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Southern Ocean ice charts at
the Argentine Naval
Hydrographic Service and their
impact on safety of navigation

Alvaro S. Scardilli*, Constanza S. Salvó
and Ludmila Gomez Saez

Departamento Meteorologı́a, Servicio de Hidrografı́a Naval, Buenos Aires, Argentina
Antarctica is a largely inhospitable and inaccessible continent that plays a key

role in regulating the climate through ocean currents, winds, icebergs drift, and

sea-ice concentration and thickness. The study area of this work corresponds

to the Weddell Sea, Bellingshausen Sea and the South Atlantic Ocean. These

areas are relevant because of supply operations to Antarctic stations and

scientific and tourist activities. The Antarctic Peninsula is the most visited

region of the continent for tourist and research vessels and requires special

efforts in the development and dissemination of updated ice information for

Safety of Navigation. For this purpose, it is critical to have information that

discriminates the origin of the ice from land and open water, sea-ice

concentration, and stage of development. The high recurrence of cloud

cover over the Antarctic Peninsula during the summer hinders the

operational use of visible/infra red satellite imagery, therefore access to

Synthetic Aperture Radar (SAR) sensors is considered to be a high priority.

Between 2018 and 2020, with the launch of the SAOCOM (Satélite Argentino

de Observación Con Microondas) constellation, Argentina has evidenced an

increase in the availability of SAR images for sea-ice operations. This paper

presents the current state of routine production of operational ice charts at the

Argentine Naval Hydrographic Service for mariners in the vicinity of the

Antarctic Peninsula and South Atlantic Ocean and discuss future

developments in place to prepare for expected increases in marine traffic in

these areas.

KEYWORDS

ice chart, Antarctica, satellite imagery, icebergs, sea ice, GIS
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2022.971894/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.971894/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.971894/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.971894/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.971894&domain=pdf&date_stamp=2022-09-30
mailto:asscardilli@hidro.gov.ar
https://doi.org/10.3389/fmars.2022.971894
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.971894
https://www.frontiersin.org/journals/marine-science


Scardilli et al. 10.3389/fmars.2022.971894
Introduction

Antarctica is strategically valued as a natural laboratory, a

reservoir of fresh water, and critical for understanding and

monitoring the dynamics of global climate change. It is a

continent surrounded by seas influenced by ocean currents,

winds, and variations in the concentration and thickness of sea

ice, that make it a unique place. Sea ice has a significant impact

on climate regulation and the global energy balance. Formation

of sea ice occurs when seawater freezes at temperatures of -1.8°C,

a salinity of 27 ‰, and with favorable hydro-meteorological

conditions for its growth (WMO No. 574, 2021). Sea ice can be

found floating adrift on the ocean surface or lying along the

coasts, in front of barriers, or surrounding grounded icebergs

(WMO No. 259, 2014b).

Logistics and scientific activities in Antarctica are

determined by the presence of sea ice and icebergs, making it

essential to have the most accurate sea-ice information, allowing

the planning of different tasks, and the means to carry out

operational activities, such as the use of inflatable and medium-

sized boats with landing ramps, or helicopters (Pope et al., 2017).

Similarly, tourist activity in Antarctica has been developing since

the late 1960s, with a primary focus on attractions in the vicinity

of the Antarctic Peninsula and adjacent islands. Last period there

was an increase in tourist activity at a rate of 8.6%, with more

than 50,000 visitors on more than 50 vessels of different sizes and

characteristics during the season October 2018 to March 2019

(International Association of Antarctica Tour Operators, 2020).

The position and drift of icebergs, sea-ice concentration, and

extent of the ice field have been monitored using satellite data for

decades, yet information on additional parameters such as sea-

ice stage of development, thickness and areas of pressure ridging

provide a better understanding of ice conditions to support

navigational safety for mariners. However, monitoring sea ice

and its geophysical parameters is difficult due to differences in

snow cover, seasonal variability, vast areas without observations

from ships or stations, among others. Additionally to these

obstacles, typically only one set of satellite data is available at a

given time (i.e. individual polar orbit satellites provides imagery

one at a time) and optical data commonly limited by cloud cover

and passive microwave data limited by horizontal resolution

(Dierking, 2013).

To respond to the requirement of sea-ice monitoring,

national ice services develop ice charts that are compiled using

an exhaustive set of satellite observations to offer all the available

information in a graphical, complete and simplified format. Ice

charts are produced by sea-ice analysts following international

standards (WMO No. 1215, 2014a) including additional sea-ice

parameters and the presence of icebergs, that are not always

clearly discernible from satellites. The development of ice charts

originated to provide guidance and support to sailors in the

Polar Regions, particularly in the Arctic, but also subpolar areas

with high maritime traffic, such as the Baltic Sea, Barents Sea,
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Denmark Strait, Bering Strait, among others (Partington et al.,

2003). Ice Services from Canada, Denmark, Finland, Germany,

Norway, Russia, Sweden, and the USA, among others, have been

developing ice charts for more than 4 decades; while in the

Southern Hemisphere the countries that follow the same

procedures are limited. These differences are mainly related to

the extremely important commercial use of the polar and

subpolar sea routes of the Northern Hemisphere where the

presence of ice limits navigation with the consequent cost

implications for naval transport. In the Southern Hemisphere,

Antarctica and adjacent areas of the austral oceans, the greatest

commercial activity is related to tourist cruises during the

southern spring and summer and a still limited fishing

activity. Pope et al. (2017) describe the work of the Ice

Services or other National Organizations with ice chart

production for the Southern Oceans: Argentina, Australia,

Chile, China, Denmark, Germany, Norway, Russia and the

USA. These organizations provide different ice chart products

based on their mandate, financial capabilities and regions of

interest. Common challenges related to limitations of the

availability of satellite data also affects these Services.

Ice charts pre-date the satellite age (late 1960’s with the onset

of NIMBUS and other single sensor optical satellites), when

routine products were produced using aerial reconnaissance,

ship-based observations and local knowledge of sea ice areas,

particularly closer to the land (Divine and Dick, 2006; Mahoney

et al., 2008; Walsh et al., 2017). Since 1972 the U.S. National Ice

Center (US NIC) has produced Arctic and Antarctic ice charts

for operational purposes, including activity planning and

nautical safety. The long consistent archive of operational

charts has opened opportunities for numerous research

projects that rely on ice chart databases for the validation of

sea ice products developed for climate monitoring. For example,

Kukla and Robinson (1980) use the ice charts for climatic studies

of associated variables such as ice rim position, albedo, and snow

depth. Knol et al. (2018) outline challenges in terms of changes

in the information infrastructure of Ice Services in the Arctic,

describing the different web services to access ice information in

the Northern Hemisphere. For example, the Ocean and Sea Ice

Satellite Application Facility (OSI SAF) generates derived

products from climate records of gridded global ice

concentration (Lavergne et al., 2019).

In order to provide ice charts suitable for navigational safety,

it is essential to have the most up-to-date information on current

sea-ice and iceberg conditions. To access this information during

operations, or near real-time, satellite imagery from various

sensors is used as the main source and paired with ship-based

observations and coastal monitoring stations or aerial

reconnaissance. But infrequent point observations have

considerable limitations in terms of geographic coverage and

frequency of acquisition and are therefore of relatively low

importance from an operational point of view (Hall et al.,

2002). There has been some development to automate ship-
frontiersin.org
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based observations with the use of video cameras. Digital images

acquired from the ice condition monitoring video cameras

deployed on the NB Palmer icebreaker during the 2007

SIMBA expedition were subjected to modern image analysis

techniques to verify and validate ice observationsand provided

high temporal resolution of continuous observations, which may

eventually be used to validate satellite-derived products, such as

ice charts (Weissling et al., 2009). Observations from helicopters

and aerial drones have been improving with a significant amount

of information including roughness, thickness and

concentration (Divine et al., 2016; Li et al., 2019)

In this regard, remotely sensed data, such as satellite images,

have become a very valuable tool for Earth observation and have

become fundamental to support better decision-making. The

interpretation and analysis of the products of these sensors have

allowed the planning, execution, monitoring and evaluation of

projects to be carried out safe and more efficiently, optimizing

resources and their sustainability (Arias Duarte et al., 2010). For

this reason, improving the current procedures of how satellites

are analyzed is essential for ice services to provide better support

in greater detail and precision.

The Argentine Naval Hydrographic Service (Servicio de

Hidrografia Naval, SHN) has been supporting Argentine Navy

Ships since 1970s, but the ice information has not been publicly

available until recently. In 2015, SHN introduced the publication

of its ice charts to general maritime users and started working as

a recognized National Ice Service (WMO 574 (2021)). SHN’s

routine products include the weekly production of ice charts for

the Weddell Sea, Bellingshausen Sea and South Atlantic Ocean,

iceberg drift charts, and detailed information through the

Navtex and SafetyNet services for the safety of navigation.

The objective of this paper is to present the current state of

SHN actions related to Ice Service duties, including a description

of ice charting procedures, the satellite imagery processing and

the analysis of different classes of sea ice and icebergs necessary

for operations in Argentina’s area of national responsibility. By

giving visibility and clarification on the methods used for the

analysis of sea-ice conditions and the presence of icebergs, the

end-users can improve in the interpretation of this information

for better decision-making in ice infested waters.
Data and methodology

Area of study

This paper is focused on the NAVAREA VI, the Argentine

area of responsibility in terms of public service for Safety at Sea

(Figure 1). This area includes the Antarctic Peninsula,

Bellingshausen Sea, Weddell Sea and the Southwestern

Atlantic Ocean. Ice charts are developed for the sub-areas

detailed in Figure 2, including Scotia Sea, Weddell Sea and

Bellingshausen Sea. Sea ice does not usually extend north of the
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60° South latitude (Venegas and Drinkwater, 2001) yet, icebergs

drift can extend to subtropical latitudes over the South Atlantic

Ocean, thus it is necessary to have a separate iceberg analysis

chart that includes all the NAVAREA VI.

The sub-areas of ice charting production presented in

Figure 2 are considered to be high priority areas due to their

relevance for research and tourist vessels, and multi-purpose

operations that require more detailed sea-ice information.
Information sources

Information sources used as input for the production of ice

charts are presented as the following:

Reconnaissance and in situ observations:
coastal monitoring, ship-based and aircraft
observations.

Observations from Argentine ships and coastal bases in

Antarctica are conducted by personnel that undergo training

procedures throughout the year, mandated by the SHN, to be

approved as ice observers. Observations are collected and

archived using the Glaciological Information System (SIGLAC,

in Spanish) system, which registers sea ice parameters - such as

concentration, stage of development, shape, topography and

melting - and the amount of icebergs present. This software

includes a quality control component during the observation

input phase, that is converted into a numerical coded format for

simplification and to unify the interpretation processes by

analysts. Once the information is received, in near real-time, it

is decoded and applied to second quality control, to be used in

the validation of ice charts. All observations are stored in the

SHN’s ice database, not currently available for open access.

The advantage to recording observations by a well-trained

crew is that it provides a reliable source of information from

several places in Antarctica, especially those made from the

vicinity of inlets, bays, or coves where vessels need to maneuver

for operations. Currently, Argentina supports ice observations

from 13 stations, between permanent and temporary ones,

distributed throughout the Antarctic Peninsula, Bellingshausen

Sea and the east of the Weddell Sea.

Additionally, international merchant vessels and those

coming from the Southwestern Atlantic Ocean provide

additional information by notifying SHN of the presence of

icebergs. Though these observations are not made by trained

personnel, they are usually accompanied by photographs and

geolocation information that provides ground-truth to

corresponding satellite images. This information is extremely

valuable to track larger icebergs that are drifting outside

Antarctic waters and represent a serious hazard to mariners.

Aircraft observations of sea ice and icebergs are registered

during logistic flights. These are primarily used to calibrate and

validate satellite imagery and to update general information
frontiersin.org
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about the sea ice pack position, concentration and iceberg

tracking. Observations from aircraft do not follow the

standard format as those from ships or bases, although they

are geolocated photographs (Figure 3).

Optical satellite imagery (Visible and Infrared)
The primary sensor used for optical images analyzed at the

SHN are the Moderate Resolution Imaging Spectroradiometer

(MODIS), operational on the Terra and Aqua satellites, and the

Visible Infrared Imaging Radiometer Suite (VIIRS) images from

the Suomi National Polar-orbiting Partnership satellite (Suomi

NPP). The MODIS and VIIRS imagery present multiple spatial

resolutions, depending on the spectral bands. Resolutions

corresponding to MODIS are 250 meters and 500 meters,

while VIIRS has 375 meters and 750 meters,. Sea ice and

icebergs are often identified using corrected reflectance in RGB

composites of True and False Color. This optical imagery has the
Frontiers in Marine Science 04
advantage of large spatial coverage with daily revisit for polar

regions. However, in this type of image, the ice detection is

obstructed by cloud cover or by the lack of solar light during the

polar night in the winter season. In fact, high stratiform

cloudiness can present spectral signatures similar to ice, which

can make it difficult to distinguish, even with RGB combinations.

The spectral bands that are frequently used go from the visible to

the near-infrared region in the combination 3-6-7 and 7-2-1 for

the MODIS Terra sensor, 7-2-1 for the MODIS Aqua sensor, and

M11-I2-I1 and M3-I3-M11 for the VIIRS sensor. These

combinations make it possible to easily detect ice or snow

because of its spectral signature and filter the cloudiness which

poses the main challenge when monitoring floating ice.

During low-light conditions, images from Day/Night Band

(DNB) of the VIIRS sensor are often used, capturing low light

emissions with those reflected by ice being sufficient for

detection (Lee et al., 2006). The spatial resolution for this band
FIGURE 1

The NAVAREA VI, the Argentine area of responsibility for Safety at Sea information service, directed by the Naval Hydrographic Service.
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is 750 meters with daily acquisitions and its combination with

other optical images allows to obtain more information

regarding the movement of cloud cover, taking advantage of

the different schedules of satellite orbits.

Although the spatial resolution of optical satellites is low, as

detailed on previous paragraphs, for a detailed analysis of sea ice

and small icebergs, it makes it possible to have more regional

information during the operational season for critical areas in

the ice charts. Additionally, the aforementioned images can be

obtained free of charge, provided by the Global Imagery Browse

Services (GIBS) as part of the Earth Observing System Data and
Frontiers in Marine Science 05
Information System (EOSDIS) of the National Aeronautics and

Space Administration (NASA).
Microwave satellite imagery
Currently, the active microwave sensor Synthetic Aperture

Radar (SAR) is the most essential instrument for monitoring

floating ice and can be used under any weather and illumination

conditions, especially over the polar regions where cloud cover

and absence of sunlight in winter make observations difficult

with other onboard satellite instruments.
FIGURE 2

Sub-areas of ice charting production. Zone 1: Drake Passage. Zone 2: South Orkney Islands. Zone 3: Mar de la Flota Straight and South Shetland
Islands (with sub-zones 3A and 3B). Zone 4: Channel to Belgrano Island. Zone 5: Bellingshausen Sea and Margarita Bay. Zone 6: Antarctic Strait
and Erebus and Terror Gulf. Zone 7: Weddell Sea. Zone 8: Northwest Weddell Sea. Zone 9: South Weddell Sea (Halley station to Berkner Island).
FIGURE 3

Observation of icebergs during a flight over Joinville Island (right) to validate SAOCOM image (left), from November 19, 2020. The yellow line
correspond to the approximate route of the aircraft and the red circle marks the position of the observed icebergs (Satellite image provided by CONAE).
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Different frequencies (bands) of the SAR systems are used

for glaciology purposes, being mainly the X (8–12.5 GHz, 2.4–

3.8 cm), C (4–8 GHz, 3.8–7.5 cm) and L (1–2 GHz, 15–30 cm)

bands those with the highest application (Dierking, 2013).

Current operational satellites are TerraSAR and COSMO-

Skymed in X band, Sentinel-1 and RADARSAT-2 in C band;

and ALOS-PALSAR-2 and SAOCOM-1 in L band. SAOCOM-1

consists of two Argentine satellites complementing the SIASGE

constellation (Sistema Italo Argentino de Satélites para la

Gestión de Emergencias, as in Spanish) with the Italian

satellites COSMO-Skymed. SAOCOM-1, launched in 2018,

has enabled Argentina to increase the amount of data analyzed

for the production of ice charts (Figure 4).

SAR images have spatial resolutions that range from 3 to

100 m and wide swath from 20 to 400 km (depending on each

satellite instrument and acquisition mode selected)-, allowing a

high level of detail over a relatively large area (Dierking, 2013).

The spatial resolution and size of the images will depend on the

sensor and the acquisition mode. In general, acquisition modes

in SAR systems are Spotlight, Stripmap, Scansar and the newer

Topsar mode incorporated into Sentinel-1 and SAOCOM-1

satellites (De Zan and Monti Guarnieri, 2006). The Topsar

and Scansar modes cover a larger area over Spotlight and

Stripmap but yield lower spatial resolutions. Some SAR

systems can also obtain polarimetry information for the

observed surface using the polarization of received and

transmitted signals combining the orientation of the vectorial

electric field (Onstott and Shuchman, 2004; Dierking, 2013).

Unlike optical images, SAR images have specific geophysical

characters that can affect photo interpretation, thus requiring

analysis from specifically trained personnel. It is necessary to
Frontiers in Marine Science 06
understand the scattering mechanisms from the objects of

interest in response to the radar signal considering the

dielectric properties and the roughness of the observed surface

(Onstott and Shuchman, 2004). Characteristics of SAR systems

such as the frequency (band) in which the sensor operates, the

polarization and the incidence angle determine differences

within a scene and must be considered by the ice analyst.

Additionally, the coverage of SAR images is limited for

regional areas, and the availability of scenes in Antarctic

region depends on the frequency of acquisition of each

satellite. Some images are usually provided free of charge for

predetermined orbits (i.e., Sentinel 1) while others require on-

demand and tailored acquisitions, usually at additional cost.

Products derived from passive microwave satellites are used

for ice charts to observe sea-ice concentration using the

Advanced Microwave Scanning Radiometer (AMSR-2) sensor

onboard the GCOM-W satellite (Meier et al., 2018). Even

though this data is available year-round, it is mostly used in

the absence of illumination during the Southern Hemisphere

winter for latitudes south of 60° S when optical images can no

longer be used. The reason of this criteria in the use of AMSR-2

data is that the spatial resolution of 12 km is considered too low

for a detailed analysis of ice conditions.
Elaboration of the ice charts

Currently, the SHN produces three types of ice charts: sea-

ice concentration, ice edge, and iceberg; all three published

weekly on the SHN website (www.hidro.gob.ar). Iceberg charts

have been published since 2019 on the PolarView portal (www.
FIGURE 4

SAOCOM image from May 23 - 2020, showing A68A and A68C icebergs and sea ice in the Weddell Sea (Satellite image provided by CONAE).
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polarview.aq), yet this is currently in trial mode. QGIS software

(www.qgis.org) is used for ice charting production, a reliable,

free and open-source solution to the requirements of the SHN.

Satellite imagery analysis is performed by trained ice analysts

with previous experience in data interpretation of optical and

SAR imagery, and a comprehensive knowledge on Antarctic

climatology and marine glaciology. The nomenclature and

standards used in the generation of the ice charts described in

this paper correspond to the publication WMO Sea Ice

Nomenclature: Volume I – Terminology and Codes, Volume

II – Illustrated Glossary and Volume III – International System

of Sea Ice Symbols (WMONo. 259, 2014b). The methodology of

ice charting and the description of the final product is explained

in the Results section.
Result

Analysis of the information

The first step at the beginning of the charting procedure is to

analyze the complete set of data that is available in near-real

time. This begins with the ice analyst’s work through visual

interpretation of satellite images, combined with observations

received from ships and stations in Antarctica. The

characteristics to be identified are the extent, the stage of

development, the shape and spatial distribution of sea ice.

Icebergs presence are also analyzed in terms of their quantity

and later tracking. To recognize these variables in the data, well

trained analysts must have a good understanding of the object of

study and the source of information used.

The object of study, sea ice and icebergs, is directly affected

by different environmental variables. Wind and ocean currents

determine drift, sea-surface temperature influences formation

and melting processes and tidal currents have a local effect on

sea-ice concentration in coves, bays and straits. A snow cover
Frontiers in Marine Science 07
modifies the physics of the sea-ice surface and may obscure the

stage of development. In order to have complete knowledge of

the formation processes of snow cover and sea ice, the analyst

needs to understand the climatological and glaciological regimes

in the different regions of Antarctica.

Another subject to be covered in the training of ice analysts

is the spatial and temporal scale of different satellite sensors and

their integration with consistent criteria in the chart products.

Additionally, observations from ships and stations are received

in a coded format and need a proper training to rapidly

understand the information, discriminate the relevant data and

integrate them with the satellite imagery in the digitization of

ice charts.

Optical images allow for an almost intuitive photo

interpretation under cloud-free conditions when respective

RGB composites are used. Clouds can obscure the surface and

therefore present an obstacle in the identification of sea ice and

icebergs, especially when the area of interest is below a dense

stratiform cover. RGB composites that include bands from the

visible and near-infrared channels can be of great help in

distinguishing ice on the ocean from clouds in these situations.

For example, the RGB combination of MODIS sensor Band 3-6-

7 allows for enhancing the presence of snow and ice in reddish

colorations, because these objects are reflective in band 3,

corresponding to the visible spectrum, and absorbent in bands

6 and 7, infrared channel (Figure 5). Due to its spectral signature,

a cloud cover is typically represented in white in the composite

of those three mentioned bands and the open waters appear in

dark colors. Therefore, it is possible to find a cloud-free location

of sea ice and icebergs despite cloudiness. However, occasionally

small ice crystals of Cirrus clouds appear in reddish orange with

the aforementioned RGB composite, which means a detailed

analysis is necessary to not confuse the ice on the ocean surface

with that in the clouds.

On the other hand, SAR systems, by employing the

transmission of electromagnetic pulses in the microwave range
FIGURE 5

Iceberg and cloudiness in MODIS Terra image from April 5 - 2020, in true color (left) and RGB 3-6-7 composite (right).
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to receive the energy backscattered from the surface, not only

require trained personnel to understand the response of the

objects to be analyzed, but also constant training and

familiarization for the correct data.

Ice analysts can recognize the different types of ice in the

SAR images by interpreting the intensity of the response, the

texture and the shape of the different objects. The observed

characteristics of those elements are integrated with the

knowledge of the dielectric properties and the roughness of

the surface of each class of ice. Also, radar frequency used is

mainly considered, which determines the penetration of the

signal into the surface and the angle of incidence of each image.

In large-scale SAR imagery (around 250 km swath coverage),

such as ScanSAR and TopSAR, very small or large incidence

angles can present difficulties in detecting ice, and in the worst-

case scenario, the presence of ice is note noticeable in the SAR

scene. Example of this can be seen in Figure 6, where sea-ice belt

and strips are hardly detected. An ice analyst familiar with this

type of image can determine the presence of the ice even when it

is not as clearly defined by the sensor.

Information sources are not always updated at the time of

the analysis, and some observations or satellite images may

correspond to the previous 48 hours. Analyzes are carried out

considering the variations that sea ice has suffered and the drift

of icebergs in that period. Meteorological, oceanographic and

even statistical climatological data must be incorporated in the

charting process.
Frontiers in Marine Science 08
Sea-ice concentration charts
For the preparation of the sea-ice concentration charts,

generally known as ‘ice charts’, homogeneous areas in the sea-

ice concentration are identified. The World Meteorological

Organization Nomenclature defines concentration as the

fraction of the sea surface covered by ice, expressed in tenths

(WMO No. 259, 2014b). The analysis of the area in which the

different concentrations are divided will depend on the spatial

scale used in the digitalization, the source of the information and

the spatial resolution. The concentration is classified with

categories ranging from 0/10 (open water) to 10/10 (the entire

surface covered) of sea ice and polygons are generated in vector

format files, following the definitions and standard colors of the

Color Code Ice Chart Standard (WMO No. 1215,

2014a) (Figure 7).

The predominant form and stage of development of sea ice

are coded using ice-chart symbology combined in the so-called

Egg Code. This code is represented by an oval subdivided into

four horizontal sections. The first one at the top indicates the

total concentration of the sea ice in tenths. In the second section,

partial concentrations are indicated, while in the third and

fourth the stages of development and the forms, respectively,

of each of the partial concentrations are reported. In those

polygons where the presence of icebergs is detected, a black

triangle is included on the side of the oval.

Figure 8 shows the ice chart for April 1 - 2020,

corresponding to the Antarctic Strait and the Erebus and
FIGURE 6

Belts and strips in Sentinel-1 image from April 4 (top) and April 5 (bottom), 2020 in the Weddell Sea. Near and far range of each image,
respectively. Copernicus Sentinel data 2020, processed by ESA.
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FIGURE 7

Digitization of sea-ice concentration polygons in the Erebus and Terror Gulf. (A) Sentinel-1 image from March 30, 2020. (B) Polygons with
concentration 9-10/10, (C) adding polygons with concentration 7-8/10, (D) adding polygons with concentration 4-6/10 and (E) adding polygons
with concentration 1-3/10. SHN 2020, contains modified Copernicus Sentinel data 2020, processed by ESA. Color code is available in Figure 8.
FIGURE 8

Ice chart dated April 1, 2020. Zone 6: Antarctic Strait and the Erebus and Terror Gulf.
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Terror Gulf. Digitized ice concentrations for the area can be seen

with Egg Codes for each polygon. In this particular situation, the

polygon indicated with an A has a sea-ice concentration of 1-3/

10 with egg code reporting partial concentrations of 1/10 for the

stages of development ‘7. 6 3’, corresponding to old, first year

and young ice. The form in the fourth section is informed with

(~ 10) symbology where strips and patches can be found in that

concentration area. The black triangle indicates the presence

of icebergs.

These ice charts provide detailed information on sea ice, but

only indicate the presence or absence of icebergs in the egg code.

Nine sea-ice concentration charts are generated weekly and in

the case of significant changes due to environmental conditions,

the frequency of updates increases; especially in the highly

visited area of the Antarctic Peninsula.
Ice edge charts

The Ice Edge chart is made to establish the general limits of

the ice edge and the marginal ice zone, allowing mariners to

know which areas of navigable waters are free of sea ice. It is

useful for ships that do not have intent to navigate in the
Frontiers in Marine Science 10
Antarctic region but also need to make their way through the

Drake Passage, which connects the South Atlantic Ocean with

the South Pacific Ocean, or ships that sail north of the Antarctic

Peninsula during spring and winter when the ice field extends

the most to the northern waters.

As it was mentioned before, using the different satellite

images, the presence of sea ice is observed and delimited with

the digitization of polygons in vector format. In the analysis, the

ice edge, compact and diffuse, and the marginal zone are

distinguished. According to standardized nomenclature, the ice

edge is the demarcation between the sea ice of any kind and the

open sea. Operationally, this definition is considered for the

delimitation of the ice edge and also the criterion is taken to

consider those ice concentrations between 4-10/10. The

marginal ice zone is defined as the region covered with ice

that is affected by waves that penetrate the open areas of sea ice.

For the digitization of the charts, concentration polygons of 1-3/

10 are considered. Red polygons indicate the ice edge and yellow

ones, the marginal ice zone (Figure 9).

In sectors where a diffuse ice edge is seen, broken sea-ice

strips and belts may not be fully incorporated into the ice edge

and belong in part to the marginal ice zone (Figure 9). The

analyst should prioritize the areas to be included in these
A

B C

FIGURE 9

Generation of the ice edge chart using satellite images. (A) digitization of the Sentinel-1 image on March 31, 2020 in the Weddell Sea. (B) polygon of
the ice edge (red) and (C) the addition of the marginal ice zone (yellow). SHN 2020, contains modified Copernicus Sentinel data 2020, processed by
ESA. Color code is available in Figure 8.
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polygons to clearly transmit the information about the sea-ice

condition. The user should keep these considerations in mind, in

case the only available information is the ice edge charts.

Two ice edge charts are generated weekly. Figure 10 presents

a completed ice chart for May 26, 2020. It should be noted that

this chart only refers to sea ice and does not indicate the presence

or absence of icebergs, mariners should consult the iceberg chart

so as not to incur risks during navigation nearby the sea-ice edge.

The same information is summarized in several waypoints

and transmitted through SafetyNET and NAVTEX systems for

duplication of communications to ensure that the location of

sea-ice edge is acquired by all vessels in the NAVAREA VI

and vicinities.
Iceberg charts

The Iceberg Chart identifies the position of icebergs in open

waters or next to the sea-ice edge. Icebergs with dimensions

greater than 10 nautical miles, named by the US NIC using a

letter from the region of Antarctica where it calved, and a

cumulative number, are indicated in the iceberg chart with

colored dots. Icebergs with smaller dimension between10 and

2 nautical miles are marked with blue colored dots,

differentiating them from internationally renowned (Figure 11).

Icebergs with smaller dimensions than 2 MN are include in

areas indicating the risk of finding icebergs in a certain amount,

named as ‘Iceberg Risk Areas’. These areas are distinguished by

the number of icebergs recorded in a grid cell of 1-degree

latitude by 1-degree longitude. If the grid contains only 1

iceberg, it is classified as ‘isolated icebergs’ (green cells),
Frontiers in Marine Science 11
between 2 and 6 icebergs it corresponds to ‘few icebergs’

(yellow cells), and for an amount of 7 icebergs or higher, it is

called ‘many icebergs’ (red cells), as shown in Figure 11.

Working with risk areas definitions saves operating time for

the analysts by providing a large amount of detailed information

for safety of navigation in waters infested by numerous icebergs.

Special focus is dedicated to those icebergs drifting in the

Drake Passage or even further north in the Argentine Sea. The

drift to the north and beyond the limits of the Antarctic

Circumpolar Current is the consequence of the effect of the

Malvinas Current that deflects to the north, towards warmer

latitudes, representing a real hazard in regions of the South

Atlantic Ocean where these floating objects are not expected by

Officers on Watch at the bridge of a ship. Furthermore, warmer

water generates a gradual decrease in the size of the iceberg due

to melting and iceberg detection gets more difficult due to the

spatial resolution of the available satellite data. In this situation,

reports received by the vessels are extremely valuable

information for the iceberg chart provided.

Figure 12 shows the iceberg chart from April 6, 2020. The

compact ice edge is represented by the black line and white

region, establishing that the risk areas analyzed are in open

waters where icebergs constitute a bigger risk for navigation.

Icebergs within the ice field are not represented on these

specific charts.

As it was mentioned before, the iceberg chart is also

uploaded on the PolarView(Figure 13), where it can also be

overlaid with other shapes of information from different Ice

Services around the world.

As for the ice edge, iceberg positions are also included in the

SafetyNET and NAVTEX messages to mariners. Information on
FIGURE 10

Ice edge chart from May 26, 2020. Ice edge is defined as the limit of sea-ice concentration above 4/10.
frontiersin.org

https://doi.org/10.3389/fmars.2022.971894
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Scardilli et al. 10.3389/fmars.2022.971894
FIGURE 11

(A) Sentinel-1 image of April 2, 5 and 6 2020 and VIIRS Suomi NPP of March 28, 2020 in the South Orkney Islands sector. (B) Compact ice edge
delimited in white. (C) A68A iceberg positioned with a cyan dot and smaller iceberg in blue dot. Digitized cells as a risk area for (D) ‘many
icebergs’ (E) ‘few icebergs’ and (F) ‘isolated icebergs’. SHN 2020, contains modified Copernicus Sentinel data 2020, processed by ESA.
FIGURE 12

Iceberg chart from April 6, 2020. Grids are sized 1° x 1°. Isolated: only 1 iceberg, Few: from 2 to 6 icebergs and Many: more than 7 icebergs.
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the position of all known icebergs is transmitted, with daily

updates when satellite imagery is available, and areas with the

presence of several icebergs by using the position of

polygons vertices.
Discussion

The activities carried out on the Antarctic continent require

a great logistical effort by all countries that have permanent or

temporary stations, being executed mainly by marine transport.

Although activities in polar waters of the Antarctic region are

minimal compared to the Arctic Ocean, with well-defined trade

routes and throughout the entire year, tourist activity and fishing

in border regions of Antarctica increase annually. For that

reason, it is imperative for countries closer to Antarctica, like

Argentina, to provide reliable and accurate support information

on the safety of navigation to all ships sailing this remote part of

the globe. Even more, if we consider that if an incident occurs in

polar or subpolar waters of the Southern Hemisphere, aid would

be delayed for several days because of the long distances that

exist between Antarctica and the Search and Rescue (SaR)

Centers. It is important to inform that iceberg impacts are not

the only hazard but also the presence of multi-year sea ice or the

increase of pressure in the surrounding sea-ice field.

During the austral summer season, from November to April,

the Argentine and Chilean Navy share SaR activities in the

Antarctic Peninsula, ensuring the permanent presence of a

rescue ship in the area with the highest marine traffic.

However, for the rest of the year the aid could take weeks by

ship to reach a remote area of Antarctica, with consequent

implications of risking human lives or possible ecological

disasters. Therefore, to ensure navigation in isolated and

potentially dangerous areas subject to rapid variations due to
Frontiers in Marine Science 13
the effect of meteorology and ocean currents, updated ice charts

are necessary, which must be constantly improved with the

development of new technological tools.

The mission of the Argentine Naval Hydrographic Service

(SHN) as a public service is to provide information for safety of

navigation in NAVAREAVI. One of these tasks is the provision of

the best products and services for ice charting in the Antarctic and

South Atlantic Ocean. Although this activity has been carried out

uninterruptedly since the 1970s with the use of satellite products,

since 2015 ice charts have been produced weekly, with a

significant improvement in quality and precision according to

the advancement of knowledge and technological tools.

The ice edge charts provide users with regional information

on the extent and concentration of sea ice in theWeddell Sea and

Bellingshausen Sea. When it is required to know in more detail

the glaciological condition, the sea-ice concentration charts in

the different areas can be consulted, which also present

information on the stage of development and the forms of sea

ice. The iceberg chart provides detailed information on icebergs

all over the NAVAREA VI, with updated positions and risk areas

giving information on their distribution and quantity.

In addition, the systematic and continuous production and

storage of ice charts can provide a valuable source of

information, validated and quantifiable, to map the detection

of changes in the state and condition of both sea ice and icebergs.

This information will be of particular interest to cryosphere

researchers who are linking changes in sea-ice conditions and

extent to climate models.

During the ice charting process, the training and experience

of those who perform the analysis is essential. It is fundamental

for the ice analysts to be familiar with the region of focus, with an

emphasis on understanding the prevailing synoptic

environmental variables - such as atmospheric, currents and

tides - and climatological - such as glaciological regimes in the
FIGURE 13

Argentine Iceberg Chart displayed on Polarview’s website.
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formation or deterioration of the ice. Analysts must also be

aware of the particularities of each information source to avoid

making erroneous interpretations that could constitute a

potential hazard to maritime navigation. Different

characteristics of the ice (i.e., roughness, thickness or snow

cover) may not be detected as easily as expected when the

identification through the different types of satellite imagery

must be done during operational times, knowing that dozens of

vessels will depend on this information.

It should be noted that the manual drawing of ice charts has

operator-dependent subjectivities. Partington et al. (2003)

highlight that ice analysts have different skill levels according

to their fieldwork experiences and knowledge on the specifics of

ice. Alternatives to manually generated ice charts are being

studied by automating the processes for the detection,

classification and estimation of ice concentration (Moen et al.,

2013). However, there is currently no conclusive evidence that

the tasks of ice analysts can be replaced by automatic processes

for operational activities.

As mentioned before, ice analysts have a major responsibility

in the ice charting process. SHN’s ice analysts have a rotation of

about 5 years, allowing proper training with a high degree of

experience in the manual elaboration of ice charts. Transferring

experiences to new analysts is also an important concept in the

personnel training. Generally, it is intended to incorporate one

crew member per year with an increase from 2 to 7 expert

analysts since 2015. Systematic errors can be reduced with a

consolidated training program and continuous provision of

personnel and the adjusted rotation in the assignment of tasks

within the Ice Service responsibilities.

An advantage in the training of ice analysts from the SHN is

the possibility of sailing in Antarctic waters on board Argentine

Navy Ships – an icebreaker, polar supplies or research vessels -

making it possible to personally experience navigation within sea

ice or near icebergs of different sizes. In this sense, they become

aware of the implications of providing the most accurate and

updated ice information for nautical safety and the difficulties

that mariners experience in the interpretation of ice charts.

Analog to the results obtained by Dedrick et al. (2001), the

different ice charts that Argentina produces for Antarctica and

NAVAREA VI have increased their quality and reliability

remarkably from the following factors:
Fron
1. The increase in the availability of SAR imagery, starting

with a higher acquisition frequency of Sentinel-1 and since

2018with theArgentineSAOCOMsatellite that represents

a significant improvement in working capacity.

2. The ability to handle and process an increasing volume

of information and to improve the quality controls of

observations made by ships and stations.

3. The possibility of using the Night Vision mode of the

SNPP satellite, allowed the improvement in the

elaboration of ice charts during the austral polar night.
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4. The increase in the number of personnel dedicated

exclusively to the task of ice analysts.

5. The collaborative work between the different Ice

Services and related organizations around the world,

based on the links established through the incorporation

to the International Ice Charting Working Group.
We conclude that the regular training of ice analysts in the

correct use of information sources is essential and one of the key

objectives of the SHN. This enables SHN to issue best quality

products by integrating all near real-time information available

and serve the public by providing relevant information for safety

of navigation to mariners in Antarctic and South Atlantic waters.

This paper is intended to make the information published in the

ice charts visible for all end-users in order to enable a more in-

depth interpretation.
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