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ABSTRACT

Feely R. A., CL. Sabine, F. J. MilleroC. LangdonA. G. Dickson R. A. Fine,J. L. Bullister D.A.
Hansell,C. A. CarlsonA. P.McNichol, R. M. Key;, R. H. Byrne and R. Wanninkho2008.Carbon
Dioxide, Hydrographic and Chemical Data Obtained Durinbe R/\$ RogerRevelleand Thomas
G. ThompsorRepeatHydrography Cruisein the Pacific Ocean: CLIVARCO, Sectios P16S 20(b
(6 January 19 February200b) andP16N 2006(13 Februaryi 30 March, 2009. Ed. A. Kozyr.
ORNL/CDIAC-155 NDP-090. Carbon Dioxide Information AnalissCenter, Oak Ridge National
Laboratory, U.S. Department of Energy, Odlde, Tennesse&4 pp.doi:10.3334/CDIAC/00002.

This report presents methg@mdanalytical and quality control predures for salinity, oxygen,
nutriens, total carbon dioxide (TO,), total alkalinity (TALK), pH, discrete Cgpartial pressure (pCQ
dissolvedorganic carbofDOC), chlorofluorocarbosi(CFCs),r a d i o ¢ *aCr abdbunderwagarbon
measurementgerformed during th®16S_200%6 January19 February 2005andP16N_206 (13
February 30 March, 2006%ruisesin the Pacific OceaTheresearch vess@R/V) Roger Revelle
departedPapeete, Tahiton January 62005for the Repeat &tionP16S nominally along 150°W
endng in Wellington, New Zealandn February 19Duringthis cruse, samples were taken from 36
depths at 111 CTD statiohetweenl6°S and71°S The Repeat Sectidd1l6N nominally along 152°W
consisted of two legs. Legstarted orFFebruary 132006in Papeete, Tahitand finished oMarch 3 in
Honolulu, Hawaii. The R/VThomas G. Thompsaleparted Honolulu for Leg @ March 102006and
arrivedin Kodiak, Alaskaon March 30. During the P16N cruiseamples were taken from 8436
depths at 84 statiormetween 17°S and 56.28°TNhe esearcttonductednthese cruisewaspartof a
series of repeat hydrography sections jointly fundethbiational Oceanic and Atmospheric
Administration (NOAA) andhe National Science Foundation (NS& part of th&limate Variability
Program CLIVAR)/CO, RepeatHydrograghy Program.

TheP16Sand P16Ndata set areavailable free of charge as a numeric data package (NDP) from the
Carbon Dioxide Information Analysis Center (CDIAC). The NDP consists of the oceanographic data files
and this printed documentation, which déses the procedures and methods used to obtain the data.

Keywords: carbon dioxide, total CQtotal alkalinity, carbon cycleadiocarboncoulometry DOC,
potentiometry, hydrographic measurements, CLIVRRgificOcean
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1. BACKGROUND INFORMATI ON

TheWOCE designated16line wassampled apartof the Climate Variability/ CarbonDioxide
(CLIVAR/CO,) Repeat Hydrographiprogram sponsored by thidational Oceanic and Atmospheric
Administration (NOAA)and National Science Foundation (NSH)e goalof the Repeat Hydrogaphy
Programis to measure decadal changes in circulation, heat and fresh water budgets, and carbon inventory
in the ocean. The cruises repeat a subset MMDEE Hydrographic Program (WHP) and Joint Global
Ocean Flux StudgJGOFS)ines occupgd in each major ocean basin in the 1990s. These measurements
are of importance both famternationakesearch programs, such@islIVAR or IMBER, and for
operational activities such as the Global Ocean Observation System and the Global Climate Observing
System. As outlined in the program documentatare component of a global observing system for the
physical climate/C@system should include periodic observations of hydrographic variablesy&®m
parameters, and other tracers. The lagge obsemtion component of th®cean Carbon and Climate
Change Programeed systematic observations of the invasion of anthropogenic carbon in the ocean
superimposed on a vabie natural background. The gbpical areas addressed by the CLIVER),
RepeatHydrogaphy program are

carbon system studies

heat and freshwater storage and flux stydies

deep and shallow water mass and ventilation studies
ocean acidification studies

calibration of autonomous sensaaad

data for model calitation.

ok whE

TheP16line, whichlies nominally alond 50/ 152°W, between 72° S and 55°(Rig. 1)wasa
reoccupation of a sevenaleridionalP16 cruises sampled during WOQE6N NOAA CGC-91 cruise
onboardR/V Discovererin 1991, Feely et al. 1991P16C R/V T. WashingtoTUNES-3 cruise in 1991
NDP-060 athttp://cdiac.ornl.gov/oceans/ndp_060/ndp060.ntRPL6S R/V T. Washingtom@ UNES-2
cruise in 1991, see NDF54 athttp://cdiac.ornl.gov/oceans/ndp_054/ndp054 .itanid P16A (R/V
Knorr Juno 9 cruise in992, see ND®5 athttp://cdiac.ornl.gov/oceans/ndp 065/ndp065.html

TheR/V RogerRevelleconducted thérst CLIVAR/CO, P16 cruisedesignated as P16Bhe cruise
departed from Papeete, Tahon Januan®, 2005conducting hydrographic profiles at ehelf degree
spacing nominally along 150°W frof®® Sto 71°S. Scientiss completed 11 full-depthconductivity,
temperature, and dept@TD)/rosettelowered acoustic Doppler current profilerADCP) casts, 4
shallowcolored dissolved ganicmatter CDOM) rosette cast®1 bic-optical castand 58 trace metals
CTD/rosdte castsIn additiontwelve ARGOS floatswere deployedThe cruise ended in Wellington,
New Zealandon Februaryl9, 2005.

The R/VThomas G. Thompsaleparted Papeete, Tahiin February 132006 for the beginning
of Leg 1of Section P16NThe first station was at 1%, 150°W. This station and the next station at
16° S, 150°W repeated the occupation tefo stationssampledn 2005as part ofSectionP16S. The ship
then proceededorth conducting a fullepthCTD/rosette/LADCP cast every 6@nrio 21°N, 152°W.
Station spacing wadecreasetb 30 miles between B and 2N. Thirty-four 12L Niskin type bottles
were used todalectwater samples from throughout the water column at each station. Eachiittlen
was subsampledon deck for a variety of analyses. Tweptojects were represented oed-1 of the
cruise. A 1000 m trace metal cast was conducted at every otti@n,stxcept between Zand 1°N
where a profile was collected at every station for a total of 23 trace metal cadisiCEhmetal casts were
conducted at approximately the same locations as the primary profileseendither before or after the
full-depth casts depending on time of day. One optical profilecolieted each day on stations that


http://cdiac.ornl.gov/oceans/ndp_065/ndp065.html

occurred between 10:00 and 14:00 local time. Near sustzaater (temperature, salinipgrial

pressure of carbon dioxidpCQO,], acaustic Doppler currerprofiler [ADCP]) and atmospheric
measurements (GOCFCsaerosols) were also made along the cruise track. The last of 43 stations was
completedon ThursdayMarch2, 2006. The cruise ended in HonaluHawaii, on March 3, 2006

TheR/V Thomas G. Thompsa departed Honolulusawaii,on March10, 2006 for thestart of
Leg 2of Section P16NThe first station wasccupiedat 22°N, 152°W. The shighen proceeded north
while a fulkdepth CTD/rosette/LADCP castasconductedevery 60nautical miles to 55N, 152°W,
where aseries of 8 closehgpaced stationsere conducted close tbe Alaskan coast. Thirtyix 12L
Niskin bottles were used to collect water samples frlmrmughout the water column at each station. Each
Niskin bottlewas subsampled on decfor a varietyof analyses. Twenty projects were regented on
Leg 2 of the cruiseA 1000 mtrace metal cast was conducted approximately every other station for a total
of 17 trace metatasts. The trace metal casts were conducted at approximately théosations as the
primary profiles and were either before or after the-fldpth casts depending on time of day. Opécal
profile was collected each day on stations that occurred between 10:00 and 14:0®éocakotal ¢ 41
stations were occupiezh Leg 2. In addition, net tows wecenducted at night at about 10 stations either
while steamingowardsa station or upon departure. part of the Argo program, floats were deployed at
8 locations usually upon departure framstation. Underway measunmentsof surface seawater properties
(temperature, salinity, pGLADCP) and atmospheric concentrations of,OCFCs, and aerosols were
also made along thuise track. The last station was completed on Wednesday, B&r2006. The
expeditionendedn Kodiak, Alaska,on March 30, 2006.

This report presents methods, and analytical and quality control procedures for salinity, oxygen,
nutriens, total carbon dioxide (TC§), total alkalinity (TALK), pH, discrete C&partial pressure (pC{
dissolvedorgant carbonDOC), chlorofluorocarbos(CFCs), carbon isotopesand underway carbon
measurementgerformedon these cruisef.or information about other measurements from the P16
cruises see the cruise report€atVAR and Carbon Hydrographic Data OfficECHDO)
(http://whpo.ucsd.edu/groups?id=p16
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Fig. 1. Cruise tracksfor the Pacific OceanSectiors P16S 2006 and P16N_2006
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2. DESCRIPTION OF THE EXPEDITION S

2.1 R/V Roger Revelld*16S_200%ruise Information

Ship name RogerRevelle

EXPOCODEs 33RR20050109

CLIVAR section P16S 2005

Ports of call Papeete, TahitWellington, New Zealand

Dates January06i February 19, 2005

Funding support NOAA, NSF

Chief scientist&Co-Chief Dr. Bernadette M. Sloyawoods Hole @eanographic
Scientist Institution WHOI)

Dr. James H. Swift/SIO

2.2 R/V Thomas G.ThompsonP16N_2005 Cruise Information

Ship name Thomas G. Thompson
EXPOCODEs 325020060213
CLIVAR section P16N_2006, Leg 1 and 2
Ports of call Leg 1 Papeete, TahitHonolulu,Hawaii, USA
Leg 2 Honolulu,Hawaii, USAI Kodiak, Alaska,USA
Dates Leg 1 Februaryl3i March 3, 2006
Leg 2 March 1@ March 30, 2006
Funding support NOAA, NSF
Chief scientistsCo-Chief ~ Leg 1 Christopher L. Sabine/NOA#acific Marine
Scientist Environmental Laboratory (REL) / Dr. Erica Key
Rosenstiel School of Marine and Atmospheric Science
(RSMAS

Leg 2 Dr. Richard A. Feely/NOAAPMEL/ Sabine
MeckingUniversity of WashingtonyWw)



2.3 Parameters MeasuredParticipating Institution s, and Responsile Investigators

Table 1 Parameters measuredisted with responsible investigatorand associated
institution for Section P16S 2005

Responsible

Parameter Institution .
Investigator

Conductivity, temperature, anc Scripps Institutiorof Oceanography (®)  J. Swift
depth(CTD) measurements

Acousticand loweredhcoustic  University of Hawaii(UH) E. Firing
Doppler current profile

Salinity SIO J. Swift
Nutrients SIO J. Swift
Dissolvedoxygen SIO J. Swift
Chlorofluorocarbons Rosenstiel School of Marine and R. Fine

Atmospheric SciencRSMAYS),
University of Miami(UM)

Tritium, helium Lamont Doherty Earth Giervatory P. Schlosser
(LDEO)

Total carbon dioxide Pacific Marine Environmental Laboratory R. FeelyC. Sabine
(PMEL)

Total alkalinity SIO A. Dickson

Dissolved organic carbon University of California at Santa Barbara C. Carlson
(UCsB)

Traceelements UH/Florida State Universit{FSU) C. Measures/BLanding
4c, ¢ Woods Hole Oceanographic Institution ~ A.McNichol/R. Key
(WHOI)/Princeton University

Underwgy pCGO, PMEL C. Sabine




Table 2. Parameters measured listed with responsible investigator and associated
institution for Section P16N_2006, Legs 1 and 2

Parameter Institution :?1 32283;2'?

CTD measurements PMEL/Atlantic Oceanographic and G. Johnson/MBaringer
Meteorological LaboratoryXOML)

Acousticand loweredicoustic LDEO J. Hummon/

Doppler current profile A. Thurnherr

Salinity PMEL/AOML G. Johnson/MBaringer

Oxygen RSMAS, UM C.Langdon

Nutrients PMEL/AOML C. Mordy/J.Zhang

Meteorological Measurements RSMAS,UM P.J. Minnett

Chlorofluorocarbons PMEL/University ofWashington J.Bullister/M. Warner

Tritium, helium WHOI/LDEO B. Jenking P. Schlosser

Total carbon dioxide PMEL R. FeelyC. Sabine

Total alkalinity RSMAS, UM F. Millero

Discrete pCQ AOML R. Wanninkhof

UnderwayT CO,/pCQO/pH University of South FloridaSPF R.Byrne

Dissolved organic carbon RSMAS, UM D. Hansell

Trace Elements UH/FSU C. Measures/BlLanding

4, B¥c WHOI/University of WashingtoftPrinceton A. McNichol/ P.
University QuayR. Key







3. DESCRIPTION OF VARIABLES AND METHODS
3.1 Hydrographic Measurements

Samples for CFCs, helium isotopédé, “He), oxygen (Q), hydrochlorofluorocarbon (HCFCs),
TCO,, TALK, radiocarbondd“C) andi**C, tritium, DOC, sllinity, and nutrients were drawn in this
sequence from eonductivity, temperature, and dep@iTD) sampling package containitigjrty-six 12-L
Niskin bottles A detailed descriptionf methods for the CTD dateADCP datg and bicoptical data are
givenin the cruise reports #ttp://whpo.ucsd.edu/data_access?ExpoCode=33RR200584ction
P16S_200=ndhttp://whpo.ucsd.edu/data_access?ExpoCode=32502006823&ctionP16N_2006

3.1.1 Section P16S_2005

Two Guildline Autosal Model 8400A salinometergN$7-396 & S/N 48266/backup), located in
the aft hydro lab, were used for adilinity measurements. The salinometers were modifictthdy
Oceanographic Data FacilitDF) to contain an interface for compu@ided measurement. The water
bath temperatas were set and maintained at a value near the laboratory air temperatungeiiehsgt to
21°C for stationsi1l8 and 2534 analyses, then switched t@@4or stations 1024 and 3511. The
salinity analyses were performed after samples had equilibatelddratory temperature, usually within
81 26 h after collection. The salinometers were standardized for each group of analyses (iSuzdistd,
up to ~84 samples) using at least two fresh vials of standard seawater per group. Salinometer
measurementsave made by computesjth the software promptindne analyst to change samples and
flush.

A total 0f 3,699 salinity measurements were made and approximately 220 vials of steeaard
water (SSWwere usedluring the cruiseAn additional547 samples weréaken by the Trace Metals
group and analyzed I§hipboard Technical Suppo&TS/ODF. Salinity samples were drawn into 200
mL Kimax high-alumina borosilicate bottles, which were rinsed three times with sample prior to filling.
The bottles were sealed witustoramade plastic insert thimbles and Nalgene screw caps. This assembly
provides very low container dissolution and sample evaporation. Prior to sample collection, inserts were
inspected for proper fit and loose inserts replacehsurean airtight gal. The draw time and
equilibration time were logged for all casts. Laboratory temperatures were logged at the beginning and
end of each rurialinity was calculated for each sample from the measured conductivity ratios. The
difference (if any) between ¢hinitial vial of standard water and the next one run as an unknown was
applied as a linear function of elapsed run time to the data. The corrected salinity data were then
incorporated into the cruise database. The estimated accuracy of bottle salinitiesea is usually
better than +0.002 relative to the particular standard seawater batch used. The 95% confidence limit for
residual differences between the bottle salinities and calibrated CTD salinity relative to SSWbédch P
was+0.0055 for all alinities, andt0.0018 for salinities deeper than 1QfB) Three adjustments other
than bath temperature changes were made to the Adiasad) the cruiseAfter station 20 salinity was
run, it was discovered that the amplifier gain for proper balaneesbatsuppression ranges had not been
adjusted. This was changed, and statigrZ)Xalinities were recalculated. A minor adjustment was made
to the Autosal before station 47, and maintenance was performed on the air pump before station 92 was
run. The temprature in the salinometer laboratory varied from 17.8 t@4dQring the cruise. The air
temperature change during 80 of the 110 sample runs was lesDt#&) and25 runs had a temperature
difference o&0.9C t0+0.9°C. International Association fdhe Physical Sciences of the Océ¢xPSO)
standard seawate5$W) Batch R144 was used to standardize all salinity measurements.

Dissolvedoxygenanalyses were performed with an OB&signed automated oxygen titrator
using photometric enpoint deection based on the absorption of 365 wavelength ultraiolet light.
The titration of the samples and the data logging were controlledrbguter Thiosulfate was dispensed
by a Dosimat 665uret driver fitted with a 1.hL buret. ODF used a whalottle modifiedWinkler

9



titration following the technique of Carpenter 19@6th modifications by Culberson et 41991, but with

higher concentrations of fassium iodate standard (~0.012 mldnd thiosulfate solution (~55 gmjL
Premade liquid potassiumodate standards were run once a day approximately every 4 stations, unless
changes were made to system or reagents. Reagent/distilled water blanks were determined every day or
more often if a change in reagents required it to account for presenceipingxat reducing agents. The
autotitrator performed well.

A total of 3,892 oxygen measurements were made during this cruise. Samples were collected for
dissolved oxygen analyses soon after the rosette was brought on board. Using a Tygon and silicone
drawing tube, nominal25mL volume-calibrated iodine flasks were rinsed 3 times with minimal
agitation, then filled and allowed to overflow for at least 3 flask volumes. The sample drawing
temperatures were measured with a small platinum resistance theenembedded in the drawing tube.
These temperatures were used to calcalatel/kg concentrations and as a diagnostic check of bottle
integrity. Reagents were added to fix the oxygen befwdottles were seale@ihe flasks were shaken
twice (10 12 invesions) toensurehorough dispersion of the precipitate, once immediately after
drawing, and then again after aboutr@i®. The samples were analyzed withiir2h of collection, and
the datawvereincorporated into the cruise database.

Thiosulfate normaties were calculated from each standardization and corrected to 20°C. The
20°C normalities and the blanks were plotted versus time and were reviewed for possible problems. The
sample drawing temperature thermometer during this leg was functional andtedliésrthe beginning of
the expedition. A noisy endpoint was occasionally acquired during the analyses, usually due to small
water bath contaminations. These endpoints were checked and recalculated using STeSiGrizfe
software. The blanks and thiosudanormalities for each batch of thiosulfate were smoothed (linear fits)
in four groups during the cruise and the oxygen values recalculagden flask volumes were
determined gravimetrically with degassed deionized water to determine flask volumeSBS/ODF
chemistry laboratory. This is done once before using flasks for the first time and periodically thereafter
when a suspect volume is detected. The volumetric flasks used in preparing standards were volume
calibrated by the same method, as waslthelL Dosimat buret used to dispense standard iodate solution.

Nutrient analyses (phosphate, silicate, nitrate and nitrite) were performed on am@dfed
4-channel Technicon AutoAnalyzer Il, generally withir? h after sample collectioOccasionally
samples were refrigerated up th 4t ~£C. All samples were brought to rodemperature prior to
analysisThe methods used are described by Gordon #08R The analog outputs from each of thar
colorimeter channels were digitized andded autmatically by computeat 2secondntervals.

Silicate was analyzed using the technique of ArmstrongXa6id. An acidic solution ohmmonium
molybdate was added to a seawater sample to produce silicomolybdietsicid wasthen reduced to
silicomolybdaus acid (a blue compound) following the addition of stanmbigride. Tartaric acid was
also added to impede R€olor development. The sample was pasbesligh a 15mm flow cell and the
absorbancevasmeasured at 660nm.

A modification of the Armstrongt al.1967procedure was used for the analysis of nitrate and
nitrite. For the nitrate analysis, the seawater sample was passed through a cadmium duiction
where nitrate was quantitatively reduced to nitrite. Sulfanilamide was introduced to fhle saeam
followed by N(1-naphthyl) ethylenediamine dihydrochlorjdehich coupled to form a red azo dye. The
stream was then passed through artb flow cell and the absorbance measured anv40The same
technique was employed for nitrite analysis;ept the cadmium column was bypassed, andrarBO
flow cell was used for measurement.
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Phosphate was analyzed using a modification of the Bernhardt and Wilt@miechnique. An
acidic solution of ammonium molybdate was added to the sample to produpéghosybdic acid, then
reduced to phosphomolybdous acid (a blue compound) following the addition of dihydrazine sulfate. The
reaction product was heated to %650 enhance color development, then passed througimanSCow
cell wherethe absorbanceasmeasured at 820m.

A total of 3806 nutrient samples were analydadng the cruiseAn additional547 samples were
taken by the Trace Metals group and analyzed by STS/ODF. hgeenples were drawn into 45 mL
screwcappedNalgeneiOak Rdgeo centrifugetubes. The tubes were cleaned with 10% HCI and rinsed
with sample 23 times befordeing filled.Standardizations were performed at the beginning and end of
each group of analyses (typically one cast, up to 36 samples) with an intermediate concenxedion m
nutrient standard prepared prior to each run from a secondary standard inwriewt seawater matrix.
The secondary standards were prepared aboard ship byglgtitnary standard solutions. Dry standards
were preweighed at the laboratory at ODénd transported to the vessel for dilution to the primary
standard. Sets akvendifferent standard concentrations were analyzed periodically to determine any
deviation from linearity as a function of absorbance for each nutrient analysis. A corfection
linearity was applied to the final nutrient concentrations when necessary. A correction for the difference
in refractive indices of pure distilled water and seawater was periodically determined and applied where
necessary. In addition,f@leep seaateld high nutrient concentration check sample was run with each
station as an additional check on data quality. The pump tubing was changed 3 times. After each group of
samples was analyzed, the raw data file was processed to produce another filenséresyors,
baseline values, arabsorbenciesComputeiproduced absorbance readings were checked for accuracy
against values taken from a strip chart recording. The data were then added to the cruise database.
Nutrients, reported in micromoles per kilagr, were converted from micromoles per liter by dividing by
sample density calculated at 1 atm pressure (0 db), in situ salinity, andraperismeasured laboratory
temperature.

Primary standards for silicate (pgFs) and nitrite (NaNG) were obtaind from Johnson Matthey
Chemical Co.; the supplier reported purities of >98% and 97%, respectively. Primary standards for nitrate
(KNO») and phosphate (KIPO,) were obtained from Fisher Chemical Co.; the supplier reported purities
of 99.999%or each The dficiency of the cadmium column used for nitrate was monitored throughout
the cruise and ranged fromi9®0%. No major problems were encountered with the measurements. The
temperature of the laboratory used for the analyses ranged fro?@ 24.85.8C, bu was relatively
constant during any one statioril(3°C).

3.1.2 Section P16N_2006

A single Guildline Autosal Model 8400A salinometer (S/N2&®), located in théorward
analytical lab, was used for alhlinity measurementduring Legs 1 and 2 of RepeBection P16N_2006
The salinometer was modified BJO/ODF to contain an interface for compuééled measurement. The
water bath temperatureas set and maintained at a value near the laboratory air temperature (24°C). The
salinity analyses were perfoed after samples had equilibrated to laboratory temperature, usually within
61 8 h after collection. The salinometers were standardized for each group of aifasyssby 1 2 casts,
up to ~40 samples) using at least two fresh vials of standard seawaissygerSalinometer
measurements were made by compuwigh the software promptindne analyst to change samples and
flush.

A total of 1,692 salinity measurements were made &H@D vials of SSW were useldiring Leg
1 of the cruise and,250 salinity mesurements were made ar@00 vials ofSSWwere usedluring the
Leg 2 Salinity samples were drawn into 200 riimax high-alumina borosilicatéottles, which were
rinsed three times with sample prior to filling. The bottles were sealectustbmmade platic insert
thimbles and Nalgene screw caps. The temperature in the salinometer laboratory varied from 21 to 24°C,
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during the cruiseThe air temperature change during any particular run variedifiognto +2.2°C. The
laboratory air temperature (21°C) wsignificantly lower than the bath temperature (24ft€)}he first 7
castsof Leg 1 The estimated accuracy of bottle salinities run atsesbetter thar0.0020n both legs
relative to the particular standard seawater batch used. The 95% confidénfm liesidual differences
between the bottle salinities and calibrated CTD salinity relative to &8t% P145 wast0.010 for all
salinities, and0.0035 for salinities collected in logradients.

Dissolvedoxygenanalysesluring Leg Iwere performed wih anFriederich(MBARI) -designed
automated oxygetitrator. During Leg 2 of the cruiseistolved oxygen analyses were performed with a
Monterey Bay Aquarium Research InstituteBARI)-designed automated oxygetmator with
photometric engboint detectiorbased on the absorption of 365nm wavelemdftia-violet light. The
titration of the samples and the data logging were controllexbimputer Thiosulfate was dispensed by a
Dosimat 665 bret driver fitted with a 1.0 mburet.A whole-bottle modifiedWinkler titration following
the technique of Carpent2965 with modications by Culberson et al. 199as usedPremade liquid
potassium iodatstandards were run every other day approximately every 4 stations, unless changes were
made tahe system or reagts. Reagent/distilled water blanks were determined every other day or more
often if a change in reagents required acdagrior the presence of oxidizing or reducing agents.

A total of 1,442 oxygen measurements were mddeng Leg 1 and 1,536 measorents were
made during Leg 2 of the cruiseamples were collected for dissolved oxygen anab@es after the
rosette was brought on board. Using a Tygon and silicone drawing tube, nbg%nal volume
calibrated iodine flasks were rinsed 3 times withimal agitation, then fillednd allowed to overflow
for at least 3 flask volumes. The sample drawing temperaturesweasured with a small glass bead
thermistor thermometer embedded in the drawing tube. Thegeeratures were used to calculate
emol / kg concentr at i on sNjskindbotthhintegdaty. Reagemtsangre added ioéix ¢ h e c k
the oxygen beforthe samples wergtoppeed The flasks were shakewice (10 12 inversions) t@rsure
thorough dépersion of the precipitate, once immediately aftawing, and then again after aboutrid.
The samples were analyzed withiidh of collection, and the dataereincorporated into the cruise
database. Thiosulfate normalities weadculated from eacétandardization and corrected to 20°C.
Oxygen flask volumes weretermined gravimetrically with degassed deionized water at AOML.

In addition to the photometric exmbint technique, samples from several stations duraw2
were analyzed using an amperetric detection method (Culberson and Huang, 198 Zdimiparison.
This was done to tetieamperometric detection method for future standard usediffieeence between
the two technigues was on averagesriol/kg.

Nutrient samples were collected frotme Nikin bottles in acidvashed 25nL linear olyethylene
bottles after three complete seawater rinses and analyzed witlihshmple collection. Measurements
were made in a temperatuzentrolled laboratory (20+2°CLoncentrations of nitrite, nitragtphosphate,
and siliatewere determined using an Alpkem Flow Solution AAtmalyzer aboard the ship. Durinige
Section P16N_2006 cruise ~3000 samplege analyzed along with their standards and baseline samples.

Nitrite was determined by diazotizingtiisulfanilamide and coupling with-N naphthyl
ethylenediamine dihydrochloride to form an azo dye. The color produced is measured at(B4@mgm
et al.1997a). Samples for nitrate analysis were passed throcagt@mmade cadmiungolumn (Zhang
et al.2000), which reduced nitrate to nitritine resulting nitrite&eoncentration was then determined as
described above. Nitrate concentrations were deternfiaedthe difference of nitrate + nitrite and
nitrite.

Phosphate in the samples was determined byimgagith molybdenum (VI) andntimony (l11) in
an acidic medium to form an antimonyphosphomolybdate complex attevoperature. This complex
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was subsequently reduced with ascorbic acid to form a blue corapkbxhe absorbance was measu
at 710 nm

Silicatein the sample was analyzed by reacting the aliquot with molybdatadidlia solution to
form molybdosilicic acidThe molybdosilicic acid was then reducedalsgorbic acid to fan
molybdenum blue (Zhang et 4997b). The absorbance of thelybdenum blue was measured at 660
nm.

Stock standard solutions were prepared by dissolving high purity standard mété@i@als NaNG,
, KH,PQ, and NaSiFs ) in deionized water. Working standards were freshdyle at each station by
diluting the stock solutions low nutrient seawater. The low nutriesgawater used for the preparation of
working standards, determination of blank, and waetiveen samples was filtered seawater obtained
from the surface of the Gulf StreaBtandardizations were performed prioreach sample run with
working standard solutions. Tvay three replicate samples were collected from the Niskin bottle sampled
at deepest depth at eawdist. The relative standadéviation from the results of these replicate samples
wasused toestimatethe overall precision obtained by the sampling and analytical procedures. The
precisionof t hese samples were 0.04 emoldrkdy G.or enrmdlr/ak
for silicate.

3.2 Total CO, Measurements

3.2.1 Section P16S_2005

The TCQ analytical equipment was set up in a seagoing container modified for use as a shipboard
labordgory. The analysis was done by coulometry with two analytical systems (PAMiEd PMEL2)
operated simultaneously on the P16S 2005 cruise by Dr. Christopher Sabine (PMHEIs) dnstine
Afghan (SIO). Each system consisted of a coulometer (UIC, Inc.) @dwgth a Single Operator
Multiparameter Metabolic Analyz€d5OMMA) inlet system developed by Ken Johnson (Johnsah e
1985, 1987, 1993; Johns@A92) of Brookhaven National Laboratory (BNL). In the coulometric analysis
of TCGO,, all carbonate speciescaconverted to C{gas) by addition of excess hydrogen to the seawater
sample, and the evolved ¢@ss is carried into the titration cell of the coulometer, where it reacts
guantitatively with a proprietary reagent based on ethanolamine to generaigehyidies. These are
subsequently titrated with coulometrically generated. @i, is thus measurely integrating the total
chargerequired to achieve this.

The coulometers were each calibrated by injecting aliquots of puy€98095%jpurity) by means
of an 8port valve outfitted with two sample loops (Wilke et al. 1993). The instruments were calibrated at
the beginning of each station with a set of the gas loop injections. Subsequent calibrations were run either
in the middle or end of the cast if regaie samples collected from the same Niskin, which were analyzed
at different stages of analysdifferedby mor e t han 2 emol / kg.

Secondary standards were run throughout the cruise on each analytical system; these standards are
Certified Reference Materials (CRMs) consisting of poisoned, filtered, anilrbMated seawater
supplied by Dr. A. DicksorSIO, andtheir accuracy is determined onshore manometrically. On this
cruise, the overall accuracy and precision for the CRMs on both instruments was N0 . 8 (n=63)0 | / k g
and-2 . 4 NO . 7 (n=64) ol PMELg and PMEL2 respectively. The final TCQiata repokd to the
database have been corrected to the Batch 67 CRM value.

Samples were drawn from the Niskype bottles into cleaned, precombusted-300 Pyrex
bottles using silicone tubing. Bottles were rinsed three times and filled from the bottom, oveyfhaki
a volume, and care was taken not to entrain any bubbles. The tube was pinched off and withdrawn,
creating a 3nL headspace, and 0.2 mL of 50% saturated Hg@ution was added as a preservative. The
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sample bottles were sealed with glass stopjgnyt covered with Apiezoth grease and were stored at
room temperature for a maximum of B4rior to analysis.

TCO, values were reported for882 samples or approximately 75% of the tripped bottles on this
cruise. Full profiles were completed at emlambered stations on whole degrees, with replicate samples
taken from the surface, oxygen minimum, and bottom depths. On tha@erdrered (half degree)
stations, as many samples as possible were drawn based on the current sample throughput; replicates were
collected from the surface and bottom bottles. Typical -enenbered stations had between 8 and 20
bottles sampled.

Duplicate samples were drawn from 256 bottles and interspersed throughout the station analysis for
guality assurance of the coulometer sellution integrity. The average of the absolute value of the
di fference bet wanelfkgfodhoth $ystemma. Ne systematic différenees between the
replicates were observed.

3.2.2 Section P16N_2006

The TCQ measurements dpectionP16N_2006 wre done by the coulometry with the same two
analytical systems (PMEL and PMEL2) as on Section P16S_2Q@perated simultaneously on the
cruise by Bob Castle (NOAA/AOML) and Alex Kozyr (ORNL/CDIAC) on Leg 1 and Dana Greeley and
David Wisegarver (both diOAA/PMEL) on Leg 2 Eect.3.2.1describeshe system and method)n
this cruise, the overallaccuratyor t he CRMs on both instrumémnts c¢oml
each legThe finalTCO, datareported to the database have been corrected to the Batch 73 GRM va

TheTCO, values were reported f@648samples or approximately 80% of the trippedleson
this cruise. Full profiles were completed at stations on whole degrees, with replicate sakeplésom
the surface, oxygen minimum, and bottom depths. Duplicate samples werernravir21 bottleon
Leg1 and 72 bottles on Legahd interspesed throughout the station analysis for quality assurance of the
coulometer cell solution integrity. The average of the absolute value of the difference lohipieEaies
w a s mdl/kgdor both systems. No systematic differences between the repliaieobserved.

3.3 Total Alkalinity Measurements

3.3.1SectionP16S 200

Dr. Andr ew D{S©Owaresossiblg foradhe PALK measurements duiegtion
P16S_2005Samples foMALK were collected in glass bottles made from Schott Dugtass. They
were preserved by the addition of 0.02% by volume of a saturated méitahjoride solution(HgCl,)
(DOE 19941 SOP 01), and analyzéaypically within 24hd on board ship.

TALK measurements were made using an aph two-stage, potentiometric titration procedure
similar to that used to certify reference materialsSTiALK (see Dicksoret al.2003), except that samples
were not weighed into the titration vesbut instead were dispensed using a-t0glass syringe. A
metal frame attached to the syringe barrel and plunger controlled the maximum extent the plunger could
be withdrawn in the barrel. This ensured that a reproducible amount of seawater waedi3pens
analytical procedure was as folloexjuipment is listed in Table:3)

1. An aliquot of seawater was dispensed into the titration vessel (a jacketed glass beaker with its

temperature controlled to £0.02 °C at about 20.0 °C), a stirrevdmsadded, ad the
temperature probe and burettevipreinserted in the solution
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2. The solution was then acidified to a pH of about 3.6 with a single aliquot of the titration acid
andstirred vigorously while C@free airwas bubbledhrough for about énin to remove

CO..

3. The main titration was then started and the solution was titrated usingnD.iDErements to
a pH of about 3.0. Data from the pH rangéd 3.8 were used in a ndimear least squares
process that corrects for the reactions with sulfate and fluandetd estimate thEALK of
the samplé see Dicksoret al.(2003) for more details.

Table 3. List of equipment usedfor alkalinity titrations for P16S_2005 cruise

120-cn? glass syringe with custom frame to ensure reproducible dispensing
250-cm® capacityglass jacketed beaker

Thermostat bath (Fisher model 9110)

Magnetic stirrer and stir bar

Calibrated thermometer + 0.01 °C for cell temperature (Guildline model 9540)
Digital voltmeter (Kethley model 199)

Custom highmpedance voltagéllower amplifier

RossOrion combination pH electrode (model 1802)

Calibrated thermometer £ 0.1 °C for acid temperature (YSI model 4600)

Metrohm Dosimat model 665 burette with calibrated 5 mL exchangeable burette unit and
diffusion tip

The hydrochloric acid usddr the titration was madep in bulk and then stored inL1Pyrex bottles
with greased groundlass stoppers. The acid strength was approximately thdlKg. The acidwas
made up in a 0.6 m&g sodium chloride background so as to approximate the streingth of seawater.
Selected bottles of the acikrethen analyzed coulometrically (Dicksehal.2003) to assign a
concentration to the batch.

The atsea repeatability of the method was estimated by analyzing duplicate samples, collected on
each castThese results were used to estimate a standard deviation using the standard expression (DOE
1994 SOP 23). The repeatability was 1£@o0l/kg based on 89 pairs of analyses

In addition, analyses were made of the alkalinity of @®erence material. These analyses were

carried out regularly throughout the cruise, typically a pair of analyses Exdrylhe results are shown
in Fig. 2.
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Fig. 2. Plot of the results of analyses of reference materials (Batch 67: certified value = 2258.27 pmol/kg
plotted as dashed line). Valueshowningrayar e consi deored Aoutliers

The measured average value for the, @ference materiabas: 2258.02 +.09 (200) umokg,
dightly lower than the certified value.

An examination of Fig2 suggests that there was no significant unambiguous changesiyditn
calibration throughout the course. Therefore, the alkalinity data was adjusted by multiglgng
correction factor of 1.00011, derived by dividing the certified value by the average calculated CRM
value: 2258.02umol/kg.

Finally, the adjusted alkalinity data results were multiplied by a factor of 1.0002 to correct for the
dilution inherent in adding ercury (Il) chloride to the sample to preserve it for analysis.

Once the atea alkalinity measurements had been adjusted in this fashion, they were normalized to
a salinity of 35 and the resulting values plotted in Ocean Data View (ODV) to help idewtify a
guestionable data. As a result of this analysis, 15 points were identified as either questionable or bad, and
flagged accordingly. (Outliers found in replicate data were thus identified at this stage.)

3.3.2 SectionP16N_2006

Dr. Frank Millerad s  g(RSMAUM)was responsible for the TALK measurements during
SectionP16N_2008_egs 1 and Zhe titration systems used consisted of a Metrohm 665 Dosimat titrator
and acomputercontrolledOrion 720A pH mete(Millero et al.1993h. Both the acid titranhia water
jacketed burette and the seawater sample in a water jacketed cell were controlled to a constant
temperature of 25 0.1 C with a Neslab (RTE7) constant temperature bath. Piexiglaswater
jacketa cell used is shown in Fig. 3he cells had filanddrain valves, which increased the
reproducibility of the cell volume.
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TheTALK system consists of a manifaldatallows the automated measurement of six samples in
sequence. A set of pumps, valyvasd relays are used to rinse,, #hd drain the TRK cell. The titration
is controlled programmatically wusing National
is made by adding HCI to seawater past the carbonic acid end point. A tigmtiah records the
electromagnetic fieldefmf) reading after the readings become stabl@.05 mV) and adds enough acid to
change the voltage to a passigned increment (13 mV). A full titration (25 points) takes aboumih5
Using two automated systenas36bottle station cast can be complete® im

Fig. 3. Auto-titration system used during theSectionP16N_2006cruise.

The electrodes used to measure the emf of the sample during a titration consisted of a ROSS 8101
glass pH electrode and an Orion-8@ double junction Ag/AgCI reference electrode. The filling solution
used in the reference electrode was a 0.7 M NaCl solution to maintain a consistent junction potential
between the solution and electrode.

The HCI used thraghout the cruise was made, standardized, and stored in 5@@asasLbottles in
the laboratory for use at sea. The 0.243402 = 0.000022 M HCI solutions were made from 1 M
Mallinckrodt standard solutions in 0.45 M NacCl to yield an ionic strength equivalé&matt of average
seawaterq 0.7 M). The acid was originally tested on seawater of a knowtrKTi& determinetha c i d 6 s
reliability and later sent for final standardization using a coulometric technique (Taylor and Smith, 1959;
Marinenko and Taylor, 1968 by Di cksonbés group.

The volumes of the cells used at sea were determined in the laboratory by making numerous
measurements of seawater with a kndwlLK . Once the TAK values agree to + 11fimol/kg, the
volume of the cell is determined to = 0.01 mabrfr the value required to reproduce thel’RA
Measurements 08RM samples were made to confirm the volume and reproduce the knol DA
0.5mmol/kg.
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The volume of HCI delivered to the cell is traditionally assumed to have small uncertainties
(Dickson 181) and equated to the digital output of the titrator. Calibration of the burette of the Dosimat
with Milli -Q water at 25C indicates that the system delivers 3.000 mL (the value for a titration of
seawater) to a precision ©f0.0004 mL. This uncertainty results in an errorrdd.4 mmol/kgin TALK
and TCQ. Since the titration systems are calibrated using standard solutions, the error in the accuracy of
volume deivery will be partially canceled and included in the value of cell volumes assigned. The
laboratory precision of the system wad.0mmol/kg.

The total alkalinity of seawater was evaluated from the proton balance at the alkalinity equivalence
point, pH,qy = 4.5, according to the exact definition of total alkalinity (Dickson 1981)

TALK = [HCOg7] + 2[CO52] + [B(OH),] + [OH] + [HPO,2] + 2[PO,3]
+[SIO(OH)] T [H*] - [HSO, T [HF] T [HaPO]  (7)
At any point of the titration, the total alkaliniof seawater can be calculated from the equation
(Vo TA - VM)/(V o + V) = [HCO5] + 2[COz2] + [B(OH) 4] + [OHT]
+ [HPO2] + 2[PO,3] + [SIO(OH)] T [H*] T [HSO,] T [HF] T [H3PO,] (8)

where \4 is the volume of the cell, M is the molarity of the atiichnt, and V is the volume of acid
added. In the calculatipall the volumes are converted to mass using the known den$ities splutions
(Millero et al.1993h.

A computer program has been developed in Labwindows/CVI to calculate the carbonateterara
(pHg E*, TALK, TCO,, and pK) in seawater solutions. The program is patterned after those developed

by Dickson (1981), Johansson and Wedborg (1,98%) DOE 1994. The fitting is performed using the
STEPIT routine. The STEPIT software package minés the sum of squares of residuals by adjusting
the parameters E*, T, TCG, and pK;. The computer program is based on equation (8) and assumes

that nutrients such as phosphate, silicatel ammonia are negligible. This assumption is valid only for
surface waters. Neglecting the concentration of nutrients in the seawater sample does not affect the
accuracy of TAK, but does affect the carbonate alkalinity.

The pH and pK of the acids used in the program are on the seawater sgalg=[{H"] + [HSO,]

+ [HF] (Dickson 1984)The Mehrbach et al (1978)ssociation constants used in the program were taken
from Dickson and Millero (1987) for carbonic acid, from Dickson (1990a) for boric acid, from Dickson

and Riley (1979) for HF, from Dickson (1990by #8650, and from Millero (1995) for water. The

program requires as input the concentration of acid, volume of the cell, salinity, temperature, measured
emf (E) and volume of HCI (Mc)). To obtain a reliable TALK from a full titratiorat least 25 data patis

should be collected (9 data points between pH 3.0 to 4.5). The precision of the fit is better than 0.4

mol/kg when pK is allowed to vary and 118mol/kgwhen pk is fixed. The titration program has been
compared to the titration programs used by others (Johansson and Wedborg 1982, Bradshaw and Brewer
1988) and the values of TALK agree to withHinl nmol/kg.

Thespectrophotometric pH and potentiomefrisLK of CRM used during the cruise have been
measured in the laboratory before the cruise to characterize the pH of the standard and rtiake sure
titration systems were performing to the desired precision. During the cruise, titrations on CRM were
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made tcensurehat the two titration systems were giving consistent values. The values of pH bKd TA

for CRM #73 are summied in Table 4The precision of the potentiometric measureisiehbatch #73

were £ 3.0 pumokg for TALK and = 0.006 for pH. For spectrophotoneimeasurements the average

values agreed to = 0.002 for CRM batch #73 and + 0.003 for TRIS buffer solution. The deviations are
within 20 for most of the measur e melKttosaccoutioal | cor
the offset with the CRMTo correct the TAK values, a ratio of the CRM value to the measured value,

for each system, was taken and multiplied to each of the sample measurements. For pH, the average value
was subtracted from the CRM value for each system, and this value wasaddel of the sample
measurements. These correction factors were made at the end of each statiorLK valliés for

System A appeared to drift over the course of the gra@sever, the correction factors made accounted

for this drift as is evident ithe duplicate results.

Table 4. Summary of certified referencematerial measurements
TA pmol/kg pH @ 25C Total runs

System A 22536+4.1 7.826+ 0.0(®B 53
System B 22572 +2.0 7.826 £ 0.005 60
Combined 2255.5+ 3.0 7.826+ 0.0 113
Spectophotometer
CRM Batch73 7.8417+0.0020 9
TRIS 8.0525+ 0.0033 32
Certified Values
CRM Batch73 22535 7.8417

The precision of the instruments was tested by making duplicate or replicate measurements of
samples throughout the cruise. Themmgles were taken from the same Niskin bottle, equilibrated for an
equal amount of time, and then measured on each system for duplicates and the same system for
replicates. A total of 62 duplicate samples were made on the titration systems yieldirigiarnpoé®.3
+ 2.3mmol/kg for TALK and-0.001 £ 0.008 for pH. These results validate the correction factors applied
to each system as the deviations between the two systems are within the experimental error of the titrators
(= 3.0mmol/kg). A total of 59 and 74 replicateraspleswererun on Systems A and B, respectively, and
1051 replicate samples were made on the spectrometer. Results showed that the average replicate
difference for TAK were 0.1 £ 1.2mol/kgfor System A, 0.1 + 1.6mol/kgfor System B and0.0004 +
0.005 for spectrophotometric pH

Table 5. Summary of duplicate measurements

TALK
umol/kg pH Total runs
Duplicates 0.3+2.3 -0.001+ 0.008 62
Replicates
System A 0.1+12 0.001 £ 0.004 59
System B 01+£1.0 0.000 £ 0.003 74
Spedrophotometer 0.0004+ 0.0025 1051
Combined -0.1+1.1 0.001 £ 0.003 133
Spedrophotometer
- Titrator 0.015+ 0.013 1414
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3.4 pH Measurements

Discrete pH measurements were not collected on P16S. Two different groups (University of Miami
and University of South Floridaneasured pH using slightly differespiectrophotometritechniques on
P16Nleg 1 Only the USF group measured pH on P16N legh& pH measurements from both groups
are reported on the total scale at 25°C.

Note: In the master data filel6n_2006a_hy.osat CDIAC and CCHDO he pH measuremenfrom
UM group reported for leg 1 (stations43) and from USF fordg 2 (stations 4484). The separate file
pl6n_2006a_all_ph.cswith all pH measurements from both groups is posted at CDIAC at:
http://cdiac.ornl.gov/ftp/oceans/CLIVAR/P16N_2006.data/

3.4.1SectionP16N_2008JM pH Measurements

The pH measurements of seawater were rbgdr . Frank Mil | dnieéigzofgr oup
Miami on the kg 1 ofSectionP16N_2006using the spectrophotometric techniques of Clayton and Byrne
(1993). The pH of the samples usimgCresol PurplédmCBP is determined from

pH = pKng+ log [(RT 0.0069)/(2.222 0.133 R)] (1)

where K4 is the dissociation constant for the indicator and R (A578/A434) is the ratio of the absorbance
of the acidic and basic forms of the indicator corrected for baseline absorbance at 730 nm. The pH of the
sampless perturbed by the addition of the indicator. The magnitude of this perturbation is a function of
the difference between the seawater acidity and indicator acidity; thetbfsreorrection was quantified

for each batch of dye solution. To a sampleedwater<5mL), a volune of 2 milli-molar mCP (0.008

mL) was added and the absorbance ratio was measured. From a second addition of mCP and absorbance
ratio meagrement, the change in pH per miLadded indicatorgfpH) was calculated. From a series of

such measurements over a range of seawater pH, the first addition of indicator used to calculate pH was
described as a linear function of the pH measured with the subsequent addition of indicattam@eard

addition correction due to the indicator as a function of pH). In the course of routine seawater pH
analyses, this correction was applied to every measured phhéeorrected pH is calculated as

pH = 1.0013(pk i 0.0083 (2)
This equation was applied twé for double addition indicator runs and once for single addition
indicator runs to yield pseudo replicate runs for every pH sample when a second addition of indicator was
added.

Clayton and Byrne (1993) calibrated tn€Pindicator usngtris (hydroxymehyl) aminomethane
(TRIS) buffers (Ramette et al977) and the pH equations of Dickson (1993). They found that

PKing = 1245.69/T + 3.8275 + (2.1410°) (351 S) 3
where T is temperature in degrees Kelvin and is valid from 293.15 to 303.15 K3&Cjand S = 30 to
37. The values of pH calculated from equations (1) and (3) afeedotal scale in units of m@kg-soln).
The total proton scale (Hanssb®73) defines pH in terms of the sum of the concentrations of free
hydrogen ion, [H], and bsulfate, [HSQ]

pHr = Tlog[H+]T =Tlog{[H"] + [HSO,] }= Tlog{[H (1 + [SO* VK nsod} @
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where the concentration of total sulfate, [Sp: 0.0282x S/35 and Ksp4is the dissociation constant for
thebisulfate in seawater (Dicksdr®90a).

Lee et al. (1996) have redetenad the value of pl from 273.15 to 313.15 K (0 to 4Q) using a
0.4 m TRIS buffer (Ramette et d1977). The pH of the TRIS buffer was determined from the emf
measurements made with thg RYAQCI, Ag electode system (Millero et al993a). At 2735 K
(25°C) the buffer had a pH of 8.076 and yielded spectrophotometric values of pH that were in excellent
agreement~ 0.0001) with those found using equations (1) and (3). These results from 273.15 to 313.15
K (0 to 40C) were fitted to the equation £S35)

PKing=359131 216. 404/ T 1(5)10.9913 | og (T)
with the standard error of 0.001 in pivhere the constams on the total scale in {mgkg-H,0) }.

The values of pH calculated from equations (1) and (5) are on the total scaits wf {imol/(kg-
H,0)}. The conversion from the total scale @Hmol/(kg-H20)} to the seawater scale (pkd) in
{moal/(kg-soln)} can be made using (Dickson aRitey 1979; Dickson and Miller&987):

PHsws= pHr T 1og{(1 + [SO VK nsoa+ [F1/Ke /(1 +[SOs*)Knsod ) Yog (LT 1.005x 10°S) (6)

where the total concentration of fluoride;][£ 0.000067x 35/S, and Kg is the dissociation constant for
hydragen fluoride (Dickson and Rile}Q79). The seawater pH scale gl was used in further
calcuations of the intaral consistency (Millero et al993b) of the four parameters since the carbonate
constants used are this scale (Dickson and Millerb987).

The pH system is automated and makes measurements of discrete pH approximaté® reirery
on a sample volume of 25 émA microprocessecontrolled syringe pump (Kloehn 50300) and sampling
valve aspirates and injects the seawater sample into the 10 cm optical cell at a precisely controlled rate.
The syringe rinses and primes the optical wéth 20 cnf of sample and the software perntsin for
temperature stabilization. A refrigerated circulating temperature bath (NeslathRTégulates the
temperature of the sample at25.01 °C. An Agilent 8453 UV/VIS spectrophotometer measuees th
background absorbance of the sample. The automated syringe and sampling valves aspiratés 4.90 cm
seawater and 0.008 émf indicator and injects the mixture into the cell. After the software pefmits
min for temperature stabilization, a Guildline 95#i§ital platinum resistance thermometer measures the
temperature and the spectrophotometer acquires the absorbance at 484qd 538 nm. Duringeg 2of
the cruise, the pH system was converted to an underway mode, in which a Seabird thermosaliaggraph w
inserted on a flowing line from which the syringe pump could draw a sampleXeriy. The
measurement process was the same as the procedure above, with the exception of the input salinity
coming from the Seabird. The water jacket enclosing the 16ptical cell was thermostated with the
same underway seawater to yield true in situ measurements totaling 1250 runs. Eight stations of discrete
measurements were made at the temperature of the surface waters relative to when the measurement was
made and we later normatied to 25C

3.4.2SectionP16N_2008JSF pH Measurements

University of South Florida (BF) personnel measured seawatergritihe Section P16Negs 1
and 2cruiseusing the procedures outlitién SOP ADOE 1994 and in Clayton and Byrne 23). The
pH: on the total scale is calculated using the following equation:

pHr = 1245.69/T +3.82751 0.00211(35 S) + log((RT 0.00691) (2.222i 0.1331R))
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where T is the measurement temperature (T = 273.15 + t) and S is salinity. The overainpoégisl
measurements from duplicate samples was better than 0.001.

Onleg 1 twenty-eight of 43 stations were sampled. Discrete USF pH measurements were made on

all water samples for which discréf€0, measurements wersade on leg 2

USFpersonnel pdicipating in P16N 2006cruise are listed below.

Leg 1: Dr. Xuewu Liu
Dr. Renate Bernstein

Leg 2. Dr. Robert H. Byrne
Dr. Zhaohui Aleck Wang
Dr. Johan Schijf
Mr. Ryan Bell

Measurements of seawater pH were obtained usid@yesol PurpldmCP asanindicator.
SeawatelpH, on the total hydrogen ion concentration*{fjiscale, was calculated from the equation

D.qutgkg, O

where ¢ = 0.00691; g=2.222; and £0.1331. The temperature (T) and salinity (S) dependente of t
mCPequilibrium constantK,) is given as:

—& %ﬁz )

andpHy is related to pH on the free hydrogen ion concentration scale ¢ad[H’]) as follows:

where $ is the total sulfate concentrationct K uso, is the HSO, dissociation constant.

A stock solution of rCresolpurple(mCP)(10 mM) was prepared witmCP sodium salt (Aldrich,
catalogue number 211761) in MilliQ water. The R ratio (absorbance of the badé¢*fpdinided by the

absorbance of the acid form (Hof the stock solution was adjusted to 1.5 with an NaOH solution. The R
ratio was checked periodically during the cruise and was shown to be stabilized at 1.44. The dye solution
was stored in an alumim-sandwiched plastic bag to exclude air exchange and light from the indicator.

pH samples were fed directly to 10 cm cylindrical glass cells via a 20 cm section of flexible silicone

tubing. After the cell wadlushedfor 20s, it was sealed witpoly-tetrafluoroetheneRTFE caps,
ensuring that there was no trapped air. Aftersireectell was rinsed with tap water and dried with
Kimwipes, samples were housed in a@@ition cell warmer at 2&. After the cells had been
thermostated for aboBD min the pH measurements were initiated beginning with surface samples.
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Fig. 4. The differencesof duplicate measurements during the Section P16N_2006 cruise, Legs 1 and 2.

Theexterior of the cell was carefully cleanede cell waghenplaced in the thermostated sample
compartment of the spectrophotometer (Agilent 8453/ Spectrophotometer). The baseline was
recorded at three wavelengths (434,581 700). One of the ¢elaps was then removed and indicator
dye was added with a Gilmont pipette. The cap was replaced and the cell was briefly shaken to mix the
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seawater and the dye. The cell was returned to the spectrophotometer and absorbances were recorded at
three wavelentps.

The measurements were computer controlled with a macro code for sample information input, data
acquisition, and storage. The program also implemented quality controls for baseline stability and
measurement precisiofhe overall precisions of pH datgere evaluated with duplicate samples during
the cruise. The precisions lgfg 1 pH data were 0.@H (n=38) and the precision &g 2 pH data were
0.0014 (n=82)Fig. 4)

Table 6. Summary ofindicator addition

Stations Indicator volume
Station 1 to 44 10nL
Station 45 to 54 15nL
Station 55 to 84 20

The indicator perturbation to seawater sample was evaluated empirically. A pair of additions of dye
was made to each of a series seawater samples that had been adjusted to pH before 8.1 asth@k0. The
indicator concentration was 10 mM. During the cruise, three different volumes of indicator were used
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Fig. 5. The perturbation term vs. measured pH.
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The perturbation term can be adequately expressed by following eguation

For 10 ni addition:DpH = 0.006574pH(measuret)0.0508, f = 0.992 (4a)
For 20nL addition:DpH =0.01324pH(measured)0.1023, f =0.992. (4b)

Thus, sample pH can be calculated using following equsation

For 10nL addition:pHcorr = 1.006574 pH(measured) 0.0508 (5a)
For 20 addition:pHcorr =1.01324«p H( measur ed) 1 O0.(8p 23

The result suggested that perturbation term due to indicator addition is proportional to indicator
volume addedFig. 5). A few stations were measured withrii5indicatoradditions. The perturbation
term was estimated based on average result of 10 amid 28dition.

For 15nL addition:pHcorr =1.09% pH(measured) 0.0766 (6)

Sample ¢émperature was controlled by circulatitgwater bath to 25C. As soon athesampe
was measuredts temperature was measured watplatinum temperature probe (traced to NIST
standard)Most of the samplswere measured at 26.1 C. The small temperature difference from €5
will not add error to measurement due to the inherent piep@fmCP and CQ chemistry.For example,
if a sample is measured at 24@® but t = 25C was assumed to produce a calculated pH = 8.0000, the
pH calculated at 24.€ would be 7.9985. Using G@ystem thermodynamic relationships, when pH
measurementd 24.9 C are corrected to 28, the correction factor is 0.0014, resulting in a corrected
value (in the example above) equal to 7.9999. When temperature differs by as muc@ ah®.&rror by
assuming t = 2% is less than 0.0002, which is well witlihe experimental error of the measurements.
Thus no temperature corrections were made to the cruise dataset.

It has been demonstrated that due to the different impurities in indicator batches from different
vendors, measured pH can be significantly defieiWe examined the effect of impuritiesfasction of
sample pH. Fig. 8hows the pH discrepancies between Sigasich mCP (indicator used during
P16N 2006 cruise) and KodakCP(indicator used in 1991 cruise) over a range of ik pH offset
betweenhe two indicators decreases as sample pH decreases. In thisisassen that indicator
impurities cause smaller pH measurement artifacts at lower pH. As a result, for ocean pH measurements,
errors introduced from indicator impurities will be magingficant for surface seawater samplegure 6
shows pH discrepancié®m 7.2 t08.2. The result shown in Fig.can be fited into the following
equation:

pH(SigmaAldrich) i pH(Kodak) = 0.0010 + 0.0008 (pH(SigmaAldrich) 1 7.2)
+0.0042*(pH(SigmaAldrich) T 7.2Y. (7)
Equation7 provides an empirical approach to correct offsets in pH measurements attributable to
different sources of indicator to make measurements directly comparable and consistdiinEgvas

usedto correctall of the data. Further corrections are possible subsequent to characterization of purified
indicator dye.
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Fig. 6. Measured pH differences between Sigmaldrich and Kodak mCP asa function of sample pH.

3.5 Discrete pCO, Measurements

The discretepC&d at a were measured by Dr. Ri k Wanni nkho-
on the P16N_2006 cruises. No discrete p@®asurements were made on P16S_2005pTia system
is patterned after the instrument desedilin Chipman et al. (1993) and is discussed in detail in
Wanninkhof and Thoning (1993) and Chen et al. (1995). The major difference between the two systems
is that the Wanninkhof instrument uses &1@R (model 6262) nedispersive infrared analyzer, Vi
the Chipman instrument uses a gas chromatograph (GC) with a flame ionization detector.

Samples were drawn from Niskin bottles into 560 volumetric flasks using Tygon tubing with a
silicone adapter that fit over the petcock to avoid contamination dflB@mples. Bottles were rinsed
while inverted and filled from the bottom, overflowing half a volume taking care not to entrain any
bubbles. About 5 In of water was withdrawn to allow for expansion of the water as it warms and to
provide space for the stopp tubing, and frit of the analytical system. Saturated mercuric chloride
soluion (HgCl,)(0.2 mL) was added as a preservative. The sample bottles were sealed with a screw cap
containing a polyethylene liner. The samples were stored in coolers at roparatimausuallyfor no
more than 9. Generally when samples were tak&om theNiskin bottles flasks were drawn on all the
Niskins including four duplicates. Two of the duplicates were analyzed at diffaralysisemperatures.
The duplicates run aifferent temperatures were normalized to 20°C and compared. Normalization was
performed using the constants and procedures as outlined in Peng et al. 1987 as incorporated in the GW
BASIC data reduction program. Three types of duplicates were takenv@iage difference:

[ABS(samp |l el 1T sampl e2)2)k10f,sampl el + sampl

standarddeviation and number for the three types are listed below:
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Duplicates run at 2C: av. dif. = 0.3 #0.23% n = 33 (one value omitted)
Duplicates run at PZ: av.df. =0.3+0.18 % n = 23(one value omitted)
Duplicates run at 12°C and 20°C av. dif =0.7 £0.75% n =59(two values omitted)

Theomittedvalues wer@lue toa problem in analysis in one of the duplicates

Using the constants as refit by Dickson afilero and the salinity dependence of borate as
proposed by Dickson gave an average difference of 1 %, that is, timssents yielded worse agreement
in temperature normalizatidghan using the constants listed in Peng et al. (1987)

Once the samplegacledthe analyses temperature, aril headspacerascreated by displacing
the water using a compressed standard gas with,an®hg ratio close to the anticipated p&@ the
water. The headspace is circulated in a closed loop through the infrahprkathat measures G@nd
water vapor levels in the sample cell. The samples are equilibrated until the running mean of 20
consecutive second readings from the analyzer defiey less than 0.1 ppm (parts per million by
volume). This equilibration tas about 1@nin. An expandable volume in the circulation loop near the
flask consisting of a small, deflated balloon keeps the headspace of the flask at room pressure.

In order to maintain analytical accuracy, a sed gas standards is run through thalgimer before
and after every0seawater samples. The standards were obtained froraNbaatt and referenced
against primary standards purchased from C.D. Keeling in 1991, which areWorlkdeMeteorological
Organization \WMO)-78 scaleThe cylinder sgal numbers and mole fractions of €®ith balance
artificial air are:

CA5998 205.1 ppm
CA5989 378.7 ppm
CA5988 593.6 ppm
CA5980 792.5 ppm
CA5984 1037.0 ppm
CA5940 1533.7 ppm

The calculation of pC@in water from the headspace measuremarilves several steps. The €O
concentrations in the headspace are determined via a sgegrag polynomial fit using the nearest three
standard concentrations. Corrections for the water vapor concentration, the barometric pressure, and the
changes induckin the carbonate equilibrium by the headspaater mass transfer are made. The
corrected results are reported at the analytical temperature and at a reference temperature of 20°C.

No instrumental problems occurred during the cruise. The relativelyctimguming analyses and
the presence of only one analyst limited the spatial coverage. Sampling and analyses focused on precision
and accuracy rather than high throughput.

3.6 Carbon Isotope Measurements

Sectiors P16S_2005 and P16N_2006 were sampled fidroceisotopes. On average, full depth
samples were collected every 5 degrees of latjtanié the upper water column was additionally sampled
at the midpoint between full depth stations. Generally, 16 samples were collected for the upper water
column staions and 32 samples for full depth stations. The sample collection and analysis procedures
were identical to those used for WOCE and previOuB/AR cruises. Briefly, ~500 mlsamples were
collected inPyrex bottles fited with high precision grounglass stppes. Before being usedhe bottles
wereacid washed and annealdthe collectedwatersampleswerp o i s one d afsatutatedl 00 ¢ L
HgCL,, sealedandreturned td\National Ocean Sciences Accelerator Mass Spectrometry Facility
(NOSAMS) at WHOIwhere thg were analyzed wittheaccelerator mass spectrometagiocarbon
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technique described in McNichol ¢&¢valadsaspértbfdt®@4) . Th
method. The outine estimated 1 sigma courgiarror for these samples wa® 2 a yt analysis of a very

large number of replicate samples indicates the true radiocarbon dretweers and4 & (Elder et al.

1998). The mean reproducibility for duplicateslected on thesevosectionswa8 . 5 a (24 pair s)
DI and 0. 0rg)foeDC21 pai

After the analyses wermmpletedNOSAMS produced a final report for each set of samples
(NOSAMS Data Report #0801 and#08003). The data were then transferred to Princeton for final QC
and submission to the data centers (CDIAC and DCOH

Figure 7 showde radiocarboroncentratiomesults for thesewo cruisesdots represergample
locations. Topographig takenfrom the bottom depthmeasuremerdt each station. The North Pacific
Deep Water minimum is located well south of the Atasklope. Waters with concentratigieater than
approximately 108 containsome bomiproducedadiocarborcontaminationAt first glance these data
are quite similar to the WOC&ccupatiorresults for this section. The highest concentrations are found in
nearsurface waters in the subtropics. In these watleesradiocarbon concentration generally mimics the
density distribution. In deep water, the minimum concentration is found in North Pacific Deep Water with
the extreme centered near 250@round 33N. In the upper water columthe maximum concentrations
are often at the surface as during WOCE, but more often now, maximum concentrations are found as deep
as 250m (not visible in figure).

While the overall distribution pattern measured on thesectwises is remarkably similar to that
measured during WOCE, there aasily measured changésgure8 shows the change in radiocarbon
concentratiorin the upper 150én between WOCE and CLIVAR occupations al@®ectionP16 Colors
indicate t'fCe (d@Mlathegero (hehangp) contour line is shown abeavyline. The
light lines are contours of potential density along the section. In general, the change pattern follows the
density distribution. The change at the far southern end of thersectiot shown here, birhplies a
significant increaserhis increase at the southern edge and the strong increase at the northern edge may
be due to minor changes in the density structure rather than invasion of the bomb signal. Further
investigation imeeded in these areas. This figure was prepared by simply gridding the data from each
occupation and then subtracting the WOCE results from the CLIVAR reg&udts the concentration
figure, the change distribution generally follows the density distdbutn the upper water columtine
concentrations show a strong decrease while values in the thermocline generally show strong increases.
The large increase adjacent to the Alaskan slope was unexpected and may be an artifact due to small
changes in staih locations and the density structure. Similar large increases at the southern end of the
section are not shown in this figure since they could be an artifact of either the gridding or a small
movement of the Circumpolar Current. The strong increasesttaehds of this section will require much
more careful analysis.

The overall distribution of°C is similar to that measured previously; the observed patterns differ
from that of**C becausé’C is a tracer of biological as well as physical processedue¥ in the southern
hemisphere are enriched relative to those in the north due to the increased i(pdepieted carbon
from the oxidation of organic matter. Measurement of®in the full water column of the northern
section added detailed coage to the deep watershich were not measured during WOCE. The biggest
changes over time are expected in the surface wakene there should be changes due to the
equilibration of the surface ocean with the changing atmospieneresent we are unalke to show
these differences because of a systematic calibration issue affecting some ofXHéC data; future
versions of this document will include a figure detailing the changes when the issue has been
resolved
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