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ABSTRACT 

This study presents large scale sea ice melt estimates derived by comparing AEM ice 

thickness surveys conducted in the Lincoln Sea (spring) and Nares Strait (summer) in 

2009. The exact same ice was not surveyed during both campaigns but comparison of ice 

thickness was conducted between regions representative of the same ice. Sea ice was 

tracked using a time series of 230 MODIS and ASAR images. Only level ice thickness 

measurements were compared by removing ridged ice regions detected within the laser 

surface profile. The spring profile had a level ice thickness of 3.5 m and the summer 

profile 2.3 m, a total melt of 1.2 m. Ice melt was 0.87-0.95 m, equivalent to a net heat of 

262.3-286.4 MJ m-2. Snow melt was 0.25-0.33 m equivalent to a net heat of 28.5-37.6 MJ 

m-2. The EM instrument responded differently over ridged ice during the two seasons 

which was likely due to a mean instrument footprint difference of 25 m and therefore 

could not be used to derive melt for ridged sea ice.  
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Chapter 1: Introduction  

Arctic sea ice thickness and extent have undergone significant changes over the 

past ~20 years, starting with a dramatic reduction of established old multi-year ice (MYI; 

ice that has survived one or more melt seasons) in the late 1980’s and continuing into the 

early 1990’s [Rothrock et al., 1999; Rigor et al., 2002; Rigor and Wallace, 2004; 

Rothrock et al., 2008].This drastic reduction in thick MYI was followed by a subsequent 

accelerating negative trend in sea ice extent and further reduction of the perennial sea ice 

zone (PIZ; region of MYI) over the past decade [Stroeve et al., 2005; Kwok, 2007; 

Stroeve et al., 2007; Kwok et al., 2009; Kwok and Rothrock, 2009]. Since 2002 the Arctic 

has experienced the 9 lowest sea ice extent minima over the past 32 year satellite record 

[Cavalieri et al., 1996; Meier et al., 2006]. In addition, the Arctic has experienced an 

increase in melt season length of 20 days over the period 1979-2008, for the entire Arctic, 

[Markus et al., 2009], with a similar increase of 7 days decade-1 ,for the Canadian Arctic 

Archipelago (CAA), over the same period [Howell et al., 2009]. 

The recent decline in Arctic sea ice extent and thickness is much stronger than 

predicted by any model used in the fourth Intergovernmental Panel on Climate Change 

(IPCC) Assessment Report [IPCC, 2007; Stroeve et al., 2007]. The two best climate 

models, included in this assessment, that most closely predicted the recent decline in 

Arctic sea ice extent incorporated high resolution sea ice thickness distributions 

[McLaren et al., 2006; Meehl et al., 2006; Stroeve et al., 2007].  This demonstrates the 

need for consistent and long term interannual and seasonal sea ice thickness observations 

in the Arctic Ocean [Gerdes and Köberle, 2007; IPCC, 2007; Stroeve et al., 2007]. 

Sea ice thickness observations are some of the most sparse and misrepresented 

parameters in the Arctic. However, from submarine upward looking sonar (ULS) and 

recent satellite altimetry data it has been determined that sea ice in the central Arctic has 

significantly thinned over the past 50 years with a large portion of the melt occurring in 

the past 20 years [Rothrock et al., 2008; Kwok et al., 2009; Kwok and Rothrock, 2009]. 

One reason for this is the flushing of large amounts of old multi-year ice creating a 

thinner perennial ice pack that is more vulnerable to continued thinning [Rigor and 

Wallace, 2004; Maslanik et al., 2011]. Other mechanisms for thinning of perennial ice are 

not fully understood and require a more detailed examination of spatial variations in 
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Arctic sea ice mass balance (net seasonal change in ice thickness over a one year period) 

in order to characterize the relative contributions of the atmospheric and oceanic heat 

fluxes and circulation patterns on sea ice melt/growth processes and to improve their 

representation in climate models. 

Due to the large cost and logistical difficulties of operating long term ice mass 

balance observation stations, there are few results of ice mass balance for the Arctic 

Ocean, of these most have small spatial coverage and have been confined to the central 

Arctic Ocean along the fringes of the PIZ [Perovich et al., 2003]. Deployments of ice 

mass balance buoys (IMB) have also been limited to the fringe of the PIZ neglecting the 

region where the largest volume of sea ice remains demonstrating a need for increased 

seasonal ice thickness and ice mass balance observations within the PIZ [Perovich et al., 

2003; Richter-Menge et al., 2006; Perovich et al., 2008]. Logistical constraints are the 

main challenge of any polar research initiative making it difficult to conduct ONE 

successful campaign per year not to mention conducting an additional campaign to 

acquire the seasonal measurements required for ice mass balance observations.  

The Canadian Arctic Sea Ice Mass Balance Observatory (CASIMBO) was initiated 

in 2004, based out of Canadian Forces Station Alert, with the objectives to maintain 

seasonal and interannual sea ice observations. Seasonal ice thickness observations over 

the same ice are required for the determination of ice mass balance and are therefore 

essential for understanding the mechanisms responsible for past, present and predicted 

future thinning and disappearance of Arctic sea ice. One main objective of the 2009 

CASIMBO and Canadian Arctic Through flow (CATs) studies was to conduct ground-

based and airborne seasonal resurvey measurements, in spring and summer, using the 

locations of drift buoys for tracking of the surveyed ice. The ground revisit portion of this 

objective was not possible due to the timing of ice drift through Nares Strait and logistical 

constraints during the CATs cruise. However, the airborne component of this objective 

was realized and for the first time, revisit airborne electromagnetic (AEM) sea ice 

thickness surveys were performed, during spring and summer, over ice from the same 

region.  

The 2009 spring and summer observations are a unique dataset comprising the only 

seasonal AEM resurveys conducted over ice from the same region and represent an 

important contribution to characterizing total melt in the Lincoln Sea and Nares Strait. 
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These observations offer several advantages to conventional sea ice mass balance ground 

and buoy measurements as they provide larger coverage than point measurements of 

IMBs, drill holes or thickness gauges while maintaining accurate thickness measurements 

to provide a more representative melt estimate over a larger region. In addition, they are 

non-destructive to the sea ice environment eliminating any issues due to shortwave 

absorption by the instrument or apparatus.  

The results from this analysis will contribute to a better understanding and 

representation of the regional variability of ice mass balance in the Arctic, by 

characterizing an important region of the Arctic Ocean that has no previous observations 

of seasonal ice thickness variability. Spring and summer ice thickness observations in the 

Lincoln Sea and Nares Strait in addition to derived total melt rates for this region will 

also contribute to a better understanding of the dynamic and thermodynamic processes 

controlling sea ice export through Nares Strait. Ice export through Nares Strait has 

demonstrated significant increases in recent years and therefore may become an 

increasingly negative component of the Arctic ice mass budget [Kwok et al., 2010]. 

The study presented here compared spring AEM and summer helicopter EM 

(HEM) sea ice thickness induction sounding surveys, conducted over the Lincoln Sea and 

Nares Strait, respectively. This study used partially the same AEM data as [Haas et al., 

2010] obtained over the Lincoln Sea in April 2009. However, here I examined the surface 

roughness components of the surveys, analyzed shorter profiles of the complete surveys 

and conducted a detailed comparison with the HEM summer surveys conducted in 

August 2009 over ice from the same ice fields. The main objective of this study was to 

derive total melt rates by tracking sea ice floes, between the two spring and summer 

survey periods, using ENVISAT SAR and MODIS satellite imagery and compare profiles 

of the AEM and HEM surveys conducted over ice from the same ice fields. Surface 

elevation profiles were derived from the laser data, based on [Hibler, 1972], in order to 

remove the deformed ice regions from the surveys to ensure a comparison of the level ice 

component. Level ice thickness is controlled by thermodynamic processes which should 

allow for the discrimination of thermodynamic from dynamic contributions to ice mass 

balance for this region.  

 In addition, a seasonal comparison between the spring and summer surveys was 

conducted on the ratio of keel thickness to ridge height in order to test the hypothesis: “If 



 

4 

 

there are seasonal differences in the properties of sea ice keels then the EM instrument 

should demonstrate seasonal variability in the sensitivity to the EM signal received over 

ridged sea ice”. AEM observations have been shown to underestimate ridge ice thickness 

[Haas and Jochmann, 2003; Reid et al., 2006], however, if the interaction of the EM 

signal with ridged ice remains consistent between spring and summer than a seasonal 

comparison of ridged ice thickness would be possible. The distinction between level and 

ridged ice melt estimates is essential due to enhanced melt, of up to 60%, compared to 

level ice [Perovich et al., 2003]. Furthermore, deformed ice is important in terms of ice 

mass balance as it represents 25-50% [Williams et al., 1975; Wadhams, 1984] and 

potentially up to 60% (based on model results [Mårtensson et al., 2012]) of the total 

Arctic sea ice mass.   

This thesis is organized as follows: Chapter 2 presents a background on Arctic sea 

ice processes, trends and observation systems. Chapter 3 describes the research 

campaigns, data and methods (e.g. EM, satellite imagery and laser profiling). Chapter 4 

presents the results from the tracking of sea ice floes, laser altimetry, airborne EM 

surveys, SAR backscatter signals and ground-based observations. The melt rates and 

surface properties (e.g. roughness and ridges) are discussed in terms of their usefulness, 

feasibility, reliability, relevance, potential sources of error and comparison to other 

studies/models in Chapter 5. Chapter 6 concludes by highlighting the most relevant 

results and findings and introduces future considerations and work to be done.  
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Chapter 2: Background 

2.1 Study Region 

The study region encompasses the Lincoln Sea and northern sector of Nares Strait 

(Figure 2.1.1 & Figure 2.1.2). The Lincoln Sea is a region of the Arctic Ocean off the 

coasts of North-eastern Ellesmere Island, Canada and North-western Greenland. The 

limits of the Lincoln Sea are defined by the International Hydrographic Organization as 

the area between Cape Columbia (Canada), Cape Morris Jesup (Greenland), Cape 

Sheridan (Canada) and Cape Bryant (Greenland)(Figure 2.1.2-A)[IHO, 1953]. Nares 

Strait is a narrow, 30-40 km wide, passage between Canada and Greenland extending 

from the southern limit of the Lincoln Sea to the Northern Limit of Baffin Bay (Figure 

2.1.1). Nares Strait includes, from North to South: Robeson Channel, Hall Basin, 

Kennedy Channel, Kane Basin and Smith Sound (Figure 2.1.2-B). The Lincoln Sea/Nares 

Strait study region is important for three reasons: 1) the thickest ice in the Arctic resides 

in the Lincoln Sea and it will likely be home to the last remaining amounts of MYI in the 

near future; 2) Nares Strait exports large amounts of sea ice and freshwater from the 

Arctic Ocean and; 3) the export of freshwater and sea ice has ecological implications for 

regions downstream. 
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Figure 2.1.1: (A) Map of the Arctic Ocean with overlaid sea ice extent data (data acquired from NSIDC data 
archives [Fetterer et al., 2002, updated 2011]). Red box outlines the Study Region. (B) ENVISAT ASAR 
image of the study region (acquired May 13, 2009), with land outlined in red. 

A B 
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Figure 2.1.2: Maps of (A) the limits of the Lincoln Sea and Northern sector of Nares Strait shown by 
black polygon; and (B) regional subsections that make up Nares Strait (black polygon). 

The general circulation patterns of the Arctic force sea ice to accumulate along the 

northern coast of the CAA and Greenland where sea ice thickens by deformation 

processes and because it can be re-circulated and maintained at higher latitudes for longer 

periods of time. This causes large amounts of deformation, with considerable contribution 

to overall Arctic ice volume, to occur along shear zones in the Lincoln Sea (linear 

features evident in Figure 2.1.1-B). Observations of thinning in the Arctic during the last 

half of the 20th century may have been due to the redistribution of ice from the central 

Arctic to the marginal seas where simulations demonstrated a decline in thickness for the 

Siberian Seas but thickening north of the CAA [Hilmer and Lemke, 2000; Holloway and 

Sou, 2002]. Observations have not been sufficient to verify these results; however, they 

demonstrate the importance of wind and circulation on deformation processes and the 

overall contributions to ice volume, especially in the region between Canada/Greenland 

and the North Pole. Interannual and seasonal sea ice thickness observations are required, 

for the region north of the CAA, in order to quantify the relative contributions of 

thermodynamic and dynamic (deformation) processes to the overall ice mass/volume 

balance of the Arctic. 

B A 
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Fram Strait exports the largest amount of ice from the Arctic Ocean, however, as 

sea ice declines and the perennial ice zone is confined to the region north of the CAA, 

passages throughout the CAA will become more important regions for export of the 

remaining MYI. Ice arches are important features throughout the CAA, they form across 

narrow passages and inhibit ice flow from the Arctic Ocean into Baffin Bay [Hibler et al., 

2006]. Local sea ice drift in the Lincoln Sea is primarily south through Nares Strait and 

into Baffin Bay. Ice drift is driven by northerly winds associated with an along-strait 

pressure gradient, between the Lincoln Sea and Baffin Bay, and orographic channelling 

of winds [Samelson et al., 2006].  

Increased ice flow has been observed through Nares Strait during 2007 and 2008 

when ice arches, that typically form during winter, did not form in 2007 and the 

persistence of ice arches were shortest in 2008 [Kwok et al., 2010]. Average outflow of 

sea ice from Nares Strait, during the period 1996-2002, amounted to ~5% (~130 km3) of 

the Arctic ice outflow through Fram Strait [Kwok, 2005] but in 2007 (year of record SIE 

minimum) the ice flux through Nares Strait nearly doubled typical conditions and 

amounted to >10% (254 km3) of the Fram Strait ice outflow [Kwok et al., 2010]. Ice arch 

formation and collapse are determined by the strength of sea ice, which is highly 

correlated to thickness. Therefore, ice thickness is an important parameter for ice arch 

formation and collapse. An increased flow state through Nares Strait is likely due to 

thinning (weakening) of the Arctic ice pack and subsequent decreased likelihood of ice 

arch formation [Kwok et al., 2010]. Increased export of sea ice through Nares Strait will 

contribute to increased loss of the PIZ and further decline of the sea ice cover [Kwok et 

al., 2010]. Observations of seasonal and interannual ice thickness variability in the region 

of the Lincoln Sea and Nares Strait will contribute to a better understanding of the 

dynamic and thermodynamic processes driving the formation and breakup of ice arches. 

This will provide more accurate estimates for future variability of the freshwater flux and 

ice export through Nares Strait.  

Sea ice that flows from the Lincoln Sea and through Nares Strait will ultimately 

melt and contribute to the freshwater flux into Baffin Bay and the Labrador Sea. The 

increased flow of freshwater into Baffin Bay and the Labrador Sea (e.g. from the Lincoln 

Sea and Nares Strait) has the potential to slow deep water convection in the North 

Atlantic and subsequently alter global thermohaline circulation and change climate 
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[Goosse et al., 1997; Münchow et al., 2006]. Freshwater contributions from Nares Strait 

also have implications for biological activity in the North Water Polynya (NWP). The 

NWP is located at the southern extent of Nares Strait and the Northern extent of Baffin 

Bay and is one of the most biologically productive regions in the Arctic Ocean [Klein et 

al., 2002]. Projected increased ice/freshwater flux into the NWP could influence the 

ecological processes and alter biological productivity [Barber and Massom, 2007]. Sea 

ice thickness observations and total ice melt rates in Nares Strait will provide better 

estimates of the freshwater contributions from sea ice in this region. This will provide a 

better understanding of the potential ecological and oceanographic implications of 

increased ice flux through Nares Strait.        

 

2.2 Arctic Sea Ice: Trends and Observation Systems 

2.2.1 Extent and Concentration 

Sea ice areal coverage is an important parameter, in terms of energy balance, as sea 

ice has a high albedo thereby reflecting large amounts of short-wave solar radiation away 

from the Earth’s surface [Budyko, 1969; Perovich et al., 2007]. Sea ice extent (SIE) and 

sea ice concentration (SIC) data have been acquired since 1979 and provide a large scale 

and long time series of Arctic sea ice areal coverage observations. SIC is the percentage 

or fraction of the ocean area covered by sea ice and SIE is the sum of area covered by all 

pixels that have a SIC equal to or greater than 15% [Cavalieri et al., 1996] [Meier et al., 

2006]. SIC observations are generated using brightness temperature data derived from 

passive microwave (PMW) remote sensing systems such as: Defense Meteorological 

Satellite Program (DMSP) –F8, -F11 and –F13 Special Sensor Microwave/Imager 

(SSM/I) and Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) 

radiances with a pixel resolution of 25x25 km [Cavalieri et al., 1996; Meier et al., 2006].  

Since the beginning of the satellite observation record (1979) there has been a 

declining trend in SIE for all months with the largest decline during the end of the melt 

season (September) [Serreze et al., 2007b]. The period 1979-2010 has a September ice 

extent linear trend of -12.4% per decade [Stroeve et al., 2011]. During the most recent 

decade, there has been a series of extreme Arctic sea ice extent minima with the record 

summer minimum occurring in 2007 at 4.3 million km2 with a near record occurring in 
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2011 at 4.61 million km2 (Figure 2.2.1) [Fetterer et al., 2002, updated 2011; Stroeve et 

al., 2008]. During the most recent 7 year period (2005-2011) the Arctic has experienced 

the 7 lowest extents on record (Figure 2.2.1) [Fetterer et al., 2002, updated 2011]. 

 

Figure 2.2.1: September mean (minimum) Arctic sea ice extent for 1979-2011  plotted with rank for 
each year  where ranking is determined with the lowest extent as the lowest rank (e.g. 1=record 
minimum) (data acquired from NSIDC data archives [Fetterer et al., 2002, updated 2011]). 

The decline in SIE has resulted in more open water and therefore more solar 

radiation being absorbed due to the lower albedo of water [Perovich et al., 2008; 

Perovich et al., 2011]. This process is the main driving force in the “snow/ice-albedo” 

feedback system where continued decline of SIE will continue to increase absorption of 

solar radiation and further increase temperatures (air and ocean) and will cause further 

reductions in SIE [Budyko, 1969; Johannessen et al., 2004; Perovich et al., 2007; 

Perovich et al., 2011]. Anomalous solar heating of the upper ocean was observed during 

the 2007 record minimum SIE [Perovich et al., 2008] supporting the important role of the 

albedo feedback system on the declining SIE. The albedo feedback system, and its 

influence on the global energy balance,  has and will continue to play a major role in 

Arctic sea ice processes, however, additional mechanisms also have an important role in 

recent Arctic changes. 

The negative trend in SIE can best be explained by the interplay of rising 

atmospheric greenhouse gas concentrations (GHG) and natural variations in air 

temperature and atmospheric and oceanic circulation [Serreze et al., 2007a; Serreze et al., 
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2007b]. Simulations, that incorporate the aforementioned mechanisms, used in the fourth 

IPCC assessment report demonstrate a declining September ice extent over the past 

decade, however, the modelled trends underestimate the magnitude of the observed 

decline in all simulations [Stroeve et al., 2007]. Simulations that most closely match 

observations incorporate sophisticated sea ice models that include high resolution sea ice 

thickness distributions [Holland et al., 2006; McLaren et al., 2006; Meehl et al., 2006].    

The inconsistencies between modelled and observed results demonstrate a limited 

understanding of Arctic processes and the need for increased interannual and seasonal sea 

ice thickness observations in order to represent the actual spatial and temporal variations 

of sea ice thickness in climate models. This study will contribute much needed seasonal 

ice thickness observations to fill some of the data gaps in climate models.  

2.2.2 Circulation, Drift and Export 

Wind is the primary driving force of sea ice drift and influences the movement of 

sea ice differently depending on its ability to support internal stresses [Rigor et al., 2002]. 

Typically during the winter and in thick ice, internal stresses are supported and oppose 

the rightward Coriolis force causing the sea ice to move in the same direction of the wind 

[Rigor et al., 2002]. Conversely, in summer when ice breaks apart and is in a state of 

“free drift” it tends to move to the right of the wind vector, this process is termed Ekman 

drift [Rigor et al., 2002]. In the Arctic, sea ice motion is dominated by two main 

circulation patterns: the Beaufort Gyre (BG) characterized by anticyclonic circulation and 

high pressure over the Beaufort Sea and Western Arctic Ocean; and the Transpolar Drift 

Stream (TDS) characterized by cyclonic circulation and low pressure over the Eurasian 

sector of the Arctic Ocean (Figure 2.2.2) [Rigor et al., 2002]. The strength and location of 

these two pressure systems largely determines sea ice drift and amount of ice exported 

from the Arctic Ocean [Rigor et al., 2002].   



 

12 

 

 

Figure 2.2.2: Map of the Arctic Ocean showing the two dominant sea ice circulation patterns: the 
Beaufort Gyre and the Transpolar Drift Stream. 

The general circulation patterns of the BG and TDS result in sea ice being 

transported from the Siberian sectors of the Arctic Ocean, across the pole and either 

exported through the Fram Strait or pushed up against the Northern coasts of the 

Canadian Arctic Archipelago (CAA) and Greenland to be re-circulated into the Arctic 

Ocean. The large internal stresses experienced by sea ice as it is forced against the coast 

results in vast shear zones and deformation (ridging & rafting) producing the thickest ice 

in the Arctic along the northern coast of the CAA [Haas et al., 2006; Kwok et al., 2010]. 

Sea ice export through the Fram Strait corresponds to the largest annual export flux from 

the Arctic Ocean [Serreze et al., 2006; Kwok, 2009]. Sea ice fluxes have been determined 

by combining PMW derived sea ice area and movement with moored upward-looking 

sonar (ULS) thickness observations (e.g. [Vinje et al., 1998; Kwok and Rothrock, 1999]). 

Fram Strait ice flux observations, during the period 1979-2007, showed no long term 

trend even with a significant downward trend in Arctic SIE, which can be explained by 

lower ice extent and an increased drift speed in Fram Strait [Kwok, 2009]. Although no 
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trends were observed over the long term, seasonally high flux rates were observed in 

summers of 2005 and 2007 contributing to the reductions of sea ice and record minima 

sea ice coverage [Kwok, 2009]. PMW drift observations have large uncertainties 

(kilometers) where as using SAR imagery (e.g. RADARSAT and ENVISAT) provides 

lower uncertainty (~300m) [Kwok et al., 2004a] enabling the tracking of sea ice through 

narrow passages (e.g. Nares Strait: [Kwok, 2005]). Similar to the recent seasonally high 

flux of ice through  Fram Strait (e.g. [Kwok, 2009]), ice flux through Nares Strait has 

experienced above average increases in recent years (e.g. 2007 and 2008) representing a 

considerable negative component of the annual Arctic sea ice mass balance [Kwok et al., 

2010].  

In order to determine synoptic scale circulation patterns, sea ice drift vectors have 

been reconstructed by combining drifting buoy and satellite data to track sea ice 

movement. Daily satellite images, acquired by the PMW satellite sensors (e.g. Advanced 

Very High Resolution Radiometer [AVHRR], SMMR and SSM/I) [Fowler et al., 2004], 

are combined with motion vectors from drift buoys, from the International Arctic Buoy 

Program (IABP) [Fowler, 2003], to produce historical sea ice drift vectors for the entire 

Arctic since 1979. Long term Arctic meteorological observations consist of 

measurements acquired from instruments onboard buoys that are assimilated with 

modeled meteorological observations to form reanalysis databases (e.g. NCEP/NCAR 

and ECMWF) used to reconstruct pressure fields, temperature and wind vectors (among 

many other variables). Sea ice motion reconstructions are used in conjunction with 

meteorological observations to characterize the synoptic-scale Arctic circulation and sea 

ice drift patterns. 

Trends in declining SIE and SIC have been correlated with sea ice circulation 

patterns and associated atmospheric conditions [Rigor et al., 2002; Deser and Teng, 

2008]. Atmospheric circulation patterns in the Arctic have been characterized by a regime 

shift around 1993 from a positive index of the Northern Annular Mode (NAM; also 

referred to as the Arctic Oscillation-AO) (up to 1993) to a negative trend in the NAM 

(post 1993) [Comiso, 2006b; Serreze and Francis, 2006; Maslanik et al., 2007a; Deser 

and Teng, 2008]. Periods with high NAM index (before 1993) are characterized by a 

weakening of the Beaufort Gyre (high sea level pressure [SLP], anticyclonic circulation) 

over East Siberian and North-West Canadian sectors of the Arctic Ocean and a 
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strengthening cyclonic circulation (low SLP) over the North-East Canadian and Eurasian 

sectors of the Arctic Ocean [Rigor et al., 2002]. Strengthening of the cyclonic circulation 

and/or weakening of the Beaufort Gyre causes the Beaufort Gyre to recede over Alaska 

and NW Canada, resulting in less recirculation of sea ice and increased transport of ice 

from the East-Siberian Seas across the central Arctic to be exported through Fram Strait 

[Rigor et al., 2002; Deser and Teng, 2008]. Cyclonic circulation is typically characterized 

by diverging ice motion due to Ekman Drift resulting in the formation of leads and areas 

of open water increasing energy heat fluxes into the atmosphere and absorption of solar 

radiation, both contributing to warming of the ocean and atmosphere [Rigor et al., 2002; 

Stroeve and Maslowski, 2008]. Increased divergence and export of sea ice have 

contributed to the declining ice extent and thinning of the perennial ice zone 

preconditioning the Arctic for further melt and replacement of multi-year ice by first-year 

ice [Rigor et al., 2002; Deser and Teng, 2008].  

NAM indices declined following 1993, however, sea ice extent and thickness have 

continued on a declining trend [Comiso, 2006b; Serreze and Francis, 2006; Maslanik et 

al., 2007a]. Other circulation patterns, conducive to declining sea ice, have been observed 

in the Arctic where the zonal (East-West) atmospheric circulation patterns associated 

with the NAM have shifted towards a meridional (North-South) pattern, the Arctic Dipole 

(AD) [Overland and Wang, 2010]. Observations showed highest declines of SIE and SIC 

in the marginal seas corresponding to local southerly wind conditions, consistent with 

meridional circulation [Ogi and Wallace, 2007; Deser and Teng, 2008; Ogi et al., 2008]. 

Southerly winds transport warmer air from southern latitudes and carry ice away from 

coastal regions into the central Arctic producing conditions favorable for melt and 

declining ice extent [Ogi and Wallace, 2007; Deser and Teng, 2008; Ogi et al., 2008].  

The two separate periods previously discussed (+ve and –ve NAM; or pre- and 

post- 1993) indicate different trends in Arctic circulation patterns with a net trend over 

the entire time period showing little change [Comiso, 2006a; Serreze and Francis, 2006; 

Maslanik et al., 2007a; Deser and Teng, 2008]. However, SIE over the entire period 

demonstrates a net decline in many of the marginal seas; this demonstrates that arctic 

circulation is not the only driving factor for a declining Arctic ice pack [Comiso, 2006a; 

Serreze and Francis, 2006; Maslanik et al., 2007a; Deser and Teng, 2008]. This study 

will provide important seasonal ice thickness observations by examining the level ice 
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component of the melt. Separating level ice from deformed ice is important in terms of 

the relative contributions to ice mass balance in terms of dynamic and thermodynamic 

process. Differentiating melt contributions from these two processes will contribute to a 

better understanding of the mechanisms controlling sea ice extent and thickness.  

2.2.3 Age and Thickness 

The declining trend of Arctic SIE has not only affected the areal coverage of sea 

ice but has resulted in a dramatic shift in the ice composition from being dominated by 

MYI to being dominated by FYI and large amounts of open water during summer [Kwok, 

2007; Kwok and Cunningham, 2010]. In order to understand the temporal and spatial 

variability of the observed changes in Arctic ice composition, ice thickness distributions 

must be analyzed. Based on the premise that older ice is typically thicker than younger 

ice, ice age is one parameter that can be used as a proxy for ice thickness (e.g. [Maslanik 

et al., 2007b]).  

The same sea ice tracking systems discussed in section 2.2.2 are used to assign age 

values to parcels of sea ice using algorithms based on certain criteria which are then used 

to produce Arctic-wide ice age distribution maps (e.g. [Fowler et al., 2004; Rigor and 

Wallace, 2004; Maslanik et al., 2007b; Maslanik et al., 2011]). Over the period 1980-

2010 ice age distributions have demonstrated a flushing of very old MYI (10+ years) 

commencing in the late 1980s and continuing into the early 1990s, with a relatively stable 

period  from 1995-2000 and then a continued decline of MYI from 2001 to present 

[Maslanik et al., 2007b; Maslanik et al., 2011]. The flushing of old ice coincides with a 

period of high NAM/AO indices explaining much of the loss of very old ice from the 

Arctic Ocean [Rigor and Wallace, 2004]. These observations have a long record and are 

therefore very useful in characterizing long term changes in ice age composition; 

however, this provides only a general understanding of ice thickness changes. In order to 

quantify spatial and temporal ice thickness variability a more direct observation system 

must be utilized.    

The most extensive dataset of ice thickness observations, to date, has been acquired 

by upward looking sonar (ULS) systems operated onboard military submarines [Rothrock 

et al., 1999; Wadhams and Davis, 2000; Rothrock et al., 2008]. ULS observations 

provide important long term ice thickness observations by measuring the draft (depth of 
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sea ice below sea level) of sea ice, which is then converted into ice thickness [Rothrock et 

al., 1999].Technological advancements have enabled satellites to derive ice thickness by 

use of laser (e.g. NASA’s ICESat-Ice Cloud and land Elevation Satellite) and RADAR 

(e.g. ESA’s European Remote Sensing satellites: ERS-1&-2 and CryoSat-2) altimetry 

methods. Using similar principles to ULS, albeit from a different viewing direction, 

satellites such as ICESat, ERS and CryoSat-2 measure the freeboard of sea ice (height of 

sea ice or snow surface above sea level)[Zwally et al., 2002; Wingham et al., 2006] which 

can then be converted into ice thickness measurements (e.g. [Kwok and Cunningham, 

2008; Kwok et al., 2009; Kwok and Rothrock, 2009]). By combining the ULS and 

satellite data records the observed changes of Arctic sea ice can be quantified over a long 

time period.  

Within the central Arctic basin the winter mean ice thickness derived from 

submarine ULS was 3.64 m in 1980 (peak value from the dataset) compared to the 1.89 

m winter mean during 2008 derived from ICESat observations, this is a drastic thinning 

of 1.75 m [Kwok and Rothrock, 2009]. The highest rates of decline during the submarine 

record were -0.08 m/yr, observed during 1990 (period of accelerated export of old MYI in 

the Arctic), and highest rates of decline for the 2003-2008 ICESat record were trends of -

0.10/-0.20 m per year (winter/summer), with negative trends for all regions of the Arctic 

[Kwok and Rothrock, 2009]. ERS-1 & -2 observations, with coverage up to 81.5oN 

equalling half of the entire Arctic Ocean, demonstrated large interannual variability of sea 

ice thickness during the period1993-2001 and consistent ice thickness results with 

coincident submarine ULS observations [Laxon et al., 2003]. Furthermore, there was a 

~0.6 m thinning and net winter volume loss of 6300 km3 (>40%) of Arctic MYI during 

the 4 year  ICESat observation period 2005-2008 [Kwok et al., 2009].  

Sea ice age distributions and ice thickness measurements from ULS and satellites 

provide an excellent long time series with large-scale coverage, however, there are 

limitations. ULS data have a patchy distribution typically limited to the central Arctic 

basin and require some period before the data become declassified. Satellite ice thickness 

and age observations offer the best spatial coverage, however, with limited spatial 

resolution restricting the ability to discriminate between level ice and deformed ice 

(described in section 2.2.5), important variables in sea ice models [Rothrock et al., 2003; 

Stroeve et al., 2007]. The conversion of draft (ULS) and freeboard (satellite) into ice 
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thickness requires knowledge of the depth of snow and specific densities of snow and ice 

which can vary significantly over small areas and if these variables are unknown or not 

accounted for can introduce significant uncertainty [Kwok et al., 2004b]. This could limit 

the ability to capture temporal trends if the uncertainties are larger than interannual 

variations.  

Several studies have demonstrated the effectiveness of using drill holes and ground 

based electromagnetic induction sounding systems (e.g. EM-31) to characterize local-

scale ice thickness variability with very high accuracy (1-5/~10 cm: drill/EM-31)(e.g. 

[Kovacs, 1991; Kovacs and Morey, 1991; Haas et al., 1997; Haas and Eicken, 2001; 

Haas, 2004]). Although ground surveys are limited to local-scale characterization of sea 

ice floes, it is possible to combine multiple surveys to form a regional investigation of sea 

ice variability. Haas [2004] combined observations from drill hole and ground –based 

EM-31 surveys at several locations in the Arctic Ocean, between Svalbard and the North 

Pole, during multiple years (1991 [Eicken et al., 1995];1996 [Haas and Eicken, 2001]; 

1998 & 2001). Results from Haas [2004] demonstrated large interannual variability, 

consistent with ERS satellite observations [Laxon et al., 2003], and a 22% decline in 

modal ice thickness (representing level ice) from 1991 (2.50 m) to 2001 (1.95 m), 

consistent with thinning trends observed from satellite and ULS observations [Kwok and 

Rothrock, 2009]. EM induction sounding is not limited to ground surveys but has been 

developed for airborne deployment making them ideal for high resolution regional- and 

synoptic-scale sea ice observations.  

Airborne EM induction sea ice thickness sounding is an excellent method to 

determine sea ice thickness with relatively large spatial coverage, minimal logistics, high 

spatial resolution and high accuracy over level sea ice. However, operation of the 

instrument is limited by weather conditions, inability to reliably measure deformed ice 

and can produce technical problems while in the field. AEM systems were first developed 

and tested during the 1980s and early 1990s (e.g. [Kovacs et al., 1987; Kovacs and 

Holladay, 1990; Kovacs et al., 1995; Multala et al., 1996]) however, not until recently 

(since 2000) have these methods been further developed and deployed for extensive 

regional- (e.g. [Haas et al., 2006; Haas et al., 2008; Rabenstein et al., 2010] [Peterson et 

al., 2008])  and synoptic-scale (e.g. [Haas et al., 2010]) systematic observations. 

Although long term trends in ice thickness are not available from AEM observations, 
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short term changes in Arctic ice thickness have been observed. Haas et al. [2008] showed, 

based on HEM observations in the region of the North Pole, a thinning of mean and 

modal thicknesses of 44 and 53%, respectively, during the period 2001-2007. This 

thinning was primarily due to a regime shift from second-year and multi-year ice to 

primarily FYI in the vicinity of the North Pole [Haas et al., 2008]. However, second-year 

ice present near the Pole in 2007 did have lower thicknesses than in 2001 suggesting 

there was increased melt and replacement by younger ice was not the only mechanism for 

a thinner ice pack [Haas et al., 2008]. These observations provide further evidence for 

thinning of sea ice in the Central Arctic. 

AEM systems deployed with the use of fixed wing aircrafts allow for an extended 

range and the ability to conduct Arctic-wide ice thickness surveys. Haas et al. [2010] 

operated an AEM system onboard a Basler BT-67 fixed-wing aircraft to conduct the first 

ever aerial pan-Arctic investigation of ice thickness, in 2009. Results from Haas et al. 

[2010] showed that ice thickness changes, between the years 2007 and 2009, were within 

expected ranges of natural variability in the regions near the North Pole, North of Canada 

and Greenland (Lincoln Sea) and the Western Arctic (Beaufort and Chuchki Seas). 

Thickness observations from 2009 [Haas et al., 2010] when compared to observations 

from a similar campaign conducted in 2011showed thinning in the Lincoln Sea [Haas 

and Hendricks, 2011]. The Lincoln Sea is an important region because some of the 

thickest ice in the Arctic is located there (described in section 2.1).The increased 

deployment of AEM systems over the past decade has provided a better representation of 

local- and regional-scale thickness variability with high accuracy. The continued and 

expanded deployment of AEM systems will further improve understanding of sea ice 

processes by capturing temporal trends of sea ice thickness at synoptic scales with high 

accuracy and spatial resolution.  

The decline in older MYI and a general thinning of the Arctic ice pack can only 

partially be attributed to warming [Rothrock et al., 2003] and is better explained by a 

regime shift in circulation patterns [Rigor et al., 2002; Rigor and Wallace, 

2004](described in section 2.2.2). The regime shift coincides with the period (~1990) of 

anomalous export of old MYI from the Arctic [Maslanik et al., 2007b; Maslanik et al., 

2011] and the period (1990) of rapid thinning over the central Arctic [Kwok and 

Rothrock, 2009]. This resulted in the pre-conditioning of the Arctic ice pack for further 
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thinning and reductions of MYI [Lindsay and Zhang, 2005; Serreze et al., 2007b; Ogi et 

al., 2008], which is supported by recent thickness measurements from ICESat [Kwok et 

al., 2009] and AEM observations [Haas et al., 2008]. Following on the premise that 

thinner younger ice melts more easily, the larger proportion of thinner FYI in the Arctic 

has resulted in decreased survivability of the ice pack [Kwok, 2007]. This has introduced 

another feedback system where less MYI leaves the ice pack more susceptible to melt, 

further decreasing the survivability and fraction of MYI in the Arctic. The survivability of 

the PIZ is heavily dependent on level ice thickness whereby ice that is thicker than the 

typical summer melt rate will survive [Notz, 2009]. Therefore, Arctic Sea ice may arrive 

at a thickness that is thinner than the summer melt rate, at which point the Arctic will be 

mostly seasonally ice-free. In order to determine at what point this may happen and 

which regions are most susceptible to further thinning and declining ice extent, long term 

systematic ice thickness and total melt rate observations are required for all regions of the 

Arctic. This study will introduce a novel method for deriving melt rates and fill an 

important gap in seasonal sea ice thickness observations in a region where no previous 

seasonal observations have been conducted.    

2.2.4 Melt and Growth 

Sea ice formation and growth is a combination of dynamic and thermodynamic 

processes. Typically deformed sea ice is the result of dynamic processes, whereby wind 

and ocean current driven forces cause accumulation of unconsolidated ice in the form of 

ridges and rafts. Deformed ice may also be the result of thermodynamic processes due to 

thermal expansion or contraction. Level ice, comprising the most abundant ice type in the 

Arctic (modal thickness value in a probability distribution function), is the result of 

thermodynamically grown sea ice due to freezing and melting processes.  

Unlike freshwater, sea water has a density maximum coinciding with its freezing 

point of -1.86oC (salinity of 34 psu), meaning the surface mixed layer will experience 

thermohaline convection until the entire water mass or the surface mixed layer is at the 

freezing point before forming sea ice on the surface {Petrich, 2010 #309}. The growth 

and melt of sea ice ultimately depends on the heat budget between the Atmosphere and 

Ocean. Because the energy flux between the atmosphere and ocean is dependent on ice 

and snow thickness, sea ice will stop growing once thermodynamic equilibrium is 

reached.  Latent and sensible heat fluxes into the atmosphere from a refreezing lead in 
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winter are ~700 Wm-2, compared to fluxes over 3 meter thick multi-year ice (MYI) of 

~10 Wm-2 and fluxes of ~80 Wm-2 over young ice of thickness 0.2-0.8 meters {Maykut, 

1978 #355}. Areas of young sea ice (0.2-0.8 m) represent 8-12% of the entire ice pack 

but contribute un-proportionally large amounts of energy into the atmosphere {Maykut, 

1982 #183}. Therefore, the ice thickness distribution and processes contributing to the 

formation of open water leads and thin ice have the potential to influence the Arctic wide 

heat flux and thus surface air temperature (SAT) {Rigor, 2002 #185}. 

 Defining what constitutes the “melt” and “growth” (onset of growth season= 

“freeze-up”) seasons is essential for characterizing temporal and regional patterns of sea 

ice processes. During the transition period from the melt season to freeze-up, sea ice 

formation in open water will undergo diurnal variations of freeze/melt. This is called 

“early freeze onset” (EFO) and will last until the newly formed sea ice persists through 

the winter, at which point “freeze onset” (FO) occurs and the growth season begins 

[Markus et al., 2009]. Sea ice growth typically reaches a maximum thickness 

(thermodynamic equilibrium, where oceanic heat flux into ice bottom equals conductive 

heat flux out of it; [Petrich and Eicken, 2010]) in March-April and sustains these 

thicknesses through most of May (exact day varies with region). [Maykut, 1986] 

demonstrated mathematically Arctic equilibrium thickness was between 2.5-3 m, 

however, due to recent atmospheric and oceanic conditions observations suggest this 

equilibrium thickness has likely decreased [Perovich et al., 2003; Haas, 2010].   

As solar radiation increases, into the summer, snow will warm up producing free 

water in the snow pack, this is termed “early melt onset” and will undergo diurnal 

variations due to diurnal patterns of solar radiation and surface temperatures [Markus et 

al., 2009]. “Melt onset” occurs when free water persists in the snow pack [Markus et al., 

2009]. Melted snow accumulates in preferential regions forming melt ponds on the 

surface of the ice decreasing the surface albedo, therefore increasing absorption of solar 

radiation and accelerating the melt process [Perovich et al., 2002]. Sea ice will undergo 

warming and micro-scale melt processes during snow melt; however, vertical thinning 

will not begin until the entire sea ice profile is at the bulk melting point [Petrich and 

Eicken, 2010]. Surface and bottom ablation occur at different rates due to the different 

mechanisms controlling the melt processes (oceanic vs. surface heat flux). These 
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processes will be discussed in terms of their relative importance for Arctic sea ice mass 

balance in the following section (2.2.5). 

Sea ice melt and growth season length are good indicators of Arctic climate 

change, however, they vary spatially and temporally making it difficult to characterize 

these variables. The use of satellite passive microwave observations enables both spatial 

and temporal discrimination of sea ice melt and freeze processes due to its large spatial 

coverage, long time series, consistent and short revisit intervals and its ability to capture 

melt signatures of sea ice and overlying snow[Markus et al., 2009]. Using SMMR and 

SSM/I data and employing the definitions described above, [Markus et al., 2009] 

demonstrated that melt season for the entire Arctic has increased by 20 days during the 

period 1979-2007. Using this approach [Markus et al., 2009] were able to characterize 

regional variations of melt season and determined regions with the largest increases in 

melt season (greater than 10 days/decade) were recorded for the Hudson Bay and the 

Chukchi/Beaufort, Laptev/East Siberian and East Greenland seas. These regions coincide 

with regions that have experienced the largest decline in ice extent and concentration 

[Stroeve et al., 2011]. Using similar methods [Howell et al., 2009] also demonstrated a 

significant positive trend in the duration of the melt season within the Canadian Arctic 

Archipelago, at 7 days/decade, with 2008 as the longest melt season on record for the 

period 1979-2008.   

 Similar to other variables observed by satellites melt season observations are 

limited by spatial resolution and are unable to capture the small-scale variations of melt 

features and processes. One difficulty with satellite remote sensing is to characterize the 

spatial variability and evolution of melt ponds. In addition, it is essential to discriminate 

between the surface and bottom melt in order to determine relative contributions to melt 

due to atmospheric processes (e.g. surface temperatures, sensible/latent heat fluxes etc.) 

and oceanic heat fluxes. This will aid in understanding the mechanisms driving change in 

the Arctic sea ice pack.  

2.2.5 Sea Ice Mass Balance 

Sea ice mass balance is a good indicator of Arctic change since if there is net 

warming sea ice should show thinning (decreased ice volume/mass) and if there is 

cooling ice should get thicker (increased ice volume/mass). Sea ice mass balance is the 
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balance of how much ice melts in summer and how much it grows in winter. In the Arctic 

melt occurs from the surface and bottom of the ice whereas ice growth occurs almost 

exclusively from the bottom. Sea ice mass balance is a key variable in understanding the 

Arctic climate system because it controls the exchange of heat between the ocean and 

atmosphere. The amount of surface ablation compared to bottom ablation must be 

accounted for in order to determine the contributions of the oceanic and atmospheric heat 

fluxes to overall melt and growth. It is equally important to distinguish between dynamic 

and thermodynamic contributions to overall ice volume/mass. Characterizing each 

component of the ice mass balance will provide relative contributions to ice growth and 

melt from separate processes such as: atmospheric and oceanic circulation contributions 

to sea ice deformation and ice export; oceanic heat flux contributions to bottom melt; and 

atmospheric heat flux, surface temperature and solar radiation contributions to surface 

ablation. Discriminating these processes will provide a better understanding of the Arctic 

climate system and the relative role of each mechanism in driving the accelerated decline 

of sea ice extent and the thinning and depletion of perennial ice. 

Typical sea ice mass balance observation systems use ablation stakes and thickness 

gauges to measure melt, accumulation (snow) and growth at the ice surface and bottom. 

These observations are typically carried out during long term manned ice camp 

campaigns (e.g. [Perovich et al., 2003]) which are localized observations but are able to 

capture small-scale variations and temporal evolution of sea ice thickness. Additional 

methods include the deployment of autonomous buoys called ice mass balance buoys 

(IMB) that collect temperature profiles throughout the ice, they also incorporate acoustic 

rangefinders, at the surface and bottom interfaces, to determine changes in surface and 

bottom ablation/accumulation [Richter-Menge et al., 2006]. IMBs can be easily deployed 

on the ice and continuously acquire and transmit data via satellite without the need for 

retrieval. 

Previous studies by [Untersteiner, 1961] and [Hanson, 1965] demonstrated that 

interannual variations of ice mass balance in the same location have been larger than 

large-scale spatial variations during the same year. [Perovich et al., 2003] summarized 

previous ice mass balance observations from ice camps and IMBs and compared them to 

more recent observations made in 1998 during the Surface Heat Budget of the Arctic 

Ocean (SHEBA) campaign. Observations from 4 campaigns between 1957-1975 showed 
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ice surface melt between 17-38 cm per year and bottom melt between 11-34 cm per year 

[Untersteiner, 1961; Hanson, 1965; Maykut and McPhee, 1995]. More recent 

observations conducted in 1994 [Perovich et al., 1997] and 1998 (SHEBA- [Perovich et 

al., 2003]) demonstrated larger surface melt of 67 and 56 cm, respectively, and 

comparable bottom melt in 1994 with 25 cm and a large increase in bottom melt during 

1998 at 62 cm. The results also demonstrated large regional variability. The increased 

surface ablation was attributed to a longer melt season in the Beaufort Sea during that 

time; however, solar radiation absorbed through leads and open water only accounted for 

two-thirds of the anomalously high bottom melt during 1998 [Perovich et al., 2003]. 

Other contributions were likely a result of ocean heat advection from the ice edge, deep 

water mixing and energy transmitted through ponds and ice [Perovich et al., 2003].  

Recent deployments of many IMBs offer more insight into the spatial variations of 

mass balance. [Richter-Menge et al., 2006] report on mass balance observations made by 

IMBs between 2000-2005 deployed in the North Pole and Beaufort Sea regions of the 

Arctic Ocean. These observations are compared to earlier mass balance measurements 

[Perovich et al., 1997; Perovich et al., 2003] and demonstrate regional variability in 

surface ablation with larger surface melt in the Beaufort Sea compared to the North Pole, 

consistent with larger amounts of solar radiation received at lower latitudes. However, 

bottom melt between the two regions were comparable [Richter-Menge et al., 2006]. 

[Perovich et al., 2008] extend these IMB observations to 2007 and showed an increase in 

bottom melt, for the Beaufort Sea, during 2006 at 0.84 m and a dramatic increase to 2.1 m 

in 2007. The increased bottom melt experienced during 2007 was a result of more open 

water and a 500% increase in solar energy to the ocean, this triggered the ice-albedo 

feedback and resulted in increased melt that contributed to the 2007 record minimum ice 

extent [Perovich et al., 2008; Stroeve and Maslowski, 2008].    

The current understanding of sea ice mass balance in the Arctic Ocean is based on 

the studies that focused on the periphery of the perennial sea ice zone. Studies conducted 

by [Untersteiner, 1961; Hanson, 1965; Maykut and McPhee, 1995; Perovich et al., 1997; 

Perovich et al., 2003; Richter-Menge et al., 2006; Perovich et al., 2008] were very 

extensive, logistically demanding and provided a unique perspective on the current state 

of the Arctic Ocean with evidence of the ice-albedo feedback contributing to the 2007 

record minimum and regional differences between the Central Arctic and the Beaufort 
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Sea. In order to get a comprehensive picture of the Arctic climate system there is a need 

to understand mass balance and heat budget processes in the heart of the remaining 

perennial sea ice. This region is important as it constitutes the only ice that survives 

through the summer and can provide much needed information on the energy balance 

between the ocean and atmosphere. It has not been until recently that seasonal ice 

thickness observations (the present study, 2009) and deployments of IMBs (provided by 

CRREL during CASIMBO 2010 & 2011) have been conducted in the region between 

Canada and the North Pole where the thickest ice in the Arctic resides. 

IMBs provide essential mass balance observations at high accuracy and minimal 

logistics compared to ice camps where logistics and the expense of operating such a 

program make them not feasible for Arctic-wide observations. IMBs are an ideal platform 

for an Arctic-wide mass balance observation system although due to certain limitations 

they should be supplemented by larger scale observations. IMBs only acquire point 

measurements and are unable to capture local-scale variations of melt processes and may 

not be representative of the larger scale melt. It would be possible to deploy several IMBs 

on one floe to capture this variability; however, justification for this would likely be over-

ruled by spreading that same number of IMBs over a larger scale. IMBs cannot be 

reliably deployed in melt ponds which are an important component of the small-scale 

variability as a large portion of the melt occurs in these regions. IMBs, in addition to 

ablation sticks and thickness gauges are destructive to their surrounding environment and 

may interfere with accumulation of snow and incoming solar radiation, factors that can 

introduce bias to the measurements [Eicken, 2001].  

[Eicken, 2001] demonstrated the use of a ground based EM system (EM-31) to 

conduct ice mass balance observations. This system yielded high accuracies of ~0.05 m, 

although not as accurate as IMBs or gauging stations but does offer advantages in that it 

is non-destructive and can acquire a larger number of measurements with greater spatial 

coverage over a shorter period of time [Eicken, 2001]. [Eicken, 2001] also demonstrated 

the use of ground based EM over melt ponds, important regions in terms of ice mass 

balance and heat budget. Ground based surveys suffer limitations as large-scale and 

regional variability is difficult to observe due to logistics and feasibility of covering large 

distances on the ground. The present study expands on this novel use of ground based 
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EM systems by using seasonal airborne EM observations to derive large-scale (floe size: 

~10 km) total melt of thick MYI in the Lincoln Sea and Nares Strait. 
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Chapter 3: Data and Methods 

Large-scale sea ice thickness observations for this study were conducted during 

two field campaigns (section 3.1) using an airborne electromagnetic (AEM) induction sea 

ice thickness sounding instrument (section 3.2). Laser altimetry data from the AEM 

surveys were processed to remove aircraft altitude variations in order to derive sea ice 

surface roughness (section 3.3). Sea ice floes were tracked using a series of 121 MODIS 

and 109 ENVISAT ASAR satellite images (section 3.4; refer to Appendix A for a list of 

all images used). One PALSAR image was also used for characterizing surface 

roughness. In situ observations of snow depth and sea ice thickness (section 3.6) were 

conducted during a third campaign (section 3.1).  

Due to the different aerial platforms and campaigns in addition to the varying 

levels of processing of the same data files it is instructive to define terminology used to 

identify each of these components. “AEM” will be used collectively to refer to both fixed 

wing and helicopter-borne EM operation whereas “HEM” is exclusive to the helicopter 

EM observations during the CATs cruise. In some cases “AEM” will be used to identify 

the spring observations during PAMARCMiP but will also include the aircraft name 

“Polar-5” or survey date (20090409). The terms “spring” and “summer” will also be used 

to identify the PAMARCMiP Polar-5 and HEM CATs surveys, respectively. The term 

“survey” will be used to identify one AEM or HEM flight lag which will also be referred 

to as the “complete survey” when discussing in conjunction with data of different 

processing levels  in order to remove any ambiguity. “Profile” refers to a smaller section 

of the survey. The profiles and surveys can be further divided into their level ice 

components which are denoted by including “level” or a subscript “L” with the survey of 

profile name (e.g. P1L, Profile 1-level).  

3.1 2009 Research Campaigns  

3.1.1 PAMARCMiP-Polar Airborne Measurements and Arctic Regional 
Climate Model simulation Project 

The PAMARCMiP 2009 campaign was an international collaboration between 

Germany and Canada dedicated to Arctic-wide sea ice thickness and air chemistry 

observations. Sea ice thickness observations were conducted using an airborne 
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electromagnetic (AEM) induction thickness sounding instrument (described in section 

3.2) hanging below the Alfred Wegener Institute’s (AWI) Basler BT-67 aircraft, the 

“Polar-5” (Figure 3.1.1). Sea ice thickness observations were conducted over several 

regions of the Arctic Ocean covering all of the different ice regimes. A detailed 

examination of the PAMARCMiP ice thickness results are described in [Haas et al., 

2010]. This study will only examine a few profiles conducted over the Lincoln Sea 

(Figure 3.1.2-B). 

 

Figure 3.1.1: Image of AWI’s Polar 5 (Basler BT-67) with the EM instrument in the holster below the 
belly of the aircraft (image courtesy of J. Beckers with permission) 
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Figure 3.1.2: Map of: (A) the Eastern Canadian Arctic Archipelago and Western Greenland. (B) 
Zoomed in region of inset (in A) of the Lincoln Sea. (C) Zoomed in region of inset (in A) of Nares Strait.   

3.1.2 CATs-Canadian Arctic Through flow 

The Canadian Arctic Through flow (CATs), 2009 Nares Strait Cruise (August 8-

September 4), was an international and interdisciplinary scientific cruise, onboard the 

Canadian Coast Guard’s (CCGS) Henry Larsen (cruise track shown in Figure 3.1.2-A). 

During the cruise oceanographic and sea ice observations were conducted in addition to 

the deployment and retrieval of instruments (e.g. moorings). HEM surveys were 

conducted whenever sea ice was present and weather conditions were suitable for flying. 

Surveys conducted in the northern section of Nares Strait will be analysed in this study 

(Figure 3.1.2-C).  

3.1.3 CASIMBO-Canadian Arctic Sea Ice Mass Balance Observatory  

The Canadian Arctic Sea Ice Mass Balance Observatory (CASIMBO) is an 

initiative, established by Dr. Christian Haas in 2004, to maintain systematic long term sea 

ice mass balance observations between Canada and the North Pole. Campaigns are based 

A B 
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out of Canadian Forces Base (CFB) Alert, Nunavut, Canada on the northern coast of 

Ellesmere Island. This location provides an excellent base camp to access the region 

between Canada and the North Pole and to conduct airborne and ground based 

observations. Ground based snow depth and ice thickness observations in addition to 

HEM surveys were conducted during CASIMBO 2009 (May 1-10). Ground based snow 

and ice thickness observations from this campaign will be used for comparison and 

analysis in this study (locations shown in Figure 3.1.2-B).  

3.2 Airborne Electromagnetic Induction Sounding 

Electromagnetic induction sounding was first developed and deployed from 

helicopters in the 1950s for ore deposit investigations. During the 1980s the first 

helicopter-borne EM instruments were successfully deployed over sea ice to conduct 

large-scale ice thickness sounding measurements (e.g. [Kovacs et al., 1987; Kovacs and 

Holladay, 1990]). Airborne EM sounding has since been widely used for sea ice 

thickness measurements in the Arctic (e.g. [Prinsenberg et al., 1996; Haas et al., 2006; 

Haas et al., 2008; Peterson et al., 2008; Haas et al., 2010]) and Antarctic (e.g. [Pfaffling 

et al., 2007]). A detailed description of the airborne EM instrument and data processing is 

provided in [Haas et al., 2009], so we only give a brief summary of the EM method in 

this section.  

The EM system is comprised of 2 coils operating at 4 kHz, one receiving and one 

transmitting coil. The transmitting coil produces a primary EM field that will induce eddy 

currents and a subsequent secondary field in a conductive (low resistivity) media in close 

proximity to the instrument (best signal to noise ratios are achieved at <50m distances). 

The receiving coil is sensitive to the induced secondary field and records the strength of 

the secondary field. The strength of the secondary field measured at the receiving coil is a 

function of the distance to and conductivity of the conductive medium. Therefore if the 

conductivity of the medium is know it is possible to determine the distance to that 

conductive media. Sea water is highly conductive (low resistivity) and sea ice is non-

conductive (high resistivity) therefore during surveys over sea ice the dominant induction 

process of the secondary field occurs at the ice-water interface and the distance to this 

interface can be reliably obtained [Pfaffling et al., 2007]. A laser altimeter, operating 

onboard the instrument, provides the distance to the snow/ice surface. Total thickness 
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(snow + ice) is then calculated by the difference between the laser and EM distance 

values (this process is illustrated in Figure 3.2.1). 

 

Figure 3.2.1: Detailed rendition of the EM fields and eddy currents during operation of the airborne 
EM instrument.  

The derived AEM total thickness observations are presented as a probability 

density function (PDF) or P (z) where ‘z’ corresponds to total thickness. The PDF is 

simply the frequency distribution divided by the bin size, where the frequency 

distribution is the number of measurements in a bin divided by the total number of 

measurements. What this does is normalizes the results to the number of total 

measurements and the bin size so that the number of measurements of a particular 

thickness value are presented relative to that survey and bin size used. Therefore 

distributions can be compared between multiple surveys that have different number of 

measurement points and different bin sizes without having issues with scaling. A detailed 

description of the PDF can be found in [Thorndike et al., 1975; Haas and Druckenmiller, 

2009]. One of the most important features of the PDF is the modal thickness which 

corresponds to the most abundant ice type which is representative of the level ice 

component. Narrow peaks around 0 m correspond to areas of open water and can be an 

indicator of the accuracy of the instrument and/or processing. 
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The EM measurements are sampled at 10 Hz and the laser altimeter at 100 Hz. The 

point spacing is dependent on the speed of the EM bird which varies between platforms 

as fixed wing and helicopter aircrafts typically travel at different speeds. The Polar-5 had 

an average surveying speed of 50 m/s which translates into EM and laser point spacing’s 

of 5 m and 0.5 m, respectively. The HEM surveys had an average speed of 30 m/s which 

translates into 3 m (EM) and 0.3 m (laser) point spacing’s. In addition to speed variations, 

fixed wing and helicopter flight patterns are also different and will have to be accounted 

for in the laser altimeter data processing (discussed in 3.3). The difference in Polar-5 and 

helicopter-borne EM platforms does not affect processing of the EM measurements and 

therefore remain consistent with procedures outlined in [Haas et al., 2009].   

The difference in sampling frequencies between the laser and EM require 10 laser 

measurements to be averaged around a center point (e.g. 5 laser samples from both sides 

of the EM sample) and merged with one EM measurement. The diffuse propagation of 

the transmitted EM signal results in a ground footprint that is 3.7-3.8 times the height of 

the instrument above the conductive media (ice/water interface; [Kovacs et al., 1995; 

Reid et al., 2006]). Laser altimeter readings during the Polar-5 surveys were between 15-

20 m and the HEM laser readings were between 12.5-17.5 m. With dominant modal 

thicknesses between 3-4 m, this increases the instrument height above the ice/water 

interface by the same amount, and corresponds to EM footprints between ~70-90 m 

(Polar-5) and ~60-80 m (HEM). This resulted in a received secondary signal that was 

influenced by the under-ice topography within the footprint of the instrument. In other 

words, the footprint was estimated to have a radius between 30-45 m, from the EM nadir 

point at the under-ice surface.  

 The EM instrument has an accuracy of 0.1 m over level ice [Pfaffling et al., 2007; 

Haas et al., 2009], however, deformed ice thickness estimates are less reliable due to 

their geometry and structure. The bird footprint extends in all directions around the 

instrument; therefore the received signal will be influenced by ice/water 30-45 m ahead, 

behind or beside the flight track. The 10 laser samples merged for each EM sample result 

in a representation of the surface area ~2.5 m ahead and behind the flight track (not 

across track) while the EM signal is influenced by media up to 45 m in all directions. 

This can cause overestimation of sea ice thickness if a ridge (or a region of thicker ice) is 
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within the EM footprint and the laser altimeter shows level ice (this is illustrated in 

Figure 3.2.2-A).  

 Due to the unconsolidated and porous nature of deformed ice the keels of ridges 

can include pockets of saline water, increasing their conductivity. The conductive nature 

of ridge keels causes induction of a secondary field in the keel region (Figure 3.2.2-B; 

[Reid et al., 2006]). Deformed ice thickness observations are further complicated by the 

fact that the EM footprint can be larger than the width of the ridge/keel and will induce 

secondary fields in the water surrounding the keel (Figure 3.2.2-B; [Reid et al., 2006]). 

These two factors can result in the underestimation of maximum ridge thickness by as 

much as 50% (e.g. [Haas and Jochmann, 2003]). 

The inaccuracies introduced to the ice thickness derivations are accounted for by 

classifying areas of ridged ice, applying a buffer to those regions and extracting only the 

representative level ice regions (described in section 3.3.2). However, because ridges are 

identified solely from the higher frequency laser altimeter data, ridges are only detected 

directly under the EM instrument (near-nadir) in the along-track direction, therefore the 

influence of a ridge located off-nadir (in the across-track direction) but with the EM 

footprint radius of 30-45 m could still go unaccounted for in the final thickness estimates.      
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Figure 3.2.2: Generalized rendition of EM signal (gray tapered polygon) interaction showing (A) the 
footprint of the instrument at the ice/water interface primarily over level ice; and (B) footprint over a 
ridge. Note: that the shape of the footprint area does not correctly represent the involved inductive 
processes within the footprint (see Figure 3.2.1)    

Airborne EM surveys used for analysis in this thesis were conducted during 

PAMARCMiP (spring) and CATs (summer) 2009 (described in sections 3.1.1 & 3.1.2). 

The spring surveys were conducted over stationary sea ice, in the Lincoln Sea, with little 

open water (except for the Lincoln Sea Polynya). Sea ice, from the Lincoln Sea, is 

channeled into Nares Strait resulting in confinement and compression. This causes large 

internal stress, high drift speeds and rapid breakup into smaller floes and/or rubble. This 
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produces many small floes separated by small leads, open water and large amounts of 

rubble ice. The CATs summer HEM surveys were conducted over rapidly drifting sea ice 

(~1 m/s) with large regions of open water, multiple leads and rubble ice. Open water 

regions are useful for calibration and processing of the EM instrument, however, the 

presence of rubble ice and narrow leads during the summer Nares Strait surveys 

introduced uncertainties in the thickness profiles where EM footprints included a mix of 

level ice, deformed ice and/or open water. Observations over open water leads that are 

narrower than the footprint will be influenced by the surrounding sea ice and result in 

values larger than the expected “0 m” over open water. Rubble ice that forms from the 

grinding and bumping of floes will also produce inaccurate thickness estimates due to the 

gaps between pieces and the incorporation of sea water within the rubble causing an 

increase in the mean conductivity of the ice volume. These regions of the profile were 

accounted for by using the flight logs. 

During all AEM surveys the instrument operator compiled a flight event log that 

included the following information: date; flight (e.g. campaign-#); description (region); 

operator name, map of the flight path, numerical list of events with a description (e.g. 

open water, small lead, large lead, rubble ice, large ridge, large melt pond etc.); file 

number (each flight has several files); file start time; and file stop time. The event 

numbers were then referenced to a fiducial number (FID; measurement identifier) to help 

interpret the EM thickness profiles. Cross referencing the event logs, FID and thickness 

values helped delineate floe edges (areas of open water and/or rubble correspond to floe 

edges) in order to define the edges of the EM profiles and assign them to individual floes 

(discussed in section 3.5). 

Video and image acquisitions were conducted during all CATs HEM surveys but 

not the PAMARCMiP surveys due to limited visibility from the interior of the Polar-5 

aircraft. During the processing and analysis of the AEM data the video and image 

acquisitions were used in conjunction with the event logs and satellite imagery to help 

validate the HEM thickness data and delineate floe edges.   
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3.3 Laser Altimetry   

3.3.1 Laser Profiling  

The AEM instrument measured the distance above the ice/snow surface using an 

onboard Riegl LD90-3100Hs laser altimeter operating at a wavelength of 905 nm with an 

accuracy of 2.5 cm. Snow, ice and rough water (e.g. ripples and small waves) are diffuse 

scatterers of the emitted laser signal enabling the laser altimeter to reliably measure the 

distance to these surface types. Over level water the emitted laser commonly exhibits 

specular reflectance or absorption (no laser signal is returned) resulting in a laser dropout 

or “no data” measurement. Laser dropouts can be seen in Figure 3.3.1. These phenomena 

typically occur over calm seas or melt ponds. Laser dropouts can be used to determine 

important melt pond properties of the ice surface (e.g. density, spacing and thickness; 

[Rabenstein et al., 2010]). Ice thickness estimates over melt ponds are maintained if there 

is at least one good laser sample present in the 10 laser samples merged for the 

corresponding EM sample.           

Low-frequency aircraft altitude variations were removed from the laser data using 

a three step process described in detail by [Hibler, 1972]. First a high-pass filter is 

applied to the raw laser profile that removes the low frequency signals. However, the 

high-pass filter alone is not sufficient in removing the aircraft motion since there is 

overlap between surface roughness and aircraft motion waves. The high-pass filter also 

produces a curve where the overall mean is equal to 0 but the actual ice surface is a one 

sided trace always rising from the water (or 0 m height). Therefore, as a second step a set 

of local minima points (maximum points in the laser profile because farther distances 

from the instrument corresponded to lower elevations) were selected to represent the level 

ice surface (or 0 m height). Selection of the local minima points were conducted using an 

algorithm constrained by the following parameters:  MINSTEP defines the minimum 

separation, in meters, between two minima values (minima separation illustrated in 

Figure 3.3.2); MAXSTEP defines the maximum separation, in meters, between two 

minima values; and LMAX defines the lower bound for the band-pass filter (e.g. 

wavelength threshold allowed to pass the filter). The different parameters used are listed 

in Table 3.3.1. Fixed wing aircraft fly more level than helicopters therefore the altitude 

variations will have a lower frequency in the Polar-5 dataset. The chosen filter parameters 

for both aircrafts provided the best estimate of the aircraft flight motion. Each automated 
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aircraft motion curve was visually inspected and manually manipulated to ensure the 

curve coincided with local maxima values and no laser points were greater than the curve. 

An example of a laser profile and aircraft motion curves, before and after manual 

corrections, are shown in Figure 3.3.2.   

Table 3.3.1: List of parameters used for the aircraft altitude variation removal algorithms for different 
aircraft platforms: Basler BT-67 (Polar-5) and Bo-105 (Coast Guard helicopter used during CATs 
cruise).  

Parameter CATs HEM  Polar-5 AEM 

MAXSTEP(m) 50 80 

LMAX(m) 100 160 

MINSTEP(m) 5 10 

  

 

The overlap between surface elevation and aircraft motion spectra typically 

depresses high ridges. The third step removes the depression of ridges by applying a low-

pass filter to the curve, removing any high frequency signals. The result of this three step 

process was the aircraft motion which could then be subtracted from the laser profile to 

produce a surface elevation profile. Figure 3.3.1 shows an example of the raw laser data 

and coincident laser profile with the aircraft motion removed (hereafter called surface 

elevation). The derived surface elevation values are not identical to freeboard but are 

elevation changes relative to a reference value. The reference values are local minima that 

roughly correspond with the level-ice surface. The derived surface elevation is a good 

indicator of surface roughness and was used to discriminate regions of level and ridged 

(deformed) ice.  

Further processing of the filtered laser data was conducted to locate ridge sails 

within the profile. Local maxima surface elevation values that exceeded a threshold 

height of 0.80 m above the reference level-ice were identified as ridge sails. Adjacent 

ridges also had to satisfy a Rayleigh criterion: they had to be separated by a trough at 

least half their vertical height to be identified as separate features. The 0.80 m threshold 

was selected as this is consistent with previous work done by [Rabenstein et al., 2010] 

over multi-year ice. The identified ridges were combined with the coincident EM 
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thickness values based on the FID numbers. A ratio was calculated between the ridge 

thickness and ridge height (e.g. total thickness/ridge height) in order to conduct a 

seasonal comparison of the instruments performance over ridged ice. 

 

 

Figure 3.3.1: 20090819 HEM laser profiles for (A) the raw laser altimeter data; and (B) the laser data 
with aircraft altitude variation removed, also referred to as surface elevation.  

 

Figure 3.3.2: Laser profiles (red line) with algorithm derived aircraft altitude variation (black line with 
red dot) (A) before the manual correction was applied; and (B) after manual correction was applied. 
This profile section is from the 20090819 HEM flight conducted in Nares Strait.      

3.3.2 Level Ice Extraction 

The extraction of level ice was conducted for three reasons: i) the EM system has 

increased uncertainty over deformed (ridged/rafted) sea ice due to the unconsolidated and 

minima 
separation 
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porous nature of this type of ice [Haas et al., 2009]; ii) level ice melt rates are more 

representative of thermodynamic processes; and iii) ridging measurements “pollute” the 

modal thickness regions of the distributions making it more difficult to get an accurate 

characterization of level ice. 

Level ice regions were extracted from the AEM profiles by applying a 40 m buffer 

(radius) to the identified ridges (greater than or equal to 0.80 m). A 40 m buffer was 

chosen because, with an instrument footprint radius between 30-45 m, any influence of a 

ridge on level ice thickness estimates should have been eliminated. Thickness 

measurements outside of the 40 m buffer region were selected and extracted from the 

data. Buffering and data queries for level ice extraction were conducted using ESRI’s 

ArcMap v9.3 software. Examples of the surface elevation and AEM thickness data before 

and after the level ice extraction are shown in Figure 3.3.3. This method is different from 

previous studies (e.g. [Rabenstein et al., 2010]) that used a combination of surface 

elevation and ice thickness observations to identify ridges. Here we applied a similar 

ridge detection algorithm as [Rabenstein et al., 2010] where the EM thickness data were 

used to identify ridges using a cutoff thickness of 8 m, maximum ridge width of 150 m 

and a minimum separation between ridges of 50 m. This was a conservative algorithm 

that likely resulted in many unidentified ridges; however, the purpose of this ridge 

detection was to demonstrate some of the limitations of using only the laser profile for 

ridge identification and therefore the results were not used for quantitative analysis.     
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Figure 3.3.3: (A) map of a zoomed in HEM survey section showing the i) all HEM measurements; ii) 
identified ridges; and iii) extracted level ice thickness measurements. (B) Coincident values for the 
profile displayed in A showing the thickness and surface elevation profiles before and after level-ice 
extraction. Profile from of HEM survey 20090816_2_2020-2117. 

3.4 Satellite Imagery 

3.4.1 Synthetic Aperture RADAR  

ENVISAT is a large Earth observation satellite, developed by the European Space 

Agency (ESA) that has been in operation since March 2002. Here we make use of 

ENVISAT’s Advanced Synthetic Aperture RADAR (ASAR) imagery to track sea ice 
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from the Lincoln Sea to Nares Strait. The ASAR system is an active microwave 

instrument operating at 5.3 GHz in the C-Band wavelengths (~5cm)[ESA, 2007]. 

ENVISAT has an orbital repeat pattern of 35 days but because the ASAR instrument has 

a wide swath mode and multi-angle viewing capabilities the repeat ground coverage is 

typically 1-3 days [ESA, 2007]. On average there were ~2 ASAR image acquisitions per 

day in the vicinity of the study region; however many of the images did not have 

adequate coverage of the study site to be useful. There were also major temporal gaps in 

the ASAR dataset of up to 3 days. This was not sufficient coverage to capture the rapidly 

changing ice conditions in the study region; therefore a complementary dataset of 

Moderate Resolution Imaging Spectroradiometer (MODIS) imagery (described in 3.4.2) 

was included to fill the temporal gaps. Both Image Mode medium-resolution (IMM) and 

Wide Swath Mode medium-resolution (WSM) products were used here (Table 3.4.1). 

WSM data provided better coverage of the study region so they comprise the majority of 

the ASAR dataset. An additional SAR image was used from the Phased Array type L-

band SAR (PALSA) developed by the Japanese Aerospace eXploration Agency (JAXA) 

and launched onboard the Advanced Land Observing Satellite (ALOS) January 24, 2006 

and has stopped working as of April 2011. The PALSAR sensor has a global coverage 

range between 87.8oN and 75.0oS (additional data specifications are listed in Table 3.4.1).  

SAR imagery is ideal for tracking sea ice as it can penetrate through clouds, it is 

not dependent upon solar illumination, it has good spatial resolution (Table 3.4.1) and it 

has high latitudinal coverage of polar regions (orbit inclination of 98.55o) [ESA, 2007]. 

The returned backscatter signal from the surface of the sea ice is a good indicator of the 

surface roughness making it possible to distinguish between different types of ice based 

on their backscatter brightness (e.g. amount of deformed ice). Backscatter values were 

extracted from one ENVISAT ASAR and one ALOS PALSAR image along two transects 

that crossed the tracked floe’s freezeup locations in the Lincoln Sea. Trend analyses were 

conducted on the transect backscatter values in order to determine any patterns or 

gradients within this region.  

Sea ice can be reliably differentiated from water because water typically acts as a 

specular surface, scattering incident microwaves away from the SAR system, while sea 

ice tends to scatter more incident energy back towards the SAR sensor. Therefore water 

usually appears dark in SAR images, relative to sea ice. However, when winds are strong 
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the presence of waves on the ocean surface causes increased backscatter (brighter image 

appearance), making it more difficult to distinguish ice from water. Water and sea ice 

demonstrate spatially distinct patterns within their backscatter signals that can typically 

be distinguished by the human eye. However, computer algorithms continue to have 

difficulty separating ice from water based on these patterns and even some of the most 

advanced sea ice tracking algorithms require human interaction to ensure high data 

quality (e.g. [Kwok, 2005; Kwok et al., 2010]).   

Processing of ASAR images involved georeferencing and projecting each image 

using a polar stereographic projection, a common projection for Arctic mapping 

(parameters listed in Table 3.4.2). Images were processed using ENVI v4.3, an image 

processing and analysis software package built on the IDL (v7.0 included with ENVI) 

programming language. ENVI has built in ENVISAT ASAR functions that were used to 

access geocoded header information to georeference and project the ASAR image 

products. An IDL script was developed to batch process (georeference and project) all 

ASAR images available for the study region between July 1, 2009 and August 31, 2009 

(using parameters listed in Table 3.4.2). Each ASAR image was output into an ENVI 

standard file type, with the associated geocoded information, so it could be imported into 

ArcMap for further analysis and interpretation. 

Table 3.4.1: ENVISAT ASAR and ALOS PALSAR data specifications for products used in this thesis 
[ESA, 2007; JAXA, 2008].  

Product name 

 

Resolution (m) 

(range x azimuth) 

Pixel Spacing (m) 

(range x azimuth) 

~Coverage (km)  

Image Mode 
medium-resolution 
(ASA_IMM) 

150 x 150 75 x 75 56-100 x 100 

Wide Swath Mode 
medium-resolution 
(ASA_WSM) 

150 x 150 75 x 75 400 x 400 

PALSAR ScanSAR 100 x 100 100 x 100 250-350 (swath width) 
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Table 3.4.2: Projection parameters used for ENVISAT ASAR images.  

Parameter Value/Name 

Map Projection Polar Stereographic 

Datum WGS − 84 

Equatorial Radius 6378137.0 m 

Polar Radius 6356752.3 m 

Latitude of origin of projection +83.0 (North) 

Longitude of central meridian −73.0 (West) 

False Easting 0 

False Northing 0 

Scale Factor at central meridian 0 

  ArcMap is a geographic information system (GIS) software program, developed 

by Esri, for geospatial processing, analysis and visualization. ArcMap enabled the 

simultaneous display, analysis and editing of multiple data layers (e.g. satellite images, 

AEM surveys and landmask/country outlines). Each ASAR image was compared against 

a high resolution outline map of Ellesmere Island to check the accuracy of the 

georeferencing and to maintain consistency between images. All images demonstrated 

accurate geolocation with no or very little deviation from the outline map.  

ASAR images, used for tracking floes, were not calibrated as no quantitative analyses 

were conducted on the backscatter signals of the images. The un-calibrated images were 

sufficient for their purpose of tracking sea ice floes. Any benefit that would have resulted 

from calibration would not have warranted the substantial increase in processing time. 

However, two SAR images were calibrated in order to characterize the surface roughness 

of sea ice in the Lincoln Sea. The ASAR image was calibrated using NEST (Next ESA 

SAR toolbox). The PALSAR ScanSAR image was calibrated and georeferenced using 

Alaska Satellite Facility (ASF) MapReady software. Both images were georeferenced and 

projected using the same parameters listed in Table 3.4.2. The calibrated images were 

exported in Geotiff file format and demonstrated accurate geolocation in ArcMap when 

compared to the outline map and other ASAR images processed using ENVI. It should be 

noted that the AEM GPS data have a lag of up to 1 second which could correspond to an 
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error in coincident alignment of 30-40 m which is still smaller than the pixel sizes of the 

SAR images. This error did not have a considerable affect on the agreement between the 

two datasets which is demonstrated by the accurate agreement between the geolocation of 

the AEM data and the SAR images. This agreement is evident in Figure 3.4.1 where the 

transition from MYI to FYI (brighter to darker regions) coincided accurately with a 

corresponding ice thickness change (thicker to thinner, demonstrated by a change in 

symbol colour). The accurate alignment was important because spatial profiles of 

backscatter were extracted from regions of the SAR images coincident with the Polar-5 

AEM surveys and over the regions where the summer-surveyed sea ice floes originated. 

Backscatter is a good indicator of surface roughness over MYI; and therefore helped 

characterize the magnitude and variability of ice deformation to compare with the AEM 

surveys. 

 

Figure 3.4.1: Zoomed in regions of 2 profiles from the 20090409 AEM survey (A-B same profile and C-
D same profile) overlaid on an ASAR image (B & D) and PALSAR image (A & C). AEM thickness 
values correspond to colour scheme shown in legend. Dark regions represent FYI.   
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3.4.2 Moderate Resolution Imaging Spectroradiometer 

The Moderate Resolution Imaging Spectroradiometer (MODIS) was developed by 

NASA and is currently flying onboard the Terra and Aqua satellites as part of NASA’s 

Earth Observing System (EOS). Terra was launched on December 18, 1999 and Aqua 

was launched on May 4, 2002, and both remain operational [NASA, 2012]. Terra and 

Aqua orbital parameters are listed in Table 3.4.3. Each MODIS instrument has repeat 

coverage, of any point on the Earth, at least every two days [King et al., 2004]. With two 

satellites operating a MODIS instrument, at slightly different orbital parameters, (Table 

3.4.3) and due to the convergence of ground tracks at high latitudes the repeat coverage 

over the study region was increased to several times per day. On average 2.7 MODIS 

acquisitions per day were processed for the study region. For the period July 5 to August 

13, 2009 an average of 2 images per day was aimed for and achieved. During the period 

Aug 14 to August 19, 2009 better temporal coverage was required because this is when 

the surveyed ice floes entered Nares Strait and began to breakup and drift very rapidly. 

More images were also required to ensure AEM surveys (conducted Aug 16, 18 & 19) 

had coincident satellite images to help define the EM profile for each floe. The increased 

temporal coverage of MODIS imagery made it an ideal complementary dataset to the 

ASAR imagery.    

Table 3.4.3: List of orbital parameters for NASA’s Terra and Aqua satellite missions operating 
MODIS instruments [Parkinson and Greenstone, 2000; King et al., 2004]. 

Mission Orbit Type Equatorial 
crossing time 

Altitude Swath Width 

Aqua Polar. sun − synchronous 

98.2° inclination 

13: 30 705 km 2330 km 

Terra Polar, sun − synchronous 

98.1° inclination 

10: 40 720 km 2330 km 

MODIS is a multi-spectral (36 bands between 0.4 - 14.5µm), medium-resolution, 

cross-track scanning radiometer [King et al., 2004]. Level 1B MODIS (MOD02; 

Calibrated Geolocated Radiances) data products were processed and used for 

interpretation in this thesis (naming convention outlined in Appendix A). To track the 

smaller sea ice floes (dimensions of 1-2 km), images with the highest spatial resolution 
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were required; therefore only bands 1 and 2 (Table 3.4.4) were used because they had the 

best spatial resolution (250 m). At these wavelengths (645 nm & 857 nm) reflected 

energy is unable to penetrate through clouds which resulted in many unusable images due 

to cloud cover. However, there were sufficient usable MODIS acquisitions, in 

conjunction with the ASAR image, to successfully track the AEM-surveyed sea ice floes. 

MODIS images also helped discriminate between snow/ice and water; this reduced any 

uncertainties of ASAR interpretations during high wind conditions (e.g. rough water and 

sea ice are hard to discriminate in SAR images).  

Table 3.4.4: List of MODIS spectral properties for bands used in this thesis [Parkinson and Greenstone, 
2000; King et al., 2004]. 

Band Center Wavelength  Bandwidth Pixel Size Signal-to-noise ratio 

1 645 nm 48 nm 250 m 201 

2 857 nm 38 nm 250 m 201 

MODIS images were processed using ENVI; however, there were no ENVI/IDL 

script-based functions to automate the processing of MODIS imagery. Therefore a 

manual user interface processing procedure was used to georeference and project each 

image individually. A polar stereographic projection was applied to the MODIS images 

using the same parameters as listed in Table 3.4.2. MODIS files had embedded geocoded 

information that could be accessed by ENVI. The files included 2 bands which were 

displayed as false colour images using a band/colour scheme of: 2-1-1/ R-G-B. The 

band/colour association was chosen based on personal preference for optimal 

discrimination between snow/ice, clouds, land and water; and therefore was not crucial 

that this specific band/colour scheme be consistent for each image. Processing of MODIS 

imagery in ENVI required “Bowtie Correction” which geolocated the image to the pixel’s 

center coordinates and accounted for the pixels near the edge of the swath being larger 

than at nadir (e.g. bowtie effect). MODIS images were cropped to a consistent region of 

interest (ROI) to minimize file size (raw image ~150-350 MB; georeferenced images 

~500-1000 MB; and cropped images ~2-15 MB). The cropped MODIS images were 

exported using a standard ENVI file format compatible with ArcMap. Cropped images 

were imported into ArcMap and quality checked for accurate geolocation by comparing 
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them to the land outline and ASAR images. All MODIS images had good agreement to 

the ASAR images and land outline.     

3.4.3 Sea Ice Floe Tracking 

Sea ice floe tracking was conducted in reverse by first identifying the floes that 

were surveyed in Nares Strait during the summer CATs cruise. HEM survey tracks were 

overlaid with the entire dataset of ASAR and MODIS images (combined 230 images) in 

ArcMap. For each AEM survey several coincident (or near coincident) images were used 

to identify which floes were surveyed. Each floe was named (e.g. F-S1-A) and digitized 

to create a polygon shapefile in ArcMap (Figure 3.4.2). The naming convention was 

chosen as follows: “F” stands for floe, “S” for survey, “#” corresponds to the floe number 

or ID based on the order of floe delineation (the first floe that was identified and outlined 

was designated “1” and so forth) and the final letter “A” or “B” were used to identify 

floes that were surveyed but then broke up and were surveyed again so the subsequent 

floes would get letters according to how many floes resulted (this only happened in one 

case: F-S4-B). In some cases the floes are identified solely by the numerical value when 

short form is required (e.g. on maps where space is limited). 

The largest and uniquely shaped floes were tracked first as they were the easiest to 

follow from image to image even with large temporal gaps. Many small floes could not 

be tracked because of the similarity between the shape/size of the smaller floes and the 

temporal coverage was not sufficient to maintain confidence in consistent identification 

of the same floe. Once the floes were identified and named the floes were back-tracked 

by keeping the floe polygon layers visible and looking at the previous image (earlier in 

time). Each floe was again identified, named and outlined from that previous image. 

Floes were identified and outlined in each previous image until the floe was stationary in 

the ice and had reached its originating point. In some cases the temporal separation 

between images was small and the floe drift was minimal; therefore the floes were not 

always outlined in every image in order to maximize efficiency. Most floes that entered 

Nares Strait were large and broke into smaller pieces, so when back-tracking these 

breakup events the floes combined into larger floes. During floe amalgamation the 

original floe outline was maintained, as much as possible, as part of the larger floe 

(similar to a puzzle). Once all the floes were back-tracked to their original location 

(location of winter freeze-up) they were compared to the spring AEM survey tracks.    
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Figure 3.4.2: Example of a subset from a MODIS 1B image of Nares Strait with manually outlined sea 
ice floes (polygon shapefiles) and overlaid HEM survey tracks (thickness value depicted by colour). 



 

 

3.5 AEM/HEM profile delineation 

3.5.1 Spring Surveys 

Two Polar-5 PAMARCMiP AEM surveys were used in this analysis (flights on 

April 9 and 11, 2009). These surveys were sectioned into continuous profiles based on 

breaks in the data acquisition with a goal to maintain profile lengths of 10-20 km. This 

profile length was chosen in order to capture regional variations in sea ice thickness 

(different ice regimes) in addition to maintaining a consistent scale to the floe sizes 

(Figure 3.5.1) and summer survey lengths (Table 3.5.2). The resulting profiles for the 

Polar-5 flights are depicted in Figure 3.5.1 with the profile lengths shown in Table 3.5.2. 

 

 

Figure 3.5.1: PALSAR image (acquired April 17, 2009) of the Lincoln Sea with overlaid profiles of the 
Polar-5 PAMARCMiP AEM surveys (number labels correspond to “#” at the end of profile name or 
floe number: e.g. “200904**_#” or “F-S#-A”). Also overlaid are the winter/spring originating points of 
the floes surveyed in summer.   
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Table 3.5.1: List of Polar-5 PAMARCMiP profile lengths for coincident tracks shown in Figure 3.5.1. 
Polar-5 Profile Length (km) 

 
20090409_1 

 
9.8 

20090409_2 10.5 

20090409_3 13.0 

20090409_4 13.7 

20090409_5 12.7 

20090409_6 12.9 

20090409_7 14.7 

20090409_8 14.7 

20090409_9 6.6 

20090411_10 13.8 

20090411_11 14.0 

20090411_12 17.6 

20090411_13 18.0 

3.5.2 Summer Surveys 

Profile sectioning of the summer CATs HEM surveys required more extensive 

analysis. The HEM surveys were loaded into ArcMap with coincident or near-coincident 

satellite images. The HEM surveys were examined with the delineated floe outlines and 

satellite images to determine the approximate locations of floe edge(s) within the HEM 

surveys. The approximated locations were examined on the map (thickness values were 

displayed as a graduated colour scheme) and as graphical profiles in order to identify 

regions of open water and/or thin/rubble sea ice. The locations of open water and rubble 

ice were confirmed with the HEM survey logs that were based on in-flight visual 

observations and event tagging in the HEM data. Using several methods to identify 

regions of open water and rubble ice, the floe edges could be identified in the HEM data 

with high confidence. In the rare cases that there were some uncertainties in the location 

of the floe edge additional thickness values were removed from the near edge region to 

ensure no thin or rubble ice thickness values were incorporated in the final thickness data. 

Once the floe edge(s) were identified in the HEM thickness profiles the regions 

corresponding to that floe were extracted and named according to the corresponding floe 

ID, profile number of that specific floe (multiple profiles were conducted over most floes) 

and survey date and time (e.g. “F-S10-A_profile3_20090819_1805-1918”).  

Some criteria were established to ensure the combination of profiles over the same 

floe were representative of the entire floe. First “edge exclusions” were applied, meaning 
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that profiles that were conducted parallel and in close proximity to a floe edge (e.g. 

Figure 3.5.2) were not included in the final ice thickness analysis. “Edge exclusions” 

were applied because sea ice experiences enhanced melt along the perimeter of floes 

[Perovich et al., 2003] and therefore the inclusion of edge profiles could result in an 

underestimation of the overall floe thickness. Second “low confidence exclusions” were 

applied, meaning that profiles over which the confidence in the floe edge delineation was 

low were excluded. An example of this is shown in Figure 3.5.3 where multiple small 

floes in close proximity were surveyed but did not have coincident imagery. The floe 

location (coincident with survey time) was estimated based on the floe locations in the 

two near-coincident images (acquired before and after the survey). The ice thickness data 

did not provide distinct open water and rubble ice patches nor did the HEM survey logs 

so this profile was deemed low-confidence and was not included in the final thickness 

analysis. Lastly were over-representations that occurred when multiple profiles were 

conducted over the same region of the floe. These cases could over-represent that 

region’s ice thickness and introduce inaccuracies and/or biases in the overall floe 

thickness results. Therefore only one profile (the one with the largest coverage) was 

included when multiple profiles were conducted over the same region. 
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Figure 3.5.2: Zoomed in view of outlined sea ice floes, near the Petermann Ice Shelf (Greenland), that 
were tracked from the Lincoln Sea (back-tracked to Lincoln Sea). The black ellipse outlines an 
example of an “edge exclusion” profile.  

 

Figure 3.5.3: Zoomed in view of the southern sector of Nares Strait with outlined sea ice floes. The light 
blue outline shows the estimated location of the floe during the HEM survey; note the close proximity 
of the floes. The black ellipse outlines a “low confidence” profile. 
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Table 3.5.2: CATs HEM profiles listed by floe, profile number, date and time with individual profile 
lengths and the total survey lengths for each floe.  

Floe Survey Name Length (km) 

F-S1-A F-S1-A_profile2_20090819_1805-1918 2.9 

  F-S1-A_profile1_20090819_1805-1918 2.8 

  F-S1-A_profile3_20090816_2_2029-2117 1.9 

  total 7.7 

F-S2-A F-S2-A_profile1_20090819_1805-1918 9.0 

  F-S2-A_profile3_20090816_2_2029-2117 9.5 

  F-S2-A_profile2_20090816_2_2029-2117 9.1 

  total 27.6 

F-S3-A F-S3-A_profile1_20090816_1_1836-1910 2.4 

  F-S3-A_profile2_20090816_2_2029-2117 7.4 

  total 9.8 

F-S4-A F-S4-A_profile1_20090816_2_2029-2117 5.7 

  total 5.7 

F-S5-A F-S5-A_profile1_20090816_1_1836-1910 3.8 

  F-S5-A_profile2_20090816_2_2029-2117 3.5 

  total 7.2 

F-S6-A F-S6-A_profile2_20090816_1_1836-1910 6.5 

  F-S6-A_profile1_20090816_1_1836-1910 2.9 

  F-S6-A_profile4_20090816_2_2029-2117 3.5 

  F-S6-A_profile3_20090816_2_2029-2117 2.6 

  total 15.5 

F-S7-A F-S7-A_profile1_20090816_2_2029-2117 2.9 

  total 2.9 

F-S8-A F-S8-A_profile1_20090818_1914-2009 4.4 

  F-S8-A_profile2_20090816_2_2029-2117 5.3 

  total 9.7 

F-S9-A F-S9-A_profile1_20090816_1_1836-1910 4.3 

  total 4.3 

F-S10-A F-S10-A_profile3_20090819_1805-1918 6.6 

  F-S10-A_profile2_20090819_1805-1918 11.9 

  F-S10-A_profile1_20090816_1_1836-1910 11.8 

  total 30.2 

F-S11-A F-S11-A_profile2_20090818_1914-2009 8.5 

  F-S11-A_profile1_20090818_1914-2009 11.8 

  F-S11-A_profile4a_20090818_1650-1756 4.0 

  F-S11-A_profile3a_20090818_1650-1756 0.7 

  F-S11-A_profile5_20090816_1_1836-1910 5.0 

  total 30.0 

F-S12-A F-S12-A_profile1_20090818_1650-1756 12.8 

  F-S12-A_profile2_20090816_1_1836-1910 4.8 

  total 17.5 

F-S13-A F-S13-A_profile1_20090819_1805-1918 10.0 

  total 10.0 
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3.6 In situ snow and ice thickness measurements 

During CASIMBO 2009 ground surveys were conducted at two locations in the 

Lincoln Sea (82.90oN, 62.70oW and 82.57oN, 59.21oW; black stars in Figure 3.1.2-B). 

Ground surveys included snow depth and ice thickness observations. Snow depth 

measurements were made using a snow probe (Figure 3.6.1-A) marked in 1 cm 

increments (~1 cm accuracy). Snow depth measurements were conducted every one 

meter for a distance of 1 - 1.5 km. Ice thickness observations included a combination of 

drill holes and ground-based EM thickness sounding (methods described in [Eicken, 

2001]). Holes were drilled using an electric drill and several 2 inch Kovacs auger 

extensions (Figure 3.6.1-B) then ice thickness was measured using a tape measure. 

Ground-based EM thickness surveys were conducted by dragging a sled, loaded with a 

Geonics EM-31 instrument, over the surface of the snow/ice (Figure 3.6.1-A). Drill holes 

were marked with bamboo flags and drift buoys were deployed on both floes with the 

intention to revisit the sites to conduct seasonal ice thickness observations. However, 

revisit surveys were not possible because drift of the marked floes through Nares Strait 

did not coincide with the 2009 summer CATs cruise.   

 

Figure 3.6.1: Images of (A) Christian Haas conducting coincident EM thickness and snow depth 
observations, with EM-31 on sled in his right hand and snow probe in his left hand; and (B) Ben Lange 
conducting drill hole thickness observations, with tape measure in his hands and Kovacs 2 inch augers 
and electric drill adjacent (both images courtesy of C. Haas with permission).  

 

A B 
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3.7 Melt Duration 

Melt onset is used here to define the initiation of melt for both snow and ice. In 

order to determine melt onset Advanced Scatterometer (ASCAT) images were analysed 

in conjunction with temperature data from three buoys provided by Met-Ocean. Two of 

the buoys were SVP buoys, spherical in shape, and were deployed on the surface of the 

snow/ice providing an indication of the sea ice surface temperature. The two buoys were 

deployed during the 2009 CASIMBO campaign at sites 1 and 2. The third buoy was a 

canister buoy with a temperature sensor on a mast approximately 2 m in the air providing 

surface air temperature measurements. The canister buoy was deployed at 84.05oN, 

64.95oW which was farther north than the two SVP buoys. Melt onset was estimated from 

the buoy data based on the identification of rapid increases in temperature to around or 

above 0oC. 

ASCAT data were obtained from the NASA sponsored Scatterometer Climate 

Record Pathfinder at Brigham Young University through the courtesy of David G. Long. 

ASCAT is a C-band scatterometer operating at 5.255 GHz with an incidence angle range 

between 33-60o and is currently operating on the polar orbiting MetOp-A satellite 

[Lindsley and Long, 2010]. Scatterometer Image Reconstruction (SIR) data products were 

analyzed for the Arctic region. ASCAT SIR images have a pixel resolution of 4.45 

km/pixel with a slightly lower effective resolution [Lindsley and Long, 2010]. ASCAT 

images are combined over multiple passes in order to provide enhanced spatial coverage 

and spatial resolution. ASCAT images for the Arctic are averaged over two consecutive 

days of data with an overlap by one day.  

Arctic-wide ASCAT images in GIF format (no geocoded information) were 

cropped to show the northeastern Canadian and Greenland sectors of the Arctic Ocean 

(including Lincoln Sea study region). The cropped ASCAT images were analyzed to 

determine melt onset and the date when snow was completely melted from the surface 

based on transitions in backscatter strength. ASCAT (C-band) backscatter strength is 

dependent on surface properties of the snow and ice. Melt onset is characterized by a shift 

from high to low backscatter due to the presence of liquid water in the snow which is 

caused by the initiation of melt [Barber et al., 2001; Forster et al., 2001]. The absence of 

snow is characterized by a transition from low backscatter to high backscatter due to the 
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absence of liquid water in snow (no snow), reduction of liquid water content within 

hummocks and wind roughened melt ponds [Barber et al., 2001].  
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Chapter 4: Results 

4.1 Sea Ice Conditions and Floe Drift between Spring and Summer  

Sea ice drift through Nares Strait is almost exclusively in a north to south direction. 

The southward flow of sea ice from the Lincoln Sea through Nares Strait is driven by 

strong ageostrophic northerly winds channeled southward through the narrow passage of 

Nares Strait following the pressure gradient from the Lincoln Sea to Baffin Bay 

[Samelson et al., 2006]. During the winter of 2009 sea ice export through Nares Strait 

was inhibited by the formation of an ice arch in the Lincoln Sea that spans the opening 

into Nares Strait. The ice arch created stable ice conditions in the Lincoln Sea therefore 

the ice surveyed in spring remained stationary until mid-summer. In early July 2009 sea 

ice conditions destabilized in the Lincoln Sea and the adjacent region of the Arctic Ocean 

with the formation of large cracks and open water. The ice arch failed on July 6, 2009 

after which sea ice began to drift southward through Nares Strait (the breakup event is 

illustrated in the satellite image time series included in Appendix B). Sea ice was 

funneled into Robeson Channel (northern extent of Nares Strait) thereby creating large 

internal stresses causing floes to breakup into many (10s to 100s) smaller floes over a 

very small time period. The rapid breakup made it challenging to identify floes and the 

resulting fragments, however, with the use of both MODIS and ENVISAT imagery 

tracking of ice was improved and the dynamic nature of the ice in this region only limited 

the floes that could be tracked to the larger and uniquely shaped floes. 

Buoys that were deployed on the sea ice in spring were tracked during the breakup 

and subsequent export through Nares Strait, unfortunately the site 1 buoy drifted through 

Nares Strait before we embarked on the CATs cruise while the site 2 buoy remained in 

the Lincoln Sea, beyond helicopter range, until after the cruise lag in Nares Strait (Figure 

4.1.1). Therefore sea ice tracking was conducted without the aid of buoys to enable a 

seasonal comparison of sea ice thickness observations. The exact ice that was surveyed in 

spring was not surveyed in summer; however, sea ice floes surveyed in summer were 

tracked to locations in close proximity to a profile of the spring AEM surveys. These 

profiles were the main focus of this study as they correspond to sea ice from the same 

region. 
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Figure 4.1.1: Map of Nares Strait and the Lincoln Sea showing the buoy drift locations. 

A total of 13 floes were analyzed, tracked and then investigated in conjunction 

with the coincident AEM surveys. One floe, F-S1-A, was eliminated due to “low 

confidence exclusion” (described in section 3.4.3) because it could not be confirmed that 

the survey crossed sufficiently away from the floe edge, due to a lack of satellite temporal 

coverage. In addition, floe F-S1-A was small and during floe back-tracking the floe 

became indistinguishable within many other small floes which was also due to a lack of 

temporal resolution. Therefore many of the floes that were successfully tracked were 

large and uniquely shaped (easy to distinguish) or broke off other larger/uniquely shaped 

floes recently before they were surveyed (e.g. F-S7-A). With one tracking situation two 

floe names were used: F-S4-A was a group of several smaller floes that broke apart from 
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a larger floe that was called F-S4-B during the tracking process (Note: F-S4-A and F-S4-

B refer to the same ice).    

In the end there were 12 floes that were successfully tracked to their winter freeze-

up locations in the Lincoln Sea. All floes surveyed in summer originated from a relatively 

small region of the Lincoln Sea (approximate dimensions: 70 by 35 km). The sea ice floe 

positions at satellite overflight times are displayed in Figure 4.1.2 and Figure 4.1.3, each 

floe perimeter is labelled by date (date of satellite image acquisition used to delineate 

floe). Many floes have large gaps in the drift tracks (Figure 4.1.2 & Figure 4.1.3; e.g. F-

S3-A, 4-A/B, 5, 6, 7, 8, 9, 10 & 11); this is because many floes originated from a 

common larger floe (during back-tracking this appeared as combining floes) and at this 

point only one floe (Figure 4.1.2-A, Figure 4.1.3-E & -F; e.g. F-S2-A, 12 & 13, 

respectively) needed to be tracked to the originating location at which point the 

associated floes were located based on their position relative to where it separated from 

the tracked floe(s). The individual floe’s winter freeze-up locations are shown in Figure 

3.5.1 & Figure 4.2.1-F. The floe drift distances (from Lincoln Sea to Nares Strait) ranged 

between ~250-350 km during the period July 6, 2009 (ice arch break-up) to August 16-

19, 2009 (date range of summer AEM surveys).  
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Figure 4.1.2: Sea ice floe drift track polygons for floes surveyed (HEM) during the summer CATs 
cruise. Each polygon is labelled with the date of the coincident satellite image acquisition used to 
delineate the floe (images can be seen in Appendix B).  
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Figure 4.1.3: Sea ice floe drift track polygons for floes surveyed (HEM) during the summer CATs 
cruise. Each polygon is labelled with the date of the coincident satellite image acquisition used to 
delineate the floe (images can be seen in Appendix B).  

 

 



 

61 

 

Based on the time series of satellite imagery and the drift tracks of the floes 

examined in this thesis, two drift regimes were identified within Hall Basin (Figure 

4.1.4). Sea ice drifted south from the Lincoln Sea into Robeson Channel and entered Hall 

Basin where it either continued southward into Kennedy Channel or was re-circulated in 

the eastern sector of Hall Basin and Petermann Fiord (Figure 4.1.4). This drift pattern is 

likely due to the local oceanography and atmospheric circulation patterns in Hall Basin. 

During most of the CATs cruise sea ice in Nares Strait had a dominant southward flow, 

however, while the ship was in Hall Basin ~August 15, 2009 the drift had a temporary 

northward shift forcing the sea ice north-eastward against the coast of Greenland and into 

Petermann Fiord. The shift in sea ice drift was the result of a strong increase in southerly 

winds during the period August 15-19 causing the sea ice to remain in Hall Basin for 

several days (Figure 4.1.5). This also confined the movement of the ship and drastically 

slowed navigation through the ice. The stationary ice conditions and the slow progress of 

the ship proved to be very beneficial for this study. The slow progress of the ship in 

heavy ice conditions resulted in more HEM flights. Increased flying in conjunction with 

stationary ice conditions made it possible to revisit several floes on several different 

occasions. Multiple profiles conducted over the same floes resulted in a more 

representative characterization of the floe’s ice thickness. 
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Figure 4.1.4: Map of the northern sector of Nares Strait and Lincoln Sea. Arrows show sea ice drift 
patterns. 
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Figure 4.1.5: CCGS Henry Larsen ship-based wind observations during the CATs cruise showing only 
the Nares Strait lag August 9-21, 2009. The plot shows wind speed in knots (blue circles) and wind-
from direction (red “x”). 
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4.2 AEM Thickness Surveys 

 
Figure 4.2.1: Overview maps of surveys 
analyzed in this thesis with complete 
surveys shown as the largest circles 
(thickness values correspond to colour 
legend in panel A). The medium circles 
overlaid on the complete survey points 
are the profiles defined by floe (colour 
corresponds to profiles). The smallest 
points (light blue) are the level ice 
regions. The floes are labelled and 
delineated by the polygons and satellite 
images. (A) background MODIS image 
(acquired 20090816 18:15 UTC) with 
floe polygons (corresponding time 
20090816 19:55) and survey 
20090816_18:36-19:10; (B) MODIS 
(20090816_23:10) & ASAR 
(20090816_23:10) with floe polygons 
(19:55 & 23:10) and survey 
20090816_20:29-21:17; (C) MODIS 
(20090818 17:10) with polygons (17:10) 
and survey 20090818_16:50-17:56; (D) 
MODIS (20090818_19:45) with 
polygons (19:45) and survey 
20090818_19:14-2009; (E) MODIS 
(20090819_23:40) with polygon (17:10) 
and survey 20090819_18:05-19:18; (F) 
PALSAR image (20090417_16:45) with 
tracked floes (labeled F-S‘#’) winter 
freeze-up locations and AEM survey 
tracks 20090409 (#1-9) and 20090411 
(#10-13). 
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4.2.1 Spring Thickness Observations 

The 20090409 “complete” (all measurements before ridge removal) survey 

included 21,491 thickness measurements equivalent to ~107 km of ground coverage 

(Figure 4.2.1-F profiles 1-9). The 20090409 survey had a modal thickness of 3.8 m, mean 

thickness of 4.79 m, standard deviation of 2.00, skewness of 1.43, kurtosis of 4.15 and a 

maximum thickness of 20.19 m (Figure 4.2.2 black/red fill histogram). The portion of the 

20090411 total survey, that had coverage of the study region (Figure 4.2.1-F profiles 10-

13), included 9,729 thickness measurements equivalent to ~49 km of ground coverage. 

The 20090411 total survey had a modal thickness of 3.8 m, mean thickness of 5.04 m, 

standard deviation of 1.81, skewness of 1.16, kurtosis of 2.16 and a maximum thickness 

of 16.44 m (Figure 4.2.2 blue histogram). Both surveys had a local mode at 2.0 m that 

corresponds to first-year ice in the region.    
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Figure 4.2.2: Total thickness (snow + ice) distributions for two Polar-5 AEM surveys: 20090409 (Figure 
4.2.1-F profiles 1-9) and portion of the entire 20090411 (Figure 4.2.1-F profiles 10-13) survey covering 
the study region. Inset map shows corresponding survey tracks. Thickness is plotted as a probability 
density P (z) (y-axis). Local modes of 2m represent first-year ice (FYI).    

A detailed analysis of Profile 1 (20090409 survey) is presented in this section with 

an overview of all results presented in a summary table (Table 4.7.1) at the end of this 

chapter. Only P1 is analyzed in detail because of the proximity of this profile to the 

originating point of the tracked floe F-S11-A, this provided comparison of ice 

representative of the same region with the highest confidence. 

The 20090409 AEM survey was sectioned into 9 profiles (profiles 1-9). The 

20090411 AEM survey was sectioned into 4 profiles (profiles 10-13). The results of 

profile 1 (P1) are presented and compared to P2 in this section with a summary of all 

other Lincoln Sea Polar-5 profiles presented in summary Table 4.7.1. P1 (ridges 

included) included 1,845 thickness measurements equivalent to ~9 km ground coverage 

(9,225 m). P1 had several modal thickness values ranging between 3.3 and 5.7 m, a mean 
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thickness of 5.51 m, standard deviation of 2.17, skewness of 2.23, kurtosis of 9.09 and a 

maximum thickness of 19.47 m (Figure 4.2.3). The level ice portion of P1 (P1L, ridges 

removed) included 755 measurements (~3.8 km or 3,775 m ground coverage) with a 

modal thickness of 3.5 m, a mean thickness of 4.65 m, standard deviation of 1.54, 

skewness of 1.92, kurtosis of 7.43 and a maximum thickness of 13.59 m (Figure 4.2.3). 

The level ice component of Profile 2 (P2L) had a mode of 3.4 m, similar to P1L (Figure 

4.2.3). The general shapes of the P1 and P2 histograms (Figure 4.2.3) are also similar. 

One thing to note from Figure 4.2.3 is that the level ice components have more distinct 

modal thicknesses. The different components of profile 1 (shown in Figure 4.2.3) are also 

shown in Figure 4.2.4 as a profile with the surface topography and ridge locations. 

Ridge detection based on the EM thickness data was conducted to demonstrate the 

representativeness of the laser derived ridges. EM derived ridges are shown in Figure 

4.2.4 and demonstrated all ridges except for one that were detected by the laser profile 

data were also included in the EM derived ridges. The EM derived ridge procedure was 

conservative and therefore underestimated the number of ridges detected within the 

thickness data. It is likely that more than one ridge was not detected from the laser 

profile. Further work is required with the EM ridge detection in order to conduct a 

comprehensive comparison of the two methods. Here the comparison demonstrated that 

not all ridges are detected based on the laser surface profile which must be considered in 

the analysis of the level ice component.   
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Figure 4.2.3: Total thickness distributions for profiles 1 & 2 of the 20090409 Polar-5 AEM survey 
(tracks shown in Figure 4.2.1-F). Presented here are the complete (ridges included) thickness 
distributions and level ice thickness distributions for both profiles. Vertical black line crosses at 3.5 m. 
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Figure 4.2.4: Profile 1 (from AEM survey 20090409) sea ice thickness and surface elevation profiles showing total thickness values for all P1 measurements (ridges 
included; green hatches filled to zero) and level ice only (black crosses). Surface profile shows ridge sails (red triangles pointing up) and the surface topography (solid 
blue to zero) derived from laser survey and ridges detected using EM thickness data only (red triangles pointing down). Thicknesses are –ve to correspond to depth 
(note: thickness is not relative to surface but to zero and the surface topography is not actual freeboard but height relative to level ice). 
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4.2.1.1 Level Ice and Ridge Distribution 

An estimate for the amount of level ice and therefore an estimate for ridge density 

was calculated by dividing the number of level ice measurements (based on number of 

ridges) by the number of total measurements for that profile (ridges included) to provide a 

percentage of level ice. The percent coverage of level ice for the 20090409 complete 

survey was 40.4% and 40.9% for profile 1 (Table 4.7.1).  

EM thickness to ridge height ratios were calculated in order to determine the 

seasonal variability of the instrument sensitivity over ridged ice. The 20090409 complete 

survey had a thickness to ridge height ratio (EM thickness value divided by coincident 

ridge height) mean of 4.57, modes between 3.25-5.05 (Figure 4.2.5) and a standard 

deviation of 1.78 (Table 4.7.1). Profile 1 had a thickness to ridge height ratio mean of 

4.91, modes between 3.95-5.55 (Figure 4.2.5) and a standard deviation of 2.38 (Table 

4.7.1). 

 

Figure 4.2.5: Thickness to Ridge height ratio distributions (thickness divided by sail height) for the 
20090409 survey (red-solid black histogram) and Profile-1 (blue outline histogram).  
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4.2.2 Summer Thickness Observations 

Five HEM flights were conducted in Nares Strait and used for characterizing ice 

thickness regimes of sea ice floes tracked from the Lincoln Sea (as described in section 

3.4.3). The five HEM surveys, that include the complete survey length with no removal 

of water or rubble ice, were conducted: August 16, 2009 (1) between 18:36-19:10 and (2) 

20:29-21:17; August 18, 2009 (3) between 16:50-17:56 and (4) between 19:14-20:09; and 

August 19, 2009 (5) between 18:05-19:18 (all dates/times in UTC). These HEM surveys 

have modal thickness values of: 2.5 m, 2.4 m, 2.0 m, 2.4-2.5 m and 2.7 m, respectively. 

There are modes present for each histogram at 0.0 m corresponding to measurements over 

open water (Figure 4.2.6). Total thickness (no snow in summer so corresponds to only ice 

thickness) distributions for each total survey are shown in Figure 4.2.6. A summary for 

each survey (results, properties and statistics) is provided in Table 4.2.1. 
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Figure 4.2.6: Total thickness distributions for all summer HEM surveys. Each histogram is labelled 
with date & time (UTC) and modal thicknesses. Survey flight tracks are shown in Figure 4.2.1 A-E, the 
histogram letter label corresponds to the map panel letter. Vertical black line corresponds to 2.5 m. 
Note: the peak at 0 m (water) extends beyond the y-axis limit. 

Table 4.2.1: Summary table of results and statistics for all Nares Strait summer HEM surveys. 

Survey # of EM   
points 

Coverage    
(km) 

Modal         
Thickness (m) 

Local  Modes    
(m) 

Mean (m) / 
St.Dev. 

20090816_1_1836-1910 21535 64.6 2.5 0, 2.0 2.84 / 1.96 

20090816_2_2029-2117 21849 65.5 2.4 0 3.32 / 1.91 

20090818_1_1650-1756 24878 74.6 2.0 0 3.36 / 2.08 

20090818_2_1914-2009 14494 43.5 2.4-2.5 0, 1.5, 3.6 2.49 / 2.02 

20090819_1805-1918 16864 50.6 2.7 0, 2.0, 3.8  3.02 / 2.45 

Profiles conducted over floe F-S11-A (profiles 1, 2 & 5) are presented here with a 

summary table of thickness observations for each floe presented at the end of the chapter 

(Table 4.7.2). Focus was put on F-S11-A profiles because the floe’s originating point had 
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the closest proximity to the Profile-1 survey providing the highest confidence for 

comparing the same ice or similar ice regimes. Five profiles were conducted over floe F-

S11-A but only three were used for analysis (based on the survey sectioning criteria 

outlined in Section 3.5.2). Profiles 1, 2 and 5 were combined to provide a representative 

thickness profile of the entire floe, collectively called “F-S11-A profiles” (survey tracks 

are shown in Figure 4.2.7). F-S11-A (ridges included) profiles included a total of 6810 

EM measurements corresponding to a ground coverage of 20. 4 km and demonstrated a 

bimodal distribution with modes at 2.4 m and 3.6 m (Figure 4.2.8), a  mean thickness of 

3.51 m and a standard deviation of 1.44. The F-S11-A level ice (F-S11-AL) component 

included 3118 EM measurements corresponding to a ground coverage of 9.4 km and had 

a modal thickness at 2.3 m (Figure 4.2.8), mean thickness of 2.92 m and a standard 

deviation of 1.16. An overview map of all floe originating locations with superimposed 

bar graphs showing the summer HEM thickness statistics (mode, mean & St.Dev.) is 

provided in Figure 4.2.9. 

 

Figure 4.2.7: Survey tracks for Profiles 1, 2 (B) and 5 (A) conducted over floe F-S11-A. A) Profile 5 
conducted on 20090816 (duration 18:36-19:10 UTC) with coincident MODIS image background 
(acquired 18:15 UTC). B) Profiles 1 and 2 conducted during the same survey on 20090818 (survey 
duration 19:14-20:09 UTC) with coincident MODID image background (acquired 19:45 UTC).  



 

74 

 

 

Figure 4.2.8: Total thickness distributions for floe F-S11-A showing the complete and level ice 
components of the HEM measurements (includes profiles 1, 2 & 5). 
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Figure 4.2.9: HEM thickness results for each floe (in summer) shown in their spring originating 
locations (winter freeze-up). Mode (left bar), mean (middle bar) and standard deviation (right bar) 
values are presented as bar graphs and labelled with the modal thickness values. Statistics are shown 
for A) the bulk surveys (ridge measurements included) with floes labelled by number (integer value) 
and B) level ice survey components. Background is a PALSAR image (acquired 20090417_16:45 UTC). In 
the bottom right of each image is the northern extent of the Polar-5 AEM survey. 
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4.2.2.1 Level Ice and Ridge Distribution 

The percent coverage of level ice for the F-S11-A profiles (1, 2 & 5) was 45.8% 

(Table 4.7.2). Fractions of the level ice component for each floe are shown in Figure 

4.2.10. It was difficult to determine the percent coverage of level ice for the complete 

HEM surveys due to the large amount of open water and rubble ice, but the number of 

ridges divided by the ground coverage of the EM measurements provides an estimate of 

ridge density. The 20090818_2 (19:14-20:09) survey had a ridge density of 8.7 ridges per 

km (Table 4.2.2).  

 The 20090818_2 (19:14-20:09) survey had a thickness to ridge height ratio (EM 

thickness value divided by coincident ridge height) mean of 3.68, modes at 3.5 and 

between 2.9-4.2 (Figure 4.2.5) and a standard deviation of 1.57 (Table 4.2.2). F-S11-A 

profiles had a thickness to ridge height ratio mean of 3.99, modes between 3.15-4.45 

(Figure 4.2.5) and a standard deviation of 1.26 (Table 4.7.2). 
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Figure 4.2.10: Level ice fraction of total survey (# level ice measurements divided by # bulk measurements) conducted over the corresponding floes (in summer; 
labelled by number). The values are depicted by graduated symbols lower values mean less portion of level ice and therefore more ridges (more deformed ice).  

Level ice fraction of the 
total survey  
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Figure 4.2.11: Thickness to ridge height distributions for the F-S11-A profiles (top black histogram) 
and the 20090818_2 total survey (bottom red bars; survey which the majority of F-S11-A was 
conducted during). 

Table 4.2.2: Summary of ridge properties/statistics for the August 18 (19:14-20:09) summer HEM 
survey. 

Survey # Ridges Coverage    
(km) 

Ridge density 

(#/km) 

Thickness Sail Hgt Ratio       
mean         modes       St.Dev. 

20090818_2_1914-2009 377 43.5 8.7 3.68 3.5, 2.9-
4.2  

1.57 

 

4.3 SAR backscatter  

Surface roughness is an important property of sea ice as it can provide information 

on the amount of deformation that has occurred in that region and therefore can be a good 

indicator of ice thickness. SAR backscatter signatures and airborne laser profiles were 

used to characterize the surface roughness of sea ice in the study region. A detailed 

examination of surface roughness and ice thickness characteristics derived from SAR 

backscatter signatures is beyond the scope of this study (for more information refer to 

[Dierking and Dall, 2007; Eriksson et al., 2010]) therefore we primarily use the 

Ratio (thickness/sail height) 
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backscatter values as an aid to characterize the variability of sea ice conditions in the 

Lincoln Sea. 

Backscatter values were extracted from an ENVISAT ASAR image and ALOS 

PALSAR image (Figure 4.3.1). Both images were calibrated and georeferenced. The 

PALSAR image was acquired on April 17, 2009 and the ASAR image on April 09, 2009. 

Values were extracted from three transects for both images shown in Figure 4.3.1. The 

north and south transects were drawn to extract values along a profile covering the floe 

freeze-up locations. The Polar-5 transect had extracted pixel values coincident with the 

20090409 AEM measurement points.  

The ASAR and PALSAR extracted backscatter profiles for the north and south 

transects are shown in Figure 4.3.2. All four profiles demonstrate a longitudinal 

backscatter gradient with a positive trend from West to East (e.g. lower backscatter on the 

west side and higher backscatter on the east side). The linear trends have coefficients of 

correlation of r = 0.56 for the ASAR north transect, r = 0.49 for the PALSAR north 

transect, r = 0.38 ASAR south transect and r = 0.31 for the PALSAR south transect. 

The ASAR and PALSAR extracted backscatter profiles for the Polar-5 transect 

with the coincident thickness profile are shown in Figure 4.3.3. The AEM thickness and 

coincident backscatter values demonstrated a small positive relationship in both ASAR 

and PALSAR images both with a coefficient of correlation of r = 0.33 (Figure 4.3.4). The 

small positive correlation is expected as other studies have demonstrated that not only 

surface roughness but the dielectric properties and air bubbles in sea ice also have a large 

influence on the backscatter signal [Onstott, 1992; Kim et al., 2010]. Nonetheless these 

results do demonstrate that SAR backscatter has a small relationship to surface roughness 

and hence thickness. However, these results are not conclusive but for the purposes of 

this study provided some evidence that this method was appropriate for a qualitative 

characterization of sea ice conditions and deformation in this specific region.  
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Figure 4.3.1: Map of the Lincoln Sea showing floe freeze-up locations and transects used to extract backscatter values from the corresponding background images: A) 
PALSAR (acquired 20090417) and B) ENVISAT ASAR (acquired 20090409). Black line corresponds to the approximate transition zone of two different backscatter 
regions. 
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Figure 4.3.2: Satellite image pixel backscatter profiles extracted from: A) ENVISAT ASAR image along the north transect (green line in Figure 4.3.1); B) PALSAR 
image along north transect; C) ENVISAT ASAR along south transect (red line in Figure 4.3.1); and D) PALSAR image along south transect. Each backscatter curve 
has an associated trendline, equation and linear correlation coefficient (r). Note: ASAR pixel values are in digital number (DN) and PALSAR pixel values are in 
decibels (dB).  
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Figure 4.3.3: Backscatter profiles extracted from A) PALSAR image pixels; and B) ENVISAT ASAR image pixels. C) Coincident Polar-5 AEM total thickness profile. 
AEM points were used for extraction of coincident pixel backscatter values. 
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Figure 4.3.4: Polar-5 AEM total thickness values plotted against coincident pixel backscatter values 
from a A) PALASAR image and B) ENVISAT ASAR image. Trendlines are plotted for each curve with 
the corresponding equation and linear coefficient of correlation (r). AEM points were used for 
extraction of coincident pixel backscatter values (transect shown in Figure 4.3.1).   

It is apparent from a visual inspection of the PALSAR and ASAR images that there 

are distinct backscatter regions in the Lincoln Sea (Figure 4.3.1 & Figure 4.3.5). First and 

most evident are the small dark patches which correspond to regions of FYI, not to be 

mistaken with the large dark region of open water (Lincoln Sea polynya) at the northern 

extent of Nares Strait (also evident as low value regions in the backscatter profile Figure 

4.3.4). Second, are bright linear features in the north-west corner of the images (upper-

left corner) which correspond to a shear zone, a region of heavily deformed really thick 

sea ice. Larger ice thickness values, along the shear zone, are evident from the 

CASIMBO 2009 HEM survey shown in Figure 4.4.1-A. Third, is a transition from low to 

high backscatter centered within the floe freeze-up locations. Approximate location of the 

transition zone is shown with a black line in Figure 4.3.1.   

The latter distinction in the SAR images is the most important for this study as this 

transition zone occurred in the center of the floe freeze-up locations and therefore could 

explain some of the variability observed in the floe sea ice thickness distributions and 
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derived surface roughness. Looking at the image is somewhat subjective and perhaps it is 

difficult to distinguish this transition zone. Therefore, backscatter values were extracted 

from north and south transects covering the extent of the floe freeze-up locations. 

Backscatter profiles were also extracted along the AEM profile but because of the 

presence of FYI in the survey, especially prominent on the western side of the transition 

zone, any trend or gradient that would have been observed would likely be influenced by 

the low backscatter return of the FYI regions and therefore was not included in this 

analysis. The north and south backscatter profiles demonstrated a gradient with a slight 

positive trend from west to east (left to right; Figure 4.3.2). These observations suggest 

there was a corresponding surface roughness gradient with a smoother surface to the 

West and rougher surface to the East. This premise assumes that all other factors 

remained constant (e.g. dielectric surface properties) and if correct a similar pattern 

should have been present in the floe surface roughness classification. 

Surface roughness was classified by a level ice fraction or percentage of the 

complete survey length with lower numbers corresponding to more ridges and a rougher 

surface. In general the roughness classification demonstrated a similar pattern to the 

backscatter profiles with rougher ice to the East (lower ratio) and more level ice to the 

West (higher ratio; Figure 4.3.5). Floes 8-11 had the lowest ratios (largest amount of 

deformed ice; Figure 4.3.5) which is consistent with the increased backscatter values 

(increased surface roughness) observed along the East portion of the backscatter profiles 

(Figure 4.3.2). However, a clear pattern is not observed within the surface classification 

ratios as the values do not consistently demonstrate an increase in surface roughness 

(decrease in ratio) from West to East. Notable is floe 13 which has a comparable 

roughness ratio to floes 10 & 11 of 0.44 but is located along the west side of the transition 

zone. The lower value of floe 13 may be a result of slightly inaccurate tracking because a 

slightly higher backscatter region is located adjacent to the West edge of the floe and if 

the location is off this bright region may be a part of the floe and could explain the lower 

ratio. This comparison also assumes that the surface roughness remains consistent from 

spring to summer conditions which it most definitely does not with the absence of snow 

in the summer, the formation of melt ponds and the increasingly undulating surface 

resulting from the preferential melt around melt ponds. However, it is possible that 

regions of highly deformed sea ice may remain heavily deformed and the differences 

from spring to summer may be consistent for both deformed and level ice and therefore 
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the relative difference would remain consistent. These data do not confirm this premise 

but do suggest that it is possible since there is a general agreement between the surface 

roughness derived from SAR imagery in spring and estimates derived from laser profiles 

conducted in summer. 

Level ice fractions were also calculated for the AEM data (Figure 4.3.5) and 

demonstrated large spatial variability with no clear pattern or gradient. It is likely that the 

high variability is a result of FYI present within the AEM profiles. FYI is typically more 

level than MYI and therefore would bias the surface roughness classification of the entire 

profile to a higher ratio. This is evident for profiles 5 and 7 that have small regions of FYI 

within the surveys and have large ratios of 0.52 and 0.54, respectively (Figure 4.3.5). A 

more detailed examination of the backscatter and laser surface profile is warranted for 

these profiles but for the purposes of this study focus was on profile 1 at the northern 

extent of the survey which is in close proximity to floe F-S11-A. Profile 1 and floe F-

S11-A have similar surface roughness ratios of 0.41 and 0.46, respectively.   
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Figure 4.3.5: Map of the Lincoln Sea with graduated symbols showing ratio of the level ice component 
to the complete survey (lower number/smaller circle correspond to less level ices) for: A) floes surveyed 
in summer showing floe freeze-up locations (labelled by floe #) and B) AEM spring profiles. 
Background image: PALSAR acquired 20090417.  

Level ice fraction 
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4.4 Pseudo-validation with Ground Surveys 

Detailed ground based surveys (from CASIMBO 2009) are presented in this 

section with an emphasis on sea ice thickness (EM-31 and drill hole) and snow depth 

observations from site 1 (Figure 4.4.1), as this is in close proximity to the Polar-5 

20090409 survey (profile-8). Results from the CASIMBO 2009 HEM survey (triangle 

survey in Figure 4.4.1) were not presented as they are not within the study region. A 200 

meter long drill hole profile was conducted (20 m spacing) acquiring measurements of 

snow depth, draft and total thickness (ice thickness and freeboard are derived from these 

measurements). The sea ice/snow profile observations are plotted in Figure 4.4.2. The 

drill hole survey had a mean total thickness of 2.54 m and a mean snow depth of 0.32 m.  

 

Figure 4.4.1: A) Overview map of the Lincoln Sea with overlaid Spring AEM surveys (thickness values 
depicted by colour) and CASIMBO 2009 ground sites (red stars). B) Zoomed in region of inset showing 
location of site 1 (red star) and survey tracks for EM-31 and 20090409 AEM surveys (thickness values 
correspond to colour scheme on legend). Background image: ENVISAT ASAR acquired 20090507. 

A dedicated snow depth survey was conducted at site 1 (independent of drill hole 

surveys) with a total of 146 measurements corresponding to an approximate profile 
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length of 1450 meters. The snow depth profile had a mean depth of 0.40 m, standard 

deviation of 0.24 and a mode of 0.25 m (Figure 4.4.2). A dedicated snow depth survey 

was also conducted at site 2 and is included for a more comprehensive characterization of 

the snow conditions in the Lincoln Sea. The site 2 snow depth profile included 166 

measurements corresponding to a profile length of 1650 m with a mean snow depth of 

0.46 m, standard deviation of 0.27 and modes between 0.28-0.38 m (or 0.33 m; Figure 

4.4.2). 

 

Figure 4.4.2: Sea ice/snow profile from a 200 m drill hole survey conducted at Site 1 (Figure 4.4.1). 
Zero line represents water level with freeboard (ice surface), ice bottom (draft) and snow depth (snow 
surface). Top panel represents the snow depth distribution from 2 dedicated snow depth surveys for 
sites 1 (black line) & 2 (red outline). Inset tables show summary of the statistics for the drill hole and 
dedicated snow surveys. 

Sites 1 and 2 demonstrated slightly different modal and mean snow depth values 

which are likely due to the different ice types. Site 1 was in close proximity to the AEM 

surveys but had ice thicknesses representative of FYI with modal thicknesses between 2.2 

- 2.4 m (Figure 4.4.3) and a mean drill hole thickness of 2.54 m. Some parts of the survey 

did demonstrate thicker ice consistent with MYI and therefore the snow profile was likely 

conducted over a combination of FYI, MYI and deformed ice. Site 2 was unmistakably 

MYI with a mean drill hole thickness of 3.27 m (no ground EM-31 survey was 
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conducted). Site 2 also had larger snow depth values which is expected since MYI 

receives snow fall at the beginning of the season when FYI has not yet formed giving it a 

longer snow accumulation season. Even though site 2 was located farther from profile 1 

and the F-S11-A freeze-up location it is more representative of the MYI conditions in that 

region. Site 1 was a combination of snow depth measurements over FYI and MYI 

therefore the observations may not be representative of the snow conditions over thicker 

ice to the north where profile 1 was obtained and floe F-S11-A originated from. 

Therefore a combination of site 1 and 2 modal snow depth values, with a range of 0.25 to 

0.33 m, were used to calculate the amount of total melt (snow + ice) and ice melt that 

occurred from spring to summer.  

Snow depth measurements obtained over the drill holes were conducted 

exclusively over level ice, however, they are less likely to capture the true spatial 

variability of the snow depth than the dedicated snow profiles due to the shorter survey 

distance (200 m compared to ~1.5 km) and larger point spacing (20 m, compared to 

~10m). Furthermore, the mean is typically not a good indicator of the level ice 

component of a profile as snow depth is typically substantially larger over regions of 

deformed ice due to preferential accumulation in these regions. As such a snow depth 

distribution does not have a normal distribution hence the mean is not a good indicator of 

the most common value. Level ice represents the most common ice type in terms of areal 

coverage and therefore the modal snow depth, which corresponds to the most common 

value, is representative of the snow depth over level ice. For these reasons the modal 

snow depth values were used to characterize snow conditions over level ice for the 

seasonal ice thickness comparison. 

A ground-based EM-31 survey was conducted on site 1 with a total of 402 

measurements (interpolated to 5 m spacing) corresponding to a ground coverage of 2010 

m. The EM-31 profile had a mean thickness of 3.74 m, standard deviation of 1.67 and 

modes at 2.4 m (dominant) and 3.3 m (Figure 4.4.3). Ground site 1 was located 

approximately 1500 m from the Polar-5 20090409 AEM survey (Figure 4.4.1). The 

20090409 survey was subset into a small (~4.3 km) profile that corresponds to the region 

adjacent to site 1 (Figure 4.4.4). This profile included a total of 861 measurements 

corresponding to a ground coverage of 4305 m and had a mean total thickness of 4.74 m, 
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standard deviation of 1.67 and modes of 2.2 m (dominant), 2.9 m and 3.6 m (Figure 

4.4.4). 

 

Figure 4.4.3: Ground-based EM-31 total thickness profile (red line; survey track shown in Figure 4.4.1-
B), with drill hole measurement points (blue dots) and corresponding thickness distribution (black 
outline top panel).  



 

91 

 

 

Figure 4.4.4: Total thickness profile for the site 1-adjacent subset of the 20090409 AEM survey (blue 
line).  

 

4.5 Ice Thickness Validation 

The accuracy of the AEM instrument, over level ice, has been demonstrated by 

[Haas et al., 2009] to be 0.10 m. This is the potential accuracy of the “instrument” and 

because processing requires some subjective manipulation there is room for human error 

therefore it is always important that measurements be conducted over open water and 

ground survey locations for validation. No open water measurements were possible 

during the Spring AEM surveys therefore a comparison with ground data should provide 

increased confidence in the results. The accuracy of the EM-31, over level ice, has been 

demonstrated by [Haas et al., 1997] to be 0.10 m, we also include a comparison of the 

EM-31 thickness data to coincident drill hole measurements (Figure 4.4.3) which 

demonstrates very good agreement. The ~4.5 km section of the spring thickness profile 

demonstrates a similar thickness distribution as the ground based EM-31 (Figure 4.5.1). 

The tail of the AEM profile is different and demonstrates larger thicknesses than the 

ground EM which is a result of the inability of the EM-31 to detect really thick ice (larger 
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signal to noise ratio at larger thicknesses), the larger profile length of the AEM and the 

biased nature of conducting ground surveys (e.g. large ridges are not easily traversed and 

therefore avoided). The AEM profile had a modal thickness of 2.2 m which is consistent 

with the ground EM modal thickness of 2.4 m representing the FYI component of the 

profile. Typically FYI, in the same region, will grow to very similar thicknesses 

determined by thermodynamics; however, snow depth can vary quite significantly over 

short distances and may contribute to the slight (0.2 m) difference between the two 

modes. Another similarity between the surveys is the location of the distribution 

minimum at 2.0-2.1 m, this is a difference of 0.1 m which is equal to the accuracy of the 

instruments. It is noteworthy to mention that these surveys are not exactly coincident, 

have different lengths (# measurements) and have different footprints. These 

considerations might also account for the minor differences between the profiles but in 

general the agreement between the profiles is excellent. 

During the summer surveys there was plenty of open water so validation was 

conducted using the open water regions of the profile where the derived thickness values 

were adjusted to “0 m”. The accuracies of the measurements over open water are evident 

from the distinct peaks (modal thicknesses) at “0 m” (Figure 4.2.6).  
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Figure 4.5.1: Thickness distribution comparison between the site 1 EM-31 thickness survey and the 
near-coincident ~4.5 km section of the AEM profile. 

 

4.6 Spring to Summer Comparison 

The AEM profile 1 and F-S11-A profiles will be used for the spring to summer 

comparison, respectively. These two profiles have the highest confidence for a seasonal 

comparison representative of sea ice from the same ice field. The two profiles were 

plotted, for the level ice and total survey components, as PDF’s in order to compare the 

shape, dominant modes and local modes of the distributions (Figure 4.6.1). The dominant 

and local modes were identified and labelled in Figure 4.6.1 with the thickness values 

summarized in Table 4.6.1. The level ice thickness distributions for the spring and 

summer profiles (Figure 4.6.1-A & -B) demonstrated the same shape which is expected 

for sea ice from the same ice field. It was assumed that each summer mode (dominant and 

local) was representative of the same ice or ice type of the same initial thickness that 

corresponded to the same relative spring mode. The corresponding dominant and local 

modes for the summer distribution were subtracted from the spring modes to get an 

estimate of total melt that occurred between the survey dates. The resulting difference 
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between each mode was 1.2 m, which corresponded to a total melt of level ice (snow plus 

ice) of 1.2 m between April 9 and August 18, 2009. The entire snowpack was completely 

melted during the summer surveys therefore 0.25-0.33 m corresponded to snow melt and 

0.87-0.95 m corresponded to total ice melt.  
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Figure 4.6.1: EM-derived total ice thickness distributions for A) Spring, level ice component of AEM profile 1; B) Summer, level ice component of HEM F-S11-A 
profiles (1,2 &5); C) Spring, complete AEM profile 1; and D) Summer, complete HEM F-S11-A.   
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A two-sample t-test was conducted on the ridge thickness to sail height ratios for 

the spring and summer profiles (distributions for both spring and summer are shown in 

Figure 4.6.2) in order to test the hypothesis: “If there are seasonal differences in the 

properties of sea ice keels then the EM instrument should demonstrate seasonal 

variability in the sensitivity to the EM signal received over ridged sea ice”. The t-statistic 

was 3.83, this was greater than the critical value of 1.98 with a confidence level of α = 

0.05 (Table 4.6.2), therefore we reject the null hypothesis that the two populations (spring 

and summer ridge thickness to sail height ratios) are from the same population. This 

result supports the original scientific hypothesis that the EM instrument demonstrated 

seasonal differences in the signal received over ridged sea ice. A seasonal comparison of 

the ridged sea ice thickness values would not be representative of the total melt of ridged 

ice due to the presence of unknown variables, in addition to melt, that could have caused 

a difference between the spring and summer profiles. Although, some studies have 

demonstrated that the EM instrument can significantly underestimate ridged sea ice 

thickness (e.g. [Haas and Jochmann, 2003] [Reid et al., 2006]) the mean ridge thickness 

to sail height ratio presented here of 4.9 (spring) is consistent with the ratio of 5 used by 

[Hibler et al., 1971]. The dataset has large variability and in some instances there is 

underestimation and in others there is overestimation of ridge thicknesses (based on the 

ratio of 5) however, overall most observations are with 4-6 m (Figure 4.6.2-B) 

demonstrating that the accuracy of the EM instrument over ridged sea ice, for this study, 

may be better than previously demonstrated. 

Table 4.6.1: Difference between ice thickness features identified from the AEM P1L and F-S11-AL 
thickness distributions. Features below are labelled in Figure 4.6.1.  

Profile I II III IV V 

P1L (Spring) 2.2 m 2.8 m 3.5 m 3.8 m 4.4 m 

F-S11-AL (Summer) 1.0 m 1.6 m 2.3 m 2.6 m 3.2 m 

Difference 1.2 m 1.2 m 1.2 m 1.2 m 1.2 m 
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Figure 4.6.2: EM thickness to ridge sail height ratio distributions for the A) summer (HEM F-S11-); 
and B) spring (AEM profile 1) surveys. 

Table 4.6.2: Results of a t-Test (two-sample assuming unequal variances) conducted on the spring and 
summer EM thickness to ridge height ratios. 

  Spring Summer 

Mean 4.910728727 3.987147535 

Variance 5.644241903 1.578067886 

Observations 110 230 

df 139   

t Stat 3.829273491   

P(T<=t) one-tail 9.68777E-05   

t Critical one-tail 1.655889868   

P(T<=t) two-tail 0.000193755   

t Critical two-tail 1.977177694   
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4.7 Melt Duration 

Melt onset was determined to be Julian day 159 (June 9, 2009) for the SVP buoy 

deployed at site 1, Julian day 164 (June 14) for the SVP buoy deployed at site 2 and 

Julian day 161 (June 11) for the Canister buoy (Figure 4.7.1). Melt onset was estimated 

from the ASCAT images by a rapid transition from high to low backscatter. This shift 

corresponds to the presence of liquid water in the snow, a good indicator of melt onset, 

causing increased absorption of the microwave energy and decreasing backscatter 

received by the satellite [Barber et al., 2001]. Based on the ASCAT data melt onset for 

the Lincoln Sea was estimated to be between Julian day 160-164 (June 10-14, 2009). 

These values are consistent with the buoy temperature derived melt onset dates between 

Julian days 159-164. Based on an average of the two datasets the date of melt onset used 

here will be Julian day 162 (June 12, 2009). 

The absence of snow was also derived from ASCAT images based on a transition 

from low backscatter to high backscatter due to wind roughened melt ponds [Barber et 

al., 2001]. The absence of snow in the Lincoln Sea can be observed by the transition from 

low to high backscatter in Figure 4.7.3. The date that corresponded to the end of snow 

melt and the complete absence of snow was determined to be Julian day 200 (July 19, 

2009; transition from high to low backscatter in Figure 4.7.3-E to -F). Therefore, the 

duration of the snow melt period (melt onset to absence of snow: Julian day 162 to 200) 

was 38 days and the duration of the melt season between the spring and summer ice 

thickness surveys (melt onset to survey dates: 162 to 230) was 68 days.      

 



99 

 

 

Figure 4.7.1: Time series of buoy temperature data for buoys deployed at CASIMBO sites 1 and 2 (CASIMBO 2009) and a canister buoy deployed at 84.05oN, 64.95oW 
on May 16, 2009.  

Melt Onset 
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Figure 4.7.2: Two day ASCAT scatterometer maps, showing time series of melt onset, for:  A) the entire Arctic, Julian Days 130-131 (May 11-12, 2009), with inset 
showing coverage region for B-F, colour bar represents backscatter; B) days 159-160 (June 9-10); C) days 160-161 (June 10-11); D) days 161-162 (June 11-12); E) 
days 162-163 (June 12-13); and F) 163-164 (June 13-14). Data was obtained from the NASA sponsored Scatterometer Climate Record Pathfinder at Brigham Young 
University through the courtesy of David G. Long.
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Figure 4.7.3: Two day ASCAT scatterometer maps, showing a time series of the transition to the absence of snow cover, for the Canadian northeastern and Greenland 
sectors of the Arctic Ocean acquired during the periods: A) Julian Days 196-197 (July 15-16, 2009); B) days 197-198 (July 16-17); C) days 198-199 (July 17-18); D) 
days 199-200 (July 18-19); E) days 200-201 (July 19-20); and F) 201-202 (July 20-21). Data was obtained from the NASA sponsored Scatterometer Climate Record 
Pathfinder at Brigham Young University through the courtesy of David G. Long.
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Table 4.7.1: Summary table of results and statistics for all the Polar-5 Spring AEM survey profiles used in this thesis (columns 2-4 & 
6-7 values are shown for the Total / Level ice components of survey). *No distinct mode, values given as range.  

Profile # of EM   
points 

Coverage  
(km) 

Modal         
Thickness (m) 

Local           
Modes (m) 

Mean  (m) St. Dev.  # ridges % level ice Thickness-Sail Hgt ratio 
(mean/mode/SD) 

P-1 1845 / 755 9.2 / 3.8 *3.3-5.5 / 3.5 3.8, 4.4, 5.4 5.51 / 4.65 2.17 / 1.54 110 40.92 4.91 / 3.95-5.55 / 2.38 

P-2 1980 / 1138 9.9 / 5.7 4.1 / 3.4 3.4,3.8, 4.9, 6.2 5.02 / 4.38 1.78 / 1.38 90 57.47 4.48 / 3.15-5.65 / 1.38 

P-3 2500 / 833 12.5 / 4.2 3.7, 4.0 / 3.7 2.7,4, 5, 5.6 5.77 / 4.75 2.22 / 1.81 195 33.32 4.71 / 3.75-5.15 / 1.81 

P-4 2829 / 741 14.1 / 3.7 4.3 / 4.3 2.9, 3.8, 4.9 5.1 / 4.33 1.62 / 1.09 208 26.19 4.67 / 3.45-5.05 / 1.67 

P-5 2452 / 1280 12.3 / 6.4 3.4 / 1.9, 2.8 3.1  4.21 / 3.32 1.71 / 1.08 122 52.20 4.79 / 3.25-5.45 / 1.77 

P-6 2590 / 847 13.0 / 4.2 4.1 / 3.2 2.6, 3.2, 3.8,4.9 5.2 / 4.14 1.97 / 1.36 207 32.70 4.81 / 3.95-5.45 / 1.61 

P-7 2936 / 1587 14.7 / 7.9 2.0, 3.1 / 2.0, 3.1 3.4,3.7 3.98 / 3.14 1.95 / 0.99 136 54.05 4.54 / 3.35-4.65 / 2.24 

P-8 3036 / 991 15.2 / 5.0 2.9 / 2.9 2.0, 4.1, 4.3,4.7 4.63 / 3.50 1.72 / 1.27 250 32.64 4.34 / 2.85-3.85 / 1.54 

P-9 1323 / 505 6.6 / 2.5 1.65 / 1.65 1.3, 2.9 3.35 / 1.95 1.74 / 0.63 133 38.17 3.94 / 2.45-3.65 / 1.55 

20090409 Total 21491 / 8677 107.5 / 43.4 3.8 / 2.0, 3.0 3.2-3.4, 3.8 4.8 / 3.79 2.00 / 1.47 1451 40.38 4.57 / 3.25-5.05/ 1.78 

P-10 1901 / 417 9.5 / 2.1 3.6 / 2.6 2.0, 3.4,3.9 4.55 / 3.38 1.61 / 1.31 205 21.94 4.22 / 2.65-4.25 / 1.40 

P-11 2291 / 493 11.5 / 2.5 5.0 / 3.2 3.5, 4.5 5.35 / 4.25 1.68 / 1.21 328 21.52 4.60 / 3.55-4.35 / 1.59 

P-12 2838 / 716 14.2 / 3.6 3.8 / 3.8 2.0, 3.2 4.83 / 3.65 1.68 / 1.11 314 25.23 4.35 / 3.05-4.25 / 1.44 

P-13 2699 / 739 13.5 / 3.7 3.0 / 3.0 *3.4-4.7 5.36 / 3.96 2.04 / 1.24 311 27.38 4.69 / 3.15-3.95 / 1.83 

20090411 Total 9729 / 2365 48.6 / 11.8 3.8 / 3.0   2.0 5.04 / 3.79 1.81 / 1.25 1158 24.31 4.49 /3.05-4.25 / 1.60 
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Table 4.7.2: Summary table of results and statistics for all the CATs Summer HEM survey profiles used in this thesis (values are shown for Bulk / Level components of 
survey where required). *No distinct mode, values given as range.  

Profile # of EM   points 
bulk         level 

Coverage  (km) 
bulk         level 

Modal         
Thickness (m) bulk         

level 

Local           
Modes (m) 

Mean  (m)     total         
level 

St. Dev.     bulk         
level 

% level ice Thickness-Sail Hgt 
ratio (mean/mode/SD) 

F-S2-A 6754 3789 20.3 11.4 2.7 **2.6, 
1.9 

1.9 3.81 3.03 1.84 1.29 
56.1 

n/a 

F-S3-A 3249 2332 9.7 7.0 1.9 1.9 2.4 3.05 2.78 1.22 1.11 71.8 n/a 

F-S4-A 1488 834 4.5 2.5 2.6 2.6 2.1,3.4, 4.1, 
4.9 

3.85 3.15 1.59 0.89 
56.0 

n/a 

F-S5-A 2093 1576 6.3 4.7 2.5 2.4 1.9, 3.8 2.84 2.66 0.93 0.75 75.3 n/a 

F-S6-A 4232 2059 12.7 6.2 2.5 2.4 1.7, 3.5 3.68 2.95 1.52 1.11 48.7 n/a 

F-S7-A 995 520 3.0 1.6 2.5 2.5 3.3 3.36 2.60 1.31 0.85 52.3 n/a 

F-S8-A 2132 673 6.4 2.0 **2.8, 
3.6-4.0 

2.8 3.6 4.48 3.59 1.82 1.39 
31.6 

n/a 

F-S9-A 1239 404 3.7 1.2 3.9 2.5 3.5, 4.5, 4.9 4.11 3.50 1.42 1.20 32.6 n/a 

F-S10-A 5002 2355 15.0 7.1 2.9 2.9 2.4, 3.8 4.09 3.47 1.52 1.12 47.1 n/a 

F-S11-A 6810 3118 20.4 9.4 **2.4,3.6 2.3 1.6, 3.2 3.51 2.92 1.44 1.16 45.8 3.99 / 3.15-4.45/ 1.26 

F-S12-A 5878 3635 17.6 10.9 2.1 2.1 1.6, 3.1 3.41 2.83 1.48 1.05 61.8 n/a 

F-S13-A 1848 816 5.5 2.4 1.8 1.8 2.7, 3.8 4.44 3.06 2.22 1.23 44.2 n/a 
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Chapter 5: Discussion 

The derived total melt between spring and summer ice thickness surveys assumes 

accurate tracking of sea ice floes and that the ice surveyed in both seasons were 

representative of the same ice. Floe tracking accuracy was partially limited by the pixel 

resolution of the satellite images (75 m for ASAR and 250 m for MODIS) where the 

accuracy of the floe delineation was approximately equivalent to the pixel size of the 

image. Therefore floe delineations have uncertainties ranging between 75 to 250 m. The 

identification of the same floe in subsequent images was the main constraint for accurate 

floe tracking and was minimized by accurate geolocation of the images and excellent 

alignment between consecutive images.  

Human error may have introduced inaccurate delineation of floes or incorrect 

identification of the same floe in consecutive images. In some instances there was a large 

temporal gap between subsequent images making it difficult to definitively identify the 

same floe if the floe was small, round or broke apart during the gap period. These 

uncertainties were minimized by conducting the tracking several times and ensuring 

thorough examination of the images. In addition, most floes were large and uniquely 

shaped and were therefore tracked with high confidence and not confused with other 

floes.  

The temporal resolution of the satellite images limited which floes could be 

tracked. Sea ice in Nares Strait changes very rapidly, therefore if better temporal 

coverage was available for this study region and period, smaller floes could have been 

tracked and potentially resulted in tracking of floes from the exact location of the spring 

AEM surveys. Accurate delineation of smaller floes could have also provided data for a 

comparative study relating floe size and ice thickness.  

Each HEM survey was only instantaneously coincident with a satellite image due 

to the typical 1.5 hour flying time of each survey and the rapid drift of sea ice in the 

region. Therefore outside the instantaneous alignment of the survey and image there 

would be an offset determined by time and sea ice drift speed. This could have produced 

inaccuracies in the floe edge delineation for the HEM thickness data due to misalignment 

of the floe polygon and the HEM survey tracks. However, in most cases this was 

accounted for by using flight log observations and the identification of thin ice and/or 
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water within the thickness data. In cases that the floe edge was not identified with high 

certainty they were not included in the analyses providing high confidence in the floe 

edge delineation of the polygons and HEM profiles. 

Accurate geolocation of the images was most important during identification of the 

freeze-up locations for each floe as this would be the location to compare with the spring 

profiles. Based on the comparison between the SAR images and overlaid spring AEM ice 

thicknesses there was good agreement at transitions zones between FYI and MYI in both 

backscatter and thickness values which provided confidence in the geolocation of the 

surveys, images and floes positions. Based on the potential sources of uncertainty and the 

methods used to reduce and/or eliminate these uncertainties it was concluded that the 

tracking of sea ice was conducted to high accuracy and there is high confidence in the 

floe freeze-up locations.  

The floe freeze-up locations were not exactly coincident with any of the spring 

AEM profiles therefore the same ice was not surveyed in both summer and spring. 

However, it was assumed that the sea ice surveyed by AEM profile 1 was representative 

of ice from the F-S11-A freeze-up location. Profiles 1 and 2 demonstrated consistent 

thickness distribution shapes and modal thickness values and the distance between 

profiles 1 and 2 was similar to the distance between profile 1 and floe F-S11-A which 

were all located in a region of consistent SAR backscatter. SAR backscatter analysis 

could not be performed on the summer floes to help track sea ice based on unique surface 

features, because during advanced melt the presence of wind roughened melt ponds and 

decreased water within hummocks caused an increase in backscatter dominating the 

signal over the influence of the sea ice surface roughness [Barber et al., 2001]. The 

results did however demonstrate high confidence that the ice from profile 1 was 

representative of ice from floe F-S11-A. Based on the EM thickness profiles it is apparent 

that there is large variability in thickness over small distances, however, a large portion of 

this variability is due to deformed ice which is why the ridged regions were removed 

from the profiles. 

Ridges were detected from the laser derived surface elevation and did not 

incorporate detection based on the EM thickness data, a method previously demonstrated 

by [Rabenstein et al., 2010]. This resulted in the inclusion of ridges in the level ice 

thickness components of the profiles because a ridge sail could be off-nadir, in the across 
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track direction, but still be within the EM footprint therefore the laser measurement 

would remain over more level ice and would not be identified as a ridge from the laser 

profile. Although some ridges remained in the level ice components of the profiles, most 

of the ridges were detected and removed. The purpose of the level ice extraction was to 

identify the true level ice thickness based on the dominant modal thickness. For the 

purposes identifying the dominant level ice thickness the ridge detection methods applied 

here were sufficient. However, the methods used for identification of ridges and 

extraction of level ice require further enhancement in order to conduct in depth analysis 

of level ice and ridge components of the profiles.  Additional local modes were used to 

aid in the comparison and to demonstrate the consistency between the spring and summer 

distributions. After analyzing the summer and spring profiles there were few ridges that 

remained within the profiles therefore it was unlikely that the remaining ridged regions 

polluted the final level ice modal thickness values. 

In terms of the ridge thickness to sail height ratio, the ridges that were incorporated 

into the level ice component but not identified from the laser profile would not be useful 

in this analysis due to the underestimation of the sail height and therefore total thickness 

of that ridge. Statistical analysis of the spring and summer ridge thickness to sail height 

ratio data demonstrated a significant difference between the two populations. These 

observations demonstrated a difference in the response of the EM instrument over ridged 

sea ice; however, the original hypothesis cannot be supported or rejected as the cause of 

this difference is unknown. It has been shown that areas of deformed ice experienced 

increased melt compared to level ice due to the increased effective solar incidence angle 

of ridge sails and enhanced ocean heat exchange of the keels as they can protrude down 

into warmer waters [Perovich et al., 2003].The seasonal variation in the response of the 

AEM over ridged ice cannot be attributed to this differential melt based on these data. It 

is more likely that the observed differences are due to the different flying altitudes of the 

fixed wing and helicopter platforms and therefore different EM footprints. The spring P1 

survey had a mean EM footprint radius of 91.6 m and the summer F-S11-A profile had a 

mean footprint of 66.3 m, a difference of 25.3 m. This large difference in footprint size 

could partially account for the significant seasonal differences, however, further analysis 

of the data are required to arrive at any conclusive results. 
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Operation of the EM instrument during flight was not trivial and required a large 

amount of user interaction to ensure accurate and optimal operation. Monitoring the laser 

altimeter and the data stream while maintaining optimal operation, in addition to 

conducting real-time flight navigation requires years of experience. The lack of 

experience of the HEM operators during the summer flights limited the amount of 

useable data for this study. Operation of the HEM should have been planned based on 

satellite imagery in order to maximize the number of larger floes surveyed while 

maintaining a survey route across the middle of the floes. It was difficult to achieve 

optimal operation protocols as the rapidly changing ice cover did not allow for accurate 

flight planning due to a lag in image acquisition and the limited temporal coverage. In 

several cases profiles were not included in the analysis due to uncertainties in the location 

of the floe edge and the flight paths being along the perimeter of the floes. 

Computer algorithms are not sufficient to track individual sea ice floes in this 

highly dynamic region and therefore human tracking is the most accurate system for these 

purposes. However, computerized sea ice tracking systems that require minimal human 

interaction (e.g. [Kwok, 2005; Kwok et al., 2010]) are ideal for estimating areal ice fluxes. 

Kwok et al., 2010 used ICESat thickness estimates for the Lincoln Sea in order to 

calculate MYI volume flux through Nares Strait and a thickness of 1.5 m for the FYI ice 

volume flux estimates. Based on the AEM spring surveys FYI ice thickness values for the 

Lincoln Sea had a level ice total thickness of  2.0 m subtracting the a snow depth of 0.25 

m gives an ice thickness of 1.75 m. The 2.0 m total thickness does not include the 

deformed ice thickness, which contributes a large portion of the total volume. The mean 

ice thickness for a ~2 km region of FYI (mode of 2.0 m) was 2.15 m. It should also be 

noted that the EM instrument likely underestimates the deformed ice portion therefore the 

true mean total thickness is likely thicker than 2.15 m. These numbers are larger than the 

1.5 m used by [Kwok et al., 2010] for his estimate of FYI volume flux and could be used 

to revisit their estimates. ICESat data only extend to 2008 therefore the ice thickness 

values used for the 2009 volume fluxes in [Kwok et al., 2010] could also be revisited 

using the ice thickness data provided here to provide better estimates for the 2009 total 

ice volume flux through Nares Strait and subsequently the magnitude of freshwater input 

to Baffin Bay. 
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The AEM instrument had an accuracy of +/- 0.10 m but when we compare two 

surveys in order to derive a melt rate the uncertainties are added with a resulting, worst 

case, accuracy of +/- 0.20 m. The ground based snow depth measurements were not 

conducted at the exact locations of the spring surveys therefore any uncertainties could 

not be defined by the accuracy of the method. To account for the variations in snow depth 

within the study region a range of snow depths were used based on two sites and were 

assumed to be representative of the region.  

It was possible that melt water accumulated in under-ice “pockets” due to 

buoyancy of freshwater. This would have created a false ice bottom at the freshwater and 

sea water interface because freshwater is non-conductive which would have resulted in 

over estimated ice thickness measurements. The presence of false ice bottoms was 

unlikely due to the strong oceanic currents, high drift speeds and strong wind speeds 

causing turbulent waters and mixing of the freshwater surface layer out of the under ice 

“pockets”.  

The estimated total melt of 1.2 m had an uncertainty of +/- 0.2 m. The most 

important limitation of this estimate is that it is not possible to distinguish between 

surface and bottom sea ice melt, therefore these estimates are not a true representation of 

ice mass balance. The total amount of ice melted between April 9 and August 18, 2009 

with an effective melt period of 68 days (June 9-August 18, 2009) was 0.87-0.95 m. This 

corresponds to a net heat (Qi) and net heat flux, (Fnet) using equations 1 and 2 from 

[Perovich et al., 2003], of 262.3 - 286.4 MJ m-2 and 44.7 - 48.8 W m-2, respectively.  

(1) 
Qi = ρi ΔHi Lf = (900 kg · m -3) (0.87 m) (0.335 MJ  · kg-1)= 262.3 MJ m-2  

(2)  

Fnet = Qi / Δt = 44.7 W m-2 

 

Where ρi is ice density (or snow density), ΔHi is change in ice thickness (or snow 

thickness), Lf is the latent heat of fusion of fresh ice and Δt is the time interval between 

melt onset and summer survey (or absence of snow). Daily mean ice melt rates were 1.28 

– 1.36 cm per day. These values are comparable to those determined by [Perovich et al., 

2003] in the Beaufort Sea who found an average net loss of ice of 0.75 m, corresponding 
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to a net heat of 226 MJ m-2, average surface melt rates of 0.75 cm day corresponding to a 

net surface flux of 26 W m-2 and average bottom melt rates of 0.50 cm per day 

corresponding to a net bottom heat flux of 17.5 W m-2.  Adding the surface and bottom 

values together results in an average total net heat flux of 43.5 W m-2 and an average melt 

rate of 1.25 cm per day [Perovich et al., 2003]. 

Snow melt was initiated on June 9 and continued over a 38 day period until July 19 

when all the snow was estimated to be gone. The total amount of snow melted during this 

period was 0.25 – 0.33 m corresponding to a net heat of 28.5 – 37.6 MJ m-2 (using 

equations 1 and 2 with a snow density of 340 kg m-3) and a net heat flux of 8.67-11.45 W 

m-2. The energy budget estimates were based on the derived melt onset from ASCAT and 

buoy temperature data and both demonstrated good agreement for the date chosen for the 

onset of melt, therefore the uncertainty is not likely to be greater than 1-2 days which 

corresponds to an uncertainty in the net heat flux of ~ +/- 1.5 W m-2. However, the date 

when snow melt was completely absent likely has large uncertainty due to the large 

variability of snow and differential melt of snow on the surface. Uncertainty also arises 

from the fact that the ASCAT backscatter signal is not a direct measurement of snow and 

indirectly assumes the presence of large melt ponds and no water in hummocks to 

correspond to the absence of snow.  The date when all snow was melted could be off by 

~7 days which corresponds to an uncertainty in the net heat flux of ~ +/- 2.5 W m-2. 

One advantage of the method presented here is that it captures the ice thickness of 

ponded regions which is difficult with ground based and IMB observation systems. 

However, over melt ponds the laser would have detected the water as the surface which 

means the surface melt water is included in the thickness estimates and therefore may 

have over-estimated the total thickness and underestimates the total melt for these regions 

A summary of summer melt results from several studies (e.g. [Untersteiner, 1961; 

Hanson, 1965; Perovich et al., 1997; Perovich et al., 2003]) conducted at various 

locations in the Arctic are presented in [Perovich et al., 2003] Table 3. These summer 

melt observations included pond melt measurements in addition to surface and bottom 

melt so a weighted mean overall melt for each study was calculated based on a 15% melt 

pond coverage derived over MYI by [Rabenstein et al., 2010]. The overall weighted ice 

melt estimates for [Untersteiner, 1961] were 0.44 m (1957) and 0.66 m (1958); [Hanson, 

1965] was 0.58 m; and [Perovich et al., 2003] was 1.2 m. All of these studies were 
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conducted in the Beaufort Sea and therefore are not representative of the incoming solar 

energy and oceanic and atmospheric conditions in the Lincoln Sea.  

The interannual and spatial variations of sea ice melt are very large so a 

comparison to these studies is not sufficient to definitively determine the validity of the 

EM derived melt rates. The most representative comparison would be with the 

[Untersteiner, 1961] studies which were conducted at 82oN and 84oN (similar available 

solar energy) and total thicknesses of ~3.4 m. The [Untersteiner, 1961] studies had 

weighted ice melt less than the EM derived melt of 0.87 – 0.95 m but these observations 

were conducted in 1957-1958, during a colder Arctic Climate and an overall thicker and 

more extensive ice pack. Compared to the [Perovich et al., 2003] study that had 1.2 m of 

weighted mean ice melt the EM derived melt were smaller which demonstrated that these 

estimates are within the observed melt rates for the Arctic Ocean. Sea ice bottom melt can 

extend into mid-September and October (e.g. [Untersteiner, 1961; Hanson, 1965; 

Perovich et al., 1997; Perovich et al., 2003]) so if HEM measurements were conducted 

again in mid-September or the beginning of October it is likely that even more melt 

would have been observed.       

A unique feature of this region is the presence of open water (Lincoln Sea polynya) 

at the boundary between Nares Strait and the Lincoln Sea which was ice free from 

January 16, 2009 ([Kwok et al., 2010]) until July 6, 2009. This allowed for increased 

amounts of solar radiation absorbed by the ocean. It was shown by [Perovich et al., 2008] 

that open water can have a significant impact on sea ice melt with 2.1 m of bottom melt 

observed in the Beaufort Sea during 2007 due to increased areas of open water. Typically 

oceanic flow through Nares Strait is characterized by a southward movement of surface 

water and a northward movement of bottom water [Jones and Eert, 2004]. There is also a 

warm current that flows northwards along the coast of Greenland [Rasmussen et al., 

2011]. Because the dominant surface water flow is southward a large portion of the 

absorbed solar energy would have been transported south through Nares Strait. However, 

there is a northward component to the flow which could have resulted in some of this 

energy being stored in the Lincoln Sea and contributed to the large amount of summer 

melt.  
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Chapter 6: Summary and Conclusions 

Despite the large efforts made to conduct repeat ground surveys and a seasonal 

comparison of AEM surveys by tracking sea ice with drift buoys and a series of over 200 

satellite images it was not possible to conduct revisit surveys of the same ice. These 

efforts further demonstrated the difficulties of conducting sea ice observations in the 

Arctic Ocean especially to conduct seasonal ice thickness comparisons. Of course if 

revisit ground surveys were conducted validation of the EM derived melt estimates would 

be possible and the ground-based surface and bottom melt rates could have been 

extrapolated to the larger scale EM measurements. Nevertheless it was concluded that the 

EM derived total melt was representative of the same ice from the Lincoln Sea with a 

total melt (snow plus ice) between April 9 to August 18, 2009 of 1.2 m and total ice melt 

between 0.87 – 0.95 m.  

The EM derived melt values and thickness data are important contributions for 

areal sea ice export studies (e.g. [Kwok, 2005; Kwok et al., 2010]) providing more 

accurate ice thickness information for volume flux estimates through Nares Strait and the 

subsequent freshwater input to Baffin Bay and the North Atlantic Ocean. The derived ice 

melt and the resulting freshwater input could be incorporated as boundary conditions for 

oceanic and climate models for Nares Strait and enhance the representativeness of this 

region in global climate models. Most global climate models do not incorporate Nares 

Strait in their simulations as the grid cells are typically too large to resolve the narrow 

channel [Rasmussen et al., 2011] even though Nares Strait is an important region 

ecologically and in terms of global climate. In recent years Nares Strait has exported 

larger amounts of sea ice and may continue to increase in the future corresponding to an 

increasingly negative component of Arctic sea ice mass balance [Kwok et al., 2010]. 

Increased ice export and hence increased freshwater export can alter ecosystems in the 

North-water polynya and Baffin Bay [Barber and Massom, 2007] and modify 

thermohaline circulation in the North Atlantic Ocean with implications for the global 

climate system [Goosse et al., 1997; Münchow et al., 2006; Rasmussen et al., 2011]. 

Therefore, the Nares Strait climate system warrants accurate representation in global 

climate models.   

The ridge thickness to sail height ratio comparison between spring and summer did 

result in a significant difference which was likely due to the different footprint sizes that 
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resulted from the use of different aircrafts to fly the EM instrument. These results 

demonstrated additional uncertainty in the derived ice thickness data over ridged sea ice, 

however, using the thickness and surface elevation data it may be possible to compensate 

for the footprint variations. 

Future work will include model calculations based on solar energy input and 

oceanic heat flux within the study region in order to validate the 1.2 m of total melt by 

providing some theoretical melt estimates. Drift speeds will be calculated for each floe 

and drift buoys to quantify the variability of sea ice drift between the Lincoln Sea and 

Nares Strait. Further analysis outside the study region will be conducted on the 2009 

Polar-5, CASIMBO and CATs AEM datasets to provide more information on the 

seasonal variability of ridge thickness observations. These observations could also be 

compared with surveys conducted during additional CASIMBO and PAMARCMiP 

campaigns from different years. To provide a more quantitative error analysis of the sea 

ice tracking method one or two additional people should conduct tracking of several floes 

and the difference between floe freeze-up locations could be taken as a good estimate of 

the uncertainty. If satellite images with better spatial resolution were available and added 

to the temporal coverage it would be possible to track some of the smaller floes back to 

their freeze-up locations and perhaps result in a comparison of the same ice.  

Based on the many issues that were experienced throughout this study a future 

seasonal ice thickness study would require adjustments and additional components. 

During AEM, or airborne surveys in general, more extensive flight planning should be 

conducted in order to more effectively achieve the research objectives. All available 

satellite imagery should be analyzed with emphasis on high temporal coverage especially 

in highly dynamic regions such as Nares Strait. Planning of ground sites would aim to 

minimize the chance that ice would leave the area or melt before the projected summer 

campaign. Satellite image acquisitions should ensure high temporal coverage between ice 

break-up and the proposed summer campaign period so tracking of the spring surveyed 

ice could commence well before the campaign providing a better idea of which floes to 

focus on. Satellite images in conjunction with additional buoy deployments would 

drastically increase the chances of tracking the ice in real time and conducting revisit 

ground and airborne surveys. At least two IMBs should be deployed; one in a melt pond 
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(low area) and one on a hummock in order to capture any variability in melt between the 

two regions.  

Ground surveys would provide observations of the total amount of surface and 

bottom melt that occurred between the two survey dates while capturing small scale 

variability. IMBs would provide continuous observations of surface and bottom 

growth/melt resulting in the seasonal evolution of melt rates and airborne surveys would 

provide large-scale estimates of total melt. Extrapolating the local scale ground 

observations and continuous IMB data to the airborne observations would provide an 

ideal regional to synoptic scale sea ice mass balance observation system. Many of the 

above mentioned observation systems have been and continue to be major objectives of 

CASIMBO, however, due to the logistical constraints of conducting research in the 

Arctic such a system has not been realized and would require more extensive 

international and inter-institutional collaborations and/or increased financial support. 

Such a system would provide much needed data in order to gain a more comprehensive 

understanding of the rapidly changing Arctic Climate System. 
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1. Naming convention for ENVISAT ASAR products: 

Example filename: 
ASA_WSM_1PNPDK20090701_153159_000005922080_00226_38356_4438.N1 

ASA_WSM_1P Product ID: 10 characters identifying sensor, processing level 
and type of product (e.g. Advanced Synthetic Aperture RADAR; 
Wide Swath Mode; level 1, P=Parent) 

N Processing Stage Flag: “N” for Near Real Time product 

PDK Center that generated the file: PDK = PDHS-K 

PDE = PDHS-E 

20090701 Acquisition Start Day (UTC): YYYYMMDD 

_153159 Acquisition Start Time (UTC): HHMMSS 

_00000592 Duration in seconds 

2 Mission phase identifier 

080 Cycle # within mission phase 

_00226 Relative Orbit 

_38356 Absolute Orbit 

_4438 Counter 

.N1 Satellite ID: N1 = ENVISAT-1 

 



 

126 

 

2. List of ENVISAT ASAR images processed for this thesis: 

1. ASA_WSM_1PNPDK20090701_153159_000005922080_00226_38356_4438.N1 
2. ASA_WSM_1PNPDK20090701_171137_000005992080_00227_38357_4121.N1 
3. ASA_WSM_1PNPDK20090701_221601_000002932080_00230_38360_4436.N1 
4. ASA_WSM_1PNPDE20090701_235337_000004342080_00231_38361_0245.N1 
5. ASA_WSM_1PNPDK20090702_164002_000006062080_00241_38371_5321.N1 
6. ASA_WSM_1PNPDE20090702_214748_000001592080_00244_38374_1369.N1 
7. ASA_WSM_1PNPDE20090702_232643_000001652080_00245_38375_1523.N1 
8. ASA_WSM_1PNPDE20090702_232858_000000302080_00245_38375_1425.N1 
9. ASA_WSM_1PNPDK20090703_225049_000004212080_00259_38389_6903.N1 
10. ASA_WSM_1PNPDE20090703_225617_000001822080_00259_38389_3126.N1 
11. ASA_WSM_1PNPDK20090704_154638_000001532080_00269_38399_7758.N1 
12. ASA_WSM_1PNPDE20090704_235921_000005982080_00274_38404_4400.N1 
13. ASA_WSM_1PNPDK20090705_164705_000005802080_00284_38414_8948.N1 
14. ASA_WSM_1PNPDK20090706_161727_000005072080_00298_38428_0023.N1 
15. ASA_WSM_1PNPDE20090706_162339_000001532080_00298_38428_6599.N1 
16. ASA_WSM_1PNPDE20090706_225727_000003672080_00302_38432_7131.N1 
17. ASA_WSM_1PNPDE20090706_230036_000001782080_00302_38432_7099.N1 
18. ASA_WSM_1PNPDK20090707_154621_000005132080_00312_38442_1385.N1 
19. ASA_WSM_1PNPDK20090708_151618_000004712080_00326_38456_2498.N1 
20. ASA_WSM_1PNPDK20090709_162033_000005812080_00341_38471_3742.N1 
21. ASA_WSM_1PNPDE20090709_230657_000003122080_00345_38475_1192.N1 
22. ASA_WSM_1PNPDK20090710_205234_000003302080_00358_38488_5107.N1 
23. ASA_WSM_1PNPDE20090710_223644_000001902080_00359_38489_2273.N1 
24. ASA_WSM_1PNPDE20090711_001642_000001092080_00360_38490_2428.N1 
25. ASA_WSM_1PNPDE20090711_220536_000002512080_00373_38503_3559.N1 
26. ASA_WSM_1PNPDE20090712_213423_000000982080_00387_38517_4889.N1 
27. ASA_WSM_1PNPDE20090712_231236_000002692080_00388_38518_5059.N1 
28. ASA_WSM_1PNPDK20090713_160246_000001472080_00398_38528_8307.N1 
29. ASA_WSM_1PNPDE20090713_210308_000000982080_00401_38531_6282.N1 
30. ASA_WSM_1PNPDK20090714_152915_000003672080_00412_38542_9546.N1 
31. ASA_WSM_1PNPDK20090714_184606_000003982080_00414_38544_9800.N1 
32. ASA_WSM_1PNPDE20090714_221123_000003732080_00416_38546_7832.N1 
33. ASA_WSM_1PNPDK20090715_163852_000001532080_00427_38557_0778.N1 
34. ASA_WSM_1PNPDE20090715_164047_000002372080_00427_38557_8871.N1 
35. ASA_WSM_1PNPDK20090716_160828_000001532080_00441_38571_1916.N1 
36. ASA_WSM_1PNPDE20090716_224744_000002872080_00445_38575_0734.N1 
37. ASA_WSM_1PNPDK20090717_153703_000002142080_00455_38585_3178.N1 
38. ASA_WSM_1PNPDK20090717_171605_000001712080_00456_38586_3285.N1 
39. ASA_WSM_1PNPDK20090717_221332_000002692080_00459_38589_3558.N1 
40. ASA_WSM_1PNPDE20090717_221656_000000982080_00459_38589_1960.N1 
41. ASA_WSM_1PNPDK20090718_164342_000002932080_00470_38600_4422.N1 
42. ASA_WSM_1PNPDK20090719_210949_000003122080_00487_38617_6035.N1 
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43. ASA_WSM_1PNPDE20090719_211431_000001902080_00487_38617_4854.N1 
44. ASA_WSM_1PNPDK20090720_172150_000001712080_00499_38629_6886.N1 
45. ASA_WSM_1PNPDK20090721_214702_000002992081_00015_38646_3152.N1 
46. ASA_WSM_1PNPDE20090721_215129_000000982081_00015_38646_7261.N1 
47. ASA_WSM_1PNPDK20090722_162058_000000982081_00026_38657_0387.N1 
48. ASA_WSM_1PNPDK20090722_211525_000003122081_00029_38660_0837.N1 
49. ASA_WSM_1PNPDK20090723_154939_000001342081_00040_38671_0633.N1 
50. ASA_WSM_1PNPDK20090723_172016_000006112081_00041_38672_1187.N1 
51. ASA_WSM_1PNPDK20090723_204400_000003302081_00043_38674_1568.N1 
52. ASA_WSM_1PNPDK20090724_151133_000005742081_00054_38685_2730.N1 
53. ASA_WSM_1PNPDK20090724_182915_000005502081_00056_38687_2871.N1 
54. ASA_WSM_1PNPDK20090724_215137_000003672081_00058_38689_3070.N1 
55. ASA_WSM_1PNPDE20090724_233708_000000922081_00059_38690_2462.N1 
56. ASA_WSM_1PNPDK20090725_161947_000004522081_00069_38700_4029.N1 
57. ASA_WSM_1PNPDE20090725_212553_000002752081_00072_38703_4152.N1 
58. ASA_WSM_1PNPDK20090726_154951_000004702081_00083_38714_5160.N1 
59. ASA_WSM_1PNPDK20090726_222749_000004342081_00087_38718_5727.N1 
60. ASA_WSM_1PNPDE20090727_001358_000003122081_00088_38719_6551.N1 
61. ASA_WSM_1PNPDK20090727_165457_000005742081_00098_38729_7549.N1 
62. ASA_WSM_1PNPDE20090727_220247_000001892081_00101_38732_7606.N1 
63. ASA_WSM_1PNPDE20090727_234201_000001342081_00102_38733_7708.N1 
64. ASA_WSM_1PNPDE20090728_213133_000000732081_00115_38746_8928.N1 
65. ASA_WSM_1PNPDE20090729_223911_000002252081_00130_38761_0519.N1 
66. ASA_WSM_1PNPDE20090730_001938_000003732081_00131_38762_0770.N1 
67. ASA_WSM_1PNPDE20090730_220826_000000732081_00144_38775_1959.N1 
68. ASA_WSM_1PNPDE20090730_234724_000001702081_00145_38776_2146.N1 
69. ASA_WSM_1PNPDE20090731_213714_000001092081_00158_38789_3333.N1 
70. ASA_WSM_1PNPDE20090731_231556_000002372081_00159_38790_3597.N1 
71. ASA_WSM_1PNPDK20090801_160538_000001642081_00169_38800_2925.N1 
72. ASA_WSM_1PNPDE20090801_224519_000005512081_00173_38804_4726.N1 
73. ASA_WSM_1PNPDE20090802_002514_000004342081_00174_38805_4914.N1 
74. ASA_WSM_1PNPDK20090802_153413_000002192081_00183_38814_5087.N1 
75. ASA_WSM_1PNPDK20090803_164245_000001642081_00198_38829_7022.N1 
76. ASA_WSM_1PNPDE20090802_235237_000003122081_00188_38819_6091.N1 
77. ASA_WSM_1PNPDE20090802_235351_000000612081_00188_38819_5949.N1 
78. ASA_WSM_1PNPDK20090803_164245_000001642081_00198_38829_7022.N1 
79. ASA_WSM_1PNPDE20090803_164348_000004762081_00198_38829_6987.N1 
80. ASA_WSM_1PNPDK20090804_161121_000001892081_00212_38843_7420.N1 
81. ASA_WSM_1PNPDE20090804_225058_000005512081_00216_38847_8568.N1 
82. ASA_WSM_1PNPDE20090805_003056_000001902081_00217_38848_8686.N1 
83. ASA_WSM_1PNPDE20090805_003056_000003732081_00217_38848_8709.N1 
84. ASA_WSM_1PNPDK20090805_153956_000002132081_00226_38857_8673.N1 
85. ASA_WSM_1PNPDK20090805_171951_000001342081_00227_38858_0198.N1 
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86. ASA_WSM_1PNPDK20090805_172104_000000612081_00227_38858_8768.N1 
87. ASA_WSM_1PNPDE20090805_221952_000005872081_00230_38861_9671.N1 
88. ASA_WSM_1PNPDE20090805_235810_000004032081_00231_38862_9795.N1 
89. ASA_WSM_1PNPDK20090806_164827_000000972081_00241_38872_9845.N1 
90. ASA_WSM_1PNPDE20090806_232719_000003732081_00245_38876_0670.N1 
91. ASA_WSM_1PNPDK20090807_161703_000001642081_00255_38886_0969.N1 
92. ASA_WSM_1PNPDE20090807_161806_000005132081_00255_38886_1476.N1 
93. ASA_WSM_1PNPDE20090807_225636_000004902081_00259_38890_2052.N1 
94. ASA_WSM_1PNPDE20090808_003714_000001352081_00260_38891_2183.N1 
95. ASA_WSM_1PNPDK20090808_154648_000001342081_00269_38900_2162.N1 
96. ASA_WSM_1PNPDK20090808_172525_000001652081_00270_38901_2164.N1 
97. ASA_WSM_1PNPDK20090809_164546_000006062081_00284_38915_3703.N1 
98. ASA_WSM_1PNPDK20090810_161519_000005512081_00298_38929_4738.N1 
99. ASA_WSM_1PNPDE20090810_230039_000001832081_00302_38933_5936.N1 
100. ASA_WSM_1PNPDK20090811_155230_000001352081_00312_38943_5905.N1 
101. ASA_WSM_1PNPDK20090812_165131_000006062081_00327_38958_7432.N1 
102. ASA_WSM_1PNPDK20090813_162104_000005452081_00341_38972_8421.N1 
103. ASA_IMM_1PNPDE20090813_180935_000001422081_00342_38973_9541.N1 
104. ASA_WSM_1PNPDK20090813_212512_000002452081_00344_38975_8590.N1 
105. ASA_WSM_1PNPDE20090815_001651_000000972081_00360_38991_1418.N1 
106. ASA_IMM_1PNPDE20090816_231002_000002922081_00388_39019_4264.N1 
107. ASA_WSM_1PNPDK20090817_155750_000004582081_00398_39029_3686.N1 
108. ASA_WSM_1PNPDK20090818_152731_000004522081_00412_39043_4926.N1 
109. ASA_WSM_1PNPDK20090818_171021_000001892081_00413_39044_5035.N1 

 



 

129 

 

3. Naming convention for MODIS data products: 

Example file name:  

MOD02QKM.A2009226.0020.005.2010249071626.hdf 

MOD Terra MODIS acquisition; MYD=Aqua MODIS acquisition  

02 Product name: Level 1B 

QKM Pixel resolution: Quarter kilometer (0.25km or 250m) 

.A2009226 Julian Date of Acquisition: “A-YYYYDDD” 

.0020 UTC Time: “HHMM” 

.005 Collection version 

.2010249071626 Julian date of production: “YYYYDDDHHMMSS” 

.hdf File format: HDF-EOS 
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4. List of MODIS images processed for this thesis: 

1. MYD02QKM.A2009186.0640.005.2009188005303.hdf 
2. MOD02QKM.A2009186.1740.005.2010246191418.hdf 
3. MOD02QKM.A2009186.2235.005.2010246050328.hdf 
4. MOD02QKM.A2009187.0150.005.2010246052112.hdf 
5. MOD02QKM.A2009187.2000.005.2010246062512.hdf 
6. MOD02QKM.A2009188.0055.005.2010246064007.hdf 
7. MYD02QKM.A2009189.0850.005.2009190021744.hdf 
8. MOD02QKM.A2009189.1455.005.2010257085400.hdf 
9. MOD02QKM.A2009189.2305.005.2010257090525.hdf 
10. MYD02QKM.A2009190.0755.005.2009190205636.hdf 
11. MOD02QKM.A2009190.2210.005.2010246085314.hdf 
12. MYD02QKM.A2009191.1510.005.2009192172729.hdf 
13. MOD02QKM.A2009191.2115.005.2010247020225.hdf 
14. MOD02QKM.A2009192.0030.005.2010247022857.hdf 
15. MYD02QKM.A2009192.1235.005.2009193162514.hdf 
16. MYD02QKM.A2009193.1635.005.2009194194241.hdf 
17. MOD02QKM.A2009193.2240.005.2010247052207.hdf 
18. MOD02QKM.A2009194.1830.005.2010247061704.hdf 
19. MOD02QKM.A2009195.1555.005.2010247073524.hdf 
20. MYD02QKM.A2009195.1625.005.2009196191711.hdf 
21. MYD02QKM.A2009196.0540.005.2009196202213.hdf 
22. MYD02QKM.A2009196.0855.005.2009196195912.hdf 
23. MOD02QKM.A2009197.2215.005.2010247101125.hdf 
24. MOD02QKM.A2009198.2300.005.2010247112045.hdf 
25. MOD02QKM.A2009199.0215.005.2010247115146.hdf 
26. MOD02QKM.A2009199.2205.005.2010247123407.hdf 
27. MOD02QKM.A2009199.2340.005.2010247123516.hdf 
28. MOD02QKM.A2009200.0120.005.2010247124705.hdf 
29. MYD02QKM.A2009200.1010.005.2009201170525.hdf 
30. MOD02QKM.A2009200.1930.005.2010247131446.hdf 
31. MOD02QKM.A2009201.1835.005.2010247142055.hdf 
32. MOD02QKM.A2009201.2330.005.2010247142926.hdf 
33. MYD02QKM.A2009202.0640.005.2009202163508.hdf 
34. MOD02QKM.A2009202.1740.005.2010247151615.hdf 
35. MOD02QKM.A2009203.0150.005.2010247153949.hdf 
36. MOD02QKM.A2009203.1645.005.2010247171727.hdf 
37. MYD02QKM.A2009204.1440.005.2009205205334.hdf 
38. MOD02QKM.A2009204.2045.005.2010247234246.hdf 
39. MOD02QKM.A2009205.0140.005.2010247234505.hdf 
40. MYD02QKM.A2009205.0850.005.2009205223947.hdf 
41. MYD02QKM.A2009206.1425.005.2009207161911.hdf 
42. MOD02QKM.A2009206.2210.005.2010248012426.hdf 
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43. MOD02QKM.A2009207.1620.005.2010248021908.hdf 
44. MOD02QKM.A2009208.0030.005.2010248023553.hdf 
45. MOD02QKM.A2009208.0210.005.2010248023915.hdf 
46. MOD02QKM.A2009211.2230.005.2010248061330.hdf 
47. MOD02QKM.A2009212.0005.005.2010248061700.hdf 
48. MYD02QKM.A2009212.1035.005.2009213193945.hdf 
49. MOD02QKM.A2009213.2355.005.2010248081911.hdf 
50. MOD02QKM.A2009214.1625.005.2010248091555.hdf 
51. MOD02QKM.A2009214.2120.005.2010248091312.hdf 
52. MOD02QKM.A2009215.1710.005.2010248101255.hdf 
53. MOD02QKM.A2009215.2025.005.2010248100935.hdf 
54. MYD02QKM.A2009216.1010.005.2009219212521.hdf 
55. MOD02QKM.A2009217.0025.005.2010248115605.hdf 
56. MOD02QKM.A2009218.2235.005.2010248142119.hdf 
57. MYD02QKM.A2009219.1040.005.2009220190714.hdf 
58. MOD02QKM.A2009220.2045.005.2010248235859.hdf 
59. MOD02QKM.A2009221.2305.005.2010249021744.hdf 
60. MOD02QKM.A2009222.1400.005.2010249033725.hdf 
61. MOD02QKM.A2009223.0125.005.2010249040129.img 
62. MOD02QKM.A2009223.0305.005.2010249040739.hdf 
63. MOD02QKM.A2009223.1440.005.2010249044037.hdf 
64. MOD02QKM.A2009223.1620.005.2010249044636.hdf 
65. MOD02QKM.A2009223.2115.005.2010249050305.hdf 
66. MOD02QKM.A2009224.0030.005.2010249045704.hdf 
67. MOD02QKM.A2009224.2335.005.2010249062720.hdf 
68. MOD02QKM.A2009225.0115.005.2010249062937.hdf 
69. MOD02QKM.A2009225.1430.005.2010249064953.hdf 
70. MYD02QKM.A2009225.1635.005.2009226225254.hdf 
71. MOD02QKM.A2009225.1925.005.2010249070051.hdf 
72. MOD02QKM.A2009225.2105.005.2010249072234.hdf 
73. MOD02QKM.A2009226.0020.005.2010249071626.hdf 
74. MYD02QKM.A2009226.1045.005.2009227160207.hdf 
75. MYD02QKM.A2009226.1225.005.2009227163642.hdf 
76. MYD02QKM.A2009226.1400.005.2009227160917.hdf 
77. MOD02QKM.A2009226.2145.005.2010249080121.hdf 
78. MOD02QKM.A2009226.2325.005.2010249082352.hdf 
79. MOD02QKM.A2009227.0100.005.2010249082859.hdf 
80. MOD02QKM.A2009227.0240.005.2010249083103.hdf 
81. MYD02QKM.A2009227.0950.005.2009228163923.hdf 
82. MYD02QKM.A2009227.1130.005.2009228163008.hdf 
83. MOD02QKM.A2009227.1415.005.2010249083615.hdf 
84. MOD02QKM.A2009227.1735.005.2010249085334.hdf 
85. MOD02QKM.A2009227.2050.005.2010249091351.hdf 
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86. MOD02QKM.A2009228.0005.005.2010249092131.hdf 
87. MOD02QKM.A2009228.0145.005.2010249092143.hdf 
88. MYD02QKM.A2009228.0715.005.2009228210157.hdf 
89. MYD02QKM.A2009228.0855.005.2009228205853.hdf 
90. MYD02QKM.A2009228.1210.005.2009229164001.hdf 
91. MOD02QKM.A2009228.1320.005.2010249095435.hdf 
92. MOD02QKM.A2009228.1500.005.2010249100623.hdf 
93. MOD02QKM.A2009228.1640.005.2010249095621.hdf 
94. MOD02QKM.A2009228.1815.005.2010249101355.hdf 
95. MOD02QKM.A2009228.1820.005.2010249101812.hdf 
96. MOD02QKM.A2009228.1955.005.2010249102952.hdf 
97. MOD02QKM.A2009228.2135.005.2010249103029.hdf 
98. MOD02QKM.A2009228.2310.005.2010249103313.hdf 
99. MOD02QKM.A2009229.0050.005.2010249103729.hdf 
100. MOD02QKM.A2009229.0230.005.2010249102118.hdf 
101. MOD02QKM.A2009229.1405.005.2010249104314.hdf 
102. MOD02QKM.A2009229.1545.005.2010249104645.hdf 
103. MOD02QKM.A2009229.1720.005.2010249104857.hdf 
104. MOD02QKM.A2009229.1900.005.2010249112354.hdf 
105. MOD02QKM.A2009229.2040.005.2010249110403.hdf 
106. MOD02QKM.A2009229.2215.005.2010249110707.hdf 
107. MOD02QKM.A2009230.0310.005.2010249111103.hdf 
108. MYD02QKM.A2009230.0705.005.2009230164817.hdf 
109. MYD02QKM.A2009230.0845.005.2009230175909.hdf 
110. MYD02QKM.A2009230.1200.005.2009231162640.hdf 
111. MOD02QKM.A2009230.1450.005.2010249113508.hdf 
112. MOD02QKM.A2009230.1625.005.2010249113822.hdf 
113. MOD02QKM.A2009230.1945.005.2010249115236.hdf 
114. MOD02QKM.A2009231.0215.005.2010249115955.hdf 
115. MYD02QKM.A2009231.0610.005.2009231165333.hdf 
116. MYD02QKM.A2009231.0925.005.2009231202715.hdf 
117. MYD02QKM.A2009231.1105.005.2009232155345.hdf 
118. MOD02QKM.A2009231.1530.005.2010249162742.hdf 
119. MOD02QKM.A2009231.1710.005.2010249163035.hdf 
120. MOD02QKM.A2009231.2025.005.2010249164711.hdf 
121. MOD02QKM.A2009231.2340.005.2010249164908.hdf 
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Appendix B: Satellite Images 
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