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Abstract. We have assembled and conducted primary quality control on previously publicly unavailable water
column measurements of the dissolved inorganic carbon system and associated biogeochemical parameters
(oxygen, nutrients, etc.) made on 26 cruises in the subarctic and Arctic regions dating back to 1974. The
measurements are primarily from the western side of the Canadian Arctic, but also include data that cover an
area ranging from the North Pacific to the Gulf of St. Lawrence. The data were subjected to primary quality
control (QC) to identify outliers and obvious errors. This data set incorporates over four thousand individual
measurements of total inorganic carbon (TIC), alkalinity, and pH from the Canadian Arctic over a period of
more than 30 years and provides an opportunity to increase our understanding of temporal changes in the
inorganic carbon system in northern waters and the Arctic Ocean.

The data set is available for download on the CDIAC (Carbon Dioxide Information Analysis Center) website:

httpy/cdiac.ornl.goyftp/oceandOS_Arctic_Databagddoi:10.3334CDIAC/OTG.IOS_ARCT_CARBN.

Data coverage and parameters measured

Repository reference:
d0i:10.3334CDIAC/OTG.I0S_ARCT_CARBN

Available at: httpy/cdiac.ornl.goyftp/oceandOS_Arctic_
Databasg

Coverage: 48-83; 174-307 E

Location names: Gulf of Alaska; Bering, Beaufort,
Chukchi, East Siberian and Labrador seas; Canadian Arc-
tic Archipelago; Canada Basin; Ba Bay; Gulf of St.
Lawrence; Arctic Ocean

Datetime start: 13 August 1974

Datgtime end: 14 October 2009

Published by Copernicus Publications.

Data product Units
parameter name

Cruise

Station name

Nominal depth meters

Cast no.

Date

Latitude
Longitude

Cast depth

Water depth
sample no.

CTD pressure
CTD temperature
CTD salinity (practical
salinity)

CTD oxygen

yyyy-mm-dd hh:mm
decimal degrees
decimal degrees
meters

meters

decibar
°C

micromole kgt



http://cdiac.ornl.gov/ftp/oceans/IOS_Arctic_Database/
http://dx.doi.org/10.3334/CDIAC/OTG.IOS_ARCT_CARBN
http://dx.doi.org/10.3334/CDIAC/OTG.IOS_ARCT_CARBN
http://cdiac.ornl.gov/ftp/oceans/IOS_Arctic_Database/
http://cdiac.ornl.gov/ftp/oceans/IOS_Arctic_Database/

92 K. E. Giesbrecht et al.: Measurements of the dissolved inorganic carbon system in the Canadian Arctic

Data produgt Units
Parameter name

on the climate, the global carbon cycle, and ocean acidifica-
tion has amplified the importance of high-quality time-series

CTD transmissivity % measurements of the marine inorganic carbon system, espe-
CTD fluorescence milligram nd cially in regions like the Arctic, that are more sensitive and
CTD PAR microeinstein i s appear to respond faster to perturbations (Feely et al., 2009).
temperature (reversing °C Scientists at the Institute of Ocean Sciences (I0S; Fish-
thermometer) eries and Oceans Canada) and collaborators have collected

bottle salinity

seawater samples for analyses pertaining to the marine inor-
bottle oxygen

illi 3
millimole rm ganic carbon system in the Arctic since 1974. By the early

nitrate (N millimole m—3 . . )
silicate((sci%())H)) millimole m-2 1990s, collaboration with the Canadian coast guard enabled
phosphate (PP) millimole m-3 more frequent cruises in the western Canadian Arctic. In

the first decade of the 21st century, collaboration with other
Canadian, US, and other international scientists, and the in-
phaeophytin (PhaeoTOT) millimole th tensive €orts deployed during the International Polar Year
total suspended solids milligram L~* greatly increased the spatial and temporal coverage.
(TSS) _ _ . We initiated this data recovery project in response to the
E’sg'é)“'ate organic carbon - microgram L needs of an assessment conducted by the Arctic Monitoring
particulate organic and Assessment Programme of Arctic Ocean acidification
(AMAP, 2013), that required the collation of a high-quality

nitrogen (PON) . . .
total organic carbon data set of all the available measurements of dissolved inor-

ammonium (NH) millimole m3
chlorophylla (ChITOT) millimole nT3

microgram L-2

millimole L1

(TOC) ganic carbon and its associated parameters from the Arctic
dissolved organic carbon  millimole L1 region. These data will also be included in the GLODAP2
(DOC) data product compilation (Olsen et al., 2012).

dissolved inorganic carbon micromole kg*

(DIC)

alkalinity (alk) micromole kg 2 Data provenance

ngso (018) permil, Vienna This data set is a compilation of over 30 years of Cana-

Standard Mean

dian subarctic and Arctic inorganic carbon data collected

Ocean Water and measured by scientists at 10S. Most of the inorganic
(VSMOW) carbon data included in this data set have previously been
neither publicly available nor included in the I0S data
archives. These data cover much of the Canadian Arctic re-
gion (Fig. 1), though most of the stations lay within the Beau-
fort and Chukchi seas and the Canada Basin. Sampling ef-
The marine inorganic carbon system (£®ICO;, CO5™,  forts in this region have increased over time (Figs. 2—4), and
and CaCQ) is an essential component of the global car- much of the data included in this data set originates from the
bon cycle and one of the most importantien systems on  year 2000 onward (Figs. 2d and 3). The seasonal coverage
the planet, controlling the acidity of seawater and the speof the data has also increased over time (Fig. 3), though the
ciation of other weak acids and bases, as well as metalsnajority of the data were collected in the summer months
in seawater (e.g., Byrne et al., 1988). Thisffbting sys-  (July—September). The majority of the inorganic carbon sys-
tem not only &ects the chemistry of seawater, but also im- tem measurements included in this data set are for alkalinity
pacts biological systems, especially photosynthetic and cal¢rig. 4), especially from 2005 onwards.

careous organisms, and the atmosphere through air-sea ex-Thijs data set originates from several projects conducted
change. The oceanic dissolved inorganic carbon reservoir iguring the period 1974—2009 (Table 1), including the Beau-
50 times larger than the atmospheric £@servoir (Raven  fort Sea Project (BSP, 1974-1975), the Northern Oil and
and Falkowski, 1999). Given the constant exchange of gasegas Action Program (NOGAP, 1986-1992), the Arctic En-
between the two reservoirs through the air—sea interface angironmental Strategy (AES) Green Plan, Natural Resources
the relative size of the Creservoirs, the oceanic reservoir Canada’'s (NRCan) Panel of Energy Research and Develop-
ultimately controls the partial pressure of carbon dioxide in ment (PERD) Climate Program and Ocean Climate Program
the atmosphere and thus plays a key role in regulating globaloCP) (1993-2000), the Canadian Arctic Shelf Exchange
temperatures. It is estimated that more than 30 % of the anstudy (CASES, 2002—2004), Canada’s Three Oceans (C30,

thropogenic C@ emitted to the atmosphere since the onset2007-2009), and the ongoing Canada—US—-Japan collabora-
of the Industrial Revolution in the mid-18th century has beentjon Joint Ocean Ice Study (JOIS, 1997—2013).

absorbed by the ocean (Sabine et al., 2004). Increasing in-
terest in the fects of anthropogenic GOn the atmosphere

1 Introduction
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Table 1. List of the cruises included in the time-series data set and the associated information, including dates, references (cruise and data
reports), and measured parameters.

Cruise ID Ared Reference Oceanographic parameters measured
1974-70 2 Wong et al. (1976) GO

1975-74 2 Wong et al. (1976) GO

1986-71 2 Macdonald et al. (1988a) Chl, POM, 018,CO
1987-70 2 Macdonald et al. (1988b) Chl, POM, 018,CO
1987-71 2 Macdonald et al. (1988c) Chl, POM, 018,CO
1990-70 2 Macdonald et al. (1991) Chl, POM, £O
1992-16 2 Pearson et al. (1994) Chl, POM,,CO
1993-24 2 Macdonald et al. (1995) POM, £0

1995-26 2,3 Carmack et al. (1996) Chl, POM, 018,CO
1996-31 2 McLaughlin (1996) CO

1997-20 4 McLaughlin et al. (2008) Chl, 018, €O
2000-20 1,2 Hardenberg (2000) Chl, 018,L£0
2000-22 2,3 McLaughlin et al. (2009a) Chl, 018, £0
CASES2002 34 Fortier (2002) GO

2002-23 2 McLaughlin et al. (2009b) Chl, POM, €O
2003-21 3 McLaughlin et al. (2009c¢) Chl, 018, €0
CASES2003 34 Miller (2003), Nozais (2003), Deming (2004a, b), Anonymous (2004) 018, CO
2005-04 2,3 McLaughlin et al. (2010) Chl, 018, £0
2006-18 2 McLaughlin et al. (2012) Chl, POM, 018, £O
2006-43 4 McLaughlin et al. (2012) Chl, 018, €0
2007-19 2-4 Zimmermann (2007) Chl, POM, £0
2007-20 2,3 Zimmermann et al. (2007) Chl, POM, 018,CO
2008-02 2,3 Vagle (2008) Chl, 018, ¢O
2008-30 2,3 Zimmermann et al. (2008) Chl, 018,,CO
2009-06 1,2 Vagle (2009) Chl, GO

2009-20 2,3 Zimmermann and McLaughlin (2009) Chl, 018,CO

2 Areas are as follows: (1) Pacific sub-Arctic (Gulf of Alaska, Bering Strait), (2) western Arctic (Beaufort and Chukchi seas), (3) central Arctic (Canada Basin and Canadian Arctic

Archipelago), (4) eastern Canadian Arctic (BaBay, Hudson and Davis straits, Labrador Sea).

b All cruises include measurements of T, S, &d macronutrients (nitrate, phosphate and silicate) =Gftilorophylla, POM = particulate organic matter (e.g., particulate organic
carbon (POC) and nitrogen (PON), total suspended solids (TSS))=@%%0, CO, = parameters of the inorganic carbon system (see Table 2 for details on which parameters).

Figure 1. Map of (a) all stations included in the data set, aihdd) all stations in the data set that include measuremengs)adlkalinity,
(c) DIC, or(d) pH.
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2.1 Beaufort Sea Project (1974-1975) ulate organic carbon) parameters at over 60 stations. Most

o . ) of the oceanographic data are included in the data reports
The BSP was initiated to improve our understanding of thejiaq above although DIC was not. The DIC samples ana-
Canadian Beaufort Shelf in the context of managing the €X1yzed prior to 1988 were analyzed by gas chromatography

ploration and potential development offghore oil subse- ¢y (Fig. 5). All DIC samples analyzed after 1988 were
quent to Cabinet approval in principle for exploratory drilling analyzed by coulometry, either with a home-built extraction

in 1973. One component of the BSP provided chemical base it (1988-1989) or with a SOMMA (single-operator multi-

line data for the southern Beaufort Sea (Wong et al., 1976),atabolic analyzer) system (1989—present) (Johnson et al.,

Two cruises visited the region in the summers of 1974 (MV 1993) pooled reproducibility values for these measurements
Thetg and 1975 (MVPandora I). These cruises provided .4 jisted in Table 2.

the first and only inorganic carbon measurements by 10S
in this region prior to the late 1980s (Figs. 2a, 3—4). Niskin _ o
bottles outfitted with reversing thermometers were deployed?-3 \Western Arctic monitoring (1993-2000)

to measure temperature and collect samples for salinity, disthe NRCan PERD Climate program supplied funding for
solved oxygen concentration (by Winkler titration), and dis- e cryises to the western Arctic aboard Canadian coast
solved macronutrient concentrations (nitrate, silicate, and,,5.q ships (CCGS) — thelenry Larsenin 1993 (Mac-
phosphate by spectrophotometry) at over 60 stations in th%onald et al., 1995), theouis S. St.-Laurenin 1995 (Car-
Beaufort Sea, with samples for DIC collected at 53 of those .5k et al. 1996) and 1996 (McLaughlin, 1996), and the
Samples were collected following the standard protocol useds;; wiffred I’_aurier(2000—20: Hardenberg 2000 2000-22:
at the time (see Appendix A) and stored atAprior toanal- - pjc| aughlin et al., 2009a) in 2000. The Arctic Environmen-
ysis. _ _ tal Strategy (AES) Green Plan provided additional funding
Four samples collected from one station during a 1974¢,; the cruises in 1993 and 1995. One of the main objec-

cruise were analyzed in 2001, while the remaining 233 viableg s of these early cruises was to measure water properties

samples were analyzed in 2013, nearly forty years after col;, canada’s western Arctic Ocean to investigate thieots

lection, using contemporary methods (Fig. 5). A headspacey .jimate change and contaminants in this region.

correction (Dickson et al., 2007) was applied to the DIC mea- Samples were collected at over 100 stations throughout

surements from the 1975 cruise as these samples had varyse geaufort, Chukchi, and East Siberian seas, the Canada
ing headspace volumes. To determine the headspace V°|um8asin, and the Amundsen Gulf. The cruises in 2000 made

samples were sorted into three classes according to a visualp two legs of the annual transit of the CCG8 Wilfred
determination of the headspace, and a felt pen was used 10, rier from its southern port in Victoria, BC to the Arctic.
mark the water level in the bottles prior to analysis. After 1, first leg (2000-20) was a collaboration between the Fish-
analysis, headspace volume for each class was approximatedias and Oceans Canada Ocean Climate Program (OCP), the
as the mean of five gravimetric determinations of headspacgapan Marine Science and Technology Center (JAMSTEC),
volume for samples from each of the three classes. Though,o University of Alaska Fairbanks (UAF), and the Univer-
samples from these cruises were stored at 10S for nearl)éity of Tennessee (UTenn). The second leg (2000—22) was
forty years, a test of 10S storage methods (see Sect. 3.2.4,74ed by PERD and focused on carbon sequestration us-
below) indicated that the long-term storage of these sampleg,y sediment traps in Amundsen Gulf. Parameters measured
had no éect on DIC or alkalinity. on all cruises from 1993 to 2000 include temperature, salin-
ity, dissolved oxygen, nitrate, phosphate, silicate, and inor-
2.2 Northern Oil and Gas Action Program, subproject ganic c:arbonl.8 For the 1995 and 2000 cruises, the Watelr col-
B.6 in the Canadian Beaufort Sea (1986—1992) umn tracer6-°0O was 'also mgasured. qut of the typical
suite of oceanographic data is included in the data reports
NOGAP was funded by Indian and Northerifféirs Canada listed above, but measurements of the inorganic carbon sys-
and included a major interdisciplinary study of the oceanog-tem (DIC and alkalinity) were not. All DIC samples were
raphy of the Canadian Beaufort Sea (NOGAP B.6: Macdon-analyzed at I0S using a SOMMA system (Fig. 5) (Johnson
ald et al., 1988a—c; 1991; Pearson et al., 1994). The mairt al., 1993). Alkalinity samples were analyzed at I0S from
objective of NOGAP B.6 was to determine the transportthe same sample collected for DIC using a closed-cell, auto-
and fate of materials (particularly petroleum hydrocarbons)mated potentiometric titration system (Millero et al., 1993).
on the Beaufort Shelf and the primary productivity of these The precision of these methods for each cruise is listed in
coastal waters. Several summer cruises visited the Beauforfable 2.
Sea over a period of six years.
ngples were coI.Iected' for physical (i.e., tefmperatglre anc&l4 Joint Ocean Ice Study (1997—ongoing)
salinity), chemical (i.e., dissolved oxygen, nitrate, silicate,
phosphate$*®0, Ba (in 1992 (Falkner et al., 1994), and JOIS is the amalgamation of two collaborations: one between
inorganic carbon), and biological (i.e., chlorophyll, partic- Fisheries and Oceans Canada (I0S) and the Japan Agency
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Figure 2. Map of all stations in the data set by deca(g:1970-1979(b) 1980-1989(c) 1990-1999, an¢d) 2000—2009.

Table 2. List of the cruises included in the time-series data set and the associated information regarding fteiteC@ question mark
indicates information that is unavailable.

Cruise ID Date Ared Number of Inorganic carbon CRM Pooled SO DIC method
(yyyy-mm) station$ parameter(s) measured ungol kgt) (Fig. 5)

1974-70 197408 2 24 DIGy yes - coulometry
1975-74 1975-08 2 38 DIGy yes - coulometry
1986-71 1986-09 2 42 DIC no 3.2 GC
1987-70 1987-04 2 32 DIC no 3.2 GC
1987-71 1987-08 2 64 DIC no 3.2 GC
1990-70 1990-09 2 32 DIC ? 0.9 coulometry
1992-16 1992-09 2 15 DIC yes - coulometry
1993-24 1993-09 2 102 DI@ yes 0.3,0.6 coulometry
1995-26 1995-08 2,3 45 DI@y yes 13,1.2 coulometry
1996-31 1996-09 2 12 DIGy yes - coulometry
1997-20 1997-09 4 24 DI®&: yes 24,28 coulometry
2000-20 2000-07 1,2 55 DI@y yes - coulometry
2000-22 2000-09 2,3 30 DI@y yes - coulometry
CASES2002 2002-09 3,4 65 DIBs yes 14,24 coulometry
2002-23 2002-08 2 39 DIGy yes 15,19 coulometry
2003-21 2003-08 3 39 DIGy; yes - coulometry
CASES2003 2003-09to 2004-08 3,4 614 Dig, pH yes 2.6,3.3,0.005 coulometry
2005-04 2005-08 2,3 92 DI@y yes 15,16 coulometry
2006-18 2006—-08 2 125 DI@y yes 13,14 coulometry
200643 2006-09 4 25 DI&: yes - coulometry
2007-19 2007-07 2-4 58 DI@y yes - coulometry
2007-20 2007-08 2,3 103 DI@y yes 3.0,18 coulometry
2008-02 2008-07 2,3 74 DI@y yes - coulometry
2008-30 2008-08 2,3 32 DI@y yes 16,24 coulometry
2009-06 2009-07 1,2 28 DI@y yes 0.6,0.5 coulometry
2009-20 2009-09 2,3 53 DI@y yes 0.8,15 coulometry

2 Areas are as follows: (1) Pacific sub-Arctic (Gulf of Alaska, Bering Strait), (2) western Arctic (Beaufort and Chukchi seas), (3) central Arctic (Canada Basin and
Canadian Arctic Archipelago), (4) eastern Canadian Arctidi{iB®8ay, Hudson and Davis Straits, Labrador Sea).

b Number of stations in the final data set.

¢ Certified reference materials were used to calibrate analyses.

d pooled standard deviation of duplicate TK, andor pH samples.
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Figure 5. Timeline of the diferent methods used by 10S for DIC
Figure 3. Distribution of carbon system measurements (alkalinity, and alkalinity analyses. See Sect. 3.2 for details.
DIC andor pH) included in the data set by year, categorized into
three-month spans.
129)) as well as biological samples ranging from microplank-
ton to zooplankton.

12007 Over 1900 samples for DIC and 4000 samples for total al-

1000 ) kalinity were collected and analyzed as part of the program.
I Samples for DIC were analyzed coulometrically using the
800 | mAKalinity SOMMA system at IOS (Fig. 5). Samples for total alkalinity
EDIC

were analyzed by potentiometric titration (closed-cell before
1999 and open-cell thereafter, see Fig. 5) either onboard or
at I0S. See Table 2 for a cruise-specific listing of the mea-
surement precisions for each of these cruises. These data are
available on the BGEP website and methods are described in
the data reports (Table 1). The BGEP collaboration is now
funded to 2018.

600 OpH
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Figure 4. Distribution of alkalinity, DIC and pH data points in-

cluded in the data set by year. 2.5 Canadian Arctic Shelf Exchange Study (2002—2004)

CASES was a comprehensive, interdisciplinary ecosystem
study of the Cape Bathurst Polynya, funded by Canada’s
for Marine-Earth Science and Technology (JAMSTEC) that Natural Sciences and Engineering Research Council, Fish-
began in the 1990s; and the second between Fisheries araties and Oceans Canada, and the US National Science Foun-
Oceans Canada (10S) and various US scientists funded bglation. The project included a short preliminary cruise in
the National Science Foundation. In 1997, the Canada—USeptember and October of 2002, followed by a major over-
collaboration, in support of the year-long ice-drift SHEBA wintering expedition that continuously sampled the area for
(Surface Heat Budget of the Arctic Ocean) program, enabledb0 weeks, from September 2003 to August 2004 (Fortier and
oceanographic surveys to be conducted in Davis Strait, BafCochran, 2008).
fin Bay, the Canadian Arctic Archipelago and the Canada The inorganic carbon system was over-determined, with
Basin. In 2003, a 10-year collaboration called the BeaufortDIC, total alkalinity (Ar), and pH (total proton scale) an-
Gyre Exploration Project (BGEP) began with scientists fromalyzed on most of the nearly 1800 samples collected dur-
the Woods Hole Oceanographic Institution. This program fo-ing the overwintering expedition. Dissolved inorganic carbon
cused on theféects of climate variability and the changing was determined coulometrically, total alkalinity by poten-
properties of the Pacific and Atlantic waters within the Arctic tiometric titration, and pH spectrophotometrically; detailed
Ocean, specifically in the southern Canada Basin (includingsampling and analytical procedures were described by Mucci
the Beaufort Sea). These cruises were conducted yearly oret al. (2010). Table 2 lists the measurement precision for each
board the CCG&ouis S. St.-Laurerih late summer and fall.  of these methods.
In addition to the suite of typical oceanographic parameters
measured (tgmperature: salinity, dissolved oxygen, nitratey, o~ -1 Three Oceans (1998—present)
phosphate, silicate, and inorganic carbon), samples were also
collected for water column tracers (i.e., barium, CFCs (chlo-The aim of C30 was to provide a view of the impacts of cli-
rofluorocarbons) and*®0) and radionuclides (i.e1*'Cs, mate variability on the sub-arctic and Arctic water circulation
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and on the associated ecosystems. The program began the methods of inorganic carbon sample collection and stor-
1998 with funding by Fisheries and Oceans Canada and thage for samples collected prior to 1993, though the data re-
National Science Foundation (NSF). This funding was en-ports state that samples were collected. The sampling proto-
hanced during the International Polar Year (IPY), 2007 tocol used before DOE (1994) is transcribed in Appendix A.
2009, with Canadian IPY funding. Measurements were madeSampling according to this protocol used powdered mercuric
at the start of each summer from two coast guard ships, thehloride, and so no correction for dilution was applied to
CCGSSir Wilfrid Laurier in the Pacific and the CCGSvuis samples collected prior to 1993.
S. St.-Laurenin the Atlantic, during their annual transit from To confirm the integrity of samples stored long-term at
their southern ports, Victoria and Halifax respectively, to the I0S, archived deep-water (1000-3000 m) samples collected
Arctic. Shipboard data collection included physical, biolog- at Station Papa (830N 145 W) in 1976 were analyzed for
ical, geochemical and benthic sampling. The sampling area®IC and alkalinity and compared to recently collected sam-
covered by the CCGSir Wilfrid Laurier were typically in  ples from the same depths at Station Papa (sampled between
the shelf regions of the Bering and Chukchi seas, and durin@003 and 2010) (Table 3). Station Papa’s data make up a
2008 this was expanded to the shelf and shelf-break alon¢png-running deep ocean time-series located in the subarc-
the Beaufort Sea, as well as the Amundsen Gulf region of theic northeastern Pacific, a region where deep-wat&00 m)
Canadian Arctic Archipelago. From the CCGS8uis S. St.-  DIC and alkalinity are assumed to be virtually constant on
Laurent sampling areas included the Labrador SedfiBa decadal time scales (Byrne et al., 2010). Thus, afffedi
Bay, and a transect through the Canadian Arctic Archipelagoences between the deep-water DIC and alkalinity values
Over 200 samples for DIC and total alkalinity were col- measured in the samples that have been stored for several
lected and analyzed as part of the C30 program. Sampledecades and more recent samples would indicate a bias or er-
for DIC were analyzed coulometrically using the SOMMA ror resulting from the storage procedures. There were no sig-
system at IOS (Fig. 5). Samples for total alkalinity were an- nificant diterences (Studentistest) between the 1976 and
alyzed by potentiometric titration (closed-cell before 1999 more recent samples for both DIC and alkalinity. No sys-
and open-cell thereafter, see Fig. 5) at 10S. See Table 2 for &ematic bias was observed between samples from these two
cruise-specific listing of the measurement precision for eachiime periods. These results confirm the viability of long-term
of these methods. storage in the refrigerated sample archive at IOS for seawater
DIC and alkalinity samples, for up to forty years.

3 Methods and quality control procedures
3.2.2 Dissolved inorganic carbon (DIC)
3.1 Physical, chemical and biological oceanographic

Samples collected for dissolved inorganic carbon analysis
measurements

were not filtered prior to analysis; thus, measurements are

Details on the collection and analysis of these parameters ar@f total inorganic carbon (TIC), which includes the partic-
presented with the associated data and technical reports faHate (PIC) and dissolved (DIC) fractions. Nevertheless, for
each project (Table 1). Therefore, we only discuss measuredll practical purposes, TIC is equivalent to DIC in seawa-
ments pertaining to the dissolved inorganic carbon systemter samples. Two dierent methods have been used to deter-
Chemical measurements of dissolved oxygen, nitrate, phosine the dissolved inorganic carbon content of seawater sam-
phate, silicate, anét80 are also included in this data set, but Ples at I0S: gas chromatography and coulometry. Unfortu-
with no additional quality control, as these data have beerately, there is little information regarding the analyses prior
previously assessed and archived. Biological measurementt9 1992, especially those samples from the early NOGAP
such as chlorophyll and particulate organic carbon and nitrocruises (1986-71, 1987-70, and 1987-71). The gas chro-

gen, were also included when available, though again, withmatographic method was used far less often than the coulo-
no additional quality control. metric method and appears to have been limited to samples

from three Arctic cruises in the late 1980s. The coulomet-

ric method has been used by 10S to measure DIC samples
3.2 Inorganic carbon system parameters since early 1988 and has been the only method used since
early 1989. Figure 5 gives a timeline of the overlap of these
different methods. Details of each of these methods are out-
Sampling generally followed standard protocols (i.e., DOE, lined below. In addition, a previously unpublished intercom-
1994; Dickson et al., 2007). Samples were stored at a staparison study between these methods was conducted at I0S
ble temperature, generally about@, until analysis either at  during the transition to the coulometric-based DIC measure-
sea or on shore. Alkalinity and DIC were usually measuredments. The results of that comparison are reviewed below.
from the same sample. A dilution correction factor was ap- Samples collected on the early NOGAP cruises (1986-71,
plied to samples when a mercuric chloride solution was used987—70 and 1987-71) were analyzed by gas chromatog-
(after 1994). Little published information is available about raphy. Little information is available regarding the analysis

3.2.1 Sampling and sample storage
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Table 3. Alkalinity and DIC measurements of deep-water samples collected at Station Papa in 1976 and between 2003 and 2010 and storec
at 10S.

Depth Station Papa (1976) \ Station Papa (2003-2010)
DIC Alkalinity DIC Alkalinity
(umol kg™) (umol kg™) (wmol kg™) (wmol kg™)

1000 m  2385.01 2375.45 2379.66£5.56  2376.43+7.78

(n=12) (n=12)

2000 m  2383.132.43 2405.40+0.80 | 2381.67+2.87 2417.03+9.05
(n=2) (n=2) (n=13) (n=13)

3000 m  2360.1@4.23  2424.18+5.84 | 2356.01+4.78 2426.48+6.00
(n=4) (n=4) (n=13) (n=13)

of these specific samples, but it is assumed that the methodndary standards calibrated against CRMs. The precision of
used was the same as that described in an operating préhe coulometric analyses, based on thffedénce between
cedure used at the time by the Centre for Ocean Climaticsample duplicates, has generally been abelitmol kg™
Chemistry at 10S, and that method is summarized here. Th€0.05 %).
method was based on the technique described by Swinner- The Centre for Ocean Climate Chemistry at IOS con-
ton et al. (1962) and Weiss and Craig (1973). Briefly, theducted an intercalibration study between the gas chromato-
sample was drawn into a 3 mL stainless steel loop, and thgraphic and coulometric methods in the late 1980s. Samples
calibrated volume was injected into a sparging cell contain-of varying salinities (8 to 38) were analyzed for their total
ing concentrated phosphoric acid to quantitatively extract theCO, content using both gas chromatography and coulom-
inorganic carbon as COThe valve controlling sample intro- etry. Each system was standardized using@@; salts,
duction to the sparging chamber was flushed repeatedly wittas described by Wong (1970). Replicate analyses of the
a CO-free saline solution between samples to reduce carrysame samples revealed that the precision of the coulometric
over. The loop was temperature-controlled in an ice bath amethod (mean SD: 1.80nolkg™, n= 4) was slightly bet-
0°C to maintain accurate volume and to limit degassing dueter than that of the gas chromatographic method (mean SD:
to warming. The gas evolved from the sparging cell was car-2.83umol kg™, n=4). A comparison between DIC mea-
ried by a stream of purified helium through a cold trap 5% surements by the two methods is shown in Fig. 6. The av-
to —60°C and through a silica gel column to separate,CO erage relative dierence between these two methods was
from H,O and other gases. Carbon dioxide was quantified0.3 %, equivalent to about6umolkg™ for typical sea-
with a thermal conductivity detector using peak area integra-water DIC concentrations. This value is 2—3 times higher
tion. Conversion to units efmol kg™ was based on density than the precision of either method, though still reasonably
calculated from the sample salinity and an analysis temperalow, and is only a little larger than the recommended target
ture of 0°C. The gas chromatograph was calibrated using a(+4umol kg™!; Dickson et al., 2007) for between-cruise and
standard NgCO;3 solution introduced through the same sam- between-laboratory bias of DIC coulometric measurements.
pling loop.

The first coulometer was delivered at 10S in mid-1987.3.2.3 Total alkalinity
This instrument was attached to an in-house built extraction o )
unit similar to that described by Johnson et al. (1985). ThisS@mples for total alkalinity were analyzed, either onboard
early system was used for DIC analyses from early 1988 unor at 10S, often using the same samples as those analyzed
til late 1989 with standardization by solid Cagar N&,CO; ~ for DIC. Samples were stored at@ and, unless analyzed
salts, as described by Wong (1970). After 1988, all DIC anal-Within two days of collection, were poisoned with HgCTo-
yses were conducted coulometrically (Fig. 5). Samples anat@l @lkalinity (Ar) was determined by software-controlled po-
lyzed after late 1989 were analyzed with SOMMA systems {entiometric titrations using combination pH electrodes and
(Johnson et al., 1993). Over time, the accuracy of the coulodilute hydr_o<_:h|or|c acid d|spensed by automated _burettes.
metric DIC analyses was, at first, confirmed by analyses off0tal alkalinity was determined up to 1999 following the
weighed quantities of N&O; salts, then by daily analysis f:losed-cell me.thoq described by Millero et al. (1993), and us-
of seawater standards prepared at I0S and calibrated againi§@ open-cell titrations after that date (Fig. 5). Titration end-
NaCO; salts, and ultimately by daily analyses of certified POINts were determlngd using modified Grgn plots (Hansson
reference materials (CRMs) provided by Andrew Dickson and Jagner, 1973) until 2008, when a nonlinear least-squares

(Scripps Institute of Oceanography) and 10S-prepared sec€Nd-point determination (e.g., Dickson et al., 2007) was im-
plemented. The titration data for samples collected during the
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Figure 6. Dissolved inorganic carbon concentrations for samples ) ) o o
measured by both gas chromatography and coulometry as part g€ntral Canada Basin (Fig. 7) indicates that alkalinity mea-
a method intercomparison study. Line of best fit (equatips: surements may have been high during the 1993 and 1995
1.0002 - 2.6912) is plotted through the samples. Error bars rep- cruises. More importantly, however, the alkalinity values at
resenting the standard deviation of replicate samples (mean GC SR500 m show high variability, even after 2000, without any
= 2.8umol kg*, mean coulometric SB 1.8umol kg ™) are smaller  clear dfset between individual cruises. Therefore, based on
than the symbols. the information available at this time, we can neither rule out
nor confidently confirm any analytical bias in the alkalinity
measurements between cruises.
CASES cruises were analyzed with a proprietary algorithm
specifically designed for shallow slope end-point detection
from the titration curves (see Mucci et al., 2010). Onboard, a™
constant volume of sample or standard was drawn for analyThe only direct pH measurements included in this data set
sis using a calibrated, water-jacketed pipet, and the data weraere from the CASES cruise in 2003—-2004. On this cruise,
converted to units afmol kg~! using density calculated from pH was determined spectrophotometrically on the total pro-
the sample salinity and the analysis temperature. Onshoreon scale. Details of the sampling and analysis procedures
samples or standards were weighed prior to analysis. Similaare given by Mucci et al. (2010), which we briefly sum-
to the DIC coulometric method, daily analyses of certified marize here. Samples were collected in 125 mL plastic bot-
reference materials (CRMs) provided by Andrew Dickson tles, leaving as small a headspace as possible. The samples
(Scripps Institute of Oceanography) and 10S-prepared secwere brought to thermal equilibrium in a constant tempera-
ondary standards calibrated against CRMs were used to asdre bath held at 25C, and analyzed within 3 h of collection.
sure accuracy. Precision of the alkalinity analyses, based oihe colorimetric analysis was performed using a Hewlett-
pooled standard deviations of sample duplicates, has genePackar® (HP-8453A) UV-visible diode-array spectropho-
ally been+2-5umol kg2. tometer and a 5cm quartz cell. Measurements were carried
A rigorous crossover analysis of alkalinity data from the out at the wavelengths of maximum absorbance for the pro-
Pacific (PACIFICA data product, available through the Car-tonated and deprotonated forms of the two indicators used:
bon Dioxide Information and Analysis Center, CDIAC) re- phenol red (433 and 558 nm) anacresol purple (434 and
vealed that alkalinity analyses conducted by closed-cell titra-578 nm). The accuracy of the method was assured using the
tions at 10S during the 1990s were oftefiiset, and usually = same procedure to analyze TRISTieus prepared at salinities
high, compared to results from other times and other labo-of 25 and 35. Reproducibility of the pH measurements, based
ratories. It is reasonable to assume that the alkalinity datan pooled standard deviations of sample duplicates over the
from before 1999 in the data set reported here mdjesu 11-month cruise, was better than 0.005 pH units.
from the same limitations, as the same protocols were used
f_or both data sets. A _sirr_1i|ar _evalua_tion (_)f this c_zlata se? is dif-3.2.5 Quality Control (QC) procedures
ficult, because of variations in station distributions (Fig. 2b)
and a lack of deep-water samples on many cruises. Neverthdén primary quality control of the database, we paid partic-
less, a plot of the limited alkalinity data from 2500 m (which ular attention to parameters required to calculate the dis-
roughly coincides with a deep temperature minimum and issolved inorganic carbon system in seawater (DIC, alkalinity,
slightly deeper than the minimum depth used for secondanpH, temperature, salinity). The data were assessed to iden-
quality control crossover analysis in the GLODAP, CARINA tify outliers and obvious errors. We have not addressed any
and PACIFICA data products; e.g., Tanhua et al., 2010) in théssues with systematic biases between analyses or cruises

pH
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(secondary QC). In order to identify outliers and errors in the Acknowledgements.  The compilation of this data set was funded
inorganic carbon data, property—property plots were generby the Fisheries and Oceans Canada International Governance
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the Atlantic Ocean), rayv dat‘_”l were flggged following '_[he for starting this data compilation more than 10 years ago. Figures
WOCE (World Ocean Circulation Experiment) data flagging 1 and 2 were created using Ocean Data View (Schlitzer, R., Ocean
scheme. Specifically, integer values of 2 (good), 3 (questionpata View,httpy/odv.awi.de 2012).

able) and 4 (bad) were used to flag data in the final data set.

We generated DIC—salinity and alkalinity—salinity plots Edited by: D. Carlson

for all cruises. Measurements that were outliers, especially

in both the DIC-S and alkalinity—S plots, were flagged as
questionable (3) or bad (4), especially if there was a known
problem with the sampling or analysis. In general, more vari-

ability Was. allowed for.near-surface and upper thermoclmeAMAP‘ AMAP Assessment 2013: Arctic Ocean Acidification. Arc-
values during the flagging process. Near-surface values were . Monitoring and Assessment Programme (AMAP), Oslo, Nor-
almost never flagged as questionable or bad unless there were yay viii + 99 pp., 2013.

very obvious errors or unrealistic values. For the most partanonymous (Ed.): CASES2004, Leg 8 (0405) CCGS Amundsen
we retained the “good” flag (2) for any data points of bor-  Cruise & Preliminary Data Report, Cruise Report, Université
derline quality. Other supporting data included in the data Laval, Québec, Canada, 84 pp., 2004.

set (such as temperature, salinity, oxygen, and dissolved nuByrne, R. H., Kump, L. R., and Cantrell, K. J.: The influence of
trients) had previously undergone primary QC analysis (see temperature and pH on trace metal speciation in seawater, Mar.
Table 1 for references). Nevertheless, this did not necessarily Chem., 25, 163-181, 1988. , .

good quallf(y data were archived. Thus, unless flagged, all of Geophys. Res. Lett., 37, L02601, dd):10292009GL040999
these previously quality-controlled data are assumed to be of
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Appendix A a source of error. Slowly draw the seawater into the bottle
with the end of the tubing touching the bottom of the bottle.
Sample collection methods When the bottle is full, allow the seawater to overflow for at

least half the volume of the bottle. Replace the stopper on the
This appendix is a transcription of the printed instructionsfull bottle. Set the bottle on a secure table-top. Remove the
used by 10S for collecting inorganic carbon samples beforestopper and dry it with pieces of lint-free absorbing paper.
1994, when the first manual of standard methods for seaapply four parallel strips of grease on the stopper. Pdiir o
water inorganic carbon system measurements was publisheghout 5-mL of seawater to leave an air space just below the
(DOE, 1994). The protocols reproduced here are largely conground glass neck, which is then dried with lint-free absorb-

sistent with those in the DOE manual. ing paper.
Invert the vial of mercuric chloride so that crystals of mer-
Al Instructions for taking alkalinity, total CO, and curic chloride fall straight into the seawater in the bottle with-
seawater C-13 samples out touching the ground glass neck. Wip& any mercuric
chloride accidentally adhered to the neck with a piece of lint-
Al.l Description free absorbing paper. Drop the greased stopper straight back

These water samples are to determine the concentration dft0 the ground glass neck and give the stopper a vertical
oceanic carbon dioxide. Samples are to be collected by £USh t0 squeeze out the air between the grease strips. Wrap

seawater loop or by a Niskin bottle, and are to be stored irf VC tape around the bottle with tangential forces applied at
500-mL Pyrex bottles with the addition of a little powdered he Stopper to prevent loosening of the stopper. If you are not

mercuric chloride as preservative and refrigerated at abouBure mercuric chioride has been added, dump in another vial
4°C. of mercuric chloride as described above.

A12 Sources of error Al1.5 Recording of data

As a reminder that mercuric chloride has indeed been added,
O[i;leas:e write down “HgGladded” on the label right after you
invert the vial.

Record on the label the following:

Carbon dioxide is givenf®by smoke stacks, people, gasoline
engines, birds and decaying organic matter, etc. A sample
water would change its carbon dioxide content very rapidly if
exposed to these obvious sources. Avoid prolonged exposure
of the sample of water. Try to finish the sampling, addition 1. HgCl, added

of mercuric chloride, and replacement of the greased stopper

all within 10 min. The equatorial waters contain much higher 2. Bottle Number

carbon dioxide than the air, and will lose the gas very rapidly. 3. Cruise Number

Success of sampling depends on immediate filling up of the ™

bottle from the bucket. 4. Station Number

Sunlight and heat cause decomposition of the grease and
of the sample. The bottles should be kept refrigerated aRRecord in the log the following:
about £C.

Itis mostimportant to add the mercuric chloride, which re-
tards any bacterial action before laboratory analysis. Always 2 pate and Time
check again that mercuric chloride has indeed been added.

Since we are looking for sources of high carbon dioxide in 3. Cruise Number

surface water, a single sample without preservative can jeop-, .. . .
. ' . Salinity, temperature and oxygen data are also required. Put
ardize our conclusions. Y, P Y9 q

the bottle back in the box.

1. Bottle Number

Al1.3 Choosing a place to sample A16 Storage

A Sample gnqont_amma}ted by O'I.’ sewage discharge, or X mediate refrigeration is required. Samples may be stored
cessive agitation is desirable. An ideal time to sample will be

th iod 09:00 to 12:00 local fi It ient t tin a lab refrigerator, then transferred in a case to a ship’s cold
€ perio LU to Le.U local ime. 1Lis convenient to ge storage. Storage temperature should be abd@t 4
ready just before arriving at a station.

Al.4 Taking the sample

The bottles provided have been thoroughly cleaned and
dried. It is unnecessary to rinse the bottle since agitation is
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Al1.7 Caution

Mercuric chloride is a poison. Keep the vial away fronftee

or food. Wash hands thoroughly before eating or smoking. In
case of accidental swallowing, induce vomiting (if the patient
is still conscious) by giving him a tablespoonful of salt in a

glass of warm water and repeat until vomit fluid is clear.

Give milk or whites of eggs beaten with water.
Keep patient warm and quiet.

Do not breathe dust of mercuric chloride. Avoid contact with
eyes or prolonged contact with skin.
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