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Abstract  

The paper presents the results of observations of the ice edge drift and surface manifesta-

tions of short-period internal waves according to Sentinel-1 A/B spaceborne synthetic ap-

erture radar data in June – September 2019. We analyzed 1200 spaceborne synthetic aper-

ture radar images used to record the ice edge position and 387 surface manifestations of 

short-period internal waves. During the study period in 2019, the maximum southern 

position of the drifting ice edge in Fram Strait at 79° N was recorded on 20 June. 

The ice edge boundary reached its maximum northern position at 82° N on 16 September. 

The seasonal decrease in ice area in the study region was more intensive in the south-

eastern sector. The largest number of surface manifestations of short-period internal 

waves was detected in August: 162 packets. The maximum probability of short-period 

internal waves during the study period was observed in the shelf areas to the northwest 

and south of Svalbard. Internal waves were observed as packets of 4–5 waves. 

The maximum lengths of the leading wave front were 30–40 km and were observed 

to the south of Svalbard. Short-period internal waves with leading wave front lengths of 

7–10 km prevailed. The highest probability was noted for waves with a packet width of 

3–4 km. The paper presents detailed maps of the internal waves’ probability and the spa-

tial distribution of their main parameters. The paper analyzes the relationship between 

the variability of internal wave parameters and that of the ice edge. It is shown that densi-

ty gradients resulting from ice melting at the ice edge affect the generation and propaga-

tion of short-period internal waves. The combination of the melting process, tidal currents 

and influence of the bottom topography leads to the generation of large packets of short-

period internal waves. 
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Аннотация  

Представлены результаты наблюдений за кромкой поля дрейфующих льдов и по-

верхностными проявлениями короткопериодных внутренних волн по данным спут-

никовых радиолокаторов с синтезированной апертурой Sentinel-1 A/B в июне – сен-

тябре 2019 г. Проанализировано 1200 изображений спутниковых радиолокаторов 

с синтезированной апертурой, на которых фиксировалось положение границы рас-

пространения льдов и было зарегистрировано 387 поверхностных проявлений 

короткопериодных внутренних волн. В рассматриваемый период 2019 г. макси-

мально южное положение кромки поля дрейфующих льдов в проливе Фрама 

на 79° с. ш. зафиксировано 20 июня. Крайнего северного положения на 82° с. ш. 

граница льдов достигла 16 сентября. Сезонное уменьшение количества льда на рас-

сматриваемой акватории происходило более интенсивно в юго-восточном секторе. 

Наибольшее количество поверхностных проявлений короткопериодных внутренних 

волн выявлено в августе – 162 пакета. Максимальные значения повторяемости ко-

роткопериодных внутренних волн за рассматриваемый период отмечались в шель-

фовой области к северо-западу и к югу от архипелага Шпицберген. Внутренние 

волны наблюдались в виде пакетов из 4–5 волн. Максимальные значения длины 

фронта лидирующей волны составляли 30–40 км и наблюдались к югу от архипела-

га Шпицберген. Преобладали короткопериодные внутренние волны с длинами 
фронта лидирующей волны 7–10 км. Наибольшая повторяемость отмечена у волн 

с шириной пакета 3–4 км. Представлены детальные карты повторяемости внутрен-

них волн и пространственного распределения их основных параметров. Проанали-

зирована связь изменчивости параметров внутренних волн с изменчивостью грани-

цы распространения льдов. Получено, что плотностные градиенты, возникающие 

при таянии льда на кромке ледового поля, оказывают влияние на генерацию 

и распространение короткопериодных внутренних волн. Сочетание процесса тая-

ния льда, приливных течений и влияния донной топографии приводит к генерации 

крупных пакетов короткопериодных внутренних волн.  

Ключевые слова :  короткопериодные внутренние волны, спутниковые радио-

локационные изображения, прикромочная ледовая зона, архипелаг Шпицберген, 

пролив Фрама 
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Introduction 

Currently, there is still interest in the study of internal waves (IWs) 

in the Arctic seas. Along with studies carried out on the basis of in situ measure-

ments [1–4], satellite observations make it possible to obtain a picture of the spa-

tial distribution of sources of internal wave generation in the entire ice-free water 

area of the Arctic Ocean. At the moment, studies have been carried out to identify 

IWs and assess their characteristics with regard to a number of the Arctic seas [5–

8]. Yet, the water areas, which are adjacent to Svalbard, were not considered in 

an integrated manner. At the same time, the waters near the archipelago are char-

acterized by special hydrological parameters, complex system of heat transfer 

with currents, and constant removal of drifting ice from the northern polar region 

through Fram Strait [9–11]. Thus, combination of complex bottom topography 

and tidal water movements near Svalbard establish all the conditions for the pos-

sible generation of IWs. According to the results of modeling and in situ meas-

urements made to the north and southeast of the archipelago, short-period IWs 

(SIWs) were found [1, 8, 12, 13]. In the region under consideration, on the basis 

of successive measurements of spaceborne synthetic aperture radars (SARs), sur-

face manifestations of SIWs were also identified, and their phase velocities were 

determined [14]. 

Nevertheless, a comprehensive study of the sources of generation and propa-

gation of the SIWs near the archipelago and adjacent Fram Strait was not carried 

out. In this regard, the purpose of this paper is to determine key regions of gen-

eration and main spatiotemporal characteristics of the SIWs near Svalbard and 

in Fram Strait based on the analysis of the array of Sentinel-1 A/B satellite SAR 

images and the consideration of the relationship between the SIW characteristics 

and the boundary of the drifting ice field in the warm period of 2019. 

Data and methods 

To analyze the spatial variability of the SIW field in Fram Strait and Sval-

bard shelf area, Sentinel-1 A/B radar images (RI) for June – September 2019 from 

the archives of the Copernicus Open Access Hub system of the European marine 

forecast centers (https://scihub.copernicus.eu) were used.  

According to SAR images, the ice edge position and surface manifestations 

of the SIWs (SM of SIWs) were recorded. Analysis and identification of internal 

waves in SAR images were carried out in accordance with the technique de-

scribed in [6]. 1,200 SAR images were analyzed in total, on which 387 SM of 

SIW were identified. The ice edge position reflecting the ice – open water bound-

ary without taking into account ice concentration was taken as the ice edge. 

https://scihub.copernicus.eu/
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SAR images were analyzed using SNAP © ESA (Sentinel Application Plat-

form) program (https://step.esa.int/main/toolboxes/snap/). This software makes it 

possible to perform preliminary processing and visualization of SAR images, se-

lect the part of interest of the image, draw a section through the SIW packet and 

determine its main spatial characteristics – the leading wave front length and the 

packet width. 

The procedure of the SAR images analysis was carried out in two stages. 

At the first stage, the SAR images were subjected to low-pass filtering, i.e., spa-

tial variations of the radar signal field on scales much larger than the IW length 

were excluded. After this procedure, the manifestations of IW packets on SAR 

images became more contrasting, and then they were subjected to quantitative 

analysis.  

Fig. 1 shows an example of the IW manifestation on SAR image in the form 

of three successive packets of SIW. Curve А–В is the front length of the leading 

wave, which made 17.8 km; segment C–D is the SIW packet length, which made 

11 km. As for the second packet, the front length of the leading wave made 

47.4 km, and the SIW packet length made 15 km. The front length of the third 

packet leading wave made 61.4 km, and the SIW packet length made 15 km. 

 

 

 

 

F i g .  1 .  Enlarged fragment of the original Sentinel-1 B SAR image of 15 Au-

gust 2019 with manifestation of three successive packets of SIWs. A–B is 

the front length of the leading wave of the SIW packet; С–D is the SIW pack-

et length 
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Processing of the analysis results and construction of the spatial maps of 

various SIW characteristics were carried out in the MathWorks © Matlab envi-

ronment. 

Variability of the ice edge position 

Since the identification of the SM of SIWs is possible only in open water, 

the ice edge drift position was recorded using the SAR images in order to obtain 

a general picture of the ice conditions in the study area. 

During the study warm period in 2019, the difficult ice conditions in the re-

gion took place due to the abnormally increased frequency of atmospheric pro-

cesses of the eastern (E) and meridional (C) circulation forms and the intensive 

transfer of ice from the northern polar area. At the same time, southeasterly and 

southerly winds prevailed at a speed of up to 6–7 m/s. At the end of the period, 

in the second half of September, northerly and northwesterly winds with a speed 

of 7–8 m/s dominated 1). 

At the beginning of June 2019, the ice edge adjoined the northern coast of 

Svalbard. The ice spread along the eastern coast of the archipelago up to 75° N 

(Fig. 2, a). To the south of Svalbard, the ice occupied the entire space from 17° E 

and further eastwards. 

In the following days, unlike in previous years, the ice continued to move 

southward to Fram Strait and by 20 June 2019, near the western coast of 

the archipelago, it reached its maximum southern position at a latitude of 79° N. 

At the same time, extended polynyas lying beyond the island were formed 

on the eastern side of the archipelago, in the ice field. At the end of June, the di-

rection of the general ice drift changed and the ice edge started to move slowly 

backward to the north. 

In early July 2019, ice near the northern coast of Svalbard diverged.  

By the end of July 2019, the area of open water expanded eastward to Hinlopen 

Strait (22° E). To the north, the ice edge drift moved slightly, not reaching 81° N. 

In the south, the ice field shifted to the southern extremity of Edge Island, 

i.e. to 77° N (Fig. 2, b). 

The seasonal decrease in the amount of ice in the region under consideration 

was more intense in the southeastern sector. By the end of August (see Fig. 3, a), 

the ice remained only off the southern coast of Nordaustlandet Island. At the same 

time, Hinlopen Strait was cleared of the ice completely. In the north, the ice edge 

shifted beyond 81° N. 

In September 2019, the ice edge drift continued to move north (see Fig. 3, b). 

The ice drift, which was located in the southeast of the region under considera-

tion, shifted into Hinlopen Strait, where it remained until the last third of Septem-

ber, when the direction of the prevailing winds changed. 

 

                                                

1) Frolov, I.E., ed., 2019. [Quarterly Review of Hydrometeorological Processes in the Arctic 

Ocean – 3d Quarter 2019]. Saint Petersburg: AARI, 71 p. (in Russian). 
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The maximum northern position (82° N) during the study period was reached 

by the ice edge on 16 September 2019. Within the next days, the direction of 

the shift of the ice edge drift changed to the opposite. As of the end of September 

2019, in the north, the edge of the ice field was at 81.5° N. 

Analysis of SAR observations of internal waves 

During the processing of 1200 SAR images, 387 surface manifestations of 

SIWs were identified in June – September 2019. As a rule, internal waves were 

observed on RI in the form of packets of 4–5 waves with a characteristic decrease 

in the distance between them towards the packet tail; single solitons were 

recorded rarely. 

The spatial distribution of leading wave crests in SIW packets in the study 

area during the warm period of 2019 is shown in Fig. 2 and Fig. 3 by the month 

and in Fig. 4 in total for the study period. The largest number of waves was de-

tected in August (162 packets) and July (120 packets) (see Table). This is, appar-

ently, due to more pronounced stratification of the upper layer of the ocean, 

which contributes to a more efficient SIW generation in these months. 

In 2019, in the study region, internal waves were observed quite often 

in the shelf area northwest of Svalbard and in the deep part of Fram Strait.  

The SM of SIWs were also recorded to the south of Svalbard and near the eastern 

small islands of the island group of Kong Karls Land and the Kvitøya Island. 

Most packets were found in these regions. 

 

 

 
 

 

F i g .  4 .  Spatial distribution of leading wave crests in SIW packets 
in the study area in June – September 2019 (green– June; blue – July; red – 
August; black – September) 
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Number of surface manifestations of short-period internal waves 

in June – September 2019 identified on 1200 radar images 

Month Number of SM of SIW 
Average number of 

waves per packet 

June 44 5–6 

July 120 4–5 

August 162 5–6 

September 61 6–7 

Total 387 – 

 

 

 

Fig. 5 shows the maps of the spatial distribution of total number of records 

of SIW packets (see Fig. 5, а) and probability of SIW manifestations (see Fig. 5, 

b) on a horizontal grid of 40 × 40 cells. 

 

 

 

 
 

F i g .  5 .  Spatial distribution of internal wave characteristics in Fram Strait and near 

Svalbard: a – total number of records of SIW packets; b – probability of SIW 

manifestations on satellite radar images 
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The latter value was calculated as the ratio of the total number of registered 

SM of SIWs at a given grid node to the number of SAR images of this node. 

As can be seen from Fig. 5, b, the maximum values of SIW probability (~ 0.1) 

for the period under consideration are registered in the shelf area to the northwest 

and south of Svalbard. 

Fig. 6 shows the maps of the spatial distribution of the mean values of 

the leading wave front length and the width of the SIW packets on a horizontal 

grid of 40 × 40 cells. As can be seen from Fig. 6, a, SIW packets with a leading 

wave front length of about 20–40 km were mainly observed in the water area 

in 2019. 

The largest packets of internal waves were recorded at some distance 

from the areas with inhomogeneous topography, which, apparently, is associated 

with a more developed field of internal waves away from the immediate areas of 

IW generation. The maximum value of the leading wave front length (40 km) was 

registered south of Svalbard and the island group of Kong Karls Land. The SIW 

packets with the lowest values of this parameter within 1–5 km were recorded 

mainly near the edge of the ice field. 

The width of the SIW packets varied from 1 to 12 km. The maximum values 

were registered south of Svalbard and the island group of Kong Karls Land. 

The minimum values from 1 to 5 km in most cases characterize the shelf area 

to the northwest of Svalbard. 

The distribution histogram (Fig. 7, а) demonstrates clearly the high probabil-

ity (more than 50% of all cases of observations) of the SIW front length in 2019 

in the range from 10 to 12 km with a pronounced peak for the value of 10 km. 

The second peak of observations can be attributed to the values of the SIW front 

 

 

 

F i g .  6 .  Spatial distribution of main parameters of internal waves in Fram Strait and 

near Svalbard in 2019: a – length of the leading wave front; b – packet width (km) 
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F i g .  7 .  Histograms of distributions of SIW main parameters  

in the study area in 2019: a – length of the leading wave front;  

b – SIW packet width (km) 

 
length of about 7–8 km. Front length values from 20 to 30 km are found only 

in 15 % of cases. SIW front lengths from 40 to 50 km were recorded in very rare 

cases of 5 % only.  

Histogram of distribution of SIW packet width (Fig. 7, b) shows that its 

greatest peak took place in the range of 3–4 km. Packet widths of 10–12 km were 

recorded extremely rarely, in 5 % of observations. 

Results and discussion 

Fram Strait and the waters adjacent to Svalbard are characterized by complex 

water dynamics and specific hydrological conditions, and the topography of 

the bottom of the study region has significant spatial inhomogeneity. The for-

mation of density stratification is influenced greatly by the presence of a constant 

ice drift field, which undergoes shifts depending on the season and circulation 

variability in the polar region. In combination with tidal phenomena, all the above 

stated features of the study region create conditions for IW generation. 

Based on SAR images, an analysis was made concerning the variability of 

the ice edge position in June – September 2019. It was found that in June 2019, 

ice spread in Fram Strait to the anomalous southern position off the western coast 

of Svalbard – up to 79° N. At the same time, the consolidated ice occupied 

the entire northern shelf area near Svalbard, which in July and August was freed 

from ice only up to 22° E, shifting to 81° N. 

The maximum distance of the ice field from the archipelago was recorded 

in mid-September 2019 (82° N). The predominance of winds opposite to the ice 

drift direction in June – August 2019 explains rather high concentration of ice 

in the study region during this period. 
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387 SM of SIWs were recorded during the processing of 1200 SAR images. 

The largest number of SM of SIWs was recorded in August – 162 packets, which 

is apparently associated with more pronounced stratification of the upper layer of 

the ocean, which contributes to more efficient IW generation. Internal waves 

were observed on radar images in the form of packets of 4–5 solitons. The maxi-

mum lengths of the leading wave front were 30–40 km and were observed to 

the south of Svalbard. During the study period of 2019, short-period internal 

waves with leading wave front lengths of 7–10 km prevailed. The highest proba-

bility was noted for waves with a packet width of 3–4 km. 

Comparison of the spatial distribution of the surface manifestations of SIWs 

and the ice edge drift position shows a good correlation (see Fig. 2, Fig. 3), which 

is confirmed by recent studies [15, 16]. Thus, in June 2019, SIWs were recorded 

in Fram Strait in deep water and at the southern extremity of the Spitsbergen 

Island in the immediate vicinity of the ice field edge. In July, SM of SIW were 

localized in a polynya opened to the north of the Spitsbergen Island, and in Fram 

Strait to the northwest of the archipelago, but much further to the north than 

in June. 

In August, the position of the ice edge in the north slightly differed from that 

in July, and, accordingly, SM of SIWs were recorded almost within the bounda-

ries of the same region with a slight shift in the SIW occurrence frequency to 

the east. To the south and east of Svalbard, SM of SIWs were also recorded main-

ly along the edge of the ice field, and to the south of the Spitsbergen Island – on 

the hydrographic polar front. 

In September 2019, the main number of SIW manifestations was recorded 

to the east of Svalbard. At the same time, the length of their front was the largest 

for the period of the study observations. The generation of large SIW packets 

in this region was promoted by a combination of two following factors: the inter-

action of tidal currents and the East Spitsbergen Current with the features of 

the bottom topography near numerous small islands 2) and the ongoing process of 

the melt of the ice preserved in Hinlopen Strait [17]. In September, to the north of 

the archipelago, at some distance from the ice edge, the minimum number of SM 

of SIW with short front lengths was recorded. 

Conclusions 

Horizontal and vertical density gradients, which can affect the generation and 

propagation of short-period internal waves, result from ice melt at the ice edge. 

Since the study region has a certain tidal regime, the interaction of the tidal 

current and the bottom topography with stratified water layer can also result  

in the emergence and distribution of internal waves. The combination of 

the above stated factors leads to the generation of the large SIW packets. 

                                                
2) Troitskaya, Yu.I., 1995. [Internal Wave Generation during Passing Round Irregularities by 

Stratified Shear Flows with Critical Layers]. Report on Research Project. Grant no. 95-05-

15325 (in Russian). 
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The tasks of future studies are to determine the temporal variability of 

the SIW parameters, to establish their connection with the tide phase, and 

to compare the obtained data with the results of numerical modeling using 

the Arc5km2018 model. 
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