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Abstract. The Surface Ocean GQAtlas (SOCAT), an ac- Data coverage

tivity of the international marine carbon research commu-

nity, provides access to synthesis and gridd&D, (fu- Repository-References: Individual data set files and
gacity of carbon dioxide) products for the surface oceanssynthesis product: doi:10.15ANGAEA.811776

Version 2 of SOCAT is an update of the previous releaseGridded products:

(version 1) with more data (increased from 6.3 million to doi:10.3334CDIAC/OTG.SOCAT_V2_GRID

10.1 million surface watef CO, values) and extended data Available at:httpy/www.socat.infg

coverage (from 1968-2007 to 1968—2011). The quality con-Coverage: 79S to 90 N; 180° W to 180 E

trol criteria, while identical in both versions, have been ap-Location Name: Global Oceans and Coastal Seas

plied more strictly in version 2 than in version 1. The SOCAT DatgTime Start: 16 November 1968

website bttpy/www.socat.infg) has links to quality control  DateTime End: 26 December 2011

comments, metadata, individual data set files, and synthe-

sis and gridded data products. Interactive online tools allow1 Introduction
visitors to explore the richness of the data. Applications of

SOCAT include process studies, quantification of the ocean, \man activity is releasing large quantities of the green-

carbon S’.ml.( and its spaual_, ;(?a;ongl, year—tc_)-ye:ar and IongeFiouse gas carbon dioxide (GQnto the atmosphere. As a
term variation, as well as initialisation or validation of ocean

b del d led climat b del result, the atmospheric G@nole fraction has increased from
carbon models and coupied climate-carbon modets. 280umol mol in pre-industrial times (Jansen et al., 2007)
to 397umol molt in April 2013 (Tans and Keeling, 2014).
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The rapid, ongoing change in the atmospheric composition a s
by greenhouse gas emissions has been predicted to increase$ 12
global mean temperature by 26 to 5.0°C by the end of

the century (Peters et al., 2013). Such warming would be ac-
companied by sea level rise, increased storm frequency, melt-
ing of ice caps and sea ice, changes in precipitation patterns
and ocean acidification (Solomon et al., 2007), to name only » X X ‘ ‘ ‘

the most prominent examples. Already many changes in the 1970 1975 1980 1985 1990 1995 2000 2005 2010
Earth’s climate are apparent, such as the decline in Arctic seab) vear

ues

——V2

Number of fCO2 val
o N M O @

5
ice extent (Stroeve et al., 2007), and warming in Alaska, near é 12)(:‘(:0&%'
the Antarctic Peninsula (Vaughan et al., 2003; Mulvaney et SN 10/ mm Arctic Version 2 ]
al., 2012) and of the upper ocean (Levitus et al., 2005). 8. 2 5$§:Cci|ffiucc
The oceans absorb a substantial part of the, @®is- 5 CIN Atlantic
sions by human activity, thereby mitigating climate change. & ‘21 %mﬁ”“
From pre-industrial times to 1994 the oceans have taken up § LI Southern

118+ 19 Pg C from the atmosphere (Sabine et al., 2004). This 1985 1990 1995Year 2000 2005 2010
is equivalent to roughly 50 % of CQOemissions from fos-
sil fuel burning and cement production or 30 % of the to- Figure 1. (a) The number of surface watéCO, values per year in
tal anthropogenic emissions, if GGmissions from land SOCAT versions 1 and 2 ar{®) per region per year in version 2.
use change are included. Recent estimates indicate that thde SOCAT operationally defined region names are the Coastal
oceans are a contemporary sink for roughly 27 % of the an-S?aS' the Arctic Ocean, the. North Pacific chan, the Tropical Pa-
nual CQ emissions by fossil fuel combustion, cement pro- cific Oc_ean, the North Atlantic Ocean, the Trop_lcal Atlantic Ocean,
duction and land use change (Le Quéré et al., 2013). Uncell—he 'nd'f"m OC?"’.‘n and the Southern O.Cean (Fig. 5, Table 5). These
tainty in the land use change emissions leads to a large errcﬁatal points originate from data sets with ﬂa.gs of A, B, C or D and

. . . . ave a WOCE flag of 2. The subsequent figures only sh6\@,
estimate for the proportion of the anthropogenic emissions,, es with these characteristics.
taken up by the oceans.

There is uncertainty on how much G@e oceans will ab-
sorb in a warming climate of the future (e.g. Jones et al.,uous measurement of surface wat@O, (e.g. Kortzinger et
2013). Considerable year-to-year, decadal and longer-termal., 1996; Cooper et al., 1998; Pierrot et al., 2009), the inter-
variation of CQ uptake is apparent in the North Atlantic comparison of such instrumentation at sea (Kértzinger et al.,
Ocean (Corbiére et al., 2007; Schuster and Watson, 20071996, 2000) and its installation on ships of opportunity (e.g.
Thomas et al., 2008; Schuster et al., 2009; McKinley et al.,Cooper et al., 1998; Liger et al., 2004; Schuster and Watson,
2011), the North Sea (Thomas et al., 2007), the North Pacifi007; Watson et al., 2009; Takamura et al., 2010; Lefévre
Ocean (Takamura et al., 2010), the equatorial Pacific Oceart al., 2013) and on moorings and drifters (e.g. Hood et al.,
(Feely et al., 2002, 2006; Ishii et al., 2004, 2009; Park et al.,1999; Emerson et al., 2011) have played an important role in
2006, 2012) and the Southern Ocean (Le Quéré et al., 200he increase in data collection.
Metzl, 2009), with large dferences between ocean regions Quantification of global and regional, annual mean ocean
(Le Quéré et al., 2010; Lenton et al., 2012). CO, uptake requires observations of surface walt€O,

Measurements of C£n the surface oceans (generally ex- with adequate spatial and temporal coverage (Sweeney et al.,
pressed as the mole fraction of gXCQ,), partial pres- 2000; Lenton et al., 2006). Studies of year-to-year, decadal
sure pCO,), or fugacity (fCO,)) enable estimation of CO  and longer-term trends in air-sea £Qptake necessitate
air—sea fluxes and their variability. The fugacity can be mea-consistent, multi-decade data records of surface ot€4»
sured underway on the surface water supply of ships. Thige.g. Schuster and Watson, 2007; Park et al., 2012). Statisti-
method is used on a variety of ships, including ships of op-cal techniques and modelling have been developed to infer
portunity on commercial routes. The number of LDea- basin-wide distributions of surface waté€0O, from lim-
surements has greatly increased over the past four decadésd observations, for example affdision—advection based
(Fig. 1) (Sabine et al., 2010). Data collection started in theinterpolation scheme (Takahashi et al., 1997, 2009), (multi-
late 1960s and 1970s, increased in the 1980s and intensple) linear regression (e.g. Boutin et al., 1999; Sarma et al.,
fied from the 1990s onwards. Roughly four times more data2006), neural network approaches (e.g. Lefévre et al., 2005)
have been collected during the 2000s than in the 1990s. Thand a diagnostic ocean mixed layer model (Rédenbeck et al.,
growth in data collection has partly resulted from large in- 2013).
ternational research programmes, for example JGOFS (Joint Uniform procedures for the collection, reporting, process-
Global Ocean Flux Study) and WOCE (World Ocean Cir- ing and archiving of C@data, as well as public release of
culation Experiment), and regional funding initiatives. The data, are essential for creating global and regional, long-term,
development of autonomous instrumentation for the contin-consistent surface oced€O, synthesis products. Takahashi
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240 280 320 340 350 360 370 380 390 400 440 The first SOCAT release was made public as versions 1.4
and 1.5, here jointly referred to as version 1, in Septem-
ber 2011 (Bakker et al., 2012). SOCAT version 1 contains
6.3 million surfacef CO, data points from 1851 data sets in
the global oceans and coastal seas between 1968 and 2007
(Fig. 1, Table 1) (Pfeil et al., 2013; Sabine et al., 2013). Ver-
sion 2 is presented here.

2 SOCAT version 2

2.1 An update of version 1

Version 2 is an update of version 1 with 60% more data
and 4 years extra data coverage. SOCAT version 2 contains
10.1 million surfacef CO, values from 2660 data sets for the
global oceans and coastal seas between November 1968 and
December 2011 (Figs. 1 and 2). Version 2 was made pub-
lic on 4 June 2013 at the 9th International Carbon Dioxide
Conference in Beijing, China (SOCAT, 2013b).
SOCAT data products provide surface wat&@O, values
at sea surface temperatureCO.rec, with “rec” indicating
recommended CO,), which have been (re-)calculated from
the original CQ values reported by the data provider, fol-
lowing a strict calculation protocol. Sea surface temperature
Figure 2. The global distribution of surface watéCO, values in  refers to the temperature at the seawater intake, often at about
SOCAT version 2(a) for 1968 to 2011 an¢b) for 2008 to 2011. 5m depth on ships. The procedures for data retrieval, for
data entry, for the (re-)calculation of surface wat@0O,, for
quality control, and for the creation of data products in ver-
and co-workers have constructed an impressive series of supion 2 are analogous to those used in version 1 (Pfeil et al.,
face ocean C@climatologies, the most recent one for the 2013; Sabine et al., 2013) and are described in Sects. 2.2, 2.3
climatological year 2000 (Takahashi et al., 2009), and nowand 2.4. The sections also highlight where versionfiets
provide annual updates to their global surface oce@®,  from version 1 (Table 1).
data set (Takahashi et al., 2013). The Surface OceanABO Version 2 has three data products (Tables 2 and 3):
las (SOCAT) (Bakker et al., 2012; Pfeil et al., 2013; Sabine
et al., 2013) complements this work. The SOCAT and Taka-
hashi data sets benefit from standardisation and intercompar-
ison of measurement and reporting protocols, as well as dis-
cussions between data providers and quality controllers on 3 A synthesis data set of surface wate€O, for the
reporting standards and data quality (Dickson et al., 2007;  gjohal oceans and coastal seas:
IOCCP, 2008; SOCAT, 2011; Wanninkhof et al., 2013a).
Both data sets contribute towards more rapid availability of 3. Global gridded products of surface wateZO, means.

ocean carbon data for synthesis products and policy-related .
assessments. These data products are much the same as those for version 1

SOCAT is an international activity of ocean carbon scien- (S€ct- 2.4) (Pfeil et al., 2013; Sabine et al., 2013). The SO-

tists. It aims to create, make publicly available and archiveCAT Website littpy//www.socat.inf@) provides access to the
the following (IOCCP, 2007): data products together with online visualisation tools, data

documentation, quality control comments, meeting reports,
— A 2nd level quality-controlled, global surface ocean Publications and a list of contributors (Tables 4, 5 and 6).
fCO, data set following internationally agreed-upon
procedures and regional review; 2.2 Data assembly and (re-)calculation of fCO; in
version 2

100°E 160°W 60°W 40°E
Surface water fCO, (patm)

1. Individual data set files of surface wate€O, in a uni-
form format which have been subject to 2nd level qual-
ity control;

— A gridded data product of mean monthly surface water
fCO, on a T latitude by 2 longitude grid with mini-
mal temporal or spatial interpolation using the 2nd level New data sets were either submitted directly to SOCAT
quality-controlled, global surface oced@0O, data set.  or were retrieved from public websites hosted by the

2.2.1 Data origin

Earth Syst. Sci. Data, 6, 69-90, 2014 www.earth-syst-sci-data.net/6/69/2014/
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Table 1. Key differences between SOCAT versions 1 (released as versions 1.4 and 1.5) and 2. Further details are in the text.

Version 1 Version 2

Description Pfeil et al. (2013); Sabine et al. (2013).  This study.

Data coverage 1968 to 2007, 6.3 million surface wateir968 to 2011, 10.1 million surface wate€0O, values, 2660
fCO, values, 1853 data sets. data sets.

Time stamp The time stamp did not contain second$he time stamp includes seconds for all new and updated

Multiple entries for the same time data sets. Seconds were added to time stamps for version 1

stamp were reported in individual datadata sets to avoid concurrent entries. Artificial times with

setfiles (version 1.4), but were averagedenths and hundreds of a second have been generated for a

in the synthesis files (version 1.5). dozen historical data sets reported at midnight or with few
decimals in the time stamp.

Version numbers Version numbers 1.4 and 1.¥ersion 2 only.
highlighted the dferent treatment
of multiple entries for the same time

stamp.
Expocode Expocodes were not used for mooreixpocodes are used for moored and drifting buoys.
and drifting buoys.
Arctic region Arctic data were included under theAn Arctic region has been defined as all open ocean and
North Atlantic, North Pacific and coastal waters north of 70 for 100° W to 43 E and north
coastal regions. of 66° N elsewhere.
Identification of outliers No systematic search was carried ot systematic search for outliers and unrealistic values has
for outliers and unrealistic values. been carried out. In total 154 data sets have been suspended.
Suspension of data sets Data sets part of version 1. Suspension of 70 data sets included in version 1 upon

identification of unrealistic values.

WOCE flags of 2 (good),  Virtually all fCO, values were reported WOCE flags of 2, 3 and 4 have been assigned @D,

3 (questionable), 4 (bad)  with a WOCE flag of 2. values. Flags of 3 and 4 given during version 1 quality con-
trol (0.2 % of data) have been reinstated. A total of 20850
fCO; values (0.2 %) has been given aflag of 3 or 4 in
version 2.

Parameters in the individual Atmospheric CQ mole fractions were Atmospheric CQ@ mole fractions are from
and synthesis files from GLOBALVIEW-CO2 (2008). GLOBALVIEW-CO2 (2012). New parameters are the
The files downloadable from the data set quality control flags of A to D and distance to a
Cruise Data Viewer contained moremajor land mass (Table 3). The parameters in files down-
parameters than the synthesis files.  loadable via the Cruise Data Viewer as “All Variables” and
“Current Variable” match those in the synthesis files at

CDIAC.

Gridded Data Viewer Available The capabilities of the Gridded Data Viewer have been
expanded.

Release notes None Release notes document problems in version 2 data sets and

data products.

Carbon Dioxide Information Analysis Center (CDIAC), time series, 13 mooring-based time series and 3 drifters (Ta-
PANGAEA®, institutions and research projects. Version 2 ble 7). This study will adopt the term “data set” rather than
has an additional 3.8 million surfacéCO, values and “cruise” for individual data sets to reflect the presence of
807 data sets relative to version 1, mostly from 2006 to 2011mooring and drifter data (0.7 % dfCO, values in version 2).
(Fig. 1, Table 1). Figure 3 shows the numberf@fO, values  Tools and parameters available online will be referred to
from the 30 ships, including 1 ship-based time series, withby their name, e.g. “Cruise Data Viewer” (Sect. 2.4.5) and
the most intense data collectioffart. The data sets in ver- “cruise-weighted means” (Sect. 2.4.6).

sion 2 originate from 107 éierent ships, plus 3 ship-based

www.earth-syst-sci-data.net/6/69/2014/ Earth Syst. Sci. Data, 6, 69-90, 2014
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Table 2. Key characteristics of the three SOCAT data products for surface deég@nvalues in version 2 (Sect. 2.4). The synthesis product

is available as synthesis files and as subsets of the global synthesis data set. The table lists whether the data products ificCiQge only
data with a WOCE flag of 2 (good) or also with flags of 3 (questionable) and 4 (bad). Information on access to metadata and quality control
comments is provided. All data products can be accessed via the SOCAT walipiffvw.socat.infg and via the links in the table.

Characteristics WOCE Metadata QC Access and
flag entries format
Individual The files contain all original COmeasurements and 2, 3, 4 Yes No Text files at
data setfiles fCO, values with a flag of 2, 3 and 4 for data sets with Pangaea
flags of A, B, C or D. Metadata accompany the files.
Synthesis Synthesis files consist of data sets with flags of A, B2 only No No Zip text filed
data set C and D and contaifiCO, values with a flag of 2. The and in Ocean
global synthesis data set is available as githahd re- Data View
gional fileg. formaf
Subset of Subset of the synthesis data set contairfi@g, values 2 as No No Text files via
synthesis with a flag of 2. Selection of “Include SOCAT invalids” default; Cruise Data
data set (i) gives access t6CO, values with aflag of 2, 3and 4. 2, 3,4 Viewer*
upon
request
Subset of Subset of the synthesis data set containing original CQ, 3, 4 Yes Yes Text files
synthesis measurements anidCO, values with a flag of 2, 3 and via Table of
data set (i) 4. Metadata and quality control entries are available. Cruise$
Gridded files  Gridded means défCO, values on a 1x 1° grid with 2 only No No NetCDF filey
minimal interpolation. Means are per year, monthly per in Ocean Data
year, monthly per decade and per climatological month View formaf,
from 1970 to 2011. A monthly 0.25 0.25 data set is and via
available for coastal regions. Gridded Data
Viewer®

1 doi:10.1594PANGAEA.8117762 httpy/cdiac.ornl.goyftp/oceantSOCATVZ,

3 httpy/odv.awi.dgerydatgocearsocat_fCO2_datd httpy/ferret.pmel.noaa.gg8OCAT2_Cruise_Viewgr

5 httpy/cdiac.ornl.goyftp/oceantSOCATV2SOCATV2_Gridded_D#tdoi:10.3334CDIAC/OTG.SOCAT_V2_GRID
6 httpy/ferret.pmel.noaa.gg8OCAT _gridded_viewgr

Asinversion 1 (Sect. 3.1in Pfeil etal., 2013), most surface Primary quality control was carried out at this stage. Pri-
water CQ values have been measured by equilibration of amary quality control included identification of basic prob-
headspace with seawater and subsequent analysis of the C@ms in the data, for example unrealistic positions, times and
content of the headspace. Historical measurements generallyrders of magnitude. Additional basic problems were identi-
used gas chromatographic analysis, while more recent medied during secondary quality control (Sect. 2.3).
surements are based on infrared detection. SOCAT versions 1
and 2 include a small number of historical, discrete surface ) ) ) )
water f CO, measurements. SOCAT products do not include2-2-3  Key differences with version 1 in data entry
fCO, calculated from other carbon parameters, such as pHTime stamp and version numberirthe time stamp for SO-
alkalinity or dissolved inorganic carbon. A small percentage CAT version 1 products did not contain seconds (Table 1)
of the fCO, values (0.2% in version 2) is from measure- (Pfeil et al., 2013). In some cases this resulted in multiple
ments by a spectrophotometric method using a pH-sensitiventries for a given time stamp. Such multiple entries were
dye (Table 7) (e.g. Hood et al., 1999). averaged in the synthesis files (version 1.5), but not in the
individual data set files (version 1.4). Two version humbers
(version 1.4 and 1.5) highlight theftkrent treatment of mul-
tiple entries for the same time stamp in the version 1 data
The data were assembled in a uniform file format, as in verproducts (Table 1).
sion 1 (Sect. 3.2 in Pfeil et al., 2013). Keyfidirences in data SOCAT version 2 products include seconds, as reported
entry between versions 1 and 2 relate to the time stamp, verby the data contributor, in the time stamp for all new and
sion numbering and an expocode for moorings and driftersupdated data sets (Table 1). However, a time stamp includ-
as described in Sect. 2.2.3. ing seconds is not available for version 1 data sets. For these

2.2.2 Data entry
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Table 3. Content of the individual data set files (IF) and the synthesis files in SOCAT version 2. The global synthesis product is available
as zip text files at CDIAC (ZIP) and in Ocean Data View (ODV) format. Subsets of the global synthesis data set can be created via the
Cruise Data Viewer for All Variables (CDV_AV), Current Variable (CDV_CV) and via the Table of Cruises (CDV_TC). The first column
(“Notation”) lists column headers for the parameters in the files.

Notation IF ZIP, CDhvV_CV ODV CDV_TC Unit Description
CDV_AV

Expocode - v v v v - 12-character expocode

SOCAT_DOI - v v v v - Digital object identifier for the
individual data set and metadata

QC_ID - v 2 - v - Data set quality control flag with
11 for A, 12 for B, 13 for C and
14 for D

DatgTime v - v - - - yyyy-mm-dghh:mm:ss
(1S08859)

yr - v - v v Year Year (UTC)

mon - v - v v Month Month (UTC}

day - v - V4 V4 Day Day (UTC}

hh - v - V4 V4 Hour Hour (UTC}

mm - v - v V4 Minute Minute (UTC}

ss - v - v v Seconds Seconds (may include decinals)

Time - - 2 - - Hour Hours since 1970

Day of Year - - 2 - - Day of Year Day of Year (UTC) with
1 January 00:00 as 1.0.

Longitude v v v v v °E Longitude (0 to 360)

Latitude v v v v v °N,°S Latitude (90 to 90}

Sample_depiepth water v v 2 v v m Water sampling deptfi

Sal v v 2 V4 V4 - Salinity on Practical
Salinity Scalé

TempSST V4 v 2 V4 v °C Sea surface temperattire

Tequ v v 2 v v °C Equilibrator chamber
temperature

PPPP v v 2 v v hPa Atmospheric pressure

Pequ v v 2 v v hPa Equilibrator chamber presstire

WOA_SS$Sal interp v v 2 v v - Salinity from WOA (2005)

NCEP_SLPPPPP interp v v 2 v v hPa NCEP Atmospheric presstire

ETOPO2_deptiBathy depth interp v v 2 v v m ETOPO2 Bathymetfy

Distance¢d?2| v v 2 - v km Distance to major land mass

GVCO2xCOyair_interp v v 2 v wmol mott  AtmosphericxCO, from

GLOBALVIEW-CO2 (2012)
umol mot!  xCO, (water) at equilibrator
temperature (dry ait)

fCO,water_SST_wet v - - - v patm fCO, (water) at sea surface
temperature (air at 100%
humidity)*

pCO,water_SST_wet v - - - v patm pCO; (water) at sea surface
temperature (air at 100%
humidity)

xCO,water_SST_dry v - - - v umolmot!  xCO, (water) at sea surface
temperature (dry ait)

fCO,water_equ_wet v - - - v patm fCO, (water) at equilibrator
temperature (air at 100%
humidity)

pCO,water_equ_wet v - - - v patm pCO, (water) at equilibrator
temperature (air at 100%
humidity)*

fCOreqgfCOwater_SST_wet v v 2 Vv v patm RecommendedCO, calculated
following the SOCAT protocol

fCOurec_srg¢Algorithm v v 2 v v - Algorithm for calculating
fCOurec (0: not generated; algo-
rithm 1-14 in Table 8)

fCOyrec_flagFlag v v 2 - v - WOCE flag for fCO,rec (2:
good, 3: questionable, 4: bdd)

<
|
|
|
AN

xCO,water_equ_dry

1 Data reported by the data originator.

2 Available upon selection of parameter.

3 |If the intake depth has not been reported by the data originator, an intake depth of 5m has been assumed.

4 Sea surface salinity on the Practical Salinity Scale interpolated from the World Ocean Atlas (WOA) 2005 (Antonov et al., 2006), available at:
httpy/www.nodc.noaa.gg@CHWOAOSYpr_woa05.htm{last access: 1 May 2013).

5 Atmospheric pressure interpolated from the N@EBAR (National Centers for Environmental Predictidational Center for Atmospheric Research) 40-Year Reanalysis Project on a
6-hourly, global, 2.5 latitude by 2.5 longitude grid (Kalnay et al., 1996), available httpy/www.esrl.noaa.ggopsddatadgriddeddata.ncep.reanalysis.surface.hftast access: 1 May
2013).

6 Bathymetry interpolated from ETOPO2 (2006) 2-minute Gridded Global Relief Data, available gtwhitpngdc.noaa.ggmggglobajetopo2.html (last access: 1 May 2013).

7 Individual data set files contain aiCO,rec data. Synthesis files at CDIAC and via ODV only contt@0;,rec data with a WOCE flag of 2 (Table 2).
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Table 4. Activities and key participants in SOCAT versions2and 3  Expocode for moorings and drifterSOCAT uses twelve

to date. Regional group leads are in Table 5. character expocodes (Swift, 2008) as stable and unique data
setidentifiers. For example, 49P120101218 indicates a cruise
Activity Key Participants on the Japanese (49) ship of opportunity Pyxis (P1) with the
Global group for Bakker (chair), Hankin, Kozyr, Metz|, first _day of the cruise on 18 Decemb_er 2010. In con_trast to
coordination Olsen, Pfeil, Pierrot, Telszewski version 1, expocodes have been assigned for moorings and

drifters in version 2, by registering a “vessel code” at Inter-

Data retrieval, Pfeil, Olsen national Council for the Exploration of the Sea (ICES) in

?rit-?czrl]ct;métion of collaboration with the National Oceanographic Data Cen-

£CO, ter (NODC) and the British Oceanographic Data Centre
(BODC) (Table 1).

Quality control Alin, Bakker, Barbero, Castle, Cosca,

Evans, Hales, Harasawa, Hoppema,

Huang, Hunt, Huss, Park, Paterson, 224 (Re-)calculation of recommended fCO,
Pierrot, Schuster, Skjelvan, Steirfho

Suzuki, Tilbrook, Van Heuven, Vlahos, Surface waterf CO, values at sea surface temperature (or
Wada, Wanninkhof intake temperature), also known as recommendé&®d,

Live Access Hankin, O’Brien, Smith (fCOyrec), have been recalculated, analogous to version 1
Server (Sect. 3.3 in Pfeil et al., 2013). A single set of equations and
— . - - a strict order of preference for the G@put parameter has

Individual data  Pfeil, Smith, Manke, Hankin been used (Table 8) (Pfeil et al., 2013). Siffelient CQ

set files, synthesis
products and
gridded products

parameters were reported in the original data files, notably
XxCO,, pCO, and fCO,, either at the equilibration tempera-
ture (Tequ) or at the sea surface temperature (SST).

Ocean Data View  Schlitzer The (re-)calculation procedure 6CO; has the following
Matlab files Pierrot, Landschiitzer philosophy (Pfeil et al., 2013):
SOCAT website  Pfeil 1. Whenever possible, (re-)calculat€0;;
Data archiving Pfeil, Sieger, Kozyr, Smith, Manke,
and online access Hankin 2. The favourite starting point for the calculationxSOy,
Meetings Alin, Bakker, Hales, Hankin, Najiri, next pCo;, followed by fCO;;

Telszewski
Alternative Wanninkhof, Steinhts, Bakker, Bates, 3. M|:1m|1|s§ the amount of external data required for the
sensors Boutin, Olsen, Sutton calculations.
(version 3)

Table 8 lists surface water G@arameters and ancillary pa-
Automation Hankin, S. Jones, Kozyr, O'Brien, Pfeil,  rameters used for calculation of recommend@D, in ver-
(versions 3to 4)  Smith, Bakker, Olsen, Schweitzer sion 2 in order of preference with algorithm 1 as the favourite

(analogous to Table 4 in Pfeil et al., 2013). The algorithm

is provided in the output files (Table 3). Equations recom-
data sets, seconds were added artificially to the time stammended by Dickson et al. (2007) have been used for the con-
to avoid the problem of multiple entries. The next version of version of the dry C@ mole fraction topCO,, for the cal-

SOCAT willinclude seconds, as reported by the data contrib-culation of the water vapour pressure and for the conversion

utor, for all data sets. of pCO, to fCO,, similar to version 1 (Sect. 3.3 of Pfeil
The CQ measurements for a dozen historical data setset al., 2013). As in version 1, the correction of Takahashi et

are listed at midnight or their time stamp in fractional days al. (1993) has been applied for temperature change between
contains insfficient decimals for retrieving minutes and sec- the seawater intake and the site of equilibration:

onds. Artificial seconds, in some cases including tenths or

hundreds of a second, were generated for these valuable datec0,5ST = fC0O,*MTexp(0.0423(SST - Teqy) (1)

such that they can remain in SOCAT version 2. Evefgre

will be made to retrieve a more adequate time stamp for thesgy|imatological values of salinity and atmospheric pressure

data sets for future versions. Unlike version 1, which has Veltrom reanalysis have been used in the calculation of recom-

sion 1.4 and.1.5 data products, version 2 data products hav§,endeds CO, (Table 8), if the data contributor did not report

a single version number (Table 1). in situ salinity and atmospheric pressure, following Pfeil et
al. (2013).
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Table 5. Regions and regional group leads in SOCAT version 2 (Fig. 5).

Region Definition Lead(s)

Coastal Seas Less than 400 km from land; betweéi®20hd 70N Alin, Cai, Hales
for 100 W to 43 E; between 30S and 66N elsewhere

Arctic Ocean North of 70N for 100° W to 43 E; north of 66 N Mathis
elsewhere, including coastal waters

North Atlantic 30Nto 70N Schuster

Tropical Atlantic 30Nto 30 S Lefevre

North Pacific 30N to 66’ N Nojiri

Tropical Pacific 30Nto 30 S Cosca

Indian Ocean North of 366 Sarma

Southern Ocean South of 38, including coastal waters Tilbrook, Metzl

Table 6. Meetings for SOCAT versions 2 and 3 to date.

Timing Meeting description Location Reference

092011 Public release of version 1. UNESCO, Paris, France (SOCAT, 2011)
Session on future SOCAT.

052012 Automation planning meeting NOAA-PMEL, Seattle, USA  (SOCAT, 2012a)

07/2012 SOCAT progress meeting Epochal Centre, Tsukuba, (SOCAT, 2012b)

Japan

10/2012 Coastal and Arctic SOCAT NOAA-PMEL, Seattle, USA  (IOCCP, 2012)
quality control workshop

06/2013 SOCAT side event at the 9th  Beijing International (SOCAT, 2013b)
International Carbon Dioxide  Convention Center,
Conference. Public release of  Beijing, China

version 2.
2.3 Secondary quality control in version 2 “Seven SOP criteria need to be fulfilled for a cruise (or
data set) flag of A or B in SOCAT:
2.3.1 Secondary quality control criteria 1. The data are based oi€O, analysis, notf CO, calcu-

lated from other carbon parameters, such as pH, alka-

Criteria for 2nd level quality control have been defined in linity or dissolved inorganic carbon;

a series of workshops (IOCCP, 2008, 2009, 2010; Pfeil et 2. Continuous C@ measurements have been made, not
al., 2013). Second level quality control consists of assigning discrete CQ@ measurements;
a quality control flag to each data set and a WOCE flag to
individual surface watefCO, values. The criteria for quality ~ 3. The detection is based on an equilibrator system and is
control are identical in versions 1 (Sect. 4.1 in Pfeil et al., measured by infrared analysis or gas chromatography;
2013) and 2.

Only data sets with a quality control flag of A, B, C and
D are included in SOCAT version 1 and 2 data products
(Table 9) (Pfeil et al., 2013). The data set quality control
flags (formerly known as “cruise flags”) in versions 1 and 2 5. The equilibrator temperature has been measured to
have been developed for automated shipboard measurement  within 0.05°C accuracy;
of surface waterf CO,, mainly by infrared detection and
frequent at sea standardisation using calibration gases with 6- The intake seawater temperature has been measured to
a range of C@ concentrations (IOCCP, 2008; Pfeil et al., within 0.05°C accuracy;
2013). Much weight is put on whether approved methods or
standard operating procedures (SOP) (AOML, 2002; Dick-
son et al., 2007; Pierrot et al., 2009) were followed by mak-
ing this a prerequisite for flags of A and B. Citing Pfeil et The fCO, values from data sets with flags of A and B are
al. (2013): judged to have an accuracy 82 patm or better. Criterion 1

4. The calibration has included at least 2 non-zero gas
standards, traceable to World Meteorological Organiza-
tion (WMO) standards;

7. The equilibrator pressure has been measured to within
0.5hPa accuracy.”
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Figure 4. The number of quality controllers in SOCAT versions 1
and 2 based in Europe, the USA, Asia and Australia, respectively.

The figure demonstrates the international character of the quality
Figure 3. The number of surface watdiCO, values obtained on  ¢ontrol dfort in SOCAT.

the 30 ships, including 1 ship-based time series, hosting the most
intense data collectionffort in SOCAT version 2.

Laurence M. Gould
Benguela Stream
Columbus Waikato
Marion Dusfresne

Nathaniel B. Palmer
Explorer of the Seas

setting (Sect. 4.1.3 in Pfeil et al., 2013). Outliers in parame-

also needs to be met for flags of C and D, similar to version 1(7S required for the timing, position and (re-)calculation of
(Sect. 4.1 in Pfeil et al., 2013). Complete metadata documen{ COz values are given flags of 3 and 4. Thus, flags of 3 and
tation is required for data set quality control flags of A, B and 4 Might indicate an erroneous time or position stamp, an un-

C. Comparison to other data is carried out, if possible. The'ealistic seawater temperature, strong warming between the

overall quality of the data needs to be deemed acceptable foie@water intake and the equilibrator or a large presstis-di
flags of A, B, C and D (Table 9) (Pfeil et al., 2013). ence between the equilibrator and the atmosphere. Data sets

The Southern and Indian Ocean groups (Table 5) have ap¥ith @large number of flags of 3 and# §0, as a guide line)

plied three additional quality control criteria for the tempera- &€ Suspended, as was also the case for version 1 (Pfeil et al.,
ture change between the seawater intake and the equilibrat@r013)'
in versions 1 and 2 (IOCCP, 2010), citing Pfeil et al. (2013):

— “Warming should be less tharf8; 2.3.2 Secondary quality control in practice

— Warming rate should be less tharfh 2, unless a  Secondary quality control for version 2 has been carried out

rapid temperature front is apparent; by 24 marine carbon scientists from eight countries (Fig. 4,
Table 4). Quality control in SOCAT is carried out by groups

— Warming outliers should be less than 0G compared  organised according to region. These regions have been op-
to background data.” erationally defined and do not necessarily follow common

oceanographic definitions. Regions for version 2 are the

Coastal Seas, the North Atlantic, Tropical Atlantic, North

— Cooling between the seawater intake and the equilibraPacific, Tropical Pacific, Indian Ocean and Southern Oceans
tor is unlikely in high-latitude oceans for an indoor mea- and a newly defined Arctic region (Fig. 5, Table 5). The Arc-
surement system; tic region includes both coastal seas and the deep ocean. It

— Zero or constant temperature change may indicate abs1cOMpasses all waters north of Rofor 100° W to 43" E
sence of SST values (Atlantic sector) and north of 68N elsewhere (Table 1)

' (Sect. 2.3.3) (SOCAT, 2012b).

The above five guidelines have been applied widely in ver- The regional group members assign data set quality con-

sion 2 for open ocean data away from sea ice, as part of a sysrol flags, WOCE flags and enter quality control comments.

tematic search for unrealistic data and outliers (Sect. 2.3.3)The Live Access Servehftpy/ferret.pmel.noaa.gghAS) is

Such a systematic search has not been carried out for versed for quality control, as in version 1 (Sect. 4 in Pfeil et al.,

sion 1 (Table 1). 2013). Quality control comments are available via the Table
These quality control criteria (Table 9) have also been ap-of Cruises on the Cruise Data Viewer (Table 2) (Sect. 2.4.5).

plied for quality control of surface water G®neasurements All new and updated data sets are subject to quality con-

from moorings and drifters in versions 1 and 2 (Table 7).  trol. Each data set is assigned a flag of A, B, C, D, S (Sus-
Individual fCO, values are assigned WOCE flags: 2 pend) or X (Exclude) for each region it crosses. As a final

(good), 3 (questionable) or 4 (bad) with 2 being the defaultstep the quality controllers need to resolve any “conflicting”

In addition:
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Table 7. Drifters and time series in SOCAT version 2 with the location, year(s) of operation, platform typen&fment type, algorithm
used for (re-)calculation of CO, (Table 8), number of data sets, numberf @O, values with a WOCE flag of 2, and reference.

Drifters and time series Location Year(s) Platform type ,@Btrument type Algorithm  Number Number Reference

data fCO,

sets values
CARIOCA 75.0N3.0W 1996-1997  Drifter Membrane spectrophotometer 6 1 2668 H1999
CARIOCA 0.4S7.8W 1997  Drifter Membrane spectrophotometer 6 1 1964 B2001
CARIOCA 40.rS15.8E 2005 Drifter Membrane spectrophotometer 6 1 1451 BM2009
PIRATA_10W_6S 6S10W 2006-2007 Mooring Membrane spectrophotometer 6 2 11820 L2008
Papa_145W_50N 50N 144.8 W 2007 Mooring Equilibrator-IR 6 1 4987 J2010
JKEO_147E_38N 37°N 146.6 E 2007 Mooring Equilibrator-IR 6 1 927 J2010
KEO_145E_32N 323N 144.53E  2007-2008 Mooring Equilibrator-IR 6 2 4740 J2010
MOSEAN_158W_23N 228N 158.*W 2004-2007 Mooring Equilibrator-IR 6 5 6034 J2010
WHOTS_158W_23N 22°MN 158.* W 2007 Mooring Equilibrator-IR 6 1 4750 J2010
CRIMP1 21.4N157.8W 2005 Mooring Equilibrator-IR 6 1 1993 J2010
TAO_170W_0 0.0S170.0 W 2005 Mooring Equilibrator-IR 6 1 2577 J2010
TAO_155W_0 0.0W 155.0 W 2005 Mooring Equilibrator-IR 6 1 2198 J2010
TAO_140W_0 0.0N 139.8 W 2004-2007 Mooring Equilibrator-IR 6 5 5253 J2010
TAO_125W_0 0.25124.4W 2004-2007 Mooring Equilibrator-IR 6 4 3686 J2010
BTM_64W_32N 31.8N64.2W 2005-2007 Mooring Equilibrator-IR 6 3 5095 J2010
Stratus_85W_20S 19.385.6 W 2006  Mooring Equilibrator-IR 6 1 9466 J2010
Station M 66.0N2.00E 2006-2007  Ship Equilibrator-IR 1 19 159671 WT1993
Station P 50N 145 W 1973-1976  Ship Equilibrator-IR 6 12 4158 None
Western Channel Observatory 50M.4.3 W 2007-2009  Ship Equilibrator-IR 1 1 899 HM2008, K2012

References are: B2001 — Bakker et al. (2001); BM2009 — Boutin and Merlivat (2009); H1999 — Hood et al. (1999); HM2008 — Hardman-Mountford et al. (2008); J2010 — Johengen (2010);
K2012 — Kitidis et al. (2012); L2008 — Lefevre et al. (2008); WT1993 — Wanninkhof and Thoning (1993).

sets with flags of A or B (48 %) and smaller proportions of
data sets with a flag of C (18 %) and D (33 %).

2.3.3 Key differences with version 1 in secondary quality
control

) This section identifies key fierences in secondary quality
— control between versions 1 and 2.

Atlantic

Creation of an Arctic regional designatiomn version 1
Arctic data were part of the North Pacific and North At-
lantic Oceans and the Coastal Region (Sect. 2.2 in Pfeil et al.,
2013). Given the importance of Arctic research and the rapid
increase in the quantity of Arcti€CO, values, an Arctic re-
gion has been defined for version 2 (Figs. 5 and 6; Table 1)
(Sect. 2.3.2) (SOCAT, 2012b).

Identification of unrealistic valuesin version 2 a sys-
tematic search has been carried out for unrealistic values
Figure 5. Quality control regions for SOCAT version 2 (Table 5). Or patterns in all data relevant for the timing, position or
White shading corresponds to the coastal region. The regions havére-)calculation off CO, (Sect. 2.3.1). This activity consid-
been defined for operational reasons and do not necessarily reflegred all the data sets submitted to version 2, including data
common oceanographic definitions. sets previously included in the version 1 data release. The

search applied to the ship’s cruise track, position, time, at-

mospheric pressure, equilibrator pressure, salinity, sea sur-
data set flags between regions and decide on the “agreedace temperature, equilibrator temperature, and temperature
flag for a data set. The data set quality control flag has beechange between the seawater intake and the equilibrator. This
added as a parameter in the synthesis files (Tables 1 and Blped locate problems with data entry, e.g. overlap between
(Sects. 2.4.4 and 2.4.7). data sets, reversal of hours and minutes, reversal of SST

Overall data quality and reporting of metadata has im-and salinity, presence of undefined values (e@09, —-99,
proved from version 1 to version 2, which we attribute to the -9.999,-9.99,-9.9,-9, 0), identification of unrealistic val-
SOCAT dfort. In version 1, 41 % of the data sets were as-ues (e.g. an atmospheric pressure of 780 mbar) and problems
signed a flag of A or B, 22 % obtained a flag of C and, 37 % with water flow (absolute temperature change between intake
received a flag of D. Version 2 has a larger proportion of dataand equilibrator exceeding’®). Depending on the nature of

Southern Ocean
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Table 8. Surface water COparameters used for the calculation of recommenide@d, (f CO,rec) at sea surface temperature in version 2

(after Table 4 in Pfeil et al., 2013). The parameters are listed in order of preference (with algorithm 1 as the favourite). The algorithm is
provided in the output files (Table 3). In cases of incomplete data reporting, these ancillary parameters have been used for atmospheric
pressure and salinity: NCEP (National Centers for Environmental Prediction) atmospheric pressure (Kalnay et al., 1996) and WOA (World
Ocean Atlas) salinity (Antonov et al., 2006) (Sect. 2.2.4).

Algorithm  Reported CQ® Unit Data Extra
parameter Percentage (%) variable

1 xCO,water_equi_dry  umol mof? 66.7 -

2 xCO,water SST dry  pmol mot? 45 -

3 pCO,water_equi_wet patm 45 -

4 pCO,water_SST_wet patm 26 -

5 fCO,water_equi uatm 0.2 -

6 fCO,water_SST_wet patm 10.8 -

7 pCO,water_equi_wét patm 0.3 NCEP Pressure

8 pCO,water SST_wét patm 8.3 NCEP Pressure

9 xCO,water_equi_dry  pmol mot? 0.2 WOA Salinity

10 xCO,water_SST_drfy  umol mof? 0.7 WOA Salinity

11 xCO,water_equi_dry  pmol mot™ 0.01 NCEP Pressure

12 xCOwater_SST_dryy  umol mot? 1.0 NCEP Pressure

13 xCO,water_equi_dr%?  pumol mof? 0.01 NCEP Pressure,
WOA Salinity

14 xCO,water_SST_drl?  umol mof™? 0.1 NCEP Pressure,
WOA Salinity

1 Atmospheric pressure was not reported in the original data file.
2 salinity was not reported in the original data file.

the problem, this resulted in suspension of a data set (Tathe quality of a temperature or atmospheric pressure reading
ble 10) or assignation of a WOCE flag of 3 (questionable) orwere grounds for suspension of a further two data sets.
4 (bad) to individualf CO, values. WOCE flags of 3 and AVOCE flags of 2 (good), 3 (ques-

In total, 154 data sets have been suspended, of which 7@onable) and 4 (bad) have been assigned td @i, values
had previously been included in the version 1 release (Tain version 2, including for data sets part of the version 1 re-
ble 1). Table 10 lists grounds for suspension of data setslease. During version 1 quality control, 0.2 % of th€O,
These include absence of g®alues (14 %), a data entry values had been assigned a flag of 3 or 4. However, these
problem (10 %), use of a constant atmospheric pressure ditags were accidentally reset to a flag of 2 prior to the ver-
salinity in the calculation of CO, (45 %), absence of SST sion 1 release, such that mds20, values in version 1 were
(8 %), and concerns on the quality 6€0, (3%), tempera- reported with a flag of 2. The initial flags of 3 and 4 set during
ture (14 %), or atmospheric pressure (2 %). In case of a dataersion 1 quality control have been reinstated in version 2. In
entry problem, data sets will be re-entered into the SOCATversion 2, a total of 2085@CO, values (0.2%) has been
quality control system for version 3. In other cases, data setgiven a flag of 3 or 4.
may need revision before resubmission to SOCAT. Finally,
six data sets (4 %) made by a spectrophotometric method _ _
were suspended, as the data set flags of A to D were no-4 Version 2 data policy and data products
deemed appropriate by the quality c_ontroller. In response, & , 1 paia policy
new data set flag of E has been defined for use in version 3
(Sect. 4.2) (Wanninkhof et al., 2013a). Users of the SOCAT data products are requested to do the

Suspension of 70 data sets included in versiofidldata  following (SOCAT, 2013a, b):
sets previously included in version 1 were suspended from
version 2 upon identification of data quality concerns (Ta- 1. Recognise the contribution of SOCAT data contributors
bles 1 and 10), as discussed above. Most of these (59) were  and quality controllers in the form of invitation to co-
suspended as a constant atmospheric pressure had been used aythorship or citation of relevant scientific articles by
in the calculation off CO,. These 59 data sets have since data contributors:
been revised and resubmitted to SOCAT for version 3. Six

data sets were suspended for a data entry problem, while , - cijte 41 SOCAT data products by reference to publica-
three data sets lacked surface water@8&lues. Concerns on tions documenting SOCAT:
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Table 9. Criteria for assigning data set quality control flags based on the expected quality of the recomiif@@gedlues (per Table 6 in
Pfeil et al., 2013). All criteria need to be met for assigning a data set flag. Only data sets with a quality control flag of A, B, C and D are
included in version 1 and 2 data products. SOP is Standard Operating Procedures (Dickson et al., 2007); QC is quality control.

Data set flag (ID)  Criteria

A (11) 1. Followed approved methods or SOP criteria and
2. Metadata documentation complete and
3. Extended QC was deemed acceptable and
4. A comparison with other data was deemed acceptable.

B (12) 1. Followed approved methods or SOP criteria and
2. Metadata documentation complete and
3. Extended QC was deemed acceptable.

C (13) 1. Did not follow approved methods or SOP criteria but
2. Metadata documentation complete and
3. Extended QC was deemed acceptable (including comparison
with other data if possible).

D (14) 1. Did or did not follow approved methods or SOP criteria and
2. Metadata documentation incomplete but
3. Extended QC was deemed acceptable (including comparison
with other data if possible).

S (Suspend) 1. Did or did not follow methods or SOP criteria and
2. Metadata documentation complete or incomplete and
3. Extended QC revealed non-acceptable data but
4. Data are being updated.

X (15) (Exclude) The data set duplicates another data set in SOCAT.

N (No flag) No data set flag has yet been given to this data set.

U (Update) The data set has been updated.
No data set flag has yet been given to the revised data.

3. Send references of publications using SOCAT products2.4.3 Individual data set files

to submit@socat.info. Individual data set files provide surface waf&€O,, the pa-

rameters used to (re-)calculat€O, and the original C@
24.2 SOCAT data products parameter(s) reported by the data contributor for data sets

The SOCAT data products provide access to recommendeWith a flag of A, B, C or D (Table 2). The files include
surface oceafiCO; values in a uniform format for the global @ll surface waterfCO, values with WOCE flags of 2, 3
oceans and coastal seas. Thragedent SOCAT data prod_ and 4. Individual data set files are archived at PANG/%A
ucts are available: individual data set files, synthesis file(d0i:10.1594PANGAEA.81177§. Each data set has a dig-
and gridded files. User-defined subsets of the synthesis fileal object identifier (doi) (Table 3). Metadata provided by
are available via the Cruise Data Viewer. The Gridded Datathe data contributor accompany the data set files. As in ver-
Viewer facilitates querying of the gridded data products. sion 1, the individual data set and synthesis files include the
All data products can be accessed via the SOCAT websité&limatological values of salinity and atmospheric pressure
(httpy/www.socat.infg) or via the web-links provided below. from reanalysis. The files also contain values for the water
Table 2 identifies the key characteristics of the SOCAT datadepth, the distance to a major land mass and the atmospheric
products, while Table 3 lists the contents of downloadableCO2 mole fraction interpolated from GLOBALVIEW-CO2
files. The version 2 data products resemble those for ver{2012). Via PANGAEA®, version 2 is made available to the

sion 1 (Pfeil et al., 2013; Sabine et al., 2013), apart fromWorld Data System (WDS) of the International Council for

further standardisation and extra parameters. The data prodicience (ICSU), to the Group of Earth Observations (GEO)
ucts and tools are discussed below, followed by a descripPortal and to the Global Earth Observation System of Sys-

tion of key diferences between version 1 and 2 (Table 1)tems (GEOSS).
(Sect. 2.4.7).
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Table 10. Grounds for suspension of data sets from SOCAT version 2. A distinction is made between data sets previously included in
version 1 and new data sets in version 2. Abbreviations are SST for sea surface temperature, Tequ for equilibrator temperature and dT for the
difference between the equilibrator temperature and the sea surface temperature.

Ground for suspension Number data  Number data Percentage of
setsversion 1  sets version 2 total (%)
Overlap with other data set 0 1 1
Data entry problem (incomplete data 6 9 10
set, time, position, SST, salinity)
Constant atmospheric pressure in 59 5 42
calculation off CO,rec
Constant salinity (0 0#999) in 0 5 3
calculation off CO.rec
No XCO,, pCG;, or fCO, reported 3 19 14
No SST reported 0 13 8
Concerns on quality of COrec 0 4 3
Concerns on quality of SST, Tequ of d 1 20 14
Concerns on quality of atmospheric 1 2 2
pressure
No appropriate sensor flag 0 6 4
Total 70 84 100
2.4.4 Global synthesis product The Table of Cruises, available via the pull-down menu

“Tables” on the Cruise Data Viewer, enables the user to find
hetadata and read quality control comments for specific data
sets (Table 2). Files downloadable via the Table of Cruises
containf CO, values with WOCE flags of 2, 3 and 4 and the
original CG, data (Table 3).

The global synthesis data set consists of individual data set
with flags of A, B, C and D and contain§CO, values
with a WOCE flag of 2 (Table 2). The synthesis files do
not contain the original C®values (Table 3). Each line in
the files lists the doi-number of the corresponding individual
data set file at PANGAER (Sect. 2.4.3). The synthesis data _
set is available as global and regional files for the SOCAT2:4-6 ~ Gridded products

regions (Fig. 5). The regional files only contain data from ggpine et al. (2013) detail the gridding of the O, values on
within that region, so that data from most cruises are splitz 10 |atitude by % longitude grid with a higher 0.23atitude
between several regional files. The global and regional fileyy 0.25 |ongitude resolution product for the coastal seas in
are publicly available as compressed zip text files via CDIACyersjon 1. The procedures for gridding the data are identical
(httpy/cdiac.ornl.goyftp/oceant$SOCATVZ). Matlab code is i versions 1 and 2.

available for reading these synthesis files. The global syn- geyeral gridded products of surface ocedi€O,
thesis product is also available in Ocean Data View formatmeans with minimal interpolation are available

(httpy/odv.awi.dger/datgoceartsocat_fCO2_daja (doi:10.3334CDIAC/OTG.SOCAT V2 _GRID.  Surface
water fCO, values with a flag of 2 have been put ona 1
2.4.5 Subsetting the global synthesis product latitude by 2 longitude grid in four ways: per year, monthly

per year, monthly per decade, and per climatological month
from 1970 to 2011 (Table 2). A higher resolution of (.25
Ia]titude by 0.25 longitude is available as monthly means

The Cruise Data Viewer httpy/ferret.pmel.noaa.ggv
SOCAT2_Cruise_Viewg), an interactive tool on the Live
Access Server, enables searching and subsetting the glob

: . er year for the coastal region (Fig. 5).
synthesis data set by year, month, day, region, parametef, Gridded fCO, values are reported as unweighted means
expocode, cruise name, vessel, and data set quality contrg]

flag. One may define search limits, for example salinityand as cruise-weighted (or data set-weighted) means (Sabine

below 32 The User can create Drobertv-property plots an t al., 2013). In an unweighted mean all the recommended
dOW\I’II\{OB.d. data L'Jl'he default settir?g is ac)c/:epsSCfp@z)\//aﬁues CO, values in a grid cell have been given equal weight in
with a WOCE flag of 2 (Table 2). However, the user can calculating the mean. In a cruise-weighted mean, first aver-

; . . ages of the recommendddCO, values per cruise (or data
include data with flags of 3 (questionable) and 4 (bad) by oy .
selecting “Include SOCAT invalids”. Figures 2 and 7 have set) have been calculated within a grid cell, before averages

been made with the Cruise Data Viewer of the cruise means have been determined. Grid cells with-
' out fCO, values are empty. No correction has been made
for the expected long-term increase in surface wa®,,
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Figure 6. The density of surface watéiCO, values for each re-
gion in SOCAT versions 1 and 2. Regions are the Coastal Seas, the
Arctic Ocean, the North Pacific Ocean, the Tropical Pacific Ocean, 80°S

the North Atlantic Ocean, the Tropical Atlantic Ocean, the Indian 100°E 160°W 60°W 20°E
Ocean and the Southern Ocean (Fig. 5, Table 5). In version 1, Arctic™/gq. 8 — =
data were included in the North Pacific, North Atlantic and Coastal N

Regions.
40°N

something users of the monthly climatological and decadal
gridded products should keep in mind. Furthermore, the grid-
ded products may have a temporal bias in grid cells with un-
even temporal data coverage. For example, an annual gridded
product may have a strong seasonal bias, if only summertime 8
fCO, values are available.

Gridded f CO, products can be accessed as NetCDF files

from CDIAC (httpy/cdiac.ornl.goyftp/oceantSOCATVZ  rigure 7. Seasonal distribution of surface wat€0, values for

SOCATv2_Gridded_D#}, in Ocean Data View formabtp: 2000 to 2009 in SOCAT version 2 f¢a) January to March angb)
//odv.awi.d¢erydatdocearisocat_fCO2_dajaand via the  July to September.

Gridded Data ViewerHttpy/ferret.pmel.noaa.gg8OCAT _

gridded_viewef) (Table 2). Matlab code is available for read-

ing the NetCDF files. version 1. The number of parameters in the downloadable

The capabilities of the Gridded Data Viewer have beenfiles available via the Cruise Data Viewer as “All Variables”

expanded in version 2. The number offdient years is a and “Current Variable” has been strongly reduced to match

new variable in the monthly climatological gridded data set.those in the synthesis files at CDIAC (Tables 1 and 3).

The Gridded Data Viewer now shows the 400 km continental Gridded Data Viewerthe number of dferent years has

margin mask at 1 min resolution used for defining the Coastabeen added as a variable to the monthly climatological grid-

Region (Table 5) and the distance to the nearest major landed data set (Sect. 2.4.6). Data sets for the 400 km continen-

mass from 0 to 1000 km at 20 min resolution. The Griddedtal margin mask and the distance to the nearest major land

Data Viewer has an option for animation of gridded prod- mass are now available. The visualisation tools of the Grid-

ucts. The interface has a new comparison capability for up taled Data Viewer have been expanded.

four gridded data sets. This enables the user to visualise, for Release notesielease notes document issues identified

example, gridded data products in SOCAT versions 1 and 2vith individual data sets or data products in version 2.

in a multiple-plot view. The notes are available on the CDIARtpy/cdiac.ornl.goy
ftp/oceant$SOCATVZ) and SOCAT [ttpy//www.socat.infg
access.htmiwebsites (Table 1).

100°E 160°W 60°W 40°E
Surface water fCO, (patm)

2.4.7 Key differences with version 1 in the data products

This section identifies key flierences between the data prod- 3  Spatial and temporal data coverage
ucts for versions 1 and 2.

Parameters in the individual and synthesis data set files:SOCAT version 2 includes surface oceB@O, values col-
the data set quality control flags of A to D have been addedected between 1968 and 2011 for the global oceans and
as numerical values 11 to 14 to the synthesis files in vercoastal seas (Figs. 1 and 2). Data availability has increased
sion 2 (Tables 1 and 3). The distance to a major land mass isver time for most ocean regions (Fig. 1b). A notable excep-
a new parameter in the files. Atmospheric £@ole frac-  tion is the Indian Ocean, for which data are available from
tions from the 2012 GLOBALVIEW-CO2 are reported in the 1990s, but where few subsequent observations have been
version 2 output files; this represents an update from themade. Marked increases in data collection are apparent in the
2008 GLOBALVIEW-CO2 values which were reported for Gulf of Mexico (not shown) and the Arctic Ocean (Fig. 1b).
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longitude grid cell from 1970 to 2011 in SOCAT version 2. Fig- Figure 9. Number of data sets (colour bar on top of subplots) with

ure 8a updates a similar figure for version 1 in Sabine et al. (2013surface waterf CO, measurements pef latitude by 2 longitude

Fig. 5). grid cell for 2000 to 2009 fo(a) the northwest Atlantic Ocean and
the Caribbean Sed#bh) the northeast Atlantic Ocean and European
shelf seas(c) the northwest Pacific Ocean a(d) Drake Passage in

For example, version 2 has a total of 40 data sets in the Arcti¢he Southern Ocean. The presence of repe&@@, observations
Ocean, of which 10 data sets were collected in 2011 aloneMade on ships of opportunity and research supply ships is clearly
Data coverage remains sparse in large parts of the SouthetfiSiol€ in coastal seas and the open ocean.
Hemisphere oceans (Fig. 2).

On average 3.4 surface watb€O, values have been col- . . .
lected per 100 ki between 1968 and 2011 in the global Florida Straits, the E'ngllsh' Channelf ¢the coast of Japan
oceans and coastal seas. Data density ranges widely from O@d near the Antarctic _Penlnsula. )
fCO, values per 100 kin the Indian Ocean to 6.7 values 1€ numbers of unique months and total months with
per 100k in the North Atlantic Ocean (Fig. 6). Data den- | CC2 values per 1 latitude by  longitude grid cell shed

sity in the Southern Ocean appears somewhat high with 2.49Nt on data collection activities for 1970 to 2011 (Fig. 8).
values per 100 kinrelative to the North Pacific, the Tropi- 190 data density along shipping routes highlights the re-

cal Pacific and the Tropical Atlantic Oceans. However, thepeated fCO, observations. For example, numerous grid

Southern Ocean includes coastal waters with higher than a/20X€S €ast of Japan have observations in all months of the
erage data density (Fig. 5), while the other three open ocea¥€@' for about 50 months in total, reflecting an intense, CO
regions do not. Five of the ten most “productive” ships in PServationalgort over a large number of years. This ongo-
terms of data collection are active south of 3) notably the Ing datg c_qllect|on gort IS cr|t|ca}l for the quantification of
Nathaniel B. Palmerthe Laurence M. Gouldthe Southern the variability and trends in Cfair-sea exchange.
Surveyor thePolarsternand theAurora Australis(Fig. 3).
The seasonal distribution of surface wafe€O, values
is shown in Fig. 7 for the period 2000 to 2009. The maps
de_monstratg the near absence of wintertime data in the highz ; Progress towards version 3
latitude regions. The Ross Sea (Southern Ocean) has about
20 months of observations spanning five months from ausSurface water C®values and accompanying metadata can
tral spring to autumn (Fig. 8). be submitted to CDIAC in the IOCCP-recommended formats
The installation of automatefiCO, systems on ships of (httpy/cdiac.ornl.goyoceangsubmit.htm) at all times. Ide-
opportunity and Antarctic supply ships has greatly improvedally data are submitted as they become available. The SO-
the data availability along shipping routes and including for CAT global group sets deadlines for consideration of data
coastal seas near major ports (Fig. 9). For example, betweein specific SOCAT versions; for example, the deadline for
2000 and 2009 more than 40 individual ship visits have beersubmission to SOCAT version 3 was 28 February 2014. Ver-
made to the 1 latitude by I longitude grid boxes in the sion 3 quality control is scheduled to take place during the

4 Future plans
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summer and autumn of 2014 with the release of version 3will be more straightforward once the automation system is
planned for mid-2015. fully operational. The automation system is expected to be-
come the primary mode of data submission from version 4

4.2 Quality control flags for alternative sensors on a onwards.

range of platforms

. . 5 Scientific applications of SOCAT
The SOCAT data quality control flags have been primar-

ily designed for shipboard, continuous surface water, CO several scientific studies have used SOCAT data products.
measurements by gas chromatography or infrared detectiofthe global synthesis product is the most popular SOCAT
(Pfeil et al., 2013). Since the definition of these flags, high-product in scientific publications. Both files in zip text format
precision and stable cavity ring-down spectroscopy (CRDS)ourantou and Metzl, 2011; Tjiputra et al., 2012; Nakaoka
has become available for surface water,G@easurements gt al,, 2013: Rddenbeck et al., 2013; Wanninkhof et al.,
(Friedrichs et al., 2010; Becker et al., 2012). The quality con-2013p) and the Ocean Data View collection (Chierici et al.,
trol criteria in SOCAT are deemed adequate for the measurez012) are used for data access. Two studies utilise a global

ments by CRDS. Measurements made by CRDS will be in-gridded product (Landschiitzer et al., 2013; Schuster et al.,
cluded in future SOCAT versions, provided calibrations have2(13).

been carried out at least daily (SOCAT, 2012b). Scientific applications of SOCAT include:

The quality control criteria, as used in versions 1 and 2,
need revision forfCO, values from sensors on surface — Visualisation of surface oceafCO, data coverage
moorings, surface drifters and self-propelled surface vehi-  (Chierici et al., 2012) and data requirements (Wan-

cles (SOCAT, 2012b). These measurements do not follow all ~ ninkhof et al., 2013b);
the standard operating procedures and at-sea calibration of
suchfCO, measurements is often infrequent or non-existent.

Also, the sensors tend to use fewer gas standards than on

— Use of the SOCAT continental margin mask (Evans and
Mathis, 2013);

ships due to Iog.istical and power constraints. A worki'n'g — Process studies (Lourantou and Metzl, 2011);

group on alternative sensors (Table 4) has developed a vision

on how to include sucf CO, values, as measured for ex- — Creation and validation of surface wateg€O, and CQ
ample by infrared analysis and spectrophotometry, in future air—sea flux maps by a variety of techniques, includ-
SOCAT versions (Wanninkhof et al., 2013a). The working ing multiple linear regression (Schuster et al., 2013),
group has determined which quality control criteria should neural network approaches (Landschitzer et al., 2013;
apply to surface water CQlata from these new sensors and Nakaoka et al., 2013) and an ocean mixed layer model
platforms. The term “data set quality control flag” replaces (Rodenbeck et al., 2013);

“cruise quality control flag”. The accuracy of data with data o ]
set flags of C and D has been specified pats. A new data — Quantification of the annual mean ocean carbon sink
set quality control flag of “E” with an accuracy better than (Schuster etal., 2013);

10uatm has been defined. The platform and the, GStru- — Studies of variation in the ocean carbon sink on seasonal

ment type will be introduced as parameters. These quality (Rodenbeck et al,. 2013), year-to-year (Landschiitzer et

control criteria and other recommendations of the working al., 2013) and decadal timescales (Lourantou and MetzI
group will be adopted for SOCAT version 3. 26’11)- |

— Initialisation and validation fields for ocean carbon cy-
cle models (Tjiputra et al., 2012).

4.3 Automation

The large €ort for data entry and quality control is a major

obstacle for regular and prompt SOCAT updates, especiallyf hese applications highlight the importance of SOCAT for
with more data becoming available each year. The need fofegional and global air-sea GGlux assessments, process
automating SOCAT was formally recognised in Septemberstudies and ocean carbon modelling.

2011 (SOCAT, 2011) and an automation team was created

(Table 4). The automation vision proposed by the team wass Conclusions

accepted by regional and global group leads (SOCAT, 2012a,

b). The automation system will allow the data provider to up- SOCAT version 2 represents a 44 yr record of surface wa-
load, review and submit data and metadata. It will calculateter fCO, values from 1968 to 2011 for the global oceans
surface waterf CO,. The automation system will provide a and coastal seas (Figs. 1 and 2). Version 2 extends version 1
single portal for data providers, data managers and qualitypy four years, while also adding moféCO, values for the
controllers. Manual data entry by the SOCAT data managergears 2006 and 2007. The data are in a uniform format and
will be strongly reduced. Regular, prompt releases of SOCAThave been subject to documented quality control. The quality
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of data and of data reporting has improved in version 2 rel-AOML: Underway pCO, systems workshop, Atlantic Oceano-
ative to version 1. The temporal data distribution partly re- graphic and Meteorological Laboratory (AOML) National
flects activities in large international research programmes. Oceanic and Atmospheric Administration, Miami, 2—3 October
Over time, data coverage in all ocean regions has increased, 2002, httpj/www.aoml.noaa.ggecdgcquwpcozworkshops
with the exception of the Indian Ocean. Data coverage has (lastaccess: 13 March 2012), 2002.

. Bakker, D. C. E., Etcheto, J., Boutin, J., Dandonneau, Y.,
increased four-fold from the 1990s to the 2000s, thus pro and Merlivat, L+ Variability of surface watefCO, during

viding much better Season_al and spatial coverage for large seasonal upwelling in the equatorial Atlantic Ocean as ob-
parts of the Northerlj Hemlsphgre oceans and coastal seas. .o\ e by a drifting buoy, J. Geophys. Res., 106, 9241-9253,
Data coverage remains sparse in large parts of the Southern q4i-10.102919993C0002752001.

Hemisphere and the Indian Ocean. Bakker, D. C. E., Pfeil, B, Olsen, A., Sabine, C., Metzl, N., Han-
The international importance of SOCAT is evident from  kin, S., Koyuk, H., Kozyr, A., Malczyk, J., Manke, A., and
recent scientific articles using SOCAT data products for Telszewski, M.: Global data products help assess changes to
guantification of the ocean carbon sink, process studies and the ocean carbon sink, Eos, Transactions American Geophysical

ocean carbon modelling. Regular updates to SOCAT will ex- Union, 93, 125-126, ddi0.10292012E01200012012.

tend the SOCAT data record and ensure that new data ar%ecke_r, M., Andersen,_ N.,_Fiedler, B., .Fietzek_, P.,_ Kortzinger, A.,
promptly made available for flux assessments and modelling. Stéinhdf, T., and Friedrichs, G.: Using ;:avuty ringdown spec-
Future plans include use of the revised quality control crite- OSCOPY for continuous monitoring af°C(CG;) and fCO;

ria for fCO, values from alternative sensors and platforms in the surface ocean, Limnol. Oceanogr.-Meth., 10, 752-766,
. P ' doi:10.4319lom.2012.10.7522012.
as well as automation.
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