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Chapter 1 Introduction 
 

This thesis presents a detailed analysis of ice drift speeds, patterns in the Arctic Ocean and their 

forcing mechanisms using a combination of various datasets. Sea ice drift speeds and patterns act 

like catalysts in the export of sea ice and play fundamental roles in the ongoing reductions in the 

arctic sea ice extent and volume. The main features of the large-scale sea ice drift pattern in the 

Arctic Ocean have been well established for decades (Colony & Thorndike, 1984; Gordienko, 

1958; Olason & Notz, 2014); and it is also well known that the system displays substantial 

variability in both space and time (Martin & Gerdes, 2007; Proshutinsky & Johnson, 1997) and 

may be affected by large scale atmospheric pressure patterns that are currently experiencing 

change due to sea ice concentration changes in winter (Barber et al., 2015) and changes in 

hemispheric pressure patterns in the northern hemisphere (Overland & Wang, 2005).  

Previous investigations of ice motion have observed recent increases in sea ice drift speed over the 

central arctic and the regions of Transpolar Drift (Häkkinen, Proshutinsky, & Ashik, 2008; 

Rampal, Weiss, & Marsan, 2009; Spreen, Kwok, & Menemenlis, 2011). Häkkinen et al. (2008) 

observed a positive trend in the TPD speed for 1950-2006 using observations from the Russian 

North Pole stations, various expedition camps, and the International Arctic Buoy Program (IABP) 

data. A stronger TPD leads to the shorter residence time of sea ice in the Arctic Ocean and 

promotes increased ice export through Fram Strait (Haller, Brümmer, & Müller, 2014).  

Kwok, Spreen, & Pang (2013) have shown that over 90% of the Arctic Ocean has positive trends 

in drift speed from 1982 to 2010 that correlates with the regions that experienced the reduced 

multiyear sea ice coverage. The positive trend in drift speed in TPD has also been confirmed by 

the French vessel Tara in 2006-2007, when it took half as long as the drift time of the Norwegian 

vessel Fram in 1893-1896 for about the same distance (Gascard et al., 2008).  
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1.1 Rationale and Context 

 

Sea Ice is an important component of the global climate system and at the same time a sensitive 

climate indicator (Vihma, 2014). Arctic environment is currently undergoing rapid change with 

little slowing down forecasted for the future (Budikova, 2009). One of the major characteristics of 

the Arctic climate system is the presence, timing and extent of sea ice (McPhee, 2008; Wadhams, 

2000).  Sea ice is a thin, porous plate that separates the ocean and atmosphere, and limits the 

exchange of energy, materials and momentum between the two mediums. However sea ice is not 

a passive stationary sheet of material covering the sea surface, but is driven by winds and currents 

(Wadhams, 2000). Sea ice cover in the Arctic Ocean is constantly in motion and is highly dynamic 

in both space and time. It undergoes changes in both thermodynamic and dynamic processes, 

affecting its thickness, extent and concentration. Sea ice motion is an important 

indicator/manifestation of these processes, and also important in terms of the transport of the fresh-

water and latent heat. The analysis of the Fram’s drift and that of the other vessels has shown that 

ice fields drift at half the speed of the wind that moves them, while the direction of the ice drift in 

the northern hemisphere deviates from the direction of the wind by 28° to 30°. Sea ice drifts 

typically at 2% of the speed and to the right of surface winds (Thorndike & Colony, 1982). The 

Oceanic forcing, Coriolis force and the internal stresses are the other important players in the drift 

of ice. All these factors cumulatively affect the large-scale patterns of ice drift and export of ice 

through the arctic gateways.  

 

The ongoing retreat of the Arctic sea ice is a pre-eminent signal of climate change (Deser & Teng, 

2008) with the decrease more pronounced in September when the annual minimum sea ice extent 

occurs. It can be said without exaggeration that the problem of the ice drift in the arctic is one of 
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the most important scientific and practical problems (Gordienko, 1958). The physical mechanisms 

underlying the Arctic sea ice decline are not fully understood, however the retreat of Arctic Sea 

ice extent during recent decade, especially during summer (Comiso, Parkinson, Gersten, & Stock, 

2008; Serreze, Holland, & Stroeve, 2007) has been attributed to changing patterns of surface winds 

(Rigor & Wallace, 2004; Rigor, Wallace, & Colony, 2002), ocean currents (Polyakov et al., 2005; 

Shimada et al., 2006), and downward energy fluxes from the atmosphere (Francis & Hunter, 2007; 

Perovich et al., 2007). 

 

1.2 Thesis Objectives 

 

The goal of this thesis is to analyze the sea ice drift patterns in the Arctic, their evolution and the 

role of the forcing mechanisms. The present research is an attempt to understand the hemispheric 

scale sea ice drift patterns and the role of the sea level pressure patterns and winds in governing 

that. The sea ice drift trends, higher-order moments to analyze the drift patterns and the role of the 

winds in driving the sea ice drift speeds have been analyzed in this thesis. The purpose of this 

research work is to increase the knowledge on the interannual variability in drift speeds and 

patterns. This research work is based on the passive microwave satellite remote sensing data. 

The overall goal of this thesis is subdivided in three objectives:  

1. To analyze and interpret the hemispheric scale drift patterns of the Arctic Ocean for the 

past 36 years (1979-2015) using remote sensing. 

2. To explore statistical techniques to identify the primary circulation regimes and their 

change over time. 

3. To characterize the correlation of hemispheric scale wind forcing and ice drift patterns. 
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1.3 Thesis Outline 

 

This thesis is composed of six chapters. Chapter two consists of a literature review describing the  

primary large scale circulation regimes of sea ice in the northern hemisphere and review the 

oceanic and atmospheric forcing of sea ice motion at this scale. In addition, it explains how these 

large-scale circulation regimes may affect export pathways of sea ice to lower latitudes. The 

chapter consists of the current approaches to using and or integrating: numerical models, remote 

sensing or reanalysis products, as a means of understanding sea ice motion through a range of 

scales. This chapter also establishes the nomenclature used in the subsequent chapters. Chapters 

three to five address the thesis objectives. 

 

Chapter three describes the Pan-arctic winter drift speeds and changing patterns of sea ice motion: 

1979-2015 using remote sensing. Monthly mean passive microwave-derived sea-ice motion maps 

for 36 winters (October-April) are used to examine pan-Arctic sea-ice drift speeds and patterns. 

The material in chapter three appears in this thesis as it has been published in the peer-reviewed 

literature in the journal Polar Record:  

Kaur S., Ehn J.K., and Barber D.G. (2019) Pan-arctic winter drift speeds and changing patterns of 

sea ice motion: 1979-2015. Polar Record 54: 303-311, doi.org/10.1017/S0032247418000566 

 

Chapter four investigates the Higher-order statistical moments to analyze Arctic sea ice drift 

patterns. Higher-order moments (skewness and kurtosis) of ice drift speeds are examined over the 

winter period of 2006-2017 to describe the spatiotemporal variability in features like the BG and 

TPD, and their variation over time. The material in chapter four appears in this thesis as it has been 

published in the peer‐reviewed literature in the Annals of Glaciology: 
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Kaur S, Lukovich JV, Ehn JK, Barber DG (2020). Higher-order statistical moments to analyse 

Arctic sea-ice drift patterns. Annals of Glaciology 61(83), 464-471. 

https://doi.org/10.1017/aog.2021.6 

 

Chapter five describes the preliminary results for correlation between ice drift and wind, with a 

focus on Beaufort Gyre. We plan to submit this manuscript to the peer-reviewed journal, but this 

paper is currently in preparation. 

Kaur S., Ehn J.K., and Barber D.G. (2022) Role of winds in driving Sea ice drift and its patterns 

[In Prep.] 

 

Chapter six summarizes the results of chapters three through five and presents concluding remarks. 

 

Appendix A describes the contributions of collaborating authors to the work presented in chapters 

three to six. 
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Chapter 2 Background and Literature Review 

2. Introduction 

In an attempt to reach the North Pole, in 1879 Commander De Long sailed north through Bering 

Strait on his ill-fated ship, the Jeannette. In 1884 a number of objects from the wreck, including 

pieces of clothing marked with the names of the members of the expedition were found in the 

southwestern Greenland which indicated the existence of an ocean current moving the permanent 

Arctic ice from east to west. Professor H. Mohn in an article in the Norwegian Morgenblad 

suggested the possibility of the currents across the “Polar Sea” that drifted the ice floe on which 

the articles were found. Following the theory suggested by Prof. Mohn, the Norwegian 

scientist/explorer Fridtjof Nansen proposed the most epic voyage with a scientific background at 

the end of the 19th century. His idea was to freeze a ship (especially designed to withstand the 

pressure of the ice) in the region where Jeanette was abandoned and let her drift with the strong 

ocean currents until released off the coast of Greenland. Nansen collected the first observations of 

ice drift in 1893 when he froze his ship, Fram, into the pack ice north of the East Siberian Islands 

(Weeks, 2010). The Voyage initiated the beginning of modern sea ice geophysics (Thomas & 

Dieckmann, 2010). The historical drift of Fram began across the central Arctic, during which 

regular hydro-meteorological and magnetic observations were carried out, and the ice drift speeds 

and directions were investigated (Frolov, 2005). The expedition on board the Fram opened a new 

epoch in the study of the high latitudes of the Arctic Ocean. To emulate the drift of the Fram, 

Schooner Tara was frozen into the Arctic drifting ice in September 2006, which exited the Arctic 

Basin twice as fast as Fram (Gascard et al., 2008). Comparison of the drift tracks of Tara and Fram 

is shown in Figure 1. 
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Figure 2.1 Comparison of the drift track of Tara (2006-08) and Fram (1893-96)  

Obtained from the Tara Expeditions Foundation  

(Source: Foundation Tara Ocean for Tara Arctic Expedition) 

 

2.1 Hemispheric Scale Sea Ice Circulation Regimes 

Probably the most important property of sea ice is, despite being solid; its density is less than 

seawater, and therefore it floats and acts as a blanket on the cold ocean (Thomas & Dieckmann, 

2010). People living by freezing seas, such as Baltic Sea in northern Europe, have known the ice 

drift phenomenon on small scales for a long time (Leppäranta, 2011, p.1). But it was not until the 

voyage of Fram that explorers confirmed that the drift of ice occurs on a very large scale. The main 

features of the large-scale sea ice drift pattern in the Arctic Ocean have been well established for 

decades now (Colony & Thorndike, 1984; Gordienko, 1958; Olason & Notz, 2014). The mean 

Arctic sea ice motion map shows two distinct features: Beaufort Gyre (BG), and the Transpolar 

drift (TPD). The BG is an anticyclonic circulation regime typically covering the Beaufort Sea and 

parts of the central Arctic Ocean between the East Siberian Sea and the North Pole. The TPD 
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drives the ice from Laptev and East Siberian seas across the central Arctic Ocean towards the Fram 

Strait (FS). The BG is primarily wind driven, while the TPD is caused by a combination of westerly 

wind and the inflows from Siberian Rivers along with the contributions from BG and Kara Sea 

(Comiso, 2010 p. 24). The strength of these primary circulations plays a dominant role in driving 

the Arctic climate. In addition to these two dominant Arctic circulation patterns a third feature has 

been observed in the Eurasian basin moving ice from the Kara Sea (KS) via the ocean route 

between the Franz Josef Land and Novaya Zemlya and can be identified in winter mean drifts 

(Kaur, Ehn, & Barber, 2019).  

 

Beginning with the drift of the remains of “Jeannette (1879-1881)” and the observations of the 

Fram (1893-1896), Gordienko (1958) plotted the map of the large-scale circulation of the ice based 

on the drift of the ships and manned stations. Colony & Thorndike (1984) later revised the map by 

adding the large amount of Buoy data using optimum linear interpolation. Colony & Thorndike 

(1984) found that the average sea ice velocities are ~2cms-1 with the daily standard deviation up 

to 7 cms-1. Colony & Thorndike (1985) later estimated the residence time of the perennial sea ice 

floe in the Arctic Basin to be about 5-7 years. Proshutinsky & Johnson (1997) postulated that the 

inter-annual changes in atmospheric pressure patterns that affect the wind circulations could alter 

these patterns in both space and time, which was later confirmed by (Martin & Gerdes, 2007). 

Variation in the BG and TPD have been closely linked to the Arctic Oscillation (AO) patterns by 

Rigor, Wallace, & Colony (2002). The negative AO index is characterized by high pressure over 

the polar region and low pressure in the mid-latitudes, resulting in the large Beaufort High, which 

drives the anticyclonic BG to expand beyond the Canada Basin into the Eastern Arctic and along 

the coast of the Canadian Arctic Archipelago (CAA). The expansion of the gyre into the CAA 
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results in longer recirculation times and more supply of multi-year ice to the TPD. On the other 

hand, a positive AO index is reflective of lower pressure over the Arctic with a weaker Beaufort 

High over the Beaufort Sea and deeper Icelandic Low over the North Atlantic which causes the 

BG to weaken and retreat towards Alaska (Rigor et al., 2002; Zhang, Rothrock, & Steele, 2000), 

resulting in the broader TPD extending towards the central Arctic resulting in increased ice export 

through FS (Kwok, 2000). 

 

Figure 2.2 The average position of Beaufort Gyre and Transpolar Drift obtained from (AMAP, 

1998:Figure3.29) 

 

2.1.1 Beaufort Gyre (BG) 

The Beaufort Gyre is an anticyclonic (clockwise) motion in the Canadian Basin. It is a unique 

circulation system within the Arctic Ocean physical environment caused by a set of specific 
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atmospheric, sea ice, and oceanic conditions that are interrelated with pan-Arctic as well as global 

climate systems (Dukhovskoy, Johnson, & Proshutinsky, 2004; Krishfield et al., 2014; Morison et 

al., 2012; Proshutinsky, Bourke, & McLaughlin, 2002; Proshutinsky et al., 2009). The circulation 

results from an average high-pressure system that spawns winds over the region. Asplin, Lukovich, 

& Barber (2009) have shown that the BG is strongly driven by the synoptic-scale atmospheric 

circulation patterns. The boundaries between BG and TPD are not distinct, therefore the ice 

drifting on the periphery of the gyre can be incorporated into the TPD and then removed from the 

Arctic Basin, or it can drift into the regions with the extremely weak currents, to the North of 

Ellesmere Island and Greenland. From here the ice can be returned by the anti-cyclonic current 

into the Beaufort Sea or removed from the basin via the straits between the islands in the Canadian 

archipelago. The mean BG circulation tends to “push” ice up against the coasts of the Canadian 

Arctic Archipelago and Greenland. As a result the thickest ice in the arctic tends to be found in 

this region. The recirculation of the ice in BG can cause residence times of approximately 10 years 

in the western Arctic whereas the ice is short lived in the eastern arctic due to the advection by 

TPD (Belchansky et al., 2005; Rigor & Wallace, 2004). Buoy drift data indicate that on an average, 

it takes about 4 years for the cycle to be completed (Comiso, 2010). 

 

Although the direction of the drift within the BG is predominantly characterized by anticyclonic 

circulation, brief periods of reversal in direction have been observed by previous studies 

intermittently throughout the annual cycle (Ledrew et al., 1991; Lukovich & Barber, 2006; Preller 

& Posey, 1989; Proshutinsky & Johnson, 1997; Serreze et al., 1989). During the anticyclonic 

periods, the BG is well expressed as compared to the cyclonic periods, when the ice motion near 

the Pole has a strong cyclonic component. Wendler & Jayaweera (1976) and Hibler III (1980) 
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briefly discussed the reversals in the BG on weekly scales but the occasional reversals were 

regarded as merely anomalies. Walsh (1978) suggested the seasonal changes in the ice circulation 

patterns in this area. Walsh et al., (1985) further using the model results averaged over 30 years 

found that the BG varied seasonally in shape and size, the gyre was large in spring and fall 

compared to winter and summer when it was confined to the western third and quarter respectively. 

McLaren et al., (1987) from their analysis of Arctic buoy data also found the reversals in the gyre. 

Preller & Posey (1989) showed that the gyre reversed its direction in the late summer due to the 

change in atmospheric surface pressure. Barry & Maslanik (1989) stated that the strength and 

duration of the reversals could vary between years. Proshutinsky & Johnson (1997) speculated that 

Sea Surface Temperature (SST) in the far northern Atlantic could trigger the shift between regimes. 

Tucker III et al., (2001) showed that changes in the atmospheric circulation reduced the strength 

of the BG in the 1980’s and early 1990’s which has been defined as the shifts in the sea level 

pressure pattern over the central Arctic by Lukovich & Barber (2006). The latter study showed 

that reversals occurred throughout the annual cycle in recent years. 

 

The Beaufort Gyre plays a very important role in the Arctic as well as global climate system. The 

continuous thinning of the Arctic sea ice is resulting in the reversals in the gyre which in turn 

affects the ocean circulation and sea ice (Moore et al., 2018). The summer reversals of the BG 

result in transport of sea ice from Chukchi and southern Beaufort Sea northward, subsequently 

increasing the ice volume export through FS (Yu et al., 2004). The satellite-derived estimates and 

the drift measurements from the buoys have shown that the two drift regimes can be related to the 

North Atlantic Oscillations (NAO) and AO (Kwok, 2000b; Rigor et al., 2002). The two drift 

regimes result from the changes in the strength and extent of Siberian High and Icelandic Low as 
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discussed earlier (Cavalieri & Häkkinen, 2001; Proshutinsky & Johnson, 1997). Proshutinsky et 

al., (2002) demonstrated that the BG accumulates and releases the freshwater during anticyclonic 

and cyclonic circulation regimes respectively. The evidence shows that even the modest change in 

the freshwater output via FS could reduce the salinity in the North Atlantic (Serreze & Barry, 

2014). Mysak et al. (1990) showed the annual runoff peaked during 1964-66 and the release of 

freshwater seems to have occurred in the 1960’s and 70’s causing the “Great Salinity Anomaly” 

(Serreze et al., 1992). The detailed description of the decrease in the Arctic sea ice volume due to 

the cyclonic circulation regime is discussed in section 4. 

2.1.2 Transpolar Drift (TPD) 

Transpolar Drift collects ice and water from the Siberian coast of Russia and transports it across 

the Arctic basin roughly through North Pole, southward towards the North Atlantic off the east 

coast of Greenland. South of FS, after entering the Greenland Sea the current becomes East 

Greenland Current. TPD is the route for most of the ice that leaves the Arctic Basin and can take 

up to 3 years for a parcel of ice to move along the TPD (Thorndike, 1986). Ice drift speeds in the 

TPD increase downstream and can be more than twice as large near FS compared to the upstream 

regions. Thinning of perennial sea ice in the Arctic has been related to TPD exporting sea ice out 

of the Arctic through FS (Mysak & Manak, 1989). Previous studies have observed the increase in 

drift speeds over the central Arctic and the regions of TPD (Häkkinen et al., 2008; Rampal et al., 

2009; Spreen et al., 2011). Häkkinen et al., (2008) found a positive trend in the TPD speed for 

1950-2006 using observations from the Russian North Pole stations, various expedition camps, 

and the International Arctic Buoy Program (IABP) data. Kwok (2009) found that the strength of 

the TPD was high during the late 1980s through the mid-1990s. A stronger TPD has been shown 

to lead to the shorter residence time of sea ice in the Arctic Ocean and to promote increased ice 
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export through FS (Haller et al., 2014). Variations in the path and strength of TPD have important 

oceanographic and climate consequences downstream in North Atlantic Ocean (Dyke et al., 1997). 

Attention was brought to the enhanced TPD speed during the drift of the French vessel Tara in 

2006-2008 when it took half as long as the drift time of the Norwegian vessel Fram in 1893-1896 

for about the same distance (Gascard et al., 2008). 

 

2.2 Equation of Motion 

Sea ice, with the exception of the landfast ice (ice attached to the shore), is always in motion under 

the influence of multiple forces acting on it. The transfer of momentum from the ocean and 

atmosphere drives sea ice dynamic processes. The motion of ice results from a balance of forces 

defined by Newton's Second Law of Motion: 

Force = Mass (M) * Acceleration (a) 

M a = τa + τw + τi + Fc + Ft 

where τa and τw are air (wind) and water stress (underlying ocean currents) respectively, τi is the 

internal ice stress which describes the floe-to-floe (ice) interactions, Fc is the Coriolis Force, and 

Ft is the Sea Surface Tilt (Wadhams, 2000). Usually, wind is the driving force, and this is balanced 

by the ice-ocean drag and internal friction of the ice. The relative magnitudes of momentum 

balance terms vary both seasonally and spatially however out of the five terms of the momentum 

budget usually the first three terms are most dominant by more than an order of magnitude 

(Leppäranta, 2011; Steele, Zhang, Rothrock, & Stern, 1997).  
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Figure 2.3 Schematic of major forces in drifting sea ice (northern hemisphere) obtained from 

[figure 5.3 Leppäranta (2011)] 

 

Air (wind) stress drives momentum transfer from the atmosphere to sea ice, affecting the sea ice 

morphology, ocean currents and turbulence, and even sea surface tilt (Guest, Glendening, & 

Davidson, 1995). On long-term scales the mean winds and the average ocean currents contribute 

roughly equally to the mean circulation of the ice pack (Rigor et al., 2002). In the central Arctic 

80% of the variance in the daily ice drift is explained by winds alone. However, in the areas near 

FS and in the Greenland Sea, ocean currents increase in importance with still significant 

correlations with winds (Thorndike & Colony, 1982). The stress gradient of ice near the coasts can 

be as large as the forces due to the winds and currents. For the ice pack in the central Arctic Ocean, 

the principal balance of forces is between the air stress, water stress, sea surface tilt, and Coriolis 

force (Thorndike & Colony, 1982). A linear regression model developed by Thorndike & Colony 

(1982) shows that away from coasts more than 70% of the variance of the ice motion is explained 

by the geostrophic wind alone on the time scales from days to months and a more recent study has 

shown the correlation among them persists over climatological time scales (Agarwal & Wettlaufer, 

2017). A major defining characteristic of pack ice is that it is drifting in response to wind and 
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ocean currents. For the individual ice floes or ice fields with low compactness/concentration the 

internal ice stress is generally neglected. Coriolis acceleration is comparatively less important than 

the three major forces and is always perpendicular and proportional to the ice motion. The other 

acceleration terms and sea surface tilt are smaller still but can influence in any direction 

(Leppäranta, 2011). The other governing factors, which in turn effect the five main parameters 

mentioned above, are the strength of the ice cover in terms of sea ice concentration, sea ice 

thickness and pressure gradients. 

2.2.1 Air Stress 

Air stress (wind) is one of the most important Ocean-sea ice-atmosphere (OSA) interactions. Force 

exerted by the wind on a surface is proportional to the square of wind speed relative to the surface 

(Wadhams, 2000). Wind is the primary force responsible for ice motion at small temporal scales, 

particularly at the timescale of days or weeks. The air stress on the area of the ice is represented 

by the air-ice drag coefficient, a constant of proportionality linking wind speed to the stress exerted 

on the ice. Drag Coefficient is a function of the roughness of the surface. Air stress is defined as- 

𝜏𝑎 =  𝜌𝑎 𝐶𝑎 |𝑈𝑎− 𝑈𝑖| (𝑈𝑎 − 𝑈𝑖 ) 

where 𝜏𝑎 is the air stress, i.e. force per unit area exerted by wind on the ice; 𝜌𝑎 is the air density, 𝐶𝑎 

is the drag coefficient, 𝑈𝑎 is the wind velocity measured at anemometer height (conventionally at 

10m above the surface) and  𝑈𝑖 is the velocity of the ice surface (Wadhams, 2000). The total drag 

can be estimated by dividing the  𝐶𝑎 further into two components, skin friction drag and form drag. 

Small-scale features ranging in millimeters to meters in size and length respectively compose the 

skin friction drag. It is generally due to the carpet of undeformed ice that typically consists the top 

surface of snow-covered ice floes in winter and a mixture of bare ice and melt-water pools in 

summer, which results in small-scale roughness. Large-scale features ranging in meters to 
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kilometers in size and length respectively compose the form drag. The form drag is due to the 

obstacles offered to the airflow by individual structures (hummocks, pressure ridges, rafted ice and 

vertical floe edges protruding in the air) resulting in large-scale roughness. The form drag 

coefficient is proportional to the product of ridge density and mean sail height (Arya, 1975). 𝐶𝑎 

ranges between 1.4 to 2.1×10-3 for sea ice but varies substantially based on the ice types, location, 

season of the year and the meteorological conditions in the atmospheric surface layers (Arya, 1973; 

Wadhams, 2000).  𝐶𝑎 of multiyear ice (MYI) is always greater than that of first year ice (FYI) for 

any degree of roughness. However the  𝐶𝑎 for FYI is greater than open water which itself is higher 

than many other young ice types such as grease ice, nilas and small pancakes, because they damp 

down waves without adding much roughness themselves (Wadhams, 2000). For open oceans,  𝐶𝑎 

depends on the wind speed (Leppäranta, 2011, p.163). Air stress is measured by profiling masts, 

aircrafts (Fairall & Markson, 1987; James E. Overland, 1985), ships (Andreas, Lange, Ackley, & 

Wadhams, 1993; Andreas, Tucker, & Ackley, 1984), buoys (Reynolds, Pease, & Overland, 1985) 

and drift stations (Overland & Colony, 1994). 

 

Nansen first noted that the sea ice/ice bergs does not drift in the direction of the wind, but is in fact 

deflected to the right in the northern hemisphere because of the rotation of the earth (Nansen, 

1897). An old rule of thumb is that pack ice drifts at about 2% of the surface wind speed with the 

deviation angle of 30°- 45° to the right of the surface winds in the northern hemisphere (Nansen, 

1902) which was explained by (Ekman, 1902) in terms of wind forcing, ice-water drag, and the 

Coriolis acceleration (Leppäranta, 2011). This old rule of thumb is also known as the Nansen-

Ekman Drift Law.  Zubov (1943) further examined this and presented the strong effect of the 

Geostrophic wind on the Arctic sea ice drift (Vihma, Tisler, & Uotila, 2012). On short time-scales, 
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sea ice drifts with a speed of about 1% of and 5° to the right of the geostrophic winds along sea 

level pressure contours (Thorndike & Colony, 1982; Zubov, 1945). Zubov (1945) further 

examined this and presented Isobaric drift law, which states that the ice moves parallel to the 

isobars of atmospheric surface pressure (Leppäranta, 2011; Wadhams, 2000).  

 

Figure 2.4 Long-term average pressure field over the Arctic Ocean from five year buoy-derived 

data [Figure 1.8 Wadhams, 2000] 

 

Thorndike & Colony (1982) further described the relationship between ice velocity (u), the 

geostrophic wind (G), and the mean ocean current (c̅) with the following equation- 

𝑢 = 𝐴𝐺 +c̅ + 𝜀 

where A is a complex constant and vectors u, G, c̅ and 𝜀 are the complex numbers in which 𝜀 

represents that part of the ice velocity which is neither a constant nor a linear function of 
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geostrophic wind e.g. contributions to the ice velocity from internal ice stresses and time dependent 

currents (Thorndike & Colony, 1982). 

 𝐴 = |𝐴| 𝑒−𝑖𝜃  

The complex coefficient A involves the scaling factor (|A| represents coupling between wind and 

ice and internal ice stress that tend to oppose ice motion) and a turning angle (θ which is the angle 

between the geostrophic wind and ice motion vectors) (Kwok, Spreen, & Pang, 2013). Since winds 

are primarily derived by the Sea level pressure differences, a detailed explanation of their role in 

deriving BG and TPD has been explained in section 2.0. 

2.2.2 Water Stress 

Water stress occurs at the ice-ocean interface on the bottom surface of ice (Serreze & Barry, 2014). 

It is the frictional force between ice and seawater, which is controlled by water density, 

temperature, and underwater currents. 

𝜏𝑤 =  𝜌𝑤  𝐶𝑤  |𝑈𝑤− 𝑈𝑖| (𝑈𝑤 − 𝑈𝑖 ) 

where 𝜏𝑤 is the water stress, i.e. force per unit area exerted by water on the ice; 𝜌𝑤 is the water 

density, 𝐶𝑤 is the ice-water drag coefficient, 𝑈𝑤 is the water velocity measured under the ice at the 

bottom of logarithmic boundary layer (1-2m) and  𝑈𝑖 is the velocity of the ice surface (Wadhams, 

2000).  𝐶𝑤 is a function of the ice bottom roughness and varies with ice types as well as for vertical 

obstacles to the flow. In particular, large keels protruding underneath the pressure ridges can take 

significant fraction of the oceanic boundary layer (~30m). McPhee (1980) and Reynolds et al. 

(1985) calculated  𝐶𝑤 value around 0.0054. Hibler (1979) used  𝐶𝑤 as 0.0055 in his model. 

(McPhee, 1986) described that the melting and freezing massively affects the boundary layer under 

ice and act as a complicated factor to determine the value of 𝐶𝑤. Melting (freezing) results in the 
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increase (decrease) the strength of the density stratification, which hinders (helps) the vertical 

momentum transfer resulting in the overall decrease (increase) in the drag (Wadhams, 2000).  

 

Historically, surface currents were mapped using information about how much a ship drifted from 

its intended course due to surface currents. Maury (1853) first suggested about examining ships 

navigation logs to extract such information on currents. Modern measurements of surface currents 

are made with freely drifting buoys (or surface drifters) with a radio transmitter for satellite 

tracking. Although winds play an important role for ice drift at hemispheric scale, no obvious 

relationship between the ice drift and the inferred wind field exists in Baffin Bay, pointing to a 

strong role of ocean currents (Serreze & Barry, 2014). 

2.2.3 Internal Ice Stress 

Internal ice stress (τi) describes the total force acting on a unit area of ice embedded within an ice 

sheet due to the stress transmitted through the ice from the parts of the ice sheet surrounding the 

reference area (Wadhams, 2000). Internal stress is a function of the rheology and strength of the 

ice cover and of the existing thickness distribution.  The internal ice stress is normally substantial 

for locations far from the shore (Hunkins, 1975) with an exception for summer months (Hibler III 

& Tucker, 1979; McPhee, 1980). However, for near shore locations the ice stress fluctuates in both 

winter and summer (Hibler III, 1979). Internal Stress must be accounted for if the ice concentration 

is more than 80% (Wadhams, 2000). It is especially relevant in enclosed areas such as bays 

normally occupied by consolidated ice, the motion of which is not affected by high wind or current 

forcing (Comiso et al., 2010). The term is usually calculated as a residual of the force balance. The 

shear property of the ice facilitates the pile up of the ice, formation of the pressure ridges, and 

hummocks under the influence of differential forces between the fast ice and the offshore pack. 
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Internal ice stress is very difficult to measure and equally difficult to quantify in the models. In the 

absence of internal stresses sea ice enters a state of free drift, which results in the strain rate to be 

zero. Free drifts works best for isolated floes of ice but can also occur in summers in areas of low 

ice concentration or marginal ice zones. The wind, water and coriolis force control ice drift in such 

conditions (McPhee, 1978).  

2.2.4 Coriolis Force 

The Coriolis force is one of the precisely calculated forces on sea ice unlike Air and Water Stress, 

which are computed using semi-empirical formulae. The Coriolis force arises due to the earth’s 

rotation and is responsible for the objects to accelerate. The Coriolis force is directly proportional 

to the mass and velocity of the ice floe. The magnitude of the Coriolis force (𝐹𝐶) is given by: 

𝐹𝐶 = 2 𝑚 𝜔 𝑈𝑖 𝑠𝑖𝑛𝜑 

where m is the mass of the ice floe, 𝜔 is the angular velocity of the Earth (7.272 × 10−5 rad/s), 𝑈𝑖 

is the ice velocity, and 𝜑 represents the latitude. The direction of the Coriolis force is 90° to the 

right (left) of the ice velocity (𝑈𝑖) in the northern (southern) hemisphere, which results in the 

deflection of the ice floes to the right (left) in northern (southern) hemisphere. Coriolis force is 

maximum at the poles, which alone makes it important for sea ice motion (Wadhams, 2000). Being 

directly proportional to the mass of an object, it acts as a strong determinant for the iceberg motion 

compared to the thin ice sheets/floes. 

2.2.5 Sea Surface Tilt 

The sea surface does not necessarily correspond to the geoid. The geoid is the surface over which 

the gravitational potential is constant. The unevenness in the sea surface height is the result of the 

bumps and hollows caused by the distribution of oceanic and continental crust and mid oceanic 
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ridges. The tilt of the sea surface relative to the geoid causes a horizontal pressure gradient force, 

which is expressed as follows:  

Ft  = -mgΔH 

where g is the gravitational acceleration and H is the dynamic height of the sea surface with respect 

to the geoid. There is an apparent proportionality between the force and gravitational acceleration. 

2.3 Export pathways of Sea Ice to lower Latitudes 

There are three topographic gaps, which connect the Arctic to the global ocean, by far the deepest 

and most significant being Fram Strait (FS) between the archipelago of Svalbard and Greenland 

where water depths are over 3000m. The two smaller but still important gaps are the Bering Strait 

between North America and Asia, and the numerous channels between the Arctic Ocean and Baffin 

Bay through the Canadian Archipelago. About 10% of the Arctic sea ice area is exported through 

FS annually whereas the ice exported through the other Arctic gateways is an order of magnitude 

smaller (Kwok, 2009). As much as 94% of all ice exported from the Arctic Ocean passes through 

the FS (Arfeuille, Mysak, & Tremblay, 2000). Locations of the flux gates of the Arctic as presented 

by Kwok (2009) are shown in figure 2.5. Kwok (2005) assuming the ice thickness of 4m estimated 

the annual outflow through Nares Strait to be 130 ± 65 km3yr-1. Ice export through Nares strait 

(located between Ellesmere Island and Greenland), Franz Joseph Land/Severnaya Zemlya and 

Franz Joseph land/Svalbard is limited and has not been discussed in detail.  

 

Ice Area fluxes are used to quantify the export of ice out of the Arctic, and are calculated by the 

following equation, 

𝐹𝑖 = ∑ 𝑐𝑖 𝑢𝑖 𝚫𝐱 
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where 𝑐𝑖 is the sea ice concentration, 𝑢𝑖 is the ice motion normal to the gate, 𝚫𝐱 is the sampling 

interval along the length of the gate or size of the pixel (Howell et al., 2016). Estimating sea ice 

volume flux requires accounting for the ice thickness in addition to the ice velocity through the 

strait (gate) and ice concentration (Serreze & Barry, 2014). 

 

Figure 2.5 Location of flux gates of the Arctic Ocean [Figure 1  Kwok (2009)] 

 

2.3.1 Ice export through Fram Strait (FS) 

The primary gateway for ice export from the Arctic Basin is FS, which is located between the 

northeast coast of Greenland and the west coast of Svalbard. Approximately 20% of the total arctic 

pack ice area (Thorndike & Colony, 1982) and 25% of the freshwater export (Serreze et al., 2006) 

is carried through the ~400km wide FS into the North Atlantic.  The amount of sea ice being 

exported through FS is linked to the rotational regimes of the BG. During the cyclonic regime of 

the BG, the ice transported by the BG consists of high sea ice concentration resulting in increase 

in the volume of ice that is exported through FS (Lukovich & Barber, 2006). Martin & Martin 
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(2006) calculated the sea ice transports within the Arctic Ocean and showed a close relationship 

between ice volume variations and ice drift regimes, with the ice volume export being dependent 

on the source region of the ice. 

 

Hilmer & Jung (2000) found a close relationship between the NAO and FS export. During period 

of NAO index, when both the Azores High and Icelandic Low are strong, northerly winds prevail 

over the Greenland Sea region and favour the ice export through FS. Rigor et al. (2002) found 

good correlation between the annual FS export and AO index during the 1980s and 1990s; with an 

overall increase of 10% FS export with an AO index of +1. However the response was most 

apparent for the winter (DJF) AO index and the winter ice export. On an average FS exports 

roughly 706 × 103 km2 yr-1 of sea ice with approximately double the export during high AO 

compared to the low AO regimes (Kwok, 2009). Smedsrud, Halvorsen, Stroeve, Zhang, & Kloster 

(2017) found the relationship not to be stationary in time as since 2000 the AO index has fluctuated 

around zero, while the FS export has remained at anomalously high levels. Tsukernik, Deser, 

Alexander, & Tomas (2010) suggested that FS export is more strongly linked to a SLP dipole 

pattern than the AO. Smedsrud et al. (2017) found that the 53% of the variance in the observed ice 

export for 2004-2014 can be directly explained by the pressure difference from observed sea level 

pressure across the FS on Svalbard and Greenland [in addition to role of the dipole between the 

Barents Sea (low pressure) and Greenland (high pressure) on daily timescales in export anomalies 

during 1979-2006]. 

 

Kwok & Rothrock (1999) derived an 18-year time series (1978-1996) of ice export through FS 

and found a gradual increase of about 9900km2 yr-1 in area flux throughout the 1978-1995 period 
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despite the large daily, monthly and annual variations. Rampal et al., (2009) and Smedsrud, 

Sirevaag, Kloster, Sorteberg, & Sandven (2011) observed the increase in drift speeds in FS. Widell, 

Østerhus, & Gammelsrød (2003) observed the positive trends in annual FS ice area export. Kwok 

(2009) observed the high variation in ice export through FS on both short and long-term scales. 

Recently, Smedsrud et al. (2017) have developed a long-term data record (1935-2014) of sea ice 

area export through FS using a combination of satellite radar images and station observations of 

surface pressure across FS. They have found the large inter-annual and multi-decadal variability 

with the increase in ice export in the last decade as several years experienced the annual ice export 

of more than 1million km2. In addition, positive and robust trends have been found in the sea ice 

area export in the last 35 years (Smedsrud et al., 2017). Contrary to these studies (Kwok et al., 

2013) found a small negative trend in annual FS ice area export for 1982-2009, but with the 

positive trend for 2000-2009.  

 

FS being the primary region of sea ice export from the Arctic plays an important role in regulating 

the amount of sea ice and freshwater within the Arctic. The net ice production in the Arctic basin 

is balanced by the ice export, primarily through FS. The anomalous FS export has been linked to 

the ‘‘Great Salinity Anomaly’’ in the North Atlantic (Dickson et al., 1988) and to the recent decline 

of summer sea ice extent (Rigor & Wallace, 2004). To summarize, in general about 60% of the 

effective flux is explained by the pressure gradient between Greenland, which is characterized by 

strong and constant high pressure, and Svalbard, which is located at the edge of low pressure 

formed by the cyclones entering the Arctic from North Atlantic (Vinje, 2001). 
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2.3.2 Ice export through Canadian Archipelago (CAA) 

West of Greenland, sea ice can leave the Arctic Ocean through the numerous channels in Canadian 

Archipelago. Sea ice within the CAA is a mix of seasonal first-year ice (FYI) and perennial multi-

year ice (MYI) with the latter category more than 50% of the total ice covered area prior to melt 

season in some years (Canadian Ice Service, 2011). The advanced ice tracking algorithm 

developed by (Komarov & Barber, 2014) known as Canadian Ice Service-Automated Sea Ice 

Tracking System (CISASITS), is being operationally used at the CIS of Environment Canada to 

estimate the exchange of sea ice between the Arctic and the CAA (Shokr & Sinha, 2015). 

 

Typically about two-third of the straits that border the Arctic Ocean are covered with landfast ice 

for most part of the year. Aagaard & Carmack (1989) assuming the mean thickness of 2 m and an 

average outflow drift speed of 5cms-1 with only three months of opening estimated that 155 km3yr-

1 of flow pass through these narrow passages. Kwok (2006) quantified the large ice import into the 

CAA (here referred as the ice export out of the Arctic) through the gates in the QEI (8 x 103 km2 

yr-1) compared to the small export to Arctic Ocean through Amundsen Gulf (20 km2 yr-1) and 

M’Clure Strait (85 km2 yr-1). Howell et al., (2013) found the high inter-annual variability in the 

export of ice through the CAA due to the increasing presence of open water in this region. 
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Figure 2.6 Location of numerous flux gates of Canadian Arctic Archipelago [Figure 1 (Agnew, 

Lambe, & Long (2008)] 

 

2.3.3 Ice export through Bering Strait  

The only link between Arctic and Pacific Ocean is the Bering Strait through which the export takes 

place. Historically the export of ice through this strait was considered to be negligible.  Reimer, 

Pritchard, & Coon (1979) found that the passage of ice from the Chukchi to the Bering Sea through 

the Bering Strait is tied to specific synoptic events of 3-5 day duration and are correlated with the 

reversal of currents through the Bering Strait resulting in the export of ice. Babb, Galley, Asplin, 

Lukovich, & Barber (2013) using the ice beacons deployed in Beaufort Sea found the record export 

of 13.5 × 103 km2 through the Bering Strait. 

 

2.4 Current Approaches 

Sea Ice motion is the fourth most important variable of the Essential Climate Variable (ECV) for 

sea ice as defined by Global Climate Observing System (GCOS) after sea ice concentration, extent 
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and thickness (WMO, 2015). Historically, the ice motion observations were collected through the 

ships and ice camps. However one of the biggest problems from the normal-ship based 

measurement system was the mixture of time and space sampling. Due to the ship speed limits 

(10-12 knots), it was impossible to observe a large area in a “synoptic” (i.e. near simultaneous 

fashion). The early methods provided the preliminary maps of the mean ice circulation patterns 

(Gordienko, 1958; Nansen, 1902). The rapid improvements in technology, primarily satellite 

communications capabilities introduced new options. The current approaches use the data 

obtained/transmitted through satellites in integration with the reanalysis model outputs and 

meteorological observations for ice drift measurements. The wider use of Icebreakers as platforms 

for deployment of autonomous instruments that can record and transmit the motion of the ice via 

satellites e.g. Ice beacons. The hemispheric scale studies to monitor the temporal and spatial 

variation of sea ice are typically relied on Satellite-borne passive microwave (PMW) sensors. 

Hibler III & Tucker (1979) presented one of the first finest dynamic-thermodynamic model for sea 

ice and have been widely used by various studies. The need to validate and verify satellite 

measurements and modeling results has given rise to new in-situ sampling programs.  

The early estimates of ice drift used the trajectories of floes of ice, starting at random selected time 

and location and ending when either the ice melts or leaves the Arctic basin (Colony & Thorndike, 

1985; Kwok, 2009) or the backward trajectories followed in time to identify the source regions of 

the individual ice floes to reconstruct their drift paths (Pfirman, Colony, Nürnberg, Eicken, & 

Rigor, 1997). The recent studies are however conducted by integrating the data collected through 

various platforms in order to achieve the more accurate results. One of the recent studies by 

Docquier et al. (2017) have integrated data obtained through global ocean-sea ice NEMO-LIM 

model (Nucleus for European Modelling of the Ocean coupled to the Louvain-la-Neuve sea Ice 
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Model), satellite and buoy observations, as well as reanalysis data over the period from 1979 to 

2013 to study the interactions between sea ice drift speed and strength. 

2.4.1 Ice Beacons 

Ice Beacons measure ice movement with the help of Global Positioning System (GPS). Ice beacons 

are autonomous units, which remain on the ice and rely on satellite communication to transmit the 

data back. The units are comprised of GPS and satellite antennae and the power is provided through 

a battery back. The frequency of the transmissions can be adjusted according to the research 

objectives in order to obtain the required data in the lifespan of the unit/battery. The entire unit is 

enclosed in a weatherproof case. The unit is however prone to ice deformation and other natural 

forces, which may cause them to malfunction resulting in their failure. The beacons provide the 

high-resolution sea ice motion dataset for the floes. Beacons are usually deployed in triplets or 

arrays to understand the local/divergence and convergence in the field over time. The first buoy 

program was established in 1978 by the Polar Science Centre (PSC), University of Washington 

known as Arctic Ocean Buoy Program under the recommendation of the U.S. National Academy 

of Sciences in order to monitor the synoptic scale fields of sea level pressure, surface temperature 

and ice motion throughout the Arctic Ocean. In 1991, International Arctic Buoy Programme 

(IABP) evolved from a succession of buoy programs beginning with Arctic Ocean Buoy Program 

(IABP website). The primary objective of the IABP is to establish and maintain a network of 

drifting buoys in the Arctic Ocean in order to provide the meteorological, sea ice and 

oceanographic data in real-time over the Global Telecommunication System (GTS) of World 

Meteorological Organization (WMO). Due to the accuracy of the data obtained from IABP, it is 

used but not limited to the validation of the motion estimates obtained through satellites. The data 

is also increasingly assimilated with the satellite data to improve its accuracy (Kwok, 2000).  
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The buoys data provided by IABP have contributed to a great deal in order to understand the 

behaviour of pack ice (Heil & Allison, 1999). Moreover, buoys serve as a useful data source during 

the summer melt period when satellite microwave techniques are largely inoperable. It has been 

possible to validate modeled fields of mean ice motion against drifting buoy and station trajectories 

(Meier, Maslanik, & Fowler, 2000; Zhang et al., 2000). Ice motion derived from buoys is more 

accurate than that obtained from satellites (error of less than 1 cm s−1 for the average velocity over 

24 h according to NSIDC). Spatial coverage of buoys is the densest in the central Arctic Ocean 

and in Beaufort Sea but very sparse in the Eastern Arctic and marginal seas. The limitations of 

buoys include their expense, the logistical difficulty of deployment, their sparse areal coverage, 

and their short operating lifetimes. 

2.4.2 Numerical Models/Reanalysis Data 

All models are capable of producing realistic drift pattern variability although differences have 

been found between models and observational results (Comiso, 2010). Reasons for these are 

manifold and common ones lie in the discrepancies of ocean and internal stress assessments. The 

ice concentration, mean ice thickness and ice motion are commonly derived parameters from large-

scale sea ice models. Numerous studies have used the National Centers for Environmental 

Prediction (NCEP) Reanalysis/Reanalysis2 pressure and wind data provided by the National 

Center for Atmospheric Research (NCAR) for analyzing the drift variability arising due to the 

changing wind patterns. The dataset provides continuous, consistent and long-term global 

coverage. Starting with the year 2002, the NCEP numerical model started incorporating satellite 

scatterometer wind data (e.g., QuikSCAT data) through assimilation techniques in order to 

improve the data accuracy. The Reanalysis datasets have been extensively used to understand the 
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role of pressure patterns in driving ice motion. One such study by Proshutinsky & Johnson (1997) 

used numerical simulations to suggest the shift in ice motion fields, from a strongly anticyclonic 

pattern before 1990 to a weaker one in the 1990s.  Rigor et al. (2002) using the Sea Level Pressure 

(SLP) fields derived from the (NCEP) provided by the National Center for Atmospheric Research 

(NCAR) in conjunction with the buoy data and sea ice motion data concluded that the part of the 

thinning as a result of motion could be attributed to the trend in AO.  

2.4.3 Satellite Remote Sensing  

Sea ice data obtained from satellites represent one of the longest earth observation records from 

space. The need for more nearly simultaneous sampling with the intensification of the time-

variable processes was fulfilled by the advent of polar orbiting satellites. The regular coverage of 

the Polar Regions provided new opportunities to estimate the sea ice motion (Comiso, 2010). 

Visible and thermal-infrared range satellite images such as from the Moderate Resolution Imaging 

Spectrometer (MODIS) can provide information at the intermediate resolution but are weather 

and/or illumination dependent (Eicken et al., 2014). In comparison, microwave remote sensing has 

long been long viewed due to their all-weather and diurnal capabilities (Barber, 2005). Satellite 

remote sensing data mainly passive microwave and Synthetic Aperture Radar (SAR) are presently 

more often used for ice drift studies. 

Active Microwave 

Synthetic Aperture Radar (SAR) is one of the most useful datasets and comprises a number of 

imaging modes, one of which illuminates the wide swaths (460 km) and is designed for large 

mapping of the Earth’s surface. The earlier method of estimating sea ice motion used the 

displacement measurements from the set of successive images by means of recognizing a common 
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feature (distinctive floe/ridge) and was replaced by the Geophysical Processor System (GPS) that 

used the automated ice-tracking algorithm for image pairs (Kwok et al., 1990). In 1998 the 

successor of the GPS, called the Radarsat Geophysical Processor System (RGPS) was developed 

to process the Radarsat sea ice images of the Arctic (Kwok, 1998). The RGPS produces sea ice 

motion, deformation, and estimates of thickness from RADARSAT imagery (Kwok & 

Cunningham, 2002). RGPS ice motion datasets are used to validate ice drift obtained from 

dynamic sea ice models (Kwok et al., 2008). Sandven (2008) noted that the wide swath SAR data 

from ENVISAT has also been widely used since 2004 to estimate ice drift with improved spatial 

resolution. Currently, the SAR imagery acquired by RADARSAT-2 (launched in 2007) is the most 

reliable source of information for routine detection of changes in sea ice cover at the regional and 

local scales (Comiso, 2010). 

Passive Microwave 

Passive-microwave derived sea ice drift products are provided by different institutions and have 

been widely used in sea ice studies and for sea ice drift speed analysis (Kwok et al., 2013; Spreen 

et al., 2011). This section will outline the two major datasets that are widely used for sea ice drift 

studies: Polar Pathfinder 25km EASE grid ice motion dataset produced by National Snow and Ice 

Data Centre (NSIDC) and OSISAF (OSI-405-b) generated by European Organization for the 

Exploitation of Meteorological Satellites (EUMETSAT). The data are archived by National Snow 

and Ice Data Center (NSIDC) from 1978 to 2017 at the Equal-Area Scalable Earth (EASE) grid at 

the spatial resolution of 25 km. The ice drift vector fields are composites of daily drift computed 

from Advanced Very High Resolution Radiometer (AVHRR), Advanced Microwave Scanning 

Radiometer for EOS (AMSR-E), Scanning Multi-Channel Microwave Radiometer (SMMR), 

Special Sensor Microwave/Imager (SSM/I) satellite images, buoy data from IABP and 
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NCEP/NCAR wind data (Tschudi et al., 2016). While a Recent study have found the persistent 

artifacts in the NSIDC merged product due to the method used while incorporating the buoy data 

(Szanyi et al., 2016).  

 

Sumata et al. (2014) from their uncertainty estimates found that the quality of OSI-SAF is superior 

to the other satellite products. Low-resolution sea ice drift product OSI-405-b (Lavergne, 

Eastwood, Teffah, Schyberg, & Breivik, 2010) from the European Organization for the 

Exploitation of Meteorological Satellites (EUMETSAT) OSISAF ice drift datasets are computed 

on a daily basis from aggregated maps of passive microwave (e.g. SSMIS, AMSR2) or 

Scatterometer (e.g. ASCAT) signals. They are all at the same spatial resolution, on the same grid 

and with a 48 hours’ time-span. The spatial resolution of the dataset is 62.5 km on a Polar 

Stereographic Grid. A distinctive feature of the product is that sequences of remotely sensed 

images are processed by the CMCC method, which builds on the MCC method but relies on a 

continuous optimization step for computing the motion vector (Lavergne et al., 2010).  

2.5 Summary 

An overwhelming wealth of information has been gathered in the past 200 years, but sea ice still 

remains a largely unexplored realm due to its inaccessibility, complexity and extreme 

heterogeneity. One reason for this huge uncertainty is the lack of systematic synoptic observations 

describing the state, variability and the causes of sea ice drift speed and patterns. The formulation 

of more accurate models of sea ice momentum will help in understanding the differences in the 

shape and intensity of the BG and TPD in order to accurately forecast sea ice conditions over the 

Arctic Ocean. Ground truthing is required, using the data sets from designated field studies to 

validate the results obtained through various methods. In addition, the nature of averaging ice 
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motion over long time scales has overshadowed the huge variability on shorter (monthly/seasonal) 

time scales. The significance of monitoring long-term variations in sea ice drift speeds and patterns 

will not only help in understanding the current state of ice in the Arctic but will also help in the 

better predictions for the ice in future. 
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Chapter 3 Pan-arctic winter drift speeds and changing patterns of sea ice 

motion: 1979-2015 
 

This paper has been published in the Polar Record. The work represents a core chapter of my thesis 

that was conceived, analyzed and reported by me as the primary author. 

 

Kaur S, Ehn JK, and Barber DG (2019) Pan-arctic winter drift speeds and changing patterns of sea 

ice motion: 1979-2015. Polar Record 54: 303-311, doi.org/10.1017/S0032247418000566 

3. Introduction 

One of the major characteristics of the Arctic climate system is the presence of sea-ice (McPhee, 

2008;Wadhams, 2000). The sea-ice cover in the Arctic Ocean is constantly in motion and highly 

dynamic in both space and time. It is forced by thermodynamic and dynamic processes that result 

in seasonal and inter-annual variations in ice thickness, extent, and areal concentration. Sea-ice 

drift is an important indicator of these processes, and is also important in terms of the transport of 

freshwater and latent heat. The Beaufort Gyre (BG) and the transpolar drift (TPD) characterize the 

two primary circulation patterns of sea-ice drift in the Arctic Ocean. The BG is a large-scale ocean 

circulation pattern in the Amerasian Basin. It is a unique anticyclonic circulation regime within 

the Arctic Ocean physical environment driven by a set of specific atmospheric, sea-ice, and oceanic 

conditions that are interrelated with pan-Arctic as well as global climate systems (Dukhovskoy, 

Johnson, & Proshutinsky, 2004; Krishfield et al., 2014; Morison et al., 2012; Proshutinsky et al., 

2009; Proshutinsky, Bourke, & McLaughlin, 2002). Sea-ice drift within the BG is predominantly 

characterised by anticyclonic circulation, with relatively brief periods of reversal in direction 

occurring intermittently throughout the annual cycle (Ledrew, Johnson, & Maslanik, 1991; 

Lukovich & Barber, 2006; Preller & Posey, 1989). The TPD starts along the Siberian coast and 

ends with ice exiting through Fram Strait after crossing the region of the geographical North Pole. 
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A study conducted by Zhao and Liu (2007) for the winters (December to March) 1988 to 2003 

divided the sea-ice drift patterns into four categories on the basis of weak, strong and normal BG 

with a combination of weak/strong cyclonic motion in the Eurasian Basin. Wang and Zhao (2012) 

also defined four primary drift pattern types on the basis of mean ice velocity fields and sea level 

pressure (BG + TPD, anticyclonic drift, cyclonic drift and double gyre drift) that account for 81% 

of the total ice drift patterns over the period of 1979-2006. The motion of ice in Fram Strait is 

parallel to the east coast of Greenland, with the drift speeds decreasing westwards until stationary 

landfast sea-ice is encountered during the winter period. 

 

The main features of the large-scale sea-ice drift pattern in the Arctic Ocean have been well 

established for decades (Colony & Thorndike, 1984; Gordienko, 1958; Olason & Notz, 2014); 

however, the system displays substantial variability in both space and time (Martin & Gerdes, 

2007; Proshutinsky & Johnson, 1997) and is affected by large-scale atmospheric pressure patterns 

that are currently experiencing change due to sea-ice concentration changes in winter (Barber et 

al., 2015) and changes in hemispheric pressure patterns (Overland & Wang, 2005) and the 

extensive loss of the oldest sea-ice types. The increasing coverage of the younger sea-ice types 

within the Arctic Ocean (Maslanik et al., 2007; Maslanik, Stroeve, Fowler, &Emery,2011) and 

concurrent reduction of the multiyear ice cover (Kwok, 2007) are probably the factors that affect 

the drift speeds and their patterns. Recently, an increase in sea-ice drift speeds has been observed 

over the central Arctic and the regions of TPD (Häkkinen, Proshutinsky, & Ashik, 2008; Rampal, 

Weiss, & Marsan, 2009; Spreen, Kwok, & Menemenlis, 2011). Häkkinen et al. (2008) found a 

positive trend in the TPD speed for 1950-2006 using observations from the Russian North Pole 

stations, various expedition camps, and the International Arctic Buoy Program (IABP) data. A 
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stronger TPD has been shown to lead to the shorter residence time of sea-ice in the Arctic Ocean 

and to promote increased ice export through Fram Strait (Haller, Brümmer, & Müller, 2014). 

Kwok, Spreen and Pang (2013) showed that over 90% of the Arctic Ocean experienced positive 

trends in drift speed from 1982 to 2010, correlating with the regions that experienced reductions 

in multiyear sea-ice coverage. Attention was brought to the changed TPD speed during the drift of 

the French vessel Tara in 2006-2007 when it took half the time to drift about the same distance as 

the Norwegian vessel Fram did in 1893-1896 (Gascard et al., 2008). Sea-ice drift speeds and 

patterns act as catalysts in the export of sea-ice and play a fundamental role in the ongoing 

reductions in the Arctic sea-ice extent and volume. However, the temporal (annual and inter-

annual) and spatial variability in the BG and TPD remain poorly understood and described over 

recent timescales; in particular, with regards to the determination of any trends that may be 

emerging as a consequence of the rapid change in the concentration, thickness and type of sea-ice 

in the Arctic Ocean (Barber et al., 2009). 

 

In this paper, we examine the winter season large-scale multi-decadal ice drift trends to help 

identify a baseline on how the ice drift in the Arctic Ocean varies over both space and time. The 

primary objective of this study is to analyze passive-microwave derived sea-ice drift over the past 

36winters (1979-2015) to identify changes and variability in the Arctic Ocean ice drift patterns 

over time. More specifically, we address the following research questions: (1) Can winter sea-ice 

drift data be used to unambiguously characterize large-scale features of Northern Hemisphere ice 

motion? (2) Do these patterns extend beyond the expected BG and TPD? (3) What are the basin-

wide spatial trends in these sea-ice drift patterns for the 36 winters (Oct-Apr) during 1979-2015? 

(4) What are the basin-wide temporal trends in these ice motion fields? 
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3.1 Methods 

3.1.1 Data description 

Passive-microwave derived sea-ice drift products are provided by different institutions and have 

been widely used in sea-ice studies and for sea-ice drift speed analyses (e.g. Kwok & Rothrock, 

2009; Kwok et al., 2013; Spreen et al., 2011). Mean-monthly gridded sea-ice motion vectors were 

obtained from the National Snow and Ice Data Center (NSIDC) and Polar Pathfinder Sea Ice Mean 

Monthly Motion Vectors (Version 3) data were chosen because of their homogeneous spatial 

coverage and long-term availability. The product provided by NSIDC contained the monthly 

gridded fields of sea-ice motion on a 25 km Equal-Area Scalable Earth (EASE) grid for the period 

1979 to 2015 (Tschudi, Fowler, Maslanik, Stewart, & Meier, 2016). The sea-ice motion vectors 

are available in 361 × 361 pixel EASE grid projection. NSIDC obtains the motion vectors after 

processing data from a variety of satellite-based sensors, such as AMSR-E, AVHRR, SMMR, 

SSM/I, SSMIS, wind vectors from NCEP/NCAR Reanalysis, and buoy observations from the 

International Arctic Buoy Program (IABP). The daily gridded ice motion vectors obtained by 

NSIDC are computed from an algorithm that performs optimal interpolation, using several data 

sources. Further, the monthly gridded ice motion vectors distributed by NSIDC are obtained by 

averaging the daily ice motion vectors. For monthly means, NSIDC uses data from a minimum of 

20 days; otherwise, the corresponding site is marked as missing data. Features in the ice that were 

visible in satellite images are tracked by an automated spatial correlation method and the drift 

velocity is subsequently calculated from the displacement of the observed features. A description 

of the dataset and the sea-ice motion retrieval algorithm can be found in Tschudi et al. (2016). 

Previous studies have demonstrated the uncertainty estimates for NSIDC and the persistent 

artifacts that can be observed in the NSIDC sea-ice motion dataset (Sumata et al., 2014; Szanyi, 

Lukovich, Barber, & Haller, 2016). Schwegmann et al. (2011) found the absolute differences 
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(buoy-satellite) are 0.062 ± 0.067 ms−1 for the zonal and 0.065 ± 0.064 ms−1 for the meridional 

drift. However, no such bias has been observed for long-term time averaged data as used here. 

Only winter data have been used in this study because effects of weather, atmospheric moisture, 

and surface melt during the summer can have a detrimental effect on the data quality and the 

analysis (Sumata et al., 2015). 

3.1.2 Sea-ice drift speed and pattern analysis 

As the original drift vector components, u and v, represent the drift vectors in horizontal and 

vertical components, respectively, the vectors were rotated along the longitudes to obtain their 

zonal (east-west) and meridional (north-south) drift components. The equations used in the rotation 

of the vectors are as follows: 

𝑈 = 𝑢.∗ cos(ø) + 𝑣.∗ sin(ø) 

𝑉 =  −𝑢.∗ 𝑠𝑖𝑛 (ø) + 𝑣.∗ 𝑐𝑜𝑠(ø) 

where ø denotes the longitude, and U and V represent the zonal and meridional components of the 

ice drift. It should be noted that the ice drift was evaluated for October-April from 1979 to 2015, 

resulting in 252 months of gridded data. Sea-ice drift speed (magnitude of ice drift) was computed 

using the zonal and meridional components of ice drift, i.e. s = (U2 + V2)1/2 and drift anomalies for 

36 years individually were calculated with respect to the average (1979-2015) winter season drift.  

 

The boundaries between the main circulation patterns were identified based on the 36-year winter 

average sea-ice motion (Fig. 1a). This was done by tracking the ice motion vectors at three-day 

intervals and using the nearest pixel to that location to continue the same process to demarcate the 

exchange boundary between the BG and TPD, TPD and the Kara Sea. Thus, the boundary is 

defined here as a transect across which mean ice transport is zero, i.e. as an average over 36 winters 
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there was no net exchange of ice (in terms of surface area) across this transect (Fig. 1b). 

3.1.3 Statistical analysis of sea-ice drift patterns 

Empirical Orthogonal Function (EOF) analysis is one of the more widely used multivariate 

statistical techniques used to investigate spatial modes (i.e. patterns) of variability and how they 

change with time (Nigam & Baxter, 2015). We applied the EOF analysis, also known as Principal 

Component Analysis (PCA), to investigate the spatial variability in the dataset. In this study, we 

employed the EOF technique to analyze the mean winter sea-ice drift patterns over 36 winter 

seasons from 1979 to 2015. EOF gives Eigen modes of variability and corresponding principal 

component time series for spatiotemporal data analysis. For the purpose of analyzing the vector 

dataset the 3-dimensional matrix was converted to a 2-dimensional matrix. In the 3-D matrix, the 

first two dimensions were spatial and the third dimension was temporal, equally spaced in time. In 

the conversion, zonal (u) and meridional (v) components of the ice drift speed were arranged 

underneath each other to form a single matrix in which the rows 1 to 361 indicate the u component 

and rows 362 to 722 indicate the v component. The columns in the matrix represent the spatial 

scale of the dataset. Output EOF maps have the same dimensions as the input matrix. Furthermore, 

the resulting vectors have been multiplied by -1 to obtain the vectors in the correct directions. 

 

Regression analysis was used to obtain the trends in the sea-ice drift speed anomalies over the 36-

year winter period. Previous studies have used the scalar amplitude of the ice drift vectors to 

analyze the trend in the sea-ice drift speeds (Kwok et al., 2013). However, trends in anomalies are 

analyzed in this study to cope with the uncertainties in the result that might appear in the case of 

absolute values. Linear trends at each grid point were separated for the zonal and meridional 

components of the ice drift to examine changes in the relative contributions of each over the last 
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several decades. 

3.2 Results and discussion 

3.2.1 Classification and description of Arctic sea-ice drift patterns 

Figure 1a shows the mean Arctic sea-ice motion of the 36 winter seasons (1979-2015) obtained by 

averaging 252 months of gridded sea-ice vector data for the period October 1979 to April 2015. 

This mean Arctic sea-ice motion map shows two distinct features: an anticyclonic motion in the 

Canadian basin, i.e. BG, and TPD that drives the ice from the Laptev Sea across the pole to the 

Fram Strait. In addition to these two dominant Arctic circulation patterns there exists a motion 

system in the Eurasian Basin moving ice from the Kara Sea (KS) via the ocean route between 

Franz Josef Land and Novaya Zemlya. The average drift speeds from 1979 to 2015 were highest 

in the Fram Strait, with drift speeds as high as 10.5 cm/s (9 km/day). The range of drift speeds in 

BG, TPD and KS is 4-6 cm/s, 3-4 cm/s and 3-4 cm/s, respectively. High drift speeds are also 

observed in Baffin Bay (up to 6 cm/s); however, only circulation patterns within the Arctic Basin 

and the flow through the Fram Strait are discussed in this paper. 

 

The clear demarcation of these features indicates that the mean monthly winter dataset can be used 

to study these large-scale circulation regimes and their variability over time. The mean circulation 

pattern is in keeping with earlier studies (i.e. Gordienko, 1958; Martin & Gerdes, 2007; 

Proshutinsky & Johnson, 1997; Thorndike & Colony, 1982), while also illustrating a third ice drift 

feature in the Kara Sea. 
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Fig. 1. (a) Mean Arctic sea-ice drift patterns of the 36 winter seasons overlaid over the mean 

winter sea ice drift speed (cm/s) from October 1979 to April 2015. (b) Ice drift values for across 

and along exchange boundary transect. 

 

The transects in Fig. 1a demarcate the boundaries across which the component normal to the 

boundary of the sea-ice drift is zero (Fig. 1b) for the mean 1979-2015 sea-ice drift, i.e. on average 

over 36 years no ice-flux occurs across this boundary. The average motion over winter shows that 

the sea-ice to the left of transect line 1 will circulate within the BG and remain within the Arctic 

Ocean, while sea-ice to the right has a drift trajectory that will eventually exit the Arctic Ocean. 

Ice drift across the transect is calculated for each winter’s average ice drift between 1979 and 2015 

(Fig. 2). 
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Fig. 2. Average winter sea-ice motion across transect 1 (Fig. 1a) separating the 36-winter (1979-

2015) average Beaufort Gyre and Transpolar Drift patterns. 

 

Negative values correspond to winters when the flow of ice from BG towards TPD exceeds the 

flow towards the BG across transect 1. Such situations occur when there is the dominance of the 

BG over the Arctic Basin when the centre of the gyre shifts to close proximity to the North Pole. 

Increasing variability in the mean drift perpendicular to transect 1 is observed, with variance of 

0.14 during 1979-1996 and 0.26 during 1997-2015. 

 

In general, the positive values in Fig. 2 relate to winters with a weaker BG, whereas negative 

values relate to winters when the BG crosses transect 1. Drift patterns for each winter between 

1979 and 2015 are shown in Supplementary Fig. S1. 

 

During winter 1979, the basic features of the climatology (Fig. 1a) were evident, but the BG 

covered a larger area while the TPD observed the shift towards the eastern side of the Arctic Ocean 

and the ice drift from the KS contributed to the TPD. Until 1986, the drift speeds observed in the 
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Fram Strait were very low, with the maximum speed of 10 cm/s observed in the winter of 1982. 

Very high drift speeds were observed in the Fram Strait in the winter of 1987, with drift speeds 

approaching 14 cm/s (Fig. S1). The rest of the Arctic Basin experienced drift speeds of less than 3 

cm/s until 1997, when very high drift speeds, ranging between 5 and 10 cm/s, were observed for 

the first time in the region north of Alaska. However, drift speeds in the Fram Strait were not as 

high as in previous years. The ice drift speeds in the Fram Strait ranged between 8 and 12 cm/s in 

1997. High drift speeds (5-10 cm/s) were observed in the region north of the Alaskan coast until 

2005, when the BG was completely missing from the Arctic Basin (Fig. S1). Rigor, Wallace, & 

Colony (2002) have linked the variability in BG ice circulation to variability in the Beaufort High, 

described in terms of Arctic Oscillation (AO). The negative phase of the AO is associated with a 

strong BG. Low drift speeds were observed in the Arctic in 2006, with values in the range of 0-6 

cm/s. That year the flow through the Fram Strait was mostly from the Kara Sea, with the drift 

speeds ranging between 10 and 13 cm/s. In 2006, mean winter drift speeds as high as 13 cm/s were 

also observed in the Barents Sea. 

 

In 2007, the BG contributed significantly to the TPD and, for the first time, mean winter drift 

speeds as high as 10-13 cm/s were observed in the western part of the gyre (Fig. S1). It corresponds 

to the lowest value on record for drift across transect 1 (Fig. 2). Petty et al., (2016) also found 

amplified anticyclonic drift in the 2000s compared to the 1980s/1990s. The mean winter drift 

speeds observed in the Fram Strait were also high, ranging between 13 and 15 cm/s. The majority 

of ice transport in Beaufort Sea occurs from October to May, which provides replenishment for 

ice lost during the summer months (Howell et al., 2016). However, Stroeve et al. (2011) found that 

the AO turned strongly negative during the winter of 2009 and, despite the substantial transport of 
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thick ice into the Beaufort and Chukchi seas, the majority of the ice did not survive the summer. 

In 2011 a reversal was observed, moving the ice diagonally across the Arctic Basin from the Laptev 

Sea towards the Canadian Archipelago and onwards to the north of Alaska (Fig. S1). This drift of 

ice towards the Bering Strait has also been observed by Babb et al. (2013). Low drift speeds were 

observed in the Fram Strait, with drift speeds ranging between 7 and 10 cm/s, and most of the 

export through the Fram Strait in this year was from the KS. Following the lowest sea-ice extent 

in September 2012, the drift pattern observed in winter 2012 is similar to that in 1979, with a large 

BG covering most of the basin and shifting the TPD eastwards. With the centre of the BG being 

present in the north of the Chukchi Sea, high drift speeds were observed in the Chukchi Sea. The 

drift speeds in the Fram Strait ranged between 10 and 12 cm/s. 

3.2.2 Quantification of spatial patterns 

Empirical Orthogonal Functions have been computed for sea-ice drift patterns from the winter 

periods of 1979-2015. The first mode of EOF is similar to the average drift patterns observed in 

the Arctic Basin and shows the export of ice from BG and TPD to the Fram Strait (Fig. 3a). The 

second mode of EOF shows a cyclonic motion of the ice around the entire basin, with its centre 

approximately 500 km north of the Severnaya Zemlya archipelago. The third mode of the EOF 

shows the drift of the ice with a general orientation of flow from the Kara Sea towards the north 

coast of Alaska. In total, only 52.4% variance is explained by the first three modes of EOF, which 

reveals that the persistence of only the first two patterns is consistent, the rest lasting only for one 

or two winters out of the record. The first three modes of EOF of the monthly Arctic sea-ice motion 

account for 30.2%, 13.5% and 8.7% of the total variance, respectively. Manifestations of the third 

mode of EOF were observed in the winters of 2005 and 2011; a similar drift pattern was also 

observed by Serreze, McLaren, & Barry (1989) over 30-day periods in summer and described as 
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seasonal reversals in the TPD Stream. Reversals such as that revealed by EOF 2 and 3 in the drift 

patterns can influence the ice flux through the Fram Strait. 

 

Fig. 3. Modes one (a), two (b) and three (c) of EOFs of the winter Arctic sea-ice motion. 

 

3.2.3 Quantification of temporal patterns 

In this section, linear trends in drift speed anomalies from 1979-2015 were calculated at each grid 

point. Only pixels with values for all 36 years were used in this analysis to avoid error caused by 

the presence of the ice in the early 1980s compared to the ice-free conditions in the late 2000s, 

which is the case in the areas around the Barents Sea. The regression trends of the anomalies in 

Fig. 4 highlight four regions where significant temporal processes appear to have affected the sea-

ice drift over the 36-year winter period. The positive drift speed trends in anomalies are observed 

over the BG, TPD, and KS, along with positive trends for the west coast of Baffin Bay. The P-

values and the r-square values are shown to relate the trends with the probability and the goodness 

of fit of the results. Increasing drift trends have been observed in the same areas where low P-

values (P<0.05) have been observed, which indicates that the correlation is statistically 

trustworthy. Highly positive r-square values in the three drift patterns further support the evidence 

that increasing drift trends are observed in the three circulation regimes. Negative trends in ice 
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drift are observed along the east and west coast of Greenland, in the Chukchi Sea and in parts of 

the East Siberian Sea. The sea-ice drift anomalies show negative trends mainly in the region north 

of the Canadian Archipelago, where multiyear ice converges, and in the Chukchi and East Siberian 

seas. The ice found in these multiyear ice regions has been described as ice aged 5 years or older 

(Maslanik et al., 2007, 2011). Generally, statistically non-significant trends are obtained for the 

regions with 0 (e.g. landfast sea-ice) or negative sea-ice drift trends. High P-values are also found 

within the centre of the BG. 

 

According to the observations of Hansen et al. (2013) the ice thickness distribution in the Fram 

Strait is characterized by a gradient from thicker ice in the west to thinner ice in the east. The 

variability of this gradient is related to the ice thickness and age of the ice that enters the Fram 

Strait. It has also been reported that the thinning of the sea-ice is accompanied by an increase of 

ice drift velocity (Spreen et al., 2011) and deformation (Martin et al., 2014; Rampal et al., 2009). 

 

Fig. 4. (a) Trends, (b) P-values, and (c) R-Square values for trends in the sea-ice drift speed 

anomalies for winters 1979-2015. 

 

Consistent with the results produced by previous studies (e.g. Häkkinen et al., 2008; Kwok et al., 
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2013; Spreen et al., 2011), positive trends in the ice drift anomalies are observed in the Beaufort 

Sea and the Fram Strait. Statistically significant trends, as well as r-square values of 0.6 or higher, 

are observed in the southwestern BG, TPD, KS and in Baffin Bay (shown in Fig. 4). 

 

Four circulation regime areas with the largest increases in the mean sea-ice drift speed trends for 

anomalies are shown in Fig. 5. Drift speeds in the Fram Strait (FS) are also shown in order to 

understand its link with the BG, TPD and KS (shown in inset of Fig. 5) as a 36-year time series. 

 

Fig. 5. Drift speeds for the four regions (Beaufort Gyre (BG) in black, Transpolar Drift (TPD) in 

red, Fram Strait (FS) in blue and Kara Sea (KS) in magenta), where the trends in drift speeds 

show a linear increase over time. 

 

Larger variations in winter-averaged ice drift speeds have been observed in BG and FS over the 

36-year study period compared to KS and TPD. However, following the winter of 1994, KS and 
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TPD have displayed variations in drift speeds. The overall standard deviation is 2.03 and 2.50 for 

BG and FS, respectively, as compared to 0.78 and 1.35 for TPD and KS. However, TPD has been 

more or less stable over the course of the satellite record, with a standard deviation of 0.78 cm/s. 

BG experienced very high drift speeds, averaging over 10 cm/s in the winter of 2007 following 

the very low extent of September 2007. The drift speeds observed in 2007 were more than five 

times the standard deviation for the same region following the very low September sea-ice extent, 

which shows the feedback between the sea-ice extent and drift speeds. In winter 2011, when the 

overall drift was observed towards the Bering Strait similar to the third mode of EOF, lower drift 

speeds were observed compared to the preceding winter for all the four areas mentioned above. 

 

Negative trends in ice drift anomalies are observed for the month of October and November in the 

north of Alaska, where loss in sea-ice cover has resulted from ‘Arctic amplification’ (Serreze, 

Barrett, Stroeve, Kindig, & Holland, 2009) as well as the later ice formation and freeze up (Fig. 

6). Enhanced drift speeds occurred in the western periphery of BG during the period from October 

to December, which can be linked to a more mobile ice pack in that area. Positive trends during 

March correspond with the enhanced meridional drift. Figure 6 highlights that the trends are 

stronger in October-December for the Pacific Arctic. The results match with the findings of Petty 

et al. (2016) and Howell et al. (2016), which have shown that the seasonality of ice drift in the 

Beaufort has a peak in October. 
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Fig. 6. Statistically significant trends in the sea-ice drift speed anomalies for each month for 

winters 1979-2015. The trends shown are statistically significant, with P < 0.05. 

 

Zonal ice drift anomalies are significant features in the western Beaufort Sea, suggesting enhanced 

anticyclonic circulation (Fig. 7a). These include northern Baffin Bay, suggesting enhanced 

eastward flow; north of Greenland, suggesting enhanced eastward drift; and through the Fram 

Strait, suggesting enhanced westward drift, which is consistent with the west-east pressure gradient 

defined by Van Angelen, Van den Broeke, & Kwok (2011) over the Fram Strait. In the context of 

trends in meridional drift anomalies, enhanced anticyclonic circulation is again confirmed in the 

eastern and western Beaufort Sea, in southward transport in the Fram Strait and in Baffin Bay. 

This suggests increased export to Baffin Bay from the Arctic and Canadian Archipelago. Enhanced 

poleward flow is observed in the Kara and Laptev Sea regions, 

which shows the strengthening of TPD over the time series. 
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Fig. 7. Trends in the sea-ice drift anomalies for the zonal (left) and meridional (right) 

component in winter. Negative trend values (in blue) show the east-west sea-ice 

motion whereas the positive values show the sea-ice motion in the west-east direction 

(in red). The negative values (shown in blue) in the meridional component show the 

north-south drift of the sea-ice as compared to the positive values (shown in red), 

which show the south-north sea-ice motion. 

 

3.3 Summary and conclusions 

Results obtained from the mean sea-ice drift patterns for 36 winters within the period 1979-2015 

highlight the three primary circulation patterns in the mean sea-ice motion map in the central Arctic 

Ocean: (1) anticyclonic motion in the Canadian Basin, i.e. BG, (2) TPD, as documented in earlier 

studies, over the past several decades, and (3) a motion system in the Eurasian Basin moving ice 

from the Kara Sea via the ocean route between Franz Josef Land and Novaya Zemlya. The KS 

circulation regime is smaller in spatial scale and occurs independently of TPD. Kwok (2000) 

defined Kara Sea as a net exporter of sea-ice, sometimes to the eastern Arctic Ocean and other 

times to the Barents Sea. The boundaries of these circulation features were defined from the 36-

year mean winter ice drift map (Fig. 1). In particular, we reach the following conclusions regarding 

spatial variability in drift patterns: 
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1. The first three modes of EOF explain only half (52.4%) of the variance in the dataset, with 

30.2%, 13.5 and 8.7% for modes one, two and three, respectively. The first three modes 

explain that only the first two patterns are consistent and the rest only last for one or two 

winters out of the record. The first EOF mode shows a pattern similar to the 36-year 

average winter pattern for the entire Arctic Basin. The second mode of EOF shows a 

cyclonic motion of the ice in the entire basin, while the third mode shows the drift of the 

ice towards the Bering Sea. The first three EOF modes highlight that the drift patterns are 

highly variable. 

2. The winter drift patterns in 2005 and 2011 show an anticyclonic motion covering the entire 

basin; Serreze et al. (1989) defined such patterns as the short-term reversals in TPD but the 

change in the scale and frequency of such events can influence the ice flux through the 

Fram Strait. The sharp decline in September minimum sea-ice extent in 2007 and 2012 

paired with the dominance of the BG in the basin can affect the freshwater budget of the 

Arctic Ocean. 

3. It has been observed that ice motion in the Kara Sea is mainly via the ocean route between 

Franz Josef Land and Novaya Zemlya. Whereas in the winter seasons when an anticyclonic 

ice motion pattern covering the entire basin is observed, ice from KS merges with TPD, 

thus increasing ice export through the Fram Strait. 

The temporal patterns in these circulation regimes were evaluated using trend analysis. In 

particular, our conclusions regarding the long-term trend in drift speeds are as follows: 

4. The long-term trend in the anomalies in the sea-ice drift speeds from October 1979 to April 

2015 shows that the trends are more pronounced in October-December for the Pacific 

Arctic (Fig. 6). Recent studies by Petty et al. (2016) and Howell et al. (2016) also show the 
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seasonality of ice drift in the Beaufort has a peak in October. Rampal et al. (2009) observed 

a substantial increase in the mean sea-ice drift speeds for the winter season (.17% per 

decade). Overall positive trends in the sea-ice drift speeds for winter have also been 

observed by Häkkinen et al. (2008), Kwok et al. (2013) and Spreen et al. (2011). 

5. The winter of 1997-1998 depicted the beginning of very high drift speeds for the first time 

(since 1979) in the region north of the Alaskan coast, with drift speeds of up to 10 cm/s, 

compared to drift speeds of up to 6 cm/s during 1979-1996 (Fig. S1). 

6. The basin-wide 36-year trend in the mean winter ice drift anomalies shows the 

strengthening of the BG, TPD and the drift patterns emerging from the Kara Sea. 

Statistically, positive drift trends are observed in all three circulation patterns at the 95% 

confidence interval. An equally strong increasing trend is also observed for the ice drift 

along the western coast of Baffin Bay (Fig. 4a). 

7. Non-significant trends are observed in MYI dominated areas. This suggests drift trends are 

related to the change in ice type and thickness from MYI towards FYI. The previous studies 

have also shown the continued net decrease in multiyear ice in the region north of the 

Canadian Archipelago (Maslanik et al., 2007, 2011). Non-significant trends are also 

associated with negative trends of generally weak drift speeds due to the presence of 

landfast ice. 

Much of our study has rested on the analyses of the average winter sea-ice drift speeds, patterns 

and their inter-annual evolution from passive microwave satellite data (ftp://sidads.colorado.edu/ 

pub/DATASETS/nsidc0116_icemotion_vectors_v3/data/north/means/). The significance of this 

study lies in the pursuit of a better understanding of the role sea-ice drift plays in the continually 

accelerating changes in the Arctic sea-ice cover. With the new thinner ice regime, old assumptions 
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that pack ice drifts at about 2% of the surface wind speed with a deviation angle of 30-45° to the 

right of the surface winds in the Northern Hemisphere (Nansen, 1902) may not hold true and 

responses to forcing may not be valid as we move forward, indicating that past research needs to 

be updated. The results presented here suggest that the recent drift patterns have been affected by 

the conditions of thinner sea-ice. A logical extension of this work would be to examine the effect 

of such ongoing changes on the export of ice through the Fram Strait and Baffin Bay. 

Supplementary material. To view supplementary material for this article are available on 

https://doi.org/10.1017/S0032247418000566. 

  

https://doi.org/10.1017/S0032247418000566


 76 

References  

Babb, D. G., Galley, R. J., Asplin, M. G., Lukovich, J. V., & Barber, D. G. (2013). Multiyear sea 

ice export through the Bering Strait during winter 2011-2012. Journal of Geophysical 

Research: Oceans, 118(10), 5489-5503. doi: 10.1002/jgrc.20383 

Barber, D. G., Galley, R., Asplin, M. G., De Abreu, R., Warner, K.-A., Pu´cko, M., : : : Julien, S. 

(2009). Perennial pack ice in the southern Beaufort Sea was not as it appeared in the 

summer of 2009. Geophysical Research Letters, 36(24), L24501. doi: 

10.1029/2009GL041434 

Barber, D. G., Hop, H., Mundy, C. J., Else, B., Dmitrenko, I. A., Tremblay, J.-E., : : : Rysgaard, 

S. (2015). Selected physical, biological and biogeochemical implications of a rapidly 

changing Arctic Marginal Ice Zone. Progress in Oceanography, 139, 122-150. doi: 

10.1016/j.pocean.2015.09.003 

Colony, R., & Thorndike, A. S. (1984). An estimate of the mean field of Arctic sea ice motion. 

Journal of Geophysical Research, 89(C6), 10623. doi: 10.1029/JC089iC06p10623 

Dukhovskoy, D. S., Johnson, M. A., & Proshutinsky, A. (2004). Arctic decadal variability: An 

auto-oscillatory system of heat and fresh water exchange.Geophysical Research Letters, 

31(3), L03302. doi: 10.1029/2003GL019023 

Gascard, J.-C., Festy, J., le Goff, H., Weber, M., Bruemmer, B., Offermann, M., : : : Bottenheim, 

J. (2008). Exploring Arctic transpolar drift during dramatic sea ice retreat. Eos, Transactions 

American Geophysical Union, 89(3), 21. doi: 10.1029/2008EO030001 

Gordienko, P. A. (1958). Arctic ice drift. In R. W. Thurston (Ed.), Conference of Arctic sea ice 

(Publ. No. 598, pp. 210-222). Washington, DC: National Academy of Science, National 

Research Council. 

Häkkinen, S., Proshutinsky, A., & Ashik, I. (2008). Sea ice drift in the Arctic since the 1950s. 

Geophysical Research Letters, 35(19), L19704. doi: 10.1029/2008GL034791 
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Chapter 4 Higher-order statistical moments to analyze Arctic sea ice drift 

patterns 

 

This paper has been published by Annals of Glaciology. The work represents a core chapter of my 

thesis that was conceived, analyzed and reported by me as the primary author. 

 

Kaur S, Lukovich JV, Ehn JK, Barber DG (2020). Higher-order statistical moments to analyse 

Arctic sea-ice drift patterns. Annals of Glaciology 61(83), 464-471. 

https://doi.org/10.1017/aog.2021.6 

 

4. Introduction 

Sea ice is an important component of the Arctic climate system and its volume, areal extent and 

albedo are primary indicators of the state of climate in the central Arctic (Riihelä and others, 2013; 

Döscher and others, 2014; Landy and others, 2015). The Annual Mean Arctic sea-ice extent has 

experienced a pronounced decline with the rate in the range of 3.5-4.1% per decade (Pachauri and 

others, 2014) along with significant reductions in annual mean sea-ice thickness from 3.59m in 

1975 to 1.25m in 2012 (i.e. 65%) (Lindsay and Schweiger, 2015), and ice age (Maslanik and 

others, 2011). These changes are accompanied by an overall increase in the sea-ice drift speeds 

(Kwok and others, 2013; Kaur and others, 2019). The ongoing Arctic sea-ice decline is not yet 

fully attributed to the underlying physical forcing mechanisms, but they include a temporally and 

spatially varying combination of dynamical processes, associated with changes in wind and ocean 

currents, and thermodynamic processes involving changes in air temperature, radiative and 

turbulent energy fluxes, and ocean heat storage (Francis and Hunter, 2007; Serreze and others, 

2007; Deser and Teng, 2008). Sea-ice drift speeds and patterns play important roles in the Arctic 

climate system and how the sea-ice drift patterns (Beaufort Gyre (BG), Transpolar Drift (TPD) 
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and motion system in Kara Sea shown in Fig. 1a) have changed determines the advective part of 

the ice mass balance, i.e. the regional exchange of sea ice and export to lower-latitude oceans 

(Kwok and others, 2013).  

 

Gaussianity of geophysical data over time is the most common assumption in the earth sciences 

(Perron and Sura, 2013). To determine whether a Probability Density Function (PDF) is Gaussian, 

higher-order statistical moments, such as skewness and kurtosis, are in particular used for the 

detection of outliers and of departures from normally distributed data (D’Agostino and Stephens, 

1986). These two moments (skewness and kurtosis) are explained quantitatively in the next 

section. The aim of this study is to provide a measure of whether higher-order statistical moments 

can be used to analyze the sea-ice drift patterns and how the non-gaussianity in the ice motion 

fields can be described in a concise and consistent way. This prompts the question of whether 

higher-order moments of variability contain further information about patterns in the sea-ice drift 

field, and how those moments might be interpreted. Our objectives are to (1) build diagnostics in 

order to understand the patterns of higher-order moments, (2) identify the spatial patterns of sea-

ice drift using a new statistical approach, and (3) define an index for the BG and the TPD with 

higher-order moments. This paper is organized as follows: section 2 describes the data product and 

the processing of the data along with the techniques used for the analysis; section 3 describes the 

results and discussion; and is followed by the summary in section 4. 

 

4.1 Data and Methods 

4.1.1 Data Description 

Previous studies demonstrated systematic error or bias in the NSIDC sea-ice drift product (Sumata 

and others, 2014), and more recent studies (Szanyi and others, 2016) have demonstrated the 
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existence of persistent artefacts associated with version 3 of NSIDC dataset and how those 

artefacts significantly impact the calculation of sea-ice motion gradients. Similar errors were also 

observed while performing the statistics of higher-order moments on the NSIDC dataset. In this 

study, we have therefore opted to use the low-resolution sea-ice drift product OSI-405-c from the 

European organization for the Exploitation of Meteorological Satellites (EUMETSAT) Ocean and 

Sea Ice Satellite Application Facility (OSISAF) (Lavergne and others, 2010), despite its shorter 

duration of availability of the OSISAF OSI-405-c (2006 to the present) compared to the NSIDC 

ice drift product. However, the quality of the OSISAF ice drift product has been found to be 

superior to the NSIDC product based on comparison with the high random error (std dev.) and 

systematic error (bias) found in the NSIDC sea-ice drift product (Szanyi and others, 2016). Low-

resolution OSISAF ice drift datasets are computed on a daily basis from aggregated maps of 

passive microwave (e.g. SSMIS, AMSR2) or scatterometer (e.g. ASCAT) signals. They are all at 

the same spatial resolution, on the same grid and with a 48 h time span. Wide swaths, high 

repetition rates and independence with respect to the atmospheric perturbations permit daily 

coverage of most of the polar sea ice for fall, winter and spring. Ice drift vectors obtained from 

OSISAF have a spatial resolution of 62.5 km on a Polar Stereographic Grid. A distinctive feature 

of the product is that a sequence of remotely sensed images is processed by the Continuous 

Maximum Cross Correlation method, which builds on Maximum Cross Correlation method but 

relies on a continuous optimization step for computing the drift vector (Lavergne and others, 

2010). Only the data values in flag 30 (nominal quality) have been used for this work. 
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As the first step, we compiled all available drift speeds into a time series for winter defined as 

October through April. Sea-ice drift speed (magnitude of ice drift) is computed using the zonal 

and meridional components of ice drift, i.e., 

|U| = (u2 + v2) ½ 

where |U| denotes the speed and u and v represent the zonal and meridional components of sea ice 

drift computed from zonal and meridional displacements in the 48-hour time span and frequency 

of OSISAF data. 

 

The results presented in Figure 1 were obtained by calculating yearly means (October to April) for 

the 2006-2018 period, and then determining the std dev., skewness and kurtosis for each pixel 

based on the 12 annual mean ice drift matrices with the size 119*177 pixels. Supplementary Figure 

S2 shows annual mean drift speeds and vectors for each year from 2006 to 2018. We further looked 

at each year individually by calculating the skewness and kurtosis based on daily ice drift datasets 

(Figs 2 and 3); that is, we used 212 matrices, of the size 119*177, where 212 (213 for leap year) 

represents the number of days in each winter from October to April. In all the figures in this 

manuscript, we have only plotted the values that are statistically significant as determined by the 

Bootstrap method. The bootstrap algorithm was used in order to obtain the standard error and 

margin of error for each pixel. The thresholds used were set according to the confidence interval 

of skewness and kurtosis obtained from the confidence interval using the difference/sum between 

the sample mean and the margin of error. 
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4.1.2 Higher-order Moments 

Skewness and kurtosis, the third and fourth central statistical moments, were computed at each 

spatial grid point of the 119*177 ice drift matrices for the entire time domain in order to examine 

the spatial variability in the sea-ice drift field. 

Skewness is defined as: 

 𝑆 =  
∑ (𝑥𝑖−𝜇)3𝑁

𝑖=1 𝑁⁄

𝜎3 , 

where µ is the mean of the relevant parameter x, σ is the standard deviation of x and N indicates 

the number of values (in this case daily (212/213) or annual (12) values for the October 2006 to 

April 2018 timeframe). The reference standard for skewness is zero, which represents the Gaussian 

distribution of the data. Skewness values less than zero (or alternatively greater than zero) are 

hereafter referred as negative skewness (or positive skewness) values. Skewness addresses the 

question of whether or not the ice drift speed is symmetrically distributed around its mean. 

Regional differences in skewness therefore show regional differences in sea-ice drift associated 

with rare large events that are reflected in the sign of the skewness. 

 

Kurtosis describes the tails (peakedness) of the ice drift PDF. It is defined as: 

𝐾 =  
∑ (𝑥𝑖 − 𝜇)4𝑁

𝑖=1

(∑ (𝑥𝑖 − 𝜇)2𝑁
𝑖=1 )2

 

The reference standard associated with Gaussian behaviour is 3 for kurtosis. In the context of an 

ice drift time series, a low kurtosis (i.e. K < 3) means that periods with either unusually low or 

high ice drift speeds are more rare compared to what would be expected from a Gaussian 

distribution, and the associated PDF tends to be flat near its peak and drops to small values faster 
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than a Gaussian. However, when kurtosis is high (i.e. K > 3), extreme ice drift events occur more 

frequently and are more extreme compared to a Gaussian PDF. Hence kurtosis values less than 3 

are referred as low kurtosis and kurtosis values higher than 3 are referred as high Kurtosis. Kurtosis 

provides a measure of intermittency and the frequency of extreme events. This moment can thus 

be useful to describe changes in the pattern of the sea-ice drift over long-term periods and in 

particular extreme events. 

 

Luxford and Woollings (2012) used higher-order moments, namely skewness and kurtosis, to 

study atmospheric flow, and suggested that the patterns of skewness can arise as a kinematic 

consequence of the presence of jet streams. Hughes and others (2010) suggest that kurtosis can 

provide a method of mapping mixing barriers in the ocean. We consider a similar approach here 

to identify patterns that distinguish circulation in the BG from transport associated with the TPD 

and changes in each as a function of space and time. In addition to drift speed |U|, zonal and 

meridional components (i.e., u, v) of ice drift are also evaluated to determine the relative 

contributions of each to spatiotemporal variability in the BG and TPD. 

 

To account for seasonal variations associated with the presence and absence of sea ice, we compute 

per cent occupancy, defined as the ratio in the number of days during which the grid cell is ice 

covered to the total number of days, for the timeframes considered (2006-2018, and annual). The 

percentage occupancy for each year on the basis of the daily dataset is shown in Supplementary 

Figure S1 and the mean percentage occupancy for 2008-2018 is shown in Figure 1e. The skewness 

and kurtosis patterns including those grid cells that fall within the 100% percentage occupancy 

contour indicate spatial structure depicted by the skewness and kurtosis associated with the winter 
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ice cover, while patterns including those grid cells within the 80 and 60% occupancy contours 

indicate coherent structure associated with the sub-seasonal and marginal ice zone associated with 

the 2006-2018 and annual timeframes. 

 

4.2 Results and Discussion 

Following the mean and std deviation, skewness and kurtosis are the next two in series of moments, 

which characterize the shape of the PDF. The mean sea-ice drift field, based on 2006-2018 

October-April (winter) average, indicates sea-ice circulation associated with the mean BG, TPD 

and Kara Sea ice circulation (Fig. 1a). The std dev. of the 12 winter mean ice drift speeds (Fig. 1b) 

indicates enhanced variability in the southern Beaufort Sea, and generally around the ice cover 

margins, associated with the poleward retreat in the sea-ice edge in these regions over the past 

decade. The spatiotemporal patterns for skewness and kurtosis (Figs 1c and d) indicate an 

underlying structure resulting in significant inter-annual variations in the mean drift speeds 

associated with extreme events and the frequency of these events in the sea-ice drift field. As 

previously noted, skewness is a measure of the asymmetry of the PDF. A PDF with a positive 

skewness has an enhanced right tail and the mass of the distribution is concentrated on the right of 

the figure and vice versa for negative skewness. Positive skewness values at a pixel indicate that a 

few years with the 2006-2018 period exhibited high yearly average ice drift speeds with large 

variation from the normal. 

 

To evaluate the role of skewness in characterizing spatiotemporal variations in sea-ice drift 

features, consider the BG, where the gyre corresponds to the low drift speeds in the centre 

surrounded by higher drift speeds (Figs 1a and S2). When the centre of the gyre shifts its location, 
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the occasional low drift speeds shift to the areas where usually high speeds are experienced and 

vice versa. Thus, this shift in the BG results in the positively skewed values in the centre of the 

gyre and the negatively skewed values in the surrounding areas. For BG, positive skewness 

indicates enhanced anticyclonic circulation, while negative skewness indicates cyclonic 

circulation (cf. Thompson and Demirov, 2006). Thus, at a fixed point near the BG periphery, a 

shift to cyclonic circulation will reduce speeds in the direction of the flow, resulting in lower-than-

normal ice drift speeds. By contrast, a shift to enhanced anticyclonic circulation will enhance 

speeds in the direction of motion leading to positive skewness. This will be further demonstrated 

in the evaluation of the zonal and meridional ice drift components. 

 

From winters 2006-2007 to 2017-2018, statistically significant positive skewness values are found 

for the winter mean ice drift speeds along the periphery of the Beaufort Sea and in Kara Sea 

(Fig. 1c). In the Beaufort Sea, this pattern likely indicates occasional departures from low ice drift 

speeds associated with the centre of the BG (i.e. a shift or displacement in the BG from its mean). 

In Kara Sea, positive skewness indicates spatiotemporal variability/shifts in this sea-ice circulation 

regime. Negative skewness is observed in the TPD, in a manner consistent with negative skewness 

found at the core of jets in atmospheric flow fields (Luxford and others, 2012), indicating the core 

of the TPD. 

 

Kurtosis indicates persistent departures from Gaussian behaviour as well as persistent patterns in 

the mean winter sea-ice drift field from 2006 to 2018, and provides a signature of the frequency in 

extreme events. Kurtosis also indicates intermittency. High kurtosis values indicate that rare, large 

variation events occur more frequently than would be expected for a Gaussian distribution, thereby 
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resulting in a more sharply peaked PDF with a broader tail than a Gaussian. By contrast low 

kurtosis values indicate that large or extreme events are rare. From October 2006 to April 2018, 

statistically significant high kurtosis values in the Beaufort Sea periphery indicate extreme events 

evident in the tails of the sea-ice drift speed distribution, over space and time (Fig. 1), and 

characterize the spatiotemporal evolution in extreme events associated with the BG during the 

2006-2018 timeframe. Specifically, statistically significant high kurtosis values are found in the 

periphery of the Beaufort Sea surrounded by comparatively low values, indicating frequent shifts 

in the centre and reversals of the BG (Fig. 1). Statistically significant high kurtosis is also observed 

in the vicinity of the TPD, indicating frequent high sea-ice drift speed features/events associated 

with the TPD during this timeframe. Percentage occupancy captures seasonal variations from 2006 

to 2018 (Fig. 1e); 100% occupancy indicates the winter ice zone, while lower occupancy indicates 

the sub-seasonal ice zone. The central Arctic, Chukchi Sea and Barents Sea are characterized by 

80-100, 60-80 and 0-40% occupancy ranges, respectively. 

 

 

Fig. 1. Mean, std dev., skewness, kurtosis and per cent occupancy for sea-ice drift speeds from 

winter means of October 2006 to April 2018. 

 

In Figure 1, we have shown that there is statistically significant interannual variability in the mean 

ice drift speeds across the Arctic Ocean. Here we will analyze in more detail how the higher order 
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moments vary within each 12 years of the OSISAF ice drift record from 2006 to 2018 (Fig. 2). 

The statistics for extreme events and the frequency of these extremes over each year is obtained 

by calculating the skewness over the daily ice drift speeds. The statistically significant positive 

skewness found throughout the Arctic Ocean for each year highlights temporal variability in large 

amplitude events (high drift speeds) between years. Slightly negative skewness of ∼−0.2 in the 

Beaufort Sea is only found for winters 2015-2016 and 2017-2018 (Fig. 2). The negative skewness 

in the winter of 2015-2016 can be linked to the shift of the gyre towards the Chukchi Sea during 

December 2015, which resulted in the low drift speeds in the Beaufort Sea. Negative skewness is 

also observed in the Beaufort Sea region in 2017-2018, which may be attributed to an unusually 

thin ice cover and reversals in the BG ice drift in winter 2017 (i.e. February 2018) as ice drift 

speeds are reduced by flow opposite to the typical flow direction, as described in Moore and others 

(2018). 

 

Fig. 2. Skewness for daily sea-ice drift speeds for 2006-2018. 
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Coherent and contiguous regions of high Kurtosis are observed in the central Arctic in the winters 

of 2006, 2008, 2010 (to a lesser extent) and 2016 in the winter ice zone (Fig. 3). These provide a 

signature of frequent large amplitude events characteristic of ice ridging, rafting, and/or opening 

and closing of leads and cracks in the ice cover. Low kurtosis is found in the sub-seasonal zone of 

the Beaufort Sea and Kara Sea, respectively, from 2006-2007, 2009 and 2015-2017. This provides 

a signature of rare large amplitude events and in 2017 in particular of BG reversals. 

 

Fig. 3. Kurtosis for daily sea-ice drift speeds for 2006-2018. 

In order to characterize the BG and TPD and their spatiotemporal variability, an index is defined 

for combinations of high/low skewness and kurtosis regimes (Table 4.1 and Fig. 4). Statistically 

significant skewness and kurtosis in Figure 4 are computed using annual mean drift data and the 
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bootstrapping algorithm, analogous to Figure 1. The skewness/kurtosis index further characterizes 

spatiotemporal variability in these patterns. 

Table 4.1 Skewness/Kurtosis Index to characterize circulation patterns.  

 S>0 (red) S=0 (yellow) S<0 (blue) 

K>3 (red) Large amplitude 

events with high 

frequency (red; 

extremes) 

Signature of 

periphery in the BG 

and high-frequency 

variations in the BG 

Normal/mean 

amplitude events with 

high frequency 

(orange) 

Distinguishes the BG 

from the TPD. 

Occasional low 

values with high 

frequency (purple) 

High-frequency 

variations in the TPD. 

K=3 (yellow) Large amplitude 

events with regular 

frequency (orange) 

Gaussian distribution 

(yellow) 

 

Delineates the BG 

from the TPD for the 

2006 - 2018 

timeframe. 

Occasional low 

values with regular 

frequency (green) 

Distinguishes the BG 

from the TPD. 

K < 3 (blue) Large amplitude 

events with low 

frequency (purple) 

Signature of 

periphery in the BG 

and low-frequency 

variations in the BG 

Normal/mean 

amplitude events with 

low frequency 

(green) 

Occasional low 

values with low 

frequency (blue) 

Low-frequency 

variations in the TPD. 

 

Figure 4 highlights that a combination of skewness and kurtosis depicts spatiotemporal changes in 

the BG and TPD, with Gaussian values (S = 0, K = 3) capturing the core of the BG and TPD (Fig. 

4e). Positive skewness characterizes extreme events associated with the BG, whereas negative 

skewness characterizes extreme events associated with the TPD. Kurtosis depicts the frequency of 

these events.  
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Fig. 4. Skewness and kurtosis combinations as shown in Table 1. 

Specifically, results show high skewness and kurtosis values in the southwestern periphery of the 

BG (Fig. 4a), indicating frequent large-amplitude (high drift speed) events associated with more 

mobile ice in a retreating and thinning ice cover in the Beaufort Sea region. Low skewness and 

high kurtosis values in the vicinity of the TPD indicate frequent low-amplitude (low drift speed) 

events north of the Siberian Islands and in Fram Strait (Fig. 4c), consistent with a recent study 
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showing interruptions and reduced long-range transport in the TPD in a warming Arctic (Krumpen 

and others, 2019). In summary, the Gaussian regime characterizes the BG and TPD, while negative 

skewness associated with low amplitude events (S < 0; K > 3, K < 3 - Figs 1c and d and 4c and i) 

indicates high-and low-frequency variations in the TPD, and positive skewness associated with 

high amplitude events (S > 0; K > 3, K < 3 - Figs 4a and g) indicates high- and low-frequency 

variations in the BG. 

 

Fig. 5. Winter mean (a, d), skewness (b, e) and kurtosis (c, f) for the zonal and meridional 

component for 2006-2018. 

An evaluation of skewness and kurtosis in the zonal and meridional sea-ice drift components 

enables the identification of reversals (Fig. 5). The positive (negative) zonal component in Figure 
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5 shows the drift from west to east (east to west) and the positive (negative) meridional component 

shows the drift from the south to north (north to south), respectively. In Figure 5e, regions of 

positive/negative skewness in the TPD near Fram Strait and in the passage through the Franz 

Joseph Land and Novaya Zemlya can also be associated with the change in the course of the ice 

drift from Kara Sea. In some years, sea-ice drifting from the Kara Sea joins the TPD, whereas in 

others, sea-ice drifts via the Franz Joseph Land and Novaya Zemlya (Kaur and others, 2019). In 

addition, positive skewness north of Fram Strait depicts meridional displacement in the TPD; when 

strong southward (negative) drift associated with the TPD is displaced eastward or westward into 

weaker (more positive) meridional drift regions, the TPD core experiences less negative 

meridional drift values, giving rise to positive skewness. 

 

Our analysis reveals negative skewness in the zonal ice drift component in the Beaufort Sea, and 

indicates the acceleration of the gyre. Drift in the meridional component also shows the negative 

skewness in BG, which further indicates acceleration in the gyre. Reversals are captured in less 

negative skewness values in zonal and meridional drift components in the western Beaufort Sea. 

In Figure 5f, K > 3 depicts more frequent normal meridional drift speeds in the BG gyre centre. 

Zonal sea-ice drift skewness is seen to range between −2 and 2 with negatively skewed values seen 

in the zonal component for BG and along the east Greenland coast. Negative skewness in the BG 

is the result of the enhanced westward advection in certain years, which result in values lower than 

the mean for that particular region. High meridional kurtosis also indicates zonal shifts in the centre 

of the BG. Positive skewness indicates that during some years, values higher than the mean for the 

respective areas are observed. Such variations in the BG can also occur due to the shift in the centre 

and reversals of the gyre. 
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4.3 Conclusions 

In this study, we have examined patterns and spatiotemporal variability in sea-ice drift using 

higher-order moments to identify underlying structure in the sea-ice drift field, and spatiotemporal 

changes in the BG and TPD in particular. Departures from Gaussian behaviour in higher-order 

statistical moments provide a signature of spatiotemporal evolution in the BG and TPD and 

structure in the sea-ice drift field; an index is further derived based on the superposition of high/low 

skewness and kurtosis values that highlight regions where frequent and infrequent large-amplitude 

events occur. In this paper, the higher-order moments of skewness and kurtosis are used to 

characterize these non-Gaussian features. Our results suggest that the patterns of skewness arise 

due to the spatio-temporal shift in the drift patterns. Skewness is expected to accompany the shift 

in the centre of the gyre, while patterns of skewness and kurtosis can be used to identify changes 

in the circulation regimes within the Arctic. Our results show that skewness fields/patterns provide 

a signature of the BG and TPD over the 2006-2018 timeframe, and capture the spatial variability 

in the BG and TPD for this timeframe. High skewness (>3) indicates displacements in the BG 

periphery, while negative skewness captures variations in the TPD. Kurtosis provides a signature 

of frequency in extreme events. A skewness/ kurtosis index derived through the combination of 

skewness and kurtosis regimes shows that the combination of positive skewness with high/low 

kurtosis provides a signature of central axis and the periphery of the BG, whereas negative 

skewness is found to characterize the TPD. Specifically, negative skewness associated with low 

amplitude events in the ice drift speed (S < 0; K > 3, K < 3) indicates high- and low-frequency 

variations in the TPD; positive skewness associated with high-amplitude events (S > 0; K > 3, K 

< 3) indicates high- and low-frequency variations in the BG. 
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The results obtained through this technique can further be used for model-data comparison, 

characterizing changes in dynamic flow field structure in a changing climate, as well as forecasting 

and prediction. In addition, the results obtained can also be compared to ice-ocean models to 

determine whether the model captures underlying structure in the sea-ice drift field, extreme events 

and the frequency of extreme events, which is of increased importance in an increasingly 

unpredictable Arctic (Leppäranta, 2011). Higher-order moments also enable a comparison with 

atmospheric and oceanic results to facilitate and improve our understanding of ice-ocean-

atmosphere interactions from the perspective of dynamics. The significance of this study exists in 

the development of diagnostics and tools based on higher-order moments to determine whether 

models accurately capture increasingly unpredictable sea-ice conditions and more specifically 

sea-ice dynamics in the Arctic. The index map can in addition be used to identify regions with 

high/low frequency of high/low amplitude events, also relevant from the perspective of hazard 

and risk assessments, forecasting and prediction. 
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Chapter 5 Role of wind in driving Sea ice drift and its patterns 
 

5. Introduction 

Arctic sea ice has experienced profound changes since the beginning of the satellite era in terms 

of ice-age, thickness (Maslanik et al., 2007; Maslanik et al., 2011) and sea ice extent in response 

to climate change. Climate change manifests itself in multiple ways that affect both 

thermodynamics (i.e., melting and freezing) and dynamic processes (ice drift, mechanical 

deformation), which thus need to be considered to understand the decline in sea ice. Of key 

importance to understanding these changes to the Arctic sea ice cover relate to the underlying 

large-scale movement of the sea ice (Kwok et al., 2013). Large-scale circulation of sea ice 

determines its regional exchange and export of sea ice through the Arctic gateways (Kwok et al., 

2013), while local scale dynamics (i.e., the divergence and convergence of ice floes) directly 

impacts surface albedo and air-sea heat exchange (Leppäranta, 2011). 

 

Ice tracking buoys and satellite observations have revealed a general increase in sea-ice drift speeds 

over the last few decades conjointly with declines in ice extent and volume (Kaur et al., 2019; 

Schweiger et al., 2011; Spreen et al., 2011). The wind, and the ocean currents to a lesser extent, 

provide the primary direct force for the sea ice drift (Thorndike & Colony, 1982;  Spreen et al., 

2011). Döscher et al. (2014) found strong evidence that atmospheric changes are the major driver 

of sea ice change. Döscher et al. (2014) also states that since 1989, interannual variability in ice 

drift speed appears to be connected to wind variability, while the trend in drift speed is related to 

ice thinning and a reduction in mechanical strength.  Rampal et al. (2009) report an overall increase 

of the mean Arctic drift speed of 0.6 cm/s/decade for 1979-2007 with the winter buoy speed 

increased by 0.74 cm/s/decade. Häkkinen et al. (2008) also reported on an increase in the Central 



 101 

Arctic drift speed since 1950’s using sea ice drift data (from Russian North Pole stations, various 

ice camps, and the International Arctic Buoy Program) and surface wind stress data from the 

NCAR/ NCEP Reanalysis. Spreen et al. (2011) has showed that between 1992-2009 the increase 

in sea ice drift speeds (10.6 ± 0.9% per decade) is much larger than the wind speed increase (~1.5% 

per decade). The results presented by them suggest that the changes in wind speeds explain the 

fraction of the observed increase in drift speeds in the Central Arctic but not over the entire basin, 

however for the rest of the Arctic basin thinning of the ice cover is more likely the cause of changes 

in drift speed. Kwok et al. (2013) investigated the spatial and seasonal variability of the wind factor 

(speed) over 1982-2009 and found distinct seasonal, interannual and spatial variability in the ice-

to-wind response. Over the regions where they found increases in ice drift speed, the wind factor 

had an increasing trend during both the winter and summer. Their results show that the ice cover 

is now more responsive to geostrophic wind.  

The short-term variability of sea ice drift is mostly wind-driven. Docquier et al. (2017) found that 

the reduction in sea ice strength allow more deformation and fracturing resulting in the increased 

sea ice drift speed. Over 90% of the Arctic Ocean has positive trends in drift speeds and negative 

trends in multiyear ice coverage (Kwok et al., 2013). In addition, a thin ice cover is more 

vulnerable to strong summer retreat under atmospheric forcing or increasing ocean heat transport 

to the Arctic (Maslanik et al., 1996; Stroeve et al., 2012). Asplin et al. (2014) found that the 

fractured perennial ice cover affects the sea ice thermodynamic and dynamic processes. Tandon et 

al. (2018) suggest the likelihood of the ice drift speed increase being primarily driven by the 

reduction in sea ice thickness. Bitz and Roe (2004) discussed that the thinning is greatest in regions 

where the sea is historically thickest/multiyear sea ice. The thinning of ice reduces its strength, 

which reduces the sea ice internal stress, allowing for more sea ice deformation, more fracturing, 
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and faster drift. The same physical mechanism has been shown by Docquier et al. (2017) using 

models. Recently, Yu et al. (2020) evaluated the dependency of modelled sea-ice drift on near-

surface wind speed on the daily and grid scale using coupled Arctic regional climate model 

HIRHAM-NAOSIM 2.0 and found that the simulated increase in sea ice drift with increasing wind 

speed is consistent with the observation/reanalysis. Lund et al. (2018) showed the weak 

dependency of sea ice drift on wind speed, in the areas where wind speed is low. Yu et al. (2020) 

also suggested the strong nonlinearity of the sea ice drift speed and wind speed relation, that there 

is a strong impact of wind speed changes on sea ice drift speeds for high and moderate wind speeds 

but with only a low impact for lower wind speeds. The change in the relation of wind speed and 

ice drift speed has been attributed to upper ocean currents by Lund et al. (2018) and to large-scale 

winds by Leppäranta (2011). 

In this chapter, we examine the Arctic basin-wide sea ice drift speeds and patterns, and specifically 

focus on the response of ice drift to wind speeds. Our objective is to use satellite passive 

microwave-based ice drift products to: (1) find the trends in sea ice drift speeds; (2) find the 

correlation coefficient between sea ice and wind speed trends; and (3) understand the role of wind 

speeds in deriving the sea ice drift speeds. This chapter is organized as follows: section 5.1 

describes the data product and the processing of the data along with the techniques used for the 

analysis, section 5.2 describes the results and discussions followed by summary and conclusions 

in section 5.3. 

 

5.1 Data and Methods 

According to the equation of motion, the primary factors responsible for the sea ice drift are winds, 

ocean currents, Coriolis force, internal ice stress and sea surface tilt (Leppäranta, 2011). Previous 
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studies have linked the increasing sea ice drift trends to increasing winds speeds, reduced sea ice 

strength and changes in the summer sea ice extent. However not all of these parameters are 

available at a basin-wide scale for the Arctic Ocean. In this study, we assess the correlation 

between the spatial patterns of sea ice drifts and winds over the Arctic Ocean. To this end, we have 

analyzed the trend of anomalies for sea-ice drift patterns and wind speeds.  

5.1.1 Sea Ice Drift 

Low-resolution sea ice drift product OSI-405-c from the European Organization for the 

Exploitation of Meteorological Satellites (EUMETSAT) OSISAF is used for this study. The 

dataset used in this study is from October 2006 to April 2020. Low-resolution ice drift datasets are 

computed on a daily basis from aggregated maps of passive microwave (e.g. SSMIS, AMSR2) or 

Scatterometer (e.g. ASCAT) signals. The drift of the ice is calculated at a 48-hour timespan. The 

spatial resolution is 62.5 km on a Polar Stereographic Grid. A distinctive feature of the product is 

that a sequence of remotely sensed images is processed by the CMCC (Continuous Cross 

Correlation Method) method, which builds on the MCC (Cross Correlation Method) method but 

relies on a continuous optimization step for computing the ice motion vector (Lavergne et al., 

2010).  Only the data values in flag 30 (nominal quality) have been used for this work. As the first 

step, we compiled all available drift speeds into a time series for winter periods defined as the 

periods from October through April. For example, when we write “winter 2006”  or “06/07” we 

have defined it as the period from October 2006 to April 2007.  Sea ice drift speed (magnitude of 

ice drift) is computed using the zonal and meridional components of ice drift, i.e., 

|U| = (u2 + v2) ½ 

where |U| denotes the speed, and u and v represent the zonal and meridional components, 

respectively, of sea ice drift computed from zonal and meridional displacements in the 48-hour 
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time span and frequency of OSISAF data. For the Spatial Correlation, we first calculated monthly 

mean ice drift vectors from the daily files of all the anomalous years between the winter periods 

of 2006 to 2020.  

5.1.2 Winds 

We have used the daily u-wind and v-wind data at 10 m from NCEP DOE Reanalysis 2 (Kalnay 

et al., 1996). The dataset used is available daily at a spatial resolution (grid) of 2.5o. Wind speeds 

have been calculated using the same equation as the one used to calculate sea ice drift speeds. 

Wind dataset level used in this study is 10m. For the spatial correlation between the wind speeds 

and ice drift speeds all the values above 87.5oN are considered as NaN (Not a Number) to maintain 

the consistency between two datasets and various time frames. Only magnitude of wind is 

considered; directional changes are not considered for this study. 

 

5.2 Results and Discussion 

5.2.1 Arctic sea-ice drift and drift speed trends 

The mean Arctic Ocean sea-ice motion consists of three well-known primary circulation regimes: 

the Beaufort Gyre, transpolar drift, and a motion system from the Kara Sea (Kaur et al., 2019). 

The average drift speeds observed in the western periphery of Beaufort Gyre (BG) and Kara Sea 

(KS) are 5-7 cm/s and 4-6 cm/s, respectively. Our results in Figure 5.1a reveal that mean ice drift 

speeds for the winter periods from 2006 to 2019 exceeded 10 cm/s (~9 km/day) both in Fram Strait 

(FS) and Baffin Bay (BB). The average drift speeds in transpolar drift (TPD) at its anticipated area 

of origin, i.e. Laptev Sea, were about 4-5 cm/s but increased to as high as 8-10 cm/s downstream 

near FS as (Figure 5.2. The mean drift speeds for FS are consistent with the results obtained by 

Kaur et al. (2019) and Kwok et al. (2013). Low mean drift speeds of ~ 2-3 cm/s are observed in 

the Central Arctic regions (Figure 5.1a), which is in agreement with the results obtained by Kimura 
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& Wakatsuchi (2000). Our results also highlight the very low drift speeds (< 1 cm/s) in the last ice 

area north of the Canadian Arctic Archipelago, which is dominated by multiyear sea ice (Lee et 

al., 2017). 

 

Figure 5.1 (a) Mean Arctic Sea-ice drift speeds and patterns (b) Standard deviation of the Mean 

Sea Ice drift speeds, and (c) Mean Winds Speeds of the 14 winter seasons (October 2006 - April 

2020).  

 

The annual mean ice drift speeds show a higher standard deviation in the regions of high ice drift 

speed in the Arctic Ocean (Figure 5.1b). Increasing sea ice drift trends are observed along the 

Mackenzie Shelf and the Alaskan coast, as well as in the parts of the Fram Strait, Barents Sea and 

Baffin Bay that are influenced by warm Atlantic water. Hansen et al. (2013) observed that the ice 

thickness distribution in the Fram Strait is characterized by a gradient from thicker ice in the west 

to thinner ice in the east, and the thinning of the sea ice in FS is accompanied by the increase in 

sea ice drift (Kaur et al., 2019; Spreen et al., 2011). It is clear that the ice drift trend over the 14-

year record shown in Figure 5.1c follow the ice thickness distribution in Fram Strait. Negative ice 
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drift trends are observed in the central Arctic and regions that mostly fall in the centre of the BG. 

Non-significant trends are observed in the Canadian Arctic Archipelago. 

5.2.2 Winter ice drift speeds, patterns and wind speeds 

The change in ice drift patterns as well as the shift of the gyre over time can be observed in the 

mean ice-drift speeds for all 14 years (Fig. 5.2). Drift speeds approaching as high as 14 cm/s (12 

km/day) are observed in some regions of the BG in the winters of 2007, 2015 and 2017 leading to 

an overall increasing trend in basin-wide ice drift speeds. 

 

Figure 5.2 Winter Mean Sea Ice drift speeds for each year between 2006-2020. 
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Basin-wide high drift speeds were also observed for the winter 2012-13 following the record low 

sea ice extent in September 2012. However, the ice drift speeds in BG in 2012-13 were similar to 

the 14 winter mean for BG (Figure 5.1a). We have further looked at the sea ice drift speeds for the 

region of interest BG in Figure 5.4 which confirm the three winter 2007, 2015 and 2017 

experienced high drift speeds for the region of interest. 

 

Figure 5.3 shows the winter mean wind speeds for each 14 winters. It can be seen that on this 

temporal scale, the correlation appears to be very good,  with the exception of Baffin Bay. Central 

Arctic shows low to moderate ice drift speeds as well as wind speeds. A long-term annual mean 

sea level pressure high drives the ice and ocean circulation within the BG region over the northern 

Beaufort Sea (Petty et al., 2016). The mean sea level pressure patterns observed in Figure S1 

closely correspond with the primary circulation systems within the Arctic figure 5.1(a). High wind 

speeds are observed at the entry/exit gates for the Arctic Ocean (Fig. 5.3), i.e. Fram Strait, Bering 

Strait, Svalbard and Franz-Josef Land, as well as between Franz-Joseph Land and Severnaya 

Zemlya. Increasing wind speeds as high as 11 m/s are observed south of Fram Strait and Bering 

Strait.  
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Figure 5.3 Mean Wind Speeds for the 2006/07 to 2019/20 winter periods (October through 

April) obtained from NCEP reanalysis-2.     

We have further looked at the sea ice drift speeds for the region of interest BG in Figure 5.4 which 

confirm the three winter 2007, 2015 and 2017 experienced high drift speeds for the region of 

interest.  High winds speeds are also observed for BG for the winters 2007-08, 2015-16 and 2017-

18. Comparatively low wind speeds are observed for the winter 2007, 2009, 2012, 2017 and 2018 

for the Central Arctic.  
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Figure 5.4 Winter sea ice drift speeds for the Beaufort Sea region of interest (ROI shown in 

inset)   

In order to understand the three highlighted winter seasons in figure 5.4, we have further looked 

at monthly ice drift speeds and wind drift speeds for the record high years in order to further 

analyze this on the shorter timescales.  

5.2.3 Monthly ice drift speeds and winds speeds over the anomalously high ice-drift years 

MSID speeds presented in Figure 5.2 show high drift speeds in the Arctic during 2007, 2015 and 

2017. To understand what drove the high mean ice drift for these years, we have further looked at 

the monthly drift patterns of the sea ice drift speed and patterns (Figure 5.5). The increase in Arctic 

sea ice drift over recent decades, has been linked to the thinning (Spreen et al., 2011) and 

weakening (Rampal et al., 2009) sea ice cover, over and above the smaller (to negligible) trends 

in wind forcing (Häkkinen et al., 2008; Kwok et al., 2013). However, the consistently 100% SIC 

observed in February and April (supplementary figure) cannot be linked to the very high ice drift 

speeds in the Beaufort region during that period.  

Beaufort Gyre ROI 
72°N to 80 °N 

 127°W to 165°W  
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Figure 5.5  Monthly mean sea ice drift speed patterns for high-drift years 2007, 2015 and 2017. 

 

Higher drift speeds have been observed during the months of October, November and December 

2007, which can also be linked with the low sea ice concentration (SIC) during the same time 

period following the record low minimum sea ice extent in September 2007. During the winter 

months of January to April the SIC the entire Arctic basin is covered with sea ice with almost 

100% concentration (supplementary figure), so mainly for the 4 winter months only the wind 

speeds should be taken into consideration.  

  

Figure 5.6 shows the wind speeds for the anomalous years mentioned above. The combinations of 

low SIC and high WSPD during the months of November and December 2007 would have resulted 

in the high drift speeds in the Beaufort Region. High wind speeds for Beaufort region are observed 

for February 2016, April 2016 and March 2018 which signifies the role of winds in driving ice 

drift speeds when the SIC was 100%.  



 111 

 

Figure 5.6  Monthly mean wind speeds for high-drift years 2007-08, 2015-16 and 2017-18 and 

the months for which both MSID and WSPD are high irrespective of the almost 100% SIC . 

 

In Figure 5.7, we have further looked at the daily ice drift speeds and winds speeds during the 

anomalous winters of 2007-08, 2015-16 and 2017-18. We found that for all the three anomalous 

years high drift speeds and high wind speeds are observed during the months of November and 

February in the region of interest shown in Figure 5.4. Increasing drift speeds in BG during 

November can be due to the less sea ice strength during the early winter months, however during 

the months of February the SIC in the Arctic is at its peak and is effectively 100% in the BG region, 

hence pointing to the role of winds during that season in deriving the sea ice drift speeds. 
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Figure 5.7  Comparison of daily ice drift speeds and Wind Speeds for Beaufort sea region of 

interest (shown in figure 5.3) for 2007-08, 2015-16 and 2017-18. 

5.2.4 Spatial Correlation between the ice drift speed and wind speed 

We have further looked at the correlation between the ice drift speeds and wind speeds on daily 

basis for the 7 winter months of the three anomalous years in Figure 5.8 to find the linkages 

between MSID and WSPD. High correlation have been found between the MSID and WSPD for 

BG for Feb. to Apr. 2016 and Feb. to Mar. 2018 showing the significant role of winds in driving 

sea ice drift speeds under the 100% SIC (shown in the supplementary figure). The spatial mean of 

correlation is r2 > 0.6 for BG for January to April with an exception of April 2018. Large areas in 

the Canadian Arctic Archipelago (CAA) have r2 = 0.25 or less, this is the region of the Arctic 

covered by thick perennial ice (Bourke & Garrett, 1987). Low correlation within a 400km from 

the coast in CAA is also observed by Thorndike & Colony (1982) between the ice drift speeds and 

geostrophic wind speeds. A recent study by Maeda et al. (2020) also observed a wide low 

correlation region within a radius of about 1000 km from the Canadian Arctic Archipelago.  
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Figure 5.8 Coefficient of Determination (r2) between WSPD and MSID for 2007, 2015 and 

2017. 

Low correlation have been found between the MSID and WSPD for Baffin Bay for all the winter 

months with an exception for March 2016. Low correlation areas are generally associated with 

flow near coastlines, where internal stresses play a significant role in driving the ice. 

 

Further in Figure 5.9, we have looked at the daily sea ice drift speed and wind speed values in a 

scatter plot for winter 2007, 2009 and 2015 to better understand the correlation between two 

variables. Figure 5.9 shows a nonsignificant linear correlation between the wind speeds and sea 

ice drift speeds on the daily basis. The results highlight that on the daily basis only 23% of the ice 

drift speeds variance can be explained by the wind speeds during the winters. Lund et al. (2018) 

found a weak correlation (r2 = 0.34) between sea ice drift speed and wind speeds in the marginal 

ice zone of Beaufort Sea using shipboard marine X-band radar. The results presented here also 

show the low correlation between the daily MSID and WSPD. 
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 Figure 5.9 Scatter plot between MSID and WSPD for Beaufort Sea region of interest (shown in 

Figure 5.3) for winters 2007-08, 2015-16 and 2017-18. 

 

Figure 5.10 shows the Correlation coefficient and Theta for the MSID and WSPD for all the years. 

The three anomalous years have been shown in red and blue for wind speeds and ice drift speeds 

respectively. In general the scatter plot shows the increased correlation with increased wind/ice 

drift speeds. The grey dots are used for the rest of the years. There is linear correlation between 

the wind speed and the correlation coefficient i.e. strong connection between the ice drift speeds 

and wind speeds. The cluster of points around 0 to -600 shows the angle between the ice and wind 

speeds in the region of interest. 
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Figure 5.10 Scatter plot for correlation coefficient and Theta of WSPD and MSID for Beaufort 

Sea region.  

5.3 Summary and Conclusions 

The sea ice drift speed and pattern and its spatial correlation with the winds for the winter months 

of October through April show that the ice drift speeds and wind speeds are highly variable and 
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that the winds only play an important role in certain areas and not the entire Arctic basin. Spatial 

correlation between the two main variables analyzed in this study show that winds explain only 

23% of the ice drift speeds in the Beaufort Sea region. Low correlation between the wind speeds 

and ice drift speeds have been found in the Baffin Bay and Canadian Arctic Archipelago. Results 

obtained by Lund et al. (2018) also show the weak dependency of MSID on WSPD, when WSPD 

is low, based on shipboard marine radar sea ice drift measurement over the MIZ. Increasing sea 

ice drift trends are observed in the Arctic, and the increasing trends are more pronounced in the 

regions of high ice drift speeds. High wind speeds are observed at the entry/exit gates for the Arctic 

Ocean. Increasing wind speeds as high as 11 m/s and ice drift speeds as high as 11 cm/s are 

observed in downstream Fram Strait. All high wind speed regions also have high ice-drift speeds 

with an exception of Baffin Bay. It is important to note here that the spatial patterns over the Arctic 

Ocean cannot be justified by the line plot and single point measurements have not been used to 

represent the speeds for the entire Arctic.   
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CHAPTER 6 SUMMARY AND CONCLUSIONS 
 

6.0 Summary of Contributions 

 

The research work presented in this thesis is an attempt to understand and improve our 

understanding of sea ice drift speeds and patterns in the Arctic Ocean. The research work is based 

on the data obtained from the passive microwave-based satellite remote sensing. Chapter one 

provides an introduction to this thesis and the rationale for performing the work contained herein. 

In Chapter 1 we outlined the three objectives of this thesis as follows:  

 

1) To analyze the Pan-Arctic sea ice drift speeds and patterns from 1979-2015. Subsequently, 

identify the primary circulation regimes and analyze the drift trends in those circulation regimes.  

2) To explore statistical techniques to identify the primary circulation regimes and their change 

over time. 

3) To characterize the correlation of hemispheric scale wind forcing and ice drift patterns. 

Chapter two provides a detailed description of the primary large scale circulation regimes of sea 

ice in the northern hemisphere and a review of the oceanic and atmospheric forcing of sea ice 

motion at large scale. In addition, it explains how these large-scale circulation regimes may affect 

export pathways of sea ice to lower latitudes. Furthermore, it reviews the current approaches to 

using and or integrating: numerical models, remote sensing or reanalysis products, as a means of 

understanding sea ice motion through a range of scales. 

 

Chapter three analyzes the pan-arctic sea ice drift speeds and patterns for the 36 year time frame 

from 1979 to 2015. Chapter 4 uses the higher-order moments (skewness and kurtosis) to identify 
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spatiotemporal changes in the Beaufort Gyre (BG) and the Transpolar Drift (TPD) sea-ice drift 

patterns. Chapter five shows the correlation between the sea ice drift speeds and wind speeds for 

14 winter seasons. In the Section 6.1, I present the major findings associated with each objective 

mentioned above. 

 

6.1 Summary of major findings  

 

Major Finding 1: 

The first results chapter of this thesis (Chapter 3) focused on pan-arctic sea ice drift speeds and 

patterns over the past 36 years from 1979-2015. This chapter highlights the three primary 

circulation patterns in the Arctic Ocean. The analysis shows that the ice drift patterns are highly 

variable and the first three modes of EOF explain only half (52.4%) of the variance in the dataset, 

with 30.2%, 13.5% and 8.7% for modes one, two and three, respectively. The first three modes 

explain that only the first two patterns are consistent and the rest only last for one or two winters 

out of the record. The 36-year trend in the mean winter ice drift anomalies shows the strengthening 

of the BG, TPD and the drift patterns emerging from the Kara Sea. Statistically, positive drift 

trends are observed in all three circulation patterns at the 95% confidence interval.  

 

Major Finding 2: 

Our findings show that the departures from Gaussian behaviour in higher-order statistical moments 

provide a signature of spatiotemporal evolution in the BG and TPD and structure in the sea-ice 

drift field; an index derived based on the superposition of high/low skewness and kurtosis values 

that highlight regions where frequent and infrequent large-amplitude events occur. Our findings 

show that the patterns of skewness arise due to the spatio-temporal shift in the drift patterns and 
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the skewness is expected to accompany the shift in the centre of the gyre, while patterns of 

skewness and kurtosis can be used to identify changes in the circulation regimes within the Arctic. 

Our results show that skewness fields/patterns provide a signature of the BG and TPD over the 

2006-2018 timeframe, and capture the spatial variability in the BG and TPD for this timeframe. 

 

Major Finding 3: 

Our results highlight that increasing sea ice drift trends are observed for the 14 winter seasons. The 

increased correlation with increased wind/ice drift speeds. A nonsignificant linear correlation 

between the wind speeds and sea ice drift speeds has been observed on the daily basis. The results 

highlight that on the daily basis only 23% of the ice drift speeds variance can be explained by the 

wind speeds during the winters. 

 

At this point my research for sea ice drift speeds and its patterns in the Arctic Ocean has 

come full circle; I have moved from exploring at the pan-arctic sea ice drift speeds, to the regional 

scale drift speeds in the specific regions of the Arctic Ocean, to finding the new method for 

analyzing the sea ice drift patterns, and to finally looking at the correlation between the ice drift 

speeds and the wind speeds also known as primary factor for the drift of the ice. 

 

6.2 Limitations of Work 

 

The thesis consists of basin wide study of the Arctic Ocean and the research is based on the passive 

microwave datasets for sea ice drift and model output for the winds. Only one parameter i.e. wind 

has been taken into consideration for this research. The other factors such as ocean currents, sea 

surface tilt, sea ice thickness and concentration have not been taken into consideration in this 

thesis. Wind is the primary factor responsible for the drift of the ice and wind is the only factor for 
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which dataset for the entire Arctic is readily available. It would be interesting if the same study 

can be performed on a smaller region for which other parameters (or more than one) are available. 

The results presented here are based only on winter months (mainly from October to April) due to 

the unreliability of the sea ice motion datasets during the summer months. Thus, it omits the 

summer months when ice concentrations are at their smallest and drift potentially at its highest as 

the ice floes are more free to drift with the wind. 

 

6.3 Future Steps and Recommendations 

 

(1) To fully understand the driving factors that affect the drift of Arctic sea ice, we need to 

look at both dynamic and thermodynamic processes, forcing factors and how they are 

interlinked. I recommend to consider more than one parameter from the equation of motion 

which contains (air stress, water stress, internal ice stress, Coriolis force and sea surface 

tilt) as mentioned in chapter 2 of this thesis. Some of these parameters may only be obtained 

at good accuracy rate for smaller regions of the Arctic or in combination with modelling 

(e.g. PIOMAS). 

(2) To perform the research on a smaller area in the Arctic for which the field measurements 

are available. The research conducted here is solely based on the passive microwave 

derived satellite datasets and the model results. It will be interesting to compare it with the 

field observations.  

(3) Sea ice is an important transport vehicle for gaseous, dissolved and particulate matter in 

the Arctic Ocean. The changing sea ice conditions in the Arctic including the sea ice drift 

speeds and patterns of the Beaufort Gyre and Transpolar drift control the export of the ice 
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and freshwater out of the Arctic. Such changes not only effect the advection of ice but also 

result in the changes in the Global thermohaline circulation.  

(4) Finally, it would make sense to study the significance of the changing sea ice drift speeds 

and patterns in terms of its role in affecting the Gulf Stream and Labrador current and/or 

the role of sea ice in effecting the climates of the mid/low latitudes by affecting the global 

thermohaline circulation. 
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valuable comments and direction for this chapter.  
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