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Abstract: High sea ice production (SIP) generates high-salinity water, thus, influencing the global
thermohaline circulation. Estimation from passive microwave data and heat flux models have
indicated that the Ross Ice Shelf polynya (RISP) may be the highest SIP region in the Southern
Oceans. However, the coarse spatial resolution of passive microwave data limited the accuracy of
these estimates. The Sentinel-1 Synthetic Aperture Radar dataset with high spatial and temporal
resolution provides an unprecedented opportunity to more accurately distinguish both polynya
area/extent and occurrence. In this study, the SIPs of RISP and McMurdo Sound polynya (MSP) from
1 March–30 November 2017 and 2018 are calculated based on Sentinel-1 SAR data (for area/extent)
and AMSR2 data (for ice thickness). The results show that the wind-driven polynyas in these two
years occurred from the middle of March to the middle of November, and the occurrence frequency
in 2017 was 90, less than 114 in 2018. However, the annual mean cumulative SIP area and volume in
2017 were similar to (or slightly larger than) those in 2018. The average annual cumulative polynya
area and ice volume of these two years were 1,040,213 km2 and 184 km3 for the RSIP, and 90,505 km2

and 16 km3 for the MSP, respectively. This annual cumulative SIP (volume) is only 1/3–2/3 of those
obtained using the previous methods, implying that ice production in the Ross Sea might have been
significantly overestimated in the past and deserves further investigations.
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1. Introduction

Coastal polynyas are common features during autumn and winter in polar regions and are
dominantly caused by katabatic winds [1–4]. The ice forming in coastal polynyas due to low air/water
temperature and the consequent brine rejection increases the salinity of the near-surface layer water [5–7].
As the next wind blows away the just formed new ice in polynyas, a subsequent set of new ice forms,
leading to further brine rejection. This process of new ice formation occurs frequently as long as the
katabatic wind occurs frequently in polar regions. Coastal polynyas are therefore regarded as the
factories of sea ice production (SIP) [8–10]. This high SIP in polar regions causes high-salinity water;
the sinking of this dense water drives the global thermohaline circulation [11–15] and also impacts the
bio–related material cycle and ecosystem [16,17].

Many studies have been performed to quantitatively estimate polynya extent (area) and polynya ice
production in coastal polynyas [12,18–26] and to analyze the relationship between sea ice production and
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dense deep-water formation [27,28]. Among them, Tamura et al. first mapped the SIP in the Southern
Ocean [8], and then Tamura and Ohshima mapped SIP over the Arctic Ocean [23]. They reported
that the highest ice production occurs in the RISP region with a mean annual cumulative SIP of
390 ± 59 km3 from the 1990s to 2000s. This is consistent with the fact that Antarctic Bottom Water
(AABW) with the highest salinity is formed in the Ross Sea [13].

In the Ross Sea, the development and variability of polynyas are primarily caused by southerly
airflow and associated katabatic winds from the Ross Ice Shelf and the higher elevation of the Antarctic
continent [3,4]. It was reported that approximately 60% of the polynya events are linked to katabatic
wind events; the remaining 40% are due to katabatic drainage winds and barrier winds that flow
northward along the Transantarctic Mountains [2]. A summary of previous estimates of time–series
of coastal polynya ice production in the Ross Sea is provided in Table 1. There are typically three
polynyas in the Ross Sea: RISP, McMurdo Sound polynya (MSP), and Terra Nova Bay polynya (TNBP).
Among previous studies, some regarded the RISP and MSP as one single polynya as Ross Sea Polynya
(RSP), analyzing their combined ice production. The ice productions estimated by these studies show
different results in the RSP. The long-term RSP ice productions (in Table 1) were all estimated based
on the satellite passive microwave remote sensing (PMW) data and heat flux model. PMW data was
used to derive ice thickness (of thin ice) and ice concentration and the heat flux model was used to
calculate ice production based on the thin ice area (ice thickness <20 cm or sea ice concentration <75%).
PMW is independent of sunlight, thus it is not affected by polar nights. Due to the strong penetrability
of microwaves, PMW radiation can penetrate through the cloud cover. Therefore, the PMW data are
available year-round at all weather conditions with a repeat cycle of half a day, and it is currently
the longest dataset. The time series of satellite PMW data began in 1978, including the Scanning
Multichannel Microwave Radiometer (SMMR, 1978–1987), the Special Sensor Microwave/Imager
(SSM/I, 1987–2008), the Special Sensor Microwave Imager/Sounder (SSMI/S, 2007– ), and the Advanced
Microwave Scanning Radiometer for EOS (AMSR-E) and AMSR2 (2002– ). The frequencies of these
sensors are different but they all include K and Ka bands which have been used for ice thickness
derivation. Due to power constraints, the SMMR was operated every second day; thus, real repeat
time of SMMR was longer than that of SSM/I, SSMI/S, and AMSR-E. Therefore, after 1987 when the
SSM/I(s) on DMSP satellite series began service, the temporal resolution of PMW data improved.
Since 2002, AMSR-E on Aqua greatly improved the spatial resolution with the footprints of K and Ka
bands of 16 × 27 km2 and 8.8 × 14.4 km2, respectively, enabling the identification of some smaller
polynyas that could not be detected by SSM/I (s) [19]. Optical or thermal remote sensing are good
choices to monitor polynyas based on the difference in albedo or temperature between ice surface and
water surface [29–32], but cloud cover and/or polar nights limit their applications. Aiming to conquer
the influence of the cloud cover and polar nights, some studies used spatial feature reconstruction
methods to derive cloud-covered sea-ice area, such as temporal interpolation based on the surrounding
days [31,33], fuzzy cloud artifact filter [34], and combining PMW and optical remote sensing to yield a
merged sea–ice concentration for identification of polynya [35].

Table 1. Statistics of polynya ice production in the Ross Sea presented in previous studies.

Temporal
Periods Mean Daily Area (km2)

Mean Annual Cumulative
Volume (km3)

Data
Sources References

1987 RISP + MSP = 25,000 SMMR Zwally et al. (1985) [36]

1992–2002 RISP = 25,000 ± 5000
MSP = 2000 ± 600 RISP = 500 ± 160 SSM/I Martin et al. (2007) [25]

1992–2001 RISP + MSP = 390 ± 59 SSM/I Tamura et al. (2008) [8]

1997–2002 RISP + MSP = 20,000 SSM/I Arrigo and Van Dijken (2003) [37]

1992–2008 RISP + MSP + TNBP = 930,000 RISP = 602
MSP = 47 SSM/I Drucker et al. (2011) [24]

1992–2013 RISP + MSP = 22,000 ± 3000 RISP + MSP = 382 ± 63 SSM/I Tamura et al. (2016) [21]
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Table 1. Cont.

Temporal
Periods Mean Daily Area (km2)

Mean Annual Cumulative
Volume (km3)

Data
Sources References

2000–2008
RISP + MSP = 30,000

RISP + MSP = 600 SSM/I
Comiso et al. (2011) [38]

1992–1999 RISP + MSP = 350 SSM/I

2003–2011 RISP + MSP = 300 ± 20
RISP + MSP = 316 ± 34

AMSR–E
SSM/I Nihashi et al. (2017b) [19]

2013–2015 RISP + MSP = 317 ± 18
RISP + MSP = 340 ± 32

AMSR2
SSMI/S Nihashi et al. (2017b) [19]

2003–2017 RISP = 164~313 AMSR–E
AMSR2 Cheng et al. (2019) [39]

Synthetic aperture radar (SAR) has been used to identify sea ice from water [40,41], and to
provide the most accurate polynya area/extent [42,43]. Satellite-borne SAR data has not been used for
routine monitoring activities, because its longer revisiting time cannot capture every wind–driven
polynya event. Since its spatial resolution (less than 100 m) is much finer than PMW (from 6 km to
25 km), it has been used to provide reference or validation for PMW estimation of ice production and
mapping polynyas [15,18,23]. Since 2014/2016, however, Sentinel-1 SAR images with high temporal
and spatial resolution have been freely available, starting a new era in satellite SAR observations for
many applications. The Sentinel-1 data thus provides an unprecedented opportunity to study the
yearly occurrence frequency and area/extent of coastal polynyas in polar regions. This study presents
the first attempt at such an examination.

It is generally accepted that ice thickness is best estimated through ice freeboard or total freeboard
measurements from radar/lidar altimetry under the hydrostatic equilibrium assumption [44–48].
During the period of this study (2017–2018), Cryosat 2 radar altimetry was the only one available
for estimating ice freeboard in the Ross Sea. Converting ice freeboard into ice thickness, however,
still requires other parameters (such as snow depth, snow, water, and ice densities) that would bring
additional uncertainties to the final sea ice thickness estimates. In any case, there is no such sea ice
thickness product yet available for the period of this study for the Ross Sea. Although the coarse spatial
resolution of PMW limited its application in small polynyas, especially before 2002 when AMSR-E
was launched, PMW is currently the only effective dataset for obtaining thin ice thickness at the daily
temporal resolution and has been routinely used to obtain long–term series of ice thickness [8,19,38].

The purpose of this study is to estimate ice production in the RISP and MSP by using a combination
of Sentinel-1 SAR and AMSR2 data from 2017 to 2018. The Sentinel-1 SAR data are used to identify
polynya area/extent and the AMSR2 data are used to derive thin ice thickness based on an algorithm
presented in [19]. In the next section, the study area and datasets are described; Section 3 shows the
method to identify a wind-driven polynya and the method to retrieve ice thickness; Section 4 presents
the polynya areas, ice thicknesses, and ice productions of RSP; the results are discussed in Section 5;
Section 6 gives a brief conclusion of this study.

2. Study Area and Datasets

2.1. Study Area

There are three polynyas in the Ross Sea: RISP, MSP, and TNBP, and their locations are shown
in Figure 1. RISP is located along the Ross Ice Shelf, between Ross Island to the west and the 180◦

meridian to the east. MSP is located in the McMurdo Sound to the west of Ross Island. TNBP is located
north of the Drygalski Glacier Tongue. In this study, we focus on the ice production of RISP and MSP.
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Figure 1. Sentinel-1 SAR image of the Ross Sea with the coastal boundary and named locations of the 
Ross Ice Shelf, Ross Island, Drygalski Glacier Tongue, McMurdo Sound, Terra Nova Bay, and the Ross 
Sea. 
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European space agency (ESA). It provides continuous all-weather, day-and-night radar imagery at 
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Sentinel-1A was launched on 3 April 2014, and Sentinel-1B on 25 April 2016. They share the same 
orbital plane, with a repeat cycle of 12 days. Thus, after 25 April 2016, the combined repeat cycle is 
approximately 6 days, with almost daily revisit in the polar regions. These SAR instruments may 
acquire data in four exclusive modes: stripmap (SM), interferometric wide swath (IW), extra-wide 
swath (EW), and wave (WV). Among them, the modes EW and WV mainly operate over the ocean. 
For every mode, there are three kinds of products: level-0, level-1, and level-2. Level-0 is the SAR raw 
data. Level-1 products form a baseline product from which level-2 products are derived and consist 
of two types: SLC (single look complex) and GRD (ground range detected). 

In this study, the level-1 GRD products of EW are used to detect coastal polynyas in the Ross 
Sea near the Ross Ice Shelf. The EW mode is used because of its wide swath (400 km) which results 
in larger areal coverage than the other modes. The spatial resolution of EW images is 25 m along-track 
by 100 m cross track. 

The EW GRD SAR data are available in the ESA Open Access Hub 
(https://scihub.copernicus.eu/dhus/#/home). ESA provides software for processing Sentinel data 
called SNAP. In this study, the SNAP is used to process the EW GRD level-1 data, including 
radiometric calibration, speckle filtering, geometric ellipsoid correction, conversion to decibel value 
(dB), and mosaic data (if multiple images in one day). Radiometric calibration is used to convert the 
original number to the backscatter coefficient. The module “single product speckle filter” in SNAP is 
used to remove speckle noises in images with the Lee Sigma filter at a target window size of 3 × 3. 
The final projection of dB images is set to the stereographic South Pole, with a central meridian of 169 
°W and a standard parallel of -75 °S, and a grid size of 40 m × 40 m. 

Figure 1. Sentinel-1 SAR image of the Ross Sea with the coastal boundary and named locations of
the Ross Ice Shelf, Ross Island, Drygalski Glacier Tongue, McMurdo Sound, Terra Nova Bay, and the
Ross Sea.

2.2. Sentinel-1 Data

Sentinel-1 is the first of the Copernicus program satellite constellation conducted by the European
space agency (ESA). It provides continuous all-weather, day-and-night radar imagery at the C-band.
This mission is composed of a constellation of two satellites, Sentinel-1A and Sentinel-1B. Sentinel-1A
was launched on 3 April 2014, and Sentinel-1B on 25 April 2016. They share the same orbital plane,
with a repeat cycle of 12 days. Thus, after 25 April 2016, the combined repeat cycle is approximately
6 days, with almost daily revisit in the polar regions. These SAR instruments may acquire data in four
exclusive modes: stripmap (SM), interferometric wide swath (IW), extra-wide swath (EW), and wave
(WV). Among them, the modes EW and WV mainly operate over the ocean. For every mode, there are
three kinds of products: level-0, level-1, and level-2. Level-0 is the SAR raw data. Level-1 products form
a baseline product from which level-2 products are derived and consist of two types: SLC (single look
complex) and GRD (ground range detected).

In this study, the level-1 GRD products of EW are used to detect coastal polynyas in the Ross Sea
near the Ross Ice Shelf. The EW mode is used because of its wide swath (400 km) which results in
larger areal coverage than the other modes. The spatial resolution of EW images is 25 m along-track by
100 m cross track.

The EW GRD SAR data are available in the ESA Open Access Hub (https://scihub.copernicus.eu/

dhus/#/home). ESA provides software for processing Sentinel data called SNAP. In this study, the SNAP
is used to process the EW GRD level-1 data, including radiometric calibration, speckle filtering,
geometric ellipsoid correction, conversion to decibel value (dB), and mosaic data (if multiple images in
one day). Radiometric calibration is used to convert the original number to the backscatter coefficient.
The module “single product speckle filter” in SNAP is used to remove speckle noises in images with
the Lee Sigma filter at a target window size of 3 × 3. The final projection of dB images is set to the
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stereographic South Pole, with a central meridian of 169◦W and a standard parallel of −75◦S, and a
grid size of 40 m × 40 m.

All the sentinel-1 EW GRD data covering the RISP and MSP for the periods of
1 March–30 November 2017 and 2018 are downloaded and processed as explained above. Finally, a
total of 143 images (days) in 2017 and 215 images (days) in 2018 are obtained to analyze the polynya
ice production of these two periods.

2.3. AMSR2 Brightness Temperature

The advanced microwave scanning radiometer on JAXA’s GCOM-W1 (AMSR2), launched on
18 May 2012, scanned the earth twice per day (ascending and descending orbits). AMSR2 is a
multi-frequency dual-polarized sensor and provides brightness temperatures in seven frequencies
(6.93 GHz, 7.3 GHz, 10.65 GHz, 18.7 GHz, 23.8 GHz, 36.5 GHz, and 89.0 GHz) at both horizontal
and vertical polarizations. The footprints of the data vary with frequency, the higher frequency with
finer spatial resolution. In this study, the brightness temperatures at 36.5 GHz and 89.0 GHz for
both polarizations in 2017 and 2018 are used to derive ice thickness in the Ross Sea based on the
method in [19]. These brightness temperatures are retrieved from the “AMSR-E/AMSR2 Unified L3
Daily 12.5 km Brightness Temperatures, Sea Ice Concentration, Motion & Snow Depth Polar Grids
V001” [49], archived in NASA (https://search.earthdata.nasa.gov/search). In this dataset, the brightness
temperatures with different footprints are resampled to a grid size of 12 km × 12 km.

3. Method

The polynya ice productions in 2017 and 2018 are derived from Sentinel-1 SAR images and AMSR2
brightness temperatures. The former is used to identify the polynya area/extent and the latter is used
to estimate sea ice thickness in the polynyas.

3.1. Detection of Polynya Area/Extent

Polynyas in front of the Ross Ice Shelf and McMurdo Sound occur frequently due to the
katabatic winds. Newly formed frazil and grease ice are self-organized into rows/strips approximately
parallel to the wind direction (northward) and appear as white streaks that are early and visible in
SAR imagery [41,42] as indicated in Figure 2 (green polygons as the mapped polynyas). The area
characterized by white streaks (i.e., inside the green polygons) was called an “open polynya area” in
some studies [41,50]. The open polynya area freezes quickly when the wind slows down, and the ice
continues to grow (and thicken) until the next wind event that blows this newly formed ice away,
ready for the subsequent new ice formation. So, the polynya ice production caused by such wind
events is the ice volume blown away by the next wind event. The yearly polynya ice production is
the total ice volume produced in the polynya by all wind events in the year. Noting that each ice
production, although in the same general polynya area, would differ in production area/extent, shape,
and thickness that are totally determined by the intensity, speed, and direction of each individual
katabatic wind event and the length of the ice growth period before the next wind event. Figure 2
presents the evolution of such a large wind–driven ice production event, from no polynya (all covered
by ice) on April 3 (Figure 2a), to a well–defined polynya with new ice formation on April 5 (Figure 2b),
and to when the polynya ice completely merged with other ice on April 7 (Figure 2c). Polynyas in
Figure 2b,e, although in the same general areas (MSP in the west and RSIP in the east), have different
areas/extents, shapes, and thicknesses, due to different katabatic wind events (one on 5 April and the
other on 19 August).

Although Sentinel-1 can scan the polar region daily, the study area is not always covered or
fully covered, especially in 2017 when the study area was only scanned every other day; therefore,
not all wind-driven polynya ice production events were imaged. Sometimes, the image only covers a
portion of the study area. In these two cases, we try to determine the situation from the next available
images with larger coverage, on which the outline/trace of the last polynya would be kept and mapped.

https://search.earthdata.nasa.gov/search
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For example, Figure 2e shows the same polynya not completely mapped/covered on 19 August
(Figure 2d).
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Figure 2. Examples of Sentinel-1 SAR images on 3 April 2017 (a) (no polynya), 5 April 2017 (b)
(clear polynya), and 7 April 2017 (c) (disappearance of polynya); 19 August 2017 (d) and 20 August 2017
(e) together explain the incomplete scan in (d); 28 October 2018 (f) indicating the thin ice (green dots)
from passive microwave data overlaying the Sentinel-1 SAR image in the McMurdo Sound. The green
(red) dots indicate ice thicknesses <20 cm (>20 cm) and the solid red line is the McMurdo fast ice edge.

In the period of 17–21 September 2018 (Figure 3), three continuous ice formation/polynya events
could be seen, marked with different color lines (red, green, and blue). The event 1 (red) was the first
and biggest one and it is seen in all images (Figure 3a–d); the event 2 (green) started on 19 September
(Figure 3b), and the event 3 (blue) started on 20 September (Figure 3c). On 21 September, the traces of
all three ice formation events became obscure, except the event 1. Thus, even if one event was not
captured due to no image collection at that time, it could be captured in a later image, based on the
trace of the event. For example, in the wind-driven polynya event of 3–7 April 2017 (Figure 2a–c),
the images were only available every other day. From the images on 5 April, only one wind-driven
polynya can be seen. If any event occurred on 4 or 6 April, the event trace/outline could be seen on 5 or
7 April, just as seen from subsequent images in Figure 3. However, Figure 2 shows no additional event
trace on the image of 5 April and no event trace on the image 7 April, meaning no event occurred on
either 4 April or 6 April.



Remote Sens. 2020, 12, 1484 7 of 17

The extent/outline of every wind-driven polynya and ice formation event in 2017 and 2018 is
visually observed and checked and then manually digitized according to the above-mentioned principle
for identifying coastal polynya and the enclosed area, using ArcGIS software. Overall, we hope to
express that the entire processing of identifying and mapping such an event trace/outline is not an easy
task and it is tedious and time-consuming. This is currently the only way to assure the accuracy and
confidence of our results.
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Figure 3. Sentinel-1 images in the Ross Sea on 17 September (a), 19(b), 20(c), 21(d) in 2018. During these
days, three katabatic wind events occurred. The first one occurred on 17 September (with the polynya
area sketched as the red line 1O) and finished on 19 September. The second event occurred on 19 September
(with the polynya area sketched as the green line 2O) and finished on 20 September. The third event
occurred on 20 September (sketched as the blue line 3O) and calmed down on 21 September when all
traces, except the first one, are more diffuse.

Here we would like to demonstrate how we separate high backscatter values/appearances caused
by wind-wave roughness from high backscatter values/appearances caused by wind-driven sea ice in
polynyas, mainly from three aspects. (1) The texture of wind-wave caused high backscatter appearance
differing from the texture of wind-driven sea ice. For example, the bright and homogeneous backscatter
caused by wind-waves (Figure 4a) much differs from the wind–driven polynya sea ice (Figure 2b,d,e
and Figure 3). (2) The sea ice concentration derived from the AMSR2 data shows the wind-wave event
with very low ice concentration (<10%) (Figure 4b). (3) The shape of the wind-wave event does not
exist after the wind event, differing from wind-driven polynya ice that keeps its shape until the next
wind–driven event.
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Figure 4. Sentinel-1 images (backscatter) of Ross Sea on 3–4 March 2017: (a) backscatter image on
3 March showing bright and homogeneous wind-driven roughness, (b) less than 10% ice concentration
(from AMSR2) on the bright and homogeneous wind-driven roughness (3 March), and (c) disappearance
of wind-driven roughness after the wind event on 4 March.
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3.2. Retrieval of Ice Thickness

In this study, we use the AMSR2 brightness temperature at 89 and 36 GHz to derive thin ice
thickness based on the algorithm in [19]. This algorithm was developed based on 186 MODIS ice
thickness images and AMSR2 brightness temperatures in RISP, Ronne Ice Shelf Polynya, and Cape
Darnley Polynya during April–September from 2013 to 2015. If the polarization ratio of 85 GHz (PR85)
of a pixel is more than 0.062, the pixel is regarded as thin ice with thickness in the rage of 0–0.1 m,
and the thickness H in meters is calculated using Equation (1). If the polarization ratio of 36 GHz
(PR36) of a pixel is larger than 0.084, the pixel is regarded as thin ice with thicknesses ranging 0.1–0.2 m,
and the thickness H in meters is calculated using Equation (2).

H = e
1

104∗PR85−0.07 − 1.07, PR85 =
TB85V − TB85H
TB85V + TB85H

(1)

H = e
1

72∗PR36 − 1.08, PR36 =
TB36V − TB36H
TB36V + TB36H

(2)

where TB85V and TB85H are the microwave brightness temperatures at 85 GHz for vertical and
horizontal polarizations, respectively. TB36V and TB36H are the microwave brightness temperatures
at 36 GHz for vertical and horizontal polarizations, respectively. For H < 10 cm, the root–mean–square
error (RMSE) of the derived ice thickness is 5.6 cm, and the biases range from 0.8 to 3.8 cm;
for 10 cm < H < 20 cm, the RMSE is 5.8 cm, and the biases range from −3.6 to 1.6 cm [19]. For cases
when the computed thickness is less than 0 m, the thickness is assumed to be 0.01 m.

According to [19], the PMW method was only used for the derivation of ice thickness within 20 cm.
Therefore, when ice thickness is larger than 20 cm based on Equations (1) and (2), the ice thickness is
assumed to be 30 cm which is the average value of the observed ice thickness of more than 20 cm from
the ship-based (ASPeCt) ice observations of PIPERS 2017 cruise during May/June 2017 in the RISP [51].

3.3. Calculation of Ice Volume

The ice volume is obtained by multiplying the ice area (from Sentinel-1) by the average thickness
(from AMSR-2) in the ice area for each event. The cumulative ice volume is the sum of all ice production
events within a year, normally between March and November.

In this study, the ice thickness on the day prior to a next katabatic wind event is used for the
calculation of ice production caused by this wind event. The reason is that the newly formed ice in a
polynya would continuously grow until the next wind event blows away this ice to prepare for the
next round of new ice production. Taking the data on 20 August 2017 as an example, in these two
polynyas, ice thickness was inhomogeneous, and the average ice thicknesses in RISP and MSP were
0.20 m and 0.15 m (Figure 5a), respectively. The ice thicknesses in these two polynyas grew with time,
and they reached at 0.26 m (at RISP) and 0.22 m (at MSP) on 22 August 2017 before the next wind event
(Figure 5b). This polynya ice survived there 3 days before it was pushed away by the next wind-event
for another new ice production.
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4. Results

The extent/outline of each wind-driven polynya was manually digitized and the ice volume of
each event was calculated based on the polynya area and ice thickness. The results are presented
in Figure 6 and Table 2. During these two years of 2017 and 2018, the wind-driven polynya events
occurred during March–November with no ice–production events observed during austral summertime
(December, January, or February). The occurrence frequency of wind-driven polynya events was 90 in
2017, lower than 114 in 2018. Among them, there were 64 RISP events and 26 MSP events in 2017
(events occurred between 15 March and 15 November 2017), and 84 RISP and 30 MSP events in 2018
(events occurred from 12 March to 12 November 2018).

The polynya area and the ice production show large fluctuations (Figure 6). The areas of
wind-driven polynya for each event varied from 343 km2 to 86,419 km2 for RISP, and from 159 km2 to
23,654 km2 for MSP. The yearly cumulative ice area in MSP was 93,327 km2 in 2017 and 87,682 km2 in
2018, and that of RISP were 1,066,520 km2 and 1,013,906 km2 (Figure 6, Table 2), respectively. The yearly
cumulative ice productions were 14 km3 and 17 km3 for MSP in 2017 and 2018, and 188 km3 and
179 km3 for RISP in 2017 and 2018, respectively. Thus, it can be seen, although the occurrence frequency
in 2017 was smaller than that in 2018, the yearly cumulative polynya areas and ice productions in 2017
were close to (even slightly larger than) those in 2018.

The cumulative polynya area is the area sum of all polynya events, and thus its value depends on
occurrence frequency and each polynya area. Figure 6 shows the occurrence frequency in 2017 was
smaller than that in 2018, but the frequency of polynya with an area of more than 3000 km2 was 9 in
2017, larger than 5 in 2018. Therefore, the average polynya area was 19,749 km2 (16,159 km2 for RISP
and 3590 km2 for MSP) in 2017, much larger than 14,993 km2 (12,070 km2 for RSP and 2923 km2 for
MSP) in 2018. Compared with the results in the previous studies, the polynya ice production in RSP is
1/2–2/3 of previous results, implying that previous studies might have significantly overestimated the
ice production in RSP.
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The cumulative polynya ice production is controlled by both polynya area/extent and ice thickness.
The variability in average ice thicknesses of RISP and MSP in 2017 and 2018 (Figure 6) shows that
during 2017, the minimum ice thicknesses of all ice production events at the RISP and MSP are 0.05 m
and 0.03 m, respectively; the maximum ice thicknesses are 0.29 m and 0.3 m, respectively; and the
average thicknesses are 0.18 m and 0.16 m, respectively. During 2018, the minimum ice thicknesses of
all ice-production events in RISP and MSP were 0.05 m and 0.06 m, respectively; the maximum ice
thicknesses are 0.30 m and 0.30 m, respectively; and the average thicknesses were 0.16 m and 0.18 m,
respectively. Although ice thickness was quite variable over time, there was an apparent seasonal
change of increase-stable-decrease, i.e., increase from March to May, relatively stable from May to
September, and decrease from September onwards.

In some days when Katabatic winds occurred continuously, such as in the periods of 17–22 June 2018
and 21–26 July 2018, the ice thicknesses were approximately 0.1–0.13 m, thinner than that of other
times in the stable phase (Figure 5), because there was not enough time for sea ice to grow. So,
the high–frequency of occurrence is one of the reasons for thin ice thickness, which also influences the
ice production of each polynya event.

In previous studies presented in Table 1, the polynya area was defined as the area with an ice
thickness of less than 20 cm or the ice concentration of less than 75% from March to October [19,23,39],
hereafter referred as the PMW method. The ice thickness and concentration were estimated from PMW
based on PR36 and PR85 [23,49]. In this study, the same PMW method is also used to estimate the
average polynya area (March to October) in 2017 and 2018 based on AMSR2, and the results show
that the annual average areas of RISP and MSP were 23,617 km2 and 1782 km2 in 2017, respectively,
and 25,901 km2 and 1874 km2 in 2018, respectively (Table 2). The estimated polynya areas from PWM
are much larger than the polynya areas from Sentinel-1 SAR in RSIP but much lower in MSP.

Table 2. Statistics of wind–driven polynya ice production events in the Ross Ice Shelf polynya (RISP)
and McMurdo Sound polynya (MSP) during 2017 and 2018. The mean ice production event areas
derived from AMSR-2 (ice thickness < 20 cm) are also included for comparison.

Year 2017 2018

Polynyas RISP MSP RISP MSP

Event times 64 26 84 30
Cumulative area (km2) 1,066,520 93,327 1,013,906 87,682
Mean event area (km2) 16,159 3590 12,070 2923

Cumulative Volume (km3) 188 14 179 17
Mean daily area from AMSR2 (km2) 23,617 1782 25,901 1874

5. Discussion

The polynya area and polynya ice production estimated in this study are different from those
in previous studies. The reasons for this difference are analyzed in this section. The method to
derive wind-driven polynya and ice production is different from the PMW method. For the PMW
method, thin ice thickness (<20 cm) was first estimated from PMW based on PR36 and PR85 or the ice
concentration less than 75%, and then the sea ice production was calculated by the heat flux model
based on the thin ice thickness data from March to October [23]. Therefore, it was not possible to
identify individual polynya events, (i.e., neither it was possible to compute individual event area or
volume). Previous studies in Table 1 present the average polynya area, which was the mean thin ice
area of all days from March to October. This mean ice area was then used to generate ice production
volume based on the heat flux calculation. Furthermore, in the PMW method, the difference in the
definition of polynya (based on ice thickness or ice concentration) might directly influence the ice
production results, therefore, papers showed different results even for the same year [19,39].

In this study, Sentinel-1 SAR data is used to obtain the individual wind–driven polynya ice
production events and their corresponding areas, with very fine spatial and temporal resolutions.
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For example, from the SAR images, the wind-driven polynyas occurred 2 times in November 2017 and
5 times in November 2018, while in the PMW method, the ice production was only accounted for the
period of March–October. In terms of ice thickness for the ice volume calculation in this study, the last
ice thickness from the PMW in the day before the next wind-driven event is used. The PMW method,
however, cannot determine such information for individual ice production events.

Furthermore, in previous studies, the polynya area was thought of as the thin ice area, and the
ice production had a very high correlation with the polynya area (0.89) [21]. However, it can be seen
from Sentinel-l SAR data (e.g., Figure 6) that some areas exhibit an ice thickness of more than 20 cm
within the polynyas, while the PMW method would not count as ice production. This could result in
underestimates of ice production. On the other hand, the fast ice area was very likely misclassified as
the polynya area by PMW method, due to the potential underestimation in fast ice thickness (Figure 2f).
This uncertainty was pointed out by [52] in which they developed a new fast-ice mask method to
improve the sea ice production calculation from AMSR–E.

Compared with previous studies performed based on PMW and heat flux model, the results of
this study show much lower ice production estimates in the RISP. It is worth noting that the PMW
method usually has large uncertainties in estimating the polynya area. The annual ice production in
the RISP and MSP vary from 160 km3 to 600 km3 (Table 1). Even for similar time periods, different
papers obtained different results like in [25] and [8]. The former paper calculated the ice production
from 1992 to 2002, and the latter one from 1992 to 2001. The difference in average annual ice production
between the two studies was more than 100 km3. In addition, using different data sources or different
definitions of polynya areas in the PMW method may also result in differences in estimates. For example,
based on [19], the ice productions from AMSR-E/2, with finer resolution, were smaller than that from
SSM/I, with coarser resolution. The ice production in the same year from [39] that used ice concentration
to determine the polynya area, and from [19] that applied ice thickness to determine the polynya area
were different.

The annual average areas of RISP and MSP in 2017 and 2018 estimated from the PMW are
consistent with previous studies. However, these numbers are much different from what is mapped
from Sentinel-1 in this paper (Table 2). For example, in the RISP, the polynya areas from AMSR2 are
much larger than those from our method, but in the MSP, the polynya areas from AMSR2 is only half
of the value from our method in these two years. This is mostly due to different definitions of the
polynya area between the PMW method and our method. However, due to the limited image data in
2017 and the short time period (only 2 years of data) examined, it is still difficult to determine if this
difference in the two years is significant or not. Our next step is to extend this study further to 2019,
2020, and beyond.

Although SAR can be used to accurately detect polynya because of its high spatial resolution, some
uncertainties in ice production estimation in this study remain to be further examined. The polynya
areas in the current study are derived by manually digitizing the outline/trace of the polynya-covered
ice area, based on visual observations and experiences. This is time-consuming and labor-intensive.
Due to the manually digitizing, the data sets are not easy to be reproduced or automatically extracted.
Automated methods have been developed to identify the polynya area based on COSMO-SkyMed
X-SAR and ERS C-SAR data [40,41,53,54], and the results showed high agreement with manual results.
However, these methods have not yet been used to derive time series of polynya areas, and are not
applied in the condition that the polynya extent/outline in the gap days obtained, totally based on
visual observation and experiences, from the images after the gap days. In future work, the automatic
method is hoped to be developed based on the Sentinel-1 SAR, to estimate time series of polynya areas,
using machine learning/deep learning methods. The ice thickness algorithm was developed for the
thin ice area (ice thickness less than 20 cm), and the estimation accuracy would decrease when the ice
thickness is larger than 20 cm. In this study, we see the ice thickness could be larger than 20 cm in the
polynya area and we assume such thickness to be 30 cm, based on the average value of the observed
ice thickness of more than 20 cm from the PIPERS 2017 cruise (ASPeCt ice observations) over the RISP,
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in May/June 2017. This assumption would cause some uncertainties. Satellite–based altimetry is a
promising method to derive accurate sea ice thickness [46,47]. The launch of ICESat-2 provides a great
opportunity to estimate freeboard/ice thickness starting in September 2018; therefore, it is our next step
to use ICESat-2 to derive ice thickness for ice production estimation.

6. Conclusions

In this study, the high spatial and temporal resolution of Sentinel–1 SAR data are used to derive
the wind–driven ice production of Ross Sea polynyas in 2017 and 2018.

Based on the Sentinels SAR imagery, the wind-driven polynyas occurred from the middle of
March to the middle of November. There were 90 wind-driven polynya events in 2017 (64 in RISP
and 26 in MSP) and 114 events in 2018 (84 in RISP and 30 in MSP), the yearly cumulative polynya
area were 1,159,847 km2 in 2017 and 1,101,588 km2 in 2018, and the yearly cumulative polynya ice
productions were 202 km3 in 2017 and 196 km3 in 2018. The polynya event frequency in 2017 was less
than that in 2018, but the yearly cumulative polynya area and ice production were similar to those
in 2018. The more frequent events mean the shorter time for ice growth in polynya, then the smaller
ice thickness.

The yearly cumulative SIP volume is only 1/2–2/3 of those reported from previous results.
The reason for this difference may come from the different methods and the uncertainties of each
method. In the method of this study, every polynya event was derived using manually digitization
based on the SAR images, and the events occurred from the middle of March to the middle of November.
This is different from the definition in the PMW method in which the polynya area was the mean daily
area with an ice thickness of less than 20 cm for the period of March to October. The ice volume in
this study was calculated through multiplying the polynya area and the ice thickness estimated from
AMSR2. For the PMW method, the ice production was estimated by the heat flux model. The estimation
algorithm of ice thickness and the inputs of the heat flux model could also bring in uncertainties in
the ice production estimation. The results in this study imply that the previous studies might have
significantly overestimated the ice production in the RSP. However, due to the limited image data in
2017 and the short time (only 2 years) of data, some uncertainties still exist. We hope the longer time
series of ice productions will be obtained in the future to further assess this method.
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