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This manuscript examines sea ice and snow cover (here defined as “cryo-

cover”) across the Northern Hemisphere through a series of three studies. Cryo-cover 

is unique in that it is both a responder to climate (sensitive to temperature) but is also a 

climate forcer (via impacting the radiation balance), therefore understanding its 

complex interactions and how they vary temporally and spatially are imperative for 

many applications within the atmospheric, environmental, and hydrologic sciences. 

The first study builds a climatology of cryo-cover using three datasets: the 

National Snow and Ice Data Center (NSIDC) Sea Ice Extent (1979 – 2020), the 

Rutgers Global Snow Lab (GSL) Snow Cover Extent (1979 – 2020), and the 

MeaSuREs State of the Cryosphere (1979 – 2012) products. Temporal trends of cryo-

cover, both as a combined and as separate components are analyzed, and a derived 

cryo-cover concentration dataset is created using the MeaSuREs values. From these 

values cryo-cover is classified to be either stable (covered 75% of the time or more, 

which has decreased in most months over time) or transient (covered less than 75% of 

the time, which has increased in many months over time). Cryo-cover has 

predominantly decreased since 1979, with sea ice decreasing in all months and snow 

cover increasing in some areas in the autumn.  

The second study implements the derived cryo-cover concentration dataset 

(1979 – 2012) to investigate three key transitional cryo-cover months (March, June, 

and October). Self-Organizing Maps (SOMs) are used to define specific regions of 

cover transition across the Northern Hemisphere. Results suggest a transition from 
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stable cover to transient cover in March and June as SOM identified stable cover 

patterns lose spatial area in favor of neighboring patterns with lower average 

concentration values gaining area over time. October results differ as there were 

regions experiencing a decrease in stability (especially along the sea ice domain 

edges) but also regions that experienced increasing cryo-cover trends centered around 

50N latitude. Although all three months exhibited areas with both increasing and 

decreasing trends in concentration, the implementation of the SOMs made visualizing 

specific areas undergoing the most rapid transformation clearer.  

The third study also utilizes the derived cryo-cover concentration dataset and 

the SOM defined cryo-cover regions from the second study for March, June, and 

October (1979 – 2012). To better understand the transitions taking place in the 

regional patterns, a confusion matrix-based analysis is used to investigate how pixels 

move between the SOM nodes (regions). In general, regional cryo-cover patterns are 

not exchanging pixels (representative of area) with longitudinal neighboring patterns 

but instead exchange them with higher latitude patterns. In March, Central and 

Western Eurasia patterns gain the most area from the shrinking stable pattern, in June 

the stable pattern loses the most area in favor of the Central Eurasia and Alaska-Russia 

patterns, and in October things are less clear.  

Combined, the three articles build a unique understanding of cryo-cover 

fluctuations temporally, derive specific regions of cryo-cover transformation not 

previously documented, and calculate the amount of area being lost from patterns with 

higher concentration to those with lower concentration for the months of March, June, 

and October, with cumulative results suggesting a decrease in cryo-cover stability as 

regimes preferentially shift toward a more transient nature. 



 1 

INTRODUCTION 

The non-linear relationships between the atmosphere, hydrosphere, and 

cryosphere have long fascinated atmospheric scientists. The fluid nature of all three 

make them susceptible to location-based variations in incoming solar radiation, 

allowing complex mechanisms of energy transport, as seen in the jet stream, 

midlatitude cyclones or hurricanes, and climate-defining ocean currents. Under the 

scenario of global warming, the challenge to understand these mechanisms increases 

via a series of unknowns: How much more energy is being received at the Earth’s 

surface? Where is the energy being received? What impacts result from the change in 

radiative forcing? The magnitude and impact of climate change is not equal across the 

planet; some locations are experiencing change far more rapidly than others. As 

surface cover changes in response to shifting climate regimes, new patterns in energy 

transfer need to be characterized and quantified to discern the implications for global 

climate. 

Climate-related variables can be loosely classified into three categories: 

forcings, feedbacks, and responses, depending on the problem of interest (Groisman et 

al., 1994). Surface cover both responds to and influences climate change, resulting in 

complex feedback systems. Changes from one surface cover type to another have 

complex implications for energy fluxes across the planet, which is especially true for 

high albedo surfaces. Snow cover and sea ice are highly reflective surfaces; the 

spectral differences between a cryo-covered (ice or snow) and a bare (exposed ground 
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or open ocean) surface are extreme (Baker et al., 1992; Serreze et al., 2007), as the 

cryo-covered surface typically has a much higher albedo (reflectivity) than the bare 

surface (which is more absorptive). Reductions or increases in cryo-cover can result in 

a positive feedback; as cryo-cover increases albedo increases, amplifying cooling (via 

reflection of incoming solar radiation), potentially allowing more snow and ice to 

develop. Reduction of cryo-cover results in increased absorption of insolation by the 

land or ocean surface, resulting in increased outgoing longwave radiation, and 

amplified warming that further reduces the likelihood of cryo-cover formation. 

1.1 Radiation and the Cryosphere 

Northern Hemisphere snow cover extent and sea ice cover have fluctuated over 

time. Mean annual snow cover extent has decreased, with high latitude areas (north of 

60N) and high-altitude areas experiencing the largest declines (Hernández-

Henríquez, Déry and Derksen, 2015) despite some locations experiencing snow cover 

increases in specific seasons (Déry and Brown, 2007; Brown and Mote, 2009; Brown 

and Robinson, 2011). By contrast, Arctic sea ice has declined during all months, but 

most notably in the summer (June – September; Comiso et al., 2008) with significant 

reductions in area. Although seemingly similar from a radiative perspective, snow 

cover and sea ice are quite different in their temporal and spatial distribution. Not only 

does the presence of cryo-cover have climate implications, but the timing and type of 

cover complicates how that surface will influence the radiation balance.  

Overall, the extent, concentration, and thickness of Arctic sea ice has 

decreased over recent decades, by as much as 50% in the autumn and summer months, 

as the Arctic undergoes climate change at least twice as fast as the global average 

(Vihma, 2014). This warming, known as Arctic Amplification (AA), can be defined as 



 3 

the difference between the Arctic-averaged surface air temperature change and the 

average Northern Hemisphere surface air temperature change when comparing two 

specific time periods, and can be quantified as the ratio of this difference (Miller et al., 

2010). Sea ice is melting sooner and freezing later within the annual cycle; when 

averaging these changes over the entire Arctic, melt season length has increased by 20 

days over the past 30 years (Markus, Stroeve and Miller, 2009). Changes in the melt 

season have turned multi-year ice into more sensitive, first-year ice. This first-year ice 

has much larger fluctuations in thickness and energy transmission (Nicolaus et al., 

2012). The melting process allows the formation of melt-ponds on the surface, which 

can transmit about 4-5 times more energy into the ocean than nearby bare ice (Lu et 

al., 2018). Albedo varies dramatically with changes in ice type. Overall, multi-year ice 

has much higher reflectance, regardless of the time in the melt season (this contrasts 

with snow cover, which is more reflective for new snow). First year ice transmits 

almost three times more radiation (with averaged surface melt pond coverage of 42%) 

than multi-year ice (23% melt pond coverage), allowing more radiation to reach the 

ocean surface below, further amplifying the melting process (Nicolaus et al., 2012). 

With reduced sea ice, more exposed ocean, and warmer air and ocean 

temperatures, evaporation rates in the Arctic have increased (Bengtsson et al., 2013; 

Boisvert, Wu and Shie, 2015). This change in the moisture flux further modifies the 

radiation balance through cloud cover. Clouds can have varying effects on radiation 

which depends on cloud type, thickness, and height in the atmosphere. Depending on 

the cloud, it can either act to warm the surface through increased longwave counter-

radiation, or act to cool the surface by reflecting more shortwave radiation back to 

space. As such, variation in cloud conditions can have a large impact on radiation 
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received at the surface as well (Boisvert, Wu and Shie, 2015), further complicating the 

feedback processes involved with changing surface cover regimes.  

Snow cover albedo is dependent on texture, grain size, and age of the snow 

(Zhang, 2005), and the influence of the snowpack on radiation changes temporally, 

with the diurnal, and seasonal change in solar elevation angle, and spatially with 

geographic location. Transient zones of snow cover (areas that experience the most 

inter-annual variability) have shifted, with October and November having the greatest 

amount of transient snow (Groisman et al., 1994) which further complicates snow 

cover albedo processes. Snow cover net albedo effect is greater in spring (when solar 

elevation angles are higher) than in autumn (when solar elevation angles are lower) 

even though the snow surface albedo is lower (due to the older age of the snow; 

Zhang, 2005). The extra absorption of radiation in the spring, a product of the lower 

albedo values and the higher solar angle, leads to melting of the snowpack. Increasing 

spring air temperatures have melted snow cover earlier which results in further 

warming via the snow albedo feedback (Allchin and Déry, 2019). The increasing snow 

during fall in some regions, coupled with the strong albedo effect of snow (and 

warming temperatures) in the spring, make both March and October pivotal months in 

better understanding snow cover dynamics. 

1.2 Research Necessity  

There is still uncertainty as to how well climate models are capturing recent 

changes to surface albedo feedbacks, with some research suggesting they 

underestimate the radiative influence of the cryosphere (Flanner et al., 2011). The 

struggle to model the poles is in part due to the high latitudes (large shifts in insolation 

seasonally), rapid regional changes (shifting surface covers), and the complex energy 
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feedback systems involved (especially those that pertain to cloud-cover, which pose 

modeling difficulties at any latitude), as well as the importance of ocean dynamics and 

sea surface temperatures (Porter, Cassano and Serreze, 2012).  

Although snow and ice both have complex interactions with the atmosphere 

and land surface, the presence of either assures a surface that is more radiatively 

dynamic than what it is replacing. As insolation varies with season, the degree of 

influence a surface cover has on the radiation budget changes. For the Northern 

Hemisphere, it has largely been concluded that spring and summer months (March – 

June) had the largest cryospheric forcing, although this peak varies slightly for snow 

cover and sea ice (Pielke, Liston and Robock, 2000; Pielke et al., 2004; Flanner et al., 

2011). As the radiative influence shifts seasonally, sea ice and snow cover trends may 

also be linked via the larger atmospheric circulation. Research has shown that sea ice 

loss in the summer, and delayed onset in the autumn, can lead to atmospheric 

circulation patterns that result in more frequent cold air outbreaks and moisture 

availability, allowing snowier winter conditions across the Northern Hemisphere (Liu 

et al., 2012), but many uncertainties remain. The shift in albedo from one surface type 

to the other and resulting impacts on the radiation balance warrant ample research, 

with many implications still unknown. Thorough analysis of cryo-cover 

spatiotemporal variations is needed to understand its influence on and response to a 

changing climate system. 

1.3 Dissertation Organization 

The dissertation investigates sea ice and snow cover both independently and as 

a combined cover (cryo-cover) over varying temporal periods both for the entire 

Northern Hemisphere but also separated into distinct spatial regions. Chapters 2 – 4 
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are written as stand-alone studies with the structure and detail expected of peer-

reviewed scientific journal articles. Chapter 2 builds a climatology of cryo-cover for 

the Northern Hemisphere and trends in cryo-cover concentration. This chapter was 

published in the International Journal of Climatology (Brasher and Leathers 2021). 

Chapter 3 implements Self-Organizing Maps (SOMs) to define new regions of cryo-

cover based on their transitions and trends both spatially and temporally. This chapter 

is in review at Climate Dynamics and was submitted in August 2021 and then revised 

in February 2022 (Brasher and Leathers, in review). Chapter 4 uses a confusion 

matrix-based methodology to determine the amount of spatial area being exchanged 

between SOM-derived cryo-cover regions. This chapter will be submitted to Climate 

Dynamics for review during the summer of 2022. Lastly, Chapter 5 places the results 

of the previous chapters within the current literature, further discusses implications of 

cryo-cover transformation, and outlines avenues for further studies and research. 
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CLIMATOLOGY OF NORTHERN HEMISPHERE CRYO-COVER 

Brasher, S. E. and Leathers, D. J. (2021) ‘Climatology of Northern Hemisphere Cryo-

cover’, International Journal of Climatology, pp. 1–13. doi: 10.1002/joc.7224. 

2.1 Abstract 

The Earth’s cryo-cover (defined here as snow cover and sea ice) is dynamic 

and varies considerably on both interannual and seasonal timescales. This study 

analyzes trends in Northern Hemisphere cryo-cover from 1979 – 2020 using three 

datasets: National Snow and Ice Data Center (NSIDC) Sea Ice Extent, Rutgers Global 

Snow Lab (GSL) Snow Cover Extent and MeaSuREs State of the Cryosphere values. 

Temporal trends of cryo-cover, both as a combined variable and as separate snow and 

ice components, are calculated on an annual and monthly basis. Using derived cryo-

cover concentration values, pixels are categorized to be either stable (covered 75% of 

the time or more) or transient (covered less than 75% of the time), as a method to 

differentiate the type of cryo-cover present annually and monthly as well as associated 

trends and transitions from one cover type (stable or transient) to the other.  

Results indicate a decrease in cryo-cover since 1979 with sea ice decreasing in 

all months, but snow cover increasing in the autumn and early winter and decreasing 

during the spring. Decreasing trends in stable cryo-cover are observed during most 

months with several months seeing increases in transient cover. Increases in autumn 

snow cover (particularly in October) help to offset the large decreases in late 

summer/early autumn sea ice. From April – August, cryo-cover exhibits statistically 

Chapter 2 



 11 

significant decreasing trends. A comprehensive understanding of the climatology of 

cryo-cover is of great importance in understanding the radiative impacts of a changing 

cryosphere in a warming climate. 

2.2 Introduction 

The surface cover of the earth is a dynamic and integral part of the radiation 

balance; as such, changes from one surface cover type to another have implications for 

energy fluxes across the planet. The spectral differences between a cryo-covered (ice 

or snow) and a bare (exposed ground or open ocean) surface are extreme (Baker et al., 

1992; Serreze et al., 2007), with the cryo-covered surface typically having a much 

higher albedo than the bare surface. This shift in albedo from one surface type to the 

other and resulting impacts on the radiation balance have been the subject of much 

research, although many additional implications may still be unknown. Thorough 

analysis of cryo-cover spatiotemporal variations are needed to understand its influence 

on and response to a changing climate system. This manuscript will document the 

spatiotemporal variations of continental-scale cryo-cover (defined here as snow cover 

and sea-ice), across the Northern Hemisphere while also addressing changes in the 

type of cryo-cover present (be it a stable, consistently covered surface or one that is 

more transient and infrequently covered). The presence, or lack thereof, as well as the 

consistency of surface cover are of interest in discerning the cryosphere’s response to 

warming global temperatures.  

Climate-related variables can be loosely classified into three categories: 

forcings, feedbacks, and responses, depending on the problem of interest (Groisman et 

al., 1994). Surface cover both responds to and influences climate change, resulting in 

complex feedback systems. Although seemingly similar from a radiative perspective, 
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snow cover and sea ice are quite different in their temporal and spatial distribution. 

Not only does the presence of cryo-cover have climate implications, but the timing 

and type of cover complicates how that surface will influence the radiation balance. 

The albedo, emissivity, and variability of cryo-cover (snow and ice) is of primary 

importance in many climate feedback processes and there are many environmental and 

physical features that contribute to cryo-cover influence. 

Northern Hemisphere snow cover extent and duration have fluctuated over 

time. Mean annual snow cover extent has decreased, with high latitude areas (north of 

60N) and areas up to 2850 m above sea level experiencing the largest declines 

(Hernández-Henríquez, Déry and Derksen, 2015) despite some locations experiencing 

snow cover increases (Déry and Brown, 2007; Brown and Mote, 2009; Brown and 

Robinson, 2011). Transient zones of snow cover (those that experience the most inter-

annual variability) have been shifting as a result, with autumn (October and 

November) having the greatest amount of transient snow (Groisman et al., 1994).  

As with snow cover extent, snow cover duration has decreased for large 

portions of the Northern Hemisphere. Areas that historically had snow seasons of 28-

44 weeks have predominantly seen negative trends in snow cover duration, with 

highly significant negative trends in south-central Eurasia, mountainous regions in 

Iran, the Himalayas, Russia, and North America (Allchin and Déry, 2017). Allchin and 

Déry (2017) proposed that areas with significant positive trends may be the result of 

elevation (orographic lifting) and increased moisture availability because of warming 

temperatures. 

Allchin and Déry (2019) also investigated snow onset trends by studying the 

date of when snow cover switched from <50% to ≥ 50% and then the period when 
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uninterrupted snow conditions persisted for at least four weeks (considered the 

beginning of persistent winter conditions). Spatially, higher latitude regions 

experienced both dates earlier in the calendar year (August/September), where lower 

latitude locations (or those with high elevation) did not meet the criteria until later in 

the winter season (January/February). Areas that experienced significant trends were 

predominantly negative (implying earlier onset of snow dominated conditions) and in 

areas of low-to-moderate elevation between 40-60N, although a few high elevation 

areas did experience a delay in snow onset (Allchin and Déry, 2019).  

Modifications to snow cover area/extent, as well as the time duration a surface 

is snow-covered greatly influences the radiative properties (or the albedo) of the 

surface undergoing the transition from covered to cover free. Snow cover albedo is 

influenced by many factors, including grain size/shape, surface texture, liquid water 

content, solar zenith angle and cloud conditions (amount and intensity of radiation 

received), as well as the underlying surface properties (Zhang, 2005). Regional case 

studies (Baker et al., 1992; Leathers, Ellis and Robinson, 1995) have quantified the 

difference in temperature between snow-covered and snow free surfaces, finding that 

snow-covered surfaces lead to regional cooling of the atmosphere by decreasing 

daytime maximum (albedo) and nighttime minimum (emissivity) temperatures. It is 

also important to note that the magnitude of the temperature depression is related to 

topography and the type of vegetation present (Robinson and Kukla, 1984; Jin et al., 

2002); in general, flat/less complex landscapes experience larger radiative impacts 

(higher albedos) from snow cover, whereas forested or densely vegetated landscapes 

experience snowpacks with lower albedos (Baker et al., 1992; Leathers, Ellis and 

Robinson, 1995; Barlage et al., 2005). The albedo of a snow covered surface changes 
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temporally, with the diurnal, and seasonal change in solar elevation angle, and 

spatially with geographic location. The solar elevation angle in autumn is lower than 

that during the period of snowmelt in spring, especially in the Arctic and sub-Arctic, 

which results in increased radiation reaching the snow surface in spring compared to 

autumn. This relationship makes the net albedo effect greater in spring than in autumn 

even though the snow surface albedo is lower (due to the older age of the snow; 

Zhang, 2005). The extra absorption of radiation in the spring, a product of the lower 

albedo values and the higher solar angle, leads to melting of the snowpack, altering 

emissivity of the surface as well. As spring air temperatures have increased, snow 

cover has begun melting earlier and is projected to continue doing so, resulting in 

further warming via the snow albedo feedback (Allchin and Déry, 2019). 

The emissivity of snow is also an important component of the cryo-cover / 

atmosphere system. Snow, with an emissivity of approximately 0.98, typically has a 

higher emissivity than underlying land surfaces. Thus, during nighttime hours snow is 

a more efficient emitter of longwave radiation than the underlying land surface acting 

to cool the lower atmosphere more efficiently than if snow cover were not present 

(Ellis and Leathers, 1998; Zhang, 2005). During high latitude winters atmospheric 

cooling, via albedo, is minimal because of lower solar angles; in these instances, the 

snow acts as an insulating barrier between the land surface below and the frigid air 

above. In general, under cold clear-sky conditions, snow cover albedo forces surface 

cooling but for cloudy conditions, atmospheric downwelling longwave radiation, 

coupled with the high longwave absorptivity of the snowpack, may result in higher 

surface temperatures, emphasizing the importance of overlying atmospheric conditions 

(Zhang, 2005). Thus, the synergistic interactions between snow cover and the 
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atmosphere are complex, and change depending upon location, and seasonal and 

diurnal cycles.  

Arctic sea ice cover is declining rapidly, most notably in the summer months 

(June – September; Comiso et al., 2008). Sea ice is melting sooner and freezing later 

within the annual cycle; when averaging these changes over the entire Arctic, melt 

season length has increased by 20 days over the past 30 years (Markus, Stroeve and 

Miller, 2009). Changes in the melt season have turned multi-year ice into more 

sensitive, first-year ice. This first-year ice has much larger fluctuations in thickness 

and energy transmission (Nicolaus et al., 2012). The melting process allows the 

formation of melt-ponds on the surface, which can transmit about 4-5 times more 

energy into the ocean than nearby bare ice (Lu et al., 2018). Albedo varies 

dramatically with changes in ice type. Overall, multi-year ice has much higher 

reflectance, regardless of the time in the melt season (this contrasts with snow cover, 

which is more reflective for new snow). First year ice transmits almost three times 

more radiation (with averaged surface melt pond coverage of 42%) than multi-year ice 

(23% melt pond coverage), allowing more radiation to reach the ocean surface below, 

further amplifying the melting process (Nicolaus et al., 2012). 

With reduced sea ice, more exposed ocean, and warmer air and ocean 

temperatures, evaporation rates in the Arctic have increased (Bengtsson et al., 2013; 

Boisvert, Wu and Shie, 2015). This change in the moisture flux further modifies the 

radiation balance through cloud cover. Clouds can have varying effects on radiation 

which depends on cloud type, thickness, and height in the atmosphere. Depending on 

the cloud, it can either act to warm the surface through increased longwave counter-

radiation, or act to cool the surface by reflecting more shortwave radiation back to 
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space. As such, variation in cloud conditions can have a large impact on radiation 

received at the surface (Boisvert, Wu and Shie, 2015).  

Modifications to the surface regime can result in a positive feedback by 

increasing cryo-cover albedo increases, amplifying cooling and potentially allowing 

more snow and ice to develop. Reduction of cryo-cover results in increased absorption 

of insolation by the land surface, leading to more outgoing longwave radiation, and 

amplified warming that further reduces the likelihood of frozen precipitation or cryo-

cover formation.  

There is still uncertainty as to how well climate models are capturing recent 

changes to surface albedo feedbacks, with some research suggesting they 

underestimate the radiative influence of the cryosphere (Flanner et al., 2011). The 

struggle to model the poles is in part due to the high latitudes (large shifts in insolation 

seasonally), rapid regional changes (shifting surface covers), and the complex energy 

feedback systems involved (especially those that pertain to cloud-cover, which pose 

modeling difficulties at any latitude), as well as the importance of ocean dynamics and 

sea surface temperatures (Porter, Cassano and Serreze, 2012). Although snow and ice 

both have complex interactions with the atmosphere and land surface, the presence of 

either assures a surface that is more radiatively dynamic than what it is replacing. It 

should also be noted that, as insolation varies with season, the degree of influence a 

surface cover has on the radiation budget changes. For the Northern Hemisphere, it 

has largely been concluded that spring and summer months (March – June) had the 

largest cryospheric forcing, although this peak varies slightly for snow cover and sea 

ice (Pielke, Liston and Robock, 2000; Pielke et al., 2004; Flanner et al., 2011). As the 

radiative influence shifts seasonally, sea ice and snow cover trends may also be linked 
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via the larger atmospheric circulation. Research has shown that sea ice loss in the 

summer, and delayed onset in the autumn, can lead to atmospheric circulation patterns 

that result in more frequent cold air outbreaks and moisture availability, allowing 

snowier winter conditions across the Northern Hemisphere (Liu et al., 2012).  

Consensus agrees that snow cover and sea ice areas are changing, but there is 

still much work to be done on where, how much, and what influence these changes 

will have. To better grasp the large-scale atmospheric influences and radiative 

implications of changing cryo-cover regimes, snow cover and sea ice should be 

analyzed as a comprehensive cryo-cover spatially and temporally. There should be 

distinction between the type of cryo-cover present, as consistency in coverage also 

complicates the radiative processes, necessitating definitions of stable, and more 

ephemeral, or transient, cryo-cover to better understand the surface cover dynamics. 

On a hemispheric scale, snow cover and sea ice should be examined comprehensively, 

both in terms of extent, but also regarding the stability of the surface cover and spatial 

patterns of cover change. Documentation of the spatiotemporal variation, and 

transitions, of Northern Hemisphere cryo-cover is crucial to a better understanding of 

Arctic climate change and Northern Hemisphere climate variability. 

2.3 Data and Methods 

Three primary datasets were used in this study, each with varying spatial and 

temporal resolution. For consistency, all analyses begin in January 1979.  

2.3.1 NSIDC Ice Extent 

The National Snow and Ice Data Center (NSIDC) Ice Extent dataset (Fetterer 

et al., 2017) has a temporal period of November 1978 to present; this study uses 
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monthly ice extent values. The spatial coverage is for the Northern Hemisphere, north 

of 30.98°N. The data are derived from the use of passive microwave sensing, with cell 

areas ranging from 382 to 664 km2 each. The present study uses ice extent data instead 

of ice area, which often underestimates summer ice due to melt ponding on the ice 

surface (Fetterer et al., 2017). Ice extent is assumed to terminate and water to begin 

where ice concentration is less than 15% for a cell, meaning any cell that has more 

than 15% of it covered by ice is considered covered; Fetterer et. al (2017) found that 

this threshold best represented the true extent of the ice edge capable of being captured 

by passive microwave instruments, as anything lower was too uncertain to use. This 

study includes the period January 1979 – December 2020. 

2.3.2 Rutgers GSL Snow Extent 

Snow extent data (Robinson et al., 2012) are derived from shortwave visible 

satellite imagery, which has shown better accuracy over large areas than individual 

station observations (Robinson et al., 2000). The spatial extent of this dataset covers 

the Northern Hemisphere, with cell area ranging between 10,700 to 41,800 km2 and a 

temporal range of November 1966 to present. Monthly snow cover values were used 

for this study. If a cell is less than 50% snow covered, it is considered snow free, and 

if equal to or above 50%, it is snow covered. Changes to the methodology of snow 

extent calculation (shifting from manual to more automated methods in 1999) may 

result in misidentification of snow during the early stages of snow development and in 

the latter stages of ablation (Allchin and Déry, 2017), and some research suggests 

snow cover overestimation in late spring and summer in mountainous regions. Despite 

this, it is still widely used and considered reliable for large, continental-scale studies 

(Déry and Brown, 2007). For the sake of coverage continuity, all months and all of the 
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Northern Hemisphere is included in this study. Snow extent data are used for the 

period January 1979 – December 2020. 

2.3.3 MeaSuREs State of the Cryosphere 

The MeaSuREs State of the Cryosphere data (Robinson et al., 2015) cover the 

period January 1979 to December 2012. The dataset contains weekly snow cover and 

sea ice data, combined into one comprehensive variable, using the unique coverage 

thresholds for both variables (15% for sea ice and 50% for snow). Each 100 km x 100 

km grid box represents one pixel, or 10,000 km2 of spatial coverage, using the Equal 

Area Scalable Earth (EASE) grid 2.0 format (Brodzik et. al., 2014), which simplifies 

calculation of spatial coverage and allows convenient comparison between locations. 

The MeaSuREs data originate with a binary format (on/off) if snow or ice cover is 

present which allows the combination of the two variables with different thresholds, 

yielding a comprehensive one for the Northern Hemisphere.  

Using the weekly values, a percentage of monthly cover was calculated to 

yield a monthly concentration dataset. If the majority of the days for a given week 

(four out of the seven) were within one month, the week was considered as part of that 

month. Once all the weeks were binned into their appropriate months, the total number 

of weeks with cryo-cover for that month for each grid box was calculated, and then 

divided by four to give an average value (concentration) for the month. Given the 

binary nature of the weekly data (a pixel could either have a value of 1 if it was cryo-

covered, or 0 if it was cryo-cover free each week), there were five numeric 

possibilities for a pixel’s concentration each month: 

0.0: the pixel was cryo-over free all weeks of the month. 

0.25: the pixel was covered one week of the month. 
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0.50: the pixel was covered two weeks of the month. 

0.75: the pixel was covered three weeks of the month. 

1.0: the pixel was covered all weeks of the month.  

The creation of monthly concentration data allows for the analysis of stable vs 

transient cryo-cover areas. From the concentration dataset, transient cryo-cover was 

calculated based on a 75% threshold. For a pixel to be considered transient, it was 

required to have a monthly concentration value that was greater than zero but less than 

0.75. Anything ≥75% (meaning it was covered, on average, at least three weeks of the 

month) was considered a stable cryo-cover pixel.  

2.3.4 Methods 

Ice and snow extent data (1979 – 2020) were used to quantify temporal trends 

in overall extent of ice and snow separately, but also as a comprehensive cryo-cover 

for the Northern Hemisphere. Parametric and non-parametric tests were employed to 

analyze trends. Parametric linear regression (ordinary least squares), non-parametric 

Kendall’s τ and non-parametric Spearman’s ρ were used for trend analysis and then 

were appropriately tested for significance at the p ≤ 0.05 level. From the regression 

analysis, the trend (slope) was used to create trend annual cycle figures, where 

significance is denoted only by the variables that met the significance threshold in all 

parametric and non-parametric testing.  

MeaSuRes cryosphere concentration data (1979 – 2012) were used to 

determine monthly spatial variability in cryo-cover and differentiate temporal trends in 

the type of cryo-cover (determined as either stable or transient), again using ordinary 

least squares regression, Kendall’s τ, and Spearman’s ρ. The results of the monthly 

analysis were also used to analyze the trend annual cycle of stable and transient cryo-
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cover. Maps of the average cryo-cover concentration were made, as well as the 

average cover type (stable or transient) for all months. Lastly, maps were made of the 

monthly concentration trend by pixel to depict zones of cryo-cover change from a 

more stable cover to a more transient one, or vice versa. 

2.4 Results 

2.4.1 Temporal Trends 

Snow cover and sea ice have distinctive annual cycles (Figure 2.1). Snow 

cover increases substantially in the early autumn, reaches peak extent in mid to late 

winter, and decreases rapidly during the late spring months. Sea ice reaches its 

minimum in late summer and early fall, attaining its largest values in the spring, after 

plentiful time for growth over the winter season. Figure 2.1 displays cryo-cover in its 

two components (snow and ice) as well as combined. Although there are large 

fluctuations in cryo-cover as a whole, the larger spatial coverage of snow cover when 

compared to sea ice is evident in the annual cycle of the combined cryo-cover. Sea ice 

covers a much smaller geographic area, but it is noteworthy that when snow cover 

reaches an average minimum in August, sea ice does not reach its minimum until 

September. The higher latitudes of sea ice formation limits the extremes of summer 

temperatures, which reduces the amplitude of the ice annual cycle. Similarly, when 

snow cover reaches a maximum in January, two months later sea ice reaches its 

maximum in March. The Northern Hemisphere summer months (June, July, August) 

are when sea ice spatial coverage exceeds that of snow cover. As such, the relative 

stability (or smaller fluctuations/ less range annually) of sea ice counteracts the much 

larger range in snow cover, which can be seen in the combined cover during summer 
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months (Figure 2.1). Snow cover, which can be found in much lower latitudes than sea 

ice, is more ephemeral in nature, and exhibits higher variability throughout the year as 

a result. Despite the combined cover following the same general pattern as snow, the 

range is dampened by the differing annual cycle of sea ice. Between September and 

October snow cover becomes widespread across the Northern Hemisphere and is then 

the larger contributor to the combined cryo-cover through fall, winter and spring.  

Annually, combined cryo-cover has decreased since 1979 (Figure 2.2), at a rate 

of 0.054 million km2 /year (p < 0.01). Most of the decrease can be attributed to sea ice, 

which is decreasing at a rate of 0.055 million km2 /year (p < 0.01). The use of box 

plots in Figures 2.1 and 2.2 highlights the variability in range within a month (Figure 

2.1) and across a given year (Figure 2.2). Ice extent displays greater annual variability 

(Figure 2.2) in more recent years, while snow cover shows no increase in annual range 

over time, and an insignificant trend during the period of record. The large annual 

range and lack of clear annual trend for snow cover necessitates monthly analysis. 

It is important to note that the components of Northern Hemisphere cryo-

cover, ice and snow, are not always trending in the same direction on a monthly basis. 

To better understand the fluctuations in cover type, Figure 2.3 shows cryo-cover 

broken into components as well as a combined variable and gives the value of the 

monthly trends over time for each. Although sea ice has been decreasing in all months 

from 1979 – 2020, snow cover has been increasing during some months (September – 

January), offsetting the negative overall sea ice trend for a given month (visible in the 

combined trend). All cryo-cover (snow and ice) is decreasing from March – August. 

The opposing snow cover trends, from increasing in one half of the year to decreasing 

the other half, explains the minimal annual trend found for snow cover (Figure 2.2). 



 23 

With the combination of Figures 2.2 and 2.3, the following observations are 

made: First combined cover, although decreasing on an annual basis over time, is 

increasing during the months of October, November, December and January (although 

only October is increasing at a statistically significant rate). Second, snow cover, 

which given Figure 2.2 appears to have little trend present, exhibits both positive or 

negative significant (p ≤ 0.05) monthly trends (denoted by the black outlines around 

green bars in Figure 2.3) in all months except January, February and September. These 

observations are consistent with present literature on snow cover: Northern 

Hemisphere snow cover extent has fluctuated over time, with mean spring snow cover 

decreasing while fall and winter experience snow cover increases (Déry and Brown, 

2007; Brown and Mote, 2009; Brown and Robinson, 2011). Finally, although the 

magnitude varies, sea ice exhibits statistically significant (p ≤ 0.05) negative trends 

during all months. 

2.4.2 Spatial Analysis of Cryo-cover 

There is considerable spatial variability in the cryo-cover over the course of the 

annual cycle. Figure 2.4 displays cryo-cover concentration (both snow and ice) on a 

monthly averaged basis, from 1979 – 2012 using the MeaSuREs dataset. The purple 

represents stable cryo-cover, or cover that persists for all four weeks of a given month 

(represented by a value of 1, or 100% concentration), consistently throughout the 

temporal record. Areas left unshaded represent locations that were cryo-cover free for 

the month of interest for the entire temporal period, and the shades from green to red 

display transient zones of cryo-cover for each month.  

Total cryo-cover reaches a minimum in August as both sea ice and snow cover 

approach their minimum extent for the year. Cryo-cover area expands quickly from 
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October through the early winter, reaching a peak in January and February, followed 

by a rapid contraction from April to July. It is possible to identify topographic 

influences in the maps in areas where cryo-cover is located consistently at lower 

latitudes, even during the warmer months. These maps show the tremendous annual 

variation in cryo-cover across the Northern Hemisphere and the possible range of 

cryo-cover for each month represented by the transient values. 

Every month experiences specific regions with decreasing trends, and many 

with increasing trends as well (Figure 2.5). Geographically, most increasing trends are 

located over Eurasia, although during October there are increases across Canada as 

well. The decreasing trends are often located on the concentration boundary fringe for 

that month, although it is worth noting that the largest decreasing trends are located 

around the perimeters of the Arctic sea ice domain and high latitude (north of 60N 

latitude) land areas from late summer to early fall. 

2.4.3 Transient and Stable Cryo-cover Conditions 

Using the cryo-cover concentration dataset, derived from the MeaSuREs data, 

an analysis was conducted to determine the distribution of transient and stable cryo-

cover pixels for each month (Figure 2.6). Each pixel which is determined to have an 

average cryo-cover of 75% or greater (which, for one month, would mean the pixel 

had to be covered three-quarters of the total number of weeks) is considered a stable 

pixel, while those covered less than 75% of the time are considered transient. Pixels 

that remained uncovered (a value of zero) for the entire month were not part of this 

analysis. Like the map of average concentration, the annual cycle is apparent with the 

contraction and expansion of cryo-cover, with many parts of the Northern Hemisphere 

covered 75% of the time or more from November – April, at which point stable cover 
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then begins a steady decline until increasing again in October. These maps show the 

possible range of cryo-cover for each month (orange) and those areas that were 

continuously covered (purple) through 2012. 

Figure 2.7 shows the trend in the number of both stable and transient cryo-

cover area for the period 1979-2012, and in conjunction with Figure 2.3 gives insight 

not only to the amount of cryo-cover change, but the type of cover (transient versus 

stable) change over time. This information, coupled with the concentration trends 

(Figure 2.5) also make it possible to visualize where the largest changes have taken 

place. From March through August, snow and ice (and therefore combined cryo-

cover) have all decreased significantly (Figure 2.3). Figure 2.7 generally shows the 

same pattern from March to August, however the decreasing trend in stable cover is 

greater than that of transient cover. This relationship is likely a product of drastic 

reductions in summer and fall sea ice; although snow cover has also decreased during 

these months, the spatial coverage of sea ice (Figure 2.1) surpasses that of snow cover 

during the Northern Hemisphere summer. Although not statistically significant, March 

and April see increases in transient cover, in conjunction with large decreases in the 

stable cover for those months. Transient cover increases are significant (p ≤ 0.05) 

during February and October; these months coincide with increasing trends in snow 

cover. December is the only month that displays a significant increasing trend in stable 

cryo-cover, also associated with an increasing trend in snow cover, both significant at 

the p ≤ 0.05 level.  

Figure 2.8 shows the Northern Hemisphere transient and stable pixel annual 

trends. The transient trend has more variability (and outliers) than the stable one, 

although neither meet the significance threshold. However, after analyzing the trends 
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(many significant at p ≤ 0.05) on a monthly basis (Figure 2.7) with large negative 

trends in stable cover through spring and summer, and increasing trends in transient 

cover for all months except May – August (coupled with the fact that most locations 

with negative concentration trends are near the boundary of stable and transient cryo-

cover), the conclusion that overall the Northern Hemisphere cryo-cover is 

transitioning from a more stable cover type to a more transient, or ephemeral one, can 

be made. 

2.5 Discussion and Conclusions 

Cryo-cover is a dynamic part of the climate system, with both snow cover and 

sea ice having distinctive spatial and temporal variability. The spatial extent of snow 

cover exceeds that of sea ice during most of the annual cycle. However, their 

synergistic variability is of the utmost importance to the radiative balance of the 

Northern Hemisphere through changes in both the albedo and emissivity of the 

surface.  

The annual cycles of snow cover and sea ice are slightly out of phase with one 

another as sea ice reaches a minimum in September, increases through the winter, and 

peaks in March. Snow cover reaches its minimum extent in August, and increases 

rapidly in area in October, reaching its maximum extent in January and beginning its 

rapid retreat in April. While sea ice has been decreasing in each month of the year, 

snow cover has seen an increase in extent from October through January and decreases 

throughout the remainder of the annual cycle.  

Even given increases in autumn snow cover extent, the mean annual combined 

cryo-cover has shown a statistically significant decrease in area from 1979 - 2020. 

Mean annual sea ice has also seen a significant negative trend over the same period. 
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The mean annual snow cover extent has shown no significant trend during this time 

due to autumn snow cover extent increases and spring and summer decreases.  

The distribution of stable and transient (dictated by pixels that are cryo-

covered less than 75% of the time) cryo-cover changed during the period 1979 – 2012. 

On an annual basis, stable cover has decreased while transient cover has increased 

(neither change significant at the 95% level). Stable cover has decreased significantly 

from March – October and has increased significantly in December. Transient cover 

has decreased significantly from June – August and increased significantly in October 

and February. In most months, the trend (whether it is positive or negative) is larger 

for stable cover than it is for transient cover (October being the exception). This could 

be a product of memory within the cryo-cover system; as the Northern Hemisphere 

shifts from a warm season to a cooler one, new cryo-cover is being formed (which, 

initially, would be considered transient cover until it is established enough to persist 

for at least three weeks). As the year gets progressively cooler, and the cryo-cover has 

had a chance to stabilize, the trends are more comparable, before stable cover becomes 

larger as temperatures begin to warm again. At this point, it is less likely for new cryo-

cover to be formed (as insolation is higher), resulting in negative trends to be more 

biased toward the stable cover. As cryo-cover regimes change with warming 

temperatures, the reduction in stable cover could potentially be linked back to the 

magnitude of transient increases in previous seasons, with transient cover becoming 

more prevalent.  

There could be many implications to this transition. The age of snow or ice, the 

thickness, as well as its physical properties all influence the impact it has on the 

surface radiation balance. Cryo-cover trends are not homogenously distributed across 
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the Northern Hemisphere. Although there are areas with decreasing concentration all 

months of the year, the location and magnitude changes from month to month. 

Although less common, there are areas that have experienced increasing cryo-cover 

trends from 1979-2012 as well. Like the areas of decreasing concentration, the areas of 

increase vary in their spatial distribution monthly. It is worth noting that, regardless of 

if the trend is negative or positive, most areas experiencing statistically significant 

trends in cryo-cover concentration are located near the boundary between the average 

stable and transient cryo-cover for that month, with the decreasing trends located at 

higher latitudes, and the increasing trends at lower latitudes. This result implies a 

dynamic transient cryo-cover that, dependent on latitude and time of year, is both 

increasing and decreasing. Therefore, as cryo-cover changes from stable cover to 

transient cover, or vice versa, the radiation balance of that location will change as 

well.  

The literature often discusses sea ice and snow cover regarding their albedo 

without considering the complexities of the radiative properties of each surface cover 

type and the seasonality of cover type transitions. As climate regimes shift in relation 

to warming global temperatures, the spatial and temporal distribution of cryo-cover 

may be further complicated and influence the climate of surrounding areas (Simmonds 

and Keay, 2009). Formation and melt timing (Ballinger and Sheridan, 2015; 

Kashiwase et al., 2017; Allchin and Déry, 2020) will likely respond differently to 

increased greenhouse gas forcing and Arctic climate change if there are large regional 

variations in melt drivers (Kim et al., 2016). Topography and the larger atmospheric 

circulation (Francis and Vavrus, 2015; Hall et al., 2015; Sun, Deser and Tomas, 2015), 

as well as modifications to it from climate change, make regional situations unique 
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(Mioduszewski et al., 2014) and hard to predict. To better understand how changes in 

cryo-cover extent will influence the radiation balance (and therefore the larger 

atmospheric circulation), analyzing cover transitions on a monthly or seasonal basis is 

necessary, given the large range in insolation received annually. As the Northern 

Hemisphere shifts from one season to the next, the radiative potential influence of 

cryo-cover increases as temperatures do (although becomes more limited in the 

Summer, when cryo-cover reaches a minimum) (Pielke, Liston and Robock, 2000; 

Pielke et al., 2004).  

By detailing the spatiotemporal variations in cryo-cover, both as separate 

components (snow and sea ice) and as a whole, a more robust understanding of 

radiatively important surface changes is obtained for the Northern Hemisphere. The 

results of this work agree with the larger literature on the annual trends of sea ice and 

snow cover extent decreases, while also investigating cryo-cover as a whole, and as 

defined by its stability (or lack thereof). Areas with significant trends in cryo-cover 

concentration are displayed monthly, which also highlights locations on the boundary 

of stable and transient cryo-cover undergoing the most change during the period of 

1979-2012. Like previous work, the results here indicate increasing trends in snow 

cover dependent on month and location (Déry and Brown, 2007; Brown and Mote, 

2009; Brown and Robinson, 2011), with this analysis suggesting increases 

predominantly in Eurasia and Canada, with latitudinal bounds shifting depending on 

the month. This shift may also be indicative of the transformative line between the 

stable cryo-cover and transient cover, which is shifting in most months from a more 

stable cover to a more transient one. Given that the radiative influence of cryo-cover is 

dependent on not only the presence of cover, but also the intensity of radiation 
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received (Pielke, Liston and Robock, 2000; Pielke et al., 2004), discerning the areas of 

largest change monthly (both decreasing and increasing) could yield insight to future 

work as to where radiative implications to a changing cryo-cover regime will be 

greatest.  

The research also presents further questions to be explored, such as: Do 

months of transient cryo-cover represent interannual variability in cryo-cover in 

specific locations, or long-term changes in cryo-cover where areas stably covered in 

the past are now more inconsistently covered in recent years? Or, for those areas 

farther south, are areas that were very inconsistently cryo-covered in the past, 

becoming more frequently covered as temperatures warm (increasing moisture 

availability)? Are the spatial patterns associated with the transition from a stable cryo-

cover to a more transient one related to any specific, large scale atmospheric dynamics 

(teleconnections)? Is there a systematic pattern to trends in cryo-cover concentration 

change? If so, do patterns shift monthly or seasonally, and how would the influence of 

the cryo-cover shift with it?  

 Answers to these questions would build on the existing literature and yield 

insight as to how the changing cryosphere may impact the radiation balance both 

globally and regionally. Research has linked patterns in atmospheric variables (500 

hPa geopotential heights, surface temperatures, etc.) with both earlier and delayed 

snow cover onset (Allchin and Déry, 2020), but the contribution of sea ice, as well as 

the spatial variability of cryo-cover change (and its influence on these patterns) is still 

unknown. It has been documented that the influence of cryo-cover varies with the 

amount of insolation received by the surface, but without a detailed analysis on where 

changes are happening, when they are happening, and to what extent (how much), 
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there is still much conjecture involved. Better understanding of the stability of the 

cryo-cover, and the patterns associated with transitions from a stable to transient, or 

transient to stable cover, could then further be linked with specific atmospheric 

variables that would result in cover change. Given the synergistic interactions between 

these surface changes and the large-scale atmospheric circulation, further research on 

cryospheric changes should be a priority for enhanced monitoring and modelling 

efforts in climate change research. Spatial relationships and more detail on the 

relationships between stable and transient cryo-cover on a hemispheric, but also 

regional, basis will be fundamental to understanding how the changing cryo-cover 

regime will influence climate. 
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FIGURES

 

Figure 2.1.: Box plots of cryo-cover annual cycle (1979 – 2020) in millions of km2, 

with light blue representing combined (both snow and ice) cover, dark 

blue ice and green snow. The distance between the “tails” of each 

boxplot denotes the range of values (where the lower point is the 

minimum, and the upper point the maximum for the month). The lower 

edge of the box represents the first quartile, the upper edge of the box the 

third quartile, and the line near the center of each box is the median value 

for that year. Dots represent outliers. Values derived from the snow and 

sea ice extent data. 
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Figure 2.2.:  Box plots showing cryo-cover trends (1979 – 2020) in millions of 

km2/year broken into Ice extent (top), Snow cover (middle), and Total 

cryo-cover (both ice and snow; bottom), using linear regression. The 

distance between the “tails” of each boxplot denotes the annual range of 

values (where the lower point is the minimum, and the upper point the 

maximum for the year). The lower edge of the box represents the first 

quartile, the upper edge of the box the third quartile, and the line near the 

center of each box is the median value for that year. The triangles display 

the mean annual values. Values derived from the snow and sea ice extent 

data. 
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Figure 2.3.:  Cryo-cover trend annual cycle (1979 – 2020) in millions of km2/year, 

with light blue representing combined (both snow and ice) cover, dark 

blue ice and green snow. Black outline denotes significance (p ≤ 0.05) 

using parametric (ordinary least squares regression) and non-parametric 

(Kendall’s τ and Spearman’s ρ) methods. Values derived from the snow 

and sea ice extent data. 
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Figure 2.4.:  Average monthly combined (both ice and snow) cryo-cover 

concentration from 1979 – 2012, values derived from the MeaSuREs 

concentration data. 
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Figure 2.5.:  Trends (p ≤ 0.05) of combined (both ice and snow) cryo-cover 

concentration from 1979 – 2012 using linear regression, values derived 

from the MeaSuREs concentration data. Trends of zero (implying 

little/no change over time) have been removed. Pink/purple shades 

represent the maximum increasing concentration trends that are 

statistically significant (~4% increase/year) where red shades represent 

the maximum statistically significant concentration decreasing trends (~-

4%/year). 
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Figure 2.6.:  Average monthly combined (both ice and snow) cryo-cover type 

distribution (stable being covered 75% of the month of more, transient 

being covered less than 75% of the month, on average) from 1979 – 

2012, values derived from the MeaSuREs concentration data. 
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Figure 2.7.:  Trend annual cycle for Stable and Transient Cryo-Cover, in km2/year. To 

be considered stable, the pixel was covered 75% of the time or more, 

where transient pixels were those covered less than 75% of the time. The 

black outline denotes statistical significance (p ≤ 0.05) using parametric 

(ordinary least squares regression) and non-parametric (Kendall’s τ and 

Spearman’s ρ) methods. Values derived from the MeaSuREs 

concentration data (1979 – 2012). 
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Figure 2.8.: Box plots showing trends of Transient (top) and Stable (bottom) Cryo-

cover (1979 – 2012) at the 75% cutoff threshold. The distance between 

the “tails” of each boxplot denotes the annual range of values (where the 

lower point is the minimum, and the upper point the maximum for the 

year). The lower edge of the box represents the first quartile, the upper 

edge of the box the third quartile, and the line near the center of each box 

is the median value for that year. The triangles display the mean annual 

values and the dots are outliers. Values derived from the MeaSuREs 

concentration data. 
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USING SELF-ORGANIZING MAPS TO DETECT NORTHERN 

HEMISPHERE CRYO-COVER TRANSFORMATION 

Brasher, S. E. and Leathers, D. J. (2021) ‘Using Self-Organizing Maps to Detect 

Northern Hemisphere Cryo-Cover Transformation’, Climate Dynamics, 

submitted August 19, 2021, revised February 21, 2022, back in review. 

3.1 Abstract 

Northern Hemisphere cryo-cover (here defined as both snow and sea ice 

covers) is dynamic and has displayed distinct spatial and temporal variability, as well 

as shifts in stability (predominantly becoming less stable) in recent decades. To better 

understand these transitions, this manuscript focuses on three transitional months of 

cryo-cover transformation, March, June and October, and implements Self-Organizing 

Maps (SOMs) on a MeaSuREs derived (temporal coverage of 1979 – 2012) cryo-

cover concentration dataset. Cryo-cover transformation was analyzed on a regional 

and hemispheric basis with trends calculated for all areas identified by the SOMs.  

Results suggest cryo-cover decreases (in area and stability) during March and 

June as pixels shift from SOM identified stable patterns to more transient patterns. 

October results suggest increases in transient cryo-cover, a result of declining stability 

in sea ice but also increasing snow cover predominantly centered around 50N 

latitude. All months experience regions of increasing and decreasing cryo-cover 

trends. Decreasing trends are predominant in March and June, although some areas of 

increase are apparent even during these months. By contrast, October has significant 

area experiencing increasing trends in cryo-cover, as well as large decreasing trends in 

Chapter 3 



 46 

the ice domain. Given accelerated rising temperatures in the Northern Hemisphere 

high latitudes, transformation of cryo-cover will continue, and monitoring these 

changes spatially (using methodologies like SOMs) will be necessary to better 

understand the radiative and environmental impacts.  

3.2 Introduction 

Northern Hemisphere cryo-cover (here defined as both snow cover and sea ice) 

is integral to the Earth’s radiation balance and hydrologic cycle. Changing from a 

cryo-covered surface to bare ground or open ocean results in an extreme shift in 

surface albedo (Baker et al., 1992; Serreze et al., 2007), with a cryo-covered surface 

typically having a much higher reflectance than a bare one. Cryo-cover is a dynamic 

part of the climate system and has displayed distinct spatial and temporal variability, 

and has decreased from 1979 – 2020, despite some months having increasing trends 

(Brasher and Leathers, 2021). Brasher and Leathers (2021) detail that not only is the 

amount of cryo-cover changing, but the type (which they described as stable or 

transient) has shifted, with the ratio of transient to stable cover increasing since 1979. 

There have been numerous studies detailing the importance of cryo-cover to the 

atmospheric circulation (Liu et al., 2012), but the degree to which shifts in cryo-cover 

impact the radiation budget vary with the season and amount of insolation being 

received (Pielke, Liston and Robock, 2000; Pielke et al., 2004; Flanner et al., 2011). 

The stable or transient nature of cryo-cover influences how energy exchanges take 

place (Brasher and Leathers, 2021), and there is still a need to clearly define 

homogenous regions of cryo-cover transformation. To build on the work of Brasher 

and Leathers (2021), this manuscript will focus on three key transitional cryo-cover 

months (March, June, and October) and use Self Organizing Maps (SOMs) to classify 
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cryo-cover regional patterns, as well as investigate how those patterns have shifted 

over time. Northern Hemisphere cryo-cover has not changed uniformly on an annual, 

monthly, or regional basis. A key step in better understanding how cryo-cover stability 

and transience is changing is to first define regions of consistent transformation, 

regions that have retained stability, and those that are shifting from one type of cover 

to another.  

Northern Hemisphere snow cover extent and sea ice cover have fluctuated over 

time. Mean annual snow cover extent has decreased, with high latitude areas (north of 

60N) and areas up to 2850 m above sea level experiencing the largest declines 

(Hernández-Henríquez, Déry and Derksen, 2015) despite some locations experiencing 

snow cover increases (Déry and Brown, 2007; Brown and Mote, 2009; Brown and 

Robinson, 2011). By contrast, Arctic sea ice has declined during all months, but most 

notably in the summer (June – September; Comiso et al., 2008).  

Transient zones of snow cover (areas that experience the most inter-annual 

variability) have shifted, with October and November having the greatest amount of 

transient snow (Groisman et al., 1994) which further complicates snow cover albedo 

processes. Snow cover albedo is dependent on texture, grain size, and age of the snow 

(Zhang, 2005), and the influence of the snowpack on radiation changes temporally, 

with the diurnal, and seasonal change in solar elevation angle, and spatially with 

geographic location. This relationship makes the net albedo effect greater in spring 

(when solar elevation angles are higher) than in autumn (when solar elevation angles 

are lower) even though the snow surface albedo is lower (due to the older age of the 

snow; Zhang, 2005). The extra absorption of radiation in the spring, a product of the 

lower albedo values and the higher solar angle, leads to melting of the snowpack. 
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Increasing spring air temperatures have melted snow cover earlier which results in 

further warming via the snow albedo feedback (Allchin and Déry, 2019). The 

increasing snow during fall in some regions, coupled with the strong albedo effect of 

snow (and warming temperatures) in the spring, make both March and October pivotal 

months in better understanding snow cover dynamics.  

Although both are decreasing on an annual basis, snow cover and sea ice have 

distinctive cycles, with sea ice reaching a maximum in spring and a minimum in late 

summer (compared to snow cover’s peak in mid-winter and minimum in summer; 

Brasher and Leathers, 2021). Sea ice is melting sooner and freezing later within the 

annual cycle (Markus, Stroeve and Miller, 2009). Changes in the melt season have 

turned multi-year (stable) ice into first-year (transient) ice. This first-year ice has much 

larger fluctuations in thickness and energy transmission (Nicolaus et al., 2012). The 

melting process allows melt-pond formation on the surface, which can transmit 4-5 

times more energy into the ocean than nearby bare ice (Lu et al., 2018). Overall, multi-

year ice has much higher reflectance, regardless of the time in the melt season (this 

contrasts with snow cover, which is more reflective for new snow). Ice type albedo 

differences in conjunction with the prevalence of more transient ice cover and 

increased melt season length necessitates a more thorough understanding of sea ice 

during its peak (spring), minimum (summer) and growth period (fall).  

Snow and ice both have complex interactions with insolation (and operate on 

varying cycles), but presence of either assures a surface that is more radiatively 

dynamic than what it is replacing. Brasher and Leather (2021) defined a cryo-cover 

stability threshold of the following: to be considered stable, a spatial grid box (pixel) 

had to be covered 75% of the time or more (with anything less than that considered 
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transient). They reported changes in the ratio of stable to transient cover that varied 

depending on the month, suggesting that defining the spatial relationships of such 

transitions would make the related implications clearer. As the radiative influence 

shifts seasonally, sea ice and snow cover trends may also be linked via the larger 

atmospheric circulation. Research has shown that sea ice loss in the summer, and 

delayed onset in the autumn, can lead to atmospheric circulation patterns that result in 

more frequent cold air outbreaks and moisture availability (Liu et al., 2012). 

Methodologies that can better quantify/classify specific regions where change is 

happening, and the type of change taking place, would make these impacts (and those 

yet to be discovered) better understood.  

SOMs were described by Kohonen (1998) as a method for visualizing high-

dimensional data, with the added benefit of mapping results to an easy to interpret, 

usually two-dimensional, grid (Kohonen, 1998). SOMs can be used for many 

applications but are often chosen as a substitute for a traditional cluster analysis. Like 

cluster analysis, a SOM will place data points in a user defined number of clusters 

(more commonly referred to as “nodes”). However, SOMs (unlike cluster analysis) do 

not rely on linearity or on the data conforming to a specific distribution and classifies 

through an iterative process (Cazavos, 2000), with nodes closer together having more 

in common than those that are farther apart (Hewitson and Crane, 2002). Simply, the 

SOM output is a similarity graph as well as a cluster diagram (Kohonen, 1998) 

yielding it many applications for various fields of science, and the method provides a 

non-linear/non-orthogonal alternative to principal components analysis (Crane and 

Hewitson, 2003). 
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The basic principles of SOMs are as follows: each data point is presented to 

the SOM, where the similarity between that point and the next point is calculated 

(typically by Euclidian distance), and then placed in the best fitting node, thereby 

modifying that node continuously as new data is presented to it (Hewitson and Crane, 

2002). The nodes nudge in the direction of each new data point added to them, 

adjusting continuously, and ultimately through this learning then “self-organizes” into 

a pattern that has the most similar nodes near each other, and those that are most 

different at opposing corners of the SOM (which would represent the extremes of the 

dataset) (Sheridan and Lee, 2011). A strength of using SOMs is that the node array 

displays a continuum of patterns when moving from one node to the next, allowing 

analysis of the transitory phases between nodes, as opposed to many other methods 

which result in discrete clusters (Sheridan and Lee, 2011). 

Decisions must be made when initiating a SOM, although there is little 

discussion as to best practice for these decisions (leaving them dependent on the 

researcher and research question) (Sheridan and Lee, 2011). When initiating the SOM, 

the size of the output map (the number of nodes and general shape of the map) is 

predetermined, and although there is not a rule to determine the correct number of 

nodes (Cazavos, 2000), too few nodes for the research question could result in a lack 

of detail/over-generalization, where too many could result in too much data or 

difficulty in discerning realistic patterns (Mioduszewski et al., 2016). For example, a 

SOM with six nodes would be more general than one with 24, but even despite this, 

obvious patterns and relationships would remain consistent with changes in map size 

(Fassnacht and Derry, 2010) with the SOM providing the best data distribution 

possible for the level of generalization (node count) requested (Crane and Hewitson, 
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2003). The number of iterations (or times the data is presented to the SOM) as well as 

the learning rate are also predetermined (Hewitson and Crane, 2002).  

There have been many research studies in the environmental sciences using 

SOMs, typically as a replacement for other synoptic climatological methods, where 

the primary predictors are sea level pressure, geopotential heights and moisture 

variables. Work has been done with SOMs investigating Arctic synoptic climatology 

to better predict surface melting (Mioduszewski et al., 2016), Greenland weather types 

and precipitation (Schuenemann and Cassano, 2010), the intricacies of teleconnections 

and their relationships with weather types across the United States and Canada (Lee, 

2017) as well as shifts in well-known teleconnection patterns (Johnson, Feldstein and 

Tremblay, 2008). SOMs have been used for many water resource-based studies, with 

the method applied for detection of weather patterns that lead to extreme winter 

precipitation events in the Balkans (Cazavos, 2000) and to better predict the onset of 

snow-melt events (Takala et al., 2008). Studies that investigated SWE (Snow Water 

Equivalent) and SOMs have both been regional, with one study investigating 

homogenous regions of cover in the Colorado River Basin region (Fassnacht and 

Derry, 2010), or hemispheric, where SOM results were used to visualize distinct SWE 

patterns in mountainous, coastal, and continental regions across the Northern 

Hemisphere (Wang, Biggs and Skupin, 2013). More recently, work has been done 

using SOMs to investigate the variability in Eurasian SWE in October by looking at 

daily change in SWE patterns in conjunction with the Madden-Julian Oscillation 

(MJO) (Henderson, Barrett and South, 2017).  

Despite the amount of literature presented using SOMs for climate related 

studies, little work has been done with the method for classifying land cover types or 
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sea ice relationships. Reusch and Alley (2007) investigated monthly Antarctic sea-ice 

edge positions, using SOMs to cluster the data and give an annual average ice cycle 

(Reusch and Alley, 2007), but a similar study has not been conducted for the Arctic 

using SOMs. To demonstrate the application of SOMs in surface cover transition 

studies, here specifically cryo-cover, this analysis will look at cryo-cover patterns for 

three key transitional months – March, June, and October. These months are well 

documented for having trends in changing cryo-cover (Brasher and Leathers, 2021), 

with March having decreasing snow cover trends from earlier melt, June with rapidly 

decreasing cryo-cover, and October experiencing increasing snow cover trends in 

some locations. By using SOMs, we can highlight specific, smaller regions where 

these transitions are taking place and the regional patterns that have changed over time 

with an emphasis on the stability (or transience) of the cover. Defining these regions 

of cryo-cover, their changes, and cover that has changed from one type to another (be 

it stable to more transient, or vice versa) will be instrumental for future studies’ of 

cryo-cover’s climatic influence under warming global temperatures. 

3.3 Data and Methods 

3.3.1 MeaSuREs Cryo-Cover Concentration Data 

Converted into a monthly concentration dataset from binary weekly values, the 

MeaSuREs State of the Cryosphere data (Robinson et al., 2015) were used and covers 

the period January 1979 to December 2012. The dataset contains weekly snow cover 

and sea ice data, combined into one comprehensive variable, using the unique 

coverage thresholds for both variables (15% for sea ice and 50% for snow). Each 100 

x 100km grid box represents one pixel, or 10,000 km2 of spatial coverage, using the 
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Equal Area Scalable Earth (EASE) grid 2.0 format (Brodzik et. al., 2014), which 

simplifies calculation of spatial coverage and allows convenient comparison between 

locations. The MeaSuREs data originate with a binary format (on/off) if snow or ice 

cover is present which allows the combination of the two variables with different 

thresholds, yielding a comprehensive variable for the Northern Hemisphere.  

Using the weekly values, a percentage of monthly cover was calculated to 

yield a monthly concentration dataset. If the majority of the days for a given week 

(four out of the seven) were within one month, the week was considered as part of that 

month. Once all the weeks were binned into their appropriate months, the total number 

of weeks with cryo-cover for that month for each grid box was calculated, and then 

divided by four to give an average value (concentration) for the month. Given the 

binary nature of the weekly data, (a pixel could either have a value of 1 if it was cryo-

covered, or 0 if it was cryo-cover free each week), there were five numeric 

possibilities for a pixel’s concentration each month: 

1. 0.0: the pixel was cryo-cover free all weeks of the month. 

2. 0.25: the pixel was covered one week of the month. 

3. 0.50: the pixel was covered two weeks of the month. 

4. 0.75: the pixel was covered three weeks of the month. 

5. 1.0: the pixel was covered all weeks of the month.  

The concentration dataset allowed monthly analysis, and is the data used by the 

SOM to classify cryo-cover spatial patterns. 

3.3.2 Methods 

SOMs were used to classify patterns for March, June and October using the 

MeaSuREs concentration dataset in R. The input data vectors included the spatial 
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attributes (x and y components) as well as the cryo-cover concentration values (a 

decimal fraction), which were all scaled prior to the SOM analysis. Each month had a 

total of 1,101,600 data points (representing a 180 x 180 spatial grid over 34 years) 

presented to the SOM. After testing multiple sizes, a 3 x 3 SOM was chosen to best 

capture larger, regional patterns without losing significant detail, while also limiting 

the number of nodes that would have minimal cryo-cover when analyzing months 

from different seasons. This resulted in nine unique nodes for each month. The SOM 

was trained through 1000 iterations with a hexagonal topography resulting in each 

node having six neighbors. 

The concentration values (ranging from 0 to 1, with 1 being 100% 

concentration, 0.5 being 50%, and so on) of each node were averaged and mapped to 

display the spatial cryo-cover concentration for the month of interest and each unique 

node. For mapping purposes, pixels that averaged 0% concentration (for example, the 

most southern parts of the study area which never experienced cryo-cover during the 

period of record) were set to be transparent, to make the pixels that did have cryo-

cover present more visible. This made patterns of stable and more transient cryo-cover 

for the months as well as more regional patterns of variability evident. Parametric 

linear regression (ordinary least squares) was used to analyze trends in pixel 

membership for nodes of interest monthly.  

Regions were defined post-SOM analysis that are consistent across all months 

of the study for regional comparisons of the above statistics and node output. Results 

of the SOM analysis were also compared to more general monthly pixel concentration 

trends.  
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3.4 Study Area 

This study includes the Northern Hemisphere north of 20N latitude. To better 

describe the SOM results the Northern Hemisphere has been broken into nominal 

geographic regions. Although some nodal patterns are circumpolar, the majority fall 

within one of the regional classifications detailed below. 

3.4.1 Western Eurasian 

The Western Eurasian region is bound between ~30W and 40E longitude. 

This region comprises Europe, Turkey, western Russia, the Black and Mediterranean 

seas, as well as the Alps, and the Carpathian, Caucasus, Atlas, Taurus, and part of the 

Ural Mountain ranges. 

3.4.2 Central Eurasian 

The Central Eurasian region is bound between ~40E and 90E longitude. This 

region comprises large portions of Russia and China as well as Mongolia, Kazakhstan, 

the northern parts of India among many other countries. A large portion of the Tibetan 

Plateau is located in this region. 

3.4.3 Eastern Eurasian 

The Eastern Eurasian region is bound between ~90E and 135E longitude. 

This region comprises eastern China, Japan, eastern Russia and many seas. Elevation 

becomes much higher inland further away from the coastline. 

3.4.4 Alaskan-Russian 

The Alaskan-Russian region is bound between ~135E and 130W longitude. 

This region comprises western British Columbia, Alaska, eastern Russia, the 

Kamchatka Peninsula and the many Alaskan mountain ranges. 



 56 

3.4.5 North American 

The North American region is bound between ~50W and 130W longitude. 

This region largely comprises North America, with the majority of the United States 

and Canada within its borders along with the Rocky Mountains, Cascades, and 

Appalachian Mountain ranges. Hudson Bay, Baffin Bay, and the Labrador Sea are 

contained in this region as well. 

3.4.6 Pacific North American 

The Pacific North American region is bound between ~115W and 130W 

longitude. This region largely comprises the Pacific Northwest of the United States 

and includes coastal portions of British Columbia within its borders along with the 

Cascade and Rocky Mountain ranges. 

3.5 Results 

3.5.1 Monthly SOM Node Patterns 

March, June and October were each analyzed using a 3 x 3 SOM, resulting in 

nine unique node patterns for each month. In general, patterns that are closer together 

are more alike than those farther apart (be it from latitude/longitude location, 

concentration values, or a combination of all three), and depending on the month, the 

SOM would also assign minimal or zero-concentration pixels to what appears to be 

“empty” nodes (these nodes do have pixels within them, but they are typically cryo-

cover free). 

3.5.1.1 March 

Figure 3.1 displays the nine unique nodes for March. Node 1 covers the North 

American region over the United States and Canada. Node 2 predominantly comprises 
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the Western Eurasian region, capturing the Atlantic around Greenland and Europe. 

Nodes 3 – 6 capture the specific regions within Eurasia, and Node 7 captures a small 

cover region off the coast of Newfoundland. Node 9 also captures the Pacific North 

American region, spanning from California into British Columbia. Node 8 captures the 

stable cryo-cover concentration areas, as well as those that are more transient (with 

lower average concentration values) but still often covered during March. 

3.5.1.2 June 

Figure 3.2 displays the nine unique nodes for June. Node 1 is the stable cryo-

cover concentration areas for June, notably much smaller than the stable circumpolar 

pattern in March as the Northern Hemisphere summer sets in. With less cryo-cover 

available, June has nodes without apparent cryo-cover (Node 3, 7 and 8). The North 

American regional pattern is now in Node 9 where the Western Eurasia pattern 

remains Node 2. Node 6 covers the Western Eurasian region where Node 4 comprises 

the Central Eurasian (the southern portions of this node represent topographic 

influence on cryo-cover), and Node 5 captures the Alaskan-Russian region. Node 6 

captures a small cryo-cover region between the Black and Mediterranean seas. 

3.5.1.3 October 

Figure 3.3 displays the nine unique nodes for October. October is the only 

month to have two circumpolar patterns. Like March and June, October has a 

circumpolar pattern that comprises the stable cover for the month (Node 8), but it also 

has a circumpolar pattern that contains a large amount of transient cover for the month 

(Node 4). The areas of lower concentration to the north are those pixels that may 

transition back and forth (they used to be a part of the more stable pattern and are now 
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part of the more transient pattern or vice versa), where the higher concentration areas 

in the middle are those likely to get occasional October cryo-cover, and the lower 

concentration areas to the south are the most inconsistently covered (or those that may 

transition to other more regional patterns). Like the other months, October has a North 

American regional pattern (Node 2) an Alaskan-Russian pattern (Node 1), and the 

Eurasian patterns (Node 3, 5, 9). October also has a Pacific North American pattern 

(Node 7) and one node without consistent cryo-cover (Node 6). 

3.5.2 Consistent Monthly Patterns 

Consistent monthly patterns are considered those that are apparent in all three 

months of the study. Although the patterns may vary in concentration and latitudinally 

with the season, these patterns are relatively consistent in their geographic placement 

through March, June and October. 

3.5.2.1 Stable Circumpolar Patterns 

All three months have a stable (comprised of pixels that have concentration 

values higher than 75%) cover node, with it being Node 8 for March, Node 1 for June, 

and Node 8 for October (Figure 3.4). The pattern covers considerably more area in 

March (Figure 3.4, A) than it does in June (B) and October (C), although all three 

regions display areas of 100% cover for their respective seasons. The number of pixels 

in the stable nodes have not remained consistent. In March, there is a statistically 

significant (p  0.05) decreasing trend in the number of pixels included in Node 8 

(Figure 3.4, D). Given the total number of pixels in the study area has remained the 

same from 1979-2012, this implies that the pixels have shifted to another node(s). In 

June (E) there is a statistically significant decreasing trend as well (p  0.01), however 
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in October (F), there is no statistically significant trend in pixel membership. The 

number of pixels included in each month’s pattern varies, but all have a range of about 

1000 pixels. March displays the least variance (made evident by the distance between 

the “tails” on the boxplot) when compared to June and October. 

3.5.2.2 North American Patterns 

All months contain a pattern that comprises the North American region (Figure 

3.5). Compared to the circumpolar stable patterns for each month, these patterns are 

on the fringe, or the transition, between the stable patterns to the north and warmer 

areas to the south over the North American Continent. These patterns also comprise a 

much smaller geographic area. Given the decreases in the March and June stable 

pattern pixels (Figure 3.4), the increase in pixels in this pattern for June (Figure 3.5, E, 

p  0.01) make sense if pixels are moving from the stable to more transient patterns. 

However, in October (F) the trend reverses and, although not quite statistically 

significant, seems to be decreasing from 1979 – 2012. This pattern has remained 

relatively consistent in March with no apparent trend in pixel membership. 

3.5.2.3 Alaskan-Russian Patterns 

The Alaskan-Russian region has a pattern in March, June and October (Figure 

3.6), although the average cryo-cover concentration pattern varies considerably from 

month to month. March and October’s pattern does not have significant trends in pixel 

membership although they may be decreasing (Figure 3.6, D and F), but June’s is 

increasing significantly (E, p  0.01). This could again be a product of the reduction of 

June’s stable circumpolar pattern; pixels migrate from the stable circumpolar pattern 

(as the pixel membership decreases in the stable pattern the pixels get reclassified into 
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the Alaskan-Russian or other surrounding patterns), resulting in an increase in the 

number of pixels included in the node. 

3.5.3 Unique Monthly Patterns 

Unique monthly patterns are those that do not have clear analogs during all the 

three months of study (as in, they only exist during one or two of the three months). 

The way the SOM distributed the pixels among the nodes is unique to the specific 

month(s) being analyzed.  

3.5.3.1 October Circumpolar Transient Pattern 

October is the only month that has two circumpolar patterns, the second 

displayed in Figure 3.7. Unlike the stable pattern, this one encompasses regions that 

reach much farther south, and does not contain any pixels that are covered 100% of 

the time. The northern parts of this node may be exchanging pixels with the stable 

circumpolar pattern, where the middle and southern portions of the node may be 

exchanging pixels with the more regional patterns across the Northern Hemisphere. 

Regardless, the number of pixels included in October’s transient circumpolar pattern 

have increased significantly (p  0.01) from 1979 – 2012. In conjunction with the 

previous figures (which often had October experiencing decreasing trends in pixel 

membership), it could be inferred that October is transitioning to a more transient 

(with an increasing number of pixels that are covered less than 75% of the time) 

dominated cryo-cover regime in the Northern Hemisphere. Given the increase in 

October snow cover in some regions, and the reduction of sea ice during all months, 

this pattern represents an interesting contrast: it is increasing both because of a 

reduction of ice in the north (which is becoming more transient) and because of an 
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increase in snow cover to the south (which, because of its inconsistency in coverage 

would be considered transient as well). 

3.5.3.2 March Eurasian Patterns 

March breaks Eurasia into four distinct patterns (Figure 3.8). The influence of 

topography may be important here, as there are drastic differences in elevation across 

the four nodal patterns. Part of the Central Eurasian pattern (Node 6) surrounds the 

Caspian Sea (Figure 3.8, B) and is the only pattern with a change in pixel membership 

that is statistically significant (F, p  0.01) and is increasing. This other Central 

Eurasian (Node 4, Figure 3.8, G) pattern however displays the most variability in 

pixels when compared to the other three March Eurasian patterns. This region 

specifically could be transitioning from a more stable cover to a more transient one, as 

pixels move to this node from the stable circumpolar node. 

3.5.3.3 June Eurasian Patterns 

The June SOM also breaks Eurasia into two distinct patterns (Figure 3.9). The 

Western Eurasian pattern (Figure 3.9, A) and the Central Eurasian pattern (B) are both 

increasing in pixel membership (C and D) over time significantly (p  0.01) with the 

Central Eurasian pattern (Node 4) increasing the most (on a measure of 6.5 

pixels/year, or about 65,000km). The areas furthest south that have cryo-cover are a 

result of higher elevation, where snowfall can still occur in June. The areas furthest 

north are likely gaining their pixels from June’s stable circumpolar pattern (as the 

circumpolar pattern has experienced decreasing trends). 
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3.5.3.4 October Eurasian Patterns 

October has three distinct Eurasian patterns (Figure 3.10). Given that October 

has a circumpolar transient pattern as well, these regions are relatively small compared 

to those of March and June and are very east- west oriented (with Figure 3.10 A 

displaying the Western Eurasian pattern and B the Central Eurasian, and C the Eastern 

Eurasian). All three appear to be decreasing in pixels over time, although only the 

Central and Eastern (Figure 3.10, E and F) patterns are doing so significantly (p  0.05 

and p  0.01, respectively), and both exhibit more interannual variability than the 

Eastern Eurasian pattern as well. 

3.5.3.5 Pacific North American Patterns 

March and October both have a Pacific North American pattern (Figure 3.11) 

that June was lacking. Although neither of these patterns exhibit statistically 

significant trends in pixel membership, it is worth noting that the specific area was 

partitioned by the SOM. 

3.5.4 Monthly Concentration Trends 

For reference to the monthly SOM results, the monthly trends in average 

concentration for March, June and October were calculated and are displayed in 

Figure 3.12. The most significant areas of cryo-cover transformation are represented 

by the reds/oranges (decreasing trends of ~4%/year) and the pinks/purples 

(representing increasing trends of about 4%/year) although all pixels displayed meet 

the p  0.05 threshold. Cryo-cover trends are not homogenous across the Northern 

Hemisphere. October especially displays large trends in both directions, with March 

and June displaying (although not as widespread) statistically significant trends as 

well. 
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3.6 Discussion and Conclusions 

The monthly trends (Figure 3.12), in conjunction with the major patterns 

depicted by the monthly SOMs add clarity to the transitions taking place between 

nodes (and patterns), with a discussion of each month below. A condensed version of 

the below discussion is presented in Table 3.1.  

 March experiences the largest decreasing trends (Figure 3.12) in cryo-

cover concentration in the Western Eurasian region, south of the Caspian Sea as well 

as in the Barents Sea (both declining by ~3%/year). This area best matches with 

March’s Node 6 (Figure 3.1). The largest increasing trends are in the Central Eurasian 

region (~2%/year). This area best matches March’s Node 4 (Figure 3.1). Figure 3.8 

displays both patterns (Figure 3.8: Node 4 in C, and Node 6 in B). The region 

surrounding the Caspian Sea is complex in March; there are pixels with increasing 

trends in close proximity to pixels with decreasing trends (Figure 3.12), suggesting the 

topography and atmospheric dynamics need further exploration. March’s Node 6 has 

experienced a statistically significant increase in pixel membership and coincides well 

with the area south of the Caspian Sea with decreasing trends in cryo-cover 

concentration. This suggests then those pixels are not just moving from the more 

stable circumpolar pattern into the more regional pattern but that the pixels are no 

longer as consistently snow-covered in March as they once were. 

 June’s largest decreasing trends exist in the Western and Central 

Eurasian regions (declining ~3%/year). There are increasing pixel concentration trends 

spread across all regions, but the area is much smaller in June than March. The areas 

with increasing trends best correlate with June’s Alaskan-Russian region (which has 

experienced statistically significant increasing trends in pixel membership, Figure 3.6 

E), and the decreasing trend areas with the Western and Central Eurasian patterns 
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(which has seen significant increases in pixel membership, Figure 3.9 C and D). This 

inverse relationship (decreasing trend in average cryo-cover concentration while there 

is an increasing trend in pixel membership in the region) suggests that the new pixel 

members (the regional increasing membership) in the regional patterns originated in 

the more stable circumpolar pattern (which has decreasing membership). The result is 

a region with pixels that are less frequently cryo-covered and negative trends in cryo-

cover concentration.  

 October has a large area of decreasing cryo-cover trend (~3.5%/year) 

north of the Alaskan-Russian region. There are also large swaths of land that have 

experienced increasing trends (some ~2%/year), most of which are north of 50N 

latitude. Given the circumpolar increases in cryo-cover trends during October (and 

that the increases are all land-based), there are many potential node interactions 

occurring. October is the only month to have two circumpolar patterns (one that 

consisted of the stable cover and one the more ephemeral cover) (Figure 3.3). October 

is the only month that did not have a significant decreasing trend in the stable pattern’s 

pixel membership (Figure 3.4), and the transient October pattern (Node 4, Figure 3.7) 

has experienced a statistically significant increasing trend in pixel membership. Many 

of the regions experiencing significant increases in cryo-cover concentration overlap 

with this pattern (but, given it is circumpolar, it could also be said these areas overlap 

some of the regional patterns in October as well). This complicates October. For 

example, October’s Eurasian patterns have predominantly experienced decreasing 

trends in pixel membership (Figure 3.10, D-F). However, many of these areas 

(specifically near Norway, Sweden, Finland and central Russia) have observed 

increasing trends in concentration. This could suggest two things: the pixels in this 



 65 

area are becoming more consistently cryo-covered (with the increasing trend in 

concentration) and now are migrating to a node with higher average concentration 

values (perhaps Node 8), or they are moving to a node that has pixels that are 

comparatively more consistently covered at large for the month (perhaps Node 4). 

Either of these conclusions could lend itself to the increasing trends in snow cover 

documented in Eurasia during the fall, and the same could be said for the negative 

trend in sea ice concentration north of the Alaskan-Russian region. October’s decrease 

in ice in the Chukchi Sea, which overlaps with October’s Node 4 and Node 8 most 

readily (Figure 3.3) could be attributed to the sea ice domain contracting steadily over 

recent years. Ice pixels that had previously been a part of the more stable pattern 

(Node 8) have shifted into the more ephemeral one (Node 4) as the concentration has 

decreased over time and become more transient.  

 These results (summarized in Table 3.1) fit well within the present 

literature. A study by Allchin and Dery (2017) investigated snow cover duration and 

snow cover area using snow grid points (comparable to the pixels used here). Their 

work also highlighted specific regions of activity on a monthly basis, and many 

regions that had the largest changes in either snow area or duration are also those that 

exhibit the largest trends (Figure 3.12) in this manuscript. For example, March had 

both negative and positive trends across Eurasia, June displayed large decreasing 

trends in snow area in the Arctic and around Alaska, and October had increasing 

trends in Canada and Russia (Allchin and Déry, 2017). Although their study only 

accounted for snow cover, the results further suggest that cryo-cover trends are not 

only dependent on the month of interest but are highly sensitive to regionality and 

topography as well. They also investigated snow onset (Allchin and Déry, 2019), 
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finding that many regions are experiencing earlier onset dates, which agrees with the 

large number of pixels that had increasing trends present during this manuscript’s 

month of October (and the SOMs preference for assigning October not one, but two, 

circumpolar node patterns). Sea ice decline is more apparent in June and October (as 

some of the largest significant negative cryo-cover trends are in the ice domain, Figure 

3.12), which aligns with observed decline in ice extent observed from June – 

September (Comiso et al., 2008). It follows that many of the more regionalized SOM 

patterns for June are increasing in pixel membership as the ice declines, reducing the 

overall area for stable cover during the summer months (and why June’s stable Node 1 

has decreased in membership significantly, Figure 3.4).  

 Research suggests snow cover extent and area have declined 

significantly in spring with some increases in fall (Déry and Brown, 2007) and as 

such, cryo-cover (now also including sea ice) stability has not remained consistent 

over time. March has seen significant decreases in stable cryo-cover pixels (stable 

meaning a pixel is covered 75% of the time or more), June has seen significant 

decreases both in stable and transient (transient being pixels covered less than 75% of 

the time) pixels, and October has seen significant increases in the amount of transient 

cryo-cover pixels (Brasher and Leathers, 2021). Given this, the fact that both March 

and June’s stable circumpolar node patterns are decreasing (Figure 3.4) while 

October’s is not (when, in fact, October’s more transient circumpolar pattern is 

increasing significantly; Figure 3.7) makes sense. To make these general comments 

more specific, analysis of the exact transitions taking place between the nodes (for 

example, how many pixels from Node 1 transition into Node 2 each year, and into 

Node 3 each year, and how many remain in Node 1, etc.) should be done and is 
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currently underway. This would add clarity to the more regional patterns, where when 

pixels are increasing/decreasing, one cannot say with certainty which specific node 

they are transitioning into. Once these relationships are better understood, mechanisms 

for the transitions should be investigated through other external variables (like 

teleconnection indices and sea surface temperatures) to begin determining causality.  

 Although the cryosphere is often discussed in its separate components 

(largely sea ice and snow cover), and in large regional terms (North America and 

Eurasia), better specification of the smaller regional cryo-cover patterns will be 

imperative to studying how cryo-cover will change with rising temperatures and how 

it may influence the atmosphere and radiation budget throughout its transitions. Being 

able to determine specific regions that vary in a synergistic way, and perhaps are also 

influenced by similar mechanisms (be it specific teleconnections or otherwise) will be 

a key component to this understanding. Although the data used here ended coverage in 

2012, it is thought that the regional patterns partitioned by the SOM have remained 

relatively consistent beyond 2012, although updating the MeaSuREs product would 

add certainty to this claim and provide a wealth of opportunities for future research. 

Given the continued warming trend of global temperatures, results here may be 

conservative, and the analysis of cryo-cover in this manner could be considered a 

time-sensitive subject necessitating consistent updates to data of this nature, continual 

temporal coverage, and ample future work.  

 

 

 

 

 



 68 

FIGURES  

 

 

Figure 3.1.:  March average (1979 – 2012) cryo-cover concentration by numbered 

node.  
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Figure 3.2.:  June average (1979 – 2012) cryo-cover concentration by numbered node. 
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Figure 3.3.:  October average (1979 – 2012) cryo-cover concentration by numbered 

node. 
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Figure 3.4.:  The stable circumpolar average (1979 – 2012) concentration pattern in 

March (A), June (B), and October (C), with the pixel trends for each node 

listed below in D, E and F as well as boxplots to show the distribution of 

the data. 
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Figure 3.5.:  The North American average (1979 – 2012) concentration pattern in 

March (A), June (B), and October (C), with the pixel trends for each node 

pattern listed below in D, E and F as well as boxplots to show the 

distribution of the data. 
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Figure 3.6.:  The Alaskan-Russian average (1979 – 2012) concentration pattern in 

March (A), June (B), and October (C), with the pixel trends for each node 

pattern listed below in D, E and F as well as boxplots to show the 

distribution of the data. 
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Figure 3.7.:  October’s circumpolar transient average (1979 – 2012) concentration 

pattern in A with the pixel trends and boxplot to show data distribution in 

B.  
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Figure 3.8.:  March’s Eurasian average (1979 – 2012) concentration patterns in A, B 

and C with the pixel trends and boxplots to show data distribution in for 

each node in D, E and F.  
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Figure 3.9.:  June’s Eurasian average (1979 – 2012) concentration patterns in A and B 

with the pixel trends and boxplots to show data distribution for each node 

in C and D. 
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Figure 3.10.: October’s Eurasian average (1979 – 2012) concentration patterns in A 

and B with the pixel trends and boxplots to show data distribution in for 

each node in C and D. 
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Figure 3.11.: March and October’s Pacific North American (1979 – 2012) 

concentration patterns in A and B with the pixel trends and boxplots to 

show data distribution in for each node in C and D. 
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Figure 3.12.: Significant (p  0.05) average pixel concentration trends by month (1979 

– 2012). The circle near the pole indicates the change in satellite 

coverage over the time period; the pole hole’s radius decreased several 

times from 1978 - 2008, originating at 611 km in 1978 then reduced to 94 

km in 2008.  
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TABLES 

Table 3.1.:  Table outlining the major findings of the manuscript, organized by month 

and topic. 
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DETECTING REGIONAL CHANGES IN NORTHERN HEMISPHERE 

CRYO-COVER STABILITY TRANSITION USING SELF-ORGANIZING 

MAPS 

Brasher, S. E. and Leathers, D. J. (2022) ‘Detecting Regional Changes in Northern 

Hemisphere Cryo-Cover Stability Transition Using Self-Organizing Maps’, 

Planned submission to Climate Dynamics, 2022. 

4.1 Abstract 

Cryo-cover (here defined as both snow cover and sea ice) is a dynamic part of 

the climate system and has displayed distinct spatial and temporal variability, as a 

whole decreasing from 1979 – 2020, with the ratio of transient to stable cover 

increasing since 1979 (Brasher and Leathers, 2021). To build on the work of Brasher 

and Leathers (2021) and (2022), this manuscript will implement Self Organizing Maps 

(SOMs) derived cryo-cover regional patterns using a MeaSuREs derived cryo-cover 

concentration dataset for the years of 1979 – 2012. The analysis is conducted for the 

transitional cryo-cover months of March, June, and October and implements a 

confusion matrix-based analysis to investigate pixel transitions between the node-

derived regional patterns.  

Northern Hemisphere cryo-cover changes are not uniform. In general, regional 

patterns are not exchanging pixels with longitudinal neighbors but instead are 

exchanging pixels with higher latitude patterns, a theme that is consistent across all 

three months. The SOM preferentially moved pixels from patterns with higher 

concentration values to patterns with lower average concentration values (and that 

Chapter 4 



 86 

cover geographic areas in more southerly latitudes) over time. The shifting between 

patterns that are either more stable (have higher concentration values) or more 

transient (have lower concentration values) gives a deeper sense of the overall state of 

the cryo-cover for specific regions during the month of interest. Understanding these 

relationships will determine the radiative influence of specific, regional cryo-cover 

regime shifts and the impact that other external variables (like teleconnections and sea 

surface temperatures) have on regime changes. 

4.2 Introduction 

Cryo-cover (here defined as both snow cover and sea ice) is a dynamic part of 

the climate system and has displayed distinct spatial and temporal variability, as a 

whole decreasing from 1979 – 2020 (Brasher and Leathers, 2021). Not only is the 

amount of cryo-cover changing, but the type (be it stable and consistently covered or 

transient with a more ephemeral cover) has shifted, with the ratio of transient to stable 

cover increasing since 1979; these changes influence how energy exchanges take place 

at the surface (Brasher and Leathers, 2021). Brasher and Leathers (2022) introduced a 

Self-Organizing Map (SOM) based methodology for partitioning the Northern 

Hemisphere into unique domains based on cryo-cover dynamics. Largely, they found 

that stable patterns were losing pixels (which represent cryo-cover spatial area) over 

time. Their analysis (which focused on March, June, and October) suggested that 

Northern Hemisphere cryo-cover stability was decreasing over time as the SOM-

partitioned patterns that had higher concentration decreased in area while the smaller, 

regional patterns with lower concentration increased in spatial area over time. To build 

on the work of Brasher and Leathers (2021) and (2022), this manuscript will focus on 

the same key transitional cryo-cover months (March, June, and October) using the Self 
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Organizing Maps (SOMs) derived cryo-cover regional patterns of Brasher and 

Leathers (2022) but will now implement a confusion matrix-based analysis to 

investigate pixel transitions between the regional node patterns. Northern Hemisphere 

cryo-cover changes are not uniform. To better understand how cryo-cover transitions 

are taking place regionally, an investigation into how the pixels move between 

classified cover regions is necessary.  

Northern Hemisphere snow cover extent and sea ice cover have fluctuated over 

time and the degree to which shifts in cryo-cover impact radiation vary seasonally 

(Pielke, Liston and Robock, 2000; Pielke et al., 2004; Flanner et al., 2011). Mean 

annual snow cover extent has decreased, with high latitude areas (north of 60N) and 

areas up to 2850 m above sea level experiencing the largest declines (Hernández-

Henríquez, Déry and Derksen, 2015) despite some locations experiencing snow cover 

increases (Déry and Brown, 2007; Brown and Mote, 2009; Brown and Robinson, 

2011). By contrast, Arctic sea ice has declined during all months, but most notably in 

the summer (June – September; Comiso et al., 2008).  

Transient zones of snow cover (areas that experience the most inter-annual 

variability) have shifted, with October and November having the greatest amount of 

transient snow (Groisman et al., 1994). Snow cover albedo is dependent on texture, 

grain size, and age of the snow (Zhang, 2005), and the influence of the snowpack on 

radiation changes temporally, with the diurnal, and seasonal change in solar elevation 

angle, and spatially with geographic location. This relationship makes the net albedo 

effect greater in spring (when solar elevation angles are higher) than in autumn (when 

solar elevation angles are lower) even though the snow surface albedo is lower (due to 

the older age of the snow; Zhang, 2005). The extra absorption of radiation in the 
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spring, a product of the lower albedo values and the higher solar angle, leads to 

melting of the snowpack. Increasing spring air temperatures have melted snow cover 

earlier which results in further warming via the snow albedo feedback (Allchin and 

Déry, 2019). The increasing snow during fall in some regions, coupled with the strong 

albedo effect of snow (and warming temperatures) in the spring, make both March and 

October pivotal months in better understanding snow cover dynamics.  

Although both are decreasing on an annual basis, snow cover and sea ice have 

distinctive cycles, with sea ice reaching a maximum in spring and a minimum in late 

summer (compared to snow cover’s peak in mid-winter and minimum in summer; 

Brasher and Leathers, 2021). Sea ice is melting sooner and freezing later within the 

annual cycle (Markus, Stroeve and Miller, 2009). Changes in the melt season have 

turned multi-year (stable) ice into first-year (transient) ice. Overall, multi-year ice has 

much higher reflectance, regardless of the time in the melt season (this contrasts with 

snow cover, which is more reflective for new snow). Ice type albedo differences in 

conjunction with the prevalence of more transient ice cover and increased melt season 

length necessitates a more thorough understanding of sea ice during its peak (spring), 

minimum (summer) and growth period (fall).  

Brasher and Leather (2021) defined a cryo-cover stability threshold of the 

following: to be considered stable, a spatial grid box (pixel) had to be covered 75% of 

the time or more for a given month (with anything less than that considered transient). 

They reported changes in the ratio of stable to transient cover that varied depending on 

the month, suggesting that defining the spatial relationships of such transitions would 

make the related implications clearer. As the radiative influence shifts seasonally, sea 

ice and snow cover trends may also be linked via the larger atmospheric circulation. 
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Research has shown that sea ice loss in the summer, and delayed onset in the autumn, 

can lead to atmospheric circulation patterns that result in more frequent cold air 

outbreaks and moisture availability (Liu et al., 2012). Methodologies that can better 

quantify/classify specific regions where change is happening, and the type of change 

taking place, would make these impacts (and those yet to be discovered) better 

understood.  

SOMs were described by Kohonen (1998) as a method for visualizing high-

dimensional data, with the added benefit of mapping results to an easy to interpret, 

usually two-dimensional, grid (Kohonen, 1998). Like cluster analysis, a SOM will 

place data points in a user defined number of clusters (more commonly referred to as 

“nodes”). However, SOMs (unlike cluster analysis) do not rely on linearity or on the 

data conforming to a specific distribution and classifies through an iterative process 

(Cazavos, 2000), with nodes closer together having more in common than those that 

are farther apart (Hewitson and Crane, 2002).  

The basic principles of SOMs are as follows: each data point is presented to 

the SOM, where the similarity between that point and the next point is calculated 

(typically by Euclidian distance), and then placed in the best fitting node, thereby 

modifying that node continuously as new data is presented to it (Hewitson and Crane, 

2002). The nodes nudge in the direction of each new data point added to them, 

adjusting continuously, and ultimately through this learning then “self-organizes” into 

a pattern that has the most similar nodes near each other, and those that are most 

different at opposing corners of the SOM (which would represent the extremes of the 

dataset) (Sheridan and Lee, 2011). When initiating the SOM, the size of the output 

map (the number of nodes and general shape of the map) is predetermined, and 
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although there is not a rule to determine the correct number of nodes (Cazavos, 2000), 

too few nodes for the research question could result in a lack of detail/over-

generalization, where too many could result in too much data or difficulty in 

discerning realistic patterns (Mioduszewski et al., 2016). For example, a SOM with six 

nodes would be more general than one with 24, but even despite this, obvious patterns 

and relationships would remain consistent with changes in map size (Fassnacht and 

Derry, 2010) with the SOM providing the best data distribution possible for the level 

of generalization (node count) requested (Crane and Hewitson, 2003). The number of 

iterations (or times the data is presented to the SOM) as well as the learning rate are 

also predetermined (Hewitson and Crane, 2002).  

There have been many research studies in the environmental sciences using 

SOMs, typically as a replacement for other synoptic climatological methods, where 

the primary predictors are sea level pressure, geopotential heights and moisture 

variables. Studies that investigated SWE (Snow Water Equivalent) and SOMs have 

both been regional, with one study investigating homogenous regions of cover in the 

Colorado River Basin (Fassnacht and Derry, 2010), or hemispheric, where SOM 

results were used to visualize distinct SWE patterns in mountainous, coastal, and 

continental regions across the Northern Hemisphere (Wang, Biggs and Skupin, 2013). 

More recently, work has been done using SOMs to investigate the variability in 

Eurasian SWE in October by looking at daily change in SWE patterns in conjunction 

with the Madden-Julian Oscillation (MJO) (Henderson, Barrett and South, 2017). 

Despite the amount of literature presented using SOMs for climate related studies, 

little work has been done with the method for classifying land cover types or sea ice 

relationships.  
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Brasher and Leathers (2022) used SOMS to look at cryo-cover patterns for 

March, June, and October. These months are well documented for having trends in 

changing cryo-cover (Brasher and Leathers, 2021), with March having decreasing 

snow cover trends from earlier melt, June with rapidly decreasing cryo-cover, and 

October experiencing increasing snow cover trends in some locations. By using 

SOMs, they highlighted smaller regions where transitions took place with an emphasis 

on the stability (or transience) of the cover. They concluded by finding that March and 

June’s circumpolar patterns (which are represented by Node 8 in March and Node 1 in 

June, Figure 4.1 and 4.2 respectively) had both decreased in pixel membership 

(meaning, less spatial area was considered part of the most stable cover pattern) over 

time. October was the only month with two circumpolar cover patterns (Node 4 and 8, 

Figure 4.3) which made the transitions less clear. To better understand pixel 

transitions between nodes (i.e., as one node loses pixels, to which node do those pixels 

go?) a new method was needed, with the goal of determining the rate, and number, of 

pixels transitioning from one node to the next. This would allow specific regions 

experiencing loss to be highlighted (as can areas where cryo-cover stability is 

decreasing the most) on a hemispheric basis.  

 This manuscript builds on the work of Brasher and Leathers (2022) by 

implementing a confusion (error) matrix-based methodology to analyze pixels 

transitions between nodes. Confusion matrices are often used in land-use/land-cover 

(LULC) studies as a method to track land cover transitions from one cover type to 

another, or to test the accuracy of different land cover classification schemes, using 

remotely-sensed images (Dou and Han, 2021; Sari et al., 2021). To better understand 

land surfaces, remotely sensed images often undergo a classification process to 
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determine what each image pixel represents on the ground (for example, certain 

shades of green representing tree canopies, deep navy being a water body, etc.). There 

are many image classification schemes, but typically the quality (or the performance) 

of the scheme chosen is tested for accuracy using a confusion matrix (Foody, 1995). 

The confusion matrix contains data on the predicted (classified) compared to the 

actual (reference) classification of pixels; this highlights certain classifications that are 

accurately being predicted and those that are not by calculating the percentage of time 

that a pixel was accurately classified (Comber et al., 2012). Simply, the confusion 

matrix serves as a cross-tabulation of the predicted classes against the observed classes 

making inter-class classification errors evident (Foody, 2002). For example, if in the 

reference image of a subset of pixels all were classified as forest but in the predicted 

class image those pixels were denoted grassland, the confusion matrix would display 

the number of times the classification scheme was wrong (via the percentage of cases 

correctly classified) (Foody, 2002).  

 As a method to document the number of pixels transitioning between 

the SOM nodes, this study utilizes 33 separate confusion matrices per month (March, 

June, October), one for each annual time step from 1979 – 2012. If in 1979 a pixel was 

part of Node 1 then in 1980 it was in Node 2 this would be represented by a 

disagreement between the reference class and the predicted class (to use the 

terminology more consistent with remote sensing); however, in this study it is not a 

failure of a classification scheme, instead it is a transition from a land surface (the 

pixel) being considered part of one coherent pattern to another. Given each node 

pattern has specific characteristics associated with it (some have more cryo-cover than 

others, their regionality, etc.), using the confusion matrix to quantify the number of 
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pixels transitioning between the patterns adds further detail as to why some patterns 

are changing the way they are (increasing or decreasing in area) and insight as to 

where exactly the pixels are most readily changing node classification.  

 Cryo-cover regimes will continue to change as global temperatures rise. 

To understand the climatic influence of such changes necessitates a deeper 

understanding of the regional and seasonal complexities of cryo-cover and its 

transitions. By building on the regional designations of Northern Hemisphere cryo-

cover for March, June, and October established by Brasher and Leathers (2022) this 

manuscript will detail how the regional cryo-cover regimes have interacted with one 

another as pixels move between patterns over time. The shifting between patterns that 

are either more stable (have higher concentration values) or more transient (have 

lower concentration values) gives a deeper sense of the overall state of the cryo-cover 

for that specific region during the month of interest. Understanding these relationships 

will determine the radiative influence of specific, regional cryo-cover regime shifts 

and the impact that other external variables (like teleconnections and sea surface 

temperatures) have on regime changes. 

4.3 Data and Methods 

4.3.1 MeaSuREs Cryo-Cover Concentration Data 

Converted into a monthly concentration dataset from binary weekly values, the 

MeaSuREs State of the Cryosphere data (Robinson et al., 2015) were used and covers 

the period January 1979 to December 2012. The dataset contains weekly snow cover 

and sea ice data, combined into one comprehensive variable, using the unique 

coverage thresholds for both variables (15% for sea ice and 50% for snow). Each 100 
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x 100km grid box represents one pixel, or 10,000 km2 of spatial coverage, using the 

Equal Area Scalable Earth (EASE) grid 2.0 format (Brodzik et. al., 2014), which 

simplifies calculation of spatial coverage and allows convenient comparison between 

locations. The MeaSuREs data originate with a binary format (on/off) if snow or ice 

cover is present which allows the combination of the two variables with different 

thresholds, yielding a comprehensive variable for the Northern Hemisphere.  

Using the weekly values, a percentage of monthly cover was calculated to 

yield a monthly concentration dataset. If the majority of the days for a given week 

(four out of the seven) were within one month, the week was considered as part of that 

month. Once all the weeks were binned into their appropriate months, the total number 

of weeks with cryo-cover for that month for each grid box was calculated, and then 

divided by four to give an average value (concentration) for the month. Given the 

binary nature of the weekly data, (a pixel could either have a value of 1 if it was cryo-

covered, or 0 if it was cryo-cover free each week), there were five numeric 

possibilities for a pixel’s concentration each month: 

1. 0.0: the pixel was cryo-cover free all weeks of the month. 

2. 0.25: the pixel was covered one week of the month. 

3. 0.50: the pixel was covered two weeks of the month. 

4. 0.75: the pixel was covered three weeks of the month. 

5. 1.0: the pixel was covered all weeks of the month.  

The concentration dataset allowed monthly analysis, and is the data used by the 

SOM to classify cryo-cover spatial patterns. 
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4.3.2 Methods 

SOMs were used to classify patterns for March, June and October using the 

MeaSuREs concentration dataset in R. The input data vectors included the spatial 

attributes (x and y components) as well as the cryo-cover concentration values (a 

decimal fraction), which were all scaled prior to the SOM analysis. Each month had a 

total of 1,101,600 data points (representing a 180 x 180 spatial grid over 34 years) 

presented to the SOM. After testing multiple sizes, a 3 x 3 SOM was chosen to best 

capture larger, regional patterns without losing significant detail, while also limiting 

the number of nodes that would have minimal cryo-cover when analyzing months 

from different seasons. This resulted in nine unique nodes for each month. The SOM 

was trained through 1000 iterations with a hexagonal topography resulting in each 

node having six neighbors. 

The concentration values (ranging from 0 to 1, with 1 being 100% 

concentration, 0.5 being 50%, and so on) of each node were averaged and mapped to 

display the spatial cryo-cover concentration for the month of interest and each unique 

node. For mapping purposes, pixels that averaged 0% concentration (for example, the 

most southern parts of the study area which never experienced cryo-cover during the 

period of record) were set to be transparent, to make the pixels that did have cryo-

cover present more visible. Regions were defined post-SOM analysis that are 

consistent across all months of the study for regional comparisons of the above 

statistics and node output.  

Brasher and Leathers (2022) found significant trends in cryo-cover regional 

patterns during all three months. Based on those results, this manuscript employs a 

variation of a confusion matrix analysis to determine the transfers taking place 

between nodes. This methodology allows investigation into a node’s yearly dynamics. 
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For example, using this method you can determine the total amount of pixels that 

transferred from Node 1 to Node 3 (or any other combination), both as a total sum but 

also as a yearly trend. To conceptualize the method, programmatically it is executed 

by the following operations: 

1. The node data for each month is organized as a time series with 

location attributes. Each unique combination of latitude and longitude is sorted 

sequentially by year. 

2. There is a “Step” between each year (so from 1979 – 1980, 1980-1981, 

etc.). Each unique time step has its own matrix of predicted values vs. 

observed values.  

3. For example, if a pixel was in Node 1 in 1979, then was in Node 3 in 

1980, it would now be summed in a column that no longer denotes its 

membership in Node 1.  

4. Confusion matrix sums (33 matrices total, one for each yearly time 

step) were totaled to give a sum for total node transitions for each month and 

were also used to create a time series of the transitions taking place.  

5. Ordinary least squares (OLS) regression was executed on the time 

series results from the confusion analysis and tested for significance for each 

month’s nine separate nodes.  

This is a quantitative method to determine exactly how much cryo-cover (each 

grid 100 x 100 km box representing 10,000 km2) is transitioning from one regional 

classification to another, as well as if the predominant trend is one that is shifting to a 

more transient (or ephemeral) state (or vice versa), and was executed for March, June 

and October. To visualize locations where transitions were taking place, pixel 
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inclusion maps were made for the study area regions for March, June, and October. 

For each pattern the percentage of time that a pixel was included in the pattern 

(meaning, it was a part of the SOM-derived node) from 1979 – 2012 was calculated, 

with the percentage for each pattern displayed. For visualization purposes, pixels that 

were included in a pattern 0% of the time (meaning, they were never part of the node 

in question) were set to be transparent, as were the pixels that were included in the 

pattern 100% of the time (meaning those pixels never underwent transition between 

patterns and were consistently a part of the region throughout the entire time series). 

By doing this, those areas undergoing transition are highlighted and more readily 

visible. 

4.4 Study Area 

This study includes the Northern Hemisphere north of 20N latitude. To better 

describe the SOM results the Northern Hemisphere has been broken into nominal 

geographic regions (with their abbreviations used throughout the rest of the text in 

parenthesis). Although some nodal patterns are circumpolar, the majority fall within 

one of the regional classifications below. 

4.4.1 Western Eurasian (WEUR) 

The Western Eurasian region is bound between ~30W and 40E longitude. 

This region comprises Europe, Turkey, western Russia, the Black and Mediterranean 

seas, as well as the Alps, and the Carpathian, Caucasus, Atlas, Taurus, and part of the 

Ural Mountain ranges. 
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4.4.2 Central Eurasian (CEUR) 

The Central Eurasian region is bound between ~40E and 90E longitude. This 

region comprises large portions of Russia and China as well as Mongolia, Kazakhstan, 

the northern parts of India among many other countries. A large portion of the Tibetan 

Plateau is located in this region. 

4.4.3 Eastern Eurasian (EEUR) 

The Eastern Eurasian region is bound between ~90E and 135E longitude. 

This region comprises eastern China, Japan, eastern Russia, and many seas. Elevation 

becomes much higher inland further away from the coastline. 

4.4.4 Alaskan-Russian (AK-RU) 

The Alaskan-Russian region is bound between ~135E and 130W longitude. 

This region comprises western British Columbia, Alaska, eastern Russia, the 

Kamchatka Peninsula and the many Alaskan mountain ranges. 

4.4.5 North American (NAM) 

The North American region is bound between ~50W and 130W longitude. 

This region largely comprises North America, with the majority of the United States 

and Canada within its borders along with the Rocky Mountains, Cascades, and 

Appalachian Mountain ranges. Hudson Bay, Baffin Bay, and the Labrador Sea are 

contained in this region as well. 
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4.5 Results 

4.5.1 SOM Monthly Output 

A SOM analysis was conducted on the derived cryo-cover concentration data, 

resulting in nine unique nodes for each month (March, June, October). The average 

concentration (1979 – 2012) of each node is displayed in Figures 4.1 – 4.3 for March, 

June, and October. The SOM partitions the cryo-cover domain into general regions 

that have some consistency across the three months, although some patterns are much 

larger than others depending on the season (for example, the pattern containing 100% 

cover is much larger in March than in June and October). 

4.5.2 Node Regional Designations 

Following the work of Brasher and Leathers (2022), this study breaks the cryo-

cover domain into regional (nominal) categories for consistency in comparison across 

the three months. Table 4.1 outlines the partitioning of regional domains to the SOM 

node output for March (Figure 4.1), June (Figure 4.2), and October (Figure 4.3). It is 

worth noting that October has two Circumpolar nodes which will be differentiated by 

referencing Node 4 as the “transient” circumpolar pattern and Node 8 the “stable” 

circumpolar pattern. March and June both only have one circumpolar pattern, both 

containing high average concentration pixels, making them more comparable to 

Octobers Circumpolar Stable pattern. March has two nodes that fit within the general 

domain of Western Eurasia; given the smaller nature of the two patterns as 

individuals, the pixel sums were combined to create one sum of pixels for March’s 

Western Eurasia pattern.  

June, which has less cryo-cover, did not exhibit an Eastern Eurasian pattern but 

did display the other major patterns that were present in March and October. Nodes 
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that are not listed on this table had very few pixels included in them or had very little 

cryo-cover concentration throughout the timeseries for further analysis. 

The following results will be broken into these regional designations and by 

month. Those months that are not included did not have statistically significant pixel 

transitions taking place in that region or the trends of transitions were unclear. 

4.5.3 Regional Pixel Inclusions 

Figures 4.4 and 4.5 display the pixel inclusion percentages for each of the 

regional patterns as well as the circumpolar patterns by month. Areas in the 

pink/purple spectrum are pixels that were consistently (although not 100% of the time) 

included in the mapped pattern, where those displayed as red/orange were included in 

the pattern very infrequently, suggesting that the mapped pixels are frequently 

included in other regional or circumpolar patterns.  

March, June, and October’s Circumpolar stable patterns (Figure 4.4, A-C) vary 

considerably, a product of different stages in the annual cycle, but also variations in 

the SOM-designated patterns (for example, October has a second circumpolar pattern, 

Figure 4.4D, that encompasses much of the geographic area covered by March’s 

circumpolar pattern). A general observation can be made that, when comparing the 

same regional pattern across months, the areas with lower inclusion values tend to be 

farther south in March and October than in June (shown by the Central and Western 

Eurasia patterns in Figure 4.5, D-I), likely a product of the smaller geographic extent 

of cryo-cover in June compared to the more transitional months of March and 

October. 
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4.5.4 Regional Area Change 

The areas of low inclusion percentage suggest regional changes in the number 

of pixels included in the pattern. Table 4.2 displays the raw sum of pixels gained and 

lost by each of the patterns by month, with the higher number bolded. With each pixel 

representing 10,000 km2, March and June lost 4,150,000 km2 and 7,800,000 km2 from 

their circumpolar patterns, respectively. By contrast, October gained a considerable 

number of pixels to both its stable (143 pixels, or 1,430,000 k km2) and transient 

circumpolar patterns (852 pixels, or 8,520,000 km2). With the gain in pixels to 

October’s circumpolar patterns, the regional patterns lost pixels, all with more loss 

than gain over the time series. This contrasts with June, where all the regional patterns 

gained more pixels than they lost. March’s results were mixed, with the North 

America, Western Eurasia, and Central Eurasia patterns gaining pixels and the Alaska-

Russia and Eastern Eurasia patterns losing pixels. The following results will describe 

the regions and their associated pixel transitions in more detail. 

4.5.5 Circumpolar 

March and June had significant decrease in pixel membership of the 

circumpolar stable patterns (Figure 4.6C). October, the only month that had two 

circumpolar patterns, had significant increasing trend in the transient pattern (Figure 

4.8B). 

4.5.5.1 March 

The circumpolar stable pattern for March aligns with Node 8 (Figure 4.1) and 

the percentage of pixels that made transitions from this pattern to others is depicted in 

Figure 4.4A, centered around 40-50N latitude. This pattern exhibits a significant 

negative trend (p  0.05) (Figure 4.6C) with transitions going to many nodes (Figure 
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4.7A). Most pixels that left this node migrated to the North America, Western Eurasia, 

or Central Eurasia patterns. The most pixels (3684) were given to the Central Eurasia 

pattern (Figure 4.7A), representing 36,840,000 km2 of area transitioned to the Central 

Eurasia pattern, closely followed by the Western Eurasia pattern (with 3629 pixels, or 

36,290,000 km2. 

4.5.5.2 June 

The circumpolar stable pattern for June aligns with Node 1 (Figure 4.2) and the 

percentage of pixels that made transitions from this pattern to others is depicted in 

Figure 4.4B, centered around 60-70N latitude. This pattern exhibits a significant 

negative trend (p  0.05) (Figure 4.6C) with transitions going to many nodes (Figure 

4.7A). Most pixels that left this node migrated to the Central Eurasia, Alaska-Russia, 

or North America patterns. The most pixels (2993) were given to the Central Eurasia 

pattern (Figure 4.7A), representing 29,930,000 km2 of area transitioned to the Central 

Eurasia pattern, although many pixels were also exchanged with the Alaska-Russia 

(2706 pixels) and North America (2390 pixels) patterns as well. 

4.5.5.3 October 

Although October’s circumpolar stable pattern did not have significant 

transitions (Figure 4.6C), the transient circumpolar pattern increased in membership 

over time significantly (p  0.05) (Figure 4.8B). The percentage of pixels transitioning 

from both circumpolar patterns can be seen in Figure 4.4C and 4.4D, where the main 

areas of transition overlap with one another between 50-60N latitude. October’s 

stable circumpolar pattern exchanged many pixels with its transient one (9096 pixels, 

Figure 4.7A) and not with many of the other regional patterns. By contrast, October’s 
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transient circumpolar pattern exchanged many pixels (9178) with the stable pattern but 

many with the regional patterns as well (Figure 4.8A), giving 3969 pixels to the 

Central Eurasia pattern from 1979 – 2012. The transient pattern was the largest 

recipient of pixels from all of October’s regional patterns, gaining up to 4175 pixels 

from the Central Eurasia pattern (Figure 4.7C). In all cases, the circumpolar transient 

pattern received more pixels from the regional patterns than it lost. 

4.5.6 North America 

4.5.6.1 March 

Although there is no significant trend in the March North America Pattern 

(Figure 4.6E), it predominantly gained (2693) and gave (2455) pixels from/to the 

circumpolar pattern (Figure 4.7A and 4.7F), with those pixels making transitions 

denoted by the mid-percentage shades of green/blue in Figure 4.4E.  

4.5.6.2 June 

The North America pattern for June and its transitional pixels are depicted in 

Figure 4.4F. This pattern exhibits a significant positive trend (p  0.05) (Figure 4.6E). 

Most pixel transitions took place with the circumpolar pattern, with this pattern giving 

the stable circumpolar pattern 2105 pixels (21,050,000 km2) (Figure 4.7F) but 

receiving more (2390 pixels or 23,900,000 km2; Figure 4.7A). 

4.5.6.3 October 

The North America pattern for October and its transitional pixels are depicted 

in Figure 4.4G. This pattern exhibits a significant negative trend (p  0.05) (Figure 

4.6E). Most pixel transitions took place with the circumpolar patterns, with this pattern 
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giving the transient circumpolar pattern 2665 pixels (26,650,000 km2) (Figure 4.7F) 

and the stable circumpolar pattern 410 pixels (4,100,000 km2). 

4.5.7 Alaska-Russia 

4.5.7.1 March 

Although there is not a significant trend in March’s Alaska-Russia Pattern 

(Figure 4.6A), it predominantly gained (794) and gave (831) pixels from/to the 

circumpolar pattern (Figure 4.7A and 4.7B), with those pixels making transitions 

denoted by the mid-percentage shades of green/blue in Figure 4.5A.  

4.5.7.2 June 

The Alaska-Russia pattern for June and its transitional pixels are depicted in 

Figure 4.5B. This pattern exhibits a significant positive trend (p  0.05) (Figure 4.6A). 

Most pixel transitions took place with the circumpolar pattern, with this pattern giving 

the stable circumpolar pattern 2556 pixels (25,560,000 km2) (Figure 4.7B) but 

receiving more (2706 pixels or 27,060,000 km2; Figure 4.7A). 

4.5.7.3 October 

The Alaska-Russia pattern for October and its transitional pixels are depicted 

in Figure 4.5C. This pattern exhibits a significant negative trend (p  0.05) (Figure 

4.6A). Most pixel transitions took place with the circumpolar patterns, with this 

pattern giving the transient circumpolar pattern 975 pixels (9,750,000 km2) (Figure 

4.7B) and the stable circumpolar pattern 301 pixels (3,010,000 km2). 
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4.5.8 Western Eurasia 

4.5.8.1 March 

The Western-Eurasia pattern for March and its transitional pixels are depicted 

in Figure 4.5D. This pattern exhibits a significant positive trend (p  0.05) (Figure 

4.6F). Most pixel transitions took place with the circumpolar pattern, with this pattern 

giving the stable circumpolar pattern 3489 pixels (34,890,000 km2) (Figure 4.7E) but 

receiving more (3629 pixels or 36,290,000 km2; Figure 4.7A). 

4.5.8.2 June 

The Western Eurasia pattern for June and its transitional pixels are depicted in 

Figure 4.5E. This pattern exhibits a significant positive trend (p  0.05) (Figure 4.6F). 

Most pixel transitions took place with the circumpolar pattern, with this pattern giving 

the stable circumpolar pattern 829 pixels (8,290,000 km2) (Figure 4.7E) but receiving 

more (845 pixels or 8,450,000 km2; Figure 4.7A). 

4.5.8.3 October 

Although there is not a significant trend in October’s Western Eurasia Pattern 

(Figure 4.6E), it predominantly gained (1942) and gave (2145) pixels from/to the 

circumpolar transient pattern (Figure 4.8A and 4.7E), with those pixels making 

transitions denoted by the mid-percentage shades of green/blue in Figure 4.5F.  

4.5.9 Central Eurasia 

4.5.9.1 March 

The Central-Eurasia pattern for June and its transitional pixels are depicted in 

Figure 4.5G. This pattern exhibits a significant positive trend (p  0.05) (Figure 4.6B). 
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Most pixel transitions took place with the circumpolar pattern, with this pattern giving 

the stable circumpolar pattern 3630 pixels (36,300,000 km2) (Figure 4.7C) but 

receiving more (3684 pixels or 36,840,000 km2; Figure 4.7A). 

4.5.9.2 June 

The Central Eurasia pattern for June and its transitional pixels are depicted in 

Figure 4.5H. This pattern exhibits a significant positive trend (p  0.05) (Figure 4.6B). 

Most pixel transitions took place with the circumpolar pattern, with this pattern giving 

the stable circumpolar pattern 2656 pixels (26,560,000 km2) (Figure 4.7C) but 

receiving more (2993 pixels or 29,930,000 km2; Figure 4.7A). 

4.5.9.3 October 

The Central Eurasia pattern for October and its transitional pixels are depicted 

in Figure 4.5I. This pattern exhibits a significant negative trend (p  0.05) (Figure 

4.6B). Most pixel transitions took place with the circumpolar patterns, with this 

pattern giving the transient circumpolar pattern 4175 pixels (41,750,000 km2) (Figure 

4.7C) and the stable circumpolar pattern 536 pixels (5,360,000 km2). 

4.5.10 Eastern Eurasia 

4.5.10.1 March 

Although there is not a significant trend in March’s Eastern Eurasia Pattern 

(Figure 4.6D), it predominantly gained (431) and gave (407) pixels from/to the 

circumpolar pattern (Figure 4.7A and 4.7D), with those pixels making transitions 

denoted by the mid-percentage shades of green/blue in Figure 4.4H.  
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4.5.10.2 October 

The Eastern Eurasia pattern for October and its transitional pixels are depicted 

in Figure 4.4I. This pattern exhibits a significant negative trend (p  0.05) (Figure 

4.6D). Most pixel transitions took place with the circumpolar patterns, with this 

pattern giving the transient circumpolar pattern 2709 pixels (27,090,000 km2) (Figure 

4.7D) and the stable circumpolar pattern 318 pixels (3,180,000 km2). 

4.6 Discussion and Conclusions 

Figures 4.1 – 4.3 all have visually clear regions that, even when shifting from 

one month to the next, remain relatively consistent in spatial pattern. The average 

concentration values for each node, other than one circumpolar pattern for each 

month, in general are quite low (~20% or less) which means one (or both) of the 

following statements must be true for those regional patterns: 1. Either the pixels are 

not covered consistently throughout the time period or, 2. The pixels are moving back 

and forth (transitioning) between multiple patterns, lowering their average 

concentration in a specific pattern.  

Although there are similarities in cryo-cover distribution regions across March, 

June, and October, the dynamics (trends and transitions) within the regions vary 

seasonally. Figures 4.4 and 4.5 highlight the pixels that transition between more than 

one pattern over the period of record. These transient areas vary considerably in size 

(and inclusion percentage) dependent on the month, the Alaska-Russia pattern (Figure 

4.5A-C) is a prime example of this. From inspection of Figures 4.4 and 4.5 another 

conclusion can be made: for the regional patterns, the pixels that are more consistently 

included within them are those on their southern borders, and those that experience 

more inclusion variability are at higher latitudes. In general, the color gradient from 
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purples/blues at lower latitudes to the oranges/reds closer to the poles implies an 

exchange with patterns that persist at those higher latitudes (the circumpolar patterns).  

Table 4.2 shows that the circumpolar (relatively stable) patterns in March and 

June have lost pixels (reduced in area) from 1979 – 2012 while the vast majority of the 

regional (more transitional) patterns have increased in pixels/area during those 

months. This is not the case for October, which has seen both circumpolar patterns, the 

higher concentration “stable” pattern that is more comparable to the circumpolar 

patterns of March and June as well as the lower concentration “transient” circumpolar 

pattern, increase in pixel membership while the regional patterns have decreased in 

area. Many of these membership changes evidence significant trends, with each shown 

in Figure 4.6 and Figure 4.8. Although each pattern displays some degree of 

interannual variability, most are either clearly increasing or decreasing from 1979 – 

2012.  

In general, the regional patterns are not exchanging pixels with their 

longitudinal neighbors, but instead are predominantly exchanging pixels with the 

circumpolar patterns, a theme that is consistent across all three months (although 

October transitions display preference toward the transient circumpolar pattern over 

the stable one). Given the decreasing trend in pixel membership in the circumpolar 

patterns in March and June and the increasing membership in the regional patterns for 

those months, the SOM is preferentially moving pixels from a pattern that has higher 

concentration values (more stable) to patterns with lower average concentration values 

(and that cover geographic areas in more southerly latitudes; more transient) over 

time. October cryo-cover, which in general has a higher degree of variability than 

March and June, was the only month with two circumpolar patterns. The stable pattern 
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in October does not display clear trends, but the transient pattern has increased in 

membership significantly, and has exchanged many pixels with the regional patterns it 

overlaps. This second circumpolar pattern in October suggests that there is an increase 

in snow cover across much of the mid-latitudes during the month that, although it is 

frequently present, is not typically 100% covered (or is a more ephemeral snowpack). 

This regime shift is opposite to that in March and June which predominantly have 

experienced decreases in cryo-cover.  

It is worth noting that the pixels exchanged between the circumpolar patterns 

and the regional patterns vary with the month. For example, in March the circumpolar 

pattern gives the most pixels to the Central Eurasia and the Western Eurasia patterns, 

with the Central Eurasia exchanges taking place predominantly around the 50N 

latitude line and the Western Eurasia exchanges in the sea ice domain around the 

coasts of Greenland, into the Barents Sea, and between 50N and 60N latitude on 

land. However, in June the circumpolar pattern loses the most pixels to the Central 

Eurasia (predominantly centered around 70N latitude) and Alaska-Russia (with the 

bulk of exchanges taking place near the Chukchi Sea or around the 70N latitude line) 

patterns with considerably less exchange with the Western Eurasia pattern (Figure 

4.7A). Determining the specific regions that are exchanging the most pixels, either 

receiving or losing, could lend useful insight as to locations where cryo-cover regimes 

have changed the most. 

The findings of this manuscript suggest a decrease in cryo-cover stability as 

regimes preferentially shift toward a more transient nature, denoted by the migration 

of pixels from stable patterns to more ephemeral ones (March and June) and the 

inclusion of a second circumpolar pattern with much lower average concentration 
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values (October). The migration of pixels from the stable patterns to the more transient 

ones is in agreement with other findings in the literature, such as decreases in high 

latitude snow extent (Hernández-Henríquez, Déry and Derksen, 2015), sea ice 

decreases in summer (Comiso et al., 2008), and an increase in the ratio of transient 

cryo-cover (covered less than 75% of the time) in comparison to stable cover (covered 

75% of the time or more) (Brasher and Leathers, 2021). However, this work supplies 

the added detail of specifying the regions (down to individual pixels) where transitions 

are taking place given the month of interest.  

This work suggests avenues for future studies of regional cryo-cover regime 

changes. Sea ice cover has been significantly reduced in extent and age; in 2018, only 

about 2% of winter sea ice was older than five years compared to 30% in 1984 with 

melt occurring earlier each year (Stroeve and Notz, 2018). These changes have been 

related to diverse meteorological and climatological forcings, with autumnal Arctic 

sea ice extent being linked to the winter North Atlantic Oscillation (NAO) (Warner, 

2018) as well as increases in winter precipitation anomalies in the Barents-Kara Seas 

(when autumn ice extent near Eastern Siberia decreased) (Feng, Zhang and Ke, 2019). 

Similar linkages have been made with snow cover as alpine snow cover duration near 

Great Britain was shown to be influenced by synoptic weather patterns (Brown, 2019). 

Studies centered on the Tibetan Plateau have documented that anomalies in snow 

cover are forced in autumn while the impact of the snow on the local atmosphere is 

greatest in the spring (Wang et al., 2019) and the impacts of the snow cover can even 

linger into the following boreal summer, detected in the Madden-Julian Oscillation 

(MJO) and tropical cyclogenesis (Han et al., 2021). Determining hotspots of cryo-

cover transition, via methods like SOMs and confusion matrices, can better inform 
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future studies on the details of shifting cryo-cover regimes and relationships with the 

larger atmospheric circulation as well as local impacts to the regions most rapidly 

undergoing change. Future studies are underway that investigate atmospheric and 

oceanic teleconnections and their relationship to cryo-cover transitions. Better 

defining the extent of cryo-cover is fundamental to our understanding of future 

climates, as is defining the specific areas undergoing the most rapid transitions. It is 

hypothesized that hotspots of cryo-cover transition will be key to understanding the 

local, regional, and global effects of cryospheric changes in a warming world. 
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FIGURES 

 

Figure 4.1.:  March average (1979 – 2012) cryo-cover concentration by numbered 

node.  
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Figure 4.2.:  June average (1979 – 2012) cryo-cover concentration by numbered node.  
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Figure 4.3.:  October average (1979 – 2012) cryo-cover concentration by numbered 

node.  
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Figure 4.4.:  Pixel inclusion percentages for the Circumpolar (with October’s two 

patterns denoted with “T” or “S”), North America, and Eastern Eurasia 

regional node patterns by month. Pixels that did not undergo any 

transitions (inclusion of 100% for a pattern) are not displayed as are 

pixels that were never included in the mapped pattern (inclusion of 0%).  
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Figure 4.5.:  Pixel inclusion percentages for the Alaska-Russia, Western Eurasia, and 

Central Eurasia regional node patterns by month. Pixels that did not 

undergo any transitions (inclusion of 100% for a pattern) are not 

displayed as are pixels that were never included in the mapped pattern 

(inclusion of 0%).  
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Figure 4.6.:  Trends in the number of pixels that stayed in each regional pattern and 

the associated p-values, broken up by month with March in light grey 

circles, June in medium grey triangles, and October in black squares. 
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Figure 4.7.:  Sum of pixels that transitioned between the different regional patterns, 

broken up by month with March in light grey, June in medium grey, and 

October in black. 
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Figure 4.8.:  Sum of pixels that transitioned from October’s Circumpolar-Transient 

pattern to other regional patterns (A), and trends in the number of pixels 

that stayed in October’s Circumpolar-Transient pattern with the 

associated p-value (B). 
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TABLES 

Table 4.1.:  March has two nodes within Western Eurasia (Node 2 and Node 6), and 

October has two circumpolar patterns (one with lower average 

concentration values, Node 4, and one with higher average concentration 

values, Node 8). June did not have an Eastern Eurasia node. 
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Table 4.2.:  Regional node patterns separated by month with the number of pixels 

that the pattern gained and lost. October has two circumpolar patterns 

(one with lower average concentration values, denoted as “T”, and one 

with higher average concentration values, denoted as “S”). June did not 

have an Eastern Eurasia node. 
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CONCLUSIONS 

This manuscript examines sea ice and snow cover (here defined as “cryo-

cover”) across the Northern Hemisphere both as a hemispheric whole, but also in 

SOM-defined cover regions, on both an annual and monthly basis. The studies 

combined give a deeper understanding of cryo-cover dynamics across unique spatial 

regions and during significant cover regime transition months.  

The first study builds a climatology of cryo-cover using three datasets: the 

National Snow and Ice Data Center (NSIDC) Sea Ice Extent (1979 – 2020), the 

Rutgers Global Snow Lab (GSL) Snow Cover Extent (1979 – 2020), and the 

MeaSuREs State of the Cryosphere (1979 – 2012) products. Temporal trends of cryo-

cover, both as a combined and as separate components are analyzed, and a derived 

cryo-cover concentration dataset is created using the MeaSuREs values. From these 

values cryo-cover is classified to be stable (covered 75% of the time or more,) or 

transient (covered less than 75% of the time). Cryo-cover has decreased since 1979, 

with sea ice decreasing in all months, but snow cover increasing in the autumn and 

early winter while decreasing in the spring. Stable cover has decreased significantly 

from March to October and has increased significantly in December. Transient cover 

has decreased significantly from June to August and increased significantly in October 

and February. Most areas exhibiting significant trends in cryo-cover concentration are 

located near the boundary between the stable and transient cryo-cover, with decreasing 

trends located at higher latitudes and increasing trends at lower latitudes.  

Chapter 5 
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The second study implements the derived cryo-cover concentration dataset 

(1979 – 2012) to investigate three key transitional cryo-cover months (March, June, 

and October). Self-Organizing Maps (SOMs) are used to define specific regions of 

cover transition across the Northern Hemisphere. In March, the largest concentration 

decreases are in Western Eurasia and largest increases are in Central Eurasia, where 

the stable concentration patter decreased in pixel membership (area) over time. In June 

the largest concentration decreases are in Western and Central Eurasia with small 

increases in the Alaska-Russia region, again with a decrease in area of the stable 

concentration pattern. In October the largest concentration decreases are in the Alaska-

Russia region, although there are many areas of increasing trends centered around 

50N latitude. October was the only month that had two circumpolar concentration 

patterns, one with stable cover (comparable to March and June’s) and one with lower 

average concentration values (more transient cover, which has significantly increased 

in area over the period). Results suggest a transition from stable cover to transient 

cover in March and June as SOM identified stable cover patterns lose spatial area 

(pixels) in favor of neighboring patterns with lower average concentration values 

gaining area over time.  

The third study also implements the derived cryo-cover concentration dataset 

and the SOM defined cryo-cover regions from the second study for March, June, and 

October (1979 – 2012). To better understand the transitions taking place in the 

regional patterns, a confusion matrix-based analysis is used to investigate how pixels 

move between the SOM nodes (regions). In March the circumpolar stable pattern 

exchanges the most pixels (area) with the Central (around 50N latitude) and Western 

(near the coasts of Greenland, the Barents Sea, and between 50N and 60N latitude 
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on land) Eurasia patterns. In June the circumpolar stable pattern exchanges the most 

pixels with the Central Eurasia (around 70N latitude) and the Alaska-Russia (near the 

Chukchi Sea and around 70N latitude on land) patterns. In October the stable 

circumpolar pattern does not display clear trends, but the transient circumpolar pattern 

has increased in area significantly and has exchanged pixels with many of the regional 

surrounding patterns. General conclusions are that cryo-over stability is decreasing as 

regimes shift to be more transient, denoted by the migration of pixels from stable 

(higher concentration) patterns to more ephemeral ones (in March and June) and the 

inclusion of a second circumpolar pattern with lower average concentration values (in 

October).  

Combined, the three articles build a unique understanding of temporal 

fluctuations in cryo-cover, derive specific regions of cryo-cover transformation not 

previously documented, and calculate the amount of area being lost from patterns with 

higher concentration to those with lower concentration for the months of March, June, 

and October, with cumulative results suggesting a decrease in cryo-cover stability 

from 1979 – 2012. This decrease in stability suggests radiative implications; research 

has already shown that the cryosphere impacts the global radiation budget, water 

resources and availability, ocean currents and sea levels, as well as many other earth 

system components. As it continues to rapidly change, the question is “to what 

extent”? 

The results of this dissertation present many avenues for continued research, 

some of which are currently underway by the author. The primary questions of interest 

are the following: 
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1. Are changes in radiative fluxes, because of cryo-cover changes, be 

detected in teleconnection signals? Insolation received changes with 

latitude and time of year, as regional cryo-cover patterns change the 

implications will be dependent on these variables. Can it be quantified? 

 

2. As a results, can a “pathway” between global circulation variations and 

cryo-cover be established through synoptic weather systems? As cryo-

cover changes local radiation budgets, it is expected that local and regional 

weather types will also shift. How will those changes manifest themselves? 

 

3. Downscaling the hemispheric methodologies presented here for alpine 

regions in the western United States (which are highly dependent on snow 

cover both for water availability but also for outdoor recreation among 

other things) would allow investigation into a series of questions: What 

relationships are there between a decrease in snow covered days (and 

earlier spring melt) and atmospheric patterns? Can specific areas have the 

melt season length predicted via known relationships with teleconnections? 

Are there observable changes in weather patterns of the melt season, and 

do they change based on the specific region and its local topography?  

 

There is still much work to be done in building our understanding of the 

impact of changing cryo-cover regimes on global (and regional) climates as 

temperatures rise and surface covers shift rapidly. Continued research on our changing 

cryosphere is crucial for understanding the non-linear relationships between the 

atmosphere, hydrosphere, and cryosphere experienced in a warming world. 
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