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Abstract

Coffey, Tristan J. M.S. Department of Earth and Environmental Science, Wright State
University, 2021. Power Scaling of Ice Floe Sizes in the Weddell Sea, Southern Ocean

The cumulative number versus floe area distribution of seasonal ice floes from four
satellite images covering the Summer season (November - February) in the Weddell
Sea Antarctica during the summer breakup and melting is fit by two scale-invariant
power scaling regimes for the floe areas ranging from 7 to 20 x 108 m?. Scaling
exponents, B, for larger floe areas range from -1.5 to -1.7 with an average of -1.6 for
floe areas ranging from 6 x 10°to 55 x 10'm?. Scaling exponents, B, for smaller floe
areas range from -0.8 to -0.9 with an average of -0.85 for floe areas ranging from 3 x
106 to 1.55 x 10° m2. The inflection point between the two scaling regimes ranges from
62 x 10° to 151 x 10° m? and generally moves from larger to smaller floe areas through
the summer season. We propose that the two power scaling regimes and the inflection
between them are defined during the initial breakup of sea ice solely by the process of
fracturing. The distributions of floe size regimes retain their scaling exponents as the
floe pack evolves from larger to smaller floe areas from the initial breakup through the
summer season, due to scale-independent processes including grinding, crushing,
fracture, and melting. The scaling exponents for floe area distribution are in the same
range as those reported in previous studies of Antarctic and Arctic floes. A
probabilistic model of fragmentation is presented that generates a single power scaling

distribution of fragment size.
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1.0 Introduction

In the winter season (March-October), sea ice forms and floats on the surface of the
Southern Ocean (Figure 1) and ranges from 2-3 m thick (smoothed by snow coverage
on top, but rough and uneven on the bottom). In November, the ice begins to break up
into free floating angular fragments of different shapes and sizes. A floe is defined as a
piece of sea ice whose surface area is larger than 1 m? (Gherardi, 2015). Newly formed
floes in the Southern Ocean, observed in this study and the Arctic Ocean, exhibit
rough angular edges, wavy edges, and corners, and in the Southern Ocean range in
area from 1to 20 x 108 m?. Once formed, the floes sizes are reduced by additional
fracturing caused by impact, crushing, and grinding into each other due to wave
motion, wind, and currents moving under the floe pack and by melting and smoothing
along their edges and faces. Larger floes are surrounded by smaller floes which
cushion larger floes protecting them from further fracturing, making them less
susceptible to fracture by crushing or grinding, suggesting a scale-independent
process. In the process of fracturing, only particles of the same size or larger can
fracture any given particle (Sammis and King, 2007). This observation is the basis for
the probabilistic model put forward in Geise and others, (2016) to explain the power
distribution of floe sizes in the Arctic Ocean. The size distribution of floes and their
evolution over the Antarctic summer is the subject of this study. This topic is of
relevance to marine vessels that encounter floes, to the calculation of sea ice albedo, to
the determination of Antarctic heat exchange which is strongly influenced by ice

concentrations and the amount of open water between floes (Worby and Allison 1991),



and to photosynthetic marine organisms which are dependent upon sunlight

penetrating the spaces between floes (Grose and McMinn 2003).

1.1 Calculation of Equivalent Scaling Dimensions

In the literature, the size of ice floes has been approximated on images by either of two
methods. The first is by counting the number of pixels in each floe. The second
method is the mean caliper diameter method. Each method is illustrated in Figure 2.
Power scaling exponents derived from a one-dimensional representation (mean
caliper-diameter) of the size of a floe do not have the same values as the power scaling
exponents calculated from 2-dimensional flow areas. Stern, Schweiger, Zhang, and
Steele (2018) proposed that the scaling exponents can be converted between the mean
caliper diameter method and the pixel area method. They propose multiplying the
scaling exponent of the area method by two to obtain the scaling exponent of the mean
caliper-diameter method but offer no reasoning for this. In contrast, we propose that
the scaling exponent of the mean caliper-diameter method be increased by adding one
to obtain the scaling exponent derived by the measurement of ice floe area. The basis
for our proposal is in Barton and Scholz (1995) which state that the dimensionality of
a sampling method sets range of the scaling exponent. For example, a three-
dimensional fractal object such as a Menger sponge has a scaling exponent of 2.7. The
pattern on a planar cut through a Menger sponge (called a Sierpinski carpet), has a
scaling exponent of 1.7, and a one-dimensional sampling (a line) through a Menger
sponge has a scaling exponent of 0.7. Therefore, for a one-dimensional sampling

strategy, such as the mean caliper-diameter method, a value of one (resulting in a



steeper slope on a log-log plot) should be added to the scaling exponent to convert to
the scaling exponent of a two-dimensional sampling strategy. In Table 1 | have
converted the equivalent area exponent and provided it in parentheses () after each
mean caliper-diameter method scaling exponent.

The power scaling exponent of the size distribution of objects also depends on the
form of the distribution. Most, but not all, of the power scaling exponents in Table 1
are fit to a cumulative frequency distribution. The remainder of the power scaling
exponents is fit to the non-cumulative frequency distribution (histogram). The power
scaling exponent of a non-cumulative distribution is an integer (1) less than that of a
cumulative distribution of the same data (Burroughs and Tebbens, 2001). Therefore, to
calculate a power exponent of a cumulative distribution from a non-cumulative
distribution, one needs to add 1 (steeper slope) to the scaling exponent of the non-

cumulative distribution.



2.0 Previous Studies

Previous studies plot the cumulative number versus either the floe diameter or the
surface area of the floes or the non-cumulative number versus either the floe diameter
or the surface area of the floes, both the cumulative number and non-cumulative plots

of the data have been fit by a power function with a scaling exponent in the form: N =

Cx P, where N is the cumulative number of floes greater than x or the number of floes

binned over a range of sizes, C is a constant called the activity , and 3 is the scaling
exponent. The mean caliper-diameter method is a one-dimensional measure of a two-
dimensional object.

In most studies the floe surface area was approximated by the mean caliper-diameter
method where one measures of the distance between parallel calipers tangent to
opposite sides of the floe and calculating the mean over all orientations of the calipers
(see Figure 2). Note, this is a one-dimensional measure of a two-dimensional object
(floe surface area). The mean caliper-diameter method also leads to a different value of
the scaling exponent than the grouped pixel area method as discussed above. A few
previous studies have used grouped pixel values to approximate the area (a two-
dimensional measure) of each floe. To obtain an area of an ice floe using the grouped
pixel values method, the same valued pixels are grouped together to form a polygon

for the surface of the ice floe and the area is approximated by the number of pixels.

2.1 Southern Ocean

Gherardi and Lagomarsino (2015) analyzed four aerial and satellite images taken in
the Weddell Sea during the Spring of 2000, 2001, 2003, and 2009. They grouped
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white pixels for ice floes and black pixels for water in the images. They calculated the
caliper-diameter d to represent the area of each floe and found the non-cumulative
number versus mean caliper-diameter to be well fit by a single power function with a

scaling exponent of -2.0 for mean floe caliper-diameters ranging from 2 to 5000 m.

Lensu (1990) analyzed one image from the Weddell Sea during the summer ice pack
break up in February of 1990. Using ice floe areas, she found the cumulative number
versus area to be well fit by a single power function with a scaling exponent -1.68 for

floes areas ranging from 1 to 350 m?.

Lu and others (2008) analyzed nineteen aerial photos in the Prydz Bay, East Southern
Ocean in December 2004-February 2005 and used the mean caliper-diameter method.
The cumulative number vs. mean caliper-diameter was found to be well fit by a single
power function with scaling exponents ranging between -0.6 to -1.4 for floe mean

caliper-diameters ranging from 2 to 100 m.

Paget and others (2001) analyzed six aerial images in the East Antarctic Sea in August
1995. They used the mean caliper-diameter method. The non-cumulative number vs

mean caliper-diameter was found to be well fit by a single power function with scaling
exponents ranging from -1.9 to -3.5 for floe mean caliper-diameters ranging from 1 to

150 m.

Steer and others (2008) analyzed 130 aerial images taken in the Weddell Sea, in

December 2004. They used the mean caliper-diameter method for mean floe diameters



ranging from 2 to 120 m. The non-cumulative number versus mean caliper-diameter is
well fit by two scaling exponents. A scaling exponent of -1.9 was found for floes

smaller than 20 m and -2.0 to-4.0 for floes larger than 20 m.

Toyota and others (2011) analyzed 122 helicopter images taken in the Weddell Sea,
September through October 2006 and 52 in Wilkes Land, September-October 2007.

In the Weddell Sea they used the mean caliper-diameter method for floe mean caliper-
diameters for floes ranging 2 to 100 m. The cumulative number vs mean caliper-
diameter is well fit by two scaling exponents. Scaling exponents from -1.03 to -1.05
were found for floe diameters smaller than 40 m and -5.0 to-5.79 for floe diameters
larger than 40 m. In the Wilkes Land they used the mean caliper-diameter method for
floe mean caliper-diameters ranging from 2 to 100 m. The cumulative number versus
mean caliper-diameter is well fit by two scaling exponents. Scaling exponents from
-1.03 to -1.52 were found for floes smaller than 20 to 40 m and -3.15 to-5.51 for floes

larger than 20 through 40 m.

Toyota and others (2015) analyzed sixteen helicopter and satellite images taken in
Wilkes Land, East Antarctic in September-November 2012. They used the mean
caliper-diameter method for mean floe caliper-diameters ranging 5 to 10,000 m. The
cumulative number vs diameter is well fit by two scaling exponents. Scaling exponents
from -2.9 to —3.1 were found for floe diameters smaller than 100 m and from -1.3 to-

1.4 for floe diameters larger than 100 m.



2.2 Arctic Ocean

Geise and others (2016) analyzed six satellite images in the East Siberian Sea from
June-August 2000 through 2002. They used pixel counting to measure the floe area.
The cumulative number versus diameter is well fit by two power scaling functions
with scaling exponents ranging from -0.6 to -1.0 for floe areas ranging from 30 to

28,400,000 m?,

Gherardi and Lagomarsino (2015) viewed three aerial and satellite images in the
Barents Sea during the Spring seasons of 2000, 2001, and 2009. They used the mean
caliper-diameter method to measure floe mean caliper-diameters ranging from 2 to
5000 m. The cumulative number vs mean caliper-diameter is well fit by a single power

function with a scaling exponent of -2.0.

Holt and Martin (2001) analyzed fifteen satellite images in the Barents and Kara Sea
near the Artic Circle during August 1992. They used the mean caliper-diameter
method to measure floe mean caliper-diameters ranging from 1000 to 20,000 m. The
cumulative number versus diameter is well fit by a single power function with scaling

exponents ranging from -1.9 to -2.6.

Hwang and others (2007) analyzed four satellite images in the Beaufort Sea from May
to September 2014. They used the mean caliper-diameter method to measure floe
mean caliper-diameters ranging from 450 to 3000 m. The cumulative number versus
mean caliper-diameter is well fit by a single power function with scaling exponents

ranging from -2.7 to -4.0.



Inoue and others, (2004) analyzed two areal images in the Sea of Okhotsk, February
18, 2000. They used the mean caliper-diameter method to measure floe mean caliper-
diameters ranging from 10 to 100 m. The cumulative number versus diameter is well

fit by a single power function with scaling exponents ranging from -1.5 to -2.1.

Matsushita (1985) analyzed one satellite image in the Sea of Okhotsk in December
1984. He used the mean caliper-diameter method to measure floe mean caliper-
diameters ranging from 5 to 30 m. The cumulative number versus mean caliper-

diameter is well fit by a single power function with a scaling exponent of -2.2.

Perovich and Jones (2014) analyzed nine aerial and satellite images in the Beaufort
Sea from June to September 1998. They used the mean caliper-diameter method to
measure floe mean caliper-diameters ranging from 10 to 10,000 m. The cumulative
number versus mean caliper-diameter is well fit by a single power function with

scaling exponents ranging from -2.0 to -2.2.

Rothrock and Thorndike (1984) analyzed seven aerial and satellite images in the
Beaufort Sea from March to October 1973-1975. They used the mean caliper-diameter
method to measure floe mean caliper-diameters ranging from 1000 to 20,000 m. The
cumulative number versus diameter is well fit by a single power function with scaling

exponents ranging from -1.7 to -2.5.



Stern and others, (2018) analyzed 273 satellite images in the Beaufort and Chukchi
Seas from March to October 2013 and 2014. They used the mean caliper-diameter
method to measure floe mean caliper-diameters ranging from 10 to 30,000 m. The
cumulative number versus diameter is well fit by a single power function with scaling

exponents ranging from -2 to -2.9.

Toyota and others, (2006) analyzed four helicopter, icebreaker, and satellite images in
the Sea of Okhotsk during February 2003. They used the mean caliper-diameter
method to measure floe mean caliper-diameters ranging from 1 to 1500 m. The
cumulative number versus diameter is well fit by two scaling exponents. A scaling
exponent of -1.15 was found for floes smaller than 40 m and -1.87 for floes larger than

40 m.

Wang and others, (2016) analyzed eighteen satellite images in the Beaufort and
Chukchi Seas from Summer to Fall 2014. They used the mean caliper-diameter
method to measure floe mean caliper-diameters ranging from 1 to 40,000 m. The
cumulative number versus mean caliper diameter is well fit by a single power function

with scaling exponents ranging from -2.77 to -4.12.



3.0 Data

This study is based on four mostly cloud free satellite images of four floe packs at
different stages of fragmentations during the Antarctic summer months of November
2016, December 2015, January 2015, and February 2015, at different locations in the
Weddell Sea (Figure 3) obtained from the USGS (United States Geologic Survey)

Earth Explorer (United States Geological Survey, 2016).

The Weddell Sea area was selected because of image clarity, image quality, and cloud
coverage of less than twenty percent. The Weddell Sea is a preferred research location

for many ice floes studies and is protected by the Antarctic peninsula.

The images used in this study were collected by the Landsat 8 satellite, using the
eighth band (panchromatic band). To measure the areas of individual floes, ideally the
images should be cloud free because the bands used to image the ice floes do not
penetrate through clouds. Melting ponds on the surface of the ice were not removed
from the images. Satellite images were greyscaled at 15 m per pixel resolution. In this
study, floe area is the measure of floe size in contrast to the mean caliper-diameter as
used in most previous studies. A visual inspection of the satellite images reveals no
characteristic floes size (e.g., Figures 4, 5, 6, 7, and 8), qualitatively implying that the
distribution of floe sizes is scale invariant and might, therefore, be accurately

described by a power function.

The satellite tiff files obtained from Earth Explorer were digitized using ESRI’s

(Environmental Systems Research Institute) geographic information system (GIS)
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program, ArcPro 2.2. Only floes larger than 3x10® m? were included in this study. Tiff
pixels were classified into two classes: ice and water, using ArcPro’s Supervised
Classification tool. The tiff pixels were split into two classes, the high brightness
pixels represented the ice, while the low brightness pixels represented water.
Individual floes were identified by the grouping of ice class pixels surrounded by
water class pixels. The Raster to Polygon tool in ArcPro 2.2 was used to automatically
identify the edges of each floe. The resulting floe polygons formed the floes as seen in
the raster image. The area and perimeter of each floe in the raster image, were
automatically tabulated in the attribute table by ArcPro 2.2. Floes cut off by the outer

edge of the image were excluded from this study.
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4.0 Analysis
A plot of the cumulative number vs. floe area is shown in Figure 9. The data for each
image is well fit by two power functions, with an inflection point between them, each

of the form N = Cx®, where N is the number of floes with an area greater than x, C is
a constant of proportionality and a measure of the activity, and [3 is the scaling

exponent or fractal dimension (Barton,1995). For each distribution, we find the
parameters C and 3 using the Levenberg-Marquardt algorithm to minimize Chi-
squared (Press et al. 2001) using the Wavemetrics software IgorPro version 6.37. This
method is appropriate for fitting the power functions to data and calculating the
associated error; the method assumes that the errors in fitting the functions to the data
are normally distributed (Press et al. 2001). In all analyses, the data were fit by the
power function yo+Cx®, where yowas set to 0 and the fit was found to converge.

Errors are reported to plus/minus on standard deviation in Table 1.

Each of the four data sets analyzed and plotted on Figure 9 exhibit two power scaling
regimes where larger floes have a distribution whose scaling exponent is greater than
that of the small floes. The scaling exponents, 3, exhibit a range of values (Table 1).
The scaling region for smaller floes has scaling exponents 3 ranging from -0.8 to -0.9.
The larger floes have scaling exponents (3 ranging from -1.5 to -1.7. The inflection
points between the two regions ranges from 62 x 10° to 151 x 106 m?. The number of

floes analyzed in each image ranges from 303 to 1078 (Table 1).
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Inflection points decrease sequentially from November to February as sea ice evolves
from larger to smaller floes throughout the season due to grinding, crushing,

fracturing, and melting as seen in Figure 4b.

Summing the areas of the larger floes above the inflection point and dividing by the
total floe area for each image indicates that the area of the large floes is 22-44 % of the
total floe area (Table 1). Note that this is the opposite found in the Arctic by Geise,
Barton, and Tebbens, 2017 where the larger floes, those greater than the inflection

points accounted for 90+ percent of the total floe area.

13



5.0 Fragmentation

Geise, Barton, and Tebbens, 2016 proposed a model that produces a power cumulative
frequency versus the size of fragments. which may explain the power distribution of
floe areas but not an inflection point between the larger and smaller floe size
distributions. Figure 10 illustrates their probabilistic model for fragmentation of a
cubic volume for any material where the fracture is the method of fragmentation. At
iteration n = 1 the volume is broken into eight smaller cubes of equal size. At iteration
n = 2 some of the eight cubes are randomly selected and broken into eight smaller
cubes. At iteration n = 3 the model bifurcates based on whether (A) only the smallest
of the cubes or (B) a cube of any size, can be randomly selected and broken. With
many iterations, the rule for A or B determines the cumulative frequency versus size
distribution of the fragments. Rule A leads to a power fragment size distribution and
Rule B leads a lognormal fragment size distribution. Power distributions are observed
in the size (area) of floes, it follows that a process following Rule A is appropriate for
ice floes. Sammis and King (2007) propose a physical process that results in power
scaling of fragmentation sizes in geologic materials such as fault gauge (see Table 1 in
Geise and others, 2016 for examples of power fragment sizes in geologic materials). In
their proposed process, adjacent fragments must be approximately the same size to
break by fracture. The authors observe that in the process of fragmentation by grinding
and crushing, larger fragments become surrounded by smaller fragments that cushion
them and protected them from further fracturing thus greatly reducing the probability
of further fragmentation. Furthermore the authors propose that such a process occurs
simultaneously over a broad range of length scales leading to a power distribution in

14



fragmentation size observed in many brittle materials under a wide range of
conditions. Visual inspection of Figures 3a, 4a, 5, and 6 reveal that for ice floes the
large fragments are surrounded by smaller fragments which may similarly have

cushioned them and reduced the probability of further fragmentation.
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6.0 Discussion and Conclusions

The distribution of floe areas in each image is well fit by two power functions that
meet at an inflection point between the larger floes and the smaller floes, Figure 9.
The floe areas larger than the inflection points range from (6 x 10°to 55 x 10’m?)
are well fit by a power function with scaling exponents ranging from -1.5 to -1.7)
while the floes areas smaller than the inflection points range from 3 x 10° to 1.55 x
10% m? are well fit by a power function with scaling exponents ranging from -0.8 to

-0.9. The inflection points range from 62 x 108 to 151 x 10% m?.

This study supports previous studies that found that the cumulative number versus floe
area distribution of seasonal ice floe areas in the Antarctic region are distributed in two
power scaling regimes. This is also the result found by (Geise and others, 2016) for the
distribution of ice floe areas in the Arctic. We suggest that the two power scaling
regimes and the inflection between the large and small floes are established during the
initial breakup of the sea ice solely by the process of fracture. The distributions of floe
size regimes retain their scaling exponent as the sea ice evolves from larger to smaller
floes throughout the season due to grinding, crushing, fracture, and melting as seen in
Figure 4b. Figure 10 shows a probabilistic model for fragmentation by breaking a
cubic volume by fracturing by two different rules (Geise and others, 2016). To break a
floe of a given size by fracture into one or more pieces requires impact with a floe of
approximately the same or greater size. Sammis and King (2007) observed that during
the process of fragmentation by grinding, crushing, and fracture, fragments of any size

that become surrounded and cushioned by smaller fragments and tended not to be
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broken down further. This same process could protect larger floes from further
fragmentation (Figure 3b). The study infers that this cushioning process leads to a

power distribution in fragmentation size.

This study leaves several fundamental questions unanswered. First is why do larger
floes and smaller floes exhibit different scaling exponents? The second is why are the
inflection points located at the floe sizes where they are observed? The change in
scaling exponent and inflection points are not observed in other materials. What makes
the fracturing of ice different from fracturing of all other materials? Can a model of
fracturing be constructed that exhibits an inflection point? Answers to these questions
are necessary to understand the fracturing process that results in the distribution of ice

floe areas.
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Appendix: Listing of ice floe areas measured for each of the four satellite images.
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161494200
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124919100
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44604000
44205300
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238486384
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154967341
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151382282
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143255950
131349734
125344815
123098138
122283860
119090349
117805988
117334863
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112323039
110674171
110086445
104415448
100239530
99354957
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87733899
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80248883
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51525169
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50757207
50463844
49577467
49059865
48181809
47891745
47311174
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145108255
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70414696
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65059662
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51897626
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48562365
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37250422
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41461061
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0 6,000 Kilometers

Figure 1. Satellite image showing the extent of Antarctic sea ice cover on October 6,
2016 (left) and February 19, 2016 (right). Water is black, sea ice is white, land is dark
grey, and ice shelfves are light grey. Figures are from the USGS Earth Observatory
https://earthobservatory.nasa.gov/features/Sealce/page4.php
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Figure 2. Two methods were used to approximate the floe area. Method on the left
counts pixels on digitized images, which was used in this study. On the rightt is the
mean caliper-diameter method which approximates the area by measuring the distance
between parallel calipers tangent to opposite sides of the floe and calculating the mean
distance over all orientations 0 of the calipers. Note, that in the mean caliper-diameter
method, the area of the floe is not calculated from the mean caliper-diameter. This
figure is modified from Figure 2 in Stern and others, 2018
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Figure 3. Image showing location of the ice floe images in the Weddell Sea used in
this study. Figure was created in Arc PRO (ESRI) the ice floe images are from
(November 2016, Image Number (LC08 L1GT_ 202104 20161105), December 2015
Image Number (LC08_L1GT_200106_20151207), January 2015 Image Number
(LC08_L1GT_198105 20150107), and February 2015 Image Number
(LC08_L1GT_202108_20150220) USGS Earth Explorer.
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Figure 4a. (05 November 2016) Satellite image of ice floes in the Weddell Sea. The white
rectangular inset marks the location of Figure 4b. Image Number
LCO08 L1GT 202104 20161105 USGS Earth Explorer https://earthexplorer.usgs.gov/
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Figure 4b. (05 November 2016) Image of ice floes in the Weddell Sea showing the
larger floes (grey) being cushioned by smaller ice floes; larger floes (grey).
Cushioning of the larger flows reduces the probability of size reduction by fracturing.
Note that the cushioning is present for almost all sizes which may mean that once the
floe size distribution is established at the time of the initial breakup, further size
reduction is primarily by grinding and melting of the floe edges and not by fracturing
across the floes. (ESRI). The location of this figure is shown by the rectangle in Figure
4a. Image Number LC08 L1GT_ 202104 20161105 USGS Earth Explorer
https://earthexplorer.usgs.gov/
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Figure 5a. (07 December 2015) Satellite image of ice floes in the Weddell Sea. The black
rectangular inset marks the location of Figure 4b. Image number
LC08_L1GT 200106 20151207 USGS Earth Explorer https://earthexplorer.usgs.gov/
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Figure 5b. (07 December 2015) Close up of satellite image soon after the initial breakup of sea
ice by the process of fracture. The irregular lines visible within each floe are fused boundaries
between old floe that compose the ice pack. See Figure 4a for location. Image Number
LCO08 L1GT 200106 20151207 USGS Earth Explorer https://earthexplorer.usgs.gov/
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Figure 6. (07 January 2015) Satellite image of ice floes in the Weddell Sea. Image
number LCO8_L1GT_198105 20150107 USGS Earth Explorer
https://earthexplorer.usgs.gov/. The top center and left regions of the image appear out
of focus as a result of cloud cover.
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Figure 7. 20 February 2015 Satellite Image of ice floes in the Weddell Sea. Number

LC08_L1GT 202108 20150220 USGS Earth Explorer https://earthexplorer.usgs.gov/.
The top and left regions of the image appear out of focus as a result of cloud cover.
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Figure 8. Shape files of satellite images of four floe packs at different stages of
fragmentation and floe pack density, during the months of November 2016 Image
Number (LC08_L1GT_202104_20161105), December 2015 Image Number
(LCO8_L1GT_200106 20151207), January 2015 Image Number
(LC08_L1GT_198105 20150107), and February 2015 Image Number
(LCO8_L1GT_ 202108 20150220) in the study area within the Weddell Sea. Floes
partially cut off by image boundaries were not included in the analysis. Floes with
areas greater than the inflection point are gray, floes with areas smaller than the
inflection point are white, and water is black. Note slush/finely crushed ice and clouds
have been removed and were not included in this analysis. USGS Earth Explorer
https://earthexplorer.usgs.gov/
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Figure 9. Ice Floe Areas Vs. Cumulative Number for the Weddell Sea Antarctic Ice
Floes from USGS Satellite Images. Four images ranging over the arctic summer from
early November to mid-February for 2015 and 2016. The data from each image is fit
by two power functions. The scaling exponents for the larger floes (1.3-1.7) are
consistently greater than those for the smaller floes (0.8-1.1). The power scaling
exponents are listed in Table 1.
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Figure 10. Four iterations (n) in the fragmentation of a unit cube. On left,
the constant probability of fragmentation p = 0.25 is for only the smallest
cubes to be broken at each iteration resulting in a power fragment size
distribution. The constant probability of fragmentation p = 0.25 is for any
cube to be broken at each iteration resulting in a lognormal fragment size
distribution.

45



Table 1: Summary of power scaling exponents for fragmentation distribution of ice floes in the Weddell Sea (present study),

previous floe size studies in the Antarctic and Artic Oceans. The power scaling exponents are those reported in the referenced

studies. The power scaling exponents have been converted from caliper-diameter in parentheses ( ) and non-cumulative values in

square brackets [ ] to cumulative area values as described in the text.

Location
ANTARCTIC

Weddell Sea
Weddell Sea
Weddell Sea
Weddell Sea
Weddell Sea, Montagu Island
Weddell Sea
Prydz Bay, East Antarctic
East Antarctic
Weddell Sea, Antarctic

Weddell Sea
Wilkes Land, East Antarctic

Wilkes Land, East Antarctic

ARCTIC

East Siberian Sea

Barents/Kara Seas

Beaufort, Chukchi, and Wrangel Seas

Beaufort Sea

Sea of Okhotsk

Sea of Okhotsk

Beaufort Sea

Beaufort Sea

Beaufort and Chukchi Seas

Sea of Okhotsk

Beaufort and Chukchi Seas

Time Range Data Source
Nov. 11, 2016 Satellite
Dec. 7, 2015 Satellite
Jan. 7, 2015 Satellite
Feb. 20, 2015 Satellite
Spring 2003 Aerial, Satellite
Feb. 1990 Aerial

Dec. 2004 - Feb. 2005 Aerial, Satellite

Aug. 1995 Aerial, Satellite

Dec. 2004 Aerial
Sept.~Oct. 2006 Helicopter
Sept.-Oct. 2007 Helicopter

Sept-Nov. 2012 Helicopter, Satellite

Jun.-Aug. 2000-2002 Satellite

Spring 2000, 2001, 2009  Aerial, Satellite

Aug. 1992 Satellite
May-Sept. 2014 Satellte
Feb. 18, 2000 Aerial

Dec. 1984 Satellite

Jun.-Sept. 1998 Aerial, Satellite

Jun-Aug. 1973-1975  Aerial, Satellite
Mar.-Oct. 2013, 2014 Satellite
Feb. 2003 \erial, Heli, Icebreake

Summer-Fall 2014 Satellite

Cum.

Cum.

Cum.

Cum.

Cum.

Non-Cum.

Cum.

Cum.

Non-Cum.

Non-Cum.

Cum.
Cum.

Cum.

Cum.

Non-Cum.

Cum.

Non-Cum.

Cum.

Cum.

Cum.

Cum.

Non-Cum.

Cum.

Cum.
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Area Caliper Diameter
p< > | pNo
Inflection | Inflection | Inflecti Range of floe | Diameter at
() | (m) [on(m)| Range of Flog Areas (m) | Areaat Inflection (m) B < Inflection (m) B> Inflection (m) $ No Inflection (m) diameters (m) |Inflection (m)
0.9 -17 4,005,000 to 550,000,000 112,323,039
0.9 -16 3,500,000 to 345,000,000 151,948,489
0.8 -15 4,001,000 to 345,000,000 112,323,039
08 -15 3,000,000 to 390,000,000 62,084,638
20 (30) [49] 240100
-0.68 110350
06t0-14 (L610-24) 210100
1910-35 (2910-45) [39t055]| 1to150
19 (29 [39] | 20to—40 (30t0-50) [40t0-60] 210120 20
-103t0-1.05 (-2.03t0-2.05) 5.0t0-7.59 (-6.0t0-8.59) 210100 40
10t0-15 (203t025) | 31510550 (415t0-651) 2010 | 2040
Z29t0-31 (29t0-3.1) 13to-14 (23t0-24) 51010000 | 100
H0.3 to-0.61-0.6 to 1.0 300 28,400,000 280,000 to 485,000
23 M 2t05000
19t0-26 (2910-36) 1000 to 20,000
27t0-40 (37t050) [47t0-60] | 450103000
-15t0-21 (2.5t0-3.1) 10t0 100
22 (3 5t030
20t0-22 (3010-32) 101010000
1Tt0-25 (27t0-35) 1000 to 20,000
-20t0-29 (-3.0t0-3.9) [4.0to-49] | 10t030,000
L5 (215) 187 (287) 1t0 1500 0
ATM-412 (37700512 | 1to40000

Percent large
floesitotal floe
area
3
2

21

44

78-95

Number
of Images

130

122
52
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