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Abstract

In the Labrador Sea, the coldest and freshest North Atlantic basin south of the Greenland-Iceland-Scotland
Ridge, wintertime surface heat losses result in the formation of dense waters that play an important role in
ventilating the deep ocean and driving the global ocean overturning circulation. In the winter of 2022, the
central Labrador Sea experienced a near-normal cumulative surface heat loss, although it was much higher
than in 2021. The 2022 winter (Dec-Mar) North Atlantic Oscillation (NAO) index was below-normal and the
lowest since 2013. As a result, the winter surface cooling in the central Labrador Sea was the highest since
2015. However, the winter mixing was only as deep as 1600 m in 2022, meaning moderately-deep winter
convection, following shallow convection of the previous year. Sea ice area from Davis Straight to Southern
Labrador Sea increased from an 11-to-12-year low observed in 2021 to a 4-to-8-year high in 2022, depending
on the region.

With respect to temperature anomalies averaged annually over the central Labrador Sea, in the period of
2002-2022, sufficiently covered with profiling Argo float observations, the upper 100 m layer was the coldest
in 2015 and 2018. After 2018, this layer attained above-normal annual temperatures in 2019-2022, with an
11-year high occurring in 2021.

The intermediate, 200-2000 m, layer of the Labrador Sea started to cool immediately after hitting a record
warm point of the 1972-2020 period in 2011. This cooling trend was mainly driven by strengthening and
progressively deepening winter convection in 2012 and during 2014-2018. Such multiyear persistence of
deepening winter convection, continuing through the winter of 2018 when it exceeded 2000 m in depth,
resulted in the most voluminous, densest, and deepest formation of Labrador Sea Water since 1994. The
situation changed in 2019, with the depth of winter convection eventually reducing to 800 m in 2021.
Correspondingly, the intermediate layer has been warming since 2019, while its seawater density decreasing
sustaining a negative density trend spanning the period of 2018-2021. Between 2018 and 2021, the annual
mean intermediate layer density reduced by about 0.02 kg/m3.

There was a sustained freshening observed in the upper and intermediate layers since 2017.

Vertical distributions of dissolved oxygen and chlorofluorocarbons (CFCs) - CFCs, industrially Freons, are the
anthropogenic gases that are commonly used as tracers of convectively-formed water masses spreading in
the ocean - in the central Labrador Sea, based on quality controlled instrumental-drift-corrected
measurements assembled since 1990, follow very closely the multiyear events of recurrently persistent
renewal of dense deep Labrador Sea Water in the Atlantic Ocean.

Presently, any omission or cancelation in the annual ship surveys does not have any sensible impact on both
representativeness and uncertainty of the Labrador Sea state assessment variables presented in this report as
both seasonal and longer-term variability signals are sufficiently and accurately resolved with the help of
profiling Argo float observations.



Introduction

The Labrador Sea is located between Greenland and the Labrador coast of eastern Canada, with its deep semi-
enclosed basin bounded by the West Greenland and the Newfoundland-Labrador shelves. Cold, low-salinity
waters of polar origin circle the Labrador Sea in a counterclockwise current system that includes both the
northward flowing West Greenland Current (WGC) on the eastern side and the southward flowing Labrador
Current (LC) on the western side (Figure 1). Distinctively warmer and saltier patches of water can be found
underneath the offshore extensions of the WGC and LC. These are variations of the Atlantic Water originating
in the low latitudes of the Atlantic Ocean, and following first the North Atlantic Current and then the Gulf
Stream. As the Atlantic Water flows into and around the Labrador Sea, following its eastern, northern, and
eventually western boundaries, it mixes with other masses, progressively cooling and freshening.

Spatial distribution and temporal changes in temperature, salinity, density, dissolved oxygen, and other
environmental variables in the upper and deep layers of the Labrador Sea respond to a wide range of external
and internal oceanic factors. The external factors include exchanges with land (e.g., continental runoff),
atmosphere (e.g., radiation, latent and sensible heat, and momentum fluxes), precipitation, evaporation, and
exchanges with other substances (such as anthropogenic gases). The internal factors include inflows of warmer
and saltier, and colder and fresher waters from the adjacent North Atlantic and Arctic, respectively, and local
oceanic processes such as lateral mixing and winter convection. Naturally, the physical, chemical, and biological
processes and seawater properties are subjected, both vertically and horizontally, to seasonal, interannual, and
decadal variations across the region. In addition, instantaneous conditions and process development depend
on the cumulative effect of past heat, salt, and freshwater gains and respective temperature, salinity, and
density changes termed as ocean preconditioning (Yashayaev and Loder 2017).

Since 1990, except for 2017, the Bedford Institute of Oceanography (BI0) of Fisheries and Oceans Canada (DFO)
has been conducting annual occupations of the oceanographic section Atlantic Repeat 7-West (AR7W). This
section spanning the Labrador Sea (Figure 1, Table 1) was first included as both one-time (A1E) and repeat
(AR7W) hydrographic lines in the World Ocean Circulation Experiment (WOCE) array (Lazier etal. 2002; Kieke
and Yashayaev 2015; Yashayaev et al. 2015a).

During more than three decades of its existence, the annual survey of the AR7W line provided the most critical
high-quality observations used to quantify and understand both physical processes and full-depth ocean
variability in the subpolar North Atlantic. The observations collected on the AR7W line became an important
contribution of Canada to the international Global Climate Observing System (GCOS), the Climate Variability
(CLIVAR) component of the World Climate Research Programme (WCRP), and the Global Ocean Ship-based
Hydrographic Investigations Program (GO-SHIP). These observations were repeatedly used and accentuated
in numerous high-impact publications (e.g., Dickson et al. 2002; Curry et al. 2003; Thornalley et al. 2018; Lozier
etal. 2019; Frob et al. 2017; Holliday et al. 2020), special journal issues (e.g., Yashayaev 2007b; Yashayaev et
al. 2015b; also Yashayaev et al. 2015a; Kieke and Yashayaev 2015), books (e.g., Dickson et al. 2008), the Fourth
and Fifth Assessment Reports (AR) of the Intergovernmental Panel on Climate Change (IPCC; e.g., Bindoff et al.
2007; Rhein et al. 2013), the International Council for the Exploration of the Sea’s (ICES) Reports on Ocean
Climate (IROC, e.g., Gonzalez-Pola et al. 2020) and Northwest Atlantic Fisheries Organization (NAFO) reports
(e.g., Yashayaev et al. 2021).

The annually visited Labrador Sea oceanographic section AR7W spans approximately 900 km from Misery
Point, Labrador, to Cape Desolation, Greenland. With more than three decades of coast-to-coast surface-to-
bottom observations systematically collected on AR7W between June of 1990 and August of 2022 (meeting
WOCE quality requirements for temperature, salinity, and dissolved oxygen only until June of 2019) presently
available, we are able to construct and analyze interannual and decadal variations, and long-term trends in all
key ecosystem variables at any point below 200 m, i.e., where the contribution of the seasonal cycle to their
total variance is relatively small.

Additionally, the foci of the DFO-led Deep Ocean Observation and Research Synthesis (DOORS) include the
Extended Halifax line and adjacent regions, the deep-water oceanographic moorings in the Labrador Sea, such
as the Hamilton Bank mooring (Figures 1), and various applications of profiling Argo float and remote sensing
technologies.
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The following four sections, Meteorological Observations, Remotely-Sensed Sea Surface Temperature, Sea Ice
Observations, and In-Situ Oceanographic Observations, introduce the data sources used to produce this report,
each starting with brief descriptions of respective data and methods, and present general climatological and
environmental metrics obtained with these data. The seasonality in the seawater properties and its impacts on
the reported ocean state variables and other general issues concerning shipboard survey data synthesis
limitations are discussed in Adequacies and Limitations of In-Situ Observations for Monitoring Interannual
Changes in the Labrador Sea. The next section, Winter Convection and Hydrographic Conditions in the Central
Labrador Sea, provides a detailed view and discusses the mechanisms of both long- and short-term variability
in the Labrador Sea. In the Numerical Model Results section, the past BIO North Atlantic Model results are
updated to include the year of reporting and to connect the changes in water mass characteristics and boundary
current systems. The key results and Labrador Sea condition parameters are summarized in the Summary
section.

North Atlantic Oscillation (NAO) Index

The North Atlantic Oscillation (NAO) is an important teleconnection pattern influencing atmospheric processes
in the Labrador Sea (Barnston and Livezey 1987; Hauser et al. 2015). When the NAO is in its positive phase,
low-pressure anomalies over the Icelandic region and throughout the Arctic combined with high-pressure
anomalies over the Azores and across the subtropical Atlantic produce stronger-than-average westerlies across
the mid-latitudes. Conditions over the northwestern Atlantic, including the Labrador Sea region, are colder and
drier than average. A negative NAO indicates a relative weakening of either the Icelandic low or the Azores
high, or both, which decreases the pressure gradient across the North Atlantic resulting in weakening of the
westerlies and brings warmer conditions than usual. Both NAO phases are associated with basin-wide changes
in the intensity and location of the North Atlantic atmospheric jet stream and storm track, and in large-scale
modulations of the zonal and meridional heat and moisture transport (Hurrell 1995), resulting in the
modification of the temperature and precipitation patterns. Even though the focus of this report is on the past
three decades, we present and analyze the 74-year long NAO, winter surface heat loss, and oceanographic
records to relate the recent conditions to the major shifts in the atmospheric situations over the North Atlantic.

The winter NAO indices computed using two versions of the NAO index are shown in Figure 2 (upper panel).
The station-based NAO index (green) is the difference in winter (December, January, February, March) sea-
level atmospheric pressure between the Azores and Iceland (Hurrell et al. 2018). The principal component
(PC)-based NAO index (blue) is associated with the first empirical orthogonal function (EOF) of standardized
monthly 500-mb height anomaly fields for the Northern Hemisphere. The spatial pattern of this EOF shows a
high over southern Greenland, and a low near the latitude of the Azores.

The winter NAO exhibits significant multi-decadal variability (Hurrell 1995). An upward trend of the NAO index
from the 1960s to the 1990s was noted by Visbeck et al. (2001), although, since the peak in the 1990s there has
been a slight downward trend. Recent studies reveal an atmospheric circulation pattern, complementary to
NAO, which becomes more prominent in years of low NAO (Hauser et al. 2015). Further study of this
phenomenon will help to improve understanding and forecasting capabilities of atmospheric and oceanic
conditions.

In 2010, the NAO index reached a record low (Figure 2, upper panel). In 2011, the NAO index rebounded from
the record low but still remained well below the 30-year average (1981-2010). In 2012, however, the NAO
index was strongly positive, up to a level comparable to those in early 1990s, showing the highest winter index
over the last twenty years. There was a significant change in the winter NAO index in 2013, when it became
moderately negative. In 2014, the NAO index returned to its high positive phase, slightly lower than the 2012
value, making it the second highest in the last twenty years. In 2015, there was another high NAO event, the
largest positive NAO magnitude in the 124-year-long instrumental record.

In 2020, while both station-based (green) and PC-based (blue) winter (Dec-Mar) NAO indices were strongly
positive, continuing the positive anomalies observed since 2014, and, actually, the highest since 2015 (Figure
2, upper panel), the sea-level pressure pattern was not associated with strong westerly winds along the
Labrador coast (Figure 2, lower right). In 2021 the winter NAO index reduced to the only negative value since
2013, and increased again in 2022 entering five highs of the 2001-2022 period.
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Air Temperature

The air temperature data used in this report were extracted from the National Centers for Environmental
Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) Reanalysis dataset, provided by
the NOAA/OAR/ESRL, PSD (National Oceanic and Atmospheric Administration/Ocean and Atmospheric
Research/Earth System Research Laboratory, Physical Sciences Division), Boulder, Colorado, USA. The
NCEP/NCAR Reanalysis is a joint project between NCEP and NCAR. The goal of this joint effort is to produce a
continually-updated globally-gridded dataset that represents the state of the Earth's atmosphere and
incorporates both observations and numerical weather prediction model output, from 1948 to present (Kalnay
etal. 1996).

Time series plots of winter and spring air temperature anomalies in the Labrador Basin are shown in Figure 3,
for the box 55-60°N, 50.0-52.5°W. In 2021, winter and spring air temperatures were above- and near-normal,
respectively. In 2021, winter temperature decreased, while remaining above-normal.

Sea Surface Temperature
Two sources of sea surface temperature (SST) values are used in this report.

The NOAA Optimum Interpolation (OI) Sea Surface Temperature (SST) V2 (NOAA_OI_SST_V2) dataset is
provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from the NOAA website. The OISST analysis is
constructed by combining observations from satellites, ships, and buoys on a regular global grid, and
interpolating to fill in gaps.

The other independent source is based on our analysis of the shipboard and Argo float observations.
The seasonal cycle was removed from all observations before averaging the sought signals over seasons.

Time series plots of winter (January-March) and spring (April-June) sea surface temperature anomalies in the
Labrador Basin (55-60°N, 50.0-52.5°W) show positive anomalies in winter and spring of 2021 (4), reducing in
2022.

Sea Ice Observations

Seaice concentrations derived from satellite passive microwave data since late 1978 are obtained from the U.S.
National Snow and Ice Data Center. These data were used instead of the Canadian Ice Service (CIS) data because
they extend farther east, so that they cover the Greenland shelf (comparisons conducted in support of this
report show that the anomalies computed from each dataset for the same area agree very closely).

Monthly sea ice concentration data are used for 1978-2022 (Cavalieri et al. 1996; Fetterer et al. 2002). Ice
extent is defined as the area in which ice concentration is at least 15%, and is computed for Baffin Bay, three
latitude bands in the Labrador Sea region: 63-68°N (Davis Strait), 58-63°N (Northern Labrador Sea), and 53-
58°N (Labrador Shelf), and the entire domain. January-through-May time series of sea ice extent anomalies for
these five regions are shown in Figure 5. If in 2021 the ice extent anomalies were negative in all regions, being
second record low on the Labrador Shelf, in 2022 it increased considerably to near-normal, except for Baffin
Bay.

Air-Sea Heat Flux

The cumulative air-sea heat flux integrated over individual-year cooling seasons (cumulative winter surface
heat flux/loss in Figures 6) was computed using 6-hourly heat flux and daily-mean radiation data obtained
from the NCEP/NCAR Reanalysis (Kalnay et al. 1996). The two available versions of NCEP/NCAR Reanalysis
products, R1 and R2, are jointly used to provide the most extensive up-to-date data coverage.

The total or cumulative surface heat loss incurred in a cooling season was estimated by integrating the net
surface heat flux over the Labrador Basin from start to end of a time period showing continuous cooling. Each
fall-to-spring cooling period (also cooling cycle) was defined individually from the first date when the net
surface heat flux became consistently positive (sea-to-air) to the moment when its negative values (air-to-sea)
prevailed.

Specifically, the net heat flux values used in this integration were computed as a sum of incoming and outgoing
shortwave and longwave radiative, and latent and sensible turbulent heat flux components extracted for the
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region of interest from the NCEP/NCAR Reanalysis fields. As already noted, the start and end points of each
cooling cycle were associated with the net flux reversals in fall and spring (Yashayaev and Loder 2009).

The highest annual heat losses during 1974-2020 were achieved in 1993 and 2015 (e.g., negative anomaly to
the negative heat flux). Since 1998, the top six cumulative surface heat losses have occurred in 2008, 2012,
2014,2015,2016,and 2017. The heatloss in 2019 was the lowest in six consecutive years. In 2020 it increased
again (consistent with the winter NAO index at a 5-year high in 2020), but dropped even lower than in 2019 in
2021. The heat loss then rebounded back to above-normal in 2022, becoming the highest in seven consecutive
years.

Ship Survey Data

Since 2004, the AR7W line has been occupied in May, except for June-July in 2012, June in 2019, and July-August
in 2020. Each AR7W occupation comprises at least 30 oceanographic stations running from Misery Point
(Labrador) to Cape Desolation (Greenland). On each station, the key seawater properties, such as temperature,
conductivity, salinity, density, dissolved oxygen, fluorescence, and pH are recorded from surface to bottom
using a conductivity-temperature-depth/pressure (CTD) profiling system. All key sensors are doubled up - e.g.,
paired temperature, conductivity, oxygen, and fluorescence sensors. The number of sensor types installed on
the CTD mainframe (also known as a CTD Rosette) connected to the same system increases over time, adding
pressure to collection of water samples required for calibration of both standard and experimental sensors.
The standard set of water samples on a typical oceanographic station includes samples for determination of
salinity, dissolved oxygen, nutrients, and transient tracers.

During the period of 1990-2019, the pressure, temperature, conductivity, salinity, and dissolved oxygen
datasets were quality controlled and calibrated to meet WOCE standards. This was achieved with the help of
sufficient quantities of water sample salinity and dissolved oxygen concentration values, accurately
determined using the Autosal and Winkler titration systems, respectively, and with numerous readouts of
0.001°C-accurate temperature obtained at all water sampling depths with a SBE35 temperature recorder.
Additionally, the multifactor CTD sensor corrections based on the in-situ and water sample data were
compared and if needed backed with the BIO laboratory sensor calibration data.

However, the vertical distribution and quality of the salinity and oxygen water sample measurements on the
AR7W line in 2020 and 2022 were not sufficient for calibrating the CTD conductivity and oxygen sensors to the
accuracy achieved in the past (1990-2019) occupations of the line. As an additional support for the calibration
and validation of the 2020 and 2022 CTD data, the properties (temperature, salinity, dissolved oxygen
concentration) of the least temporally modified part of the Labrador Seawater column - the core of the
Northeast Atlantic Deep Water - have been extrapolated to 2020 and 2022 to improve and validate the present
calibrations. These “oceanographically” calibrated data are used in the full-water-depth annual profile
compilations, and 2020 and 2022 water column state indices provided in the report.

The historical and recent shipboard oceanographic observations, including, for example, water sample data
and CTD profiles, have been quality controlled and processed using a multistep critical data analysis procedure,
comprised of the data editing and processing methods similar to those briefly described by Yashayaev and
Seidov (2015).

Argo float temperature and salinity profiles, available since 2002, and rapidly growing in quantity but not
necessarily in quality, have been quality controlled through comparisons with vessel CTD and water sample
data and comparisons between floats, and by performing critical analyses of spatial and temporal deviations.

The BIO-led Labrador Sea survey data were enhanced with temperature and salinity observations archived by
other programs and national and international data centers (e.g., Kieke and Yashayaev 2015).

Argo Profiling Float Data

Argo is an international network of profiling floats largely collecting high-quality temperature and salinity
measurements throughout the upper 2000 m of the ice-free global ocean. The rapidly-advancing Deep Argo
Mission allows sampling of the full ocean depth in the North Atlantic. For most of a typical 10-day cycle, a
battery-powered autonomous float freely drifts at a “parking depth” of usually 1000 m, where its position is
stabilized through buoyancy adjustment. Once the float is released from its parking depth, it descends to
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approximately 2000 m, or, in case of the Deep Argo Mission, to the full water depth (if less than 6000 m). Then
the floats ascends to the surface, while profiling temperature, salinity and, if equipped with additional sensors,
other variables. When the surface is reached, the acquired data are transmitted, and the float sinks back to its
parking depth. Since 2002, the near real-time temperature and salinity Argo float data collectively draw a large-
scale picture of the oceanographic structure and circulation of the Labrador Sea. The array is typically used to
reconstruct the seasonal and interannual variability of the physical characteristics and dissolved oxygen in the
upper 2000 m water column. The value of the Argo floats is even more significant in winter, when they serve
as the only means of providing information about real-time development of winter convection, and when there
are no shipboard measurements available. Additionally, by tracking ocean currents at their parking depths
(such as 1000 m), the Argo floats reveal pathways of the mid-depth circulation.

Overall, the network of profiling Argo floats provided temperature and salinity data to 2000 m used for
monitoring of year-round variability of the oceanographic conditions in the Labrador Sea. However, the
number of the floats within the Labrador Sea during 2020 was again just marginally sufficient to resolve sub-
monthly variability.

Synthesis of Multiplatform Datasets

Temperature and salinity data in the Labrador Sea from various sources are compiled and seasonally adjusted
to provide individual time series. Our primary data sources include (i) full-depth temperature, salinity, and
dissolved oxygen profiles collected on the AR7W line across the Labrador Sea that has been occupied by BIO
since 1990, (ii) water sample and discrete SBE35 temperature data used to calibrate the instrument sensors,
(iii) temperature and salinity profiles over the upper 2000 m in the Labrador Sea region from the International
Argo float program, (iv) publicly available observed-level temperature and salinity data from other programs
and national and international data centers (e.g., Kieke and Yashayaev 2015), and (v) a near-bottom moored
temperature time series from a long-term mooring maintained by BIO on the Labrador continental slope - a
respective 30-year series follows the same pattern of interannual temperature changes as the intermediate-
depth layer in the central Labrador Sea (Figure 5 in Yashayaev and Loder 2016).

Following Yashayaev and Loder (2009, 2016, and 2017), but now including all available Argo float data through
to December 2022 and ship survey data up to May 2022 (Figure 1), time-depth series of spatially-averaged
potential temperature, salinity, and potential density with weekly-to-monthly (dependent on Argo and ship
survey data coverage) resolution have been computed for an area of approximately 60,000 km? in the central
Labrador Sea. To provide for this, all individual CTD, water sample, and Argo float profiles of an analyzed
variable selected within the central Labrador Sea contour defined in our earlier studies (e.g., Yashayaev and
Loder 2016), which encompasses the profile locations indicated in Figure 1 with the scattered pink dots, were
vertically interpolated and aggregated into time series for each depth level included in a chosen layer.

As shown in the figures discussed here, in the next section, and in Appendix 1, the seasonal cycle dominates the
upper layer variability and extends to the intermediate layer. Therefore, any analysis of multiyear data should
begin with a thorough assessment and, if required, a correction of seasonal biases. Specifically, at least one of
the following requirements must be met to be able to investigate longer-term variability in presence of strong
seasonality: (1) the contribution of the seasonal cycle to the total variance is less than the contribution of
longer-term signals, (2) the seasonal cycle can be effectively removed from analyzed measurements, and (3)
the temporal resolution and seasonal coverage of analyzed data is sufficient and consistent through a study
period. This requirement is backed up by the analyses of regular (Appendix 1) and single-year-based (Figures
7 and 8) seasonalities presented in this report. Appendix 1 includes seasonal cycles of temperature and salinity
(Figure A1), associated seasonal changes encountered over overlapping 30-day periods (Figure A2), and
seasonal changes referenced or relative to the 15% of May (Figure A3), standard deviations of multiyear
anomalies computed in 10-day bins (Figure A4), and contributions of seasonal cycles to total variances (Figure
A5). A careful contemplation of the material on oceanic seasonality leads to the conclusion that the shipboard
data collected on the AR7W line over 30 years cannot be used to map interannual variability in both physical
and biochemical variables in the top 100 m. The largest seasonal temperature changes are observed in April-
June, at the time of the fastest increase in the solar irradiance. The noted seasonal changes exceed the reported
interannual variability. To address this issue, the measurements of all physical variables (temperature, salinity,
and density) have been corrected, depth by depth, for seasonality by using an iterative procedure obtaining a
harmonic representation of the seasonal cycle and removing data outliers. The resulting series have been low-
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pass-filtered, and the filtered values have been averaged annually to obtain the annual variable values since
1948, depending on data availability (Figures ||, 9, 10 and 6).

Further, to quantitatively place the recent variability in a historical context, we use annual time series of
temperature, salinity, and density averaged over the 15-100 m and 200-2000 m vertical intervals in the central
Labrador Sea back to 1948 as long-term indices of these variables over its upper and intermediate-depth
waters (Figure 6). These were derived from time series for selected depths like those discussed above and
previously reported.

Adequacies and Limitations of in-Situ Observations for Monitoring Interannual Changes in the
Labrador Sea

It should be noted that there are certain limitations in the AR7W shipboard observations restricting the range
of tasks that can be effectively solved with the annual survey data used alone. The major limitation of the
shipboard data used exclusively for both ocean state assessments and process/variability studies is attributed
to the dominance of seasonality in the upper layer property changes. Indeed, the seasonal spread of the AR7W
oceanographic observations was not randomly distributed throughout the entire period, adding a systematic
bias to estimates of long-term changes in seawater properties, based on the shipboard measurements in the
upper (e.g., top 200 m) layer. Since 1990, the mid-point date of the AR7W survey has occurred between early
May and early August, with relatively earlier (including the earliest) dates tending to occur in the period of
2014-2018, and later (including the latest) dates occurring before 2004, and in 2012, 2019, and 2020 (Table
1). These sampling limitations make the changes that occur in the upper layer on seasonal, interannual, and
longer time scales unresolvable with the annual ship survey data, as discussed in Synthesis of Multiplatform
Datasets. However, the scatter in the survey dates helped determine the seasonal cycles in different regions of
the sea (Fragoso et al. 2016). As shown in Appendix 1, for physical variables, the variability in survey date has
a significant effect near the surface (0-100 m), exceeding the standard deviation of anomalies, but little effect
at depths greater than 200 m. In order to report the interannual and longer-term variability of the physical
variables throughout the entire water column, surface-to-bottom, the regular (i.e., based on entire records)
seasonal cycle has been removed from all data depth-by-depth. This operation, namely, data de-seasoning
through successive iterations, makes interannual signals a dominant source of variability at all depths, up to the
sea surface.

Each reporting period, such as a particular calendar year, comes with its own unique seasonal cycles in all
oceanographic variables. The magnitudes, shapes, and phases of these cycles vary with location and depth, and
are subject to interannual and longer-term modulations. There are also various physical mechanisms (such as
incoming solar radiation) and state variables (such as vertical stratification) responsible for spatiotemporal
variability of the related parameters. The processes generating seasonal signals in the ocean, shaping their
appearance, and governing their time-varying dynamics are part of our ongoing investigation. In the next
paragraph, we discuss a new method for tracking the joint result of the seasonally-active physical processes
and mapping seasonal anomalies evolving within a relatively short time, e.g., a year, allowing us to follow the
seasonal signal timing and magnitude changes in any year covered with sufficient observations, here Argo float
profiles. The seasonal anomalies showing in the same years can then be evaluated by subtracting the
climatological seasonal cycle (also known as normal or regular, e.g., Yashayaev and Zveryaev 2001; Yashayaev
and Seidov 2015) from the year-specific (irregular) seasonal cycles. The climatological seasonal cycle is
typically based on a 30-year or longer time period of sufficiently frequent observations. Considering that the
time scale of prominent changes in the deep ocean often exceeds a decade (as also shown in this report), it is
more advantageous from the research standpoint to build a deep-sea climatology using a more prolonged
sequence of observations than that spanning 30 years. Another advantage of choosing a longer normal period
is directly related to improving statistical uniformity in multiyear seasonal data distribution. The seasonal
pattern and annual number of observations in the Labrador Sea have changed considerably since the early
1990s. The interannual changes in data distribution may add systematic biases and random errors to the
sought climatological normals. The biases and errors associated with the long-term changes in sampling
content tend to reduce as the length of the time period chosen to construct the normals increases.

The careful evaluation and cause analysis of all irregularities or anomalous features detectable in individual
year-specific seasonal cycles is important for a much broader ocean state analysis. This assertion is underlined
by the fact that an entire range of seasonal signals or features, regardless of their duration, massively contribute
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to the seasonal, annual, and longer-term anomalies contained in each record. The seasonal anomalies can be
evaluated in the following way. All data points identified within a continuous 365-day period, e.g., a year of
interest, are approximated with the harmonic functions of annual and nested periods. The procedure
associated with this step includes testing of temporal data coverage over the chosen period for an adequate
representation of seasonal cycle, and the iterative outlier control and removal. The resulting seasonal cycle
(only for the period of interest) is then compared to the regular climatological cycle constructed for the period
of 1948-2022. The seasonal cycle anomalies are then evaluated for each day by subtracting the regular cycle
from the cycle representing the chosen period. The outlined approach can be effectively visualized by
displaying both regular climatological and single-year seasonal cycles for a chosen depth with all quality
controlled observations used to evaluate these seasonal cycles layered behind the continuous curves. In
particular, Figures 7 and 8 show day-by-day progressions of seasonal signals for particular years, and how
these signals compare to the climatological normal (defined as the continuous regular seasonal cycle). These
figures show four seasonal cycles of temperature and salinity for the depths of 15 m and 50 m, respectively.
The black lines in these figures represent the regular climatological seasonal cycle that was defined using all
observations in the central Labrador Sea for the period of 1948-2022 (pink markers in Figure 1). The blue,
green, and red lines in Figures 7 and 8 represent irregular (or year-specific) seasonal cycles defined
individually for the years - 2016, 2021, and 2022. The observations used to compute the four seasonal cycles
(climatology, 2016, 2021, and 2022) are also shown in these figures with markers coloured in accordance with
the seasonal cycle lines.

The absolute (Figures A1-A3) and relative (Figure A5) effects of the regular (climatological) seasonality on the
key sea state variables, such as temperature (left) and salinity (right), are further quantified and illustrated in
Appendix 1. The regular seasonal cycle is capable of contributing to any observations randomly taken within
seasonally-matching 30-day periods of different years as much as the period’s range of the seasonal values.
This range is estimated by taking the start and end (or all) values in a given 30-day time frame. The same
calculation is performed for all yeardays (i.e., days elapsed from the start of January). This approach is valid for
every sea state variable. For example, Figure A2 shows regular seasonal changes of temperature and salinity
over respective 30-day periods, day-by-day. The magnitudes of the seasonal changes that occur over such
overlapping 30-day periods is the highest at the sea surface and reduces with depth. This analysis convincingly
shows that any uncorrected seasonal bias entering both annual and seasonal sea state estimates with
measurements randomly taken within a targeted 30-day seasonal time frame, especially if occurring in spring
or fall, is likely to exceeds the magnitude of interannual changes in the upper 100 m layer (e.g., standard
deviation shown in Figure A4). The issue is further complicated by the fact that the seasonal occurrence of the
AR7W surveys during 1990-2022 spans 100 days, May-to-August, making the seasonal bias considerably larger
than incurred in a single month frame.

The major error in the sea state estimates arises from neglecting the rapid warming of the upper water column
occurring between May and June, obvious in Figures A1-A5. Figures 7 and 8 reveal another aspect of the
problem. There are year-to-year changes in both phase (e.g., time shifts in the end of cooling and start of
warming, like in 2018) and shape of the seasonal cycle. The vertical magenta dotted lines in Figures 7 and 8
confine the calendar day range of May 15 - June 15, and the changes during this period are obviously much
larger than the differences between the annual spring average values. It is also apparent in these figures that
averaging the daily anomalies over a week, its associated month, season and year may likely give significantly
different results. Consequently, the near-surface seasonal anomalies (with the regular seasonal cycle removed)
averaged over a short-term interval in spring (e.g., a five-day survey in early May) may not be representative
of an entire season (e.g., mid-April to mid-June). Therefore, both the high rate of seawater property changes in
the regular or climatological seasonal cycles, and the multiscale irregularity in the year-specific seasonal cycles
need to be taken into consideration every time a statement about seasonal, interannual, decadal, and longer-
term changes is made. This rule was closely followed when compiling, processing, and analyzing the shipboard,
profiling float, and moored observations for the present report.

The measurements of dissolved oxygen, chlorofluorocarbons (CFCs), such as CFC-11 and CFC-12, silicate,
nitrate, and phosphate concentrations collected on the AR7W line during a 30-year time period, 1990-2019,
were extracted from different data sources, cleaned from outliers, analyzed for instrumental inner- cruise and
inter-cruise shifts and drifts, corrected respectively, and used to assemble annual composite profiles presented
and discussed in this report. Multiyear progressions of the annual seawater property profiles, constructed
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using the cleaned water sample data before applying any time-dependent correction, are shown in Figures A6
and A7, and discussed in Appendix 2. Multiyear progressions of the analogous annual profiles, only this time
with the time-dependent corrections applied to the original data, are shown in Figures 9 and 10, and discussed
with respect to long-term changes in convective mixing and ventilation. The climatological normals of dissolved
oxygen, CFC-11, CFC-12, silicate, nitrate, and phosphate concentrations on the AR7W line for the period of
1990-2019 are shown in Figure 17.

In addition to the mentioned inconsistencies in the seasonal AR7W sampling patterns, we note significant
omissions and irregularities in the oceanographic data over the shelves and slopes in the years with moderate
and any heavier sea-ice conditions. This means that the near-coastal stations were not always sampled, making
the shelves and, in a number of cases, the continental slopes more limited in data coverage than the deeper
regions, resulting in spatial shifts in data distribution in high-horizontal-gradient boundary regions. Both
seasonal and spatial irregularities in the multiyear distribution of oceanographic impose limitations on data
products, such as various ocean state assessments and interpretations.

Winter Convection and Hydrographic Conditions in the Central Labrador Sea
Long-Term Changes in Key Water Masses

Multiyear evolutions of dissolved oxygen, CFC-11, and CFC-12 concentrations assembled from the respective
vertical annual profiles, which were in turn composed from the shipboard observations on the AR7W line
confined to the central Labrador Sea spanning the period of 1990-2019, are shown in Figure 9. CFCs, also
known as Freons (industrial definition of the CFCs), are the anthropogenic gases that are commonly used as
tracers of convectively-formed water masses in the ocean. Together with dissolved oxygen, CFC-11 and CFC-
12 measurements complement the physical variables in the studies of ventilation and rejuvenation of the
Labrador Sea water column. Constructed similarly to the temporal progressions of the annual profiles shown
in Figure 9, the annual composite profiles of silicate, nitrate, and phosphate concentrations in the central region
of the Labrador Sea for the depth range of 200-3500 m and the time period of 1990-2019 are arranged
chronologically in Figure 10. The processing steps that were followed to create these figures are summarized
in the next paragraph.

Prior to assembling the annual profiles and building their multiyear progressions, all unedited profiles of the
studied seawater characteristics without any omission were thoroughly checked for outliers. All outliers were
then excluded from the original data and initial collections of annual composite profiles were created for all
variables. Appendix 2 briefly outlines the procedure used to construct the annual profiles and discusses the
1990-2019 progressions of these profiles (Figures A6 and A7). Note that, at this point, there was no additional
time-dependent correction applied to the initial data. However, certain massively sampled chemical variables,
particularly, nitrate and phosphate concentrations, are known to be sensitive to varying standard quality and
calibration methods causing drifts or rather shifts both during and between sea missions. Among possible
reasons of such drifts and shifts are inaccurate standards, missing or biased calibrations, and other
instrumental errors. When that occurred, a time-based correction or a cruise-based correction were designed
and used as needed to correct detectable systematic errors. Cleaned from random outliers and corrected for
time-based or cruise-based shifts or drifts, the observed data profiles were interpolated to both depth (5 m)
and seawater density grids, and then averaged annually on both constant density and pressure surfaces,
respectively. The resulting annual profiles were then assembled in the multiyear progressions and interpreted
with reference to the physical variables. Figures 9 and 10 show annual composite profiles with cruise-specific
corrections applied in order to reduce the mentioned instrumental biases caused by inadequate
standardization and calibration. Before applying these corrections, the instrumental biases dominated some
chemical data obscuring the natural variability that is detectable in the corrected data. Comparing Figures A6
and A7 with Figures 9 and 10, respectively, shows the difference.

Time series plots of annual and spring (April-June) mean temperature and salinity values, averaged over the
15-100 m and 200-2000 m depth ranges, are presented in Figure 6.

The intermediate, deep, and abyssal or bottom water masses found in the Labrador Sea are Labrador Sea Water
(LSW, varying in vertical extent reaching the depth of 2500 m), Northeast Atlantic Deep Water (NEADW,
2500-3000 m), and Denmark Strait Overflow Water (DSOW, defined as a 200 m thick bottommost layer at the
water depths exceeding 3000 m).
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The intermediate, deep and abyssal or bottom water masses found in the Labrador Sea are LSW, Northeast
Atlantic Deep Water (NEADW, 2500-3000 m), and Denmark Strait Overflow Water (DSOW, defined as a 200 m
thick bottommost layer at the water depths exceeding 3000 m). Similarly to DSOW, NEADW is also derived
from the Iceland-Scotland Overflow Water, but undergoes a longer and more substantial mixing,
transformation, and modification along its path (Yashayaev and Dickson 2008).

The fact that the temporal changes in the core of NEADW are comparably small, slow, temporarily persistent,
and vertically uniform allowed the development of an objective method for correcting systematic instrumental
and methodological drifts and shifts during and between DFO and international cruises. The dissolved oxygen,
CFC-11, and CFC-12 concentrations, and the silicate, nitrate, and phosphate concentrations used to construct
Figures 9 and 10, respectively, include time-dependent corrections based on the multivariate analysis in the
core of NEADW. The climatological normals of these variables on the AR7W line for the period of 1990-2019
(Figure 17) are also presented here for the first time.

Recurring warm and saline, and cold and fresh events spread in the upper 2000 m layer mainly occupied by
LSW. In over 90 years of direct oceanographic observations (Figures || and 6, earlier years are not included in
these figures), the intermediate (200-2000 m) layer of the Labrador Sea experienced three periods of sustained
multiyear cooling of the entire layer, reaching their coldest points in the 1950s, 1990s, and 2010s, separated
by two periods of warming. The first cooling event took place in the 1950s, followed by a warming and
salinification trend through the early 1970s, bringing the sea to a record warm and saline state. Dismissing
some relatively short cooling cycles, like the one centered over 1977-1978, the intermediate layer had been
steadily cooling since then. This trend continued until 1994, as the layer reached its all-time cold point. The
length, persistence, and magnitude of this massive cooling radically altered the entire water structure and heat
content of the sea. Indeed, the lowest sea average temperature and salinity values were those achieved with
cooling and freshening of LSW, culminating in the late 1980s to mid-1990s. This period was characterized by
deep winter convection that filled the upper 2000-2500 m layer of the Labrador Sea with cold, dense, and
relatively fresh water.

This predominantly steady warming trend, boosted by the sea recovering from its record deep convection, cold,
and dense state achieved in 1994, lasted until the second temperature record high in 2010 and 2011, in the
upper (15-100 m) and intermediate (200-2000 m) layers, respectively.

The positive temperature and negative density trends established in the intermediate (200-2000 m) layer of
the sea, and its upper (200-1000 m) and lower (1000-2000 m) sublayers, following the cessation of extreme
convection in the mid-1990s, were repeatedly interrupted by episodic moderately-deep winter mixing and
cooling events, especially in 2000, 2002, 2008, and 2012 (Figures 6). Some of these events were strong enough
to disrupt and even reverse the warming trend for a year or two, but none lasted long enough to alter the overall
water-column temperature growth rate, which kept reestablishing itself after each severe winter event. The
moderately-deep to deep convection of 2008, for instance, clearly evident in both the temperature and salinity
fields and time series, was followed by much shallower convection in 2009, depth of which was partly reduced
because of massive surface freshening in the preceding summer and fall.

Similarly to the high-temperature high-salinity state that the intermediate (200-2000 m) layer of the Labrador
Sea acquired in the second half of the 1960s to retain until the early 1970s, the warm and salty state reached
by this layer in the early 2010s also did not last long. Similarly to the earlier two periods (in the 1950s and
1990s) of sustained cooling of the intermediate layer, the cooling that followed the second warming period
(spanning 1994-2011) came as a direct result of persistently deepening winter convection during the time
period 0f 2012-2018.

The upper (15-100 m) and intermediate-depth (200-2000 m) layers cooled during the periods of 2010-2018
and 2011-2017, reaching their 2002-2020 and 2001-2020 temperature lows in 2018 and 2017, respectively
(Figure 6). Both layers then warmed in 2019, slightly cooled in 2020, warmed in 2021, and cooled in 2022. The
recent (2019-2022) cessation of the multiyear cooling of the upper and intermediate layers, with very possible
transition to warming in the coming years, is a direct consequence of the 2019 and 2021 cumulative winter
surface heat losses being the lowest since 2013. Despite the winter NAO index and surface heat loss being high
the following year (2020), deep convection and water column cooling did not occur in 2020, not differing much
from 20109. If the reason for the deep convection that occurred in 2018 was the water column preconditioning
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caused by convective mixing and intermediate layer cooling in the previous years, the situation was opposite
in 2020. The lack of necessary preconditioning due to the reduced heat loss and shallowed convection in the
winter of 2019 followed by the warming of the upper and intermediate layers of the Labrador Sea did not help
with development of convection in the winter of 2020.

It should also be noted that temperature and salinity do not always follow similar patterns of interannual
changes. In particular, while the intermediate layer of the Labrador Sea continued to cool until 2017, or even
2018, remaining nearly unchanged since then, the freshening of the newly-formed or newly-ventilated LSW
occurring in 2012, 2014, and 2015 was followed by a salinity increase in 2017 after a short hiatus in 2016,
leading by one or two years the cooling trend disruption and thus making the LSW formed in 2017 and 2018
the densest since the mid-1990s (owing to the combined effects of cooling and salinity increase on density).
Over the past five years, 2018-2022, the annually averaged intermediate layer salinity values experienced a
downward trend (200-2000 m salinity; Figure 6), finally making this layer the freshest since 2002.

With respect to the upper 200 m layer, and particularly its uppermost half (15-100 m salinity; Figure 6) and
quarter (50 m), the annually averaged 2012 and 2013 de-seasoned upper layer salinity values were the lowest
since 2001. Following the 2013 low, the annual upper layer salinity values first increased to meet their 2006-
2020 high in 2017, then reduced the next year, remained nearly unchanged during the 2018-2020 period, and
then reduced again, reaching a 26-year (1997-2022) low in 2022.

The mechanisms responsible for these warm-to-cold and cold-to-warm transitions in the Labrador Sea can be
better understood by analyzing the winter NAO index and integrated over individual cooling seasons surface
heat flux shown in Figure 6. As the region loses heat over each winter, the integrated heat flux is referred to as
“cumulative heat loss”, although the latter is opposite in sign to the former. Both winter NAO index and
cumulative surface heat loss were low-pass filtered to evaluate the net contribution of both present and past
atmospheric forcing, (e.g., NAO, wind stress, and surface heat loss) values on the present oceanic heat content
and convection depth. The weights of the respective low-pass filter were designed in such way that the oceanic
conditions in any given year could be seen as a sum of responses on the atmospheric forcing in that year,
weighted as 1.0, and in the four preceding years, weighted as 0.8, 0.6, 0.4, and 0.2 in the reversed time order.
In other words, the weights of this filter are the highest at the locations matching its output data points, linearly
reduce to zero over the preceding points and are zero at all subsequent points. The low-pass filtered series of
the NAO index and cumulative surface heatloss produced using this data weighting scheme are shown in Figure
6 in front of the respective unfiltered series. From the process viewpoint, these filtered time series capture the
combined effects of the present-year winter forcing and the thermal and convective conditioning of the water
column partially retained from the previous years, hence convective preconditioning, on the present winter
mixing and heat content in the Labrador Sea (e.g., convection depth and 200-2000 m average temperature
shown in Figure 6).

The long-term changes in seawater temperature, salinity, and density are complemented by the results of
cleaning, correction, and synthesis of chemical data presented in Figures 9 and 10. The three most prominent
classes of LSW, developed in the early 1990s, early 2000s, and mid-2010s, can be clearly identified in the
temporal progression of annual dissolved oxygen profiles. The normalized dissolved oxygen indices for the
intermediate (200-2000 m) and deep (2000-2500 m) layers are now included in the Labrador Sea scorecard
(Figure 18). The 2000-2500 m layer oxygen lags by a few years the intermediate layer values. Both CFC-11 and
CFC-12 show a major increase in their concentrations in the mid-1990s (Figure 9), CFC-12 (CFC-11 was not
sampled after 2011), similarly to dissolved oxygen, follows deepening of winter convection and the associated
mixed layer during 2014-2018. The effect of winter convection in the Labrador Sea on uptake of the
anthropogenic gases by the North Atlantic is discussed by Rhein et al. (2017).

The nitrate and phosphate concentrations, without any bulk cruise-by-cruise correction, exhibit strong
uncorrelated year-to-year variations below 200 m (Figure A7) of undoubtedly instrumental, standardization,
or calibration nature as the ratio of these quantities is expected to remain relatively uniform within any deep
water mass showing uniform distribution of physical properties. Such inconsistency in the sampled chemical
properties disallows their analysis and interpretation in both subsurface and deep layers. Applying the time-
dependent corrections apparently improved the situation with these nutrients, making the nutrient ratios more
stable over time, and, for the first time, allowing to see a sensible signal correlated with the reported
developments of winter convection in the Labrador Sea. Indeed, comparing the silicate, nitrate, and phosphate
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trends in the 500-1000 m depth range in Figures 9 and A7, we note that the concentrations of these properties
are significantly higher in 1990-1998 and 2014-2019 with respect to their long-term average values. The
increased nutrient concentrations in these two periods are likely associated with the progressive deepening of
vertical mixing during the periods of 1987-1994 and 2012-2018, when recurrent winter convection established
a steady flux of nutrients from the nutrient-rich deep intermediate (1000-2000 m) and deep (2000-2500 m)
layers to the nutrient-depleted upper intermediate (500-1000 m) and upper layers. Reversely, the nutrient
concentration averaged over the deep intermediate layer tends to decline with developing of deep winter
convection, signaling the downward flux of the upper waters.

The Recent Development and Cessation of Recurring Deep Convection

As it was just reported for the intermediate layer (200-2000 m) of the Labrador Sea, its characteristic positive
temperature and negative density trends, which originated in the mid-1990s and went on for about two
decades (Figure 6) were remarkably persistent in resuming their general rates, with insignificant variations,
soon after each interruption. These trends came to their final pre-reversal point in 2011, completing the most
recent multiyear warming period. The general sea conditions in that year, including extremely limited extent
of winter convection not exceeding 800 m in vertical mixing, were similar to those in the previous year, 2010.
However, immediately after 2011, convection started picking up in response to the increased NAO index and
surface heat loss in the following winter. Spreading over the most of the Labrador Basin and reaching and
exceeding 1400 m in depth, the winter convection of 2012 had once again reversed the directions of
interannual changes (except for 2013) and longer-term (more than five-year long) trends in both temperature
and density from positive to negative and negative to positive, respectively. Mid-depth winter convection also
occurred in 2013, but being mostly limited to the top 1000 m, it was not as deep, and the mixed layer was not
as cold as in the previous year. However, this sing