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ABSTRACT 

 

 The cryosphere has been shown to be particularly adept as a proxy for climate change by 
various studies.  Accordingly, historical records from the field of ice phenology have been 
harvested by climate scientists for the express purpose of studying the temporal variation of ice 
phenomena, namely freeze-up and ice-out.  Ice-out records from 20 lakes in Maine, U.S.A. were 
collected and clustered by z-score for this thesis.  Rather than attempt to relate ice-out to spring 
air temperature or global teleconnections/oscillations, the Spatial Synoptic Classification (SSC) 
method was used to encapsulate several meteorological variables that could have a bearing on 
ice-out variation.  The balance between occurrence of relatively cool Moist Polar (MP) and 
relatively warm Dry Moderate (DM) weather-types during the winter-spring “superseason” was 
found to be a synoptic barometer of whether ice-out would occur seasonably early or late.  The 
significance of this is predicated upon the finding that quantity of DM days has steadily risen at 
the expense of MP days during the latter-half of the twentieth-century, in accordance with 
observed climatic warming during the same period. The remaining SSC weather-types, most 
notably omnipresent Dry Polar (DP), remained generally stable during the historical record in 
Maine, further undergirding the significance of the DM-MP relationship.  
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GENERAL AUDIENCE ABSTRACT 

 

 The seasonal phenomenon of “ice-out,” the date on which the ice cover of a lake, pond, 
or river breaks up, has been well documented for many lakes in Maine.  Numerous studies from 
around the world have linked progressively earlier ice-out dates to climate change and sought to 
use ice-out records, which often pre-date accurate temperature records, to better understand the 
effects of climate change.  Synoptic weather-typing, or the characterization of daily surface 
weather conditions into archetypical classes, was the chief method of analysis in an effort to 
derive the link between shifting weather conditions (a manifestation of climate change) and the 
ice-out of 20 Maine lakes.  In particular, the Spatial Synoptic Classification (SSC) method was 
selected due to its strong record in research and local availability.  So-called “polar” weather-
types, specifically Dry Polar (DP) and Moist Polar (MP), make up the majority of days in winter 
and early spring, but the latter-half of the twentieth century has seen MP days on the decline.  
The loss of MP days was found to be to the gain of the comparatively warmer Dry Moderate 
(DM) weather-type.  MP and DM days each account for about 20% of the composition of the 
winter-spring “superseason,” on average; thus the balance between the two weather-types 
represents a synoptic barometer that provides an indication of a relatively early or late ice-out. 
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CHAPTER 1 

Introduction 

 

1.1 Contemporary Global Climate Science 

 The field of climate science has grown to a point in recent years where it holds center 

stage in the court of earth science; this should come as no surprise, as the world has collectively 

placed a high priority on understanding climate change, especially to what degree, if any, 

humans play in the colossal system.  Perhaps never before has the public become so engaged, 

and so polarized, by a scientific debate.  Through different mediums, each more unique than the 

last, scientists have been able to reconstruct hundreds of millions of years of temperature data.  

According to such records, it is clear that climate variability is a natural process that has been 

occurring unabated since prehistoric times.  Indeed, humans have borne witness to ice ages in 

which the landscape was dominated by glaciers whose thickness could have best been measured 

in miles.  However, when looking at the last thousand years’ temperature data through the lens of 

the 1960-1990 climatological window, a now-ubiquitous “hockey stick” pattern (Mann et al., 

1998; see Figure 1) comes into focus.  Since roughly 1900, temperature has climbed from 

around -0.3°C to over +0.5°C of the 1960-1990 mean, forming an abrupt curve that when 

coupled with the 900 years of stable temperatures resembles its namesake.  Accordingly, 1990 

was roughly the time when the subject of climate change was catapulted to the forefront of 

scientific-political discussion; it was also a time when advances in computing speed made 

automated climate models and numerical weather prediction possible.  The existence of 

Milankovich cycles, predicted in the 1920s by the Serbian astronomer Milutin Milankovich, was 

confirmed owing to technological advances, as well.  Milankovich, an astute observer of solar 

activity, theorized that individual cycles in the Earth’s orbit, eccentricity, tilt, and precession 
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were all part of a larger, cumulative cycle that had a period of about 100,000 years.  If true, he 

believed this meant that solar radiation reaching the Earth would be subject to predictable 

maxima and minima that would present themselves as warm and cool periods at the surface.  The 

validation of Milankovich’s theory unmasked the primary driver of climate’s oscillation between 

warm and cool epochs over large expanses of Earth’s history. 

 Still unresolved is the debate over modern anthropogenic climate change.  The narrative 

certainly fits the majority of temperature data; the beginning of the modern warming period 

appears to coincide with the genesis of the Industrial Revolution, the first time in Earth’s history 

that petroleum-based products were burned en masse for energy production.  Of course, a 

seamless fit hardly constitutes scientific truth, but it does constitute a scientific theory until it can 

be proven wrong (or right).  This is a microcosm of climate science as a whole, a collective effort 

to piece together important findings by first discovering small truths.  Eventually, a body of 

record is amassed from which increasingly larger inferences can be made about the future 

direction of climate change.  Thus, each novel approach to the problem yields fruit of merit, if 

not always in the ways expected; concluding that a relationship between two variables does not 

exist can be just as significant as the contrary.  The size (spatially and temporally) and 

complexity of the dynamic system that is global climate dictates this inch-by-inch, brick-by-

brick effort to understand its inner-workings. 
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Figure 1 – Intergovernmental Panel on Climate Change (IPCC) 1,400-year reconstructed 
temperature plot (Pachauri & Reisinger, 2007). 

 

1.2 Sensible Impacts of an Evolving Climate 

In spite of the political undercurrent that muddies the waters surrounding climate science, 

the fact remains that relatively minute changes in the Earth’s mean temperature can have 

profound consequences.  Per the University of Maine’s Environmental Change Model (ECM), a 

3°C rise in temperature scours polar ice from the north, wipes out approximately half of the 

world’s boreal forest, and threatens to envelop Spain into the North African desert/steppe (see 

https://www.ipcc.ch/publications_and_data/ar4/wg1/en/figure-6-10.html
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Figure 2).  The ECM, citing the IPCC-adopted Representation Concentration Pathways (RCP) 

8.5 model, claims this temperature can be expected by as early as 2075 (see Table 1).  While 

RCP-8.5 is often looked at as a so-called climate “doomsday scenario,” the fact that it is a 

scenario merits concern.   

 
Figure 2 – University of Maine Climate Reanalyzer Environmental Change Model (ECM) 
rendering of potential biome distribution at mean global temperature and 3°C above current 
mean (ΔT = 0 and ΔT = +3°C) (University of Maine, 2017). 

 

Table 1 – IPCC Assessment Report 5 global temperature increase projections in units of degrees 
Celsius. 

in °C 2046-2065 2081-2100 
 Mean and likely range Mean and likely range 
RCP 2.6 1.0 (0.4 – 1.6) 1.0 (0.3 – 1.7) 
RCP 4.5 1.4 (0.9 – 2.0) 1.8 (1.1 – 2.6) 
RCP 6.0 1.3 (0.8 – 1.8) 2.2 (1.4 – 3.1) 
RCP 8.5 2.0 (1.4 – 2.6) 3.7 (2.6 – 4.8) 
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 Furthermore, global mean temperature during the last glacial maximum (LGM) around 

20,000 years ago was only about 6°C cooler than it is presently; a time when the southern extent 

of glacial ice stretched just beyond the southern border of New England.  Rother and Shulmeister 

(2006) point out that in the southern hemisphere, LGM was brought about by “very moderate” 

cooling.  In response to such pronounced alterations at the surface (particularly a shift in global 

mean albedo, associated with polar ice) changes in global-scale atmospheric and oceanic 

circulation would compound environmental change. 

 
Figure 3 – University of Maine Climate Reanalyzer ECM rendering of last glacial maximum 
(LGM) ΔT = -6°C (University of Maine, 2017). 
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1.3 Lake Ice Phenology 

 

Historically, the cryosphere has proven to be particularly adept at reflecting change in the 

Earth’s climate; as warming precipitates the melting of ice and cooling often leads to new ice 

formation.  Furthermore, it has been shown that in times of universal warming the greatest 

amount occurs at high latitudes, where the majority of the cryosphere exists (Assessment, 2004).  

Ice has been shown to be a viable resource for long-term temperature reconstruction, such as 

with the Greenland ice sheet, and also annual ice phenology analyses.  The study of lake ice 

phenology as a proxy for climate originated in the early 1980s (Barry, 1982; Palecki & Barry, 

1986), but was built off less intensive earlier studies (dating to the mid-twentieth century) 

focused more on the impacts of weather, rather than climate, on ice-out (Rodhe, 1952; Bilello, 

1964; Williams 1965).  Earlier literature was merely qualitative in nature, while modern studies 

are almost unanimously framed in pursuit of detecting warming trends.  The popularity of ice 

phenology studies has grown a great deal in recent years, both in terms of quantity and spatial 

extent, largely driven by the scientific community’s affinity for climate change.  Many 

manuscripts have linked ice-out to late winter and early spring air temperature (Assel & 

Robertson, 1995; Robertson, 1997; Magnuson et al., 2000; Patterson & Swindles, 2014), which 

has been found to be on the rise in the latter half of the twentieth century and thus far through the 

twenty-first, making for a trend of earlier ice-outs.  Because lake ice records often pre-date the 

advent of widespread, accurate temperature data in North America and elsewhere, past freeze-up 

and ice-out dates can serve as a valuable puzzle-piece in the field of historic temperature 

reconstruction.   

 The application of lake ice phenology to climate in New England began in the early 

2000s with a paper by Hodgkins et al. (2002) of the United States Geological Survey (USGS) in 
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which historical ice-out dates were collected from old newspaper clippings and outdated similar 

compositions (Hodgkins & James, 2002; Fobes, 1949).  Fortunately for data-gathering missions 

such as theirs, records have been meticulously kept and left to posterity for nearly two centuries 

in some locations.  This was done for a variety of reasons, such as marking the beginning of 

fishing season, the planning of log drives, and, not the least of which, simply out of bemusement.  

Hodgkins et al. (2002) found ice-inferred temperatures entered a warming trend around 1875, 

when in reality it wasn’t until around thirty-five years later (1910) that observable warming 

could be detected in Northern Hemispheric temperature records; this discontinuity highlights the 

existence of regional/local variability in the data, which Hodgkins et al. (2002) surmise is linked 

to atmospheric/oceanic oscillations or teleconnections.  Indeed, the next wave of northeastern 

U.S. ice phenology papers featured teleconnections like the now-famous El Niño-Southern 

Oscillation (ENSO), North Atlantic Oscillation (NAO), Tropical/Northern Hemisphere (TNH), 

Atlantic Multidecadal Oscillation (AMO), and Quasi-biennial Oscillation (QBO) (Patterson & 

Swindles, 2014; Beyene & Jain, 2015).  Patterson and Swindles (2014) found the AMO, which 

has been in positive phase since the mid-1990s, correlates well with the recent accelerated trend 

of earlier ice-out.  Additionally, Beyene and Jain (2015) derived a link between TNH and early 

breakup.  Ultimately, in Maine and abroad, these teleconnection papers attribute the influence of 

global-scale oscillations on ice-out to a middleman, air temperature.  This is to say that strongly 

positive AMO drives springtime temperatures higher in New England, which in turn makes for 

an early ice-out. 
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1.4 Synoptic-Weather Typing 

 Rather than solely quantifying air temperature, synoptic weather-typing is an alternative, 

quantitative approach that can be used to generalize the myriad meteorological characteristics of 

an air mass.  One such method, originally developed by Kalkstein et al. (1996) and improved 

upon by Sheridan (2002), is called the Spatial Synoptic Classification (SSC).  Reminiscent of the 

Bergeron (1930) synoptic air mass lexicon, the SSC identifies air masses by fitting surface 

meteorological conditions into one of several predefined ranges tailored to each station (there are 

currently 356 stations across North America, 474 worldwide; SSC, 2017).  The benefit of this 

synoptic differentiation is that it provides a more robust evaluation than analysis of any one 

individual meteorological variable, such as air temperature or dew point.  Furthermore, 

observation at the synoptic scale can eliminate biases that persist where there are numerous 

complex microclimates at the surface owing to factors such as albedo and topography.  Synoptic 

weather-typing methods such as SSC have been successfully utilized across a wide spectrum of 

scientific research, with topics ranging from public health to drought and excessive precipitation.  

So far, however, SSC’s only application to ice research has been limited to the Arctic (Ballinger 

and Sheridan, 2016). 

 Bypassing (without necessarily omitting) air temperature in ice phenology research 

would go a long way in identifying the extent to which additional meteorological and climatic 

variables govern ice-out.  The beauty of SSC is it washes out temperature data, which can at 

times be exaggerated, while delivering a more well-rounded assessment of conditions at a 

synoptic level.  This, as it turns out, is ideal because of the widely-held belief that synoptic-scale 

weather and global teleconnections are the driving meteorological force affecting ice-out 

(Anderson et al., 1996; Ghanbari et al., 2009).  Any local trends in climate (e.g. earlier spring) 
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should present themselves in the SSC data; for instance, Leung and Gough (2016) found that 

warming was reflected in the SSC by a decrease in occurrence of Dry Polar (DP) air masses.  

Zander et al. (2013) go a step further, in studying spring in the northeastern U.S., and find a 

trend from drier air masses to Moist Polar (MP) since 1975 (which they have dog-eared as when 

a shift to earlier spring onset is believed to have occurred).  Additionally, Zander et al. (2013) 

note Moist Tropical (MT) and Dry Tropical (DT) days are on the rise, as well, at the expense of 

DP; they claim this supports the conclusion warmer air is arriving earlier than it did in past years. 

 

1.5 Study Area 

Maine’s 35,385 square miles of total area sit perched atop the northeastern United States, 

encompassing a north/south span stretching from roughly the 43rd parallel to 47.5° N.  The 

state’s topography becomes progressively more mountainous as it rises from the coastal lowlands 

(with the exception of Mount Desert Isle, which is home to the eastern United States’ only fjord, 

Somes Sound) to the northern extent of the Appalachian Mountains, which mirror the coastline’s 

southwest-northeast orientation.  During the last glacial maximum 16,000 years before present, 

ice sheets in excess of a mile thick pressed down with a crushing force that formed myriad 

dimples and depressions in the bedrock of the region below (Woodard, 2005).  These craters 

would eventually become most of the over 5,500 lakes and ponds (that is, those with a surface 

area greater than 1 hectare, per Davis et al., 1978) that bespeckle Maine’s countenance, making 

for the highest total among states east of the Great Lakes (Davis et al., 1978).  By virtue of their 

sheer quantity, Maine’s water bodies are dispersed more or less evenly across the state’s 

geography and topography.  The largest of the lakes (74,890 acres in surface area, nearly 

4,000,000,000 cubic meters in volume), Moosehead, is located in Piscataquis County, situated in 

the rugged, northwestern highlands of Maine at a surface elevation of 1,029 feet above mean sea 
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level (Maine Inland Fisheries & Wildlife, 2013).  The deepest (and second-largest) lake, at 316 

feet (to Moosehead’s 246’), in the state is Sebago in southern Cumberland County (Jones, 1949).  

Sebago also serves as the source of the greater Portland metro-area’s water supply, providing 

some 24 million gallons per day to residents that make up 15% of the entire state’s population 

(Portland Water District, 2017). 

 Maine’s topographically diverse geography and abundant supply of lakes make the state 

an ideal location to study a phenomenon such as ice-out.  Lakes in the higher terrain of the 

northwest typically experience ice-out in early May while southern lakes close to the coast are 

roughly a month ahead, averaging early April ice-out.  In the interest of this manuscript, such a 

level of diversity makes for an expansive dataset from which to study the effects of synoptic 

weather on ice phenology. 
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CHAPTER 2 

Literature Review 

 

2.1 Lake Ice Phenology 

 Lake ice phenology can be defined as the study of seasonal formations of ice cover over 

water bodies located in higher latitudes/altitudes and interannual variations associated with the 

phenomenon.  The onset of ice is precipitated by temperatures that dip below 0°C (32°F) for an 

adequate length of time, determined by the morphometry (predominantly the depth) of each 

respective lake or pond (Leppäranta, 2010; Kirillin, 2012; Kropaćek, 2013).  Various 

meteorological variables (in addition to air temperature) can also impact “freeze-up,” including 

wind direction/speed, cloud cover, and precipitation totals (Palecki & Barry, 1986; Robertson et 

al., 1992).  The same variables factor into ice break-up, hereafter referred to as “ice-out,” which 

serves as the popular nomenclature for the phenomenon in New England (Hodgkins et al., 2002; 

Patterson & Swindles, 2014; Beyene & Jain, 2015).  As Hodgkins et al. (2002) note, individual 

definitions of ice-out can vary from one observer to the next; while some records specify a 100% 

ice-free threshold and others merely observe the date on which the sheet breaks up, it is generally 

agreed upon that these dates are within a few days of one-another.  As is the case with freeze-up, 

pertinent research is unanimous in its endorsement of air temperature as the key meteorological 

driver of ice-out (Palecki & Barry, 1986; Magnuson et al., 2000; Weyhenmeyer et al., 2004; 

Jensen et al., 2007; Kirillin et al., 2012).  Model simulations of lake ice evolution by Vavrus et 

al. (1996), found to be accurate to within one week for both freeze-up and ice-out, showed slight 

perturbations in climatic input variables yielded “robust” responses in ice phenology.  

Furthermore, they learned ice cover exhibits a greater sensitivity to climatic warming than to 

cooling (Vavrus et al., 1996); what makes this especially interesting is that the Earth is 
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purportedly in the midst of a period of warming and shifting seasons that has seen late starts to 

autumn and winter and early onsets of spring and summer (Allen & Sheridan, 2016).  So it is that 

a preponderance of published studies cite climate change as the impetus of their interest and 

concern in regards to ice phenology (Robertson et al., 1992). 

 Interest in lake ice phenology has soared in recent decades as many studies have sought 

to use the records as a proxy for past climate, given their close ties to air temperature (Assel & 

Robertson et al., 1992; Livingstone, 1997; Jensen et al., 2007).  As stated in Magnuson et al. 

(2000), “[Lake ice phenologies’] strengths as a climate proxy include the broad spatial 

distribution of sites, the annual resolution of the data, a longer record than other direct measures 

such as air temperature, and the relative ease and precision of measuring freeze and breakup 

dates both directly and by satellite.”  More specifically, the timing of lake ice-out has burgeoned 

into a relatively popular harbinger of climate change.  Virtually all ice phenology studies support 

the conclusion of a warming global climate as is suggested by ice-out dates becoming 

progressively earlier (Hodgkins et al., 2002; Duguay et al., 2006; Livingstone, 2001).   

 Diverging from the conventional visual format of making ice-out observations, 

contemporary alternatives have become available in the satellite era.  Kropácek et al. (2013), Arp 

et al. (2013), and Yao (2016) have used Moderate Resolution Imaging Spectroradiometer 

(MODIS) imagery to derive lake ice phenology.  MODIS is an optimal sensor to use for this 

subject because its daily coverage and modest resolution of 250 meters (Arp et al., 2013; 

Kropácek et al., 2013) enables researchers to observe subtle changes in water bodies prior to 

freeze-up/ice-out.  The capabilities of MODIS are tempered only by the its limited window of 

record, having first been launched into orbit by the National Aeronautics and Space 

Administration (NASA) in 1999 aboard the Terra satellite (Hook et al., 2007), and dependence 
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on clear skies.  Similar ice phenology studies have been undertaken using different sensors, such 

as the Advanced Very High Resolution Radiometer (AVHRR) and the Geostationary 

Operational Environmental Satellite, Visible-Infrared Spin-Scan Radiometer (GOES-VISSR) 

(Wynne et al., 1996; Latifovic & Pouliot, 2007).  Latifovic and Pouliot (2007) found that the 

AVHRR was a very useful tool with which to study ice phenology, and used it to do so for 1984-

2004.  Like MODIS, AVHRR is dependent on clear weather and sunlight (which can be scarce in 

polar regions, where darkness reigns much of the year) to yield imagery of value (Latifovic & 

Pouliout, 2007).  The newer GOES-VISSR system proved to be particularly adept at this task, as 

well.  Using the unique bird’s-eye view, Wynne et al. (1996) were able to uncover a high degree 

of coherence between the ice-out of lakes bounded within roughly 350,000 square miles of the 

northern American Midwest and the Canadian provinces of Manitoba and Ontario.  The 

researchers note this finding supports the conclusion that the meteorological factors governing 

ice phenology are synoptic in nature (Wynne et al., 1996).  Such a discovery gives credence to 

the theory that large-scale atmospheric and oceanic oscillations known to drive appreciable 

changes in climate may also impact ice-out. 

A great number of papers have investigated global-scale teleconnections and what 

bearing they might have on ice phenology (Assel & Rodionov, 1998; Livingstone, 1999, 2001; 

Bonsal et al., 2006; Ghanbari et al., 2009; Mishra et al., 2011; Wrzesiński et al., 2015).  While 

these studies have focused on different regions, ranging from Siberia (Livingstone, 1999) to 

Spain (Sánchez-López, 2015), most arrive at similar conclusions.  As an example, ice-out studies 

in North America correlate strongest with El Niño-Southern Oscillation (ENSO) while their 

Eastern Hemispheric counterparts are closest tied to North Atlantic Oscillation (NAO) / Arctic 

Oscillation (AO), in most cases (Bernhardt et al., 2012; Bonsal et al., 2006).  It should also be 
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noted that while NAO/AO ice-out correlation applies well to Europe and Asia, the same cannot 

(necessarily) be said of North America (Bonsal et al., 2006).  This is likely linked to the finding 

that air temperatures in North America became devoid of correlation with the NAO during the 

second half of the twentieth century (Hurrell, 1996).  Not enough research has been done to date 

in order to entirely rule out the effects of ENSO in the Eastern Hemisphere, however.   

In the Western Hemisphere, New England has been the subject of intensive studies 

looking into the role teleconnections play on ice-out; specifically, NAO, ENSO, Quasi-biennial 

Oscillation (QBO), Tropical/Northern Hemisphere (TNH), and Atlantic Multidecadal Oscillation 

(AMO) have been closely examined (Patterson & Swindles, 2014; Beyene & Jain, 2015).  

Beyene and Jain (2015) discovered strongly negative TNH phases were closest linked to early 

ice-out, while positive NAO played a lesser role.  Patterson and Swindles (2014) also picked up 

on the +NAO/early ice-out correlation, but noted NAO was difficult to isolate from ENSO 

because of overlapping cycles; in fact, the two teleconnections were so similar in phase Patterson 

and Swindles opted to group the two together in their study.  On top of the link to 

atmospheric/oceanic oscillations, Hodgkins et al. (2002) identified an overall warming trend 

from the consistent trend of earlier ice-out at several dozen stations around the region.  Hodgkins 

et al. (2002) did pick up on subtle variations between trends of different lakes that were 

accounted for by geographical clusters (north and south) and attributed to temperature gradients 

between the two clusters.  But perhaps the biggest discovery put forth in the Hodgkins et al. 

(2002) study was that ice-out appeared to be less sensitive to air temperature in the mountainous 

northern region than in the coastal lowlands of the south.  This finding underscores the value of 

the state of Maine’s diverse geography/topography and how it lends itself to ice phenology. 
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 Frozen lakes and ponds have been of great import to Mainers for centuries, as have their 

annual springtime thaw.  Jones (1949) says of ice-out enthusiasm, “…no army in all history has 

ever poised with greater intensity and eagerness to clash with its potential enemy than does the 

ever-increasing horde of spring fishermen in their impatience to commence their savage 

onslaught upon these sleek glistening bodies, that so gracefully glide beneath the surface of that 

magic stretch of water…”  Historically, shipping schedules and log drives were planned around 

the retreat of the winter ice pack (Hodgkins et al., 2002).  In 1832, the Cumberland and Oxford 

Canal, a series of 28 locks and 20 miles of manmade canal built on the Presumpscot River 

opened and in doing so linked the interior of the state (Sebago Lake) to the ocean via Portland 

(Jones, 1949).  Until the railroad reached the area in 1883, the water route was a bastion of 

Maine’s booming economy; lumber, apples, and gunpowder (a quarter of the Union’s supply of 

black powder during the Civil War came from the shores of the Presumpscot) were among some 

of the most popular goods to make the traverse (Jones, 1949; Woodard, 2005).  During this era, 

the thawing of lake ice was synonymous with the rebirth of the state’s frozen, seasonal economy, 

and was thus a very important date.  To this day, Maine relies on a seasonal economy linked to 

its water bodies, albeit a far cry from that of the past.  More specifically, the state has a tourist 

economy, where the majority of revenue is generated by vacationers, rusticators, and leaf-

peepers.  The net effect is the same; winter in Maine is cold, dark, and economically stagnant.  

Frozen water bodies serve as a much-needed respite for year-round residents, who use the 

surfaces as a seasonal platform (no pun intended) for recreational activities like ice fishing, 

snowmobiling, and ice skating (Patterson & Swindles, 2014; Hodgkins et al., 2002).  In recent 

years, lack of ice has made it difficult for these pastimes to have much success or, some years, be 

possible to begin with. 
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 It has been shown that lake ice also means quite a great deal to local ecosystems, and that 

a shift toward more ice-free days can lead to ecological consequences (Benson et al., 2012; 

Preston et al., 2016).  Warming climate, contributing to earlier ice-outs, has thus been linked to 

prolonged summer lake stratification periods and reduced dissolved oxygen levels associated 

with increased ice-free time (Stefan et al., 1993; Hodgkins, 2013).  Initially, this bodes well for 

fish populations as winterkill caused by oxygen depletion ebbs (Fang & Stefan, 2009), owing to 

longer periods of winter aeration.  Eventually, however, rising duration of periods of summer 

anoxia that favor certain species over others afford predatory fish the opportunity to take root 

(Fang & Stefan, 2009).  Additionally, thermoclines (striated layers of similar-temperature water) 

extend deeper in accordance with the added exposure to warmer air temperatures, thus reducing 

habitat for cold stenothermic organisms such as lake trout and opossum shrimp (Schindler et al., 

1990).  While many hypotheses (some empirically based) suggest a domino reaction of different 

species’ populations plummeting and exploding, such is all just conjecture at this point; 

individual models, even individual studies can only account for a handful of constantly changing 

variables in a dynamic environment.  While individual claims cannot (nor should they) be 

refuted, they should be viewed with a grain of salt in accordance with their limited scope. 

 One especially noteworthy ice phenology study included ice-out records for Lake Suwa, 

Japan that date as far back as 1443 (Magnuson et al., 2000).  While such extensive records are 

rare, they provide an opportunity to delve into what falls under the field of paleoclimatology, as 

daily temperature records become scarce prior to 1900 (Easterling, 2002).  What records do 

extend further back into the past are often fragmented and not entirely reliable.  After all, it was 

not until 1714 that Dutch instrument-maker Daniel Gabriel Fahrenheit invented the mercury 

thermometer (Peterson, 1997) and 1724 that he published the temperature scale that bears his 
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name (Fahrenheit, 1724).  The primary issue with ice records is gaps in the data; such holes can 

present problems with statistical analysis and force researchers to discard potentially significant 

data-points.  In studying a set of records published by Hodgkins et al. (2002) that had ice-out 

dates for Sebago Lake, ME from as far back as 1807, Patterson and Swindles (2014) decided to 

omit the lake entirely because of the problems with data gaps.  Fortunately for Magnuson et al. 

(2000), Lake Suwa’s records were virtually perfect, allowing for an extensive study of its ice 

phenology.  According to Magnuson et al. (2000), “The few records before 1846 suggest that 

long-term changes toward later freezing and earlier breakup dates were already occurring, but at 

slower rates, at sites as far apart as Europe and Japan.”  They also point out that while Lake 

Suwa was ice-covered 99% of winters in a period that spanned from 1443 to 1700, that number 

dipped down to 90% from 1700 to 1985 (Magnuson et al., 2000).  Additionally, the Tornionjoki 

River in Finland shows a trend toward earlier ice-out dates for the duration of the record, which 

stretches from 1692 to 1995 (Magnuson et al., 2000).  This implies that global climate was in a 

warming period prior to the Industrial Revolution, which climate change proponents tout as the 

genesis of anthropologic climate change (Vitousek et al., 1997; McMichael, 2003).  While 

researchers and temperature proxies are wont to conflict with one other, it can be said with a high 

degree of confidence that the field of ice phenology tends to support warming prior to and 

following the ‘Little Ice Age.’  This has led several studies to attempt to cleave anthropogenic 

from so-called “natural” warming (Oreskes, 2004; Rosenzweig et al., 2008). 

 

2.2 Spatial Synoptic Classification (SSC) Weather-Typing 

 Kalkstein et al. (1996) introduced a hybrid synoptic weather-typing procedure that 

attempted to incorporate the benefits of manual and automated classification schemes.  Manual 
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classification, though tried and true (for the most part), is an extremely tedious and time-

consuming undertaking while auomated classification lacks the supervision necessary to produce 

trustworthy results (Yarnal, 2001; Sheridan, 2002).  The manual methods have found success 

across a broad spectrum of scientific literature; the Muller Classification (Muller, 1977) has been 

used to assess airborne particulate levels in New England (Keim et al., 2005) as well as study 

moth migration across the United States (Muller & Tucker, 1986).  Yarnal (2001) found manual 

classifications were wrought with issues of replicability, owing to the subjectivity of 

classification parameters.  The advent of technology has enabled another, automated sect of 

synoptic classification that cuts processing time and generally eliminates conflict of 

reproduction, but unfortunately sacrifices accuracy (Yarnal, 2001; Sheridan, 2002).  And so, out 

of the two lacking approaches, hybrid synoptic weather-typing was born.   

The Kalkstein et al. (1996) method was coined, “Spatial Synoptic Classification (SSC),” 

and was later improved upon by Sheridan (2002) in what the latter calls “SSC2.”  Sheridan 

(2002) noted that the most glaring deficiency in the SSC was the fact it was limited to six months 

of operation (winter and summer), the time easiest to determine mean air mass characteristics 

because of the aforementioned seasons’ natural plateau that is absent in transitional months like 

autumn and spring.  Seeking to enhance the functionality of the SSC developed by Kalkstein et 

al. (1996) SSC, Sheridan (2002) improved upon this deficiency.  Kalkstein et al. (1996) built the 

SSC atop a foundation of “seed days” that describe the conditions required to assign each day to 

a class.  To be clear, a seed day is an actual day at a station that exhibited certain meteorological 

characteristics deemed to be indicative of a particular air mass (Kalkstein et al., 1998; Sheridan, 

2002).  The Kalkstein et al. (1996) SSC derived seed days individually for each location, for 

both summer and winter while Sheridan’s (2002) SSC2 used what he called “sliding seed days.”  
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“This method involves the identification of seed days in four 2-week ‘windows’ throughout the 

year, and the creation of an algorithm to produce a theoretical seed day for each weather type for 

each day of the year.  The four 2-week periods shift by location, to correspond with the hottest 

and coldest 2 weeks and the midway points in between” (Sheridan, 2002).  This new process 

accounts for gradual changes in meteorological conditions throughout the year, making SSC2 a 

relative rather than an absolute classification method (Hondula et al., 2013) and enabling it to be 

utilized throughout the year. 

Any synoptic classification method must establish a set of meteorological parameters 

around which to base determinations; for SSC, these include: temperature and dew point 

depression at 6 hour intervals; mean cloud cover (the computed average of the four observations 

where temperature and dew point depression were measured); mean sea level pressure 

(averaged); diurnal temperature range (averaged); and diurnal dew point range (averaged) 

(Sheridan, 2002).  Conventionally, synoptic classes mirrored the Bergeron (1930) air mass 

lexicon (Sheridan, 2002) that was conceived in the 1930s, but is still used widely today (though 

with some changes): Continental Polar (cP), Continental Tropical (cT), Maritime Polar (mP), and 

Maritime Tropical (mT).  Kalkstein et al. (1996) felt the Bergeron (1930) vernacular was 

antiquated and failed to address modern environmental problems, so he instead ushered in what 

would become a modern approach to synoptic classification with six classes: Dry Polar (DP), 

Dry Moderate (DM), Dry Tropical (DT), Moist Polar (MP), Moist Moderate (MM), and Moist 

Tropical (MT).  Another addition was a place-holder class, Transitional (TR), which was 

representative of a day in which one synoptic parcel gave way to another (Sheridan, 2002).  

Hereafter, these classes will be described collectively as “weather types” and “air masses” 

interchangeably.  The following is an excerpt from Sheridan (2002) explaining each class: 
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 “DP air is largely synonymous with the traditional cP…air mass.  It is characterized by cool or 

cold dry air, and for much of the continent, northerly winds.  Skies typically feature little or no cloud 

cover.  This weather type has its source in northern Canada and Alaska, and is advected into the rest of 

North America by a cold-core anticyclone that emerges from the source region. 

“DM air is mild and dry.  This weather type has no traditional source region.  In much of North 

America, DM usually appears with zonal flow aloft, which permits air to traverse the Rocky Mountains, 

to dry and warm adiabatically…. similar conditions can arise from a significantly modified DP weather 

type or a mixture of DT and MT, or DP and MT, influences. 

“DT air is associated with the hottest, sunniest, and driest conditions, and is analogous to the 

traditional cT designation.  Most commonly, it is present or advected from its source region, the deserts 

of the southwestern USA and northwestern Mexico.  It can also be produced by violent downsloping 

winds, where rapid compression heating can produce similar conditions.  The Chinook, common in the 

US and Canadian Rockies, and the Santa Ana winds of California are two such examples. 

“MP air is a large subset of the mP air mass.  Weather conditions are cool, cloudy, and humid, 

often with light precipitation.  MP can appear via inland advection of air from the North Pacific or North 

Atlantic.  It can also arise when there is frontal overrunning well to the south, or when a cP air mass 

acquires moisture while traversing a cool water body (the Great Lakes being the primary example). 

“MM air is also cloudy, but warmer and more humid than MP air.  This can form either as a 

modified mP air mass, or independently, south of MP air nearer a warm front.  During summer, it can 

also occur under mT influence on days with high cloud cover (hence lowering the temperature). 

“MT air is analogous to mT; it arrives in North America either via the Gulf of Mexico or tropical 

Atlantic or Pacific Ocean.  It is found in the warm sector of a mid-latitude cyclone, and on the western 

side of a surface anticyclone.  This air is warm and very humid, cloudy in winter and partly cloudy in 
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summer.  Convective precipitation is quite common in this weather type, especially in summer.”  

                    Sheridan, 2002. 

 

Though a handful of classes are recycled from Bergeron (1930), it is clear why Kalkstein 

et al. (1996) opted to start fresh with a new nomenclature and why Sheridan (2002) elected to 

retain it.  While Bergeron (1930) classes are more region-of-origin-centric for each air mass, the 

revised classes speak more to the physical and meteorological characteristics of the air mass; the 

latter format is better-suited to broader modern applications.  For example, the new SSC has 

been a particularly adept tool used to study urban heat islands (Dixon & Mote, 2003; Brazel et 

al., 2007), health concerns and disease (Hondula et al., 2013; Sheridan & Lin, 2014; Dixon et al., 

2016), air pollution (Sheridan & Kalkstein, 2004; Rainham et al., 2005; Cakmak & Hebbern, 

2014), and general climate research (Grundstein, 2003; Quiring & Goodrich, 2008; Zander et al., 

2013; Leung & Gough, 2016; Senkbeil et al., 2017).   

SSC has seen relatively limited use in general climate change research, despite synoptic 

weather-typing having the capability to be a useful means of assessing climate over time.  Zander 

et al. (2013) composed a springtime SSC climatology for the northeastern United States, the first 

of its kind, that thoroughly explored air mass trends during the latter half of the twentieth 

century.  Zander et al. (2013) observed an influx of tropical air masses to the detriment of polar 

air mass dominance; this also contributed to higher day-to-day air weather-type variability during 

the spring.  Leung and Gough (2016) found that warming presented itself in SSC data in the form 

of declining frequency of DP, while studying climate change over the last 40 years in the Hudson 

Bay region of Canada.  Grundstein (2003) arrived at a similar conclusion while studying the 

climatology of the northern Great Plains (U.S.) snowpack.  Meanwhile as far away as the 
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Southern Hemisphere, Rother and Shulmeister (2006) discovered that synoptic climate change 

was in fact a driver of glaciation during the Late Quaternary period in New Zealand.   

 

2.3 Conclusion 

 Ice phenology, its newfound popularity notwithstanding, still represents a unique means 

of studying climate, particularly for records that postdate the advent of accurate temperature 

records around the turn of the twentieth century.  While ice-out has always commanded a high 

degree of interest amongst locals, if only trivially, the fact remains that there are several more 

orthodox means of monitoring climate.  Nevertheless, ice has a staunch record as a tool 

employed to study the direct effects of temperature; its strength as a climate proxy stems from 

the ability of the cryosphere to wax and wane with daily temperature.  Ice also has the ability to 

recover from, say, one anomalously warm day early in the season; in contrast, a temperature 

threshold would likely have been exceeded.  Leading up to the culmination of ice-out, a certain 

amount of persistence is required on part of temperature and related variables to actually exceed 

the ice cover’s break-up threshold.  Applications of this science have been used around the world 

to study climate change; specifically, researchers have combed the records for evidence of 

warming temperatures from the twentieth century onward.  This literature review was unable to 

find a single ice phenology study that did not observe some degree of warming in the last 

century. 

 The SSC system coined by Kalkstein and Sheridan has seen plenty of use, given its 

relatively recent inception and limit to retroactively classified data going back only as far as the 

1940s, for the longest records.  The most likely reason for the widespread application is its 
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ability to be used across multiple disciplines (health and medicine, in particular), not unlike the 

Muller Classification before it.  This also indicates bioclimate scientists were waiting for a 

product like SSC, as evidenced by its application having been heavily weighted toward human 

health topics over physical climate topics.  Ultimately, the comprehensive meteorological 

expression and the daily air mass calendar that result from SSC lend themselves well to any 

study that is influenced by day-to-day condition of the surface atmosphere. 
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CHAPTER 3 

Effects of Synoptic Weather on Ice Phenology 

3.1 Introduction 

 The application of synoptic weather-typing in the field of ice phenology is by and large 

untested, although it does have some precedent; recently, Ballinger and Sheridan (2016) 

examined the relationship between Arctic ice-cover extent and SSC.  Nevertheless, mid-latitude 

applications of SSC to ice phenology research remain a virgin field.  Conventional ice phenology 

studies adhere to the time-honored tradition of using temperature as the meteorological driver of 

ice-out, which in some cases serves as a hindrance.  Temperature can be an incredibly complex 

variable in certain environments, prone to biases in both directions (warm and cold), making its 

monopolistic status in studies of ice phenology potentially problematic.  Obtaining accurate 

temperature data for each site is imperative, and almost impossible when studying back-country 

waterbodies; researchers are too often forced to rely on approximate temperatures interpolated 

from nearby stations.  At least this way, it is easier to find a temperature representative of the 

entire surface area of the lake or pond, rather than depending on one shore-bound site to define 

the air temperature over a massive waterbody.  For instance, Moosehead Lake, a subject of this 

study, has a surface area well in excess of 100 square miles (300+ square kilometers). 

 Synoptic air mass classification techniques offer a more generalized, large-scale way of 

defining the meteorological component of a dynamic system, coincidentally more befitting of the 

scale of ice phenology.  Air masses can be thousands of square miles on size, but it is how SSC 

defines these air masses that translates well to ice phenology; air mass classes are based on 

climatological norms unique to each station in the database.  The final product is a synopsis of 

ambient weather conditions in the region.  Integration of these meteorological data will serve as 

the crux of this new approach to ice phenology research. 
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Given the lack of SSC studies based in New England, not to mention ice phenology 

studies incorporating synoptic-scale meteorological data, the following research questions are 

examined within this thesis: 

1.) How interrelated is the ice phenology of lakes across the northern New England state of 

Maine? 

2.) To what extent does synoptic weather-type variability associate with the ice phenology of 

the aforementioned region? 

Numerous early studies discussed above have linked weather-type and ice phenology, so 

it stands to reason that similar correlations can be identified using a SSC dataset.  Hypothetically, 

Dry Polar days, shown to be indicative of warming depending on quantity (more DP weather, 

colder; less DP weather, warmer air masses fill the void), will be strongly correlated with ice out 

such that years with more DP days experience later ice-out, on average.  The strength of this 

DP/ice-out correlation will likely determine to what extent the ice phenologies of different lakes 

align with one-another; the differing geographic sub-regions in Maine will probably support 

several clusters of lakes that behave in especially similar fashion.  A clustering analysis should 

yield results that highlight these sub-regions. 

 

3.2 Data 

3.2a Ice-Out Data 

The linchpin of this study will, of course, be ice-out dates.  These data had conveniently 

been assembled in a United States Geological Survey (USGS) report by Hodgkins et al. (2002).  

The records of ice-out dates (recorded in Julian date format for simplicity in computational 

analysis) Hodgkins et al. (2002) compiled came from a number of different vetted sources that 
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range from local literature and newspaper accounts to families’ personal records that have been 

passed down through several generations (a tradition which still persists today, they noted, in the 

majority of cases).  Another, more robust collection of ice-out dates from the Maine Volunteer 

Lake Monitoring Program (MVLMP, 2017) was added to the study and converted from 

traditional MM/DD/YYYY format to Julian date format for consistency; this database played an 

integral part in creating a clear picture of years following the publication of the Hodgkins and 

James (2002) paper.  Overlapping lakes/years between the two datasets never differed by more 

than one day, ensuring the sanctity of data after splicing the two together.  The lakes/ponds were 

geospatially indexed according to a unique identification number given to every known water 

body in the state, part of the lake Maine Information Display and Analysis System index 

(MIDAS), a collaborative product of the Maine Departments of Environmental Protection (DEP) 

and Inland Fisheries and Wildlife (IFW) launched in the 1970s.  Maine’s Office of Geographic 

Information Systems (MEGIS) published a GIS shapefile in 2011 that contains all of the water 

bodies in the state and their respective MIDAS numbers (some 13,156 in total) as represented by 

points (MEGIS, 2011).  This shapefile provided geospatial reference data for all water bodies in 

the study, enabling subsequent mapping exercises within Environmental Systems Research 

Institute’s (ESRI) ArcGIS program.  In order to augment later GIS exercises, a portion of the 

National Elevation Dataset (NED), 30-meter resolution, that includes the study area was 

retrieved from the USGS. 

In order to perform a clustering analysis, a subset of data with no gaps is required and 

thus must be purloined from the overall dataset.  Naturally, the greater the temporal range of this 

subset the better; so several lakes with short records (< 30 years, the length of a climatological 

window) can immediately be dispatched from the study.  While several lakes have records of 
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considerable length (in some instances, in excess of 150 years), it is not uncommon for years to 

be missing, rendering all but years in between these voids useless.  It was ultimately found that 

using a temporal range of 1955 – 2005 maximized the number of lakes that were eligible for 

inclusion (n = 20) and provided a suitable duration of record (51 years). 

 

3.2b Spatial Synoptic Classification Data 

Records of Spatial Synoptic Classification (SSC) data were obtained from Kent State 

University professor Scott Sheridan’s SSC website database (SSC, 2017) for the Portland 

International Jetport, Portland, Maine (PWM) site.  The SSC data come in two principal formats, 

daily entry and seasonal frequency; for this study, seasonal counts for winter (December-

January-February, DJF) and spring (March-April-May, MAM) as well as daily records will be 

utilized.  For daily records, each day is assigned a SSC class (1 – Dry Moderate; 2 – Dry Polar; 3 

– Moist Polar; 4 – Moist Moderate; 5 – Dry Tropical; 6 – Moist Tropical; 7 – Transition Day; 8 – 

Missing) while for frequency, a column for each class is populated by the number of days per 

season that fall into each respective field, annually.  Data were tailored to fit a window beginning 

December 1, 1954 (which constitutes the first day of the 1955 winter-spring seasons, hereafter 

referred to as a “superseason”) and concluding on May 31, 2005 (which constitutes the final day 

of the 2005 superseason); this was done in the interest of simplicity. 

 

 3.2c Precipitation Data 

 Precipitation (rainfall and snowfall) data, with which precipitation by SSC weather-type 

will be assessed, were collected from the Global Historical Climate Network (GHCN) Daily 
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Summaries dataset, a product maintained by the National Centers for Environmental Information 

(NCEI; formerly National Climatic Data Center, NCDC).  GCHN-Daily data are comprised of 

World Meteorological Organization (WMO), National Oceanic and Atmospheric Administration 

(NOAA) Cooperative, and Community Collaborative Rain, Hail, and Snow Network 

(CoCoRaHS) observations of minimum and maximum temperature, total precipitation, snowfall, 

and snow depth.  This study was only concerned with precipitation observations from one site, 

the Portland International Jetport in Portland, Maine, for the period 1955 – 2005 in order to 

coincide with the aforementioned ice-out and SSC data.  As will be further discussed in more 

detail, this dataset will be used to characterize the precipitation-type and number of days with 

recorded precipitation associated with each SSC weather-type. 

 

3.3 Methods 

 3.3a Clustering Ice-Out Z-Scores 

 A logical approach to dealing with ice-out dates of lakes from different climatic sub-

regions within the state of Maine is to standardize the historical data record on a lake-by-lake 

basis.  Standardized historical records of ice-out allows for direct comparison of the inter-annual 

co-variability of two lakes with mean ice-out dates that are very different for the raw historical 

data.  The z-score method was selected as the most appropriate standardization technique; this 

process yields a dimensionless result that defines how many standard deviations a lake’s ice-out 

is from its mean.   
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𝑧𝑧 =
𝑥𝑥 − 𝜇𝜇
𝜎𝜎

 

Equation 1: Z-Score Calculation; where x = ice-out date, µ = lake mean ice-out, σ = lake 
standard deviation 

 

In this format, a positive z-score for a given year would be indicative of a late ice-out (by 

virtue of a higher Julian date representing a later ice-out) and a negative z-score of an early ice-

out.  Each lake has its own historical record of z-scores, calculated from its mean and standard 

deviation, to be compared with other lakes in the study. 

 Following the z-score calculations, ice-out data were subjected to a clustering analysis for 

the purpose of identifying patterns that persisted through the standardization process.  Ward’s 

method of hierarchical clustering was chosen for this step because it was not clear how many 

clusters might be contained within the dataset of twenty (20) lakes.  The output of Ward’s 

method leaves an analyst with a dendrogram based on the hierarchical sub-structure of the data 

from which to select an appropriate number of clusters.  The potential clusters were examined to 

determine an ideal number that was sensible in terms of spatial homogeneity and/or 

physiographic homogeneity. 

 

 3.3b Applying SSC to Ice-Out Clusters 

 SSC field counts and percent composition for the December – May superseason (1955 – 

2005) were correlated with the ice-out (z-score) clusters; SSC derivatives were treated as the 

independent variables and ice-out as the dependent variable.  Any air weather-type exhibiting a 

significant relationship with a cluster was noted, and an air mass significantly correlated across 

all clusters was treated as a particularly important finding.  Also noteworthy is the direction of 
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correlation; the sign of the slope of the line of fit reveals how the weather-type is related to ice-

out (e.g. greater occurrence of this weather-type suggests earlier ice-out). 

 

 3.3c Post-hoc Analysis of Daily Precipitation and Responsible SSC Class 

 For the purpose of better understanding relationships between precipitation and SSC, 

rainfall and snowfall data obtained from NCEI’s GHCN were tabulated to fit alongside daily 

SSC records for 1955 – 2005.  Using local data filters, days without precipitation were screened 

out to leave only days with recorded precipitation (be it rain or snow).  Days with recorded 

snowfall were then segregated from the larger dataset.  The product was two datasets which 

indicated SSC weather type on days with recorded rain and SSC weather type on days with 

recorded snow, respectively.  At this point, it was possible to analyze the distribution of SSC air 

weather-types that are harbingers of precipitation (rain and snow, individually).  It bears mention 

that a modest percentage of both distributions fell under the SSC class “Transition,” which is not 

helpful and masks the identity of the actual air mass responsible for delivering precipitation to 

the area.  Fortunately, the length of record lends itself to keeping this problem largely quelled; in 

neither case was “Transition” the preeminent classification. 

 

3.4 Results and Discussion 

 3.4a Clustering Results and Incorporation of SSC 

The result of a Ward’s clustering analysis of ice-out z-scores can be seen in Figure 4 in 

the form of a dendrogram which revealed a strong relationship between half of the twenty lakes 
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(seen in the bottom half of Figure 4) and a handful of smaller clusters in the other half.  The 

dendrogram affirms the decision to cluster lakes by z-score, as it clearly reveals relationships 

between the waterbodies (some stronger than others).  Because employing more than two 

clusters lends itself to a deeper, richer analysis of spatial variability in ice cover, it was 

determined that four clusters would be an optimal number based on the hierarchy of the 

dendrogram; this still left one of the first two clusters, with ten members, but cleaved the other 

into three comprised of two, four, and four waterbodies, respectively.  While ten members in a 

cluster for a four-way clustering analysis consisting of only twenty variables is fairly large, the 

fact there is such a strong relationship between the members, as indicated by the dendrogram, 

mitigates cause for concern.  

  
Figure 4 – Ward’s method clustering dendrogram. 
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Table 2 – Results of clustering analysis.  Parenthetical numbers correspond to labeled lakes in 

Figure 5. 

Cluster No. 1 (n = 2) Cluster No. 2 (n = 4) Cluster No. 3 (n = 4) Cluster No. 4 (n = 10) 

(1) Moosehead Lake (3) West Grand Lake (7) Damariscotta Lake (11) Swan Lake 

(2) Rangeley Lake (4) Sebec Lake (8) China Lake (12) Cochnewagon Lake 

 (5) Cobbosseecontee Lake (9) Togus Pond (13) Thompson Lake 

 (6) Auburn Lake (10) Green Lake (14) Wesserunsett Lake 

   (15) Clearwater Lake 

   (16) Wilson Pond 

   (17) Kezar Lake 

   (18) Aziscohos Lake 

   (19) Richardson Lake 

   (20) Nickerson Lake 

 

Table 2 shows a roster of each cluster and the cluster number assigned to each group of 

lakes for the remainder of this manuscript.  The clustering results were next transferred to an 

ArcGIS shapefile that had the geospatial information for each of the twenty lakes in the study; 

after overlaying topography, a plot was generated to illustrate the spatial nature of the clusters.  

Despite the ice-out date homogenization by way of z-score, the clustered lakes clearly exhibit an 

underlying spatial pattern (Figure 4).  The clusters loosely orient themselves along a gradient 

that runs from southwest to northeast, which is particularly interesting as this corresponds to the 

topography of the state; the only obvious exception to this trend is the two Cluster 4 lakes 

(Aziscohos and Richardson) located along the northern edge of the Maine-New Hampshire 
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border at an elevation of 1,500 feet above mean sea level (well above the median for the ten 

lakes in Cluster 4). 

 

Figure 5 – Maine National Elevation Dataset (NED) with clustering results overlaid. Legend for 
numerology is in Table 2 

 

 Looking at the clustering results in conjunction with the raw ice-out dates (in Julian 

format) offers further validation of the four clusters’ interrelatedness (Figure 6).  Generally, each 

lake behaves quite similarly in terms of covariance, but temporally they differ widely.  Cluster 1 

and Cluster 3 are the best examples of how the clustering of z-scores still managed to preserve 
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the bonds that exist between lakes with similar ice-out dates.  Referring to Figure 5, Cluster 1 

and Cluster 5 also appear to be the most spatially dependent clusters (note the similar elevation 

and distance from the ocean of the members of each respective cluster).  Perhaps the most 

interesting feature of this plot of raw ice-out date is the diversity of Cluster 4, in spite of the 

strong measure of relation shown by the clustering dendrogram (Figure 4).  Not only does 

Cluster 4 exhibit a wide temporal range, but also several lakes with more or less pronounced 

variation than others in the cluster. 

 
Figure 6 – Smoothed curve (smoothing factor, λ = 0.05) plot of Julian ice-out date time series 
for study lakes; colors denote which cluster each lake was assigned to. 

 

Following the clustering analysis, SSC data could be examined relative to each of the 

four resultant clusters.  An average annual z-score was calculated for each cluster in order to 
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populate a table that could be compared to annual superseason (DJFMAM) SSC air mass 

proportion of composition.   

1955 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 4 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶 =
∑ 1955 Cluster 4 z-score𝑖𝑖𝑛𝑛=10
𝑖𝑖=1

10
 

Equation 2 – Example calculation of average annual z-score for an arbitrary cluster 

 These average z-scores reduced the lake ice-out z-score table from 20 columns of data to 

4, consolidating the data into a more manageable format ahead of SSC comparisons.  

Furthermore, this increases the robustness of the ice-out record; taking the average from multiple 

lakes mitigates instances when a pronounced anomaly, independent from climate conditions, 

occurred at one lake.  The heterogeneity of the clusters when viewed in time-series (Figure 7) 

assures the clustering provides not only convenience, but a comparison between families of lakes 

the behave differently than other families.  The average annual z-scores were treated as the x-

variable while SSC data were treated as the y-variable to create a scatterplot with linear fit 

overlaid.  Additionally, an analysis of variation (ANOVA) table for simple linear regression was 

generated for each plot (28 in total: 7 SSC weather types x 4 clusters) from which statistical 

inferences could be formed.  Relevant information from the simple linear regression analyses are 

included in this thesis. 

 A time-series of the behavior of ice-out z-score (Figure 7) was plotted to illustrate the 

heterogeneity of the clusters.  While the derivative of all four clusters appears to be of the same 

sign over time, there are peaks and valleys where in one cluster the z-score passes the zero-

threshold (zero equals mean ice-out for the 1955 – 2005 period for each cluster), while in another 

it does not (e.g. 1968).  Cluster 2, in particular, exhibits a very clear downward trend, one 

indicative of progressively earlier ice-out (Figure 6).  Another poignant characteristic of this 
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time-series is the muted behavior of Cluster 4; this is understandable given the discrepancy 

between number of lakes in each cluster, although since the z-scores were clustered, with this 

fourth cluster showing the strongest relationship between members (see Figure 4), this result is 

more noteworthy than it initially seems.  In fact, a closer analysis of the ten sets of individual ice-

out z-scores for Cluster 4 revealed each of the lakes had more subdued ebbs and flows of z-score 

than its peers in other clusters. 

 
Figure 7 – Time-series plot of ice-out z-scores for each of the four clusters.  Red, dashed line 
denotes the zero-threshold, which corresponds to the group mean.  Single vertical, gray line 
denotes 1968, a specific year mentioned in the text. 

 

 The variation of SSC weather-type composition over the fifty-year period encompassed 

between 1955 and 2005 shows oscillating cycles of high and low count for most classes (Figure 

8); tropical weather-types like DT and MT seldom appear in Maine, particularly in winter or 

spring.  As should be expected for winter and spring, a smoothed curve shows DP days leading 

the pack, followed by either DM or MP (as seen in Table 3, DM edges out MP over the duration 

of the study period).  The jockeying for second place between DM and MP appears to be a 
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synoptic barometer for warm (Dry Moderate) or cool (Moist Polar) years at the surface (both 

have a virtually identical percent-composition during the study period, as can be seen in Table 

3). 

 
Figure 8 – (A) Scatter and smoothed curve plots (smoothing factor, λ = 0.025) for SSC weather-
type winter-spring superseasonal composition 1955 – 2005, and (B) stacked line plot for SSC 
weather-type winter-spring superseasonal composition 1955 – 2005. 

 

Table 3 – SSC weather-type winter-spring superseasonal composition (1955 – 2005). 

Class DM DP DT MM MP MT TR 

% Composition 20.17 33.98 0.85 11.70 19.78 1.21 12.33 

 

 

3.4b Dry Moderate Frequency versus Ice-out Date 

Easily seen from the scatterplots (Figure 9) and verified through statistical analysis 

(Table 4), the proportion of Dry Moderate days during winter and spring has a statistically 

significant relationship with ice-out date.  Moreover, the higher the proportion of DM days 

during a winter-spring superseason, the earlier ice-out is likely to occur.  This is true for all 
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clusters, shown by p-values less than 0.05 for all, and well below for Clusters 2, 3, and 4 (much 

less than 0.01, respectively; these constitute the three lowest p-values out of the twenty-eight 

ANOVA tests performed).  Additionally, the coefficient of determination (R-squared) for 

Clusters 2, 3, and 4 were the top three in this study (0.27, 0.21, and 0.22, respectively).  The low 

p-values support the rejection of the null hypothesis; in this instance the null hypothesis would 

be, “ice-out z-scores and Dry Moderate proportion are unrelated.”  That being the case, ice-out 

and Dry Moderate proportion are indeed related; more so than any other SSC weather-type, in 

fact. 

 This finding is not terribly surprising, as Dry Moderate days are mild in temperature and 

thus conducive to the thawing of ice-cover.  Furthermore, their dryness would suggest an 

absence of cloud-cover aloft; devoid of clouds, regional weather would be dominated by clear 

skies.  Intuitively, warm, sunny weather would ostensibly facilitate the thawing process, so it 

makes sense that years with a higher percentage of such days in winter and spring would 

experience seasonably early ice-out at all waterbodies in the region.   
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Figure 9 – Simple linear regression of DM proportion by ice-out z-score for Cluster 1 (A), 
Cluster 2 (B), Cluster 3 (C), and Cluster 4 (D). 

 

Table 4 – Statistics for simple linear regression analysis of DM proportion by ice-out clusters; 
specifically, slope, coefficient of determination, and p-value.  Red numerals denote statistical 
significance. 

 DM Proportion 
by Cluster 1 

DM Proportion 
by Cluster 2 

DM Proportion 
by Cluster 3 

DM Proportion 
by Cluster 4 

β1 -0.02 -0.04 -0.05 -0.10 

R2 0.13 0.27 0.21 0.22 

p-val < 0.01 < 0.01 < 0.01 < 0.01 

 

 

3.4c Dry Polar Frequency versus Ice-out Date 

 Somewhat surprisingly, owing to the findings of previous studies, in spite of a weak 

positive relationship between the proportion of Dry Polar days and ice-out z-score, none of the 

relationships are statistically significant; this is true for all four clusters.  Clusters 1 and 4 had 
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much higher p-values than Clusters 2 and 3, though it is uncertain why.  Leung and Gough 

(2016) and Zander et al. (2013) arrived at the conclusion that climatic warming was marked by a 

lessening of DP days, which would suggest a positive correlation between ice-out z-score and 

percentage of DP days in spring and winter.  Looking at DP weather-types over time (Figure 8), 

other than a brief period during the early 1970s, there is no clear, steady decline of DP weather-

type quantity as has been suggested.  In fact, the year with the lowest count of DP days was the 

first year of this study, 1955.  It is clear that DP frequency has not monotonically declined, nor is 

DP frequency a significant contributor to ice-out variability.  It may be that the use of bulky, six-

month superseasons masks any change in winter DP frequency; perhaps DP is more important to 

early-season freeze-up than it is to late-season ice-out.  As this body of research pertains only to 

weather-type frequency and its impact on ice-out, rather than variability/change in the 

characteristics of each weather-type (e.g. while DP frequency has been consistent, might DP 

days have warmed through the record), this study arrives at the conclusion that DP frequency is 

not a driver of ice-out in this region. 
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Figure 10 – (A) Simple linear regression of DP proportion by Cluster 1 ice-out z-score, (B) 
simple linear regression of DP proportion by Cluster 2 ice-out z-score, (C) simple linear 
regression of DP proportion by Cluster 3 ice-out z-score, and (D) simple linear regression of DP 
proportion by Cluster 4 ice-out z-score.  

 

Table 5 – Statistics for simple linear regression analysis of DP proportion by ice-out clusters; 
specifically, slope, coefficient of determination, and p-value.  Red numerals denote statistical 
significance. 

 DP Proportion 
by Cluster 1 

DP Proportion 
by Cluster 2 

DP Proportion 
by Cluster 3 

DP Proportion 
by Cluster 4 

β1 0.00 0.01 0.02 0.02 

R2 0.00 0.02 0.04 0.01 

p-val 0.64 0.28 0.16 0.33 

 

3.4d Moist Polar 

 The Moist Polar (MP) weather-type, like its DM counterpart, has been shown to exhibit a 

strong correlation with ice-out z-score (Figure 11, Table 6).  Low p-values, below the standard α 
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= 0.05, make it possible to reject the null hypothesis, which in this case states, “MP proportion is 

unrelated to ice-out z-score.”  The relationship between the two variables is positive, meaning 

more MP days in a winter-spring superseason is indicative of later ice-out (higher z-score).  This 

corresponds well to the notion that a higher quantity of polar weather-types translates to lower 

temperatures at the surface. 

 
Figure 11 – (A) Simple linear regression of MP proportion ice-out z-score for Cluster 1 (A), 
Cluster 2 (B), Cluster 3 (C), and Cluster 4 (D).  

 

Table 6 – Statistics for simple linear regression analysis of MP proportion by ice-out clusters; 
specifically, slope, coefficient of determination, and p-value.  Red numerals denote statistical 
significance. 

 MP Proportion 
by Cluster 1 

MP Proportion 
by Cluster 2 

MP Proportion 
by Cluster 3 

MP Proportion 
by Cluster 4 

β1 0.02 0.03 0.03 0.08 

R2 0.09 0.16 0.12 0.16 

p-val 0.04 < 0.01 0.01 < 0.01 
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Figure 12 – (A) Distribution of SSC weather-type on days with recorded precipitation at 
Portland International Jetport during winter-spring superseason (1955 – 2005), and (B) 
distribution of SSC weather-type on days with recorded precipitation at Augusta State Airport 
during winter-spring superseason (1955 – 2005). 
 

 What is especially interesting about this finding is the implication of the precipitation-

delivery component the MP weather-type represents.  The highest represented SSC weather-type 

on days with recorded precipitation during the winter-spring superseason at PWM over the 

duration of the study period (37%) is MP (Figure 12a).  It is also worth noting that 21% of 

precipitation days are of the TR category, meaning the precipitation was associated only with a 

frontal passage by SSC; the actual bearer of moisture is, unfortunately, hidden deeper within the 

SSC data.  While it is difficult to make a generalization about precipitation-type for the entire 

state of Maine from the southern seaside city of Portland, the GHCN dataset also has records 

from Augusta State Airport, located at the rough geographic centroid of the twenty lakes used in 

this study (Figure 12b).  

 

 
 

 

In Maine, there are two precipitation-types to contend with in winter and spring: snow 

and rain (sleet and hail are measured as snow, freezing rain is measured as ice accretion which 

was not a part of the GHCN dataset and was thus omitted from this study).  It would be revealing 

to analyze the precipitation-type statistics of the 37% of days with precipitation that were 

classified as MP; the strong positive correlation that exists between MP proportion and ice-out z-

score is logical for snow, but confounding for rain.  Snow-cover is conventionally thought of as 

an insulative layer, acting as a sacrificial barrier to the underlying ice-cover in times of above-
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freezing air temperature.  Rain, on the other hand, is extremely detrimental to ice cover and 

would ostensibly undermine any positive correlation between MP proportion and ice-out z-score, 

thus downplaying the role of snow-cover on a frozen waterbody.   

MP proved to be the chief weather-type responsible for snowfall at Augusta State 

Airport, accounting for 43% of all days with recorded snow (n = 586; Figure 13a).  On the other 

hand, 29% of rain that falls between December and May at Augusta State Airport (n = 495) does 

so on days characterized by a MP weather-type (Figure 13b).  In total, 55% of all days with 

recorded precipitation at Augusta State Airport were rain (n = 1,701), the remaining 45% were 

snow (n = 1,366) for the study period.  Thus, out of the 1,081 days with MP precipitation, rain 

accounts for 46% of the precipitation.  As Augusta is devoid of chronic ocean interference (e.g. 

coastal fronts, excess moisture) that is endemic to the PWM precipitation record, it should be a 

reasonable meteorological average for the lakes of this study (Figure 14); thus, the preceding 

finding that 46% of MP precipitation falls in the form of rain suggests that the MP/ice-out 

positive relationship may be stronger than is intimated by the data, owing to the subversion of 

rain. 

 
Figure 13 – Distribution of SSC weather-type on days with recorded snow (A) and rain (B) at 
Augusta State Airport.  Augusta, Maine’s capital, is located near the geographic center of the 
state, making it a reasonable site from which to assess a state-wide 
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Figure 14 – Map of Maine with the lakes of this study and the location of Augusta overlaid.  
Legend for numerology is in Table 2.  
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 3.4e Remaining SSC Weather-Types versus Ice-out Date 

Due in large part to their infrequent occurrence, there is insufficient evidence to suggest 

tropical SSC weather-types, Dry Tropical (DT) and Moist Tropical (MT), have any direct 

bearing on ice-out.  The study area experienced 1.61 DT days per winter-spring superseason on 

average during the 1955-2005 period; moreover, the distribution median was 1 and the mode was 

0.  This was also the case for MT; only 2.25 days were classified as such each year, on average, 

for the six-month superseason.  It is Maine’s location, as far from the tropics as is possible in the 

contiguous United States, which consequentially stifles the delivery of air masses that are 

relatively tropical in nature to the region. 

 Despite the scarcity of data, MT days demonstrated a weak negative correlation with ice-

out z-score; specifically, Clusters 1 and 4 met the α = 0.05 threshold.  This suggests that more 

MT days in a winter-spring superseason may result in earlier ice-outs.  Probably owing to the 

slight uptick in quantity of MT days over DT days, DT had very high p-values across all clusters 

(Table 8) vis-à-vis the relatively low MT p-values (Table 7).  Having such a limited range of data 

make it hard for any statistical model to detect actual patterns, with the net effect being that these 

results, for both DT and MT, are inconclusive. 

Given the extreme warmth of tropical weather-types it seems logical to suspect a stronger 

correlation might exist linking higher DT/MT incidence to earlier ice-out.  In all likelihood, the 

resilience of ice to brief shots of warmth accounts for the absence of a significant trend; while 

one extremely warm day surely affects ice thickness, it is unlikely to directly account for ice-out 

without some amount of persistence effectively locking a tropical weather-type in place for 

several days.  It is worth repeating that this fundamental quality of the cryosphere is what makes 

ice such a suitable proxy for climate. 
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Table 7 – Statistics for simple linear regression analysis of MT proportion by ice-out clusters; 
specifically, slope, coefficient of determination, and p-value.  Red numerals denote statistical 
significance. 

 MT Proportion 
by Cluster 1 

MT Proportion 
by Cluster 2 

MT Proportion 
by Cluster 3 

MT Proportion 
by Cluster 4 

β1 > -0.01 > -0.01 > -0.01 -0.01 

R2 0.09 0.04 0.06 0.07 

p-val 0.04 0.15 0.08 0.05 

 

Table 8 – Statistics for simple linear regression analysis of DT proportion by ice-out clusters; 
specifically, slope, coefficient of determination, and p-value.  Red numerals denote statistical 
significance. 

 DT Proportion 
by Cluster 1 

DT Proportion 
by Cluster 2 

DT Proportion 
by Cluster 3 

DT Proportion 
by Cluster 4 

β1 ~ 0.00 ~ 0.00 ~ 0.00 ~ 0.00 

R2 ~ 0.00 ~ 0.00 ~ 0.00 ~ 0.00 

p-val 0.88 0.58 0.78 0.69 

 

 The key distinction between MT and DT, water vapor content, likely plays a role in why 

only MT exhibits modest correlation.  Sublimation of snow and ice is a common phenomenon 

during winter and early spring shots of warm, humid air and it wreaks havoc on both forms of 

frozen water.  It could be that sublimation exceeds direct sunlight (particularly during winter 

months, when the solar angle is not conducive to profound warming) in ability to thaw ice.   

 Making up about 12% of winter-spring superseasonal days over the course of the study 

period, Moist Maritime (MM) presumably had enough representation for a statistical analysis to 

provide proof beyond a reasonable doubt regarding the correlation (or lack thereof) between 

occurrence and ice-out.  As it turns out, the MM weather-type had some of the highest p-values 
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in this study when compared to the ice-out z-scores for the four clusters (Table 8).  Such high p-

values strongly suggest the null hypothesis, that ice-out and winter-spring MM weather-type 

composition are unrelated, is true. 

Table 9 – Selected statistics for simple linear regression analysis of MM proportion by ice-out 
clusters; specifically, slope, coefficient of determination, and p-value.  Red numerals denote 
statistical significance. 

 MM Proportion 
by Cluster 1 

MM Proportion 
by Cluster 2 

MM Proportion 
by Cluster 3 

MM Proportion 
by Cluster 4 

β1 ~ 0.00 ~ 0.00 -0.01 ~ 0.00 

R2 ~ 0.00 ~ 0.00 0.01 ~ 0.00 

p-val 0.96 0.71 0.54 0.88 

 

MM days are most similar to MP, and can often be found on the southern boundary of 

MP air masses, though they feature warmer and more humid conditions.  A logical inference 

would be to expect years with a higher MM ratio to be linked to earlier ice-out and vice-versa; 

however, all of the MM proportion by ice-out z-score cluster plots are devoid not only of 

significance, but of any sort of correlation, no matter how weak.  In fact, half of the near-

horizontal best fit lines for the four plots are slightly positive in slope and the other half slightly 

negative.  These findings cater to the theory that, like MT, the infrequency of the MM weather-

type during winter and spring help ice to rebuff warm shots.  Moreover, the fact this 

“infrequency threshold” for potentially ice-thawing weather-types is greater than 11.7% could 

prove to be a significant discovery.  Additional research could look solely at years with a high 

percent composition of MM days for winter-spring superseasons (e.g. top 10%) in order to 

further probe at this mysterious, so-called infrequency threshold.  It may also be that SSC data 
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for PWM might not perfectly reflect the weather-type across all of Maine.  The coastal location 

of PWM could potentially yield enough humidity to classify the weather-type as MM in 

Portland, but farther inland it could be dry enough to be considered DM; hence, the ice across 

Maine is not responding to the MM at PWM. 

 There is not much to be said about the relationship between the number of Transition 

days and ice-out, other than there certainly does not appear to be one.  Little has been done to 

study the climatology of TR days or any appreciable effect a shift in either direction might have; 

Hondula and Davis (2011) took up the task for the continental U.S. during the winter season and 

found the best results when they further divided the TR-classified days into several sub-

categories.  These new categories enabled differentiation between cold fronts and warm fronts, 

which led to the discovery that cold front passages have dramatically increased over this study’s 

area of interest, the northeast (for the period 1951-2007).  While this research did not attempt to 

differentiate the individual sub-types of the TR class, it did uncover that total TR days have 

generally been on the decline since the mid-1970s, but especially since the mid-1990s. 

 
Figure 15 – Scatter and smoothed curve (smoothing factor, λ = 0.05) plot for TR time-series 
(winter-spring superseason, 1955 – 2005). 
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It is up to future research to determine what, if any effects this recent decline in TR days 

has on sensible weather and climatology.  Likely, the Hondula and Davis (2011) method of 

subdividing the TR class into different frontal passages will afford the best opportunity to 

understand the drop-off. 

 

3.5 Conclusion 

 There were several instances in the ice-out to SSC analysis that one or more clusters 

behaved quite differently than the other clusters in response to a SSC weather-type stimulus; 

Cluster 1, in particular often had the highest p-value and lowest coefficient of determination 

amongst its peers (e.g. DP, MP, and DT).  Though, as was the case with Cluster 1 z-scores by 

MP proportion, all four clusters were similar enough to meet the criteria for rejection of the null 

hypothesis.  The two members of Cluster 1, Moosehead and Rangeley lakes, are geographically 

situated in the northwestern mountainous area of Maine, indicating that this terrain plays some 

role in the power of synoptic weather’s influence on ice-out.  This serves as evidence supporting 

the decision to incorporate a clustering analysis to aid the process of studying ice-out, as opposed 

to operating on a case-by-case (lake-by-lake) basis.  The clusters represent families of lakes that 

have been shown to behave similarly even after being standardized; naturally, the variation that 

exists between clusters in the instance of a strong correlation speaks to forcings engrained at a 

sub-synoptic scale. 

 At the synoptic scale, previous studies (Zander et al., 2013; Leung & Gough, 2016) have 

found that while air masses of polar origin appear to be on the decline in recent years, moderate 

and tropical air masses are rushing in to fill the void.  This research has located the 
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aforementioned trend, accurately reputed by Zander et al. (2013) to begin around 1975, but 

uncovered another finding that dovetails nicely with the former in the process.  It appears that 

MP and DM weather-types, the two found by this study to be significantly correlated with ice-

out, are inversely proportional; that is to say that years with high numbers of MP days had few 

DM days and vice-versa.  This can be seen clearly in a time-series plot for both weather-types 

with smoothed curve (smoothing factor, λ = 0.05) overlaid on top of the scatterplot (Figure 16a).  

This plot also shows how, while DM had overtaken MP after 1980 (within a few years of the 

date identified by Zander et al., 2013), another reversal occurred at the tail-end of this dataset, or 

around 2005.  After looking at more recent SSC data, it is clear the only reason for this 2005 

reversal seen in Figure 16a is that the tail-end of the smoothed curves are heavily influenced by 

their last point, which in 2005 was a year where MP led DM in number of days (46 days of MP, 

35 days of DM).  The next year that MP outnumbered DM was not until 2016 (33 days of MP, 

28 days of DM).  While the 1980 reversal, during which DM outpaced MP in quantity on 

average, is a noteworthy discovery and best visible in the smoothed curve plot in Figure 16a, a 

separate area chart was composed that includes more recent data and more clearly illustrates the 

raw pattern (Figure 17). 
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Figure 16 – (A) Scatter and smoothed curve (smoothing factor, λ = 0.05) plot for time-series of 
DM and MP winter-spring superseasonal count for 1955 – 2005, and (B) simple linear 
regression of DM by MP counts for winter-spring superseason, 1955-2005.  Accompanying 
statistics for Figure 15b in Table 15. 

 

Table 10 – Selected statistics from simple linear regression analysis of DM by MP winter-spring 
superseasonal count, 1955 – 2005; specifically, slope, coefficient of determination, and p-value.  
Red numerals denote statistical significance. 

 β1 R2 p-value 

DM by MP -0.46 0.19 < 0.01 

 

  
Figure 17 – Overlaid area chart of DM vs. MP number of days per winter-spring superseason 
time-series, 1955 – 2016. 
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Statistical evidence, compiled in Table 10, also provides hard evidence of the relationship 

between DM and MP days in a winter-spring superseason by way of a very low p-value (< 0.01).  

The interrelated nature between MP and DM air mass frequency in winter and spring appears to 

be the governing factor for ice-out from a synoptic meteorology/climatology perspective. 

 The discovery by Zander et al. (2013) that polar air masses were being replaced by 

moderate and tropical air masses prompted another series of simple linear regressions to assess 

whether or not this claim could be verified at PWM for winter-spring superseasons.  This finding 

was confirmed, as shown in Table 11.  It is important to note that these individual values do not 

speak to the linear increase or decline of polar days over time, but rather to which air masses 

most benefit from years with lower-than-average polar weather-type classifications.  Only 

MP:DT did not have a p-value that met the α = 0.05 threshold, though it was close (the scarcity 

of DT air masses is likely to blame). 

Table 11 – Selected statistics from simple linear regression of polar air masses (DP and MP) by 
moderate and tropical air masses (DM, MM, DT, and MT); specifically, slope, coefficient of 
determination, and p-value.  Bold numerals indicate greatest magnitude of particular statistic in 
analysis.  Red numerals denote statistical significance. 

 DP:DM DP:MM DP:DT DP:MT MP:DM MP:MM MP:DT MP:MT 

β1 -0.6690 -0.9389 -1.3613 -0.5027 -0.4198 -0.5542 -1.3102 -2.3782 

R2 0.3496 0.3271 0.0563 0.0079 0.1928 0.1597 0.0730 0.2488 

p-

val 

< 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0013 0.0037 0.0551 0.0002 
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 Zander et al. (2013) as well as Leung and Gough (2016) are evidently correct in their 

deduction that a decline in number of DP air masses is a signal of warming, based on the fact that 

warmer DM, MM, DT, and MT air masses fill the vacuum left in wake of the dwindling DP 

days.  Both Hodgkins et al. (2002) and later Beyene and Jain (2015) observed climatic warming 

in Maine through temperature records and also the ice-out proxy; this thesis can corroborate 

these earlier findings pertaining to ice-out for 1955 – 2005 (Figure 18).  What cannot be as easily 

explained is why there has been not an appreciable decline in DP days over time to coincide with 

the pattern of earlier ice-out in recent years (Figure 19).  Perhaps, within the confines of their 

empirical definitions at the PWM site, SSC air masses have experienced a shift toward higher 

temperatures; this could explain why early ice-outs have been occurring more frequently despite 

little in the way of pronounced changes in SSC climatology.   

 
Figure 18 – Line plot time-series of ice-out z-scores of four clusters for the winter-spring 
superseason, 1955 – 2005. 
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Figure 19 – Time-series of DP air mass winter-spring superseasonal count and ice-out clusters’ 
z-scores time-series. 
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CHAPTER 4 

Conclusion 

 

To date, ice phenology/climatology research has both sought to resolve connections 

between ice-out and global-scale atmospheric/oceanic oscillations and ice-out (Patterson & 

Swindles, 2014; Beyene & Jain, 2015; Sánchez-López et al., 2015), and also surface air 

temperature and ice-out (Palecki & Barry, 1986; Hodgkins et al., 2002; Prowse et al., 2010).  

Despite the hypothesis of Livingstone (1997) that synoptic meteorological processes, to a large 

extent, determine the timing of ice-out, none of the aforementioned literature elected to pursue 

this theory.  Instead, efforts remained focused on global and meso-scale patterns.  By 

investigating the relationship between synoptic weather and regional ice-out, this thesis has 

broken ground using ice phenology as a means to illustrate the evolution of climate in a way 

which had previously only been hypothetically posed. 

The benefits of using synoptic weather-typing have been reaped by related disciplines for 

decades, but it was not until recently that traditional climatologists began employing the method 

to study general climate change.  Kalkstein and Sheridan’s Spatial Synoptic Classification (SSC) 

has become the preeminent system from which to conduct such studies as a result of its 

simplicity through specificity.  Each of the resultant classes, or, more aptly put, weather-types, 

succinctly summarize six meteorological variables (temperature, dew point, barometric pressure, 

wind, and cloud cover) unique to the site of origin; this translates to SSC weather-types that 

accurate reflect weather in each region.  Thus, the SSC weather-type distribution of a particular 

season or year can speak to the dominant synoptic weather pattern(s) during that period of time.  
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Conventionally, a study would need to incorporate several meteorological variables to be able to 

make the same assessments as SSC can with one variable. 

Using the SSC, this study was able to purloin several important synoptic trends that had 

profound impacts on lake ice phenology.  It was found that the long-standing theory that 

declining occurrence of the Dry Polar weather-type during the winter and spring is prima facie 

evidence of climatic warming does not hold for Maine, U.S.A.  Instead, the emergence of 

moderate weather-types, namely Dry Moderate, was shown to be directly implicated in observed 

warming as indicated by the touted ice-out climate proxy.  While DP maintains a fairly stable 

seasonal count, DM occurrence has been shown to be increasing at the expense of the Moist 

Polar weather-type.  This finding, that polar weather-types are forfeiting days to milder weather-

types, is not new; Zander et al. (2013) were the first to note this development. 

Just as critical as it is for every piece of research to highlight its successes, it is equally 

important to address its shortcomings.  The use of the cryosphere as a climate proxy, while 

having been shown on numerous occasions to be a sound method, can at times be a double-edged 

sword.  The resilience of ice to brief bouts of anomalous warmth is both a beneficial 

characteristic, in that it is more reflective of broader patterns, but it can also serve as a hindrance 

to understanding the conditions’ effects on the overall “health” of the ice.  This drawback was 

exacerbated by the anemic presence of tropical weather-types in Maine during the study period 

of this research, which, on average, only made an appearance three days per winter-spring 

superseason.  While tropical meteorological conditions are obviously detrimental to lake ice-

cover and the insulative layer of snow atop it, this known fact was absent from the data.  Of 

course, the context of the research question is important; in the case of this thesis, the question 

was posed as, “does the winter-spring superseasonal composition of tropical SSC weather-types 
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have an impact on the ice-out date?”  The answer to this question was, by and large, no, they do 

not.  The reason for this is tied to the lack of persistence of the tropical air masses; a few days-

worth of tropical conditions are usually not enough to thaw the ice-cover of an entire lake (the 

exception would be in the event the strength of the ice-cover was already weakened by warm 

and/or sunny conditions leading up to the tropical air intrusion).  In other words, no, the 

percentage of tropical weather-types per season does not necessarily matter, but the persistence 

of them does.  A few tropical air masses may have a negligible impact on the ice (especially 

depending on the timing), but a full, unrelenting, albeit theoretical, week of tropical conditions 

would run a much higher likelihood of prompting ice-out.  Applications of SSC persistence in 

research are only in their infancy, but could potentially provide a more insightful means of 

weighing the impact of SSC weather-types on ice phenology. 

Another, more insidious, lingering question pertains to the empirical domain of each SSC 

weather-type; alternatively stated, the range of values for each meteorological variable that 

determine a weather-type is not explicitly defined in the data, as the Sheridan SSC database is a 

“black box” style classification.  Having the ability to examine the potentially evolving nature of 

a single weather-type over time would be an insightful means of understanding the ramifications 

of the findings of this thesis.  For example, in spite of DP days maintaining a stable average over 

the second half of the twentieth century, have the characteristics of the DP weather-type become 

milder over time?  Such a development could partially explain the puzzling finding that DP 

occurrence has stood pat when several other studies point to marked decline over the same 

period. 

Continuing to develop a greater understanding of the climatic controllers of ice 

phenology is essential to maximizing the potential of using ice as a barometer of climate change.  
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Air temperature has been exhaustively shown to be one such governing variable, and yet the 

great bulk of scholarly research on the subject has focused on uncovering the driver of 

temperature change; few ice phenology studies have examined possible additional variables that 

could have a bearing on freeze-up or ice-out variation.  It is important to note that ice phenology 

can be viewed as a gauge of more than just a change in temperature; as physics dictates, solar 

radiation, wind, and other factors are involved in the freeze and thaw processes of ice.  Synoptic 

weather-typing, in addition to temperature, also incorporates dew point, wind, pressure, and 

cloud cover, thus making for a robust, multi-dimensional variable that transcends several other 

potential factors pertaining to ice-out.  Weather-types linked to ice phenology, as Dry Moderate 

and Moist Polar were in this thesis, can be scrutinized by further probing the family of 

meteorological variables that together make up a synoptic classification.  Future work can 

resolve which of these basic variables play a role in the variation of ice phenology and apply this 

technique to other regions. 
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