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ARTICLE INFO ABSTRACT

The Western Basin (WB) of the Bransfield Strait has a complex water mass structure derived from a variety of
sources, and is located next to the Antarctic region most affected by climate change. The WB is one of the three
Bransfield Strait deep basins and the one most directly influenced by the waters from the Bellingshausen Sea and
Drake Passage. The objective of this paper is to study the variability of the inflow of water masses to the WB and
Warming to detect the possible impact of regional climate change. We focus on the modified Circumpolar Deep Water
Interannual variability (mCDW) that enters the WB through the northwestern passages. To achieve this goal, this study uses historical
ENSO hydrographic data collected between 1960 and 2014. Warming (0.0161 =+ 0.0079°Cyr~ ') and lightening
SAM (—0.0023 + 0.0010kgm 3 yr~!) of the mCDW core (y" = 27.85-28.27 kg m ) are observed in the WB be-
tween 1960 and 2013. The waters within the 27.85-28 kgm > y" range presented warming and salinization.
Waters deeper than 500 m showed cooling and freshening between the 1960s and 1990s; however, warming and
lightening are observed if 1981-2013 is considered. These trends appear to be associated with the positive SAM
trend observed since the mid-20th century. Statistically significant negative correlations between 6, S and y" of
the mCDW core with ENSO were found between 1980 and 2014. During La Nifia phases, the mCDW core ex-
tended along the southern slope of the South Shetland Islands while during El Nifio phases, it was present in
patches or was totally absent. Since the 2000s, the mCDW core extends southward within the WB, possibly
associated to positive SAM phases. Statistically significant negative correlations between 6 and S of the WB
deeper waters with ENSO and SAM were found. These waters were in general more saline and denser during
negative ENSO and SAM phases. Positive SAM phases with La Nifa events suggest the increase (decrease) of
mCDW (Weddell Sea shelf waters) contribution to the deep WB during the 2000s. Thus, high interannual
variability in the thermohaline properties within the WB seem to be linked to the effect of these modes of climate
variability on the source water masses.
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1. Introduction

The waters surrounding the Antarctic continent play an important
role in global ocean circulation and global climate regulation (e.g., Orsi
et al., 1995; Fahrbach et al., 2004). The Bransfield Strait (BS) or Mar de
La Flota (Fig. 1) is a relatively deep and narrow (100 km) channel
which separates the South Shetland Islands from the Antarctic Pe-
ninsula. The BS is filled with water masses derived from different
sources having their thermohaline characteristics influenced by local
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and remote forcing (e.g., Wilson et al., 1999). Also, those waters are an
important krill spawning and nursery ground (e.g., Spiridinov, 1996;
Atkinson et al., 2004), which plays a key role in the sensible ecosystems
of the Northern Antarctic Peninsula. Long-term to interannual changes
in hydrographic conditions could have a strong impact on the sensible
ecosystem of the WB, from the distribution of krill and salps to changes
in penguin populations (e.g., Atkinson et al., 2004; Clarke et al., 2007;
Ducklow et al., 2007). The increase in primary production in the
Western Antarctic Peninsula (WAP) region since the 1970s could be
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Fig. 1. Schematic pathways of the Circumpolar Deep Water (red arrows), Transitional
Bellingshausen Sea Water (black arrows), and Transitional and shelf water of the Weddell
Sea (purple arrows) enter into the Bransfield Strait, modified from Dotto et al. (2016) and
Sangra et al. (2017). The schematic circulation in the Bransfield Current System (orange
arrows) is adapted from Sangra et al. (2017). The green and blue lines represent the mean
locations of the Southern Antarctic Circumpolar Current Front (SACCF) and the southern
boundary of Antarctic Circumpolar Current (SB), respectively (Orsi et al., 1995). The
shaded background displays the bottom topography (scale at right) and the thin white
line indicates the 700 m isobath. WB = Western Basin, CB = Central Basin and EB =
Eastern Basin. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

associated with the increase in available light due to the reduction in
the sea ice concentration (Montes-Hugo et al., 2009) and shoaling of the
nutrient-rich Circumpolar Deep Water (CDW) towards the photic layer
(Prézelin et al., 2000, 2004). Therefore, it is important to establish the
temporal variability of the BS waters and potential impact on the re-
gion.

A portion of relatively cold and saline water from the continental
shelf of the western Weddell Sea contours the tip of the Antarctic
Peninsula and Joinville Island, enters the BS and flows southwestward
along the peninsula, reaching Tower Island (Niiler et al., 1991; von
Gyldenfeldt et al., 2002; Zhou et al., 2002; Renner et al., 2012). At that
location, the water is mixed with relatively warm water from Belling-
shausen Sea and Drake Passage (Niiler et al., 1991). From there, a
buoyant gravity current (Sangra et al., 2017), the Bransfield Current,
flows northeastward in a narrow and intense baroclinic jet along the
southern South Shetland Islands slope (e.g., Zhou et al., 2002, 2006;
Sangra et al., 2011). Dorsal islands and shallow ridges to the north and
west of the BS act as topographic barriers that restrict the flow of in-
termediate and deep waters from the Bellingshausen Sea and southern
Drake Passage. A schematic of this circulation system is shown in Fig. 1.

The waters in the BS can be divided into relatively warm and well
stratified waters dominated by characteristics typical of Bellingshausen
Sea, and relatively cool, saline and homogeneous transition waters,
dominated by characteristics typical of the Weddell Sea (Fig. S1; e.g.,
Clowes, 1934; Tokarczyk, 1987; Garcia et al., 1994, 2002; Sangra et al.,
2011). Garcia et al. (1994) referred these waters to as Transitional
Zonal Waters with Bellingshausen Sea influence (TBW) and Transitional
Zonal Waters with Weddell Sea influence (TWW), respectively. The
Peninsula Front is a surface structure extending to 100 m depth that
separates the shallow TBW from the denser TWW, which occupies the
main body of the BS (e.g., Tokarczyk, 1987; Garcia et al., 1994, 2002;
Sangra et al., 2011). On the other hand, the waters close to the surface
freezing point (between —1.88 and —1.7 °C) are referred to as Shelf
Waters, and are formed by brine rejection during the formation of sea
ice in coastal shelves of the southern Weddell Sea and the east coast of
the Antarctic Peninsula (e.g., von Gyldenfeldt et al., 2002; Robertson
et al., 2002). Following Robertson et al. (2002), these are subdivided
into two water masses according to their origin and salinity: High
Salinity Shelf Water (HSSW, S = 34.56) and Low Salinity Shelf Water
(LSSW, S < 34.4).

The CDW is a component of the Antarctic Circumpolar Current
(ACC) around the Antarctic continent, and it was subdivided into Upper
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(UCDW) and Lower (LCDW). Close to the Antarctic continent, north-
ward Ekman leads to upwelling of LCDW (Sievers and Nowlin, 1984;
Whitworth et al., 1994; Orsi et al., 1995). Modified CDW (mCDW) is the
result of mixing of upwelled CDW with colder and less saline waters
from the continental shelf along the southern edge of the ACC
(Whitworth et al., 1998). The mCDW enters the BS through the gaps
between Smith, Snow and Low Islands (Fig. 1; e.g., Clowes, 1934; Niiler
et al., 1991; Wilson et al., 1999; Zhou et al., 2006) and between King
George (25 de Mayo) and Elephant Islands (Garcia et al., 1994). The
mCDW is characterized by potential temperature within 0-1.5 °C, sali-
nity between 34.5 and 34.72, and low oxygen levels (Fig. S1; Sangra
et al., 2011). Thus, the mCDW is the only source of warm water in the
intermediate and deep waters of the BS. MCDW loses heat as it flows
onto the WAP shelf, possibly balancing the net heat loss to the atmo-
sphere (Smith and Klinck, 2002; Klinck et al., 2004; Moffat et al., 2009;
Couto et al., 2017). In addition, mCDW intrusions represent a high
input of nutrients onto the shelf, favoring high biological production
(Klinck et al., 2004; Ducklow et al., 2007; Moffat et al., 2009). To date,
only few studies analyzed the CDW presence within the BS (e.g., Wilson
et al., 1999; Garcia et al., 2002).

BS can be divided into three deep basins that are separated from
each other by sills about 1000 m deep. Hereafter the BS basins are re-
ferred to as Western, Central and Eastern (Fig. 1). The Western Basin is
the warmest of the BS basins (Fig. S1) indicating reduced influence of
cold shelf water and greater influence of mCDW as suggested by Gordon
and Nowlin (1978). The dense waters in the deep basins are isolated
from adjacent waters (Wilson et al., 1999) and therefore preserve sig-
nals advected from the northwestern Weddell Sea shelf areas (Azaneu
et al., 2013; Dotto et al., 2016; Van Caspel et al., 2017). Shelf waters
originate in the Weddell Sea are the major contributor in the bottom
waters of the Central (~90% of the contribution) and Eastern (~65%)
basins (Wilson et al., 1999), while the remaining percentage is provided
by a mixture of CDW and/or Warm Deep Water from the Weddell Sea
(Gordon et al., 2000). Thus, in the Central and Eastern basins, inter-
mediate and deep layers are much influenced by cold, fresh signal from
the ice shelf melting in the Weddell Sea (e.g., Garcia and Mata, 2005;
Dotto et al., 2016; Van Caspel et al., 2017).

Being the BS a semi-enclosed basin where the water mass exchange
with surrounding waters is restricted by the bottom topography, it is
particularly suitable for the analysis of the temporal variability of water
masses (Wilson et al., 1999). Several studies analyzed the hydrographic
characteristics of BS waters since the 1920s (e.g., Clowes, 1934; Gordon
and Nowlin, 1978; Wilson et al., 1999; Gordon et al., 2000). Studies of
temporal variability of deep waters have focused only on the Eastern
and Central basins (Gordon and Nowlin, 1978; Wilson et al., 1999;
Gordon et al., 2000; Garcia and Mata, 2005; Dotto et al., 2016) or
considering the entire BS (Azaneu et al., 2013). The deep waters in the
Eastern and Central basins have shown cooling, freshening and light-
ening since the 1960s caused by the dilution of the shelf waters due to
the increase in the fresh water contribution observed in the western
Weddell Sea (e.g., Garcia and Mata, 2005; Azaneu et al., 2013; Dotto
et al., 2016). Hellmer et al. (2011) observed a dilution (0.09 in 17
years) of shelf waters in the northwestern Weddell Sea between 1989
and 2006. Long-term freshening trends in the Weddell Sea shelf have
been reported by Azaneu et al. (2013) and Schmidtko et al. (2014) at
rates of —0.0013yr~ ! and —0.0010 gkg™! yr~?, respectively. These
trends may be associated with the freshwater input from the Larsen Ice
Shelves (—37.2 Gt yr~ 1in 2003-2008) to the western continental shelf
of the Weddell Sea reported by Rignot et al. (2013).

These changes could also be linked with regional climate change
observed since the 1950s. The climate of the WAP has experienced the
fastest change observed in the Southern Hemisphere during the last 50
years of the 20th century, with an air warming of 3.7 = 1.6 °C cen-
tury ! (e.g., Vaughan et al., 2003). This warming has been associated
with a variety of regional changes: upper ocean warming and pre-
cipitation increase at the WAP (e.g., Meredith and King, 2005; Uotila
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et al., 2007), glacier retreat (Cook et al., 2005; Rignot et al., 2013),
southward displacement of sea ice (Morris and Vaughan, 2003), en-
hanced basal melting of floating glacial ice (Jacobs, 2006; Pritchard
et al., 2012), and positive trend of the SAM index since the 1960s (Fig.
S2a; Timmerman et al., 2002; Marshall et al., 2006).

Two predominant modes of large-scale climate variability affect the
Southern Ocean and in particular, the Antarctic Peninsula region: the
Southern Annular Mode (SAM; e.g., Thompson and Wallace, 2000;
Marshall et al., 2004) and the El Nifio-Southern Oscillation (ENSO; e.g.,
Yuan, 2004; Loeb et al., 2009). The SAM is an interannual to decadal
variability of the difference of zonal mean atmospheric sea level pres-
sure between 40°S and 65°S (Gong and Wang, 1999), which fluctuates
between positive and negative phases (Thompson and Wallace, 2000).
The increase of the westerly wind pushes the Southern Antarctic Cir-
cumpolar Current front (SACCF) and Southern Boundary (SB) (Fig. 1)
towards the Antarctic Peninsula during the positive SAM phase (e.g.,
Marshall et al., 2004; Renner et al., 2012). In addition, at these times,
both the Weddell Gyre and the Antarctic Slope Current are accelerated,
limiting the connection between the WAP and the Weddell Sea (Renner
et al.,, 2012; Youngs et al., 2015). As consequence, vertical isopycnal
shifts at the eastern slope of the Antarctic Peninsula facilitate the export
of cold and saline shelf waters in the cross-slope direction and into the
deep Weddell Sea (McKee et al., 2011; Kerr et al., 2012). Conversely,
during negative SAM conditions, the Weddell Gyre and the current are
relaxed due to the decrease of the westerly winds or an increase in the
anomalies of the easterly winds. Coastal currents on the eastern Ant-
arctic Peninsula could be intensified, transporting more saline and
dense shelf waters originated further south (McKee et al., 2011; Van
Caspel et al., 2015) into the BS (Dotto et al., 2016; Van Caspel et al.,
2017).

ENSO is characterized by large-scale atmospheric pressure and sea
surface temperature fluctuations in the equatorial Pacific (Carleton,
2003) that manifest in high latitudes of the South Hemisphere (Yuan,
2004). During the negative phases of ENSO (La Nina), a low pressure
center is located on the WAP, increasing the strength and frequency of
northwesterly winds (Yuan, 2004). The location of SACCF and SB dis-
placed southwards, thus moving the warm CDW waters towards the BS
(Loeb et al., 2009). Conversely, during the ENSO positive phase (El
Nifo), northerly winds are less frequent and weaker on the WAP due to
the presence of a high pressure center. El Nifio phase usually generates
warmer temperatures and less sea ice extent in the South Pacific, but
generates an opposite response in the South Atlantic sector; while the
opposite pattern occurs during La Nifa events (e.g., Carleton, 2003;
Yuan, 2004). Loeb et al. (2009) found that chlorophyll-a concentrations
and primary production are enriched during La Nifia, while both de-
crease during El Nifo due to an increase in Ihlea racovitzai salps, which
are indicative of Weddell Sea waters.

Clem and Fogt (2013) found that the relationships between ENSO
and the Antarctic Peninsula climate are significant throughout the
western region while relations with the SAM are significant in the
northeastern region. Renner et al. (2012) observed that the SAM has a
more important role than ENSO in determining the variability of sur-
face currents and the position of fronts around the tip of the Antarctic
Peninsula. Therefore, the SAM index can be used here both as a proxy of
the wind and to a factor determining the variability of shelf waters that
occupy the BS (e.g., Dotto et al., 2016). On the other hand, ENSO can be
used to identify the input of warm and saline waters from the Drake
Passage into the BS (e.g., Loeb et al., 2009). The suggestion of strong
teleconnections between SAM and ENSO (e.g., Stammerjohn et al.,
2008; Fogt et al., 2011), and patterns of correlation between the tem-
poral variability of these climate modes and changes in the patterns of
distribution of winds, currents, extension and melting of marine and
continental ice, and zooplankton species composition and abundance
has been reported (e.g., Hall and Visbeck, 2002; Loeb et al., 2009;
Renner et al., 2012).

The goal of this paper is to determine the long-term variability of
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the mCDW inflow within the BS, analyze the intermediate and deep
waters in the Western Basin and their possible connection with the
climate change. For this purpose, we examined the interannual varia-
bility and trends of mCDW core properties within the Western
(1960-2013) and Central (1963-2013) basins. Then, the Western Basin
water column was separated in layers to search for an explanation of
the temporal variability and trends resulting from the connection with
the Drake Passage, and Bellingshausen and Weddell seas. Finally, we
carried out a combined analysis of regional anomalies of ENSO and
SAM together with the spatial variability of mCDW within the BS and
the temperature and salinity changes in the Western Basin observed
between 1981 and 2014.

2. Data and methods
2.1. Hydrographic data

The available historical CTD and bottle data were obtained from
World Ocean Database 2013 (NODC; http://www.nodc.noaa.gov). The
Alfred Wegener Institute (AWI) and the Brazilian High Latitude
Oceanography Group (GOAL) datasets are available at the PANGAEA
repository (http://www.pangaea.de). Temperature, salinity (S) and
dissolved oxygen (DO) were selected in the period 1960-2014 between
November and March (austral spring/summer) in order to minimize
seasonal variability. Only good quality data were used and duplicated
hydrographic stations were suppressed. Then, potential temperature (6)
and neutral density (y") were calculated. The instrumental accuracy
ranges within data set were 0.001-0.005 °C for 6 and 0.003-0.02 for S,
respectively (Azaneu et al., 2013; Boyer et al., 2013; Dotto et al., 2016).

The water column in the BS can be divided in three neutral density
(y™ layers: surface, intermediate and deep waters masses (Jackett and
McDougall, 1997). The near-surface waters above (y" < 27.85 kgm_s)
do not present influence of CDW. The intermediate waters, within
27.85 < y" < 28.27kgm ™3, are influenced by CDW and mixed with
waters derived from the Weddell Sea. Finally, the denser waters
(y* > 28.27 kgm~3) are originated in the continental margins of the
Antarctic, which include dense shelf waters (e.g., Nicholls et al., 2009).
Our analyses focus on the variability of the intermediate and deep
waters and, therefore, we only use data collected at locations deeper
than 500 m. The data set in the BS was divided based on the depth of
each of deep basins in Western Basin, Central Basin and Eastern Basin,
and the shallow sills between them (Fig. 2).
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Fig. 2. Location of hydrographic stations available in the Bransfield Strait. Station loca-
tions containing modified Circumpolar Deep Water (mCDW) characteristics (see the
Section 2.2) are shown in green (WB = Western Basin), red (CB = Central Basin) and
blue (EB = Eastern Basin) dots. Dashed lines represent the limits between basins used in
this work. The red contour polygon represents the locations of profiles selected for OMP
analysis. The shaded background displays the bottom topography (scale at right). (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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2.2. Modified Circumpolar Deep Water (mCDW) core in the Western and
Central basins

The mCDW was defined as waters warmer than 0 °C and saltier than
34.5 (e.g., Sangra et al., 2011), within the intermediate water neutral
density range (27.85 < y" < 28.27kgm %) and deeper than 150 m.
Hydrographic stations containing waters with these characteristics are
indicated in Fig. 2. The Eastern Basin was not analyzed because in this
study we will focus on the intrusions of mCDW that enter the BS
through the northwestern passages (Fig. 1).

To analyze long-term trends in the mCDW core of the Western and
Central basins, the maximum potential temperature above 0 °C (6max
> 0°C) was used. For this analysis, we only considered years when at
least two observations of @max were collected in each basin to estimate
more robust trends. The value of Omax was estimated for each profile
and grouped in spring/summer for each basin. In addition, depth, S, y"
and DO at the ®max depth were analyzed. The average and standard
deviations around the mean for each year were calculated for the
Western (1960-2013) and Central (1963-2013) basins. Linear trends,
confidence intervals and statistical p-values (at the 95% confidence
levels) were determined.

2.3. Intermediate and deep waters of the Western Basin

To analyze the variability of the intermediate and deep waters of the
Western Basin, we separated the water column in two neutral density
strata: 27.85 < y" < 28kgm™> and y" > 28kgm ™3 (Note that this
includes waters denser that 28.27 kgm™3). In the less dense layer, we
analyzed waters that are approximately in the top 500 m of the water
column, which are influenced by mCDW and less influenced by mixing
with denser and deeper water masses. Waters deeper than 500 m (ap-
proximately y" > 28kgm™3) were further separated into two deep
layers in order to analyze waters less (between 500 and 800 m) or more
(deeper than 800 m) influenced by topographic restrictions.

From each profile, we calculated mean values of 6, S, y" and DO for
the three selected layers. Then, these were grouped into their respective
spring/summer, and the average and standard deviations were calcu-
lated. Trends were determined in the same way as described in Section
2.2 and calculated until 2013. For the waters deeper than 800 m, we
analyzed the period 1981-2013 due to lack of available data in earlier
decades. To examine changes in water mass volume, we estimated the
depth of 27.85, 28, 28.1 and 28.27 kgm 2 isopycnals. Also, hydro-
graphic trends were calculated for these isopycnals (except
28.27 kg m ™2 isopycnal). Trends were not calculated for waters denser
than v > 28.27 kg m ™3 separately due to lack of available data.

We analyzed the hydrographic vertical structure of the Western
Basin waters using decadal profiles from 1980s to 2010s (Fig. 3). The
profiles represent the average profile for each decade, computing the
average in a 10 m window in every 100 m depth layer. We selected this
period because the increased number of observations available in the
basin. A detailed comparison of all 6, S, y* and DO profiles available in
the WB from 1960 to 2014 are presented in Fig. S3.

2.4. Modes of climate variability

Monthly averages of the SAM index are available at the State Key
Laboratory of Numerical Modelling for Atmospheric Sciences and
Geophysical Fluid Dynamics (LASG; http://www.lasg.ac.cn/staff/ljp/
data-NAM-SAM-NAO/SAM(AAO).htm). The SAM index can be used as a
proxy for the regional wind patterns (Youngs et al., 2015). The monthly
Bivariate ENSO Time series (BEST) index (Smith and Sardeshmuk,
2000) obtained from Climate Diagnostics Center (CDC; http://www.
cdc.noaa.gov/people/cathy.smith/best/) was used in this work. We
selected the BEST index to determine ENSO events because the atmo-
spheric process and the oceanic component, i.e. the Southern
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Oscillation Index and Nifno 3.4 Index, are combined. The normalized
and detrended SAM and ENSO time series used in this work are pre-
sented in Fig. S2b. Both, ENSO and SAM are smoothed with a 3-month
moving average.

The mean spring/summer depth of 6max was positively correlated
(r = 0.86; p = 0.01) with the depth of y* = 28 kg m ™2 (not shown). To
evaluate the displacement of mCDW within the BS entering from its
northwestern end, the 0 °C isotherm on the isopycnal surface of y" =
28 kgm™> was used as indicator. For this analysis, the years between
1981 and 2014 were selected, taking into account that during this
period dense spatial data coverage is available in the BS.

2.5. OMP analysis

The optimum multiparameter analysis (OMP) for the analysis of
water masses was first proposed by Tomczak (1981) and further de-
veloped by Mackas et al. (1987) and Tomczak and Large (1989). The
basic assumption of OMP is that a linear relation exists between hy-
drographic parameters. The aim of this method is to express all sea-
water samples as linear combinations of some selected Source Water
Types (SWTs). We selected the following water masses to be quantified
by OMP: CDW, LSSW and HSSW. SWTs definitions were selected fol-
lowing Dotto et al. (2016) and weights were determined according to
Tomczak and Large (1989); both are indicated in Table S1. We selected
profiles located in the southern region of the Western Basin (see Fig. 2),
where the encounter between mCDW and shelf waters originating in the
Weddell Sea occurs. The mean spring/summer contribution to the total
mixture in 500-800 m layer and from 800 m to bottom was calculated.
The OMP was carried out on the samples collected between 1996 and
2013, since this period includes the required dataset for the analysis,
i.e. temperature, salinity and DO. Mass conservation residuals were also
calculated as their values are an objective way to check the quality of
the OMP solution. Low values indicate that the properties of the sam-
ples are well represented by the chosen set of SWTs (e.g., Tomczak and
Large, 1989; Poole and Tomczak, 1999; Budillon et al., 2003). In this
study, the values obtained for each depth interval were < 7%, which is
well within the acceptable threshold (normally, < 10%).

3. Results

3.1. Vertical structure of the water column in the Western Basin (1980s-
2010s)

The decadal 6 profiles of the Western Basin (WB; Fig. 3a) showed
substantial differences with depth between 1980s and 2010s. Generally,
the highest 6 values were found in the 2000s and 2010s and the lowest
values were found in the 1990s. Between 400 and 700 m, the 0 differ-
ences were smaller between the 1980s and 1990s and the warmest
values were observed in the 2000s. The decadal S profiles did not show
substantial differences with depth (Fig. 3b). In the 100-300 m layer,
lower S values were found in the 1990s and 2000s. Deeper than 300 m,
the S differences between decades were smaller and generally were not
significant. In general, the saltiest deep waters (deeper than 1000 m) of
the study period were observed in the 2000s. The 2000s y" profile
(Fig. 3c) showed lower values compared with the rest of the analyzed
decades. Below 800 m, the y" differences in the 1980s and 1990s were
higher and generally significant compared with the rest of the analyzed
decades. The isopycnal of 28.27kgm™> deepened over time from
~850m during 1980s to ~1100 m during the 1990s. Waters denser
than 28.27 kg m~3 were not found after the 1990s in the WB.

Fewer DO data were available compared with the other parameters
(Fig. S3). The decadal DO profiles (Fig. 3d) presented substantial dif-
ferences with depth. Between the 1980s and 2000s, the DO content
showed a decrease between 100 and 300 m (reaching differences of
~0.5mLL™! decade™1). In deeper waters, the lowest DO values of the
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0°C, 27.85and 28.27 kgm 3,

study period were observed in the 2000s whereas the highest DO values
were observed in the 1990s (although these profiles did not reach the
deep depths of the basin).

3.2. Long-term trends

3.2.1. Maximum potential temperature in the mCDW within the Western
(1960-2013) and Central (1963-2013) basins

The temporal evolution of the mean spring/summer 6max as well as
depth, S, y" and DO for Omax are shown for the Western (1960-2013;
Fig. 4a—e) and Central (1963-2013; Figs. S4a-S4e) basins, respectively.
The estimated trends and their statistically significance are summarized
in Table 1. In the WB, an increase of Omax and a decrease of y" of Omax
were observed between 1960 and 2013 (Fig. 4a, d and Table 1). On the
other hand, in the Central Basin between 1963 and 2013, decreasing
values of S and y" of 6max were recorded (Figs. S4c, S4d and Table 1).

3.2.2. Intermediate and deep waters in the Western Basin

To identify trends in the hydrographic properties of the WB layers
described in Section 2.3, we consider the full period (1960-2013). All of
the trends and their statistically significance are summarized in Table 2.
Between 1960 and 2013, the 27.85 < y* < 28kgm ™~ * layer presented
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increased 0 and S trends (Fig. 5a and b). Fewer DO data were available
in comparison with the other parameters; however, the results showed
a statistically significant decrease between 1981 and 2013 (Fig. 5d).
The 6 and S values showed an almost monotonic increase from 1999 to
2011 and decrease from 2011 to 2014 (Fig. 5a and b).

For the 500-800 m layer, the hydrographic property trends were not
significant during the full period (not shown). However, between 1960
and 1999, the decreasing values of 8 and S were statistically significant
(Fig. 6a-b and Table 2). That period was characterized by cooling of the
500-800 m layer associated with Weddell Sea shelf water dilution. The
drastic change in the hydrographic parameters observed in the region
during the 2000s (see Section 3.3) seems to have influenced the trends
obtained for the full period. Increasing 6 and decreasing y" were re-
corded between 1981 and 2013 (Fig. 6a and c). For the layer deeper
than 800m, trends during 1981-2013 (warming and lightening;
Fig. 7a, ¢ and Table 2) were consistent with those observed in the
500-800 m layer in the same period.

Finally, the depth of the 27.85, 28 and 28.1kgm 3 isopycnals
showed significant deepening between 1981 and 2013 (Fig. 8a and
Table 2). The 27.85 and 28kgm ™2 isopycnals presented warming
(Fig. 8b) whereas only the 28 kgm ™ isopycnal showed a significant
increase in S (Fig. 8¢) and decrease in DO content (Fig. 8d).
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Table 1

Hydrographic trends and confidence bounds referred to 6max in the Western and Central
basins. P-Values are shown in parentheses. Bold font indicates a statistically significant
trend at 95% level.

Trends Western Basin (1960-2013) Central Basin (1963-2013)

fmax (°C yr~ )
Depth of 6max

0.0161 + 0.0079 (0.00)
1.30 + 2.94 (0.11)

—0.0001 * 0.0069 (0.98)
—0.45 *+ 2.52 (0.65)

(myr ")

S of Omax (yr 1) 0.0000 + 0.0011 (0.95) ~0.0014 * 0.0006 (0.00)

" of Bmax —0.0023 + 0.0010 (0.00) ~0.0016 * 0.0009 (0.00)
(kg m ™~ yr~)

DO of 6max —0.0505 * 0.1084 (0.07) 0.0109 = 0.0369 (0.33)
(mL L™ yr™1)

3.3. Temporal variability in the intermediate and deep waters of the
Western Basin (1981-2014)

All the observations collected for waters deeper than 500 m and
y" > 27.85kgm ™3 (depth > 150 m) in the WB between 1981 and 2014
are presented in 0/S space in Fig. 9. The location of the profiles by year
is included in Fig. S3. The mCDW core showed high variability in 6, S
and y" within the WB throughout the study period (Fig. 9). The highest
6 value within the mCDW core was observed in 2011. These waters
showed periods of freshening and salinification, with decrease of S
between the beginning and the end of the 1980s, early 1990s and
during 1997-2004. Conversely, a consistent increase of S has been
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observed since 2004. The difference of the 6 (DO) of y" = 28kg m~3
between the 2000-2014 and 1960-1999 periods showed warming
(decrease) and a southward shift of the 0 °C isotherm (5.5mLL~! iso-
line) at the western BS (Fig. 10), indicating an increase in the presence
of mCDW in that region.

On the other hand, the WB deep waters showed high interannual
variability and the influence of shelf waters was apparent in the colder
and denser varieties, attenuated by the exchange and mixing with the
waters that surround them (Fig. 11). These waters derived from the
Weddell Sea enter the WB through the south-eastern canyon that con-
nects to the Central Basin (Fig. S5). In the 1980s (except 1985), 1990,
1996 and 1999, the thermohaline properties of the cold deep waters in
the WB resulted denser than 28.27 kgm ™2 and also presented hydro-
graphic characteristics similar to the HSSW from the Weddell Sea
(Fig. 11). Moreover, in 2014 the deeper waters reached temperature
and salinity similar to those observed before the 2000s.

3.3.1. Mixing of the Western Basin intermediate and deep waters masses

We applied the OMP analysis to quantify contributions of water
masses in the layers of 500-800 m and deeper than 800 m of the WB
(Fig. 12a and b, respectively). Profiles made in 1999 and 2010 did not
reach depths below 800 m (Fig. S3). Spring/summer means obtained
showed approximately between 25% and 40% of HSSW contribution in
1996 (Fig. 12a and b) and 1999 (Fig. 12a). During the 2000s, the CDW
contribution represented ~85% (500-800 m) and ~55-70% (> 800 m)
of the total mixture of the basin. The greater CDW contribution was
associated with approximately null (< 1%) contribution of the HSSW.
The drastic decrease in the HSSW contribution in the early 2000s es-
timated by the OMP analysis is in agreement with the salinity decrease
observed in the WB waters below 500 m depth during this period
(Fig. 11). In 2011 and 2013, the contributions of HSSW were ~10-15%
in waters deeper than 800 m (Fig. 12b). Thus, high interannual varia-
bility due to changes in water masses contributions is observed in the
WB deeper waters between 1980s and 2010s (Figs. 11 and 12).

3.4. Coupled oceanic-atmospheric temporal variability (1981-2014)

3.4.1. Relationship between ENSO and SAM and the mCDW extent within
the Bransfield Strait

Correlation coefficients among the spring/summer normalized and
detrended hydrographic parameters at the core of mCDW, referred to
Omazx, in the intermediate waters of the WB and the ENSO and SAM of
the previous months are summarized in Table 3. Most of the data be-
tween 1981 and 2014 were collected from December to February (re-
ferred here to lag 0). 6max and S of 6max were negatively correlated (r
= —0.65and p = 0.02; r = —0.69 and p = 0.01, respectively) with
ENSO (Fig. 13a-b and Table 3). Also, y" of 6max was negatively cor-
related with ENSO with lag 2 (r = —0.64 and p = 0.03; Table 3). The
highest correlations between water mass properties and ENSO are es-
timated at time lags between 8 and 9 months. Conversely, the highest
correlations with the SAM index were observed at lags of 4-5 months,
although these were not significant at the 95% level.

During years with negative ENSO phases (La Nina), the mCDW
presented the maximum northeastward extension along the southern
slope of the South Shetland Islands the following summer (1985, 1990,
2011; Fig. 14). This pattern was observed during both positive (2011)
and negative (1985 and 1990) SAM index of the previous winter.
Conversely, during positive (El Nifo) and neutral ENSO phases, the
mCDW was not observed or was present in patches along the South
Shetland Islands slope. Thus, the ENSO phase appears to have a sig-
nificant influence on the extent of CDW within the BS.

In addition, the mCDW extends farther south in the WB region
during 2000-2014 (Fig. 10). That period was generally characterized
by SAM positive phases (since 1998; Fig. S2a). Moreover, the mCDW
further expanded within BS during positive SAM conditions and asso-
ciated with negative ENSO (i.e., 2011; Fig. 14).
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Hydrographic trends and confidence bounds (at 95% level) in the neutral density (y") and depth ranges used within the Western Basin. DO trends are calculated in 1981-2013 period.

Trends 27.85 <y" < 28 (kgm > yr 1) Y (kg m3yr~1) > 28
500-800 m layer > 800 m layer
1960-2013 1960-1999 1981-2013 1981-2013
6 (°C yrfl) 0.0190 + 0.0061 (0.01) —0.0229 + 0.0068 (0.01) 0.0344 + 0.0094 (0.01) 0.0298 + 0.0112 (0.01)
S (yr_l) 0.0018 = 0.0008 (0.00) —0.0025 = 0.0009 (0.01) 0.0014 = 0.0036 (0.20) 0.0008 * 0.0021 (0.20)

v kgm P yr )

DO (mLL~?! yr’l)

Trends (1981-2013)
Isopycnal depth (m yr~1)
Isopycnal 6 (°C yr 1)
Isopycnal S (yr~1)

Isopycnal DO (mL L~ yr—%)

0.0002 =+ 0.0006 (0.26)
—0.0468 + 0.0190 (0.01)

y" = 27.85kgm™3
—1.88 + 0.31 (0.02)
0.0217 + 0.0005 (0.05)
0.0011 * 0.0026 (0.14)
—0.0302 = 0.0685 (0.10)

0.0001 =+ 0.0043 (0.97)

y" = 28kgm >

—3.89 + 1.07 (0.01)
0.0331 + 0.0096 (0.01)
0.0029 + 0.0009 (0.01)
—0.0471 = 0.0129 (0.01)

—0.0045 + 0.0013 (0.01)
—0.0301 * 0.0899 (0.27)

y" = 28.1kgm>
—10.19 + 2.30 (0.02)
0.0136 + 0.0343 (0.18)
0.0011 + 0.0032 (0.28)
—0.0316 + 0.0755 (0.13)

—0.0054 = 0.0017 (0.01)
—0.0264 + 0.0582 (0.09)
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Fig. 5. Same as in Fig. 4 but for time series of the spring/summer mean of (a) potential
temperature (6mean), (b) salinity (Smean), (c) neutral density (y"mean) and (d) dissolved
oxygen (DOmean). Data were selected from the less dense intermediate waters

(27.85 < y" < 28kgm ™ and depths > 150 m) in the Western Basin.

3.4.2. Relationship between ENSO and SAM and the mean hydrographic
properties in the intermediate and deep waters of the Western Basin

For each of the 3 layers in which the WB was divided, we tested the
correlations between the detrended and normalized mean spring/
summer thermohaline properties and the ENSO and SAM of the pre-
vious months. The most interesting results were obtained in the deep
waters, at depths > 800m (Table 3). The 6 and S variations were ne-
gatively correlated with the April-June-averaged ENSO of the previous
year, with correlation coefficients of r = —0.59 (p = 0.05) and r =
—0.69 (p = 0.01), respectively (Fig. 15a). On the other hand, 6 and S
were negatively correlated with the SAM index at 4 months lag
(Fig. 15b), with correlation coefficients of —0.63 and —0.64, respec-
tively. Both correlations are statistically significant at 95% confidence
level.

The influence of ENSO and SAM in the WB deeper water properties
were analyzed in 6-S space using detrended spring/summer mean data.
During the negative ENSO phase more saline and dense waters were
observed, while during the positive ENSO phase S and y" were the
lowest (Fig. 16). Also, during the negative SAM phase the most saline
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and dense waters were observed. The mean S in 1993 (during positive
SAM and ENSO phases) was the lowest in this period. In addition, al-
though in 2014 (negative SAM phase) no observations are available
below 800 m depth, its deeper and denser waters were occupied by a
saline variety of shelf waters (Fig. 11). Thus, between 1981 and 2014
the WB deep waters were in general more saline and denser during
negative ENSO and SAM phases.

4. Discussion

To the best of our knowledge no long-term (interannual to inter-
decadal) trends in the hydrographic properties of the intermediate and
deep waters of the WB of the BS have been reported in the literature.
Significant total changes estimated in this study in the thermohaline
properties in the Western and Central basins (Tables 1 and 2) were
larger than the instrumental accuracy (see Section 2.1) and greater
than + 0.0005yr~! for S, thus considered a significant change in the
ocean (Boyer et al., 2005, 2013; Azaneu et al., 2013; Dotto et al., 2016).
This throws confidence in inferring that the trends obtained in this
study represent robust changes. High interannual variability in the
analyzed parameters was present throughout the study period, which is
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in agreement with several previous studies in the BS (e.g., Wilson et al.,
1999; Garcia and Mata, 2005; Dotto et al., 2016). However, because the
temporal and spatial distribution of oceanographic stations was not
uniform within the basin, results obtained in this work should be taken
with caution. There is a lack of observations in the northern part of the
WB during several years (Fig. S3). Due to the more uniform thermo-
haline properties below 800 m (e.g., Gordon et al., 2000; Dotto et al.,
2016); the trends and variability in deeper waters are generally more
robust. The observed long-term trends and the interannual variability
will be discussed in the following subsections.

4.1. Long-term trends

4.1.1. Trends in the mCDW core

It has been suggested that the heat flux from the CDW to the upper
layers on the WAP continental shelf has increased since the 1990s
(Ducklow et al., 2007). This could be a consequence of an increase in
the core temperature of the CDW. Gille (2002) reported warming of
0.2 °C during 1990s in intermediate waters of the Antarctic Circumpolar
Current. Also, Gille (2008) showed that the warming observed in the
upper 1000 m of the Southern Hemisphere Ocean since the 1950s is
concentrated in the Antarctic Circumpolar Current. In turn, Schmidtko
et al. (2014) documented a significant warming (0.1 °C decade™ 1) and
few significant variations in S of CDW in most regions around Antarc-
tica. In the Weddell Sea basin, Robertson et al. (2002) found warming
of the Warm Deep Water within Weddell Gyre between 1970s and
1990s, while Von Gyldenfeldt et al. (2002) reported warming and sal-
inification in the Warm Deep Water in the Philip Passage between
Weddell and Scotia seas. In this work, we found a significant warming
in the mCDW core within WB from 1960 to 2013 (Table 1), which is
consistent with those studies. The S did not show significant changes
during that period. Therefore, the decrease of y" found in the mCDW
core in the WB appears to be associated with warming.

A general shoaling of the CDW core (30m decade™!) around
Antarctica was reported by Schmidtko et al. (2014). That study found
the highest trends in the Amundsen and Bellingshausen Seas
(+50 + 18 m decade '), the regions with the largest warming, and
deepening in the northern part of the Weddell Sea, where the depth of
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CDW is correlated with cooling. In the WB of the BS, we found a
shoaling signal of the 6max depth in 1960-2013, although it was not
statistically significant (Fig. 4b and Table 1), probably due to the in-
tense variability observed in the area (i.e., deepening observed between
1985 and 2010). Strengthened westerlies associated with the positive
SAM trend since the 1960s (e.g., Marshall, 2003) can displace the
Southern Antarctic Circumpolar Current front (SACCF) and Boundary
(SB) closer to the Antarctic Peninsula (Renner et al., 2012). This could
lead to a more intense CDW upwelling near the coasts of the Antarctic
continent and hence an increasing flow of CDW onto the shelf breaks
(Jacobs, 2006; Schmidtko et al., 2014).

Cooling, freshening and lightening in deeper waters of the Eastern
and Central basins of the BS since the 1960s has been reported by
several studies (e.g., Wilson et al., 1999; Garcia and Mata, 2005;
Azaneu et al., 2013; Dotto et al., 2016). In our study, we found sig-
nificant freshening and lightening in the mCDW core between 1963 and
2013 in the Central Basin (Table 1), which is consistent with those
previous studies. Thus, in the Central Basin, the intermediate layer is
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much influenced by cold and fresh signal from the ice shelf melting in
the Weddell Sea.

4.1.2. Trends in the intermediate and deep waters of the Western Basin
Trends obtained in the neutral density range of 27.85 <y" <
28 kgm ™3, which represent intermediate waters less influenced by
waters derived from the Weddell Sea, showed increase in 6 and S be-
tween 1960 and 2013 (Table 2). The WB waters close to the surface
layer could be influenced by the surface waters entering from the Bel-
lingshausen Sea (i.e., TBW) and which might explain the observed
variations. Increasing water temperature (> 1 °C) and salinity (> 0.25)
in surface waters of the WAP in the second part of the 20th century
(from 1955 to 1998) has been reported previously (Meredith and King,
2005). Warming of surface waters in summer is associated to great
reduction of sea ice extension during the previous winter (Jacobs and
Comiso, 1997; Meredith and King, 2005). Due to the reduction of the
duration of sea ice season, a 40% reduction in mean annual sea ice
extent has been recorded between the mid-1970s and late 1990s in the
Bellingshausen and Amundsen seas (Jacobs and Comiso, 1997; Smith
and Stammerjohn, 2001). In this work, we found a significant warming
(0.0217 = 0.0005°Cyr~ 1) of the y" = 27.85kgm™> isopycnal
(Table 2), which could be considerate representative of the surface
layer in the WB. Moreover, changes in surface temperature could ra-
pidly penetrate to deeper waters due to deep mixing, low stratification
and advection along tilted isopycnals (Gille, 2008). Another hypothesis
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suggested, as a consequence of the increased CDW shoaling in the WB
mentioned above, is that the increased CDW transport within the con-
tinental shelf enhances the vertical mixing and the heat transport to
shallower waters (Dinniman et al., 2012). Moreover, the increased
CDW shoaling should be associated with an increase in both the number
of ice shelves and the area on each ice shelf affected by warm water
(e.g., Schmidtko et al., 2014). Consequently, the spatial extent of basal
melting should be increased and the ice shelf should be reduced in this
region of the WAP. These waters (between 27.85 < y" < 28kgm ™ >)
did not show variations of y" during 1960-2013, although the section of
the time series between 1960 and 1996 presented a significant increase
(not shown). In terms of density, the warming of these waters since the
2000s could be compensating the increase of density by salinification.

Our study also shows cooling and freshening in the depth range of
500-800 m between 1960 and 1999 (Table 2). These trends would be
due to the greater influence of the Weddell Sea shelf waters in the in-
termediate and deep layers of the WB during that period. Passages
deeper than 500 m connect the Western and Central basins, allowing
the entry to the WB of the deepest and densest shelf waters originated in
the Weddell Sea (Fig. S5). However, when the full period (1960-2013)
is considered the trends were not significant, probably due to a trend
reversal during the 2000s. The warmer, more saline, less dense and less
oxygenated waters observed in the 2000s would explain these trends.
This change in the hydrographic properties could be associated with an
increase (decrease) of mCDW (Weddell Sea shelf waters), as discussed
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Fig. 10. Distribution of the 8 (upper panel) and DO (bottom panel) along the isopycnal surface of y* = 28 kg m > for the (a,d) 1960-1999 period, (b,e) 2000-2014 and (c,f) difference
between both periods, respectively. The dashed black line represents the 0 °C isotherm in upper panels and 5.5mLL~" in bottom panels. Data points are indicated by black dots. This
dataset includes data collected between November and March from the NODC and PANGAEA dataset around Bransfield Strait.

in Section 4.2. However, if we only considered the period of time be- could influence and respond to changes in air temperature (Gille,
tween 1981 and 2013, a significant increase in 6 and a decrease in y* 2008). Initially driven by strengthening westerlies, atmospheric
were found for the waters deeper than 500 m in the WB (Table 2). warming and lower increase in sea ice production (related to the po-
Regions around Antarctica, such as the Bellingshausen and Amundsen sitive SAM trend), these changes would act as positive feedbacks, pro-
Seas, where the CDW core both slopes upward approaching the shelf moting further warming and S increase in the surface waters in summer
break and is shoaling over time, showed warming in their bottom wa- over the WAP area.

ters (Schmidtko et al., 2014). Thus, CDW changes in the Drake Passage

are probably more likely to be transmitted into the WB and influence its
deep waters (Schmidtko et al., 2014). 4.2. Temporal variability in the Bransfield Strait water masses and their

Dotto et al. (2016) suggest that the Central and Eastern basins deep links with modes of climate variability (1980s-2010s)
waters shrinking volumes appear to be linked to freshening and light- o o )
ening. Those authors suggest that there is not significant DO change due 4.2.1. Temporal variability on the spatial distribution of mCDW core in the

to the unchanged overall denser water masses formation rate (e.g., Van Bransfield Strait

Wijk and Rintoul, 2014). In this paper, a significant DO reduction in the We found significant negative correlations between the normalized
WB intermediate waters (which are less influenced by shelf waters; and detrended thermohaline parameters of mCDW core of the WB with
Fig. 5d and Table 2) suggests a change in the ventilation rate between ENSO (Table 3). Therefore, our results showed increased 0 and S values
1981 and 2013. However, this trend is still not well determined because during La Nifia conditions, associated with increased input of warmer

of the limited number of observations. Moreover, the 27.85, 28 and m(;DW to the WB. An 8-9 months lag .in the response of these corre-
28.1kgm ™3 isopycnals in the WB shrank between 1981 and 2013 lations appears reasonable compared with the ~6 months reported by

(Table 2), and the shrinking was more pronounced until 2004 (Fig. 8a), Meredith et al. (2008) based on the correlation between sea surface
which suggests that shelf waters contribution from the Weddell Sea temperature and ENSO in the Scotia Sea. Wilson et al. (1999) noted that
decreased during that period. That was compensated by expansion of CDW is sometimes present in the BS associated with great interannual
CDW and surface waters, similar to what was observed in the Australian variability. Some studies have reported the presence of mCDW patches
Antarctic Basin (Van Wijk and Rintoul, 2014). in the Strait (Clowes, 1934; Gordon and Nowlin, 1978), while others

The connection between the retreat of the sea ice field and changes reported it as a narrow strip carried by the Bransfield Current along the
in air pressure and temperature in the Antarctic Peninsula suggest an southern shelf break of the South Shetland Islands (e.g., Capella et al.,
atmospheric control in the ice shelf retreat (Morris and Vaughan, 1992; Hofmann et al., 1996; Sangra et al., 2011, 2017). We observed a
2003), although the thinning of the ice shelf may be a result of changes similar interannual variability in the mCDW presence along the BS,
in the surface water as a “pre-condition” to the atmospheric warming, which appears to be associated with ENSO phases. During La Nifa
which is one of the main drivers of regional sea ice retreat (Cook and conditions, the mCDW extended along the South Shetland Islands shelf
Vaughan, 2010). Changes in air-sea heat fluxes or horizontal advection break, while during El Nifio conditions this warm water was observed in
of ocean heat could cause changes in the heat content of the upper the Central Basin region in the form of patches, or was absent (Fig. 14).
ocean such as appears to have occurred in the WB water column, which Loeb et al. (2009) found westward displacement of SACCF and SB

around Elephant Island (see location in Fig. 1) during the 1990-1994
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Fig. 11. Same as in Fig. 9 but for the coldest (6 < 0°C) and densest (y" > 28.1 kg m ~>) deep waters (depth > 500 m).

and 1998 El Nifio phases. On the other hand, they found an eastward
displacement during the 1996 and 1999-2004 La Niha or neutral
conditions. Thus, our results are in agreement with the pattern found by
Loeb et al. (2009) in a region neighboring.

On the other hand, during positive SAM phases the westerlies in-
crease throughout the region around the Antarctic Peninsula, pushing
the SACCF and SB southward (e.g., Marshall et al., 2004; Renner et al.,
2012). During the period 2000-2014, warming and DO decrease of the
28kgm ™2 isopycnal and a southward shift of the 0°C isotherm and
55mLL™"! isoline were observed within the WB (Fig. 10). Thus, the
mCDW within the WB could propagate further to the south during
persistent positive SAM phases due to the weakening of the current
bordering the WAP (Renner et al., 2012). Fogt et al. (2011) found that
when SAM and ENSO are in phase, the ENSO teleconnection to the
South Pacific is stronger, and when they are out phase the tele-
connection is significantly weakened or absent. When both modes are
in phase, during La Nifa and positive SAM phases, the advection of
mCDW within BS is enhanced, which is associated with a weakening of
the transport of shelf waters along the WAP, as is observed in 2011
(Fig. 14).

4.2.2. Temporal variability in the intermediate and deep waters of the
Western Basin

The intermediate and deep waters in the WB presented high inter-
annual variability in the hydrographic properties between 1981 and
2014, which potentially reflects the influence of modes of climatic
variability such as ENSO and SAM. In this work, we also found negative
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correlations between 6 and S in the WB (> 800 m depth) with ENSO
and SAM (Table 3). As mentioned in Section 4.1, changes in CDW
properties could be reflected in the WB bottom waters. Also, the input
of mCDW to the WB increases during the La Nina phase. Thus, the
deepest waters were more saline and dense under La Nifa conditions;
while freshening and lightening were observed in years with El Nifio
conditions (Figs. 15a and 16).

Years with more saline deep waters were found in the WB during
negative SAM phases, while less saline conditions were observed during
positive SAM phases (Figs. 15b and 16). Dotto et al. (2016) found
significant negative correlations between S and y" in the deeper and
denser waters of the Central and Eastern basins with the SAM index of
the previous winter. In addition, the response time (~4 months lag)
between the SAM phase at the beginning of austral spring and changes
in the thermohaline parameters in summer is in agreement with the
findings of Dotto et al. (2016). During negative SAM conditions denser
shelf water intrusions from Weddell Sea (HSSW) flow southwestward
along the Northern Antarctic Peninsula (e.g., Renner et al., 2012; Van
Caspel et al., 2017) to the Central Basin of the BS (Dotto et al., 2016)
and could be carried towards the WB through the south-eastern canyon,
which communicates with the Central Basin (Fig. S5a).

The period 1980-1996 (and particularly 1985-1990) was char-
acterized by intense and/or prolonged El Nifo events (Fig. S2b), and
was heavily influenced by atmospheric warming and declining sea ice
extent around the Antarctic Peninsula (e.g., Martinson et al., 2008;
Loeb et al., 2009). Waters in the 500-800 m layer showed decreases in 6
and S until 1999 (Fig. 6a and b). This period was characterized by the
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Table 3

The normalized and detrended hydrographic properties referred to max value correlations with the ENSO and SAM (3-month moving averaged) of the previous months in the Western
Basin (1981-2014). Below, same as above but for the mean values of the hydrographic properties obtained below 800 m depth. It is indicated the lag value of the best correlation. Lag 0 =
December-February, Lag 1 = November-January and successively. Significant correlation at 95% confidence level is indicated by bold type.

ENSO vs Omax ENSO vs S of Omax ENSO vs y" of Bmax SAM vs Omax SAM vs S of 6max SAM vs y" of 6max
—0.65 (0.02) —0.69 (0.01) —0.64 (0.03) —0.45 (0.14) —0.31 (0.33) 0.40 (0.20)

Lag 9 Lag 8 Lag 2 Lag 4 Lag 4 Lag 2

Correlation coefficients for Western Basin water column below 800 m depth.

ENSO vs 6 ENSO vs S ENSO vs y* SAM vs 6 SAM vs S SAM vs y"

—0.59 (0.05) —0.69 (0.01) 0.27 (0.40) —0.63 (0.03) —0.64 (0.03) —0.55 (0.06)

Lag 8 Lag 8 Lag 6 Lag 4 Lag 4 Lag O

presence of bottom water denser than 28.27kgm ™2 during several
years (Figs. 3c and 11), which indicates the dilution of shelf waters
originating in the Weddell Sea.

Since 1990, strong teleconnections were found between ENSO and
SAM (Fig. S2b): generally La Nifia occurred during the positive SAM
phase and El Nifo occurred during the negative SAM phase (Fogt and

—
QU
—

Bromwich, 2006; Stammerjohn et al., 2008). During the 1990s, the 6
and S in the 27.85 < y* < 28 kg m ~* layer were relatively low and did
not show changes during the years when data are available (Fig. 5a and
b). This was a period of relatively stable sea ice conditions in the WAP
area (Loeb et al., 2009). In the other hand, waters deeper than 500 m in
the WB were marked by cooling and increase of S and vy (Figs. 11 and

Fig. 13. Temporal evolution of the standardized (a) ®max (blue)
and (b) S(6max) (red) in the Western Basin and the BEST index
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12) due to low contribution of mCDW and greater influence of HSSW.

Since 1998, stronger and more prolonged La Nifia events have been
present, while weaker or less prolonged El Nifio events were reported
for the same period (Fig. S2b). In general, positive SAM conditions were
present over this period (Fig. S2). During the 2000s, both the mCDW
core in the western BS and the 27.85-28 kg m ~ 2 y* layer within the WB,
were characterized by warming, salinification and DO reductions
(Figs. 4 and 5). The simultaneous La Nina and positive SAM phases
should favor the greater mCDW contribution in the WB waters. The
deepest waters (depth > 500 m) showed increased 6 values and de-
creased y" and DO values during this period (Figs. 6 and 7), which could
be associated to a greater proportion of mCDW in the mixing of the WB
deep waters (Fig. 12). Also, a minor HSSW contribution to the shelf
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waters revealed by the OMP analysis is in agreement with the lower
salinity found during the 2000s (Figs. 11 and 12). Both patterns are
associated to persistent positive SAM phases, during which stronger
westerlies move mCDW to south and a local variety of relatively less
dense shelf waters sinks into the BS.

Since 2010, a decrease (an increase) of 8 and S (DO) were recorded
in WB waters above 800 m (Figs. 4-6 and 9) that could be associated to
a LSSW increase and a corresponding mCDW decrease (Fig. 12a). Also,
increased S in the denser and deeper (> 800 m) waters (Fig. 11a and b)
would be related to an increase in the proportion of HSSW and a re-
duction of mCDW in the total mixture (Fig. 12b and c). Dotto et al.
(2016) found an increase of ~0.06 in S in the Central Basin deep waters
during this period, and associated this observation with an increase in
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the contribution of HSSW (and reduced contribution of LSSW) of ap-
proximately 20%. Moreover, 2014 unveiled the densest waters
(> 28.27 kg m~>) in the WB, not observed since 1999 (Fig. 11). Similar
behavior was also reported in the other basins of the BS (Dotto et al.,
2016). Finally, a monotonic shoaling of the depths of the 27.85, 28 and
28.1kgm™2 isopycnals has been observed in the WB since 2008
(Fig. 8a). In the 2010s, a change occurred from La Nifia and positive
SAM phase to neutral ENSO conditions and negative SAM phase (Fig.
S2b). Turner et al. (2015) found an air temperature trend inversion
since the late 1990s associated with greater east-to-southeasterly winds.

5. Summary and conclusions

In this paper, we analyzed the thermohaline variability of the
Bransfield Strait Western Basin (WB) from a hydrographic data set
spanning approximately five decades (1960s-2010s). We found long-
term warming and lightening of the mCDW core statistically significant
(95% confidence level) in the WB: 0.0161 + 0.0079 °C yr_1 and
—0.0023 = 0.0010 kg m~3 yr~?, respectively (1960-2013). This result
is in agreement with previous findings reported in neighbor areas (e.g.,
Gille, 2002, 2008; Schmidtko et al., 2014). On the other hand, the
mCDW core presents a decrease in S (—0.0014 + 0.0006 yr ') and y"
(—0.0016 + 0.0009kgm ™2 yr~') in the Central Basin between 1963
and 2013. These trends are influenced by the freshening and lightening
observed in Weddell Sea shelf waters (e.g., Garcia and Mata, 2005;
Azaneu et al., 2013; Dotto et al., 2016).

The less dense intermediate waters (27.85 < y" = 28 kg m~3) of the
WB experienced statistically significant (at 95% confidence level)
warming and salinification at rates of 0.0190 * 0.0061°Cyr~! and
0.0018 =+ 0.0008 yr !, respectively, between 1960 and 2013. These
trends could be associated with advection of heat due to warming and
greater reduction of sea ice extent from Bellingshausen surface waters.
Another hypothesis explaining these trends is due to heat flux from
mCDW to the upper layers associated with the positive SAM trend ob-
served since the 1960s. In addition, a significant deepening of this layer
was recorded during 1981-2013 (Table 2). The 500-800 m layer in the
WB presented cooling (—0.0229 + 0.0068°Cyr~ ') and freshening
(—0.0025 + 0.0009 yr_l) until late 1990s. These trends could be
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associated to an enhanced influence of Weddell Sea shelf water during
this period. Conversely, warming and lightening were found between
1981 and 2013, both in 500-800 m and > 800 m layers (Table 2), due
to reduced contribution of shelf waters and greater of mCDW within the
basin. These hydrographic changes could be associated with a south-
ward migration of marine species observed in the WAP between 1978
and 2006 (Montes-Hugo et al., 2009).

The 6, S and y" of the mCDW core in the WB are negatively corre-
lated with ENSO. In negative ENSO phases (La Nifia) the mCDW spreads
through the Bransfield Strait along the southern slope of the South
Shetland Islands (Fig. 10). During 2000-2014 (generally in positive
SAM phases) the mCDW propagated southward within the WB (Fig. 14).
The abrupt change in the climate regime between two well-differ-
entiated states around 1998 had a major impact on hydrographic and
biological conditions around the Antarctic Peninsula (e.g., Martinson
et al., 2008; Loeb et al., 2009).

The deep waters 6 and S (> 800 m) are negatively correlated with
ENSO and SAM (Table 3). Warming and decrease in DO content sug-
gests the increase (decrease) of CDW (Weddell Sea shelf waters) con-
tribution to the deep WB during the 2000s. During the negative SAM
phase the contribution of HSSW to the shelf waters increased in the WB,
whereas during the positive SAM phase the contribution of LSSW in-
creased. The same pattern was reported in the other basins of the
Bransfield Strait (Dotto et al., 2016). The 1980s was a period char-
acterized by positive ENSO phases (El Nifo) and salinification in the
less dense intermediate waters of the WB, associated with the sub-
stantial sea ice retreat. Also, the high proportion of shelf waters in the
deeper waters of the basin reflected the freshening and lightening of
waters derived from Weddell Sea in the 1980s and 1990s. Simultaneous
in-phase La Nifia and positive SAM events during the 2000s showed a
greater contribution of mCDW in the mixing ratio. Between 2010 and
2014, the increase of HSSW contribution to the WB deeper waters is in
agreement with a corresponding decrease of mCDW. Moreover,
shoaling of 27.85, 28 and 28.1 kg m 2 isopycnals have been observed
since 2008, thus reversing the sign of the trends obtained. Therefore,
the interannual observed variability in WB deep waters appears to be
linked to ENSO and SAM.

The Bransfield Strait waters showed large interannual variability
due to the varying influence of distinct water masses derived from
different sources. The changes in the properties of mCDW reported in
this work could have been caused by the regional climate change ob-
served since the 1950s (increase in air temperature and precipitations,
southward displacement of sea ice, dilution of shelf waters, positive
SAM index, basal melting, etc.). Lightening due to warming associated
with CDW, and freshening due to an enhanced influence of Weddell Sea
shelf waters have been reported in the WB. The reduction in sea ice
cover (and greater number of ice-free areas); a greater contribution of
mCDW and increased upwelling; and variability in volume and the
extent of glacial meltwater play critical role on the marine ecosystem,
particularly on primary production (e.g., Dierssen et al., 2002; Clarke
et al., 2007; Schmidtko et al., 2014).

To confirm the significant trends and interannual variations in the
hydrographic properties of the WB it is necessary to continue collecting
high-quality hydrographic observations, including the deployment of
moorings capable of detecting the subtle changes in deep and bottom
water characteristics with improved temporal resolution. To address
these issues, long-term observations are also needed in the source re-
gions of the Bransfield Strait water masses.
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