daily mean
surface air temperature on the grid point closest to AWI-208 was taken from ECMWF
reanalysis (ERA-Interim). According to the station measurements of Bracegirdle and
Marshall [2012, Fig. 2], the bias in annual mean and winter surface air temperatures
of the ERA-Interim data is <1°C in the northern part of the Antarctic Peninsula. We
therefore expect that the bias on our ULS position is approximately of same magnitude.
This bias shifts the calculated ice thickness by a maximum of only 6 cm at the end of
the growth season. The effect on the calculated ice thickness is therefore considered small

enough to be neglected for most of the growth period.

To take into account the fact that some ice detected in the ULS-data at the beginning
of freeze-onset may have grown at another location and was advected over the ULS posi-
tion, we shifted the starting day for the calculated ice thickness backwards by two weeks.
After an initial ice growth of a few centimeters in early April 1993 and March 2009, the
ice growth weakened considerably due to the increasing air temperatures in the following
weeks. The effect on the maximum ice thickness in winter is comparably low (few cen-

timeters) and can therefore be neglected.
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4.2. Simulation of Ice Growth in the Presence of Snow

Since we assume h=rH (with h as snow thickness and H as ice thickness) for including the
effect of a snow cover on thermodynamic sea ice growth, we need to assess to what extent
this relationship is valid. In the Weddell Sea, the correlation coefficient R between the
thickness of sea ice and the snow layer lies in the range 0.43-0.67 [Massom et al., 1997].
For new level ice, carrying only the recent snow accumulation, the correlations were found
to be higher (R = 0.8). In regions with highly deformed multi-year ice, such as close to
the Antarctic Peninsula, the correlation decreases to R = 0.39. In the central Weddell
Sea, close to position AWI-208, only first-year ice exists. The standard deviations of both
the measured snow depth and level ice thickness in the central Weddell Sea are very low
(£0.02 m) [Massom et al., 1997]. Therefore we assume that the relation h = rH is a

reasonable model for our calculations of thermodynamic ice growth.

Because of lower precipitation rates compared to the Bellinghausen, Amundsen and Ross
Sea sectors, snow depths in the central Weddell Sea are low [Massom et al., 2001]. They
typically vary from 5 to 10 cm, and the mean values in different regions rarely exceed 30
cm [Massom et al., 2001]. High values of snow depth (50-100 cm) are measured mainly
on multiyear ice along the Peninsula in the western Weddell Sea [Lange and Eicken, 1991;

Massom et al., 1997].

When a winter snow cover becomes thick enough, its weight depresses the snow/ice in-
terface below the water line. The slush formed from the flooded snow layer may freeze

and consolidate, resulting in the formation of snow (meteoric) ice. In this way meteoric
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ice can contribute a significant amount to the total sea ice thickness. Although in the
Antarctic flooding of sea ice is a widespread phenomenon [Massom et al., 2001], ice core
analyses suggest that snow-ice formation makes only a moderate contribution to the total
sea ice mass in the Weddell Sea. To obtain the snow thickness at which flooding occurs
we follow the approach of Massom et al. [1997]. Assuming undeformed sea ice floating on
seawater and isostatic balance, the ratio of snow to ice thickness (rfi004) at which flooding

starts, is

T flood = (Pu=p) =0.34 (7)

S

3 a water density of p, = 1.03 g cm™® and

Here we used an ice density p; = 0.92 g cm™
a snow density of p; = 0.32 g ecm™ (based on Massom et al. [2001]). If, for example,
a snow layer becomes thicker than 17 cm, level ice of 0.5m thickness is flooded. Since

flooding is less common in the central Weddell Sea and snow layers on first-year level ice

are typically thin, we do not consider the case of flooding.

After the initial test with variable heat transfer coefficient k (see above), our first simu-
lations include two unknown variables: the parameter r, describing the coupling between
snow and ice layer thickness, and the thermal conductivity of snow (\s). The parameter
r was varied between 0 (i.e., no snow) and 0.34 (threshold for flooding), and the snow
conductivity between 0.13 and 0.19 W m~! K~!. Using these values together with daily
mean surface air temperatures and the constants described in the previous section, the
theoretical ice growth was calculated from equation (6). We then varied the parameters r

and A, stepwise to obtain all possible realistic combinations. Note that for the calculation
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of each curve showing the increase of ice thickness as a function of time, the values of r

and A\, were assumed to be constant over the full growth period.

For comparisons between the ice growth simulations and the ULS observations, we used
the statistical mode of the observed ice thickness distributions as representative for the
level ice thickness as explained above. On a daily basis, the mode shows very strong
fluctuations, which is also evident in the scattering of the single ULS measurements (Fig.
2, upper part). We therefore calculated weekly distributions to obtain the statistical
mode (Figs. 5 and 6). The mode values were interpolated linearly to match the daily
scale of the calculated ice thickness. All results from equation (6) were compared to the
mode of the observations. Those simulations that revealed the smallest root mean square
(RMS) deviation from the observations were then used to derive the possible ranges of r

and A\s and thus to determine the growth rate and thermal conductivity of the snow cover.

The weekly mode for the season 1993-1994 in Figure 5a shows fluctuations, especially in
the first half of the record. The two bumps around week 6 and week 12 clearly deviate
from the square-root law of thermodynamic ice growth. The histograms of the weekly
thickness distributions occasionally reveal a broadening around the mode, which compli-
cates the detection of a clear signal. We assume that our estimation of the mode has
an average error of approximately +5 c¢m (reflected by our choice of the histogram bin
size, see Figs. 5 and 6), which lies within the accuracy of single ULS measurements. For
bi-modal distributions recognized in the second half of the record the second mode had to

be selected, as the first mode occurs in the thickness class 0-5 cm, indicating refreezing
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leads (Figs. 5 and 6). In September/October (Fig. 5a, weeks 24-27) the histograms cover
a wide range of ice thickness values. This indicates highly variable ice conditions over the
ULS position for which a characterization by the modal ice thickness is too simplistic.
The apparent jump in ice thickness between weeks 26 and 27 may be a result of changing
ice drift patterns. In this period the zonal ice drift turned to a more westerly direction,
while a strong positive northward drift anomaly occured at the same time (not shown).

These changes may have created convergences and divergences in the ice pack.

The ice formation starts in April when the air temperatures drop below the freezing point
of seawater (Fig. 5b, note that we apply the model only for the time of growing ice thick-
ness). At the beginning of the ice season the thickness values are scattered in the upper
meter of the water column. Strass and Fahrbach [1998] showed that the end of this initial
period roughly corresponds to the closing of the ice cover, i.e., the time when the ice
concentration rises rapidly to nearly 100 percent. From July onward, the thermodynamic
ice growth is easier to identify. With the beginning of October, the clustered values show
a scatter of approximately +10 cm, which can be caused by e.g. the ULS measurement
uncertainty in the case of closed ice covers with no leads. A more detailed discussion of

the scattered values is provided in section 5.

The ice growth in 1993-1994 extended over approximately 180 days (Fig. 5). The ice
started growing with 2.5 cm d=! in late April and continued with growth rates of <1 cm
d=! until the end of June. From June on, the rate decreased to less than 0.5 cm d—!.

When neglecting the snow cover the thermodynamic ice growth is overestimated by a
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factor of almost two when applying equation (6). Once a thin snow cover is included, the
observed ice thickness can be well described by the model. The model results also reveal
the dependence of sea ice thickness on air temperature. The values of possible snow thick-
nesses (Fig. 5b) were derived from those simulation results that showed the minimum
RMS deviation (in this case 0.14 m) relative to the observations. They cover the range
from a thin snow cover of 14 c¢m thickness and low thermal conductivity (r = 0.15, A\; =
0.13 W m~! K71) to a thicker snow cover of 26 cm and higher thermal conductivity (r
= 0.29, Ay = 0.19 W m~! K™'). A variation of the statistical mode of the ice thickness
by £5 c¢m increases the span of snow thickness in November from 14-26 cm to 12-31 cm.
Since, as mentioned above, the observed snow thickness rarely exceeds a value of 10 cm in

the central Weddell Sea, a thin snow cover and lower thermal conductivity are more likely.

As in 1993-1994, the ice growth in 2009-2010 extended over approximately 180 days. The
ice growth rates varied from 3 cm d~! in early April to <1 cm d~! until mid July. Then, the
ice growth decreased down to <0.5 cm d~!. The modal ice thickness fluctuated less than
in 1993-1994 (Fig. 6). Except for the first month, the mode closely follows the growth
of the level ice (Fig. 6b). The ice grew faster than in 1993-1994 as the growth period
was not interrupted by rising air temperatures, such as in July/August 1993. In 2009-
2010 the ice reached its thickness maximum at around 1 m already in August/September,
which is about one month earlier than in 1993-1994 (note that the ice season also started
about three weeks earlier). The record of 2009-2010 also shows scattering of the data
in the upper meter of the water column in the initial phase of ice growth. As the ice in

2009-2010 was thicker compared to 1993-1994, the growth simulations yielded slightly
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lower snow thicknesses. The results with the minimum RMS deviation (0.11 m) from the
observations suggest a range for the snow thickness between 10 and 19 cm (with values of
r=0.09 A =013Wm 'K ?!'andr=0.18 A\, = 0.19 Wm~! K™1). A variation of the
statistical mode of the ice thickness by £5 cm increases the span of the snow thicknesses

in November from 10-19 cm to 9-20 cm.

4.3. Consideration of the Oceanic Heat Flux

The ocean always contains a reservoir of heat, which maintains a heat flux through the
ice toward the colder atmosphere [Petrich and Eicken, 2010]. Besides the snow cover on
the ice, this additional heat flux limits the ice growth. The oceanic heat flux is typi-
cally highly variable. It mainly depends on the temperature in the oceanic mixed layer
[McPhee, 1992; Lei et al., 2010], the roughness of the ice bottom [Holland et al., 1997
and on the ice motion and the current velocities under the ice [McPhee, 1992]. It is also
affected by the ice growth itself and the associated thermohaline convection under the ice
[Allison, 1981], and by changes in ice concentration and solar radiation absorbed by the

seawater.

To include the oceanic heat flux in our calculations we used Stefan’s Law (equation 6)
extended by a term describing the cumulative effect of oceanic heat [Allison, 1981; Lei et

al., 2010]

T
H= %iA ﬂ%—ﬂW+N—A—
piLi (1+ TT) 0

] T
F,, dt, 8
piLiO/ ( )
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where F,, is the oceanic heat flux, and the factor A is equal to the definition for equation

(6) above.

Because we lack independent measurements of the oceanic heat flux, we use equation (8)
to estimate the necessary average flux F,, for the considered period by comparing the
simulations to our ULS measurements. To estimate all possible combinations of r , Ay and
F.,, we again changed these parameters stepwise in a systematic manner and extracted
those combinations that showed the smallest RMS deviation relative to the ULS measure-
ments. For r and \; we used the ranges of values given above, the oceanic heat flux was
varied between 0 and 20 W m~2. Results are shown in Table 1. We again considered an

error of £5 c¢m in the modal ice thickness.

The fitting curves for the season 1993-1994 showed a minimum RMS deviation from the
observed ice thickness mode of 0.13 m and thus yielded a small improvement compared
with the simulations neglecting F,, (previous section). The ranges of the parameters in-
clude situations without snow and a high oceanic heat flux of 17 W m~2 and a 14 cm thick

snow layer with an oceanic heat flux of 3 W m~2

. The large span of possible values can
be attributed to the strong fluctuations of the ice thickness mode. As discussed earlier,
scenarios with snow thickness below 10 cm are more realistic in the Weddell Sea. This

would slightly narrow down the possible range for the oceanic heat flux to 4-17 W m—2.

The scenarios showing the smallest RMS deviation included the full range of values for
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Ay (0.13-0.19 W m=! K1),

The example shown in Figure 7a is an extreme scenario without snow and a very high
oceanic heat flux of 17Wm™2. The calculated ice thickness fits relatively well to the ob-
served ice growth until September but deviates from the observed mode in October and
November. The second scenario (Fig. 7b) includes a snow cover increasing in thickness
up to 10 cm over the ice growth season and a moderate oceanic heat flux of 5Wm=2. In
this case the fit becomes better at the end of the growth season, but still seems to un-
derestimate the ice thickness mode from October onward. Both scenarios are equivalent,

that is, they reveal the same RMS deviation from the observed mode (0.13 m).

For the years 2009-2010 (Fig. 8) only few combinations of the parameters r and F,
showed the smallest RMS deviation of 0.08 m from the detected thickness mode. The
corresponding deviation of the snow-only model was 0.11 m, which suggests that the in-
clusion of the oceanic heat flux slightly increased the quality of the fits. For the nominal
mode, the best fit is obtained for a very thin snow layer of only 1 to 2 cm thickness but
for relatively high oceanic heat fluxes between 10 and 12 W m~2 (Table 1). Increasing the
mode by 5 cm yields a higher number of possible snow thickness-heat flux combinations.
They include snow thicknesses between 0 and 4 ¢cm and oceanic heat fluxes between 6
and 14 W m~2. When decreasing the mode by 5 cm the snow thickness varies between
3 and 5 cm, and the span of possible oceanic heat fluxes lies between 8 and 10 W m~2.
Since the ice thickness mode observed in 2009-2010 better follows the square-root law of

thermodynamic ice growth, the estimated ranges for the parameters r and F,, are signif-
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icantly smaller than in 1993-1994. As in 1993-1994, the scenarios showing the smallest

RMS deviation included the full range of values for As (0.13-0.19 W m~* K™').

The fit in Figure 8a shows that the observed ice growth can be reasonably well described

2 and a very thin snow

by equation (8), assuming a high oceanic heat flux of 12 W m~
depth increasing up to 1 ecm. The curve in figure 8b is equivalent with 8a (RMS = 8
cm), but yields a slightly better agreement with the observations at the end of the growth

SeasoI1l.

In our model simulations we assumed that F,, in equation (8) is constant over the entire ice
growth period. Under real conditions the oceanic heat flux usually starts at higher values

and decreases with time, and is furthermore subject to strong intra-seasonal fluctuations

[Allison, 1981; Lytle and Ackley, 1996; Lei et al., 2010].

5. Discussion

In the central Weddell Sea, the average length of the sea ice growth period amounts to ap-
proximately 180 days. Low-frequency variations of air temperatures are clearly reflected
in the ice thickness changes. The theoretical maximum thickness of level ice of about 1
m [Harder and Lemke, 1994] is in line with our ULS observations. Most observations in
the Antarctic are in the range between 0.5 and 0.7 m [Petrich and Eicken, 2010]. In the
western Weddell Sea, Worby et al. [2008, Table 3] found a mean thickness of 0.91+0.75
m for the level ice (which we interpret as mean of the ice thickness mode) from 810 ship-

based observations. Those findings compare well with our observations.
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Since we had no direct measurements of snow thickness and oceanic heat flux, we var-
ied their magnitudes in a systematic manner when carrying out the simulations, and
used the RMS deviation between theoretical results and observations as a criterion for
the quality of the fits. The best agreement between simulations and observations for
the period 1993-1994 were obtained when snow layers of 0—14 cm, oceanic heat fluxes
between 3 and 17 W m~2 and a snow heat conductivity between 0.13 and 0.19 W m™!
K~! were assumed. Since observed snow depths in the central Weddell Sea hardly exceed
10 c¢m, a smaller range of the oceanic heat flux is more likely. In the ULS data from
20092010 the ice growth cycle could be more clearly identified. The best fits were found

for snow depths between 1 and 2 cm and oceanic heat fluxes ranging from 10 to 12 W m~2,

The snow depths and heat fluxes that we obtained in our simulations are within realis-
tic boundaries. For the oceanic heat flux under Antarctic landfast ice Lei et al. [2010]
found monthly mean values varying between 14 W m~2 in December and 3 W m~2 in
September, with an average of 4.2 + 2.4 W m~2 for the period May-September 2006.
Allison [1981] calculated ocean-to-ice heat fluxes, which varied between 0 and about 40
W m~2 near Mawson, Antarctica. They used a mean heat flux of 9 W m~2 to explain
the observed growth of snow-free landfast ice by applying Stefan’s Law. Lytle and Ackley
[1996] reported mean values of 6-8 + 2 W m~2 in the period February—June 1992 for sea
ice at different sites in the western Weddell Sea. The position of AWI-208 lies about 20
degrees further east, and we obtained higher upper bounds (14 and 17 W m~2) in our flux

estimations.
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In our analysis, the determination of oceanic heat fluxes and snow depths relies critically
on the detection of a clear thermodynamic growth signal in the ice thickness histograms.
In our data, we found clear deviations from the assumption of a one-dimensional winter-
time ice growth. All shown ULS records (Figs. 5 and 6) include strong signals scattered
in the upper meter of the water column at the beginning of each ice season (mainly in
April and May). The signals observed in April represent most probably reflections from
frazil crystals that are mixed in the upper water layer by Langmuir circulation during the
early stages of ice formation. Also air bubbles as a result of breaking waves in leads may
have caused the observed reflections from below the water surface [Drucker et al., 2003].
The statistical mode of the reflection depths during these periods lies above the growth
curve from Stefan’s Law, which compares with our assumption that it results from air
bubbles and /or frazil ice crystals in the water column. These problems are well known in
the processing of ULS data, and the retrieved ice thicknesses from the initial ice growth
have to be critically examined. Also some values in May/June that range from 0.5 to 1
m are too large to be explained by thermodynamic growth of level ice. Possibly these
signals originate from pancake ice, which is herded and compacted by wind action. Such
aggregates can reach mean thicknesses of 40-70 cm [Lange et al., 1989]. Figure 8a suggests
that the detection of a thermodynamic growth signal is possible after the first 2 weeks of

ice formation.

In general ice draft fluctuations can result from (1) changes in the ice drift direction, (2)

variations of surface air temperature, (3) snowfall/snowmelt events causing a deviation

from the assumption h=rH, (4) fluctuations in the oceanic heat flux, (5) occasional flood-
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ing events and (6) measurement and/or processing uncertainty. Taking these factors and
the ULS uncertainty into account, it is not possible to derive daily oceanic heat flux vari-
ations from the balance F,, = F. - F (Eq. 2). Therefore we used the average heat flux in
our simulations. In field studies, temporal variations of the oceanic heat flux are mostly
derived using the so-called residual method [Lytle and Ackley, 1996; Hoyland, 2009; Lei
et al., 2010]. This method is based on Eq. 2 and requires ice-temperature profiles and
high-accuracy measurements of ice accretion/ablation from the ice underside. This can
be achieved by using thermistor strings in combination with drill hole measurements [e.g.,

Lei et al., 2010] or by deploying special ice mass balance buoys [Lei et al., 2014].

6. Conclusions

We used ice thickness data measured by means of ULS to study thermodynamic sea ice
growth in the central Weddell Sea. Two seasons with dominating thermodynamic growth
cycles could be identified (1993-1994 and 2009-2010). In these years, the ice drift condi-
tions were found to be favorable for a clear detection of such cycles, because the advection
of thicker deformed ice from further west was relatively low over the ULS position. This
was confirmed by calculating ice drift trajectories that crossed the ULS position. The
ice in 1993-1994 and 2009-2010 originated from regions south of the mooring position.
The drift patterns indicate a certain degree of ice deformation due to convergence and
divergence, but the thermodynamic growth cycles in the northward drifting floes are nev-
ertheless clearly identifiable. In 2008-2009 and 20102011 the drift trajectories indicate
that the detected ice originated from a larger area southwest of the mooring position,

which is usually covered by deformed second-year ice.
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We applied modified versions of Stefan’s Law to simulate thermodynamic ice growth and
to estimate the snow cover on the ice and the oceanic heat flux from below. We found
that Stefan’s Law is very well suited to simulate thermodynamic ice growth by comparing
the theoretical results with the modal ice thickness derived from the ULS data. This
study also confirms the importance of including snow thickness and the upward ocean
heat flux in the analyses of sea ice thickness variations. Our results compare well with
previous measurements of snow thickness and oceanic heat fluxes in the Weddell Sea. It
furthermore offers detailed observations of sea ice growth and melt cycles in a region, in
which measurements of sea ice thickness are still very sparse. Our observations therefore
provide important information which can be directly used to validate the ice thickness
obtained from simulations with sea ice models or from satellite altimetry. For example, by
comparing model results with ULS observations, Timmermann et al. [2009] demonstrated
that their FESOM sea ice model still underestimates the ice thickness in the central
Weddell Sea.

As demonstrated in our study, the heat flux integrated over large parts of the ice growth
season can in principle be obtained using a modified version of Stefan’s Law (Eq. 8), if
thermodynamic ice growth is dominant, and the effect of ice deformation can be neglected.
This requires that the unknowns in the equation (in particular ice and snow thickness,
but also the thermal conductivity of snow and the heat transfer to the atmosphere) must
be known with high accuracy. If this is the case, e.g. along longer profiles or over certain
regions, it will offer a chance to interpolate or supplement the point measurements of the

oceanic heat flux over larger areas.
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Figure 1. The study area in the Weddell Sea. Black dots with numbers represent the positions

of the ULS-mooring array.

Table 1. Estimated Ranges for Snow Parameters and Oceanic Heat Flux (Equation 8)*

Years Scenario r Snow Depth [cm] F,, [W m™2] RMS Dev. [cm]
1993-1994 mode 0-0.15 0-14 3-17 13

mode +5 cm  0-0.09 0-8 5-16 14

mode -5 cm  0.02-0.19 2-17 3-14 12
2009-2010 mode 0.01-0.02 1-2 10-12 8

mode +5 cm  0-0.04 0-4 6-14 10

mode -5 cm  0.03-0.05 3-5 8-10 7

& Also shown are the ranges for an ice thickness mode varying by £5 cm.
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Figure 2. The two ice thickness records of 2009-2010 and 2010-2011 measured at position
AWI-208. See text for symbols A—B. The respective lower panels show time series of the daily
mean drift in zonal and meridional direction (light blue). The dark blue lines are 20 days
running means. Positive drift is from west to east and from south to north. An ice drift of 1

cm/s corresponds to 0.86 km/day.
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30°\\ 2009-2010

Figure 3. Ice drift trajectories for the two periods 20092010 and 2010-2011 (from January
to January of the following year, respectively). For a better clarity, only every 10th trajectory
was plotted. The trajectories were obtained by applying the back-calculation method used by
Pfirman et al. [1997]. The end point of each trajectory obtained by back-calculation from the
position AWI-208 is marked with a black dot, respectively. Two example tracks are highlighted

in red. The mean ice drift for the periods is shown by grey arrows in the background.
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Figure 4. Semilogarithmic plots of probability density functions (PDF) of ice thickness at
AWI-208 for the months April to February in different ice seasons (given in the lower left corners
of the plots). Bin size: 10 cm. The red regression lines were calculated for ice thicknesses >3
m (red dots). The equations show the exponential relationships for the fits and the squared
correlations between fit and PDF. The percent numbers give the volume fraction of ice below
and above 1.5 m thickness. The left panels show the ice seasons with pronounced thermodynamic

ice growth, while the PDF's on the right panels are more strongly influenced by ice deformation.
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Figure 5.  (a) Weekly sea ice thickness distributions of AWI-208 in 1993-1994. The gray
line represents the development of the statistical mode. It was calculated only for data cycles
identified as ice. All histograms have been scaled by the maximum bar of the respective month
to ensure equal distance between the time steps in the plot. The bin width of the histograms is 5
cm. (b) Upper panel: ECMWF daily mean surface air temperature at AWI-208. Thick blue line:
14-days running means. Middle panel: Sea ice thickness from ULS (lograte 4 min), its statistical
mode from (a) and thermodynamic ice growth from Stefans Law without (blue dashed) and with
snow (red dashed curve). Lower panel: Snow thickness range derived from a comparison between

results of equation (6) and the ULS measurements. See text for details. The red dashed curves
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Figure 6. The same as in figure 5, but for the ice season 2009-2010. (b) The lograte of the

ULS measurements was 1 min. The two red dashed curves are valid for the parameters r =0.14

and Ay = 0.17 Wm~! K%
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Figure 7. ULS measurements from 1993-1994 and the results of equation (8). (a) Red line:

Model without snow cover and high oceanic heat flux (see legend). (b) Red line: Model with a
maximum snow cover of 10 cm (r =0.11) and a moderate oceanic heat flux (see legend). The
shaded area shows the derived range of snow depths compatible with the statistical ice-thickness

mode (see text and Table 1).
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Figure 8. ULS measurements from 2009-2010 and the results of equation (8).
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(a) Red line:

Model with thin snow cover (1 cm) and high oceanic heat flux (see legend). (b) Red line: Model

with a maximum snow cover of 2 cm and lower oceanic heat flux (see legend). The shaded areas

show the derived ranges of snow depths compatible with the statistical ice-thickness modes (see

text and Table 1).

DRAFT

February 18, 2015, 2:49pm

DRAFT



