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Abstract: In this study, we retrieve an Arctic sea ice lead fraction from AMSR2 passive microwave
data in winter from 2012 to 2020 based on an algorithm developed for AMSR-E data. The derived
AMSR2 sea ice lead fraction is validated against MODIS images. The results show that the derived
AMSR2 sea ice lead detects approximately 50% of the ice leads shown in the MODIS images, which is
close to the amount of sea ice lead detected from the AMSR-E data from 2002 to 2011. Utilizing the
retrievals from both the AMSR-E and AMSR2, our analysis shows no significant trend, but moderate
interannual variation exists for the ice lead fraction in the Arctic basin scale over the past two decades.
The maximum width and total length of sea ice lead show a significant decreasing trend for the
whole Arctic, but the mean width does not exhibit a significant change over the studied period. In
the Beaufort Sea the lead fraction varies from 2.06% to 12.35%, with a mean value of 5.72%. In the
Greenland Sea the mean lead fraction over the studied period is 5.77%, and there is a significant
increase in the lead fraction, with a rate of 0.13% per year. The maximum width in the Greenland Sea
is substantially higher than that of other regions, and the mean width increases significantly.

Keywords: sea ice leads; AMSR2; Arctic

1. Introduction

Arctic sea ice has undergone an accelerated decline in recent decades. Sea ice extent
has decreased at a rate of 3% per decade in the satellite era and up to 10% per decade
in summertime sea ice extent [1,2]. Meanwhile, sea ice thickness has also reduced sig-
nificantly [1,3], with a mean reduction of 2.34 m from 1975 to 2012 [4]. Future climate
projections show that Arctic summertime sea ice extent may drop to ∼1.7 million km2 in
the mid-2040s and that an ice-free Arctic may occur in the mid-2050s in the scenario of high
emissions [5].

Sea ice leads, which are mainly caused by ice divergence or shear motion, are quasi-
rectilinear openings in the pack ice zone. In the Arctic the length of sea ice leads varies
from a few meters to hundreds of kilometers, and the width of sea ice leads ranges from
several meters to several kilometers. Sea ice leads are more prevalent in the Arctic marginal
seas than in the central Arctic [6–9]. In winter, sea ice leads play a very important role
in the exchange of heat and moisture between the atmosphere and the ocean, and thus
significantly affect the atmospheric state through turbulent heat release by the warm ocean.
Studies have pointed out that sea ice leads accounted for more than half of turbulent heat
exchange between the atmosphere and the ice zone, which directly changed the oceanic
and atmospheric heat balance in the polar region [10–17].

Remote Sens. 2022, 14, 969. https://doi.org/10.3390/rs14040969 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs14040969
https://doi.org/10.3390/rs14040969
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-0036-917X
https://orcid.org/0000-0001-8986-1154
https://doi.org/10.3390/rs14040969
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14040969?type=check_update&version=2


Remote Sens. 2022, 14, 969 2 of 21

Retrieving sea ice leads from observations provides a reference for sea ice dynamic
research and sea ice modeling validation. Many methods have been proposed to detect sea
ice leads with different data from different platforms; for example, early observations based
on aircraft have long been collected to study the surface energy balance and formation
of sea ice leads in the Arctic [18–20], but these aircraft-based observations are far from
enough. Along with the development of remote sensing technology based on polar-orbiting
satellites, attention has been paid to identifying sea ice leads from satellite data [21–34].
Miles and Barry [9] generated a five-year climatological dataset of sea ice leads in the
Arctic Ocean using Defense Meteorological Satellite Program optical imagery. Their work
provided a first impression of Arctic sea ice leads in the early 1980s; however, retrieving sea
ice leads from optical imagery was easily affected by dark seasons and cloudy conditions.
Lindsay and Rothrock [6] developed an automatic detection algorithm of sea ice leads based
on advanced very-high-resolution radiometer (AVHRR) images. Röhrs and Kaleschke [24]
presented an algorithm to detect sea ice leads in the Arctic Ocean based on Advanced
Microwave Scanning Radiometer for the Earth Observing System (AMSR-E) microwave
imagery. The algorithm was based on the unique signatures of thin ice in the brightness
temperature ratio between the 89.0 GHz and 18.7 GHz channels. Following the algorithm, a
nine-year climatology of lead orientation and lead frequency in Arctic sea ice was generated
from the AMSR-E data [25]. Many studies focused on the detection of sea ice leads from
Moderate Resolution Imaging Spectroradiometer (MODIS) data, despite potential cloud
contamination. Willmes and Heinemann [26–28] presented a sea ice lead detection method
utilizing the MODIS ice surface temperature product and generated a dataset of sea ice
leads in the Arctic from 2003 to 2015. However, cloud artifacts were present in the lead
identification, which were caused by ambiguities in the MODIS cloud mask. Reiser et al. [29]
introduced a daily sea ice lead dataset at a resolution of 1 km2 for the winter months—
November–April 2002/03–2018/19 (Arctic) and April–September 2003–2019 (Antarctic)—
based on MODIS thermal infrared images. Hoffman et al. [30,31] proposed an algorithm
that detected sea ice leads from MODIS data using brightness temperature at the ~11 µm
waveband with an observational angle of less than 30◦ and published a climatological
dataset of Arctic sea ice leads. Qu et al. [33] proposed a method with multiple thresholds to
retrieve the spring sea ice lead distribution in the Beaufort Sea using Terra/MODIS level-1B
images and adapted a daily-averaged scheme to minimize the influence of ice motion.
Moreover, a new approach that utilized artificial intelligence was also proposed to detect
sea ice leads from MODIS thermal infrared images [34]. Furthermore, sea ice leads can be
retrieved from synthetic aperture radar (SAR) images as well as satellite altimetry [35–39].

Characterizing the long-term evolution of sea ice leads in the Arctic Ocean provides
benefits for the polar climate research community. The family of AMSR sensors provides
a suitable platform for long-term sea ice lead identification. The AMSR2 sensor onboard
the Global Change Observation Mission 1st-Water (GCOM-W1) satellite was launched in
2012. Since there is no existing open access sea ice lead product based on AMSR2 data, in
this study we derive sea ice leads in the Arctic from AMSR2 brightness temperature data
based on the algorithm introduced by Röhrs and Kaleschke [24] and analyze the long-term
variations in Arctic sea ice leads from 2002 to 2020 utilizing both AMSR-E and AMSR2 data.
The rest of this paper is organized as follows: Section 2 briefly introduces the data sources
and Section 3 presents the retrieving algorithm for sea ice lead fractions and lead geometry.
Section 4 illustrates the validation of derived sea ice lead fractions against MODIS images
and analyzes the long-term variations in sea ice lead orientation, length, and width in
different Arctic regions during 2002–2020. A discussion is presented in Section 5. Our
conclusion is presented in Section 6.

2. Data
2.1. AMSR2 Data

As the successor of the AMSR-E sensor onboard the NASA Aqua satellite, the AMSR2
sensor onboard the JAXA GCOM-W1 satellite was launched in May 2012 and has been
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delivering data since August 2012. AMSR2 is a multi-frequency microwave radiometer
which measures microwave emissions at frequencies between 6.9 GHz and 89.0 GHz from
the earth’s surface and the atmosphere. AMSR2 provides highly accurate measurements
of microwave emissions and scattering at a height of approximately 700 km above the
earth’s surface. The antenna of AMSR2 rotates once per 1.5 seconds and obtains data over a
1450 km swath. thus it has the capacity to acquire a set of daytime and nighttime data every
two days with an earth surface coverage of more than 99%. The AMSR2 L1B global swath
brightness temperature is available from JAXA (https://gportal.jaxa.jp/gpr/) (accessed on
3 June 2020). The swath data, including ascending and descending orbits, are archived in
an HDF5 format. Vertically polarized brightness temperatures at 18.7 GHz and 89.0 GHz
are used in this study to retrieve AMSR2 sea ice leads. AMSR2 brightness temperature data
cover cold seasons from 2012 to 2020; here, the cold seasons refer to months from November
to April of the next year. The AMSR-E sea ice leads in cold seasons from 2002 to 2011 used
in Section 4 are accessed from the University of Hamburg (obtained at https://www.cen.
uni-hamburg.de/en/icdc/data/cryosphere/lead-area-fraction-amsre.html) (accessed on 3
June 2020).

2.2. MODIS Datasets

We chose three sea ice lead products derived from the MODIS data as references with
which to validate the AMSR2 sea ice leads. (1) Willmes and Heinemann [26–28] applied
a binary segmentation procedure to MODIS thermal imagery to identify sea ice leads
on a daily basis and mapped pan-Arctic sea ice lead distributions from January–April
in the period of 2003–2015. The derived sea ice leads in the dataset are separated into
two uncertainty categories, with high uncertainty being attributed to artifacts that arise
from warm signatures of unrecognized clouds. The dataset, denoted by WHD hereafter, is
obtained at https://doi.pangaea.de/10.1594/PANGAEA.854411 (accessed on 15 August
2020) with a spatial resolution of less than 2 km2. (2) Hoffman et al. [30,31] developed
an algorithm to detect and characterize sea ice leads using a satellite thermal infrared
window channel and published an Arctic sea ice lead dataset at a daily resolution since
2002 (obtained at ftp://frostbite.ssec.wisc.edu, accessed on 15 August 2020 and denoted
by HD hereafter). The derived sea ice leads are provided at a 1 km spatial resolution and
classified into several categories, including positively identified leads and some rejection
categories. A cloud mask, a coverage array that reports the number of cloud-free overpasses,
and a potential lead array are included in the daily data files. (3) Qu et al. [33] presented a
modified algorithm using multiple thresholds and daily scores to retrieve spring sea ice
leads in the Beaufort Sea. Their method was based on a temperature anomaly obtained
from Terra MODIS thermal images. The spatial resolution of the product is also 1 km, and
the product provides a daily sea ice lead fraction in the Beaufort Sea in April from 2001 to
2020 (denoted by QD hereafter).

3. Method
3.1. Retrieve Sea Ice Leads from the AMSR2 Brightness Temperature

Röhrs and Kaleschke found that thin ice has a unique signature in the emissivity
radio in the vertically polarized brightness temperature channels at frequencies between
89.0 GHz and 18.7 GHz in winter [24]. The different sea ice classes, especially for water
and thin ice, are characterized by emissivity ratios above one. Additionally, a mean filter is
used to enhance the signal of the leads. The proposed algorithm exhibits advanced ability
in detecting sea ice leads in the pack ice zone. It detects sea ice leads wider than 3 km and
resolves about 50% of the lead area compared to MODIS satellite images. Following the
proposed algorithm, we derive sea ice lead fractions from AMSR2 brightness temperature
data. The following procedures are carried out:

(1) Interpolate the AMSR2 L1B brightness temperatures at frequencies of 18.7 GHz
(TB,18.7V) and 89.0 GHz (TB,89V) onto the National Snow and Ice Data Center (NSIDC)
EASE grid with a spatial resolution of 6.25 km. For 89.0 GHz data, a bilinear interpo-

https://gportal.jaxa.jp/gpr/
https://www.cen.uni-hamburg.de/en/icdc/data/cryosphere/lead-area-fraction-amsre.html
https://www.cen.uni-hamburg.de/en/icdc/data/cryosphere/lead-area-fraction-amsre.html
https://doi.pangaea.de/10.1594/PANGAEA.854411
ftp://frostbite.ssec.wisc.edu
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lation scheme is used. For 18.7 GHz data, a nearest-neighbor interpolation scheme
is used;

(2) Calculate the brightness temperature ratio (r) following Equation (1):

r =
TB,89V

TB,18.7V
(1)

(3) Calculate the brightness temperature ratio anomalies (r′ ) according to Equation (2):

r′ = r−Medianw(r) (2)

where Medianw(r) represents the utilization of a median filter to r in all grid points
surrounding the target grid point with a w × w search window. The large AMSR2
sensor’s footprint means that a potential lead signal might be a mixture of narrow
lead and thick ice; thus, sea ice leads in the pack ice zone are more representative by
r′ than by r;

(4) Calculate the lead fraction (LF) following Equation (3). The lead fraction is defined as
the area fraction of thin ice compared to the area fraction of other ice classes.

LF =


1 if r′ > r′100
0 if r′ < r′0

r′−r′0
r′100−r′0

if else
(3)

where r′100 denotes the upper tie point and r′0 denotes the lower tie point. Following Röhrs
and Kaleschke [24], w,r′100, and r′0 are set to 7, 0.05, and 0.015, respectively.

After the implementation of the abovementioned steps, some postprocess proce-
dures are applied to the lead fraction field to reduce the unrealistic signal. Isolated
lead pixels are removed to reduce the number of fragments, and a near-coastal grid cell,
which is one or two grid cells away from the coast, is also removed due to potential land
spill/contamination [38], although these grid cells normally have large lead fraction values.
Figure 1 shows the spatial patterns of vertically polarized brightness temperatures at the
frequencies of 89.0 GHz and 18.7 GHz, the brightness temperature radio and its anomaly, as
well as the lead fraction on 23 February 2013. The brightness temperature at the frequency
of 89.0 GHz is characterized by a high value over open ocean and a low value over ice packs;
the brightness temperature in the pack ice zone north of the Canadian Arctic Archipelago
is lower than that in the marginal ice zone on the Eurasian continent side (Figure 1a). The
vertically polarized brightness temperature at the frequency of 18.7 GHz is characterized
by a high value over ice packs and a low value over open ocean (Figure 1b). The brightness
temperature radio between the frequencies of 89.0 GHz and 18.7 GHz shows a relatively
smooth pattern with visible large linear shapes in the Beaufort Sea (Figure 1c). The pattern
of the brightness temperature radio anomalies clearly presents linear shapes with different
sizes, and sea ice leads in the pack ice zone are highly visible in the pattern (Figure 1d).
The map of the lead fraction (Figure 1e) generally follows the pattern of the brightness
temperature radio anomalies.

3.2. Statistics of Lead Geometry

Sea ice lead geometry on statistics is a mirror of mean-state evolution in sea ice
thickness, sea ice age, and sea ice stress driven by oceanic and atmospheric forcing. Lindsay
and Rothrock [6] found that the lead width distribution derived from AVHRR imagery
follows a power law formula, in which the exponent varies with the change of seasons.
Studies have pointed out that the exponent in the power law formula increased along with
the finer spatial resolution of target datasets [13,32]. Many approaches were proposed to
measure the orientation and length of sea ice leads in previous studies, such as the local
gradient in an image (Sobel operator), 2D-Fourier transform, skeleton orientations and
direction of maximum extent [6], as well as Hough transform [25,31,40].
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Figure 1. Spatial patterns of the variables involved in the lead detection algorithm on 23 February
2013. (a) Vertically polarized brightness temperature at 89.0 GHz, (b) vertically polarized brightness
temperature at 18.7 GHz, (c) brightness temperature ratio, (d) brightness temperature ratio anomaly,
and (e) lead fraction. Unit of brightness temperature is K.

We use the algorithm introduced in Qu et al. [33] to identify sea ice lead orientation,
width, and length. The algorithm can quickly solve sea ice lead geometry by applying
a directional lead extent operator to a sea ice lead field. Basically, the lead orientation is
defined as the angle of rotating the 45◦W longitudinal line anticlockwise to parallel to the
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main direction of the target lead. The overall length, Li, for lead width, Xi, can be calculated
as follows:

Li =
a2

0Ni

Xi
=

a0Ni

i
(4)

where a0 is the pixel resolution and Ni is the number of pixels for width Xi = a0i (I = 1, 2, 3
. . . ). The mean width, xm, can be derived from the regional lead area, S, divided by the
total length of leads:

xm =
S
L
=

S
∑ Li

(5)

Figure 2 shows a schematic of sea ice geometry. Assume that there are six different sea
ice leads in the study domain with an area of 20 × 20 pixels. In the AMSR2 sea ice lead
products the resolution of the pixel is 6.25 km. To calculate Li we need to calculate the lead
width for each sea ice lead at first. Taking lead number 1 (LN1) as an example, (1) we define
orthogonal coordinates (x, y) with the original point located at the left–down corner of one
pixel. Note that this pixel should be in LN1. Then, we acquire the short span in x and y
directions. In the case of the original point being located at point B, the span in x direction
is 3 pixels, the span in y direction is 3 pixels, then the short span is 3 pixels. In the case of
the original point being located at point A, the span in x direction is 3 pixels, the span in
y direction is 4 pixels, then the short span is 3 pixels. (2) The orthogonal coordinates are
iterated with the original point located at the left–down corner of each pixel in LN1, and
the lead width of LN1 is the shortest span in all iterations except the iterations at two ends
of the length direction of the lead. The lead width of LN1 spans 3 pixels, i.e., 18.75 km.
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original point of orthogonal coordinates. LN1–6 denotes six sea ice leads.
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After acquiring the lead width of all six sea ice leads, we can classify sea ice leads in
the study area into several types by lead width. In Figure 2 there are three types: gray
leads (LN1 and LN4), with a lead width spanning 3 pixels, green leads (LN2 and LN6),
with a lead width spanning 2 pixels, and blue leads (LN3 and LN5), with a lead width
spanning 1 pixel. Then, following Equation (4), the overall length, Li, for lead width, Xi,
can be calculated as:

L1 =
6.25× 6.25× 13

6.25× 1
= 81.25 km (6)

L2 =
6.25× 6.25× 24

6.25× 2
= 75 km (7)

L3 =
6.25× 6.25× 42

6.25× 3
= 87.5 km (8)

where 13, 24, and 42 are the numbers of blue, green, and gray pixels. Following Equation (5),
the mean width, xm, can be derived by:

xm =
6.25× 6.25× 79

81.25 + 75 + 87.5
= 12.66 km (9)

where 79 is number of all color pixels in the study domain. It is noteworthy that using
orthogonal coordinates to identify the lead width tends to overestimate the lead width
due to a mismatch between the preset direction and the orientation of the lead; but the
orthogonal system will help contain the error. The derived lead width will be smaller than√

2 times the real lead width [32].

4. Results
4.1. Validation of the Derived Sea Ice Leads on 3 April 2013

In this section we compare the detected sea ice leads from the AMSR2 data on 3 April
2013 with the three sea ice lead products from the MODIS data (Figure 3). Specifically, we
zoom in on the Beaufort Sea to illustrate the details of the derived sea ice leads because
that sea ice exhibits strong rheological features in the Beaufort Sea, such as sea ice ridges
and leads. The detected sea ice leads with a lead fraction less than 1% in the AMSR2 data
are negligible since these leads may come from noise on the daily map. Only completely
identified sea ice leads from the MODIS dataset are taken into calculation; potential sea ice
leads are excluded.

Basically, the derived sea ice leads in the AMSR2 data (Figure 3a) show similar patterns
to those in the HD (Figure 3c) and WHD (Figure 3e) products, that is, sea ice leads are
prevalent in the Beaufort Sea, Kara Sea, Greenland Sea, and Baffin Bay. The WHD product
presents more sea ice leads than the HD product in the Beaufort Sea, Kara Sea, and
Greenland Sea. In the Beaufort Sea, the derived sea ice leads in the AMSR2 data (Figure 3b)
generally represent typical sea ice geometry, which is identified in the three MODIS datasets
(Figure 3d–g). Owing to the relatively coarser resolution in the AMSR2 data, the three
MODIS sea ice lead products exhibit finer regional variations. To further quantitatively
validate our results these MODIS products have been resampled and remapped with a
nearest-neighbor technique to match our product. Statistical comparison shows that the
derived AMSR2 sea ice leads in the Beaufort Sea on 3 April 2013 capture 46.91%, 47.53%,
and 40.06% of the leads shown in the HD, WHD, and QD products. Since the cloud masks
in the three MODIS data are different, these values are acquired after the removal of the
AMSR2 grid points, which are covered by cloud in the corresponding MODIS product.
These values are comparable with the value of 50% of lead detection for AMSR-E data [24].
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and QD (g) products. Only completely identified sea ice leads in the HD, WHD, and QD products
are plotted. The blue boxes in the left panels denote the regions that are zoomed in.

4.2. Long-Term Evolution of Lead Fraction and Geometry in the AMSR Family Data

Since the algorithm used in retrieving sea ice leads from the AMSR2 data is consistent
with that in the AMSR-E sea ice lead product, we analyze long-term variations in the Arctic
sea ice leads utilizing observations during the lifespan of both the AMSR-E and AMSR2
sensors; that is, from November 2002 to April 2020, except for the period with a data gap
between November 2011 and April 2012.

The monthly evolution of the lead fraction in the cold seasons in the Arctic north of
65◦N is shown in Figure 4. In general, there is no significant change in the lead fraction
between the AMSR-E and AMSR2 periods. Wang et al. [41] found similar results in
model simulation during 1985–2014, and they attributed the reason to the absence of a
significant trend in the surface wind stress in the Arctic atmosphere. The climatological lead
fractions from November to April during the whole observation timespan are 2.87%, 2.79%,
2.56%, 2.39%, 2.49%, and 2.45%, respectively. It is noteworthy that the lead fraction shows
moderate interannual variation in the whole Arctic, ranging from 2.06% in 2006/2007 to
3.18% in 2007/2008.

We further divide the Arctic Basin into 10 regions to study the regional differences
in the lead fraction (Figure 5). The division of the study areas follows Fetterer et al. [42].
Figure 6 shows the evolution of the sea ice lead fraction and the total length of sea ice leads
in different regions in the AMSR family data. The annual values of the sea ice lead fraction
retrieved from the AMSR family data are listed in Table 1. In the central Arctic, the annual
lead fractions vary from 1.24% to 3.08% during the whole observation timespan, and there
is a significant increase in the sea ice lead fraction in the years after 2016 compared to before
2007, indicating that features in sea ice dynamics may have changed substantially in the
central Arctic. Compared with other regions, the annual lead fraction shows larger values in
the Beaufort Sea and Greenland Sea. In the Beaufort Sea the sea ice lead fraction varies from
2.06% in 2016/2017 to 12.35% in 2007/2008, with a mean value of 5.72%. In the Greenland
Sea there is an obvious increase in the sea ice lead fraction, with a rate of 0.13% per year at
a 95% significance level; the lead fractions remain stably between 4.06% and 7.37%; and the
mean lead fraction over the studying period is 5.77%. It is noteworthy that the sea ice leads
in the Baffin Bay increase sharply in 2008/2009, 2010/2011, and 2017/2018. Furthermore,
there is a decrease in the sea ice lead fraction in the Eastern Siberia–Laptev–Kara Sea from
the AMSR-E period to the AMSR2 period, probably relating to the changes in wintertime
sea ice properties in the past two decades. Partly owing to the relative coarser spatial
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resolution, the annual sea ice lead fractions derived from the AMSR2 data are comparable
to the results in Hoffman et al. [31] but smaller than those in Willmes and Heinemann [26].
The total length of sea ice leads is highly correlated to the sea ice lead fraction in all regions
(Figure 7). The correlation coefficient is as high as 94% in daily maps.
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Figure 5. Division of the study areas in the Arctic north of 65◦N.

Figure 8 shows the evolution of the maximum width and mean width of Arctic sea
ice leads in different regions in the AMSR family data. Both the maximum width and
total length of the sea ice leads show a clearly decreasing trend in the whole Arctic by
0.62 ± 0.08 km/year and 130 ± 50 km/year, respectively. However, mean width does not
exhibit a significant change over the studied period. The maximum width of sea ice leads
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in the Greenland Sea, which ranges from 31.9 km to 44.7 km, is substantially higher than
that of other regions. The mean width of sea ice leads in the Greenland Sea increases
significantly by 0.16 ± 0.04 km per year at a 95% confidence level. The total length of sea
ice leads in the Greenland Sea does not show any significant trend. In the Beaufort Sea
the mean width and total length of sea ice leads do not evidently change, but a slightly
decreasing trend in the maximum width is identified. Note that the mean width of sea ice
leads in the Greenland Sea and Beaufort Sea is usually larger than that of other seas. Main
lead orientations lie in 0◦–10◦, 40◦–50◦, 90◦–100◦, and 130◦–140◦ in most seas (not shown).
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Figure 6. Evolution of sea ice lead fraction (blue color) and total length of sea ice leads (red color) in
km in different regions in the AMSR family data. Solid lines denote monthly mean values. Dashed
lines with circles denote annual mean values. (a) Whole Arctic, (b) Beaufort Sea, (c) Chukchi Sea,
(d) East Siberian Sea, (e) Laptev Sea, (f) Kara Sea, (g) Barents Sea, (h) Greenland Sea, (i) Baffin Bay,
(j) central Arctic, and (k) Canadian Archipelago.
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Table 1. Statistics of lead geometry in the AMSR family data from 2002/2003 to 2019/2020, except 2011/2012. Here, MW1, MW2, and TL represent the max width,
mean width, and total length of detected leads, respectively.

Period.

All
Regions

Beaufort
Sea Chukchi Sea East Siberian

Sea Laptev Sea Kara Sea Barents Sea Greenland Sea Baffin Bay Central Arctic Canadian
Archipelago

MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1
(km) MW1 (km) MW1 (km) MW1

(km)

MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2
(km) MW2 (km) MW2 (km) MW2

(km)

TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL
(103 km)

LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%)

2002/
2003

44.7 36.2 32.8 32.0 33.0 38.0 36.9 44.7 36.2 40.9 31.8
16.6 16.3 14.5 16.9 12.6 17.6 17.1 19.1 14.4 15.6 20.4
16.2 2.60 1.67 1.91 0.68 0.79 1.52 1.09 0.93 3.60 1.11
2.73 4.45 3.01 3.35 1.12 1.81 3.84 4.69 2.28 1.87 3.79

2003/
2004

44.4 36.2 31.8 32.1 41.2 38.9 44.1 44.4 32.3 33.4 31.6
17.0 19.9 13.1 14.1 16.9 18.6 15.9 18.9 15.5 15.5 18.3
16.7 2.72 1.24 1.36 1.49 0.94 1.03 1.18 1.22 4.35 0.99
2.91 5.69 2.08 2.01 3.36 2.28 2.49 4.73 3.20 2.33 3.07

2004/
2005

44.4 36.5 29.0 36.5 32.3 38.4 33.3 44.4 33.2 37.0 33.8
17.5 22.1 11.9 18.1 16.9 16.6 14.7 18.3 14.7 14.5 18.0
15.1 3.02 0.87 1.71 1.28 0.95 0.70 1.11 0.78 3.79 0.73
2.81 7.30 1.28 3.20 2.86 2.20 2.00 4.77 1.92 1.92 2.20

2005/
2006

42.9 33.1 29.0 33.4 34.0 38.4 38.9 42.9 32.1 39.0 33.2
16.5 19.5 14.7 13.0 13.9 15.6 14.6 18.8 15.9 13.9 19.2
15.0 2.54 1.63 1.27 0.94 0.94 0.48 1.18 1.12 3.49 1.07
2.64 5.41 3.07 1.91 1.67 2.12 1.74 5.17 3.11 1.67 3.59

2006/
2007

38.4 32.8 31.7 32.1 36.6 37.0 29.6 38.3 33.4 38.4 31.6
15.4 17.3 12.7 14.5 14.5 15.9 14.3 17.8 15.2 12.8 17.8
12.5 2.07 0.92 1.21 0.82 1.03 0.49 1.11 0.95 2.88 0.85
2.06 3.76 1.46 1.86 1.51 2.25 1.95 4.57 2.65 1.24 2.55

2007/
2008

44.6 36.2 40.5 37.6 34.1 38.8 36.9 44.6 32.7 33.5 31.8
19.2 28.6 16.8 15.8 14.8 14.7 13.2 17.0 15.7 13.4 19.0
15.6 4.05 1.48 1.61 1.10 0.83 0.48 1.10 1.25 2.88 0.66
3.18 12.35 3.20 2.91 2.10 1.77 1.70 4.06 3.29 1.28 2.03

2008/
2009

38.3 32.3 26.8 31.8 31.7 36.5 38.3 33.4 33.4 33.4 33.4
15.8 17.0 11.3 14.3 12.6 14.9 15.1 19.4 18.2 12.9 17.1
14.3 2.23 0.62 0.96 1.13 0.90 0.75 1.29 1.58 3.60 0.90
2.37 4.05 0.85 1.49 1.89 2.03 2.31 5.58 5.09 1.54 2.72
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Table 1. Cont.

Period.

All
Regions

Beaufort
Sea Chukchi Sea East Siberian

Sea Laptev Sea Kara Sea Barents Sea Greenland Sea Baffin Bay Central Arctic Canadian
Archipelago

MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1
(km) MW1 (km) MW1 (km) MW1

(km)

MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2
(km) MW2 (km) MW2 (km) MW2

(km)

TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL
(103 km)

LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%)

2009/
2010

39.3 36.1 35.8 29.3 32.1 36.3 32.5 33.3 36.5 39.0 31.9
16.5 19.7 12.7 12.5 13.5 16.7 13.1 21.2 15.3 13.9 18.8
16.1 2.77 1.46 1.27 0.61 1.08 0.62 1.49 1.26 4.43 0.81
2.82 5.97 2.31 1.68 1.08 2.73 1.60 7.25 3.48 2.09 2.65

2010/
2011

38.6 31.4 31.6 33.7 38.6 38.0 33.4 32.4 32.7 34.1 29.6
16.4 18.2 12.5 14.8 13.6 15.0 14.9 19.4 16.2 13.3 19.0
15.0 2.40 0.96 1.08 0.68 0.76 0.75 1.20 1.38 4.53 0.98
2.64 4.76 1.51 1.79 1.21 1.67 2.11 5.91 4.60 2.20 3.13

2012/
2013

37.4 32.4 31.4 31.6 32.5 33.0 36.0 32.4 37.4 29.6 29.3
16.3 18.4 13.2 11.7 14.0 15.2 17.6 21.3 18.5 13.6 15.6
12.2 1.64 0.57 0.57 0.71 0.57 0.66 1.54 1.00 4.39 0.40
2.15 3.81 0.86 0.70 1.28 1.40 2.60 7.37 3.17 2.07 1.11

2013/
2014

36.6 32.0 29.0 32.7 29.6 29.6 31.2 36.6 32.5 33.4 29.2
16.4 18.8 13.3 14.1 12.2 15.4 18.1 20.5 16.3 14.9 16.7
13.4 2.27 1.13 1.04 0.47 0.91 0.62 1.24 0.81 4.17 0.58
2.35 4.53 1.87 1.50 0.79 1.96 2.83 6.07 2.20 2.15 1.77

2014/
2015

33.3 32.2 30.9 31.8 27.2 32.0 29.5 33.3 30.9 32.0 26.9
17.7 24.2 15.5 16.4 12.0 15.3 18.6 19.7 15.4 13.0 14.0
13.4 3.14 1.53 1.23 0.54 0.68 0.76 1.10 0.87 2.99 0.40
2.51 8.16 3.10 2.15 0.86 1.45 3.00 5.26 2.27 1.32 0.97

2015/
2016

38.6 36.3 28.9 32.3 38.6 36.0 27.2 32.4 33.3 32.5 25.4
17.3 23.9 14.8 13.0 14.1 16.4 17.5 20.7 16.1 13.7 15.3
14.3 3.01 1.42 1.24 0.80 0.75 0.40 1.18 0.85 4.00 0.48
2.72 7.94 2.76 1.70 1.59 1.83 2.62 6.49 2.29 1.88 1.31

2016/
2017

37.4 31.9 37.4 29.4 33.1 31.5 25.6 32.5 28.5 32.6 26.9
15.4 13.6 12.1 13.1 16.6 16.2 18.0 20.9 13.8 13.7 17.1
13.0 1.30 0.60 0.98 1.01 0.61 0.42 1.29 0.73 5.38 0.55
2.26 2.06 0.99 1.33 2.20 1.67 2.39 6.73 1.67 2.68 1.76
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Table 1. Cont.

Period.

All
Regions

Beaufort
Sea Chukchi Sea East Siberian

Sea Laptev Sea Kara Sea Barents Sea Greenland Sea Baffin Bay Central Arctic Canadian
Archipelago

MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1 (km) MW1
(km) MW1 (km) MW1 (km) MW1

(km)

MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2 (km) MW2
(km) MW2 (km) MW2 (km) MW2

(km)

TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL (103 km) TL
(103 km)

LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%) LF (%)

2017/
2018

36.9 31.9 32.6 27.0 29.5 33.3 28.9 36.9 31.9 29.6 25.5
17.1 20.5 13.3 12.1 14.4 15.0 17.8 20.9 18.9 15.2 18.1
15.7 2.69 0.99 0.70 0.56 0.82 0.66 1.08 1.71 5.72 0.60
2.96 5.94 1.68 0.85 1.03 1.77 3.00 6.51 5.58 3.08 1.97

2018/
2019

33.7 31.8 26.8 33.7 32.1 31.8 29.5 32.5 31.8 29.6 27.2
18.0 23.3 13.5 15.9 13.7 15.0 17.5 20.3 16.7 15.8 18.3
13.7 2.61 0.81 1.25 0.53 0.54 0.57 1.25 1.10 4.10 0.79
2.70 6.54 1.33 2.11 0.99 1.17 2.44 6.56 2.99 2.28 2.66

2019/
2020

33.3 31.9 31.4 29.1 32.9 32.2 27.3 31.9 26.8 33.3 29.5
15.9 16.3 12.6 14.7 14.9 14.4 16.9 20.5 16.4 13.9 15.2
13.0 2.39 0.58 0.91 0.52 0.51 0.67 1.30 0.79 4.66 0.59
2.27 4.55 1.20 1.39 0.99 1.08 2.42 6.35 2.36 2.29 1.64
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Figure 8. Evolution of max width (red color) and mean width (blue color) in sea ice leads in different
regions in the AMSR family data. Solid lines denote monthly mean values. Dashed lines with circles
denote annual mean values. (a) Whole Arctic, (b) Beaufort Sea, (c) Chukchi Sea, (d) East Siberian Sea,
(e) Laptev Sea, (f) Kara Sea, (g) Barents Sea, (h) Greenland Sea, (i) Baffin Bay, (j) central Arctic, and
(k) Canadian Archipelago. Unit is km.

Finally, we compare our results in the Beaufort Sea with those values identified from
the three MODIS datasets. The Beaufort Sea is selected because sea ice leads are prevalent
in this region and the QD product only covers this region. The comparison shows that
the sea ice lead fraction in the AMSR family data is generally larger than that of the WHD
and HD products, but smaller than the QD product in years after 2010. However, the total
length of sea ice leads (1.17 × 103 km to 4.07 × 103 km) in the AMSR family data is much
smaller than the three MODIS data (Figure 9a). This result probably comes from the fact
that sea ice leads with a width less than 6.25 km cannot be retrieved from the AMSR family
data. The maximum width (25.4 km to 36.3 km) in the AMSR family data is generally
smaller than the WHD product but larger than the HD and QD products. The mean width
(11.0 km to 31.4 km) in the AMSR family data is larger than the three MODIS datasets,
probably owing to the relatively coarse resolution.
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Figure 9. Evolution of sea ice lead (a) fraction, total length, (b) mean width, and max width in the
Beaufort Sea. The solid lines and * in (a) denote lead fraction. The dashed lines and circle in (a)
denote total length of sea ice leads. The solid lines and * in (b) denote lead mean width. The dashed
lines and circle in (b) denote lead max width. The black, red, and blue lines denote the AMSR, HD,
and WHD products, respectively. The masks denote the QD product. The WHD product is available
during 2003–2015. Units for total length, max width, and mean width of sea ice leads are km.

5. Discussion

Detecting sea ice leads from microwave passive data can avoid or be less affected
by the influence of cloud, but they nevertheless have a coarse resolution. Although the
thermal infrared images have a finer resolution, retrieving sea ice leads from thermal
infrared data is heavily affected by cloud. In this study we present a preliminary analysis
of the long-term evolution of sea ice leads in the Arctic derived from the AMSR family
microwave data. The presented result is basically reliable under several preconditions:
(1) The threshold values r′100 and r′0 used in Equation (3) in deriving the sea ice lead fraction
from the AMSR2 data are consistent with those used in AMSR-E data [24]. (2) The derived
sea ice leads from the AMSR family data are less affected by weather conditions, although
the brightness temperature at the frequency of 89.0 GHz still suffers from some weather
conditions. (3) The analysis of the long-term evolution is conducted on the basis of annual
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mean values, which reduce the uncertainty of daily maps owing to data quality problems
on a single date.

The sea ice leads are determined by the anomaly in brightness temperature ratio
between the frequencies of 89.0 GHz and 18.7 GHz. Since the footprint of the brightness
temperature at the frequency of 89.0 GHz is 3 × 5 km, while that of 18.7 GHz is 14 × 22 km,
different interpolation schemes are used in interpolating the original data onto the EASE
grids with a resolution of 6.25 km. For the 89.0 GHz data a bilinear interpolation scheme
is used. For the 18.7 GHz data a nearest-neighbor interpolation scheme is used. The
selection of the different interpolation schemes potentially reduces the uncertainty in the
derived AMSR2 sea ice leads, which may be induced by a difference in the resolutions
of the original data. Besides, the scans at the frequency of 89.0 GHz have two channels:
89.0A and 89.0B. We compared the derived sea ice leads on 3 April 2013 utilizing 89.0A,
89.0B, and 89.0(A + B), and found that the identification rate of utilizing 89.0(A + B) is close
to that of utilizing 89.0A or 89.0B. It is noteworthy that the time spent generating a sea
ice lead field from the 89.0B data is shorter than that from the 89.0A or 89.0(A + B) data.
From the consideration of computation efficiency, we decided to use 89.0B data in our
final procedure.

On the other hand, since the resolution of the AMSE family data used in this work is
6.25 km, the sea ice lead width and length identified in the AMSR family data are multiples
of 6.25 km; thus, our analyses are restricted to the Arctic sea ice leads with a relatively
large size. Fine leads with a width less than 5 km are not resolved in the AMSR sea ice
lead product. Our result shows that the mean width of sea ice leads in the Arctic does not
exhibit a significant change over the past two decades. This result may not be solid because
the change in the mean width may be too small for the instrument to resolve.

6. Conclusions

In this study we retrieved Arctic sea ice leads from the AMSR2 brightness temperature
data following the algorithm proposed by Röhrs and Kaleschke [24] and briefly analyzed
the long-term evolution of the Arctic sea ice leads utilizing data from the AMSR family.
The comparison between the derived AMSR2 sea ice leads and MODIS products shows
similarity in most prominent lead structures throughout the entire Arctic, with small
differences at a regional scale owing to the different spatial resolutions.

Over the past two decades there is no significant trend in the sea ice lead fraction in the
Arctic, but moderate interannual variation exists in the sea ice lead fraction on the Arctic
Basin scale. Variations in the wintertime sea ice lead fraction can be largely explained by sea
ice divergence variations, which are driven by surface winds associated with variations in
atmospheric circulation. The interannual variations in wintertime atmospheric circulation
may play an important role in driving the interannual variations in the sea ice lead fraction.
The total length of sea ice leads is highly correlated to the sea ice lead fraction. Both the
maximum width and total length of the sea ice leads show a clearly decreasing trend in
the whole Arctic by 0.62 ± 0.08 km/year and 130 ± 50 km/year, respectively. However,
the mean width does not exhibit a significant change over the whole interested period. At
a regional scale, the annual lead fractions in the central Arctic vary from 1.24% to 3.08%
during the whole observation timespan. In the Beaufort Sea the sea ice lead fraction varies
from 2.06% in 2016/2017 to 12.35% in 2007/2008, with a mean value of 5.72% during the
studied period. In the Greenland Sea there is an obvious increase in the sea ice lead fraction
with a rate of 0.13% per year, and the lead fractions remain stably between 4.06% and 7.37%.
The maximum width ranges from 31.9 km to 44.7 km, which is substantially higher than
that of other regions. The mean width increases significantly by 0.16 ± 0.04 km per year
during the whole observation timespan.

The detection of sea ice leads from passive microwave data is affected by the ice
surface condition. Sea ice geometry is also affected by several thresholds in resolving sea
ice lead width and orientation. In conclusion, the analysis of long-term variance in the
Arctic sea ice leads in this study is quite preliminary. Moreover, apart from the mentioned
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variables in describing sea ice leads, other variables, such as lead area, are also useful to
the characterization of sea ice leads. In the future a detailed study on the Arctic sea ice
leads relating to Arctic climate change and sea ice dynamics could be conducted via a
combination of numerical modeling and observational statistics.
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