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Abstract. Upward-looking sonar (ULS) data were used to analyse ther-4

modynamic sea ice growth. The study was carried out for an ocean region5

in the central Weddell Sea, for which data of sea ice thickness variability and6

of the oceanic heat flux through the ice are rare. In the study area the con-7

tribution of sea ice deformation to vertical ice growth is relatively small in8

some years. This provides the opportunity to simulate thermodynamic sea9

ice growth considering the influence of a snow cover and of the oceanic heat10

flux. To this end, a modified version of Stefan’s Law was used. The result-11

ing ice thickness variations were then compared with the ULS measurements.12

For the investigated cases, the best consistency between data and model re-13

sults was obtained assuming a snow layer of less than 5 cm thickness and14

average oceanic heat fluxes between 6 and 14 W m−2. It is demonstrated that15

in conjunction with ice drift data and analytical models for thermal sea ice16

growth, ULS ice thickness measurements are useful for studying the seasonal17

cycle of growth and decay, and for inferring the magnitude of the average18

oceanic heat flux under sea ice.19
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1. Introduction

Satellite microwave radiometers have been used to monitor Antarctic sea ice since 197920

[Parkinson and Cavalieri, 2012]. However, only information about areal parameters, such21

as ice extent and ice concentration, can be obtained from radiometer data. A complete22

assessment of sea ice changes and their relevance to global climate requires additional23

information about the variations of the ice volume [Lemke et al., 2007]; hence, the sea ice24

thickness must be known [Wadhams, 1994]. Due to the lack of submarine data from the25

Antarctic ocean regions the knowledge about sea ice thickness and its temporal variations26

is extremely sparse.27

28

To measure sea ice thickness in the Antarctic with sufficient spatial and temporal sam-29

pling is still one of the most challenging tasks in sea ice monitoring. Satellite algorithms30

for the retrieval of sea ice thickness from space-borne radar or laser altimeters are cur-31

rently under development [e.g., Giles et al., 2008; Yi et al., 2011]. They aim at providing32

information about circumpolar sea ice thickness on a monthly basis. A first analysis of33

basin-wide sea ice thickness for the Southern Hemisphere based on laser altimeter data34

has been published recently by Kurtz and Markus [2012]. The error of laser altimetry for35

ice thickness estimates, however, is still relatively large (on the order of 0.5–0.7 m), mainly36

because of difficulties in obtaining data of the snow cover thickness on the ice [Kwok and37

Cunningham, 2008].38

39
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In this paper, we focus on local studies of temporal ice thickness variations. To date,40

upward-looking sonars (ULS) are the only instruments for measuring the long term de-41

velopment of sea ice thickness with relatively high accuracy. They are moored at fixed42

locations and measure the vertical extension of the sub-surface portion of sea ice (the43

ice ”draft”). These data can be converted into total ice thickness assuming hydrostatic44

equilibrium or by using empirical relations based on data from ice drilling. ULS mea-45

surements are not biased toward undeformed ice thickness and are therefore capable of46

detecting the full range of the sea ice thickness distribution. The accuracy of ice thickness47

data obtained from ULS measurements is about 5 to 10 cm [Melling et al., 1995]. Most48

of the ULS studies published so far were carried out in the Arctic. They were mainly49

concerned with investigating the thickness statistics of different ice classes and pressure50

ridges [Melling and Riedel, 1995; Melling and Riedel, 1996; Fukamachi et al., 2006], the51

long term development of sea ice thickness [Melling et al., 2005], and with ice volume flux52

studies [Vinje et al., 1998].53

54

In simulations of atmosphere - sea ice - ocean interactions and in global climate simu-55

lations thermodynamic sea ice growth is usually modeled by solving equations of heat56

transfer [Maykut and Untersteiner, 1971; M. Losch, personal communication]. This re-57

quires special numerical techniques as the thermal properties of sea ice vary with changing58

temperature and salinity of the ice in a nonlinear way [Yen, 1981]. As a simple alternative,59

thermodynamic ice growth can also be described by analytical methods such as Stefan’s60

Law [Stefan, 1891], in which the thermal properties of sea ice are usually taken as con-61

stants. At their mooring site, ULS data enable detailed studies of ice thickness variations62
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in the course of a full season. The sea ice thickness distribution is determined by three63

factors: thermodynamic growth and decay, ice advection toward and away from the mea-64

surement site, and convergent and divergent motion of the ice, causing ice thickening due65

to rafting and ridging and ice thinning due to formation of openings in the ice (e.g. leads)66

[Thorndike, 1975].67

68

In most cases it is not possible to separate the influence of the three before-mentioned69

terms to the sea ice thickness actually retrieved from ULS data. Hence, it is also difficult70

to assess the influence of environmental conditions on each of these terms. Most of the71

studies employing Stefan’s Law were carried out in embayments [Allison, 1981], fjords72

[Høyland, 2009] or coastal landfast ice [Purdie et al., 2006; Lei et al., 2010], where the ice73

is less affected by deformation. Our study focuses on thermodynamic ice growth in the74

central Weddell Sea in single years between 1993 and 2010, in which ice deformation could75

be neglected. We apply Stefan’s Law to estimate the influence of the two limiting factors76

of thermodynamic ice growth in austral winter: the thermally insulating snow cover on77

top of the ice and the oceanic heat flux from below. Thermodynamic growth cycles of78

sea ice have been rarely measured in pack ice. Our ULS measurements therefore provide79

valuable data to close this gap.80

81

In the next section, we describe the used data and processing methods as well as the82

measurement sites. Ice advection and the influence of sea ice deformation at our test83

site are analyzed in section 3. We test the suitability of Stefan’s Law for simulating the84

observed pack ice thickness and discuss its extensions to include effects of a snow cover85
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and the oceanic heat flux in section 4. The results are briefly summarized and discussed86

in sections 5 and 6.87

88

2. Data and Methods

In the Southern Hemisphere, the largest array of ice-profiling sonars is operated by the89

Alfred Wegener Institute (AWI). On 13 different locations, a varying number of instru-90

ments has been deployed in the Weddell Sea since 1990 [Behrendt et al., 2013]. The ULS91

data for this study were taken from the PANGAEA archive [Behrendt et al., 2012]. The92

mooring positions include a transect spanning the Weddell Sea from the tip of the Antarc-93

tic Peninsula at Joinville Island in the west to Kapp Norvegia in the east (Fig. 1). A94

second transect is located on the prime meridian between 59◦S and 69.4◦S latitude. For95

the first transect, data series are available since 1990, for the second transect since 1996.96

Because of logistical reasons, instrument failures and lost moorings, all data series contain97

significant temporal gaps. An overview of the available data can be found in Figure 298

shown in Behrendt et al. [2013] and in an updated version of this figure on the PANGAEA99

website.100

101

The sea ice in the Weddell Sea is transported in a cyclonic gyre [Deacon, 1979], first102

westward along the continental margin and then northward along the Antarctic Penin-103

sula (Fig. 1). Based on ULS data, the mean monthly ice export was estimated to be 59104

× 103 m3 s−1 [Drinkwater et al., 2001]. Our study area is located in the center of the105

Weddell Gyre at ULS mooring AWI-208 (65◦S, 36.5◦W, Fig. 1). At AWI-208 the sea ice106

completely disappears during summer. Further south, a significant fraction of ice remains107
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also in the summer months [Parkinson and Cavalieri, 2012]. The first ULS on position108

AWI-208 was deployed in the period from December 1990 to December 1992. Because of109

a technical failure no data could be obtained. The second instrument measured between110

January 1993 and January 1995 with a sampling rate of 4 minutes, and the third one111

between March 2008 and January 2011 with a sampling rate of 1 minute. The time series112

of ice draft from this region include the most pronounced thermodynamic cycles of ice113

growth among all ULS data recorded since 1990 as explained below.114

115

The draft data (d) for this study were converted into total ice thickness (z) (both given116

in meters) using the empirical relationship117

z = 0.028 + 1.012 d. (1)118

This equation was established from ice drilling in the Weddell Sea. The draft values cov-119

ered a range between 0.4 and 2.7 m with a coefficient of determination of r2 of 0.99. The120

data included cases in which a snow layer was present on the ice. For details see Harms et121

al. [2001], and references cited therein. Due to the constant factor of 2.8 cm in equation122

(1), thickness values ≤0.4 m are overestimated. The bias increases as the ice gets thinner.123

This, however, is not critical for the analyses presented below.124

125

From their position at depths between 100–150 m, the AWI ULS instruments send short126

sound pulses at 300 kHz toward the ice-covered ocean surface and measure the travel time127

of the signal. The processing of the ULS data and the retrieval of ice draft is described128

in detail in the article by Behrendt et al. [2013]. The ice draft is obtained by subtracting129
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the calculated distance between ice bottom and ULS from the instrument depth. Since130

the properties of the water column between the ULS and the ice are not known, the131

ice drafts are calculated using a fixed value of sound speed. The results are corrected132

manually by experienced ice analysts who identify open water leads or thin ice areas in133

the data series to compensate the error resulting from the assumption of a fixed sound134

speed. For the accuracy of the data obtained in this way, Behrendt et al. [2013] found135

±5 cm in the freezing/melting seasons and ±12 cm in winter. The first number compares136

well with the estimation of Melling et al. [1995] given above. When the ice concentration137

reaches nearly 100 percent in winter, significant biases can occur in the manual ice draft138

estimation because of the lack of open water leads needed for the correction procedure.139

Details of the ULS data set from the Weddell Sea, the measurement principle, the data140

processing and the error estimation can be found in Behrendt et al. [2013]. Additional141

information on ULS measurements is provided in the pioneering studies of Melling et al.142

[1995] and Melling [1998].143

144

A bias, which in case of a rough topography of the ice underside results from the finite size145

of the sonar footprint, can be neglected for undeformed level ice, which is the main focus of146

this study. A problem is the lack of any information about the local ice drift at the moor-147

ing site of the AWI ULS instruments. Hence, we had to look for alternatives. The sea ice148

drift data used for this study are the Polar Pathfinder Daily Ice Motion Vectors provided149

by the National Snow and Ice Data Center (NSIDC) [Fowler et al., 2013]. The data are150

available on a daily basis from October 1978 to December 2012 and are mapped on a 25151

km polar stereographic grid. Surface air temperatures at the 2 m level were taken from152
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the ERA Interim reanalysis project of the European Centre for Medium-Range Weather153

Forecasts (ECMWF). The data we used are provided on a 1.5 deg longitude-latitude grid154

and include analyses, forecasts, or combinations of both at different time steps.155

156

3. Ice Drift Conditions and Deformation

The local ice thickness is the result of thermodynamic ice growth, of the advection of157

ice away from or into the area of observation, and of ice deformation. In ULS surveys158

the measured data reflect the bottom topography of ice fields drifting through the locally159

fixed sonar footprint. This means that the recorded draft time series may include ice orig-160

inating from different ice regimes. If the drift speed varies, convergences and divergences161

may occur which result in the deformation of the ice, creating ridges, rubble fields or open162

water leads. Such deformation processes disturb the detection of clear thermodynamic163

growth cycles. Hence, we need to assess for the different ULS positions whether advection164

of ice from other regimes and local deformation can be neglected relative to the thermo-165

dynamic growth. Therefore we analyze ice drift patterns retrieved from satellite data and166

histograms of ice thickness measured by the ULS instruments.167

168

The fact that pronounced thermodynamic growth cycles seem to occur preferably in the169

region of AWI-208 can be attributed to the large-scale ice motion in the Weddell Sea,170

which reveals a relatively low velocity at this and the neighboring position AWI-209171

[Kottmeier and Sellmann, 1996]. To demonstrate the effect of ice drift on the measured172

ice draft, we compare the ice seasons 2009–2010 and 2010–2011 at the location of AWI-208.173

174
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In the draft records for the position AWI-208 (Fig. 2) every blue dot stands for one175

corrected measurement of ice draft, converted into total ice thickness. The logging rate176

of the ULS instrument was one minute, that is, 1440 measurements were recorded per177

day. The measurements in 2009–2010 (upper graph) are clustered in a band between178

0 and 1 m, reflecting the thermodynamic ice growth [Strass and Fahrbach, 1998]. The179

zonal ice drift on the position of AWI-208 in the period 2009–2010 shows initial variations180

around zero. A short-term peak in the ice thickness is observed in October (A in the fig-181

ure), at the end of a period of stronger zonal drift toward the east, which most probably182

transported older deformed ice from the coast of the Antarctic Peninsula into the region.183

The variation of the northward drift component appears to be slightly smaller. The drift184

situation of the 1993–1994 season was similar to the ice season 2009–2010, that is, the185

zonal ice drift varied only slightly around zero. Also in this case, the thermodynamic186

growth could be recognized relatively clearly in the ULS data record. Similar but less187

pronounced parts of thermodynamic cycles were measured on ULS positions AWI-209188

(east of AWI-208) in 1993 and AWI-229/231 (on the prime meridian) in 1998 [Behrendt,189

2013]. The mean ice drift in the winter season 2009–2010 (Fig. 3) shows slow northward190

movement in the region around AWI-208 and higher drift speeds in the boundary regions191

of the Weddell Gyre. The drift paths indicate that the measured ice started its drift in192

regions south and southeast of AWI-208. The drift paths from south of AWI-208 seem to193

be favorable to the detection of thermodynamic growth cycles. The trajectories in 1993–194

1994 (not shown) were similar to 2009–2010, with even less fluctuations in zonal direction.195

196
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The ice in the season 2010–2011 was on average thicker than in the year before. This197

can be attributed to the stronger ice drift toward the east, which transports thicker ice198

from the western Weddell Sea toward the center of the gyre. The thickness record for199

2010–2011 (Fig. 2, lower graph) shows initial states of thermodynamic growth in April200

and May. From June onward, the data become more scattered and it is more difficult201

to identify a single prominent mode in the ice draft distribution. The eastward ice drift202

dominates at the position of AWI-208. The strong drift event in October/November is re-203

flected in rising ice thickness (marked with B in the Figure). In April/May the northward204

drift was comparably strong. Throughout the year, the drift in northward direction dom-205

inated on timescales of 20 days. The drift situation of 2008–2009 revealed characteristics206

similar to the 2010–2011 season: pronounced periods of eastward drift and dominating207

northward drift on timescales of 20 days. The ice draft record in 2008–2009 is also similar208

to 2010–2011, that is, initial fragments of thermodynamic ice growth were detected in209

autumn and deformed ice dominated later in the year. The mean ice drift in 2010–2011210

(Fig. 3) reveals dominating northward drift in the central Weddell Sea and a strong drift211

toward the northeast in the northern part of the gyre. The drift paths indicate that the212

ice measured at AWI-208 early in the year originated from positions south of the mooring.213

The ice measured by the ULS later in the year started its drift on positions southwest of214

the mooring. The starting positions in the far south suggest that deformed second-year215

ice occurred over the ULS position. The ice drifted northward and was later advected by216

westerly winds across the ULS position. The same pattern of drift trajectories was found217

for the period 2008–2009 (not shown).218

219
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To investigate the ice thickness distribution g(z) at a given ULS location over one season,220

we follow the approach of Strass and Fahrbach [1998] and use the discrete form of the221

probability density function (PDF). It is estimated by dividing the number of thickness222

values in an interval between z and z + ∆z by the total number of measurements made223

and additionally by the bin width (here 0.1 m). The distributions plotted in Figure 4 were224

obtained from the ULS drafts by calculating the ice thickness using the linear relation225

between draft and thickness quoted above (equation 1). The PDFs show the typical de-226

crease in frequency of larger thickness values. When using exponential functions we found227

the best fits for ice thickness values between 3 and 16 m. To compare PDFs of different228

years, we splitted the distributions into ice thickness ranges from 0 to 1.5 m and 1.5 to 16229

m. To better distinguish the influences of thermodynamic growth and ice deformation, we230

calculated the volume fraction (the integral of z ∗ g(z) ∗ dz) for the two thickness ranges231

instead of the area fraction (the integral of g(z) ∗ dz [Thorndike, 1975]).232

233

In the four ice seasons shown in Fig. 4, a few drafts of up to 36 m were measured, which234

we associate with icebergs. The maximum modal ice thickness at about 1 m is more pro-235

nounced in seasons with clear thermodynamic growth cycles (1993–1994 and 2009–2010)236

and is close to the maximum thickness of thermodynamically grown level ice [Harder and237

Lemke, 1994]. Extended ice areas with a mean thickness above about 1 m therefore def-238

initely represent not only thermodynamic growth but also the additional influence of ice239

deformation. Since ice areas with thicknesses <1 m may also be the result of ongoing240

thermodynamic ice growth coupled with events of ice deformation, the interpretation of241

the histogram mode in terms of separating deformed and level ice requires additional in-242
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formation such as the ice drift conditions discussed above.243

244

As an additional criterion, we tested the slope of the exponential function as a qualitative245

indication of the degree of ice deformation. For the period 2009–2010 we obtained a steep246

decline which we attribute to the low amount of deformed ice in this season. For the247

period 1993–1994, however, the slope is similar to the seasons 2008–2009 and 2010–2011,248

for which the contribution of ice deformation was larger. This may be a result of the lower249

quality of the fit, caused by the larger scatter of the values above 10 m (Fig. 4). A more250

robust criterion is the difference of the relative volume fractions in the ice thickness ranges251

0–1.5 m and 1.5–16 m. It is smaller for the periods 2009-2010 and 1993-1994 (indicating252

less deformation) and larger for periods 2008–2009 and 2010–2011. In 2010–2011, e. g.,253

there is about 16% more ice volume above 1.5 m than in the season before (Fig. 4).254

255

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 the256

assumption that the heat loss during the freezing process is directed upward and is com-257

pletely balanced by the latent heat of fusion of the ice [Allison, 1981]. We use Stefan’s Law258

without considering solar shortwave radiative fluxes, which is justified since we focus only259

on conditions in austral winter. The growth rate dH/dt is thus exclusively determined by260

the energy balance at the ice/water interface [Petrich and Eicken, 2010]261
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ρiLi
dH

dt
= Fc − Fw, (2)262

where ρi is the bulk density, Li is the latent heat of freezing of sea ice, Fc is the upward263

conductive heat flux through the ice and Fw is the oceanic heat flux from below. The264

term on the left hand side of the equation represents the latent heat flux due to freezing265

(FL).266

267

In the first step of our analysis, we neglect the oceanic heat flux and only consider the268

presence of snow on the ice. In case of a snow layer of thickness h on top of an ice layer269

of thickness H, the conductive heat flux on the right hand side of equation (2) can be270

expressed by Fourier’s Law of heat conduction for two layers271

ρiLi
dH

dt
=
Tw − T0
H
λi

+ h
λs

, (3)272

where Tw is the water temperature, T0 is the snow surface temperature, and λi and λs are273

the thermal conductivities of ice and snow, respectively. To solve this equation analytically274

one usually assumes that the snow thickness increases linearly with ice thickness: h = rH.275

The validity of this assumption is discussed below. The analytic solution of equation (3)276

then is277

H =

√√√√√ 2λi

ρiLi(1 + λi
λs
r)

T∫
0

(Tw − T0)dt. (4)278

For the absence of snow (r = 0) the equation reduces to the classic solution of Stefan [1891].279

Since the snow surface temperature T0 is usually not known, another possibility is to use280
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the air temperature. The net heat flux between the atmosphere and the snow surface (Fa)281

can then be parameterized by the linear approximation Fa = k(T0 - Ta) [Leppäranta, 1993].282

The atmospheric surface temperature (Ta) is taken from measurements at automatic283

weather stations close to the site of the ULS mooring or from daily temperature provided284

by meteorological data centers such as ECMWF. The effective heat transfer coefficient285

k is a function of wind speed, snow insulation, radiation, humidity, evaporation, and286

atmospheric stability which can be determined from measurements of sea ice growth under287

different meteorological conditions [Anderson, 1961; Petrich and Eicken, 2010; Eicken,288

personal communication]. Since the coefficient k includes turbulent heat fluxes as well289

as net longwave radiative fluxes [Petrich and Eicken, 2010], one can assume Fa = Fc290

[Leppäranta, 1993] and equation (3) can then be expressed as291

ρiLi
dH

dt
=

Tw − Ta
1
k

+ H
λi

+ h
λs

. (5)292

The analytic solution, using h = rH is293

H =

√√√√√ 2λi

ρiLi
(
1 + λi

λs
r
) T∫

0

(Tw − Ta)dt+ A2 − A, with A =

 λi

k(1 + λi
λs
r)

 . (6)294

This equation is the basis for our estimations of the influence of snow on the observed ice295

thickness. In the following we provide the values we used for the different constants in296

equation 6, supplemented by additional information and a sensitivity analysis.297

298

The density of sea ice was set to ρi = 0.92 g cm−3, which is a typical value for first-year299

level ice with no air inclusions. Timco and Frederking [1996] found values between 0.90300
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and 0.94 g cm−3 for sea ice below the water surface. Varying ρi between 0.90 and 0.94 has301

only a negligible effect on the calculated ice thickness, which is below the accuracy of ULS302

measurements in winter. Following Pringle et al. [2007], we use a value of λi = 2.2 W m−1
303

K−1 for the thermal conductivity of sea ice. Leppäranta [1993] and Petrich and Eicken304

[2010] suggest λs = 0.1λi for snow. Lei et al. [2010] used temperature measurements305

together with a thermodynamic snow/sea ice model and obtained a value of λs = 0.2 W306

m−1 K−1, which did not reveal any significant seasonal variations. This value is consistent307

with results of Sturm et al. [2002] for new snow in the Arctic. However, the value of λs308

depends strongly on the snow type. In the Antarctic the values range between 0.07 W309

m−1 K−1 for new snow and 0.45 W m−1 K−1 for very hard wind slab [Sturm et al., 1998].310

As we expect more young snow on first-year level ice in the Weddell Sea [Massom et al.,311

2001], we varied λs between 0.13 and 0.19 W m−1 K−1. Using this range of values, the312

variations in the calculated ice thickness hardly exceeded the ULS accuracy. For the heat313

transfer coefficient, one can apply the relationship λi/k = 0.1 m [Leppäranta,1993], which314

means that k = 22 W m−2 K−1. Petrich and Eicken [2010] assumed values between 10315

and 45 W m−2 K−1 based on measurements of sea ice growth under different environmen-316

tal conditions (see also Anderson [1961]). To determine the best value for k, we varied317

this parameter in our simulations (see section 4.3). The smallest deviations between the318

model and our observations were obtained for k ≥ 60 W m−2 K−1. As noted by Petrich319

and Eicken [2010], a value of k = 45 W m−2 K−1 is valid for a snow layer of 13 cm on320

ice of 1 m thickness. Since we obtain smaller snow depths in the presence of an oceanic321

heat flux, we consider k = 60 W m−2 K−1 as a realistic value for our simulations (note322

that only corresponding results are discussed in section 4.3). The effect of increasing the323
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k value above 60 W m−2 K−1 was found to be negligible for the simulated ice growth. We324

took Li = 334 J g−1, which lies between the values of 333 J g−1 reported by Fukusako325

[1990] and 335 J g−1 from Leppäranta [1993]. A variation of ±1 J g−1 can be ignored in326

ice thickness calculations.327

328

The water temperature was set to the freezing point Tw = -1.8◦C and the daily mean329

surface air temperature on the grid point closest to AWI-208 was taken from ECMWF330

reanalysis (ERA-Interim). According to the station measurements of Bracegirdle and331

Marshall [2012, Fig. 2], the bias in annual mean and winter surface air temperatures332

of the ERA-Interim data is ≤1◦C in the northern part of the Antarctic Peninsula. We333

therefore expect that the bias on our ULS position is approximately of same magnitude.334

This bias shifts the calculated ice thickness by a maximum of only 6 cm at the end of335

the growth season. The effect on the calculated ice thickness is therefore considered small336

enough to be neglected for most of the growth period.337

338

To take into account the fact that some ice detected in the ULS-data at the beginning339

of freeze-onset may have grown at another location and was advected over the ULS posi-340

tion, we shifted the starting day for the calculated ice thickness backwards by two weeks.341

After an initial ice growth of a few centimeters in early April 1993 and March 2009, the342

ice growth weakened considerably due to the increasing air temperatures in the following343

weeks. The effect on the maximum ice thickness in winter is comparably low (few cen-344

timeters) and can therefore be neglected.345

346
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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 the347

effect of a snow cover on thermodynamic sea ice growth, we need to assess to what extent348

this relationship is valid. In the Weddell Sea, the correlation coefficient R between the349

thickness of sea ice and the snow layer lies in the range 0.43–0.67 [Massom et al., 1997].350

For new level ice, carrying only the recent snow accumulation, the correlations were found351

to be higher (R = 0.8). In regions with highly deformed multi-year ice, such as close to352

the Antarctic Peninsula, the correlation decreases to R = 0.39. In the central Weddell353

Sea, close to position AWI-208, only first-year ice exists. The standard deviations of both354

the measured snow depth and level ice thickness in the central Weddell Sea are very low355

(±0.02 m) [Massom et al., 1997]. Therefore we assume that the relation h = rH is a356

reasonable model for our calculations of thermodynamic ice growth.357

358

Because of lower precipitation rates compared to the Bellinghausen, Amundsen and Ross359

Sea sectors, snow depths in the central Weddell Sea are low [Massom et al., 2001]. They360

typically vary from 5 to 10 cm, and the mean values in different regions rarely exceed 30361

cm [Massom et al., 2001]. High values of snow depth (50–100 cm) are measured mainly362

on multiyear ice along the Peninsula in the western Weddell Sea [Lange and Eicken, 1991;363

Massom et al., 1997].364

365

When a winter snow cover becomes thick enough, its weight depresses the snow/ice in-366

terface below the water line. The slush formed from the flooded snow layer may freeze367

and consolidate, resulting in the formation of snow (meteoric) ice. In this way meteoric368
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ice can contribute a significant amount to the total sea ice thickness. Although in the369

Antarctic flooding of sea ice is a widespread phenomenon [Massom et al., 2001], ice core370

analyses suggest that snow-ice formation makes only a moderate contribution to the total371

sea ice mass in the Weddell Sea. To obtain the snow thickness at which flooding occurs372

we follow the approach of Massom et al. [1997]. Assuming undeformed sea ice floating on373

seawater and isostatic balance, the ratio of snow to ice thickness (rflood) at which flooding374

starts, is375

rflood ≥
(ρw − ρi)

ρs
= 0.34 (7)376

Here we used an ice density ρi = 0.92 g cm−3, a water density of ρw = 1.03 g cm−3 and377

a snow density of ρs = 0.32 g cm−3 (based on Massom et al. [2001]). If, for example,378

a snow layer becomes thicker than 17 cm, level ice of 0.5m thickness is flooded. Since379

flooding is less common in the central Weddell Sea and snow layers on first-year level ice380

are typically thin, we do not consider the case of flooding.381

382

After the initial test with variable heat transfer coefficient k (see above), our first simu-383

lations include two unknown variables: the parameter r, describing the coupling between384

snow and ice layer thickness, and the thermal conductivity of snow (λs). The parameter385

r was varied between 0 (i.e., no snow) and 0.34 (threshold for flooding), and the snow386

conductivity between 0.13 and 0.19 W m−1 K−1. Using these values together with daily387

mean surface air temperatures and the constants described in the previous section, the388

theoretical ice growth was calculated from equation (6). We then varied the parameters r389

and λs stepwise to obtain all possible realistic combinations. Note that for the calculation390
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of each curve showing the increase of ice thickness as a function of time, the values of r391

and λs were assumed to be constant over the full growth period.392

393

For comparisons between the ice growth simulations and the ULS observations, we used394

the statistical mode of the observed ice thickness distributions as representative for the395

level ice thickness as explained above. On a daily basis, the mode shows very strong396

fluctuations, which is also evident in the scattering of the single ULS measurements (Fig.397

2, upper part). We therefore calculated weekly distributions to obtain the statistical398

mode (Figs. 5 and 6). The mode values were interpolated linearly to match the daily399

scale of the calculated ice thickness. All results from equation (6) were compared to the400

mode of the observations. Those simulations that revealed the smallest root mean square401

(RMS) deviation from the observations were then used to derive the possible ranges of r402

and λs and thus to determine the growth rate and thermal conductivity of the snow cover.403

404

The weekly mode for the season 1993–1994 in Figure 5a shows fluctuations, especially in405

the first half of the record. The two bumps around week 6 and week 12 clearly deviate406

from the square-root law of thermodynamic ice growth. The histograms of the weekly407

thickness distributions occasionally reveal a broadening around the mode, which compli-408

cates the detection of a clear signal. We assume that our estimation of the mode has409

an average error of approximately ±5 cm (reflected by our choice of the histogram bin410

size, see Figs. 5 and 6), which lies within the accuracy of single ULS measurements. For411

bi-modal distributions recognized in the second half of the record the second mode had to412

be selected, as the first mode occurs in the thickness class 0–5 cm, indicating refreezing413
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leads (Figs. 5 and 6). In September/October (Fig. 5a, weeks 24–27) the histograms cover414

a wide range of ice thickness values. This indicates highly variable ice conditions over the415

ULS position for which a characterization by the modal ice thickness is too simplistic.416

The apparent jump in ice thickness between weeks 26 and 27 may be a result of changing417

ice drift patterns. In this period the zonal ice drift turned to a more westerly direction,418

while a strong positive northward drift anomaly occured at the same time (not shown).419

These changes may have created convergences and divergences in the ice pack.420

421

The ice formation starts in April when the air temperatures drop below the freezing point422

of seawater (Fig. 5b, note that we apply the model only for the time of growing ice thick-423

ness). At the beginning of the ice season the thickness values are scattered in the upper424

meter of the water column. Strass and Fahrbach [1998] showed that the end of this initial425

period roughly corresponds to the closing of the ice cover, i.e., the time when the ice426

concentration rises rapidly to nearly 100 percent. From July onward, the thermodynamic427

ice growth is easier to identify. With the beginning of October, the clustered values show428

a scatter of approximately ±10 cm, which can be caused by e.g. the ULS measurement429

uncertainty in the case of closed ice covers with no leads. A more detailed discussion of430

the scattered values is provided in section 5.431

432

The ice growth in 1993–1994 extended over approximately 180 days (Fig. 5). The ice433

started growing with 2.5 cm d−1 in late April and continued with growth rates of ≤1 cm434

d−1 until the end of June. From June on, the rate decreased to less than 0.5 cm d−1.435

When neglecting the snow cover the thermodynamic ice growth is overestimated by a436
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factor of almost two when applying equation (6). Once a thin snow cover is included, the437

observed ice thickness can be well described by the model. The model results also reveal438

the dependence of sea ice thickness on air temperature. The values of possible snow thick-439

nesses (Fig. 5b) were derived from those simulation results that showed the minimum440

RMS deviation (in this case 0.14 m) relative to the observations. They cover the range441

from a thin snow cover of 14 cm thickness and low thermal conductivity (r = 0.15, λs =442

0.13 W m−1 K−1) to a thicker snow cover of 26 cm and higher thermal conductivity (r443

= 0.29, λs = 0.19 W m−1 K−1). A variation of the statistical mode of the ice thickness444

by ±5 cm increases the span of snow thickness in November from 14–26 cm to 12–31 cm.445

Since, as mentioned above, the observed snow thickness rarely exceeds a value of 10 cm in446

the central Weddell Sea, a thin snow cover and lower thermal conductivity are more likely.447

448

As in 1993–1994, the ice growth in 2009–2010 extended over approximately 180 days. The449

ice growth rates varied from 3 cm d−1 in early April to ≤1 cm d−1 until mid July. Then, the450

ice growth decreased down to ≤0.5 cm d−1. The modal ice thickness fluctuated less than451

in 1993–1994 (Fig. 6). Except for the first month, the mode closely follows the growth452

of the level ice (Fig. 6b). The ice grew faster than in 1993–1994 as the growth period453

was not interrupted by rising air temperatures, such as in July/August 1993. In 2009–454

2010 the ice reached its thickness maximum at around 1 m already in August/September,455

which is about one month earlier than in 1993–1994 (note that the ice season also started456

about three weeks earlier). The record of 2009–2010 also shows scattering of the data457

in the upper meter of the water column in the initial phase of ice growth. As the ice in458

2009–2010 was thicker compared to 1993–1994, the growth simulations yielded slightly459
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lower snow thicknesses. The results with the minimum RMS deviation (0.11 m) from the460

observations suggest a range for the snow thickness between 10 and 19 cm (with values of461

r = 0.09, λs = 0.13 W m−1 K−1 and r = 0.18, λs = 0.19 W m−1 K−1). A variation of the462

statistical mode of the ice thickness by ±5 cm increases the span of the snow thicknesses463

in November from 10–19 cm to 9–20 cm.464

465

4.3. Consideration of the Oceanic Heat Flux

The ocean always contains a reservoir of heat, which maintains a heat flux through the466

ice toward the colder atmosphere [Petrich and Eicken, 2010]. Besides the snow cover on467

the ice, this additional heat flux limits the ice growth. The oceanic heat flux is typi-468

cally highly variable. It mainly depends on the temperature in the oceanic mixed layer469

[McPhee, 1992; Lei et al., 2010], the roughness of the ice bottom [Holland et al., 1997]470

and on the ice motion and the current velocities under the ice [McPhee, 1992]. It is also471

affected by the ice growth itself and the associated thermohaline convection under the ice472

[Allison, 1981], and by changes in ice concentration and solar radiation absorbed by the473

seawater.474

475

To include the oceanic heat flux in our calculations we used Stefan’s Law (equation 6)476

extended by a term describing the cumulative effect of oceanic heat [Allison, 1981; Lei et477

al., 2010]478

H =

√√√√√ 2λi

ρiLi
(
1 + λi

λs
r
) T∫

0

(Tw − Ta)dt+ A2 − A− 1

ρiLi

T∫
0

Fw dt, (8)479
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480

where Fw is the oceanic heat flux, and the factor A is equal to the definition for equation481

(6) above.482

483

Because we lack independent measurements of the oceanic heat flux, we use equation (8)484

to estimate the necessary average flux Fw for the considered period by comparing the485

simulations to our ULS measurements. To estimate all possible combinations of r , λs and486

Fw, we again changed these parameters stepwise in a systematic manner and extracted487

those combinations that showed the smallest RMS deviation relative to the ULS measure-488

ments. For r and λs we used the ranges of values given above, the oceanic heat flux was489

varied between 0 and 20 W m−2. Results are shown in Table 1. We again considered an490

error of ±5 cm in the modal ice thickness.491

492

The fitting curves for the season 1993–1994 showed a minimum RMS deviation from the493

observed ice thickness mode of 0.13 m and thus yielded a small improvement compared494

with the simulations neglecting Fw (previous section). The ranges of the parameters in-495

clude situations without snow and a high oceanic heat flux of 17 W m−2 and a 14 cm thick496

snow layer with an oceanic heat flux of 3 W m−2. The large span of possible values can497

be attributed to the strong fluctuations of the ice thickness mode. As discussed earlier,498

scenarios with snow thickness below 10 cm are more realistic in the Weddell Sea. This499

would slightly narrow down the possible range for the oceanic heat flux to 4–17 W m−2.500

The scenarios showing the smallest RMS deviation included the full range of values for501
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λs (0.13–0.19 W m−1 K−1).502

503

The example shown in Figure 7a is an extreme scenario without snow and a very high504

oceanic heat flux of 17Wm−2. The calculated ice thickness fits relatively well to the ob-505

served ice growth until September but deviates from the observed mode in October and506

November. The second scenario (Fig. 7b) includes a snow cover increasing in thickness507

up to 10 cm over the ice growth season and a moderate oceanic heat flux of 5Wm−2. In508

this case the fit becomes better at the end of the growth season, but still seems to un-509

derestimate the ice thickness mode from October onward. Both scenarios are equivalent,510

that is, they reveal the same RMS deviation from the observed mode (0.13 m).511

512

For the years 2009–2010 (Fig. 8) only few combinations of the parameters r and Fw513

showed the smallest RMS deviation of 0.08 m from the detected thickness mode. The514

corresponding deviation of the snow-only model was 0.11 m, which suggests that the in-515

clusion of the oceanic heat flux slightly increased the quality of the fits. For the nominal516

mode, the best fit is obtained for a very thin snow layer of only 1 to 2 cm thickness but517

for relatively high oceanic heat fluxes between 10 and 12 W m−2 (Table 1). Increasing the518

mode by 5 cm yields a higher number of possible snow thickness-heat flux combinations.519

They include snow thicknesses between 0 and 4 cm and oceanic heat fluxes between 6520

and 14 W m−2. When decreasing the mode by 5 cm the snow thickness varies between521

3 and 5 cm, and the span of possible oceanic heat fluxes lies between 8 and 10 W m−2.522

Since the ice thickness mode observed in 2009–2010 better follows the square-root law of523

thermodynamic ice growth, the estimated ranges for the parameters r and Fw are signif-524
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icantly smaller than in 1993–1994. As in 1993–1994, the scenarios showing the smallest525

RMS deviation included the full range of values for λs (0.13–0.19 W m−1 K−1).526

527

The fit in Figure 8a shows that the observed ice growth can be reasonably well described528

by equation (8), assuming a high oceanic heat flux of 12 W m−2 and a very thin snow529

depth increasing up to 1 cm. The curve in figure 8b is equivalent with 8a (RMS = 8530

cm), but yields a slightly better agreement with the observations at the end of the growth531

season.532

533

In our model simulations we assumed that Fw in equation (8) is constant over the entire ice534

growth period. Under real conditions the oceanic heat flux usually starts at higher values535

and decreases with time, and is furthermore subject to strong intra-seasonal fluctuations536

[Allison, 1981; Lytle and Ackley, 1996; Lei et al., 2010].537

5. Discussion

In the central Weddell Sea, the average length of the sea ice growth period amounts to ap-538

proximately 180 days. Low-frequency variations of air temperatures are clearly reflected539

in the ice thickness changes. The theoretical maximum thickness of level ice of about 1540

m [Harder and Lemke, 1994] is in line with our ULS observations. Most observations in541

the Antarctic are in the range between 0.5 and 0.7 m [Petrich and Eicken, 2010]. In the542

western Weddell Sea, Worby et al. [2008, Table 3] found a mean thickness of 0.91±0.75543

m for the level ice (which we interpret as mean of the ice thickness mode) from 810 ship-544

based observations. Those findings compare well with our observations.545

546
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Since we had no direct measurements of snow thickness and oceanic heat flux, we var-547

ied their magnitudes in a systematic manner when carrying out the simulations, and548

used the RMS deviation between theoretical results and observations as a criterion for549

the quality of the fits. The best agreement between simulations and observations for550

the period 1993–1994 were obtained when snow layers of 0–14 cm, oceanic heat fluxes551

between 3 and 17 W m−2 and a snow heat conductivity between 0.13 and 0.19 W m−1
552

K−1 were assumed. Since observed snow depths in the central Weddell Sea hardly exceed553

10 cm, a smaller range of the oceanic heat flux is more likely. In the ULS data from554

2009–2010 the ice growth cycle could be more clearly identified. The best fits were found555

for snow depths between 1 and 2 cm and oceanic heat fluxes ranging from 10 to 12 W m−2.556

557

The snow depths and heat fluxes that we obtained in our simulations are within realis-558

tic boundaries. For the oceanic heat flux under Antarctic landfast ice Lei et al. [2010]559

found monthly mean values varying between 14 W m−2 in December and 3 W m−2 in560

September, with an average of 4.2 ± 2.4 W m−2 for the period May–September 2006.561

Allison [1981] calculated ocean-to-ice heat fluxes, which varied between 0 and about 40562

W m−2 near Mawson, Antarctica. They used a mean heat flux of 9 W m−2 to explain563

the observed growth of snow-free landfast ice by applying Stefan’s Law. Lytle and Ackley564

[1996] reported mean values of 6–8 ± 2 W m−2 in the period February–June 1992 for sea565

ice at different sites in the western Weddell Sea. The position of AWI-208 lies about 20566

degrees further east, and we obtained higher upper bounds (14 and 17 W m−2) in our flux567

estimations.568

569
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In our analysis, the determination of oceanic heat fluxes and snow depths relies critically570

on the detection of a clear thermodynamic growth signal in the ice thickness histograms.571

In our data, we found clear deviations from the assumption of a one-dimensional winter-572

time ice growth. All shown ULS records (Figs. 5 and 6) include strong signals scattered573

in the upper meter of the water column at the beginning of each ice season (mainly in574

April and May). The signals observed in April represent most probably reflections from575

frazil crystals that are mixed in the upper water layer by Langmuir circulation during the576

early stages of ice formation. Also air bubbles as a result of breaking waves in leads may577

have caused the observed reflections from below the water surface [Drucker et al., 2003].578

The statistical mode of the reflection depths during these periods lies above the growth579

curve from Stefan’s Law, which compares with our assumption that it results from air580

bubbles and/or frazil ice crystals in the water column. These problems are well known in581

the processing of ULS data, and the retrieved ice thicknesses from the initial ice growth582

have to be critically examined. Also some values in May/June that range from 0.5 to 1583

m are too large to be explained by thermodynamic growth of level ice. Possibly these584

signals originate from pancake ice, which is herded and compacted by wind action. Such585

aggregates can reach mean thicknesses of 40–70 cm [Lange et al., 1989]. Figure 8a suggests586

that the detection of a thermodynamic growth signal is possible after the first 2 weeks of587

ice formation.588

589

In general ice draft fluctuations can result from (1) changes in the ice drift direction, (2)590

variations of surface air temperature, (3) snowfall/snowmelt events causing a deviation591

from the assumption h=rH, (4) fluctuations in the oceanic heat flux, (5) occasional flood-592
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ing events and (6) measurement and/or processing uncertainty. Taking these factors and593

the ULS uncertainty into account, it is not possible to derive daily oceanic heat flux vari-594

ations from the balance Fw = Fc - FL (Eq. 2). Therefore we used the average heat flux in595

our simulations. In field studies, temporal variations of the oceanic heat flux are mostly596

derived using the so-called residual method [Lytle and Ackley, 1996; Høyland, 2009; Lei597

et al., 2010]. This method is based on Eq. 2 and requires ice-temperature profiles and598

high-accuracy measurements of ice accretion/ablation from the ice underside. This can599

be achieved by using thermistor strings in combination with drill hole measurements [e.g.,600

Lei et al., 2010] or by deploying special ice mass balance buoys [Lei et al., 2014].601

6. Conclusions

We used ice thickness data measured by means of ULS to study thermodynamic sea ice602

growth in the central Weddell Sea. Two seasons with dominating thermodynamic growth603

cycles could be identified (1993–1994 and 2009–2010). In these years, the ice drift condi-604

tions were found to be favorable for a clear detection of such cycles, because the advection605

of thicker deformed ice from further west was relatively low over the ULS position. This606

was confirmed by calculating ice drift trajectories that crossed the ULS position. The607

ice in 1993–1994 and 2009–2010 originated from regions south of the mooring position.608

The drift patterns indicate a certain degree of ice deformation due to convergence and609

divergence, but the thermodynamic growth cycles in the northward drifting floes are nev-610

ertheless clearly identifiable. In 2008–2009 and 2010–2011 the drift trajectories indicate611

that the detected ice originated from a larger area southwest of the mooring position,612

which is usually covered by deformed second-year ice.613

614
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We applied modified versions of Stefan’s Law to simulate thermodynamic ice growth and615

to estimate the snow cover on the ice and the oceanic heat flux from below. We found616

that Stefan’s Law is very well suited to simulate thermodynamic ice growth by comparing617

the theoretical results with the modal ice thickness derived from the ULS data. This618

study also confirms the importance of including snow thickness and the upward ocean619

heat flux in the analyses of sea ice thickness variations. Our results compare well with620

previous measurements of snow thickness and oceanic heat fluxes in the Weddell Sea. It621

furthermore offers detailed observations of sea ice growth and melt cycles in a region, in622

which measurements of sea ice thickness are still very sparse. Our observations therefore623

provide important information which can be directly used to validate the ice thickness624

obtained from simulations with sea ice models or from satellite altimetry. For example, by625

comparing model results with ULS observations, Timmermann et al. [2009] demonstrated626

that their FESOM sea ice model still underestimates the ice thickness in the central627

Weddell Sea.628

As demonstrated in our study, the heat flux integrated over large parts of the ice growth629

season can in principle be obtained using a modified version of Stefan’s Law (Eq. 8), if630

thermodynamic ice growth is dominant, and the effect of ice deformation can be neglected.631

This requires that the unknowns in the equation (in particular ice and snow thickness,632

but also the thermal conductivity of snow and the heat transfer to the atmosphere) must633

be known with high accuracy. If this is the case, e.g. along longer profiles or over certain634

regions, it will offer a chance to interpolate or supplement the point measurements of the635

oceanic heat flux over larger areas.636
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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)a

Years Scenario r Snow Depth [cm] Fw [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

a 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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Figure 3. Ice drift trajectories for the two periods 2009–2010 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 PDFs 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

are valid for r =0.22 and λs = 0.17 W m−1 K−1.D R A F T February 18, 2015, 2:49pm D R A F T
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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 λs = 0.17 W m−1 K−1.
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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). (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).
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