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Spatio-temporal variability of small-scale leads
based on helicopter maps of winter sea ice
surface temperatures

Linda Thielke1 , Gunnar Spreen1,* , Marcus Huntemann1, and Dmitrii Murashkin1,2

Observations of sea ice surface temperature provide crucial information for studying Arctic climate,
particularly during winter. We examined 1 m resolution surface temperature maps from 35 helicopter
flights between October 2, 2019, and April 23, 2020, recorded during the Multidisciplinary drifting
Observatory for the Study of Arctic Climate (MOSAiC). The seasonal cycle of the average surface
temperature spanned from 265.6 K on October 2, 2019, to 231.8 K on January 28, 2020. The surface
temperature was affected by atmospheric changes and varied across scales. Leads in sea ice (cracks of
open water) were of particular interest because they allow greater heat exchange between ocean and
atmosphere than thick, snow-covered ice. Leads were classified by a temperature threshold. The lead area
fraction varied between 0% and 4% with higher variability on the local (5–10 km) than regional scale (20–40
km). On the regional scale, it remained stable at 0–1% until mid-January, increasing afterward to 4%.
Variability in the lead area is caused by sea ice dynamics (opening and closing of leads), as well as
thermodynamics with ice growth (lead closing). We identified lead orientation distributions, which varied
between different flights but mostly showed one prominent orientation peak. The lead width distribution
followed a power law with a negative exponent of 2.63, which is in the range of exponents identified in other
studies, demonstrating the comparability to other data sets and extending the existing power law
relationship to smaller scales down to 3 m. The appearance of many more narrow leads than wide leads is
important, as narrow leads are not resolved by current thermal infrared satellite observations. Such small-
scale lead statistics are essential for Arctic climate investigations because the ocean–atmosphere heat
exchange does not scale linearly with lead width and is larger for narrower leads.
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1. Introduction
The investigation of sea ice processes is crucial for studying
climate warming, which is especially strong at high northern
latitudes where it is called Arctic Amplification (Serreze and
Barry, 2011; Wendisch et al., 2017; Dai et al., 2019; Intergov-
ernmental Panel on Climate Change [IPCC], 2021). Sea ice
becomes significantly thinner (Meredith et al., 2019; IPCC,
2021), with an average reduction of 2 m, from the period
1958–1976 (submarine record) to the current altimeter
period, with strongest thinning during 2003–2008 (the ICE-
Sat period; Kwok, 2018). With the decline in annual sea ice
minimum extent in late summer, the multiyear ice area has
also decreased strongly (Kwok, 2018). Thinner sea ice makes
the ice more susceptible to wind and ocean current forcing,
resulting in higher ice drift speeds (Spreen et al., 2011; Kwok

et al., 2013). Rampal et al. (2009) hypothesized that thinner
sea ice has less mechanical strength, allowing easier break-
ing of the ice. The changing sea ice conditions influence the
heat exchange between ocean and atmosphere, which is
important for the whole Earth Climate System and not only
the Arctic regions (Serreze et al., 2009; Meredith et al.,
2019). A better understanding of the interaction between
ocean, sea ice, and atmosphere is essential.

This study presents the spatio-temporal evolution of
the Arctic sea ice surface temperature and lead area frac-
tion, as well as the lead width and orientation angle for
the Multidisciplinary drifting Observatory for the Study of
Arctic Climate (MOSAiC), i.e., its Central Observatory (CO)
and surroundings (Shupe et al., 2020). We refer to all
fractures in the sea ice cover as leads, while fractures are
usually referred to as leads only if their widths are >50 m
(World Meteorological Organization, 2014). The MOSAiC
expedition (September 2019–October 2020) allowed us to
collect in-situ measurements from the central Arctic over
a whole seasonal cycle for various aspects of the Arctic
system (Nicolaus et al., 2022; Rabe et al., 2022; Shupe
et al., 2022) following the same ice along the Transpolar

1 Institute of Environmental Physics, University of Bremen,
Bremen, Germany

2 German Aerospace Center (DLR), Remote Sensing Technology
Institute (IMF), Bremen, Germany

* Corresponding author:
Email: gunnar.spreen@uni-bremen.de

Thielke, L, et al. 2024. Spatio-temporal variability of small-scale leads based on
helicopter maps of winter sea ice surface temperatures. Elem Sci Anth, 12: 1.
DOI: https://doi.org/10.1525/elementa.2023.00023

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/12/1/00023/812897/elem
enta.2023.00023.pdf by guest on 25 April 2024

https://orcid.org/0000-0002-1635-2284
https://orcid.org/0000-0002-1635-2284
https://orcid.org/0000-0003-0165-8448
https://orcid.org/0000-0003-0165-8448
https://doi.org/10.1525/elementa.2023.00023


drift. The analysis is based on thermal infrared (TIR)
helicopter-borne surface temperature measurements dur-
ing 35 helicopter survey flights between October 2019 and
April 2020. Our measurement program was part of the sea
ice and remote sensing teams, whose efforts generated
extensive datasets on sea ice physics, including albedo, ice
and snow properties, as well as microwave and optical
properties of sea ice (Nicolaus et al., 2022). Such an exten-
sive collection of observations in the central Arctic had not
been obtained before.With this study we provide a detailed
description of the results from the helicopter-borne surface
temperature maps and the derived lead properties, and
compare them to previous work. We address three main
points: the seasonal evolution of winter surface tempera-
tures and scale-dependent spatial variability; the difference
in lead fraction evolution on local and regional scales and
possible explanations; and whether the distribution of lead
width follows a power law with an exponent similar to
literature values, down to a lead width of 3 m.

Our measurements with helicopter-borne TIR imaging
provide temperatures of the sea ice surface with a high
spatial resolution of 1 m. This resolution is substantially
higher than that of TIR satellite sensors, like the Moderate
Resolution Imaging Spectroradiometers (MODIS), which
have a grid resolution of 1 km (the actual spatial resolu-
tion increases to 4.8 � 2.4 km for high incidence angles;
Masuoka et al., 1998). Nevertheless, satellites are the pri-
mary tool for observing the Arctic sea ice state (Spreen and
Kern, 2017; Fox-Kemper et al., 2021). Compared to the
pan-Arctic coverage from satellites, we provide with our
helicopter data a restricted areal coverage from a local 5
km scale to a regional 40 km scale. Investigating the small-
scale variability is important to better understand the rep-
resentation of sea ice properties in models and satellite
retrievals on a subgrid scale (Vihma et al., 2014). Thus, our
high spatial resolution data is valuable for evaluating
models and satellite retrievals (Ivanova et al., 2016).

Open water and thin ice areas influence the Arctic heat
budget by allowing increased heat exchange between the
ocean and the atmosphere. The TIR temperatures distin-
guish open water and thin ice from thick ice, particularly
for a thin ice thickness of less than 1 m (Shokr and Sinha,
2015). Above a 1 m ice thickness, changes in the heat flux
between ocean and atmosphere are minimal and have
minor relevance for the Arctic heat budget (Maykut,
1982). Open water rarely exists in winter because the freez-
ing starts directly after a lead opens. Therefore, we expect to
capture mainly thin ice and only small open-water areas
with significantly warmer surface temperatures.

During winter, the heat loss is more than an order of
magnitude larger in leads compared to the surrounding
ice (Maykut, 1982). Leads have a high variability in time
and space (Yu and Rothrock, 1996; Willmes and Heine-
mann, 2015). Therefore, monitoring their characteristics
throughout the year is important. In Arctic pack ice during
winter, a lead area fraction (open water and thin ice com-
bined) of less than 10% is expected (Yu and Rothrock,
1996). Maykut (1982) found that in winter, the heat con-
tribution from thin ice in leads is similar to the open water
areas and larger than from the dominating thick ice area.

Willmes and Heinemann (2016), using MODIS for the
period 2003–2015, and Wang et al. (2016), using the
Finite Element Sea Ice-Ocean Model (FESOM) for the period
1985–2014, did not find a trend in the lead area fraction
evolution. Additionally, Wang et al. (2016) found that the
winds mainly determine the inter-annual variability in lead
area fraction. However, a precise determination of the lead
area fraction is crucial. Lüpkes et al. (2008) showed that
a slight change in the high sea ice concentration (SIC) range,
e.g., by the opening of leads, affects the near-surface air
temperature. According to their study, a change of 1% in SIC
could cause an air temperature change of up to 3.5 K. Small
reductions in SIC, mostly induced by leads, allow a stronger
(non-linear) heat exchange between the ocean and atmo-
sphere than when a closed sea ice cover is present (Maykut,
1978). Esau (2007) and Marcq and Weiss (2012) demon-
strated the importance of narrow leads for the heat
exchange. Monitor changes in winter lead area fraction and
associated changes in sea ice concentration is therefore
necessary.

We first describe the helicopter measurement program
and surface temperature maps, which are the key datasets
for this study, along with the supporting data. We further
explain the methods of lead classification and segmenta-
tion. We then present the results in three parts. First, we
analyze the temporal variability of the surface tempera-
ture on different spatial scales. Second, we present the
spatio-temporal variability of the lead area fraction and
a case study of the November 2019 storm event. Third,
we focus on the lead properties, i.e., width and orienta-
tion. We conclude with a discussion of the presented
results, as well as a summary and outlook.

2. Data and methods
This section presents the data used in this study: first, the
surface temperature maps; and, second, the supporting
atmospheric data. Further, the methods for lead classifica-
tion and lead segmentation are explained.

2.1. Surface temperature maps

The surface temperature maps in this study are based on
helicopter-borne TIR imaging (Thielke et al., 2022b). With
an infrared camera (InfraTec VarioCAM HD) installed, 35
helicopter flights were performed on a roughly weekly basis
between October 2, 2019, and April 23, 2020, from RV
Polarstern (Alfred-Wegener-Institut Helmholtz-Zentrum für
Polar- und Meeresforschung, 2017; Figure 1). The set of
flights consists of four main flight patterns: (i) Central
Observatory (local), (ii) L-Site triangles (regional), (iii) L-
Site grids, and (iv) event-related, like the mapping of par-
ticular leads. Details about the surface temperature maps
(Thielke et al., 2022a) and pre-processing are presented in
Thielke et al. (2022b). The main processing steps to obtain
the TIR maps from the single images included correction of
artefacts in images, georeferencing, ice drift correction and
correction of temporal temperature changes within one
flight. To our knowledge, regional scale sea ice infrared
imaging has not been analyzed and published before, as
now presented in this study. Unprocessed data from nine
more flights are available (Thielke et al., 2022b).
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The radiation in the TIR spectral region has a very small
penetration depth on the sub-millimeter scale in snow
and ice (see pages 272 and 294 in Shokr and Sinha, 2015).
As a result, the TIR brightness temperature provides a mea-
surement of the upper surface of snow or sea ice. Thus, the
recorded temperature is expected to be influenced by atmo-
spheric changes through the radiation balance at the snow/
ice-air interface. Clouds strongly influence the surface tem-
perature (Vihma and Pirazzini, 2005) by reducing the radia-
tive cooling (Wang et al., 2001). Our flights were performed
only during calm and clear weather conditions. Thus, we
could neglect a dependence on changing cloud cover. How-
ever, the changing air temperature still plays a role, which
needs to be taken into account (Thielke et al., 2022b).

2.2. Supporting atmospheric data

We used atmospheric data from the 10 m meteorological
mast on the MOSAiC ice floe: 2 m air temperature, mea-
sured with a Vaisala HMT 330; 10 m wind direction; and
10 m wind speed, measured with a Metek uSonic-3 cage
(Cox et al., 2021). These supporting measurements were

made at the location of Met City in the CO. Details are
presented in Shupe et al. (2022).

2.3. Lead classification

Leads were classified based on a temperature threshold
applied to the surface temperature maps. We applied
a binary classification, discriminating between snow-
covered thick sea ice (cold regime) and leads (warm regime),
which are mostly covered with thin ice due to the fast
freezing of the ocean surface under cold winter conditions.
We used the “time-fixed surface temperature” to avoid the
influence of changes in surface temperature during one
flight. The thermal distinction for surface types with larger
ice thickness becomes weaker due to low heat transfer
through the ice (Maykut, 1978). Thus, the discrimination
of leads from thick ice is easier due to large temperature
differences; we do not aim to discriminate the thick ice
classes further (e.g., between first-year and second-year ice).
We applied the iterative threshold selection from Ridler
and Calvard (1978) to the two-dimensional surface temper-
ature arrays. A detailed description is provided in the

Figure 1. Helicopter flight locations and flight patterns. The colored track shows the drift of RV Polarstern from
October 2019 until June 2020. The black triangles represent the location of the 35 helicopter flights. Additionally, as
inlay on the left, we show a typical local (turquoise) and regional (orange) flight pattern with Polarstern as the center
(black triangle). The red box marks the Central Observatory (CO) area (see Figure S3 in the supplemental material for
more information on the CO).
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supplemental material Text S1, Figure S1, and Table S1. We
worked with dynamic thresholds for different flights in
order to establish the same classes defined with different
surface temperature distributions in different flights. The
dynamic threshold is required because the surface temper-
ature is strongly connected to the ambient air temperature,
which varies with time (Section 3.2).

2.3.1. Classification example from October 20, 2019

The threshold-based lead classification is exemplified by
the flight on October 20, 2019, at the beginning of the
winter season (Figure 2). We show steps 0 (initial thresh-
old) to 2 for the temperature threshold iteration
(Figure 2A). With step 2, the result is already close to the
final result (step 5) shown in Figure 2D. The surface tem-
perature (Figure 2B) is dominated by low temperatures
(blue) associated with snow-covered thick ice; the warm
surface temperatures (red) are referred to as leads. The
binary classification map (Figure 2D) resulting in sea ice
(gray) or leads (red) is based on the iterative temperature
threshold applied to the temperature distribution
(Figure 2C), showing the two classes as two main temper-
ature regimes. The lead area fraction for this case on Octo-
ber 20 is the highest in our time series, with close to 10%
for the full area covered by the helicopter flight.

2.4. Lead segmentation

We applied a segmentation algorithm to the lead map to
define the properties of single leads, i.e, width and

orientation. The segmentation was performed according
to the watershed segmentation (Najman and Schmitt,
1994). Next, a set of object lead properties, i.e., width and
orientation from enclosing ellipse, its area, orientation,
and major axis, were derived based on Burger and Burge
(2009) with “scikit-image” library for Python.

In Figure 3, we illustrate the object properties for two
example lead segments. The warmer temperatures on the
left (yellow) are classified as lead, consistent with the red
areas on the right that indicate the lead areas.We retrieved
the lead properties of width and orientation (calculated
from ellipse parameters), assuming that they are represen-
tative, even if the ellipse does not cover the full lead due
to the limited spatial coverage of our data or if the lead is
interrupted. We therefore only determined width but not
length of the leads. The key lead parameters are the clas-
sified area (red) in the enclosing rectangle (dashed line in
Figure 3), the minor and major axes, and the orientation
of the ellipse (pointing in the direction of the major axis).
The zero line for the orientation is the north–south axis
(all our surface temperature maps are oriented North
along the y-axis). The ellipse defined for the lead segment
is not representing the real length, but is considered a sta-
ble approximation for an object of arbitrary shape. Gen-
erally, the ellipses of close-by leads can overlap, which is
required to calculate the lead properties individually, even
though the two lead segments are not overlapping (Figure
S2 in the supplemental material).

Figure 2. Lead classification example for the flight on October 20, 2019. (A) Results from steps 0, 1, and 2 for the
iterative threshold selection; (B) the gridded surface temperature maps; (C) the temperature distribution of (B); and (D)
final (step 5) binary lead classification based on data in (B). The red vertical line in (C) represents the iterative temperature
threshold found to discriminate between lead surfaces (red area) and no lead surfaces (gray areas; in (A) and (D))
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We had to account for some artificial effects, such as
the map’s edge or shifts inside the map caused by small
offsets in the geolocation of different helicopter over-
flights. Shifts or gaps could cause an artificial break of
a lead into more segments, when it was only a single lead
in situ. Also, due to changes in ice drift direction (e.g.,
shear), which can cause real breaks and gaps in the clas-
sified leads, the segments can represent a subset of a lead.
The segments of the subsets of leads will result in an
overestimation of the total number of leads. However,
such an overestimate is not expected to impact our results
for lead width and orientation (we do not analyze the
number of leads). Therefore, we assume the segmentation
is representative for the purpose of an overall statistical
analysis of lead width and orientation.

3. Winter surface temperatures
Based on the series of 35 helicopter flights with the TIR
camera during the MOSAiC winter, we present and discuss

the spatio-temporal variability of the winter surface tem-
peratures recorded during MOSAiC. In this study we used
the gridded time-fixed helicopter surface temperature
maps (Thielke et al., 2022a, 2022b), which will be
referred to as surface temperature for simplicity. First,
we provide the meteorological context for the MOSAiC
winter, which supports the explanation of the results.
Then, we present the complete seasonal cycle of the
surface temperature across the MOSAiC CO and its sur-
rounding for the whole winter 2019/2020. Afterward, we
show the spatial temperature variability within the sur-
face temperature maps.

3.1. Meteorological context

How representative are our results from the MOSAiC win-
ter in terms of surface temperature (this section) and lead
area fraction (Section 4) in context with the meteorolog-
ical condition? The meteorological conditions are dis-
cussed in Rinke et al. (2021) based on the ERA5

Figure 3. Lead segmentation to derive lead width and orientation properties. Two lead segments from the lead
classification result of the flight on October 20, 2019, with the temperature map on the left and the lead classification
including the ellipse geometry on the right. The major axis (solid) and minor axis (dotted) of each ellipse are shown.
The dashed rectangle marks the area from which the classified area in red was determined. (A) A narrow lead with
mean width of 3 m and orientation (of the major axis) of �41�. (B) A wider and slightly scattered lead with mean
width of 26 m and orientation of �86�.
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reanalysis data between 1979 and 2019; they were mostly
typical during MOSAiC, although some unusual events
happened before the expedition and during our observa-
tion period. Summer 2019, before the MOSAiC expedition
started, was very warm with unusually long low sea ice
extent as well as thinner ice (Krumpen et al., 2020; Rinke
et al., 2021). During the expedition, unusual conditions
occurred during the following periods, all according to
Rinke et al. (2021):

� unusual cold at the beginning of November 2019
and March 2020;

� warming events in mid-November, beginning of
December, mid-February, and mid-April;

� unusual positive Arctic Oscillation with associated
fast sea ice drift in spring 2020 (Krumpen et al.,
2021; Dethloff et al., 2022);

� anomalous low pressure January to April 2020 asso-
ciated with more frequent storm events during win-
ter and spring (relatively low cyclone counts for
October 2019 to January 2020).

3.2. Surface temperature evolution

The surface temperature of sea ice varied on short time-
scales, i.e., within the flight duration of 90 min. This
effect, however, was largely corrected in the surface tem-
perature maps. Please see Thielke et al. (2022b) for how
corrected and time-fixed surface temperature maps are
calculated. Here, we discuss the seasonal variability of
surface temperature. The average surface temperature
per flight decreased from October 2, 2019, at 265.6 K
until reaching its minimum at 231.8 K on January 28,
2020 (Figure 4A). Later in the winter season, the average

Figure 4. Evolution of MOSAiC surface temperatures from 35 helicopter flights. (A) Temporal evolution of the
average surface temperature of each flight throughout winter 2019/2020 from October 2, 2019, to April 23, 2020.
Black indicates the local flights covering the Central Observatory. They are connected to show the temporal evolution
of the primary MOSAiC observation area. The regional flights, repeatedly visiting the L-Sites in the MOSAiC distributed
network, are displayed in blue, whereas green shows additional flights not falling in one of these two categories. The
gray line represents the 2 m air temperature measured at the floe in Met City (location for meteorological
measurements within the Central Observatory). In the lower panel, a selection of surface temperature
distributions is shown for different dates in the winter for (B) the local and (C) the regional flights. The colors
continue from blue (begin of the winter) to red (end of the winter).
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surface temperature increased to 251.4 K until the last
flight on April 23, 2020, when at that time, the 2 m air
temperature was already about 20 K higher and close to
the freezing point.

The temporal evolution of the surface temperature was
comparable to that of the 2 m air temperature. This com-
parability is consistent with our expectation that, due to
the shallow penetration depth (micrometer range) of elec-
tromagnetic waves in the TIR region (Section 2.1), air tem-
perature will have a substantial influence on our surface
temperature observations. Also, Vihma and Pirazzini
(2005) highlighted the importance of the surface temper-
ature and coupling to the atmosphere. At the same time,
the heterogeneity of the surface temperature in ice-
covered regions can also influence the atmosphere. But
as long as the surface is frozen, the surface temperatures
stay well below the freezing point. Generally, the surface
temperature can be cooler than the air temperature dur-
ing clear sky conditions due to radiative cooling.

A prominent interruption in the cooling happened at
the beginning of the winter in mid-November due to
a substantial increase in the surface and air temperature
caused by a storm event (Rinke et al., 2021). More warm-
ing events (Section 3.1) are reflected in the surface tem-
perature record. From mid-February onward, the
frequency of flights was reduced, so we cannot reflect all
single atmospheric events. However, we can show the
warming of the surface temperature toward spring.

3.3. Spatial temperature variability

The spread of the surface temperature varied from flight
to flight. A wider distribution indicates the presence of
several ice classes and spreads toward warmer tempera-
tures. This variability is illustrated with the selection of six
exemplary surface temperature distributions, each for
local and regional scales, throughout the winter season
(Figure 4B and C). The major peak represents the predom-
inant surface type, snow-covered thick ice, in all cases. The
surface temperatures of this thick ice are more similar to
the 2 m air temperature because of the reduced heat flux
from the ocean through the insulating thick ice and snow
(Shokr and Sinha, 2015). The warm tail shows the presence
of leads, but its peak is often too small (only visible in the
log scale), and the different thin ice thicknesses in leads
widen the lead temperature distribution. The more narrow
distributions indicate the prevalence of thick, consoli-
dated ice due to cold and calm conditions. For mid-
winter flights, the distributions are wider for regional
flights (Figure 4C) than for local flights (Figure 4B)
because they include a larger variety of surface types due
to the larger spatial extent. In the local flights, there is
a transition from a wider distribution at the beginning of
the winter season (blue) to a narrow distribution in mid-
winter (yellow) and back to a wider distribution toward
the end of the winter season (red). An indicator for the
width of the distribution is the standard deviation of the
surface temperature when the leads (warm tail) are
excluded. The surface temperature standard deviation of
the local flights decreased from 0.82 K on November 5,

2019, to 0.19 K on February 12, 2020, before it increased
again to 1.03 K on April 21, 2020.

We find substantial differences when comparing the
mean surface temperature for the local and regional
flights. In January 2020, there was a high density of
flights, which allowed us to illustrate the variability
between different scales (Figure 4A). On January 7 and
16, 2020, a local (black) and a regional (blue) flight were
conducted on the same day, while the regional flight was
about 3 h later in both cases (Figure 4A). Within the 3 h,
the air temperature increased by 0.8 K on January 7 and
decreased by 0.9 K on January 16. The average surface
temperature increased by 0.5 K on January 7 and
decreased by 3.0 K on January 16 for the regional flight.
Thus, the trend is similar but, especially on January 16, the
absolute change is larger. We assume the surface temper-
ature was adjusting to the air temperature changes. One
additional possible contribution is the change in lead area
fraction (Section 4; Table 1). On January 7 the regional
lead area fraction was much lower, close to zero, which

Table 1. Percentage value of lead area fraction from
the local and regional scales, as presented in Figure 7

Date (year-month-
day)

Local
Fraction (%)

Regional
Fraction (%)

2019-10-20 1.31 –a

2019-10-29 – 0.36

2019-11-05 0.06 –

2019-11-12 0.07 0.10

2019-11-19 1.73 –

2019-11-30 0.41 –

2019-12-06 – 0.86

2019-12-24 3.93 –

2019-12-25 3.56 –

2019-12-28 0.01 –

2019-12-30 – 0.56

2020-01-07 2.02 0.23

2020-01-16 0.00 1.37

2020-01-21 0.01 –

2020-01-23 – 1.66

2020-01-28 1.62 –

2020-02-04 2.68 –

2020-02-09 – 1.22

2020-02-12 0.37 –

2020-02-17 0.01 –

2020-02-27 0.01 –

2020-03-21 3.76 3.87

2020-04-23 1.42 –

aNot available.
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indicates a reduction in the average surface temperature
compared to the local scale. On January 16, the decrease
in the average surface temperature from the local to the
regional flight contradicts the increased lead area fraction
on the regional scale, while no leads were present on the
local scale. Therefore, changes in ice types with different
thermal properties, snowfall, or snow redistribution might
have contributed to the changes in spatial surface temper-
ature variability.

In the time series (Figure 4A), one can identify the
close connection of the surface temperature to the atmo-
spheric state, represented by the 2 m air temperature.
Additionally, we considered the dependence of the surface
temperature standard deviation as a measure of spatial
variability on the 10 m wind speed (Figure 5). Here, leads
were again excluded to have a comparable baseline of the
thick ice. We expected a lower surface temperature stan-
dard deviation for higher wind speeds caused by an
increased exchange between the surface and the atmo-
sphere; indeed, a significant (p-value of 0.04) correlation
of r ¼ –0.38 exists between the surface temperature stan-
dard deviation and 10 m wind speed around the target

time of the flight. This relationship with wind speed sup-
ports our assumptions that increasing wind speeds reduce
surface temperature variability and can explain the greater
sensible heat exchange due to faster air mass exchange.
Because leads were not taken into account here, a poten-
tially more dynamic ice pack that would result in more
leads and, thus, higher temperatures can be ruled out. No
correlation was found between the average surface tem-
peratures and the standard deviation of the surface tem-
perature. Although a low-temperature regime creates
more compact and consolidated ice with uniform tem-
peratures, even under cold conditions, deformation causes
variability in ice classes with warmer surface temperatures,
which increases the variation.

4. Winter lead area fraction
This section first presents an example of lead formation
due to the November storm event that occurred during
MOSAiC. The scale dependence of the evolution of the
lead area fraction is then shown, as well as the connection
between lead area fraction and the wind conditions.

Figure 5. Connection between the standard deviation of surface temperature and the 10 m wind speed. For
each flight, the standard deviation of the surface temperature is set in connection to the 10 m wind speed as the
10-min average around target time, shown as points. The correlation coefficient (r) is �0.38; the significance is 0.04
(p-value). The color of the points indicates the average surface temperature of the whole flight, as presented in the
colorbar. The different point shapes represent the flight types: Central Observatory (CO, circle), L-Site/regional (cross),
and events (square).
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4.1. Lead formation during the November storm

event

Here, we discuss the storm event, which happened from
November 16 to November 20, 2019 (Rinke et al., 2021).
This event had a major influence on the MOSAiC Central
Observatory due to several leads appearing across the
measurement sites. It significantly influenced several mea-
surements (Nicolaus et al., 2022; Shupe et al., 2022)
including snow transport as discussed in Nandan et al.
(2023). We conducted one flight before (November 12)
and one flight after (November 19) the storm and com-
pare both flights in Figure 6. This storm event with high
wind speeds was associated with warm air advection. It
resulted in the break-up of the sea ice along various frac-
ture lines, which are visible in Figure 6B and D. The
surface temperatures on November 19 after the storm

were overall higher than before the storm event (mind
the different temperature scales for Figure 6A and C
versus Figure 6B and D). Before the storm, there were
a few narrow cracks in the outer areas of the flight pattern
(Figure 6A), but no prominent cracks in the vicinity of RV
Polarstern (Figure 6C). The surface temperature map of
November 19 includes warm linear structures throughout
the CO area and beyond (Figure 6B and D), which caused
an increase of lead area fraction from 0.07% (Figure 6C)
to 1.73% (Figure 6D) and therewith to a higher surface
temperature variability.

4.2. Scale dependence of the lead area fraction

evolution

Here we discuss the spatio-temporal variability of the lead
area fraction, which was calculated based on our lead

Figure 6. Surface temperature maps before and after the November storm event. Comparison of two time-fixed
surface temperature maps displayed in relative coordinates (A and C) before the storm event on November 12, 2019,
and (B and D) after the storm event on November 19, 2019, with their respective CO area around RV Polarstern (0,0).
Note the different temperature ranges, adjusted to allow clearer visibility of the spatial variability of the temperature.
For the flight on November 19, an increased area of warmer temperatures (reddish) is prominent.
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classification (Section 2.3). The local lead area fraction
(orange line in Figure 7) is constrained to the CO area of
3 � 3 km (Figure S3 in the supplemental material). In the
CO area, the same area around RV Polarstern was always
covered, facilitating a better comparison of lead area frac-
tion during the winter season than for the entire area cov-
ered by local flights. For the local flights, only the data in
the CO area are considered. In most cases, the CO area lead
area fraction is close to the one for the full local flights that
are not constrained to the CO area (not shown). Only on
October 20, 2019, is there a large difference in lead area
fraction (1.3% for the CO area; 10.2% for the full local
flight), because the majority of the detected leads were
outside of the CO area. The data coverage of the CO area
of more than 50% was achieved for all flights, and for the
flights after November, the data coverage was higher at
more than 75% (Figure S4 in the supplemental material).

The lead area fraction within the CO area shows high
temporal variability between 0% and 4%, but no trend
can be seen in the temporal evolution (Figure 7, orange
line). For the November storm event (Section 4.1), the lead
area fraction for the CO area increased from close to zero
on November 12 to 1.7% on November 19. This lead area
increase noticeably changed the heat exchange between
ocean and atmosphere (Lüpkes et al., 2008).

For the regional scale, the lead area fraction was steady
and low, between 0% and 1% until mid-January. Toward

the end of the winter season on March 21, 2020, the lead
area fraction increased to up to 4%. This increase in lead
area fraction might be related to the increased number of
storm events between January and April, compared to
previous months (Section 3.1). Sea ice concentration and
related lead area fraction strongly changed during and
after passing of storms, in particular systems of several
storms (Aue et al., 2023).

We can compare our results with other MOSAiC stud-
ies: e.g., Kortum et al. (2022) performed an ice classifica-
tion based on synthetic aperture radar (SAR) satellite data
during winter on the same scale (3 � 3 km) as our CO
area. Our leads should be represented by the sum of open
water and the young ice classes of their study, where daily
data are available (higher temporal resolution than our
data). Their daily data generally show a comparable mag-
nitude to our lead area fraction below 5% in mid-winter
but exceed this value on a few days by up to 15% around
November 23, 2019. Additionally, during March and April,
their lead area fraction is for a longer time on a higher
level of up to 10%. The high values at the beginning of the
winter in Kortum et al. (2022) might be caused by the
characteristics of their method based on SAR data. The
same method from Kortum et al. (2022) was applied on
the regional scale with a 50 km radius (not shown). This
regional lead area fraction peaked in mid-November at
6%, stayed below 4% and even lower during mid-winter,

A

B

Figure 7. Evolution of the lead area fraction on different scales. (A) 10 m wind direction (North is up) as a 7-day
running mean. (B) Temporal evolution of the lead area fraction throughout winter 2019/2020 from October 2, 2019,
to April 23, 2020. The orange points show the lead area fraction for the Central Observatory (CO) area. The blue points
illustrate the lead area fraction for the regional flights, visiting the L-Sites. The gray line shows the 10 m wind speed
averaged to a 7-day running mean. Time is indicated as day-month-year. Note that there might have been a minor
influence by in and out coming support vessels, which could have increased the lead area fraction by breaking the ice.
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and increased in the second half of March to 7% (Karl
Kortum, personal communication, 08/12/2022). While
we did not capture their peak in November and the abso-
lute values differ by a few percentage points, the evolution
of regional lead area from SAR data aligns well with our
time series.

The evolution of regional lead area fraction also agrees
well with another regional SAR-derived time series from
Guo et al. (2022; scale of 71 � 71 km and 28 � 28 km).
Their study shows a lead fraction range of 0–4% similar to
ours, and their lead fraction also starts to increase in
March.

The increase in lead area fraction observed in March in
our data also aligns with the temporal evolution of lead
area in Krumpen et al. (2021) based on MODIS satellite
TIR data at a regional scale with a 10 km and 50 km radius.
However, they observed a distinctly higher lead area frac-
tion of up to 20%, derived from MODIS TIR satellite data.
In summary, our results, derived for 3 km and 20–40 km
scales, align reasonably well with the two SAR-based stud-
ies, despite the different temporal and spatial sampling,
while for the MODIS TIR-based study the temporal evolu-
tion agrees but the absolute values differ.

Within our data, we observed scale-dependent differ-
ences in the lead area fraction, with less variability on the
regional scale than on the local CO scale but no trend in
the local scale, while the regional lead area fraction
increased throughout the winter (Figure 7). Nevertheless,
the overall magnitude was similar. Thus, the CO area is
representative of the measurement sites in the CO of the
MOSAiC expedition but the temporal development does
not necessarily represent the lead area fraction on a larger
scale. Nonetheless, the local data are helpful for a better
understanding of the condition at and around the
MOSAiC CO, particularly in connection to other in-situ
measurements.

Our lead area fractions (0–4%) are comparable to other
previous studies for different years and regions, with
1–2% reported by Marcq and Weiss (2012) and 2–3%
reported by Lindsay and Rothrock (1995); both these win-
ter lead area fractions were also derived in the central
Arctic. Generally, the lead area fraction for the MOSAiC
winter seems to align with the climatological mean,
although it might have been influenced by the changing
location due to the MOSAiC drift (Krumpen et al., 2021).
Yet, comparing different lead area fraction retrievals
remains challenging because of different definitions of
leads, e.g., open leads versus leads covered by thin ice or
even frost flowers, and the difference in methods used on
different scales (von Albedyll et al., 2023).

4.3. Influence of atmospheric forcing

We are interested in the connection between lead area frac-
tion and wind speed and wind direction, because wind
events can cause increased ice movement and, therefore,
possibly create more leads. Thus, we compared our lead area
fraction to the 10 m wind speed and 10 m wind direction
observations. We used the 7-day running mean to find pro-
minent wind regimes rather than short-term fluctuations

because we cannot represent these fluctuations with the
limited temporal frequency of the helicopter flights.

Within the wind speed time series (Figure 7B), a few
wind speed peaks are associated with changes in lead area
fraction. Additionally, changes in the wind direction
(Figure 7A), can introduce stress into sea ice that causes
the ice to break up, resulting in an increased lead area
faction. During our observation period, there were several
wind direction changes within a short period of time. Our
flights are only snapshots of a specific time with a weekly
to biweekly frequency, while leads can open and close
within hours; however, in most cases, they prevail for
several days if not closed by another ice dynamic event.
Eventually, the ice thickness and snow accumulation in
leads becomes too thick to be discernible from the sur-
rounding ice in TIR imagery.

Based on this knowledge, we suggest that high wind
speed together with changes in wind direction can be the
reason for an increase in the lead area fraction, as for the
local scale during the November storm event (Section 4.1).
Increases in wind speed alone are not the only reason
causing changes in the lead area fraction. On the one
hand, the highest local lead area fraction within the CO
area of 4% at the end of December 2019 occurred after
a regime of high wind speeds that lasted several days.
During this increase in local lead area fraction the wind
direction also changed, which might have caused a relaxa-
tion of the ice stress and an opening of leads even at lower
wind speeds after the higher wind speed regime. On the
other hand, during an increased wind speed regime in
mid-January, when the regional lead area fraction
increased, no leads were present on the local scale.

An additional atmospheric influence is the wind direc-
tion, particularly its changes. In December 2019, there
were several strong changes in direction that potentially
contributed to the increase in the lead area fraction since
the beginning of December. Also, changes in wind direc-
tion could have caused changes in the lead area fraction at
the end of December, as discussed above, and at the
beginning of January 2020. As for the wind speed, we
identify the wind direction as a contributing factor influ-
encing lead area fraction.

The high variability in lead area fraction, especially for
the local CO area, illustrates that local changes are limited
in representing large-scale changes. Nevertheless, the local
lead area fraction, when combined with other interdisci-
plinary measurements collected during MOSAiC, is useful
for gaining a better understanding of physical processes
like lead development or the influence of leads on the
atmosphere or ocean.

5. Small-scale lead properties
In this section, we present results on the distribution of
lead orientation and lead width for 1 m resolution data
derived through lead segmentation (Section 2.4). Orienta-
tion and width may be critical parameters for evaluating
the turbulent heat flux from leads (Tschudi et al., 2002).
On the one hand, the efficiency of the heat transfer
depends on the orientation relative to the wind direction
(e.g., Tetzlaff et al., 2015). On the other hand, the heat

Thielke et al: Small-scale leads based on winter sea ice surface temperatures Art. 12(1) page 11 of 20
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/12/1/00023/812897/elem

enta.2023.00023.pdf by guest on 25 April 2024



transfer is more efficient for narrow leads, which makes
the transfer dependent on the lead width distribution
(Marcq and Weiss, 2012).

5.1. Lead orientations

A good understanding of lead orientations is crucial
because they represent the ice dynamics of the sea ice
(Lindsay and Rothrock, 1995). Ringeisen et al. (2019)
emphasized the lack of knowledge of lead orientation at
the floe scale because of missing high resolution observa-
tions. Here, the MOSAiC observations contribute new
data. Better knowledge of small-scale leads is also crucial
for a good representation of ice rheology in sea ice models
(Hutter et al., 2018; Ringeisen et al., 2021). The orientation
of leads shows the effect of ice dynamics in sea ice, and is
connected to prevailing regional wind and ocean currents
(Lindsay and Rothrock, 1995). In the long term, leads have
a non-random orientation during the Arctic winter, mainly
influenced by coastlines and atmospheric and oceanic cur-
rents (e.g., Bröhan and Kaleschke, 2014). In general, the
distribution of lead properties, including width and orien-
tation, shows similarities across a wide range of scales
between centimeters and kilometers (Schulson, 2004).

We analyzed lead orientations of nine local flights (full
coverage, i.e., not restricted to the CO area), which in the CO
area have a lead area fraction of �1%. This percentage
ensures a sufficient presence of leads to perform a statistical
analysis of lead orientations.We did not connect single lead
segments (Section 2.4), which might have been parts of
a single larger lead. This approach is sufficient for statistical
lead width and lead orientation distribution analysis. Fur-
thermore, we binned the lead orientations of each flight in
5� steps uniformly between �90� and 90�.

Comparing the nine flights between October 20, 2019,
and April 23, 2020, we see a high temporal variability in
the lead orientation distribution (see three examples in
Figure 8), also shown for passive microwave-based

analysis in Bröhan and Kaleschke (2014).We see a variation
in the primary lead orientation throughout the winter but
no prevailing orientations on longer time scales, poten-
tially influenced by the changing location of the MOSAiC
drift (see Text S2, Table S2, and Figure S5 in the supple-
mental material for more details).

There is a difference between using all data and the
subset restricted to leads that are included in the power
law, i.e., leads with >3 m width (see Section 5.2), but
overall both approaches show the same picture (Figure 8).
The variability of the lead orientations might depend on
the regional wind patterns that create direction-related
fracture patterns. An investigation of the reasons for the
variability in lead orientation is beyond the scope of this
study. Different to many previous studies is that that our
data sets were collected far from land, which can intro-
duce prevailing lead orientation by restricting ice drift in
one direction, and that we were following the Lagrangian
approach of the MOSAiC drift, which results in different
locations of the Arctic Ocean being monitored.

5.2. Lead width

We discuss here the power law scaling of lead width (i.e.,
many more narrow leads than wide leads). Equation 1
gives the relation between lead width and number of
observed leads (as probability density) of a respective
width assuming a power law relationship:

f ðxÞ ¼ ax�b: ð1Þ

The parameter a is the scaling parameter that is related
to the number of measurements but is not further ana-
lyzed here. The parameter x is the variable lead width, and
b is the power law exponent, determining the (negative)
slope. Thus, a larger power law exponent b results in
a steeper, i.e., more negative power law. The ratio of the
classified segment area (shown in red in Figure 3) and the
major axis length of the ellipse approximates the lead

Figure 8. Orientation angles of leads for three example cases. Probability density distribution for the orientation
angles of the flight from (A) January 7, 2020, (B) January 28, 2020, and (C) March 21, 2020, as polar histogram. The
radius indicates the probability density, which is different for all three cases. Only lead segments with an axis ratio
(major/minor) �2 are included.We discriminate between two cases: leads of all widths included (gray), and only leads
with a minimum width of 3 m included (orange). The lead orientation has a range of only 180�, but is valid in both
directions; they are mirrored to the opposite direction (slightly transparent). The total number of lead segments used
for the histograms (270� to 90� only) for all width are (A) 1,736, (B) 1,326, and (C) 1,378; and for width �3 m are (A)
500, (B) 303, and (C) 464.
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width. We detected in total 33,855 lead segments in our
classified maps for all 35 flights. The number of segments
should not be mistaken as the number of leads as smaller
lead segments were not connected. The detected lead
width varied between 1 m and 464 m.

For the distribution of the lead widths, we performed
a linear fit with Equation 1 (Figure 9A) in the log-log
space with logarithmic bins. We excluded leads smaller
than 3 m width because they were too close to the spatial
resolution of the data set to be fully resolved in the seg-
mentation, as seen in the deviation from the power law
below 3 m in Figure 9. This closeness is confirmed by the

stabilization of the power law exponent for a minimum
lead width of 3 m and larger (Figure S6 in the supplemen-
tal material). However, for a minimum lead width between
9 m and 26 m the power law exponent increases slightly.
We do not know the reason for the increase but we
hypothesize that the value is less reliable because of the
strong decrease in number of lead segments that are avail-
able for the power law fit with increasing minimum lead
width. Our power law is calculated up to the lead width of
336 m (largest logarithmic bin).

The resulting exponent of b ¼ 2.63 agrees with litera-
ture values at the upper end of the previously found range

Figure 9. Lead width distribution with the power law fit for all and single flights. (A) The logarithmic frequencies
of the lead widths of all 35 flights combined, and binned logarithmic, are represented as black points. The dashed
blue line shows the negative power law fit exponent b ¼ 2.63. The power law fit is constrained to the lead width �3 m.
(B) Time series of the power law exponent for all 35 flights between October 2, 2019, and April 23, 2020, with black
for local flights, blue for regional flights, and green for other flight types. The horizontal line marks the exponent of all
flights (2.63) from panel A.
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of exponent values (2.0 to 2.6; Wadhams, 1981; Wadhams
et al., 1985; Marcq and Weiss, 2012; Wernecke and
Kaleschke, 2015; Qu et al., 2019) and confirms the com-
patibility with other data sets. From the stability of b (Fig-
ure S6) we estimated the uncertainty of our b to be
smaller than the range of the literature values of 2.0–
2.6, as summarized in Muchow et al. (2021). Lindsay and
Rothrock (1995) determined a smaller exponent of 1.6 ±
0.18 (less steep), which might differ because the power
law is calculated to the lead width that is equal to the
spatial resolution, and we see in our data that the power
law is not valid close to the spatial resolution where the
slope between the bins has a smaller absolute value.

In previous studies, the range of the power law expo-
nent (dependent on the instrument and resolution) was
determined starting between 20 m and 2 km lead widths
(Muchow et al., 2021). Our study adds to the lower end of
lead width, with a range down to 3 m, and shows that the
power law agrees with other methods and resolutions. As
expressed by the power law, there are many more leads
with small lead width that were not resolved in previous
studies. Also, our smallest resolvable lead width of 3 m is
not likely the end of the lead width distribution. There
were likely many cracks with a smaller width, which we
did not resolve (but which can also be important for, e.g.,
heat flux estimates). Our exponent has the largest abso-
lute value (i.e., most negative) compared to the literature
values. The other studies were also based primarily on
winter data (October–April) but were performed in differ-
ent regions of the Arctic, which might have influenced the
results due to different characteristics of the ice rheology.
The power law distribution tells us that there are many
more narrow leads than wider leads, which emphasizes
the importance of small-scale features. The area contribu-
tion of the smallest leads were: 4% for lead width <3 m,
which is below the minimum lead width of the power law;
64% for lead widths between 3 m and 100 m; and 32% for
lead width >100 m.

Additionally, we found a seasonal dependence of the
power law exponent, with a tendency of the exponent to
increase throughout the winter season (Figure 9B). This
seasonal increase in the power law exponent can also have
a spatial component because of the drift into different
regions during MOSAiC (Figure 1). The lowest absolute
value of 2.14 for the power law exponent occurs at the
start of the winter season in October (freeze-up time and
consolidation of the ice north of the Laptev Sea), followed
by a steady increase to 2.63 on January 7, 2020 (central
Arctic). After another increase, the exponent then stabi-
lizes at around 2.74 in March and April (North of Sval-
bard). We did not cover the melting and summer season,
which again might introduce a change to the exponent.
For the power law exponent, there is: no scale depen-
dence, i.e., no variation between local and regional flight,
nor on the same day (compare black and blue dots on
Figure 9B); and no clear effect on the exponent by a rapid
change in lead area fraction (Section 4.2) caused by, e.g.,
the November storm event between the flight on Novem-
ber 12 and November 19, 2019 (Section 4.1).

Lindsay and Rothrock (1995) presented the monthly
average of the absolute value of the power law exponent
for the central Arctic, with a decrease in the exponent
from February to April, an increase between August and
October, and another decrease from October to December.
This pattern suggests a minimum power law exponent
during summer, but there are no data for May, June, and
July in Lindsay and Rothrock (1995). Our results present
an opposite pattern to their findings, as we calculated an
increase in the absolute value of the power law exponent
between October and December and a stable exponent
between February and April.

To provide possible explanations for why the power law
exponent increases (relatively more narrow leads)
throughout the winter in our case, we consider the follow-
ing. Three exponents in October and at the beginning of
November are low (2.1 to 2.3), probably because during
the freeze-up phase the ice floes were still in free drift,
which could cause relatively wider leads (a decrease in the
exponent). The power law fit for these three flights devi-
ates from the other flights. In December and January, the
exponent increases from 2.5 to 2.7, which may be related
to a more consolidated and thicker ice pack far away from
the coastlines. These properties can be caused by a change
in internal ice strength. This time period is also character-
ized by fewer storms and lower wind speeds (Figure 7).
The stabilization at the end of the winter may be showing
the maximum power law exponent that can be reached
during winter before it decreases toward the melt season
with free drift conditions (not included in our data set).

The clear power law relationship for the lead width
found here supports the validity of our lead property data
and that representative statistical conclusions can be
obtained from it. Our results indicate that many leads in
satellite remote sensing products with coarser spatial reso-
lutions are not resolved. That many small leads are not
resolved in satellite data could already be extrapolated from
the power law found in previous studies, but is shown here
for the first time down to a lead width of 3 m. Our widest
leads are still narrower than the resolution of about 1 km of
TIR satellites. Lead retrieval results vary (e.g., in frequency
and how thick the ice in the lead can be) between different
remote sensing approaches (von Albedyll et al., 2023). Thus,
direct and absolute comparison of lead retrievals can be
difficult for different products and resolutions. Neverthe-
less, the same physical principles (like the power law cor-
respondence) are valid for different scales and resolutions
(Wernecke and Kaleschke, 2015). We recommend that any
lead width study should check and demonstrate that the
power law scaling conditions have been fulfilled to increase
confidence in the validity of the results obtained.

6. Discussion and conclusions
In this study we used high resolution surface temperature
maps obtained from helicopter flights to examine small-
scale lead properties along the MOSAiC drift during the
winter season. On a local (5–10 km) and regional (20–40
km) scale, we investigated the variation in surface
temperatures and the derived lead properties in time
and space.
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First, we investigated the surface temperatures and
found: that its temporal variability was influenced by
meteorological changes, such as warm air intrusions, often
associated with high wind speeds; and that spatial vari-
ability over thick ice decreased as wind speed increased.
Overall, the temporal evolution of the surface temperature
followed the seasonal cycle of the 2 m air temperature.
However, the results from the different flight patterns
revealed scale-dependent differences in the spatial tem-
perature variability. Understanding the surface tempera-
ture variability on a small scale in the central Arctic is
crucial because of the lack of information on the meter
scale. So far, TIR satellite data with a resolution of 1 km or
coarser are the commonly used products in the Arctic.

Next, we retrieved classified lead maps for each flight
based on a lead classification applied to the surface tem-
perature maps using a dynamic temperature threshold.We
observed scale-dependent differences for the derived lead
area fraction as for the surface temperature variability.
Here, the presence of leads with much higher surface
temperatures compared to surrounding sea ice contri-
butes to the spatial surface temperature variability.We see
a high variability between 0% and 4%o of the local lead
area fraction, e.g., the increase in lead area fraction during
the November 2019 storm. On a regional scale, there was
a more stable lead area fraction between 0% and 1% until
January, followed by an increase to 4% in March. Temporal
changes in lead area fraction were influenced by the wind
conditions, i.e., speed and change of direction. This tem-
poral lead area evolution agrees well with other MOSAiC
studies on the local and regional scale.

Besides the lead area fraction, the properties of the
single leads are crucial for sea ice processes on small
scales. We investigated the lead width and orientation for
all lead segments observed on each of the 35 flights. The
three main findings are: (1) the lead width distribution
followed a power law (Equation 1) with a negative expo-
nent of b ¼ 2.63 (narrow leads dominated over wide
leads), which is consistent with previous research (b ¼
1.6–2.6); (2) the power law exponent increased over the
course of the winter; and (3) small-scale leads typically had
one primary orientation. However, that orientation chan-
ged between the flights, throughout the winter season
and with the changing location of the MOSAiC drift. Thus,
no overall prevailing orientation was found. The abun-
dance of small-scale leads emphasizes the need to better
understand their physical processes, where our high spa-
tial resolution data can help. These narrow leads are not
included individually in the current TIR satellite data of
about 1 km resolution (e.g., MODIS, which provides sub-
footprint lead fraction but no information on the distri-
bution of lead width, e.g., if there is one large lead or
several small leads).

Concluding, we find that the surface temperature maps
are a valuable data set to investigate the spatial and tem-
poral variability of the sea ice surface during winter. The
strong temperature contrasts that we encountered during
winter allowed us to classify leads and determine their
properties, particularly their width and orientation. The

following three key points highlight the main results of
this study:

1. Winter surface temperatures showed a seasonal evo-
lution with spatial scale-dependent variability (Sec-
tion 3);

2. Lead fraction evolution differed on the local and
regional scale, affected by the wind conditions, like
the November storm (Section 4); and

3. Lead width distribution follows a power law with an
exponent similar to literature values down to a lead
width of 3 m (Section 5).

From this study, we identify a need for subgrid-scale
parameterization of small-scale physical sea ice properties,
like the lead width distribution, in satellite products and
models. Meeting this need is essential for Arctic-climate
investigations because the ocean–atmosphere heat
exchange does not scale linearly with lead area fraction and
is larger for narrower leads (Marcq and Weiss, 2012). Such
investigations can help to improve the representation of
small-scale processes of Arctic sea ice in winter. In a separate
study (Thielke, 2023, Chapter 6), we perform a one-to-one
comparison of the high resolution helicopter-borne data of
this study with TIR satellite data, i.e., MODIS ice surface
temperatures. The aim is to assess how well the impact of
leads on the atmosphere is represented in the satellite
retrieval. Additionally, comparisons with the deformation
rate from buoy grids on different scales or inter-
comparison with helicopter-borne topography data could
be used to better understand the characteristics of leads
encountered during the MOSAiC expedition.
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Rabe, B, Loose, B, Damm, E, Gradinger, R, Fong,
A, Maslowski, W, Rinke, A, Kwok, R, Spreen, G,
Wendisch, M, Herber, A, Hirsekorn, M,Mohaupt,
V, Frickenhaus, S, Immerz, A, Weiss-Tuider, K,
König, B, Mengedoht, D, Regnery, J, Gerchow, P,
Ransby, D, Krumpen, T, Morgenstern, A, Haas, C,
Kanzow, T, Rack, FR, Saitzev, V, Sokolov, V,
Makarov, A, Schwarze, S, Wunderlich, T, Wurr,
K, Boetius, A. 2021. MOSAiC extended acknowl-
edgement. Zenodo. DOI: http://dx.doi.org/10.
5281/zenodo.5541624.

Qu, M, Pang, X, Zhao, X, Zhang, J, Ji, Q, Fan, P. 2019.
Estimation of turbulent heat flux over leads using
satellite thermal images. The Cryosphere 13(6):
1565–1582. DOI: http://dx.doi.org/10.5194/tc-13-
1565-2019.
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Tetzlaff, A, Lüpkes, C, Hartmann, J. 2015. Aircraft-based
observations of atmospheric boundary-layer modifi-
cation over Arctic leads. Quarterly Journal of the
Royal Meteorological Society 141(692): 2839–2856.
DOI: http://dx.doi.org/10.1002/qj.2568.

Thielke, L. 2023. Winter sea ice characteristics in the cen-
tral Arctic from thermal infrared imaging [PhD the-
sis]. Bremen, Germany: University of Bremen. DOI:
http://dx.doi.org/10.26092/elib/2305.

Thielke, L, Huntemann, M, Hendricks, S, Jutila, A,
Ricker, R, Spreen, G. 2022a. Helicopter-borne
thermal infrared sea ice surface temperature maps
with 1 m resolution during the MOSAiC expedi-
tion, NetCDF format, version 3 [dataset]. PAN-
GAEA. DOI: https://doi.org/10.1594/PANGAEA.
950683.

Thielke, L, Huntemann, M, Hendricks, S, Jutila, A,
Ricker, R, Spreen, G. 2022b. Sea ice surface tem-
peratures from helicopter-borne thermal infrared
imaging during the MOSAiC expedition. Scientific
Data 9(1): 1–16. DOI: http://dx.doi.org/10.1038/
s41597-022-01461-9.

Thielke, L, Huntemann, M, Spreen, G. 2022c. Lead clas-
sification maps from helicopter-borne surface tem-
peratures with 1 m resolution during the MOSAiC
expedition [dataset]. PANGAEA. DOI: https://doi.
org/10.1594/PANGAEA.951568.

Tschudi, MA, Curry, JA, Maslanik, JA. 2002. Character-
ization of springtime leads in the Beaufort/Chukchi
seas from airborne and satellite observations during
FIRE/SHEBA. Journal of Geophysical Research:
Oceans 107(C10): 1–14. DOI: http://dx.doi.org/10.
1029/2000jc000541.

Vihma, T, Pirazzini, R. 2005. On the factors controlling
the snow surface and 2-m air temperatures over the
Arctic sea ice in winter. Boundary-Layer Meteorology
117(1): 73–90. DOI: http://dx.doi.org/10.1007/
s10546-004-5938-7.

Vihma, T, Pirazzini, R, Fer, I, Renfrew, IA, Sedlar, J,
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