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Narwhals document continued warming of southern Baffin Bay
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[1] We report on wintertime data collected from Baffin Bay and northern Davis Strait, a
major gateway linking the Arctic with the subpolar North Atlantic, using narwhals
(Monodon monoceros) as an oceanographic sampling platform. Fourteen narwhals were
instrumented with satellite-linked time-depth-temperature recorders between 2005 and
2007. Transmitters collected and transmitted water column temperature profiles from each
dive between December and April, where >90% of maximum daily dive depths reached
the bottom. Temperature measurements were combined with 15 helicopter-based
conductivity-temperature-depth (CTD) casts taken in April 2007 across central Baffin Bay
and compared with hydrographic climatology values used for the region in Arctic climate
models. Winter temperature maxima for whale and CTD data were in good agreement,
ranging between 4.0°C and 4.6°C in inshore and offshore Baffin Bay and in Davis Strait.
The warm Irminger Water was identified between 57°W and 59°W (at 68°N) between
200 and 400 m depths. Whale data correlated well with climatological temperature
maxima; however, they were on average 0.9°C warmer +0.6°C (P < 0.001). Furthermore,
climatology data overestimated the winter surface isothermal layer thickness by 50—80 m.

Our results suggest the previously documented warming in Baffin Bay has continued
through 2007 and is associated with a warmer West Greenland Current in both of its
constituent water masses. This research demonstrates the feasibility of using narwhals as
ocean observation platforms in inaccessible Arctic areas where dense sea ice prevents
regular oceanographic measurements and where innate site fidelity, affinity for winter pack
ice, and multiple daily dives to >1700 m offer a useful opportunity to sample the area.

Citation: Laidre, K. L., M. P. Heide-Jorgensen, W. Ermold, and M. Steele (2010), Narwhals document continued warming of
southern Baffin Bay, J. Geophys. Res., 115, C10049, doi:10.1029/2009JC005820.

1. Introduction

[2] Baffin Bay is a large semi-enclosed basin adjacent to
the North American continent with a maximum depth of
approximately 2500 m. The bay extends southward into
Davis Strait and is bordered on the west by Baffin Island,
Canada, and on the east by Greenland. The waters of south-
eastern Baffin Bay are mainly influenced by waters from the
south [Smith et al., 1937; Bourke et al., 1989] that flow
northward on the shelf and the slope, referred to as the West
Greenland Current (WGC). On the Greenland shelf, the WGC
is composed of relatively fresh and cold northward-flowing
water, referred to as the West Greenland Shelf Water
(WGSW). This is a remnant of the fresh Arctic Ocean outflow
that flows southward along the East Greenland shelf, fresh-
ening in summer from sea ice melt and continental runoff as
it transits around the southern tip of Greenland and then
northward into Baffin Bay. On the slope, the WGC is a
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mixture of deeper Arctic Ocean outflows combined with
warmer water from the North Atlantic and Irminger Sea
Water that together are commonly referred to as Irminger
Water (IW). The IW forms a temperature maximum at several
hundred meters depth that cools along its northern pathway
on the West Greenland slope [Myers et al., 2007, 2009; Tang
et al., 2004].

[3] Mounting evidence of ocean warming on the banks
of West Greenland [Holland et al., 2008; Myers et al.,
2009] indicates that cascading changes in the ecosystem
can be expected and some are already documented [Heide-
Jorgensen et al., 2009; Laidre et al., 2009]. Zweng and
Miinchow [2006] used historical and essentially only sum-
mertime data to examine evidence of warming in Baffin Bay
and Davis Strait between 1920 and 2003. The deep basin
temperatures exhibited a statistically significant warming at
depths between 400 and 2400 m with maximum warming as
large as 0.2°C per decade observed between 600 and 800 m
[Zweng and Miinchow, 2006]. This warming was attributed
to enhanced advection of warm North Atlantic water from
south of Davis Strait along the West Greenland slope and
into the deep basin of Baffin Bay. This warming was pri-
marily detected after 1950, but the scarcity of data pre-1950
impeded evaluation of a longer time series [Zweng and
Miinchow, 2006].
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Table 1. Information on 14 Narwhals Instrumented With Satellite-Linked Temperature Depth Transmitters in Canada (Baffin Island,

Kakiak Point 2005) and Greenland (Melville Bay 2006 and 2007)

Average Maximum

Fluke Tusk Tagging Date of Duration Daily Dive

PTT ID No. Sex Length (cm) Width (cm) Length (cm) Locality Date Last Position (days) Depth (m) (range)
20685 Female 360 82 - Kakiak 8/14/05 1/11/06 150 928 (63-1422)
20686 Male 483 104 194 Kakiak 8/14/05 2/7/06 177 940 (125-1773)
20689 Female 360 86 - Kakiak 8/17/05 9/2/05 16 375 (104-684)
37235 Female 358 80 - Kakiak 8/17/05 10/23/05 67 452 (67-773)
37236 Female 380 89 - Kakiak 8/17/05 12/25/05 131 1005 (123-1742)
37280 Female 380 89 - Kakiak 8/17/05 12/26/05 133 739 (113-1382)
37282 Female 364 90 - Kakiak 8/17/05 3/24/06 219 966 (85-1771)
37283 Female 390 91 - Kakiak 8/21/05 11/23/05 94 847 (311-1533)
3960 Female 372 110 - Melville 9/9/06 3/11/07 182 636 (231-1184)
3964 Male 437 108 187 Melville 9/13/06 4/3/07 201 742 (305-1327)
7618 Female 390 100 - Melville 8/26/07 2/13/08 170 571 (290-791)
6335 Female 420 100 - Melville 9/3/07 3/31/08 209 848 (259-1297)
3965 Female 390 99 - Melville 9/4/07 2/13/08 161 804 (531-1097)
7617 Male 490 110 185 Melville 9/4/07 9/14/07 7 631 (NA)

[4] Despite the critical importance of Baffin Bay and Davis
Strait and the West Greenland Current to North Atlantic cir-
culation, most oceanographic data have been collected during
summer and fall when the area is ice-free [Stein, 2004, 2005;
Buch et al.,2004; Ribergaard et al.,2008; Myers et al.,2009].
Dense pack ice restricts access by research vessels, and thus,
almost no winter temperature measurements are available for
assessing interannual and intraannual variability (Bedford
Institute of Oceanography (http://www.mar.dfo-mpo.gc.ca/
science/ocean/database/data_query.html)). Given the paucity
of wintertime data in this important area, we utilized a non-
traditional biological platform to collect data in Baffin Bay
and within the WGC in winter.

[5] Among the Arctic top predators that inhabit the Baffin
Bay/Davis Strait pack ice in winter, the narwhal (Monodon
monoceros) is perhaps the most conspicuous. They make
extensive annual migrations from high Arctic summering
grounds in West Greenland and high Arctic Canada to offshore
wintering grounds, where >70,000 whales occupy dense pack
ice between November and April [Koski and Davis, 1994;
Innes et al., 2002; Heide-Jorgensen et al., 2002, 2010; Richard
et al., 2010]. Narwhals make minimal horizontal movements
on these wintering grounds and feed intensively on the bottom
where a major portion of the annual energy intake is obtained
[Laidre et al., 2003, 2004a, 2004b]. Narwhals are also among
the deepest diving cetaceans in the world, with the deepest
dives occurring in winter to 1800 m, between 10 and 25 times
per day [Laidre et al., 2003]. These dives last over 25 min
(maximum durations unknown) and are nearly vertical (with
vertical speeds of ~2 m s~ ') to maximize transport time given
aerobic constraints to reach demersal prey [Laidre et al.,
2003]. This behavioral feature makes the narwhal an excel-
lent “ocean sampler,” as deep vertical dives are ideal for
repetitive depth and temperature casts. Narwhals also have a
strong affinity for the Arctic offshore pack ice, an area where
few oceanographic studies have been accomplished.

[6] Here we capitalized on this suite of behavioral features
to collect rare wintertime temperatures in Baffin Bay using
narwhals instrumented with satellite-linked data recorders
that sampled depths and temperatures during dives in Baffin
Bay. These measurements were verified and combined with
springtime helicopter-based conductivity-temperature-depth
(CTD) casts to examine the spatial structure of the deep-

water temperatures in central Baffin Bay and to compare
modern and historical temperature series. Additionally, data
collected from narwhals during winter were compared with
climatological values [Steele et al., 2001].

2. Data and Methodologies

[7] Fourteen narwhals were captured and instrumented
with satellite-linked time-depth-temperature recorders in
August 2005 on Baffin Island, Canada, and September 2006
and 2007 in Melville Bay, West Greenland (Table 1).
Narwhals were captured in nets that were 50-150 m long
and 10 m deep. Two 6 mm nylon pins were attached to the
dorsal ridge where transmitters were mounted using 0.5-2 mm
plastic-coated wires secured between two nylon bolts at each
end of the pins. The procedure lasted approximately 30 min
and was conducted with the whales held in the net between
two inflatable boats [see Heide-Jorgensen et al., 2002, 2003;
Dietz et al., 2008]. Whales were tagged in accordance with
Animal Care guidelines at the University of Washington and
under a research permit from the Government of Greenland.

[8] Continuous data collected from diving narwhals con-
sisted of point measurements of depth and temperature at a
resolution of 1 m and 0.1°C (£0.05°C) with a measurement
range of —2.0°C and +4.35°C together with daily geographic
positions from ARGOS. Instruments were calibrated by the
manufacturer (Wildlife Computers, Redmond, WA) before
deployment at a series of depths between 0 and 1000 m and
a series of temperatures between 2°C and 40°C in water
baths (Polystats, Cole Parmer) with an electronic thermistor
(Hart Scientific, accuracy of +0.002°C). Temperature and
locations were transmitted through ARGOS; hence, the
instrumented narwhals did not need to be recaptured to obtain
the data, and a postdeployment calibration was not possible.
However, Simmons et al. [2009] reported on precalibration
and postcalibration after field deployment of the same external
temperature stalk (Wildlife Computers) for pinnipeds and
demonstrated, there was no significant drift during the
deployment period. Tags provided up to seven continuous
months of data from each whale before falling off and lasted
well into winter months. An average daily geographic loca-
tion was calculated for each narwhal throughout the duration
it was tracked using only good quality ARGOS locations
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Figure 1. Map of average daily geographic positions of narwhals tagged with satellite-depth-temperature
recorders between 2005 and 2007 together with the location of ship- and helicopter-based CTD casts in
Baffin Bay. The box denotes the zoomed region displayed in Figures 2 and 3.

(LC 1-3) [Harris et al., 1990]. This geographic position
was then linked to all depth-temperature pairs from the
same day, and average daily profiles were created (hereafter
referred to as “whale profiles”). Daily whale locations were
linked to bathymetric depth in ArcGIS 9.3 (Environmental
Science Research Institute) using the SRTM30 PLUS 30 s
global topography grid [Becker et al., 2009]. The variation
in the maximum daily dive depth across space and time was
examined with respect to the bottom depth to determine the
proportion of the water column sampled by the whales.

[s] Between 4 and 13 April 2007, a hydrographic tem-
perature and salinity section was conducted from Disko

Island, West Greenland, in a west-southwest direction into
the middle of Baffin Bay (Figure 1). Fifteen conductivity-
temperature-depth (CTD) casts were made to 500 m depths
using a SeaBird 19 Seacat CTD and lightweight winch.
Light sea ice conditions meant that the two innermost of the
15 oceanographic stations had to be collected from a ship
(RV Porsild, Arctic Station, University of Copenhagen).
The outer 13 stations were collected from a helicopter (Air
Greenland Bell 222) landing on large and stable ice floes. In
most cases, a hole was drilled in sea ice to enable lowering
of the CTD. Calibration was performed after deployment at
Seabird Electronics; accuracies were estimated at 0.01 in
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Table 2. Number of Temperature Casts Made by Narwhals in Different Months With Sample Size (n Tagged Narwhals) Collecting Data®

Mean of Maximum

Profile Depth Percent of Water

Month Year n Unique Whales n Profiles (+Standard Deviation) (m) Column Depth Traversed
August 2005 6 14 768 + 259 99%
2007 1 1 589 +£0 100%
September 2005 7 23 989 + 84 100%
2006 2 5 605 + 103 100%
2007 2 4 867 £ 116 100%
October 2005 6 31 1456 + 255 85%
2006 2 31 1282 + 172 96%
2007 3 31 1105 + 174 100%
November 2005 5 30 1773 + 334 84%
2006 2 30 1327 + 256 65%
2007 2 30 1290 + 178 100%
December 2005 4 31 1771 + 337 96%
2006 2 31 1310 + 238 87%
2007 1 24 1297 + 146 100%
January 2006 2 31 1705 + 320 99%
2007 2 31 1298 + 222 99%
February 2006 1 27 1623 + 222 91%
2007 2 27 701 + 68 99%
2008 1 22 503 + 87 100%
March 2006 1 23 1143 + 286 72%
2007 2 28 1293 + 345 100%
2008 1 29 1169 + 255 100%
April 2007 1 2 736 £ 0 89%

“Data from fall (August-November) were not used in the comparative analysis with PHC data. The percent of the water column depth traversed by
diving whales is based on the maximum seafloor depth in the vicinity of the whales for each month and year. One hundred percent denotes whales

dove to the bottom.

both temperature and salinity. The hydrographic data were
used to verify and calibrate nearby whale-based temperatures.

[10] The study area was divided up using a 100 km reso-
lution Cartesian grid on a Polar Stereographic projection,
which resulted in 27 grid cells or bins. All whale-based profiles
in each bin were averaged for the months of December,
January, February, and March to examine wintertime condi-
tions in Baffin Bay. These binned data were compared with
historical data obtained from the Bedford Institute of Ocean-
ography and U.S. National Oceanographic Data Center, as
presented in the Polar Science Center Hydrographic Clima-
tology (PHC3.0, updated from Steele et al. [2001]). PHC was
averaged in the same spatial bins as the whale-based profiles.
Data were compared with regression techniques and signif-
icance was determined at the P = 0.05 level.

3. Results

3.1. Whale Data

[11] Whale satellite transmitter longevity varied both within
and across years. All whales tagged were adult (>360 cm
body length) with some males reaching nearly 5 m (Table 1).
In 2005, the average duration of whale tracking was 123 +
64 days with a maximum duration of 219 days (data collected
through 24 March). In 2006, the average duration of tracking
was 192 £ 13 days with a maximum duration of 201 days
(data collected to 3 April), and in 2007, the average duration

was 137 £ 89 days with maximum tag longevity of 239 days
(data were collected until 30 April) (Table 1).

[12] Maximum daily dive depths varied over the period
whales were tracked. In general, maximum dive depths
increased after departure from the summering grounds (when
maximum dives were 600-800 m) and peaked in winter
(where depths >1600 m were regularly reached) (Table 2).
The maximum dive depth reached by a whale in this study
was 1773 m. During the entire period, whales were tracked,
on average 95% + 5.7% of whale dives reached the bottom
(Figure 2a). This ranged between a high of >99% of maxi-
mum daily dives reaching the bottom in summer months
(August and September) to a low of 83% of maximum daily
dives reaching the bottom during the November southbound
migration (Table 2). In Baffin Bay in winter, >90% of all
daily maximum dive depths reached the bottom, indicating
whales covered a large proportion of the water column while
sampling temperatures. The maximum dive depth over 1 day
was sometimes greater than the average daily ocean depth
near the steep slope off the West Greenland shelf (Figure 2b).

[13] Spatial coverage, as obtained from narwhals tracked
over 3 years, ranged over a significant portion of Baffin
Bay. Whales tracked from Admiralty Inlet, Baffin Island,
Canada, in 2005 remained on the west side of Baffin Bay
and in winter were located between 63°N and 70°N. Some
whales from this population also ranged into Davis Strait.
Whales tracked from Melville Bay, West Greenland, in 2006

Figure 2. (a) Daily geographic location of whales classified by maximum daily dive depth in Baffin Bay. Bathymetry con-
tours are shown for reference. (b) Correlation between approximate daily bathymetric depth and maximum daily whale dive
depth. Note, many dives occurred on the steep slope (500-1500 m) leading into the Baffin Bay abyss, and therefore, some
maximum daily dive depths exceeded the bathymetry depth assigned for a given day. Over 90% of the maximum daily dives

reached the bottom depth in Baffin Bay.
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Figure 3. Locations of narwhal and CTD temperature sections. Symbols are color-coded by the maxi-
mum temperature of the profile. Squared narwhal stations have temperature maxima exceeding the sensor
threshold 4.35°C. The two synthetic narwhal sections (red lines, A and C) and the CTD section (blue line, B)
are shown in Figure 3. The approximate pathway of Irminger Water (IW) is noted.

and 2007 remained on the eastside of Baffin Bay sampled
north of 70°N (Figure 1). Overall, much of Baffin Bay was
sampled by whales across the 3 year period with the exception
of the deep basin between 72°N and 75°N.

[14] Temperature and depth maxima were calculated for
100 km bins for whale profiles and examined in three regions:
inshore Baffin Bay or bins that lie adjacent to the coast of
West Greenland (n = 7 bins), offshore Baffin Bay or bins not
bordering the coast of West Greenland (n = 18 bins), and
Davis Strait or bins south of 65° (n = 3). When temperature
maxima were identified, the depth at temperature maximum
varied between about 260 and 1040 m. For inshore Baffin
Bay, temperature maxima were on average 3.0°C £ 0.7°C
with a range of 2.1°C—4.0°C that occurred at depths between
297 and 1040 m. For offshore Baffin Bay, temperature
maxima were on average 2.8°C + 0.6°C with a range of
1.5°C—4.3°C that occurred at depths between 266 and 568 m.

In Davis Strait, the sample size was small; however, temper-
ature maxima were on average higher, at 4.6°C + 0.1°C, with
arange of 4.5°C—4.6°C at depths between 381 and 579 m.

3.2. Helicopter-Based CTD

[15] The ship and helicopter CTD hydrographic sampling
of the cross section at 67°N—-68°N (Figure 1) identified the
well-known deep (between 200 and 400 m) northward IW
flow [e.g., Myers et al., 2009] along the West Greenland
slope (Figure 3). This warm core extended westward from
station TS to station J, or approximately 130 km, reaching
a maximum value of 4.85°C at 274 m depth at station E
(Figure 4). The CTD data extended to 500 m depth, which
was deep enough to capture the temperature maximum in
that section. Although the warmest values were found along
the slope, some relatively warm IW values also extended

6 of 11



C10049

LAIDRE ET AL.: WINTER OCEAN TEMPERATURES IN BAFFIN BAY

C10049

March 2007 Whale Section A
10 & 9 4

E =
£
Q E
Q =
a] 3
0 50 100 150 200 250
April 2007 CTD Section B
F T T4
E
E=]
o
[7]
o]
@ S =06 O R 18 A% 98 856 48 B6ERE
0 50 100 150 200 250
January 2007 Whale Section C
14 13 12 ' _
£ 3
£
Q E
@ |
a 3
500 ‘ E
0 50 100 200 250

150
Distance (km)

Figure 4. (top and bottom) Temperature sections using narwhal data and (middle) CTD data. See
Figures 2 and 3 for location. The order of the sections proceeds from the northernmost section
(A, taken in March) to the southernmost section (C, taken in January). Stations are noted at the top

of each frame.

eastward onto the shelf along the CTD section but were
limited by the shallow water west of Qeqertarsuaq (Figure 4).

3.3. Comparison of Whale and CTD Data

[16] The CTD section crossed the broad Greenland shelf
and continental slope and terminated in deep central Baffin
Bay in waters >1500 m (Figure 4). Two whale “sections”
parallel to the hydrographic section were constructed from
whale movement and temperature data collected in January
2007 (south of the CTD section) and March 2007 (north of
the CTD section), respectively (Figure 4). All of these
data were collected well north of Davis Strait, a northern
boundary for the complex circulations and recirculations
within the Labrador Sea region.

[17] Temperature data from the three combined sections
(two whales and one CTD) demonstrated relatively cool
water near the surface and on the shelf (in contact with the
overlying sea ice cover). Deeper waters were warmer, with a

core of 4°C—5°C at 300—500 m depth, centered on isobaths
between 300 and 1500 m. The range in isobaths was notably
large, probably reflecting the diverse origins of the warm
core in the Arctic Ocean and Nordic and Irminger Seas. The
basic structure and range of temperatures was similar in the
CTD and whale sections, illustrating the utility of whale data
to expand the single CTD section to a wider area.

3.4. Whale Versus PHC Data

[18] The mean winter [IW temperature maxima (December-
January-February average) as measured by 20052007 whale
data were compared with data from the Polar Science Center
Hydrographic Climatology (PHC3.0 [Steele et al., 2001]).
Baffin Bay data in PHC3.0 are largely based on summer
cruises through the mid-1990s, with few winter data (http://
psc.apl.washington.edu/Climatology.html). A lack of winter
data from central and western Baffin Bay created unrealistic
upper ocean conditions in early versions of PHC, wherein
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Figure 5. Comparison of temperature profiles in southern
Baffin Bay (see inset) from PHC “engineered profiles”
(blue) and from nearby February narwhal data (red).

the few observations from the WGC were extrapolated
across the entire bay. In PHC2.0, this was addressed by
“engineering” winter profiles in this region with values equal
to those observed in the summer below 200 m depth and with
the 200 m summer salinity extrapolated to the surface to
simulate a deep winter mixed layer (set to the freezing point of
this salinity). These profiles were then used in the optimal
interpolation, which better confines the WGC waters to
eastern Baffin Bay.

[19] Figure 5 shows a comparison of February whale data
and nearby PHC “engineered” temperature profiles in southern
Baffin Bay. The IW temperature maximum was warmer in
the whale data, and the winter surface isothermal layer depth
0f 200 m assumed in the “engineered” profiles is too deep by
~50-80 m (Figure 5). This could mean that PHC3.0, which
represents mean conditions over the twentieth century, has
an overly deep winter mixed layer in Baffin Bay. However,
it might also reflect recent 21st century change, i.e., shal-
lower winter mixed layers arising from reduced convection
associated with a warmer climate.

[20] It was also possible to compare the gridded spatial
patterns of wintertime IW temperature maxima in PHC and
whale data (Figure 6) as winter data were available along the
West Greenland shelf and slope in both data sets. Both data
sets showed the warmest water occurs in the southwest
sector of the study area, reflecting the northward intrusion of
IW. There was a good correlation between the whale tem-
perature maxima and PHC temperature maxima in the 100 km
bins (Figure 7); however, overall, the whale data were sig-
nificantly on average 0.9°C + 0.6°C warmer than the PHC
(P < 0.001) (R* = 0.5301). When this regression was con-
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ducted with a breakpoint of 2.5°C to examine contrast
between cooler and warmer waters, the whale data were on
average 0.96°C + 0.67°C higher than PHC values for cooler
waters (<2.5°C) and 0.69°C higher (standard deviation, 0.54)
than PHC values for warmer waters (>2.5°C). The warming
of whale IW temperature maxima, relative to PHC tempera-
ture maxima, showed no obvious spatial patterns and seemed
to affect the bins in a random order. In central Baffin Bay,
the difference of ~1°C in whale (winter data) and PHC
(summer data) temperature maxima might represent a warming
trend, or it might reflect a mean seasonal difference. B. Curry
et al. (Volume, freshwater, and heat fluxes through Davis
Strait, 2004-2005, submitted to Journal of Physical
Oceanography, 2010) report a similar amplitude for this
seasonal difference in 500 m depth central Davis Strait
mooring data in 2005; however, this is several degrees of
latitude further south. In contrast, the whale-PHC difference
of about 1°C on the West Greenland shelf and slope are
more likely to represent a true warming trend, as both data
sets in this region are from winter. Thus, the whale data
indicate that both IW and WGSW are warmer in recent
years relative to data from climatology.

[21] There was no systematic bias between the change in
depth and change in temperature when examined for each
bin and there was no statistically significant relationship
between the difference in temperature maximum for whale-
based and PHC-based temperature data in each bin. An
analysis of the depth of this temperature maximum revealed
no large-scale coherent differences between the climatology
and whale data. In other words, although the IW temperature
maximum is clearly warmer in the whale data relative to
climatology, the depth of this temperature maximum has not
shifted significantly.

4. Discussion

[22] Our results suggest that the twentieth century warming
of the WGC documented by Zweng and Miinchow [2006] has
continued during the past decade. We find that this warming
is associated with a warmer WGC in both of its constituent
water masses, i.e., both warmer IW and warmer WGSW. We
also find a possible warming of central Baffin Bay subsurface
waters, although this is difficult to confirm because the only
historical data available for comparison are from the summer
and recent evidence from further south in Davis Strait sug-
gests possible seasonal shifts in the subsurface waters (Curry
et al., submitted manuscript, 2009). Our results demonstrate
that whale-obtained data can be used to make large-scale
hydrographic surveys and to extend the spatial and temporal
coverage of a historical database into the poorly sampled
winter season.

[23] Water exiting Baffin Bay enters the Labrador Sea,
one of the two or possibly three deep convection sites in the
Northern Hemisphere [Pickart et al., 2002, 2003]. Warming
of Baffin Bay may affect the water masses that reach the
ventilation zone and could potentially result in a reduced
water exchange in the Labrador Sea with large scale climatic
consequences. A continued warming of Baffin Bay would
also eventually affect sea ice coverage in the region that in
recent years has retreated significantly [Heide-Jorgensen
et al., 2009]. A further reduction in sea ice will reduce the
surface albedo and cause increased warming due to solar
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Figure 6. (top) The temperature maximum (7max) of profiles averaged into 100 km bins for (left) narwhal
data, (middle) climatological data, and the (right) difference between the two for the months of December,
January, and February. The climatological data are only shown for areas where narwhal data were available.
(bottom) The depth at the temperature maximum for (left) narwhal data, (middle) climatological data, and
the (right) difference between the two. There was no trend in Z. Contours represent smoothed spatial trends

for the bins.

radiation. Thus, the observed hydrographic changes in Baffin
Bay indicate a major and long-term alteration of the climate
regime in the region. This shift will likely have pronounced
effects on both the ventilation in the Labrador Sea and the
species and ecosystems in Baffin Bay [Laidre et al., 2009;
Heide-Jorgensen et al., 2009].

[24] Ecological effects of increased sea temperatures along
the West Greenland coast have recently been demonstrated in
the demography of large whale species [Laidre et al., 2009].
It is also well known the timing of sea ice break up and pri-
mary production bloom, both influenced by increasing sea
temperatures or influx of IW, are important for the repro-
ductive and foraging success of small whales [Heide-
Jorgensen et al., 2009] and sea bird species [Laidre et al.,
2008]. Possible ecological consequences of this continued
trend include the potential for redistribution of the primary
prey for the narwhal, the Greenland halibut (Reinhardtius
hippoglossoides). Greenland halibut occur widely in Baffin
Bay and are found at highest densities in areas with bottom
temperatures <2°C [Laidre et al., 2004b]. With increased
warming of Baffin Bay, Greenland halibut may expand their
range northward or shift their primary distribution northward
to stay in water masses within their preferred temperature
range, similar to other forage fish species in West Greenland
[Rose, 2005]. This may have consequences for narwhals,

Narwhal Tmax
N
[6)]
1

21 y = 0.6323x + 1.6928
15 . R? = 0.5301
14
0.5 -
0 : : : : .
0 1 2 3 4 5
PHC Tmax

Figure 7. Relationship between narwhal temperature max-
ima and PHC temperature maxima for twenty-seven 100 km
bins in Baffin Bay and Davis Strait.
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which rely heavily on Greenland halibut at specific sites
[Laidre and Heide-Jorgensen, 2005] and specifically select
areas with cold bottom temperatures for foraging dives
[Laidre et al., 2004b].

[25] The PHC database is used for numerical model initial-
ization and validation by a wide range of institutes (e.g., the
National Center for Atmospheric Research) and for large-
scale mean climatological descriptions of the high northern
latitudes. The comparison presented here with recent whale
data indicates that PHC deep temperature maxima within
Baffin Bay are cooler than contemporary conditions by up to
about 1°C. PHC also seems to overestimate the winter surface
isothermal layer thickness by about 50-80 m, possibly a result
of weak winter convection in a warming climate. This is
strong evidence of the utility of whale-based oceanographic
data and should be considered in future updates of PHC or in
any physical oceanographic studies of Baffin Bay.

[26] Oceanographers are increasingly realizing the impor-
tance of continuous monitoring for long-term modeling of
climate processes. As a result, innovative remote samplers
using instrumented marine predators are being developed
[i.e., Lydersen et al., 2002; Fraser and Hofmann, 2003;
Charrassin et al., 2008; Costa et al., 2008]. Diving ocean
predators can be fitted with instruments that record the ani-
mal’s location, diving depth, and concurrent oceanographic
parameters creating a “real-time autonomous sampling plat-
form” allowing for data collection from remote, ice-covered
waters where sampling by conventional ship-based CTD
casts is expensive or impossible. This offers a unique oppor-
tunity to collect data at relatively low cost from regions and
seasons where traditional oceanographic measurements would
otherwise be impossible, such as Baffin Bay.

[27] In summary, the whale data provided some of the first
recent winter temperatures from Baffin Bay. The whale data
values were similar to the CTD section taken nearby in
space and time, although closer spatial intercalibration in
future studies would be useful. The predictability of narwhal
migrations and winter movements, their affinity to sea ice,
repeated deep-diving in winter, and site fidelity are all qual-
ities that make the species an ideal platform from which to
obtain wintertime temperature data from Baffin Bay and
West Greenland. Therefore, using knowledge of where
different narwhal populations migrate and where they
overwinter [Dietz et al., 2008], it is possible to tag nar-
whals from selected subpopulations and target specific
water masses of Baffin Bay.
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