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1'Introduction'
The! ocean! is! constantly! exchanging! CO2! with! the! atmosphere.! As! more! CO2! is! emitted! into! the!
atmosphere!by!burning! fossil! fuels,! the!atmosphere!and! the!ocean!will! tend! to!a!new!equilibrium.!
The!increasing!concentration!of!CO2!in!the!atmosphere!leads!to!net!absorption!of!CO2!by!the!ocean.!
The! ocean! thereby! functions! as! a! buffer,! slowing! down! the! rise! of! CO2! concentrations! in! the!
atmosphere,! thus!slowing!down!global!warming.!This! is!one!of! the!reasons!why!understanding! the!
mechanisms! of! CO2!exchange! between! the! ocean! and! the! atmosphere! is! very! important! to! get! a!
better!understanding!of!the!impact!of!emitting!CO2!to!the!atmosphere.!

For!this!thesis,!water!samples!collected! in!the!North!Atlantic!Ocean,!were!analyzed!for!CO2!
concentrations!and!carbon!isotope!ratios,!to!estimate!the!amount!of!anthropogenic!CO2!absorbed!by!
the!North!Atlantic!Ocean.!

2'Theory'

2.1'The'Subpolar'North'Atlantic'Ocean'
The!analyzed!samples!were!collected!between!Greenland!and!Ireland.!Figure!1!shows!the!locations!
where! samples!were! collected! for! analysis.! At! every! location,! samples!were! collected! at! different!
depths!between!9!meter!and!3160!meter.!

!
Figure!1!Location!of!the!stations!of!cruise!PE342!with!station!numbers.!

The! sub! polar! North! Atlantic! Ocean! between! Ireland! and! Greenland! is! divided! into! three!
deep!basins.!From!west!to!east,!these!are!the!Irminger!Sea,!the!Iceland!Basin!and!the!Rockall!Trough.!
These!three!basins!are!separated!by!more!shallow!waters!which!are!called!Reykjanes!Ridge,!between!
the!Irminger!Sea!and!the!Iceland!Basin,!and!the!Rockal!Plateau,!between!the!Iceland!Basin!and!the!
Rockall!Trough.!!!

In!the!North!Atlantic!Ocean,!the!surface!water!convectively!descends!to!greater!depths!by!a!
process! commonly! referred! to! as! meridional! overturning! circulation! (MOC).! The! Gulfstream!
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transports!water!with!high!salinity!to!higher!latitudes.!The!reason!for!this!high!salinity!is!a!high!rate!
of!evaporation!in!the!Gulf!of!Mexico.!As!the!water!from!the!Gulfstream!cools!at!higher!latitude,!the!
density!increases!further,!often!in!association!with!seaBice!formation!(which!further!increases!salinity!
and!density),!and!the!water!sinks!to!greater!depths.!This!bottomBreaching!convection!mainly!occurs!
in! the! Arctic! Ocean,! north! of! Iceland,! while! the! Labrador! Sea! (between! Greenland! and! Canada)!
displays! convective! mixing! to! depths! of! about! 2000!m.! The! recently! ventilated! ‘deep’! water! that!
accumulates! in! the! deep! basins! north! of! Iceland! flows! southward! into! the! greater! Atlantic! Ocean!
over! the! shallow! topography! flanking! Iceland:! the! shallow! IcelandBScotland! Ridge! and! the! slightly!
deeper!Denmark!Straight,!between!Iceland!and!Greenland.!Moreover,!the!Irminger!Sea!is!connected!
with!the!Labrador!Sea!where!convection!is!high!(Kieke,!2005).!Figure!3!(page!5)!shows!the!currents!
and!the!convection!locations!in!the!sub!polar!North!Atlantic!Ocean.!

This!ventilation!of!the!interior!ocean!water!masses!can!be!followed!by!anthropogenic!tracers,!
like! CFCs! (chlorofluorocarbon;! chemically! inert! refrigeration! gases! released! into! the! atmosphere!
since! the! 1950’s).! Measurements! of! CFCs! can! indicate! when! water! has! been! in! contact! with! the!
atmosphere.! Figure! 2! shows! measurements! of! CFCs! for! cruise! 64PE275! (2007)! which! has!
approximately!the!same!track!as!64PE342!(2011).It!shows!high!concentrations!of!CFCs!in!the!Irminger!
Sea,! and! lower! concentrations! in! the! Iceland! Basin.! The! bottom! of! the! Rockall! Trough! has! a!
concentration!of!0!!mol/kg!CFCB12,!which!indicates!that!this!water!has!not!been!in!contact!with!the!
atmosphere,!since!the!injection!of!CFC’s!into!the!atmosphere,!which!started!in!the!1950’s.!!
!

!

Figure!2!CFC!concentrations!on!cruise!64PE275.!

!
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!

Figure!3!Schematic!display!of!the!circulation!for!(top!panel)!surface!water!and!(lower!panel)!midFdeep!and!deep!water!in!
the! North! Atantic! Ocean.! The! given! numbers! are! estimates! of! deep! water! transport! (in! Sverdrups,! 1! Sv=106m3sF1)!
NAC:North!Atlantic! Current,! LSW:Labrador! Sea!Water,! ISOW:! Iceland! Scotland!Overflow!water,! DSOW:Denmark! Strait!
Overflow!Water,! AABW:modified! Antarctic! Bottom!Water,! CGFZ:! Charlie! Gibbs! Fracture! Zone,! DWBC:! Deep!Western!
Boundary!Current,!LDW:!Lower!Deep!Water,!ULSW:!Upper!Labrador!Sea!Water,!C:convection!regions!(Kieke,!2005).!
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2.2'Carbon'in'the'ocean'
The!inorganic!carbon!in!the!ocean!occurs!as!different!compounds!and!not!only!as!CO2.!The!carbon!in!
the!ocean!occurs!in!the!following!forms!(Mook,!2000):!

B Gaseous!CO2!with!a!partial!pressure!P!!! !
B Dissolved!CO2!
B Dissolved!carbonic!acid,!H!CO!!
B Dissolved!bicarbonate,!HCO!!!!
B Dissolved!carbonate,!CO!!!!!
B Solid!carbonate,!CaCO!!

The!total!dissolved!inorganic!carbon,!DIC,!is!defined!as!
!

DIC = CO! + H!CO! + HCO!! + [CO!!!]!!
!
The!gaseous!CO2! is! in!equilibrium!with!dissolved!CO2!and! this!dissolved!CO2! is!again! in!equilibrium!
with!carbonic!acid!which!dissociates!in!the!water.!The!equilibrium!conditions!are!given!by!the!molar!
solubility:!
CO! g + H!O⇔ CO! aq + H!O! !
!

CO! aq + H!O⇔ H!CO!! ! K! = [!!!!!]
!!!!

!

!

H!CO! ⇔ H! + HCO!!!! ! K! = !! !"!!!
[!!!!!]

!

!

CO!! ⇔ H! + CO!!!! ! ! K! = !! !!!!!
[!"!!!]

!!
!
This!leads!to!

C! = ! !

! !
! ! !

! !

! ! !" ! !
! !

!
The!kBvalues!depend!in!accurately!predictable!fashion!on!the!temperature,!pressure!and!the!salinity!
of!the!ocean!water.!If!DIC!and!the!kBvalues!are!known,!the!fractional!concentration!can!be!obtained:!
!

!" ! !
! !

! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! !
! ! ! !

! ! ! ! ! ! ! ! ! !" !
! ! !

! ! ! ! ! ! ! ! ! ! ! ! !
! ! ! !

! ! !
! ! !

! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! !
! ! ! !

!
The!fractions!for!seawater!are!approximately:!
!

!" ! !
! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! !" ! ! ! ! ! ! !!!" !

(1)!

(2)!

(3)!

(4)!

(5)!

(6)!

(7)!

(8)!

(9)!

(10)!
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2.3'Biological'activity'
An! important! part! to! get! a! good! understanding! of! the! uptake! of! CO2! is! biological! activity.!
Photosynthetic!life!in!the!ocean!consumes!dissolved!inorganic!carbon,!producing!organic!carbon.!As!
all!photosynthetic! life!can!only! thrive! in! the!top!100!meter!of! the!ocean,!because! light! is! required,!
DIC!is! lowered!near!the!surface!and!is!stabilized!due!to!absorption!of!CO2!from!the!atmosphere.!As!
this! biomass! slowly! sinks! to! the! bottom,! it! decomposes! at! greater! depths!mainly! due! to! bacterial!
remineralization! (Schneider,! et! al.,! 2003).! This! leads! to! an! increase! of! DIC.! These! processes! of!
photosynthesis!and!decomposition!!can!be!given!as!follows:!
!
! ! ! ! ! ! ! Photosynthesis!

!"# !! ! ! ! !"" !! ! ! ! !" !! ! !
! ! ! ! ! ! ! ! !" !! ! ! ! !"# ! !"# ! !!" ! !" ! ! !"# !! ! !

! ! ! ! ! ! ! decomposition!

!
This! shows! the! chemical! stoichiometry! of! photosynthesis! and! decompositioning! (Redfield,! et! al.,!
1963).! The! shown! ratios! (the! Redfield! ratios)! between! carbon,! oxygen,! nitrogen! and! phosphorus!
have!been!changed!slightly!later,!but!this!idea!of!proportionality!is!still!valid!and!will!be!used!later!in!
this! thesis! for! the! multivariate! linear! regression! (MLR)! method! used! to! calculate! the! amount! of!
anthropogenic!CO2!absorbed!by!the!North!Atlantic!Ocean.!

2.4'Air@sea'exchange'of'CO2'

The!flux!of!CO2!between!the!ocean!and!the!atmosphere!can!be!given!as!follows!(Liss,!1983):!
!

! ! ! ! ! ! ! !
!"# ! ! ! ! !

!"# ! !
!
Where! !! ! ! !

!"# !and!! ! ! !
!"# !are!given!by! the!partial!pressure!of!CO2! in!sea!and! in!air,! respectively.!! !is!a!

constant!which!links!the!concentration!difference!to!the!flux! ! !and!is!called!the!transfer!velocity.!
!

!

!
!

!

! ! !
!

!

! ! !
!

!
The!transfer!velocity!depends!on!many!parameters!like!temperature,!wind!speed,!solubility,!diffusion!
rates!and!chemical!reactivities.!The!partial!pressure!of!CO2!in!air!has!a!low!variability!over!the!globe,!
while!! ! ! !

!"# !has! a! great! variability.!! ! ! !
!"# !mainly! depends! on! temperature! and! DIC.! !! ! ! !

!"# !decreases!
with!4%/°C!(Gordon!&!Jones,!1973).!The!dependence!of!! ! ! !

!"# !on!DIC!is!given!by!the!following!Revelle!
factor,!named!after!oceanographer!Roger!Revelle:!!
!

! !
! ! ! ! !

! ! ! ! !

! !"# ! !"#
!

!
The!Revelle!factor!for!the!oceans!is!shown!at!following!page!in!figure!4.!

(11)!

(12)!
!

(13)!

(14)!
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!

Figure!4!Map!of!the!1994!distribution!of!the!Revelle!factor,!average!for!the!upper!50!m.!(Sabine,!et!al.,!2004)!

For!the!North!Atlantic!Ocean!the!! ! ! !
!"# !is! low!due!to!cooling!down!and!due!to!a! low!DIC,!caused!by!

high! biological! activity.! This!means! that! the! absorption! of! CO2! in! this! region! is! high.! As! this!water!
absorbs!high!amounts!of!CO2!and!produces!also!large!amounts!of!organic!carbon,!! ! ! !

!"# !increases!at!
greater!depths,!as!the!organic!carbon!remineralizes.!As!these!cold!waters!with!high!DIC!are!upwelling!
elsewhere,!especially!around!the!equators,! the!temperature!also! increases,!thus!the!! ! ! !

!"# !increases!
resulting! in! emission! of! CO2! by! the! oceans! around! the! equator! (Chester,! 1990).! The! flux! of! CO2! is!
shown!in!figure!5!

! !

Figure! 5! The! Annual! air! sea! flux! for! 2000.! At! high! latitudes,! the! ocean! functions! as! a! sink! for! CO2,!while! around! the!
equator!the!ocean!functions!a!source!for!CO2!mainly!due!to!the!change!of!! ! ! !

!"# .!(Takahashi,!et!al.,!2009)!
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2.5'Isotopic'ratios'
Apart!from!DIC,!the!carbon!isotopes!can!also!give!insight!in!the!carbon!cycle!in!the!ocean!and!the!
uptake!of!anhropogenic!CO2!by!the!ocean.!One!of!these!isotopes!is!13C.!This!is!a!stable!isotope!which!
makes!up!approximately!1%!of!all!carbon.!
! The!ratio!of!13C!and!12C!(the!most!abundant!carbon!isotope),!is!given!as!follows.!

!

! !" ! !

!!"

!!"
!"#$%&

!!"

!!"
!"#"!"$%"

! ! ! !"""# !

The!! !" ! !can!be!used!as!a!tracer!for!uptake!of!anthropogenic!CO2.!Fossil!fuels!have!a!low!! !" ! !ratio,!
because! it! consists! of! organic!material.! Plants! fractionate! carbon,! absorbing! less! 13C! than! 12C.! The!
! !" ! !ratio!can!vary!greatly!between!different!fuels!due!to!biogeochemical!processes!and!depending!
on!the!origin!of!the!organic!material.!The!global!average!! !" ! !of!CO2!from!combustion!of!fossil!fuels!
is! about! B27‰! and! the! atmospheric!! !" ! !is! approximately! B8‰! (Mook,! 2000).! The!! !" ! !in! the!
atmosphere!is!thus!lowered!by!burning!fossil!fuels.!This!is!called!the!Suess!effect,!named!after!Hans!
E.!Suess.!Figure!6!shows!atmospheric!! !" ! !versus! time.! It! shows! that!! !" ! !is!decreasing!and! it!also!
shows!seasonal!variations,!due!to!respiration!and!decompositioning!of!organic!material.!

!
Figure! 6! The! black! and! red! dots! are! the! monthly! average!! !" ! !for! Mauna! Loa! and! the! South! Pole,! respectively!
(ScrippsCO2,!2012).!

The! airBsea! exchange! of! CO2! results! in! a! reduction! of!! !" ! !of! dissolved! inorganic! carbon.! This! can!
indicate!an!uptake!of!anthropogenic!carbon!(Cant)!by!the!ocean.!The!! !" ! !of!carbon! in! the!ocean! is!
not!equal!to!the!! !" ! !of!carbon!in!the!atmosphere,!but!is!approximately!between!0‰!and!2.5‰.!The!
reason!is!fractionation!during!the!airBsea!gas!exchange.!More!!" ! !

! !is!created!with!12C!than!with!13C,!
because! the! equilibrium! point! is! different! between! these! isotopes.! The! fractionation! is! also!
temperature! dependent.! Not! only!!" ! !

! !is! fractionated,! but! also! the! other! carbon! fractions! in!
seawater!are!isotopically!fractionated.!!This!is!shown!in!the!figure!7.!

(15)!
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!

Figure!7!isotopic!fractionation!of!different!carbon!species!with!respect!to!! !" ! !of!!" ! !
! !(Mook,!2000)!!

The!! !" ! !can!be!calculated!as!follows!(Mook,!2000):!

! !" ! !"# !
! ! ! ! ! ! ! ! ! ! ! ! !

!" !!!"

!"#
! !

!" !
! ! ! ! ! ! ! ! ! ! ! ! !!"!"

!"#
!

Wher!! ,!! !and!! !are!the!concentrations!for!CO2(aq),!!" ! !
! !and!! ! !

! ! ,!respectively.!!
!

! ! ! ! !

! !!!"

!!"
!

! !!!"

!!"
!

,!! ! ! ! ! ! ! ! ! ! ! ! !and! ! !
!" !is!the!! !" ! !for!!" ! !

! .!

!
The!! !" ! !of!DIC!is!an!important!value!to!estimate!the!gross!CO2!exchange!between!the!atmosphere!
and!the!ocean.!The!change!in!DIC!can!give!an!estimate!of!the!net!CO2!exchange,!but!it!is!not!possible!
to! calculate! the! total! uptake! and! release! of! CO2! by! the! ocean.! Change! of!! !" ! !of! DIC! gives! an!
indication!of! the! total! CO2! that! is! absorbed! if! the! fractionation!between!atmosphere! and!ocean! is!
known.!!The!uptake!and!release!can!be!calculated!as!follows.!

!" ! ! ! !" ! !"# ! !" ! !"# ! !" ! ! !
!" ! ! !is!the!initial!DIC!of!the!ocean,!!"# !"# !is!the!DIC!absorbed!by!the!ocean,!!" ! !"# !is!the!DIC!
released!by!the!ocean!and!!" ! ! !is!the!final!DIC!of!the!ocean.!

!" ! ! ! !" ! ! ! !" ! !"# ! !" ! !"# ! !" ! !"# ! !" ! ! ! !" ! ! ! !" ! ! !
! !" ! ! !is! the! initial! average!! !" ! !of! the! ocean,!! !" ! !"# !is! the!! !" ! !after! exchange! of! CO2! with! the!
atmosphere!has!happened!and!! !" ! !of!that!parcel!is!changed!to!this!value.!! !" ! ! !is!the!final!average!
! !" ! !of!the!ocean.!!" ! !"# !and!!" ! !"# !can!be!calculated!as!follows:!

!" ! !"# ! !" ! !
! !" ! ! ! ! !" ! !

! !" ! !"# ! ! !" ! !
!

!

!" ! !"# !
!" ! ! ! !" ! ! ! !" ! ! ! !" ! ! ! !" ! !"# ! !" ! ! ! !" ! !

! !" ! !"# ! ! !" ! !
!!

!

(16)!

(17)!

(18)!

(19)!

(20)!
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This! is!a!simplification!of! the!actual!exchange!of!CO2!as! lots!of!effects!are!neglected,! like!biological!
activity!which!also!leads!to!a!further!fractionation!of!DIC,!but!it!shows!that!! !" ! !measurements!can!
be!used!to!measure!the!gross!CO2!exchange!of!the!atmosphere!and!the!ocean.!

2.6'Calculating'! ! !"# '
There!are!several!methods!to!calculate!the!change!in!anthropogenic!CO2!in!the!ocean.!The!methods!
are!shown!in!the!following!table:!
Technique! Refs.! Required!

measurements!
strengths! Assumptions!

made!
Drawbacks/sensitivities!

Change!in!
CT!

B! CT! Uses!only!high!
accuracy!data!
(±0.1%)!

Biogeochemical!
noise!smaller!than!
! ! !"# !!

Aliases!in!hydrographically!and!
biogeochemically!dynamic!
regions!

Change!in!
! !

!
!

(Peng,!et!
al.,!1998)!

O2,!CT,!AT! Insensitive!to!
variable!
biogeochemistry!

Uncertainty!of!
biogeochemical!
corrections!
applied!are!
smaller!than!
! ! !"# !!

Requires!use!of!lower!accuracy!
ancillary!data!(±2%).!Aliases!in!
hydrographically!dynamic!
regions!

MLR! (Wallace,!
1995)!

O2,!CT,!AT,!
,nutrients!

Insensitive!to!
variable!
biogeochemistry!

Ancillary!data!are!
independent.!
! ! !"# !is!linearly!
representable!by!
ancillary!data.!No!
‘secular’!trends!

Requires!use!of!lower!accuracy!
ancillary!data!(±2%).!
Interpretation!of!results!is!
ambiguous!

eMLR! (Friis,!et!al.,!
2005)!

O2,!CT,!AT,!
nutrients!

Insensitive!to!
variable!
biogeochemistry!

Ancillary!data!are!
independent.!
! ! !"# !is!linearly!
representable!by!
ancillary!data.!No!
‘secular’!trends!

Requires!use!of!lower!accuracy!
ancillary!data!(±2%).!
Interpretation!of!results!is!
ambiguous!

TSR! (van!
Heuven,!et!
al.,!2011)!

O2,!CT,!AT,!
nutrients!

Insensitive!to!
variable!
biogeochemistry.!
Use!of!many!cruises!
reduces!sensitivity!
to!biases!

Ancillary!data!are!
independent.!
! ! !"# !is!linearly!
representable!by!
ancillary!data.!No!
‘secular’!trends!

Requires!use!of!lower!accuracy!
ancillary!data!(±2%).!

! ! !" ! !! (Körtzinger,!
et!al.,!
2003)!

! !" ! !! Only!one!
measurement!
required.!

Constant!
converting!! ! !" ! !
to!! ! !"# !!

High!uncertainty!for!constant.!

!Table!1!different!methods!for!calculating!! ! !"# !with!characteristic!for!these!methods.!(van!Heuven,!et!al.,!2011)!

!
Two!methods!are!chosen!to!calculate!! ! !"# ;!the!! !" ! !method!and!the!eMLR!method.!The!CT!method!
wasn’t!used!because!the!region!is!hydrographically!and!biogeochemically!very!dynamic,!which!makes!
this!method! unpredictable.! The!! !

! !wasn’t! used,! because! it! requires! alkalinity! (AT).! Other!methods!
also! show!alkalinity!as! ‘required!measurement’!but! it! can!be!done!without!alkalinity,!but!affecting!
the!precision!of!these!methods.!MLR,!eMLR!and!TSR!are!similar!methods,!but!for!this!case!eMLR!was!
the!best!option.!The!eMLR!and!! ! !" ! !method!will!be!explained!further!below.!

2.6.1'! ! !" ! 'method'(Körtzinger,'et'al.,'2003)'
! ! !"# !can!be!calculated!for!a!certain!location!using!the!change!of!! !" ! ,!! ! !" ! .!The!difference!in!! !" ! !
between!previously!and!recently!measured!values!for!! !" ! !should!be!integrated!over!the!depth.!

! ! !" ! !"#"$% ! ! ! !" ! !"# ! !" ! (20)!
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A!constant!is!required!to!convert!this!change!in!! !" ! !to!! ! !"# ,!RC.!This!vales!is!calculated!using!other!
methods! to! calculate!! ! !"# !and!measurements!of!! !" ! .! RC!depends!on! the!CO2! gas! exchange! rate!
between!air! and! sea! and! the! exposure! time!of!waters! before! subduction! (Quay,! et! al.,! 2007).! The!
change!of!anthropogenic!CO2!can!then!be!calculated!as!follows:!

! ! !"# !
! ! !" ! !"#"$% ! ! ! !" ! !"# ! ! ! ! !"

!"
!

2.6.2'Extended'Multivariate'Linear'Regression'(eMLR)'(Friis,'et'al.,'2005)'
The!eMLR!method!is!based!on!the!MLR!method.!The!original!MLR!method!(Wallace,!1995)!is!used!to!
compare!historical!and! recent!data! sets.!A!predictive!equation! is!derived! for!dic!using!Multivariate!
linear! regression! based! on! several! independent! chemical! and! hydropgraphic! parameters,! such! as!
salinity,! temperature! and! nutrients.! This! is! valid! for! nutrients! like! nitrate,! phosphate! and! oxygen!
because! they! depend! linearly! on! DIC! as! shown! by! the! Redfield! ratios.! ! The! predicted! DIC! is! than!
calculated!as!follows.!

!"# ! ! ! ! ! ! ! !" ! ! !

The!coefficients!c0!and!ci!are!estimated!for!the!dataset!to!give!the!nearest!value!for!DIC!using!MLR.!
The!difference!between!DIC!from!one!dataset!and!the!predicted!DIC!using!coefficients!from!another!
dataset!provides!a!measure!of!the!change!of!anthropogenic!CO2!between!the!two!periods!that!the!
samples! of! the! datasets! were! collected.! The! MLR! equation! gives! a! CT! reference! value! which! is!
adjusted!for!the!effect!of!variability!by!hydrographic!and!biological!processes.!For!the!eMLR!method!
a! multivariate! linear! regression! is! made! for! two! data! sets,! an! old! and! a! recent! data! set.! The!
difference!between!the!coefficients!can!give!a!prediction!of!anthropogenic!CO2.!

! ! !"# ! ! ! !!"# ! ! ! !!"# ! ! !!!"# ! ! !!!"# ! !" ! !

!

!! !

!

!
MLR!and!eMLR!both!use! two! fundamental! assumptions! (Friis,! et!al.,! 2005).! The! first! assumption! is!
that! a! linear! multiBparameter! model! can! describe! a! region’s! spatially! varying! hydrographic! DIC!
distribution.!The!parameters!describing!this!hydrographic!distribution!are!temperature!and!salinity.!
The!second!assumption! is! that!natural!correlations!of!DIC!with!the!parameters!do!not!change!over!
the!time!period!of!interest.!

3'Experimental'method'

3.1'Cruise'64PE342!
The! ocean! samples! used! for! this! thesis! come! from! cruise! 64PE342! of! the! Dutch! research! vessel!
Pelagia! ! This! cruise! gathered! samples! from! the! 26nd! of! July! 2011! until! the! 5th! of! august! 2011!
between!Cape!Farewell!(the!southernmost!point!of!Greenland!and!Northern!Ireland!(Figure!1,!page!
3).! ! 185! samples! were! collected! at! a! maximum! of! 12! different! depths! each! of! for! 19! different!
locations.!At!some!locations,!duplicate!samples!were!collected!at!the!greatest!depth.!

(21)!

(22)!

(22)!
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3.2'Automatic'CO2'Extractor'
The!Automatic!CO2!Extractor! (ACE)!at! the!Centre! for! Isotope!Research! (CIO)!at! the!Rijksuniversiteit!
Groningen!(RUG)!is!used!to!analyze!the!ocean!samples.!The!ACE!is!used!to!determine!the!dissolved!
inorganic!carbon!(DIC)!of!the!ocean!samples!and!to!store!CO2!for!! !" ! !analysis.!
A!maximum! of! 8! samples! can! be!mounted!manually! to! the! ACE! every! run.! One! run! usually! takes!
three!to! four!hours.!The!ACE!can!be!used!automatically!or!manually.!The!runs!with!ocean!samples!
were!normally!done!automatically!and!sometimes!manually!to!test!certain!features!of!the!ACE!or!if!a!
run!was!halfway!interrupted.!Every!sample!mounted!to!ACE!is!analyzed!separately.!!!

Before!mounting!the!samples,!the!bottles!with!sea!water!are!weighed.!Once!the!samples!are!
mounted!to!the!ACE,!Phosphoric!acid!is!injected!in!the!sample!bottles.!All!DIC!will!react,!resulting!in!
CO2(aq).!By!sparging!the!samples!with!nitrogen!gas,!the!CO2!can!be!extracted,!resulting!in!a!flow!with!
a!mixture!of!nitrogen!gas,!CO2!gas!and!water!vapor.!The!water!vapor!is!frozen!in!a!glass!trap!cooled!
by! a! dry! iceBalcohol! slurry.! Because! the! gas! has! room! temperature! as! it! is! injected! into! the!water!
trap,!the!CO2! is!not!cooled!enough!to!freeze! inside!the!water!trap.!The!CO2! is! frozen! in!glass!tubes!
cooled!by!liquid!nitrogen!and!the!nitrogen!flows!through!the!glass!tubes!and!is!pumped!away,!the!N2!
is! not! cooled! enough! to! condense! inside! the! glass! tubes,! due! to! the! low! pressure! in! this!
compartment.! After! all! the! CO2! of! the! sample! is! frozen,! the! bottle! with! sparged! ocean! water! is!
dismounted,!emptied!and!heated!to!dry!the!bottles.!The!CO2!frozen!in!the!glass!tubes!is!sublimated!
and! is! frozen! in! a! known! volume! of! 24.772±0.013ml.! The! pressure! and! the! temperature! are!
measured,!so!the!amount!of!mole!CO2!(! ! ! !

)!can!be!calculated!by!the!Van!der!Waals!equation.!
!

! !
! ! !

! ! ! ! !" ! !"# !

!
Where!!! !is! a! measure! of! the! attraction! between! the! particles! and!! !is! the! volume! of! a! mole! of!
particles.!By!weighing!the!sample!bottles!with!and!without!the!water,!the!weight!of!the!water!can!be!
measured.!The!concentration!of!dissolved!inorganic!carbon!is!then!given!by:!
!

!"# !
! ! ! !

! !"#$%
!

!
After! calculating!! ! ! !

!the! CO2! is! frozen! into! a! storage! flask! and! an! archive! tube.! The! CO2! in! the!
storage! flask!will! be! analyzed! for!! !" ! .! The! archive! tubes! are! flamesealed! to!be! analyzed! later! for!
! !" ! .!

4'Results'and'discussion'

4.1'Measuring'Volume'measuring'chamber'! ! ! !
'

The! volume!Va! of! the! tube!where! !! ! ! !
!is! calculated,! can!be!measured!by!mounting! an! additional!

known! calibration! volume,! Vc! of! 21.42ml.! The! uncertainty! of! this! calibration! volume! is! unknown.!
Between!the!tube!and!the!calibration!volume!is!a!tube!with!a!small!volume,!Vb,!to!make!it!possible!to!
connect!Va!and!Vc.!Between!Va!and!Vb!and!between!Vb!and!Vc!is!a!tap!which!can!be!closed!an!opened.!
Va!was!filled!with!nitrogen!up!to!a!pressure!pa!of!approximately!0.6!bar.!The!tap!between!Va!and!Vb!
was!opened!and!the!pressure!in!Va!and!Vb,!pab,!was!measured!again.!Now,!the!tap!between!Vb!and!Vc!

(23)!

(24)!



14!
!

was!also!opened!and!the!pressure!in!Va,!Vb!and!Vc,!pabc!was!measured!again.!By!applying!Boyle’s!law!
stating!that!!" ! !"#$%&#%,!the!volume!Va!can!be!calculated!as!follows:!
!

! ! !
! !" ! !"# ! !

! ! ! !" ! ! ! ! !"#
!

!

This!whole!procedure!was!done!four!times!and!the!volume!was!calculated!to!be!24.772±0.013ml.!

4.2'Lab'Reference'Material'(LRM)'
To! control! the! consistency! of! the! ACE,! a! sample! of! reference! material! is! used! in! every! run.! This!
reference! material! was! prepared! by! mixing! bottles! with! old! sea! water! (poisoned! with! HgCl2)! to!
produce!a!container!with!homogenous!seawater.!Duran!250ml!bottles!are!filled!with!the!water!and!
are!closed!with!a!glass!cap!clamped!on!the!bottle!to!make!sure!that!exchange!with!the!environment!
is! not! possible.! Three! LRM! batches! were! made;! LRM1,! LRM2! and! LRM3.! Between! the! different!
batches! has! been! some! overlap,! analyzing! samples! from! different! batches! in! one! run,! to! indicate!
differences!between!the!batches.!Contrary!to!the!expectations,! the!samples! from!all! three!batches!
did! not! seem! to! be! constant,!which! rendered! them!useless! for! the! intended! purpose.! All! batches!
seemed!to!increase!in!DIC!and!decrease!in!! !" ! !over!time!as!can!be!seen!in!figure!7,!8!and!9!

!
Figure!8!The!change!of!DIC!for!LRM1,!LRM2!and!LRM!3!versus!the!time!of!analysis.!

!
Figure!9!The!change!of!! !" ! !for!LRM1,!LRM2!and!LRM!3!versus!the!time!of!analysis.!
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! !
Figure!10!shows!! !" ! !on!the!xFaxis!and!DIC!on!the!yFaxis!

!
This!is!most!likely!a!drift!of!the!LRM!and!not!a!drift!of!the!ACE,!because!field!duplicates!did!not!show!
a!drift! in!DIC!or!! !" ! .!This! indicates!that!over!time!additional! inorganic!carbon!got!dissolved! in!the!
water!with! a!! !" ! !of! approximately! B8‰.! There! are! some! reasons!which! could! explain! this,! like! a!
slowly!dissolving!carbonate!contamination.!After!emptying!the!container!of!sea!water,!a!slurry!was!
found!in!the!bottom!of!the!container,!this!could!be!the!source!of!the!contamination,!but!this!could!
not! be! verified.! The! effect! of! a! bad! LRM! is! that! inconsistency! in! the! ACE! could! not! be! verified.! A!
possible!drift!in!the!ACE!over!time,!or!a!bias!in!one!run!could!not!be!seen!from!the!LRM!and!cannot!
be!seen!from!the!ocean!samples,!because!the!natural!variability!is!too!high.!

4.3'Flagging/selection'
All!bottles!with!ocean!samples!and!the!Lab!Reference!Material!were!analyzed!for!DIC!and!! !" ! .!Not!
all! ocean! samples! were! extracted! successfully! for! different! reasons.! The!most! apparent! problems!
were!CO2!leakage!due!to!improperly!mounting!of!the!bottles!to!the!sample,!resulting!in!a!lower!DIC,!
or!contamination!of!the!samples!with!water!because!not!all!water!vapor!was!removed!successfully!in!
the!water! trap,! resulting! in! a! higher!measured! pressure,! thus! a! DIC! that! was!measured! too! high.!
These!samples!were!flagged!in!software!and!left!out!of!the!subsequent!analysis.!The!following!table!
shows!the!total!amount!of!samples!and!the!amount!of!samples!that!were!flagged!as!‘bad’.!
Amount!of!samples! 185!
DIC!of!samples!flagged!as!‘bad’! 19!
! !" ! !of!samples!flagged!as!‘bad’! 1!
Table!2!

!
The!Duplicates!can!be!used!to!calculate!the!error!of!the!ACE.!This!resulted!in!a!standard!deviation!for!
DIC! of! 4.4!! !"# ! !" !or! a! relative! error! of! 2‰.! The! standard! deviation! for!! !" ! !is! 6‰!or! a! relative!
error!of!7.4%.!

As!a!second!method!of!quality!control!of! the!data,!multivariate! linear!regression!was!used.!
The!parameters!used! to!make!a!predictive!equation! for!DIC,!were!oxygen!concentration,!potential!
temperature,!pressure!and!salinity.!The!difference!is!calculated!between!the!actual!DIC!and!! !" ! !and!
the!predicted!DIC!and!! !" ! !values.!Outliers!were!flagged!and!neglected!for!further!analysis.!Figure!11!
shows!these!outliers!and!the!values!which!are!flagged!as!‘good’.!!
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Figure!11!A!scatter!plot!of!the!residual!values!with!respect!to!pressure.!The!residual!values!are!the!difference!between!
the!actual!DIC!and!! !" ! !and!the!predicted!DIC!and!! !" ! !using!MLR.!Values!where!the!absolute!value!of! !" ! !"#$%&'( !
!"#$%& ! !" !were!identified!as!‘bad’!and!are!plotted!in!blue!dots,!while!the!other!values!are!flagged!as!‘good’!and!!are!
plotted!in!red!dots.!The!approach!for!! !" ! !is!identical!but!now!for! ! !" ! !"#$%&'( ! ! ! ! ! .!These!values!of!!"#$%& ! !" !
and!! ! ! ! !were!arbitrarily!chosen.!!

4.4'DIC'and'! !" ! 'plots'
!The!DIC!and!! !" ! !of!good!samples!are!shown!below!in!depth!profiles!for!every!station.!!

!

Figure!12!DIC!and!! !" ! !with!respect!to!depth!for!all!stations.!
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The!contour!plot!below!illustrates!DIC!and!! !" ! !for!the!section.!Surface!values!for!! !" ! !are!neglected!
to!improve!visibility!of!subtle!differences!at!lower!depths.!

!

Figure!13!Contour!plots!of!DIC!and!! !" ! .!!

4.5'! !" ! 'surface'values'
As! shown! in! figure! 12,! DIC! decreases! and!! !" ! !increases! near! the! surface,! which! is! a! result! of!
biological! activity.!However,! the!! !" ! !of! the! surface! values!of! this! cruise! is! exceptionally! high!with!
respect! to! surface! values! from! other! data! sets.! For! all!! !" ! !sampled! at! 20! meters! or! higher! the!
average! value! is!! !" ! !"#$%&' ! ! !! ! ! !!" .! Data! from! the! surface! 20!meters! of! the!Global!Ocean!
Data! Analysis! Project! (GLODAP,! (Key,! et! al.,! 2004))! have! on! average!! !" ! ! ! !! ! ! !!" ,! and! a!
maximum!value!for!this!dataset!of!2.4‰.!!! !" ! !measured!in!the!surface!samples!of!cruise!64PE342!
thus! has! significantly! higher! values! than! previously!measured!! !" ! !values.! It!may! be! possible! that!
this!is!due!to!extremely!high!biological!activity.!Marine!plants!absorb!more!12C!than!13C!resulting!in!a!
fractionation! of!! !" ! !between! B10‰ and -20‰.!!" ! !"#$%&' ! !"#$ ! !"# !"# ! !" !is! the! DIC! for!
surface! samples.! ! !" ! !""# ! ! !!" ! ! !!"# !and! !" ! !""# ! !"#$ ! !"# !"# ! !" !for! all! samples,!
excluding!surface!samples,!which!are!samples!at!a!depth!of!less!than!20!meters.!This!decrease!in!!"# !
and! increase! in!! !" ! !for! surface! values! could! be! accounted! by! biological! activity,! but! that! would!
imply!a!fractionation!of:!
!

! !" ! !"# !
!" ! !""# ! ! !" ! !""# ! !" ! !"#$%&' ! ! !" ! !"#$%&'

!" ! !""# ! !" ! !"#$%&'
! ! !"# !

!
It! can!be! calculated! this!way,!because!organic! carbon!will! be! remineralized!at! lower!depths!which!
reverse!the!fractionation!by!biological!activity!(Millero!&!Sohn,!1992).!This!is!a!fractionation!found!for!

(26)!
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methane! producing! bacteria,! but! this! production! of! methane! can! only! occur! in! anoxic! conditions!
(Mook,!2000).!If!instead!of!a!! !" ! !"#$%&' !of!2.9‰,!the!! !" ! !"#$%&' !value!of!the!GLODAP!data!of!1.4‰!
is!used,!then!! !" ! !"# ! ! 17‰,!which!is!normal!for!marine!biological!activity.!Another!reason!which!
makes! it! unlikely! that! the! reason! for! these! extreme!! !" ! !is! high! biological! activity! is! that! DIC! is!
absorbed!to!produce!biomass!resulting!in!a! low!pCO2!for!surface!waters.!This!results! in!an!influx!of!
atmospheric! CO2! with! low! ! !" ! !lowering! the! ! !" ! !for! the! ocean.! The! reason! for! the! found!
! !" ! !"#$%&' !is! unknown.! It’s! unlikely! that! it! was! a! process! occurring! in! the! ocean.! It! should! have!
happened!after! collecting! the! samples! from! the!ocean,!maybe!due! to! insufficient!poisoning!of! the!
samples!or!probable!exposure! to! light! in! the! laboratory.!To!avoid!such!problems! in! the! future,! the!
bottles!with!the!samples!should!be!isolated!from!any!interaction!and!should!be!kept!at!a!dark!place!
to!minimize!the!chance!that!processes!affecting!! !" ! !can!occur!after!the!arrival!of!the!bottles.!Also,!it!
may!be!useful!to!make!sure!what!happened!to!the!bottles!before!arrival!of!the!samples!and!to!know!
how!the!samples!were!collected.!

4.6'Calculation'of'anthropogenic'CO2'

4.6.1'! ! !"# 'using'! ! !" ! '
Values!of!! !" ! !are! scarce! for! this! region.! This!makes! it! impossible! to!do!! ! !" ! !calculations! for! the!
whole! section.! Only! for! station! 10,! there! have! been!! !" ! !measurements! near! this! location! in! the!
past.! The! Transient! Tracers! in! the! North! Atlantic! (TTNA)! cruise! in! 1981,! measured!! !" ! !at! B38.2!
degrees! latitude,!58.7!degrees! longitude,!while!station!10! is! located!at! B37.7!degrees! latitude,!59.4!
degrees!longitude.!The!! !" ! !profiles!are!shown!below!including!the!differences.!!

!

Figure!14!! !" ! !for!station!10,!! !" ! !for!a!station!in!cruise!TTNA!close!to!station!10!and!the!difference!for!these!profiles.!It!
shows!that!! !" ! !has!decreased!with!an!average!of!F0.27‰!due!to!ocean!uptake!of!anthropogenic!CO2,!also!for!greater!
depths.!

Neglecting! the! surface! value,! because! of! dependence! on! biological! activity,! the! average!! ! !" ! !is!
! ! !!"# .!! !" ! !values!have!also!decreased!at!low!depths,!which!matches!previous!research!done!for!
! !" ! !in! the! subpolar! regions! (Quay,! et! al.,! 2007)! and! the! calculation! of!! ! !"# ,! which! shows! an!
increase!extending!to!the!bottom.!
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For! the! North! Atlantic,! a! very! consistent! RC! value! has! been! determined! to! be!!" ! ! !" !! !

!" !"# !! ! ! ! !
(Körtzinger,! et! al.,! 2003).! The!depthBintegrated!! !" ! !is!! !"# !! !! ! ! ! ,!which! is! in!

the! same! range! as! earlier! calculated! values! in! this! region! which! were! between!! !" !!" !! !! ! ! ! !
and!! !" !!" !! !! ! ! ! !(Quay,!et!al.,!2007).!! ! !"# !is!then:!
!

! ! !"# !
! !"

! ! !!"#
! ! !! ! ! !!

!"#

!" !! ! !!

!

This! is! equal! to! earlier! values! of!! ! !"# !which! also! indicated! a! rise! of!! !! ! ! !!
!"#

!" !! ! !between! 1981!

and!2006!(Perez,!et!al.,!2008).!This!result!was!obtained!using!a!different!method,!that!is!independent!
of!! !" ! :!the!! ! !

! !method.!
Unfortunately,! this! is! the! only! station!with! historical!! !" ! !values,! which!makes! it! difficult! to! draw!
strong,! quantitative! conclusions! for! the! entire! sections.! Also! the! uncertainty! is! higher! than! the!
method!used!by!Perez.!But!it!can!be!seen!as!verification!that!the!different!methods!used,!lead!to!the!
same!outcome.!

4.6.2!! ! !"# 'using'eMLR' '
As! a! second!way! to! assess! the! change!of!DIC! and! thus! to! estimate! the! anthropogenic! CO2! uptake!
(! ! !"# ),! data! of! an! earlier! cruise! is! used;! a! cruise! that! occupied! the! same! section! from! Ireland! to!
Greenland! in! 2005.! In! figure! 14! below! displays!! ! !"# !for! the! section.! All! values! for!! ! !"# !were!
lowered!with!0.83! !"# ! !" !which!is!the!value!at!B12°!longitude,!in!the!Rockall!Trough,!at!2700!meters!
depth.!The!reason!is!that,!as!the!CFC!concentration!shows!in!figure!2!(page!4),!there!hasn’t!been!any!
interaction!with!the!atmosphere!for!these!waters,!so!! ! !"# !should!be!0.!Figure!15!shows!a!significant!
increase!of!! ! !"# !in!the!Irminger!Sea!and!less!increase!of!! ! !"# !at!other!regions.!This!correlates!with!
the! oceanography! on! this! location!which! implies! high! convection! in! the! Irminger! Basin! and! lower!
convection!in!the!Iceland!Basin!and!the!Rockall!Trough.!

!

Figure!15!! ! !"# !between!2005!and!2011.!! ! !"# !has!increased,!especially!!in!the!Irminger!Sea.!Deep!in!the!Rockall!trough!
and!also!between!approximately!500!and!1000!meter! in! the!Rockall! trough!and!the! Iceland!basin,!! ! !"# !is! the! lowest.!
This!figure!shows!some!similarities!with!the!contour!plot!for!CFCFconcentrations!(figure!2,!page!4).!

(27)!
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For! the! whole! section,! the! average!! ! !"# ! ! !! ! ! !! !! !"# !! ! ! ! !! ! ! ! !.! This! is! higher! than! the!
highest!values!found!in!the!North!Atlantic!between!1981B2006!(Perez,!et!al.,!2010).!It!can!be!divided!
into!3!sections:!the! Irminger!Sea!(B43!to!B30!degrees),!the! Iceland!Basin!(B30!to!B19.5!degrees)! !and!
the!Rockall!Plateau!and!Trough!(B19.5!to!B9!degrees).!Table!3!shows!the!average!! ! !"# !for!this!region.!
!
Region! ! ! !"# !! ! !"# !! ! ! ! !! ! ! ! ! !
Irminger!Sea! ! !! ! ! !! !
Iceland!Basin! ! !! ! ! !! !
Rockall!Trough!and!Plateau! ! !! ! ! !! !
Table!3!

These!values!are!significantly!higher!than!previously!found!values.!Between!1981!and!2006,!
for!the!Irminger!Sea!it!was!found!that!! ! !"# ! ! !!" ! ! !!"# !"# !! ! ! ! !! ! ! ! !for!the!surface!and!0.33!
to!0.45!! !"# !! ! ! ! !! ! ! ! !for!mid!and!deep!waters!(Perez,!et!al.,!2010).!To!compare!the!results!for!the!
method! using!! ! !" ! !and! the!method! using! eMLR,! the! result! of! the! eMLR!method! at! station! 10! is!
integrated!over!the!depth.!This!results!in!4.5!mol/yr!m2,!which!is!4!times!as!high!as!the!result!using!
! ! !" ! ,!which!was!similar!to!values!found!in!literature.!
The!blue!region!in!the!upper!right!corner!means!that!the!anthropogenic!CO2!has!decreased!over!this!
time!period,!which!is!unlikely.!The!reason!is!the!lack!of!parameters!that!could!be!used!for!the!MLR.!
This! means! that! the! parameters! that! were! measured! had! too! much! influence! on! the! resulting!
contour!plot! for!! ! !"# .!The!parameters!were!oxygen!concentration,!potential! temperature,! salinity!
and!pressure.!Other!useful!parameters!were!not!measured!for!cruise!64PE342.!This!means!that!only!
oxygen!was!apparent!as!a!parameter!to!indicate!biological!activity.!But!oxygen!is!also!an!indication!of!
mixing!of!sea!with!the!atmosphere,!so!there!is!no!independent!parameter!for!biological!activity!like!
phosphate!concentration!or!nitrate!concentration.!So!the!oxygen!parameter!had!too!much!influence!
on!the!contour!plot!as!can!also!be!seen!in!figure!16.!

!

Figure! 16! This! figure! shows! contour! plots! for! oxygen,! salinity! and! potential! temperature.! Compared! to! figure! 15,! the!
contour!plot! for!oxygen!concentration! is! similar.! This! indicates! that! the!oxygen!parameter!has! too!much! influence!on!
! ! !"# ,!due!to!a!lack!of!parameters,!resulting!in!an!incorrect!calculation!of!the!change!of!anthropogenic!CO2.!

In! the! future,! it! is! useful! to!measure!more!parameters!onBboard,! so! that! it! is! possible! to!do!more!
analysis!with!the!data.!!

Another! problem! is! that! a! possible! bias! or! drift! for! DIC! by! the! ACE! could! not! be! found,!
because! the! lab! reference!material!was!useless.! This!may! result! in! a!bias! in! the! coefficients! found!
using!eMLR,!thus!a!bias!in!! ! !"# .!
!
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5'Conclusion'
Ocean!samples!collected!between!North!Ireland!and!Cape!Farewell! in!Greenland!were!analyzed!for!
DIC!and!! !" ! .!!

Some! problems! occurred! during! measurements.! The! lab! reference! material! showed! an!
increase!of!DIC!and!a!decrease!of!! !" ! ,!which! indicated!a!DIC!source!with!a!! !" ! !of!approximately!
! !" .! The! exact! reason! for! this! fractionation! was! not! found,! but! some! slurry! was! found! in! the!
bottom!of!the!container,!which!contained!the!sea!water!for!LRM,!after!emptying!it,!which!may!be!the!
source!of!the!contamination.!!

The!results!showed!high!! !" ! !for! the!surface!samples.!The!fractionation!was!approximately!!!
B56‰,!which!–! if!not!an!artifact!of! inappropriate!storage!or!analysis!–indicates!methane!producing!
bacteria! being! near! the! surface! of! the! sea.! This! is! very! unlikely,! because! this! can! only! happen! in!
anoxic!conditions.!So!it!most!likely!happened!after!collecting.!For!future!analysis,!it!may!be!good!to!
store!the!bottles!at!a!dark!place!and!minimize!any!interaction!which!could!activate!processes!in!the!
bottle!and!also!monitor!the!process!of!collecting!and!transport,!before!arrival!in!the!lab.!!

It!was!not!possible!to!calculate!an!accurate!! ! !"# !using!eMLR,!due!to!a! lack!of!parameters.!
Due! to! this! reason,! the! oxygen! parameter! had! too! much! influence! on! the! resulting!! ! !"# .! The!
contour! plot! for!! ! !"# !is! similar! to! the! contour! plot! for! CFC’s,! which! indicates! that! it! gives! a!
qualitatively!good! indication!for!! ! ! !" ,!but!quantitavely,! the!values!have!too!much!variability,!with!
value! of! approximately! four! times! as! high! as! previous! found! values! and! also! negative! values! for!
! ! !"# ,!which!are!both!unlikely.!In!the!future!it!may!be!useful!to!make!sure!that!more!parameters!are!
measured,!so!that!more!analysis!can!be!done,!with!higher!accuracy.!

The! method! using! ! ! !" ! !gave! a! value! for! ! ! !"# !of! ! !! ! ! !! !!"# !! ! ! ! !! ! ! ,! similar! to!
results!found!by!Perez!et!al.!(2008)!using!another!method.!However!this!could!only!be!done!for!one!
location,!which!means!that!this!value!is!not!representable!for!the!whole!section.!

! '
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