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Advisor: Mark R. Anderson

The timing of snowmelt onset (MO) on Arctic sea ice derived from passive
microwave satellite data is examined by determining the melting area (in km?) on a daily
basis for the spring and summer melt season months over the 1979 — 2012 data record.
The date of MO on Arctic sea ice has important implications for the amount of total solar
energy absorbed by the ice-ocean system in a given year. Increasingly early mean MO
dates have been recorded over the 34-year data record. Statistically significant trends
indicate that MO is occurring 6.6 days decade™ earlier in the year over all Arctic sea ice
extent. Larger trends exist in sub-regions of the Arctic Ocean including the Barents, Kara,
Laptev, East Siberian, Chukchi, and Beaufort Seas and in the Central Arctic region. The
Bering Sea is the only sub-region of the Arctic that has a positive trend in mean MO date
indicating that melting is occurring later in the year. Temporal and spatial variability in
melting events are examined in the time series of daily MO areas via the identification of
several types of melting events. These melting events are characterized based on the
magnitude of area melted and duration of the event. Daily maps of MO during melting
events are compared with the atmospheric conditions from reanalysis data to investigate
the nature of spatial variability in melting area. The occurrence of transient cyclones
tends to produce large, contiguous areas of melting on sea ice located in the warm sector
of the cyclone. By contrast, high pressure and attendant clear sky conditions tend to

produce sporadic, discontinuous areas of melting area. Interannual variability in daily



MO area is assessed using an annual accumulation of daily MO area for each melt season.
Trends in mean MO dates are evident in the annual accumulations, however, regional
variability is high and outlier events can occur. This work illustrates the need for a better
understanding of the synoptic weather conditions leading to specific patterns in MO area

to improve the predictability of early season Arctic sea ice response to a changing climate.
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CHAPTER 1 - INTRODUCTION

Arctic sea ice is a sensitive indicator of climate change that has seen remarkable
changes over the last several decades. Due to the large size and inhospitable conditions
in the Arctic region, consistent in situ observations of sea ice characteristics are relatively
hard to come by. Therefore, one of the best tools to study changes in sea ice are remotely
sensed observations via satellite. A mostly consistent record of sea ice from passive
microwave sensors begins in late 1978 and continues through present day.

At first glance, melting on Arctic sea ice appears straightforward. When melting
atop the sea ice first begins, the surface albedo of bare ice and any snow cover overlying
the sea ice is reduced, leading to more melt. The positive feedback loop that occurs
causes melt ponds to form on the ice surface, leads open up in the ice pack, and
eventually the ice can melt away completely. However, sea ice is coupled to both
atmospheric conditions and ocean circulation and direct correlations between the onset of
melting in the spring and the late summer sea ice extent minima have not been found.

Trends in early melt onset (MO) have been documented on the sea ice over the
last several decades; however, existing studies of MO reduce the usefulness of the data
by averaging the data spatially and temporally. While this technique provides a useful
summary for climate studies, the spatial and temporal patterns in the data within a given
year are lost. This work is aimed at investigating those shorter time scale variations in
the timing of MO in the spring and the related spatial patterns in MO in response to

synoptic scale atmospheric conditions at the surface. In particular, the weather patterns



causing surface air temperatures to warm to the freezing point and induce MO are
investigated to relate the atmospheric conditions with distinct spatial patterns in MO.

This study is designed to examine temporal and spatial patterns in the onset of
melting on Arctic sea ice on a daily basis during the melt season for years 1979 — 2012.
The dataset provides annual maps of the day from the first of year on which MO was
detected on Arctic sea ice. This work provides summary statistics for the record of MO
dates and reports statistically significant decadal trends in the onset of melting for the
Arctic as a whole and for sub-regions within the Arctic.

To examine patterns in MO on a daily basis, the area of melting (in km?) is
calculated from the MO date maps for each year. Time series of the daily MO area reveal
distinct melting events that are described and characterized based on the magnitude of
area melted, the duration of the melting event, and the timing of when the event occurs
during the melt season. Several case studies representing various melting event types
identified in the daily time series of MO area are examined in detail to determine the
spatial patterns in MO that occur. Further, mean sea level pressures, temperatures, and
surface winds are used to summarize the weather conditions present at the time of MO.

Finally, interannual variability in the timing of daily MO areas is examined by
summing the daily MO areas through each melt season producing an accumulation of
MO area. Comparisons of annual MO area accumulations reveal regional and
interannual variability in melting area and a shift in melt onset timing over the data
record. The ultimate goal of this work is to begin identifying the surface weather patterns

at the onset of melting that are driving observed trends in MO. Linking MO patterns with



atmospheric conditions could improve our understanding of changes in the increasingly

sensitive Arctic sea ice and improve predictability of MO timing in the future.



CHAPTER 2 — SCIENTIFIC BACKGROUND
ARCTIC SEA ICE CHANGE AND MELT ONSET

2.1 Sea ice change over the satellite record

A largely consistent record of sea ice has been created using passive microwave
satellite observations beginning in late 1978 through present day. These data were
collected at a 25 km x 25 km resolution first by NASA’s Scanning Multichannel
Microwave Radiometer (SMMR) sensor onboard the Nimbus-7 platform during the years
1979 — 1987 and subsequently the Defense Meteorological Satellite Program’s series of
Special Sensor Microwave Imager (SSM/I) and Sounder (SSMIS) sensors onboard the F8,
F11, F13, and F17 platforms from 1988 — present. Throughout this data record, one
aspect of sea ice change that has received the most attention is the annual minima of sea
ice extent, which occurs during September, following the summer melt season. Record-
low annual sea ice extents have been recorded numerous times during the last decade,
most recently on 13 September, 2012 when an extent minimum of 3.4 x 10° km? was
reached [Parkinson and Comiso, 2013], exceeding the previous record set on 14
September, 2007 (Figure 2.1) by 0.2 x 10° km* [Comiso et al., 2008]. The reductions in
sea ice extent allow for increased absorption of heat flux by the ocean which increases
atmospheric temperatures, leading to a delay in the timing of freeze up in the fall and
winter. The delay in fall freeze-up delays the closing off of ocean heat-flux in the fall
and winter months leading to increased warming and reduced sea ice growth during the

winter.



Arctic Sea Ice Extent
(Area of ocean with at least 15% sea ice)

— 2012

Extent (millions of square kilometers)

National Snow and Ice Data Center, Boulder CO

- — 2007
4 —
- =— 1979—2000 Average
- +2 Standard Deviations
2 I I |

Jun Jul Aug Sep Oct

15 Sep 2012

Figure 2.1 Extent of Arctic sea ice (in millions of km?) for record-breaking ice minima
years 2012, 2007, and 2005 versus the 1979 — 2000 average sea ice extent [From NSIDC
2012].

The reductions in sea ice areal extent observed are consistent with overall
reductions in Arctic sea ice volume. Sea ice is becoming increasingly young and thin
[Maslanik et al., 2007, 2011; Kwok et al., 2009; Comiso 2012] which makes it more
susceptible to melting throughout the spring and summer months when air temperatures
warm and the amount of solar radiation in the polar region increases [Ngheim et al.,
2007; Lindsay et al., 2009]. Unsurprisingly, following the 2007 record-low sea ice extent
minima, the January 2008 multiyear ice extent (Figure 2.2d) was also extremely low

[Comiso 2012]. The thicker, multiyear sea ice that does exist in recent years is primarily



concentrated on the North American side of the Arctic, north of the Canadian Arctic
Archipelago (Figure 2.2). At the same time, the proportion of thin first-year ice, which
has not survived through a melt season, is increasing. This thinner sea ice is more readily
melted and transported by ocean currents and surface winds [Stroeve et al., 2011; Comiso
2012]. Divergence as the sea ice is transported by winds and currents tends to spread out
the sea ice, reducing the ice concentration and increasing the proportion of dark, open
ocean, allowing for easier melting of the remaining sea ice [Stroeve et al., 2011]. The
atmospheric conditions during the melt season and in preceding years influence the

amount of sea ice able to survive the melt season.
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Figure 2.2 January multiyear ice concentration for years 2005 — 2010 [from Comiso
2012].

2.2 Sensitivity of sea ice to atmospheric conditions

At the regional scale, it has been shown that the annual low sea ice extent, which
typically occurs in September, is influenced by several preconditioning factors that force
a thinner sea ice pack at the beginning of the melt season. Further, atmospheric forcing

through the spring and summer can increase melt and transport of the weakened, thin sea



ice through the melt season [Rigor and Wallace, 2004; Maslanik et al. 2007; Deser and
Teng, 2008; Ogi et al., 2008]. These preconditioning factors can include the extensive
loss of multiyear sea ice in previous years [Ngheim et al., 2007], overall thinning of the
multiyear ice cover [Kwok et al., 2009], changes in winter sea ice motion and
concentration [Rigor et al., 2002; Deser and Teng, 2008], and warmer temperatures
hindering growth of sea ice extent and thickness in winter months [Comiso et al., 2008].
Reduced ice volume at the beginning of the melt season results in a greater potential for
extremely low sea ice extent, even following an average melt season in terms of volume
melted.

Summer weather conditions can compound the effects from preconditioning,
producing record low sea ice extent minima such as occurred September 2007 [ Comiso et
al., 2008] and September 2012 [Simmonds and Rudeva, 2012; Parkinson and Comiso,
2013]. Compounding summer circulation influences can include: enhanced warm air
advection via southerly surface winds, the wind-driven transport of ice northward away
from the coastlines, and increased export of sea ice out of the Arctic completely [Zhang
et al., 2000; Comiso et al., 2008; Ogi et al., 2008; Lindsay et al., 2009]. In fact, slight
displacements in the relative location of surface low or high pressure systems can greatly
change the local ice transport and influence local sea ice extent on a day-to-day basis
[Maslanik et al., 2007]. Although these conditions can produce extremely low sea ice
extents, Tietsche et al. [2011] show that the sea ice recovers quickly, on the order of two
years time, following an anomalous event due to the quick exchange of excess heat flux
in the Arctic. However, this point is argued in the literature as it is likely that the record

sea ice extent minima in 2007 and in following years has increased heat in the ice-ocean



system such that it will be difficult for sea ice to grow enough during winter to be able
to survive a summer melt season [Comiso 2012].

Research shows that declining sea ice thickness [Nghiem et al., 2007; Kwok et al.,
2009] leaves the ice cover more susceptible to melt forcing conditions such as anomalous
winds advecting sea ice away from the coast and increased ice transport out of the Arctic
[Ogi and Wallace, 2007; Comiso et al., 2008; Lindsay et al., 2009]. Preconditioning of
the ice cover (e.g. reduction in overall sea ice volume and loss of multiyear ice, increased
proportion of thin, seasonal ice, etc.) [Comiso et al., 2008] leaves the sea ice more
vulnerable to episodic melting events during the summer such as occurred during “The

Great Arctic Cyclone of August 2012,” coined by Simmonds and Rudeva [2012].

2.3 The ice-albedo feedback loop

The surface albedo of sea ice changes throughout the year depending on the
conditions of the ice surface. Fresh snow has a relatively high albedo of 0.846 [Perovich
et al., 2007] and typically falls on the sea ice through mid-May [Curry et al., 1995]. As
the snow cover ages, the albedo is reduced, nearing 0.8075 as the snow begins melting
[Perovich et al., 2007]. As the snow cover continues to melt and ponds form on the ice
and leads open up, albedo quickly drops to and roughly stabilizes to a minimum albedo
around 0.458 before freeze-up begins in August [Perovich et al., 2007].

The albedo changes on the sea ice surface that occur when melt begins allow for
increased absorption of solar radiation, which then increases the amount of melting that
occurs in the ice-ocean system [Curry et al., 1995]. Curry et al. [1995] describe the
mechanisms surrounding the ice-albedo feedback mechanism (Figure 2.3). Based on the

conceptual diagram of the ice-albedo feedback mechanism, melting on the ice surface



10
and the formation of melt ponds and leads decreases the surface albedo of the sea ice
(Figure 2.3). The decrease in surface albedo leads to an increase in surface temperatures,
which then has a negative impact on snow cover, sea ice extent, and sea ice thickness.
The result is a positive feedback loop in which melting leads to more heat in the ice-

ocean system and continued decline in sea ice.

Figure 2.3 The ice-albedo feedback mechanism. Arrows indicate the direction of
interaction. Positive (+) relationships result in an increase in both quantities. Negative
(—) relationships result in the opposite response in quantity 2 when quantity 1 changes.
Uncertain relationships or relationships that vary seasonally are indicated with a + [from
Curry et al., 1995].

2.4 Passive microwave observations of sea ice melt

Several algorithms exist to determine the date of MO on Arctic sea ice from
passive microwave satellite observations [e.g. Smith, 1998; Drobot and Anderson, 2001a;

Belchansky et al., 2004; Markus et al., 2009] and also from active microwave satellite



11
observations [e.g. Winebrenner et al., 1994; Forster et al., 2001; Kwok et al., 2003].
However, MO dates from passive microwave observations are largely consistent for a
longer time period (1979 — present) than active microwave products.

The passive microwave methods identify the point in time at which liquid water
becomes present in the snow cover on sea ice or in the absence of snow cover on the ice
surface due to the higher emissivity of liquid water in the microwave portion of the
electromagnetic spectrum [Drobot and Anderson, 2001a]. The day on which MO occurs
is closely associated with near-freezing air temperatures, thus the onset of melting is a
sensitive indicator of the near-surface atmospheric conditions. Due to the close
relationship between melting and air temperatures the timing of MO can give information
directly related to the larger scale weather conditions present giving rise to the surface air
temperatures at the time of melt [Anderson, 1987].

Variations in the onset of melting through the satellite record can indicate
differences occurring in spring weather systems [4nderson and Drobot, 2001; Wang et
al., 2011; Stroeve et al., 2014]. In addition to inter-annual variability, there is high
regional variability in the onset of melting in the Arctic [Anderson, 1987; Belchansky et
al. 2004; Stroeve et al., 2014]. Sub-regions within the Arctic have highly variable MO
timing that is largely independent of the MO timing of other regions during a given year
[Anderson, 1987]. This is likely due to variations in local atmospheric conditions and
differences in geography for locations across the Arctic. For example, a region with open
water (versus land or ice-locked area) upwind of the region of interest can influence the
timing of melting due to the availability of ocean heat flux in ice-free ocean regions

[Anderson, 1987; Drobot and Anderson, 2001b].
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2.5 Implications of melt onset timing

Observations indicate the melt season is lengthening through changes in timing of
the onset of melt in the spring and also by delaying the timing of freeze-up in the fall
[Belchansky et al., 2004; Stroeve et al., 2006, 2014; Markus et al., 2009]. Markus et al.
[2009] reports an increase in melt season length of 20 days for the Arctic between 1979
and 2007 due to earlier MO in the spring and later freeze-up in autumn. However,
Perovich et al. [2007] has shown that an earlier date of MO on Arctic sea ice has a
greater impact on the overall absorption of solar radiation in the ice-ocean system.
Despite this larger influence of early MO on the surface energy budget in the Arctic, no
direct correlation between the date of MO and September sea ice extent minima has been
found [Wang et al., 2011]. Regardless, the date of MO in the Arctic signals the
beginning of the melt season, and begins ice-albedo feedbacks, which continue to
propagate through the remainder of the melt season [Stroeve et al., 2006; Markus et al.,
2009].

The albedo reduction of the snow cover atop sea ice associated with the onset of
melt, during the spring and early summer when the sun angle is higher, increases the
absorption of solar radiation [Perovich and Polashenski, 2012]. Following an initial
reduction in snow albedo, melt ponds form and seasonal ice melts completely allowing
more radiation to be absorbed. Increasing absorption leads to delays in freeze-up and the
continued thinning of the ice volume, compounding the loss of sea ice.

The date on which melting atop sea ice begins in the spring is, therefore,
extremely important. The combination of higher incident solar radiation and reduced sea

ice concentrations, resulting from melting in the ice pack, maximizes the effects of the
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snow-ice albedo feedback [Curry et al., 1995; Perovich and Polashenski, 2012;
Stroeve et al., 2014]. Since solar radiation in the Arctic gradually tapers off through the
summer months following the solstice, Perovich et al. [2007] has shown that the timing
of freeze-up in the fall does not impact the next year’s ice conditions to the same extreme
that early melt onset can influence the annual low September sea ice extent for the
current year [Perovich et al., 2007, Stroeve et al., 2014]. The curves shown in Figure 2.4
indicate the increase in cumulative heat input into the ice-ocean system for each day that
the length of the melt season is lengthened by changing the MO (black curve) or freeze-
up date (white curve). The steeper slope of the MO curve indicates a larger net impact on
heat input for a single day’s increase in melt season length when earlier MO occurs

versus a delay in the freeze-up date (Figure 2.4).
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Figure 2.4 Effect of melt onset and fall freeze-up dates on the total solar energy absorbed
by the ice-ocean system. The melt onset curve is relative to a constant 15 August freeze-
up date and the freeze-up onset curve is relative to a constant 1 June melt onset date
[from Perovich et al., 2007].

While it is understood that weather conditions play a significant role in inducing
the onset of melting on the sea ice cover by increasing air temperatures to the freezing
point, little work has been done to examine the various patterns in synoptic scale weather
events that cause the high variability in MO timing regionally and interannually. Given
the several day time scale at which synoptic systems impact the sea ice surface in a given
region, this type of analysis needs to be done on a day-by-day basis. Arctic sea ice is
varying rapidly and is a sensitive indicator of climate change and the satellite record of

melt onset timing can be used to further examine the drastic reductions in Arctic sea ice
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seen over the last several decades and eventually improve predictability of summer sea

ice conditions.
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CHAPTER 3 - DATA AND METHODOLOGY

3.1 Melt onset dates from the Advanced Horizontal Range Algorithm
3.1.1 The AHRA

MO dates used in this study come from the Snow Melt Onset Over Arctic Sea Ice
from SMMR and SSM/I-SSMIS Brightness Temperatures, Version 3 (V3) data set that is
available for download from the National Snow and Ice Data Center (NSIDC) [4nderson
et al.,2014]. The MO dates are calculated using the advanced horizontal range algorithm
(AHRA) developed by Drobot and Anderson [2001a]. The data are available at a 25 km
x 25 km resolution gridded array and are formatted using NSIDC’s polar stereographic
304 x 448 pixel Northern Hemisphere grid [NSIDC, 2014]. The data are formatted as an
annual view of the day of year (DOY') on which MO occurred at each grid pixel location.
The newest version of the data (V3) have been reprocessed from the passive microwave
brightness temperatures (Tbs) to improve the consistency of the data processing and
extend the record of annual MO dates to cover the years 1979 — 2012 [Bliss and
Anderson, 2014].

The AHRA utilizes horizontally polarized, daily average Tbs from the 19 (18 for
SMMR) and 37GHz channels to determine the date of MO on Arctic sea ice and snow
cover [Drobot and Anderson, 2001a]. Tbs were obtained from the SMMR sensor on
board the NASA Nimbus-7 satellite platform and the series of SSM/I and the SSMIS
from the Defense Meteorological Satellite Program’s (DMSP) F8, F11, F13, and F17
platforms beginning in late 1978 through present day. The Tb data are inconsistent in

that SMMR Tbs were only collected every second day, while SSM/I and SSMIS Tbs are
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available daily (Table 3.1). Prior to the calculation of MO dates, the Tbs from
different sensors are intercalibrated through time using linear regression coefficients

determined from sensor overlap areas using DMSP F8 as the baseline sensor [Jezek ef al.,

1991; Abdalati et al., 1995; Stroeve et al., 1998; W. Meier Pers. Comm., 2011].

Table 3.1 Temporal Coverage of Passive Microwave Sensors

Platform Sensor Start Date  End Date =~ Temporal Resolution
NASA Nimbus-7 SMMR 1979 20 Aug 1987  Every second day
DMSP F8 SSM/I 1988 1991 Daily
DMSP F11 SSM/1 1992 1995 Daily
DMSP F13 SSM/1 1996 2007 Daily
DMSP F17 SSMIS 2008 2012 Daily

The onset of melting in the spring occurs when the transition point between cold,
wintertime conditions when sea ice is covered by dry snow, and when the sea ice and
overlying snow pack become wet due to diurnal temperature swings or transient weather
events that cause the air temperatures to rise above 273° K [Livingstone et al., 1987].
During this transition period that occurs at MO, the air temperatures can continue to
fluctuate above and below the freezing point and daily average air temperatures can still
be below 273° K [Livingstone et al., 1987]. The AHRA method identifies the increase in
Tbs that occur when liquid water is introduced in the snowpack atop the sea ice and
increases the emissivity of the surface in the passive microwave channels [Kunzi et al.,
1982; Livingstone et al., 1987; Drobot and Anderson, 2001a].

To determine the date of MO for a given year, the AHRA tracks the difference
between the 19 (18 GHz for SMMR Tbs) and 37 GHz horizontally polarized Tbs at a
given point (the horizontal range or HR) on a daily basis [Drobot and Anderson, 2001a].
If the HR for the day is > 4.0 K it is assumed that wintertime conditions exist at the point

and no MO is detected. Ifthe HR for the day is <—10.0 K then liquid water is likely
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present in the snowpack, causing a greater increase in the 37 GHz channel relative to
the 18/19 GHz channel, and the date is recorded as the day of melt onset. Once a MO
date is assigned at a pixel, the algorithm ignores the pixel for the remainder of the year.

If the HR falls between —10.0 K and 4.0 K, the 10 days prior and 9 days following
the date in question are tested. In this stage of the algorithm, two values are calculated:
(1) the minimum HR from the 10 days prior is subtracted from the maximum HR for the
10 days prior and (2) the minimum HR from the 9 days following is subtracted from the
maximum HR in the 9 days following. The difference between min and max HR before
and after the date being tested, are compared. If the difference between Tbs during the
periods prior to and following the day in question is > 7.5 K a melt onset date is assigned.
If this value is < 7.5 K no melt date is determined and the algorithm continues to the next
day. During the testing stage of the algorithm, a difference (> 7.5 K) between the values
prior to and following the date indicates a change in the time series of daily Tbs, thus the
AHRA determines that MO has occurred. A MO date is calculated once per year at each
pixel. The use of the time series window surrounding the day makes the AHRA

insensitive to spurious Tbs and weather interference [Drobot and Anderson, 2001a].

3.1.2 Masking in the melt onset date data set

For the newest version of the data set (V3) used in this work, some changes to the
processing were made in addition to updating the record of annual MO dates through the
2012 melt season [Anderson et al., 2014]. The previous version of the data set (version
2) was masked in such a way that a MO date was calculated only at those locations where

a MO date could be calculated for every year in the 20-year period 1979 — 1998 [Drobot
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2000]. This climatology mask was static and determined the pixels for which a melt
date was calculated every year. The new data set (V3) no longer uses a static mask;
instead, the MO dates are calculated for locations determined to be sea ice covered at the
beginning of each melt season. The melt dates in a given year are calculated for pixel
locations where sea ice concentration is 50% on one or both of the first 2 days with Tb
data in March. The sea ice concentration data used for the mask are Goddard merged sea
ice concentrations available as part of the NOAA/NSIDC Arctic Sea Ice Climate Data
Record [Meier et al., 2013]. The Goddard merged sea ice concentrations are based on an
algorithm that utilizes a combination of sea ice concentrations from the Bootstrap and
NASA Team sea ice concentration algorithms. The beginning of March is used to
represent full sea ice extent, since early March roughly corresponds to the annual
maximum Arctic sea ice extent (e.g. Parkinson and Comiso [2013]). The first 2 days of
data in March are used to account for days on which sea ice concentrations may be
missing. Tbs were collected every second day during SMMR (1979 — 1987) years
(Table 3.1); therefore, the sea ice concentrations used to create the ice mask for the MO
dates data set may include 2 days during the period 1-5 March in each year.

Since the sea ice mask is no longer static, the sea ice locations (especially along
the ice edge) that experience MO throughout the melt season fluctuate from year to year.
Additionally, differences in the orbit path and swath width between the SMMR and
SSM/I-SSMIS sensors, result in diameter changes of the data gap surrounding the North
Pole (known as the pole hole). The version 2 climatology mask eliminated the
differences between pole hole diameter that occur throughout the data record; however,

the reduction in diameter increases the amount of sea ice area for which MO is calculated,
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thus, increasing useable MO data for analyses over smaller temporal subsets of the data
record. Version 2 of the data set included a 2-pixel buffer that eliminated coastal sea ice
locations where possible uncertainties in the Tbs from land—ocean spillover can occur.
Newer versions of the Tb data have now corrected for this spillover uncertainty

[Cavalieri et al., 1999]; therefore, the buffer is no longer used for V3.
3.2 Melt onset date methodology and sea ice regions

All statistics reported in this work are calculated only for pixel locations where a
MO date exists in all 34 years of the data record. The sea ice locations (indicated by
color) in Figure 3.1 show the MO date climatology mask used in the calculation of
statistics. Pixel locations in white do not have a MO date for one or more years and are
excluded. Statistics are calculated for all of the Arctic sea ice cover (hereafter called the
Arctic Region) and for smaller sub-regions that divide the Arctic into common
geographic regions (Figure 3.1). Boundaries between sub-regions are indicated by
differing colors in Figure 3.1. The regional boundaries used here are the same as used by
Meier et al. [2007] except that sea ice locations in the Baltic Sea are included in the V3
data set. These regional boundaries are also similar to those of other works including
Parkinson et al. [1999] and Markus et al. [2009] except that the region mask used here
divides regions within the Arctic Ocean into smaller seas. The sea ice areas that remain
following the application of the climatology mask for each region (in km?) are presented
in Table 3.2. The area for the Arctic Region is the area sum of all 15 sub-regions shown

in Figure 3.1.
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Figure 3.1 Map illustrating region boundaries and sea ice locations used in the analysis
of annual MO area accumulations. All sea ice locations represented here are included in
statistics and figures for the Arctic Region.
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Table 3.2 Arctic Region Areas

Region Area (105 kmz)
Arctic Region 110.0
Arctic Ocean Region 87.5
Barents Sea 35
Kara Sea 8.3
Laptev Sea 8.4
East Siberian Sea 12.6
Chukchi Sea 8.2
Beaufort Sea 9.0
Canadian Archipelago 7.4
Central Arctic 17.9
Baftin Bay 8.2
Greenland Sea 4.0
Bering Sea 2.7
Sea of Okhotsk 6.3
Hudson Bay 13.3
Baltic Sea 0.2
St. Lawrence Gulf 0.1

For this work, the MO dates for the 1979 — 2012 study period are examined for
three different regional groupings: (1) the Arctic Region, (2) the Arctic Ocean region, and
(3) the larger sub-regions of the Arctic indicated below (Table 3.3). The Arctic Region
consists of all sea ice locations remaining following the application of the climatology
mask shown in Figure 3.1 (i.e. all sea ice locations shown in Figure 3.1 and sub-regions
listed in Table 3.3). The Arctic Ocean region consists of the collection of Arctic sub-
regions including: the Barents, Kara, Laptev, East Siberian, Chukchi, Beaufort, and
Greenland Seas; the Canadian Arctic Archipelago; the Central Arctic region; and Baffin
Bay (Table 3.3, Figure 3.2). The Arctic Ocean Region consists of the larger, centrally
located sub-regions with relatively high variability in MO timing and excludes sub-
regions farther south where MO timing is typically early and less variable than the land-

locked sub-regions of the north [Bliss and Anderson, 2014]. All regional analyses in the



following chapters will focus on the sub-regions where enough grid points remain for a
more robust analysis. The Baltic Sea and St. Lawrence Gulf regions are very small,

representing 0.2 x 10°> km? and 0.1 x 10° km? respectively (Table 3.2). The Baltic Sea
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and St. Lawrence Gulf regions are included in calculations for the Arctic Region for the

sake of completeness; however, they will not be discussed in any detail in the following

chapters (Table 3.3).

Table 3.3 Listing of Arctic Sub-regions Included in the Arctic Region, Arctic Ocean
Region, and Regional Analyses

Sub-Region

Arctic Region Arctic Ocean Region Regional Analysis

Barents Sea

Kara Sea

Laptev Sea

East Siberian Sea
Chukchi Sea
Beaufort Sea
Canadian Arctic Archipelago
Central Arctic
Baffin Bay
Greenland Sea
Bering Sea

Sea of Okhotsk
Hudson Bay
Baltic Sea

St. Lawrence Gulf
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Figure 3.2 Arctic Ocean sub-regions.

For this work, the annual MO date maps from the V3 data set are partitioned into

a daily area of MO based on the climatology mask shown in Figure 3.1. Daily MO area
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time series for each year in the data record are generated by scaling the sum of pixel
point locations experiencing MO on each day of the melt season by the grid resolution of
the MO date data (25 km x 25 km). This calculation results in a time series describing
the temporal patterns in the area (in km?) of sea ice for each melt season (discussed in
Chapter 5). The spatial variability in MO area on a daily basis is examined by mapping
the pixel locations experiencing MO on a day-by-day basis (discussed in Chapter 6).
Finally, the interannual variability in MO area is addressed by accumulating daily MO

areas through each melt season for regional comparison in Chapter 7.
3.3 Atmospheric data

The influence of atmospheric conditions leading to MO for the Arctic Ocean sub-
regions is assessed by comparing the spatial patterns in daily MO areas (Chapter 6) with
near-surface data from reanalysis products. Synoptic scale weather patterns are assessed
over the Arctic Ocean sub-regions when large daily areas of MO occur since the timing
of MO is closely related to the point in time when air temperatures reach the freezing
point. Cyclonic activity has the potential to raise air temperatures via advection of
warmer air and trapping of longwave energy by cloud cover; thus, three daily mean
parameters are used to characterize the near-surface atmosphere at the time of an increase
in MO area on a day-by-day basis including: mean sea level pressures (MSLP), 925 hPa
air temperatures, and 10 m wind vector magnitudes. Reanalysis products used include
data from the NASA Modern-Era Retrospective analysis for Research and Applications
(MERRA) project [Reinecker et al., 2011], NCEP — DOE Reanalysis II (R2) project
[Kanamitsu et al., 2002], and the NCEP/NCAR Reanalysis Project (R1) [Kalnay et al.,

1996].



26

Surface energy budgets over the ice-covered polar-regions in the reanalysis
products are plagued by problems related to overly simplistic physical parameterizations
of sea ice albedo, cloud radiative properties, and the surface energy budgets over
permanent land ice in the model [Cullather and Bosilovich, 2012]. The 2 m air
temperatures in reanalysis data are strongly influenced by the modeled surface energy
budget problems in polar regions; therefore, it is preferred to use 925 hPa air
temperatures over sea ice locations to help reduce surface-based issues in reanalysis
fields [Serreze et al., 2003]. 925 hPa air temperatures are low enough to be
representative of the near-surface conditions and anomalies at the 925 hPa level correlate
well with surface temperature anomalies [Serreze and Barrett, 2008]. Note that because
the 925 hPa level is at height above the surface, mean daily 925 hPa temperatures are
expected to vary from actual surface temperatures and are not considered an exact
representation of the temperatures at the surface when MO is occurring. As such, daily
mean 925 hPa air temperatures need not reach 273 °K for MO to occur on the sea ice
surface.

The 925 hPa air temperatures and MSLPs used in this analysis are from the
NASA MERRA IAU 3d assimilated state on pressure product and are available for
download from the NASA Goddard Earth Sciences Data and Information Services Center
(GES DISC) and the Global Modeling and Assimilation Office (GMAO) [GES DISC,
2015]. These MERRA data are available for the 1979 — 2012 record of MO dates and
have a 1.25° x 1.25° horizontal resolution. Daily averaged 925 hPa air temperature and
MSLP fields are used in the analysis of MO area. It is important to note that the MERRA

data on pressure levels are not extrapolated downward below the height of topography.
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Therefore the 925 hPa air temperature data from MERRA are not continuous fields and
missing data occurs where land topography intersects the 925 hPa pressure level.
However, missing data due to topography is restricted to areas over land only, and the
MERRA 925 hPa air temperatures are continuous over ocean and sea ice locations.

Daily mean 10 m wind vector magnitudes are calculated from U and V wind
vectors from the NCEP-DOE Reanalysis 2 Daily Averages product. The U and V wind
data are available for download from the NOAA-ESRL Physical Sciences Division [ESR-
PSD, 2015]. The data are currently available for 1979 — 2014 and are at a 2.5° x 2.5°
horizontal resolution. These data, although at a coarser resolution than the NASA
MERRA products, were chosen because the NASA MERRA product lacks a 10 m wind
parameter. Therefore, in order to use a reanalysis parameter that corresponds with the
standard level for surface wind observations a concession has been made in this case for
reduced spatial resolution in the R2 data. In the special case where a long-duration
melting event occurs (described in Chapter 6), composites of surface data from the
NCEP/NCAR Reanalysis Project (R1) were obtained from the NOAA-ESRL Physical
Sciences Division [Kalnay et al., 1996; ESR-PSD, 2014]. These data include MSLP
composites and anomalies, surface 2 m air temperature composites and anomalies, and
surface wind vector magnitudes. The R1 data have a longer temporal coverage (1948 —
present) and the same 2.5° x 2.5° horizontal resolution as the R2 data.

The atmospheric data from the various reanalysis parameters are used to describe
the general synoptic conditions at times when melting is indicated in the daily MO areas
presented in this work. The effects of relatively high and low pressures and the resultant

wind directions on 925 hPa air temperatures over Arctic sub-regions are expected to



influence the temporal and spatial patterns in melting area that are present over the

1979 — 2012 data record.
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CHAPTER 4 - CLIMATOLOGY OF MELT ONSET DATES 1979 —2012:
STATISTICS AND TRENDS

4.1 Annual melt onset dates

Annual maps of MO dates for the Arctic from the Snow Melt Onset Over Arctic
Sea Ice (V3) dataset [Anderson et al., 2014] summarize the timing of MO for each melt
season during the 1979 — 2012 data record (Figure 4.1). The melt date at each pixel
location represents the day from the first of the year (DOY) on which melting first began
for the given year. Generally, the MO dates occur earlier in the year (warm colors) in the
peripheral regions of the sea ice cover at lower latitudes where air temperatures are also
generally warmer (Figure 4.1). The latest MO dates (cool colors) occur close to the
North Pole (surrounding the ‘pole hole’) and in the northern reaches of the Canadian
Arctic Archipelago where sea ice is generally thicker, multiyear ice (Figure 2.2).
Considerable year-to-year variability in the timing of MO occurs regionally. This
regional variability in MO dates is related to variability in the atmospheric conditions, as

well as changes in the sea ice extent from year to year.
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Figure 4.1 Annual melt onset date maps for 1979 — 2012 (maps available from Anderson
etal, 2014).
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Figure 4.1 Continued.

Note that annual maps of MO dates (Figure 4.1) have a varying sea ice edge.
Since MO dates are calculated over the sea ice extent at the beginning of the melt season
(March), the area over which MO can be calculated fluctuates from year to year
[Anderson et al., 2014]. However, all statistics reported hereafter are calculated only

over pixel point locations where a MO date exists for all 34-years in the record.
4.2 General melt onset date statistics

Mean MO dates for the Arctic Region during the 34-year data record vary greatly
but systematically across the extent of sea ice cover (Figure 4.2). The mean date of MO

for the Arctic Region is 13 May (132.5 DOY) with a standard deviation of + 7.3 days
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(Table 4.1). In general, the mean MO dates occur earliest at sea ice locations along the
periphery of the sea ice edge and in the southernmost locations such as the Sea of
Okhotsk, Bering Sea, Hudson Bay, Gulf of St. Lawrence, Greenland Sea, Baltic Sea, and
Barents Sea (Table 4.1, Figure 4.2). For the Arctic Ocean sub-regions (Figure 3.2), the
mean MO date is 22 May (141.9 DOY), 9 days later than the mean MO date for the
whole Arctic Region (Table 4.1). Additionally, the mean earliest and mean latest MO
date for the Arctic Ocean sub-regions occur later in the year than for the Arctic Region
(Table 4.1). This difference between Arctic Region and Arctic Ocean sub-region means
indicates a general latitudinal dependence on the timing of MO. By eliminating, the
southerly, peripheral sub-regions from the analysis, the sub-regions at the highest
latitudes (in the Arctic Ocean) tend to experience MO at a date later in the year. Further,
the mean standard deviation of the Arctic Ocean is slightly larger than that of the Arctic
Region (Table 4.1), indicating that the MO dates in the Arctic Ocean sub-regions are
more variable than those locations at lower latitudes; however, the standard deviation of
MO dates can be large in portions of these early-melting regions. Regions with larger
standard deviations in mean MO date have larger variability in MO timing from year to

year (Figure 4.3).
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Figure 4.2 Mean melt onset dates for the 1979 — 2012 record (from Anderson et al. 2014).



Table 4.1 Mean Regional Melt Onset Date Statistics for 1979-2012
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Mean
Mean MO date standard ~ Mean earliest =~ Mean latest =~ Mean range
(DOY) deviation MO (DOY) MO (DOY) (days)
(days)
Arctic Region 13 May (132.5) 7.3 121.0 146.5 25.5
Arctic Ocean 22 May (141.9) 8.7 128.0 158.5 30.4
Barents Sea 4 April (93.9) 12.2 69.5 121.8 52.2
Kara Sea 11 May (130.5) 12.8 98.4 152.4 54.0
Laptev Sea 25 May (144.9) 11.7 115.9 167.1 51.2
East Siberian Sea 31 May (150.1) 14.5 127.4 174.8 47.4
Chukchi Sea 17 May (136.3) 12.7 112.6 160.6 48.0
Beaufort Sea 28 May (148.0) 9.9 130.1 165.3 35.2
Canadian Archipelago 29 May (149.0) 7.7 135.9 168.2 322
Central Arctic 10 June (160.9) 9.5 143.8 181.5 37.7
Sea of Okhotsk 22 March (80.8) 53 70.9 93.3 22.4
Bering Sea 21 March (79.9) 7.2 69.8 95.7 259
Hudson Bay 17 April (106.6) 8.6 89.2 125.0 35.8
Baffin Bay 1 May (120.6) 10.0 102.5 137.7 35.2
Greenland Sea 29 April (118.9) 11.1 96.3 135.0 38.7
Baltic Sea 20 March (78.8) 10.4 63.0 99.4 36.4
St. Lawrence Gulf 15 March (73.2) 6.4 62.1 91.6 29.4
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Figure 4.3 Standard deviation of melt onset dates for the 1979 — 2012 record (from
Anderson et al. 2014).

The earliest MO dates during 1979 — 2012 occur at the beginning of the melt
season, in early March, for most of the peripheral regions of the sea ice area (Figure 4.4).
For portions of the Central Arctic, Canadian Archipelago, and the northern portion of the
Beaufort Sea, the earliest MO dates do not occur until mid-late May. The earliest MO
dates in other locations of the Arctic Ocean occur in late March and early April (warm

colors in Figure 4.4). The latest MO dates in the record for much of the sea ice regions
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within the Arctic Ocean occur during August, while the coastal regions of the Arctic
Ocean typically have the latest MO dates near the end of May through June (Figure 4.5).
Two distinct areas of the sea ice cover appear to have a small range (warm colors in
Figure 4.6), (1) in the peripheral sea ice regions (including the Sea of Okhotsk, the Bering
Sea, the Labrador Sea (in the Baffin Bay region), and the southern Barents Sea) and (2)
the North American side of the Arctic including parts of the Central Arctic, the northern
Beaufort Sea, and the Canadian Archipelago regions. The variability in MO dates
described by both ranges and standard deviations for these locations is small; however,
the timing of MO is distinctly different. In the southern, peripheral regions, where the
sea ice is primarily composed of seasonal, first year ice, air temperatures warm to the
melting point earlier in the year and early MO dates are observed. Conversely, sea ice in
the Central Arctic is typically thicker, more compact, multiyear ice. Furthermore, air
temperatures would warm later in the year than farther south, leading to the later mean

MO dates observed.
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Figure 4.4 Earliest melt onset dates for the 1979 — 2012 record (from Anderson et al.
2014).

44



B0 80 100 120 140 160 180 200 220 240
Day of Year

Figure 4.5 Latest melt onset dates for the 1979 — 2012 record (from Anderson et al.
2014).
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Figure 4.6 Range of melt onset dates for the 1979 — 2012 record (from Anderson et al.
2014).

The St. Lawrence Gulf and Baltic Sea regions have the earliest mean MO dates,
occurring 15 March (73.2 DOY) and 20 March (78.8 DOY), respectively, although both
areas are small (0.1 x 10° and 0.2 x 10° km?®) (Table 3.2). Other regions with relatively
early mean MO dates (Table 4.1) are the Bering Sea, 21 March (79.9 DOY); the Sea of
Okhotsk, 22 March (80.8 DOY); and the Barents Sea, 4 April (93.9 DOY). However, it

is important to note that the early-melting sea ice in the Barents Sea is located in the
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southern, coastal portion of the region, while the sea ice in the northern half of the
Barents, adjacent to the Central Arctic region, melts at a later date (Figure 4.2). The
other peripheral and southern regions including: Hudson Bay, Baffin Bay, and the
Greenland Sea have a mean MO date which occurs in the latter half of April. The
remaining regions are located within the Arctic Ocean and have mean MO dates that
range from 11 May (130.5 DOY) in the Kara Sea to 10 June (160.9 DOY) in the Central

Arctic region (Table 4.1).
4.3 Trends in melt onset

Decadal trends in MO are determined by applying a least squares linear regression
fit line to the time series of annual mean MO dates for the Arctic Region and all sub-
regions. Trends in the time series of annual mean MO dates indicate that MO is
occurring earlier in the year for the majority of Arctic sea ice over the 1979 — 2012 data
record (Figure 4.7). For the Arctic Region, a statistically significant trend (99%
confidence level) of -6.6 days decade™ exists, indicating that MO is occurring earlier in
the year in recent years when compared to the years at the beginning of the data record.
Statistically significant negative trends also exist for sub-regions of the Arctic Ocean
including: the Barents, Kara, Laptev, East Siberian, Chukchi, and Beaufort Seas, and the
Canadian Archipelago and the Central Arctic region (99% confidence level) (Figure 4.7).
These trends range from -4.6 days decade™ in the Canadian Archipelago to -11.8 days
decade in the East Siberian Sea. R’ values vary, but are strongest for the Arctic Region
and the Central Arctic where the R’ value is at least 0.76 (Figure 4.7). Statistically
significant trends also exist in the Bering Sea and Baffin Bay although at a 95%

confidence level with weak R’ values (Figure 4.7). Southerly, peripheral regions of the
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sea ice where the mean MO dates occur earliest, as described in Section 4.2, tend to
have very weak R’ relationships and insignificant trends. Despite weak relationships, the

trend is negative for nearly all of the peripheral regions (Figure 4.7).
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Figure 4.7 Time series of annual mean MO date and least squares linear regression trend

(days decade™) for the Arctic Region and sub-regions. Bold trends are statistically

significant at the 99% confidence level. An * indicates statically significant trends at the

95% confidence level.
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An interesting finding to note is the statistically significant (95% confidence

level) positive trend occurring in the Bering Sea. The Bering Sea is the only region of
sea ice that shows a trend towards later MO dates through the data record. Although the
relationship is weak (R’ of 0.18) and the area of sea ice in the region is small (2.7 x 10
km?), this region is showing an anomalous change in MO that is different from all other
regions. Calculations for these trends and statistics are normalized to locations where
MO dates exist in all years of the data record; however, the ice edge in this data set
changes from year to year with the extent of sea ice at the beginning of March. Therefore
it is interesting to note that the sea ice cover is actually more extensive in the Bering Sea
in recent years than in the earliest years of the data record as noted by the positive yearly
trend in sea ice extent described by Cavalieri and Parkinson [2012]. The sea ice extent
trend is apparent and complementary to the positive trend in V3 MO dates. For an
example of this, see Figure 4.1, where Bering Sea ice extent (using the 50%

concentration threshold) is larger in 2012 than in 1979.
4.4 Comparison of statistics and trends with other works

The MO dates presented here are similar to the “early melt onset” dates
determined by Markus et al. [2009] although differences in melt dates reported by both
works are expected due to differences in data processing. Table 4.2 provides a
comparison of trends in the mean MO dates presented here and early melt onset trends
reported by Stroeve et al. [2014], an update to the Markus et al. [2009] melt season
length analysis. In general, the direction of trends towards earlier MO is in agreement for
most regions (except for the Sea of Okhotsk). However, for some regions including the

Arctic Region, the Laptev, East Siberian, and Chukchi Seas, the magnitudes of the trends
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are different by 5 days decade™ or larger (Table 4.2). The greatest magnitude
difference in trends occurs for the East Siberian Sea where a 10 day decade™ difference
between trends is observed, however, the Stroeve et al. [2014] trend is not statistically
significant. Similar statistically significant trends do exist for the Barents and Kara Seas
and Baffin Bay where the difference in trends is < 4 days decade. Another comparison
can be made with the MO trend for the Canadian Arctic Archipelago determined by
Howell et al. [2009], which reported a statistically significant trend of -3.1 days decade™.
The early melt onset trend for the Canadian Arctic Archipelago determined by Stroeve et
al. [2014] is -1.0 days decade™ (not statistically significant), while the trend for the V3

mean MO dates reported here is -4.6 days decade™ (99% confidence level).

Table 4.2 Comparison of Trends® in V3 Mean MO Date with Other Reported Trends (in
days decade™)

Stroeve et al., 2014 Howell et al., 2009

Mean MO Early Melt Melt Onset
Date Trend
(1979 — 2012) Onset Trend Trend
(1979 —2013) (1979 —2008)
Arctic Region -6.6 -1.9 --
Barents Sea -7.6 -7.1 -
Kara Sea -9.2 -5.2 -
Laptev Sea -8.2 -2.8% --
East Siberian Sea -11.8 -1.8 -
Chukchi Sea -8.3 -1.6 -
Beaufort Sea -7.2 -2.4%* --
Canadian Archipelago -4.6 -1.0 -3.1*
Central Arctic -8.3 -2.5 -
Sea of Okhotsk -1.0 1.9 -
Bering Sea 3.1%* 1.4 --
Hudson Bay -2.8 -3.3% --
Baffin Bay -4.3% -3.3% --
Greenland Sea -3.6 -5.5 -
Baltic Sea -5.1 -- --
St. Lawrence Gulf -0.6 -- -

“Bold indicates statistical significance at the 99% confidence level. An * indicates
statistical significance at the 95% confidence level.
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The mean MO dates for many of the sub-regions within the Arctic Ocean
(Table 4.1) are comparable to mean early melt onset dates for 1979 — 2012 reported by
Stroeve et al. [2014]. In general, the mean MO dates from this work occur earlier in the
year than those reported by Stroeve et al. [2014] with the exception of the Central Arctic
region. The mean MO dates for the East Siberian, Chukchi, and Beaufort Seas and the
Canadian Arctic Archipelago and Central Arctic vary from the Stroeve et al. [2014]
means by 6.5 days in the Chukchi Sea to as little as 0.6 days in the Central Arctic region.
In peripheral sea ice regions, the differences between mean MO dates from this work and
Stroeve et al. [2014] early melt onset dates increase to as much as 30.6 days for the
Barents Sea region. Given differences in the melt onset algorithms and data processing
used here and in the Markus et al. [2009] method, particularly with respect to how the sea
ice boundary is determined using sea ice concentrations in each method, it is expected
that the greatest differences in MO statistics will occur in marginal ice zones.

Each method for determining MO dates can result in a different value due to
differences in the algorithms and data processing steps used to produce the melt dates.
For example, both the AHRA method used here and the Markus et al. [2009] method
attempt to remove noise in the Tb data that could give erroneous melt dates. The AHRA
method utilizes a 10-day time series window (described in Chapter 3) to remove spurious
Tbs, likely the result of weather effects, which could indicate a MO date that is too early
in the season. The Markus et al. [2009] method determines if a calculated melt onset date
is valid by comparing the 8 surrounding pixels to test for spatial homogeneity. Further,
sea ice concentrations are used differently to determine the extent of sea ice in each

method. The AHRA method relies on a 50% sea ice concentration threshold at the
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beginning of the melt season in March, while the Markus et al. [2009] method
considers pixels with concentrations greater than 80% for fewer than 5 days during the
year to be ice-free. The differences in the ice edge in each method as a result of these
differing thresholds likely contribute considerably to differences in the statistics for
marginal ice zones when calculated over a set regional boundary. Despite these
differences, various methods for determining MO dates show a significant trend towards
increasingly early MO for the majority of Arctic sea ice, in agreement with the works of
others (e.g. Stroeve et al., 2006, 2014; Markus et al., 2009).

MO dates can vary widely from year to year in Arctic sub-regions depending on
when the daily maximum air temperatures in different regions reach the melting point.
Although, on average, there is latitudinal dependence on timing of MO, springtime
weather conditions and temperature anomalies are important for explaining the year to
year variability in MO timing for much of the sea ice within the Arctic Ocean [4nderson
and Drobot, 2001; Belchansky et al., 2004; Markus et al., 2009; Wang et al., 2011].
Springtime weather conditions, including cyclonic activity, can have an influence on the
air temperatures and the surface energy budget of the sea ice through the trapping of
longwave heat when conditions are cloudy or through increased incoming shortwave

radiation when conditions are cloud free and the sun rises in spring.
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CHAPTER 5 - DAILY MELT ONSET AREA

5.1 Daily time series of melt onset area

Annual MO dates for the snow cover atop Arctic sea ice can be examined on a
daily basis by partitioning the annual MO date maps (Figure 4.1) for each year in the data
record into an amount of sea ice area experiencing MO each day. The time series of daily
MO area is calculated for each day of the melt season after 1 March (DOY 60). For each
day, the number of grid point locations with a MO date assigned is multiplied by the grid
resolution (25 km x 25 km), producing a value for the area of sea ice experiencing MO
for that date. To ensure that the daily MO areas are directly comparable from year to
year, MO area is only calculated over grid points where a MO date exists for all 34 years
of the record (identified in Figure 3.1 by colored pixels). Therefore, all pixels with fewer
than 34 years of annual MO dates (identified in Figure 3.1 by white pixels) are excluded
from this analysis. The total area of sea ice coverage (km?) for the Arctic and all sub-
regions following the exclusion of pixels that are missing a MO date for one or more
years are presented in Table 3.2.

The passive microwave data used to generate the MO dates used here have
different temporal coverage. Data from the SMMR sensor for years 1979 — 1987 were
collected every second day, while SSM/I and SMMIS data collected since 1988 are
collected daily (Table 3.1); thus, a 3-day running mean is applied to each time series to
make the daily MO areas before 1988 more comparable to daily SSM/I and SSMIS data

since 1988. The running mean can slightly smooth the daily MO area curves and can shift
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the apex of a peak in the curve (a local maximum MO day) + 1 day; however, note that
even after the application of the 3-day running mean, the time series curves for the
SMMR years 1979 — 1987 (e.g. Figure 5.1) have a more jagged appearance than for other
years. Although the curves for the SMMR years appear differently, the general shape of
the curves indicate the timing and magnitude of any peaks in MO area in a similar

manner as for the other years in the record.
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Figure 5.1 Arctic Region time series of daily MO area (1979 — 2012). The cyan line
indicates the mean MO date, while the dashed and solid black lines indicate + 1 and & 2
standard deviations from the mean respectively.
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Figure 5.1 Arctic Region (Continued).
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The time series of daily MO area for each year indicate the amount of spatial
area experiencing MO for each day throughout the melt season. Peaks in the daily MO
area time series for the Arctic Region (Figure 5.1) tend to indicate that the largest
amounts of melting area occur between 10 May (DOY 130) and 29 June (DOY 180);
however, there are also numerous peaks in MO area that can occur near the beginning of
the melt season (e.g. near 1 March (DOY 60) and 21 March (DOY 80) in 1999, 2000,
2004, and 2007). The specific timing of peaks in the daily MO area for the Arctic Region
are variable from year to year and the daily MO area time series can be used to identify
periods of melting on the sea ice or periods of time when melting is suppressed.

Since the daily MO area time series for the Arctic Region describe the timing of
MO area for all sea ice cover in the Arctic (Figure 5.1), much of the variation over
smaller spatial scales within the Arctic is masked by the grouping of all Arctic sub-
regions together. The most highly variable MO dates occur in sub-regions within the
Arctic Ocean including the Kara, Laptev, East Siberian, and Chukchi Seas (see Chapter
4.2). Mean MO dates in these regions range from 11 May (DOY 130.5) in the Kara Sea
to 31 May (DOY 150.1) in the East Siberian Sea (Table 4.1). The largest mean range in
MO dates (54 days) occurs in the Kara Sea (Table 4.1). The Kara Sea mean MO range
indicates that the mean MO date varies by nearly 8 weeks over the 34-year record,
making the Kara Sea the most highly variable sub-region of the Arctic. As a result of
comparatively little variation in regions outside of the central regions of Arctic sea ice
extent (Table 4.1) and/or smaller areas of sea ice in peripheral regions such as the St.

Lawrence Gulf and the Baltic Sea (Table 3.2, Figure 3.1) the daily MO area analysis is
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focused on the more highly variable sub-regions located in and nearest to the Arctic
Ocean (Figure 3.2).

Eliminating the peripheral sea ice regions that are located outside of the Arctic
Ocean primarily impacts the amount of daily MO area that occurs earliest in the year
(Figure 5.2). The peripheral seas are located at lower latitudes where MO tends to occur
earlier in the year (Figure 4.2); thus, eliminating the peripheral seas from the time series
of daily MO area plots, does not change the patterns in the 3-day averaged time series for
the bulk of the melt season after ~ 10 April (DOY 100). Therefore, focusing the
following analysis only on the Arctic Ocean sub-regions is reasonable considering that
the timing of daily MO area for the majority of the melt season is not being skewed by

region choice.
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Figure 5.2 Arctic Ocean time series of daily MO area (1979 — 2012). The cyan line
indicates the mean MO date, while the dashed and solid black lines indicate + 1 and & 2
standard deviations from the mean respectively.

60



Melt Area Melt Area Melt Area Melt Area Melt Area
(10° km®) (10% km?) (10° km?) (10° km?) (10° km?)

Melt Area
(10> km?)

500 BE 500 BN 500 BE
100 ! 1907 400 i 1998 400 N 1999
300 l ‘ 300 | 300 ‘ |
[ ! (il I
200 | ‘ 200 | [ 200 ‘
(A || [l
100 | 100 [ 100 |
LY vy H Mo o
" Ll " LLI ol ]
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
500 | ‘ 500 | [ 500 ‘ |
10 L] 2000 00 L] 2001 100 [ 2002
[ |1 [l
300 | ‘ 300 | 300 ‘ |
] | [ 1
200 l 200 | \ 200 ‘ |
| I [/l I
100 [ } 100 | { 100 W\/ | :
. Mo ] o Y o L]
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
500 | ‘ 500 | l 500 ‘ |
400 ! 2003 400 ! 2004 100 i 2005
300 l ‘ 300 | ‘ 300 ‘ |
] |1 [l
200 I 200 Hi 200 ‘
[ 1 [ |
100 ‘ 100 100 |
w\ l | /\L’\L"
. L) . L) . L)
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
500 | ‘ 500 | [ 500 ‘ |
100 ! 2006 100 ! 2007 100 n 2008
300 | ‘ 300 | [ 300 ‘ |
| [ [
200 ‘ 200 | 200 ‘ |
Il | I
100 | 100 [ 100 ‘
Ml w |
. L) . L) ] . L
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
500 | ‘ 500 | \ 500 ‘ |
400 ! 2009 400 || 2010 100 i 2011
300 l ‘ 300 | \ 300 ‘ |
] |1 |
200 | ‘ 200 | [ 200 |
| (Al I
100 | ‘ 100 | 100 ‘
| | [
. L) . L) . L
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
500 | ‘
DOY DOY
400 : } 2012
300 | ‘
|
200 l
1M1
100 ‘
[N
. L)
60 80 100 120 140 160 180 200 220 240

DOY

Figure 5.2 Arctic Ocean (Continued).
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Since the Kara Sea and other Arctic Ocean sub-regions are highly variable in
terms of MO timing from year to year, MO timing is attributed to the large-scale weather
patterns, in particular, cyclonic activity present at the time of MO [Anderson and Drobot,
2001b]. The patterns of daily MO in these regions can ultimately point to the ideal
atmospheric conditions necessary to initiate the onset of melting over large proportions of

aregion’s area.
5.2 Melt onset events

The time series of daily MO area throughout a single melt season is used to
determine the timing and magnitude of individual melting events within a defined region.
Here, a “melting event” is defined as a period of time over which areas of MO occur for
several consecutive days. Any peak in the time series of daily MO areas indicates that
MO is occurring; however, a melting event as defined here is bounded by a daily MO
area of 0 km? or near 0 km” per day. That is, a melting event begins with a period where
nearly no MO is occurring in the region and ends when the accrual of new daily MO area
stops. The duration of a melting event can vary from a few days to a period of a month
or more. The end result of a typical, high-magnitude melting event is MO area covering
the majority of a region’s geographical area. Lower magnitude melting events do exist;
however, they tend to occur anomalously early in the melting season, and only result in
melting over a small portion of the region’s area.

Since MO area can occur at each grid point location only once per year, there is a
decreasing utility of daily MO area in identifying the magnitude or intensity of melting

events that occur later in the melt season, simply because there are fewer grid points
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remaining that can be considered new MO areas. Thus, melting events that occur
earlier in the year and that cover the first 90% of a region are examined. Despite this
limitation, valuable information can be gained by closely examining patterns in the daily
MO areas, especially variations in the regional MO pattern from year to year.

The 3-day averaged daily MO area time series curves for the Arctic Region, the
Arctic Ocean region, and Arctic Ocean sub-regions (Table 3.3) are shown for each year
in the study period in Figures 5.1 — 5.12. The Arctic Region and the Arctic Ocean region
represent the net daily MO area for all of the smaller sub-regions identified in Table 3.3.
Given the spatial scale of synoptic weather events, it is most valuable to examine the
daily MO area time series for the sub-regions of the Arctic Ocean (shown in Figures 5.3 —

5.12) where the regional variability in MO timing can be closely examined.
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Figure 5.3 Barents Sea time series of daily MO area (1979 — 2012). The cyan line
indicates the mean MO date, while the dashed and solid black lines indicate + 1 and & 2
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Figure 5.3 Barents Sea (Continued).
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Figure 5.4 Kara Sea time series of daily MO area (1979 — 2012). The cyan line indicates

the mean MO date, while the dashed and solid black lines indicate = 1 and + 2 standard

deviations from the mean respectively. Note that the 2008 peak on 27 March (DOY 87)
is a result of a 7-day data outage, and is excluded from analysis.
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Figure 5.4 Kara Sea (Continued).
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Figure 5.5 Laptev Sea time series of daily MO area (1979 —2012). The cyan line
indicates the mean MO date, while the dashed and solid black lines indicate + 1 and & 2
standard deviations from the mean respectively.
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Figure 5.5 Laptev Sea (Continued).

69



200 i i 200 I I 200 i i
‘ ‘ 1979 | | 1980 ] ‘ 1981
150 \ | 150 | | 150 \ \
o _—~
o \ \ | | \ \
z £ ] | |
=o° 100 100 100
g% " | N
=
50 \ [ 50 | | 50 \ \
\ | | | |
0 hat 0 | 0 A |
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
200 i ‘ 200 I I 200 i i
\ | 1982 | | 1983 \ \ 1984
150 \ | 150 | | 150 \ \
o —
0% \ | | | | \
f;‘ 100 ‘ ‘ 100 | | 100 ‘ ‘
o) \ \ | \ \
=< \ | | I | \
50 LMM 50 | I 50 \ \
\ \ | I M \
0 n o | o I, [y,
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
200 i ‘ 200 I I 200 i i
\ \ 1985 | | 1986 \ \ 1987
150 \ | 150 | | 150 \ \
o —
0% \ | | | \ \
<2 g0 ! | 100 | | 100 | !
o \ | | | | \
o)
= \ | | | \ \
50 m\ | 50 | 50 \ \
\ \J\ \ th | I |
5 \ 5 I 0 A A
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
200 200 200
[ [ I | | [
\ | 1988 | | 1989 \ \ 1990
150 \ [ 150 | | 150 \ [
@~
0% \ | | | \
<2 00 ‘ 100 | | 100 ‘ ‘
T \ | | \ \
=c \ \ | | [ \
50 \ \ 50 | | 50 | \
\ \ | | \
0 \ o o LA v /Y]
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
200 200 200
\ \ | | \ \
\ \ 1991 | | 1992 | \ 1993
150 \ | 150 | | 150 | \
@~
0% \ | | | \ \
f,m—‘ 100 ! | 100 | | 100 | !
U || |
=T
50 \ | 50 } | 50 \
| | | | \ \
\ l l
0 0 0
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
200 i i 200 I I 200 i i
\ | 1994 | | 1995 \ \ 1996
150 \ | 150 | | 150 \ \
8 Ly I ||
f:‘ 100 ‘ ‘ 100 | | 100 ‘ ‘
0 " N
=
50 \ | 50 | | 50 | \
\ \ | l | \
0 0 0

60 80 100 120 140 160 180 200 220 240

DOY

60 80 100 120

140 160 180 200 220 240

DOY

60 80 100 120 140 160 180

DOY

200 220 240

70

Figure 5.6 East Siberian Sea time series of daily MO area (1979 — 2012). The cyan line
indicates the mean MO date, while the dashed and solid black lines indicate £ 1 and + 2
standard deviations from the mean respectively.
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Figure 5.6 East Siberian Sea (Continued).
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Figure 5.7 Chukchi Sea time series of daily MO area (1979 —2012). The cyan line
indicates the mean MO date, while the dashed and solid black lines indicate + 1 and & 2
standard deviations from the mean respectively.

DOY

DOY

72



Melt Area Melt Area Melt Area Melt Area Melt Area
(10> km?) (10° km?) (10° km?) (10° km?) (10° km?)

Melt Area
(10> km?)

180 i i 180 ‘ i 180 T
160 160 160
| | | | [
140 | ‘ 1997 40 | ‘ 1998 40 DL 1999
120 | | 120 ‘ | 120 Ll
100 [ | 100 | [ 100 Il
80 | | 80 | | 80 [
60 | | 60 | 60 | |
40 | | 40 | 40 | |
20 \ 20 \ 20 |
N} \ 8 \ A h
60 80 100 120 140 160 180 200 220 240 0 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
180 ‘ ‘ 180 ‘ ‘ 180 T
160 160 160
| | | | [
- ‘ ‘ 2000 - ‘ ‘ 2001 146 Ak 2002
120 | | 120 | 120 | |
100 \ | 100 | 100 1l
80 | | 80 | 80 | |
60 L] 60 \ | 60 [l
40 | 40 | I 40 | |
20 L) 20 [l 20 A liWinl
0 AN o | o l
60 80 100 120 140 160 180 200 220 240 0 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
180 ‘ ‘ 180 ‘ ‘ 180 T
160 160 160
. } } 2003 i } } 2004 b : : 2005
120 ‘ | 120 | ‘ 120 | |
100 | | 100 | [ 100 1l
80 | | 80 | | 80 [
60 | | 60 | | 60 | |
40 M | 40 | I 40 | |
20 \ M 20 I, 20 (.
0 | 0 AN\ o [BANDNIN
60 80 100 120 140 160 180 200 220 240 0 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
180 180 180
I | | I [
160 160 160
| | | | [
140 | | 2006 140 | | 2007 140 Ak 2008
120 | | 120 | | 120 | |
100 \ \ 100 | \ 100 1l
80 | | 80 | | 80 [
60 | | 60 | 60 | |
40 | | 40 | 40 | |
20 LA 20 | } 20 M I
0 0 0
60 80 100 120 140 160 180 200 220 240 0 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
180 ‘ ‘ 180 i ‘ 180 T
160 160 160
| | | | [ 1
140 | | 2009 140 | | 2010 140 i 2011
120 | | 120 | | 120 | |
100 \ \ 100 | [ 100 1]
80 | | 80 | | 80 I
60 | | 60 | | 60 | |
40 [ ]l 40 [ 40 (|
20 [ | 20 | 20 N
0 1 0 0 L
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
180 ‘ ‘
160 ‘ ‘ —_— DOY DOY
140 | |
120 | |
100 | |
80 | |
60 | |
40 | |
20 | |
0 |

60 80 100 120 140 160 180 200 220 240

DOY

Figure 5.7 Chukchi Sea (Continued).
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Figure 5.8 Beaufort Sea time series of daily MO area (1979 — 2012). The cyan line
indicates the mean MO date, while the dashed and solid black lines indicate + 1 and & 2
standard deviations from the mean respectively.
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Figure 5.8 Beaufort Sea (Continued).
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Figure 5.9 Canadian Arctic Archipelago time series of daily MO area (1979 —2012).
The cyan line indicates the mean MO date, while the dashed and solid black lines indicate
+ 1 and £ 2 standard deviations from the mean respectively.
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Figure 5.9 Canadian Arctic Archipelago (Continued).
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indicates the mean MO date, while the dashed and solid black lines indicate + 1 and + 2
standard deviations from the mean respectively.
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Figure 5.10 Central Arctic (Continued).
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Figure 5.11 Baffin Bay time series of daily MO area (1979 — 2012). The cyan line
indicates the mean MO date, while the dashed and solid black lines indicate + 1 and & 2
standard deviations from the mean respectively.

80



140 BE 140 T 140 B
120 L] 1997 120 . 1998 120 L] 1999
© —~ 100 L 100 L 100 L
0% [ |1 ]
<& ® [ S0 I o0 ]
55 60 [l 60 |1 60 [
=T W N 40 L 40 ]
[ I ]
20 RN 20 BN 20 ]
o ) Lrb ol i1
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
140 T 140 T 140 ] 1
L L] 2000 . I 2001 120 L 2002
© —~ 100 L 100 L 100 L
o L)1 1 ]
<& ® I 8 (N 80 N
T 6o [l 60 |1 60 L
=T 40 ‘ | 40 | ‘ 40 ! ‘
[ I \
» L«J\'\J‘f\l//\/\/\—w\,\ * \ | “ |
0 0 ] 0 \
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
140 BB 140 EE 140 T
120 L] 2003 120 L] 2004 . Ll 2005
© —~ 100 Ll 100 L 100 L
o [ I ]
ZE e Ll 80 e 80 ]
=
T 60 [l 60 {1 60 L]
= 40 ‘ | 40 | ‘ 40 ! ‘
L] (] \
=Ly Lol oL
0 0 0 I -
60 80 100 120 140 160 180 200 220 240 0 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
140 R 140 T 140 BE
120 L] 2006 . I 2007 120 L] 2008
© —~ 100 L 100 L 100 L
o [ I ]
<z ® [l 80 [N 8 ] 1
T 6o L 60 [ 60 ]
=T w L 40 N 40 L]
[ I [
20 R 20 I 20 \ \k
o o LA AN 0
60 80 100 120 140 160 180 200 220 240 0 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
140 T 140 BE 140 R
120 L1 2009 120 [ 2010 120 L] 2011
© —~ 100 L] 100 . 100 L]l
0% [ [l ] 1
ZE e | 80 WA Y ]
=
B 60 L 60 [ 60 L]
= T 40 ‘ I 40 | ‘ 40 ! ‘
[yl i [ ] 1
20 I 20 Wil 20 [
| \
0 0 0
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
140
Lt Doy DOY
120 } : 2012
g~ 100 1k
S E a0
< < [
=
o 60 } :
=
=T ik
20 AN
0 o/

81

60 80 100 120 140 160 180 200 220 240

DOY

Figure 5.11 Baffin Bay (Continued).
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Figure 5.12 Greenland Sea time series of daily MO area (1979 — 2012). The cyan line

60 60
[ [ []d
: } 1979 50 } } 1980 50 } } 1981
[ 40 [ e [
I % ||| % I
] [ |
[ ]l 20 [ ] 20 |
[ ] 0 [ ]l 0 [
M [ | (W N wwfm
5 WA 5 (gt
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
60 60
Il Il [
: } 1982 50 } } 1983 50 } } 1984
[ ]l 40 . 40 [ ]
] %0 || % ]
[ ] [ ] [ ]
[ 20 [ 20 [ ]
[ ]l [ [ ]
L] 10 ; L] I 0 mlﬂ \
0 LA 0
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
60 60
[ ] [ [] ]
: } 1985 50 } } 1986 50 } } 1987
[ ]l 40 [ a [ ]
[ 30 ||| - |
[ ]l . [ ]l
[ ]l 20 [ ] 20 ||
[ ]l [ ] [ ]
| 10 ™ L] 10 \
0 0 -
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
60 60
[ Il [
: } 1988 50 } } 1989 50 } } 1990
[ ]l 40 I 40 [ ]
] %0 ] " ]
[ [ [
[ ]l 20 [ ] ] 20 [ ]
- |
JM/\ 10 LN 10
I
0 0
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
60 60
1 [ [
: } 1991 50 } } 1992 50 } } 1993
[ ]l 40 [ e [ ]
[ % ||| % |
[ ]l . [ ]
[ 20 [ 20 [
[ ]l [ ] [ ]
|1 N 10 N 10 N
! N
0 0
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
60 60
[ Il [
: } 1994 50 } } 1995 50 } } 1996
[ ]l 40 . 40 [ ]
] % || 0 ]
[ ]l [ [ ]
[ ]l 20 [ ] ] 20 [ ]
I ]l 0 . 0 [ ]
il s, ML
MLl o o I

60 80 100 120 140 160 180 200 220 240

DOY

60 80 100 120 140 160 180 200 220 240

DOY

DOY

60 80 100 120 140 160 180 200 220 240

82

indicates the mean MO date, while the dashed and solid black lines indicate + 1 and & 2
standard deviations from the mean respectively.
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Figure 5.12 Greenland Sea (Continued).
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Similar variations in the individual MO area curves exist in different regions
and different patterns in the MO area time series can be identified in different years for
the same region. Several patterns will be discussed for Arctic Ocean sub-regions
(Figures 5.3 — 5.12). For example, there are large areas of melt which occur over very
short periods of time, represented by high magnitude, short duration (tall, narrow) peaks
in the 3-day averaged MO areas and smaller areas of melt that occur over short time
periods, represented by low magnitude, short duration (short, narrow) peaks.
Additionally, longer duration events of both higher and lower magnitudes can be
identified. While the data for all Arctic Ocean sub-regions are presented in this work, not
all melt events over the 34-year data record can be discussed here. Instead the primary
focus is to describe common patterns in the magnitude and timing of peaks in the MO
area time series and how the variability compares within a region and between regions. It
should be noted that many similar patterns in the MO area time series can be identified in
multiple regions and in different years although they cannot fully be addressed in this

work.

5.3 Classification of melt event types

Peaks in the annual 3-day averaged MO area time series indicate the timing and
magnitude of melting events for each sub-region; however, the timing of these peaks
during the melt season also varies. Patterns in the daily MO area time series can be
described in terms of magnitude (high or low), duration (long or short), and timing
(ranging from early to late) of melting events. Figure 5.13 conceptually illustrates what

the various combinations of magnitude and duration of melting events can look like. The
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illustrations of melting events are shown at the climatological mean MO date (n) for
the region (Figure 5.13); however, actual melting events may occur anywhere along the
range in time from early in the melt season, near the mean or middle of the melt season,
and late in the melt season. Also note that several local peaks/maxima may occur during
an event, especially in longer duration events. In cases where multiple local
peaks/maxima occur during a single event, the magnitude of the maximum melting day is
used to classify the magnitude of the whole event. MO area that occurs late in the season
1s not representative of the magnitude of actual melting area since there is less melt-free
area available to melt at this point in the season. Thus, any peaks in the daily MO area
curves that occur late in the melt season portion are ignored. The end of the season is
shaded out in the conceptual diagram to de-emphasize any MO area that occurs during

this period (Figure 5.13).
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Figure 5.13 Conceptual organization of melt event types. The climatological mean melt
onset date (i) for a sub-region is represented as a dashed line. The hatched area
identifies the end of the melt season and uncertainty surrounding late MO area.

A qualitative examination of the 3-day averaged daily MO area time series is used
for Arctic Ocean sub-regions. For each sub-region, the magnitudes, duration, and timing
of peaks in the daily MO area curves are compared to classify the melting event. For
relative comparisons of the daily MO area curves in an individual region (Figures 5.1 —
5.12) note that the scales are the same from year to year and that the climatology mask

has been applied before calculating the 3-day averaged time series. Thus, an
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accumulation of the daily MO area for each year (1979 — 2012) will sum to the total
region area (in km?) shown in Table 3.2.

The magnitude of a melting event is determined by the relative height of the
maximum melting day during the event. If the event contains the annual maximum melt
day observed during the year (the tallest peak), the event is categorized as a high
magnitude event. If the magnitude of the maximum melting day during the event is equal
to or less than the magnitude of the annual maximum melting day, the event is
categorized as a low magnitude event. The duration of a melting event is determined
using an arbitrary threshold of ~ 10 days. If melting area occurs for fewer than 10
consecutive days, the event is categorized as a short duration event. If melting area
occurs for more than 10 consecutive days, the event is considered a longer duration event.
A melting event is considered complete on the DOY on which the MO area drops to
0 km”. For the purposes of this work, “early” and “late” events are melting events that
occur more than +2 standard deviations from the mean MO date (outside of the solid
lines on Figures 5.1 — 5.12) and “normal” events are those that occur within +2 standard

deviations from the mean MO date (inside of the solid lines on Figures 5.1 —5.12).
5.3.1 High magnitude, short duration events

High magnitude, short duration events indicate intense melting where large areas
of the sea ice within the region are experiencing MO over a relatively short period of time.
In this type of event, the largest daily MO areas observed in the melt season typically
occur over 3 — 5 consecutive days surrounded by a day or two where smaller daily MO

areas occur. Some examples of this type of melting event are seen in the Barents Sea in
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1980 (Figure 5.3); the Kara Sea in 1992 and 1980 (Figure 5.4); the Laptev Sea in 1979
and 1980 (Figure 5.5); the Chukchi Sea in 1982 (Figure 5.7); and the Greenland Sea in
1998 (Figure 5.12). These events are interesting because the melt forcing appears to be
targeted over just a few days before ending and returning temperatures that are below
freezing to the region. It is likely that these events are caused by transient cyclones that
only impact the region for a few days, before moving out of the region and removing the
melt forcing atmospheric conditions, shutting off the progression of melting until a later
date when a new melting event occurs.

It should be noted that the 27 March (DOY 87) peak in the Kara Sea during 2008
(Figure 5.4) results from a 7-day data outage that occurred 19 — 25 March 2008.
Immediately following this outage a melting event is recorded that would be classified as
a high magnitude, short duration event responsible for melting over 3.06 x 10° km? (35%)
of the Kara Sea area. However, due to the recovery of the 10-day window used to
calculate MO in the AHRA following the data outage, the timing of this melted area
cannot be fully resolved (Figure 5.4). Therefore, this melting event cannot be categorized

and is excluded from further analysis.
5.3.2 High magnitude, longer duration events

The high magnitude, short duration melting events described above do not occur
every year. It appears to be more common for longer duration melting events to occur
where the MO area accumulates at a slower rate over a longer time period. The Kara Sea
daily MO area in 1985 characterizes this high magnitude, longer duration melt event type

(Figure 5.4). During this event, the MO area between 10 May (DOY 130) and 9 June
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(DOY 160) accounts for melting over 74% (6.4 x 10° km?) of the Kara Sea region
(Figure 5.4). The MO area peaks on 5 June (DOY 156) in 1985 with 1.11 x 10° km” of
new MO area (Figure 5.4). Since the MO area during this event accrues slowly over ~30
days it is likely that this type of slow-progressing MO event is the result of weaker
atmospheric forcing than would occur in high magnitude, short duration cases.

Other examples of high magnitude, longer duration events include events that occur
in the Kara Sea in 1981, 1983, 2000, 2003, and 2011 (Figure 5.4); in the East Siberian
Sea in 1980, 1997, 1998, and 2002 (Figure 5.6); and in the Beaufort Sea in 1992, 1994,
1998, 2000, and 2009 (Figure 5.8). Although the accumulation of MO area occurs more
slowly than short duration events, these melting events are generally responsible for MO
over nearly all area in the sub-region. In cases such as these, it is likely that the weather
conditions are different from conditions that occur high magnitude, short duration MO
area peaks. The high magnitude, short duration events are likely the result of the
influence of warm air advection associated with a cyclone where widespread warm
temperature anomalies can exist, especially for events that occur early in the melt season.
For years where high magnitude, longer duration events exist, it is likely that high
pressure systems or northerly surface winds, lead to cooler temperatures and delayed

accumulations of MO area.
5.3.3 Low magnitude, short duration events

Examples of low magnitude, short duration events occur in the Kara Sea in 2006
(Figure 5.4); the East Siberian Sea in 1989, 2009, and 2012 (Figure 5.6); and in the

Beaufort Sea in 2002 (Figure 5.8). These events are primarily small melting events that
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occur anomalously early in the melt season. In each of these cases, the peak in MO
area occurs earlier in the melt season than —2 standard deviations from the mean MO date.
Due to lower mean air temperatures near the beginning of the melt season, it is likely that
the smaller magnitude melting during these events is a result of very limited warming
from warm air advection or cloud cover from a transient cyclone. Once the transient
system is no longer influencing the area, melting ceases and sub-freezing temperatures

return to the region until later in the season when the next melting event occurs.
5.3.4 Low magnitude, longer duration events

Low magnitude, longer duration events are characterized by examples from the
Kara Sea in 1997 (Figure 5.4), the East Siberian Sea in 2003 (Figure 5.6), and the
Beaufort Sea in 1993 (Figure 5.8). In years where low magnitude, longer duration events
are present, the daily MO area time series over the melt season lacks a large, high
magnitude peak such as occurs when high magnitude, short or long duration events occur.
In these years, there is an absence of any large, dominating melting event that is
responsible for a majority of melted area in the sub-region. Rather, the melting area that
occurs during the melt season develops gradually and in some cases such as 1997 in the
Kara Sea, no single melting day is responsible for more than 2.5 x 10* km” of melted area

(Figure 5.4).
5.4 Extreme melt onset events

The four types of MO events identified above can be distinguished in multiple
sub-regions over the 34-year data record. The high magnitude, short duration peak

events represent a fast occurring event that is responsible for the melting over a large
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proportion of the sea ice cover in as little as 3 days. The high magnitude, longer
duration events represent extended periods of melting areas that spread across the ice
more slowly. The shape of the peak gives some insight into the type of atmospheric
conditions that must be present during the melting periods as described above, however,
the daily MO areas can also be described in terms of intensity based on how anomalous
the timing of the melting events are. Peaks that occur earlier in the year than —2 standard
deviations from the mean MO date are anomalous. While it is important to note that MO
areas that occur later in the year do not carry the same weight as MO area that occurs
earlier in the year due to the limitations of the MO data and the elimination of pixels
melted earlier in the season, peaks in MO area that do not occur until +1 or +2 standard
deviations from the mean later in the year are still interesting.

In cases where peaks in MO occur anomalously late in the year, it is not so much
the presence of the peak late in the season that is surprising given that mean air
temperatures reach the freezing point in the late spring and early summer months over
much of the Arctic Ocean, rather the fact that the MO area did not occur earlier in the
season indicates that melting was delayed in this region relative to the mean MO date.
For example, the largest peak in daily MO area for the Kara Sea occurs in 1981 on 7 June
(DOY 158, Figure 5.4). This peak is large in terms of intensity since the maximum
melting day alone is responsible for melt over 16% of the Kara Sea region’s area
(Figure 5.4). However, take note that the largest single day of MO area during this year
occurs more than +2 standard deviations from the mean MO date of 11 May (DOY 130.5,

Table 4.1, Figure 5.4). Based on the shape of the peak and the amount of MO area that
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accrues during this short time period, it may be assumed that a significant weather
event occurred that induced the melting of this large area. However, the timing of this
peak (one month later than normal) complicates this issue. During June, the sun angle
approaches its highest point at the solstice, and average air temperatures warm. That is,
the region is seasonally primed to melt at this time without the effects of strong forcing
from a transient event. Rather, the important observation for this year in the Kara Sea is
that the majority of sea ice extent in the region did not melt prior to this period, in the
early summer, when melt onset should have typically occurred a month earlier.

Atmospheric conditions necessary to produce a melting pattern which would be
expected to occur during a high magnitude, short duration MO peak that occurs early in
the year, might not be observed during years where the peak occurs late in the season.
The effects of seasonal air temperature increases as the season progresses in each Arctic
sub-region, combined with the effects from previously melted pixels being unable to
indicate areas of new melting, reduces the impact of single weather events on the
observations of MO area late in the season. That is, due to the seasonal increases in air
temperatures by latitude, less intense forcing from a cyclonic event would be needed to
induce MO over the sea ice at a later date. Therefore, MO events that occur early in the

year are more extreme or unexpected than those that occur late in the year.

5.5 Changes in MO event timing

Significant negative trends in the mean MO date over the last several decades
exist for many of the Arctic Ocean sub-regions (Figure 4.7). Evidence of these trends

also appears in the daily MO area time series even though interannual variability in
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melting events is high. The greatest MO day in the Kara Sea over the 34-year data
record occurs on 7 June (DOY 158) 1981 on which 1.34 x 10° km? of the region area
experienced MO. The second greatest MO peak occurs on 7 May (DOY 127) 2003 on
which 1.16 x 10° km? experienced MO and the third greatest MO peak occurs on 11 June
(DOY 162) 1983 on which 0.92 x 10° km” of the region begins to melt. Given that the
mean MO date for the Kara Sea occurs on 11 May (DOY 131, Table 4.1) it is interesting
to note that the peak MO days in 1981 and 1983, occur approximately 30 days after the
mean MO day 11 May (DOY 131), while the peak melting day in 2003 7 May (DOY
127) occurs near the mean MO day. An overall tendency towards earlier MO is apparent
because of the early 2003 peak day relative to the peak days in 1981 and 1983; however,
the magnitude of MO area in 2003 is not greater or dissimilar to the magnitude of large
melting events in the 1980s. The melting event in 2003 does, however, occur earlier in
the year than either of the 1980s peak events.

In the case of 1981 and 1983 in the Kara Sea, the magnitude of the melting event
peaks appear significant, but when placed within the context of mean MO timing it
becomes clear that the important feature during these years is that early springtime
conditions suppressed earlier MO areas from occurring. Given the negative trend in Kara
Sea MO timing (Figure 4.7), these events, while very large in terms of melted area, occur
very late in the season. Being able to identify the exact point in time when these two
melting events occur makes the magnitude of the peaks less relevant than the abnormally

late timing of the events.
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5.6 Discussion and summary: influence of melt onset and weather events on end of
season sea ice loss

The changing timing of some extreme melting events and trends in MO dates is
another signal of the rapidly changing Arctic cryosphere. However, the implications of
these extreme events are still unclear. Given the effects of positive feedbacks that occur
within the ice-albedo feedback mechanism [Curry et al., 1995], one would expect that
anomalously early melting of the snow cover atop the sea ice in a melt season would
precede anomalously low sea ice extents at the end of the melt season. However, Wang
et al. [2011] have found that the timing of MO is largely independent from the
subsequent end of season sea ice extent at the regional scale. That is, a region with
anomalously early MO in the spring and early summer is not an indication that this same
area will have observations of anomalously low sea ice extent at the end of the melt
season. Despite this apparent incongruence between MO timing and the sea ice
conditions at the end of the melt season, the significant trends towards increasingly early
melt onset over the last 3 decades for much of the Arctic (Figure 4.7) align with the fact
that sea ice is becoming more sensitive to changing atmospheric conditions.

The mechanisms leading to record-breaking low sea ice extents at the end of
summer are complex. September 2012 currently holds the record for low sea ice extent
[Parkinson and Comiso, 2013]. This coincides with the extremely early MO events
observed in the East Siberian, Kara, and Barents Sea regions (Figures 5.6, 5.4, 5.3);
however, Simmonds and Rudeva [2012] describe the “Great Arctic Cyclone of August
2012 over the Central Arctic, which drastically influenced the end of season sea ice

extent. The cyclone had such a large impact on the sea ice extent in part due to the
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timing and location of the cyclone. The cyclone occurred between 2 and 14 August
when the ice concentrations were already low, and the thin, melting sea ice was more
susceptible to transport by wind and ocean currents. The cyclone sheared off a large area
of sea ice from the central sea ice pack and the separated area of sea ice was transported
southward into the East Siberian Sea where it was more easily melted.

The year 2007 which had previously held the record for low sea ice extent
experienced a different set of summertime conditions leading to the record low ice extent
observed. In 2007, the end of season sea ice extent was largely impacted by
preconditioning of the ice in prior months. Further, anomalous southerly winds were able
to advect much of the thin, sea ice northward away from the Eurasian coastline in the
Chukchi, East Siberian, and Laptev Seas [Comiso et al., 2008]. Although
preconditioning of the sea ice remains an important reason for the continued decline in
sea ice in the Arctic, the specific factors contributing to the sea ice reaching record-
breaking extents through the duration of the melt season for a single year are different.
Due to continued volume loss of sea ice, there are several factors that can produce record
lows in sea ice. The specific mix of these factors that present themselves during a record-
breaking year can be different from the set of factors that lead to record low sea ice
extents in another year.

A direct connection between early MO and end of season sea ice extents via the
ice-albedo feedback loop remains hard to distinguish, but it is clear that melting and
ablation of the sea ice can be greatly influenced by the passing of a single cyclone.

Therefore, it is necessary to look in greater depth at the influence of the shorter-term



96
weather events on the sea ice cover. The timing of when large melting events occur
during the melt season indicates an early or delayed MO signal for each region. The
strength or track of the atmospheric weather system forcing the onset of melting over a
region area can also affect the size of the peak of melting area where very intense melt
conditions produce larger areas of MO. The regional and temporal variability of MO
across the regions and the sensitivity of the timing of MO area accumulations are most
likely due to the daily weather conditions during melt. Further analysis of the MO area
patterns in each region and the direct relationship to the atmospheric conditions is
necessary to thoroughly explain the causes of the variability in daily MO area at a larger

scale.
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CHAPTER 6 — RELATIONSHIP BETWEEN DAILY MELT ONSET
PATTERNS AND ATMOSPHERIC CONDITIONS

6.1 Spatial patterns of melt onset area

To examine the spatial variation during melt onset (MO) events described in
Chapter 5, the annual maps of MO dates (Figure 4.1) can be partitioned into daily maps
which highlight those pixel locations on the sea ice that are experiencing MO. A daily
map of MO pixel locations within a sub-region of the Arctic represents the spatial
progression of MO area across an area of the sea ice for a period of time. Therefore, the
daily spatial pattern in MO area is used to relate the melting events with the atmospheric
conditions present at the time of melt.

To examine the spatial character of the accumulations of MO area in the melting
event types described in Chapter 5, representative example cases were chosen from the
Kara, East Siberian, and Beaufort Seas. The Kara, East Siberian, and Beaufort Sea
regions were chosen to represent example cases because they are relatively large Arctic
sub-regions and are distributed around the Arctic Ocean (Figure 3.2). These three
regions represent the most highly variable in terms of MO timing (Table 4.1) and are
representative of regions on both the Eurasian and North American sides of the Arctic.
Since the boundaries drawn between Arctic sub-regions are largely arbitrary and the scale
of individual transient, synoptic weather events has the potential to influence more than
one region on a single day, the example regions have been chosen so that they are not

adjacent to one another.
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Identifying the timing of a MO event and further, identifying the day by day
pattern in melting area provides a way to spatially track this progression across the
surface of the sea ice cover. Given that the onset of melting is a result of atmospheric
conditions producing surface air temperatures that reach the freezing point or slightly
above, tracking the progression of melting area on the sea ice coincides with the presence
of weather features that result in air temperatures near freezing. The hypothesis then
becomes that distinct patterns in the daily MO area associated with melting events
(described in Chapter 5) can be identified and are caused by differing sets of atmospheric
conditions.

To illustrate the progression of melting area on the sea ice during a melting event,
several maps are shown for each day of the event that highlight the pixel points that are
flagged as melting on each day in the series. Hereafter, the pixels that are flagged as
melting on a single date are referred to as “currently” melting (or “current MO™); that is,
for the date in question all pixels flagged as melting on that DOY were currently
experiencing MO on that date in time. Additionally, because each pixel can be flagged
with a MO date only once per year, the status of all currently melting pixels changes to
“previously” melted on the following day and remains flagged as previously melted (or
“previous MO”) for the remainder of the melt season.

For all maps showing the progression of MO area in the following sections,
“current MO” locations are shown in red to highlight pixels that melted on the indicated
DOY, while “previous MO” locations are shown in pink to highlight pixels that have

melted prior to the currently mapped date. White pixels show sea ice locations that have
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not yet melted or will melt at a later date. Due to the arbitrary boundaries between
sub-regions, MO information for sea ice locations directly adjacent to the sub-region
being examined are shown, however, shading is used to de-emphasize the MO locations
occurring outside of the sub-region boundary.

Example events are shown for each type of MO event described in Chapter 5
including: (1) high magnitude, short duration events; (2) high magnitude, longer duration
events; (3) low magnitude, short duration events; and (4) low magnitude, longer duration
events. An example of the first type of MO event (a high magnitude, short duration peak)
occurs in 1992 in the Kara Sea and is associated with the peak spanning 30 April — 6 May
(DOY 121 — 127, Figure 5.4). The second MO event type (a high magnitude, longer
duration peak) is represented by events in the Kara Sea during 10 May — 13 June (DOY
130 — 164) in 1985 (Figure 5.4) and in the Beaufort Sea during 10 May — 23 May (DOY
131 — 144) in 1992 and 19 — 28 April (DOY 109 — 118) in 2009 (Figure 5.8). The low
magnitude, short duration events are represented by the East Siberian Sea peaks in the
daily MO area time series over 14 — 20 April (DOY 104 — 110) in 1989 and over 5 — 15
March (DOY 65 — 75) in 2012 (Figure 5.6). The low magnitude, longer duration events
are represented by the East Siberian Sea peak over 18 — 30 April (DOY 108 — 120) in
2005 (Figure 5.6). In addition to being distinct melt event peaks, the melt events
presented for the Beaufort Sea in 2009 and all three East Siberian Sea events are
anomalous because they occur more than two standard deviations from the mean MO

date early in the year (Figures 5.6, 5.8).
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For each of the example events, the daily maps of MO are shown and
compared with atmospheric data from reanalysis products including mean sea level
pressures (MSLP), air temperatures, and 10 m wind vector directions and magnitudes to
characterize the synoptic scale weather events at the surface present during MO. The
comparison of spatial patterns in MO area during melting events with atmospheric data
gives insight into the type of atmospheric conditions necessary to induce varying types of

melting events identified in Chapter 5.
6.2 High Magnitude, Short Duration Melting Event: Kara Sea 1992

The largest, intense peak in MO area for the Kara Sea in 1992 begins in May
(Figure 6.1), with the greatest MO area day occurring on 3 May (DOY 124). Prior to this
peak MO day, MO area accumulates slowly on 30 April — 1 May (DOY 121 - 122). MO
is observed at only 14 pixel locations (0.09 x 10°> km?) on 30 April (DOY 121) and 41
pixel locations (0.3 x 10° kmz) on 1 May (DOY 122). On 2 May (DOY 123), however,
the number of pixels, with MO begins to increase. 3 May (DOY 124) is the peak melting
day with the majority of the Kara Sea (168 pixels, 1.05 x 10° km?®) being melted on this
day. MO area continues to accumulate quickly through 4 — 5 May (DOY 125 — 126)
before slowing on 6 May (DOY 127). During this melt event, the majority of the MO
area accumulates between 2 May (DOY 123) and 6 May (DOY 127). Not only is the MO
area accumulation for this event occurring over just a few days, but the melted area fills
in locations adjacent to those that have previously melted and is primarily restricted to the
southwestern portion of the region. In total, this 5-day melting event accounts for 3.37 x

10° km® of MO area or 39% of the Kara Sea’s total area. The time frame and spatially
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adjacent nature of MO area accumulations horizontally across the ice surface indicate

that the melting across several days is the result of strong cyclonic forcing.
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Figure 6.1 Progression of Kara Sea MO area for 30 April — 6 May (DOY 121 — 127)
1992. MO locations for the current DOY and where MO has already occurred on a
previous day are highlighted. Pixels outside of the region (see Figure 3.1) are de-
emphasized to indicate MO conditions adjacent to the Kara Sea.

During this event, the daily averaged MSLP, 925 hPa air temperatures, and wind
vectors (Figures 6.2 — 6.4) indicate that a cyclone is present in the Kara Sea region during
this melting event. On the peak melting day (3 May, DOY 124) an area of low pressure,
located to the southwest of the Kara Sea and centered over northern Norway, develops
(Figure 6.2) and during the next two days approaches and passes over the Kara Sea

(Figure 6.2). The position of this cyclone results in a southerly wind direction within the
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Kara Sea (Figure 6.3) on 3 — 4 May (DOY 124 — 125) and increasing air temperatures
(Figures 6.4). During this three-day period, the 273 °K isotherm advances over the Kara
Sea region from the southwest (Figure 6.4) indicating the advection of warmer air
temperatures from the south. The melting pattern seen over the southwestern Kara Sea
during this period corresponds with the above freezing temperatures advancing over the
sea ice (Figure 6.4). It is important to note that the 925 hPa air temperatures shown in
Figure 6.4 are the averaged daily temperatures. The AHRA algorithm detects the
metamorphosis of snow grains when air temperatures reach the freezing point and liquid
water becomes present in the snow pack atop the sea ice from daily averaged brightness
temperatures, however, diurnal temperature fluctuations above and below freezing can
still occur after the MO date is detected [Drobot and Anderson, 2001a]. Thus, daily
averaged 925 hPa temperatures above freezing are not necessary to trigger the onset of
melting, but rather, the maximum daily air temperatures must reach the freezing point to
initiate melt. In this case, however, the intense melting event over the Kara Sea is related
to the presence of a cyclone tracking directly over the Kara Sea, which increased the
daily average air temperatures above 273 °K and induced MO over a large portion of the

sea ice cover in this region.
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Figure 6.2 Daily mean sea level pressures (hPa) for 30 April — 6 May 1992.
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Figure 6.3 Daily mean vector wind directions and magnitudes (ms™) for 30 April — 6
May 1992.
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