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Abstract The deep waters of the Bransfield Strait receive considerable amounts of water from the
Weddell Sea continental shelf. The restricted connections to the surrounding ocean and relatively easier
access makes the Bransfield Strait an important proxy region for monitoring changes in the dense Weddell
Sea shelf water masses, which are an important precursor of Antarctic Bottom Water (AABW). Long-term
hydrographic data from the period 1960s–2010s showed freshening and lightening of the deep water
masses of the Bransfield Strait, which was likely caused by large freshwater inputs originating from the
western shelf of the Weddell Sea. The rates of freshening and lightening were 20.0010 6 0.0005 yr21 and
20.0016 6 0.0014 kg m23 yr21 for the central basin, respectively, and 20.0010 6 0.0006 yr21 and
20.0029 6 0.0013 kg m23 yr21 for the eastern basin, respectively. The deep waters showed a high degree
of interannual thermohaline variability, which appeared to be caused by changes in the proportions of
source water mass mixing between the years. Statistically significant negative correlations between salinity/
neutral density fields and the Southern Annular Mode (SAM) were observed (20.56 and 20.62 for the cen-
tral basin, respectively, and 20.58 and 20.68 for the eastern basin, respectively) between 1980 and 2014.
During SAM positive phases, communication between the Weddell Sea and the Bransfield Strait is reduced,
which leads to less saline and lighter water masses in the Bransfield Strait; however, the opposite trends are
observed during SAM negative phases.

1. Introduction

The Bransfield Strait is located west of the tip of the Antarctic Peninsula (Figure 1a), and this region receives
a considerable contribution of cold, dense waters from the continental shelf of the western Weddell Sea
[Wilson et al., 1999; Gordon et al., 2000], which is an important region for the formation of Antarctic Bottom
Water [Huhn et al., 2008; Heywood et al., 2014; van Caspel et al., 2015]. Relatively shallow topography around
the strait (Figure 1a) prevents the mixing of these waters with the surrounding oceans, thus preserving its
thermohaline characteristics [Wilson et al., 1999]. After entering the Bransfield Strait, these dense waters sink
in one of the three deep basins of the region (western, central or eastern), where they remain with restricted
connections to the adjacent seas.

The circulation within the Bransfield Strait is characterized by a cyclonic gyre [e.g., Zhou et al., 2002; Sangr�a
et al., 2011]. The cold waters from the continental shelf of the Weddell Sea flow into the region around the tip
of the Antarctic Peninsula and Joinville Island (Figure 1a) [von Gyldenfeldt et al., 2002; Thompson et al., 2009;
Collares et al., 2015], whereas Circumpolar Deep Water (CDW) and warm surface waters from the
Bellingshausen Sea enter into the Bransfield Strait mainly at the southwestern passages between (i) the Snow,
Smith and Low Islands and the Antarctic Peninsula [Niiler et al., 1991] and between (ii) King George and Ele-
phant Islands (Figure 1a) [Hofmann et al., 1996]. This complex combination of water masses characterizes the
thermohaline properties and variability of the deep waters of the Bransfield Strait [e.g., Clowes, 1934; Gordon
and Nowlin, 1978; Hofmann et al., 1996; Wilson et al., 1999; Gordon et al., 2000; Garcia and Mata, 2005].

Two varieties of shelf water are the main precursors of the deep water of the Bransfield Strait: High-Salinity
Shelf Water (HSSW) and Low-Salinity Shelf Water (LSSW) [e.g., Gordon and Nowlin, 1978; Whitworth et al.,
1994; von Gyldenfeldt et al., 2002]. Together, these shelf waters account for �65% and �90% of the contri-
bution to the eastern and central basin bottom waters, respectively, whereas the final composition
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percentage of the Bransfield Strait waters is formed by a mixture of CDW and/or intermediate warm water
from the Weddell Sea [Gordon et al., 2000]. In particular, the central basin traps the majority of the Weddell
Sea shelf waters [Wilson et al., 1999; Gordon et al., 2000], thereby serving as a proxy region for evaluating
thermohaline changes of a key source component of AABW.

Early studies of the Bransfield Strait dating from the beginning of 1900s aimed to characterize the regional
hydrographic properties [e.g., Clowes, 1934], whereas studies investigating the temporal variability of the
deep waters of the region are recent. The Bransfield Strait deep water masses have experienced a general
decrease in temperature, salinity, and density from the 1960s to 2000s [Wilson et al., 1999; Garcia and Mata,
2005; Azaneu et al., 2013]. Garcia and Mata [2005] showed that between 1980 and 2005, the deep waters
(deeper than 1000 m and colder than 21.48C) of the central basin of the Bransfield Strait had a potential

Figure 1. Map and bathymetry of the Bransfield Strait. (a) The colored dots represent all data available for this study. The blue dots and
green dots represent the hydrographic stations of the central basin and eastern basin, respectively. The arrows represent the schematic
pathways of the Weddell Sea shelf water (dark blue) and Bellingshausen Sea surface water and the Circumpolar Deep Water (red) entering
into the strait. The light green and light blue lines represent the mean locations of the Southern Antarctic Circumpolar Current Front
(SACCF) and the southern boundary of Antarctic Circumpolar Current (SB), respectively. The orange line is the schematic path of the
Antarctic Slope Front and the Weddell Front. The black line is the 1000 m isobath. (b) Map showing the GOAL high-resolution oceano-
graphic data set collected around the tip of Antarctic Peninsula from 2003 to 2014. The black contour rectangle represents the repetition
line used in the OMP analysis.
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temperature increase and salinity decrease at rates of 10.00278C yr21 and 20.0014 yr21, respectively. Con-
versely, Azaneu et al. [2013] considered the Bransfield Strait as a whole and found decreases in potential tem-
perature, salinity, and neutral density of the deep water masses at rates of 20.02788C yr21, 20.0012 yr21, and
20.0013 kg m23 yr21, respectively, from 1958 to 2010. Both studies concluded that the decrease in salinity
was likely caused by the dilution of the shelf waters observed in the western Weddell Sea over the last 50 years
because of the intense glacial ice loss in the Antarctic Peninsula [e.g., Cook et al., 2005; Rignot et al., 2013].
Recent works have shown that freshening trends occurred in the Weddell Sea shelf waters (ranging from
20.0013 yr21 to 20.0053 yr21) and resulted in a decrease in density from the 1950s–2010s [Hellmer et al.,
2011; Azaneu et al., 2013; Schmidtko et al., 2014]. These trends are indicative of changes in the Antarctic hydro-
logical cycles [Durack et al., 2012]. The freshening over the continental shelf around Antarctica is likely responsi-
ble for the decreased salinity observed in the deep oceans around the deep basins of the world [e.g., Azaneu
et al., 2013; Jullion et al., 2013; Purkey and Johnson, 2013; van Wijk and Rintoul, 2014].

Changes in the inflow of source water masses into the Bransfield Strait may have caused interannual
changes in the thermohaline characteristics of the deep water masses. For example, there is an approxi-
mately 5 months lag in the influence of wind stress over the Weddell Gyre on changes in the AABW thermo-
haline properties within the Drake Passage [Jullion et al., 2010]. For the upper ocean, Renner et al. [2012]
suggested that the connections between the Weddell Sea and areas west of the Antarctic Peninsula are
restricted during positive phases of the Southern Annular Mode (SAM) because of stronger westerlies and
ocean front shifts near the tip of the Peninsula. Because the strait receives considerable contributions from
the Weddell Sea shelf waters, the effects of the SAM on the Weddell Sea atmosphere/ocean circulation may
also impact the interannual variability of the deep water masses of the Bransfield Strait.

Here, we used a recent and extensive high-resolution observational data set to examine the spatial and tempo-
ral variability in the Bransfield Strait hydrographic properties between 1963 and 2014. The paper is organized
as follows: section 2 provides a description of the observational data set and the methods used in this work;
section 3 presents the main results with regard to the thermohaline structure of the deep waters of the
Bransfield Strait basins, their temporal variability and admixture changes from different sources; section 4
includes a discussion of the study results; and section 5 presents the summary and main conclusions.

2. Data and Methods

2.1. Hydrographic Data Sets
We compiled data from three different sources: (1) the World Ocean Database 2013 (WOD13) [Boyer et al.,
2013] bottle and conductivity-temperature-depth (CTD) data, (2) the Alfred Wegener Institute CTD data
(www.pangaea.de), and (3) the Brazilian High Latitude Oceanography Group (GOAL; www.goal.furg.br) CTD
data from 2003 to 2014 (Figure 1b). The WOD13 database includes only measurements considered to be of
good quality according to the WOD quality flag criteria [Johnson et al., 2013]. Duplicate hydrographic sta-
tions appearing in more than one data set and spurious hydrographic data greater than two standard devi-
ations from the mean value of each profile were removed. To avoid the influence of water masses over the
continental shelf, only data located in regions where the bathymetry was deeper than 500 m were used.
We further divided the data regionally according to the bathymetry and the shallow sills located between
the Bransfield Strait basins (Figure 1a). Hereafter, we refer to these regions as the central basin and the east-
ern basin of the Bransfield Strait (Figure 1a). The western basin was not analyzed because its circulation and
thermohaline characteristics are predominantly influenced by water intrusions from the Bellingshausen Sea
and its shallow bathymetry does not trap deep waters. For the central (eastern) basin (Figure 1a), years that
presented less than three (two) hydrographic stations with cn� 28.27 kg m23 were removed from the anal-
ysis. The combined data sets covered a period of 52 years (1963–2014) for the central basin and 40 years
(1975–2014) for the eastern basin and were restricted to the austral summer (November–March; for the dec-
adal location of the hydrographic stations, please refer to supporting information Figure S1).

The techniques and instrument accuracies related to ocean measurements have changed over the study
period. The earliest data were primarily from bottle samples and low-resolution CTD records, whereas the
later data were from higher-quality CTDs. The accuracy of the WOD13 CTDs varied from 0.001–0.0058C for
temperature and 0.003–0.02 for salinity [Boyer et al., 2013]. In general, the GOAL measurements had accura-
cies of approximately 0.0028C for temperature and 0.003 for salinity [Azaneu et al., 2013]. Thus, the accuracy
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ranges of the CTD data within the combined data set were 0.001–0.0058C for temperature and approxi-
mately 0.003–0.02 for salinity.

Four hydrographic parameters were analyzed: potential temperature (h; 8C), salinity (S), neutral density (cn;
kg m23), and dissolved oxygen (DO; mL L21). In this work, the deep waters in the Bransfield Strait were
defined as those with cn� 28.27 kg m23, which is characteristic of the dense waters produced around the
Antarctic continental margins, including the dense shelf waters [e.g., Nicholls et al., 2009] that provide an
important source of AABW [e.g., Orsi et al., 1999]. The depth of the 28.27 kg m23 isopycnal (calculated from
the first depth with cn� 28.27 kg m23) was analyzed and used as a proxy to provide information about the
deep water volume shrinkage or expansion.

We analyzed the thermohaline vertical structure of the Bransfield Strait using decadal profiles from the cen-
tral and eastern basins (Figures 2 and 3). Each decadal profile is the average of individual profiles grouped
within their respective decade and binned in 100 m windows from 500 m to the bottom (without the use of
the threshold value cn� 28.27 kg m23). We restricted our analysis to the decades between the 1980s and
2010s because earlier decades featured much less usable data.

2.2. Ancillary Data and Quantification of the Deep Water Mass Mixtures
The SAM is the dominant mode of large-scale climate variability in the Southern Ocean [e.g., Marshall et al., 2004].
We used observations based the SAM index (http://www.nerc-bas.ac.uk/icd/gjma/sam.html) [Marshall, 2003] to
study the relationships of the SAM with the thermohaline properties of the Bransfield Strait deep waters.

The Optimum Multiparameter Analysis (OMP) inverse method [Tomczak and Large, 1989] was used to quan-
tify the mixing of the water masses from different sources in the deep layers (i.e., depths> 800 m) of the
central and eastern basins using GOAL data from 2004–2014 from the repeated hydrographic section. The
source water types observed in the mixture of the Bransfield Strait were HSSW, LSSW, and CDW. Because of
the paucity of data for the northwestern Weddell Sea continental shelf, the thermohaline index was derived
from the literature following Carmack [1974], Carmack and Foster [1975], Orsi et al. [1995], Weppernig et al.
[1996], and Robertson et al. [2002]. The weights used for each parameter were determined according to
Tomczak and Large [1989]. We followed Kerr et al. [2009] and carefully performed sensitivity analyses (not
shown) to perturb the defined source water types (Table 1) by adding previously reported trends [e.g.,
Robertson et al., 2002; Azaneu et al., 2013] to assess the resulting OMP mixture fractions. The differences
among the water mass fractions between the OMP runs were less than 5%. Thus, substantial changes were
not observed between the OMP runs by adding long-term changes, thus demonstrating the robustness of

Figure 2. Decadal profiles of the hydrographic parameters for depths greater than 500 m in the central basin. Potential temperature (h; a), salinity (S; b), and neutral density (cn; c). The
decade colors are shown in the legend of Figure 2a. Horizontal bars represent the standard deviations relative to certain chosen depths.
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the method for inferring temporal water mass variations [e.g., Leffanue and Tomczak, 2004; Tomczak and Lie-
frink, 2005; Kerr et al., 2009]. The OMP results yielded low mass conservation residual values (< 5%), thus
providing additional support for the results.

2.3. Trend Calculations
We followed Azaneu et al. [2013] and calculated the annual time series anomalies of seawater properties rel-
ative to the decade 2000–2009 for both the central and eastern basins. We chose this decade because it
presented the best spatial coverage among the studied decades (supporting information Figure S1). Each
vertical property profile was subtracted from the 2000–2009 averaged profile to produce anomaly profiles.
Next, we used a second depth threshold of depth> 800 m to select only the deep, dense water masses that
may have been less influenced by mixing, thus preserving their ‘‘pure’’ form. The data were grouped into
their respective summers, and the average and standard deviations for each year were calculated. The tem-
poral trends determined from linear fits, confidence limits for the estimated trends, and statistical p values
(at the 95% confidence levels) were determined for each time series.

Sensitivity tests (not shown) were performed to exclude methodology bias. We changed the criteria by relaxing
the thresholds for the data per year and ‘‘pure’’ water depths. The most robust results in which the time series
signals were conserved and less data were lost, were achieved using the thresholds presented in subsection 2.1
(minimum of three stations per year with cn� 28.27 kg m23 in the central basin and two in the eastern basin)
and 2.3 (depth higher than 800 m).

3. Results

3.1. Vertical Structure of the Bransfield Strait (1980s–2010s)
A comparison of the vertical profiles between the 1980s and 2010s showed an increase in h between 500 m
and 1000 m (reaching differences of �0.28C between 500 m and 800 m; Figure 2a), although between the

Figure 3. Same as in Figure 2 but for the eastern basin. Note that the scales between the central basin and the eastern basin are different.

Table 1. Source Water-Type Indices, Their Properties (Potential Temperature, h8C; Salinity, S; and Dissolved Oxygen, DO lM), and the
Weights Used in the Optimum Multiparameter Analysisa

Properties CDW LSSW HSSW OMP Weight

h (8C) 1.00 21.88 21.88 1.073
S 34.75 34.30 34.56 1.073
DO (lM) 192 330 326 2.250
Mass conservation 1 1 1 2.250

aCDW 5 Circumpolar Deep Water; LSSW 5 Low-Salinity Shelf Water; and HSSW 5 High-Salinity Shelf Water.
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1990s and 2000s, h did not change in the central basin. Below 1000 m, the h differences between decades
were smaller and generally were not significant (less than �0.018C; Figure 2a). In the eastern basin, the h dif-
ferences below 1000 m were higher than in the central basin (Figure 3a), and the profile from the 2010s
was �0.18C warmer than that from the 2000s and �0.28C warmer than that from the 1980s. The 1990s pro-
file of the eastern basin did not reach the deep depths of the basin.

The decadal S profiles of the central and eastern basins (Figures 2b and 3b, respectively) showed substantial differ-
ences with depth. Generally, the highest S values (i.e., saltiest deep waters) of the study period were observed in
the 1980s, whereas the lowest S values were observed in the 2000s in both basins (Figures 2b and 3b). The salinity
differences were greater in the eastern basin (e.g., approximately 0.025 between the 2000s and 2010s; Figure 3b).

The 1980s cn profile (Figures 2c and 3c) featured higher values in both basins compared with the rest of the
analyzed decades (except in the eastern basin in the 1990s). Lower cn values were found in the 2000s
and 2010s. The differences between the densest and the lightest decades were �0.1 kg m23 in both basins,
and these changes decreased along with depth (Figures 2c and 3c). The isopycnal of 28.27 kg m23 deep-
ened over time from �550 m during the 1980s to �800 m after the 2000s in the central basin (Figure 2c)
and from �800 m in the 1980s and 1990s to �1300 m in the 2010s in the eastern basin (Figure 3c).

3.2. Temporal Variability in the Bransfield Strait Deep Water Masses (1960s–2010s)
For this analysis, we considered the full period from the 1960s to 2010s (cn� 28.27 kg m23 and
depth> 800 m as described in section 2.3) to identify trends in the hydrographic properties from the

Figure 4. Anomaly time series of the hydrographic parameters for the deep waters (cn> 28.27 kg m23 and depth> 800 m) in the central
basin of the Bransfield Strait. (a) Potential temperature, (b) salinity, (c) neutral density, (d) dissolved oxygen, and (e) the depth of the
28.27 kg m23 isopycnal. The trends are listed by linear fits (black lines) within each plot. If the confidence bound is lower than the trend,
the result is statistically significant at the 95% level (p� 0.05).
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anomaly time series in the central and eastern basins. In the central basin, between 1963 and 2014,
decreased values of h, S, and cn were recorded for the deep layers at rates of 20.0008 6 0.00268C yr21,
20.0010 6 0.0005 yr21, and 20.0016 6 0.0014 kg m23 yr21, respectively (Figures 4a–4c; all of the trends
and their statistical significance are summarized in Table 2). In the eastern basin between 1975 and 2014,
increased h values were observed at rate of 10.0058 6 0.0033˚C yr21 and decreased S and cn values were
observed at rates of 20.0010 6 0.0006 yr21 and 20.0029 6 0.0013 kg m23 yr21, respectively (Figures 5a–5c
and Table 2). The DO content decreased in both basins, although it was statistically significant only in the
eastern basin (20.0155 6 0.0094 mL L21 yr21). However, less DO data were available compared with the h

Figure 5. Same as in Figure 4 but for the eastern basin of the Bransfield Strait. Note that the scales between the central basin and the east-
ern basin are different.

Table 2. Hydrographic Trends and Confidence Bounds (at 95% Level) Observed in the Central Basin (1963–2014) and Eastern Basin
(1975–2014) of the Bransfield Strait, as well as the Normalized and Detrended Potential Temperature, Salinity, and Neutral Density
Correlations with the SAM Index (August–October of the Previous Year)a

Trends Central Basin Eastern Basin

h (8C yr21) 20.0008 6 0.0026 (0.54) 10.0058 6 0.0033 (0.00)
S (yr21) 20.0010 6 0.0005 (0.00) 20.0010 6 0.0006 (0.00)
cn (kg m23 yr21) 20.0016 6 0.0014 (0.03) 20.0029 6 0.0013 (0.00)
DO (mL L21 yr21) 20.0001 6 0.0105 (0.98) 20.0155 6 0.0094 (0.00)
Isopycnal depth (m yr21) 25.60 6 5.27 (0.04) 224.98 6 11.09 (0.00)
Hydrographic properties (1980–2014) Correlation with the SAM index (average from August–October of the previous year)
h 10.41 (0.06) 10.50 (0.03)
S 20.56 (0.01) 20.58 (0.00)
cn 20.62 (0.00) 20.68 (0.00)

ap-Values are shown in parentheses.
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and S data in the 1990s, which may have influenced the trend analysis (Figure 5d). The calculated S val-
ues presented an almost monotonic increase in both basins from 2009–2010 to the end of records (Fig-
ures 4b and 5b). Finally, the 28.27 kg m23 isopycnal depth deepened over the study period in both the
central and the eastern basins at rates of 25.60 6 5.27 m yr21 and 224.98 6 11.09 m yr21, respectively
(Figures 4e and 5e).

The central basin is more easily ventilated and can trap more dense waters relative to the eastern basin
(Figures 6 and 7), which is associated with the well-preserved shelf water from the Weddell Sea that sinks in
that region. The central basin showed high thermohaline variability among years within each decade from
the 1980s to the 2010s (Figure 6). Within the 1980s, 1990s, and 2000s (in particular), these dense and cold
waters generally tended to become less saline and less dense between the beginning and the end of each
decade (Figures 6b and 6c). Conversely, the coldest deep waters tended to become more saline and dense
within the first half of the 2010s (Figure 6d). In 2014, the h and S parameters of the deep, cold waters
reached the thermohaline property values of the HSSW from the Weddell Sea (Figure 6d), which has not
been observed since 1996 in this region (Figure 6b). However, these patterns were not as clear in the east-
ern basin (Figure 7), which may have been caused by the connections between the eastern basin and the
Powell Basin and the Northeast Channel, which favor the exchange and mixing with the surrounding waters
[e.g., Gordon et al., 2000], thus attenuating the properties of the shelf waters that eventually enter the basin.

Figure 6. h-S diagrams for the coldest deep water masses (h�21.48C) in the central basin of the Bransfield Strait. The numbers in the colored legend represent the year in the (a) 1980s,
(b) 1990s, (c) 2000s, and (d) 2010s. The isopycnal lines represent potential density. The rectangles represent the thermohaline characteristics of the High-Salinity Shelf Water (HSSW)
from the Weddell Sea. The quasi-horizontal lines represent the freezing point of seawater.
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However, despite all of the differences among the basins, the deep waters of the eastern basin also pre-
sented a cold and saline water mass in 2014 (Figure 7d) similar to that observed in the central basin (Figure
6d).

3.3. Mixing of the Bransfield Strait Deep Water Masses
We quantified the contributions of the water mass sources to the deep water in the central and eastern
basins (depths> 800 m) using the high-resolution CTD data set from the GOAL repeated hydrographic sec-
tion. The OMP analysis revealed a reduction of �10% and �30% in the CDW and LSSW contributions,
respectively, to the total water composition between 2004 and 2014 in the central basin (Figure 8). In the
eastern basin, the proportions of CDW and LSSW decreased by �5–10% and �20–25%, respectively, during
the same period. Between 2009 and 2010, the LSSW represented �40% of the total mixture in the central
basin and contributed to the basin’s lower salinity values during these 2 years (Figure 4b). The proportion of
HSSW increased by �20–30% in both basins during the study period (Figure 8). According to the OMP
results, the interannual variability in the deep waters of Bransfield Strait was strongly affected by changes in
the proportions of source water masses.

3.4. Correlations Between the SAM and the Bransfield Strait Deep Water Masses Variability
We tested the correlations between the variability of the normalized and detrended thermohaline proper-
ties of the Bransfield Strait and the SAM index (using it as a proxy for the regional winds patterns). The

Figure 7. Same as in Figure 6 but for the eastern basin of the Bransfield Strait. Note that the scales between the central basin and the eastern basin are different.
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highest correlation presented a time lag of �5 months, considering that most of the data were collected
from December to March, and this lag is consistent with the effect of wind stress on the thermohaline char-
acteristics of the AABW exported from the Weddell Sea [e.g., Jullion et al., 2010]. The normalized and
detrended S and cn time series of the central basin were negatively correlated with the August–September–

Figure 8. Mixture proportions of distinct water masses below 800 m in the central and eastern basins of the Bransfield Strait. (left) The Circumpolar Deep Water (CDW), (middle) the Low
Salinity Shelf Water (LSSW), and (right) the High-Salinity Shelf Water (HSSW). (top to bottom) The years between 2004 and 2014, for which we performed the OMP analysis.

Journal of Geophysical Research: Oceans 10.1002/2015JC011228

DOTTO ET AL. FRESHENING IN THE BRANSFIELD STRAIT 3750



October-averaged SAM index of the previous year (r 5 20.56 and 20.62, respectively; both at the 99% sta-
tistical significance level), whereas h was positively correlated (r 5 10.41; p 5 0.06) (Figures 9a–9c; for the
eastern basin, please, see Table 2). Therefore, the positive phase of the SAM at the end of austral winter and
the beginning of austral spring is correlated with a decrease in the salinity and density of the central basin
deep waters of the Bransfield Strait the following summer, whereas the opposite occurs during the SAM
negative phase, which is correlated with increases in the salinity and density of the central basin deep
waters of the Bransfield Strait.

4. Discussion

4.1. Long-Term Trends of the Deep Water of the Bransfield Strait
Previous studies compared only specific cruises (with limited hydrographical stations available) or evaluated
the Bransfield Strait as a whole without differentiating between basins [e.g., Wilson et al., 1999; Garcia and
Mata, 2005; Azaneu et al., 2013]. In the present study, we expanded the number of available data from dif-
ferent cruises, grouped the cruise data into their respective summers and extended the analysis until the
GOAL cruise of February 2014. The inclusion of the novel high-resolution data from GOAL led to a much
more robust analysis. The long-term time series included in the present work revealed statistically signifi-
cant negative trends for S and cn in the deep waters of both the central and the eastern basins of the
Bransfield Strait (Table 2). The thermohaline characteristics of the water masses of the strait are more uni-
form below 800 m [e.g., Gordon et al., 2000], and the criteria used here to select only these deep water
masses helped to attenuate the effects of sampling bias between years. If a constant trend is assumed

Figure 9. Temporal evolution of the normalized and detrended SAM index and the following oceanic properties: (a) h, (b) S, and (c) cn for
the central basin. The SAM index (gray) is the average of August–October of each year. The hydrographical properties are in black. The
correlation coefficients and P-value (in parenthesis) between the SAM index and h, S, and cn are indicated within each plot. The correla-
tions are calculated between the hydrographic properties and the previous year of the SAM. Note that the SAM index is advanced by one
year in the figure.
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throughout the entire analyzed period, the total amount of change in h, S, and cn is higher than the instru-
mental accuracy (see section 2). Our salinity trends are also greater than the threshold of 60.0005 yr21,
which is considered a significant change for the majority of the oceans [Boyer et al., 2005] and ensures that
the freshening trends observed in the present work are robust for evaluating hydrographic changes in the
deep Bransfield Strait. During the whole period analyzed, the time series showed a high degree of interan-
nual variability of the hydrographic properties, including between 2003 and 2014 in which the GOAL sta-
tions were predominant (Figure 1b).

These findings are generally consistent with those of previous studies in the region and provide an update
of the thermohaline long-term trends in the deep waters of the Bransfield Strait, as well as new insights into
the causes of changes in the deep oceans. Wilson et al. [1999] found a net heat flux of 24.90 W m22 and a
freshwater input of 11.08 m m22 in an analysis of five sparse surveys of the central and eastern basins
between 1963 and 1995, and their results indicated a decrease of h and S until 1995. In turn, Garcia and
Mata [2005] documented a freshening of 20.0014 yr21 and warming of 10.00278C yr21 for the central
basin between 1980 and 2005. Here, only the eastern basin showed a warming trend in the period from
1975–2014 of 10.0058 6 0.00338C yr21 (Table 2). By restricting our time series of the central basin from
1980 to 2005, a decrease in h is still observed (20.00178C yr21), and if the same criteria of Garcia and Mata
[2005] are used, an increase in h of 10.00028C yr21 is observed, although this value is not statistically signifi-
cant. Moreover, the S and cn values of the central basin decreased at rates of 20.0014 yr21 (p 5 0.02) and
20.0028 kg m23 yr21 (p 5 0.12), respectively, between the 1980 and 2005 and at rates of 20.0014 yr21

(p 5 0.01) and 20.0033 kg m23 yr21 (p 5 0.11), respectively, when the criteria of Garcia and Mata [2005] are
used. The difference between the results of Garcia and Mata [2005] and those of the present work is related
mainly to the differences between the methods and the extended time series used in our study. Conversely,
Azaneu et al. [2013] found a decrease in h, S, and cn values at rates of 20.02788C yr21, 20.0012 yr21, and
20.0013 kg m23 yr21, respectively, from 1958 to 2010 for all of the Bransfield Strait. Hence, high thermoha-
line interannual variability was observed in the Bransfield Strait (Figures 4 and 5), and all of the relevant
studies concluded that the deep waters are experiencing a long-term freshening and lightening regardless
of the different timescales or approaches used.

The freshening trends of the dense waters observed here within the central and eastern basin (Table 2) were
consistent with the trends observed by Azaneu et al. [2013] in the shelf waters of the southeastern Weddell
Sea (20.0013 yr21, 1958–2010) and by Schmidtko et al. [2014] in the shelf waters of the western Weddell Sea
(20.0010 g kg21 yr21; presented in absolute salinity; 1980s–2010s). Our results are lower than the estimates
of Hellmer et al. [2011] of 20.0053 yr21 for the entire water column between 1989 and 2006 in the north-
western Weddell Sea shelf. However, Hellmer et al. [2011] used only data from three cruises (three repeated
hydrographical stations) in the Weddell Sea continental shelf region, which may account for their consider-
ably higher variability.

Several regional ocean and cryosphere processes have been proposed to explain the freshening trends
observed in shelf waters around Antarctica [e.g., Jacobs and Giulivi, 2010; Hellmer et al., 2011; Azaneu et al.,
2013; Schmidtko et al., 2014]. The Antarctic Peninsula has experienced intense ice shelf mass loss events
over the last 50 years [e.g., Cook and Vaughan, 2010; Shepherd et al., 2012]. For example, the western conti-
nental shelf of the Weddell Sea received a freshwater input of 237.2 Gt yr21 between 2003 and 2008 from
the basal melting of the Larsen Ice Shelves system at the eastern Antarctic Peninsula [Rignot et al., 2013].
Therefore, it is expected that the Weddell Sea shelf water carries a cold, fresh signal from the ice shelf melt-
ing from the eastern Antarctic Peninsula into the Bransfield Strait deep layers [e.g., Kusahara and Hasumi,
2014] because of circulation around the tip of the Antarctic Peninsula [Gordon et al., 2000; von Gyldenfeldt
et al., 2002; Thompson et al., 2009; Palmer et al., 2012]. Using a simple volume budget of freshwater for the
central basin (considering depths> 800 m; for a full description of the method) [see Jullion et al., 2013], an
input of �17 Gt freshwater (�0.33 Gt yr21) would be necessary to account for the freshening trend
observed in the region for the period from 1963 to 2014. Thus, from a long-term perspective, the thermoha-
line variations of the incoming source water masses play a pivotal role in driving changes in the thermoha-
line characteristics of the Bransfield Strait deep waters. In this context, the Bransfield Strait can reflect and
preserve the signal of shelf water freshening occurring in the western Weddell Sea shelf region, thus high-
lighting the importance of continuous observations of its deep basin in relation to the long-term monitor-
ing of the Southern Ocean [e.g., Meredith et al., 2015].
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Additionally, significant changes were not observed in the DO of the central basin (Figure 4d and Table 2),
suggesting that the ventilation rate of the Bransfield Strait has not changed from 1963 to 2014. At the east-
ern basin, a significant decrease in the DO content of the deep waters was observed between 1975 and
2014; however, these results may not be reliable because of the lack of data between the 1990s and most
of the 2000s. A significant deepening of the 28.27 kg m23 isopycnal was observed in both basins, and it cor-
responded to depth changes of the isopycnal of 25.60 6 5.27 m yr21 for the central basin (Figure 4e) and
224.98 6 11.09 m yr21 for the eastern basin (Figure 5e). To our knowledge, evidence related to deep water
shrinkage in this region has not been reported prior to this study. The observed shrinking of the Bransfield
Strait deep waters is related to the freshening and lightening trends because freshening can drive water
mass contraction even if the overall formation rate remains unchanged [e.g., van Wijk and Rintoul, 2014].
Thus, the Bransfield Strait is another region that reflects the observed contraction of the deep, dense water
masses around the Antarctic continent over the last 50 years [e.g., Azaneu et al., 2013; van Wijk and Rintoul,
2014].

4.2. Interannual Variability of the Deep Waters of the Bransfield Strait
The Bransfield Strait deep waters exhibited a high degree of thermohaline interannual variability (Figures
4–8). This pattern was observed even during the GOAL period (2003–2014), when the oceanographic prop-
erties were closely sampled with high temporal resolution (Figures 4, 5 and 8). During this period, an
increase of �0.06 in S was observed between 2010 and 2014 in the central basin. To evaluate the interan-
nual variability during this period, an OMP analysis was performed for a repeated hydrographic transect
along the central and eastern basins (Figure 1b). The salinification process of the deep waters between
2010 and 2014 was caused by an increase in the contribution of HSSW and a corresponding decrease in
LSSW of approximately 20% in the deep water mixture (Figure 8). These changes in the mixture were con-
sistent with a decrease in the discharge and runoff of freshwater from the tributary glaciers around the for-
mer Larsen A Ice Shelf [Rott et al., 2014]. The lower quantity of freshwater injected into the system
decreased the dilution of the shelf waters in the region and contributed to the prevalence of more saline
deep waters after 2010 in the central basin of the Bransfield Strait. Therefore, changes in the proportion of
the source water masses from the Weddell Sea shelves appear to play a role in the high degree of interan-
nual variability of the Bransfield Strait water masses over short-term periods. Although we have not pro-
vided an analysis of the process, changes in CDW intrusions [e.g., Moffat et al., 2009; Dinniman et al., 2012]
within the Bransfield Strait may also contribute to changes in the deep water mixture ratio in the region.

The local atmospheric effects related to SAM may also influence the interannual variability of the water
properties in the Bransfield Strait because of variations among the water masses entering the region. The
negative correlations between the normalized and detrended S (20.56 and 20.58 for the central and east-
ern basins, respectively) and cn (20.62 and 20.68 for the central and eastern basins, respectively) in both

Figure 10. Schematic summary of the effects of the SAM on the tip of the Antarctic Peninsula region. During positive SAM phases (left), the westerlies are stronger and push the fronts
close to the Antarctic Peninsula, the wind stress curl over the Weddell Sea, and the Antarctic Slope Current (ASC) are stronger and accelerated, the coastal currents (CC) are weakened,
and a local variety of shelf water sinks into the Bransfield Strait. In a negative SAM phase (right), the opposite occurs, with the westerlies weakening, the fronts moving away from the
Antarctic Peninsula, the wind stress curl reducing, the ASC decelerating, and the CC strengthening; these conditions allow for the transport of a denser variety of shelf water into the
Bransfield Strait.

Journal of Geophysical Research: Oceans 10.1002/2015JC011228

DOTTO ET AL. FRESHENING IN THE BRANSFIELD STRAIT 3753



basins (Table 2) indicate that when the SAM is in its positive phase at the end of austral winter and the
beginning of austral spring (�5 months lag), the salinity and density of the deep waters of the central basin
of the Bransfield Strait decrease the following summer, whereas the opposite is true when the SAM is in its
negative phase. During positive SAM phases, both the Weddell Gyre and the Antarctic Slope Current are
accelerated by the strengthening of the negative cyclonic wind stress curl upon the region [Youngs et al.,
2015] (Figure 10), thus limiting the connection between the Weddell Sea and the areas west of the Antarctic
Peninsula because of a shift of the southern boundary of the Antarctic Circumpolar Current front [Renner
et al., 2012]. Moreover, a strengthening of the Weddell Gyre under positive SAM phases shifts the isopycnals
at the slope and facilitates the export of cold, saline shelf waters into the deep Weddell Sea [Mckee et al.,
2011] via cross-slope flow at a zero time lag [Kerr et al., 2012]. In the periods when the cyclonic wind stress
curl is strengthened, the coastal current at the western Weddell Sea appears to weaken [e.g., Youngs et al.,
2015]; in addition, ocean models have also shown a weakening of the coastal currents during persistent
southward shifting westerly winds, which is an effect of positive SAM phases, diminishing its propagation
northward by the warming of the shelf waters [e.g., Spence et al., 2014]. A weakened coastal current may
transport a variety of shelf water to the Bransfield Strait that is less dense and may originate in the north-
western Weddell Sea (Figure 10). However, during SAM negative phases (which are associated with less
intense wind stress curls), the Weddell Gyre and Antarctic Slope Current are weakened, and the coastal cur-
rents may be intensified, which may transport saline and dense waters from a southern origin that were not
exported to the deep Weddell Sea (Figure 10) [Mckee et al., 2011].

5. Summary and Conclusions

In this study, we investigated the thermohaline variability within the Bransfield Strait using a hydrographic
data set spanning the period from the 1960s–2010s. Our results showed that the deep water masses
(cn� 28.27 kg m23 and depth> 800 m) of the central (1963–2014) and eastern (1975–2014) basins experi-
enced statistically significant (95% confidence level) freshening 20.001060.0005 yr21 and
20.001060.0006 yr21, respectively and lightening (20.0016 6 0.0014 kg m23 yr21 and 20.0029 6

0.0013 kg m23 yr21, respectively), which supports the findings of previous investigations in the area [e.g.,
Wilson et al., 1999; Garcia and Mata, 2005; Azaneu et al., 2013]. Thus, thermohaline variations in the source
water masses are likely the main causes of the long-term trends observed in the hydrographic properties of
the deep waters of Bransfield Strait. In addition, we reported that the deep layers in the Bransfield Strait
shrank at rates of 25.60 6 5.27 m yr21 for the central basin (1963–2014) and 224.98 6 11.09 m yr21 for the
eastern basin (1975–2014).

Changes in the proportions of the source water masses have been attributed to the high degree thermoha-
line interannual variability found within the deep waters of the Bransfield Strait. For instance, between 2010
and 2014, an increase of �20% in the HSSW and a corresponding decrease in the LSSW were responsible
for the observed increase in salinity of �0.06 in the central basin (Figure 8). However, how changes in the
proportion of shelf (HSSW and LSSW) and modified CDW affect the formation of regional varieties of AABW
in the shelf-break of the northwestern Weddell Sea have not been determined, although they are likely
related to the reduced contribution (�20%) of Weddell Sea Bottom Water into the deep Weddell Sea in pre-
vious periods [Kerr et al., 2009].

Both the S and cn fields are negatively correlated with the SAM index. The local effects associated with a
positive SAM phase likely promote decreases in S values in the Bransfield Strait deep waters. Conversely,
regional coastal currents are expected to intensify during negative SAM phases, which transport more saline
and denser shelf waters into the Bransfield Strait as observed for the years after 2010 (Figure 9b). Because
the majority of the dense waters in Bransfield Strait originate in the western Weddell Sea continental
shelves [Gordon et al., 2000; von Gyldenfeldt et al., 2002] and the regional bathymetric features can trap and
limit the mixing of those dense waters with surrounding waters, the Bransfield Strait is considered an impor-
tant area for studying the thermohaline changes of the Weddell Sea shelf water, which is an important pre-
cursor of AABW [e.g., van Caspel et al., 2015]. If the freshening and lightening trends identified here
continue, the cn of the central basin deep water masses may decrease to values less than 28.27 kg m23

(upper limit of the AABW) in �65 years, which means that a less dense variety of AABW will likely be formed
in the western Weddell Sea.
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Therefore, increased sampling and modeling activities of the Southern Ocean are essential for a better
understanding of its long-term hydrographic variability. Long-term ocean reanalysis products or regional
modeling simulations can be helpful in this regard; however, a primary assessment of their current repre-
sentation must be performed to identify possible discrepancies [e.g., Azaneu et al., 2014; Dotto et al., 2014].
Finally, the effects of the recent changes in shelf water salinity on the volume of AABW exported to the
global ocean remain an open question for future investigations. Thus, considering the imminent risk of col-
lapse of the Larsen C Ice Shelf [e.g., Holland et al., 2015], continued sampling of the Bransfield Strait deep
waters must be performed to monitor future changes of the Weddell Sea shelf waters.
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