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Geostrophic ocean currents and freshwater fluxes across
the Canadian polar shelf via Nares Strait

by Berit Rabe1,2,3, Helen L. Johnson4, Andreas Münchow1 and Humfrey Melling5

ABSTRACT
This study discusses geostrophic ocean currents and fluxes through Nares Strait, one of the major

straits connecting the Arctic Ocean to the North Atlantic across the Canadian polar shelf. Between
2003 and 2006, instruments were installed on subsea moorings to measure conductivity, temperature,
pressure and velocity at high temporal and spatial resolution across the 400-m-deep strait.

Here we present estimates of the variable volume and liquid freshwater fluxes, derived by
geostrophic calculation, through the fraction of the cross section measured by the array. The array of
conductivity-temperature recorders spanned 30 km of a 38-km-wide section between 30- and 200-m
depth. This domain is 48% of the total cross-sectional area, and 74% of the cross-sectional area
above 200-m depth. We demonstrate the importance of the seasonal alternation between land-fast and
mobile-ice conditions, which has a strong influence on the structure of the geostrophic flow and the
fluxes carried by it.

The three-year mean geostrophic freshwater flux through the measured domain was 20 ± 3 mSv
(relative to 34.8 psu) and no less than 28 mSv if extrapolated to the surface. No significant trend over
three years was detected, but the flux of freshwater through the measured domain was about 20% larger
when ice was moving than when it was land-fast, with a maximum difference between individual ice
seasons of 40%. Geostrophic freshwater flux in Nares Strait was forced by both wind and along-
channel pressure difference during mobile-ice periods, and by along-channel pressure difference only
under land-fast ice. Local winds and along-channel pressure differences explained 80% of the flux
variance.

Geostrophic volume flux through the measured domain was less strongly influenced by the state
of the ice; its three-year mean was 0.47 ± 0.05 Sv, with a statistically significant increase of 15 ± 4%
over this time. Geostrophic velocity was highly variable in space and time. The flow structure changed
from a pattern with a surface jet in the center of the channel during mobile-ice conditions to another
with a subsurface maximum in velocity adjacent to Ellesmere Island during fast-ice conditions. Over
the three years, a second jet developed adjacent to the Ellesmere coast during mobile-ice regimes.
Strong freshwater incursions synchronous with strong wind events were observed during mobile-ice
seasons in the western half of the strait.
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1. Introduction

The Arctic Ocean freshwater budget influences the global climate system. Studies of
different components of the budget originated in the 1960s by Timofeev (1960) and Mosby
(1962) and continue until today (Aagaard and Carmack, 1989; Serreze et al., 2006; White
et al., 2007). Important parts of the freshwater budget are the Pacific Water inflow through
Bering Strait, Atlantic Water inflow through the Barents Sea and Fram Strait, continental
river runoff, precipitation−evaporation, and outflow of liquid water and ice through Fram
Strait and the Canadian Arctic Archipelago (CAA). Freshwater storage, especially in the
Beaufort Gyre, means that the budget does not have to balance at any given time; pulses
of freshwater release can occur in association with transitions between climate regimes
(Proshutinsky et al., 2009). When freshwater is released from the Arctic Ocean to the North
Atlantic, it can influence deep water formation and therefore the Meridional Overturning
Circulation (Lazier, 1980; Hakkinen, 1993, 1999; Rennermalm et al., 2006; Stouffer et al.,
2006; Wu et al., 2008).

Significant changes have recently been observed in the Arctic in sea-ice drift pattern and
upper ocean circulation (Polyakov and Johnson, 2000; Rigor et al., 2002), in sea-ice cover
(Lindsay and Zhang, 2005; Stroeve et al., 2005; Lindsay et al., 2009), in the Atlantic inflow
through Fram Strait (Holliday et al., 2008), in run-off into the Eurasian sector (Peterson et al.,
2002), and in sea-ice export through Nares Strait (Kwok et al., 2010). All these changes can
influence the freshwater cycle; most changes correlate with atmospheric forcing (Serreze
and Francis, 2006).

To improve budget calculations and to investigate its variations, long-term measurements
of all budget components are necessary. The CAA poses several challenges for long-term
monitoring, such as a land-fast ice cover for up to eight months of the year, its closeness to
the magnetic North Pole, and remote location (Melling, 2000). Observations in the CAA
include data from Lancaster Sound, Barrow Strait, Cardigan Strait, Hells Gate, Wellington
Channel, Hudson Strait, Nares Strait, and Davis Strait (Melling, 2004; Prinsenberg and
Hamilton, 2005; Cuny et al., 2005; Müenchow et al., 2006; 2007; Müenchow and Milling,
2008; Straneo and Saucier 2008; Curry et al., 2011).

This study focuses on Nares Strait, between the northern Canadian Archipelago and
Greenland (Fig. 1), where existing knowledge is scarce. Sadler (1976) deployed current
meters for 40 days in the early 1970s, Bourke et al. (1989) investigated temperature and
salinity during one summer season in the 1980s, and Müenchow et al. (2006) and Müenchow
et al. (2007) evaluated data from two-day (ADCP) surveys in 2003. Between 2003 and 2006,
the moorings that resulted in the data described here were deployed in Nares Strait to inves-
tigate variability on tidal to interannual timescales for the first time. Müenchow and Melling
(2008) published the first results of the vertically averaged current variability, while Samel-
son and Barbour (2008) discussed results from the atmospheric modeling component of the
project. Rabe et al. (2010) investigated the hydrography and salinity field for the 3 years.

As well as being crucial for an improved understanding of ocean dynamics in the region,
measurements of current, wind and hydrography are also essential for determining reliable
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Figure 1. Study area. (a) Arctic Ocean bottom topography with Nares Strait highlighted. (b) Nares
Strait bottom topography with thick black line denoting mooring line in Kennedy Channel. Black
circles represent recovered subsurface pressure moorings in Foulke Fjord on the Greenland side
and Alexandra Fjord on the Ellesmere Island (Canada) side. The star denotes the location of a tide
gauge at Alert in northeastern Ellesmere Island. Smith Sound lies to the south of Nares Strait and
has a sill depth of 230 m (black square).
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fluxes and their variation in Nares Strait. Observed changes in volume and freshwater fluxes
can provide solid evidence of environmental change and are useful in constraining the
predictions of forecast models. Many current climate models allow no flow of water across
the Canadian polar shelf, despite evidence that accommodating such outflows improves
model performance (Holland et al., 2007). Fluxes through Nares Strait also reflect impacts
of diminishing sea ice in the Arctic (Parkinson and Cavalieri, 2008), disintegrating ice
shelves in northern Canada (Copland et al., 2007), and potentially surging glaciers and ice
loss from the ice sheet in northern Greenland (Rignot and Steffen, 2008; Khan et al., 2010;
Johnson et al., 2011).

Nares Strait is an important pathway for freshwater. The southward volume flux of sea-
water via this route is estimated to be between 0.57 and 0.8 Sv (Sv = 106 m3 s−1) (Sadler,
1976; Münchow et al., 2006; Münchow and Melling, 2008), under a variety of caveats con-
cerning the scope of measurements, part of instrumented cross section and averaging period.
Estimates for volume flux through the complete CAA vary around 1–2 Sv (Rudels, 1986,
2011; Fissel et al., 1988). Curry et al. (2011) estimate a southward volume flux in Davis
Strait of 2.3 ± 0.7 Sv. For comparison, the net yearly southward volume transport through
Fram Strait is thought to be 2 ± 2 to 4 ± 2 Sv (Schauer et al., 2004). Fram Strait exports
about 64–80 mSv of freshwater in solid form and 32–95 mSv in liquid form (Aagaard
and Carmack, 1989; Kwok and Rothrock, 1999; Serreze et al., 2006; Dickson et al., 2007;
Holfort et al., 2008; Rabe et al., 2009; de Steur et al., 2009). The freshwater export through
the CAA is not well known. Both observations and models have serious shortcomings.
Estimates for the outflow in liquid form range between 30 and 100 mSv (Rudels, 1986;
Aagaard and Carmack, 1989; Steele et al., 1996; Serreze et al., 2006), with recent estimates
in Davis Strait reaching 116 ± 41 mSv (Curry et al., 2011). In comparison, only about
5 mSv is exported in solid form (Serreze et al., 2006). The ice flux through Nares Strait has
been estimated as 4 mSv and 8 mSv (Kwok, 2005; Kwok et al., 2010). While Fram Strait
exports about the same amount of freshwater in liquid and solid form, the CAA moves more
freshwater in liquid form than as ice.

Ice conditions in Nares Strait alternate between two states. Typically, ice starts moving
through the strait between June and August, and this continues until laud-fast ice (hereafter
called fast-ice) forms again sometime between November and March. Fast-ice persists for
the remainder of the year. The transition between mobile-ice and fast-ice conditions is
precipitated by the formation of an ice bridge across Smith Sound (Dunbar, 1973; Melling,
2000; Barber et al., 2001; Kwok, 2005; Dumont et al., 2009; Kwok et al., 2010). Such
a bridge, anchored to the coasts of Greenland and Ellesmere Island, can resist the forces
of tidal current and wind for many months (Samelson et al., 2006; Dumont et al., 2009).
Ice mobility can be embodied in an ice-state index (Münchow and Melling, 2008) that
distinguishes intervals of fast-ice from mobile ice. Table 1 lists the approximate dates of
transition and lengths of the three fast-ice and four mobile-ice seasons from 2003 to 2006.
Transition dates are based on measurements of the speed of ice drift by upward-looking
Doppler sonar.
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Table 1. Ice index: start date, end date, and length of each ice season. Mobile-ice occurs in late
summer, fall, and early winter, while fast-ice occurs in late winter, spring, and early summer,
according to the ice index defined by Münchow and Melling (2008).

Season Start date End Date Length (days)

Mobile-ice 2003 08/04/2003* 03/11/2004 220
Fast-ice 2003–2004 03/11/2004 06/17/2004 97
Mobile-ice 2004 06/17/2004 12/18/2004 184
Fast-ice 2004–2005 12/18/2004 07/02/2005 196
Mobile-ice 2005 07/02/2005 01/13/2006 195
Fast-ice 2005–2006 01/13/2006 06/15/2006 153
Mobile-ice 2006 06/15/2006 08/13/2006† 59

*Time of mooring deployment.
†Time of mooring recovery.

This study extends the analysis of Münchow and Melling (2008) and Rabe et al. (2010)
by considering variations in geostrophic flow structure in space and time. Water mass
descriptions within Nares Strait and to the north and south of the sills can be found in
Münchow et al. (2006), Rabe et al. (2010) and Münchow et al. (2011). After discussing
geostrophic volume and freshwater fluxes we diagnose the forcing of through-flow by
along-channel wind and pressure differences.

2. Study area and data

The CAA defines a network of straits that connects the Arctic Ocean to the North Atlantic.
Fluxes through these gateways are an important part of the Arctic Ocean freshwater budget.
This study is focused on Nares Strait, which separates Ellesmere Island from Greenland. An
array of oceanographic moorings carrying conductivity-temperature (CT) recorders (at 30-,
80-, 130-, and 200-m and seabed depths) and 75-kHz ADCPs (at the seabed) was deployed
in 2003 at 80.5◦N. Here, about 100 km north of the 230-m deep sill in Kane Basin (Fig. 1),
the strait is about 38 km wide and 400 m deep. CT moorings were spaced about 5 km apart
(Table 2).

Figure 2 shows the nominal position of all instruments within the cross section. The
naming convention starts with KS01 on the Ellesmere Island side, increasing to KS14 on
the Greenland side. KS02 will refer to the location of geostrophic velocity estimated from
CT data collected at KS01 and KS03, while KS10 refers to the same estimated from data
at KS09 and KS13, and so on. The phrase “geostrophic velocity” is used throughout to
denote the speed of the geostrophic flow along the channel to the south-west. Bottom-
mounted mooring locations are indicated as KS02a, KS10a, and so on. Bottom-pressure
recorders were deployed at two sheltered coastal sites, Foulke Fjord and Alexandra Fjord,
about 250 km to the south. Details of the CT and ADCP moorings are described in Rabe
et al. (2010) and Münchow and Melling (2008), respectively. Overall 28 CT instruments
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Table 2. Location and details of the recovered moorings containing CT instruments and pressure
sensors (ps).

Record Length
Name Type Latitude Longitude (days) Nominal Depth

KS01 CT 80 33.470 N 68 54.456 W 1108 30* 80 130 200*
KS02a CT 80 33.228 N 68 52.466 W 1103 302
KS03 CT 80 32.697 N 68 47.307 W 1104 29* 79* 129 199∗†

KS05 CT 80 31.139 N 68 34.808 W 1104 27* 77 127 197*
KS07 CT 80 29.372 N 68 19.455 W 1105 32* 82 132 202*
KS09 CT 80 27.349 N 68 03.839 W 1104 38* 88 138 208*
KS10a CT 80 26.326 N 67 55.779 W 1105 299
KS12a CT 80 24.553 N 67 40.255 W 1104 263
KS13 CT 80 23.801 N 67 34.575 W 1106 32* 82 132 202*
KS14a CT 80 23.305 N 67 26.751 W 1103 157
P1 Foulke Pressure 78 18.000 N 72 34.200 W 1116 24
P2 Alexandra Pressure 78 54.600 N 75 48.000 W 1099 23
P Alert Pressure 82 29.512 N 62 19.038 W ongoing Height above

chart datum: 3 m

*ps.
†ps malfunction after 500 days.

Figure 2. Position of recovered instruments. There were six string moorings, each containing four
CT instruments, and four bottom-mounted moorings comprising an ADCP and CT instrument.
Ellesmere Island (E.I.) is on the left (west) and Greenland is on the right (east). CT instruments were
deployed at nominal 30-, 80-, 130- and 200-m depths. Diamonds denote instruments with pressure
sensors and crosses those without. Stars denote bottom-mounted moorings. Mooring numbering is
in sequence starting on the Ellesmere Island side, with CT moorings as odd numbers and bottom-
mounted moorings as even numbers with an “a” at the end. (KS02) is the middle point of the
geostrophic velocity estimated from data at KS01 and KS03; (KS10) is the middle point of the
geostrophic velocity estimated from data at KS09 and KS13; KS04, KS06, and KS08 are in between
accordingly. Data from ADCP mooring KS10a, 24 km from E.I., was used for the reference-level
velocity.
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Figure 3. Time series of two-day, low-pass-filtered ADCO velocity from KS10a at 200 m (cm s−1).
Positive velocities are to the south. This time series is representative of velocities at 200 m across
the whole strait; the correlation between KS02a and KS10a is around 0.5 on short timescales. This
time series is used to supply a reference-level velocity for the geostrophic velocity calculations.

(SBE37s) were recovered in 2006 with complete three-year records. We estimate that fouling
of the SBE37’s conductivity cell causes drift in its calibration, creating a spurious trend to
lower salinity by about 0.02 psu per year (Appendix A). For water of 34.6 salinity (at the
seabed), this biases freshwater flux by +30% over three years; for water of 32.5 salinity
(near surface) the bias error after three years is only +3%. Overall, the drift is an insignificant
contributor to overall uncertainty.

The top 200 m of our CT mooring strings were deliberately fitted with minimal buoyancy,
so that the strings would be pulled downward by strong current to avoid becoming snagged
by moving ice. We have taken advantage of this vertical motion at tidal frequency to enhance
the nominal 50-m vertical resolution of salinity and density fields on longer time scales.
Appendix B describes the multiple regression model that was used to derive depth-time
fields of temperature and salinity at three-hour time steps. A Hanning low-pass filter with a
window width of 48 hours was applied to both salinity and temperature before calculating
the density field. This density field was then used to calculate, using the thermal wind
equation, the geostrophic velocity, referenced to the similarly smoothed, (with a Hanning
low-pass filter with a window width of 48 hours), current velocity measured at 200-m depth
by ADCP at site KS10a (Fig. 3). The time series at KS10a is representative of velocities
at 200 m across the whole strait. On short timescales the correlation between KS02a and
KS10a is around 0.5. The time series of current velocity is also used to supply a reference
level velocity for the geostrophic velocity calculations.

It is possible to generate credible estimates of volume and freshwater fluxes through Nares
Strait using these cross-sectional fields of geostrophic velocity and salinity that resolve the
internal Rossby scale. The top 30 m are not included; neither is freshwater carried by the
sea ice. The horizontal and vertical domain of this 30-km wide array of measurements,
(hereafter “measured section”), accounts for 74% of the strait cross-sectional area above
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200 m, or 48% of the total cross-sectional area. Neglect of the uppermost 30 m will have
a strong impact on both fluxes with drifting ice, because the flow speed and the freshwater
fraction both increase toward the surface. The impact is less with fast-ice because the flow
speed decreases to zero at the surface. The along- and across-channel directions are defined
as x and y-coordinates, with u as the along-channel velocity (positive southward) and v the
across-channel velocity (positive eastward).

Geostrophic volume flux is defined as

q =
∫

A

ug(y, z, t)dA, (1)

where ug(y, z, t) is the along-channel geostrophic velocity normal to area A in the (y, z)

plane, and dA is the area representative of each single data point, given by 1-m distance in
the vertical multiplied by the horizontal distance between the mooring midpoints.

Geostrophic freshwater flux is defined as

F =
∫

A

ug(y, z, t)

(
1 − S(y, z, t)

S0

)
dA, (2)

where S(y, z, t) is the salinity, S0 is the customary reference salinity for the Arctic

Ocean (34.8 psu: Aagaard and Carmack (1989)), and
(

1 − S(y,z,t)

S0

)
is the salinity anomaly

Fa(y, z, t). Note that because the integrals are evaluated using two-day filtered data and we
reconstructed the variability associated only with the background field, tidal contributions
to the freshwater flux are therefore eliminated.

Uncertainties in the flux estimates are given with a 95% confidence limit:

1.96 ∗ std ∗
√

2

n
, (3)

with n = T
TD

the degrees of freedom (dof), T the record length (1101 days for the full
record), and TD the decorrelation time scale of the time series of 138 hours (195 hours) for
the volume (freshwater) flux, (equal to the integral of the autocorrelation function to the
first zero crossing; Kundu and Allen, 1976).

The three-year time series of anomalies in along-channel pressure difference was esti-
mated by Münchow and Melling (2008) and is expressed dynamically in terms of hydro-
static pressure anomalies at the bottom. Münchow and Melling (2008) used data from two
bottom-pressure sensors in Smith Sound at the southern entrance to Nares Strait, (mean
pressures removed) and sea-level data from a tide gauge in Alert 300 km to the north (atmo-
spheric pressure added and mean removed). Atmospheric pressure systems impact both
along-channel pressure difference and local wind. No direct wind observations exist from
the period 2003–2006. Hence we use modeled 10-m wind (Samelson and Barbour, 2008)
to estimate the local wind stress forcing.
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Figure 4. Sections of mean geostrophic velocity at seasonal timescales during each (a) mobile-ice
and (b) fast-ice season. Zero geostrophic velocity is denoted in white, and positive velocities are to
the south [cm s−1]. Each black triangle denotes the horizontal position of a midpoint between two
density profiles; the vertical resolution is 1 m. The contour interval is 2 cm s−1.

3. Salinity and geostrophic velocity variability on sub-tidal time scales

In this section we will analyze the temporal variability of geostrophic velocity over
timescales from seasonal (the ice-state variability time scale), through interannual, to
multiyear variations. Salinity is evaluated on internannual and multiyear time scales.

a. Variation of geostrophic velocity with ice state

This section examines changes in geostrophic velocity over the three years within the
context of fast-ice and mobile-ice seasons. Figure 4 shows geostrophic velocity sections for
all observed intervals of the annual ice-cover cycle. The 2006 phase of mobile ice was cut
short by recovery of the moorings.

During the 2003 mobile-ice season a main shallow core close to the surface was observed
in the middle of the strait with geostrophic velocities of 0.25 m s−1. This core also emerged
from empirical orthogonal function (EOF) analysis of the salinity data (Rabe et al., 2010).
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The strong geostrophic shear that created the strongest near-surface current at mid-channel
with mobile-ice conditions was linked to a sharp horizontal gradient in salinity at this
location. The front may mark the eastern boundary of melt-water linked to the ice stream
that occupies the western half of the channel in summer. During the 2004 mobile-ice season,
the geostrophic velocity in the core was weaker by 30%, but returned to strength in 2005.
Velocities were more concentrated in the middle of the strait (between km 12 and 25) in
2005 relative to 2003 (km 5 to 25). Under mobile ice in 2005 and 2006, a second stream of
flow appeared near the Ellesmere Island side. Our data reveal a transition from a single jet
in the center of the channel to a two-jet structure with an emerging coastal current adjacent
to Ellesmere Island. This second velocity core is similar to that under fast-ice, although its
maximum flow is near 30 m, rather than at 40- to 60-m depth. The lack of a core in 2003
may be linked to the almost complete absence of ice in Kennedy Channel that year; winds
were largely from the south at that time as well. In contrast, close pack ice filled the western
half of the channel during the summers of 2005 and 2006.

During fast-ice seasons a core of southward flow existed at 40- to 60-m depth within 7 km
of Ellesmere Island. Its time-mean peak speed was 0.18 m s−1, 0.22 m s−1 and 0.32 m s−1

during the 2003–2004, 2004–2005 and 2005–2006 fast-ice seasons. Flow was relatively
weak throughout the remainder of the section.

b. Interannual variability

i. Salinity. Figures 5 and 6 show salinity versus depth and time at KS01, close to Ellesmere
Island, and KS13, close to Greenland, respectively. At both locations, high-frequency fluc-
tuations in salinity occurred at all depths, but their amplitude was much stronger during
intervals with mobile-ice than during those with fast-ice. Generally, the vertical excursions
of isohalines were greater on the western side of the strait than on the eastern side. The
salinity at 30 m was generally lower under mobile-ice than under fast-ice, although this
may merely reflect the likelihood that ice will be mobile during the melting season. The
surface layer was fresher on the western side, consistent with Rabe et al. (2010). Down-
welling on the western side deepened the surface layer and provided a glimpse of seawater
properties in the upper 30 m of the ocean, where we were not able to make measurements.
There is evidence of saltier water at depth on the eastern side, particularly during fast-ice
conditions.

Figure 7 shows along-channel wind. There is a clear correlation between freshwater
incursions during mobile-ice seasons and wind events. Two particularly strong southward
wind events with speed of up to 20 m s−1 occurred in January 2004, coinciding with
freshwater incursions that reached 180 m at KS01. Peaks in wind in October 2003, November
2004 and December 2005 were all accompanied by similar freshwater incursions. During
the fast-ice season, the ocean was isolated from wind stress and much less responsive to the
occurrence of strong winds within the strait. Comparing the figures for KS01 and KS13,
we see that wind causing downwelling and negative salinity anomalies on the western side
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Figure 5. Hovmöller diagram for salinity as a function of time and depth at KS01. Each panel
represents one year from August to August for 30 to 200 m. Vertical black lines represent changes
in the ice index, with the left and right side of each panel representing mobile-ice seasons and the
middle part of each panel representing fast-ice seasons. The contour interval is 0.25 psu, with the
thicker isohalines plotted at 34.0, 33.0, 32.0, 31.0 and 30.0 psu.

of the channel resulted in upwelling and positive salinity anomalies on the eastern side, and
vice versa.

ii. Geostrophic velocity. Figure 8 shows geostrophic velocity estimated at KS02, KS08 and
KS10; the along-channel wind; and the ice index. A 30-day low-pass filter was applied to
all data to emphasize longer-than-monthly variability. Close to Ellesmere Island (KS02) a
maximum in geostrophic velocity in the top 100 m was most pronounced during fast-ice
periods and was much stronger in 2006 than in earlier years. During the fast-ice periods
there is a concentration of the southward flow close to Ellesmere Island, rather than it being
spread out over more of the strait. One possible cause is the Ekman layer associated with
the lid of the fast-ice, which might modify the baroclinicity of the upper ocean and thereby
change the cross-sectional structure of the flow. Work is ongoing to understand the structure
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Figure 6. Hovmöller diagram for salinity as a function of time and depth at KS13. Each panel represent
one year from August to August for 30 to 200 m. Vertical black lines represent changes in the ice
index, with the left and right side of each panel representing mobile-ice seasons and the middle part
of each panel representing fast-ice seasons. The contour interval is 0.25 psu, with thicker isohalines
plotted at 34.0, 33.0, 32.0, 31.0 and 30.0 psu.

of the flow and the reasons for the intensified flow close to Ellesmere Island in more detail.
Two anomalies with northward geostrophic flow occurred in November/December 2003
between 80 and 150 m, each lasting about one month. In the middle of the strait (KS08),
flow was strongest near the surface and during intervals with mobile ice. Flow was strong at
KS08 when weak at KS02, and vice versa. The fastest flow at KS08 (0.48 m s−1) occurred
in January 2004, coincident with maximum southward wind. Flow velocity was generally
lower on the eastern side of the strait (KS10) than further west. The two strongest events
(January 2004 and December 2005) accompanied strong wind events.

Traditional ways to present variability using monthly means and annual cycles are not
always appropriate in Nares Strait, because intra-annual variations are controlled by the
change in the state of the ice cover (fast or mobile), which may be associated loosely with
the winter and summer seasons, respectively.
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Figure 7. Timeseries of daily values of along-channel wind speed (m s−1) at 10 m from the atmo-
spheric model by Samelson and Barbour (2008), after Münchow and Melling (2008). Positive
velocities denote wind to the south Each panel represents one year from August to August. The ice
index is shown in grey, with negative values for mobile-ice seasons and positive values for fast-ice
seasons (the middle part of each panel represents fast-ice seasons, while the left and right side of
each panel represents mobile-ice seasons).

Figures 9 and 10 present a more-detailed view of geostrophic flow fluctuations through
the strait, displayed using time series that have been filtered with a cut-off period of two
days. The two sites chosen for display (KS02, KS08) are centered within the sub-surface
jet against the Ellesmere shore under fast-ice, and the surface stream in the center of the
strait with mobile ice (Rabe et al., 2010).

Under fast-ice, the sub-surface maximum at KS02 reached 0.30 m s−1 during 2003–
2004, 0.35 m s−1 in 2004–2005, and 0.50 m s−1 in 2005–2006, with maximum velocities
extending from 30 to 130 m. At KS08, 17 km from Ellesmere Island, flow under fast-ice
was only about 0.05 m s−1, with occasional subsurface bursts to 0.15 m s−1 at about
50 m. However, there was one event, in February 2006, wherein flow reached 0.40 m s−1

southward between 30 and 130 m.
With mobile-ice, at KS02 the geostrophic flow was concentrated in the top 80 m and

predominantly southward at 0.05 to 0.25 m s−1. Overall flow was stronger during the 2005
mobile-ice season, reaching 0.55 m s−1. However, the maximum southward short-term pulse
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Figure 8. Hovmöller diagrams for 30-day low-pass filtered absolute geostrophic velocity as a function
of time and depth at KS02, KS08 and KS10. Positive geostrophic velocities are to the south (cm s−1).
Each panel represents the three-year record from August 2003 to August 2006 for 30 to 200 m.
The zero contour is marked by a thicker line, and blue colors indicate negative velocity (i.e., to the
north). The contour interval is 0.05 cm s−1. The 30-day, low-pass-filtered, along-channel wind is
also plotted (zero line in grey) as well as the ice index, with zero representing mobile-ice seasons
and one fast-ice season.
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Figure 9. Hovmöller diagram for absolute geostrophic velocity as a function of time and depth at
KS02. Positive geostrophic velocities are to the south (cm s−1). Each panel represents one year
from August to August. Vertical white lines represent change in the ice index, with the left and right
side of each panel representing mobile-ice seasons and the middle part of each panel representing
fast-ice seasons. The zero contour is marked by a thicker black line, and blue colors indicate negative
velocity (i.e., to the north). The contour interval is 10 cm s−1.

of geostrophic flow of 0.95 m s−1 occurred during 2003. Northward flow, usually lasting a
few days, was common during 2003 but occurred only about 10 times in subsequent years.
With mobile-ice at KS08, pulses of surface-intensified flow reached 0.80 m s−1 during
2003 (30 to 100 m), 0.30 m s−1 in 2004 (only down to 80 m), and 0.50 m s−1 in 2005
(down to 100 m). Only a few events with the northward geostrophic flow were observed at
KS08, each one lasting a few days. Maximum geostrophic velocity occurred in the season
of mobile ice.

Further east at KS10 (not shown), the geostrophic flow was generally southward, with
pulses, each lasting a few days, that were weaker here than in the middle of the strait.
Occasional northward flows reached 0.10 m s−1 throughout the water column (30 to 200 m)
seven times in the three years.
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Figure 10. Hovmöller diagram for absolute geostrophic velocity as a function of time and depth at
KS08. Positive geostrophic velocities are to the south in cm s−1. Each panel represents one year
from August to August for 30 to 200 m. Vertical white lines represent changes in the ice index,
with the left and right side of each panel representing mobile-ice seasons and the middle part of
each panel representing fast-ice seasons. The zero contour is marked by a thicker black line, and
blue colors indicate negative velocity (i.e., to the north). The contour interval is 10 cm s−1.

c. Multiyear changes of salinity and geostrophic velocity over the observation period

The salinity and geostrophic velocity records contain statistically significant linear trends,
indicating temporal variability at scales longer than three years. Appendix A demonstrates
that the changes do not result entirely from sensor drift (which is smaller than 0.02 psu
per year), and hence represent a physical change in salinity, temperature and geostrophic
velocity patterns in Nares Strait.

i. Salinity. Figure 11a shows the change in salinity during the three years of observation
from fitting a linear trend line. Surface waters near Ellesmere Island (KS01, KS03) became
saltier at 50 m between 2003 and 2006, whereas waters below 120 m depth became fresher.
This is consistent with the significant freshening trend in the bottom waters during that time
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Figure 11. (a) Rate of change of salinity over three years [psu/3 years], with a contour interval of 0.05
psu/3 years; and (b) rate of change of geostrophic velocity over three years [m s−1/3 years], with a
contour interval of 0.05 m s−1/3 years. Black triangles denote horizontal positions of salinity data
points in (a); in (b) each triangle represents the midpoint between two density profiles. The vertical
resolution is 1 m. The thicker isoline denotes zero change. The error from sensor drift is explained
in detail in Appendix A.

period (Münchow et al., 2011). Changes were largest on the western side, while changes
between 120- and 200-m depth within the middle and eastern parts of the strait were close to
zero. Salinity decreased in the top layers (30 to 100 m) on the Greenland side. The sectionally
averaged salinity change was +0.054 ± 0.009 psu; waters became more salty overall. The
strong increase in surface salinity off Ellesmere Island indicates fewer freshwater incursions
during the last two years. Weaker downwelling-favorable winds were prevalent as compared
with the beginning of the record. Surface waters off Ellesmere Island became saltier and
thus denser. In contrast, deeper layers became fresher and therefore less dense. Hence the
water column in the western part of the strait became less stratified over time with smaller
vertical density differences.

ii. Geostrophic velocity. Figure 11b shows the change in geostrophic velocity during the
three years of observation. Geostrophic velocity increased close to Ellesmere Island (KS02)
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Figure 12. Time series of (a) geostrophic volume flux and (b) geostrophic freshwater flux (relative
to 34.8 psu) through the measured domain. Plotted are the daily values after two-day low-pass
filtering. The ice index is also shown (light-gray step function), with positive values representing
fast-ice seasons and negative values representing mobile-ice seasons.

by about 0.28 ± 0.01 m s−1 at 50 m and 0.13 ± 0.006 m s−1 at 150 m. There was a small
decrease near the surface in the middle of the strait (KS06) but no change in the lower layers
and close to Greenland. The change in salinity at KS01 and KS03 (Fig. 11a: rising isohalines
above 120 m, descending at greater depth) is clearly linked to the increase in geostrophic
velocity close to Ellesmere Island, although cause and effect here are difficult to establish.
The sectionally averaged increase of geostrophic velocities was 0.03 ± 0.003 m s−1; its
influence on volume flux will be discussed in Section 4.

4. Geostrophic volume and freshwater fluxes

a. Ice-season mean geostrophic fluxes

Figure 12 shows geostrophic-volume and freshwater-flux time series for the measured
section, with the ice index overlaid. The magnitude of variability in both fluxes is related
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Table 3. Geostrophic volume and freshwater flux estimates (relative to 34.8 psu): three-year mean,
three-year mean for mobile-ice and fast-ice conditions, and mean flux within each ice season, all
with respective degrees of freedom (dof). The domain of integration extends from 30- to 200-m
depth and spans about 74% of the channel’s width.

Geostrophic
Volume Freshwater Geostrophic

Time (Sv) dof (mSv) dof

3-year mean 0.47 ± 0.05 191 20 ± 3 135

3-year mean mobile-ice 0.47 ± 0.12 110 21 ± 7 78
3-year mean fast-ice 0.47 ± 0.09 81 18 ± 4 57

Mobile-ice 2003 0.49 ± 0.15 36 23 ± 9 26
Mobile-ice 2004 0.38 ± 0.09 33 16 ± 5 23
Mobile-ice 2005 0.51 ± 0.10 34 23 ± 6 24
Mobile-ice 2006 0.57 ± 0.17 7 24 ± 9 5

Fast-ice 2003–2004 0.49 ± 0.10 18 17 ± 3 13
Fast-ice 2004–2005 0.43 ± 0.09 35 17 ± 4 25
Fast-ice 2005–2006 0.51 ± 0.08 28 19 ± 4 19

to the ice index. Large fluctuations in flux occurred during mobile-ice seasons in all years,
with 2003 being most dramatic. The largest fluxes through the measured section occurred
around Jan. 14, 2004 (year day 379); volume flux peaked at 1.76 Sv and freshwater flux
reached 92 mSv, both about four times their mean (see Section 4b). Flux variability during
fast-ice seasons was smaller than during the mobile-ice seasons.

The seasonal means and uncertainties (95% confidence limits) of fluxes through the
measured section for each ice season are listed in Table 3. Geostrophic freshwater fluxes
through the measured section had their largest values during mobile-ice conditions when
they were increased by about 20% relative to fast-ice conditions, with a maximum differ-
ence between individual ice seasons of almost 40%. Geostrophic freshwater fluxes through
the measured section during mobile-ice seasons were around 23 mSv with uncertainties
reaching 9 mSv, with the exception of the 2004 mobile-ice season (16 ± 5 mSv). During
fast-ice seasons geostrophic freshwater fluxes through the measured section varied between
17 ± 4 and 19 ± 4 mSv. Geostrophic freshwater flux was modulated by the ice conditions,
which correlated with the annual freeze-thaw cycle.

Geostrophic volume fluxes through the measured section fluctuated by about 20% during
both ice seasons with no difference in the mean for mobile-ice and fast-ice conditions. The
three-year minimum occurred during the mobile-ice season in 2004 (0.38 ± 0.09 Sv), and
the maximum during the mobile-ice season in 2006 (0.57 ± 0.17 Sv).

b. Three-year mean geostrophic fluxes

Integrating the geostrophic velocity over the 30-km-wide section between 30- and 200-m
depth (1), we calculate the three-year mean geostrophic volume flux for the measured
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section to be 0.47 ± 0.05 Sv, which is equivalent to (15 ± 2) x 103 km3 year−1. Note that
0.19 Sv (40%) of this geostrophic volume-flux was introduced by the reference velocity
from the ADCP data at 200 m.

Earlier volume-flux estimates were based on shorter-term snapshots only. Sadler (1976)
calculated a volume flux of 0.7 Sv using a 40-day series of current measurements in April
to May 1972. Current meters were deployed in Robeson Channel at only three locations
leading to low spatial resolution. More than 50% of the calculated volume-flux by Sadler
(1976) was associated with strong currents measured by a single current meter at 100-m
depth, 5 km from Ellesmere Island.

Münchow and Melling (2008) calculated a three-year mean volume flux of 0.57 ± 0.09
Sv from the moored ADCP data collected during this project. Their data reached from about
35 m below the surface to the seabed, therefore covering 79% of the total cross-sectional
area. Unfortunately, they had to estimate flow speed within a 21-km gap in the section
(where ADCPs were not recovered) from the hydrodynamic pull-down of the moorings that
provided data for this paper.

Münchow et al. (2006) and Münchow et al. (2007) calculated volume fluxes from
two-day-long ADCP snapshots in Kennedy Channel in August 2003. Their estimate of
0.8 ± 0.3 Sv was based on the geostrophic velocity field calculated from a CTD section
and referenced to the ADCP data, spanning 350- to 35-m depth over a 32-km wide section,
and using 2-km across-channel binning. The section area was 8.7 km2, 81% of the total
cross section. About 1/3 of that volume flux (0.27 Sv) was associated with the reference
level velocity. The estimate of 0.91 Sv included an extrapolation to the surface which added
about 10% to the net flux observed below 30 m.

Using our data for this same snapshot in time during the two-day period (Aug. 6–8, 2003),
we estimate the geostrophic volume flux through our measured section to be 0.33 ± 0.08 Sv.
These different flux numbers at the same point in time act as a calibration point between
the different measurement techniques. Our geostrophic volume-flux is around 40% of the
volume fluxes calculated from ADCP measurements, making these estimates very roughly
comparable in magnitude when considering the different cross-sectional areas covered (81%
and 48% of the total cross-section). We emphasize, however, that the inherent temporal
variability in fluxes evident from Figure 12 suggests that estimates based on snapshots of
the flow field, hydrography, or both cannot in general be relied on to represent the mean.

We calculate a mean geostrophic freshwater flux for the measured section by taking
the time mean of the freshwater flux time series (2). The three-hourly geostrophic veloc-
ity ug(y, z, t) is multiplied by the three-hourly salinity anomaly Fa(y, z, t) before inte-
grating over the section and then taking the temporal mean (< > denoting time mean):
<

∫
A

ug(y, z, t) × Fa(y, z, t)dA >. The result of this freshwater flux calculation is 20 ±
3 mSv or 630 ± 95 km3 year−1, using a reference salinity S0 of 34.8 psu. The reference
velocity at 200 m accounted for 7 mSv (35%) of the geostrophic freshwater flux. Therefore,
13 mSv were associated with the baroclinic component of the freshwater flux through the
measured section. For the freshwater flux the missing top 30 m are more crucial than for the
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volume flux as salinity is significantly reduced in that layer (Figs. 5 and 6; also see Melling
(2000)). Our estimate thus provides a lower bound only.

When calculating the geostrophic freshwater flux from the product of the three-year mean
of geostrophic velocity < ug(y, z, t) > and salinity anomaly < Fa(y, z, t) > using:

∫
A

<

ug(y, z, t) > × < Fa(y, z, t) > dA, the three-year mean is also 20 mSv. This suggests
that the freshwater flux occurs principally at low frequencies and that covariance between
ug and Fa at shorter timescales (daily to seasonal) must be small. This is encouraging for
efforts to determine freshwater flux from larger-scale variables such as the mean sea-level
slope and difference in freshwater content between Baffin Bay and the Lincoln Sea.

We find that about 90% of the freshwater flux variance is explained by the variability in
volume flux at low frequencies. The variance of the freshwater flux explained by the salinity
variability is not statistically significant. Salinity at 30-m depth was used to perform this
calculation, since this exhibits the most variability and is most likely to influence variability
in the freshwater flux. Note that, since freshwater is added to the ocean at the surface, the
covariance between freshwater and salinity is likely to increase toward the surface. This
important fast-moving, low-salinity part of the water column was not accessible to our
instruments. With the data at hand, we can conclude only that the variance in the freshwater
flux beneath the 30-m surface layer is almost entirely linked to variance in the volume flux
within the same range of depths (as one might expect from Fig. 12).

Münchow et al. (2007) calculated 30 mSv for the freshwater flux across a section in
Kennedy Channel in 2003. This estimate covered almost the entire cross-section, and
included a surface extrapolation, which added about 10% to the net freshwater flux observed
below 30 m.

During the same time period from Aug. 6–15, 2003, our geostrophic freshwater flux
estimate for the measured section is 14 ± 4 mSv. A preliminary extrapolation to the full
cross section (including estimates for the surface layer as described in the next section)
would lead to about 34 mSv. No attempt has been made to weight the important surface layer
appropriately, and this first approximation demonstrates that the two different calculations
are roughly comparable.

As with the volume flux through the strait, there is large variability in freshwater flux on
a wide range of timescales (Fig. 12). These first long-term measurements of three years’
duration place previous short-term measurements into a larger temporal context. Our mea-
surements make it clear that short-term measurements are always biased by strong events
at weekly and seasonal timescales and need to be evaluated with caution.

c. Geostrophic freshwater flux extrapolation to the surface

We estimate the geostrophic freshwater flux in the top 30 m on the basis of the follow-
ing assumptions. First, we assume that during mobile-ice seasons there was no shear in
geostrophic velocity between 30 m and the surface; that is, ug(z = 0) = ug(z = 30 m).
This is a very conservative assumption, since floating ice at the surface is known to drift
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Figure 13. Time series of two-day, low-pass-filtered, along-channel pressure difference after Mün-
chow and Melling (2008), as explained in Section 2. Daily values are plotted in meters of equivalent
sea-level difference. Positive values indicate that the pressure is higher in the north.

faster than the current at 30-m depth. During fast-ice seasons we assume a linear decrease
in velocity toward ug(z = 0) = 0 at the static ice cover. We further assume that salin-
ity within the top 30-m is S(z = 0) = S(z = 30 m). This assumption is probably good
in winter when surface mixed layers are deep and uniform, but it overestimates salin-
ity and underestimates freshwater flux when melt water is present during June through
October.

With these conservative assumptions, we estimate an additional 12 mSv of geostrophic
freshwater flux through the measured section during the mobile-ice season, and an additional
1 mSv during the fast-ice season. These estimates indicate that the geostrophic freshwater
flux in the surface layer under mobile ice is a substantial fraction of the total freshwater
flux through Nares Strait. Since mobile ice occurs 60% of the time, the three-year mean
geostrophic freshwater flux through the measured section can be estimated as at least 28 mSv.
The top 30 m thus contributed more than 40% of the long-term mean geostrophic freshwater
flux. Note that freshwater carried as ice through Nares Strait has not yet been incorporated
in our estimates and that our measured section does not span the entire width of the strait.

5. Forcing

a. Pressure-difference forcing

An important factor governing the flow through straits is the pressure difference along
the strait (Garrett and Toulany, 1982). Kliem and Greenberg (2003) show that in numerical
simulations an increase in sea-level elevation by 0.1 m in Baffin Bay relative to the Arctic
Ocean results in a decrease in volume transport by 0.5 Sv through Nares Strait. Münchow
and Melling (2008) found that the along-channel pressure difference accounts for 60% of
the variance at the 20-day period with no phase lag for sectionally averaged flows. Figure 13
shows the 2003–2006 time series of anomalies in along-channel pressure difference between
Alert and Smith Sound, from Münchow and Melling (2008) as explained in Section 2.
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This section evaluates the link between the pressure difference and the freshwater flux
for both ice states in the frequency domain. Coherence squared Γ2 estimates the degree of
linear correlation between two signals as a function of frequency. We subdivide each time
series into 10 non-overlapping time series and ensemble average the 10 separate estimates
to decrease uncertainty in estimated parameters at reduced frequency resolution. We focus
solely on geostrophic freshwater fluxes, since geostrophic volume and freshwater fluxes are
highly correlated with a correlation coefficient r2 of around 0.90.

Γ2, phase, and gain between the along-channel pressure difference and the geostrophic
freshwater flux are plotted in Figure 14 for mobile-ice seasons. Γ2 was significantly different
from zero at all frequencies. The highest correlation occurred at 0.12 cycles per day (cpd) (or
a period of eight days). Almost one-third of the variance in geostrophic freshwater flux was
accounted for by the pressure difference at this weekly timescale. At other frequencies about
20% of the variance was accounted for. The phase for the peak at eight days was around
−10◦, which means that the along-channel pressure difference was leading the geostrophic
freshwater flux by roughly a quarter of a day. The gain was almost 160 mSv m−1 at weekly
timescales; that is, a change in sea level of 1 m results in a geostrophic freshwater flux change
of 160 mSv. At higher frequencies the phase fluctuated among +30◦ at 0.22 cpd (4.5 days),
−30◦ at 0.4 cpd (2.5 days), and +15◦ at the highest frequencies; these large fluctuations
relate to channel dynamics at different timescales. Both barotropic and baroclinic pressure
differences play a role in this dynamically wide strait (Münchow et al., 2006), as well as
possibly baroclinic waves that propagate through the strait (e.g., Johnson and Garrett, 2006).

Since the along-channel pressure difference also has an effect on the flow during fast-ice
seasons, we calculate Γ2, phase, and gain for the fast-ice seasons as well (Fig. 15). We
exclude the first 2003–2004 fast-ice season from our analysis as it was much shorter, and
focus on the averaged spectral results (in the frequency domain) over those two remain-
ing fast-ice seasons. During the fast-ice seasons Γ2 exceeded the 95% confidence level at
frequencies below 0.15 cpd (6.7 days), meaning that coherence at higher frequencies can-
not be distinguished from zero. Therefore, the along-channel pressure difference forcing
influences the freshwater flux in a statistically significant manner only on timescales longer
than weekly. The phase was zero at the lowest frequencies and the along-channel pressure
difference was therefore in-phase with the geostrophic freshwater flux. The gain varied
between 50 and 100 mSv m−1 (50–100 mSv change per 1 m), with a higher gain the lower
the frequency. The results presented here are consistent with those presented by Münchow
and Melling (2008) for sectionally averaged velocities.

b. Local wind forcing

The three-year mean along-channel wind speed in Nares Strait from the atmospheric
model (Samelson and Barbour, 2008) is plotted in Figure 7. Wind speed was calculated
for a height of 10 m; the wind was predominantly toward the south with maximum values
exceeding 15 m s−1 and at times towards the north with a maximum speed of 10 m s−1.
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Figure 14. (a) Coherence squared, (b) phase (degrees), and (c) gain (mSv m−1) between geostrophic
freshwater flux and along-channel pressure difference during mobile-ice seasons (185 days per
season). The gray line in (a) denotes the 95% confidence level.



2012] Rabe et al.: Geostrophic ocean currents and freshwater fluxes 627

Figure 15. (a) Coherence squared, (b) phase (degrees), and (c) gain (mSv m−1) between geostrophic
freshwater flux and along-channel pressure difference during fast-ice seasons in 2004–2005 and
2005–2006 (153 days per season). The gray line in (a) denotes the 95% confidence level.
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During fast-ice seasons, the local wind stress did not affect the channel flows. During mobile-
ice seasons, however, the wind acted as a local forcing agent. Münchow and Melling (2008)
found no correlation between wind stress and the sectionally averaged ADCP currents using
the entire three-year record, which contained seasons of both moving-ice and fast-ice. The
period and timing for both ice stages change from year-to-year. We evaluate the coherence
between the geostrophic freshwater flux and the local wind separately for mobile-ice and
fast-ice conditions.

In the frequency domain we calculate partial Γ2, phase, and gain for mobile-ice seasons
from 2003 to 2005. Partial coherence is calculated using linear system analysis to evaluate
the component of the local wind that is not correlated with the along-channel pressure
difference. This is necessary, because the along-channel wind and along-channel pressure
difference are closely related. This analysis allows us to distinguish between purely local
wind forcing and larger-scale pressure-difference forcing.

Partial Γ2 during the mobile-ice season was significantly different from zero at all fre-
quencies lower than 0.37 cpd (2.7 days) (Fig. 16a). A maximum correlation of 0.4 occurred
at a frequency of about 0.12 cpd (eight days). The phase was negative, i.e., local wind led
the geostrophic freshwater flux. A phase of −50◦ at a frequency of 1/6 cpd indicates that
the local wind leads geostrophic freshwater flux by one day. The gain fluctuated around
1 mSv (m s−1)−1 at frequencies below 0.37 cpd (2.7 days). Therefore a 10 m s−1 southward
wind generates a freshwater flux of 10 mSv during the mobile-ice season. For comparison,
to generate a similar freshwater flux of 10 mSv with an along-channel pressure difference,
a pressure difference of 0.06–0.1 m is needed, depending on the ice cover.

The partial Γ2 between the local wind and the geostrophic freshwater flux during fast-ice
seasons (Fig. 16a) was, as expected, below the 95% confidence level at all frequencies (light
gray line). Wind and geostrophic freshwater flux thus are uncorrelated when the ice is fast.
Phase and gain are therefore without meaning and not shown.

Summarizing, we find local wind and geostrophic freshwater flux to be coherent at fre-
quencies below 0.37 cpd (2.7 days) during mobile-ice seasons with the local wind leading
the geostrophic freshwater flux by approximately a day.

6. Discussion

The surface layer is crucial for the freshwater flux in Nares Strait as it carries the freshest
water and ice. In our first geostrophic freshwater flux estimates the top 30 m, where no data
exist, were not included, but then a crude extrapolation to the surface (no ice) led to an
increase by 40%. This is a lower bound because we used a constant salinity in the top 30 m
although salinity decreases toward the surface. This underestimates the summer freshwater
flux when fresher water exists at the surface (e.g., Münchow et al. (2006)). Furthermore, the
assumption of a uniform velocity throughout the top 30 m is again an underestimate as float-
ing ice at the surface drifts much faster than the velocity measured at 30 m suggests. Melling
(2000) reviewed freshwater estimates from Prinsenberg and Bennett (1987) and speculated
that up to 50% of the flux in summer occurs in the upper 10 m. In winter, 50% of the flux



2012] Rabe et al.: Geostrophic ocean currents and freshwater fluxes 629

Figure 16. (a) Partial coherence squared, (b) phase (degrees), and (c) gain (mSv [m/s]–1) between
geostrophic freshwater flux and that part of the local wind stress that is not correlated with along-
channel pressure difference. In (a) the solid black line denotes the partial coherence squared during
mobile-ice seasons, with the solid gray line indicating the corresponding 95% confidence level. The
dotted black line is the partial coherence squared during fast-ice seasons in 2004–2005 and 2005–
2006, with the gray dotted line indicating the corresponding 95% confidence level. Partial coherence
squared is always below the 95% confidence level for fast-ice conditions, so the respective phase
and gain are not plotted.
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is concentrated in the top 44 m. Our extrapolation suggests at least a 40% contribution to
the geostrophic freshwater flux from the top 30 m during mobile-ice summer seasons.

The geostrophic freshwater flux and along-channel local wind or pressure difference show
a maximum correlated variance at weekly timescales. The combined influence of wind and
along-channel pressure difference on variability in the geostrophic freshwater flux at weekly
timescales supports earlier observations of flow variability made in northern Baffin Bay by
Melling et al. (2001). They state that fluctuations in the flow through Smith Sound are forced
in part by the higher sea level of the Arctic Ocean and in part by winds channeled between the
mountains of Greenland and Ellesmere Island. These fluctuations have a period of five to 10
days, consistent with our findings. Throughout this paper we refer to geostrophic velocities
and fluxes. Note that Münchow and Melling (2008) concluded that a substantial fraction of
the along-channel flow is in geostrophic balance while Münchow et al. (2006) found (from
a two-day survey) that two-thirds of the flux through the section was dynamically consistent
with geostrophy, with the remaining one-third associated with barotropic influences.

Geostrophic velocity and freshwater flux calculated in this study exhibit variability on all
time scales from weekly to interannual. Traditional ways to present variability as monthly
means and annual cycles are not appropriate in Nares Strait, since they do not account
for variability in the ice cover which is the dominant influence on the flow. Also, there
is substantial variance at 10 to 20 days that is ignored in monthly averages. The large
variability of freshwater flux shows that short-term observational campaigns may over- or
underestimate the mean freshwater flux.

On the basis of our results, we speculate that a transition toward a longer mobile-ice
season would lead to increased freshwater flux, with the system responding more strongly
to time-dependent local and remote forcing. Enhanced freshwater flux could in turn lead
to changes downstream. Changes in the Lincoln Sea upstream may also play a role; an
increase in freshwater content has recently been observed there (Timmermans et al., 2011).

Many of the features of flow through Nares Strait depend on the drift state of the ice cover,
which depends in turn on whether or not an ice bridge forms in Smith Sound in winter. Over
the last 20 years, 1991–1992 to 2010–2011, an ice bridge did not form to stabilize fast-ice in
Nares Strait in five winters—1992–1993, 1994–1995, 2006–2007, 2008–2009, 2009–2010
(Agnew, 1998; Vincent and Marsden, 2001; Münchow et al., 2007; Kwok et al., 2010; and
Canadian Ice Service Weekly Ice Chart). Events of this type have been documented back
to as 1962–1963 (Dunbar, 1969). It is clearly premature to suggest that Nares Strait is in
transition from a seasonally land-fast to a constantly mobile condition. However, it is clear
from our results that if such a transition were to be a consequence of climate change, the
impact on oceanic fluxes would be appreciable.

Some of these changes are predicted by numerical simulations of the Nares Strait ice-
ocean-atmosphere system. For example, Rasmussen et al. (2010) show an increasing trend
in the volume flux through Nares Strait for 2007 and 2008. They speculate that this increase
in volume flux might be one of the reasons for the lack of formation of an ice arch in those
winters. Earlier work by Yao and Tang (2003) showed a correlation between the volume
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flux and the stability of ice arches. Longer mobile-ice seasons imply larger freshwater
fluxes. Furthermore, such change also implies an extended period of thick multiyear ice
streaming south from the Lincoln Sea. In combination, such conditions may increase the
total freshwater flux south through Nares Strait. Changes in the duration of land-fast ice
seasons would also impact vertical and horizontal stratification as well as the larger-scale
distribution, transit time, and pathways of Arctic freshwater.

7. Summary

This paper presents an analysis of a three-year mooring data set from 2003 to 2006 from
Nares Strait, separating northern Canada (Ellesmere Island) from Greenland, with a focus on
the temporal variability of salinity, geostrophic velocity, and volume and freshwater fluxes
on different timescales, as well as their relation to the along-channel wind and pressure
differences.

We developed a novel CT mooring design for this project (with low buoyancy above
200 m, leading to significant pull-down of instruments) which successfully solved a major
challenge facing mooring installations in the CAA: iceberg and sea-ice keel encounter and
the associated threat to instruments. The pull-down of instruments additionally allowed a
high-vertical-resolution salinity data set to be constructed using a multiple linear regression
model as a novel pre-processing tool.

The geostrophic freshwater flux was larger (by about 20%) and more variable during
mobile-ice than fast-ice seasons, with maximum differences between individual ice seasons
of 40%. The three-year mean geostrophic freshwater flux was 20 ± 3 mSv (excluding ice)
for the measured domain (74% of the cross-sectional area above 200 m, excluding the top
30 m). A simple extrapolation suggests that the geostrophic freshwater flux in the top 30 m
is negligible during fast-ice seasons (<5%) but contributes more than 40% of the long-
term mean geostrophic freshwater flux during mobile-ice seasons. This emphasizes the
importance of reliable measurements in the surface layer especially during the mobile-ice
season. As demonstrated by Melling (2000), approximately half of the Arctic freshwater
flux moves in the upper 35 m of the ocean. Because we have only approximate data on the
current in the top layer and no data on the salinity, we cannot yet provide useful estimates
of the total freshwater flux through Nares Strait. The value quoted here is certainly low by
a large factor, and others’ estimates for other straits may be similarly imprecise. For these
reasons, we do not presume to re-assess the Arctic’s freshwater budget in the light of our
new data.

No significant temporal change in geostrophic freshwater flux was observed over the three
years (Table 4). In contrast to the geostrophic freshwater flux, the geostrophic volume flux
(at depths greater than 30 m) was not modulated by the ice cover, but showed a statistically
significant increase of 15 ± 4% over the three years (Table 4). Münchow and Melling (2008)
also found a 20 ± 10% volume flux increase from ADCP data over the same time period.
The 3-year mean of volume flux for the measured domain was 0.47 ± 0.05 Sv. Variability in
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Table 4. Geostrophic volume and freshwater flux offset (Sv/mSv) and trends (Sv/mSv year−1) with
uncertainties, finding a linear trend after the mean has been removed. The domain of integration
extends from 30- to 200-m depth and spans about 74% of the channel’s width. A significance test
to get the 95% confidence intervals using the null hypothesis according of Fofonoff and Bryden
(1975) was used to calculate uncertainties.

Geostrophic Flux Offset dq/dt and dF/dt

Volume −0.051 ± 0.013 Sv 0.024 ± 0.006 Sv year−1

Freshwater* −0.494 ± 0.585 mSv 0.235 ± 0.257 mSv year−1

*Not significant.

the geostrophic volume (and freshwater) flux was large, however, suggesting that estimates
from short-term surveys give biased values that may not represent the long-term mean.

The geostrophic freshwater and volume flux in Nares Strait were partially forced by both
along-channel local winds and along-channel pressure differences. The maximum correlated
variance occurred at weekly time scales. During the mobile-ice seasons local wind and
along-channel pressure differences accounted for 80% of the total variance. The along-
channel pressure difference contributed 35% of the variance while local winds accounted
for 45%. During the fast-ice seasons the variance reached 40% at a period of eight days,
with the along-channel pressure difference accounting for all of that variance; local wind
had no effect as the flow is decoupled from the atmosphere through the ice cover. Changing
atmospheric and ice conditions have a strong impact on fluxes through Nares Strait only
via remote pressure differences.

Geostrophic velocities demonstrated large variability over different timescales and a
strong dependence on the ice cover. In the western part of the strait, maximum geostrophic
velocities occurred during fast-ice seasons and were concentrated in a subsurface core close
to Ellesmere Island. During mobile-ice seasons a maximum existed in the middle of the
strait in the surface layer. Much smaller geostrophic velocities existed close to Greenland.
During mobile-ice seasons the geostrophic flows reversed their direction on short time
scales. Between 2003 and 2006 there was a transition during mobile-ice conditions from a
single-velocity maximum in the center of the channel to a double-cored structure, with an
additional velocity maximum developing adjacent to Ellesmere Island, reminiscent of that
which is present during fast-ice conditions. The latter first appeared in the 2005 mobile-ice
season and, we speculate, is linked to changing ice conditions in the strait.

Salinity observations indicated frequent freshwater incursions during mobile-ice seasons
and more steady conditions during fast-ice seasons. We identified upwelling and down-
welling events on both sides of the strait. During mobile-ice seasons, strongly negative
salinity anomalies on the western side of the strait are linked to both strong southward wind
events (advecting freshwater into Nares Strait by wind-induced currents) and increased
local melting.

Ocean conditions in Nares Strait fluctuate dramatically in response to changing ice condi-
tions, wind, and remote forcing via pressure differences. An understanding of this baseline
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variability provides the essential context for determining the Arctic freshwater budget and
for understanding long-term change in the Arctic. These first long-term measurements at
high spatial and temporal resolution have made a significant contribution to developing
such context and understanding. An extension of this data set from 2007–2009 will more
firmly establish whether the time-dependent changes in the strait continue.
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APPENDIX A

Calibration

All instruments were calibrated by SeaBird Electronics prior to deployment. Discrep-
ancies between true and measured salinity result predominantly from drift in conductivity,
not temperature sensors. Typically, cell fouling biases conductivity sensor readings toward
lower values. Cell fouling decreases salinity by about 0.05 psu per year in Arctic environ-
ments, with maximum drifts of several tenths of a psu (on the basis of prior experience with
Arctic deployments). In the equatorial Pacific, Ando et al. (2005) found maximum SBE37
conductivity drifts of 0.010 and 0.0053 S m−1 to lower values after a one-year deployment
in the top and thermocline layers, which is equivalent to decreases of 0.065 and 0.034 psu
at 30◦C. Freitag et al. (1999) also found conductivity drifts of the same magnitude in other
similar SeaBird instruments.

Ando et al. (2005) found that the drift of the conductivity sensors in the shallower
layers was caused by the environment, such as biofouling and scouring effects related
to current speed. Biofouling in Nares Strait is limited and even shallow moorings revealed
little noticeable fouling after a three-year deployment.

To estimate an upper bound on conductivity drift, we use data from CT instruments
deployed 2 m above the seafloor. At these approximately 300-m-deep locations, water
masses are stable with only small salinity variations (see Figs. 5 and 6). These instruments
represent a worst case concerning sediments because of their proximity to the seafloor.

Figures 17a and b show histograms of bottom salinity at sites KS02a and KS10a. The
histograms show the salinity values for the first and last three months of the record. Salinity
shifted toward fresher conditions over the three years. A Gaussian normal distribution is
shown for comparison in gray. The offset between the two Gaussian curves is a conservative
estimate of error for the salinity data, as it includes drift and signal.

Figures 17c and d illustrate histograms of temperature at the same sites. The distribution
is normal again with a shift towards lower temperatures by about 0.05 to 0.08 ◦C over
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Figure 17. Salinity and temperature data from bottom-mounted CT instruments at KS02a (a and c) and
KS10a (b and d). (a) and (b) are histograms of salinity for the beginning (first three months, gray)
and end (last three months, black) of the three-year record, with a Gaussian distribution overlaid.
Salinity values are approximately normally distributed, and shift toward lower salinity during the
deployment period. (c) and (d) are histograms of temperature for the beginning (first three months,
gray) and end (last three months, black) of the record, again with a Gaussian distribution overlaid.
Temperatures also shift toward lower values during the deployment period.

the three years. Temperature sensors are generally stable over time so we speculate that
this drift is associated with a cooling of the water mass at the bottom of Nares Strait. The
concurrent cooling and freshening of bottom waters in Nares Strait may relate to a change
of the Atlantic influence. We conclude that drifts in salinity and geostrophic velocity are not
entirely due to conductivity sensor drift, but are also likely to include real signals associated
with changing water-mass characteristics in Nares Strait.

We can consider the magnitude of salinity change expected given the temperature change
between the beginning and end of the deployment. The slope of the T-S relation from
bottom-mounted moorings at KS02a and KS10a predicts how much salinity change cor-
responds to a given temperature change (Fig. 18). The difference between salinity at the
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Figure 18. TS diagrams at KS02 and KS10 for the first (blue) and last (red) three months of the CT
mooring data. Independently calibrated CTD data collected in 2003 at KS03 (close to KS02) and
KS11 (close to KS10) are plotted in black. CTD data collected in 2006 at KS10 are also plotted in
green.

beginning and the end of the record at both locations indicates a change of about 0.08 psu
over the three years. Instantaneous and independently calibrated CTD measurements in 2003
and 2006 are plotted at locations KS03 and KS11 in 2003, and KS10 in 2006 (assuming
that conditions at depth are representative across the whole strait). The CTD data indicate
a change of 0.03 ◦C at both locations over the three years, which could be a real signal.
Assuming that the temperature of the environment changed during this time period as seen
in the histogram and explained above, the change in salinity from the instantaneous CTD
measurements of 0.02 psu over the three years would be associated with the signal. The
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total signal-plus drift in the SBE37 salinity is about 0.08 psu over the three years. Therefore
the drift in SBE instruments is about 0.06 psu over the three years or 0.02 psu per year. This
change is toward fresher conditions and could be related to cell fouling.

APPENDIX B

Multiple linear regression model

Because the CT mooring strings are pulled down by current, as explained in Rabe et al.
(2010), the depth of measurement is strongly modulated by tidal currents (many 10s of
meters), and less strongly by tidal elevation (several meters). Therefore it was necessary to
design an analysis method to remove tidal influence from the time series for each instrument.

Rabe et al. (2010) used linear system analysis to remove signals due to vertical mooring
motions at coarse vertical resolution. For this paper we take advantage of the vertical sam-
pling of the water column at tidal period to obtain a higher vertical resolution in salinity and
temperature. A simple harmonic analysis is not possible since the measurements were not
taken at a fixed point in space. To evaluate the tidal demodulation we developed a model for
the temporal variation of salinity using multiple linear regression based on least squares, e.g.,

S(p, t) = s + at + bp + cp2 + d sin

(
2πt

τ

)
+ e cos

(
2πt

τ

)
. (4)

The six unknowns are a, b, c, d , e and s. Data required are S for salinity, p for pressure,
and t for time at 15-minute time steps. A similar analysis can, of course, be conducted for
temperature. The variable τ is chosen to represent half the dominant period of variation,
here the M2 tide; i.e., 0.5 × 12.42 hours, since the moorings lean over twice during each
tidal cycle, once on the ebb tide and once on the flood. The six unknowns are determined
by the method of least squares. Looping through time (stepping forward in three-hour time
steps) the overdetermined set of equations is solved using all data acquired over one day,
centred at the time of interest, before moving three hours ahead and repeating the procedure,
again using 24 hours of data centred at that point to calculate the regression coefficients.
The system is solved separately for data from instruments at (1) nominal depths 30, 80 and
130 m, and (2) nominal depths 80, 130 and 200 m. Evaluation of the results suggest that
minimum errors occur when we switch between regression coefficients (1) and (2) at a depth
of 100m. The resulting set of regression coefficients are then used to reconstruct the data
(salinity and temperature) as a function of pressure at the midpoint of each time-window
(every three hours).

The model is a simplified representation of the signal recorded by instruments dragged
vertically through a salt-stratified water column. It incorporates a quadratic dependence of
background salinity on pressure, a possible linear change in background salinity with time
(the same at all depths), and a sinusoidal variation of the salinity at twice the nominal semi-
diurnal frequency. The latter term represents the vertical movement of the sensor through
the background field of salinity in response to the ebb and flood of the tide. This simple
model of the signal is useful only for short windows in time; we used a window width of
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about two cycles of the semidiurnal tide. The regression analysis provides coefficients that
separately represent background and tidal effects. A de-tided field can then be generated
simply by substituting values for depth and time using only those coefficients that represent
the background field.

The equation represents a compromise between a full representation of the complexity of
the signal and a practical regression model that was stable throughout the three-year period
of measurement at all sites. The model ignores the diurnal tide. It assumes that the pull-down
modulation of salinity is the same at all depths of measurement, even though the sensors
higher on the mooring are pulled down a greater distance than those lower down, and even
though the change in salinity via pull-down is dependent on the local vertical gradient of
salinity. It separately fits the amplitude of the pull-down signal without cross-reference to
the vertical gradient embodied in coefficients b and c.

Statistics were used to evaluate the goodness of fit after reconstruction of the original data.
R2 of the unfiltered data is close to 0.98, and small estimates of error variances around 0.02
indicate high levels of confidence in the regression model. The residuals were of maximum
amplitude ± 0.3 psu but were further reduced to less than 0.1 psu by a Hanning low-pass
filter with a window width of 48 hours that was applied to both salinity and temperature.

To reconstruct the data set without a tidal variation (taking out the internal tide) we used
all regression coefficients except the sin and cos terms in (4). We reconstructed the data
at 1 m (1 db) resolution. We thus constructed a S = S(y, p, t) data set of salinity that
minimizes the sampling bias introduced by mooring motions.
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