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Sea ice draft observations in Nares Strait from 2003 to 2012
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Abstract Time series observation of sea ice draft and velocity from Nares Strait between 2003 and 2012
provides new insights on the statistical properties of sea ice leaving the Arctic for the Atlantic Oceans.
Median ice draft is 0.8 m, but it varies annually from 1.5 m in 2007–2008 to 0.5 m in 2008–2009. Probability
density distributions of sea ice draft depend on location across the channel with thicker ice near Canada
and thinner ice near Greenland. Nevertheless, sea ice motion stops seasonally due to arching land-fast ice
that spans the 30–40 km wide channel for up to 190 days per year such as during the 2011–2012 winter. In
contrast, the 2006–2010 period exhibits a single ice arch lasting 47 days in April/May 2008. Hence sea ice
statistics are weighted by space not by time, using sea ice velocities estimated from colocated velocity
observations. Multiyear sea ice with drafts exceeding 5 m constitute between 9% (2003–2004) and 16%
(2007–2008) of the observed sea ice. The probability g(D) of this thick, ridged, multiyear ice decays
exponentially with draft D at an e-folding scale D0 of 3.0 6 0.2 m. The trend of D0 with time is statistically
indistinguishable from zero. This observation suggests a steady export of multiyear sea ice at decadal time
scales. We speculate that our observations document the draining of the last reservoir of thick ice from the
Arctic Ocean found to the north of Ellesmere Island and Greenland.

1. Introduction

Arctic sea ice influences global climate. Annual minimum Arctic sea ice extent records were broken in 2005
[Comiso and Nishio, 2008], 2007 [Stroeve et al., 2008], and again in 2012 [Laxon et al., 2013]. Since increased
ice-free areas provide a mechanism for positive climate feedback due to reduced albedo, this fueled con-
cerns about an ice-free Arctic. Global climate models predict an ice-free summer before the end of the cen-
tury [Kay et al., 2011; Meehl et al., 2012; Stroeve et al., 2012; Vavrus et al., 2012]. Measuring ice thickness,
observationalists provide crucial data to help models better estimate the time it will take for the Arctic to
become free of multiyear ice (MYI).

Ice observations are achieved by various methods. These range from drilling through ice to measure its
properties directly at a single point [Johnston, 2014; Eicken and Lange, 1989] to utilizing remotely sensed sat-
ellite data which provide estimates of surface properties including sea ice area over vast regions [Stroeve
et al., 2012]. Along survey tracks, submarine acoustic studies provide ice thickness from below [Wadhams
et al., 1979; Blidberg et al., 1981; Bourke and Garrett, 1987], and electromagnetic devices, such as laser altime-
ters and radars aboard helicopters and fixed wing aircraft measure this value from above [Haas et al., 2006;
Farrell et al., 2012; Kurtz et al., 2013]. Others, such as our current study, use discretely moored ice profiling
sonars to measure ice thickness from below as time series [Melling and Riedel, 1995].

Global-scale satellite data, collected since 1978 demonstrate the rapidly declining Arctic sea ice extent [Stroeve
et al., 2012]. However, sea ice loss is not restricted to reduction in areal coverage. Observations indicate that
the perennial ice cover that remains in the Arctic has also been thinning. This thinning is documented by Kwok
et al. [2009] using satellite altimeter as well as submarine and moored sonar measurements, by Shibata et al.
[2013] using satellite microwave sensor data and by Renner et al. [2014] using electromagnetic instruments.
Perovich et al. [2014] and Kwok and Cunningham [2010] attribute this thinning to melting of multiyear ice. An
increased export of MYI from the Arctic could also lead to thinner perennial Arctic ice cover.

There are two pathways for ice to advect from the Arctic to the North Atlantic Ocean. These are Fram Strait to
the east and the Canadian Arctic Archipelago (CAA) to the west of Greenland. Past observations indicate that
Fram Strait dominates ice export year-round [Aagaard and Carmack, 1989] while the thickest ice may leave the
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Arctic via the CAA. For Fram Strait, Hansen et al. [2013] analyzed trends in ice advection with moored sonars
since 1990. They found no increased advection of ice with thickness above 5 m; in fact, their study revealed that
the ice leaving the Arctic via Fram Strait has been thinning. In contrast, Bourke and Garrett [1987] found the
thickest ice in the Arctic to the north of the CAA from submarine surveys. This finding was confirmed by Haas
et al. [2006] and Maslanik et al. [2007] who found thickening of ice in the region adjacent to the CAA as well as
by Kwok and Cunningham [2016] who found the area covered by thick ice to have increased. Our study relates
to the potential advective flux of this thick Arctic ice to the south. More specifically, we will quantify the change
of ice thickness for the 2003 to 2012 period from sensors moored in Nares Strait.

Nares Strait is a 500 km long channel which connects the Arctic Ocean in the north to Baffin Bay in the south
between Ellesmere Island and North Greenland (Figure 1). Steep orography channels the atmospheric flow that is
generally along the strait from north to south [Samelson et al., 2006]. Winds impact the advection of ice [Samelson
et al., 2006] as does the ocean circulation [M€unchow and Melling, 2008; M€unchow, 2016]; however, ice motion
ceases at our mooring location after an ice arch forms at the southern end of Nares Strait [Dumont et al., 2009] as it
does in most years. Thermal imaging, such as Figure 2, reveals these ice arches as strong temperature gradients
between thin ice or water (warm) and thicker ice (cold) [Vincent et al., 2008]. Such ice arches form each winter at
many locations throughout the CAA [Smith et al., 1990]. After the ice in Nares Strait is blocked, open water or thin
ice covers a large area to the south of it as winds continue to advect newly formed ice into Baffin Bay beyond the
arch and a latent heat polynya forms [Melling et al., 2001]. This so-called North Water polynya exhibits high biologi-
cal productivity [Dunbar and Dunbar, 1972]. We find evidence suggesting formation of this polynya for at least the
last 800 years in viking artifacts dating to the 12th century found at Inuit settlements near Smith Sound
[Schledermann, 1980]. Using airborne radar, Dunbar [1973] documented the formation and spatial extent of this
polynya in 1971 and 1972. Preußer et al. [2015] analyzed the characteristics of the polynya between 1978 and
2015 with remotely sensed data. Kwok et al. [2010] summarizes formation and duration of all Nares Strait ice
arches from 1997 to 2007 while Figure 2 shows the spatial surface temperature distribution for a typical day for
each year that in this study we report ice thickness and velocity observations.

2. Methods

Starting in 2003, we deployed an array of instruments in Nares Strait (Figure 1). Final recovery of the instru-
ments occurred in August 2012. Figures 1c–1f illustrate the cross-sectional distribution of sensor systems
we will use to estimate ice draft for each deployment period. Since ice in the channel is at its lowest level in
August, recoveries/redeployments occurred during that month. This results in data gaps of varying lengths
during August. We therefore define an ice year as the period from 1 September to 31 July for interannual
comparisons. Our study period covers nine ice years.

The instruments deployed included acoustic Doppler current profilers (ADCP) to measure water and ice
velocity vectors [M€unchow, 2016], conductivity, temperature, and depth profilers (CT/D) to measure temper-
ature, salinity, and pressure [Rabe et al., 2010], and ice profiling sonars (IPS) to measure ice drafts [Melling
et al., 1995]. Table 1 lists salient details of the instruments used.

2.1. Ice Draft
We estimate ice draft from sonars manufactured by ASL Environmental Sciences Inc. (Model 4) at locations
we refer to as KS20 and KS30 (2003–2007), KS25 (2007–2009), and KF30 (2009–2012). Figure 3 shows the
mooring design that consists of an anchor below two Teledyne Benthos Inc. 866A acoustic releases, external
battery cases, and three subsurface steel floats. The sounder is attached to the top float at nominal depth of
100 m (2003–2009) or 75 m (2009–2012).

The sonar sends acoustic pulses into the water column and measures the time for them to return. Most
energy is reflected from the water-ice or, in the absence of ice, the water-air interface. At nominal depth,
the narrow angle of the IPS sonar results in a footprint of 7.7 m2 (2003–2009) or 4.4 m2 (2009–2012) at the
water surface. The measured travel time is converted to a distance, R, to the interface, provided the speed
of sound is known. This distance from the sonar to the interface is then converted to an ice draft D provided
the vertical location g and beam orientation a of the sonar are known (Figure 4).

The IPS also measures pressure with a Paroscientific Inc. 2200A-101 as well as pitch and roll with an Applied
Geomechanics Model 900 unit.
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Figure 1. Mooring locations. (a) Map of Nares Strait, (b) inset map showing details for Kennedy Channel section where dark lines spanning the channel indicate the mooring locations.
(c)–(f) Cross-section view of strait and moored instruments for each deployment. Note that the 2009–2012 deployment was located north of those in previous years and the IPS
instrument was raised to 75 m depth.
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Figure 2. MODIS images of surface temperature in Nares Strait [Vincent et al., 2008]. Ice bridges near 838N and 798N appear as cold arches adjacent to a relatively warm zone that lies
just south of them with temperature gradients larger than 208C.
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Assuming a constant speed of sound SSa 5 1440 m s21, the IPS records the measured two-way travel time t
as range RIPS, i.e.,

RIPS5SSa � t=2 (1)

The true range R requires the true speed of sound SS, the derivation of which we describe in the next sec-
tion. That is, we apply a correction factor

b5SS=SSa (2)

to find the true range
R5bRIPS (3)

Furthermore, we correct for the measured sensor tilt a5ðtiltx
21tilty

2Þ
1
2, where tiltx and tilty are the pitch and roll

measured by the IPS. Hence we determine the vertical distance from the sonar to the reflecting interface R0 as

R05Rcos ðaÞ (4)

Finally the draft D of the ice is defined as (Figure 4)

D5g2R0 (5)

where the water level
g5ðPI2PaÞ=ðq � gÞ1dt (6)

and PI is the pressure measured at the IPS, Pa is atmospheric pressure, q is the depth-averaged density of
the water column above the instrument, g is the acceleration due to gravity, and dt520:066 m is the dis-
tance from the transponder to the pressure gauge on the IPS.

Pitch, roll, and pressure were sampled at 60 s intervals. The range, however, was recorded at intervals of 3 s
for August through January and 5 s for February through July from 2003 to 2009 while from 2009 to 2012
we chose recording intervals of 2 s for July through January and 3 s for February through June. When
deployments exceeded 2 years, ranges were recorded at the longer time interval of said deployment. This
variable time step was intended to conserve power and data storage on the premise that ice velocities are
higher during mobile versus land-fast ice seasons. We subsampled these data to a uniform 15 (6) second
sampling for the 2003–2009 (2009–2012) deployments using linearly interpolated tilt and pressure values
to the frequency of the IPS range measurement.

Table 1. Instruments by Deployment

Deployment 2003–2006 2006–2007 2007–2009 2009–2012

IPS (ice draft)
Station KS20 KS30 KS30 KS25 KF30
Nominal depth 100 m 100 m 100 m 100 m 75 m
Latitude (8N) 80.53 80.44 80.44 80.48 80.73
Longitude (8W) 68.65 67.85 67.87 68.14 67.41

ADCP (ice velocity)
Station KS02 KS10 None KS08 KF02
Latitude (8N) 80.55 80.44 Deployed 80.47 80.77
Longitude (8W) 68.87 67.93 68.19 67.73
Dist. to IPS (km) 4.61 1.45 1.16 7.27

CT/D (salinity and temperature)
Station KS03 KS05 KS09 KS13 KS07 KS13 KS09 KF03 KF05
Latitude (8N) 80.55 80.52 80.46 80.40 80.49 80.39 80.46 80.75 80.70
Longitude (8W) 68.79 68.58 68.06 67.58 68.32 67.59 68.06 67.59 67.22
Dist. to IPS (km) 2.80 2.12 4.28 7.85 16.43 6.90 3.00 4.14 4.27

Nominal Depth Instrument serial numbertypea

30 m 2918P 2919P 2921P 2923P 2920P 2921P 2921P 2921P 2917P

80 m 2932P 2898 2900 2902 2899 2900 2900 2900 2897
130 m 2910 2911 2913 2915 2912 2913 2913 2913 2909

aP indicates with pressure gauge.
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In Appendix A, we describe our error budget which shows
our ice draft estimates to be accurate to within a standard
deviation of 0.1 m or about 0.1% of the range measure-
ment. In order to achieve this accuracy, we used vertical
temperature and conductivity profiles from concurrent,
nearby mooring locations (Table 1) at daily time scales to
estimate the actual speed of sound, SS. We exploit the rela-
tively high occurrence of open water during the month of
August to assess these methods. Figure 5 shows the proba-
bility distribution of August observations as well as the
number of days for which data are available that month. If
all observations were open water, we would expect to see
a normal or Gaussian distribution centered at the 0 m draft
bin. The black outline in the figure shows an idealized
Gaussian distribution represented by the formula

f ðxjl; rÞ5 1
ffiffiffiffiffiffiffiffiffiffi

2r2p
p e2

ðx2lÞ2

2r2 (7)

where the mean, l 5 0 and the standard deviation,
r50:1m. Since there is still some ice in the channel, there
is additional overlay of ice for the period. As one would
expect variability about the mean of zero during periods of
open water due to surface waves, we are well within our
error estimate. Figure 6 shows draft observations for an
entire day, 1 April 2004. This is a representative period dur-
ing the land-fast ice season when the scale of variability in
ice drafts should be limited to the roughness of the ice
that is stationary over our instruments. We find that the ice
drafts vary between 0.72 and 0.93 m with a mean of
0.88 m and a standard deviation of 0.03 m. This again is
well within our error estimate.

Figure 7 shows the bottom topography derived from ice
draft observations on 10 August 2005 between 4:00 and
4:45 GMT. During this time, ice of drafts exceeding 10 m
passed our instruments after a period of open water. As
we measure sea surface during these open water periods,
the draft observations are within a few centimeters of zero.

2.2. Ocean Density and Speed of Sound
Equation (2) requires SS, the true speed of sound while equa-
tion (6) requires q, the depth-averaged density. We derive
these time-varying parameters from CT/D moorings first
described by Rabe et al. [2010]. These moorings near the IPS
locations contain SBE37sm CT/D sensors at nominal depths
of 30, 80, and 130 m. Figures 1c–1f identify the locations of
the instruments that recorded data at 15 min intervals. Using
the regression analysis described in Rabe et al. [2012], we con-
struct time series of density and speed of sound for the water
column above the sonar. Appendix A provides further details.

2.3. Atmospheric Forcing
Equation (6) requires Pa, atmospheric pressure, to remove
the inverted barometric pressure effect. Since there was
no contemporaneous meteorologic data at the mooring

Figure 3. IPS mooring configuration.
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site, output from a regional
atmospheric model provid-
ed a substitute [Samelson
and Barbour, 2008] at hourly
intervals. Values were inter-
polated linearly to the sam-
pling interval of IPS range
measurements. Appendix B
provides further details.

2.4. Quasi-Lagrangian
Frame
We measure ice draft and
velocity in a spatially fixed or
Eulerian frame, however, the
ice passing our observing
array consists of discrete par-
ticles during the mobile sea-
son and a fixed surface
during the land-fast season.
This bimodal character of ice
motions provides biased sta-

tistics. We therefore present ice draft probability density functions by transforming our Eulerian observations of ice
draft D(t) into a quasi-Lagrangian frame D(x(t)), where x(t) 5 Uice*t. We used ADCPs to estimate ice velocity, Uice. We
used the Doppler shift from the vertical bin that contains a near-surface maximum of acoustic backscatter to derive
this velocity. The root-mean square error is less than 5 cm s21. The largest errors always occur within 5 km of the Elles-
mere Island coast [M€unchow, 2016]. After introducing our time series data in the next section, we provide all statistical
ice properties in this quasi-Lagrangian frame. Ice thickness distributions thus are weighted by ice velocity not time.

3. Time Series Data

3.1. Ice Drafts and Velocity
Our instruments measured ice drafts in Nares Strait for nine years between 2003 and 2012. The daily
medians of these measurements are shown in Figure 8 (left). Day-to-day variability ranges from zero to
almost ten meters with an annual mean that varies from 0.95 m (2003–2004) to 1.98 m (2006–2007). The
largest daily median ice draft in our record is 9.3 m on 16 February 2008.

Figure 4. Ice draft cartoon. Ice is located at A, its intercept point is at a distance, R, and an angle,
a, to the IPS. B is directly above the IPS.

Figure 5. Probability distribution of all observations during the month of August. Dotted black line shows an idealized Gaussian
distribution.
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Figure 8 (right) shows the along-channel ice velocity, Uice, from an adjacent ADCP mooring. Dominant flow
in Nares Strait is from the Arctic Ocean to Baffin Bay with a mean along-channel velocity during our record
of 0.25 m s21. During mobile ice season, this mean rises to 0.35 m s21.

3.2. Seasonality
Our data describe two distinct ice seasons in the channel. The first is characterized by periods of variable ice
draft caused by the rapid advection of thick and ridged MYI that originates in the Arctic Ocean. A second
season occurs during periods of little variability when the ice is not moving but grows slowly in place. Gray
shading in Figure 8 indicates those times when ice is land-fast.

Figure 6. Draft observations on 1 April 2004 (15 s interval). Gray lines show mean (solid), 6 one standard deviation of observations (short
dashes), and 6 our error estimate (long dashes).

Figure 7. Bottom topography of ice measured on 8 August 2005. Near zero values indicate a period of open water.
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Time series of ice velocity allow us to distinguish the mobile from land-fast seasons. We thus define the
land-fast season to begin when daily-averaged ice speed remains below 0.025 m s21 for 10 successive days
and to end when it exceeds 0.06 m s21 for a single day. For all other times, we define the ice to be mobile.

Figure 8. (left column) Daily median ice drafts at KS30 (2003–2007), KS25 (2007–2009), and KF30 (2009–2012). (right column) Along-channel ice velocities nearest these stations.
Negative velocities are southward. Gray shading indicates fast-ice periods as defined herein.
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For each ice year, our definition results in a single continuous land-fast interval, the onset, and duration of
which we list in Table 2. The longest land-fast season, persisting 190 days, occurred in 2011–2012. In con-
trast, ice is mobile year-round in 2006–2007 [M€unchow and Melling, 2008; Kwok et al., 2010], 2008–2009, and
2009–2010.

Generally during the land-fast season, we observe thermodynamic growth in the ice that is held stationary
above our moorings; this is evident in a gradually increasing daily median ice draft (Figure 8). There are two
exceptions; these occurred during 2007–2008 and 2011–2012. During the first of these, the brief 47 day
land-fast season of 2007–2008, we observe high variability in the median ice draft. We postulate that there
was ice of at least two distinct categories above our instruments. This median ice draft variability may be
attributable to pitch and roll of the moored IPS allowing us to observe each type of ice for a different per-
cent of a given day. This variability is more likely the result of the lack of a northern bridge; this is the only
year in which a southern bridge formed but a northern one did not. Without a northern bridge to halt ice
motion north of our instruments, small-scale ice motion or dynamic ice processes during this period would
cause our instrument to observe different types of ice throughout the land-fast season and our statistical
median ice draft to vary accordingly. We intend to address this period in detail in a future paper. The second
land-fast ice period where we fail to see evidence of thermodynamic growth in the stationary ice at our
mooring location is during the final year of our study. In this instance, we find that the ice above our instru-

ments at the onset of the land-
fast season is thicker than in
any prior year. We discuss this
further in section Ice bridge con-
trol and implications, below.

Focusing on the mobile season,
we investigate how ice draft
changes for the September,
October, and November periods
when ice velocities are at their
maximum and to the south. Fig-
ure 9 shows the 5th, 50th, and
95th percentile ice draft for
these three months in each
year. For the first eight of our
nine deployment years, we
found the 5th percentile mea-
surement to vary between 0.13
and 0.27 m but in 2011, this val-
ue reached 0.43 m, exceeding
twice the average of all

Table 2. Annual Statisticsa

Year

Land-Fast Season
North Bridge
Onset Date

South Bridge
Onset Date Collapse Date

Number of
Spatial BinsOnset Date Duration (days)

2003–2004 8 Mar 2004 102 14 Feb 2004 11 Mar 2004 21 Jul 2004 838,362
2004–2005 4 Jan 2005 182 7 Dec 2004 31 Dec 2004 6 Aug 2005 479,341
2005–2006 22 Feb 2006 122 22 Feb 2006 18 Feb 2006 6 Aug 2006 750,318
2006–2007 0
2007–2008 12 Apr 2008 47 1 Apr 2008 8 Jun 2008 2,905,780
2008–2009 0 16 Jan 2009 9 Jul 2009 3,021,820
2009–2010 0 17 Mar 2010 15 May 2010 3,527,274
2010–2011 10 Feb 2011 127 16 Jan 2011 30 Jan 2011 30 Jun 2011 1,697,529
2011–2012 23 Dec 2011 190 3 Dec 2011 10 Dec 2011 11 Jul 2012 1,141,927

aIce bridge data for first 6 years are as identified in Kwok et al. [2009], except when we find a northern bridge formed in February of
2006 within Nares Strait. The remainder of ice bridge formation dates are estimates to within 6 3 days derived from MODIS imagery.

Figure 9. Mean of daily ice draft statistics, 5th percentile, median, and 95th percentile,
during the months of September, October, and November for each year.
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preceding years. The range for the median varies between 0.95 and 1.98 m. The 95th percentile ice ranges
from 5.43 m (2003) to 8.57 m (2008), indicating high variability in the thick ice of Arctic origin that is
advected through the channel.

4. Ice Draft Distributions

4.1. Definition and Sources
The ice found in Nares Strait varies from nilas that is millimeters thin to glacial ice that can exceed 80 m in
thickness [M€unchow et al., 2014]. The accuracy of our measurements is 0.1 m (Appendix A) and is thus insuf-
ficient to distinguish nilas from open water; hence we consider any measured draft less than 0.1 m to be
water and exclude it from our distributions. We thus define ice in five categories using the nomenclature of
the World Meteorologic Organization for sea ice thickness, ‘‘Young Ice’’ (0.1 m, 0.3 m), ‘‘Thin First Year Ice’’
(0.3 m, 0.7 m), ‘‘Medium First Year Ice’’ (0.7 m, 1.2 m), ‘‘Thick First Year Ice’’ (1.2 m, 2.0 m), and ‘‘Old Ice’’
(2.0 m,1). Since our measurements are of draft which accounts for roughly 90 percent of sea ice thickness,
we have converted thickness, T, to draft, D, by

D5T � 0:9 (8)

In terms of origin, young ice is likely to have formed within Nares Strait. We postulate that it entered
the channel as seawater, land or glacial runoff, or ice that subsequently melted and refroze locally. In
contrast, old ice is formed in the Arctic Ocean where rafting and ridging may occur as the result of forc-
ing by winds and currents [Thorndike et al., 1975]. These dynamic processes result in sea ice exceeding
the thickness attainable by purely thermodynamic processes. Old Ice enters Nares Strait via the Lincoln
Sea in the Arctic Ocean [Kwok, 2005]. We know least about the origin of First Year Ice which may have
formed locally during the land-fast season or been advected from the north into Nares Strait.

4.2. Near-Decadal Time Scale
Young ice accounts for one quarter of our ice observations. The first year categories comprise 38% in total,
with thin ice at 19%, medium ice at 10%, and thick at 9% of all ice. The largest category, however, is old ice
which accounts for 37% of our observations.

In order to statistically describe the ice passing through Nares Strait, we construct histograms to approxi-
mate probability density distributions. For these we considered only ice greater than 0.1 m in thickness and
used the pseudo-Lagrangian method which we describe in Appendix C. Ice draft counts were grouped in
0.1 m bins. Figure 10 shows the cumulative distribution of ice in the channel for the 2003–2012 period,
excluding that for the 2006–2007 ice year for which we did not have velocity data. The mode of the distri-
bution is found in the thinnest ice bin, 0.1–0.2 m. Nearly 25% of all ice measured was of draft 0.2 m or less.
The median ice draft is 1.0 m.

Figure 11 shows the histogram of the contribution to ice volume which passed our instruments by draft.
That is, D ND

RNi Di
, where D is the draft of the ice observation, Ni is the number of observations of ice of draft Di.

Each bin spans 0.1 m. We find a bimodal distribution with primary mode at the 2.0–2.1 m bin, thin old ice,
and a secondary mode at the 0.2–0.3 m bin, young ice.

4.3. Annual Time Scales
Figure 12 shows the annual ice distributions as histograms for each year. The mode is always found in the
thinnest category (0.1–0.2 m) and its magnitude each year is close to 15%, except in the 2008–2009 ice year
when it approaches 20%. That year, the ice distribution was characterized by markedly thinner ice that was
mobile throughout the year in Nares Strait.

Figure 13 shows the cumulative histogram for each year. The extreme years were 2007–2008 when ice was
thick and 2008–2009 when it was thin. The first of these represents a year without any ice bridges and the
second, a year with a long-lasting northern ice bridge Figure 2.

Furthermore, Figure 13 suggests that the first 3 years of our 9 year record, identified with black symbols, are
dominated by thin ice categories while the last 3 years, marked by white symbols, contain substantial
amounts of ice in both thin and medium ice categories. The two extreme years are the transition towards a
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thicker ice regime. We speculate that the presence, duration, and location of ice arches (Table 2) control ice
thickness distributions for a given ice year.

Figure 14 shows histograms of the contribution to ice volume which passed our instruments by draft for
each year. Each bin spans 0.1 m; however, for ease of reading we will discuss bins by their midpoint. We
find bimodal distributions with primary mode for the first 3 years in the 0.95 m bin and a secondary mode
at 3.15 m. In 2007–2008, the primary mode is found in the 2.05 m bin and the secondary is at 0.25 m,
whereas the period 2008–2009, dominated by thin ice, has a primary mode in the 0.25 m bin with a second-
ary at 2.05 m. The remaining years are characterized by a primary mode in the thicker 2.05 or 2.55 m bin
and the secondary mode in the 0.25 m bin. These statistical properties of the distributions are shown in the
inset of Figure 14.

4.4. Across-Channel Variability
The flow of water in Nares Strait varies across the channel. Rabe et al. [2012] identified a jet below 30 m
depth of intense along-channel flow in the water column close to the coast of Ellesmere Island. Remote
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sensing studies suggest that thick ice moves
southward along the strait with a preference to
the Ellesmere Island coast. This is consistent
with a buoyancy-driven geostrophic flow. The
across-channel variability of ice flow, however,
has not been quantified. During 3 years of our
study, 2003–2006, we measured ice draft and
velocities at two locations, KS20 and KS30.
These stations are separated by 18 km, with
KS20 located 7.5 km from the coast of Ellesmere
Island. Figure 15 shows the probability density
function of ice drafts in 0.1 m bins comparing
that of KS20 to KS30; inset graph provides the
5th, 50th, and 95th percentiles for each of these
distributions. We find that the ice is generally
thicker at KS20. This agrees with remote sensing
imagery. During 2003–2006, we found the aver-
age ice velocity to be 0.06 m s21 at KS20 while
it was 0.17 m s21 at KS30 (Figure 16).

Although we only have ice draft data at one
location between 2007 and 2009, we measured
surface velocities at five locations across Nares
Strait (Figure 1e) identifies these locations at
KS02, KS04, KS08, KS10, and KS12. M€unchow
[2016] utilized these data to show that along-
channel ice velocities vary across the channel.
During this period, M€unchow [2016] also found
that the velocity near Ellesmere Island at the
KS20 location was somewhat lower than in the
center of the channel at KS30.

4.5. Thick Ice
Wadhams [1981] found the distribution of thick
ice in the Arctic Basin to be nearly exponential,
e.g.,

gðDÞ5g0 eD=D0 (9)

Following Thorndike [2000], we derive the prob-
ability distribution for thick ice, g(D), that has an
e-folding decay scale, D0, and a probability at
zero draft, g0. We estimate D0 and g0 by mini-
mizing the least square error between the mod-
el g(D) and our data (Figure 17). Episodically
glacial ice is present in Nares Strait. Specifically,
we see evidence of an ice island from Peter-
mann Fjord passing our instruments on 22 Sep-
tember, 2010, after a large calving event
[M€unchow et al., 2014]. We found that prior to
this calving, less than 2% of all ice exceeded
18.5 m in any ice year and chose this value as
an upper limit in our study.

We utilize g(D) to evaluate the change of thick
ice between 2003 and 2012. The inset of Figure
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17 shows that the e-folding scale D0ðtÞ ranges from 2.4 m in 2010–2011 to 3.3 m in 2009–2010 with an aver-
age of 3.0 60.2 m. Where a larger e-folding scale indicates a thicker ice distribution. For comparison, Thorn-
dike [2000] reports values of 1.9 m and 2.6 m for studies conducted in the Arctic Ocean in 1993 and 1996,
respectively.

The temporal trend of D0ðtÞ in Nares Strait is 20.03 6 0.08 m yr21 which is statistically indistinguishable
from zero. Thus we find variability to ice distributions over the period rather than a thinning or thickening
trend in thick ice in Nares Strait from 2003 to 2012. In contrast, thick ice in Fram Strait was observed to
become thinner [Hansen et al., 2013].

5. Ice Bridge Control and Implications

Seasonal ice bridges span Nares Strait and have the ability to block ice flow for many months at a time (Fig-
ures 2 and 8). The ice bridges control ice flow and influence ice thickness distributions. When a bridge forms
at the southern location, the ice flow is halted throughout the strait. Thermodynamic ice growth is observed
in thin and medium ice during these land-fast seasons.

5.1. Impacts of Land-Fast Seasons
Ice is always mobile in Nares Strait from August to November when ice of all thicknesses pass over our
moored array. In most years at some time between December and February, the ice stops moving when a
southern ice arch between Canada and Greenland shuts down all advection of ice. Our observations indi-
cate that this event coincides with a prolonged period of slow and uniform increase of the ice draft at a
time when air temperatures in Nares Strait are generally below 2108C [Samelson and Barbour, 2008]. Figure
18 shows atmospheric temperatures produced by the same model [Samelson and Barbour, 2008] we used
to derive atmospheric pressure over our instruments from 2003 through 2009. In the same figure, we show
daily average water temperature observations at a nominal 30 m depth nearest the central channel IPS
location.

This growth of stationary ice is evident in the daily median ice drafts during the land-fast ice seasons (Figure
8). In some years, when the ice is less than 2 m thick, we see a gradual increase in thickness of the ice that is
immobile above our instruments. Toward the end of the land-fast season, ice thickness begins to fluctuate
as the bridge collapses.
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In the final year of our study, we do not see
growth in in the ice observed during the land-
fast season. This year, the ice trapped above our
instruments at the onset of the land-fast season
is �4 m thick. We explain the lack of ice growth
in this year with the analytical results of Maykut
and Untersteiner [1971]. They predict that ice
stops growing when the heat flux into the ice
from the ocean equals the heat flux out of it into
the air. The heat flux across the ice-ocean and
ice-air interfaces depend on factors such as the
wind speed, snow cover, thermal conductivity of
sea ice, ocean mixed layer turbulence, etc. [Hibler,
1979], but ice in the Arctic Ocean generally stops
growing thermodynamically when it reaches a
thickness of about 3 m. Consistent with this pre-
diction, we find no ice growth in the stationary
ice above our instruments during the 2011–2012
land-fast season, because the initial ice is more
than 4 m thick. The thick ice insulates a warm
ocean from the cold atmosphere above and thus
thwarts the transfer of heat from the ocean to
the atmosphere necessary to freeze sea water.

The southern ice arch in Nares Strait generally
collapses by the last week of July [Canadian Ice
Service, 2011]. As ice starts moving again, medi-
an drafts fluctuate at daily time scales, because
a variety of ice floes now pass over our
sensors.

5.2. Free-Flow Ice Years
Our 2003–2012 observational period covers 3
years when no southern ice arch forms and sea
ice advects over our array throughout the year
(Figure 2). These free-flow years are 2006–2007,
2008–2009, and 2009–2010 when daily median
ice drafts initially fluctuated within the typical
range between 0 and 10 m until they stabilized
below 2 m for 1.5–6 months without any thick
ice present. We explain this shutdown of the
transport of old ice with the formation of an ice
arch to the north of our mooring array. Remote
sensing indicates a northern ice bridge in 2008–
2009 and 2009–2010, but not in 2006–2007. In
none of these free-flow years did we see evi-
dence of the period of thermodynamic growth
that was observed during land-fast ice seasons
of other years. With no southern bridge to block
ice transport out of the channel, residence time
of a floe was too short to detect local sea ice
growth.

During free-flow ice years, ice advection through
the channel is continuous and newly formed thin
ice and medium ice is swiftly advected. We find
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these years, 2008–2009 and 2009–2010, to be characterized by lower median ice drafts. As these were
the 2 years with only a northern ice bridge, advection of old ice into Nares Strait through the Lincoln
Sea was prohibited for nearly 5 months in the former and 2 months in the latter, thus restricting the ice
observation to young and first year ice. In 2008–2009, there is a long period, beginning in late January
and lasting through mid-July when the daily median draft did not exceed 0.75 m, this coincides with
the timing of the northern bridge. During this period, we observed the largest southward ice velocities
in our record, exceeding 2 m s21 (Figure 8). This intensified flow, which rapidly flushes ice through the
channel, frees the surface for the formation of new ice. We suggest that the enhanced production and
advection of local ice within Nares Strait during this period would be equivalent to an evaporative pro-
cess in the channel. Since the salt rejection rate decreases with ice age, when residence time in the
channel is brief, enhanced salinization of the water of Nares Strait would be expected when only a
northern bridge forms.

Model studies by Dumont et al. [2009] found that formation of an ice bridge in such a channel is dependent
on a supply of ice of sufficient thickness. They also found an upper boundary for ice thickness, above which
the ice is too resistant to form an arch. Either a shortage of thick ice or an overabundance of very thick ice
may be related to ice flow patterns north of the Lincoln Sea. Kwok [2015] found that the oscillating

Figure 15. Probability distribution of ice at KS20 (black line) compared to ice at KS30 (gray shade). Inset chart shows 5th, 50th, and 95th
percentile for each of these distributions.
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convergent/divergent conditions in the Arctic Ocean were related to the longstanding patterns of oscilla-
tion known as the North Atlantic Oscillation and Arctic Oscillation. He defines convergent periods, as those
during which ice flow tends to be toward shore in the central CAA. He derived an index to quantify conver-
gence in the Arctic Basin. By this measure, our free-flow ice years coincide with a prolonged period of inten-
sified convergence between November 2006 and January 2009.

Figure 16. Ice velocity at KS20 (black) compared to KS30 (gray).
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Figure 18. Atmospheric temperatures (black) at our central channel mooring site as derived from regional model. Daily average water
temperature observations (gray) from CT instruments at 30 m nominal depth. Gray shading indicates land-fast ice seasons.
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6. Discussion and Conclusions

Thick multiyear sea ice exits the Arctic Ocean via Fram and Nares Straits to the east and west of Greenland,
respectively. While the sea ice advected southward in the East Greenland Current has been well-
documented with both in situ [Hansen et al., 2013] and airborne sensors [Renner et al., 2014], the ice charac-
teristics in Nares Strait are largely unknown. For example, Kwok et al. [2010] estimates ice flux from remote
sensing. They assume First Year (FY) ice to be 1.5 m thick and estimate MultiYear (MY) ice thickness from
two crude snapshots per year. Our observations from 2003 through 2012 at 15 s intervals paint a more com-
plete picture on the type, quantity, and probability distribution of the sea ice in Nares Strait that does not
always agree with prior assumptions. Our unique data contain substantial variability both from year to year
and across Nares Strait but it also describes, we speculate, two distinct patterns with and without year-
round sea ice mobility related to ice arch formation and decay.

We measured ice draft across a 38 km wide section with two instruments for 3 years. The locations bracket
the eastern and western edge of a strong baroclinic circulation where mean ocean speeds and ice velocities
exceed 0.3 and 1.0 m s21, respectively [M€unchow, 2016]. The median ice draft is 1.33 m off Canada in the
west while it is 0.88 m off Greenland in the east. Sea ice off Canada is 50% thicker than it is off Greenland
which is consistent with an Ekman-layer response of the surface ocean and sea ice to local winds from the
north. This wind direction indeed dominates the atmospheric circulation [Samelson et al., 2006]. Further-
more, this Ekman-like response would move sea ice from Greenland toward Canada causing a surface diver-
gence with upwelling off Greenland and surface convergence with downwelling off Canada.

We also find substantial interannual variability in across-channel ice draft differences that are partially
explained by different winds in different years. For example, median ice draft off Canada is 52%, 75%, and
23% larger than off Greenland in 2003–2004, 2004–2005, and 2005–2006 while the mean along-channel
winds for the same periods are 4.9, 4.3, and 3.9 m s21 from north to south. The correspondence of local
along-channel winds and across-channel ice draft differences is not perfect, however, as other processes
impact ice draft. One such process is the duration of ice arches that turn mobile FY and MY ice into a fixed
frozen matrix of land-fast ice such as shown in Figure 2. These ice arches act as dams to shut down all
upstream ice motion while the ocean beneath moves largely unimpeded. Large polynyas result [Dumont
et al., 2009] and our 9 year record covers a range of ice arch configurations.

No ice arch formed in 2006–2007 and thick MY sea ice moved unimpeded through Nares Strait [Kwok et al.,
2010]. Median ice draft then was at its maximum during our 9 year observational period reaching 1.98 m
while the 95th percentile draft exceeded more than 8 m. We conclude that the absence of any ice arch
resulted in the southward export of a record volume of sea ice to exit the Arctic Ocean via Nares Strait. The
following year the Arctic Ocean had a historical summer minimum in sea ice cover Stroeve et al. [2008] that,
we conclude, was partially caused by the large export of thick MY ice from the Lincoln Sea during the previ-
ous winter. Maslanik et al. [2011] offer a range of additional processes all contributing to the thinning of
Arctic Sea ice over the last decade that they refer to as ‘‘. . .evidence of a regional tipping point.’’ We here
add enhanced MY ice export through Nares Strait to this list. We furthermore conclude that the ice flux esti-
mate of Kwok et al. [2010] is likely biased low, because their assumed ice thickness is smaller than our direct
in situ observations.

Apart from a brief two month period, only a northern ice arch formed from 2007 through 2010 and our
moorings were located downstream of this Lincoln Sea ice arch. Sea ice during this period was mobile all
year, however, it was limited to thin FY that in 2009 was flushed out of Nares Strait rapidly to result in an
anomalous open water season that began in May and lasted until July after the ice arch broke. Thick MY ice
then streamed southward to our mooring location like a breaking dam. Hence ice navigation was more
challenging during the summer in August with air temperatures of 08C as compared to the winter in May
when air temperatures are still at 2108C. We conclude that navigation of Nares Strait is impacted by loca-
tion and stability of ice arches rather than the predictable seasonal variation of solar radiation and air
temperature.

It is tempting to speculate, that this 4 year period of extended open water and thin sea ice in Nares Strait
contributed to enhanced wind forcing and mixing to impact the stability of the floating ice shelf of Peter-
mann Gletscher [Shroyer et al., 2017]. This large outlet glacier discharges glacier ice and freshwater into
Nares Strait. It partially collapsed in 2010 and 2012 when it shed 1/3 of its floating ice in two large calving
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events [M€unchow et al., 2014]. One of our sensors moored at 75 m below the surface was hit and damaged
by a segment of an ice island in 2010.

The ‘‘normal’’ southern ice arch described by Dunbar and Dunbar [1972] formed predictably from 2003
through 2006 and again from 2010 to 2012. Furthermore, it has formed each year until 2016 (not shown).
Median ice draft distributions in Nares Strait during these years are similar and, we posit, constitute the cli-
matological mean ice conditions with a median ice thickness of about 1 m, however, more than 38% of the
ice is old with drafts exceeding 2 m. Histograms of ice volume of all our data show a bimodal distribution
with the primary and secondary mode in the 2.0–2.1 m and 0.1–0.3 m bins for sea ice draft, respectively.
The histogram appears to decay exponentially for ice drafts exceeding 3 m. We analyzed the tails of these
histograms at annual time scales to investigate the presence of a declining trend that one perhaps would
expect with a diminished Arctic sea ice cover, but we find no such trend.

Multiyear sea ice with drafts exceeding 5 m constitute between 9% (2003–2004) and 16% (2007–2008) of the
observed sea ice. The probability g(D) of this thick, ridged, multiyear ice decays exponentially with draft D at
an e-folding scale D0 of 3.0 6 0.2 m. While this e-folding scale varies from year to year between 2.5 m in 2010–
2011 and 3.5 m in 2009–2010, the temporal trend of D0(t) for the 2003 to 2012 data is zero within 95% confi-
dence. We thus conclude that thickest MY ice found in Nares Strait has not changed significantly during our
observational period. We speculate that our observations document the final stage of the steady draining of
the last reservoir of thick, old, MY ice that resides in the Lincoln Sea to the north of northern Ellesmere Island
and Greenland. Furthermore, the sea ice distribution in Nares Strait over the last decade has become more
erratic with periods of thin ice and much open water when a southern ice arch fails to form and periods of
year-round southward advection of MY ice when no ice arch forms.

The apparent erratic interannual sea ice in Nares Strait perhaps suggests an ice-ocean system in transition.
Hence it would be prudent to deploy in situ ice profiling sonar in Nares Strait to investigate this transition
and to provide in situ observations to ground-truth both airborne (NASA Operation IceBridge) and space-
borne altimeter/radar (ICESat-2, CryoSat-2) systems. Laser and radar altimeters hold much promise to quan-
tify ice thickness and velocity distributions in space and time with which to quantify the sea ice flux from
the Arctic to the Atlantic Ocean concurrently to the west and east of Greenland.

Future work should focus on the flux of sea ice from the Arctic to the Atlantic Ocean. Unlike sea ice draft or
thickness, flux implies dynamics and a metric against which to evaluate model predictions of climate phys-
ics and their changes over time. The present study constitutes a first step in this direction that allows us to
tune and calibrate remote sensing studies that potentially will guide needed detail on how ice draft and
velocity varies across Nares Strait and across Fram Strait. This necessary second step will provide the physi-
cal insight to facilitate dynamical prediction via a blended approach that properly accounts for both vertical
and lateral ice velocity and draft variations. Such work is in progress.

Appendix A: Error Sources and Ice Draft Sensitivity

Environmental sources of error in the measurement of ice draft include nonice bodies in the path of the
beam, sea surface slope, surface waves, snow load, and variations in density and sound speed (functions of
salinity, temperature, and pressure in the water column). The incidence of nonice bodies in the water col-
umn is thought to be quite small. Our handling of ice drafts, on the basis of medians and probability distri-
butions over weeks to months, is expected to insure that these occasional errors will be so small in number
as to be insignificant. Sea surface slope is a very small number that is well below our precision of measure-
ment. With regard to surface waves, the water in Nares Strait is comparatively quiescent especially when ice
is on the surface. On our research cruises we saw swells on the order of 10–20 cm. There is evidence of this
in the probability distributions around open water modes where one can see open water peaks straddling
the 0 m point with small negative values. This error should be symmetric in distribution so that in a statisti-
cal sense, positive and negative errors would offset each other. Snow load on the ice is beyond the scope of
our measurement capabilities. Average annual precipitation at nearby Pituffik during this period was 0.20 m
[Wong et al., 2015]. This provides an upper limit to the contribution of snow load to ice draft estimates.

The largest source of uncertainty in the calculation of ice draft, however, is attributable to the salinity and tem-
perature characteristics of the water column, impacting the calculation of the water level, g (predominantly
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salinity), and the true speed of sound, SS (predominantly temperature). The partnered CT/D moorings deployed
near those of the IPS are intended to provide contemporaneous measurements of these water qualities to mini-
mize the error introduced by changes in these qualities over time. The mooring design for these instruments
provides for measurements to be taken at varying depths in the water column as the tethered instruments bow
down in fast currents and rise toward their nominal depth at minimal current velocities. Since measurement of
salinity and temperature are instantaneous at (at most) two locations within the water column above the nomi-
nal depth of the IPS by the instruments at 30 and 80 m depths, we take advantage of the vertical sampling of
the water column over a day to obtain a higher vertical resolution in salinity and temperature, and use these to
extrapolate speed of sound and density integrated over the 100 and 110 m water column by the regression
algorithm outlined in Rabe et al. [2012]. Time series of these data are shown in Figures A1 and A2.

To assess the validity of this method, we utilized a series of 10 full water column CTD casts performed adjacent to
KS09 on 22 August 2007 at approximately 1 h intervals (see Figure Figure A3). Taking three randomly selected
depths from each of the casts (one attainable by each of the 30, 80, and 120 m moored SBE37s), we took the salini-
ty and temperature measured at those depths and applied the regression method to derive a speed of sound rep-
resentative of the top 100 m (1441.54) and top 110 m (1441.79). Comparing these to the true values for the water
column averaged over all casts, 1440.70 and 1441.00, it was found that difference in velocity would result in an

error of 0.06 and 0.05 m of ice
draft, respectively.

A daily profile for sound
speed and density was then
derived using the same
regression method applied
to the moored CT data for the
2003–2006 deployment. An
analysis was performed to
quantify the error introduced
by the extrapolation of in situ
measurements gathered at cir-
cumstantially diverse depths
to represent the entire water
column. It was found that
the variability of daily verti-
cal averages with the 3 year
time series are �1:4 kg m23

for density and �6:0 m s21

for speed of sound. These
give us an uncertainty of

Figure A1. Water column characteristics for 2003–2009. Density and speed of sound for the upper 100 m of the water column from CT/D
moorings adjacent to IPS (black: west, gray: east).

Figure A2. Water column characteristics for 2009–2012. Density and speed of sound for the
upper 75 m of the water column derived from CT/D moorings adjacent to IPS (black: west,
gray: east).
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60.7 kg m23 and 63 m s21 if one assumes a vertical
average that does not vary in time. The RMS misfit
between data and multiple regression was found to
be �0:1 kg m23 for density and �0:4 m s21 for
speed of sound. We determined deviations of the
magnitude of the stated uncertainty would result in
an error in ice draft estimation of �0:06 m for densi-
ty and �0:21 m for speed of sound.

The IPS rises and falls in the water column (with currents)
and the water level above it rises and falls (with tides), its
apex during the first deployment was at �97 m depth
and it often descended to �106 m (on one occasion it
reached a depth of �112 m). With the typical range of
vertical motion found to constrain the depth between
100 and 110 m, we determined that there would be a
variation to the vertical average of< 0.12 kg m23 for
density and< 0.50 m s21 for speed of sound between
100 m depth and 110 m depth. Our calculations take
into account these variations in depth to first order.

Appendix B: Atmospheric Model

When model data were not available due to intermittent
gaps in model output, these were generally of sufficiently
short duration (�3 days) that a linear interpolation was
used to span missing data. The limitation for this method
was determined to be �4 days by the decorrelation time
scale. An alternative source for atmospheric pressure was
sought for two long gaps (42 days in February/March of
2006 that are interrupted by a single day of data) as well
as for the final deployment (2009–2012) during which
substantial model data were unavailable. Atmospheric
data measured at a NOAA meteorological station at Pituf-
fik, Greenland (available via FTP at ftp://ftp.ncdc.noaa.
gov/pub/data/gsod) were used. This site provides daily
measurements of atmospheric pressure. In order to
derive a relationship between measurements at Pituffik

and those provided by the atmospheric model, a linear regression analysis was performed using a daily average
of the model data (centered at noon) and the daily Pituffik data for a 364 day period during which both data sets
were gap-free. The regression model derived was:

Pmodel582:230931 � PPituffik118371:4417 (B1)

When this regression algorithm was tested against all mutually available data that had been excluded from
the derivation phase, high agreement was achieved with R2 5 0.88. Therefore, within the lengthy gap
described above, the regression of daily Pituffik data was linearly interpolated to the frequency of the IPS
range measurements.

Appendix C: Spatial Domain Derivation

Our measurements are in the time domain and we project them into the spatial domain using simultaneous
velocity data. With spatial bins, each 0.1 m in length, each ice draft measurement is placed into the bin over
the IPS location. All bins are assumed to move along the channel with the ice velocity. When multiple ice
drafts are placed into a bin, the last one observed is used. For a given year, we then find the draft of the ice
that falls into each of the bins that has traversed the location of our instruments and derive a probability

Figure A3. Salinity and temperature measurements from 10
hourly CTD casts performed adjacent to KS09 on 22 August
2007.
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density function of ice drafts from these. Our ice year begins on 1 September and ends on 31 July. In statis-
tical comparisons, the month of August is excluded from the data unless explicitly noted to exclude data
gaps resulting from the fact that all deployment/recovery cruises occurred in that month.
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