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We thank the editor Ted Maksym for his brief review of our proposed revisions, and are grateful for 

finding that typo. We changed “or” to “of”. 

 

Replies to Reviewer 1 (Blake P. Weissling) comments 

 

We are very grateful for the very positive evaluation by this reviewer, and by the suggestions for further 

improvements, which we have considered carefully. Please find our replies (AC) to the specific reviewer 

comments (RC) below: 

RC: In section 2.1.2 (line 167), the authors state that the conductivity of the consolidated ice in this 

layered model is set at 0 ms/m (infinite resistivity). Such a conductivity would assume that all entrained 

brine has been drained from the sea ice and I’m wondering if such an assumption is valid. Even with very 

cold first year ice, I would assume that some brine pockets remain albeit not necessarily connected in a 

significantly porous permeable network. Could the author’s comment on this and if you considered a 

non‐zero conductivity in your model (say at < 50 ms/m bulk ice conductivity)?  

AC: The reviewer is right in stating that the conductivity of consolidated sea ice can be larger than zero 

due to connected brine residing within the ice. However, conductivities between 0 and 50 mS/m do not 

affect the EM thickness retrieval much (less than 10 cm). We have therefore added the likely range of 

consolidate ice conductivity to Section 2.1.2 “(~0‐50 mS/m; Haas et al., 1997)” and have added a 

sentence to the end of the model description of Section 2.1.3: 

“Note that we chose σi = 0 mS/m for simplicity, while in reality consolidated sea ice still contains some 

brine that can slightly raise its conductivity up to σi = 50 mS/m or so (Haas et al., 1997). However, those 

small variations have little effect on the EM retrieval of consolidated ice thickness (Haas et al., 1997; 

2009).” 

 

RC: In section 2.1.3, the author’s present a mathematical model based on a continuous integration 

(Hankel transform). Is there a discrete version of this transform, and if so how was it computationally 

implemented? I’m not looking for an elaborate explanation, but just a short description of what the 

discrete transform looks like and if it was solved/applied in Matlab or some other software package. This 

would be useful for other researchers in applying the method. Perhaps an addenda describing the 

computational approach in more detail. Saves us from having to reinvent the wheel so to speak.  

AC: We thought that the stated references provided enough information on the modeling, but agree 

that stating a few more details in our manuscript would clarify the modelling more immediately. Indeed 

the model cannot be computed analytically but requires a numerical method that uses digital filters. 

While we were using old software which I developed during my PhD and that was based on Anderson 

(1979), one of my former PhD students has indeed published a matlab based code on Pangaea: 

Irvin, A.: One Dimensional Frequency domain Electromagnetic Model (ODFEM). PANGAEA, 

https://doi.org/10.1594/PANGAEA.897352, 2019. 
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Anderson, W. L: Computer Program. Numerical integration of related Hankel transforms of orders 0 and 

1 by adaptive digital filtering, Geophysics, 44, 1287–1305, https://doi.org/10.1190/1.1441007, 1979. 

In the manuscript we have added a sentence immediately below the first mention of the Hankel 

Transform:  

“This equation can only be solved numerically using digital filters. Here we used the filter coefficients of 

Guptasarma and Singh (1997) that are, for example, implemented in a program by Irvin (2019).” 

 

RC: In section 3.3, paragraph 2, the authors describe only the cementation factor in the application of 

Archie’s Law. There are 2 other factors or coefficients relevant to Archie’s Law ( )for brine saturated 

porous media, the tortuosity factor (a) and the saturation exponent (n). Could the author’s address this 

and if such coefficients/exponents have been formulated for ice media? Both numbers I suspect would 

be relevant in an ice matrix. 

AC: These are good points. Honestly we are not sure what the latest studies about sea ice conductivity 

are, except for the work of Jones which we use later in our manuscript and that is less based on using 

Archie’s law. However, our approach largely follows the work by Haas and Hunkeler which we clearly 

cite. In that work tortuosity and saturation are assumed to be one, for a lack of better information. 

These assumptions also follow yet earlier work by Kovacs and Morey (1986). We have now added that 

reference and added the following comment: 

Figure 8 shows the horizontal conductivity for Archie’s Law “with tortuosity factor and saturation 

exponent set to one (e.g. Kovacs and Morey, 1986)”, and cementation factor m=1.75 (Haas et al., 1997), 

and m=3 (Hunkeler et al., 2015b), 

Kovacs, A., and Morey, R.M.: Electromagnetic measurements of multi‐year sea ice using impulse radar, 

Cold Regions Science and Technology, 12(1), 67‐93, https://doi.org/10.1016/0165‐232X(86)90021‐2, 

1986. 

 

RC: Technical comments: In section 2.1 (line 108‐9), the sentence beginning “The surveys covered : : :” 

could be rephrased as it reads a bit awkward.  

AC: OK 

RC: In line 117, is “levelness” best word choice? AC: We reconsidered the word but find it quite suitable 

in this context. 

RC: In that same line, could the author’s elaborate briefly on “occasional 

noise” and what it entails?  

AC: added: noise from EMI interference or episodic electronic drift 

RC: In section 2.1.3 (line 254) do you mean to say “derived apparent conductivities” or “derived 

apparent thicknesses”? This possible typo is repeated in line 271, “from the apparent (conductivity) of 

the Q measurement”. Please check as I think you meant to say “thickness” in both cases.  
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AC: Thank you for your careful reading, yes these should be thicknesses. 

RC: In section 2.2 (line 316), “we assume of typical” is strange wording. Maybe drop the “of”. 

AC: thanks, yes the “of” has to go…;)  

 

************************************************************************************* 

Replies to Reviewer 2 (Andrew Mahoney) comments 

 

AC: We are very grateful for the very positive evaluation by this reviewer, and by the suggestions for 

further improvements, which we have considered carefully. Please find our replies (AC) to the specific 

reviewer comments (RC) below: 

RC: This is a well written paper and easy to read paper summarizing several years of work that has 

culiminated in a greater understanding of platelet distribution in McMurdo Sound that has implications 

for ISW formation and basal melt. At the same time, the technique used could applied with great value 

in other locations. I have only one general comment, that I think should be fairly straightforward to 

address. Otherwise, I look forward to seeing this paper published. 

General Comments 

Limited discussion on variability in consolidated in thickness 

My only major comment relates to the observation that the data presented represent a very narrow 

range of consolidated ice thicknesses, hi. Figure 5a indicates the ratio h(a;Q)=hi increases as hi 

decreases, which leaves me wondering how reliable the SIPL thickness estimates would be in the 

presence of greater spatial or temporal variability in hi. It is unfortunate that only few measurements 

were made in thicker multiyear ice, but the inclusion of a brief discussion about how they compare with 

the AEM measurements might still be helpful. The authors might also consider how the sensitivity to 

SIPL thickness would be affected over thin ice, earlier in the year, which could be relevant for studying 

intra‐annual SIPL variability. 

 

AC: We very much appreciate this comment and indeed were going to address this much more clearly in 

the initial manuscript but then it got lost… Therefore we have added two paragraphs to the discussion 

that address this reviewer’s comment as well as those from the editor: 

“Our validation data are limited to drill‐hole measurements from first‐year fast ice that is typically 2 m 

thick at the end of the winter. Therefore, most of our model results were also limited to 2 m thick 

consolidated ice. However, Figure 5 also includes results for 4 m and 6 m thick consolidated ice (dashed 

curves). From the behavior of those model curves it can be inferred that with thicker consolidated ice 

the ratio of ha,Q/hi decreases, which suggests that, in the presence of a typical SIPL, thicker 

consolidated ice can be retrieved more accurately than thinner ice from the quadrature measurements. 

Figure 5 also shows that the scaling factor α is hardly affected by consolidated ice thickness at all, i.e. the 

accuracy of retrieved SIPL thicknesses is independent of ice thickness. The thickness profiles in Figure 9a 
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include surveys of multiyear fast ice in 2013 and 2017, which are visible by large steps towards thicker 

ice in the west. These are indications that the measurements are indeed quite sensitive to thicker 

consolidated ice and SIPL as well. We only attempted very few drill‐hole measurements of the thick 

consolidated ice and thick SIPL, as they are very challenging and their accuracy is poor. Therefore we did 

not include them in our analysis here.  

However, thick consolidated ice and a thick SIPL pose other challenges that are related to the decreasing 

sensitivity of EM measurements with increasing height above the water or conductive SIPL. Despite the 

better behavior of ha,Q/hi discussed above with regard to Figure 5, thicker consolidated ice results in 

weaker inphase and quadrature signals which eventually approach the EM noise level and are then 

insensitive to consolidated ice thickness changes (not shown here, see Haas et al., 2009). However, 

these limitations only apply to ice several tens or meters thick (e.g. Rack et al., 2013). More importantly, 

increasing SIPL thicknesses also lead to reduced sensitivities particularly of the inphase signals as has 

been discussed above with regard to results shown in Figure 3. That figure shows that for typical SIPL 

conductivities of 900 mS/m and more the inphase signal remains approximately constant for SIPL 

thickness of 6 m and more. This is due to the limited EM field depth penetration into conductive layers, 

which make the method insensitive to changes below the level of penetration. Therefore it is likely that 

the good results shown in Figure 7 benefited from the fact that most drill‐hole SIPL thicknesses in the 

study region were not larger than 6 m (total thickness of 8 m). In fact, Figure 7 shows that the 

uncertainties of the thickest SIPL measurements which also have the largest drill‐hole errors are 

considerably larger than those of smaller total thicknesses.”   

 

RC: Line 175‐176: I recommend introducing the concept of apparent thickness at the beginning of this 

paragraph and the symbol ha should be defined before it first used. 

AC: agreed, we have re‐arranged the sentences in that paragraph. 

 

RC: Line 176: I don’t think the parentheses around “or Q” are necessary 

AC: removed! 

 

RC: Line 400: If the approximate values of the dimensions a,b,c, and d are really important to this 

discussion, then I feel the reader should be given some further explanation without need to refer to the 

paper by Jones 2012b. At the least, the text should provide units for the stated values. 

AC: As the text stated, a, b, c are relative brine pocket dimensions and therefore have no units. However 

we agree that some further explanations may be useful and have therefore slightly extended the whole 

paragraph: 

“For sea ice specifically, Jones et al. (2012a) have used a simple conductivity model (Jones et al., 2012b) 

to derive parameters for an ice/brine “unit cell”. Each unit cell consists of a single, isolated, cubical brine 

pocket with sides of relative dimension d (unitless), and three connected channels in perpendicular 

directions (two horizontal and one vertical direction), each with relative dimensions c � a � b (also 
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unitless). Jones et al (2012b) found that the relative dimensions that fit the observed in situ DC 

horizontal and vertical resistivities depend not only on sea ice temperature but also on structure. In 

particular, for Antarctic incorporated platelet ice at �5°C the shape of the inclusions has relative brine 

pocket dimensions a≈1, b≈17, c≈0.6, and d≈6 (see Jones et al. (2012a) for details). In addition, Jones et al 

(2012b) have shown for Arctic first‐year sea ice that there is a dramatic change in these parameters with 

temperature, with a, c, and d becoming relatively larger, while b drops. This behavior would also be 

expected in incorporated platelet ice. We shall therefore assume that the shape of the inclusions in the 

SIPL is similar to that of incorporated platelet ice (as observed by Jones et al., 2012a), but that brine 

inclusion/void dimensions are very much larger because they are very close to the freezing point. 

Consequently, we calculate the relationship between solid fraction and conductivity from Jones et al. 

(2012b), by varying a and c, while keeping b and d constant and hence changing the solid/liquid content 

of the SIPL (see Fig. 8).” 

************************************************************************************* 

 

Replies to Editor (Ted Maksym) comments 

 

AC: Thank you for your additional comments Ted, which help to clarify our manuscript further. Please 

find our replies (AC) to the specific editor comments (EC) below: 

EC: In addition to the minor points raised by the two reviewers, I would like to add to the comment from 

RC2 about the accuracy in derived SIPL for different hi. I note that for the thicker SIPL layers (4‐8 m), 

assuming a conductivity in the middle of the estimated range (1200 mS/m), that the behaviour upon 

which eq. 5a‐c are based does not really hold. The decrease in I with increasing SIPL levels out, and Q 

shows a slight, increase, comparable to the variability in I (Fig 3). Hence, ha,I has a modest increase as 

SIPL increases between 4‐8m that is comparable to the decrease in ha,Q over the same range. But Fig 6 

is very convincing that eq 5b and 5c work. I think this is because the relationship between ha,Q and SIPL 

is roughly linear over this range, so that 5c remains linear, but would slightly modify the effective value 

of alpha. It might be that since the effect is modest, this relationship still works well enough over the 

range of SIPL. I do note that I’d expect this to reduce alpha for larger SIPL (if I have the direction of the 

effect correct), which is not consistent with the lower value used for 2013 and 2016, so it seems it is not 

a large enough effect to make much difference to the empirical fits. However, similar to RC2’s question, 

I wonder if this effect may become important if the consolidated ice thickness varied significantly? 

As noted, the effect seems to be unimportant, so I do not necessarily suggest any major changes need 

be made; ultimately eq. 5c is semi‐empirical, and the effect of variability in ha,Q is not so important. 

However, for these ranges of SIPL and conductivity, neither I or Q vary much (figure 3). This would 

suggest that the derived SIPL values may have quite large uncertainty. Can you provide some estimate of 

uncertainty due to the precision and/or accuracy of the instrument for these SIPL thicknesses? Given 

figure 4a, it seems that for SIPL thicknesses above 5‐6m, that the SIPL estimate would be essentially 

indeterminate. Particularly since relatively slight variations in conductivity seem to have as great, or 

greater effect. Given this, it is perhaps somewhat surprising that the SIPL thicknesses match 

observations as well as they do (although many of the estimated SIPL thicknesses are well outside the 
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drill hole error bars in Figs 9 and 10). Some further discussion of potential limitations of this method 

based on this may be helpful to add to the text. 

AC: Thank you very much for your comments. Indeed, as already expressed in our reply to reviewer 2, 

these issue were high on our mind initially but were forgotten in the final stages of writing the 

discussion… Therefore we have added two paragraphs to the discussion that address your and that 

reviewer’s comments as they are closely related. They concern both thick and thin consolidated ice as 

well as an increasingly thick SIPL thicker than approximately 6 m: 

“Our validation data are limited to drill‐hole measurements from first‐year fast ice that is typically 2 m 

thick at the end of the winter. Therefore, most of our model results were also limited to 2 m thick 

consolidated ice. However, Figure 5 also includes results for 4 m and 6 m thick consolidated ice (dashed 

curves). From the behavior of those model curves it can be inferred that with thicker consolidated ice 

the ratio of ha,Q/hi decreases, which suggests that, in the presence of a typical SIPL, thicker 

consolidated ice can be retrieved more accurately than thinner ice from the quadrature measurements. 

Figure 5 also shows that the scaling factor α is hardly affected by consolidated ice thickness at all, i.e. the 

accuracy of retrieved SIPL thicknesses is independent of ice thickness. The thickness profiles in Figure 9a 

include surveys of multiyear fast ice in 2013 and 2017, which are visible by large steps towards thicker 

ice in the west. These are indications that the measurements are indeed quite sensitive to thicker 

consolidated ice and SIPL as well. We only attempted very few drill‐hole measurements of the thick 

consolidated ice and thick SIPL, as they are very challenging and their accuracy is poor. Therefore we did 

not include them in our analysis here.  

However, thick consolidated ice and a thick SIPL pose other challenges that are related to the decreasing 

sensitivity of EM measurements with increasing height above the water or conductive SIPL. Despite the 

better behavior of ha,Q/hi discussed above with regard to Figure 5, thicker consolidated ice results in 

weaker inphase and quadrature signals which eventually approach the EM noise level and are then 

insensitive to consolidated ice thickness changes (not shown here, see Haas et al., 2009). However, 

these limitations only apply to ice several tens or meters thick (e.g. Rack et al., 2013). More importantly, 

increasing SIPL thicknesses also lead to reduced sensitivities particularly of the inphase signals as has 

been discussed above with regard to results shown in Figure 3. That figure shows that for typical SIPL 

conductivities of 900 mS/m and more the inphase signal remains approximately constant for SIPL 

thickness of 6 m and more. This is due to the limited EM field depth penetration into conductive layers, 

which make the method insensitive to changes below the level of penetration. Therefore it is likely that 

the good results shown in Figure 7 benefited from the fact that most drill‐hole SIPL thicknesses in the 

study region were not larger than 6 m (total thickness of 8 m). In fact, Figure 7 shows that the 

uncertainties of the thickest SIPL measurements which also have the largest drill‐hole errors are 

considerably larger than those of smaller total thicknesses.”  

In addition, we have added error bars of +/‐0.5 m thickness to the graphs in Figures 9 and 10 to illustrate 

the uncertainty of the AEM retrievals and to show that within that uncertainty the agreement with the 

drill‐hole data is really good. 

 

EC: A couple other suggestions (up to authors’ discretion): 
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Figure 1: Might it be better for the green dots to show the total estimated thickness (consolidated + 

SIPL), or just the SIPL thickness, rather than the apparent thickness (which is not an actual thickness)? A 

casual reader might look carefully only at this figure, as it provides a clear geographical presentation of 

the results. I think it would be best if this showed the actual results. 

AC: We have debated various options when we first compiled this figure, including your suggestion. 

However, we concluded and are still convinced that we should leave it as it is, for the following reasons: 

1. In the context of the paper the figure shows the initial apparent thickness that would be obtained 

when carrying out the measurements. They already show the coherent apparent thickening in the 

region of the known ISW plume which is the key point of the figure. This was an important 

discovery/recognition for us when we looked at the data for the first time after our first surveys. 2. 

Showing the consolidated ice plus SIPL thicknesses would strongly increase the range of displayed values 

and more subtle details would be less clearly visible. Note also that we only show the surveys over the 

first‐year ice, as the multiyear ice and its SIPL would be much thicker, again increasing the range of 

displayed values and decreasing their resolution.  

However, we agree that it would also be useful to show the full range of measurements, and therefore 

we have implemented your other suggestion below. 

 

EC: Figure 6: it might be useful to show the full drill hole thicknesses here as well (consolidate 

+ SIPL) so that the scaling factor is more apparent. 

AC: We agree that this looks interesting as well, and will replace the figures as shown below, even 

though the scales get much expanded and details of the blue and orange curves are less clearly visible 

than before.  
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Abstract. Basal melting of ice shelves can result in the outflow of supercooled ice shelf water, which can lead to the formation 

of a sub-ice platelet layer (SIPL) below adjacent sea ice. McMurdo Sound, located in the southern Ross Sea, Antarctica, is 

well known for the occurrence of a SIPL linked to ice shelf water outflow from under the McMurdo Ice Shelf. Airborne, single 

frequency, frequency-domain electromagnetic induction (AEM) surveys were performed in November of 2009, 2011, 2013, 

2016, and 2017 to map the thickness and spatial distribution of the landfast sea ice and underlying, porous SIPL. We developed 20 

a simple method to retrieve the thickness of the consolidated ice and SIPL from the EM inphase and quadrature components, 

supported by EM forward modeling, and calibrated and validated by drill-hole measurements. Linear regression of EM inphase 

measurements of apparent SIPL thickness and drill-hole measurements of “true” SIPL thickness yields a scaling factor of 0.3 

to 0.4, and rms error of 0.47 m. EM forward modeling suggests that this corresponds to SIPL conductivities between 900 and 

1800 mS/m, with associated SIPL solid fractions between 0.09 and 0.47. The AEM surveys showed the spatial distribution 25 

and thickness of the SIPL well, with SIPL thicknesses of up to 8 m near the ice shelf front. They indicate interannual SIPL 

thickness variability of up to 2 m. In addition, they reveal high-resolution spatial information about the small-scale SIPL 

thickness variability, and indicate the presence of persistent peaks in SIPL thickness that may be linked to the geometry of the 

outflow from under the ice shelf. 
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1 Introduction 30 

McMurdo Sound is an approximately 55 km wide sound in the southern Ross Sea, Antarctica, located between Ross Island 

and the Transantarctic Mountains in Victoria Land (Figure 1a). It is bordered by the small McMurdo Ice Shelf to the South, a 

portion of the much larger Ross Ice Shelf. For most of the year, McMurdo Sound is covered by landfast sea ice. The fast ice 

is mostly composed of first-year ice which usually breaks out during the summer months (Kim et al., 2018). However, in some 

years some smaller regions of fast ice mostly near the coast or ice shelf edge may persist through one or several summers to 35 

form thick multiyear landfast ice. In particular between 2003 and 2011 the southern parts of McMurdo Sound remained 

permanently covered by thick multiyear ice that had initially formed due to the shelter from swell and currents by the large 

grounded iceberg B15 further north (Robinson and Williams, 2012; Brunt et al., 2006; Kim et al, 2018).  

McMurdo Sound is characterized by intensive interaction between the ice shelf, sea ice, and ocean (Gow et al., 1998; Smith et 

al., 2001; Leonard et al., 2011; Robinson et al., 2014; Langhorne et al., 2015). In particular, melting at the base of the Ross 40 

and McMurdo ice shelves results in the seasonally variable presence of supercooled Ice Shelf Water (ISW). A plume of 

supercooled ISW emerges from the McMurdo Ice Shelf and spreads north (Leonard et al., 2011; Robinson et al., 2014), leading 

to the widespread formation and accumulation of frazil ice to form a sub-ice platelet layer under the fast ice (Figure 1). This 

sub-ice platelet layer (SIPL) is a poorly consolidated, highly porous layer of millimeter- to decimeter-scale planar ice crystals 

(Hoppmann et al., 2020), and is an important contributor to the sea ice mass balance in McMurdo Sound and along the coast 45 

of Antarctica in general (Smith et al., 2001; Gough et al., 2012; Langhorne et al., 2015). Its presence and thickness are important 

indicators of the occurrence of ISW near the ocean surface (Lewis and Perkin, 1985). Subsequently, the SIPL may consolidate 

and become incorporated into the solid sea ice cover to form so-called incorporated platelet ice (Gow et al., 1998; Smith et al., 

2001; Hoppmann et al., 2020). Due to the contributions of platelet ice, sea ice thicknesses in Antarctic near-shore environments 

can be larger than in the pack ice zone further offshore (Gough et al, 2012).  50 

The SIPL in McMurdo Sound, its dependence on ocean processes, and its role for increasing sea ice freeboard and thickness 

has been extensively studied for many years (e.g. Gow et al., 1998; Mahoney et al., 2011; Robinson et al., 2014; Price et al., 

2014; Langhorne et al., 2015; Brett et al., 2020). The spatial distribution of supercooled water and platelet ice have been 

observed by means of local CTD and drill-hole measurements on the fast ice (e.g. Lewis and Perkin, 1985; Barry 1988; 

Dempsey et al., 2010; Leonard et al., 2011; Mahoney et al., 2011; Robinson et al., 2014; Langhorne et al., 2015). These studies 55 

showed that a SIPL primarily occurs in a 20 to 30 km wide, 40 to 80 km long region extending from the northern tip of the 

McMurdo Ice Shelf in a northwesterly direction (Fig. 1), and locally near the coast of Ross Island. Drill-hole measurements 

showed that at the end of the winter the thickness of the SIPL under first-year ice can be up to 7.5 m (Price et al., 2014; Hughes 

et al., 2014), coinciding with more than 2.5 m of consolidated sea ice. With multiyear ice, SIPL and consolidated ice 

thicknesses can be much larger, depending on location and increasing with age.  60 

Electromagnetic induction sounding (EM) measurements are sensitive to the presence of layers of different electrical 

conductivity in the sub surface. The presence and thickness of the porous, seawater-saturated SIPL can be retrieved because 
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its electrical conductivity is in between those of the resistive, consolidated sea ice above and the conductive seawater below. 

The technical and logistical difficulties of on-ice and drill-hole measurements often only allow discontinuous, widely spaced 

sampling. Therefore observations of the kilometer-scale and interannual variability of SIPL occurrence and thickness are still 65 

rare or restricted to regions that are accessible by on-ice vehicle (Hoppmann et al., 2015; Hunkeler et al., 2015a,b; Brett et al, 

2020). Notably Hunkeler et al. (2015a,b), Irvin (2018), and Brett et al. (2020) have already demonstrated the capability of 

ground-based, single- and multifrequency EM measurements to map the occurrence and thickness of the SIPL, using numerical 

inversion methods. The two latter studies have successfully reproduced the geometry of the SIPL known from earlier studies 

(Barry, 1988; Dempsey et al, 2010; Langhorne et al, 2015). Using four years of ground-based EM data, Brett et al. (2020) have 70 

studied the interannual SIPL variability and found that the SIPL was thicker in 2011 and 2017 than in 2013 and 2016, in close 

relation to nearby polynya activity that contributes to variations in ocean circulation under the ice shelf. In spite of progress, 

details are lacking and the processes involved in the outflow of ISW from under the McMurdo ice shelf are still little known.  

In contrast to ground-based EM measurements where the instrument height over the snow or ice surface is constant, instrument 

height varies significantly with AEM measurements due to unavoidable altitude variations of the survey aircraft. This makes 75 

the application of numerical inversion methods more complicated. Further the development and calibration of the empirical 

AEM SIPL retrieval algorithm requires that the electrical conductivity of the SIPL is known. The SIPL is an open matrix of 

loosely-coupled crystals in approximately random orientations, and its conductivity depends on its solid fraction (e.g., 

Gough et al., 2012; Langhorne et al, 2015), both of which are hard to measure directly. Observations and modeling over the 

past four decades suggest that  is quite low, with a mean of  = 0.25 േ 0.09 (Langhorne et al, 2015) and range of 0.15 – 0.45 80 

(e.g. Hoppmann et al., 2020).  

In this paper we develop a simple empirical algorithm for the joint retrieval of SIPL and consolidated ice thicknesses from 

single-frequency AEM measurements that is supported by an EM forward model and calibrated and validated by coincident 

drill-hole measurements. We show that the SIPL conductivity, and therefore its porosity or solid fraction, can be obtained as 

a first step in the calibration of the method with drill-hole data. We apply this algorithm to five surveys carried out in November 85 

of 2009, 2011, 2013, 2016, and 2017 by helicopter and fixed-wing aircraft. Using these techniques we demonstrate the ability 

of airborne electromagnetic induction (AEM) measurements to map the small-scale distribution of the SIPL under landfast sea 

ice with high spatial resolution. We apply AEM to study the interannual variability of the SIPL in McMurdo Sound from which 

we infer some previously unknown features of the ISW plume. 
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 90 

Figure 1: Overview maps of the AEM surveys carried out in 2009, 2011, 2013, 2016, and 2017. (a) regional overview and the location 
of McMurdo Sound (green arrow), and boundaries of satellite images (red). (b-f) Locations of East-West profiles, overlaid on 
synthetic-aperture radar (SAR) satellite images to show differences in general ice conditions and ice types (Brett et al., 2020; 2009/11: 
Envisat; 2013: TerraSAR-X; 2016/17: Sentinel-1). Colors correspond to different apparent ice thicknesses ha,I (Section 2.1.2). Orange 
lines mark respective fast ice edges. Bright areas to the South are the McMurdo Ice Shelf. Black dashed lines in b and f show tracks 95 
of ice shelf thickness surveys used in Figure 10a and 11 (Rack et al., 2013). 
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2 Methods and Measurements 

2.1 AEM thickness surveys 

All measurements presented here were performed with a towed EM instrument (EM Bird) suspended below a helicopter or 

fixed-wing airplane, and are thus named airborne EM (AEM) surveys. The EM Bird was flown with an average speed of 80 100 

to 120 knots at mean heights of 16 m above the ice surface (Haas et al., 2009; Haas et al., 2010). The instrument operated in 

vertical dipole mode with a signal frequency of 4060 Hz and a spacing of 2.77 m between transmitting and receiving coils 

(Haas et al., 2009). The sampling frequency was 10 Hz, corresponding to samples every 5 to 6 m depending on flying speed. 

A Riegl LD90 laser altimeter was used to measure the Bird’s height above the ice surface, with a range accuracy of +/- 0.025 

m. Positioning information was obtained with a Novatel OEM2 differential GPS with a position accuracy of 3 m (Rack et al., 105 

2013). Details of EM ice thickness sounding are explained in the following sections. 

We have carried out five surveys over the fast ice in McMurdo Sound, in November of 2009, 2011, 2013, 2016, and 2017 (Fig. 

1), i.e. in the end of winter when ice thickness was near its maximum. The surveys covered several approximately 50 km long, 

East-West oriented profiles across the sound, as closely as possible from shore to shore, with approximate lengths of 50 km. 

Although the exact number of profiles differed every year due to weather restrictions, ice conditions, or technical issues, we 110 

have attempted to cover the same profiles every year, and to collocate them with drill-hole measurements (Section 2.2). The 

profiles repeated most often were located at latitudes of 77°40’ S, 77°43’ S, 77°46’ S, and 77°50’ S, i.e. 5.5 to 7.4 km apart 

(Fig. 1). 

EM ice thickness measurements are affected by averaging within the footprint of the instrument, which results in the 

underestimation of maximum pressure ridge thicknesses (e.g. Kovacs et al., 1995). However, the fast ice in McMurdo Sound 115 

is mostly undeformed and level. Over such level ice without an underlying SIPL the agreement of EM thickness estimates is 

within +/- 0.1 m of drill-hole measurements (Pfaffling et al., 2007; Haas et al., 2009). McMurdo Sound therefore presents ideal 

conditions for EM ice thickness measurements, and the levelness of the ice allows the application of low-pass filtering to 

remove occasional noise from EMI interference or episodic electronic drift that affects measurements over thick ice without 

losing significant information on larger scales. Here, we have applied a running-window, 300 point median filter corresponding 120 

to a width of 1.5 to 1.8 km to all data unless mentioned otherwise. 

However, the accuracy of 0.1 m stated above relies on accurate calibration of the EM sensor, which is typically achieved by 

flying over short sections of open water (Haas et al., 2009). Unfortunately open water overflights were not possible with the 

helicopter surveys between 2009 and 2013, due to safety regulations. Then the calibration could only be validated over drill-

hole measurements and may be less accurate than reported above. Only in 2017 were we able to use a Basler B67 airplane, 125 

permitting flights over the open water in the McMurdo Sound polynya which provided ideal calibration conditions (Fig. 1f).  
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2.1.1 EM response to sea ice thickness and a sub-ice platelet layer 

Frequency-domain, electromagnetic induction (EM) sea ice thickness measurements rely on the active transmission of a 

continuous, low-frequency, “primary” EM field of one or multiple, constant frequencies, penetrating through the resistive 130 

snow and ice into the conductive seawater underneath. As the resistivity of cold sea ice and dry snow are approximately infinite 

(Kovacs and Morey, 1991; Haas et al., 1997), eddy currents are only induced in the seawater underneath. These eddy currents 

generate a “secondary” EM field with the same frequency as the primary EM field, but with a different amplitude and phase. 

The EM sensor measures the amplitude and phase of the secondary field, relative to those of the primary field, in units of parts 

per million (ppm) of the primary field. Amplitude and phase of the complex secondary field are usually decomposed into real 135 

and imaginary signal components, called inphase (I) and quadrature (Q), respectively: 

I [ppm] = Amplitude [ppm] ൈ cos(Phase [degrees]) 

Q [ppm] = Amplitude [ppm] ൈ sin(Phase [degrees]) 

With negligible sea ice and snow conductivities, measured I and Q of the relative secondary field depend on the distance 

between the EM instrument and the ice-water interface, and on the conductivity of the seawater. With known seawater 140 

conductivity, I and Q decay as an approximate negative-exponential with increasing distance (h0 + hi) between the EM 

instrument and the ice-water interface, where h0 is instrument height above the ice and hi is ice thickness (see Section 2.1.3 

below; Haas, 2006; Pfaffling et al., 2007; Haas et al., 2009): 

I ≈ c0 ൈ exp(-c1 ൈ (h0+hi))           (1a) 

Q ≈ c2 ൈ exp(-c3 ൈ (h0+hi))          (1b) 145 

with constants c0..3 . Then, height above the ice-water interface can be obtained independently from both, I and Q, from 

equations of the form: 

(h0+hi) ≈ -1/c1 ൈ ln(I/c0)          (2a) 

or 

(h0+hi) ≈ -1/c3 ൈ ln(Q/c2)          (2b)  150 

For ground-based measurements with an EM instrument located on the snow or ice surface (i.e. h0 = 0 m), the distance to the 

ice-water interface corresponds to the total (snow-plus-ice) thickness hi (Kovacs and Morey, 1991; Haas et al., 1997). With 

airborne measurements, the variable height of the EM instrument above the snow or ice surface h0 is measured with a laser 

altimeter. Then, total (ice-plus-snow) thickness is computed from the difference between the electromagnetically derived 

height above the ice-water interface and the laser determined height above the snow or ice surface: 155 

hi,I ≈ -1/c1 ൈ ln(I /c0) – h0          (3a) 

or 

hi,Q ≈ -1/c3 ൈ ln(Q /c2) – h0          (3b) 

(Pfaffling et al., 2007; Haas et al., 2009). Over typical, saline sea water I (Eq. 1a) is two to three times larger than Q (Eq. 1b) 

and has much better signal-to-noise characteristics (Haas, 2006). It is therefore the preferred channel for ice thickness retrievals 160 
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in the Arctic and Antarctic (Haas et al., 2009). Because snow and ice are indistinguishable for EM measurements due to their 

low conductivity, no attempt is made here to distinguish between them, and the terms ice thickness or consolidated ice thickness 

are used throughout to describe total, i.e. snow plus ice thickness. 

2.1.2 Apparent thickness 

In the case of the presence of a SIPL, ice thickness retrievals become significantly more difficult, and will lead to large errors 165 

if the effect of the SIPL is not taken into account. Induction in the conductive SIPL results in an additional secondary field 

which mutually interacts with the secondary field induced in the water underneath. Thus the EM signal becomes a function of 

both, consolidated ice thickness, and the thickness and conductivity of the SIPL. The conductivity of the porous SIPL is higher 

than that of consolidated ice (~0-50 mS/m; Haas et al., 1997) but most likely lower than that of the seawater underneath 

(approximately 2700 mS/m in McMurdo Sound; e.g. Mahoney et al., 2011; Robinson et al., 2014). Therefore, over 170 

consolidated ice underlain by a SIPL, the measured secondary field will be smaller than if there was no SIPL, and larger than 

if the SIPL was consolidated throughout and highly resistive.  

Here we introduce the term “apparent thickness”, ha, to describe the ice thickness obtained from either I (or Q) following the 

standard procedures and simple negative exponential relationship in Eq. 3 (Haas et al., 2009; Rack et al., 2013). This is the 

thickness that one obtains if the presence of a SIPL was not considered. The apparent thickness ha agrees with the true thickness 175 

hi if the ice has negligible conductivity. Otherwise, in the presence of a conductive SIPL, the apparent thickness ha will be 

more than the consolidated ice thickness, but less than the total, consolidated ice plus SIPL thickness hi + hsipl. Therefore, 

Uusing the simple, negative-exponential relation between I or Q and ice thickness described above (Eqs. 1, 3), smaller I and 

Q due to the presence of a SIPL will result in apparent consolidated ice thickness estimates ha that are larger than the true 

consolidated ice thickness hi. However, the derived consolidated ice thickness ha will be less than the total ice plus SIPL 180 

thickness hi + hsipl because the thickness retrieval assumes negligible ice conductivity, which is an invalid assumption for the 

SIPL. Therefore the measured I and Q would be larger than they are for negligible SIPL conductivity. Here we introduce the 

term “apparent thickness”, ha, to describe the ice thickness obtained from either I (or Q) following the standard procedures and 

simple negative exponential relationship in Eq. 3 (Haas et al., 2009; Rack et al., 2013). This is the thickness that one obtains 

if the presence of a SIPL was not considered. The apparent thickness ha agrees with the true thickness hi if the ice has negligible 185 

conductivity. Otherwise, in the presence of a conductive SIPL, the apparent thickness ha will be more than the consolidated 

ice thickness, but less than the total, consolidated ice plus SIPL thickness hi + hsipl. 

As will be shown in Section 2.1.3, I and Q respond differently to the presence of a SIPL, and Q is in fact little affected and can 

therefore still be used to retrieve hi. The presence of this layer can therefore be detected by deviations between the apparent 

thicknesses derived from I and Q. The different responses of I and Q can also be used to determine the thickness of the SIPL, 190 

and thus to convert apparent thickness into consolidated ice and SIPL thicknesses (Section 2.1.4). In general, the thickness and 

conductivity of consolidated ice and the SIPL can be derived by means of full, least-square layered-earth inversion of airborne 
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I, Q, and laser altimeter data, and by potentially using more signal frequencies (e.g. Rossiter and Holladay, 1994; Pfaffling and 

Reid, 2009; Hunkeler et al, 2015a,b). However, numerical inversion is computationally demanding and requires well calibrated 

data with good signal-to-noise characteristics. In addition, these algorithms require certain a-priori knowledge about the 195 

stratigraphy of the ice, i.e. layers present and their conductivities. The development and application of such algorithms is 

beyond the scope of this paper. Instead, here we apply a simple empirical algorithm for the joint retrieval of SIPL and 

consolidated ice thicknesses from single-frequency AEM measurements. The following section will outline the theoretical 

basis for this approach, including results from an EM forward model and a discussion of assumptions that need to be made.  

2.1.3 Modeling EM responses over fast ice with a SIPL 200 

To demonstrate the sensitivity of EM measurements to the presence of a SIPL, and to evaluate the potential of determining its 

thickness, we performed extensive one-dimensional forward modeling of the EM response to different SIPL thicknesses and 

conductivities. The I and Q components of the complex relative secondary field measured with horizontal coplanar coils over 

n horizontally stratified layers overlying a homogeneous half-space can be calculated as (e.g. Mundry, 1984); Guptasarma 

and Singh 1997): 205 

ሺ𝐼 ൅  𝑗𝑄ሻ ൌ 𝑟ଶ ׬ 𝜆ଶ
ஶ
଴ 𝑅଴𝑒ିଶఒ௛బ𝐽଴ሺ𝜆𝑟ሻ𝑑𝜆        (4) 

This is a so-called Hankel transform utilizing a Bessel function of the first kind of order zero (J0), with r being the coil spacing, 

h0 the receiver and transmitter height above the ice and λ the vertical integration constant. This equation can only be solved 

numerically using digital filters. Here we used the filter coefficients of Guptasarma and Singh (1997) that are, for example, 

implemented in a program by Irvin (2019). R0 is called transverse electric reflection coefficient and is a recursive function of 210 

system angular frequency ω and the thickness and electromagnetic properties of individual layers (electrical conductivity σ, 

and magnetic permeability μ0): 

Rn-1 = Kn-1 

Rk-2 = (Kk-2 + Rk-1 uk-1)/(1+Kk-2 Rk-1 uk-1) 

with 215 

uk = exp(-2hk vk) 

vk = (λ2 + jωµ0σk)1/2 

Kk-1 = (vk-1 – vk)/(vk-1 + vk) 

In these equations n is the number of layers (4 in this paper: non-conductive air, sea ice and snow, SIPL, and seawater), k = 1 

(air),.., 4 (seawater), and j = sqrt(-1). Figure 2 shows the general design of this 4-layer case, and also the layer properties used 220 

for the computations which are based on the typical conditions during our surveys in McMurdo Sound. 

As the EM signal is ambiguous for variable layer thicknesses and conductivities, we only calculate signal changes due to 

variable SIPL (layer 2) thicknesses hsipl and conductivities σsipl, keeping all other parameters constant and representative of our 

measurements: we chose instrument height h0 = 16 m, sea ice (layer 1) thickness hi = 2 m and conductivity σi= 0 mS/m, and 
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seawater (layer 3: infinitely deep, homogeneous half-space) conductivity σw = 2700 mS/m. SIPL conductivity σsipl was varied 225 

between 0 and 2700 mS/m in steps of 300 mS/m to study a range of properties between the two extreme cases of negligible 

and maximum, seawater conductivity. SIPL thickness hsipl was varied from 0 to 20 m to also include the most extreme potential 

cases, such as to investigate the EM signal behaviour over potentially thick platelet layers under multiyear ice or an ice shelf. 

Note that we chose σi = 0 mS/m for simplicity, while in reality consolidated sea ice still contains some brine that can slightly 

raise its conductivity up to σi = 50 mS/m or so (Haas et al., 1997). However, those small variations have little effect on the EM 230 

retrieval of consolidated ice thickness (Haas et al., 1997; 2009).  

 

Figure 2: Schematic of the four-layer forward model to compute EM responses over sea ice underlain by a SIPL with variable 
thickness and conductivity. Tx and Rx illustrate transmitting and receiving coils, respectively. Instrument height h0 = 16 m, snow + 
ice thickness hi = 2 m, and water conductivity of 2700 mS/m are based on typical conditions during our surveys in McMurdo Sound. 235 

 

Figure 3 shows the dependence of I and Q model curves over 2 m thick consolidated ice on variable SIPL thickness and 

conductivity obtained using the model of Eq. 4. As expected it can be seen that I and Q do not change with increasing SIPL 

thickness if the SIPL conductivity is 2700 mS/m, i.e. if the SIPL is indistinguishable from sea water. I decreases exponentially 

with increasing SIPL thickness, the effect becoming more pronounced as SIPL conductivity decreases. When SIPL 240 

conductivity is 0 mS/m, i.e. when the SIPL is indistinguishable from consolidated ice, the resulting curve is identical to 

measurements over consolidated ice only, i.e. generally following the form of Eq. 1.  

In contrast, and not quite intuitively, initially Q changes little with increasing SIPL conductivity and thickness. Indeed, Q even 

increases slightly with increasing SIPL thickness if the SIPL conductivity is high (e.g. larger than 600 mS/m). Only for very 

low SIPL conductivity (e.g. below 600 mS/m) does Q decrease strongly, and for a conductivity of 0 mS/m the curve is identical 245 

to the consolidated ice case, as for I. Note that I is generally much larger than Q, and that I is more strongly dependent on SIPL 

thickness. Therefore the sensitivity of I to the presence, thickness, and conductivity of a SIPL is much larger than that of Q.  
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Figure 3: Inphase I and Quadrature Q responses to a 0 to 10 m thick SIPL under 2 m thick consolidated ice for SIPL conductivities 
of 0 to 2700 mS/m computed with three-layer EM forward model (see Fig. 2). Ref shows negative exponential curves for consolidated 250 
ice with zero conductivity used for computation of I and Q apparent thicknesses using Eq. 2b. 

 

Figure 4 shows the apparent thicknesses, ha,I and ha,Q, that result from applying Eqs. 3a & b to the I and Q curves in Figure 3. 

Eqs. 3a & b correspond to a SIPL conductivity of 0 mS/m, that would be used if the presence of an SIPL would be unknown 

or ignored. For example, and based on the same reasoning as above, Figure 4 shows that the apparent thicknesses agree with 255 

the total thickness hi+hsipl if the SIPL conductivity was zero, i.e. indistinguishable from solid ice. If the conductivity of the 

SIPL was indistinguishable from that of seawater (i.e. 2700 mS/m), the obtained apparent thicknesses are 2 m, i.e. the thickness 

of the consolidated ice only. For the inphase component, Figure 4a shows that apparent thicknesses for intermediate SIPL 

conductivities fall in between, with increasing apparent thicknesses with decreasing SIPL conductivities.  

In contrast, apparent thicknesses derived from Q (Fig. 4b) are similar to the consolidated ice thickness (2 m in this case) for 260 

most SIPL conductivities. Only for SIPL conductivities below 600 mS/m are there relatively stronger deviations, and for a 

SIPL conductivity of 0 mS/m the Quadrature derived apparent conductivity thickness equals the total thickness hi+hsipl. In 

summary these results show that the inphase signal I responds much more strongly to the presence of a SIPL than the quadrature 

Q.  
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Note that most inphase curves level out for large SIPL thicknesses, the effect being exacerbated for higher SIPL conductivities 265 

(Fig. 3). This is due to the limited penetration depth of EM fields in highly conductive media. Accordingly the corresponding, 

derived apparent conductivities level out with increasing SIPL thickness as well and are insensitive to further increases of 

SIPL thickness (Fig. 4a). In practice this means that the EM inphase signals are only sensitive to SIPL thickness changes up 

to a certain SIPL thickness, and that the sensitivity decreases with increasing SIPL thickness and conductivity. In contrast, 

while Q is relatively insensitive to the presence and thickness of a SIPL for SIPL conductivities above 600 mS/m, responses 270 

are non-monotonic for low SIPL conductivities and possess local minima at varying SIPL thicknesses. As a result, apparent 

thicknesses derived from Q possess local maxima at variable SIPL thicknesses.  

 

Figure 4: Apparent thicknesses resulting from applying simple negative-exponential equations like in Eq. 3a&b to the I and Q curves 
in Figure 3. 275 

 

2.1.4 SIPL and consolidated ice thickness retrieval from measurements of I and Q 

The contrasting behavior of I and Q to variable SIPL thickness and conductivity (Fig. 3), and the resulting contrasting behavior 

of the derived apparent thicknesses (Fig. 4) can be used to retrieve SIPL and consolidated ice thicknesses. The figures show 

that, if we derive apparent thicknesses from both the I and Q measurements independently, the results will agree if there is just 280 

consolidated ice under the EM instrument, and they will disagree if there is a SIPL under the consolidated ice. In general, the 

disagreement between ha,Q and ha,I will be larger the thicker the SIPL is. In other words, the presence and thickness of a SIPL 

can be retrieved from I and Q measurements, within limits. 

Using the behavior described above, we derive the thickness of the consolidated ice hi directly from the apparent conductivity 

thickness of the Q measurement ha,Q, as it is mostly insensitive to the presence of a SIPL (Fig. 4b): 285 

hi = ha,Q            (5a) 
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Then, according to Figure 4a the apparent thickness derived from the inphase measurements ha,I corresponds approximately to 

the sum of consolidated ice thickness and a fraction α of the true SIPL thickness: 

ha,I = hi + α hsipl ≈ ha,Q + α hsipl           (5b) 

Therefore we can derive hsipl from: 290 

hsipl = (ha,I - hi) / α ≈ (ha,I - ha,Q) / α         (5c) 

The SIPL scaling factor α primarily depends on the SIPL conductivity and governs how much the true SIPL thickness is 

underestimated (Fig. 4a). The expected range of α values in Eq. 5c, and the uncertainty resulting from Eq. 5a are shown in 

Figure 5.  

Figure 5a shows the ratio of apparent thickness ha over “true” consolidated ice thickness hi which should be 1 according to Eq. 295 

5a. However, it can be seen that the ratio strongly depends on hi and SIPL conductivity. In general the ratio is larger than 1 for 

a thin SIPL, and smaller than 1 for a thick SIPL. The deviations from 1 decrease with increasing hi, and with increasing SIPL 

conductivity. For example, for hi = 2 m and a SIPL conductivity of 1200 mS/m the ratio first increases to 1.27, and then 

decreases to a minimum of 0.7 before slowly increasing again (Fig. 5a). This means that with a true consolidated ice thickness 

of 2 m, typical for end-of-winter first-year fast ice in McMurdo Sound, our method (Eq. 5a) overestimates or underestimates 300 

the true consolidated ice thickness by up to 30 %. However, the actual uncertainty depends on SIPL thickness, and decreases 

with increasing hi. 

Fig. 5b shows that α (Eq. 5c) decreases monotonically with increasing SIPL thickness and conductivity. For example, for a 

SIPL conductivity of 1200 mS/m it decreases from a value of 0.55 with no SIPL to values below 0.1 for a very thick SIPL 

with hsipl>>15 m. At a SIPL conductivity of 1200 mS/m it ranges between α = 0.4 and 0.3 for SIPL thicknesses between 3.7 305 

and 6.2 m. There is little dependence on consolidated ice thickness hi. These results imply that the uncertainties due to unknown 

SIPL thickness (the parameter that should actually be derived from this procedure) and SIPL conductivity can be quite large. 

This is because of the increasingly limited sensitivity of the AEM measurements to increasing SIPL thicknesses discussed 

above with regard to Figure 4a and penetration depth. 

 310 
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Figure 5: Ratio of ha,Q/hi (left; see Eq. 5a) and α = (ha,I - hi)/hsipl (right; see Eq. 5c) versus SIPL thickness, at different consolidated 
ice thicknesses hi between 2 and 6 m, and different SIPL conductivities between 300 and 2400 mS/m. Curves follow from curves in 315 
Figures 3 and 4. Black boxes show the range of ha,Q/hi and α values resulting from the calibration (Section 3.2). 

 

2.2 Drill-hole validation measurements 

At 55 sites over all five years of observation, drill-hole measurements were performed under the flight tracks of the EM Bird 

to measure the thickness of snow, sea ice, and the SIPL, and the freeboard of the ice. The protocol at each drill site has been 320 

described in Price et al. (2014) and Hughes et al. (2014). At each site, five measurements were made at the centre and corners 

of a 30 m wide “cross”. Sea ice thickness and the depth of the bottom of the sub-ice platelet layer were measured with a 

classical T-bar at the end of a tape measure lowered through the ice and pulled up until resistance was felt (Haas and 

Druckenmiller, 2009; Gough et al., 2012). This is an established method in the absence of a sub-ice platelet layer, with ice 

thickness accuracies of 2 to 5 cm. However, the bottom of the unconsolidated sub-ice platelet layer is often fragile and may be 325 

gradual, such that pull resistance may only increase gradually and may be difficult to feel (Gough et al., 2012). This is further 

complicated by the frequent presence of ice platelets inside the drill hole causing additional resistance and impeding detection 

of the water level within the hole. Ice crystals may be jammed between the T-anchor and the bottom of the consolidated ice, 

hampering the accurate determination of sea ice thickness. Following Price et al. (2014), we assume of typical relative errors 

(one standard deviation) for the drill-hole sea ice and sub-ice platelet layer thicknesses to be ±2% and ±5 to 30%, respectively. 330 

Snow thickness was measured on the cross lines at 0.5 m intervals using a ruler (2009, 2011, and 2013) or a Magnaprobe (2016 

and 2017; Sturm and Holmgren, 2018). Throughout this paper we have added snow and ice thickness to comprise total, 

consolidated ice thickness hi. 
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3 Results 

3.1 Apparent ice thicknesses in McMurdo Sound 335 

The SAR images in Figures 1 (b) – (f) show that the fast ice in McMurdo Sound can be quite variable, both with regard to the 

location of the ice edge and to the types of first-year ice that are present (Brett et al., 2020). Due to break-up events during the 

winter there can be refrozen leads with younger and thinner ice, or larger areas of thinner ice, as can for example be seen in 

2013 in the northeast of the panel. These variable ice conditions result in variable thickness profiles that are indistinguishable 

from small undulations due to instrument drift. The SAR images also show the presence of multiyear landfast ice in some 340 

years, in particular in 2009. The multiyear ice is much thicker than the first-year ice, and we have few drill-hole measurements 

there. Therefore, results over multiyear ice are not included here.  

Figures 1 (b) – (f) also show the apparent thickness ha,I determined from the inphase component along the profiles. In general 

it can be seen that ha,I ranges between 2.0 and 2.5 m, in the eastern side of the sound, in good agreement with other studies 

(Price et al., 2014, Brett et al., 2020), and with our drill-hole measurements (see below). On the western side of the sound 345 

much thicker ice, up to 6 m in apparent thickness can be seen. The regional distribution and thickness of this thick ice coincides 

with our general knowledge of the distribution of the ISW plume and the SIPL in the region (Dempsey et al., 2010; Langhorne 

et al., 2015). In particular, the data show that apparent ice thicknesses are much larger near the ice shelf than farther north, in 

agreement with the fact that the ISW plume emerges from the ice shelf and then spreads north. However, the obtained apparent 

thicknesses are much smaller than what is known from drill-hole measurements, when SIPL thickness is taken into account. 350 

These results confirm the results of our modeling study and demonstrate that the inphase measurements are sensitive to the 

presence and thickness of an SIPL.  

In general, apparent thicknesses ha,Q derived from the quadrature measurements show much less variability. We will present 

them below where we show the derived consolidated ice thicknesses (Section 3.2, Fig. 6). 

3.2 Calibration of consolidated ice and SIPL thickness 355 

The behavior of ha,Q and ha,I can be seen much better when vertical cross sections of individual profiles are plotted. This is 

shown in Figure 6 for one profile near the ice shelf edge (Fig. 6a), and one farther north (Fig. 6b). The figure also shows drill-

hole data for comparison. Note that here and in Figure 9 we plotted thickness downwards to illustrate more intuitively the 

bottom of the consolidated ice and SIPL. It can be seen that ha,Q and ha,I agree with each other quite well in the east (right) and 

show an ice thickness of approximately 2.0 to 2.5 m, in agreement with the consolidated ice thickness in that region. However, 360 

farther west (left), in the region of the ISW plume and thicker SIPL, the curves deviate from each other. While ha,Q changes 

relatively little, ha,I increases strongly. The curves join again in the farthest west, where the ISW plume is known to vanish 

(Robinson et al, 2014). While both curves follow the expected behaviour resulting from the model results well (Section 2.1.3), 

and while ha,Q is in reasonable agreement with the drill-hole measurements of consolidated ice thickness hi, ha,I strongly 

underestimates total ice thickness hi+hsipl. Therefore, according to Eq. 5b, the drill-hole measurements of SIPL thickness can 365 
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be multiplied by a factor of α = 0.4 for best agreement with the inphase AEM measurements. Note that this behaviour and 

value for α are also in good agreement with the model results and with the range of α values predicted by Figure 5b.  

 

 

Figure 6: Apparent AEM thicknesses ha,Q (orange lines) and ha,I (blue lines) along E‐W profiles at (a) 77°50’S and (b) 77°46’ S in Nov 370 
2011, approximately 3 km and 11 km from front of McMurdo Ice Shelf, respectively. Dotted lines are raw data, while solid lines are 
filtered with a 300 point median filter. Triangles show mean and standard deviation of drill‐hole measurements at calibration points: 
Consolidated ice (snow plus ice; orange), consolidated ice + SIPL thickness (black), and consolidated ice + (α = 0.4) SIPL thickness (blue; 
Eq. 5c). 

The good agreement between ha,Q and hi from the drill-hole data strongly supports our approach of using ha,Q as the best 375 

estimate for hi (Eq. 5a). This approach will be evaluated below (Fig. 7). In order to determine the best values for α, we have 

fit the drill-hole measured ice and SIPL thicknesses against (ha,I- ha,Q) measured by the EM Bird at the same sites. These values 

for α are summarized in Table 1. For first year, land-fast sea ice in 2009, 2011 and 2017 there are N = 46 coincident 

measurements and they yield a best fit value of α = 0.40±0.07. A SIPL factor of α = 0.4 has been used for those years henceforth. 

Fewer drill hole measurements were available in 2013 and 2016 (N = 9 in total), resulting in a best fit of α = 0.30±0.15. We 380 

therefore use an SIPL scaling factor of α = 0.3 for 2013 and 2016 from here on.  

With these α values we can then convert all inphase and quadrature measurements into total consolidated ice plus SIPL 

thickness. Figure 7 shows a scatter plot of thicknesses thus derived versus total drill-hole thicknesses. It demonstrates that EM 

derived and drill-hole thicknesses agree very well, with a best fit line of slope 1.00 ± 0.05 and intercept 0.0 ± 0.2 (95% 

confidence intervals), and root mean square error of 0.47 m. Based on this and the discussion of Figure 5 above we also 385 
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estimate that the systematic error associated with the uncertainty in the simplified processing of the ha,Q and ha,I data and the 

choice of α  yields a data reduction model uncertainty of ± 0.5 m. 

 

 

Table 1: Summary of drill-hole calibration results showing number of drill-hole measurements N, derived scaling factor α 390 

(Eq. 5c), and SIPL conductivity σSIPL and solid fraction β. Data from several years with similar behavior were pooled to increase 

the number of data points for more reliable fits. 

Year (Nov) N α 

(95% conf. int.) 

σSIPL (mS/m) β 

2009, 2011 & 2017 46 0.40±0.07 900 – 1500 0.16 – 0.47 

2013 & 2016 9 0.30±0.15 1000 – 1800 0.09 – 0.43 

 

Figure 7: Scatter plot of EM derived versus drill-hole consolidated ice thickness (hi; filled symbols) and total thickness (hi+hsipl; open 
symbols), with symbol color denoting year of measurement. Total thickness (hi+hsilp) was calculated with α = 0.4 (best fit value 395 
0.40±0.07, N=46) for 2009, 2011, 2017 and α = 0.3 for 2013 and 2016 (best fit value 0.30±0.15, N=9), see Table 1. Error bars show ice 
thickness variability at each calibration location (5 drill holes) or within the approximate EM footprint (the latter are too small to 
be visible at the scale of the graph). The black line is 1:1. N = 9 for 2009, N = 26 for 2011, N = 5 for 2013, N = 4 for 2016, N = 11 for 
2017, thus total N = 55. 

 400 
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3.3 SIPL conductivity and solid fraction 

The SIPL scaling factors, α, are highly sensitive to SIPL conductivity and thickness (Fig. 5b). However, with known α and 

SIPL thicknesses from the drill-hole calibrations in Section 3.2 (Table 1), we can narrow down the range of possible SIPL 

conductivities, in particular as the range of SIPL thicknesses only extends between 0 and 8 m. The corresponding region of α-

values and SIPL thicknesses has been marked in Figure 5b. It can be seen that most curves within this region have 405 

conductivities between 900 and 1800 mS/m. The range of conductivities resulting from different αs in the different years are 

listed in Table 1. 

In order to relate the conductivities to a solid fraction within the SIPL we need a model of electrical conductivity, Archie’s 

law being the best known (Archie, 1942). Figure 8 shows the horizontal conductivity for Archie’s Law with tortuosity factor 

and saturation exponent set to one (e.g. Kovacs and Morey, 1986), and cementation factor m=1.75 (Haas et al., 1997), and 410 

m=3 (Hunkeler et al., 2015b), as the solid fraction is increased from 0 to 1. For sea ice specifically, Jones et al. (2012a) have 

used a simple conductivity model (Jones et al., 2012b) to derive parameters of for an sea ice/brine “unit cell”. Each unit cell 

consists of a single, isolated, cubical brine pocket with sides of relative dimension d (unitless), and three connected channels 

in perpendicular directions (two horizontal and one vertical direction), each with relative dimensions c  a  b (also unitless). 

They Jones et al. (2012b) found that the parameters relative dimensions that fit the observed in situ DC horizontal and vertical 415 

resistivities depend not only on sea ice temperature but also on structure. In particular, for Antarctic incorporated platelet ice 

at -5°C the shape of the inclusions has relative brine pocket dimensions in the horizontal a≈1, b≈17, and vertical c≈0.6, and 

d≈6 (see Jones et al. (2012b2012a) for details). In addition, Jones et al (2012b) have shown for Arctic first-year sea ice that 

there is a dramatic change in these parameters with temperature, with a, c, and d becoming relatively larger, while b drops. 

This behavior would also be expected in incorporated platelet ice. We shall therefore assume that the shape of the inclusions 420 

in the SIPL is similar to that of incorporated platelet ice (as observed by Jones et al., 2012a), but that brine inclusion/void 

dimensions are very much larger because they are very close to the freezing point. Consequently, we calculate the relationship 

between solid fraction and conductivity from Jones et al. (2012b), by varying a and c, while keeping b and d constant and 

hence changing the solid/liquid content of the SIPL (see Fig. 8).  

From these curves, and the conductivities derived from the comparison of EM and drill-hole SIPL thicknesses (Fig. 5b, Table 425 

1), we can estimate the corresponding solid fraction of the SIPL, with data in Figure 8 grouped into two sets for the range of 

conductivities for α = 0.4 in blue (2009, 2011, 2017), and α = 0.3 in red (2013, 2016). Thus the airborne measurements imply 

that the range of solid fractions in the SIPL lies between 0.1 and 0.5, but values are lower in 2013 and 2016, than in 2009, 

2011 and 2017 (see Table 1 and Fig. 8). We shall discuss this interannual variability in Section 3.4.1.  

 430 
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Figure 8: Conductivity versus solid fraction for porous media according to theories by Archie (1942) with different cementation 
factors m = 1.75 and 3, and Jones et al. (2012b; black curves). Colored areas show range of SIPL conductivities derived from 
comparison of drill-hole and EM SIPL thicknesses (Fig. 5b, Table 1), and resulting solid fractions according to the different theories. 

 435 

3.4 Spatial and interannual variability of the SIPL 

3.4.1 Interannual variability and latitudinal differences 

Figure 9 shows the distribution of consolidated ice thickness hi, and total ice thickness hi+hsipl along two E-W transects in 

2011, 2013, 2016, and 2017, derived from the AEM surveys and drill-hole data. The transects are 3 to 5 km (Fig. 9a) and 11 

km north of the ice shelf front Fig. 9b). In 2013 and 2017 there was some multiyear ice in south-western McMurdo Sound (see 440 

Figures 1d & f), and at these locations both consolidated ice and the SIPL show abrupt increases in thickness.  

The figure shows a generally thicker SIPL along the southern transect, in agreement with the notion of a thick SIPL that 

emerges from under the ice shelf and thins towards the north, with increasing distance from the ice shelf. Over the first-year 

ice, on both transects hi varies by less than 0.75 m from year to year, while variations of up to 2 m are seen in SIPL thickness 

hsipl. While there is interannual variability in the thickness of the SIPL, the shape of the thickness distribution is remarkably 445 

consistent from year to year. 
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3.5 Evidence of persistent, recurring, SIPL pattern  

Close inspection of the thickness data in all years and at all latitudes reveals the presence of persistent, recurring local maxima 450 

or clear shoulders in the thickness profiles. Typical examples that were identified are illustrated by (A and B) in the repeated 

profiles along transect 77°46’ S in 2011, 2013, 2016 and 2017 in Figure 10a. Figure 10b shows that these maxima are also 

present in a series of profiles at increasing latitude or decreasing distance from the front of the McMurdo Ice Shelf. While 

Figure 10a also shows the typical interannual variability of up to 2 m in SIPL thickness already seen in Figure 9, Figure 10b 

nicely demonstrates the decreasing SIPL thickness with increasing distance from the ice shelf already indicated by the 455 

differences between Figures 9a and b.  

 

 

Figure 9: Interannual variability of AEM derived and drill-hole consolidated ice hi (stippled lines and filled symbols) and total 
thickness hi+hsipl (solid lines and open symbols) along E-W transects at similar latitude (median filtered). (a) Transects at 460 
approximately 77°48’S to 77°51’S in Nov 2011, 2013, 2016, and 2017, approximately 3 to 5 km from McMurdo Ice Shelf front. 
Horizontal bars indicate very thick MY ice present in the West along part of the profiles in 2013 and 2017. (b) Transect at 
approximately 77°46’S in Nov 2011, 2013, 2016 and 2017, approximately 11 km from McMurdo Ice Shelf front. Note different y-
axis scales, i.e. thicker SIPL farther south. The data reduction model uncertainty in AEM total thicknesses (snow+ice+SIPL) is 
shown. 465 
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Figure 10: (a) SIPL thickness along 77°46’S in 2011, 2013, 2016 and 2017, approximately 11 km from McMurdo Ice Shelf front. 
Recurring local maxima or shoulders in thickness are identified at A and B. (b) SIPL thickness profiles in November 2017 at different 
distances from McMurdo Ice Shelf front (pink lines), at approximately 24 km (solid), 13 km (dotted) and 5 km (dashed). Figure also 
shows uncalibrated, scaled SIPL thickness beneath ice shelf in 2017 (brown), and scaled ice shelf freeboard in 2009 (black; from 470 
Rack et al 2013), at 77°55’ S. The ice shelf data are smoothed by a moving average filter of window size 50. Local thickness maxima 
are identified at A and B. The data reduction model uncertainty in AEM total thicknesses (snow+ice+SIPL) is shown. 

 

For comparison, Figure 10b also includes data from AEM and laser altimeter surveys of the McMurdo Ice Shelf near its front 

at 77°55’ S (see ice shelf locations in Figure 11) in November 2009 and 2017. It shows the ice freeboard in 2009 from Rack 475 

et al. (2013) and an uncalibrated measure of the SIPL thickness beneath the ice shelf. The latter was derived from the difference 

between inphase and quadrature apparent thicknesses, ha,I - ha,Q, but no scaling was applied. Note that the ratio between ha,Q 

and hi, and scaling factor α (Eqs. 5) under the 20 to more than 50 m thick ice shelf could be quite different than under 2 m 

thick sea ice, and that no calibration measurements were available.  

Figure 10b shows that the locations of the local maxima in SIPL thickness under the ice shelf in 2017 coincide very well with 480 

Rack et al.’s (2013) ice shelf freeboard in 2009. This could be due to preferential accretion of marine ice in those locations, or 

due to the increased buoyancy from the SIPL under the ice shelf (Rack et al., 2013). Even more importantly, the locations of 

the SIPL thickness maxima under the ice shelf coincide approximately with the locations of SIPL thickness maxima under the 

fast ice to the north, providing evidence that the structure of the SIPL under the fast ice is directly linked to the geometry of 

the ISW outflow from under the ice shelf. 485 

The local maxima A and B illustrated in Figure 10 can be visually identified in some transects from all years 2009, 2011, 2013, 

2016 and 2017 and their positions are shown in regional context on the map in Figure 11. The peaks clearly originate under 

the ice shelf and propagate beneath the sea ice, carried northward by the ISW plume. The thickest peak A appears to be carried 

westward, as is also visible in Figure 10. The westward displacement of this peak may be supported by the Coriolis force 
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acting on the northward flowing ISW (Robinson et al, 2014), as suggested by the modeling of Cheng et al (2019) and Holland 490 

and Feltham (2005). Peak B is farther west and appears to originate from under the ice shelf near the Koettlitz glacier. Its 

course is more northerly as it may be constrained by the 200 m isobath. While the ice shelf thickness measurements near the 

front are uncalibrated, they are generally in agreement with thicknesses from 1960-1984 (McCrae, 1984) and from 2015 

(Campbell et al, 2017). 

Finally, Figure 12a shows the thickness of peaks A and B from Figure 11 versus latitude. Thicknesses were averaged over a 495 

width 0.1° of longitude centered on the peak location to be statistically more representative. Although quite noisy, the figure 

shows that peak A is generally larger than peak B, and that both are decreasing with distance from the ice shelf front. Peak A 

decreases from a maximum SIPL thicknesses of 8 m approximately 3 km from the front to less than 3 m at 24 km, i.e. over a 

distance of 21 km. The relatively large scatter of up to 2 m at single locations is due to the described interannual variability 

and retrieval uncertainty. At the northernmost transect 24 km from the ice shelf (77°40’S) only one peak was identifiable. It is 500 

quite possible that the converging paths of peaks A and B have merged at that latitude.  
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Figure 11: (a) Bathymetric map of McMurdo Sound showing the location of local maxima in SIPL thickness, with peak A as triangles, 
and B as squares for all years 2009, 2011, 2013, 2016 and 2017. The magnitude of the local maxima are colored proportionally to the 505 
thickness of the peak, with darker orange for thicker average SIPL. Open symbols denote peaks whose absolute thicknesses were 
uncertain. Colored horizontal line shows ice shelf ha,I profile flown in 2017 with locations of corresponding A and B peaks identified. 
Contours in grey are proportional to negative ocean heat flux from Langhorne et al. (2015). Blue arrows indicate possible paths of 
surface ISW (based on Robinson et al, 2014). 
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In contrast, Figure 12b shows integrated SIPL thicknesses across the complete individual east-west transects. The integral was 510 

calculated for cross-sections with SIPL thicknesses of at least 1 m. A few thickness surveys had to be ended before SIPL 

thickness decreased below 1 m in the west, near the coast. In these cases data were simply extrapolated following the generally 

steeply decreasing thickness gradients found in the west (e.g. Fig. 10a). These integral thicknesses are less influenced by the 

peak thicknesses, but more representative of the overall volume of SIPL at the different distances from the ice shelf. However, 

the same general behavior as with peak thicknesses in Figure 12a can be seen, with all peaks decreasing in thickness with 515 

distance from the ice shelf, from south to north. The figure also confirms that SIPL thicknesses and therefore volumes were 

larger in 2011 and 2017 than in 2013 and 2016. These results are in general agreement with SIPL volumes derived from 

ground-based EM surveys by Brett et al. (2020) also shown in Figure 12b. Note that absolute values are difficult to compare 

because Brett et al. (2020) derived their average results from data that were spatially gridded across the central McMurdo 

Sound. 520 

 

  

Figure 12: (a) SIPL thickness of peaks A and B (averaged over 0.1° of longitude) versus distance from ice shelf front for all years 
2009, 2011, 2013, 2016 and 2017 (cf. Fig. 11). (b) East-west cross-sectional area through the SIPL region (defined as greater than 1 
m thickness). Simultaneous SIPL volumes over a 675 km2 area in the central McMurdo Sound from Brett et al. (2020) are shown on 525 
right (squares). Error bars assume a ± 0.5 m data reduction model uncertainty in EM SIPL measurements (Section 3.2). 

 

4 Discussion 

In this study we have presented a new, simple method to map the distribution and thickness of a sub-ice platelet layer (SIPL) 

by means of airborne EM surveying. The accuracy of the method was assessed with theoretical considerations and by means 530 

of comparisons with drill-hole data. Regression of EM results with drill-hole data showed very low bias with a slope of 1 and 
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intercept of 0 m, but a root mean square error of 0.47 m. This uncertainty is partially due to the EM measurement noise in the 

order of 10 ppm in I and Q, whose effect on retrieved ice thicknesses increases with increasing thickness and decreasing I and 

Q signals, due to the negative exponential EM response to increasing ice thickness.  

In a few instances, we also observed that the retrieved SIPL thicknesses were actually negative, but still within the derived rms 535 

errors (e.g. Fig. 10a). Negative values arise when the inphase derived apparent total thickness is smaller than the quadrature 

derived apparent consolidated ice thickness (Eq. 5c) which can happen when the SIPL is very thin or absent. The quadrature 

signals are not only much weaker than the inphase signals (Fig. 3), but are also subject to stronger electronic instrument drift. 

This makes the detection of SIPL layers thinner than 0.5 m very challenging. 

In addition to uncertainties due to instrument effects, variable SIPL conductivities contribute to variations in the EM response 540 

even with constant SIPL thicknesses. In fact our inversions suggest quite a wide range of SIPL conductivities between 900 

and 1800 mS/m, which is larger than the relatively narrow estimates of, e.g., 900 to 1400 mS/m by Hunkeler et al. (2015 a&b). 

This led us to distinguish between different SIPL conductivities of 900 to 1500 mS/m in 2009, 2011, and 2017, and 1000 to 

1800 mS/m in 2013 and 2016. These interannual differences also led to different SIPL scaling factors α in the different years, 

α = 0.4 in 2009, 2011, and 2017, and α = 0.3 in 2013 and 2016, in agreement with reduced EM sensitivity for higher SIPL 545 

conductivities. The separation between these years was only possible due to the availability of drill-hole calibration data. In 

the absence of drill-hole data the uncertainties would be larger than in this study, and can best be inferred from Figure 5, that 

showed the range of possible variability of the consolidated ice thickness retrieval ha,Q/hi and of the SIPL scaling factor α. 

Consequently, there is a data reduction model uncertainty of 0.5 m that accounts for these simplifying assumptions in the use 

and choice of α. 550 

In 2013 and 2016 we not only found higher SIPL conductivities than in 2009, 2011, and 2017, but those were also the two 

years with a thinner SIPL (see Figure 12 b). It is intriguing to consider if there is a relationship between thinner SIPL and 

larger SIPL conductivity, i.e. negative correlation between SIPL thickness and conductivity. Similar behavior was observed 

by Hunkeler et al. (2015b) and Hoppmann et al. (2015). They observed negatively correlated SIPL thickness and conductivity 

with variable SIPL thickness along their profiles surveyed within a few days, while our observations represent spatially 555 

averaged, annual conditions obtained over a period of several years. However, the general behavior could potentially be 

explained by the age of the SIPL or the intensity of SIPL formation in a certain location or year, where more rapid or more 

massive SIPL formation is caused by more intensive inflow of supercooled ISW under the fast ice, or by longer accumulation 

times. Both processes may support more rapid or extensive consolidation of the SIPL interstitial pore space, which increases 

solid fraction and decreases conductivity, thus causing the observed behavior.  560 

Our validation data are limited to drill-hole measurements from first-year fast ice that is typically 2 m thick at the end of the 

winter. Therefore, most of our model results were also limited to 2 m thick consolidated ice. However, Figure 5 also includes 

results for 4 m and 6 m thick consolidated ice (dashed curves). From the behavior of those model curves it can be inferred that 

with thicker consolidated ice the ratio of ha,Q/hi decreases, which suggests that, in the presence of a typical SIPL, thicker 

consolidated ice can be retrieved more accurately than thinner ice from the quadrature measurements. Figure 5 also shows that 565 
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the scaling factor α is hardly affected by consolidated ice thickness at all, i.e. the accuracy of retrieved SIPL thicknesses is 

independent of ice thickness. The thickness profiles in Figure 9a include surveys of multiyear fast ice in 2013 and 2017, which 

are visible by large steps towards thicker ice in the west. These are indications that the measurements are indeed quite sensitive 

to thicker consolidated ice and SIPL as well. We only attempted very few drill-hole measurements of the thick consolidated 

ice and thick SIPL, as they are very challenging and their accuracy is poor. Therefore we did not include them in our analysis 570 

here.  

However, thick consolidated ice and a thick SIPL pose other challenges that are related to the decreasing sensitivity of EM 

measurements with increasing height above the water or conductive SIPL. Despite the better behavior of ha,Q/hi discussed 

above with regard to Figure 5, thicker consolidated ice results in weaker inphase and quadrature signals which eventually 

approach the EM noise level and are then insensitive to consolidated ice thickness changes (not shown here, see Haas et al., 575 

2009). However, these limitations only apply to ice several tens of meters thick (e.g. Rack et al., 2013). More importantly, 

increasing SIPL thicknesses also lead to reduced sensitivities particularly of the inphase signals as has been discussed above 

with regard to results shown in Figure 3. That figure shows that for typical SIPL conductivities of 900 mS/m and more the 

inphase signal remains approximately constant for SIPL thickness of 6 m and more. This is due to the limited EM field depth 

penetration into conductive layers, which make the method insensitive to changes below the level of penetration. Therefore it 580 

is likely that the good results shown in Figure 7 benefited from the fact that most drill-hole SIPL thicknesses in the study 

region were not larger than 6 m (total thickness of 8 m). In fact, Figure 7 shows that the uncertainties of the thickest SIPL 

measurements which also have the largest drill-hole errors are considerably larger than those of smaller total thicknesses.    

Despite the uncertainties discussed above, our results are in close agreement with the results of Brett et al. (2020), who used 

ground-based EM surveys to find that SIPL thicknesses in McMurdo Sound were less in 2013 and 2016 than in 2011 and 2017. 585 

As Brett et al. (2020) demonstrate, thicker SIPLs occur in years with the occurrence of more frequent strong southerly winds 

and hence higher polynya activity.  

We provide direct evidence that the ISW plume of McMurdo Sound flows out from beneath the McMurdo Ice Shelf. Our 

results show consistently that the SIPL extent in the west displays relatively little interannual variability, while variability near 

its eastern margin is quite large (Figs. 9 and 10). In addition, east-west SIPL thickness gradients are greater in the west than in 590 

the east. As the SIPL structure and thickness are closely related to the properties of the outflowing ISW to the south, we agree 

with Robinson et al (2014) that the ISW outflow from the McMurdo Ice Shelf in the west is strongly controlled by bathymetry 

and the fact that the western margin is close to the coast and constrained by shallow water (Jendersie et al., 2018). The location 

of the western peak of SIPL thickness at water depths of around 200 m (Fig. 11) suggests that the currents driving the ISW 

plume are constrained by bathymetry there (Robinson et al, 2014). In contrast, in the east the ISW structure is dependent on 595 

the interplay with the warmer and more saline water inflowing from the north on the eastern side of McMurdo Sound (Leonard 

et al, 2006; Mahoney et al, 2011; Leonard et al, 2011; Robinson et al, 2014). The interplay controls both the extent and 

thickness of the SIPL in eastern McMurdo Sound. The source of the ISW outflow is the Ross/McMurdo Ice Shelf (Robinson 

et al, 2014; Jendersie et al, 2018) and there are a number of possible explanations for the two local peaks observed in the SIPL 
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thickness. The first is that the two streams arise from different sources: Robinson et al, (2014) suggested that one local maxima 600 

(peak B) may be from the Koettlitz Glacier which has retreated for over 100 years (Gow and Govoni, 1994). The larger 

maximum, peak A, likely originates from the confluence of the McMurdo and Ross Ice Shelves (Robinson et al, 2014) as 

indicated by the arrow north of Black Island in Figure 11. Alternatively, marine ice has been found in the southern McMurdo 

Ice Shelf (Koch et al, 2015; Grima et al, 2019) and a possible additional source may emerge from the channel between Black 

Island and the Brown Peninsula (see Figure 1a and 11). Once it emerges from under the ice shelf and spreads out under the 605 

fast ice, this stream moves westward under the influence of the Coriolis force (Robinson et al, 2014) as modelled by Cheng et 

al. (2019). Alternatively, it may be that there is one ISW outflow that is split by sea floor and ice shelf morphology and islands 

close to ice shelf front. More concurrent oceanographic and EM surveys are required to further study this interplay within the 

coastal current that flows northward up the coast of Victoria Land.  

5 Conclusions 610 

We have presented results from five AEM ice thickness surveys of the landfast ice in McMurdo Sound in November of 2009, 

2011, 2013, 2016, and 2017 with the aim to describe the spatial and interannual variability of the sub-ice platelet layer (SIPL) 

known to exist below the fast ice. We have presented a simple method to obtain approximate SIPL thickness and conductivity 

information from the inphase and quadrature components of single-frequency AEM data, that was calibrated and validated 

with drill-hole measurements. Forward EM modeling demonstrated the varying sensitivity and accuracy of the method over 615 

ice with variable thickness and underlain with a SIPL with variable thickness and conductivity. Results are in good agreement 

with previous knowledge of the SIPL distribution, thickness, and conductivity and solid fraction in McMurdo Sound. However, 

the extensive, continuous data with high spatial resolution that are possible with airborne surveys, provided new insights into 

the small-scale spatial variability of SIPL thickness, and in particular provide novel evidence for the presence of at least two 

elongated regions of thicker SIPL that may bear information about the structure of the Ice Shelf Water (ISW) plume. We were 620 

able to show that the spatial occurrence of those thicker SIPL regions closely corresponds to thickness and SIPL occurrence 

under the ice shelf, thus linking processes under the ice shelf with the structure of the SIPL under the landfast ice. 

The association of the SIPL with ISW and its link to melting and circulation processes under ice shelves makes our approach 

particularly attractive for exploratory mapping of the vast, remote regions of fast ice fringing the circum-Antarctic ice shelves. 

We could easily discover the occurrence and thickness of a SIPL in these unstudied regions. Variations in the thickness of the 625 

SIPL are indicators of intensive, near-surface ISW outflow in response to ice shelf bottom melt. Such mapping could therefore 

identify potential “hotspots” of present basal ice shelf melt, and could provide important advance information for subsequent 

future, more comprehensive ice-shelf/ocean studies. The network of circumpolar coastal Antarctic research stations and their 

airfields makes it entirely feasible to carry out such survey with Basler aircraft that are used by many national Antarctic 

research programs. 630 
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