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Abstract The waters on the West Greenland continental shelf and slope play an important role in the global
climate system with their link to the subpolar North Atlantic Ocean circulation system and the Greenland Ice
Sheet. Lately, low temperature waters on the West Greenland shelf have been observed as far south as ~64°N
and associated with a cold and relatively saline water mass originating north of Davis Strait in Baffin Bay
referred to as Baffin Bay Polar Water (BBPW). Here we use long, seasonal hydrographic time series from West
Greenland at ~64°N to study how frequently BBPW is reaching this far south. The analysis covers the period
1950-2018 with a data gap between 1988 and 2005. BBPW was observed frequently and was responsible for
the temperature changes observed in the late 1960s—1980s and more intermittently post-2008. Some of the large
temperature changes we observe in the time series have previously been ascribed to “Great Salinity Anomalies”
(GSAs) propagating around the subpolar North Atlantic Ocean circulation system. The prevailing view of the
propagation of GSAs has been ascribed to advection of anomalies along the large-scale circulation system. Our
study shows that BBPW may play an important role in the interpretation of GSAs and melt of the Greenland
Ice Sheet. Large temporal temperature changes at ~64°N are associated with arrival of BBPW from the north
and not advection of anomalies with the large-scale current system from the south. This advocates for a shift in
water masses caused by changes in the position and/or strength of oceanic currents.

Plain Language Summary The Greenland Ice Sheet is likely to experience significant mass
losses in coming decades. One of the challenges is to understand the changing physical nature of waters on
the adjacent continental shelf and their effects on tidewater glacier fjords. Lately, low temperature waters on
the West Greenland shelf have been observed as far south as ~64°N and associated with a cold and relatively
saline water known as Baffin Bay Polar Water (BBPW) mass originating north of Davis Strait in Baffin

Bay. We use unique, long, seasonal hydrographic time series from the West Greenland continental shelf at
~64°N and an adjacent proglacial fjord to study how frequently BBPW is reaching this far south in the period
1953-2018. BBPW was observed at ~64°N in the following years: 1954-1955, 1968-1976, 1980-1983,
1985, 1987, 2008, 2012, and 2015-2017. This study shows that BBPW may play an important role in the
interpretation of the large-scale subpolar North Atlantic Ocean circulation system and melt of the Greenland Ice
Sheet.

1. Introduction

Low temperature waters of Baffin Bay origin have lately been observed as far south as ~64°N on the West Green-
land continental shelf and slope by Rysgaard et al. (2020). This cold and relatively saline water mass has its origin
north of Davis Strait in Baffin Bay, Figure 1a and is here referred to as Baffin Bay Polar Water (BBPW). Accord-
ing to Rysgaard et al. (2020), who yield a detailed description of the water mass and its distribution on the West
Greenland shelf, BBPW is a winter mode water that is, formed by winter convection north of Davis Strait. In the
literature, BBPW has been classified as or referred to as Polar Water, Polar Surface Water, Arctic Water, Baffin
Bay Arctic Water, West Greenland Current Polar Water, Arctic Basin Polar Water, or winter Atlantic Water
(Addison, 1987; Bourke et al., 1989; Buch et al., 2004; Curry et al., 2011; Gladish et al., 2015; Muench, 1970;
Myers et al., 2009; Randelhoff et al., 2019). In a temperature-salinity (7-S) diagram, BBPW is described by a
single point due to the uniform properties obtained during the convection processes (Figure 2). Due to subsequent
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Figure 1. (a) Schematic outline of the distribution of Baffin Bay Polar Water (BBPW) in Baffin Bay. Red is for the BBPW layer found close to the surface and yellow
for the BBPW layer found at a deeper level. Also shown are a generally accepted schematic representation of the upper ocean currents making up the subpolar North
Atlantic Ocean circulation system. Black box the research area shown in (b) BIC, Baffin Island Current; EGC, East Greenland Current; EIC, Eastern Icelandic Current;
IC, Irminger Current; LC, Labrador Current; NAC, North Atlantic Current; NCC, North Cape Current; NIC, North Icelandic Irminger Current; NWC, Norwegian
Current; WGC, West Greenland Current; WSC, West Spitsbergen Current. The outline of the subpolar gyre (SPG) is shown in light red. Gray shading denotes
bathymetry (the basis Figure is adapted from Tesdal & Haine, 2020, Figure 1, JGR-Oceans). (b) Map of the Nuup Kangerlua system and the adjacent continental shelf
and slope, showing locations of hydrographic stations as crosses.

advection by the flow field, BBPW is observed as a “knee” in 7-S space that is, a characteristic inflection close
to a salinity of 33.6 and a temperature close to the freezing point (~—1.8°C).

BBPW is found over large parts of Baffin Bay (Figure 1a), occurring in a layer close to the surface in the eastern
part near Greenland (e.g., Addison, 1987; Bacle et al., 2002; Burgers et al., 2017; Mortensen, 2015; Randelhoff
et al., 2019; Rysgaard et al., 2020), and in a layer located much deeper and below another water mass (in Davis
Strait referred to as e.g., Arctic Water or Baffin Bay Arctic Water) in the western part close to Baffin Island (e.g.,
Bacle et al., 2002; Burgers et al., 2017; Gladish et al., 2015; Lehmann et al., 2022; Randelhoff et al., 2019). The
formation site of BBPW is still not known in detail. A schematic view of the formation process associated with
a “knee” water in 7-S space have been presented by Kikuchi et al. (2004) for the eastern Arctic Ocean. In Baffin
Bay, it may be linked to the North Water Polynya (e.g., Addison, 1987; Bacle et al., 2002; Burgers et al., 2017;
Melling et al., 2001) and the eastern part of Baffin Bay in connection with the West Greenland shelf. The forma-
tion of BBPW has been observed and visualized in a few cases in connection with North Water Polynya studies
close to Greenland between 76°N and 78°N in April 1998 by Melling et al. (2001) and Bacle et al. (2002). There
is presently no observational evidence of BBPW formation on the eastern side of Baffin Bay from Melville Bay
and southward down to Davis Strait.

The distribution of water masses is generally set by the circulation system. The West Greenland shelf and slope
is part of a large-scale circulation system referred to as the subpolar North Atlantic Ocean circulation system,
where the subpolar Gyre (SPG) is a subsystem close to West Greenland (e.g., Tesdal & Haine, 2020). A generally
accepted description of the subpolar North Atlantic Ocean circulation system was provided more than a century
ago (Figure 1a; e.g., Nansen, 1912; Wiist, 1928). The general circulation in West Greenland is characterized by
the northward flowing West Greenland Current (WGC) with no sign of a southward coastal transport. However,
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Rysgaard et al. (2020) challenge this view, linking a southward transport of
BBPW on the West Greenland shelf to the shallow bank systems north of
0 64°N, which can act as a conveyor belt bringing BBPW southward. This
observation is supported by a modeling study by Ribergaard et al. (2004)
showing a southward coastal circulation in connection with shelf banks.
Ribergaard et al. finds that residual anticyclonic eddies are generated around
West Greenland shelf banks. They argue that eddies are consistently observed,
and formed from interaction between topography and tides. In a recent mode-
ling and observational study, Myers et al. (2021) described a net transport
reversal at the end of 2010 through Davis Strait, which led to a significant
northward oceanic heat transport into Baffin Bay. Myers et al. linked the
reversal to anomalous winter winds along West Greenland, allowing water of

Atlantic origin to propagate northwards into Baffin Bay instead of entering

Figure 2. Temperature-salinity (7S) plots for west Greenland waters during
early summer 2009 and 2010. The 2010 data have been divided into northern
(dark blue points) and southern (red points) parts, whereas only northern

the interior Labrador Sea. The presence of BBPW in West Greenland plays

Salinity an important role for the melting of the Greenland Ice Sheet. BBPW is one

of two water masses found at the coast adjacent to many tidewater glacier
fjords in this region (e.g., Bendtsen et al., 2021; Mortensen et al., 2020;
Rysgaard et al., 2020). Recent warning and cooling of ocean water in Disko

(light blue points) data are shown for 2009. For north-south division in the Bay described by Myers and Ribergaard (2013) and Khazendar et al. (2019),
northern part of Davis Strait see Rysgaard et al. (2020). Location of water respectively, might even be associated with changes in the production and
masses are indicated by crosses (x). Upper Subpolar Mode Water (uSPMW), distribution of BBPW.

deep Subpolar Mode Water (ASPMW), Baffin Bay Polar Water (BBPW),

and Southwest Greenland Coastal Water (CW). Thin gray line indicates the Some of the large temporal hydrographic changes in West Greenland
freezing point line at the surface (0 m), and thin broken gray lines indicate (observed from long-term hydrographic time series on the continental shelf

isopycnals (adapted from Rysgaard et al. (2020), Figure 5, JGR-Oceans).

and slope at ~64°N) have previously been ascribed to “Great Salinity Anom-
alies” (GSAs) observed in the upper layers of the North Atlantic. Three
GSAs propagating around the subpolar North Atlantic Ocean circulation
system with timescales of 6-13 years have been reported, occurring in West Greenland in 1969-1970, 1982,
and 1989-1990 (Belkin, 2004; Belkin et al., 1998; Dickson et al., 1988). The GSA’70 was apparently formed
by enhanced Arctic Ocean freshwater export via Fram Strait, whereas the GSA’80 and GSA’90 were formed
locally in the Labrador Sea/Baffin Bay area. The propagation of GSAs has been ascribed to advection of property
anomalies along the large-scale circulation system (e.g., Belkin et al., 1998; Dickson et al., 1988). However, an
alternative hypothesis proposed that changes are horizontal shifts of water masses such as shifts in the Sub-Arctic
Front west of Britain (Dooley et al., 1984; Ellett & MacDougall, 1983; Martin et al., 1984). However, these shifts
were only observed in connection with the Subpolar Gyre south of Iceland and have lately attracted renewed focus
(e.g., Hatan et al., 2016; Holliday et al., 2020; Kenigson & Timmermans, 2021).

A growing number of coupled climate models have been used to explore climate models' ability to produce GSAs
(e.g., Bigg & Wadley, 2007; Haak et al., 2003; Kim et al., 2021; Wadley & Bigg, 2004). Where most models
support the advection hypothesis, model work by Wadley and Bigg (2006), however, questions the advection
hypothesis. Wadley and Bigg (2006) concludes that GSAs are unlikely to be caused by the advection of salinity
anomalies, but rather anomalous oceanic currents or surface fluxes are responsible. A tracer release in their
model suggests that horizontal advection of the tracer in the upper ocean is limited to around 1,000 km. Rysgaard
et al. (2020) used BBPW to challenge the generally accepted description of the subpolar North Atlantic Ocean
circulation system by introducing a southward flowing current in connection with the West Greenland shelf. We
use BBPW to challenge the generally accepted view of GSAs and their advection of property anomalies around
the subpolar North Atlantic Ocean circulation system.

In this paper, we present long hydrographic time series (1950-2016) from the Fyllas Banke section at 64°N, West
Greenland, as well as a nearby long, seasonal time series from the outer sill region of the proglacial fjord system
Nuup Kangerlua (Godthéabsfjord). Our analysis focuses on how frequently BBPW is reaching this far south on the
West Greenland coast. We explore the link between BBPW and GSAs, that is, the large-scale regional circulation
system of the subpolar North Atlantic Ocean.
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Figure 3. Schematic representation of present knowledge of the circulation system and distribution of water masses in
Nuup Kangerlua during late winter (based on Mortensen et al., 2011, 2013, 2014, 2018). BBPW: Baffin Bay polar water;
CW: Southwest Greenland coastal water; SPMW: subpolar mode water; wSW: winter surface water; BW,: basin water types
i = 2-4; KNS: Kangiata Nunaata Sermia. Dense coastal inflow, blue arrows; and intermediate baroclinic circulation, red
arrows. Vertical lines indicate the location of the different hydrographic station used in the text. Fjord water masses are
discussed in Mortensen et al. (2018) (the basic figure is adapted from Mortensen et al., 2018, Figure 2b, JGR-Oceans).

2. Study Area and Methodology
2.1. Settings and Water Masses

Fyllas Banke and Nuup Kangerlua are located on the West Greenland coast (~64°N). Fyllas Banke is a shal-
low bank on the continental shelf with minimum depths less than ~40 m found adjacent to Nuup Kangerlua
(Figures 1b and 3). Nuup Kangerlua is one of the largest proglacial fjord systems in Greenland, covering a surface
area of 2,013 km? (Mortensen et al., 2011, 2018). The main fjord branch is 190 km long and the connection to
Fyllas Banke is restricted by a ~200 m deep entrance sill. The fjord system is characterized by M, tidal ampli-
tudes above 1 m and a tidal range between 3 and 5 m (Padman et al., 2018; Richter et al., 2011).

Below we make use of a water mass classification introduced for West Greenland and discussed in detail by
Rysgaard et al. (2020). The classification is the first of its kind to distinguish between the two cold and fresh water
masses found on the West Greenland shelf. It is based on the classification by McCartney and Talley (1982),
Mortensen et al. (2011, 2018) and the Greenland Institute of Natural Resources' standard hydrographic coastal
monitoring program (Mortensen, 2015). The coastal waters at Fyllas Banke are characterized by three distinct
water masses: Southwest Greenland Coastal Water (CW), BBPW and Subpolar Mode Water (SPMW), where
BBPW and SPMW are winter mode water masses. The upper layer is composed of a northward flow of relatively
cool and fresh CW, the southern freshwater source (7-S properties ~0 °C and 33.0), which originates in the East
Greenland Current and is modified by surface fluxes and runoff from Greenland. The upper layer is intermittently
occupied by the presence of a southward flow of cold and relatively saline BBPW (7-§ properties ~—1.8 °C and
33.6), with an origin in Baffin Bay north of Davis Strait. In the layer below, a northward flow of warmer and
more saline SPMW of Atlantic origin is present. This water mass is further divided into upper SPMW (uSPMW,
T-S properties ~6 °C and 35) and deep SPMW (dSPMW, T-S properties ~4 °C and 34.9) layers. Rysgaard
et al. (2020) recently discussed the distribution of water masses along the west coast of Greenland from Cape
Farwell (59°N) to Kullorsuaq (75°N).

A schematic representation of the distribution of water masses on Fyllas Banke and in Nuup Kangerlua during
late winter is summarized in Figure 3 (based on Mortensen et al. (2011, 2013, 2014, 2018)). During late winter,
coastal water masses are observed at the outer sill region including the standard hydrographic station GF3
described below (Mortensen et al., 2011, 2018). During summer, the outer sill region is mainly occupied by fjord
water masses (Mortensen et al., 2011, 2018). Overlaid on Figure 3 is the winter circulation system for the fjord
characterized by two different circulation modes: dense coastal inflows and intermediate baroclinic circulation.
Dense coastal inflow driven by coast-fjord density gradients are observed during the winter months in the deeper
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parts of the fjord. The intermediate baroclinic circulation is driven by tidal-induced diapycnal mixing in the outer
sill region (Mortensen et al., 2011, 2014). This mixing leads to a horizontal density gradient between the outer
sill region and the main fjord and drives the intermediate baroclinic circulation (Figure 3).

2.2. Data

The data set used in this study consists of data from four long hydrographic time series from the Fyllas Banke
section located on the West Greenland continental shelf and collected by the Greenland standard hydrographic
coastal monitoring program operated by the Greenland Institute of Natural Resources (Figure 1b). Hydrographic
stations found within a search radius of 3 km from the standard positions were used for this study (FB1: 64°01'N,
52°19'W, depth ~108 m, and post 1986 63°57'N, 52°22'W, depth ~273 m; FB2: 63°58'N, 52°44'W, depth
~47 m; FB3: 63°55’'N, 53°07'W, depth ~72 m; FB4: 63°53'N, 53°22’'W, depth ~956 m). Fyllas Banke data were
obtained for the period between 1950 and 2016. The sampling frequency of the Fyllas Banke stations varied
from seasonal occupations (usually 5-6 annual cruises) in the period 1968 to 1988, to 1-3 annual cruises in the
periods: 1950-1967 and 1989-2016, see Figure S1 in Supporting Information S1. Hydrographic data for the
Fyllas Banke analysis were identified using CTD and bottle measurements from the International Council for
the Exploration of the Sea (ICES) Oceanography Data Portal (http://www.ices.dk) and May data in the period
2006-2016 from the Greenland Ecosystem Monitoring Program (www.g-e-m.dk). Practical salinity scale (PSU)
is used throughout the text.

Data from the hydrographic standard station GF3 (64°07'N, 51°53’W, depth ~350 m) in the outer sill region of
Nuup Kangerlua (Juul-Pedersen et al., 2015; Mortensen et al., 2018) comprise a fifth time series (Figure 1b).
Hydrographic data for the GF3 analysis were identified by CTD and bottle measurements from the ICES Ocean-
ography Data Portal (http://www.ices.dk) during the period 1953-1988. Hydrographic data during the later
period 2005-2018 were obtained from the Greenland Ecosystem Monitoring Program (www.g-e-m.dk). The
sampling frequency for GF3 is close to monthly during two periods: 1954-1968 and 2005-2018, with 67 annual
cruises in the period 1969-1985, see Figure S1 in Supporting Information S1. Note that a relatively large number
of salinity values were lost during the first period (1953—-1988), Figure S1 in Supporting Information S1. This is
especially prominent for 1979 where all salinity water samples were lost, likely damaged or lost during transport
to Copenhagen, Denmark, where salinity determination took place.

3. Results and Discussion
3.1. Variability in the Outer Fjord (GF3)

Depth-time contour plots of temperature and salinity at the outer fjord site GF3 for the periods 1953-1988 and
2005-2018 are presented in Figure 4. These plots show considerable seasonal and interannual variation in both
parameters at all depths. Property ranges for the two periods were (—1.5°C < T < 7.93°C; 22.49 < § < 34.56)
and (—1.04°C < T < 8.48°C; 18.48 < § < 34.37), respectively, with limits for the latter period being warmer and
fresher. In addition to the contour plots, time series of temperature and salinity at the outer fjord station at three
selected depths: 50, 150, and 240 m, are shown in Figure 5.

Considering the first period (1953-1988), a warm period was observed between 1953 and 1967 with seasonal
temperature frequently found above 2°C, Figures 4a and 4ure 5. During this warm period 1953-1967, the water
column experienced temperatures in the range 0—4°C with the highest temperatures in the range 3—4°C occurring
at the ends of 1960 and 1961. Furthermore, winter temperatures were seldom below 0°C (Figure 5). This warm
period was followed by two cold periods, 1968-1976 and 1980-1982, where the water column seldom reached
temperatures above 2 °C and during which winter temperatures were well below 0 °C. The salinity time series
(Figures 4b and 5) reveals a relatively saline period between 1953 and 1961 with seasonal salinities frequently
found above 33.5 at depth. This period was followed by a gradual freshening of the water column in the period
1962-1970, as seen in Figure 5, and as a deepening of the 33.5 isohaline in Figure 4b. Prior to the cooling in 1980,
arelatively fresh water column was observed in the period 1976-1980 with seasonal salinities found below 33.5.

The second period (2005-2018) in Figure 4a was characterized by an extreme warm period between 2010 and
2011, with temperatures frequently found above 3°C. The extreme warm period was found between two warm
periods: 2005-2009 and 2012-2018, with temperatures frequently found above 2 °C and a few cold winters
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Figure 4. Depth-time contour plots of (a) temperature and (b) salinity for the outer fjord station GF3 for the periods
1953-1988 and 2005-2018.

(i.e., T<0°C)in 2008, 2015, 2016, and 2017. The warmest water arrived at the end of summer 2010, when the
highest temperatures (>4 °C) associated with a locally formed coastal water mass entered the fjord (Mortensen
et al., 2018).

To summarize, Figures 4a and 5 show that comparable seasonal temperature structures were observed in the first
(1953-1967) and last (2005-2018) periods, characterized by seasonal temperatures in the range of 0—4 °C. Low
temperatures were found in two intermediate periods, 1968-1976 and 1980-1982, characterized by seasonal
temperatures in the range of —1 to 2 °C. The overall temperature maximum for the entire period (1953-2018)
occurred in 2010, followed by a continuous temperature decrease lasting until at least 2018. The long-term salin-
ity structure was described by comparably high salinities in the first (1953—-1962) and last (2014-2018) periods,
characterized by seasonal salinities frequently above 33.5. Low salinities were found in two intermediate periods,
1963-1972 and 1976-1979, characterized by seasonal salinities frequently found below 33.5, Figures 4b and 5.

Cold periods observed at the coast, discussed below, have in the past been associated with GSAs passing Fyllas
Banke (Belkin et al., 1998; Dickson et al., 1988). The cold periods in the outer fjord according to Figure 5
arrived in 1968 and 1980 at all depths, that is, 1-2 years ahead of the previously estimated times for the coast
in 1969-1970 and 1982. In the fjord, these cold periods or events are observed as a sudden shift in temperature
and linked to the arrival of cold winter water (i.e., with temperatures below 0 °C) compared to the winter before
(Figure 5). Both cold periods 1968-1976 and 1980-1982 were characterized by cold winter water with temper-
ature well below 0 °C. The 3 years mean salinity in Figure 5 suggests a minor increase in connection with cold
period arrivals in 1968 and 1980, yet the pattern is not that clear. The arrival of the short warm period in 2010 was
observed as a sudden shift in the later summer temperature (i.e., an increase in temperature) with an associated
decrease in salinity (Mortensen et al., 2018).
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Figure 5. Time series of temperature and salinity for the outer fjord time series (GF3) for three depth levels: (a) and (b) 50 m, (c) and (d) 150 m, and (e) and (f) 240 m,
respectively, in the two periods 1953-1988 and 2005-2018, thick line 3 years mean. The arrival times/periods at Fyllas Banke for three Great Salinity Anomalies
according to literature are indicated by vertical gray features (1969-1970, 1982, and 1989-1990).

Based on monthly mean property isopleths from 1969 to 1978, the seasonal temperature range at GF3 was ~3 °C
at 50 m depth with minimum values in March-April and maximum in August, Figure 6. With increasing depth,
the seasonal temperature signal was less regular, Figure 5. The lowest (—1.09 °C in March 1973) and highest
(4.77 °C in October 2016) temperatures at the three depths for the entire period were observed at 240 m. The
salinity time series in Figure 5 reveals that there was a seasonal salinity signal at 50 m, with a less distinct signal
below. At 50 m the seasonal salinity range was ~1.5 PSU with maximum values in May-June and minimum in
October, Figure 6. At 50 m depth the seasonal signal is mainly linked to the seasonal freshwater runoff to the
fjord, whereas this link to runoff was lost with depth as water properties became gradually more influenced by
sporadic coastal exchange. The highest recorded salinity of 34.35 was observed in March 2012 at 240 m depth
and the lowest of 30.84 was observed in September 1966 at 50 m depth. Figure 6 reveals the importance of
seasonal hydrographic monitoring programs for understanding the multidecadal water mass dynamics on the
West Greenland shelf.

3.2. Variability at the Fyllas Banke Section (FB1-FB4) and Its Link to the Fjord

In contrast to the high frequency sampling at the outer fjord station GF3, the four standard stations at the Fyllas
Banke section (FB1-FB4) were not sampled monthly (Figure S1 in Supporting Information S1). Figure 7
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3 shows the time series of temperature and salinity for the four Fyllas Banke
) stations from 50 m depth and, in the case of FB2, 40 m depth for the period
o 1950-2016. The plots suggested significant seasonal and interannual varia-
g 1 tion in both parameters during periods with high sampling rates, Figure S1 in
g Supporting Information S1. Property ranges at 50 m depth for the four shelf
g 0+ stations FB1-FB4 are shown in Table 1. The coldest and warmest limits were
= EE? 282 - found away from the coast at FB3 and FB4, whereas the freshest water was
7 Egg: égm found close to the coast at FB1. During the two cold periods 1968—-1976 and
2l B FB:‘v 50:“ - 19801982 there is a prior lack of seasonal measurements at all shelf stations
34.0 FB1-FB4, see Figure S1 in Supporting Information S1. Using GF3 as a base-
line (Figure 8) we argue that the two cold periods can be observed at FB1 and
3364 FB2 (Figure 7) and, hence, we can effectively build a composite time series
L 332~ for the BBPW water mass discussion below.
§ 32.8 Based on monthly mean property isopleths from 1969 to 1978 at 50 m depth
324 on the shelf, the seasonal temperature range was ~3 °C with minimum values
in February-March and maximum in July-August/September-November
82.0+ (Figure 6). The maxima occurred later in the outer part of the shelf at FB3
316 e and FB4. During many of the years in the period between 1968 and 1988, the
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec annual temperature minimum was close to the freezing point at FB2 at 40 m
Month depth (Figure 7). Temperatures close to freezing point were observed only

Figure 6. Monthly mean (a) temperature (°C) and (b) salinity isopleths at

in 1973 and 1982 at FB3 and FB4, and not once at FB1. The high number

50 m depth for the 10 year period from 1969 to 1978 at GE3 (black), FB1 of close-to-freezing-point observations at FB2 might be linked to either the
(blue), FB2 (40 m, light blue), FB3 (yellow), and FB4 (red). shallowness of the station (~40 m depth), which makes it more exposed to

cooling by the atmosphere, or the more frequent presence of BBPW at this
station (see below). The highest recorded temperature at the coastal stations
in Figure 7 was observed in mid-November 2003 at all stations.

Figure 7 showed that all four shelf stations have an intermittent seasonal salinity signal. Based on monthly mean
property isopleths from 1969 to 1978, the seasonal salinity range was ~1-1.5 PSU, with maximum values in
February-April and minimum in September-October, and the largest range found close to the coast (Figure 6).
The highest recorded salinity was observed in mid-November 2003 at both FB3 and FB4, which is surprising as
the autumn is generally characterized by the lowest salinities. The four salinity time series from the shelf reveal
that the freshest water was found at the station closest to the coast (FB1), with salinities increasing with distance
from the coast. We note that high frequency variability observations in the monthly mean property isopleths in the
later part of the year might be artifacts due to the low number of observations during late summer.

The above description of the outer fjord and shelf stations reveals that the near surface waters show similar
interannual and seasonal variations. The time series of temperature and salinity for 50 m at FB1 and GF3 for the
period 1950-1988 (Figure 8) shows that temporal temperature variation at the coastal station FB1 is to a large
degree depicted at the outer fjord time series GF3. The overlaid temperature time series in Figure 8a reveals that
the cold events arriving in 1968 and 1980 are well resolved by FB1, when GF3 is used as a baseline. The seasonal
minimum temperature observed during winter is generally lower at the coastal station FB1 than at the outer fjord
station GF3, Figure 8a. This pattern was observed earlier for a shorter-term comparison between the shelf and
outer fjord station (Mortensen et al., 2018).

3.3. BBPW Reaching the Fyllas Banke Section

Figure 9 shows all salinity and temperature records from the shelf (FB1-FB4) and outer fjord (GF3) time series
in TS-diagrams. These are overlaid with the principal water masses from the coast according to the classification
introduced by Rysgaard et al. (2020). Figure 9 reveals that the coldest water mass found at the Fyllas Banke
section (FB1-FB4) is associated with BBPW and not CW from the southern freshwater source. At the outer fjord
station, GF3, only a warmer version of BBPW is observed, revealed by its relatively high salinity. uSPMW and
dSPMW were found over the continental slope at FB4 and not at the shallow bank station FB2. Traces of uSPMW
and dSPMW were however observed at FB3 and FB1.
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Figure 7. Time series of temperature and salinity at 50 m depth for the four Fyllas Banke stations: (a) and (b) FB4, (c) and (d) FB3, (e) and (f) FB2 (40 m), and (g)
and (h) FB1 in the period 1950-2016, respectively. The arrival times/periods at Fyllas Banke for three Great Salinity Anomalies according to literature are indicated by

vertical gray features (1969-1970, 1982, and 1989-1990).
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Table 1 Figure 10 shows TS-properties for FB2 and the annual June/July mean

Temperature and Salinity Conditions at 50 m Depth for Four Shelf Stations
(FBI-FB4), in the Case of FB2, 40 m Depth

Station # Temperature Salinity

FB1 —1.56°C < T <5.09°C 31.54 < §<34.25
FB2 —1.85°C < T <5.26°C 31.70 < § < 34.31
FB3 —1.85°C < T<£6.30°C 3224 <85<34.49
FB4 —-1.86°C<T<6.11°C 32.39<5<3433

TS-properties (depth averaged between 0 and 40 m) for FB2 in the period
1953-2016. Also shown is the development of the mean TS-properties for
FB2 for the period March 1969 to August 1969. Where most June/July mean
TS values are grouped around a limited range in 7S space (7: 0—4 °C and S:
33-34) only June 1969 lies outside this grouping. In Dickson et al. (1988),
1969 was interpreted as the year the advective GSA of the 1970s arrived
at Fyllas Banke. In the months just before June 1969, the water column at
FB2 was occupied by BBPW, with the coldest water found in March and
getting progressively warmer through May. In June, BBPW was replaced by
CW. From June to August, CW warmed and freshened following the seasonal
cycle as depicted in Figure 6. This shows that the observed hydrographic
changes in 1969 at FB2 can be explained by a shift in water masses.

The TS-diagrams in Figures 9 and 10 indicate that the saline water with temperatures close to the freezing point
on the West Greenland continental shelf at FB1-FB4 is most likely associated with BBPW. In the outer fjord
(GF3), saline water with temperatures below 0 °C is a good indicator that BBPW is present at the adjacent shelf.
Using these indicators, BBPW was observed annually during the two cold periods 1969-1976 and 1980-1983
and in the years: 1985, 1987, and 2008 at the shelf stations (FB1-FB4). The conditions at the outer fjord station
(GF3) support the presence of BBPW for most of these years and in addition the following years: 1954-1955,
1968, 2012, and 2015-2017. Merging the data series from the two sites, BBPW was observed at the Fyllas Banke
section during the period 1953-2018 in the following years: 19541955, 1968-1976, 1980-1983, 1985, 1987,
2008,2012,2015-2017. Due to a winter data gap between 1988 and 2005, it is not possible to determine if BBPW
was present at Fyllas Bank during those years.
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Figure 8. Time series of (a) temperature and (b) salinity for the outer fjord
station (GF3, black line) and coastal station (FB1, blue line) at 50 m depth
during the period 1950 to 1988. The arrival times/periods at Fyllas Banke for
two Great Salinity Anomalies according to literature are indicated by vertical
gray features (1969-1970 and 1982).

3.4. Water Mass Dispersion and Link to the Large-Scale Circulation
System

The dynamics behind GSAs are questioned by the presence of BBPW on the
West Greenland coast at Fyllas Banke, ~64°N. Due to the northern origin of
BBPW and timing at Fyllas Banke, GSAs are unlikely to be caused by advec-
tion of anomalies that travel along the large-scale regional circulation system,
that is, the subpolar North Atlantic Ocean circulation system, Figure la.
This finding is further supported by model results presented by Wadley and
Bigg (2006) who conclude that anomalous oceanic currents or surface fluxes
are instead responsible. They based their conclusion on a tracer release in
a model, which shows that horizontal advection of the tracer in the upper
ocean is limited to around 1,000 km due to mixing and incorporation in the
deep water. The changes at West Greenland are more likely local shifts of
water masses caused by changes in production of BBPW and in the position
and/or strength of oceanic currents. This shows that production of BBPW
might be an important factor in understanding the multidecadal water mass
changes and their dynamics on the West Greenland shelf. However, winter
observations are presently lacking from the West Greenland shelf and the
specific BBPW formation site remains largely unknown with one exception
suggesting formation at the North Water Polynya close to Greenland between
76°N and 78°N (Bécle et al., 2002). The huge area covered by BBPW during
winters reaching as far south as ~64°N, Figure 11, suggests that the North
Water Polynya is not the only formation site. BBPW formation likely takes
place on the eastern side of Baffin Bay from Melville Bay in the north and
southward down to Davis Strait and even as far south as the Fyllas Banke at
64°N. However, only future winter campaigns can reveal the exact geographic
distribution of the BBPW formation in the region.
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Figure 9. TS-diagrams for the four (1950-2016) Fyllas Banke stations (a) FB4, (b) FB3, (c) FB2, (d) FB1, and the outer fjord
station (GF3) for the period (e) 1953-1988, and (f) 2005-2018. Locations of water masses are indicated by crosses. Upper
subpolar mode water (uUSPMW), deep subpolar mode water (AISPMW), Baffin Bay polar water (BBPW), and Southwest
Greenland coastal water (CW). Freezing point line is shown as a gray line and the broken gray line indicates the 26.9
isopycnal. Measurements with salinity less than 30 for GF3 are not shown.
BBPW is important for the melt of the Greenland Ice Sheet on the West Greenland coast. Here, BBPW can
block the heat input to the fjords in the upper hundreds of meters of water column (Rysgaard et al., 2020). In
deep fjords with a shallow entrance sill (<100 m depth) BBPW may contribute to the deep and bottom waters of
the fjord (Stuart-Lee et al., 2021). Further, the years with BBPW at Fyllas Banke have recently been linked with
deep convection in the subpolar gyre (SPG), Figure 11, that is, in the Labrador Sea and Irminger Sea (Mortensen
et al., 2018).
There is a growing number of studies investigating the atmospheric impact on local oceanic conditions during
the period 1950-2020. For example, Myers et al. (2021) used the Greenland Blocking Index and storm track path
changes to explain a reversal of the Baffin Bay transport through Davis Strait in winter 2010-2011. The study of
Myers et al. (2021) also covers an analysis of the North Atlantic Oscillation (NAO) index and the Arctic Ocean
(AO) index. In addition, Liang et al. (2021) investigated long-term data sets covering nearly 40 years of sea ice
flux through the Davis Strait and Arctic cyclone activity and show that sea ice concentration and motion fields
can be greatly altered by the occurrence of cyclones, thereby contributing to changes in sea ice export. This high-
lights the need to increase our understanding of the influence of wind conditions on the spatial distribution and
variability of sea ice extent and water masses.
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of West Greenland. This results in a decreased heat transport to fjords and to
a reduced oceanic melt at tidewater outlet glaciers. We note that this south-
ward transport of BBPW still remains to be verified by observations. During
dominant BBPW conditions, glacier termini are expected to advance in the
absence of other processes contributing to their changes. The extreme case in
which BBPW is formed along the entire West Greenland coast conforms with
the idea of Belkin et al. (1998) that GSA’80 and GSA’90 is formed locally in

the Labrador Sea/Baffin Bay.

4. Summary and Conclusions

Long seasonal hydrographic time series from the West Greenland continen-

tal shelf at ~64°N and an adjacent proglacial fjord were used to study how
frequently the northern water mass BBPW reached this far south during the period 1950-2018. When analyzing
data, we used a water mass classification, which can distinguish between the regional southern sources and waters
formed to the north in Baffin Bay. Three water masses can be used to explain ~70 years of hydrographic changes
(i.e., BBPW, CW, and SPMW). We identified BBPW at the Fyllas Banke section at ~64°N in the following years:
1954-1955, 1968-1976, 1980-1983, 1985, 1987, 2008, 2012, 2015-2017. During these years BBPW was found
more than 500 km south of its presumed normal distribution area in the eastern part of Baffin Bay. A winter data
gap limited the study of BBPW between 1988 and 2005.

More work is needed to identify the formation site of BBPW, as this water mass is important for blocking CW
and SPMW and results in a cooling of West Greenland waters. This results in a decreased heat transport toward
fjords and to a reduced oceanic melt at tidewater outlet glaciers. During years with dominant BBPW conditions,
glacier termini are expected to advance in the absence of other processes contributing to their changes. To iden-
tify the formation site a well-designed hydrographic winter program is needed, which covers most parts of the
West Greenland shelf with synoptic observations. The program should run long enough (several years) to observe
dominant BBPW conditions two or three times.

The origin behind hydrographic changes such as GSAs are questioned by the presence of BBPW on the West
Greenland coast at ~64°N. GSAs are presently described to be large salinity (temperature) anomalies propagat-
ing around the subpolar North Atlantic Ocean circulation system with timescales of 613 years and with arrival
times at West Greenland in 1969-1970, 1982, and 1989-1990. The time series presented here reveal that the
GSAs are unlikely to have been caused by advection of anomalies that travel along the large-scale circulation
system, as illustrated by the presence of BBPW as far south on the West Greenland coast as ~64°N. More likely,
they are shifts of water masses caused by changes in the production of BBPW and in the position and/or strength
of oceanic currents. Therefore, we advocate for a new focus on temporal and spatial variations of the winter mode
water mass, BBPW, and GSAs.
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Figure 11. Schematic outline of the distribution of Baffin Bay Polar Water (BBPW) during years when BBPW reached as
far south as Fyllas Banke at the West Greenland coast. Red is for the BBPW layer found close to the surface and yellow for
the BBPW layer found at a deeper level. Also shown are a suggested upper layer currents in light blue in case the BBPW
formation site is limited to the northeastern part of Baffin Bay. (The basis Figure is shown in Figure la above and adapted
from Tesdal & Haine, 2020, Figure 1, JGR-Oceans).

Data Availability Statement

Data used are available from the International Council for the Exploration of the Sea (ICES, www.ices.dk).
Monthly GF3 (2005-2018) data from the Greenland Ecosystem Monitoring Programme (GEM; www.g-e-m.dk)
were provided by the Greenland Institute of Natural Resources, Nuuk, Greenland.
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