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ABSTRACT: 

 

Detection of subglacial lakes and interpretation their hydrological connectivity is of great importance to understanding the mass 

balance of Antarctic ice sheet. Over the past five decades, a large number of Radio Echo Sounding (RES) data has been collected in 

Antarctica. However, the identification of subglacial lakes based on RES data mainly relies on visual interpretation due to the lack of 

quantitative indicators for subglacial lakes distinguishing. To solve this problem, an automatic subglacial lakes detection method 

based on the reflective characteristics of B-scan echogram is proposed in this paper. Firstly, the echo strength of the original radar 

echogram is corrected for the dielectric attenuation and geometric spreading in the ice. Secondly, the original radar echogram is 

binarized to preserve the bright subglacial lake region, and the thickness of bright pixels is measured along the direction of A-scan. 

Thirdly, the thickness, the variance of the thickness in the neighbourhood and the corrected echo strength are used to obtain the 

response value for the subglacial lake. Finally, a threshold for the response value is determined to detect subglacial lakes. It is found 

that the proposed method can determine the location of the subglacial lake in Antarctica's Gamburtsev Province (AGAP) region with 

high accuracy. 
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1. INTRODUCTION 

Radio Echo Sounding (RES), one of many geophysical methods, 

has been widely used in the detection of ice thickness, 

subglacial topography, and internal structure of ice sheet in 

Antarctica (Evans 1963). Since the discovery of the first 

subglacial lake using RES data, people gradually realized the 

importance of subglacial lakes in understanding the basal 

hydrological system of Antarctica (Robin et al., 1970). In the 

processing of RES data, subglacial lakes are recognized as the 

characteristics of higher echo strength, higher flatness and 

smoothness than other basal interfaces (Gorman and Siegert, 

1999; Siegert et al., 1996), which greatly reduces the difficulty 

of the determination of subglacial lakes (Dowdeswell and 

Siegert, 2003). However, this still largely depended on visual 

interpretation of RES echograms (Oswald 1975; Palmer et al., 

2013). Intrinsically, visual interpretation has many limitations 

(Ilisei et al., 2017; Ilisei et al., 2018), for example, it is usually 

time-consuming, and processing expertise cannot be 

standardized. To overcome these limitations, it is imperative to 

develop an automatic or semi-automatic subglacial lake 

identification method. 

At present, most methods only use the inherent characteristics 

of subglacial lakes pointed out by various researchers, such as 

high echo strength (Creyts et al., 2014; Oswald and Robin, 

1973; Wolovick et al., 2013), low slope (Bowling et al., 2019; 

Carter et al., 2009; Diez et al., 2019; Langley et al., 2011; 

Siegert 2000), and high smoothness (Carter et al., 2007; Jordan 

et al., 2017; Li et al., 2010; Siegert et al., 2004; Taylor et al., 

2004). However, in order to further improve the identification 

accuracy, more identification criteria for subglacial lakes need 

to be developed and standardized. For example, Oswald and 

Gogineni (2008) proposed an abruptness criterion that can 

reflect the difference of signal intensity between ice-bedrock 

interface and ice-water interface. In addition, threshold is a key 

for automatic identification. At present, most of the existing 

methods use multiple thresholds corresponding to multiple 

criteria for multiple judgments to obtain the final identification 

result (Gifford and Agah, 2012; Oswald and Gogineni, 2008; 

Carter et al., 2007; Diez et al., 2019), which greatly reduces the 

accuracy and automation of identification. 

To improve the accuracy and automation of subglacial lakes 

identification, this paper proposes two new criteria based on the 

reflective characteristics on B-scan echogram, and combines 

them with corrected echo strength to obtain the response value 

for subglacial lakes to improve the accuracy. Furthermore, only 

a single threshold is needed in this identification scheme to 

improve the automation. 

 

2. PROPOSED METHOD 

2.1 Criterion 1：corrected echo strength 

In evaluation of the echo strength, we first need to implement 

the conversion using equation (1) (Matsuoka et al., 2010). 

 

   ( )10dB Watt
10logP P=                              (1) 

 

where [P]Watt denotes the original (received) echo strength. The 

composition of [P]dB is expressed by equation (2) (Matsuoka et 

al. 2012). 

 

           
dB dB dB dB dB dB

P S R G L B= + − − −               (2) 

 

where     [S]dB = influence of instrument on echo strength 

               [R]dB = bed reflectivity 

               [G]dB = geometric spreading 

               [L]dB = dielectric attenuation 
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               [B]dB = loss due to birefringence (ice fabric anisotropy) 

Since [S]dB and [B]dB can be negligible (Jordan et al., 2018), 

equation (2) can be simplified as 

 

       
dB dB dB dB

P R G L= − −                          (3) 

 

Among them, [R]dB is the one that best reflects the difference 

between the ice-bedrock interface and the ice-water interface. 

To recover it, [G]dB = 2[h + H /  ] and [L]dB = 2NH need to 

be calculated. 

where  h = height of the plane from the ice surface 

 ε = dielectric constant of ice 

 H = thickness of ice 

N = dielectric attenuation rate in ice 

Here, N is an unknown variable, other parameters can be 

obtained from the RES data. To obtain N, a popular method is 

to estimate it by linear model (Wolovick et al., 2013). Then we 

need to write equation (3) as the following linear form 

 

    dBdB dB
2 [ ]P + G NH R= − +                        (4) 

 

Thus, we can use [P]dB + [G]dB and H of each column (A-scan) 

of the RES data to perform a linear fitting for equation (4) to 

obtain the slope N of each A-scan. The above facts are shown in 

Figure 1, it is a scatter diagram composed of H and 

corresponding [P]dB + [G]dB of a certain A-scan in an echogram 

in the Antarctica's Gamburtsev Province (AGAP) region. The 

slope N obtained by fitting the scatter diagram is also marked 

with a red line. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Scatter diagram composed of H and [P]dB + [G]dB of a 

certain A-scan in an echogram in the AGAP region. 

 

Then we take the average of N of all A-scan as the one-way 

attenuation rate of the echogram. Thus, an echogram has a 

uniform one-way attenuation rate. Finally, the corrected echo 

strength [P]dB + [G]dB + [L]dB can be taken as an approximation 

of [R]dB, which is expressed by [R]’dB. 

 

2.2 Criterion 2：signal thickness 

Signal thickness here refers to the thickness of the brighter 

region at the basal interface on the echogram. At the ice-water 

interface, since the electromagnetic wave attenuates very fast 

after entering water, there will be no echoes, so the signal 

thickness shall be small. At the ice-bedrock interface, since the 

electromagnetic wave attenuates relatively slowly in the 

bedrock, the signal thickness can be large. Therefore, the signal 

thickness is an effective criterion for judging whether it is water 

or bedrock under the ice.  

The above phenomenon can be seen in Figure 2, which is an 

example of echogram in AGAP region. It also points out the 

location of subglacial water and bedrock, and illustrates their 

different phenomena on signal thickness. 

To measure it accurately, we firstly pick the basal interface in 

each A-scan of the echogram. Then, we use this interface as the 

central line from which a defined width is used to retain RES 

data on both sides. The subsequent signal thickness 

measurement is based on these retained data. Secondly, the 

retained basal interface echogram in dB is transformed into a 

grayscale image with a pixel value range of [0, 255], and then 

the OTSU image binarization algorithm is applied for 

binarization (Otsu 1975). Thirdly, we count the number of 

pixels with a pixel value of 1 in each A-scan of the binarized 

image, and use it as the signal thickness of this A-scan, which is 

expressed by Th. It should be noted that if there is no pixel with 

the value of 1 in a column, the signal thickness of this column 

will be set to the known maximum signal thickness. 

 

2.3 Criterion 3：variance of the signal thickness 

Because the signal attenuation is very fast in water, the signal 

thickness of the subglacial lake is very small and its difference 

in the neighbourhood is also small. In contrast, the signal 

thickness of other types of basal interface can be quite different, 

since their material compositions may vary significantly and the 

attenuation rate may be also different. Therefore, this is also a 

good criterion for distinguishing between lakes and non-lake 

features. This phenomenon can also be clearly seen in Figure 2 

(b). 

Implementing this criterion, we only need to calculate the 

variance of the signal thickness with a certain size of sliding 

window, and we use σTh to represent this criterion. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Example of echogram in AGAP region, it shows the 

different phenomena of subglacial water and bedrock on the 

signal thickness and the variance of the signal thickness. (a) the 

location of two subglacial water (illustrated by white arrows), (b) 

the different phenomena of subglacial water and bedrock. The 

green and yellow lines represent the approximate signal 

thickness of bedrock and subglacial water, respectively. On the 

whole, the green line is much longer than the yellow line, and 

the green line is uneven; In contrast, the yellow line is not only 

very short, but also has no obvious change in the length of a 

certain subglacial region. 

 

2.4 Subglacial lake extraction 

To automatically extract subglacial lakes using a single 

threshold, it is necessary to expand the difference between lakes 

and non-lakes features as much as possible. Therefore, based on 

the above three criteria, we define the response value for 

subglacial lakes using equation (5). 

 

  ( ) 
2

'

ThdB
Re R Th = +                             (5) 

 

(a) (b) 
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where the values of [R]’dB、Th、σTh are all normalized. The 

response value is proportional to the likelihood of the subglacial 

lake. It is worth noting that the fluctuation of the original Re is 

too strong, if Re is directly threshold processed, a lot of 

subglacial water in the subglacial lake will be missed. To ensure 

that some regions in the lake will not be missed after 

thresholding because of the strong fluctuation of the original Re, 

Re needs to be smoothed at a certain scale. Based on abundant 

experiments, we set the discrimination threshold to 8 to 

differentiate subglacial lakes and non-lake.  

To better describe the proposed method, a block scheme shows 

the detailed process of proposed method, as shown in Figure 3. 

Figure 3. Block scheme of proposed method. 

3. EXPERIMENTAL RESULTS

3.1 Experiments with small examples 

As one complete experimental example about the echogram in 

Figure 2, the detailed experimental results for this example are 

shown in Figures 4 and 5. Particularly, Figure 4 shows the basal 

interface grayscale image, the corresponding binarization result 

of this image, and the three identification criteria value 

corresponding to the basal interface. It is obviously that the 

values of two proposed new criteria at subglacial lakes are 

lower than those in other regions. Figure 5 shows the original 

and smoothed response values for subglacial lakes, and the 

subglacial lakes extraction result after applying the threshold. 

 

Figure 4. Experimental results. (a) basal interface grayscale 

image, (b) binarization result of the grayscale image, (c) 

corrected echo strength corresponding to the basal interface, (d) 

signal thickness obtained from the binarization result, (e) 

variance of the signal thickness. 

Figure 5. Experimental results. (a) original response value for 

subglacial lakes, (b) smoothed response value for subglacial 

lakes and corresponding threshold, (c) subglacial lakes 

extraction result. 

In order to further prove the effectiveness of the proposed 

method and increase the sufficiency of the experiment, the 

experimental results corresponding to several more echograms 

are shown in Figure 6. These experimental results mainly show 

three criteria, smoothed subglacial lake response value and the 

final extraction results. From the experimental results, the 

locations of subglacial lakes in echograms of different regions 

can be better extracted by the proposed method. For the 

echogram without subglacial lake, the whole response value for 

subglacial lake is very low, which proves the effectiveness of 

proposed method to a certain extent.  

RES data

Subglacial lake extraction result
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Basal interface

Binarized 

interface image

Echo strength
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Figure 6. Relevant experimental results of other echograms. 

(a1-a4) Radar echograms, (b1-b4) corrected echo strength 

corresponding to the basal interface, (c1-c4) signal thickness, 

(d1-d4) variance of the signal thickness, (e1-e4) smoothed 

response value for subglacial lakes, (f1-f4) subglacial lakes 

extraction results. 

3.2 Regional experiments 

The proposed subglacial lake detection method was applied in 

the AGAP region in Antarctica. Figure 7 shows the location of 

the AGAP region and its internal flight lines. Figure 8 shows 

the extraction result of proposed method for the subglacial lake 

in AGAP region (red box). In order to evaluate our extraction 

results, the visual interpretation result of subglacial water, as 

shown in Figure 9, in AGAP region (Wolovick et al., 2013) are 

compared with our extraction result. It is found that most of 

subglacial lakes can be successfully detected using proposed 

method. Some subglacial water and even the wet basal interface 

may be extracted due to the sensitivity of the threshold. 

Figure 7. Large-scale experimental region and flight lines. (a) 

AGAP region in Antarctica, (b) flight lines in AGAP region. 

Figure 8. Extraction result of proposed method. 

Figure 9. Visual interpretation result in AGAP (Wolovick et al., 

2013). 

CONCLUSION 

In this paper, a simple image processing technique based on 

multiple criteria is proposed to automatically differentiate 

subglacial lake and non-lake features. Through various 

experiments on RES data, this technique shows a potential in 

the automated identification of subglacial lakes in the AGAP 

region. It can be seen from regional experiments that our 
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extraction results are highly consistent with visual interpretation 

result. In the future, the proposed two new criteria can be 

combined with several traditional criteria, such as bed elevation, 

roughness, hydraulic head to improve the subglacial lake 

detection accuracy. Its robustness and the determination of a 

universal threshold need to be further examined in the whole 

Antarctica. 

In addition, in order to extract and classify whole Antarctic 

subglacial lakes with high accuracy in the future, it is necessary 

to develop more promising criteria to depict the characteristics 

of subglacial water, which will be the focus of our next work. 
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