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This study examines the seasonal evolution of Cape Darnley Bottom Water (CDBW),
using the results of mooring and hydrographic measurements in the slope region off
Cape Darnley in 2008-2009 and 2013-2014. Newly formed CDBW began reaching the
western and nearshore part of the slope region off Cape Darnley in April, spread to the
offshore and eastern part in May, and reached the easternmost part in September. The
potential temperature and salinity decreased and the neutral density increased when
newly formed CDBW reached mooring sites. Potential temperature-salinity properties
of CDBW changed over time and location. The salinity of the source water of CDBW
estimated from potential temperature-salinity diagrams started to increase at a nearshore
mooring in late April, which is about 2 months after the onset of sea-ice production, and
continued to increase during the ice production season. It is most probable that the
accumulation of brine in the Cape Darnley polynya produces the seasonal variation of
potential temperature-salinity properties of CDBW. Two types of CDBW were identified.
Cold and less saline CDBW and warm and saline CDBW were present in Wild and
Daly Canyons, respectively. This indicates that the salinity of the source water of CDBW
increased in the westward direction. CDBW exhibited short-term variability induced by
baroclinic instability.

Keywords: sea ice, seasonal evolution, mooring measurement, Cape Darnley Bottom Water, Antarctic Bottom
Water

1. INTRODUCTION

Antarctic Bottom Water (AABW) is the major source of the bottom water of the world ocean.
AABW spreads directly into the Atlantic Ocean and, in a modified form as the denser part of
the Lower Circumpolar Deep Water (LCDW), into the Pacific and Indian Oceans, forming the
lower cell of the meridional overturning circulation (Mantyla and Reid, 1983; Orsi et al., 1999).
The formation of AABW enhances the exchange of heat and fresh water between the surface layer,
which is exposed to the atmosphere, and the deep layer, which has a large volume and heat content,
contributing to the maintenance of the global climate. Compared with the North Atlantic Deep
Water, which is formed by the cooling of saline Atlantic Water in the Greenland and Nordic Seas,
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AABW is characterized by low temperature and low salinity
(Mantyla and Reid, 1983) because its formation is accompanied
by sea-ice production (Foster and Carmack, 1976).

Antarctic Bottom Water is formed from shelf water (SW),
which is characterized by the near-freezing temperature and
high salinity. High sea-ice production in polynyas on the shelf
is the source of SW. SW is transformed into AABW as it
descends the slope and mixes with ambient water. The Weddell
and Ross Seas, which have large continental embayments with
major continental ice shelves, are two distinct formation sites
of AABW (Jacobs et al., 1970; Foster and Carmack, 1976). A
third formation site of AABW was identified off the Adélie
and George V Land coast (Rintoul, 1998), where enhanced
sea-ice production in the coastal polynya directly causes the
formation of SW and thus AABW (Williams et al., 2010).
In addition, the fourth site for AABW formation has been
speculated to exist in the eastern sector of the Weddell-Enderby
Basin (Meredith et al, 2000; Meijers et al, 2010). A map
the of sea-ice production estimated from satellite-derived heat
flux (Tamura et al., 2008) suggested that the Cape Darnley
polynya (light shaded area in Figurel) is the site with the
second-highest production of sea ice around Antarctica after
the Ross Ice Shelf polynya. Ohshima et al. (2013) conducted
mooring measurements off Cape Darnley and showed that newly
formed AABW descends the slope and reaches the abyss. This
newly formed AABW is referred to as Cape Darnley Bottom
Water (CDBW).

In addition to the Cape Darnley polynya, several polynyas
with relatively high ice production are distributed on the western
(lee) side of the landfast ice or glacier tongue in East Antarctica
(Nihashi and Ohshima, 2015). Among them, the Vincennes Bay
polynya possibly contributes to the production of the upper layer
of AABW in the East Antarctic (Kitade et al., 2014). However,
based on nearly 3,000 temperature and salinity profiles from
autonomous floats along the East Antarctic coast between 50 and
128°E, the region oftf Cape Darnley appears to be the main AABW
source (Wong and Riser, 2013).

The results of a numerical experiment using a nonhydrostatic
ocean model showed that SW spreads along the canyons of the
slope (Nakayama et al, 2014). As it descends the slope, SW
forms a westward bottom-intensified current and is transformed
into CDBW mixed with the overlying modified Circumpolar
Deep Water (mCDW; Hirano et al., 2015). Dense water affected
by CDBW is transported westward by the Slope Current along
the continental slope (Wong and Riser, 2013; Aoki et al,
2020). Couldrey et al. (2013) argued that the recent southward
migration of the Antarctic Circumpolar Current enhanced the
mixing of CDBW with warm mCDW in the Cape Darnley
region, with the warming signal of CDBW reaching the eastern
Weddell Gyre. Offshore transport of CDBW may also enhance
the intrusion of mCDW into the shelf region, which may enhance
the melting of ice shelves (Morrison et al., 2020).

The purpose of this study is to examine the seasonal evolution
and horizontal distribution of CDBW. For this purpose, we
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FIGURE 1 | A bathymetry map of the study area (International Bathymetric Chart of the Southern Ocean, IBCSO: Arndt et al., 2013). Locations of moorings M1-M4
and conductivity, temperature, and depth (CTD) stations are shown by crosses and circles, respectively. The Cape Darnley polynya and grounded ice are shaded by
light and dark gray, respectively. Locations of moorings C2 and C3 are shown by a square and a triangle, respectively. Transects passing stations a01-a10, b01-b07,
and c01-c05 are defined as transects A, B, and C, respectively. BB and NB indicate Burton and Nielsen Basins, respectively. The thick solid line in the inset map
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analyze temperature, salinity, and velocity data obtained from
the mooring and hydrographic measurements off Cape Darnley.
We use data obtained from four moorings deployed in the
slope region in 2008-2009 and two moorings deployed in the
shelf region in 2013-2014 and hydrographic data obtained in
2009. Ohshima et al. (2013) provided the first evidence of the
formation of CDBW, using mooring data collected in 2008-2009.
They mostly investigated newly formed CDBW descending Wild
Canyon, which is located just off the Cape Darnley polynya.
Although it was also suggested that part of CDBW descends
down Daly Canyon, which is located to the west of the Wild
Canyon, the characteristics of CDBW in Daly Canyon was not
examined. They also did not investigate the seasonal variation of
the characteristics of CDBW. In this study, we examine the spatial
variation of the characteristics of CDBW, combining results of
the mooring measurements with hydrographic data obtained in
broad regions including both Wild and Daly Canyons. We also
examine the seasonal variation of the characteristics of CDBW. It
is shown that potential temperature-salinity properties of CDBW
changed with the season, because the salinity of the source
water of CDBW increased with time. Thus, we examine the
mechanism of the seasonal variation of potential temperature-
salinity properties of CDBW, using sea ice production rate in the
Cape Darnley polynya and salinity data obtained by moorings on
the shelf. When CDBW arrived at mooring sites, a clear periodic
variability of velocity, temperature, and salinity with the period
of 3-5 days has been observed (Ohshima et al., 2013). We also
examine the physical mechanism of this variability. This study is
organized as follows. In section 2, we describe the mooring and
hydrographic measurements. Results of these measurements are
presented in section 3. In this section, we examine the seasonal
evolution, horizontal distribution, and the short-term variability
of CDBW. Section 4 provides a study summary and conclusions.

2. DATA

Figure1 shows the locations of the mooring sites and
hydrographic stations. Four moorings, M1-M4, were deployed
in February 2008-January 2009 off Cape Darnley in an
extensive Japanese mooring program conducted as a part of
the International Polar Year (Ohshima et al., 2013). The Cape
Darnley polynya is located on the western side of the grounded
iceberg tongue, which is located between 69 and 71°E. Four
moorings were deployed in the north and northwest regions of
the Cape Darnley polynya. Moorings M2 (bottom depth: 1,437
m) and M4 (depth: 1,824 m) were located in the upper part
of the slope, whereas moorings M1 (depth: 2,923 m) and M3
(depth: 2,608 m) were located in the deeper part of Daly and
Wild Canyons, respectively. To supplement results obtained from
these moorings, we also analyzed temperature and salinity data
obtained at two additional moorings, C2 (depth: 368 m) and
C3 (depth: 355 m), which were deployed near the shelf break
in 2013-2014 (Figure 1). The moorings were equipped with
conductivity-temperature sensors (CT sensors; Sea-Bird SBE-
37 MicroCAT), downward-looking acoustic Doppler current
profilers (ADCP; Teledyne RD Instruments WorkHorse Sentinel

300), and current meters (Union Engineering RU-1, with the
exception of Aanderaa RCM7 being used at mooring C3). These
instruments were deployed within 300 m from the bottom
(Table 1).

Sampling intervals of the moored instruments were 2 h for
the current meters, 1 h for the ADCPs, and 5 or 10 min for the
CT sensors. We applied a Godin filter to salinity and temperature
data and subsampled the filtered data at 1 h intervals. Then, we
removed the tidal component from all temperature, salinity, and
velocity data using a Lanczos-cosine filter (Lancz7) with a cutoft
period of 34.29 h (Emery and Thomson, 2001). In contrast to
the Ross Sea, where strong tides are observed (Whitworth and
Orsi, 2006), the tidal current was weaker than 5 cm s~! at our
mooring sites. Hence, we expect that the tidal energy included in
the filtered data is negligible, even though a small amount of the
energy of the O1 tidal constituent tends to be passed through a
Lancz7 filter.

Hydrographic measurements were carried out along three
transects when moorings M1-M4 were recovered in January
2009 (Figure 1). We defined transects A, B, and C as transects
passing stations a01-al0, b01-b07, and c01-c05, respectively.
The hydrographic data were obtained by TR/V Umitaka-Maru
using a conductivity, temperature, and depth profiler (CTD;
Sea-Bird SBE911 plus with SBE43). Conductivity (and dissolved
oxygen) data were calibrated by bottle samples. We calculated
neutral density, y,, using the method of Jackett and McDougall
(1997) for both mooring and CTD measurements; however, we
found that y, included a large uncertainty on the shelf and the
upper part of the slope, as described by Williams et al. (2010).
Hence, we used the potential density referenced to 2,500 dbar,
0725, to compare the densities obtained at all mooring sites.

As a measure of the mass of brine rejected in the Cape
Darnley polynya, we used sea-ice production estimated by the

TABLE 1 | Mooring location, bottom depth, period, and instrument.

Site Longitude, Depth (m) Period Instrument
Latitude (distance)
M1 64-11.894E, 2,923 Feb/16/2008- CM (285 m)
66-22.002S Jan/22/2009 ADCP (102 m)
CT (28, 51, 174, 284 m)
M2 65-19.909E, 1,437 Feb/16/2008- CM (259 m)
66-46.328S Jan/22/2009 ADCP (102 m)
CT (25, 52, 255 m)
M3 67-41.016E, 2,608 Feb/17/2008- CM (20, 226 m)
66-38.444S Jan/23/2009 CT (26, 55, 105, 224 m)
M4 69-01.717E, 1,824 Feb/17/2008- CM (306 m)
66-26.958S Jan/24/2009 CT (26, 105, 304 m)
C2 69-19.79E, 368 Feb/25/2013-  ADCP (293 m)
67-09.06S Feb/25/2014  ¢T (35, 300 m)
C3 68-21.94E, 355 Feb/25/2013- CM (31,189 m)
67-13.04S Feb/23/2014 T (45,183 m)

Acronyms CM, ADCF, and CT represent current meter, acoustic Doppler current profiler,
and conductivity-temperature sensors, respectively. Numbers in parentheses in the last
column indicate the distance of the instrument from the bottom.
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ice thickness, which was derived from the Advanced Microwave
Scanning Radiometer-Earth Observing System (AMSR-E) data
and a heat flux calculation (Nakata et al., 2019, 2021). We used
a time series of sea-ice production in the Cape Darnley polynya,
the domain of which is shown in Figure 1 of Tamura et al.
(2008). In addition to the International Bathymetric Chart of the
Southern Ocean (IBCSO: Arndt et al., 2013), we used bathymetry
data obtained by a shipboard multi-narrow beam echo sounder
(MBES; L-3 Communications ELAC Nautik SeaBeam3020) to
examine the precise bathymetry around mooring M3. The
bathymetry data were constructed from MBES data obtained
by R/V Hakuho-Maru in 2008, 2016, and 2019 and Icebreaker
Shirease in 2009-2013. The seawater sound velocity used in
MBES was corrected by real-time data obtained by the surface
water velocity meter and by temperature and salinity profiles
obtained by CTD and expendable CTD.

3. RESULTS

Figure 2 shows potential temperature-salinity (6-S) diagrams for
all CTD stations. The black, blue, and red lines indicate data in
the offshore, slope, and shelf regions, which are defined as the
regions where the bottom depth is greater than 3,000 m, between
1,000 and 3,000 m, and smaller than 1,000 m, respectively. Using
this diagram, we can identify major water masses distributed off
Cape Darnley, following the definitions provided by Whitworth
et al. (1998). Water characterized by a near-freezing temperature
and salinity higher than 34.5 was present in the shelf region.
This water corresponds to SW. SW was present at stations a08,
a09, and al0, which were located in a small depression on the
shelf. In the offshore and slope regions, water denser than

-

Potential Temperature (°C)
o

Lo b b )

M|

34.7

341 342 346 34.8

343 344 345

Salinity

FIGURE 2| 6-S diagrams for all CTD stations. Black, blue, and red lines
indicate data in the offshore, slope, and shelf regions. The potential
temperature and salinity at depths shallower than 40 m are not shown. The
dotted lines indicate the contours of ;.

Yu = 28.27 kg m~® was present near the bottom. This water
corresponds to AABW. In some studies, water denser than
Yn = 28.27 kg m™> and warmer than the freezing temperature
is divided into modified Shelf Water (mSW) and AABW, which
are present near the shelf and in the offshore region, respectively
(Orsi and Wiederwohl, 2009; Wong and Riser, 2013); however,
we do not divide AABW into mSW and AABW, because many
mooring sites and CTD stations were located in the slope region,
in which the boundary between mSW and AABW is not clear
enough. Warm deep water existing above AABW is Circumpolar
Deep Water (CDW; 28.03 < y, < 2827 kg m~3), whereas
cold surface water characterized by the temperature minium
is Antarctic Surface Water (AASW; y, < 28.03 kg m~3). As
shown by blue and red lines, CDW was mixed with AASW and
transformed into mCDW in the slope and shelf regions.

Figure 3 shows the vertical section of potential temperature
and salinity on transect B. Cold and less saline water was present
along the bottom of the slope. The gray dashed lines indicate
the ¥, = 28.10 and 28.27 kg m~> neutral surfaces. Because y;,
exceeded 28.27 kg m~>, the cold and less saline water on the
slope is CDBW. The y;, = 28.27 kg m > neutral surface shoaled
toward the coast, indicating that CDBW was accompanied by a
westward current that intensified near the bottom (Hirano et al.,
2015). The y, = 28.10 kg m™> neutral surface was close to
the maximum local temperature at offshore stations. Spreading
along this neutral surface, COW can mix with AASW near the
shelf, and a front was formed between the two at the shelf
break (Figure 3A). This front corresponds to the Slope Front
(Whitworth et al., 1998).

3.1. General Properties of CDBW

In this section, we examine the general properties of
temperature, salinity, and velocity of CDBW obtained by
mooring measurements. Figure4 shows the mean flow and
standard deviation ellipses at two depths at moorings M1-M4.
Here, the direction of the isobath at each mooring site is
indicated by the long blue bars. The mean flow was directed
westward at mooring M2, which was consistent with the
direction of the Antarctic Slope Current (Meijers et al., 2010).
The Antarctic Slope Current was also present at mooring M4,
although the mean flow was weaker than the standard deviation
there. Standard deviation ellipses were polarized (anisotropic)
at moorings M2 and M3. Both the mean flow and major axis of
the standard deviation ellipse were directed along the isobath
at mooring M2, suggesting that the direction of the flow was
restricted by bottom topography (Figure 4A). Such features were
also present at mooring M3 for the bathymetry based on MBES
observation (Figure 4B). As suggested in Figure 3, CDBW was
accompanied by a bottom intensified current. The mean speed at
mooring M3 increased from 7 cm s~! at 226 m from the bottom
to 14 cm s~ ! at 20 m from the bottom, which was consistent with
a bottom intensified current driven by CDBW.

Figure 5 shows the time series of the along-isobath and across-
isobath velocities for the deepest velocity data at moorings M1-
M4. The along-isobath velocity increased during the period from
May to November, especially at moorings M2 and M3. The
temporal variability of velocity was also amplified in the same
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period. The along-isobath velocity at mooring M3 oscillated
almost regularly at a period of 3-5 days. We will examine the
mechanism of this variability in section 3.4.

Figure 6 shows the time series of potential temperature,
salinity, and y, near the bottom at each mooring site. Potential
temperature and salinity started to decrease in April at mooring
M2, in May-June at moorings M1 and M3, and in September
at mooring M4. With the decrease of potential temperature and
salinity, y, increased. Since y,, exceeded 28.27 kg m—3, except for
April-May at mooring M2 where the uncertainty of y,, was large,
water observed at mooring sites mostly corresponds to AABW or
CDBW. Thus, cold and less saline water observed at moorings
M1-M4 corresponds to the newly formed CDBW, whereas
warmer water corresponds to other AABW. At moorings M2
and M3, the current speed increased along with the arrival of

the newly formed CDBW (Figure 5). The decrease in potential
temperature and salinity was large at moorings M2 and M4
in the upper part of the slope, compared with moorings M1
and M3 in the deeper part of the slope, indicating that COBW
is modified by the mixing with ambient water as it descends
the slope.

Potential temperature decreased first in April at mooring M2,
which was located in the upper part of the slope; it subsequently
decreased in May-June at moorings M1 and M3, which were
located in the deeper part of the slope, and in September at
mooring M4, which was the easternmost mooring. Thus, the
potential temperature decreased earlier at moorings, which were
located in the western and shallower regions. According to
the laboratory and numerical experiments, when dense water
forms on the shelf, geostrophic adjustment finishes shortly

Frontiers in Marine Science | www.frontiersin.org

August 2021 | Volume 8 | Article 657119


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Mizuta et al.

Seasonal Evolution of CDBW

Potential Temperature (°C) >
o
‘IIII|IIII|IIII|IIII‘

W

34.70

34.65

34.60

Salinity

34.55

N
i g'n
I
|
/|

IO
h A

W
UJ‘\'
|

| M\
"\

NI EEENE RN RN

34.50

N
=
3

N
o
~

N
&=
w

N
£
(V)

Neutral Density (kg m™) ©

indicates y, = 28.27 kg m~3.

FIGURE 6 | Time series of (A) potential temperature, (B) salinity, (C) and y, obtained by the deepest conductivity-temperature (CT) sensors at moorings M1 (red), M2
(orange), M3 (blue), and M4 (light blug). In (C), lines are not drawn in the period when the uncertainty of y, exceeds 0.03 kg m~2. The horizontal dotted line in (C)

Time

after the formation, and the dense water flows westward along
the isobath in the southern hemisphere. Afterward, the dense
water slowly spreads in the offshore direction in time and the
downstream region in space (Chapman and Gawarkiewicz, 1995;
Baines and Condie, 1998). The difference in the timing of the
temperature decrease between moorings M1-M4 is consistent
with experimental results by Chapman and Gawarkiewicz (1995)
and Baines and Condie (1998). Because mooring M4 was located
about 100 km north of the Cape Darnley polynya (Figure 1),
dense water observed at this mooring may correspond to the
newly formed AABW from Prydz Bay (Williams et al., 2016),
which is located east of Cape Darnley. Williams et al. (2016)
showed that newly formed AABW starts to be exported from
Prydz Bay in September, which approximately coincides with the
timing of temperature decrease at mooring M4. Hence, Prydz
Bay may be the source of water observed at mooring M4. On
the other hand, as we will show later, the characteristics of water
observed at moorings M3 and M4 are similar to each other, except
that the former is modified more strongly by the mixing with
ambient water. Thus, both the Cape Darnley region and Prydz
Bay are the possible source of newly formed AABW observed at
mooring M4.

To examine the seasonal evolution of newly formed CDBW,
we divided the mooring period evenly into four parts. We defined
periods February 16-May 12, May 12-August 6, August 6-
October 31, and October 31-January 25, 2009, as periods P1,
P2, P3, and P4, respectively. The length of each period is 86
days. Figure 7 shows the vertical distribution of mean o5 in
periods P1-P4 at each mooring. At moorings M1-M3, o35 near
the bottom increased between periods P1 and P2, whereas 025
increased between periods P2 and P3 at mooring M4. This
increase in 05 indicates the arrival of newly formed CDBW, as it
was shown in Figure 6. With the arrival of newly formed CDBW,
05 increased by 0.02-0.04 kg m~3 at all depths except for the
uppermost CT sensors at mooring M4. Newly formed CDBW
was distributed within 100-300 m or more from the bottom. o5
also increased near the bottom at CTD stations near moorings
M3 and M4 (solid lines in Figure 7), indicating that newly formed
CDBW was present at these CTD stations.

3.2. The Seasonal Evolution of CDBW and
Its Source Water

In this section, we examine more precisely the seasonal
evolution of the characteristics of CDBW. Figure 8 shows 0-S
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FIGURE 7 | Seasonal variability of the vertical distribution of o5 at mooring (A) M1, (B) M2, (C) M3, and (D) M4. The vertical axis indicates the distance from the
bottom. The red, orange, light blue, and blue crosses indicate mean o»s in periods P1, P2, P3, and P4, respectively. The solid lines in (A-D) indicate the vertical
distribution of o5 at CTD stations, a03, a05, b02, and c03, respectively. The circles and dotted lines in (C,D) indicate values of o4, and fitting lines used in section 3,
respectively. The details are discussed in the text.

diagrams for the deepest CT sensors at each mooring. The plus
signs are plotted in 1 day interval, and the color of the plus
signs indicates periods P1-P4. In periods P1 and P2, data were
scattered along a straight line for each mooring except for period
P1 at mooring M1, indicating the mixing of two water masses.

That is, it is suggested that CDBW observed at the mooring sites
were formed by the mixing between cold and less saline water
and warm and saline water. For the rest of this study, this line
is referred to as the mixing line. At mooring M2, even though
data were scattered along two different mixing lines in periods
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FIGURE 8 | 9-S diagrams for the deepest CT sensors at mooring (A) M1, (B) M2, (C) M3, and (D) M4. The red, orange, light blue, and blue pluses indicate salinity
and potential temperature in periods P1, P2, P3, and P4, respectively. The gray lines indicate the mean slope of the mixing line in periods P1 and P2. The gray
dashed lines in (C,D) indicate the mixing line in period P4 at moorings M3 and M4, respectively. The circles indicate the point, (S, 8) = (Sap, 64s), Which is used in the
Results Section. The details are discussed in the text.

P1 and P2, the slopes of the mixing lines were similar to each
other. The slopes of the mixing lines at the other three moorings
were also similar to those at mooring M2. We determined
the slope of the mixing line in each period for all moorings,
fitting salinity and potential temperature by a linear function. The
principal components regression was used for the fitting. Because
the variance of salinity is much smaller than that of potential

temperature, we normalized salinity and potential temperature
with their standard deviation in the entire mooring period, when
we calculated the regression. The slope of the mixing lines and
the proportion of the variance explained by the first principal
component are listed in Supplementary Table 1. The slopes of
the mixing lines in periods P1 and P2 at moorings M2-M4 and
in period P2 at mooring M1 were 8-11 and quite close to each
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other. More than 95% of the variance was explained by the first
principal component for these mixing lines, indicating that data
fit well to these mixing lines. Gray lines in Figures 8A-D indicate
the mean slope of these mixing lines. In periods P1 and P2, data
at all moorings were scattered along a line that is nearly parallel to
this gray line except for period P1 at mooring M1, indicating that
mixing lines at all moorings were nearly parallel to each other in
these periods. This was also the case for mixing lines at shallower
CT sensors (not shown).

At moorings M3 and M4, which were located in and upstream
of Wild Canyon, respectively, data were scattered along another
mixing line in periods P3 and P4. For example, gray dashed
lines in Figures 8C,D indicate the mixing line in period P4 at
these moorings. Since the slope of the mixing line was larger
than that in periods P1 and P2, it is suggested that CDBW in
periods P3 and P4 consisted of cold water with a salinity that was
higher than that in periods P1 and P2. In contrast, in periods
P3 and P4, CDBW observed at mooring M1, which was located
in Daly Canyon, was warmer and saltier than that at moorings
M3 and M4. Since potential temperature and salinity data of this
warm and saline CDBW were not located along the mixing line
obtained at moorings M3 and M4, the source of CDBW at the
mooring M1 was likely different from that at moorings M3 and
M4. Relatively warm and saline CDBW was also observed at the
mooring M2, which was located upstream of Daly Canyon. Thus,
cold and less saline CDBW and warm and saline CDBW were
present near Wild and Daly Canyons, respectively.

Using 0-S diagrams shown in Figure 8, we estimate the
salinity of source water of CDBW and examine the mechanism of
the temporal and spatial variation of the characteristics of CDBW
shown in Figure 8. As suggested in Figure 8, CDBW is formed
by the mixing of cold and less saline water and warm and saline
water. We assume that the former and the latter correspond to
SW, which is the source water of CDBW, and ambient water,
respectively. Then, the salinity and potential temperature of
CDBW obtained by CT sensors are expressed as

(1)
(2)

Sc = rswSsw + (1 — rsw)Sa
Oc = rswTf + (1 — rsw)ba

where Sc, Ssw, and Su are salinity of CDBW, SW, and ambient
water, respectively, 6c and 64 are the potential temperature
of CDBW and ambient water, respectively, Ty is the freezing
tempetature, and rgy is the mixing ratio of SW. In Equation (2),
we assumed that potential temperature of SW is Ty. Equations 1
and 2 represent the mixing line. If we know Sy and 64, we can
calculate Sgy and rsw from Sc and ¢ using these equations.

To obtain S4 and 64, we examine the vertical distribution

The point (S,0) = (Sa,04) is located on this curve.

We assume that ambient water spreads along isopycnals and
that SW is mixed with ambient water as it is transported from
the shelf to the mooring sites. Since CTD station c05 is located
in the deep region, the deeper part of the water at CTD station
c05 cannot reach to the mooring sites. We define Syp, 045, and
o4p as salinity, potential temperature, and o35 of the most dense
ambient water that can reach to each mooring site, respectively.
The point P in Figures 9A,B indicate the position of (S,0) =
(Sap> Oap) at moorings M2 and M4, respectively. SW cannot mix
with ambient water below the point P. We will describe how S4p,
04p», and o4, were determined later in this section.

As shown in Figure 8, the slope of the mixing line was
approximately constant in periods P1 and P2, whereas the slope
of the mixing line in periods P3 and P4 was larger than that in
periods P1 and P2 at moorings M3 and M4. Thus, we estimate
Ssw and sy by combining two different methods. The solid line
in Figures 9A,B indicates a line passing through the point P. The
slope of this line is the same as that of the gray line in Figure 8,
that is, the mean slope of mixing lines at all moorings in periods
P1 and P2. We estimate Sgw and rgyw of CDBW located in the
regions above and below this line as follows. In both regions,
ambient water that is mixed with SW corresponds to AABW or
the deep part of CDW.

e When the point (S,0) = (Sc,6c¢), which indicates S and 6 of
CDBW, is located above the solid line (Figure 9A), we assume
that the mixing line is parallel to this line for simplicity, based
on results shown in Figure 8. That is,

Oc — 04
S =
Sc— Sa

(4)

where s is the slope of the solid line. Then, we can determine
Ssw and rsy, using Equations (1-4). For example, when
the point (Sc,6c) is located at point a (open triangle) in
Figure 9A, the gray line, which is parallel to the (black) solid
line and passes through point g, corresponds to the mixing line
for this CDBW. Then, point b (solid triangle), which is the
crossing of the mixing line and freezing line, 6 = Ty (long
dashed line), corresponds to (S,0) = (Ssw, Tf). Similarly,
point c (gray triangle), which is the crossing of the mixing line
and the thick orange line, corresponds to (S, 6) = (S4,04).

If point a is located below the solid line, point c is located
below point P, which corresponds to (S,0) = (Sap,0ap) (even
if such point c exists). This means that 0,5 of ambient water
exceeds oy, and contradicts the assumption. Thus, we can
apply the method described here only when the point (Sc, 0¢)
is located above the solid line.

of the potential temperature and salinity observed at all e When the point (Sc,0c) is located below the solid line
CTD stations (Supplementary Figure 1). At station c05, which (Figure 9B), we simply assume the following:
was the deepest and easternmost station, the newly formed
CDBW was absent, except for the thin layer near the bottom Sa=Sa and 04 =0y. (5)
(Supplementary Figures 1E,F). Thus, we assume that Sy and
04 are salinity and potential temperature at station c05. Thick Hence, the point P corresponds to the point (S,6) = (S4,64).
orange lines in Figures 9A,B indicate a 0-S curve for S4 and 6,. Then, we can determine Ssyw and rgy, substituting Equation 5
We can express this curve in a functional form as follows: to Equations 1 and 2. For example, when the point (Sc, 6¢) is
located at point d (open square) in Figure 9B, the gray dashed
B4 =f(Sa). 3) line, which passes through points d and P, corresponds to the
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FIGURE 9 | Schematic showing how to determine mixing lines, Ssiy, Sa, and 64. The solid line indicates a line passing through the point P (circle). The thick orange
line indicates a 8-S curve for CTD station c05. The long dashed line indicates the freezing line, & = T;. The gray line in (A) indicates the mixing line for CDBW located
at point a (triangle). This CDBW is formed by the mixing of SW located at point b (black triangle) with ambient water located at point ¢ (gray triangle). The dashed gray
line in (B) indicates the mixing line for CDBW located at point d (square). This CDBW is formed by the mixing of SW located at point e (solid square) with ambient
water located at point P. As in Figure 8B, the pluses with colors in (A,B) indicate (S, 8) data obtained by the deepest CT sensor at moorings M2 and M4, respectively.
The details are discussed in the text.

mixing line for this CDBW. The slope of the mixing line is ~ moorings M4 and M2 were similar to each other. The position of
larger than the solid line, which is consistent with the results  (S4,645) at each mooring site is indicated by circles in Figure 8.
shown in Figure 8. Then, point e (solid square), which is the =~ We can verify that at moorings M3 and M4, the circles and (6, S)
crossing of the mixing line and the freezing line, corresponds  data in periods P3 and P4 were approximately aligned on the

to (S,0) = (Ssw. Ty). same line. To examine how strongly the results of Ssy and gy
When (Sc, 0¢) is very close to point P, the value of Sgyy is sensitive depend on the value of S (and f4p), we chat.lged the value of
to a small change in S¢ and O¢. Thus, we did not use results when Sap- Isopycnal surfaces 0y5 = oy for moorings M3 and M4

rsw < 0.05. were located at depths of 2,860 and 2,424 m at CTD station c05,

We determined oy, from the vertical distribution of 025 at respectively. We substituted values of S and 6 at depths 500 m
CTD stations b02 and c03, which were located near moorings  shallower than these depths to Syj and 6,45, respectively. We also
M3 and M4, respectively (Figures 7C,D). At these stations, 025 substituted values of S and 6 just above the thin layer of CDBW
increased due to the newly formed CDBW near the bottom.  near the bottom to S4p and 64, respectively. However, the change
Dotted lines in Figures 7C,D indicate the line fitted to 055 in  in Ssw and rsw was <0.02 and 0.1, respectively. Thus, results
the layer above the newly formed CDBW. We obtained these  of Ssw and rsw do not strongly depend on the value of Sy,
lines fitting 025 within 600-1,000 m and 100-500 m from the  (and ).
bottom by the least square method for CTD stations b02 and Figures 10A,B show the time series of Sgw and rgyw,
03, respectively. These lines approximately represent the vertical ~ respectively. In some period in April-June, Sgw and rgw are
distribution of o35 that is not affected by CDBW. Then, we  not shown because rsy was <0.05. The salinity of source water
extrapolated these lines and defined o4, as the value of op5  of CDBW, Sgy, at mooring M1 was similar to that at mooring
extrapolated to the bottom (circles in Figures 7C,D). Then, we = M2 in May-November, indicating that CDBW at moorings M1
define Sy and 64y, as values of S4 and 64 on the isopycnal surface ~ and M2 originated from the same source. The source of CDBW
of 035 = o4 at CTD station c05. The layers occupied by CDBW ~ at moorings M3 and M4 was less saline compared with that
and other AABW were difficult to discriminate at moorings of CDBW at moorings M1 and M2, corresponding to lower
M1 and M2 (Figures 7A,B). Hence, we used S, obtained at  salinity at these moorings (Figure 6B). The mixing ratio, rsyw,
moorings M3 and M4 for moorings M1 and M2, respectively, =~ was higher at moorings M2 and M4, which were located in the
because bottom depths at moorings M3 and M1 and those at ~ upper part of the slope, compared with that at moorings M1
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FIGURE 10| (A,B) Time series of (A) Ssyy and (B) rsyy for the deepest CT sensors at moorings M1 (red), M2 (orange), M3 (blue), and M4 (light blue). (C) Time series
of salinity at moorings C2 (magenta) and C3 (green). The solid, gray, and dashed lines in (C) indicate Ssy at moorings M1, M2, and M3, respectively. (D) Time series
of sea-ice production in the Cape Darnley polynya in 2008-2009 (solid line) and 2013-2014 (dashed line). A 5 day running mean is taken for data in (C,D). The lines

and M3, which were located in the deeper region. Thus, COBW
mixes with ambient water as it descends the slope. The mixing
ratio increased in April and decreased in May at mooring M2
and increased in September and decreased in October at mooring
M4, corresponding to the change in potential temperature
(Figure 6A). At mooring M2, Sgy started to increase in late
April. At mooring M1, Ssy started to increase about 1 month
later, when Sgy at mooring M2 reached about 34.5. Because
moorings M1 and M2 were located in the shallower and deeper
part of the slope, respectively, it is suggested that CDBW cannot
reach the deep region until salinity and density get high enough.

At moorings M3 and M4, Sy started to increase 2 and 5 months
later than at mooring M2, respectively. At all moorings, Ssw
continued to increase until October-November.

Figure 10C compares Ssy with salinity obtained by the
deepest CT sensors at moorings C2 and C3, which were deployed
at the shelf break in 2013-2014. Potential tempetature at these
moorings was close to the freezing point from February to
November (not shown). Thus, SW or AASW was present at
these mooring sites. The value of Sgy at moorings M1-M3
approximately compares with the salinity at mooring C2 except
for July-August. Sea-ice production in the Cape Darnley polynya
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in 2013-2014 was similar to that in 2008-2009, except that the
sea-ice production in the former was smaller than in the latter in
June-July (Figure 10D). Thus, we expect that salinity in 2008-
2009 at moorings C2 and C3 was similar to that shown in
Figure 10. The salinity at mooring C3 was higher than that at
mooring C2. There are two possible explanations for this feature.
First, because mooring C3 was located west of mooring C2, brine
rejected in the Cape Darnley polynya likely accumulated in SW
as it is advected westward. Second, the salinity of SW tends to
be increased in a depression (Williams et al., 2008). Thus, salty
SW at mooring C3 may originate from Burton Basin, which
is a small depression located south of mooring C3 (Figure 1).
When we estimated Sgyy, we assumed that SW only mixes with
ambient AABW or CDW; however, SW is also mixed with less
saline mCDW in shallow regions near the shelf break (Foster
and Carmack, 1976), as suggested by a 6-S diagram shown in
Figure 2. Thus, Sy obtained in this analysis may be the lower
bound of the real value.

The salinity at moorings C2 and C3 started to increase
in April, which is about 2 months after the onset of sea-ice
production. Within 1 month after that, Ssy at mooring M2
started to increase in late April. Thus, SW at the shelf break
quickly reached mooring M2. As long as sea ice was produced,
both salinity at mooring C3 and Sgy continued to increase.
Salinity at mooring C3 attained the maximum in October,
whereas Ssy at moorings M1-M4 continued to increase for
about 1 month after that, possibly because saline SW was still
descending the slope. These results indicate that Sy increased
because brine rejected from sea ice was accumulated in the Cape
Darnley polynya. Then, 6-S properties of CDBW varied with
Ssw, as shown in Figure 8.

3.3. Horizontal Distribution of CDBW

Because the locations of moorings M1-M4 were limited in space,
it is not clear how CDBW spreads horizontally. Thus, we examine
the horizontal distribution of CDBW, using the results of CTD
measurements. Figure 11C shows 6-S diagrams for CTD stations
on the easternmost transect C. In this figure, symbols are plotted
at 200 m intervals, starting from the bottom. Hence, the number
of symbols is proportional to the thickness of water. At all
stations on this transect, potential temperature was higher than
—0.3°C, except for the thin layer near the bottom. As shown
in Supplementary Figures 1E,F, this cold and less saline layer
was limited to about 100 m from the bottom. Mooring M4
was located on transect C. The newly formed CDBW was not
observed until September at this mooring. Thus, newly formed
CDBW was almost absent on transect C.

Figures 11A,B show 0-S diagrams for CTD stations on
transects A and B, respectively. Moorings M1 (and M2) and M3
were located on transects A and B, respectively. At stations on
these transects, potential temperature was lower than —0.3°C
near the bottom, corresponding to newly formed CDBW.
Because the number of symbols in the region below 6 = —0.3°C
was large in Figures 11A,B compared with that in Figure 11C,
the thickness of CDBW on transects A and B was larger than that
on transect C. As shown in Supplementary Figures 1A-D, cold
and less saline water, which is colder than —0.3°C, was present

within 200-500 m from the bottom on transects A and B, except
for CTD station b07. Thus, supplied from the Cape Darnley
polynya, the thickness of the newly formed CDBW significantly
increased between transects B and C. A small amount of CDBW
was also present at CTD station c05 on transect C. Because SW
with salinity higher than 34.6 is distributed in Prydz Bay, which is
east of Cape Darnley (Figure 1), cold AABW distributed at CTD
station c05 may not be CDBW but newly formed AABW from
Prydz Bay (Williams et al., 2016).

Cape Darnley Bottom Water on transect A was warm and
saline compared with that on transect B. The gray crosses in
Figures 11A,B indicate potential temperature and salinity in
periods P3-P4 obtained by the deepest CT sensors at moorings
M1 and M3, respectively. Potential temperature and salinity near
the bottom obtained at CTD stations roughly coincide with those
observed by moorings. Thus, CDBW on transects A and B were
the remnant of warm and saline CDBW and cold and less saline
CDBW observed at moorings M1 and M3, respectively. As shown
in Figures 6, 10, CDBW was present at mooring sites when CTD
observation was performed in January 2009. CDBW was present
even at CTD stations a0l and b0l, which were the offshore
most stations on transects A and B, respectively. Thus, CDBW
extended offshore, at least beyond these stations. The gray
crosses in Figure 11C indicate potential and salinity in period
P4 obtained by the deepest CT sensors at moorings M4. Again,
potential temperature and salinity obtained at CTD stations on
transect C roughly coincide with those observed by mooring M4.
Although CDBW observed at mooring M4 was colder than that
at mooring M3, potential temperature and salinity at moorings
M3 and M4 were approximately aligned on the same line. Thus,
the source waters of CDBW observed at these moorings have
characteristics similar to each other. Although newly formed
AABW at mooring M4 may originate from Prydz Bay, CDBW
may also reach mooring M4.

3.4. Short-Term Variability of CDBW

As shown in Figure 5, the temporal variability of velocity was
amplified when newly formed CDBW reached mooring sites,
suggesting that the variability was induced by the outflow of
CDBW. Figure 12 shows the variance-preserving spectra of the
kinetic energy calculated from the deepest current meter data
at moorings M1-M4. For comparison, power spectra calculated
from filtered and unfiltered velocities are shown by the solid
and dashed lines, respectively. The power spectra had maximum
peaks at frequencies 0f 0.11, 0.27, and 0.23 cpd, which correspond
to periods of 9.1, 3.8, and 4.3 days, at moorings M1, M3, and M4,
respectively. A second peak was also found at the frequency of
0.20 cpd at mooring M3. No clear peak was found at mooring M2,
although the power spectrum was large between the frequencies
of 0.02 and 0.03 cpd. The power spectrum also had small peaks
associated with O1, K1, M2, and S2 tidal constituents (the dashed
line in Figure 12); however, the energy of tidal currents was small.

The power spectra at other depths also had peaks at the
same frequencies as those shown in Figure 12 (not shown). To
examine the vertical structure of the variability represented by
these peaks, we calculated cross-spectra between the velocity and
potential temperature at all depths for each mooring. We used the
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FIGURE 11 | Comparison of 8-S diagrams for moorings and CTD measurement. The gray crosses in (A,B) indicate data for the deepest CT sensors at moorings M1
and M3 in periods P3 and P4, respectively. The gray crosses in (C) indicate data for the deepest CT sensors at moorings M4 in period P4. Magenta lines with
symbols indicate 6-S curves for CTD stations (A) a01-a05, (B) b01-b04, and (C) c02—c05. Symbols are plotted at 200 m intervals, starting from the bottom for CTD
measurement. The dotted horizontal line indicates 6 = —0.3°C.

velocity parallel to the major axes of standard deviation ellipses, Figure 13 shows the vertical distribution of the phase of the
Umaj> because it represents the most significant component of  u,,,j and potential temperature at the frequency band around
the velocity variability. We used u,,,j obtained at the deepest  the peaks of the power spectra. The phases of u;,j and potential
depth at each mooring as a reference, and calculated cross-  temperature were tilted in the vertical direction, except for u,,4 at
spectra between the velocity and potential temperature at all ~ moorings M3 and M4. The tilt of the phase of u,,,; was opposite
depths with this reference. Because the velocity data near the to that of the potential temperature. The directions of the tilts are
bottom were not available at mooring M4, we used potential  consistent with those obtained in a baroclinic instability problem
temperature measured at the deepest depth as a reference for  (Pedlosky, 1987). The phase of the potential temperature relative
this mooring. tO tmqj at mooring M2 differed from that at moorings M1 and
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FIGURE 12 | The variance-preserving spectrum of the kinetic energy obtained by the deepest current meter (CM) at moorings (A) M1, (B) M2, (C) M3, and (D) M4.
The solid and dashed lines indicate the power spectrum calculated from the filtered and unfiltered velocities, respectively. The 95% confidence limit of the former is
shaded. Note that the vertical scale is different in each panel.

M3 by nearly 180°. This feature is not surprising, because the
along-isobath velocity, which is approximately the same as w4,
has the opposite sign on the onshore and offshore sides of eddies
produced by baroclinic instability. The phase difference between
potential temperature and u,,,j indicates that moorings M1 and
M3 were located on the offshore side of eddies, whereas mooring
M2 was located on the onshore side of eddies (Pedlosky, 1987).

We compare the frequency of the variability obtained
at moorings with that of a baroclinically unstable wave
theoretically predicted by a three-layer quasi-geostrophic model
(refer to Appendix for details). For simplicity, we adopted
a quasi-geostrophic model, although the quasi-geostrophic
approximation may not be exactly valid at mooring sites. The
interface between the first and second layers represents the main
pycnocline, and the third layer represents the newly formed
CDBW. Using this model, we calculated the complex phase
velocity, ¢, of the unstable wave. The angular frequency and
growth rate of the unstable wave are expressed as k¢, and kc;,
respectively, where k is the wavenumber and ¢, and ¢; are the real
and imaginary parts of c, respectively.

Since the peak of the power spectrum was clear and the phase
of potential temperature was significantly tilted at mooring M3,
we focus on this mooring. Based on the results of the mooring
measurements, we set the thickness of the third layer, H3 = 200
m, the basic flow in the third layer, U3 = —0.2 ms~ 1, and the
density difference between the second and third layers, Ap,
0.03 kg m—>. We determined the thickness of the first layer, Hj,
and the density difference between the first and second layers,
Ap1, based on the depth of the node and the internal deformation
radius of the first baroclinic mode, respectively, calculated from
the results of the CTD measurement. For simplicity, we assumed
that the basic flow in the first and second layers vanishes and
that the perturbation is uniform in the direction normal to the
basic flow. To determine the bottom slope, «, we fitted the
bottom depth around mooring M3 with a linear function, using a
Gaussian weight. The bottom slope was 0.05 and 0.04, when the e-
folding scale of the Gaussian weight was 1 and 2 km, respectively.
We neglected the meridional change of the planetary vorticity
because it is small compared with the change in the potential
vorticity due to the bottom slope.
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Figure 14 shows the growth rate, kc¢;, and the angular
frequency, kc,, of the most unstable wave as a function of the
bottom slope, . The basic flow was unstable when o was <0.09.
The dotted horizontal line indicates the angular frequency of
the peak of the power spectrum at mooring M3. Because the
bottom slope at mooring M3 was 0.04-0.05, the frequency of the
variability at mooring M3 agrees with that of the most unstable
wave. To examine the sensitivity of k¢, on the speed of basic flow,
Us, we changed Us by £30% (gray lines in Figure 14). We find
that k¢, does not significantly depend on the value of Us. We also
verified that kc, does not significantly depend on H3, Ap,, and
other parameters. Thus, the variability observed at mooring M3
is most likely induced by the instability of CDBW flowing along

the bottom.

4. SUMMARY

We examined the seasonal evolution of CDBW, using results of
moorings and CTD measurement in the slope region off the Cape
Darnley polynya. Starting in April, the potential temperature

and salinity decreased and y, increased, indicating that newly
formed CDBW arrived at the mooring sites. CDBW first arrived
at mooring M2, which was located in the western and shallow
region. Then, CDBW subsequently spread to the mooring sites
in the more offshore and eastern regions by September. Along
with the arrival of CDBW, the current speed near the bottom
increased at moorings M2 and M3, suggesting the flow was
induced by CDBW. The newly formed CDBW was distributed
within 100-300 m or more from the bottom.

0-S properties of CDBW varied seasonally. From a 6-S
diagram for moored CT sensors, it is suggested that CDBW is
formed by the mixing between two water masses: one is cold and
less saline water corresponding to the source water of CDBW
and the other is warm and saline ambient water. The seasonal
variation of 0-S properties of CDBW indicated that the salinity
of the source water of CDBW increased with time. Based on the
distribution of water properties on a 6-S diagram, we estimated
the salinity, Ssw, of the source water of CDBW. The value of

Ssw roughly agrees with the salinity of SW observed near the
shelf break. Ssi at mooring M2, which was located in the upper
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power spectrum at mooring M3. The gray lines indicate kc, and kc; obtained
when Uz was changed by +30%. The gray line for kc, is not drawn when the
unstable wave is absent.

part of the slope, started to increase in late April, which is about
2 months after the onset of sea-ice production. Then, Sgw at
other mooring sites started to increase from May to September.
As long as sea ice was produced, both Sgi and salinity at the
shelf break continued to increase. These results indicate that Sgy
increased with time because brine rejected in the Cape Darnley
polynya accumulated on the shelf. Thus, Ssy and 6-S properties
of CDBW vary due to the accumulation of brine in the Cape
Darnley polynya.

Two types of CDBW were identified. Cold and less saline
CDBW was present at mooring M3, which was located in Wild
Canyon, and warm and saline CDBW was present at moorings
M1 and M2, which were located in and upstream of Daly Canyon,
respectively. Hence, CDBW in Daly Canyon was warmer and
saltier than that in Wild Canyon. Ssy of the source water of
CDBW in Daly Canyon was also higher than that in Wild
Canyon. Because Daly Canyon is located to the west of Wild
Canyon, these results suggest that brine rejected in the Cape
Darnley polynya accumulated in SW as it is advected westward.
Thus, the sea-ice production in the Cape Darnley polynya is an
important factor that affects the variation of 8-S properties of
CDBW in both space and time. According to CTD measurement,
the thickness of newly formed AABW significantly increased
between the transects located on the eastern and western sides
of the Cape Darnley polynya, corresponding to the supply of
CDBW from the polynya. Both the cold and less saline COBW
and warm and saline CDBW spread offshore along Wild and Daly
Canyons, respectively.

When CDBW arrived at the mooring sites, the short-term
variability of the velocity was apparent, especially at mooring

M3. The power spectrum of the kinetic energy had peaks at
periods between 3.8 and 9.1 days. The vertical distribution of the
phase of w4 and the potential temperature was mostly tilted in
the opposite direction, being consistent with that obtained in a
baroclinic instability problem. The frequency of the variability at
mooring M3 agrees with that of the most unstable wave obtained
by a three-layer quasi-geostrophic model. Thus, the variability
was most likely induced by the baroclinic instability of CDBW.

In this study, we focused on the mixing process of CDBW in
the slope region. While Sgy roughly agreed with the salinity of
SW near the shelf break, more saline SW with a salinity exceeding
Ssw was also observed. SW probably mixes with less saline
mCDW near the shelf break, as suggested by Foster and Carmack
(1976). To understand the entire formation process of CDBW,
we need winter hydrographic data covering broader regions.
Hydrographic observations from floats and instrumented seals
may be able to contribute to the increase of such data (Wong
and Riser, 2013; Williams et al., 2016). These analyses are left for
future research.
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