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Abstract. Coastal and estuarine waters of the northern California Current system and southern Salish Sea host
an observational network capable of characterizing biogeochemical dynamics related to ocean acidification,
hypoxia, and marine heatwaves. Here, we compiled data sets from a set of cruises conducted in estuarine wa-
ters of Puget Sound (southern Salish Sea) and its boundary waters (Strait of Juan de Fuca and Washington
coast). This data product provides data from a decade of cruises with consistent formatting, extended data qual-
ity control, and multiple units for parameters such as oxygen with different end use needs and conventions. All
cruises obtained high-quality temperature, salinity, inorganic carbon, nutrient, and oxygen observations to pro-
vide insight into the dynamic distribution of physical and biogeochemical conditions in this large urban estuary
complex on the west coast of North America. At all sampling stations, conductivity–temperature–depth (CTD)
casts included sensors for measuring temperature, conductivity, pressure, and oxygen concentrations. Labora-
tory analyses of discrete water samples collected at all stations throughout the water column in Niskin bottles
provided measurements of dissolved inorganic carbon (DIC), dissolved oxygen, nutrient (nitrate, nitrite, ammo-
nium, phosphate, and silicate), and total alkalinity (TA) content. This data product includes observations from
35 research cruises, including 715 oceanographic profiles, with > 7490 sensor measurements of temperature,
salinity, and oxygen; ≥ 6070 measurements of discrete oxygen and nutrient samples; and ≥ 4462 measurements
of inorganic carbon variables (i.e., DIC and TA). The observations comprising this cruise compilation collec-
tively characterize the spatial and temporal variability in a region with large dynamic ranges of the physical
(temperature= 6.0–21.8 ◦C, salinity= 15.6–34.0) and biogeochemical (oxygen= 12–481 µmolkg−1, dissolved
inorganic carbon= 1074–2362 µmolkg−1, total alkalinity= 1274–2296 µmolkg−1) parameters central to under-
standing ocean acidification and hypoxia in this productive estuary system with numerous interacting human
impacts on its ecosystems. All observations conform to the climate-quality observing guidelines of the Global
Ocean Acidification Observing Network, the US National Oceanic and Atmospheric Administration’s Ocean
Acidification Program, and ocean carbon community best practices. This ongoing cruise time series supports the
estuarine and coastal monitoring and research objectives of the Washington Ocean Acidification Center and US
National Oceanic and Atmospheric Administration (NOAA) Ocean and Atmospheric Research programs, and it
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provides diverse end users with the information needed to frame biological impacts research, validate numerical
models, inform state and tribal water quality and fisheries management, and support decision-makers. All 2008–
2018 cruise time-series measurements used in this publication are available at https://doi.org/10.25921/zgk5-
ep63 (Alin et al., 2022).

1 Introduction

Estuaries are productive environments that serve as breeding
grounds for ecologically and economically important finfish
and shellfish species. Estuarine ecosystems are particularly
vulnerable to ocean acidification as a result of the overlap
of global oceanic processes bringing anthropogenic carbon
dioxide (CO2) into estuary environments that are already
high in CO2 due to a combination of natural and anthro-
pogenic local processes (Feely et al., 2010; Wallace et al.,
2014; Pacella et al., 2018; Cai et al., 2021; Windham-Myers
et al., 2018; Bednaršek et al., 2020b; Alin et al., 2023a).
Rivers transport terrestrial runoff that is high in nutrients,
oxygen, and carbon dioxide into estuarine surface waters
from forested, agricultural, and urban landscapes (Evans et
al., 2013; Hales et al., 2017; Voss et al., 2014; Johannessen
et al., 2003, 2015; Barnes and Raymond, 2009; Windham-
Myers et al., 2018; Moore et al., 2017). In contrast, ma-
rine source waters entering Northeast (NE) Pacific estuar-
ine ecosystems are naturally low in oxygen (O2) and high in
dissolved inorganic carbon (DIC) due to the global thermo-
haline circulation and coastal upwelling of subsurface water
masses previously isolated from the atmosphere for decades
(Feely et al., 2004, 2010, 2016; Sabine et al., 2004). Thus, es-
tuaries receive naturally acidified inputs from both rivers and
subsurface marine source waters, particularly along coastal
upwelling systems and in the NE Pacific.

Carbonate system observations in coastal and estuar-
ine NE Pacific ecosystems have proliferated over the past
decade, including water column discrete measurements of
dissolved inorganic carbon (DIC), total alkalinity (TA), pH
(on the total scale, pHT), and carbonate ion content ([CO2−

3 ])
and surface CO2 partial pressure or fugacity (pCO2 or
fCO2, respectively) and pHT from moored and underway
sensor systems (e.g., Feely et al., 2010, 2016; Ianson et al.,
2016; Sutton et al., 2016; Fassbender et al., 2018). Surface
ocean CO2 and pH observations from estuarine and coastal
regions are incorporated into the Surface Ocean CO2 Atlas
for annual data releases (Bakker et al., 2016) and provide re-
gional end users with annual updates on the status of pCO2
in Washington’s marine surface waters (Alin et al. sections in
PSEMP Marine Waters Workgroup, 2022). Recently, North
American climate-quality coastal cruise biogeochemical data
sets were compiled and quality controlled to create an inter-
nally consistent coastal data product for inorganic carbon,
oxygen, and nutrients called Coastal Ocean Data Analysis
Product in North America (CODAP-NA; Jiang et al., 2021).

While the CODAP-NA workflow addressed many of the
challenges of working with coastal oceanographic data (e.g.,
working with data from highly dynamic environments and
data streams of variable uncertainties), the Jiang et al. (2021)
data product did not incorporate estuarine data sets, as these
challenges can be even more profound with estuarine obser-
vational data sets. Both high-resolution surface observations
and depth-resolved but less frequent cruise observations of
biogeochemistry are critical for assessing the ongoing acidi-
fication of coastal and estuarine environments and its impacts
on ecological and human communities, as well as the re-
sponse of biogeochemistry to other aspects of climate change
such as marine heatwaves and other extreme events (e.g.,
Alin et al., 2023a).

Here, we describe a decade-long (2008–2018) time se-
ries of observations from 35 cruises conducted in estuarine
waters of Puget Sound and its boundary waters that pro-
vides synoptic snapshots of conditions in Washington’s es-
tuarine and coastal waters during all seasons and spanning
a wide range of weather and climate conditions from 2008
to 2018. The compiled Salish cruise data product includes
high-quality physical, inorganic carbon, nutrient, and oxy-
gen measurements collected throughout the water column.
We focus here on briefly describing the core parameters mea-
sured on the cruises, with particular emphasis on the vari-
ables needed to calculate all other components of the car-
bonate system (i.e., temperature and salinity as well as dis-
solved inorganic carbon (DIC), total alkalinity (TA), phos-
phate, and silicate content). We also provide nitrate, nitrite,
and ammonium observations due to their importance in driv-
ing primary production or reflecting anomalous redox condi-
tions in this estuary. In a companion paper, we delve into the
seasonal variability in temperature, salinity, oxygen, and the
calculated ocean acidification parameters, fCO2 and arago-
nite saturation state (�arag), as well as the relative frequency
and severity of acidified, hypoxic, and thermal conditions
crossing thresholds of regionally important species during
a seasonally resolved subset of this time series (Alin et al.,
2023a). All observations described herein conform to ana-
lytical standards described in the ocean carbon community
best practices guide (Dickson et al., 2007). These measure-
ments also meet climate-quality monitoring guidelines of the
Global Ocean Acidification Observing Network, which re-
quires provision of individual measurement uncertainty and
the determination of two core inorganic carbon system pa-
rameters and all ancillary parameters needed for full carbon-
ate system constraint (Newton et al., 2015).
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Figure 1. Map of the southern Salish Sea and its boundary waters with all study basins named. The subset of sampling stations tracing
a path between the Ćhá ba· mooring on the Washington state (USA) continental shelf and the Main Basin of Puget Sound constitute the
Sound-to-Sea (S2S) transects. The inset map shows the station groupings used for the analyses of Puget Sound cruises: Admiralty Reach
(AR, red squares), Main Basin–South Sound (MB–SS, green triangles), Whidbey Basin (WB, purple diamonds), and Hood Canal (HC, blue
circles). Yellow dashes in the main figure denote the locations of glacial sills. Topographic and bathymetric data were extracted from the
NOAA National Centers for Environmental Information Grid Extract Coastal Relief Model (3 s resolution, https://www.ncei.noaa.gov/maps/
grid-extract/, last access: 13 November 2014). Data were gridded in Surfer using a minimum curve gridding technique.

2 Data collection, quality assurance, and initial
quality control

Puget Sound (PS) is a glacial fjord estuary complex on
the North American Pacific coast, receiving drainage from
forested, agricultural, and urban landscapes. It comprises the
southernmost part of the Salish Sea, which also encompasses
the Strait of Juan de Fuca and the Strait of Georgia (Fig. 1).
Puget Sound is comprised of four basins – Main Basin, South
Sound, Whidbey Basin, and Hood Canal – as well as Admi-
ralty Reach, a glacial sill complex defining the entrance to
Puget Sound. We refer to the most ocean-influenced areas,
the coast and Strait of Juan de Fuca, collectively as “bound-
ary” waters for Puget Sound. The Strait of Juan de Fuca
(SJdF), Admiralty Reach (AR), Main Basin (MB), and South
Sound (SS) have well-mixed waters due to tidal and wind
mixing within the basins. In contrast, Whidbey Basin (WB)
and Hood Canal (HC) are narrower, and vertical mixing is
inhibited by large river inputs that result in strong stratifica-
tion.

The February 2008–October 2018 cruises described here
are part of an ongoing Salish cruise time series, consisting
of Sound-to-Sea (S2S) and Puget Sound (PS) cruises (Ta-

ble 1; Alin et al., 2022) surveying physical and biogeochemi-
cal conditions throughout the water column. Semiannual S2S
cruises sample a transect of stations between Seattle and
the coastal ocean acidification mooring “Ćhá ba·” – mean-
ing “whale tail” in the language of the Quileute Tribe – off-
shore of La Push, Washington. Seasonal PS cruises sample
stations in all sub-basins of the Puget Sound, with consistent
timing in April, July, and September since 2014. Of the 35
cruises, 12 occupied S2S stations, 17 surveyed Puget Sound,
4 sampled only at Ćhá ba·, and 2 cruises occupied both S2S
and PS stations (Fig. 1). Surveys started during all months of
the year, except June and December, with the most frequent
months being April (n= 5), May (5), July (5), September
(7), and October (6), and one each in February, August, and
November (Table 1). S2S cruises provided the opportunity
to sample stations between the Main Basin of Puget Sound
and coastal Washington waters adjacent to the Ćhá ba·moor-
ing, including the Strait of Juan de Fuca, and occurred most
frequently in May (n= 5) and October (5), providing early
and late upwelling season snapshots in boundary waters.
Puget Sound cruises have occurred most frequently in April
(n= 4), July (5), and September (6). The resulting cruise
data set comprises 3971 samples with paired observations
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of inorganic carbon, nutrients, oxygen, and conductivity–
temperature–depth (CTD) measurements across a complex
estuary system and along the gradient from the estuary to the
coastal ocean as well as up to 7525 observations lacking one
or more measurements (Table 2). In this paper, we describe
the methods used to produce all data in the corresponding
data product.

The Salish cruises described here were preceded by semi-
annual Puget Sound Regional Synthesis Model (PRISM)
cruises that occupied the same Puget Sound stations, typ-
ically in June and December, but the 1998–2007 PRISM
cruises had not yet initiated inorganic carbon measurements
and were, thus, not included in this data compilation and
description (PRISM data are available at https://nvs.nanoos.
org/CruiseSalish, last access: 15 September 2023). The sea-
sonal Salish cruises (2014–2018) included in this data prod-
uct and further described in Alin et al. (2023a) are ongo-
ing, and updates to this cruise time series will be provided
in follow-on papers and data products.

2.1 CTD profiles and water collection

On all cruises, we surveyed the network of either the S2S or
PS sampling stations using Niskin bottles and CTD, oxygen,
and additional sensors affixed to a rosette cage and deployed
from a research vessel through the water column (Table 1).
Downcast CTD sensor profiles were collected at each sam-
pling station using a Sea-Bird 911plus CTD–deck box com-
bination (except where noted in individual cruise metadata),
allowing sensor data to be seen in real time. Upcast CTD
data, corresponding to when the Niskin bottles on the rosette
cage were fired and water samples were collected, are the
focus of this publication and the corresponding data pack-
age (Alin et al., 2022). The conductivity, temperature, and
pressure sensor initial accuracy errors are ±0.0003 S m−1,
±0.001 ◦C, and ±0.015 % of the full-scale range, respec-
tively; the corresponding typical stability is on the order of
0.0003 S m−1 per month, 0.0002 ◦C per month, and 0.02 %
of the full scale per year; and the corresponding master
clock error contributions are 0.00005 S m−1, 0.00016 ◦C, and
0.3 dbar. CTD sensor data were processed using Sea-Bird’s
proprietary data processing software using the Data Con-
version and Bottle Summary modules, which convert raw
data from the CTD to engineering units, derive dependent
variables (namely, salinity and potential density anomaly, or
sigma theta, σθ ), and write a bottle data summary to an output
file. Temperatures were submitted on the International Tem-
perature Scale of 1990 (ITS-90). Salinities in this data prod-
uct were submitted on the Practical Salinity Scale (PSS-78),
which is a unitless quantity but some practitioners incorrectly
express it as practical salinity units (PSUs) to designate that
it uses this scale (IOC et al., 2010).

2.2 Dissolved oxygen

Dissolved oxygen concentration was measured by both Sea-
Bird oxygen (SBE 43) sensors attached to the CTD and Win-
kler analyses of discrete bottle samples collected from the
Niskin bottles and analyzed by University of Washington
staff. The SBE 43 initial accuracy is±2 % of saturation, with
typical stability of 0.5 % per 1000 h of deployed time.

Discrete oxygen samples were always collected first from
a Niskin bottle after opening it, due to the rapid air–sea gas
exchange of oxygen. To collect discrete dissolved oxygen
samples, a TYGON tube was attached to the Niskin bottle
and flushed so that no air remained. A 125 mL iodine flask
was inverted over the upward-pointing tube and flushed, rins-
ing and reverting the bottle to allow it to fill, overflowing
3 times its volume. The tube was withdrawn without tur-
bulence, maintaining an overfull bottle. Reagents were pre-
pared and added to samples as described in Intergovernmen-
tal Oceanographic Commission (1994). The flask was capped
without introducing a bubble and inverted about 12 times
to mix thoroughly. The bottle was allowed to settle, then
remixed, and a bead of deionized water was added to the lid
for an airtight seal. We collected and analyzed replicate sam-
ples from approximately 10 % of the Niskin bottles sampled.

The analysis method is based upon whole-flask titration of
iodine (Carpenter, 1965; as described by Codispoti, 1988),
which is produced by an equivalent amount of dissolved oxy-
gen. The iodine flasks used for sampling, with a nominal
volume of 125 mL, were pre-calibrated so that their volumes
were precisely known. Samples were titrated within 1–2 d of
being collected, allowing the samples to come to room tem-
perature where the titration occurred. Discrete oxygen sam-
ples were used to validate sensor O2 observations on the CTD
package. A precision of 1 % on Winkler oxygen measure-
ments was calculated as the average standard error on tripli-
cate analyses.

2.3 Dissolved inorganic carbon

Inorganic carbon samples were collected from Niskin bot-
tles immediately after oxygen samples and analyzed at the
NOAA Pacific Marine Environmental Laboratory (NOAA/P-
MEL). An exception to the sampling order was on the Au-
gust 2008 cruise, when spectrophotometric pH (on the to-
tal scale, pHT) samples were collected between O2 and DIC
samples; however, these directly measured pHT data are
not included in this data product. A combined sample for
dissolved inorganic carbon (DIC) and total alkalinity (TA)
measurements was drawn into ∼ 540 mL borosilicate glass
flasks using silicone tubing according to procedures outlined
in the “Guide to Best Practices for Ocean CO2 Measure-
ments” (standard operating procedure, SOP, 1 in Dickson et
al., 2007). Briefly, flasks were rinsed once and filled from
the bottom with care not to entrain any bubbles, overflowing
by at least one-half volume. The sample tube was pinched
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Table 2. Final data variable names, descriptions, units, and measurement temperature (T ) and pressure (P ) conditions for observations in
the Salish cruise data product.

Variable name Description Units Measurement T and P
conditionsc

CRUISE_ID Cruise identification (ID), as shown in Table 1, nor-
mally a code assigned by each ship

character string

STATION_ID CTD station number corresponding to PRISM station
numbers, where the usual “P” preceding the number has
been deleteda

integer

LONGITUDE_DEC Longitude of CTD station decimal degrees

LATITUDE_DEC Latitude of CTD station decimal degrees

NISKIN_NO Number of Niskin bottle that the discrete samples are
drawn from

integer

MONTH_UTC Calendar month of measurement or sample collection
in coordinated universal time (UTC)

M

DAY_UTC Calendar day of measurement or sample collection in
UTC

D

YEAR_UTC Calendar year of measurement or sample collection in
UTC

YYYY

TIME_UTC Time of measurement or sample collection in UTC HH:MM:SS

CTDPRS_DBAR Hydrostatic pressure recorded from CTD at the depth
where the sample is takena

decibar (dbar) In situ

CTDTMP_ITS90_DEG_C Temperature recorded from CTD at the sampling depth,
on the ITS-90 scaleb

◦C In situ

CTDSAL_PSS78 Practical salinity calculated from conductivity recorded
by CTD at the sampling depth, on the Practical Salinity
Scale (PSS-78)b

unitless In situ

SIGMATHETA_KG_M3 Potential density anomaly, also known as sigma theta
(σθ ), referenced to 0 dbar pressureb

kg m−3 In situ

CTDOXY_MG_L Dissolved oxygen measured by oxygen sensors
mounted on the CTDb

mg L−1 In situ

CTDOXY_FLAG_W Quality control flag associated with CTD sensor oxygen
measurement

WOCE flagse

OXYGEN_MG_L_# Dissolved oxygen measured from discrete bottle sam-
ples by Winkler analysisd

mg L−1 Laboratory

OXYGEN_FLAG_W Quality control flag associated with bottle oxygen mea-
surement

WOCE flagse

CTDOXY_UMOL_KG_ADJ Dissolved oxygen concentration measured by CTD sen-
sors and adjusted for an offset from bottle oxygen val-
ues

µmol kg−1 In situ

RECOMMENDED_OXYGEN_UMOL_KG Dissolved oxygen Winkler measurements of “accept-
able” quality, with CTD_UMOL_KG_ADJ values of
acceptable quality replacing missing values

µmol kg−1 Laboratory for Winkler,
in situ for CTD data

RECOMMENDED_OXYGEN_MG_L Dissolved oxygen Winkler measurements of acceptable
quality, with CTD_UMOL_KG_ADJ values of accept-
able quality replacing missing values

mg L−1 Laboratory for Winkler,
in situ for CTD data

RECOMMENDED_OXYGEN_ML_L Dissolved oxygen Winkler measurements of acceptable
quality, with CTD_UMOL_KG_ADJ values of accept-
able quality replacing missing values

mL L−1 Laboratory for Winkler,
in situ for CTD data

PHOSPHATE_UMOL_L Concentration of phosphate (PO3−
4 ) measured from dis-

crete bottles
µmol L−1 Laboratory

SILICATE_UMOL_L Concentration of silicate (orthosilicic acid, Si(OH)4)
measured from discrete bottles

µmol L−1 Laboratory

NITRATE_UMOL_L Concentration of nitrate (NO−3 ) measured from discrete
bottles

µmol L−1 Laboratory

Earth Syst. Sci. Data, 16, 837–865, 2024 https://doi.org/10.5194/essd-16-837-2024
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Table 2. Continued.

Variable name Description Units Measurement T and P
conditionsc

NITRITE_UMOL_L Concentration of nitrite (NO−2 ) measured from discrete
bottles

µmolL−1 Laboratory

AMMONIUM_UMOL_L Concentration of ammonium (NH+4 ) measured from
discrete bottles

µmolL−1 Laboratory

PHOSPHATE_UMOL_KG Content of phosphate (PO3−
4 ) measured from discrete

bottles
µmolkg−1 Laboratory

SILICATE_UMOL_KG Content of silicate (orthosilicic acid, Si(OH)4) mea-
sured from discrete bottles

µmolkg−1 Laboratory

NITRATE_UMOL_KG Content of nitrate (NO−3 ) measured from discrete bot-
tles

µmolkg−1 Laboratory

NITRITE_UMOL_KG Content of nitrite (NO−2 ) measured from discrete bottles µmolkg−1 Laboratory

AMMONIUM_UMOL_KG Content of ammonium (NH+4 ) measured from discrete
bottles

µmolkg−1 Laboratory

NUTRIENTS_FLAG_W Quality control flag associated with nutrient laboratory
measurement

WOCE flagse

DIC_UMOL_KG Content of dissolved inorganic carbon measured from
discrete bottles

µmolkg−1 Laboratory

DIC_FLAG_W Quality control flag associated with DIC laboratory
measurement

WOCE flagse

TA UMOL_KG Total alkalinity content measured from discrete bottles µmolkg−1 Laboratory

TA_FLAG_W Quality control flag associated with TA laboratory mea-
surement

WOCE flagse

a See http://nvs.nanoos.org/CruiseSalish (last access: 15 September 2023) for full information on locations and descriptive names for each station. b Measurements taken on
CTD upcast at the same depth where the Niskin bottle associated with a discrete bottle measurement was closed. c Designations “In situ” and “Laboratory” denote the
temperature and pressure conditions under which each measurement was taken. d In the submitted data product, Winkler oxygen measurements have some replicate
samples, and the replicate number will thus be inserted in place of the “#” sign, e.g. “OXYGEN_MG_L_1”, “OXYGEN_MG_L_2”, etc. e World Ocean Circulation
Experiment (WOCE) water sample quality flag definitions are used: 2 – acceptable value; 3 – questionable value; 4 – bad value; 5 – value not reported; 6 – mean of replicate
measurements (used for DIC_UMOL_KG and TA_UMOL_KG only); and 9 – sample not drawn (Tables 4.9 and 4.10 in WOCE, 1998, for bottle and CTD data,
respectively).

and withdrawn, creating a small headspace, and 0.2 mL of
saturated mercuric chloride (HgCl2) solution was added as
a preservative. Sample bottles were then sealed with glass
stoppers that were lightly covered with APIEZON L grease.
Stoppers were held in place until analysis with a thick rub-
ber band over the stopper attached to a plastic clamp around
the neck of the sample flask. Sample bottles were inverted
several times to ensure mixing of the HgCl2 throughout the
sample. DIC samples were collected from a variety of depths,
with approximately 5 % of samples drawn in duplicate (or
occasionally triplicate). All samples were stored under cool,
dark conditions until analysis.

DIC concentrations were measured at PMEL on analyti-
cal systems consisting of a coulometer (UIC Inc.) coupled
with a single-operator multiparameter metabolic analyzer
(SOMMA) developed to extract DIC from seawater (John-
son et al., 1985, 1987, 1993; Johnson, 1992). Each coulome-
ter was calibrated at the beginning of each analysis day, when
a fresh coulometric cell was prepared, by injecting aliquots
of pure CO2 (99.999 %) via an eight-port valve (Wilke et al.,
1993) outfitted with two calibrated sample loops of different

sizes (∼ 1 and∼ 2 mL). Calibration consisted of running one
or more sets of gas loop injections at the beginning of each
cell. Typically, 20–25 samples were analyzed per coulomet-
ric cell.

The accuracy of SOMMA measurements was determined
with the use of Certified Reference Materials (CRMs), con-
sisting of filtered and UV-irradiated seawater and supplied
by the laboratory of Professor Andrew Dickson of Scripps
Institution of Oceanography (SIO). Certified reference val-
ues of CRMs were determined manometrically on land at
SIO. CRMs were measured near the beginning of each cell.
Replicate samples were typically run throughout the life of
the cell solution for quality assurance and to assess the in-
tegrity of the coulometer cell solutions. All DIC data have
been corrected for dilution by the small amount of saturated
HgCl2 added and for observed offsets between PMEL mea-
surements and certified values for the CRM batch values. An
estimate of precision is provided by the replicate samples
collected from approximately 5 % of the Niskin bottles sam-
pled. The average absolute difference from the mean among
replicates is typically on the order of 1.5 µmolkg−1. This is
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consistent with our independent measurements of accuracy
of the CRMs using the gas calibration loops. No systematic
differences among replicates were observed, except in near-
surface waters, where stratification is sufficiently strong in
Puget Sound that a pair of samples collected in immediate
succession from the same Niskin can have DIC (and TA)
values > 50 µmolkg−1 apart from each other. Thus, near-
surface replicate samples were not used to estimate analytical
precision.

2.4 Total alkalinity

After DIC measurement on a sample, the remaining seawater
in a sample bottle was analyzed at NOAA/PMEL to deter-
mine TA by acidimetric titration. The method is based upon
the open-cell method described by Dickson et al. (2003; see
also SOP 3b in Dickson et al., 2007), wherein the sample is
first acidified to reduce sample pH to less than 3.6, followed
by bubbling CO2-free air through the sample to facilitate the
removal of the CO2 evolved by the acid addition. After re-
moval of all carbonate species from solution, the titration
proceeds until a pH of less than 3.0 is attained. Then the
equivalence point is evaluated from titration points in the pH
region from 3.0 to 3.5 using a nonlinear, least-squares proce-
dure that corrects for reactions with sulfate and fluoride ions
(Dickson et al., 2003). Titration progress is monitored by
measuring the electromotive force of a combination glass–
reference electrode. Instrument control and data acquisition
occur via custom software developed by Andrew Dickson’s
laboratory at SIO. Typical titrations were completed in 10–
14 min and required 20–24 acid additions to reach a pH of
3.0.

Titrations were carried out in water-jacketed, 250 mL
beakers to ensure temperature stability. The temperature of
the samples and the beakers was controlled by use of a re-
frigerated recirculating water bath. Seawater samples were
measured gravimetrically (105–135 g depending on salinity)
to ensure that a sufficient number of titration points were
achieved (typically 18–22). A Metrohm Dosimat 765 was
used to deliver certified acid titrant to the sample beaker in
small, precise increments (0.04–0.05 mL depending on sam-
ple size and salinity). The acid titrant used was 0.1 mol kg−1

hydrochloric acid prepared in 0.6 mol kg−1 sodium chloride
to approximate the ionic strength of seawater (0.7 mol kg−1).
The titrant was coulometrically analyzed and certified by An-
drew Dickson’s laboratory.

Analytical accuracy was assessed by periodic analysis of
the same CRMs as used for DIC. No corrections were made
for offsets between the certified and measured CRM val-
ues when the offset was below 2 µmolkg−1; the difference
from accepted and measured CRM values was added or sub-
tracted from measured sample values for offsets between 2
and 4 µmolkg−1; and above 4 µmolkg−1, instruments were
not run until repaired. Precision was monitored by analyz-

ing replicates drawn from approximately 10 % of the Niskin
bottles sampled.

2.5 Nutrients

One bottle sample for nutrients was collected from each
Niskin after oxygen and inorganic carbon bottle samples had
been collected, for subsequent analysis of phosphate, sili-
cate, nitrate, nitrite, and ammonium concentrations at the
Marine Chemistry Laboratory at the University of Washing-
ton (UW) School of Oceanography. To collect samples, a
60 mL high-density polyethylene (HDPE) syringe was pre-
pared by removing the plunger and attaching a Nalgene fil-
ter (surfactant-free cellulose, 25 mm, 0.45 µm pore size). The
plunger and the inside of the syringe were rinsed three times
using seawater from the Niskin bottle. The syringe was then
filled with sample water from the Niskin, and the plunger in-
serted. About 1 mL of sample water was filtered through the
filter, then about 5–10 mL of sample was dispensed into the
60 mL HDPE sample bottle to rinse the bottle and cap, with
the rinse water then discarded. Rinsing was repeated three
times. Next, about 45 mL of sample was filtered into the sam-
ple bottle, such that it was approximately two-thirds full. The
cap was secured and the bottle frozen upright until analysis.

Analyses and calibration followed the protocols of the
World Ocean Circulation Experiment (WOCE) Hydro-
graphic Program (Intergovernmental Oceanographic Com-
mission, 1994) using a SEAL Analytical AA3 in the UW Ma-
rine Chemistry Laboratory (accreditation codes can be seen
in University of Washington, 2021). Minimum detection lim-
its were 0.04 µM for phosphate, 0.23 µM for silicate, 0.29 µM
for nitrate, 0.01 µM for nitrite, and 0.05 µM for ammonium.

2.6 Uncertainty of oceanographic measurements

Overall temperature and salinity uncertainties are ±0.01 ◦C
and ±0.02, respectively. Oxygen measurement uncertainties
were ±2 % of saturation on CTD oxygen measurements and
precision of 1 % on Winkler oxygen measurements. Mea-
surement uncertainties were±0.1 % (∼ 2 µmolkg−1) on DIC
and TA measurements. Uncertainty on nutrient measure-
ments were ±2 %. However, it should be noted that the un-
certainties given above reflect analytical uncertainties for dis-
crete biogeochemical measurements (Winkler O2, DIC, TA,
and nutrient analyses) but cannot capture the uncertainty as-
sociated with field sampling or sample handling errors (e.g.,
Niskin bottles firing at the wrong depth or samples incor-
rectly preserved or stored).

3 Unit conversions and data quality control

All unit conversions and extended primary quality control
(QC) measures are described in this section. All measure-
ments were subjected to quality assurance (QA) measures in
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the laboratory, as described in Sect. 2, as well as quality con-
trol measures immediately following analysis, which reflect
instrument diagnostic information and other observations of
measurement quality and sample integrity made in the lab-
oratory. Initial QC flags were assigned on the basis of lab-
oratory instrument diagnostics only for DIC and TA analy-
ses based on the WOCE water sample quality flag definitions
listed in the footnotes of Table 2. Here, we describe the calcu-
lations undertaken to convert units to prepare for subsequent
analyses of derived inorganic carbonate system parameters
necessary for understanding ocean acidification, such as cal-
cium carbonate saturation states (�), pHT, partial pressure
or fugacity of CO2, and Revelle factor, using CO2SYS (e.g.,
Lewis and Wallace, 1988; van Heuven et al., 2011; Pelletier
et al., 2007), the R package seacarb (Gattuso et al., 2023), or
other water chemistry calculation programs.

We also detail the extended QC procedures undertaken to
ensure that only the highest-quality data were archived and
used to generate depth transects. However, because of the
tremendous natural variability in this region and the occur-
rence of strong environmental anomalies during the decade
of observations in the data product, we took the approach of
flagging data points that may ultimately end up being deemed
“bad” measurements (QC flag of 4) as “questionable” (QC
flag of 3) to indicate that they deserve further attention by
other investigators. Good measurements are marked with a
QC flag of 2.

3.1 Calculated and adjusted variables

Temperature-independent units are required for carbonate
system calculations (Lewis and Wallace, 1988; Gattuso et al.,
2023) and are consistent with the recommendations of Jiang
et al. (2022). Specifically, in order to make carbonate system
calculations, phosphate and silicate data were converted to
temperature-independent units of micromoles per kilogram
for compatibility with the chemical dissociation constants
used in seacarb or CO2SYS calculations. Throughout this ar-
ticle, we discuss results using temperature-independent units
of micromoles per kilogram, referred to as “substance con-
tent” rather than concentration, which has milligram-per-liter
or micromole-per-liter units. However, the publicly acces-
sible Salish cruise data product includes all parameters in
original units as well as those converted to micromole-per-
kilogram units for oxygen, phosphate, and silicate concen-
trations to enable use of this data package with internally
consistent units by diverse end users.

3.1.1 Potential density anomaly, or sigma theta (σθ),
calculations

Potential density (ρθ ) values, which represent the density of
seawater calculated with in situ salinity, potential tempera-
ture, and pressure referenced to 0 dbar, were calculated using
the 2010 thermodynamic equations of state of seawater (IOC

et al., 2010). Potential density (units of kg m−3) is necessary
for converting units from per-liter “concentration” to per-
kilogram basis “content” units, as is conventional in chem-
ical oceanography. The potential density anomaly, or sigma
theta (σθ ), is a useful way of comparing the relative densities
of different water masses across space, depth, and time; it is
provided with the data product but not discussed further in
this article, as it tracks salinity closely in Puget Sound. σθ is
calculated simply as follows:

σθ = ρθ − 1000. (1)

It is also expressed in units of kilograms per cubic meter.

3.1.2 Oxygen unit conversions

All CTD and bottle dissolved oxygen (O2) data were con-
verted from original units (mg O2 L−1 seawater) to micro-
moles of O2 per kilogram of seawater using Eq. (2):

O2(in µmolkg−1)=
O2

(
in mgL−1)

× 44659.6
ρθ × 1.42903

, (2)

where ρθ is in units of kilograms per cubic meter, as noted
above, and 44 569.6 is the reciprocal of the molar volume of
O2 gas, in micromoles per liter (from 22 391.6 cm3 mol−1 in
García and Gordon, 1992). Conversion factors of 1000 L m−3

in the numerator and 1000 mL L−1 in the denominator can-
cel out. For end users preferring O2 data in units of milliliters
per liter, we also provide the final, recommended O2 values
(Sect. 3.1.4) in milliliters per liter in the submitted data prod-
uct using the conversion:

O2

(
in mLL−1

)
=

O2
(
in mgL−1)

1.42903 (in mgmL−1)
, (3)

where the conversion factor can be derived from García
and Gordon (1992), although a Sea-Bird technical document
(Sea-Bird Electronics, 2013) is also often cited.

3.1.3 Density corrections for measurements conducted
in laboratory

Nutrient data were also converted to units of micromoles per
kilogram to facilitate subsequent calculations in CO2SYS
or seacarb. To do so, the density of seawater under lab-
oratory conditions was calculated following the TEOS-10
thermodynamic equation of seawater (IOC et al., 2010), us-
ing 22 ◦C for laboratory temperature, 0 dbar pressure, and
in situ salinity. After converting density to units of kilo-
grams per liter (from kg m−3), nutrient concentration mea-
surements in micromoles per liter were converted to micro-
moles per kilogram by dividing by the calculated laboratory
seawater density. Nutrient measurements are submitted in
both micromole-per-liter (original units) and micromole-per-
kilogram forms to facilitate CO2SYS and seacarb calcula-
tions and other end uses.
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3.1.4 Adjusting CTD oxygen measurements for offset
from bottle oxygen values

We plotted Winkler/bottle O2 (OXYGEN_UMOL_KG,
y axis) against CTD O2 (CTDOXY_UMOL_KG, x axis) val-
ues in micromoles per kilogram separately for each cruise
to determine offset and slope corrections between the two
sets of measurements through linear regression. Prior to re-
gression, we inspected all visually apparent outliers in the
context of the depth profiles at each station. Oxygen qual-
ity flags were not assigned at the time of analysis, although
notes were taken on any problems encountered at the time of
analysis (e.g., bubbles in titrator or running out of reagent).
Samples that had analytical problems noted or that were col-
lected from deep water and had outlying bottle O2 values
were flagged 4, as these values are likely bad for any appli-
cation, and were not included in the data product. The data
labeled with a 4 were identified from samples collected from
water depths> 25 m with O2 concentrations that appeared to
be from a substantially different depth within a given profile,
whether the value appeared to be substantially too low or too
high.

Another subset of samples was identified as having mis-
matches between CTD and bottle O2 values but where nei-
ther value was necessarily bad. These bottle samples were
flagged 3 in the submitted data sets, representing question-
able data, to denote the mismatch between bottle and CTD
measurements. Most of these were collected near the surface
and likely just reflect strong stratification resulting in real dif-
ferences in the O2 concentrations measured by the CTD O2
sensor compared with those in the overlying Niskin bottle
sample.

All other samples were presumed to be of acceptable qual-
ity and assigned initial QC flags of 2 accordingly. All sam-
ples flagged 3 or 4 during inspection were excluded from the
regression to avoid introducing leverage into the resulting
regression equation; however, many of the samples flagged
with values of 3 may be good for other applications. In total,
178 CTD–bottle O2 pairs were excluded due to having as-
signed data quality flags of 3 or 4 out of a total of 6153 pairs
(< 3 %; Table 3).

With the remaining data points, we generated linear re-
gression equations for each cruise (all regression r2 values
were ≥ 0.94) and used this relationship to adjust the CTD
O2 data for the offset and slope differences from bottle O2
values. In other words, while we had bottle O2 data for a
subset of all Niskin bottle samples, we generated the bottle-
O2-equivalent value for all CTD O2 samples by applying
the regression relationship to the CTD O2 data. Coefficients
from linear regressions used to adjust CTD O2 values for all
cruises are listed in Table 3 and correspond to the following
equation:

CTDOXY_UMOL_KG_ADJ=m×CTDOXY_UMOL_KG+ b, (4)

where m is the slope and b is the intercept of the regres-
sion equation between the Winkler (OXYGEN_UMOL_KG)
and CTDOXY_UMOL_KG values (Table 3). The CT-
DOXY_UMOL_KG_ADJ variable in the submitted data files
represents the CTD oxygen values adjusted in this manner.
Regression slope values ranged from 0.81 to 1.14, with inter-
cepts from 0.05 to 15.8 µmolkg−1.

Finally, we created a hybrid oxygen column con-
sisting of all Winkler O2 data with “acceptable”
quality, with CTDOXY_UMOL_ KG_ADJ filling
missing values; this parameter is called RECOM-
MENDED_OXYGEN_UMOL_KG. The recommended
O2 data column is also provided in both milligram-per-liter
and milliliter-per-liter units to facilitate adoption by various
end user communities. The conversion of recommended O2
values from micromoles per kilogram to milligrams per liter
and milliliters per liter was done by rearranging Eqs. (2) and
(3).

3.2 Extended quality control

Extended quality control consisted of the preparation of
property–property plots after any samples flagged as a 4 (bad
value) were eliminated and interpolated pressure vs. along-
transect-distance plots (or “depth-transect plots”). Property–
property plots were made of parameters that normally show
strong correlations with each other (Figs. 2, 3). Following
the recommendations of Jiang et al. (2021) for CODAP-NA
data sets, we prepared the following plots: (1) CTD salin-
ity against CTD temperature, (2) TA against CTD salinity,
(3) TA against silicate content, (4) TA against DIC, (5) DIC
against adjusted CTD oxygen content, (6) phosphate against
nitrate, (7) nitrate against silicate, and (8) all nutrients (sili-
cate, phosphate, nitrate, nitrite, and ammonium) against ad-
justed CTD oxygen content. Outliers were again compared
to nearby depth and station samples within their cruise and
flagged as 3 or 4 as appropriate. All data in the Salish cruise
data product with QC flags of 3 were excluded from statisti-
cal summaries. However, their distributions are retained in
gray in property–property plots to provide end users with
more information about how likely the data are to be useful
for their applications (Figs. 2, 3).

Interpolated depth transects prepared in Golden Software’s
Surfer program visually depict cross-sections of oceano-
graphic parameters along transects from the coast into Puget
Sound for S2S cruises (Fig. 4) and from Admiralty Reach
along transects toward the terminus of each basin for Puget
Sound cruises (Figs. 5–9). Outliers identified on depth-
transect plots typically manifest as a “bullseye” pattern corre-
sponding to a single sample. Bullseye points were evaluated
and reassigned a quality flag of 4 if it was ascertained that
the value was likely bad (e.g., due to a Niskin bottle firing at
the wrong depth or a sample bottle having been improperly
preserved or sealed between collection and analysis) rather
than a correctable data entry error. Outliers that changed dis-
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Table 3. Oxygen correction coefficients and statistics for each cruise.

Cruise dates Slope Intercept r2 Total number of paired Number of pairs excluded
(m) (b) CTD–bottle O2 measurements from regression (%)

4–8 Feb 2008 1.0239 1.4071 0.9738 344 2 (0.6)
11–15 Aug 2008 0.9097 6.8668 0.9875 450 13 (2.9)
29 Sep–2 Oct 2009 0.9974 11.903 0.9843 295 14 (4.7)
31 Oct–3 Nov 2010 1.0417 −0.3001 0.9850 343 7 (2.0)
8–14 Oct 2011 1.1123 −2.0014 0.9856 412 5 (1.2)
25–26 May 2012 1.1077 −2.3810 0.9978 65 2 (3.1)
22–23 Apr 2013 1.0675 3.1860 0.9969 69 12 (17.4)
22–25 Sep 2013 1.0919 −4.6056 0.9900 89 2 (2.2)
14–18 Jul 2014 1.0128 7.6644 0.9803 290 7 (2.4)
29 Sep–3 Oct 2014 1.0182 6.5779 0.9865 289 8 (2.8)
22–31 Oct 2014 1.0490 0.1607 0.9909 157 6 (3.8)
5–9 Apr 2015 1.0116 8.9541 0.9805 235 5 (2.1)
23–24 May 2015 1.0379 1.7756 0.9984 99 2 (2.0)
7–11 Jul 2015 1.0225 3.4611 0.9893 251 6 (2.4)
23–27 Sep 2015 1.0122 4.6005 0.9713 234 10 (4.3)
16–19 Nov 2015 1.0508 2.9504 0.9963 106 3 (2.8)
17–19 Mar 2016 0.9480 4.0508 0.9894 84 3 (3.6)
5–9 Apr 2016 1.0276 3.1942 0.9929 235 5 (2.1)
23–24 May 2016 1.0222 0.0490 0.9972 16 0 (0.0)
7 and 21–25 Jul 2016 1.0220 2.6451 0.9778 235 6 (2.6)
21–25 Sep 2016 0.9956 10.0200 0.9790 235 5 (2.1)
24–27 Oct 2016 1.1417 −8.2110 0.9832 63 2 (3.2)
4–10 Apr 2017 1.0438 6.3659 0.9667 210 3 (1.4)
2–5 May 2017 1.1137 −3.4906 0.9745 40 3 (7.5)
11–15 Jul 2017 0.8066 1.4562 0.9851 238 18 (7.6)
11–15 Sep 2017 0.8771 10.848 0.9634 238 4 (1.7)
16–18 Oct 2017 1.0534 2.8415 0.9808 32 1 (3.1)
7–11 Apr 2018 0.9479 8.4378 0.9648 238 13 (5.5)
23–24 May 2018 1.0276 6.3819 0.9908 61 4 (6.6)
23–27 Jul 2018 0.9714 7.0186 0.9601 233 3 (1.3)
11–15 Sep 2018 0.9221 15.815 0.9400 234 3 (1.3)
16–19 Oct 2018 1.1072 −7.7106 0.9862 33 1 (3.0)

tributions of oceanographic parameters in the depth transects
were subsequently excluded from the cross-sections.

Offsets due to strong stratification in surface waters may
yield apparent outliers in such property–property plots com-
paring CTD sensor data with Niskin bottle analysis data
or bottle samples collected sequentially (e.g., Winkler O2
vs. DIC, TA, or nutrients). In the property–property plots
described above, salinity and temperature are based on sen-
sor measurements associated with the CTD package; oxygen
data were derived from both CTD sensor and bottle measure-
ments; and DIC, TA, and nutrient measurements were con-
ducted on bottle samples collected some distance above the
CTD sensors. While both sensor and discrete bottle sample
data in such comparisons may represent accurate measure-
ments, particularly in stratified surface waters, we applied
quality flags of 3 (questionable) to the Niskin data of dis-
agreeing sample pairs to reflect the fact that the CTD–bottle
sample pairs may not be suitable for all end uses (e.g., as

described in Sect. 3.1.4). For instance, using paired sensor
and bottle data from strongly stratified surface waters could
yield unreliable empirical relationships (cf. Alin et al., 2012;
Fassbender et al., 2017).

4 Results

4.1 Sampling coverage and extended quality control of
the 2008–2018 Salish cruise data product

To differentiate the distributions of physical and biogeo-
chemical parameters across seasons in the Salish cruise
data product, we defined four seasons as fall (October–
November), winter (January–March), early upwelling season
(April–May), and late upwelling season (July–September)
(months not listed were not sampled on cruises included
in the 2008–2018 Salish cruise data product). Collectively,
the 2008–2018 Salish cruise data product includes oceano-
graphic observations from 715 profiles, with 144 profiles col-
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lected during the early upwelling season, 338 during the late
upwelling season, and 181 during fall (Table 4). As in many
regions, the fewest cruise observations were collected dur-
ing winter conditions (52 profiles) (e.g., Benway et al., 2016;
Jiang et al., 2021). Late-upwelling-season profiles occurred
during more years across the cruise time series than during
early-upwelling-season or fall months, and profiles collected
during winter months only occurred during 1–2 years in any
basin. Across the region, the fewest profiles in this data prod-
uct were collected in coastal waters. The largest number of
profiles were collected in Hood Canal, which received the
most sampling effort due to the need to understand variabil-
ity in oxygen and acidification conditions in this location that
is known to experience recurring seasonal hypoxia.

Sensor measurements of temperature, salinity, and oxy-
gen are the most numerous observations across the Salish
cruise profiles (n= 7525, 7525, and 7491, respectively), and
very few of these measurements reflected questionable val-
ues (i.e., QC flags of 3, with 3, 29, and 9 total observa-
tions, respectively) (Table 5). A few CTD profiles appeared
to have higher-than-expected salinity values throughout the
water column and received QC flags of 3, while individual
measurements near the surface flagged as 3 (questionable)
may simply reflect strong near-surface stratification and be
valid measurements.

Discrete measurements of oxygen via Winkler titration
were conducted on 6070 samples. Of these, 170 Winkler O2
values were assigned QC flags indicating questionable qual-
ity and eight were flagged 4, indicating bad-quality mea-
surements that were not submitted (reflected as QC flags
of 5, meaning “not reported” in the data product) (Table 5,
Fig. 2a). Of the questionable-quality samples, 74 % were
shallower than 23 dbar, with 65 % in the top 12 dbar of the
water column. Most Winkler O2 data with flags of 3 also
likely reflect strong near-surface stratification rather than
truly questionable measurements (as explained in Sect. 3.2
and tallied in Table 3). Jiang et al. (2021) also observed near-
surface sample mismatches between discrete and CTD O2
measurements in coastal data sets and concluded that these
samples likely reflected true differences between conditions
measured by CTD sensors and bottle oxygen samples mea-
surements due to slight differences in depth and strong near-
surface stratification.

Dissolved inorganic carbon and total alkalinity measure-
ments (n= 4462 and 4695, respectively) received the most
thorough initial QA /QC attention (following the SOPs in
Dickson et al., 2007), having been assigned QC flags imme-
diately after laboratory analyses were conducted based on in-
strument diagnostics (with 90 and 101 QC= 3 flags assigned
to DIC and TA at this stage) or routine plots generated in
the process of finalizing the data (Table 5). Additional ques-
tionable QC flags were assigned during extended QC to six
samples each for DIC and TA, with some overlap, based on
property–property plots against salinity.

Nutrient analyses were conducted on 6169 samples (Ta-
ble 5). These cruises did not have nutrient sensors, and nu-
trient data were not QC flagged by the laboratory providing
the data. We assigned 150 nutrient observations QC flags of
3, using the property–property plots recommended by Jiang
et al. (2021) to identify outliers (Fig. 2b–h). While a num-
ber of these plots showed significant scatter, we took a con-
servative approach to flagging outliers, assigning no flags of
4, with the recognition that many of these outliers may re-
flect either freshwater influence or redox or biological condi-
tions caused by environmental anomalies such as the marine
heatwave conditions of 2014–2016 (e.g., Alin et al., 2023a).
Thus, we suggest that other apparent nutrient outliers deserve
further scrutiny before concluding that they are necessarily
questionable or bad measurements. We flagged all nutrients
as questionable when only one parameter may have been an
outlier, with the rationale that the full suite of nutrient mea-
surements for that sample may warrant further attention.

In total, the Salish cruise data product consists of 3971 ob-
servations for which the full suite of inorganic carbon, oxy-
gen, nutrient, and CTD measurements are available, with all
parameters having QC flags of 2 or 6 after extended QC,
indicating acceptable-quality measurements. These highest-
quality, co-located measurements are the core of the Sal-
ish cruise data product most suitable for assessing multiple-
stressor conditions, such as co-occurring marine heatwaves,
hypoxia, and ocean acidification. This subset of the data can
be used without further modification for CO2SYS or seacarb
calculations and is provided as a separate CSV data product
for end users wishing to perform CO2 system calculations
without having to further consider data that may be question-
able. For end users who prefer to either apply average nutri-
ent concentrations or zero values for nutrient measurements
that are missing or flagged for calculating the full CO2 sys-
tem, there are an additional 305 sets of observations of DIC,
TA, temperature, and salinity (with 50 of these having ques-
tionable nutrient values that may be found to be of accept-
able quality after further analysis). Finally, for end users with
the capacity to conduct additional QC, especially on nutrient
measurements, and/or interpolate any of the missing values
for a desired analysis, the full data set of 7525 observations,
including measurements with QC flags of 3, is also avail-
able. All three subsets of the Salish cruise data product are
available on the NOAA National Centers for Environmental
Information web site, as described in Sect. 7.

4.2 Range and spatial distribution of oceanographic
conditions across the Salish cruise study region

Oceanographic parameters spanning the region from Wash-
ington’s coastal waters to the interior parts of each sub-basin
of the southern Salish Sea occupied broad ranges of val-
ues. Summary statistics are provided in Table 6, although
it should be noted that observations in this discrete sample
data product are biased toward shallower depths: 40 % of
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Table 4. Numbers of water column profiles and years sampled in each basin by season. Months sampled in each season are indicated in each
column header.

Region Early upwelling season Late upwelling season Fall Winter Total
(Apr–May) (Jul–Sep) (Oct–Nov) (Jan–Mar)

Profiles Years Profiles Years Profiles Years Profiles Years Profiles

Coast 16 7 9 3 13 6 4 2 42
Strait of Juan de Fuca 25 6 37 8 37 7 9 2 108
Admiralty Inlet 15 5 44 8 16 4 6 2 81
Main Basin 23 4 62 8 35 8 12 2 132
South Sound 12 4 32 6 18 4 4 1 66
Whidbey Basin 16 4 49 7 12 4 5 1 82
Hood Canal 37 4 105 7 50 4 12 1 204

Table 5. Numbers of high-quality measurements (QC flags of 2 or 6) in the Salish cruise data product, by basin, for temperature (T , ITS-90),
salinity (S, PSS-78), adjusted CTD oxygen (CTD O2), discrete (“Winkler”) O2, dissolved inorganic carbon (DIC), total alkalinity (TA), and
nutrients. Numbers of measurements of questionable quality (QC flags of 3) that are included in the data product and may be useful for some
applications are indicated in parentheses.

Region T S CTD O2 Winkler O2 DIC TA Nutrients

Coast 534 (0) 534 (0) 504 (1) 407 (27) 330 (8) 326 (11) 438 (2)
Strait of Juan de Fuca 1021 (0) 1019 (2) 1019 (2) 849 (8) 700 (11) 717 (8) 833 (25)
Admiralty Inlet 755 (1) 755 (1) 755 (1) 570 (5) 449 (5) 461 (2) 576 (7)
Main Basin 1579 (0) 1569 (10) 1574 (0) 1282 (40) 808 (21) 905 (17) 1335 (11)
South Sound 711 (0) 703 (8) 710 (1) 520 (13) 364 (8) 385 (14) 543 (7)
Whidbey Basin 814 (2) 813 (3) 815 (1) 679 (19) 419 (9) 442 (16) 690 (9)
Hood Canal 2108 (0) 2103 (5) 2105 (3) 1593 (58) 1296 (34) 1352 (39) 1679 (14)

observations were collected from ≤ 20 dbar and 63 % from
≤ 50 dbar, compared with 31 % from > 50–150 dbar and
< 7 % from > 150 dbar (see symbol color in Fig. 2). Param-
eters were often distributed similarly across boundary wa-
ter stations (coast, Strait of Juan de Fuca), Puget Sound sta-
tions from more well-mixed basins (Admiralty Reach, Main
Basin, and South Sound), and more stratified Puget Sound
stations (Whidbey Basin and Hood Canal), but summary
statistics are provided in Table 6 by individual basin. Tem-
peratures across the region and water column spanned 6.0–
21.8 ◦C, with the lowest measurements in deep coastal waters
and the highest in Hood Canal surface waters (Figs. 2; 3e, i;
4; 5). Salinity spanned 15.6–34.0, with all but two of the ac-
ceptable salinity values < 25 occurring in the stratified WB
and HC basins, and the highest salinity in deep coastal waters
(Figs. 3e, i; 4; 6). Adjusted CTD O2 values had their lowest
and highest values in Hood Canal’s deep and surface waters,
respectively, spanning 12–481 µmolkg−1 overall (Figs. 3h, l;
4; 9). Both DIC and TA had their minimum observations in
HC surface waters (1074 and 1274 µmolkg−1, respectively),
while their maxima occurred in SJdF deep waters (2362
and 2296 µmolkg−1, respectively), likely reflecting canyon-
enhanced upwelling via the Juan de Fuca Canyon (Figs. 3g,
k; 4; 7; 8). Minimum phosphate measurements approached
zero in all areas, with maxima of 2.6–3.0 µmolkg−1 in all

basins except in WB and HC, where maxima reached 3.8–
4.4 µmolkg−1 (Table 6, Figs. S1–S2). Silicate content had
wide ranges across the region, with the lowest minimum val-
ues of 0.0–1.5 µmolkg−1 in boundary waters and the highest
maxima of 85.4–113.8 µmolkg−1 in WB and HC (Figs. S1–
S3). Nitrate content had similar ranges across the region,
with minima of 0.0–1.1 µmolkg−1 and maxima spanning
31.1–39.1 µmolkg−1 (Figs. S1–S4).

Across the decade-long cruise time series, separation in
the seasonal and spatial distributions of the core parameters
of temperature, salinity, TA, DIC, and oxygen – which are the
most critical for assessing variations in marine heat, hypoxia,
and acidification – can be visualized to more fully delineate
the distinct water mass characteristics across the region using
depth transects (Figs. 4–9). Late-upwelling-season and fall
temperatures were higher than those in winter and the early
upwelling season, with the broadest salinity ranges observed
during the upwelling season (Figs. 3, 4). Together, the T –S
distributions were widest, with the greatest scatter in both T
and S values in the stratified basins, with more concentrated
T and S values in the middle of the full range in the well-
mixed PS regions, and most of the highest S, lowest T values
clustering in boundary waters (Fig. 3–5).

For the most part, the relationship between salinity and
alkalinity was linear and overlapped across seasons, basins,
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Figure 2. Property–property plots of oceanographic parameters used to detect data with potential sampling or analytical problems: (a) ad-
justed CTD oxygen (CTDOXY_UMOL_KG_ADJ) vs. Winkler oxygen (OXYGEN_UMOL_KG) content; (b) adjusted CTD oxygen vs. ni-
trate (NITRATE_UMOL_KG) content; (c) adjusted CTD oxygen vs. nitrite (NITRITE_UMOL_KG) content; (d) adjusted CTD oxygen
vs. ammonium (AMMONIUM_UMOL_KG) content; (e) silicate (SILICATE_UMOL_KG) vs. total alkalinity (TA_UMOL_KG) content;
(f) dissolved inorganic carbon (DIC_UMOL_KG) vs. nitrate content; (g) phosphate (PHOSPHATE_UMOL_KG) vs. nitrate content; and
(h) silicate. Measurements with QC flags of 2 (acceptable) for both parameters are colored by pressure, and those with flags of 3 (question-
able) for either parameter are shown in gray.

and depths (Figs. 3–4 and 6–7), but fall and winter mostly
had higher values of both S and TA, while upwelling sea-
son TA and S occupied the full range of values seen in both
parameters, with wider scatter at low S and TA values reflect-
ing the input of rivers with a wide range of TA end-member

values (e.g., Voss et al., 2014; Banas et al., 2015; Bianucci
et al., 2018; Moore-Maley et al., 2018). Spatially, boundary
waters more typically had high TA and S values, well-mixed
PS basins had moderate values, and stratified PS basins had
the lowest TA and S values (Figs. 3, 4, 6, 7).
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Table 6. Summary statistics (minimum–maximum (median± standard deviation)) for temperature (T , ITS-90), salinity (S, PSS-78), adjusted
CTD oxygen (O2), dissolved inorganic carbon (DIC), total alkalinity (TA), phosphate, silicate, and nitrate by basin.

Region T S O2 DIC TA Phosphate Silicate Nitrate
(◦C) (µmol kg−1) (µmolkg−1) (µmolkg−1) (µmolkg−1) (µmolkg−1) (µmolkg−1)

Coast 6.0–15.6 28.2–34.0 47–417 1838–2344 1984–2284 0.0–2.9 1.5–65.0 0.0–36.7
(9.3± 2.5) (32.5± 1.0) (215± 89) (2103± 122) (2196± 51) (1.5± 0.8) (26.3± 19.2) (15.7± 12.3)

Strait of Juan de Fuca 6.6–15.2 28.6–33.9 38–429 1807–2362 2013–2296 0.0–3.0 0.0–64.5 0.0–36.2
(9.5± 1.4) (31.4± 1.3) (182± 56) (2084± 88) (2146± 58) (2.2± 0.4) (44.7± 9.2) (24.2± 6.0)

Admiralty Inlet 7.3–14.6 27.4–32.8 101–349 1713–2195 1939–2218 0.3–2.6 5.9–68.9 1.1–31.1
(10.8± 1.5) (30.6± 0.8) (198± 39) (2042± 59) (2107± 42) (2.1± 0.3) (42.6± 7.7) (21.2± 4.4)

Main Basin 7.5–16.5 24.0–31.2 148–419 1637–2148 1799–2150 0.0–2.7 2.1–67.8 0.0–31.8
(11.6± 1.9) (29.9± 0.8) (209± 47) (1996± 66) (2071± 43) (2.1± 0.4) (45.0± 10.1) (21.8± 5.8)

South Sound 6.8–16.8 27.1–30.5 136–432 1692–2119 1928–2115 0.4–2.7 9.3–74.8 0.8–31.5
(13.0± 2.4) (29.3± 0.7) (227± 44) (1956± 58) (2050± 39) (2.1± 0.4) (46.0± 11.0) (16.7± 6.5)

Whidbey Basin 6.5–18.6 19.8–31.1 88–458 1316–2125 1452–2130 0.1–3.8 4.7–85.4 0.0–34.9
(11.3± 2.1) (29.3± 2.1) (203± 76) (1990± 163) (2035± 112) (2.3± 0.7) (48.3± 15.9) (23.0± 8.8)

Hood Canal 6.9–21.8 15.6–31.4 12–481 1074–2217 1274–2143 0.1–4.4 2.1–113.8 0.0–39.1
(10.9± 2.2) (29.8± 1.5) (168± 83) (2040± 129) (2067± 72) (2.5± 0.8) (55.7± 16.7) (24.2± 9.5)

Overall, DIC and alkalinity had a less linear relationship
across the region (Fig. 3) than salinity and alkalinity. The
highest DIC and TA values were observed across seasons
in boundary waters and appeared to have a shallower and
more linear slope than Puget Sound basins. Within PS, the
more stratified basins had the broadest, least linear relation-
ship, with a distinct flattening of TA values at the highest
DIC values in stratified basins, which occurs during the late
upwelling season into fall, when DIC accumulations are rela-
tively high there (Feely et al., 2010; Alin et al., 2023a). Depth
transects show that the magnitudes of seasonal changes in TA
are not as large as the seasonal changes in DIC in the deep
waters of the stratified basins, particularly in HC (Figs. 7, 8).

The seasonal consumption of oxygen and the enrichment
of DIC by respiration drive the development of hypoxic
and acidified conditions in the region (Feely et al., 2010,
2024). The relationship between DIC and O2 is linear over
the high-DIC, low-O2 end of the distribution, across sea-
sons and basins, reflecting the stoichiometric linkage be-
tween CO2 and O2 via respiration processes (Fig. 3d, h).
The greater scatter among higher-O2, lower-DIC observa-
tions, which occur in surface waters, reflects in part that O2
and CO2 have vastly different gas exchange rates with the
atmosphere (Wanninkhof, 2014), which reduces the linear-
ity of the relationship between CO2 and O2 typically seen in
subsurface waters (Fig. 3l). Higher DIC and lower O2 val-
ues tend to occur during the late upwelling season through
winter across the region (Figs. 3, 8, 9). The distribution of
DIC values relative to O2 content also differs between the
coast and Puget Sound, with boundary water stations hav-
ing higher DIC for the same O2 levels compared with Puget
Sound basins, with stratified basins having the lowest DIC
relative to O2 levels (Fig. 3h). The most hypoxic and acid-

ified conditions observed in the region covered by this data
compilation typically occur at the southern end of HC (Feely
et al., 2010; Alin et al., 2023a). In addition to the important
role that respiration plays in creating the hypoxic, acidified
conditions seen in the southern HC, mixing and river input
contribute to the separation of the DIC vs. O2 data distribu-
tion on the coast vs. in Puget Sound. Strong mixing of deep
upwelled marine water entering Puget Sound through Admi-
ralty Reach with river-influenced surface waters both equili-
brates O2 from deep waters with the atmosphere more than
it equilibrates CO2 (sensu Ianson et al., 2016) and mixes sur-
face water with relatively high O2 and low DIC and TA con-
tent from regional rivers to depth. Further mixing occurs as
denser incoming marine waters transit another glacial sill go-
ing from Admiralty Reach into Hood Canal. Together, these
processes contribute to lower PS DIC and TA and higher O2
in deep PS waters, particularly in HC, compared with up-
welled coastal waters. The highest O2 and lowest DIC con-
ditions occur in surface waters predominantly during the up-
welling season, again with lower DIC for the same O2 level
in PS basins than along the coast. Mixing during winter pro-
vides nutrient supply to the surface water during spring and
summer; this, coinciding with longer day lengths, fuels pro-
duction that is subsequently respired at depth (Figs. S1–S4
show distributions of the major nutrients phosphate, silicate,
and nitrate through the study region and seasons). The hy-
poxic, acidified waters from the deep HC are often pushed
up to mid-depth during fall if the seasonal oceanic intrusion
is denser (e.g., HC panels from October 2010 and Septem-
ber 2018 in Figs. 8 and 9).
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Figure 3. Property–property plots of oceanographic parameters used to delineate spatial, seasonal, and depth variability: salinity (CTD-
SAL_PSS78) vs. temperature (CTDTMP_DEG_C_ITS90) by season (a), location (e), and pressure (∼ depth, i); salinity vs. total alkalinity
(TA_UMOL_KG) by season (b), location (f), and pressure (j); dissolved inorganic carbon (DIC_UMOL_KG) vs. total alkalinity by sea-
son (c), location (g), and pressure (k); and CTD oxygen (CTDOXY_UMOL_KG_ADJ) vs. dissolved inorganic carbon by season (d), loca-
tion (h), and pressure (l). Seasons are fall (October–November), winter (January–March), early upwelling (April–May), and late upwelling
(July–September). Stations are colored separately for boundary waters (coast and Strait of Juan de Fuca (SJdF)), well-mixed Puget Sound
(Admiralty Reach (AR), Main Basin (MB), and South Sound (SS)), and stratified Puget Sound basins (Whidbey Basin (WB) and Hood Canal
(HC)). All observations with a QC flag of 3 (questionable) for either parameter are shown in gray.

5 Applications and limitations of the Salish cruise
data product

5.1 Using the Salish cruise time series to understand
the ecological impacts of climate and ocean change

5.1.1 Past applications

A number of studies have already used Salish cruise data
from this data product to describe variability in ocean condi-
tions and provide context for understanding the physiological

condition of and response to ocean acidification conditions
for regionally important species, under both current and pro-
jected scenarios. For example, cruises included in this data
product through 2014 were included in a large data compi-
lation used to create seasonal climatologies for salinity, tem-
perature, DIC, TA, and the calculated CO2 system param-
eters CO2 fugacity (fCO2), pH (on the total scale), arago-
nite saturation state (�arag), and Revelle factor (a buffering
capacity metric), allowing end users to assess the range of
average surface conditions expected in Washington’s marine
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Figure 4. Depth-transect plots from Sound-to-Sea cruises for CTD temperature, salinity, adjusted CTD oxygen, dissolved inorganic carbon,
and total alkalinity in the respective columns. The month and year when each cruise began is indicated in the left panel of each row. Each
panel shows ocean conditions starting at the Ćhá ba·mooring (CB), traveling through the Juan de Fuca Canyon (JdFC) and the Strait of Juan
de Fuca (SJdF), over the glacial sills in Admiralty Reach (AR), and into the Main Basin (MB) of Puget Sound as the distance along transect
increases (see map in Fig. 1). Color scales are the same for each parameter across Fig. 4 and the comparable Puget Sound figures (Figs. 5–9).
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Figure 5. Depth-transect plots from all Puget Sound cruises by sub-basin for CTD temperature measurements, with the month and year
when each cruise began indicated in the left panel of each row, noting that there are two columns consisting of four panels each to encom-
pass all cruises. From left to right, panels within each column correspond to Admiralty Reach (AR), Main Basin–South Sound (MB–SS),
Whidbey Basin (WB), and Hood Canal (HC). Colors of abbreviations correspond to station colors in Fig. 1. Admiralty Reach panels show
the bathymetric profile and ocean conditions from the Strait of Juan de Fuca (SJdF) on the left going through Admiralty Reach toward Puget
Sound on the right. The other three panels start at the nearest point on their respective transects inside Puget Sound from Admiralty Reach
and progress to the distal end of the transects shown in the Fig. 1 inset map as distance along transect increases.
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Figure 6. Depth-transect plots from all Puget Sound cruises for salinity. Figure organization is the same as in Fig. 5.
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Figure 7. Depth-transect plots from all Puget Sound cruises for total alkalinity content (TA, µmolkg−1). Figure organization is the same as
in Fig. 5. The inset map shows sampling stations and is shown in place of data profiles for cruises that were not sampled for inorganic carbon
parameters.
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Figure 8. Depth-transect plots from all Puget Sound cruises for dissolved inorganic carbon content (DIC, µmolkg−1). Figure organization
is the same as in Fig. 5. The inset map shows sampling stations and is shown in place of data profiles for cruises that were not sampled for
inorganic carbon parameters.
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Figure 9. Depth-transect plots from all Puget Sound cruises for adjusted CTD oxygen content (O2, µmolkg−1). The bold contour at
62 µmolkg−1 represents a commonly used hypoxia threshold. Figure organization is the same as in Fig. 5.
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ecosystems (Fassbender et al., 2018). The same data com-
pilation underpinned the development of an empirical TA–S
relationship in Washington’s marine surface waters (0–25 m)
that allows users to estimate TA data using salinity as a proxy
(Fassbender et al., 2017), providing end users a second sur-
face carbon parameter for use in calculating the full CO2 sys-
tem and assessing acidification levels in ecosystems or sta-
tions with only a single carbon data stream. This approach
could be especially useful for understanding conditions in
nearshore ecosystems, where full constraint of the CO2 sys-
tem is often lacking (e.g., Jewett et al., 2020). Comparisons
of observations further south in the California Current system
have shown that upwelling water masses low in O2 and high
in CO2 often influence nearshore ocean acidification and hy-
poxia (OAH) conditions (Chan et al., 2017; Kekuewa et al.,
2022). However, freshwater influence is stronger in the north-
ern California Current system and the Salish Sea, which can
result in strong water column stratification and decoupling
between shallow, nearshore, and deeper conditions offshore.
The Salish cruise data product provides the opportunity to
develop empirical relationships for more localized areas of
the southern Salish Sea and its boundary waters, including
deeper parts of the water column (e.g., Juranek et al., 2009;
Alin et al., 2012), to provide more relevant biogeochemical
context for local ecosystem monitoring than offshore obser-
vations can provide.

Observations at the spacing of discrete samples were used
to generate the depth transects in Figs. 4–9. However, CTD
cast data with a higher vertical resolution (0.5 dbar bins)
can be used as a basis for interpolating conditions between
the more widely spaced discrete measurements presented
in this article. High-resolution downcast CTD data corre-
sponding to all oceanographic profiles in this data product
are also publicly available (http://www.nanoos.org, last ac-
cess: 15 September 2023), but they were not analyzed or
archived at the National Centers for Environmental Informa-
tion (NCEI) with the Salish cruise data product. For exam-
ple, Reum et al. (2014) created high-resolution depth pro-
files of temperature, O2, pCO2, and �arag conditions across
2008–2011 Salish cruises at stations in Hood Canal and Ad-
miralty Reach using partial least-squares regressions to in-
terpolate conditions for each region and cruise. End users
requiring higher-resolution water column information could
use this interpolation approach based on combining the Sal-
ish cruise data product described here with downcast CTD
data from the “Data” tab on the Northwest Association of
Networked Ocean Observing Systems (NANOOS) Salish
Cruise app (http://nvs.nanoos.org/CruiseSalish, last access:
15 September 2023), which provides the downcast, high-
resolution complement of the CTD parameters described in
this article using upcast data at discrete sample spacing. Files
on the NANOOS app also include data for potential tempera-
ture, oxygen saturation (%), chlorophyll fluorescence, beam
transmission, beam attenuation, potentiometric pH for some

cruises (on the NBS pH scale), and photosynthetically active
radiation.

5.1.2 Extended and potential future applications

The data product can also inform biological assessments.
Many regional species have inferred or known sensitivity
to ocean acidification parameters (pCO2, partial pressure of
CO2; pH; and �) (Busch and McElhany, 2016; Jones et al.,
2018). The early part of this time series was used to delineate
the range of physical and biogeochemical conditions encoun-
tered by species of ecological or economic importance in the
region (Reum et al., 2014, 2016). Pteropods, an exemplar of
ocean acidification impacts, have been shown to experience
pronounced dissolution in the Salish Sea, particularly in the
more stratified and acidified basins (Bednaršek et al., 2021).
Ongoing laboratory and field research to better understand
the sensitivity of regionally important species (e.g., Miller
et al., 2016; Bednaršek et al., 2020a, b, 2021, 2022; McEl-
hany et al., 2022) has thus been able to use observed ranges
and combinations of conditions encountered in the region for
physical and OAH parameters rather than projections of fu-
ture global ocean conditions that are often substantially in-
appropriate for representing the more dynamic and acidified
conditions in coastal and estuarine ecosystems in Washing-
ton waters (Feely et al., 2008, 2016; Siedlecki et al., 2021).

An analysis of seasonal and interannual variability in the
Salish cruise data product has provided preliminary infor-
mation about the severity and relative frequency of ocean
acidification, hypoxia, and marine heatwave conditions in the
southern Salish Sea (Alin et al., 2023a). In combination with
regional physical and oceanographic models (Khangaonkar
et al., 2012; Siedlecki et al., 2016; MacCready et al., 2021),
the Salish cruise data product can thus facilitate the ex-
tension of holistic vulnerability assessments like those that
have been done for important shellfish fisheries on the coast
(e.g., Hodgson et al., 2018; Berger et al., 2021) into Puget
Sound, where the shellfish aquaculture industry contributed
USD 184 million of economic activity, USD 77.1 million of
labor income, and 2710 jobs to the Washington state econ-
omy in 2010 (Northern Economics, Inc., 2013). Past stud-
ies have examined the distribution of Dungeness crab pop-
ulations in Hood Canal, which are the target of valued re-
gional tribal and recreational harvests, in response to hypoxia
levels along the basin (Froehlich et al., 2014). The Salish
cruise data product may facilitate a deeper look at whether
crab populations respond to chronically acidified conditions
in a similar way (Alin et al., 2023a, b), based on known
responses to elevated CO2 and decreased � and pH condi-
tions as well the biological responses during their critical life
stages (Miller et al., 2016; Bednaršek et al., 2020a; McEl-
hany et al., 2022). Finally, the Salish cruise data product
can provide an important validation data set for the physi-
cal and biogeochemical parameters represented in the com-
plex 3-D numerical simulations that contribute to vulnera-
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bility assessments. Appropriate regional models operate on
timescales from daily to seasonal forecasts (e.g., Siedlecki et
al., 2015, 2016; MacCready et al., 2021) to multiyear hind-
casts (Khangaonkar et al., 2021) or end-of-century projec-
tions (Khangaonkar et al., 2019; Bednaršek et al., 2020b;
Siedlecki et al., 2021).

The West Coast Ocean Data Portal is funding an effort to
develop ocean indicators, including one to track the ocean
acidification status across the entire US West Coast. Moored
observations and numerical models allow the estimation of
indicators such as the percentage of time or volume of wa-
ter over which a location experiences conditions that sur-
pass a given threshold (e.g., Sutton et al., 2016; Feely et al.,
2024). Where estimates of preindustrial-era CO2 system con-
ditions are available, they can provide a means of gauging
the magnitude of change due to anthropogenic CO2 vs. nat-
ural processes or other anthropogenic causes (Sutton et al.,
2016; Alin et al., 2023b). The Salish cruise data product of-
fers the potential for creating seasonal OA indicators that es-
timate, e.g., the percentage of the water column occupied by
conditions that exceed a biological threshold. Another OA
indicator could be the expansion (in percent) of corrosive
(�< 1) water since the preindustrial era within the more in-
land basins of the southern Salish Sea. The development of
such indicators would further expand the applicability of Sal-
ish cruise data to the management of natural resources and
water quality.

5.2 Data product limitations

The compiled Salish cruise data product provides observa-
tions from 35 cruises, each with coverage of at least part of
the study region and providing spatial and depth sampling
coverage not afforded by other platforms in inland waters.
However, the temporal resolution is at best seasonal, due
to the expense and labor associated with conducting ship-
board surveys. Thus, sampling of short-term events and illu-
minating the timeline of longer-lasting anomalies cannot be
done solely with the Salish cruise data product. Fortunately,
the region is also home to a number of time-series moor-
ings that can be used to provide higher-resolution context for
these detailed cruise observations at select locations through
the study area (e.g., Northwest Environmental Moorings,
https://nwem.apl.washington.edu/, last access: 15 Septem-
ber 2023; and Olympic Coast National Marine Sanctuar-
ies oceanographic moorings, https://olympiccoast.noaa.gov/
science/oceanographic-moorings/, last access: 15 Septem-
ber 2023). Multiple numerical models provide hindcasts and
projections of ocean physical and biogeochemical condi-
tions on daily to end-of-century timescales in the region as
well. Using a combination of oceanographic observations
and models, end users of this data product may be able to fill
gaps in spatial or depth coverage to fulfill diverse research
objectives.

6 Data availability

All finalized data described in this publication can
be accessed through the Ocean Carbon and Acid-
ification data portal on the NOAA National Cen-
ters for Environmental Information website (Alin et
al., 2022; https://doi.org/10.25921/zgk5-ep63). Af-
ter navigating to the HTTPS download link, the
user can select one of the three data product ver-
sions described in Sect. 4.1 above. File name “Sal-
ishCruise_dataProduct_2008to2018_09202023_CO2calcs.csv”
contains the smallest subset of the data product, consist-
ing of 3971 complete records of DIC, TA, T , S, O2,
and nutrient measurements with the highest-quality
QC flags, ready for calculations of the full carbon-
ate system; this file is recommended for end users
without strong familiarity with QC procedures or the
interpolation of biogeochemical data. File name “Sal-
ishCruise_dataProduct_2008to2018_09202023_questNut.csv”
contains an additional 50 samples with nutri-
ent data that require further QC attention (to-
tal of 4021 paired observations); all other data
have acceptable QC flags. File name “Sal-
ishCruise_dataProduct_2008to2018_09202023_allData.csv”
contains the most complete version of the Salish cruise data
product, including all data with questionable QC flags
and data gaps for users with the capacity for or in-
terest in interpolating to fill data gaps (total of 7525
records). An Excel file with updated metadata, including
a tab detailing changes since the previous version of the
data product on the NCEI page, is also available (“Sal-
ishCruise_dataProduct_2008to2018_metadata_09182023.
xlsx”). The index of data product files for download can also
be accessed via our NCEI landing page (https://www.ncei.
noaa.gov/access/ocean-carbon-acidification-data-system/
oceans/SalishCruise_DataPackage.html, last access:
18 September 2023), which shows the map available
for download on the HTTPS download page. Should users
wish to download individual cruise data files or the original
versions of each cruise submitted to NCEI, these are avail-
able in Table 1 on this landing page. To access the compiled
data products from the landing page, the user would click
the “Database Files” link to reach the index of data and
metadata files associated with this data product (the same
page reached via the HTTPS link described above). The data
product files, along with a metadata file, a list of updates in
more recent versions, and a standalone version of the map
on the landing page, can be downloaded by clicking on the
relevant file name on the index web page. End users are
encouraged to use one of the compiled data sets described
above, as these contain all updates to QC flags, and to always
download and use the most recent version of each file.
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7 Conclusions

The Salish cruise data product provides a compiled data
product including 35 cruise data sets that occupied stations in
the southern Salish Sea and its boundary waters in the Strait
of Juan de Fuca and nearby coastal waters obtained from
715 profiles of oceanographic data. This data product offers
end users access to a decade of cruise time-series data with
consistent formatting and both concentration and substance
content units for commonly used parameters like oxygen
and nutrients. Data from all cruises underwent added qual-
ity control measures, including extensive property–property
plotting of biogeochemical and physical parameters, to iden-
tify and flag data points that may be anomalous. However,
because the Salish Sea experienced a number of strong en-
vironmental anomalies during the 2008–2018 cruise time se-
ries comprising the data product, anomalous data identified
in this way were mostly flagged questionable rather than bad
to allow end users to determine whether these data are ul-
timately suitable for their analyses. The Salish cruise data
product presents climate-quality biogeochemical and physi-
cal oceanographic data from a productive, complex estuarine
system with several basins with distinct water mass charac-
teristics and dynamics. Thus, the data product assembles rich
information that can be used to validate 3-D models of ocean
conditions, frame biological sensitivity studies, and help end
users and decision-makers understand the range of condi-
tions throughout the region and the dynamic interannual vari-
ability in ocean acidification and hypoxia here.
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