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More than a century of oceanic hydrography observations reveals
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Abstract. As part of the new Fisheries Act, Fisheries and Oceans Canada (DFO) has made it a priority to disseminate its data
publicly. The project proposed here is to create an open-access data product that includes most of the historical temperature and
salinity profiles collected in Atlantic Canada and the Eastern Arctic. This project does not aim to replace a potential database,
but rather provides an easily accessible and quality-controlled product that can inform fisheries management and support DFO
priorities such as the Ecosystem Approach to Fisheries Management, Marine Spatial Planning and the Blue Economy. The
Canadian Atlantic Shelf Temperature-Salinity (CASTS) data product consists of 853,748 individual casts [as of 2025-08-22]
collected in a geographical zone corresponding to [35-80°N] and [42-100°W] since 1873. The data sources used to make this
product were gathered from multiple sources, including DFO regional archives at the Maurice-Lamontagne Institute (MLI), the
Bedford Institute of Oceanography (BIO), and the Northwest Atlantic Fisheries Center (NAFC). Other sources of data include
the Marine Institute of Memorial University of Newfoundland, data from international ships of opportunity archived by the
Marine Environmental Data Services (MEDS), and the Polar Data Catalog. This data product also offers new opportunities to
review the changes in the ocean climate of Atlantic Canada, another priority of the Government of Canada. The analysis of
these data collected over more than a century also reveals the profound changes undergone by the Northwest (NW) Atlantic
Ocean during that period. Climate highlights include large decadal fluctuations of temperature and salinity throughout the

entire zone, as well as sustained warming trends on the Scotian Shelf and the Bay of Fundy since the early 1990s, coinciding
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with an important freshening on the Newfoundland and Labrador (NL) Shelf during the same period. The CASTS data product
is available at https://doi.org/10.20383/103.01191 (Coyne et al., 2023).

1 Introduction

The world’s oceans are undergoing profound changes as a result of anthropogenic climate change (Loder and Wang, 2015;
Oliver, 2019; Portner et al., 2019). Globally, oceans have absorbed 91% of Earth’s heat excess caused by global warming
(Ranasinghe, 2022), and as a result, oceans around the world are warming (Johnson et al., 2020). As sea ice disappears at
an unprecedented rate in the Arctic and the Greenland ice sheet loses mass, the waters in the subpolar North Atlantic ocean
are freshening, with potential consequences on convection in the Labrador and Irminger Seas (Yashayaev, 2024; ?). The
extent to which the recent freshening can be explained by sea ice melt and glacier runoff is an area of active research (e.g.
Yashayaev (2024)). Although warming trends dominate the oceans globally, the regional scale often features strong decadal-
to-multidecadal cycles that makes the characterization of any short-term trends hazardous (e.g., Percival and Rothrock, 2005).
This is especially true in the Northwest (NW) Atlantic, a region at the confluence of arctic, subarctic, and subtropical waters.

The western NW Atlantic (the Canadian Atlantic Shelf) includes, from north to south, parts of the eastern Arctic (Baffin Bay,
Hudson Strait, and Hudson Bay), the Newfoundland and Labrador (NL) Shelf (including the Grand Banks of Newfoundland
and the Flemish Cap), the Gulf of St. Lawrence, the Scotian Shelf, and part of the Gulf of Maine (Fig. 1). These regions are
under the influence of the subarctic Labrador Current system and the subtropical Gulf Stream (and its offshore extension, the
North Atlantic Current), two of the most important ocean currents in the North Atlantic. Along the Labrador coast, the Labrador
Coastal Current (Smith et al., 1937; Florindo-Lépez et al., 2020), fills the NL Shelf with frigid Arctic-origin waters that spread
all the way to southern Newfoundland and into the Gulf of St. Lawrence through the Strait of Belle-Isle (Petrie and Anderson,
1983; Loder, 1991; Chen et al., 2022). Further south, along the Scotian Shelf, the Gulf Stream and the North Atlantic Current,
bring warm and salty water northwards along the tail of the Grand Banks before being diverted east (Loder et al., 1998). Due
to this balance between waters of different origins, the NL Shelf is not only located at a crossroad of global ocean circulation,
but is also subject to large natural decadal variability in its ocean climate (Loder and Wang, 2015; Cyr and Galbraith, 2021).
Areas of the domain close to shore are also being increasingly influenced by continental forcings such as river runoff (Haine
etal., 2015).

Hydrographic observations (temperature and salinity) have been collected regularly in this region by Canada and other coun-
tries since the mid 1800s (Deser et al., 2010). The number of ocean temperature and salinity measurements taken in the NW
Atlantic is unusually high compared to other regions, due to the presence of historical trade routes between Europe and North
America (Deser et al., 2010). More recently, yearly oceanographic surveys, such as the Atlantic Zone Monitoring Program
(AZMP; Therriault et al. (1998)) (1998-present), have ensured consistent oceanographic coverage over the NW Atlantic Shelf
and slope (e.g., Galbraith et al., 2025). One of the first attempts to make a comprehensive version of these historical data pub-
licly available was made by Gregory (2004). The database referred to as Climate has been a great asset for years, but was not

updated or maintained beginning about 2009 due to the lack of dedicated funding. Since 2019, the Canadian Integrated Ocean
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Observing System (CIOOS), Canada’s nucleus for integrated ocean science and observing activities, is working to create an
open-access national platform that facilitates data discovery for end-users. Some of the data presented in this study are already
present in CIOOS, and this number is expected to grow in the years to come.

This paper presents the Canadian Atlantic Shelf Temperature-Salinity (CASTS) data product (Coyne et al., 2023), the cul-
mination of efforts to provide an openly accessible data product that contains the bulk of temperature and salinity casts made
in the NW Atlantic and Eastern Arctic since 1873. CASTS focuses on temperature-salinity profiles, while removing glider,
mooring, and seal-borne probes due to data formatting difficulties (e.g. high temporal frequency measurements, non-vertical
profiles, etc.) when integrating these specific data sources. Temperature and salinity data from these sources may be added at
a future date. This initiative does not aim to be a database or claim to have all available data, but rather to provide an easily
accessible and organized data product for Atlantic Canada and the Eastern Arctic. CASTS applicability is diverse (e.g., aca-
demic research, environmental assessment, model validation) and is already being used to validate ocean prediction systems in
Eastern Canada (Paquin et al., 2024).

This data paper is organized as follows. First, the methodology behind CASTS, including source descriptions and quality
assurance / control, is presented in Section 3. The data aggregation and quality control are described in Section 4. Section 5
then describes the CASTS structure, including the number of profiles per year, the source per year, and the instrument type used
per year. Section 6.1 investigates depth-averaged temperature, depth-averaged salinity, and stratification at three-five historic
oceanographic stations along the NW Atlantic Shelf. In Section 6.2, we investigate the changes in the mean thickness and

mean minimum temperature of the cold intermediate layer (CIL) in thre

the Northwest Grand Banks between 1950 and 2024. Lastly, in Section 7 we discuss the long-term observed changes in depth-

averaged temperature, salinity, and stratification. We als

We-conclude with an overview of the ecological implications of these changes.

2 Region of Interest

The Canadian Atlantic Shelf can be roughly defined as the region of the Eastern North American Continent from the southern
tip of Nova Scotia (thus including the northern part of the Gulf of Maine) to Davis Strait at the border with the Arctic Ocean, and
from the coast to the beginning of the continental slope down to 2000 m depth (Fig. 1). Since 1998, a large part of this region has
been closely monitored by Fisheries and Oceans Canada (DFO) as part of the AZMP (Therriault et al., 1998). While this work
focused on this area (e.g. most Figures and results presented herein), the search for data was extended beyond these limits to
include large parts of the NW Atlantic Ocean and the Eastern Arctic down to 5000 m depth. We adopted the same geographical
limits as the one used for the Climate database: [35-80°N] and [42-100°W] (Gregory, 2004, see also Section 3.3.1).
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3 Data Source and Pre-Screening

The data product presented here is the results of years of searching, processing, and cleaning historical data archived in national,
regional, or institutional data bases. Fwelve-Thirteen data sources were selected on the basis of researchers’ knowledge and
data availability. These sources are individually introduced here. Information on how they were pre-screened is also provided.
At the end of this step, all data sources were averaged in vertical pressure bins 1, 10, or 100 dbar (depending on depth) from the
surface to 5000 dbar and converted into Network Common Data Form (NetCDF) file format to facilitate further manipulation.
The data sources are presented next, starting with the World Ocean Database and then ordered in chronological order of the

start date.
3.1 World Ocean Database (1873-1910, 2008-2018)

Temperature and salinity measurements were taken from the World Ocean Database (WOD) from 1873 to 1910 {no-data-was
avatlablein194+1)-and 2008-2018. The following years have no data available; 1874-1876, 1878-1882, 1888, 1890-1894, 1896-
1897, 1899, 1901, 1904, and 1911. Data was gathered specifically from 2008 to 2018 to decrease our dependence on the BIO
Ocean Monitoring and Modelling (BIO-OMM) data product (Section 3.3.3). The WOD is a collection of quality-controlled
physical, chemical, and biological ocean profiles taken globally from 1772 to present (Mishonov et al., 2024). Updates to the
dataset are carried out every 3 months. For our purposes here, we early collect temperature and salinity measurements (1873-
1910) from the ocean station data (using reversing thermometers or buckets) and mechanical bathythermograph (MBT) data.
Both categories typically have a low vertical resolution, with many profiles only containing a few measurements. WOD temper-
ature and salinity profiles undergo a suite of quality assurances and controls, including instrament-type-speeificcorreetions-data
formatting, measurement position and time, gradients, and variable ranges (Mishonov et al., 2024). This gives us confidence
to use and compare measurements taken over multiple time periods. Included in the WOD database and relevant for this study,
are occupations of the Halifax section by the research vessel Challenger (Mishonov et al., 2024). Data was only selected up to
1910 to ensure minimal duplicate casts with other sources. There are also missing years between 1873 and 1910 where no data
is available. More recent temperature and salinity data (2008-2018) were collected from conductivity temperature depth (CTD)
sensor, ocean station data, profiling float, expendable bathythermograph (XBT) (none available upon time of download), and

undulating oceanographic recorder (towed CTD).
3.2 Northwest Atlantic Fisheries Centre (1912-2024)

DFOQO’s Northwest Atlantic Fisheries Centre (NAFC) Oceanography Section provided temperature and salinity casts from 1912

to 2024. Data was retrieved in three ways, as described below.
3.2.1 Northwest Atlantic Fisheries Centre Oceanography Section (1912-2024)

The NAFC regional data center has historical observations collected by Canada, the United Kingdom, France, and other coun-

tries. In addition, to retrieve ships of opportunity, profiling floats and other data collected in the region, but not necessarily
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shared with the regional data center, the NAFC created a routine to mirror DFO’s centralized database at MEDS and further
converted them into the same format as the data processed directly at the NAFC.

These data includes historical (since 1912) and more recent casts collected by non-DFO programs (e.g., the groundfish
survey realized in the Northwest Atlantic Fisheries Organization (NAFO) division 3M by the European Union (EU)). Thus, a
large part of the data collected in this second step overlaps with the data present in the Climate database discussed in Section
3.3.1 (Gregory, 2004). A duplicate removal scheme is described below. In addition, a large part of the data collected after the
creation of the AZMP in 1999 have already been archived on CIOOS (see next Section), and therefore most of the data referred
to in this section are pre-1999, although not limited to.

The casts retrieved were all converted into the same ASCII (American Standard Code for Information Interchange; a
character-based encoding format) house-format commonly referred to as .pfiles. All casts collected recently using Seabird
probes are automatically processed within the Seabird Data Processing software. This includes a variable-dependent low-pass
filter, derivation of measurements from raw sensor data, and bin averaging. The metadata provided includes latitude, longitude,
time, instrument type, instrument identification, trip identification, and data type. If the data type for a specific cast was Global
Telecommunications System (GTS) (prefix TE- or BA-), it was removed from the dataset (see Section 3.3.1 for more details).

Unlike casts obtained from other sources, the temperature and salinity cast files from NAFC had not all been quality con-
trolled. Therefore, additional steps were required before the casts could be combined with all other sources. First, casts that
contained abnormalities were flagged and not considered for further analysis. These include casts with missing or non-sensical
latitudes (outside [-90,90]°N range), longitudes (outside [-180,180]°W range), and time records (impossible recordings or
time in the future, for example). Casts would also be ignored if there was no pressure record or if the temperature and salinity
variables were empty. If no irregularities were found, temperature and salinity measurements would be bin-averaged according
to pressure from surface to 5000 dbar using 1 dbar vertical resolution and converted from .pfile into yearly NetCDF files. Note
that for some files, only the depth (in m) was available, so we used the latter as an approximation for the pressure. Latitude, lon-
gitude, cast identification, comments, instrument type, instrument identification, sounder depth, and time were also recorded.
During the 1960s and 1970s, negative temperature measurements taken from MBTs were incorrectly recorded as either O val-
ues or switched to positive (-1.5 °C becomes 1.5 °C for example). These casts were manually removed from the data product
after a-visnal-inspeetionan exhaustive visual inspection of the meta data (this problem only affected data that originated from
one source).

If two or more casts in the combined dataset were taken within the same 10 minute period, and were within 0.01 degrees
latitude/longitude from one another, they were flagged as duplicates. Then, all flagged casts were visually inspected. The
integrity of the profile, the number of measurements, the inclusion of temperature and salinity data, and the type of data
were all considered during the visual inspection. If two comparative casts using different data types were flagged, such as an
expendable-bathythermograph-(XBT)-XBT cast and a bottle cast, both were kept. In cases where two or more reasonable casts
of the same data type were flagged, the cast with the most temperature and salinity measurements would be kept. If all flagged
duplicate casts had the same number of measurements and were all equally reasonable, the first cast was kept, and all others

were removed.



After the removal of empty (3032 profiles removed) and duplicate casts (1225 profiles removed), outlier measurements and

145 profiles were flagged and removed. The process of removing outliers is as follows. First, a monthly spatial “climatology”
was created by binning temperature and salinity records from individual casts into 1° latitude by 1° longitude by 1 dbar

level grid cells, between 35 — 80°N and 42 — 100°W. First, all measurements present in the month and the spatial area of
interest, and within £10 dbar of the depth of the sea floor were isolated. In cases where the depth window was within 10 dbar

of the surface or bottom, the depth window would only extend to the surface or bottom. The depth averages of each of the

150 measurements were found to ensure that each sample was weighted equally and did not depend on the vertical resolution of the
measurements. If more than three measurements were present, isolated measurements were randomly selected 100 times with
replacement (i.e., bootstrap). If three or fewer measurements were present, the climatology for this pixel would remain empty
(NaN) and no outlier check would be completed. The mean of the 100 randomly selected values was then found and recorded.

This process was repeated 100 times, creating a list of 100 means. The mean and standard deviation (bootstrap standard error)

155 of 100 repetitions were then calculated. This was repeated for each depth, in each grid cell, for each month. Each NAFC
Oceanography cast was compared with the mean and bootstrap standard error. If a temperature or salinity measurement was
outside the mean plus or minus 40 times the bootstrap standard error, then the measurement was flagged as an outlier. If 25% or

more of the measurements in a cast were flagged as outliers, then the entire cast was classified as suspect and removed. If both

the temperature and salinity casts exceeded the 25% threshold, then the resulting empty cast was also removed (169 profiles

160 removed). The remaining clean casts were kept.
3.2.2 Northwest Atlantic Fisheries Centre Canadian Integrated Ocean Observing System (1983-2024)

NAFC-sourced data acquired in the NL region through multiple ship-based monitoring programs from DFO (e.g., AZMP,

Multispecies survey, cod-tagging, capelin/crab surveys), academia (e.g. Memorial University of Newfoundland and Labrador,

the Fisheries and Marine Institute of Memorial University) or industry (e.g. Northern Shrimp Research Foundation) since 1983
165 have been archived in collaboration with MEDS on CIOOS (Marine Environmental Data Section, 2024a, b, c, d, €). These data

are regulary updated and cover the period 1983-2024, except for Station 27 data that cover the period 1946-2024. They are

readily available in NetCDF format.

These casts were collected with instruments comparable to those from DFO, such as standard Seabird Cenductivity Femperature

Pepth-(ETB)CTD/Rosette or XBTs, and processed within the NAFC using a set of routines described in the Marine Environ-

170 mental Data Section (2024a, b, c, d, e). They have been thoroughly quality-controlled.

3.2.3 Northwest Atlantic Fisheries Centre Aquaculture Section (2009-2022)

Temperature and salinity casts (2009-2022) were gathered from the Aquaculture Section of DFO Newfoundland and Labrador
Region. The metadata includes latitude, longitude, and time. CTD casts were part of field operations carried out in the south
coast (Coast of Bays), southeastern coast (Placentia Bay), and Notre Dame Bay (South Arm) areas of Newfoundland, mostly

175 in May and November each year, for approximately 10-15 days (Donnet et al., 2018; Sharpe et al., 2024). These CTD data
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were mainly coastal, typically within 30 nm from shoreline. Individual CTD profiles were processed and quality-controlled

using Sea-Bird Electronic data analysis software and averaged to 1 m bins as described in Donnet et al. (2018).
3.3 Bedford Institute of Oceanography (1913-2024)
3.3.1 Bedford Institute of Oceanography - Climate (1913-2010)

The Ocean Science Hydrographic Climate Database (or simply Climate) was a comprehensive open access collection of tem-
perature and salinity data for the NW Atlantic and the Eastern Arctic (Gregory, 2004). Its domain ranges from [35-80°N] and
[42-100°W]. The data forming Climate comes from a variety of sources including hydrographic Niskin/Nansen bottles with
reversing thermometer, CTD casts, profiling floats, spatially and temporally averaged Batfish tows, XBTs, digital bathyther-
mographs (BT), and MBTs. Near real-time observations of temperature and salinity from the GTS were also included for later
years, but were removed as part of this study due to the lower vertical resolution of the profile. At the time of publication,
the database consisted of approximately 850,000 profiles and 35 million individual observations between 1913 and 2010. The
vertical resolution ranged from 1 m (for CTDs) to ~10-100 m for traditional bottle casts.

Climate has been a great asset for various scientists, researchers, industry, and government clients who were interested in
accessing hydrographic data in Atlantic Canada from its inception in 2004 to the mid 2010s. The problems associated with this
database prior to it being taken off line were primarily two-fold: 1) there was no centralized archive responsible for gathering
all regional DFO data on an annual basis and Climate rapidly became incomplete following 2010; 2) Some observation profiles
were duplicated (e.g., low resolution GTS data, raw full resolution profile and quality-controlled vertically binned data of the
same profile may all be present in the database) without simple ways to filter them. These problems eventually led to the
decision to put Climate offline in the late 2010s.

An offline version of Climate was accessed from archived files at the Bedford Institute of Oceanography (BIO). This file
contained all the data between 1913 and 2010, a year before the problems mentioned above started to become prominent. The
metadata included latitude, longitude, time, cruise identification, cruise date, cruise time, station identification, flag, and data
type (e.g., GTS, CTD, bathythermograph). At this stage, no further quality control was performed other than those described
in Gregory (2004). These include the assumption that casts originating from institutions outside of BIO were validated inde-
pendently and the application of a suite of 25 tests including metadata and climatological checks based on UNESCO (1991)
real time quality control manual. Low resolution data originating from the GTS, that is, casts whose data type prefix is TE-
(temperature salinity and current GTS message) and BA- (GTS low resolution for XBTs and BFsBathythermograph (BTs)),
were removed from further consideration. A known issue concerning the rounding of time values to midnight or noon was
investigated, but no additional duplicate casts were found because of this practice. The entire database was vertically averaged

into 1 dbar pressure bins and converted into NetCDF file format.
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3.3.2 Bedford Institute of Oceanography Canadian Integrated Ocean Observing System (1996-2024)

The CIOOS - Environmental Research Division’s Data Access Program (CIOOS-ERDDAP) temperature and salinity casts for
the Maritime region were gathered from 1996 to 2024. The metadata includes latitude, longitude, time, project name, platform
name, platform identification, cruise name, cruise number, station identification, and event number. Three NetCDF files were
pulled from CIOOS-ERDDAP, all sourced from BIO (Marine Environmental Data Section, 2023a, b, c). They include the
AZMP, the Atlantic Zone Off-Shelf Monitoring Program (AZOMP), and the Maritime Region Ecosystem Survey. Before
2016, the CTD files were quality controlled by visually checking metadata and profiles. On top of what was done previously;
starting in 2016, quality flag fields were added to the files and have also been run through a suite of Global Temperature and
Salinity Profile Programme (GTSPP) automated checks (code initially developed at Maurice Lamontagne Institute (MLI)). The
file header indicates what type of quality control was performed on each file. The metadata included in the file also indicates if
any of the sensor data were calibrated by a post-cruise calibration process. The retrieved files were bin-averaged according to

depth from surface to 2000 m using 1 m vertical resolution and converted into individual NetCDF files.
3.3.3 Bedford Institute of Oceanography Ocean Monitoring and Modelling Section (2008-2018)

After the shelving of Climate, a collection of profiles from databases in MS Access format were created at BIO, once per year
between 1999 and 2018 for internal reporting on the Gulf of Maine, the Scotian Shelf and part of the Gulf of St. Lawrence (R.
Pettipas, pers. comm.). The data product was called the BIO Ocean Monitoring and Modelling (BIO-OMM). The temperature
and salinity profiles were collected directly from multiple organizations, including BIO (Climate), the Maurice-Lamontagne
Institute, the US National Oceanic and Atmospheric Administration National Marine Fisheries Service, the Northeastern Re-
gional Association of Coastal Ocean Observing Systems, and Ocean Tracking Network. Metadata including cruise number,
latitude, longitude, time, maximum pressure, sounding, and station identification were also taken from each of the sources
listed above.

This dataset was manually curated over the years and contains very little metadata to track the original source. For example,
the station identification is not unique between databases, and two unrelated unique casts may share the same station identifi-
cation. In recent years, the station identification field was constructed (where possible) as a maximum 12 digit double precision
integer, with year (4 digits), cruise number (3 digits) and station number (4 digits). If a cruise number were duplicated, an
additional zero was added. Various manual quality controls were performed on the combined dataset, including duplication,
checks of nonsensical latitudes and longitudes, and time checks but it is difficult to determine specific methodologies. The
Microsoft Access databases were converted into two .RData files and provided to us for the period 2008-2018.

Although this dataset overlaps with many other products used in this study, preliminary analyses suggested that it fills an
important gap following the shelving of Climate and before the more recent data management effort described above, which
led to archival with CIOOS. However, additional quality control of these data was needed.

Temperature and salinity casts from ocean gliders or moorings were ignored. CTD casts which are duplicates of GTS data

could not be filtered out using the data type field because it is not provided in this data source. Instead we opted for a filtering
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strategy based on the number of temperature measurements per cast. Casts obtained from GTS in the Climate database between
1913 and 2010 have on average 3 or fewer temperature measurements. Based on this, all casts with 3 or fewer measurements
between 2008 and 2018 were removed from the dataset. The remaining casts have an average of 155438 measurements per cast.
Therefore, we cannot be certain if all GTS-sourced casts were removed, but all casts have a higher number of measurements
per cast compared to the average for GTS-sourced casts from Climate. As explained further, a duplicate removal scheme is

applied to all data sources and gives lower priority to this dataset.
3.4 Maurice-Lamontagne Institute (1972-2024)

Temperature and salinity casts from the MLI AZMP data collection from 1972 to 2024 were in the form of one grouped
ragged NetCDF file. Most of the casts collected by MLI were taken from the Gulf of St. Lawrence. The casts provided were
collected directly by the MLI or by other regional DFO offices near the Gulf of St. Lawrence. The casts were quality controlled
using the UNESCO 1990 real-time quality control manual (UNESCO, 1991), which includes criteria for testing metadata and

climatology. Tests were also conducted across casts from the same mission and visual tests were also completed.
3.5 Northeast Fisheries Science Center (1981-2024)

Casts sourced from the Northeast Fisheries Science Center (NEFSC) were collected from 1981 to 2024 (no data were available
during 1983 and 1984). The metadata includes latitude, longitude, time, country code, ship code, cruise code, cast number,
deployment method, CTD serial number, and station number. Temperature and salinity data were collected from southern
New England to the southern Scotian Shelf as part of routine monitoring programs by both NEFSC and DFO, with DFO
sampling the northern Gulf of Maine and the southern Scotian Shelf as part of AZMP (Clark et al., 2022). From 1981 to
1987, most of the temperature and salinity measurements taken by NEFSC used bottles. All NEFSC CTD temperature and
salinity measurements were processed using the Sea-Bird Electronics Data Processing Program. NEFSC CTD data was further
processed using a visual quality control suite developed by NEFSC to flag low-quality or suspicious data. Quality control
methods vary depending on the instrument type and time of measurement. After individual casts were processed, density
instabilities were flagged and removed. Outlier detection is handled on a case-by-case basis. Different factors are considered
when determining the reliability of abnormal temperature and salinity events (as an example, is the salinity cast close to a
high river outflow event). All DFO CTD casts were post-processed using the CTD Data Acquisition and Processing System,
developed by BIO (Clark et al., 2022). This application downloads, processes, and saves the cast output in open document
format (ODF). The resulting ODF files contain bin-averaged variables in intervals of 1 dbar. These files were converted into

individual NetCDF after retrieval.
3.6 European Union - Northwest Atlantic Fisheries Organization (1988-2021)

Temperature and salinity measurements beyond Canada’s Exclusive Economic Zone around the Flemish Cap and near the

tail of the Grand Banks were collected by the EU as part of the NAFO and International Council for the Exploration for the
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Sea (ICES) surveys since 1988. These data are annually provided to NAFO via DFO MEDS. Quality checks and control are
performed by the institutions responsible for the data collection, such as the Spanish Institute of Oceanography (IEO) and the
Portuguese Institute for the Ocean and Atmosphere (IPMA).

The core of the EU-survey data presented here have been received directly from IEO for the years 1988-2020 (Casas et al.,
2025). Profiles were taken using the SBE25 CTD and quality controlled using Sea-Bird’s own routines following UNESCO’s
1990 methodology (UNESCO, 1991). This subset was completed with data received on a year-to-year basis (such as for year
2021 and for previous year from other sources such as IPMA). Years 2022-2024 are currently missing. We are currently
working directly with EU institutions responsible of the survey to update those data. This update will be reflected in a future

version of CASTS.
3.7 National Centers for Environmental Information (1990-2024)

The National Centers for Environmental Information - GTSPP (NCEI-GTSPP) casts were gathered from 1990 to 2023. NCEI-
GTSPP is a joint international program that gathers temperature and salinity data from multiple organizations, performs quality
control, and makes the output freely accessible in order to support global and local research programs (Sun et al., 2010).
Casts, saved in individual NetCDF files, were organized according to ocean (Atlantic, Pacific, and Indian) and month. After
downloading all available Atlantic casts under the “bestcopy” folder, we further isolated the area to our set domain of interest.
If the data type for a cast were GTS (TE or BA), it was also removed. Finally, temperature and salinity were bin-averaged
according to pressure. Multiple stages of quality control were performed on the NCEI-GTSPP casts by the provider including
location and climatological tests to ensure that local outliers were flagged (Sun et al., 2010). The current quality control

methodologies used by NCEI-GTSPP are outlined in Sun et al. (2010) under the quality control tab [consulted 2025-05-14].
3.8 Polar Data Catalogue (2002-2023)

Multiple sources were taken from the Polar Data Catalogue in order to provide more casts in the Arctic region. Using the
Polar Data Catalogue Search tool (https://www.polardata.ca/pdcsearch/PDCSearch.jsp [consulted 2024-05-27]), a spatial do-
main was specified between 35 — 80°N and 42 — 100°W. A time range between January +9142-and-Deeember2023-2002 and
December 2024 was also specified. Lastly, the keyword “CTD” was given. Of all the sources in the resulting list, only data
that were available in .int file-type format were downloaded. If the downloaded file had temperature and salinity measurements
at multiple depths, the file was kept. If, instead, the file only recorded surface temperature and salinity, then it was discarded.
This resulted in 32 different sources being downloaded between 2002 and 2023 (no data was available in 2003). Most of the
temperature and salinity measurements available were taken as part of the ArcticNet sampling expeditions and organized as
one file per mission. All temperature and salinity measurements were quality controlled according to UNESCO’s 1990 algo-
rithm standards (Simard et al., 2010). The Sea-Bird Electronic Data Processing Program was also used on casts taken after
2010. ASCII files (.inf) were averaged in 1 m vertical bins from surface to 2000 m and converted into NetCDF (one file per

data source).
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3.9 Argo (2000-2025)

Temperature and salinity measurements were taken from the Argo profiling float program from 2000 to 2025. These data
were collected and made freely available by the International Argo Program and the national programs that contribute to it
(https://argo.ucsd.edu, https://www.ocean-ops.org). The Argo Program is part of the Global Ocean Observing System, deploy-
ing profiling floats in all the world’s oceans, with more than two million profiles being taken since September 2018 (Wong
et al., 2020). A typical Argo float moves from the surface to mid-water levels (approximately 1000 dbar) before again sinking
to 2000 bar (Wong et al., 2020). The temperature-salinity profile is then taken during the upcast from 2000 dbar back to the
surface. Due to the Argo profiles target depths, most profiles are taken away from the shelf in deeper waters (Fig. 4). Tem-
perature and salinity output went through variaous levels of quality control to ensure that output drift over time was minimal.
Oka (2005) determined that temperature output drifted less than 0.002 degC over several years A large number of real-time
salinity output taken after 2015 were found to have a higher-than-average level of drift (> 0.01 PSS-78), although most problem

measurements have been bias-corrected in the delayed-mode data stream (Wong et al., 2020).

4 Data Aggregation and Quality Control
4.1 Yearly NetCDF File Generation

Temperature, salinity, and all available metadata (latitude, longitude, time, instrument identification, instrument type, data type,
trip identification, etc.) were collected from the 4+2-13 different sources mentioned above and converted into yearly NetCDF
files (one file per year containing all observations available). Each yearly NetCDF file has the dimensions time (equal to the
number of profiles; sorted in chronological order) and level (1130 pressure levels, O to 1000 dbar at 1 dbar spacing, 1000 to
2000 dbar at 10 dbar spacing, and 2000 to 5000 dbar at 100 dbar spacing), with temperature and salinity being 2D variables and
all metadata (except levels) being 1D variables according to time.

In addition to all of the metadata provided by the various sources, the file name and source were also saved in each of the
yearly NetCDF files. For casts that were not originally saved in individual cast formats, the grouped file was recorded. This
is for the purpose of easily flagging and removing potentially problematic casts during future iterations of the CASTS data
product.

An example of one yearly NetCDF file header is provided here for reference:

dimensions:
time = UNLIMITED ; // (8606 currently)
level = 1130 ;
variables:
string file_names (time) ;
file_names:standard_name = "file_names" ;

file_names:variable_name = "file_names" ;
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string instrument_ID (time) ;
instrument_ID:standard_name = "instrument_identification"
instrument_ID:variable_name = "instrument_ID"

string instrument_ID_manual (time) ;
instrument_ID_manual:standard_name = "instrument_identification_manual"
instrument_ID_manual:variable_name = "instrument_ID_manual"

string instrument_type (time) ;
instrument_type:standard_name = "instrument_type" ;
instrument_type:variable_name = "instrument_type" ;

float latitude (time) ;
latitude:_FillValue = NaNf ;

latitude:units = "degree_north"
latitude:standard_name = "latitude"
latitude:variable_name = "latitude"

int64 level (level) ;

level:standard_name = "sea_water_pressure"

level :maximum_level = "5000"

level:units = "dbar"

level:variable_name = "level"

level:example_boundary = "level 0: (0, 1], level 4900: (4900,5000]" ;

float longitude (time) ;

longitude:_FillValue = NaNf ;

longitude:units = "degree_east"
longitude:standard_name = "longitude" ;
longitude:variable_name = "longitude" ;

float salinity(time, level) ;

salinity:_FillValue = NaNf ;

salinity:standard_name = "sea_water_practical_salinity"
salinity:variable_name = "salinity"

salinity:units = "psu"

salinity:valid_min = "O"

salinity:valid_max = "45"

salinity:missing_value = "nan"

string sounder_depth(time) ;

sounder_depth:standard_name = "sounder_depth" ;
sounder_depth:variable_name = "sounder_depth" ;
sounder_depth:units = "dbar"

string source (time) ;
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source:standard_name

source:variable_name

string station_ID(time) ;

station_ID:standard_name =

station_ID:variable_name

string station_ID_manual (time)
station_ID manual:stan
station_ID manual:vari

float temperature(time, level)

temperature:_FillValue

temperature:standard_n

temperature:variable_n

temperature

temperature:valid_min

temperature:valid_max

temperature:missing_va

int64 time (time) ;

time:standard_name = "

n

time:variable_name

time:units "seconds

time:calendar

string trip_ID(time) ;
trip_ID:standard_name

trip_ID:variable_name

// global attributes:

"gregorian"

"cast_source"

"source"

"station_identification"

"station_ID"

I

dard_name "station_identification_manual"

able_name "station_ID_manual"

’

= NaNf

’

ame "sea_water_potential_temperature"

ame "temperature"

:units = "degree_C"

"-1.825"

n3gmn

lue = "nan" ;

time" ;

time" ;

since 1900-01-01" ;

"trip_identification"

"trip_ID"

’

:Conventions = "CF-1.6"

:title = "Canadian Atlantic Shelf Temperature-Salinity (CASTS)
Data Product, 2023, v2.0" ;

:institution = "Northwest Atlantic Fisheries Centre, Fisheries
and Oceans Canada (DFO)" ;

:source = "https://doi.org/10.20383/102.0739" ;

:references = "Currently NA"

:description = "Temperature and salinity cast records from the

CASTS Dataset”

thistory = "Fri Sep

Created Fri Sep 5 12:25:19 2025"

:project_url

5 14:41:20 2025:

ncks -0 —--mk_rec_dmn time /gpfs/fs7/dfo/dpnm/joc000/Data/CAS

"https://github.com/OceanAccessLab/CASTS"
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:comment = "This work is licensed under the Creative Commons Attribution 4.0

International License. To view a copy of this license, visit

http://creativecommons.org/licenses/by/4.0/." ;

:doi = "10.20383/102.0739" ;

:creator_names = "Jonathan Coyne, Frederic Cyr" ;

:creator_emails = "jonathan.coyne@dfo-mpo.gc.ca, frederic.cyr@mi.mun.ca" ;
:geospatial_lon_max = "-42degE" ;

:geospatial_lon_min = "-100degE" ;

:geospatial_lat_min = "35degN" ;

:geospatial_lat_max = "80degN"

:file_year = "2024" ;

:keywords = "Ocean Science, Ocean Temperature, Ocean Salinity, Historical Data"
:NCO = "netCDF Operators version 5.0.6

(Homepage = http://nco.sf.net, Code = http://github.com/nco/nco)" ;

Note that the fact that all yearly files have the same vertical axis (level) allows a rapid manipulation of the entire data
product using dedicated software. For example, using the Python module Xarray (https://docs.xarray.dev/en/stable/; consulted

13 January 2023), the entire data product can be loaded into memory using one simple command:
>> xarray.open_mfdataset ("path/to/my/files/x.nc")

Once data from all sources were aggregated into yearly files, multiple duplicates and non-physical measurements still re-

mained in the product. These are removed next.
4.2 Non-Physical Data Removal

Temperatures greater than 35°C and less than or equal to —2°C' were identified as non-physical and removed from individual
casts. Salinities greater than 45 and less than 0 were also removed. Temperature and salinity profiles containing more than three

measurements, and having a standard deviation equal to 0, were also removed.
4.3 Duplicate Removal

The duplicates that were flagged and removed are mainly Climate and NAFC-Oceanography sourced until the year 1990.
After this, the majority of flagged duplicates are split between Climate, NAFC-Oceanography, and NCEI. This duplicate check
differs from the one performed on NAFC-Oceanography sourced casts (Section 3.2.1). If two or more casts in the combined
dataset were taken within 10 minutes of each other and were within 0.01 degrees latitude/longitude of each other, they were
flagged as duplicates. Beeause-we-expeet-Given that casts sourced from Climate to-have-been-betterquality-controHed;-they
were-given—priority-over-otherseurces;even—if-the-data—returnislowerwent through an exhaustive quality control process

(Gregory, 2004) while other historical sources such as NAFC-Oceanography did not, we therefore gave priority to the Climate
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data set. This means that if at least one of two or more flagged duplicate casts was sourced from Climate, the latter would be
kept if it contains at least 90% of the measurements compared to all other casts. The rationale for this procedure is that CTD
profiles that may have been trimmed to remove outliers near the bottom or the surface may have smaller data return than their
original counterpart, but should be given priority.

The number of measurements in a cast is the total sum of the temperature and salinity measurements present. In cases where
only Climate casts were flagged as duplicates, the cast with the highest number of measurements would be kept. In cases where
no Climate casts were flagged, the cast with the highest number of measurements was kept. Unlike the NAFC-Oceanography
duplicate methodology (Section 3.2.1), the combined CASTS duplicate methodology does not contain a visual inspection
component. In cases where one CIOOS-NAFC and one NAFC-Oceanography cast were flagged, the CIOOS-NAFC cast was
kept. Similarly, in cases where one CIOOS-BIO and one BIO-OMM cast were flagged, the CIOOS-BIO cast was kept.

4.4 Depth of Cast Check

Some casts were observed to have depths at levels far deeper than the recorded bathymetry at the cast location. In order to
address this issue, a simple depth check was implemented. For each cast, the depth of the deepest measurement of this cast
was determined. For the same location, the depth of the seafloor was determined using the General Bathymetric Chart of the
Oceans (GEBCO, 2023). If this deepest measurement exceeded the depth of the seafloor by 200 m or more, then the cast was
flagged and removed. The Intergovernmental Oceanographic Commission (2010) recommends a 50 m cut-off to allow for the
possibility of slight variations in profile location along the shelf break without entirely removing the profile. After inspection
of the data, we instead chose a 200 m depth cut-off to account for larger uncertainties in bathymetry in some areas of the
domain (slopes, seamounts, and canyons, especially in the northern parts of the domain and remote locations). 1388 profiles

were removed during this step.
4.5 Climatological Check

The climatological check is similar to the one performed initially with NAFC-Oceanography data (Section 3.2.1). A monthly,
spatial “climatology” was created by binning temperature and salinity records from individual casts into 1° latitude by 1°
longitude by 1 dbar level grid cells, between 35 — 80 °N and 42 — 100 °W. First, all measurements present in the month and the
spatial area of interest, and within +10 dbar of the depth of the sea floor were isolated. In cases where the depth window was
within 10 dbar of the surface or bottom, the depth window would only extend to the surface or bottom. The depth averages
of each of the measurements were found to ensure that each sample was weighted equally and did not depend on the vertical
resolution of the measurements. If more than three measurements were present, isolated measurements were randomly selected
100 times with replacement (i.e., bootstrap). If three or fewer measurements were present, the value would remain empty
(NaN). The mean of the 100 randomly selected values was then found and recorded. Then, this process was repeated 100
times, creating a list of 100 means. Then, the mean and standard deviation (bootstrap standard error) of 100 repetitions were

calculated. This was repeated for each depth, in each grid cell, for each month.
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Each temperature and salinity profile was then compared to the previously determined climatology. If a temperature or
salinity measurement was outside the mean plus or minus 40 times the bootstrap standard error, then the measurement was
identified as an outlier. No manual comparison check was performed. If 25 % or more of the measurements in a cast were
flagged as outliers, than the entire profile was removed. If both the temperature and salinity profiles were completely removed,

then the resulting empty cast was also removed. 1553 profiles were removed during this step.
4.6 Manually Defining Stations of Interest and Instrument Identification

A list of stations of interest was created and used to manually define stations of interest (provided in supplementary material, file
Station_ID.xlsx). Stations of interest include historical and current AZMP, AZOMP, and ocean weather ship (BRAVO, DELTA,
etc.) stations. Casts that have a location within 0.0125 degrees of these stations had the station identification metadata manually
set to the relevant station of interest. If a cast location did not match any of the stations of interest, its station identification was
set as empty. Manually defined stations for each cast are stored in the variable station_ID_manual of the NetCDF files, while
the variable station_ID contains the station names that were present in the original metadata, when available.

The types of instrument identification were organized into the following categories: bottle, MBT, digital BT, XBT, CTD,
bottom fish trawl, towed CTD, and profiling float (Fig. 2). Profiles that did not fit into these categories or did not have asso-
ciated instrument identification information were left blank. A list of strings used to define each category is provided in the
Supplementary Material (file Instrument_ID.xlsx). Manually defined instrument identifications for each cast are stored in the
variable instrument_ID_manual of the NetCDF files, while the variable instrument_ID contains the instrument identifications

that were present in the original metadata, when available.
4.7 Methodology Overview

An outline of the methodology is provided here for reference:

1. Data are gathered from 42-13 different sources and pre-screened. Files are restructured into NetCDF format with time
and level (pressure) as the dimensions; Data are binned vertically along the level dimension from 1 to 5000 dbar with a

1 dbar resolution;
2. NAFC-Oceanography sourced profiles are put through quality control:

(a) Empty profiles are removed;

(b) Duplicate profiles and problem bottle/MBT profiles are removed;

(c) A climatology is created using only NAFC-Oceanography profiles;

(d) Outliers are removed from NAFC-Oceanography based on the climatology created above. New empty profiles as a

result of outliers are also removed;

4. All data sources are brought together, including NAFC-Oceanography, and converted into combined yearly files (one
NetCDF file per year containing all available data);
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5. Data are binned vertically along the level dimension from 1 to 1000 dbar (1 dbar resolution), 1000 to 2000 dbar (10 dbar
resolution), and 2000 to 5000 dbar (100 dbar resolution).;

6. Duplicate profiles are removed from the combined dataset;
7. The region of the dataset is restricted, removing all casts outside of 35-80°N and 42-100°W;

8. Blanket cutoffs are put in place for temperature and salinity to remove measurements that are improbable. New empty

profiles as a result of these cutoffs are also removed;
9. A depth check is performed on each profile to ensure that the profile depth reflects local bathymetry;
10. A new, combined-source climatology is created using this new combined dataset;

11. Outliers are removed from the combined dataset according to the combined dataset climatology

(not just NAFC-Oceanography this time);

12. The manually set station identification and instrument identification variables are created for each profile when the

associated metadata is available.

5 Data Product Description

In total, CASTS (1873-2024) contains more than €53;748-849,695 individual profiles, including +64;935;302-103,625,995
individual temperature measurements and 59;834,350-66,916,630 individual salinity measurements. Profiles were taken from
12-13 different sources and span from the Mid-Atlantic Bight to the Eastern Arctic. The yearly NetCDF files can be found
on the Federated Research Data Repository (FRDR, https://www.frdr-dfdr.ca/repo/) website and will be regulary updated (e.g.
targeted release in the summer of the following year) (Coyne et al., 2023).

All profiles taken before 2008 come mainly from NAFC-Oceanography, Climate and NCEI (Fig. 3). After 2008 and the
discontinuation of Climate, BIO-OMM, WOD, and Argo makes up a larger portion of the total number of profiles. Finally,
from 2018 onward, the majority of profiles come from NCEI, NAFC-Oceanography, and-CIOOS-NAFC, and Argo. From 1999
to present, the majority of NAFC-Oceanography profiles come from AZMP and Multispecies survey trips (Cyr et al., 2024b).
Climate, NAFC-Oceanography, and NCEFWOD are respectively the first, second, and third highest contributors to CASTS in
terms of number of profiles (Fig. 3). The majority of profiles are taken during the summer and ice-free months. Each month
from May to September contains over 10 % of the total number of profiles taken. The least number of profiles were taken
during January and December, at 4.3 % and 3.8 % respectively

The spatial distribution of profiles largely depends on the source. NAFC-Oceanography, Climate, NCEI, and-BIO-OMM,
WOD, and Argo all cover the majority of the NW Atlantic and, to a lesser extent, the Eastern Arctic (Fig. 4). NAFC-
Oceanography and Climate also provide moderate coverage of Hudson Bay. MLI and NEFSC provide extensive coverage

of the Gulf of St. Lawrence and Gulf of Maine, respectively. The CIOOS-BIO profiles originate mainly from the Scotian Shelf,
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Gulf of St. Lawrence, and the Gulf of Maine. Clear lines can also be seen along repeated transects from AZMP and AZOMP.
Profiles from the Polar Data Catalogue are mostly taken in transit from St. John’s, Newfoundland to different parts of the Arc-
tic, including in Hudson Bay. The NAFC-Aquaculture profiles were taken along the southern coast of NL. EU-NAFO profiles
were taken on the Grand Banks and the Flemish Cap, outside of Canada’s exclusive economic zone.

The spatial distribution of profiles is also time-dependent. From 1873 to 1949, the majority of profiles were taken along the
shelf from the Mid-Atlantic Bight to the Grand Banks (Fig. 5). From 1950 onward, we start to see better coverage of the deep
ocean and Arctic. During the same time, the number of profiles taken along the shelf also increases. In more recent years, from
1990 to 2023, clear lines can be seen along repeat transects from programs like AZMP and AZOMP.

From 1873 to 1945, most of the profiles were taken using bottles (Fig. 2). After World War 2 (post-1945), MBTs became
more widely used until around 1980, when they were replaced by digital BTs and XBTs. Starting around 1970, CTDs began
to be used more frequently for completing profiles and are still widely used to this day. Bottom fish trawls, towed CTDs, and
profiling floats (such as ARGOSArgo) have also become more widely used for conducting oceanography work. A large number
of profile instrument identifications remains unknown, especially between 2008 and 2018. These profiles are from BIO-OMM
and do not include such information.

We also note that older instruments, such as XBTs, MBTs or BTs are known to have instrument-specific biases (e.g., for
temperature and depth) and that corrections have been recommended by previous studies (e.g., Boyer et al. (2016); Cheng
et al. (2016, 2018)). Those biases, for example positive for temperature on the order of 0.13-0.15°C for analog systems
and 0.01-0.07 °C for digital systems (e.g. Emery et al. (1986); Cowley et al. (2013); Cheng et al. (2016)) are extremely
important for the calculation of global heat budget of the ocean (Ishii and Kimoto, 2009). However, they may be negligible
for some of the coastal observations presented in this study where interannual fluctuations are large (several degrees). As the
recommendations for those bias corrections are rapidly evolving, and because some of the meta-data for those corrections (e.g.,
instrument manufacturer) is not available, our strategy for this data product was to leave those observations uncorrected. The
user can apply a correction at its own discretion or simply discard those observations since they are identified with the variable

station_ID_manual.

6 A Century of Oceanic Hydrography Changes

CASTS spans more than a century of ocean observations. Although the exploration potential of this dataset is immense, we
present here only preliminary results that reveal profound climate-related changes that have occurred in the region. We first
discuss long-term changes in temperature, salinity, and stratification at historical high-frequency sampling stations of Atlantic
Canada. Second, we discuss CIL variability on the Northwest Grand Banks of Newfoundland. The CIL is a remnant of the
winter’s cold mixed layer that remains in the subsurface for most of the year (Petrie et al., 1988; Andres et al., 2024). The CIL
is an important feature of the NL Shelf that exerts an important control on the habitat and productivity of the NL ecosystem

(Cyr et al., 2025). When possible, these observations are put in relation with the long-term average.
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Depth-averaged temperature and salinity anomalies and the corresponding stratification were calculated for five historic
sampling locations. Station 27, Halifax 2, and Prince 5 sampling stations are all considered long-term, with measurements
going as far back as the 1920s (Fig. 6). Using the station_ID_manual variable available in CASTS, profiles associated with
each station were isolated and averaged to a monthly time step. For the three long-term stations, a monthly climatology was
determined between 1950 and 2000 in order to take advantage of the longer time series and reduce the impact of the cold 1990s
on the climatology. For the short-term stattensRimouski station and Shediac Valley station, the climatology was determined
between 1990 and 2010 in accordance with the World Meteorological Organization (World Meteorological Organization, 2017)
—(Fig. 7). The climatology was then removed from the original time series to determine the associated anomaly, which were then
averaged to yearly. Finally, the climatology mean was added to the depth-averaged anomalies to determine the reconstructed
annual average —(Fig. 6, top two rows). Because the water column at Rimouski station and Shediac Valley station are made
up of distinct bodies of water (Galbraith et al., 2024), temperature was averaged from May to October between 0 and 50m -
(Fig. 7, top row). The bottom temperature at Rimouski and Shediac Valley is also provided, taken at 290 m and 84 m depth
respectively —(Fig. 7, third row). The CIL minimum temperature from May to October at Rimouski station is also presented -
(Fig. 7, second row left column). The CIL minimum temperature was not calculated at the Shediac Valley Station due to the
station depth being shallower than the CIL maximum depth at nearby locations.

In order to calculate stratification, the associated density was calculated for station profiles where both temperature and
salinity are available —(Fig. 6 and 7, bottom rows). The stratification was then calculated from the monthly average density
profiles using discrete differences between 0 m and 50 m depth.

Similar to Figures 6 and 7, the temperature and its anomaly were calculated for the SeutheraNE-Northwest Grand Banks
region, including Station 27, this time using a Hovmoller diagram in order to show anomalies at depth (Fig. 8). The climatology
was calculated between 1991 and 2020 and the climatology mean was not added to the resulting anomaly. The associated CIL
thickness was determined for each month by finding the sum of gridcells with temperature less than 0 °C multiplied by the
associated z value. The summer mean CIL thickness was determined by finding the mean CIL thickness between May and July
for each year. The summer mean minimum CIL temperature was determined by finding the mean minimum CIL temperature

between May and July for each year.
6.1 Historical High-Frequency Stations
6.1.1 Station 27

Station 27 (47°32.8’N, 52°35.2’W, 176 m depth) is located in the Avalon Channel just outside St. John’s Harbour (Figure 1).
It is downstream of the Coastal Labrador Current flowing southward along the Labrador Shelf.

Its local ocean parameters are considered representative-a good proxy for the inter-annual fluctuations of the NL Shelf
climate and the climate of the NW Atlantic as a whole (Petrie et al., 1991, 1992; Colbourne et al., 1994; Drinkwater, 1996;
Han et al., 2015; Cyr and Galbraith, 2021). With regular occupations (near monthly basis) since the late 1940s, it is one of the

longest hydrographic time series in Canada. On average, we cover 10.10 months per year since 1940. Since 1998, Station 27 is
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monitored as part of DFO’s AZMP (Therriault et al., 1998). Measurements taken before CTD and XBT were taken at discrete
depths (0, 10, 20, 30, 50, 75, 100, 125, 150, and 175 m) (Drinkwater, 1993).

Depth-averaged temperature and salinity anomalies, along with stratification anomaly between O m and 50 m depth were
calculated using all available Station 27 data (Fig. 6, first column).

Station 27 exhibits the coldest annual mean depth-averaged temperature among the stations presented in this report, with
a climatological mean of 0.2 + 0.4°C. Depth-averaged temperature also exhibit a strong pattern of multidecadal variability,
with positive periods occurring from 1960-1970 and 2000 to present and negative periods from 1985 to 1995. The year 2021
exhibited the highest anomaly on record for the entire time period covered with a mean annual temperature of more than 1.5°C
(Fig. 6, first column).

The depth-averaged salinity anomalies show a relatively consistent 10-year oscillation pattern from 1945 until 1990. High-
salinity periods can be seen during the mid 1960s, early 1980s, and early 1990s, while low-salinity periods can be seen during
the mid 1970s and mid 1980s. More importantly, a significant freshening of the water column has occurred since the early
1990s, with a further increase since the early 2010s: six of the last eight years are fresher than average by more than one standard
deviation. The freshest year on record is 2018 (2024 being the second freshest), surpassing 1970 which occurred during the
Great Salinity Anomaly in the North Atlantic (Dickson et al., 1988). This pattern is consistent with other observations from the
North Atlantic (Holliday et al., 2020; Yashayaev, 2024), and may be a consequence of meltingtee-increased freshwater export
from the Arctic since Station 27 is located downstream of the Davis and Hudson Straits.

The combined effect of increasing temperature and decreasing salinity shewld-could have an effect on water column density
stratification. Defined as the density difference between 0 and 50 m, the stratification at Station 27 exhibits slow fluctuations
on multi-decadal time scales (Fig. 6, bottom left). Overall, a stepwise increase appears to have occurred since the mid-1980s,
although weak stratification comparable to pre-1980 conditions was also observed in the late 2010s. Differences in sampling
procedure (bottle vs. CTD casts) may result in extra uncertainty in stratification calculations. Increased stratification may have
widespread consequences for the ecosystem, such as changes in the timing of the spring phytoplankton bloom (Cyr et al.,

2024a) or prevalence of surface marine heat waves (Soontiens et al., 2025).
6.1.2 Halifax 2

Halifax 2 (44°15.58’N, 63°18.58’W, 150 m depth) is located southeast of Halifax on the Scotian Shelf (Fig. 1). It is the second
sampling station along the AZMP hydrographic section Halifax Line (Hebert et al., 2024). Measurements were sparse prior to
its inclusion to the AZMP in 1998, although a relatively high number of measurements are present between 1950 and 1970.
After 1998, temperature and salinity measurements were taken consistently. On average, we cover 5.85 months per year since
1952.

The climatological annual mean water temperature at Halifax 2 is 4.6 +0.8°C. Since 1998, the Halifax 2 depth-averaged
temperature anomaly has risen by approximately 2°C, while also exhibiting interannual fluctuations with a local minima

occurring around 2008 (Fig. 6 in the 5-year running mean).
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A similar decadal signal can be seen in depth-averaged salinity in the same phase as depth-averaged temperature. Low-
salinity periods occurred during the late 1990s, mid 2000s, and after 2020, while high-salinity periods occurred in the early
2000s and 2010s.

Due to the scarcity of the data, the stratification can only be calculated for a few years prior to 1998. In the mid- to late-2000s,
stratification at Halifax 2 reached low values similar to those measured in the 1960s. The highest stratification was reached in
the late 1990s, late 2010s, and early 2020s.

6.1.3 Prince 5

Prince 5 (44°55.48’N, 66°50.60’W, 100 m depth) is located in the Bay of Fundy, north of the Gulf of Maine (Fig. 1). The
Bay of Fundy experiences some of the highest tidal fluctuations in the world, up to 16 m (Desplanque and Mossman, 2001).
Generally, the water column at Prince 5 is less stratified than than at Station 27 or Halifax 2 stations, mainly due to the presence
of strong tidal mixing (Drinkwater, 1993).

Prince 5 has been routinely sampled since 1920 and is Canada’s oldest oceanographic station (Hebert et al., 2024). Measure-
ments are taken at Prince 5 once per month (Drinkwater, 1993; Petrie and Drinkwater, 1993) as part of the AZMP. On average,
we cover 10.98 months per year since 1920.

The climatological annual mean water temperature at Prince 5 is 6.9+ 0.6°C. Similar to Station 27, Prince 5 depth-averaged
temperature anomalies also contain a strong multidecadal signal with colder periods from 1930-1945 and 1960-1970 and
warmer periods from 1945-1955 and 2010 onward (Fig. 6, second column). Since the early 2010s, temperature at Prince 5
reached new record highs, with the warmest anomaly occurring in 2021 at a mean annual temperature of 9°C.

Depth-averaged salinity anomalies exhibit a less clear multidecadal signal and instead oscillate more frequently (e.g., decadal
time period), possibly influenced by the presence of the nearby St. John river. Consistent low-salinity periods can be seen during
the 1960s, the late 1990s and early 2000s, and the early 2010s. No clear trends are observed. Prince-5 and Halifax 2 running
average salinity in the last 20 years have shown a somewhat strong correlation (0.50).

The water at Station Prince 5 is generally less stratified than at other stations presented here (10 +3gm™* compared to
23+ 3gm~* and 38 £ 6gm~* for Station 27 and Halifax 2, respectively) and stratification exhibits oscillations at multi-
decadal time scales (Fig. 6, bottom right). When considering the running mean, the weakest stratification periods were the
1950s-1970s and from the early 1990s to the mid-2010s. In the 1930s-1940s, the late 1970s / early 1980s and during the late
2010s / early 2020s, the stratification was high.

6.1.4 Rimouski Station

Rimouski Station (48°40’N, 68°35°W, 330m depth) is located in the Lower St. Lawrence Estuary of the Gulf of St. Lawrence
(Fig. 1). Regular sampling began at this location in 1991 and by 1993 it was occupied weekly from June through September
(Plourde et al., 2009). The weekly sampling was extended to include May in 1997 and sparser sampling occurred past Septem-
ber from 1999 onwards, and in April from 2006 onwards. It was incorporated into the AZMP in 2013. Since 1991, the three
water layers (surface, CIL, deep) have experienced warming (Fig. 7). The surface (0-50m May-October average) and CIL
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minimum temperature (May-October average) have increased by 0.46 °C and 0.39 °C per decade. Bottom temperature (290 m)
has increased since 2010 by 1.1 °C per decade, from 4.8 °C to 6.3 °C in 2024, due to changes in water masses that make up the
mixture advected into the Gulf from the continental slope (Gilbert et al., 2005; Jutras et al., 2023). The inter-annual variability
of seasonal (May—October) stratification (0-50m) is correlated with seasonally averaged runoff (1991-2024; r? = 0.65; Gal-
braith et al. (2025)), but shows no trend since 1991. Exact values for temperature, salinity and density reported in this paper
slightly differ from similar metrics reported in annual AZMP reports (Galbraith et al., 2025) because CASTS does not consider

oceanographic buoy data when calculating monthly averages. Those differences do not affect the interpretation of the results.
6.1.5 Shediac Valley Station

Shediac Valley Station (47°46.8’N, 64°01.8°W, 84 m depth) is located on the Magdalen Shallows in the Gulf of St. Lawrence
(Fig. 1). It receives outflow from the St. Lawrence Estuary from the Gaspé Current. It has been sampled irregularly since
1947, nearly every year since 1957, and more regularly during the summer months since 1999 when the AZMP began. The
surface (0-50 m May-October average) and bottom (84 m) temperatures have increased by 0.28 °C and 0.33 °C per decade,
respectively, between 1999 and 2024 (Fig. 7).

6.2 Cold Intermediate Layer along the Newfoundland Shelf

The CIL on the Newfoundland-Shelf-Northwest Grand Banks has historically been defined as the sub-surface layer colder than
0°C (Petrie et al., 1987; Drinkwater, 1993). The CIL is low salinity water that is distinctly different from other local water
masses (e.g. continental slope water). Typically, the cross-shelf area occupied by the CIL is largest in the late summer/early
fall months and occupies from the near surface to the sea floor depending on the year (Petrie et al., 1987; Colbourne et al.,
1994). Florindo-Lépez et al. (2020) found a strong correlation between freshwater flux in typical CIL areas with Arctic waters
flowing through the Davis Strait.

The Northwest Grand Banks region (Fig. 1) ocean temperature contains a strong elimatological-signalseasonal signal, with
temperature in the upper 50 m ;reaching-greater-climatologically larger than 7 °C during the summer months and lower than
2 °C during the winter and spring (Fig. 8, first row). During the summer and fall months, this warm layer sits above the CIL,
before the entire water column is mixed during the winter months due to increased storm action and atmospheric cooling,
typically removing the CIL as the temperature increases above the 0 °C threshold. A clear multidecadal signal can also be seen
in the monthly temperature anomalies (Fig. 8, second row), with warm periods throughout the water column occurring in the
late 1960s, the early 1980s, and the early 2020s. A 5-year cold period also occurred during the early 1990s, with negative
temperature anomalies being present throughout the water column.

Monthly CIL thickness (Fig. 8, third row) contains a less clear climatology when compared to the monthly mean temperature
(Fig. 8, first row). Typically CIL thickness is low between January and June, before increasing the late summer and early fall
months. Multiple time periods contradict this cycle, with high CIL thickness being present from January to March during the
1950s and 1980s to early 1990s. The mid-1980s and early 1990s stand out especially (and to a lesser extent, the mid-2010s),
as CIL thickness is greater than O m throughout the entire year. The summer mean CIL thickness (Fig. 8, bettem-fourth row),
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shows the yearly average CIL thickness between May and July. Large increases in summer mean CIL thickness occurred
during the mid—1980s—earky1990sand-mid-2040slate-1970s, and early 1980s, while a slow decrease can be seen from the
mid-2000s onwards. The late +950s:1ate-1960s, early 1980s, tate-2000s;-and-areund-2020-and 2010 stand out as times where
no-summer-CH-was-present—with lower mean CIL thickness, with 2010 having a very low summer mean CIL thickness. The
summer mean minimum CIL temperature (Fig. 8, bottom row), shows the yearly mean minimum CIL temperature between
May and July. Local increases in mean minimum CIL temperature can be seen during the 1960s, early1980s, and around 2010.
A consistent decrease in minimum temperature is present from the mid-1980s to the mid-1990s. A slow increase in mean

minimum CIL temperature can be seen from the mid-2010s to present.

7 Discussion and Conclusion

In this paper, the CASTS data product containing ocean temperature and salinity from 1873 to 2024 is discussed. Using 12
13 different sources and multiple levels of quality assurance/quality control, we provide an exhaustive and pre-filtered data
product that is ready to be used immediately upon being downloaded. CASTS provides extensive coverage of the NW Atlantic
and Eastern Arctic, including shelf, slope, and open ocean areas, especially during more recent years at shallower depths. A
higher number of profiles are available at shallower depths on the shelf as that area has been more systematically sampled in
recent years. Regular updates to CASTS will be completed to ensure that the data product remains up-to-date (Coyne et al.,
2023).

Using CASTS, we were able to create historical temperature, salinity and stratification time series for three long-term historic
stations (Station 27, Prince 5, Halifax 2; Fig. 6) and two shorter-term time series (Rimouski and Shediac Valley stations; Fig.
7). Similar to previous studies, the shelf area temperature from Southern Newfoundland to the Bay of Fundy is dominated by
low-frequency variability which has been closely linked to relevant climate modes (e.g. North Atlantic Oscillation, Atlantic
Multidecadal Oscillation; Petrie and Drinkwater (1993); Loder and Wang (2015)). The periods of low salinity anomalies at
Station 27 during the 1970s, 1980s, and 1990s, match the periods known as “great salinity anomalies” which are defined as
time periods of prolonged low salinity in the North Atlantic (Belkin et al., 1998; Belkin, 2004). The great salinity anomalies
are related to the export of freshwater from the Arctic - whether-threugh-tee-melt-orriverruneff-(Florindo-Lopez et al., 2020).
What is especially striking is the low salinity anomalies seen over the last 10 years, which reach lower levels than during
previous great salinity anomaly time periods (lowest salinity anomaly occurred in 2018). This recent freshening occurs during
the same time as subpolar North Atlantic freshwater content is increasing, and Arctic freshwater content reaches unprecedented
levels (Florindo-Lépez et al., 2020). The same anomalous decrease is not seen in the Bay of Fundy or Scotian Shelf, but Arctic
freshwater export is less prevalent at the more southern regions.

Recent consistent temperature increases over the last 20 years can be seen at all three long-term historic stations, especially
at Prince 5 and Halifax 2 stations (Fig. 6, first row). Relatively high sea surface temperature trends were noted by Loder and
Wang (2015) from 1979 to 2011 on the Scotian Shelf and Bay of Fundy when compared to other areas in the North Atlantic.

Even after extending the time series back to the 1920s at Prince 5, relatively high sea surface temperature trends can still be
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seen. This is mimicked by the depth-averaged reconstructed averaged temperature observed at Prince 5, where multidecadal
variability can be seen oscillating about a steady trend upwards since 1920.

Interestingly, Station 27 (Newfoundland Shelf) and Prince 5 (Bay of Fundy) often historically exhibited out of phase depth-
average temperature signals (e.g., warmer 1950s and cooler 1960s at Prince 5 corresponded to cooler and warmer conditions
at Station 27, respectively). This out of phase dynamics may be attributed to the amount of cold Labrador Current continuing
south along the Northeast American Shelf versus being retroflected toward the subpolar gyre (Jutras et al., 2023). However, the
relationship seems to have weakened and may be masked by warming trends exhibited by both time series recently.

A brief analysis of mean CIL thickness in-the-and minimum CIL temperature in the Northwest Grand Banks reveals that
summer mean CIL thickness inereased-sharply-between—1983-1985-and1990-1995-remained consistently high between the
mid-1980s to the early 1990s (Fig. 8). During this same time period, summer minimum CIL temperature remained low. Ad-
ditionally, a sizable CIL layer was present in the Northwest Grand Banks during most months of the year between 1996-and
1+995--the mid-1980s and mid-1990s. The increase in mean CIL thickness and decrease in minimum CIL temperature during
the early 1990s corresponds to a time of significant negative temperature anomalies in the NW Atlantic along with the collapse
of the northern cod fishery in NL (DeYoung and Rose, 1993; Rose et al., 2000). A similar increase can also be seen in CIL
area along the Labrador Shelf during the mid 1980s and early 1990s. CIL area time series for the Labrador and Newfoundland
shelves starting in 1928 and 1950, respectively, are reported in the ICES Report on Ocean Climate (Cyr and Galbraith, 2023).

The Newfoundland and Labrador climate index, which uses the summer CIL in its calculation, marks 1984-1985 and 1990-
1993 as two of the coldest periods on record since 1950 (Cyr and Galbraith, 2021). This shows that anomalies in ocean and
atmospheric variables were mostly indicative of colder ocean temperatures, including air temperature, sea ice, and bottom
ocean temperature.

The role of the ocean climate in shaping the productivity of the northwest Atlantic ecosystems is becoming clearer. For
example, it is now agreed that poor ecosystem productivity associated with unprecedented cold environmental conditions
precipitated the northern cod collapse in the early 1990s (Cyr et al., 2025). It is also becoming clearer that the fluctuations of
the climate are shaping the productivity of the ecosystems on decadal time scales. An effective monitoring and dissemination of
environmental data is therefore essential to ensure effective fisheries management in Canada. The CASTS dataset contributes
to this effort by making environmental data widely available.

For future work, a more thorough analysis of potential bias from instrument type should be completed, including known
temperature biases in XBT profiles at depth (Cheng et al., 2016). A flagging system, the same as or similar to UNESCO 1990
framework could also be implemented to allow end users to easily determine the confidence behind a specific cast (UNESCO,
1991). We hope to add these recommendations in future iterations of the CASTS data product. Yearly updates to CASTS will
be completed and published once data for the specific year is available from all active sources.

Long-term environmental datasets are integral to our understanding of the Earth system and its response to climate change
(Rosi et al., 2022). In this paper, we gathered, packaged, made available, and disseminated more than a century of ocean
hydrographic observations collected in the NW Atlantic Ocean and the Eastern Arctic. We hope that this new data product will

enable various follow up climate and ecosystem studies.
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8 Code availability

All scripts used to create CASTS are available at https://github.com/jn533213/CASTS.

9 Data availability

The data presented in this study are available here: https://doi.org/10.20383/103.01191 (Coyne et al., 2023). Yearly NetCDF
files are provided from 1873 onward. For the foreseeable future, this index will be updated on an annual basis once the update

from the previous year is completed (e.g. targeted release in the summer of the following year).
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Figure 1. Bathymetric map of the NW Atlantic and Eastern Arctic. The CIL area and the five DFO AZMP historical oceanographic stations
are also given and labeled by the legend in the bottom left corner Locations referenced in the paper are also labeled directly on the map. The

dashed red line shows the CASTS domain.
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Figure 2. Number of occurrences for each instrument type per year (1873-26231873-2024) using the CASTS instrument identification
variable. The instrument identification of each cast and its corresponding colour is given in the legend in the top left corner. Profiles with
an empty or unique instrument identification were categorized as unknown. The large number of unknown profiles from 2008 to 2018 are

associated with the BIO-OMM data source where instrument identification is not provided.
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Figure 3. Number of profiles associated with each CASTS source (1873-20231873-2024) using the CASTS source variable. The source and

its corresponding colour are given in the legend in the top left corner.
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Figure 4. Distribution of profiles organized by source (1873-20231873-2024) using the CASTS source variable. The name of the source
and the number of profiles associated are given in the top right corner of each subplot. The lines of constant latitude and longitude are also

provided. Isobaths are shown at 100 m, 500 m, 1000 m, and 4000 m.
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Figure 5. Total number of profiles, binned into 0.25 degree length grid cells using CASTS from 1873 to 1929, 1930 to 1949, 1950 to 1969,
1970 to 1989, 1990 to 2009, and 2010 to 2024. Areas where no casts are present are shown in white. The lines of constant latitude and

longitude are also provided. The time period and total number of casts are shown in the top right corner.
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Figure 6. Depth-averaged annual mean of temperature (top row) and salinity (middle row) reconstructed from monthly anomalies for Sta-
tion 27 (0-176 m), Halifax 2 (0-150 m), and Prince 5 (0-50 m). The annual mean stratification between 0 and 50 m reconstructed from monthly
anomalies is also presented (bottom row). In all panels, the yearly average is shown by the white dots and thin black line. The five-year run-
ning average is shown by the thick black line. The mean temperature anomaly, salinity anomaly, and stratification over the 1950-2000 period
are given by the solid black horizontal line. One standard deviation about the mean is shown by the dashed lines. The mean temperature,

salinity and stratification over the 1950-2000 period is also provided in the bottom left corner.
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Figure 7. Depth-averaged (0-50m) annual mean of temperature (top row) reconstructed from monthly anomalies for Rimouski (left column)
and Shediac Valley (right column). The associated linear trend for both stations is shown in red, with the trend written in the top left corner.
The CIL minimum temperature and linear trend for Rimouski are shown in the second row. The bottom temperature at Rimouski and Shediac
Valley is shown in the third row, taken at 290 m and 84 m depth respectively. The linear trend from Rimouski was calculated from 2010 to
2023 and 1998 to 2023 for Shediac Valley. The annual mean stratification between 0 and 50 m reconstructed from monthly anomalies are
also presented for both stations (bottom row). The mean stratification over the 1990-2010 period is also provided in the bottom left corner.
In all panels, the yearly average is shown by the white dots and thin black line. The mean reconstructed temperature, CIL temperature, and
stratification over the 1990-2010 period are given by the solid black horizontal line, while one standard deviation about the mean is shown

by the dashed lines.
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Figure 8. Northwest Grand Banks (Seuthern-Newfoundland)-temperature Hovmoller diagram (first row), temperature anomaly Hovmoller
diagram calculated from the 1991-2020 climatology (second row), monthly CIL thickness (third row), and-summer (May to July) mean CIL

thickness (fourth row), and summer mean minimum CIL temperature (fifth row) from 1950 to 2024. The months of May, June, and July are
used to calculate the summer mean CIL thickness and mean minimum CIL temperature are outlined by a dashed red line (third row). The
grey grid cells in the third row represent missing data. The grey dots in the bottom figure-two rows show all available measurements for the
summer mean CIL thickness and summer mean minimum CIL temperature respectively for a particular year. The area of interest used to
calculate all metrics is shown in Fig 1. The CIL is defined as all depths where temperature is less than 0 °C. For many months, the-no CIL
thickness-is O-mpresent, therefore making the grey dots not visible. The colour-map used in the first row is not perceptually uniform and was

primarily chosen to highlight the CIL layer clearly (i.e. light purple colour).
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