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 13 

Abstract 14 

This is an investigation to quantify the influence of the sub-ice platelet layer on satellite 15 

measurements of total freeboard and their conversion to thickness of Antarctic sea ice. The 16 

sub-ice platelet layer forms as a result of the seaward advection of supercooled ice shelf 17 

water from beneath ice shelves. This ice shelf water provides an oceanic heat sink promoting 18 

the formation of platelet crystals which accumulate at the sea ice-ocean interface. The build-19 

up of this porous layer increases sea ice freeboard, and if not accounted for, leads to 20 

overestimates of sea ice thickness from surface elevation measurements. In order to quantify 21 

this buoyant effect, the solid fraction of the sub-ice platelet layer must be estimated. An 22 

extensive in situ data set measured in 2011 in McMurdo Sound in the south-western Ross Sea 23 

is used to achieve this. We use drill-hole measurements and the hydrostatic equilibrium 24 

assumption to estimate a mean value for the solid fraction of this sub-ice platelet layer of 25 
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0.16. This is highly dependent upon the uncertainty in sea ice density. We test this value with 26 

independent Global Navigation Satellite System (GNSS) surface elevation data to estimate 27 

sea ice thickness. We find that sea ice thickness can be overestimated by up to 19 %, with a 28 

mean deviation of 12 % as a result of the influence of the sub-ice platelet layer. It is 29 

concluded that within 200 km of an ice shelf this influence might need to be considered when 30 

undertaking sea ice thickness investigations using remote sensing surface elevation 31 

measurements.  32 

 33 

1 Introduction 34 

The increasing sea ice extent in the Ross Sea is the main contributor to the overall positive 35 

trend in the Antarctic sea ice cover as recorded over the satellite observational period 36 

(Parkinson and Cavalieri, 2012). The causes of this increase are unclear, but are likely linked 37 

to enhanced sea ice production in areas such as the Ross Sea Polynya and regional 38 

atmospheric cooling (Comiso et al., 2011). The southern Ross Sea is also characterised by the 39 

presence of ice shelf margins which are zones of abrupt physical change, in particular with 40 

regard to water mass interaction. At the large scale, the interaction of water sourced from ice 41 

shelf basal melting, which freshens the surface ocean, has been suggested as a potential 42 

contributor to increasing sea ice extent in the Southern Ocean (Bintanja et al., 2013). Of 43 

further interest, it is well known that the outflow of supercooled water from the ice shelf 44 

cavity creates an additional heat sink to the ocean promoting sea ice growth (Trodahl et al., 45 

2000, Hellmer, 2004, Purdie et al., 2006, Gough et al., 2012), which increases sea ice 46 

thickness in close proximity to ice shelves (Hellmer, 2004, Purdie et al., 2006, Hughes et al., 47 

submitted). This additional ice that forms as a direct result of oceanic heat flux driven by the 48 

availability of supercooled water can be split into three components; platelet (or frazil) 49 

crystals suspended in the water column, an unconsolidated porous layer of sub-ice platelets 50 



3 

 

directly beneath the sea ice and a layer of consolidated platelet ice incorporated into the sea 51 

ice (Dempsey et al., 2010).  The sub-ice platelet layer, which does not contribute to the 52 

mechanical integrity of the sea ice cover, and has a very different density than consolidated 53 

ice, creates an additional source of buoyancy resulting in an increase in sea ice freeboard. 54 

Currently the use of sea ice freeboard measurements from satellite altimetry is the only 55 

method to derive large-scale sea ice thickness estimates in the Antarctic (Kurtz and Markus, 56 

2012). Using a freeboard measurement alone to estimate sea ice thickness under the 57 

hydrostatic equilibrium assumption could result in an overestimation of sea ice thickness – if 58 

the influence of the unknown sub-ice platelet layer thickness turns out to be significant. 59 

Further, spatial anomalies in sea ice thickness  may be interpreted as indictors of the presence 60 

of a sub-ice platelet layer, which in turn may infer the presence of supercooled ice shelf water 61 

(ISW) (Hughes et al., submitted). As it is very common for sea ice to abut ice shelves in the 62 

Antarctic (Bindschadler et al., 2011), and the extent and persistence of the sub-ice platelet 63 

layer is substantially unknown, we consider here the effects of this layer on estimates of sea 64 

ice thickness. 65 

 66 

The estimation of remotely sensed sea ice thickness from freeboard information is based on 67 

altimetric methods. In the simplest sense the difference between altimetric measurements of 68 

the local sea surface height and the sea ice elevation provides the freeboard, which can be 69 

used in conjunction with snow depth and the densities of  ice and snow to estimate sea ice 70 

thickness (Zwally et al., 2008, Kurtz and Markus, 2012, Price et al., 2013). The additional 71 

influence of the sub-ice platelet layer has not yet been considered. In order to assess this 72 

influence the solid fraction (sf) of the sub-ice platelet layer must be derived. Here sf defines 73 

the solid volume of ice per total volume and hence can be calculated from the buoyancy 74 

contribution of this layer to the sea ice cover above. The direct measurement of sf is 75 
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complicated by the inaccessible environment beneath sea ice and the immediate alteration of 76 

its properties upon disturbance by drilling due to the unconsolidated nature of the layer. 77 

Previous investigations have provided values from 0.2 to 0.5 for sf of the sub-ice platelet 78 

layer (Gough et al., 2012).  79 

 80 

Here we firstly discuss deriving sf under the hydrostatic equilibrium assumption and the 81 

influential components which must be considered. We then describe our in situ data set from 82 

McMurdo Sound in the south-western Ross Sea (Figure 1) and briefly describe the sea ice 83 

conditions (Figures 2 and 3). Using this information we estimate a sf value (Figure 4). We 84 

then focus on total freeboard (ice-plus-snow) measurements using Global Navigation Satellite 85 

System (GNSS) to estimate sea ice thickness and given our estimate of the sf, demonstrate 86 

how these GNSS based estimates are influenced by the presence of a sub-ice platelet layer. 87 

Given that GNSS based estimates of sea ice thickness follow the same principles of surface 88 

elevation to thickness conversion as satellite altimeter measurements, we consider the 89 

observed affects to be applicable to both techniques.  Equally, although we use a localized 90 

region to constrain our values, we expect the formation of the sub ice platelet layer to be 91 

similar in comparable areas of coastal Antarctic sea ice that abut an ice shelf. Therefore, 92 

conclusions about its influence may be considered at the larger scale.  93 

 94 

 95 

 96 

 97 

 98 

 99 



5 

 

2 Estimating solid fraction under the hydrostatic equilibrium assumption 100 

To calculate the buoyant influence of the sub-ice platelet layer upon the sea ice cover above, 101 

sf must first be derived.  Assuming hydrostatic equilibrium sf may be calculated as;  102 

 103 

    
 (     )   (    ) (     )  

(     )  
        (1) 104 

 105 

where ρw, ρi and ρs are the densities of water, sea ice and snow respectively and Ti, Tp and Ts   106 

are sea ice thickness, sub ice platelet layer thickness and snow depth respectively (see 107 

illustration Figure 2). Surface elevation (SE) is the elevation of the snow/air interface (or 108 

ice/air interface if Ts = 0) relative to sea level. For our study all values were measured 109 

simultaneously at drill holes (see section 3) for the derivation of sf apart from ρw, ρs and ρi. We 110 

use a constant value of 1027 kg m
-3

 for ρw as there is little variability in observed sea water 111 

density (0.1%) in this area (Albrecht et al., 2006). Uncertainty in ρw is therefore ignored. For 112 

ρs we use the values measured in the field at 18 sites in McMurdo Sound in November and 113 

December 2011 (Figure 1) ranging between 281 and 461 kg m
-3. 

At sites where no data are 114 

available we use the mean value of all the measurements of 385 kg m
-3

 (see Figure 1).  115 

 116 

 The selection of a value for ρi is complicated by the range in measurements from different 117 

techniques and the fact that sea ice density exhibits large natural variability. Timco and 118 

Frederking (1996) report mean ρi values for first-year (FY) sea ice are likely in the range of 119 

900 to 920 kg m
-3

. Previous unpublished direct measurements of ρi in McMurdo Sound from 120 

one co-author (Langhorne) have been obtained via the displacement method in 1992, 1994 121 

and 1996. The 160 measurements of ρi ranged between 900 and 925 kg m
-3

, the mean of these 122 

previously unpublished data being 915 kg m
-3

. ρi can also be estimated using the hydrostatic 123 

equilibrium assumption. However this must be carried out in areas where no sub-ice platelet 124 
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layer is present. Using this method in McMurdo Sound, Gough et al. (2012) report ρi as 934 125 

kg m
-3

.  Using an amended method at seven of our measurement sites in 2011 (where ρi 126 

estimate for each site is the mean of ρi derived from 5 drill-hole measurements - see Figure 127 

2b) where no sub-ice platelet layer was measured we obtain a mean value of 927 kg m
-3

. The 128 

locations of these sites are indicated in Figure 1. Given this information, and considering the 129 

uncertainties we use a value of ρi = 925 kg m
-3

 in our calculations which represents the 130 

middle range of expected ρi in McMurdo Sound. We evaluate and discuss the density 131 

dependent sensitivity of sf in the following sections.   132 

 
133 

The total error for sf can be estimated by error propagation from equation (1) using Drosg 134 

(2009); 135 
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 138 

where we expect random and independent measurement errors for    ,    ,    ,    ,     and 139 

    to be 10 kg m
-3

, 0.02 m, 0.01 m, 50 kg m
-3

, 0.05 m and 0.10 m respectively. All thickness 140 

measurement uncertainties are estimated from experience with field measurements. ρi 141 

uncertainty is given by the spread of values recorded for ρi in McMurdo Sound between 915 142 

and 934 kg m
-3

. ρs uncertainty is indicated by the standard deviation of measurements carried 143 

out in 2011.  144 

 145 
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As we derive sf and     from SE, Ti, Tp, Ts and ρs, the collection of these measurements from 146 

a dedicated in situ fieldwork campaign in McMurdo Sound in November and December 2011 147 

is described in the next section.  148 

 149 

3 In situ investigation 150 

 151 

An extensive drill-hole measurement campaign was carried out in November and December 152 

2011 collecting information on freeboard, snow depth and snow density, sea ice thickness 153 

and sub-ice platelet layer thickness for FY sea ice in McMurdo Sound (Figure 1). 154 

 155 

 156 
3.1 Drill-hole measurements  157 

 158 

Measurements were undertaken at 39 sites distributed across an area of approximately 1,000 159 

km
2
 in the southern Sound. Cross-profiles with 30 m transects were established at each site, 160 

and snow depths were measured at 0.5 m intervals with a ruler (Figure 2). A mean snow 161 

depth for each site was derived from these 120 measurements. Freeboard, ice thickness and 162 

sub-ice platelet layer thickness were recorded at five locations at each site, once at the central 163 

crossing point and at the end points of each transect (Figure 2). The mean of these was then 164 

calculated and taken as representative of the site. Ice thicknesses were measured by using a 165 

tape measure with a brass T-anchor attached at the zero mark (Haas and Druckenmiller, 166 

2009). This was deployed vertically through the drill-hole and allowed to rotate to a 167 

horizontal alignment when exiting the bottom of the drill-hole at the ice ocean interface. 168 

From this position, and as described in Gough et al., (2012) the anchor is slowly pulled 169 

upward until some resistance is met and the first measurement is taken. This resistance is 170 

taken to mark the sub-ice platelet layer/ocean interface. The tape measure is then pulled 171 

harder, forcing the bar to pass through the sub-ice platelet layer until it sits flush against the 172 
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sea ice/sub-ice platelet layer interface where a second measurement is taken. Snow density 173 

was measured at half of the drill-hole sites using a density tube and spring balance. 174 

Freeboard, ice thickness and sub-ice platelet layer thickness and snow depth were 175 

interpolated between sites to produce thickness maps (Figure 3) using a natural neighbour 176 

interpolation method with a maximum point separation of approximately 11 km.  177 

 178 

3.2 Maps of sea ice and snow cover characteristics  179 

Prior to our measurements in November and December 2011 the fast FY sea ice in McMurdo 180 

Sound experienced undisturbed growth for a minimum of 5 months. There is a clear ice 181 

thickness gradient from east to west (Figure 3). Thinner ice with a typical thickness of 1.5 m 182 

is commonplace in the east, particularly in the north east, becoming gradually thicker to the 183 

west, where it reaches 2.5 m in thickness. This is significantly higher than the pack ice of the 184 

Ross Sea which typically has a thickness of 1 m or less (Worby et al., 2008, Kurtz and 185 

Markus, 2012). In comparison to other fast ice areas, McMurdo Sound sea ice thickness is 186 

still greater than expected. Uto et al., (2006) report that land-fast FY ice in Eastern Antarctica 187 

which had been growing for 4-5 months was typically up to 1.5 m in thickness. This is 188 

comparable to thicknesses in the north-east of McMurdo Sound. The mean sea ice thickness 189 

as derived from all 39 drill-hole measurement sites was 2.11 m.  In the southwest, sea ice had 190 

been growing for approximately 7 months, two months longer than in the northeast. This is 191 

the first of three mechanisms likely responsible for the observed sea ice thickness 192 

distribution. The ISW plume is the second mechanism. The influence of this plume on sea ice 193 

processes has been documented in studies of sea ice structure and growth (Langhorne et al., 194 

2006, Dempsey et al., 2010, Mahoney et al., 2011, Gough et al., 2012).   Satellite altimeter 195 

observations have indicated that the locations of the largest increases in multiyear sea ice 196 

thickness from 2003-2009 during the NASA ICESat mission (Price et al., 2013) were 197 
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coincident with the greatest abundance of platelet ice (Dempsey et al., 2010). This region has 198 

recently been identified as the location of an ISW plume (Robinson et al., submitted). The 199 

thickness and density distributions revealed by a localised airborne freeboard and thickness 200 

investigation of the MIS margin in 2009 (Rack et al., 2013) are supportive of the emergence 201 

of such a plume into McMurdo Sound.  In 2011, sea ice in the west was comprised almost 202 

entirely of platelet ice (Hughes et al., submitted) as would also be expected from the presence 203 

of such a plume. The sub-ice platelet layer has an east-west distribution commensurate with 204 

the presence of this plume (Hughes et al, submitted). The layer is thickest where it protrudes 205 

from the MIS front between 165° and 165° 30’ E, where it has been measured as 7.5 m in 206 

thickness (Figures 3 and 5). As expected, the sub-ice platelet layer distribution closely 207 

follows the platelet distribution as described by Dempsey et al., (2010). As it is not a solid 208 

structure and may be mobile, the sub-ice platelet layer thickness at a single location may be 209 

highly variable over short time scales of hours to days. 210 

 211 

The third mechanism which plays a role in the observed sea ice thickness distribution is snow 212 

cover. Limited published information is available on the snow depth distribution in McMurdo 213 

Sound. Gow et al. (1998) reported very generally that snow thickness was greatest in close 214 

proximity to the MIS front decreasing to only trace amounts in remote areas of McMurdo 215 

Sound. In 2011, the snow cover in the west and the central parts was patchy, with small scale 216 

dune features with thicknesses in the order of decimeters and with exposed sea ice in many 217 

places. There is a clear east-west gradient in this pattern, contrary to the sea ice thickness 218 

pattern, with deeper snow in the east gradually becoming thinner to the west. In the east, 219 

where the snow is thicker, it acts as an insulating layer from the atmosphere, limiting sea ice 220 

growth. In the west where it is thinner or absent, greater heat flux to the atmosphere results, 221 

which in turn facilitates the formation of thicker sea ice.   222 
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 223 

 224 

 225 

4 The solid fraction in McMurdo Sound 226 

 227 

 228 

Using our drill-hole measurements the derived sf values using equation (1) and the expected 229 

error (   ) from equation (2) are shown in black in Figure 4 with ρi = 925 kg m
-3

.  The 230 

derivation of sf is especially sensitive if the sub-ice platelet layer is less than 2 m thick. Sites 231 

at which the sub-ice platelet layer is thin commonly produce negative sf values especially 232 

when ρi  <  920 kg m
-3

.   Using 32 of 39 sites in our investigation where a sub-ice platelet 233 

layer is present and with the removal of 9 further sites where the sub-ice platelet layer was 234 

less than 1.5 m results in a mean sf value of 0.16 ± 0.07. Figure 4 displays all sites where a 235 

sub-ice platelet layer was present and also linear fits of sf with ρi = 915 kg m
-3 

(green line) 236 

and ρi = 935 kg m
-3 

(orange line). This clearly demonstrates firstly the dependence of sf 237 

estimates on ρi and secondly the high sensitivity of the sf calculation where the sub-ice 238 

platelet layer is thin.     239 

 240 

5 Sea ice thickness from Global Navigation Satellite System derived surface 241 

elevation 242 

 243 

Global Navigation Satellite System (GNSS) elevation data were collected for positional and 244 

height information across the Sound. The GNSS derived ellipsoidal heights, relative to WGS-245 

84, were calibrated to produce total freeboard (ice-plus-snow) measurements, herein 246 

described as GNSS surface elevation (SEGNSS). This calibration was achieved by applying a 247 

correction value derived from comparison of drill-hole measured surface elevation (SE) and 248 

all GNSS height measurements within 0.5 km of the drill-hole measurement. This altered the 249 
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reference frame of the GNSS height data from the WGS-84 ellipsoid to elevation above local 250 

sea level and permitted surface elevation information to be recorded at increased spatial 251 

resolution along each of the four profiles; Northern, Central, Southern and Eastern. Initially 252 

sampled at 1 Hz, the GNSS observations were averaged along-track resulting in a ground 253 

separation of approximately 100 m.  GNSS positions were established using the Precise 254 

Relative GNSS technique, referenced to the Scott Base base station located on Ross Island’s 255 

Hutt Point Peninsula at 77.85 °S, 166.76 °E. After processing with Trimble Business Centre, 256 

mean horizontal and vertical precision were shown to be 0.04 and 0.09 m respectively. All 257 

data where the expected vertical precision was greater than 0.17 m were removed. This value 258 

was chosen as it removed erroneous data in the west where GNSS precision was lower due to 259 

the larger baseline distance (anything over approximately 40 km). In order to compensate for 260 

the tidal influence on the GNSS height and subsequently the SEGNSS retrieval, three separate 261 

GNSS stations were deployed on the fast ice (see Figure 1 for locations). These tidal stations 262 

logged height information at 30 second intervals, which was subsequently down-sampled to 263 

10 minute intervals. As the transit time of the mobile GNSS on the sea ice was hours, this 264 

information was used to correct the rover GNSS information for tidal height variation 265 

between drill-hole cross-over points. There was no discernible gradient in the tidal signal 266 

between the three tidal GNSS stations. Changes in elevation due to tides were taken from the 267 

closest tidal GNSS station to the mobile observation to correct SEGNSS at the time of 268 

acquisition.  269 

 270 

In order to derive sea ice thickness from SEGNSS we need to take into account the effect of the 271 

sub-ice platelet layer. Following Zwally et al., (2008) we estimate sea ice thickness without 272 

taking account of the sub-ice platelet layer (Tip) in equation (3) and then taking account of it 273 

(Ti) in equation (4): 274 
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 281 

All density values described in section 2 are used here with sf = 0.16 as described in section 282 

4. Taking account of all the information described above, we calculated the sea ice thickness 283 

along four continuous GNSS surface elevation profiles using equations (3) and (4) (Figure 5), 284 

the mean estimates of which are shown in Table 1. These are compared to coincident 285 

measured drill-hole thickness. Taking the mean for all of the profiles the deviation from  286 

drill-hole measured sea ice thickness improves by 0.28 m when the sub-ice platelet layer is 287 

taken into consideration. The Northern, Central and Southern profiles show a shift towards 288 

drill-hole sea ice thickness. The Southern profile shows a drastic improvement from a mean 289 

deviation of + 0.55 m in thickness neglecting the sub-ice platelet layer to - 0.01 m when 290 

accounting for it. The Central profile improves from a mean deviation of + 0.43 m from the 291 

drill-hole measurements when estimating Tip to + 0.02 m when estimating Ti. The Northern 292 

profile improves by 0.03 m but still deviates from the drill-hole sea ice thickness mean by + 293 

0.24 m. This small change from Tip to Ti is resultant of a negligible mean sub-ice platelet 294 

layer thickness of 0.24 m. The Eastern profile shows no change as the platelet layer recorded 295 

there was very thin with a mean thickness of 0.04 m. The Northern and Eastern profiles both 296 

have a bias toward higher sea ice thickness estimates than measured at the drill-holes. This 297 

could be a result of the interpolations inability to capture the small scale variability of the 298 

snow cover. This could result in underestimations of snow depth and subsequently high sea 299 

ice thickness estimates.  300 

 301 
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The mean of all drill-hole measurements used along the profiles (n = 20) of 2.00 ± 0.31 302 

corresponds better to a surface elevation derived sea ice thickness accounting for the sub-ice 303 

platelet layer (Ti) of 2.11 ± 0.85 m, than one in which it is ignored (Tip) giving  2.39 ± 0.99 m.  304 

 305 

As the sub-ice platelet layer is not the only source of error when estimating sea ice thickness 306 

a full error assessment is shown below. Following Spreen et al. (2006, equation 2) with the 307 

additional inclusion of the sub-ice platelet layer uncertainty we estimate our final error in sea 308 

ice thickness once accounting for the sub-ice platelet layer (   ) as; 309 

 310 
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 312 

Here we estimate uncertainties in ρi and ρs to be 10 kg m
-3

 and 60 kg m
-3

 respectively as 313 

indicated by the standard deviations of field measurements. Ts and Tp values used in the 314 

thickness calculation are from the interpolation of the measurement sites. Leave-one-out 315 

cross validation was used with random selection to assess the accuracy of our interpolation 316 

method. Eight drill-hole sites were removed in turn and eight separate interpolations run. This 317 

procedure indicated a mean absolute deviation between the removed snow thickness 318 

measurement and subsequent interpolation of 0.05 m for Ts and 0.23 m for Tp. These values 319 

are used for the uncertainties in each thickness. The uncertainty in sf is 45 %. The main 320 

contributor to the error in sea ice thickness estimation from GNSS measurements is the 321 

accuracy of the GNSS surface elevation measurement itself. The mean GNSS vertical 322 

elevation uncertainty as indicated by the processing software is 0.09 m. At least 20 323 

measurements are included in our along track averaging to 100 m spacing reducing the 324 

random error in surface elevation measurements to 0.02 m i.e.          
    

√  
. For a single 325 
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GNSS measurement this results in an expected sea ice thickness error of 0.58 m once the sub-326 

ice platelet layer has been taken into account.  327 

 328 

6 Discussion  329 

Using our drill-hole measurements we have indirectly estimated a mean solid fraction (sf) of 330 

the sub-ice platelet layer for McMurdo Sound of 0.16 ± 0.07. This is lower than previous 331 

estimates, but still within the uncertainty from Gough et al. (2012) of 0.25 ± 0.06, who base 332 

their estimate on the measurement of heat fluxes. Our estimate is based on mean freeboard 333 

and thickness measurements by applying the hydrostatic equilibrium assumption. The 334 

primary systematic uncertainty in the sf estimation is sea ice density (ρi). Our result uses a 335 

mean ρi value of 925 kg m
-3

. Under the same criteria as described in section 4 the mean sf 336 

varies from 0.03 to 0.36 given ρi values ranging from 915 to 935 kg m
-3 

respectively. We used 337 

925 kg m
-3 

for ρi as it represents the middle range of expected ρi in the study area. With this 338 

value an estimate of sf is provided, but we reiterate the dependence of the calculation on ρi.  339 

915 kg m
-3

 is considered a lower estimate of ρi as brine drainage is expected from the base of 340 

sea ice cores when undertaking the displacement technique. Assuming hydrostatic 341 

equilibrium we derive 927 kg m
-3

 for ρi, a higher estimate in better agreement with the 934 kg 342 

m
-3

 reported by Gough et al. (2012). We suggest 934 kg m
-3

 as an upper bound to ρi (Timco 343 

and Frederking, 1996) in McMurdo Sound. Furthermore, under a simple measurement set up 344 

surface elevation could be slightly suppressed due to the loading of personnel and equipment 345 

near the drill-hole site. We found after testing this, that the sea ice surface may be suppressed 346 

by up to 0.01 m when such loading is present in close proximity to the drill-holes resulting in 347 

ρi overestimates of approximately 5 kg m
-3

. We also suggest that a large number of 348 

measurements using our method are necessary as sea ice is not necessarily in hydrostatic 349 

equilibrium over very short spatial scales. We do not expect this to have significantly 350 

influenced the mean of our freeboard values, and subsequently our ρi estimate as most of our 351 
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drill-holes were drilled at least 15 m away from such loading, and our estimate is based on an 352 

average of 35 separate drill-hole measurements (5 measurements at each site, 7 in total). 353 

Though we have confidence that other sources of error play a smaller role, their influence 354 

cannot be entirely ignored. A 0.1 % uncertainty in water density (ρw) has been reported by 355 

Albrecht et al. (2006). This results in a ± 1 kg m
-3

 variation in reported mean ρi. Any larger 356 

variations in ρw would result in a larger range in calculated ρi.  357 

 358 

The estimate of sf for the sub-ice platelet layer has permitted the influence of the sub-ice 359 

platelet layer to be removed from sea ice thickness derived from GNSS measurements of 360 

surface elevation. Without accounting for the sub-ice platelet layer, the mean deviation of 361 

estimated level ice thickness from drill-hole measured sea ice thickness is 0.39 m. Taking 362 

account of the sub-ice platelet layer the mean deviation is reduced to 0.11 m. Therefore in 363 

areas of sea ice in close proximity to ice shelves it can be expected that thicknesses derived 364 

from freeboard or surface elevation may deviate from actual thickness by 12 %, with 365 

maximum deviations in the order of 19 % as a direct result of not accounting for a sub-ice 366 

platelet layer. In our study results may be improved along certain GNSS profiles with better 367 

snow depth information.   368 

 369 

Platelet ice and sub-ice platelet layers have been documented in many coastal Antarctic 370 

regions (Gough, 2012) making this link a key component of the Antarctic coastal sea ice 371 

regime. As the GNSS surface elevation sea ice thickness estimation operates under the same 372 

fundamental principles as satellite altimetry, this establishes an uncertainty in estimating sea 373 

ice thickness from satellite altimetry in proximity to ice shelves from the presence of a sub-374 

ice platelet layer. Given that our estimate of sf is low in the range of reported values, the 375 

influence of the sub-ice platelet layer on sea ice thickness estimation from SE measurements 376 
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could be even more significant. The variability of sf, both vertically through the sub-ice 377 

platelet layer and horizontally in a larger spatial sense could not be quantified. This will also 378 

play a role in the error of the estimation of sea ice thickness. 379 

 380 

7 Conclusions 381 

We have used an extensive drill-hole measurement campaign to estimate a solid fraction 382 

value of 0.16 for the sub-ice platelet layer found under land fast sea ice in McMurdo Sound. 383 

Using this information we were able to quantify the error associated with using satellite 384 

surface elevation measurements to estimate sea ice thickness. Sea ice thickness was 385 

overestimated on average by 12 % in southern McMurdo Sound as a result of the buoyant 386 

influence of the sub-ice platelet layer on the sea ice cover above. The influence of the ice 387 

shelf is expected to extend beyond 200 km from the edge of the McMurdo Ice Shelf (Stevens 388 

et al., 2009). Platelet ice observations confirm this and have been recorded in sea ice cores 80 389 

km north of the ice shelf edge (Dempsey et al., 2010). During fieldwork in 2013 the authors 390 

also measured a sub-ice platelet layer of 0.20 m in thickness at approximately the same 391 

distance. Therefore, we conclude that its influence may need to be considered in sea ice 392 

thickness investigations using satellite altimetry in such proximities to ice shelves. It should 393 

be noted however that ice shelf thickness is likely influential on whether supercooled water 394 

and platelet crystals can reach the upper few meters of the ocean and interact with sea ice.  395 

 396 

Sub-ice platelet layer formation results from the advection of supercooled ice shelf water 397 

from beneath the McMurdo and Ross Ice Shelf cavities providing an oceanic heat sink for sea 398 

ice formation. This heat sink contributes to sea ice thicknesses exceeding 2.5 m, at least 399 

double that of sea ice in pack ice areas of the Antarctic. Given the prevalence of ice shelves 400 

around the Antarctic and the fact that approximately 35 % of the Antarctic coastline is 401 
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fringed by fast ice in austral spring (Fraser et al., 2012), such interaction could be a primary 402 

driver of the sea ice thickness distribution near ice shelves. With adequate information on 403 

snow loading and using these anomalies in recorded sea ice thicknesses it may be possible to 404 

map ISW presence in coastal Antarctica using satellite altimetry measurements.  405 

 406 
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 501 

 502 

Tables and Figure captions 503 

 504 

Table 1. Mean Drill-hole measured, surface elevation derived sea ice thickness (Tip) and 505 

surface elevation sub-ice platelet layer corrected thickness (Ti) with standard deviations for 506 

each profile. The mean sub-ice platelet layer thickness (Tp) for each profile is also displayed. 507 

 508 

Figure 1. (a) Location of the study area (b) Envisat Wide Swath Advanced Synthetic 509 

Aperture Radar (ASAR) image (31.08.2011) of McMurdo Sound showing the first-year fast 510 

ice area. The McMurdo Sound Polynya (MSP) is driven by offshore winds from Ross Island 511 

(RI) in the east. Victoria Land (VL) and the McMurdo Ice Shelf (MIS) are also identified. (c) 512 

Magnified view of red box in (b) with an ASAR image from 28.09.2011. Drill-hole 513 

measurement sites are indicated by white dots, those used for comparison with the GNSS 514 

surveys by grey squares. The GNSS survey lines, Northern, Central, Southern and Eastern are 515 

indicated by the orange lines and tidal GNSS stations for tide correction by the green 516 

triangles. The 18 sites at which snow density was measured are indicated with blue circles. 517 

The 7 sites at which sea ice density was estimated using the hydrostatic equilibrium 518 

assumption are shown with ‘ρi’ underneath the measurement site.  519 

Figure 2. (a) Typical vertical profile through first-year sea ice in McMurdo Sound in austral 520 

spring, adapted from Gough et al., (2012). Surface elevation (SE) describes the combined 521 

protrusion of the ice freeboard (Fb) and snow cover (Ts) above sea level. Ice thickness (Ti) 522 

describes the sea ice formed from heat flux to the atmosphere along with the platelet ice 523 

which is the incorporated as the sea ice-ocean interface advances into accumulating platelets 524 

below. The sub-ice platelet layer accumulates beneath (Tp). Platelet crystals float freely in the 525 

water column below.  (b) Graphical display of the drill-hole measurement site set up.  526 

Figure 3. Interpolated maps of drill-hole measurements of (a) freeboard (b) ice thickness, (c) 527 

sub-ice platelet layer thickness (SIP) and (d) snow thickness of first-year sea ice in McMurdo 528 

Sound in November and December 2011.  These are overlaid upon an Envisat ASAR mosaic 529 

composed of two images from 25 and 28 November.   530 

 531 

Figure 4. Solid fraction (sf) derived by equation (1) (black circles) and expected errors from 532 

equation (2) derived for 32 measurement sites. A linear fit is shown in black for this data set. 533 

The influence of varying sea ice density (ρi) is also displayed as linear fits for higher and 534 

lower ρi values (no symbols plotted). 
 

535 

Figure 5. The four profiles with GNSS derived surface elevation (light grey), interpolated 536 

drill-hole derived sea ice freeboard (dark grey), sea ice draft (dark blue) and sub-ice platelet 537 

layer draft (light blue). Red dashes indicate sea ice draft as predicted by equation (3) taking 538 

no account of the sub-ice platelet layer, black circles indicate the estimated draft with 539 

consideration of the sub-ice platelet layer as estimated by equation (4). Drill-hole 540 

measurements of surface elevation (◊), sea ice draft (□) and sub-ice platelet layer draft (×) are 541 

also displayed for comparison with the interpolations.  542 

Profile Drill-hole (m) Tip (m) Ti (m) Mean Tp (m) 
Northern 1.69 ± 0.13 1.96 ± 0.77 1.93 ± 0.75 0.24 ± 0.42 

Central 2.19 ± 0.16 2.62 ± 1.02 2.21 ± 0.90 2.53 ± 1.70 

Southern 2.33 ± 0.06 2.88 ± 0.70 2.32 ± 0.56 3.30 ± 2.29 

Eastern 1.60 ± 0.10 1.92 ± 1.02 1.92 ± 1.02 0.04 ± 0.06 


