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Introduction

1.1. The global carbon cycle

The natural steady state
Carbon (C) is an element of fundamental importance to life on Earth. It is present in ubiquitous 
quantities: several tens of trillions of tonnes of carbon are contained in the air, sea, soil and liv-
ing matter. This carbon is cycled between and within these reservoirs on time scales from days 
to millennia, driven by physical, chemical and biological processes. An atom of carbon may 
ÀQG�LWVHOI�DV�SDUW�RI�D�SODQW�OHDI�RQ�RQH�GD\��RQO\�WR�EH�UHOHDVHG�LQWR�WKH�DWPRVSKHUH�WKH�QH[W��
before being dissolved in the surface ocean where it may spend several decades before being 
UHOHDVHG�DJDLQ��7KH�UDWHV�RI�H[FKDQJH�DUH�KLJK��EXW�EHFDXVH�WKH\�DUH�DOVR�UHYHUVLQJ��VHDVRQDOO\�
RU�RWKHUZLVH���WKHUH�H[LVWV�D�G\QDPLF�HTXLOLEULXP�RU�steady state. The various reservoirs will, on 
DYHUDJH��FRQWDLQ�DSSUR[LPDWHO\�FRQVWDQW�DPRXQWV�RI�FDUERQ��)LJXUH������6RORPRQ�HW�DO���������
shows best estimates of the sizes of the reservoirs (inventories���DQG�WKH�H[FKDQJHV�EHWZHHQ�
them (ÁX[HV) for the 1990s. 
 The rapidly cycled, biospheric carbon, constitutes only a small fraction of the total 
amount of carbon on Earth. Much more carbon may be found as sedimentary formations of 

Figure 1.1. $�VFKHPDWLF�UHSUHVHQWDWLRQ�RI�UHVHUYRLU�DQG�ÀX[�VL]HV�RI�WKH�SHUWXUEHG�JOREDO�FDUERQ�F\FOH�IRU�WKH�
����V���5HVHUYRLU�VL]HV�DUH�JLYHQ�LQ�JLJDWRQQHV�RI�FDUERQ��3J&���)OX[HV�DUH�JLYHQ�LQ�3J&�SHU�\HDU��3J&�D-1���
%ODFN�QXPHUDOV�UHSUHVHQW�UHVHUYRLU�VL]HV�DQG�ÀX[HV�RI�WKH�SUH�LQGXVWULDO�µQDWXUDO¶�FDUERQ�F\FOH��5HG�QXPHUDOV�
UHSUHVHQW�WKH�VL]H�RI�WKH�DQWKURSRJHQLF�SHUWXUEDWLRQ��*URVV�ÀX[HV�JHQHUDOO\�KDYH�XQFHUWDLQWLHV�RI�PRUH�WKDQ�
������1RW�VKRZQ�DUH�WKH�YHU\�ODUJH�UHVHUYRLUV�RI�VHGLPHQWDU\�&D&23�GHSRVLWV��L�H���OLPHVWRQHV��a���PLOOLRQ�
3J&��DQG�VHGLPHQWDU\�RUJDQLF�FDUERQ�GHSRVLWV��a���PLOOLRQ�3J&���7KH�ODWWHU�SRRO�FRQWDLQV�WKH�UHODWLYHO\�VPDOO�
SRRO�RI�UHFRYHUDEOH�IRVVLO�IXHOV��PDLQO\�FRDO��RLO��PHWKDQH�JDV���ZKLFK�LV�FXUUHQWO\�HVWLPDWHG�WR�EH�LQ�WKH�RUGHU�
RI�a�����3J&��6RXUFH��6RORPRQ�HW�DO��������
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limestone deposits (CaCO3�����PLOOLRQ�3J&��VHH�3DQHO�����IRU�H[SODQDWLRQ�RI�XVHG�XQLWV��DQG�DV�
organic sedimentary deposits (12 million PgC). The latter contains the various forms of fossil 
fuels (coal, oil, methane gas; ~6000 PgC). Moreover, carbon may be found within the igneous 
rock (i.e., of volcanic origin). 
 For all practical considerations, the above sedimentary deposits of carbon have no 
VLJQLÀFDQW�natural contact with the biosphere on the times scales relevant to human society. 
2QO\�D�YHU\�PRGHVW�QDWXUDO�H[FKDQJH is known to take place between the biospheric and deep-
HDUWK�UHVHUYRLUV�DV�VORZ�FKHPLFDO�ZHDWKHULQJ�RI�VHGLPHQWDU\�DQG�LJQHRXV�URFNV��DQG�LQ�FRQWH[W�
of the geological process of plate tectonics and associated volcanism (Varekamp, 1992).

The perturbed global carbon cycle
In a very strong departure from the natural steady state of the carbon cycle, humanity has taken 
WR�WKH�UDSLG�H[WUDFWLRQ�RI�IRVVLO�IXHOV�IURP�JHRORJLFDO�UHVHUYRLUV�WR�GULYH��E\�WKHLU�FRPEXVWLRQ�
LQ�KHDW�HQJLQHV�DQG�IXUQDFHV��WKH�XQSDUDOOHOHG�HFRQRPLF�H[SDQVLRQ�WKDW�KDV�EHHQ�WDNLQJ�SODFH�
since the middle of the 18th century. The combusted carbon is emitted to the atmosphere as 
FDUERQ�GLR[LGH��&22), adding to the natural concentration of this gas in the atmosphere. Ad-
ditional sources of ‘human-caused’ or anthropogenic CO2 (CO2

ant) are land use change (mainly 
GHIRUHVWDWLRQ��DQG��WR�OHVVHU�H[WHQW��FHPHQW�SURGXFWLRQ��$IWHU�HPLVVLRQ��WKH�DQWKURSRJHQLF�&22 
takes part in the natural carbon cycle and will thereby divide itself over its various reservoirs 
(atmosphere, land, ocean). 

Current and hypothesized consequences of the anthropogenic perturbation
$SSUR[LPDWHO\�DERXW�KDOI�RI�WKH�DQWKURSRJHQLF�HPLVVLRQV�DUH�WDNHQ�XS�IURP�WKH�DWPRVSKHUH�
by the land and ocean sinks (54% for the decade 2000-2010; www.globalcarbonproject.org). The 
CO2 that remains in the atmosphere (thus, 46%) is understood to change the character of the 
atmosphere in ways that may prove distinctly unfavorable to the welfare of human societies 
(Field et al., 2012). The heat trapping potential of CO2 will reduce that rate at which the planet 
PD\�UDGLDWH�KHDW�LQWR�VSDFH��$UUKHQLXV���������$V�D�FRQVHTXHQFH�RI�WKLV��WKH�SODQHW�LV�H[SHFWHG�

Panel 1.1 – Some useful units       

This thesis uses a variety of units to denote amounts and concentrations of carbon, dis-
solved carbon. To aid the reader in interpreting these, some scaling factors are listed here.

1 mole of carbon (C) has a mass of ~12 grams
1 mole of CO2 has a mass of ~44 grams 
1 gram of CO2 contains 0.273 grams of carbon

1 PgC = 1 petagram of carbon= 1015 grams of carbon = 1 gigaton of carbon = 1 GtC
1 TgC = 1 teragram of carbon = 1012 grams of carbon = 1 megaton of carbon = 1 MtC

1 µmol kg-1 = 1 micromole (=10-6 mol) per kilogram of seawater
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WR�H[SHULHQFH�D�ZDUPLQJ�RI�VHYHUDO�GHJUHHV�DERYH�SUH�LQGXVWULDO�WHPSHUDWXUHV�LQ�FRPLQJ�GH-
cades (Solomon et al., 2007). Indeed, this progressing warming has already been unambiguously 
observed in data sets of land surface temperatures, ocean surface temperatures and ocean in-
terior temperatures. Associated changes are documented in, among others, atmospheric water 
vapor content, outgoing planetary radiation, stratospheric temperature, sea surface height, sea 
LFH�H[WHQW��VHD�LFH�YROXPH��DQG�JODFLHU�DQG�LFH�VKHHW�PDVV��6RORPRQ�HW�DO����������2WKHU�FRQVH-
quences of the rise in CO2 are as of yet somewhat less well documented, but are commonly 
considered to be very likely to occur in the near future. Among these are regional increases in 
WKH�LQFLGHQFH�RI�H[WUHPH�ZHDWKHU�HYHQWV�OLNH�VWRUPV��ÁRRGLQJ��DQG�GURXJKWV��)LHOG�HW�DO����������
 Additionally, the continuous uptake of CO2�E\�WKH�RFHDQ�OHDGV�WR�WKH�JUDGXDO�¶DFLGLÀ-
FDWLRQ·�RI�LWV�VXUIDFH�ZDWHUV��)HHO\�HW�DO����������$�K\SRWKHVL]HG�VRFLHWDOO\�UHOHYDQW�HͿHFW�RI�WKLV�
is the increase with time of the solubility of certain shells and corals (Feely et al., 2004). The 
process is presumed to have potentially severe future consequences for the health of coastal 
and open ocean ecosystems, and the societies that depend on them (Orr et al., 2005, Doney et 
al., 2009). On the other hand, these ecosystems may display some resilience to these changes 
due the ability of species to adapt and evolve in the face of changing environmental conditions 
(e.g., Lohbeck et al., 2012). 

*LYHQ�WKH�ORZ�SUHGLFWDELOLW\�RI�WKH�PHGLXP��DQG�ORQJ�WHUP�HͿHFWV�RQ�VRFLHW\��WKH�FXUUHQW�DQ-
WKURSRJHQLF�HPLVVLRQV�KDYH�EHHQ�OLNHQHG�WR�DQ�RQH�RͿ�H[SHULPHQW��5HYHOOH�DQG�6XHVV��������

>���@�KXPDQ�EHLQJV�DUH�QRZ�FDUU\LQJ�RXW�D�ODUJH�VFDOH�JHRSK\VLFDO�H[SHULPHQW�RI�D�NLQG�WKDW�FRXOG�
not have happened in the past nor be reproduced in the future. Within a few centuries we are 
returning to the atmosphere and oceans the concentrated organic carbon stored in sedimentary 
URFNV�RYHU�KXQGUHGV�RI�PLOOLRQV�RI�\HDUV��7KLV�H[SHULPHQW��LI�DGHTXDWHO\�GRFXPHQWHG��PD\�\LHOG�
a far-reaching insight into the processes determining weather and climate. It therefore becomes 
RI�SULPH�LPSRUWDQFH�WR�DWWHPSW�WR�GHWHUPLQH�WKH�ZD\�LQ�ZKLFK�FDUERQ�GLR[LGH�LV�SDUWLWLRQHG�
between the atmosphere, the oceans, the biosphere and the lithosphere.

Indeed, the momentous opportunity to track the planetary response to a unique perturbation 
of the global climate system, and the societal concern about its potential outcomes, have trig-
gered the meticulous study of all aspects of the perturbed global carbon cycle. 

The current state of global carbon cycle research
The current best estimates of the time histories of important sources and sinks of anthropogenic 
CO2 are shown in Figure 1.2 (reproduced from Le Quéré et al., 2009; www.globalcarbonproject.org). 
An overview of the corresponding mean rates of emissions over the past decade is provided 
in Table 1. The following section will outline how these time histories have been obtained. For 
D�EULHI�H[SODQDWLRQ�RI�WKH�XVHG�XQLWV��SOHDVH�UHIHU�WR�3DQHO�����
 Emissions to the atmosphere. Time histories of anthropogenic emissions have been 
LQIHUUHG�IURP�KLVWRULF�DQG�PRGHUQ�SURGXFWLRQ�UHFRUGV�RI�IRVVLO�IXHO�H[WUDFWLRQ�DQG�ORJJLQJ�
industries (Boden et al., 2011 and Houghton, 2008, respectively). Although the uncertainty of 
emissions from land use change is considered to be substantial (±0.5 PgC a-1, i.e., ±25-50%; Ca-
nadell et al., 2007) the much larger emissions from combustion of fossil fuels and production 
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Figure 1.2. &XUUHQW�EHVW�HVWLPDWHV�RI�WKH�WLPHV�KLVWRULHV�RI�WKH�VRXUFH�RU�VLQN�UDWHV�RI�¿YH�FRPSRQHQWV�
RI�WKH�SHUWXUEHG�JOREDO�FDUERQ�F\FOH��6RXUFHV�RI�DQWKURSRJHQLF�&22�HPLVVLRQV�DUH�WKH�FRPEXVWLRQ�
RI�IRVVLO�IXHOV�DQG�FHPHQW�SURGXFWLRQ��WRJHWKHU�FRPSULVLQJ�))&��DQG�ODQG�XVH�FKDQJH��/8&���(PLW-
WHG�&22�LV�VWRUHG�DV�OLYLQJ�DQG�GHDG�ELRPDVV�RQ�ODQG�LQ�WKH�WHUUHVWULDO�FDUERQ�VLQN��7&6���DV�&22 in 
WKH�DWPRVSKHULF�FDUERQ�VLQN��$&6��DQG�DV�GLVVROYHG�LQRUJDQLF�FDUERQ�LQ�WKH�RFHDQLF�FDUERQ�VLQN�
�2&6���6RXUFH�WHUPV�DUH�REWDLQHG�IURP�%RGHQ�HW�DO���������DQG�+RXJKWRQ���������UHVSHFWLYHO\��
7KH�UDWH�RI�DFFXPXODWLRQ�RI�&22

ant�LQ�WKH�DWPRVSKHUH�LV�GHWHUPLQHG�IURP�WKH�PHDVXUHG�DWPRVSKHULF�
FRQFHQWUDWLRQ�RI�&22��.HHOLQJ�HW�DO���������(WKHULGJH�HW�DO����������7KH�RFHDQLF�VLQN�UDWH�LV�REWDLQHG�
DV�WKH�PHDQ�UDWH�RI�D�VXLWH�RI�FRPSXWHU�PRGHOV��/H�4XpUp�HW�DO����������(DFK�PRGHO�ZDV�FDOLEUDWHG�
WR�UHSURGXFH�WKH�EHVW�HVWLPDWH�RI�WKH�WRWDO�RFHDQLF�LQYHQWRU\�RI�&ant in 1994 that was determined 
E\�6RORPRQ�HW�DO��������RQ�WKH�EDVLV�RI���GDWD�EDVHG�HVWLPDWHV��7KH�ODQG�VLQN�UDWH�LV�GH¿QHG�DV�WKH�
UHVLGXDO�RI�WKH�HPLVVLRQV�DQG�WKH�DWPRVSKHULF�DQG�RFHDQLF�VLQNV��L�H��ODQG�VLQN� ��VXP�RI�VRXUFHV��
±�RFHDQLF�VLQN�±�DWPRVSKHULF�VLQN���6RXUFH��www.globalcarbonproject.org.
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of cement are accurately known (±5%; Boden et al., 2011). The total emissions accumulated 
since ~1750 are therefore well established to be ~344 PgC in the year 2008.
 The atmospheric sink. A time history of the atmospheric sink of CO2

ant (i.e., of the 
amount of emitted CO2

ant that remains in the atmosphere rather than being taken up by ocean 
or land sink) may be calculated by multiplying the atmospheric time history of the concentra-
tion of CO2

ant with the volume of the atmosphere. This simple approach is feasible due to the 
IDFW�WKDW�WKH�DWPRVSKHULF�FRQFHQWUDWLRQV�DUH�YLUWXDOO\�XQLIRUP�GXH�WR�VKRUW�PL[LQJ�WLPHVFDOH�RI�
the atmosphere. The concentration history of CO2

ant has been reconstructed from atmospheric 
measurements (since 1959; Keeling et al., 2001) and the analysis of air bubbles trapped in the 
snow (that is gradually converted to ice) of the ice caps of Antarctica and Greenland (Etheridge 
et al., 1996). From these ice core records, the pre-industrial concentration is known to have been 
~280 ppm. Presently (2012), the atmospheric concentration of CO2 already is ~393 ppm and is 
rising with ~2 ppm per year. 
 The land sink. The time history of the land sink of CO2

ant is complicated to establish 
due to involvement of many large- and small-scale processes such as enhanced carbon and 
QLWURJHQ�IHUWLOL]DWLRQ��FKDQJLQJ�DJULFXOWXUDO�SUDFWLFH��DͿRUHVWDWLRQ��ÀUH�ULVN�PLWLJDWLRQ�DQG�JUD]-
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ing management (Solomon et al., 2007). Although this terrestrial carbon sink has previously 
EHHQ�GHÀQHG�DV�WKH�UHVLGXDO�RI��L��WKH�HPLVVLRQV�DQG��LL��WKH�DWPRVSKHULF�DQG�RFHDQLF�VLQNV�
(e.g., Canadell et al., 2007; Solomon et al., 2007), direct estimates may be obtained from global 
vegetation cover models (Sitch et al., 2008). 
 The oceanic sink. The time history of the oceanic sink is commonly determined from 
modeling work. Although no validation of the accuracy of the models is possible due to absence 
of historic data, several estimates of the total inventory of CO2

ant are available for the mid 1990s 
(e.g., Sabine et al., 2004; Waugh et al., 2006). The models may be tuned to reproduce these es-
timates, thereby optimizing their value. Additionally, measurement-based global estimates of 
WKH�QHW�DLU�VHD�ÁX[�DUH�DYDLODEOH��H�J���7DNDKDVKL�HW�DO����������EXW�KDYH�D�VLJQLÀFDQW�XQFHUWDLQW\�
GXH�WR�WKH�YHU\�KLJK�YDULDELOLW\�RI�WKH�DLU�VHD�ÁX[HV�RI�&22 in space and time which is not eas-
ily captured by the still relatively sparse measurements. An accurate assessment of the rate of 
storage of CO2

ant in the ocean interior would thus be of high value for the corroboration of the 
VWUHQJWK�RI�WKH�RFHDQLF�VLQN��3HUIRUPLQJ�WKLV�TXDQWLÀFDWLRQ�LV�WKH�REMHFWLYH�RI�WKLV�WKHVLV��IRU�
case studies focusing on the South Atlantic Ocean. 

1.2. The ocean carbon cycle

The ocean plays a pivotal role in the global carbon cycle. Due to the large quantities of dissolved 
CO2�LW�FRQWDLQV��DQG�LWV�FDSDFLW\�IRU�UDSLG�JDV�H[FKDQJH��WKH�RFHDQ�KDV�D�VWURQJ�LQÁXHQFH�RQ�
the atmospheric CO2 concentration and thereby on global climate (Broecker and Peng, 1982). 
Clearly then, a thorough understanding of the functioning of the ocean carbon cycle is essential 
for projections of how the global FDUERQ�F\FOH�PD\�EH�DͿHFWHG�E\�KXPDQ�DFWLYLWLHV��
� 7KH�PDQ\�ÁX[HV�DQG�UHVHUYRLUV�RI�FDUERQ�WKDW�DUH�IRXQG�ZLWKLQ�WKH�RFHDQ�DUH�RI�GLYHUVH�
nature and scale, and are variable over space and time. The remainder of the present section 
contains a qualitative description of the processes that govern the dynamics of dissolved CO2 
in sea water. A more technical treatment of these concepts and processes is provided in Chapter 
2 of this thesis.

Table 1.1. &XUUHQW�EHVW�HVWLPDWHV�RI�WKH�VRXUFH�RU�VLQN�UDWHV�RI�¿YH�FRPSRQHQWV�RI�WKH�SHUWXUEHG�JOREDO�FDUERQ�
F\FOH��DV�GHWHUPLQHG�IRU�WKH�GHFDGHV�����������DQG������������)RU�DGGLWLRQDO�GHWDLOV�SOHDVH�UHIHU�WR�WKH�FDS-
WLRQ�RI�)LJXUH������8QFHUWDLQWLHV�LQ�WRWDOV�DUH�WKH�TXDGUDWLF�VXPV�RI�WKH�XQFHUWDLQWLHV�RI�FRQVLWXHQW�IUDFWLRQV���
6RXUFH��www.globalcarbonproject.org. 

6RXUFHV���VLQNV 'DWD�VRXUFH 6RXUFH���VLQN�UDWH
�����������3J&�D-1�

6RXUFH���VLQN�UDWH
�����������3J&�D-1�

6RXUFHV

����)RVVLO�IXHO�	�FHPHQW %RRNNHHSLQJ 3.1±0.2 �������

����/DQG�XVH�FKDQJH %RRNNHHSLQJ ������� �������

Total 4.6±0.7 8.9±0.9

6LQNV

    Atmosphere 0HDVXUHPHQWV ����������������� ���������������

����2FHDQ 0RGHOV�	�0HDVXUHPHQWV� ���������������� ���������������

����/DQG 5HVLGXDO ���������������� ���������������

Total 4.5±1.0 8.9±1.1
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Origin of CO2 in the oceans. 
The erosion of terrestrial sedimentary and igneous rock (‘weathering’) has provided a river-borne 
ÁRZ�RI�GLVVROYHG�VXEVWDQFHV�WR�WKH�RFHDQV��$PRQJ�WKHVH�VXEVWDQFHV�DUH�DOO�WKH�FRQVWLWXHQWV�RI�
sea salt including dissolved inorganic carbon (DIC or CT, see Panel 1.2) and calcium (Ca), these 
latter largely due to dissolution by rain and rivers of limestone deposits (CaCO3) on land. The 
observed concentrations of these compounds in the ocean is  determined by the relative rates of 
a) the riverine input and b) the removal to the sediment and burial in thick sediment deposits 
RI�WKH�RFHDQ�ÁRRU��%URHFNHU���������7KH�EDODQFH�EHWZHHQ�WKHVH�VRXUFH�DQG�VLQN�WHUPV��DQG�WKH�
continuous ‘stirring’ of the ocean by its currents result in a fairly homogenous average composi-
WLRQ�RI�WKH�GLVVROYHG�VXEVWDQFHV�LQ�VHD�ZDWHU�WKDW�FRQWDLQV�DSSUR[LPDWHO\���PROHV�RI�GLVVROYHG�
inorganic carbon per cubic meter (~25 grams of inorganic carbon per 1000 liters). However, 
VHYHUDO�SURFHVVHV�FRQWULEXWH�WR�VLJQLÀFDQW�DOWHUDWLRQV�WR�WKLV�XQLIRUP�GLVWULEXWLRQ��VHH�EHORZ��

$LU�VHD�JDV�H[FKDQJH�
The solubility of CO2 in seawater is negatively related to the water temperature. That is, when 
surface waters cool, more CO2 may dissolve in it, causing undersaturation with respect to the 
DWPRVSKHUH��XSRQ�ZKLFK�D�QHW�ÁX[�RI�&22 from the atmosphere may take place. Reversely, 
warming of sea water may lead to oversaturation DQG�DQ�H΁X[�RI�&22 to the atmosphere.
� 6XUIDFH�RFHDQ�FXUUHQWV��ÁRZLQJ�IURP�HTXDWRULDO�UHJLRQV�WRZDUGV�WKH�SROHV�ZLOO��GXULQJ�
WKHLU�MRXUQH\��H[SHULHQFH�VWURQJ�FRROLQJ�DQG�ZLOO�WKXV�EHFRPH�VWURQJO\�HQULFKHG�LQ�&T. When 
WKHVH�ZDWHUV�DUH�FRROHG�WR�QHDU�IUHH]LQJ�WHPSHUDWXUHV��WKH�GHQVH�ZDWHU�PD\�VLQN�WR�GHSWK��ÀOO-
ing the abyssal ocean. These deep, cold ocean waters are therefore high in CT compared to the 
more shallow and warm, temperate or equatorial waters. This process of CT-enrichment of the 
deep layers of the ocean by strictly physical processes, is commonly referred to as the solubility 
pump, the physical pump or the JDV�H[FKDQJH�SXPS��9RON�DQG�+RͿHUW��������VXEWOH�GLͿHUHQFHV�
EHWZHHQ�WKHVH�WHUPV�H[LVW��VHH�&KDSWHU���RI�*UXEHU�DQG�6DUPLHQWR���������1RWH�WKDW�WKH�ZRUG�

3DQHO�����²�6RPH�XVHIXO�GHÀQLWLRQV

Dissolved inorganic carbon (DIC). The total amount of dissolved inorganic carbon 
(TCO2, ԇCO2 or, in this work, CT��LV�GHÀQHG�DV�WKH�VXP�RI�WKH�FRQFHQWUDWLRQV�RI�
aqueous CO2, carbonic acid, bicarbonate ion and carbonate ion. In this thesis, 
the abbreviation DIC is used as a qualitative term, whereas CT refers to the sum 
of concentrations of the constituents of DIC. Please note that in other literature 
the term DIC often serves both purposes.

       CT = [CO2(aq)] + [H2CO3(aq)] + [HCO3
-
(aq)] + [CO3

2-
(aq)]   (1-1)

In equation (1-1), the brackets represent the concentrations of the molecule 
HQFORVHG��7KH�H[DFW�SDUWLWLRQLQJ�RI�D�JLYHQ�DPRXQW�RI�&T between these three 
species of dissolved inorganic carbon (HCO3

-, CO3
2- and CO2) at certain loca-

tion in the ocean is governed by the local temperature, salinity, pressure and 
DONDOLQLW\�(see below). In all natural seawater, DIC is predominantly present in 
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‘pump’ here does not have the same meaning as with the biological pumps discussed later, 
in that the process does not physically transport CO2 along the water column, but rather acts 
only at the surface. It is the above process of deep water formation that causes the imprint of this 
¶SXPS·�RQ�YHUWLFDO�SURÀOHV�RI�&T.
� 7KH�H[DFW�GHJUHH�RI�WKH�HQULFKPHQW��WKH�CO2-saturation) of the deep layers depends on 
the duration and vigorousness of contact between surface water with the  atmosphere during 
the cooling phase. This CO2-saturation is variable in space and time (e.g., Gruber et al., 1996), 
and is generally observed to be less than 100% (Murnane, 1999; Toggweiler, 2003). 
 With the increasing concentration of CO2�LQ�WKH�DWPRVSKHUH��WKH�QHW�ÁX[�RI�&22 into 
WKH�VXUIDFH�RFHDQV�LV�JUDGXDOO\�EHFRPLQJ�ODUJHU��ZKLOH�WKH�UHJLRQV�RI�H΁X[�EHFRPH�PRUH�UH-
stricted in space and time (Postma, 1964; Takahashi et al., 2009).

Primary production. 
All photosynthetic life forms in the ocean consume dissolved inorganic carbon for the pro-
duction of their biomass, using sunlight as an energy source. This process locally reduces CT. 
Reversely, when and where this biomass decomposes (due to bacterial activity and/or animal 
consumption and respiration), CT�ZLOO�LQFUHDVH��:KLOH�WKH�SURGXFWLRQ�SURFHVV�RFFXUV�H[FOXVLYHO\�
in the euphotic (‘sunlit’) zone, the decomposition process may occur throughout the water 
column (e.g., Schneider et al., 2003). The tendency of dead organic matter to gradually sink 
down through the water column, in combination with decomposition by bacteria and animals, 
leads to elevated CT at depth, and tends to reduce concentrations in the shallow layer which, 
however, are stabilized by replenishment from the atmosphere.
 The overall process of biophysically mediated downward displacement of CT within 
the water column is generally referred to as the soft tissue pump��9RON�DQG�+RͿHUW���������:KLOH�
the enhancement of the functioning of this pump due to increasing levels of anthropogenic CO2 
ZDV�FRQVLGHUHG�XQOLNHO\�E\�HDUOLHU�VWXGLHV��UHFHQW�PHVRFRVP�H[SHULPHQWV�VXJJHVW�WKDW�HQKDQFHG�

WKH�IRUP�RI�ELFDUERQDWH�LRQ��a�����DQG�FDUERQDWH�LRQ��a�����$SSUR[LPDWHO\����
is present as dissolved CO2(aq)��ZKLFK�DW�WKH�VHD�VXUIDFH�PD\�UDSLGO\�H[FKDQJH�
with the gaseous CO2 in the overlying atmosphere. 

       [HCO3
-
(aq)] : [CO3

2-
(aq)] : [CO2(aq)] : [H2CO3(aq)@��ǀ��������������������� �����

Due to uptake of anthropogenic CO2
 (CO2

ant) from the atmosphere, the measured 
CT of a sea water sample is the sum of the ‘natural’ amount (Cnat) that would be 
present irrespective of human emissions, and the anthropogenic amount (Cant) 
WKDW�HQWHUHG�WKH�RFHDQ�WKURXJK�JDV�H[FKDQJH�ZLWK�WKH�DWPRVSKHUH��:LWKLQ�&T, 
the fraction Cant cannot be analytically distinguished from Cnat.

        CT = Cnat + Cant      (1-3)
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H[SRUW�RI�FDUERQ�WR�GHHSHU�OD\HUV�PD\�RFFXU�XQGHU�IXWXUH�KLJK�&22 scenarios (Riebesell et al., 
2007).

&DOFLÀFDWLRQ�DQG�VHGLPHQW�LQWHUDFWLRQ��
In addition to producing ‘soft’ biomass (above), various organisms utilize inorganic carbon 
and calcium ions (Ca2+) for the production of calcium carbonate (CaCO3) for certain hard tis-
sues (shells, frustules). Upon death of these organisms, the particles may settle down through 
the water column (often together with the soft tissue) and will often redissolve at depth. This 
carbonate pump��9RON�DQG�+RͿHUW��������WKXV�FRPSOHPHQWV�WKH�IXQFWLRQLQJ�RI�WKH�VRIW�WLVVXH�
pump. Moreover, the carbonate pump gradually displaces DONDOLQLW\ from the euphotic zone to 
WKH�GHHS�RFHDQ��DONDOLQLW\�LV�WKH�SURSHUW\�WKDW�UHSUHVHQWV�WKH�¶EXͿHU�FDSDFLW\·�RI�VHD�ZDWHU��DQG�
is of major importance to the solution chemistry of dissolved inorganic carbon and calcareous 
sediments; see Chapter 2.1). 
 Part of the CaCO3�VHWWOHV�WR�RFHDQ�ÁRRU��FRQWULEXWLQJ�WR�WKH�VHGLPHQWV��7KLV�ODWWHU�
process removes both dissolved inorganic carbon and alkalinity from the water column. As 
mentioned, in a steady-state ocean, the net rate of production of calcareous sediments is com-
monly considered to equal the rate at which freshly eroded terrestrial calcareous material is 
delivered (in dissolved state) to the oceans by rivers. 
 The long-term conservation of calcareous sediment is sensitive to the local solubility of 
calcium carbonate. Intriguingly, that solubility is positively related to CT. It is therefore commonly 
H[SHFWHG�WKDW��GXH�WR�JUDGXDO�LQFUHDVH�LQ�&T due to accumulation of anthropogenic CO2 in the 
deep ocean, calcareous sediments will increasingly dissolve. This dissolution will gradually 
LQFUHDVH�WKH�DONDOLQLW\�DQG�WKHUHE\�WKH�¶EXͿHU�FDSDFLW\·�RI�WKH�RFHDQ��DOORZLQJ�PRUH�&22 to be 
taken up. Eventually, this will lead to a high-CT��KLJK�DONDOLQLW\�RFHDQ��WKDW�LV�H[SHFWHG�WR�KDYH�
taken up most of the CO2 that is currently being emitted by human societies, albeit on a long 
timescale in the order of ten thousand to one hundred thousand years (Archer and Brovkin, 
2005). 

Circulation and outgassing. 
The processes outlined above overall act to increase CT (and alkalinity) at depth. The continuous, 
gradual circulation of the oceans balances this increase in the deep ocean by upward transport 
to shallower layers (upwelling). Indeed, in regions of strong upwelling (notably in the eastern 
HTXDWRULDO�]RQHV�RI�WKH�$WODQWLF�DQG�3DFLÀF�RFHDQV��DQG�LQ�WKH�6RXWKHUQ�2FHDQ���WKH�XSZHOOLQJ�
of highly CO2�HQULFKHG�ZDWHU�UHVXOWV�LQ�VXEVWDQWLDO�H΁X[HV�RI�&22 to the atmosphere (Taka-
KDVKL�HW�DO����������7KH�UDWH�RI�WKH�RYHUWXUQLQJ�GHHS�FLUFXODWLRQ�WKXV�KDV�D�GLUHFW�LQÁXHQFH�RQ�
the amount of CO2 that may accumulate in the deep oceans, and thereby also on atmospheric 
and terrestrial inventories (Broecker and Peng, 1982). Recently, evidence is mounting for the 
hypothesis that long-term variations in the rate of overturning circulation have been of pivotal 
importance to the alternation of global climate between glacial and interglacial conditions (e.g., 
Schmitt et al., 2012). 
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1.3. A brief history of the investigation of anthropogenic CO2 in the ocean

Due to uptake of anthropogenic CO2
 (CO2

ant) from the atmosphere, the measured CT of a sea 
water sample is the sum of the ‘natural’ amount (Cnat) that would be present irrespective of 
human emissions, and the anthropogenic amount (Cant) that entered the ocean through gas 
H[FKDQJH�ZLWK�WKH�DWPRVSKHUH��(T��������:LWKLQ�&T, the fraction Cant cannot be analytically 
distinguished from Cnat. Moreover, as illustrated by the overview of the ocean carbon cycle 
sketched above, CT may be variable over space and time as a function of the natural variability 
RI�FLUFXODWLRQ�UDWHV��ELRORJLFDO�DFWLYLW\�DQG�SURFHVVHV�DͿHFWLQJ�DLU�VHD�JDV�H[FKDQJH��IRU�H[DPSOH�
wind speed and ice cover).  

 Despite the above complications, already almost 50 years ago Postma (1964) pre-
sented a data-based estimate of an increase of CT in ocean surface waters of 0.5 ml l-1 compared 
to pre-industrial levels presumably as a result of the accumulation of anthropogenic CO2 (in 
SUHVHQW�GD\�XQLWV��WKLV�LV�HTXLYDOHQW�WR�DSSUR[LPDWHO\�����PRO�NJ-1; this compared with a natural 
background concentration of ~2000 µmol kg-1). Although the estimate of Postma would later 
prove remarkably accurate, the used methodology could not be used to infer accurate spatial 
or temporal patterns of this storage.

 In 1978, using the high-accuracy measurements of CT and alkalinity made during 
WKH�*(26(&6�H[SHGLWLRQV���FRPELQHG�ZLWK�QHZO\�FRQFHLYHG�DSSURDFKHV�WR�FRPSHQVDWH�IRU�
biogeochemically induced variability of CT, Brewer showed the concentrations of CT in a water 
mass of Antarctic origin to be elevated (by circa 33±15 µmol kg-1) at the surface compared to 
LWV�ROGHU��RFHDQ�LQWHULRU�H[WHQVLRQ��7KLV�REVHUYDWLRQ�VWURQJO\�VXJJHVWHG�WKH�DFFXPXODWLRQ�RI�
that amount of Cant in the surface waters. Almost concurrently, Chen and Millero (1979) used 
a conceptually similar approach to calculate an accumulation of Cant in these same waters over 
industrial times of circa 40±15 µmol kg-1. As before, although remarkably accurate in hindsight, 
the validity of these methods and their results were suggested to be compromised by the as-
sumptions that were required, and by the general lack of high-accuracy data at the time.

� ,Q�WKH�HDUO\�����V��VHYHUDO�DGYDQFHV�LQ�WKH�DQDO\WLFDO�UHDOP�ZHUH�PDGH��7KH�ÀUVW�ZDV�
the development of coulometry as a new analytical method for the high-accuracy determination 
of CT (Johnson et al., 1993). A second was the introduction and use of FHUWLÀHG�UHIHUHQFH�PDWHULDO 
(CRM; Dickson, 2001), which allowed CO2-laboratories around the world to set, control and 
verify their accuracy. Lastly, a set of standard operation procedures was published that rigorously 
harmonized laboratory practice between groups (Dickson and Goyet, 1994; updated as Dickson 
et al., 2007). These conceptual and technical developments came together in the World Ocean 
&LUFXODWLRQ�([SHULPHQW��:2&(���ZKLFK�JHQHUDWHG�LQ�WKH�PLG�����V�D�QHDUO\�V\QRSWLF��JOREDO��
high-accuracy dataset of ocean interior CT and related properties. 

� $V�DQRWKHU�PDMRU�LPSURYHPHQW�WR�WKH�ÀHOG��*UXEHU�DQG�FR�ZRUNHUV�LQ������LQWURGXFHG�
D�UHÀQHPHQW�RI�HDUOLHU�FRQFHSWXDO�PHWKRGV�WKDW�DOORZHG�WKH�H[SOLFLW�TXDQWLÀFDWLRQ�RI�&ant. This 
Ј&
�PHWKRG�DOORZV�WKH�XVHU�DQ�REMHFWLYH�ZD\�RI�TXDQWLI\LQJ�WKH�SUH�LQGXVWULDO�&T content of 
D�ZDWHU�PDVV��DIWHU�ZKLFK�WKH�GLͿHUHQFH�ZLWK�PRGHUQ�PHDVXUHPHQWV�\LHOGV�&ant. The method 
gained considerable recognition in the research community, and was applied to almost every 
major ocean basin (e.g., Atlantic ocean: Gruber et al., 1998; Indian Ocean: Sabine et al., 1999;  
3DFLÀF�2FHDQ��6DELQH�HW�DO����������
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 The WOCE-era data and results were used by Sabine and co-workers to synthesize, 
LQ�������IRU�WKH�ÀUVW�WLPH��DQ�HVWLPDWH�RI�WKH�JOREDO�RFHDQ�LQYHQWRU\�RI�&ant (valid for 1994) of 
�������3J&��$OWKRXJK�WKH�VWXG\�FRQVWLWXWHG�D�PDMRU�PLOHVWRQH�LQ�WKH�ÀHOG�RI�FDUERQ�F\FOH�UH-
VHDUFK��WKH�HPSOR\HG�Ј&
�WHFKQLTXH�KDV�VXEVHTXHQWO\�EHHQ�VXJJHVWHG��0DWVXPRWR�DQG�*UX-
EHU��������WR�VXͿHU�IURP�FRQFHSWXDO�GUDZEDFNV��SDUWLFXODUO\�UHJDUGLQJ�LWV�DSSOLFDWLRQ�WR�WKH�
Southern Ocean. In the Southern Ocean south of 50 ºS, Sabine et al. (2004), report negligible Cant. 
However, later studies suggested moderate (Waugh et al., 2006) to high (Lo Monaco, 2005a,b) 
concentrations of Cant��DQG�FRUUHVSRQGLQJO\�KLJKHU�LQYHQWRULHV��)XUWKHU�H[HPSOLI\LQJ�WKLV�XQ-
FHUWDLQW\��VSHFLÀF�WR�WKH�6RXWKHUQ�2FHDQ��DUH�WKH�PXWXDOO\�GLVFRUGDQW�UHVXOWV�IURP�VHD�VXUIDFH�
CO2�ÁX[�VWXGLHV��7DNDKDVKL�HW�DO����������RFHDQ�FDUERQ�F\FOH�PRGHOV��'RQH\�HW�DO�������D���DQG�
oceanic and atmospheric inversion studies (Gruber et al., 2009, and references therein).

 Additional uncertainty about the oceanic uptake and storage of CO2
ant is presented by 

the suggestion, based on recent sea surface observations (e.g., Schuster and Watson, 2007; Metzl 
et al., 2010; McKinley et al., 2011) and atmospheric inversion models (Le Quéré et al., 2007), that 
the percentage of emitted CO2

ant taken up by the oceans has been decreasing over recent years. 
This would leave an increasing part of the emitted CO2

ant in the atmosphere, thereby further 
accelerating global climate change. Several mechanisms are hypothesized to be involved in 
this process (although not all are pertinent to the above-mentioned observations in the North 
Atlantic Ocean). Among the proposed mechanisms are changes in ocean circulation, driven 
by changing atmospheric wind patterns (Le Quéré et al., 2007, Lovenduski et al., 2009; but 
see Böning 2008). Others propose that a global warming-induced reduction of the solubility 
of CO2 may play a role (McKinley et al., 2011). On the other hand, the more straightforward 
increase in the Revelle factor (see chapter 2 of this thesis) with increasing CT (Sarmiento et al., 
������7KRPDV�HW�DO���������LV�DOWHUQDWLYHO\�FRQVLGHUHG�WR�EH�D�VX΀FLHQW�H[SODQDWLRQ��
 Conspicuously absent from the above discussion are actual, ocean interior data-based 
estimates of the rate of storage of anthropogenic CO2 by the oceans. Only very few such esti-
mates are currently available, for just a few locations around the world (Sabine and Tanhua, 
2010, and references therein). Obtaining additional such estimates, preferably on basin-wide 
VFDOH��ZRXOG�EH�RI�VLJQLÀFDQW�YDOXH�WR�KHOS�HOXFLGDWH�WKHVH�UHFHQW�GHYHORSPHQWV�ZLWKLQ�WKH�
global carbon cycle. 

1.4. CarboOcean and the next steps forward

7KLV�WKHVLV�ZRUN�ZDV�SHUIRUPHG�LQ�WKH�FRQWH[W�RI�WKH�(XURSHDQ�8QLRQ�IXQGHG�CarboOcean 
Integrated Project. Among the major aims of the larger program were the assessment of the ca-
pacity of the ocean for continued uptake and storage of Cant, as was stated as one of its primary 
objectives��&DUER2FHDQ�6FLHQWLÀF�6WHHULQJ�&RPPLWWHH��������

Objective 2.1: 4XDQWLI\�WKH�$WODQWLF�DQG�6RXWKHUQ�2FHDQ�FDUERQ�VLQN��DQG�LWV�GHFDGDO�FKDQJH��
through highest accuracy measurement of the changing inventories of inorganic carbon and 
carbon-related tracers.

2I�WKH����ZRUN�SDFNDJHV�GHÀQHG�ZLWKLQ�WKH�&DUER2FHDQ�SURMHFW��WZR�DUH�RI�VSHFLÀF�UHOHYDQFH�
to both Objective 2.1 and this thesis:
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Work Package 8: Assemble and report an observational database of measurements of carbon 
and carbon related properties in the ocean interior through collection, merging and reporting 
of new and historical data. Elements of this work package were stated to be the carrying 
RXW�RI�QHZ�UHVHDUFK�H[SHGLWLRQV�DQG�WKH�PHUJLQJ�DQG�SURFHVVLQJ��IRU�RSWLPDO�LQWHUQDO�
consistency) of all available new and historical high-quality datasets of ocean interior, 
carbon-relevant measurements.

Work Package 9: Anthropogenic carbon and decadal changes in carbon inventory. Elements 
of this work package that are relevant to this thesis work are the aim to provide a 
comparison of the various methods that were available at the time for the assessment 
of concentration of Cant in the oceans, and the selection of one or more best-in-class 
methods to be applied to new and available datasets.

1.5. Organization of this thesis

This thesis contains chapters that pertain to each of the two above mentioned Work Packages 
involved in the assessment of the accumulation of Cant in the oceans. The tasks performed for 
WKLV�WKHVLV�DUH�WKH�FROOHFWLRQ�RI�QHZ�RFHDQ�LQWHULRU�GDWDVHWV��WKHLU�PHUJLQJ�ZLWK�H[LVWLQJ�GDWD��
DQG�WKH�DSSOLFDWLRQ�RI�QRYHO�FDOFXODWLRQV�WR�H[WUDFW�IURP�WKHVH�GDWDEDVHV�WKH�UHODWLYHO\�VPDOO�
signal of increasing Cant. 

A brief historical account of attempts to quantify the invasion of Cant into the global ocean has 
been presented in this introduction. Chapter 2�SUHVHQWV�WKH�FRPSOH[��EXW�ZHOO�XQGHUVWRRG��
solution chemistry of CO2 in seawater. 
 The subsequent Chapter 3 presents the methods used for the collection of data of CT 
and alkalinity during several of the open ocean cruises in which the author participated. The 
commercially available instrument used for this thesis research has revealed various minor 
VKRUWFRPLQJV��0RGLÀFDWLRQV�WR�DOOHYLDWH�WKHVH�DUH�GLVFXVVHG��DQG�UHFRPPHQGDWLRQV�DUH�PDGH�
WR�IXUWKHU�LPSURYH�WKH�DQDO\WLFDO�FDSDELOLW\��)XUWKHUPRUH��WKH�UHVXOWV�RI�WKHVH�H[SHGLWLRQV�DUH�
VXPPDUL]HG��LQ�D�VWULFWO\�WHFKQLFDO�PDQQHU��L�H���ZLWKRXW�D�VFLHQWLÀF�DVVHVVPHQW���9DULRXV�PHW-
rics of quality and relevant descriptions (metadata) are accompanied by ocean section plots 
which illustrate the distribution of CT along various cruise transects. These transects cover the 
northern Atlantic Ocean between Greenland and Scotland (occupations by RV Pelagia in 2005 
and 2007), the western Atlantic Ocean between 60 ºN and the equator (2010, again on RV Pela-
gia), and between 40 ºS and the Antarctic continent (on PFS Polarstern, 2008). In later chapters, 
some of these data (notably the Polarstern data from 2008) are used in local and basin scale 
assessments of Cant accumulation. 

In Chapter 4, the CARINA (Carbon in the North Atlantic��HͿRUW�LV�LQWURGXFHG��'XH�WR�WKH�RIWHQ�ad 
hoc QDWXUH�RI�(XURSHDQ�RFHDQ�FDUERQ�UHVHDUFK�HͿRUWV�LQ�WKH�����V�DQG�HDUO\�����V��PDQ\�YDOX-
able datasets had never been made available in a convenient way to the international research 
FRPPXQLW\��7KH�&$5,1$�HͿRUW��&KDSWHU����L�H���.H\�HW�DO���������VXFFHHGHG�LQ�WKH�¶VDOYDJLQJ·��
quality control and merging of these historical and recent ocean interior data. Although initi-
DWHG�ZLWK�D�IRFXV�RQ�WKH�1RUWK�$WODQWLF��WKH�ÀQDO�V\QWKHVL]HG�SURGXFW�DOVR�LQFOXGHV�FUXLVHV�
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IURP�WKH�6RXWK�$WODQWLF��,QGLDQ��3DFLÀF�DQG�6RXWKHUQ�2FHDQV��'HWDLOV�DUH�SURYLGHG�RQ�GDWD�
RULJLQ��LQLWLDO�TXDOLW\�FRQWURO��SURFHVVLQJ�IRU�LQWHUQDO�FRQVLVWHQF\��DQG�WKH�ÀQDO�SXEOLVKHG�IRUPDW�

Chapter 5�FRQVWLWXWHV�D�PRUH�WHFKQLFDO�GHVFULSWLRQ�RI�WKH�&$5,1$�HͿRUW��,W�GHWDLOV�WKH�FRQVLG-
erations for, and implementation of, the methods that were devised to optimally control the 
TXDOLW\�RI�WKH�UHVXOWDQW�GDWDEDVH��&KDSWHU����L�H���7DQKXD�HW�DO����������%ULHÁ\��HYHU\�PHDVXUH-
PHQW�HͿRUW�VXͿHUV�VRPH�GHJUHH�RI�XQFHUWDLQW\��7KDW�XQFHUWDLQW\�PD\�FRQVLVW�RI�UDQGRP�QRLVH�
and systematic errors of calibration (‘biases’). Whereas noise cannot be improved after mea-
VXUHPHQWV�KDYH�EHHQ�FRPSOHWHG��H[FHSW�E\�DYHUDJLQJ��ZKLFK�KRZHYHU�JHQHUDOO\�UHGXFHV�WKH�
spatial or temporal resolution of the dataset), CARINA went to great lengths to identify and 
FRUUHFW�WKH�ELDVHV�LQ�FUXLVHV�GDWDVHWV��)LUVWO\��LQGLYLGXDO�GDWDVHWV�ZHUH�FULWLFDOO\�H[DPLQHG�IRU�
general quality (e.g., lack of measurement drift, proper documentation of analytical methods, 
use of calibration standards), and clearly outlying datapoints were removed. In a second step, 
DSSUR[LPDWHO\������crossover ORFDWLRQV�ZHUH�GHWHUPLQHG��WKDW�LV��WKRVH�H[DFW�ORFDWLRQV�ZKHUH�
two cruises sampled the same deep water column. At each of these locations, where the deep-
RFHDQ�FKDUDFWHULVWLFV�DUH�H[SHFWHG�QRW�WR�VKRZ�YDULDELOLW\�RQ�WLPHVFDOHV�RI�\HDUV�WR�GHFDGHV��WKH�
RͿVHWV�LQ�WKH�PHDVXUHPHQWV�EHWZHHQ�WKH�WZR�FUXLVHV�ZHUH�GHWHUPLQHG��IRU�HDFK�SDUDPHWHU�RI�
interest (CT��DONDOLQLW\��GLVVROYHG�QXWULHQWV��HWFHWHUD���1RWH�WKDW�WKH�RͿVHW�GRHV�QRW�UHSUHVHQW�WKH�
absolute bias of either cruise with respect to the ‘true’ values in the ocean, but only the relative 
ELDV�EHWZHHQ�WKH�WZR�FUXLVHV��$IWHU�GHWHUPLQLQJ�D�VX΀FLHQW�DPRXQW�RI�VXFK�RͿVHWV��DQ�LQYHUVH�
technique was employed that yielded the adjustments that had to be made to individual cruise 
GDWDVHWV�LQ�RUGHU�WR�PLQLPL]H�WKH�PHDQ�RͿVHW�RI�WKH�ZKROH�GDWDVHW��6LQFH�WKH�ELDVHV�RI�DOO�WKH�
cruises are considered to be neutral on average (i.e., some too high, some too low), the resultant 
GDWDVHW�LV�GHHPHG�WR�EH�VLJQLÀFDQWO\�PRUH�DFFXUDWH�WKDQ�WKH�RULJLQDO�GDWD�RI�WKH�LQGLYLGXDO�
cruises were, and therefore highly suitable for large-scale and multi-year investigations of, 
among other subjects, the accumulation of Cant into the oceans.

Chapter 6 describes the detection of the increase of CT (due to accumulation of Cant) in the bot-
tom waters of the Weddell Gyre, a major region of deep water formation in the Atlantic sector 
of the Southern Ocean where uncertainty about this accumulation has historically been large, 
in part due to the questionable assumptions required by earlier employed techniques. The 
VWXG\�XVHV�D�VXEVHW�RI�FUXLVHV�IURP�&$5,1$�DQG�WKH�SUHFHGLQJ��EXW�VLPLODU��*/2'$3�HͿRUW��
together with new data obtained during this thesis research. Additional, objective adjustments 
of the data are performed to minimize dataset variability in the least well ventilated part of the 
local water column. Subsequently, the trend in CT is unambiguously shown to resemble the 
well-constrained pattern of accumulation observed for the anthropogenic refrigerant CFC-12, 
absorbed by the ocean from the atmosphere since the 1950s. Moreover, a statistical technique 
LV�GHYHORSHG�WKDW�LV�H[SHFWHG�WR�EH�DEOH�WR�DWWULEXWH�WKH�ULVH�LQ�&T to the invasion of Cant. 

In Chapter 7, the Time Series Residuals technique (chapter 6) is applied to a database consist-
ing of as many as 53 cruises spanning 1973 to 2008, covering the whole of the South Atlantic 
Ocean between the equator and the Antarctic continent. These data are obtained largely from 
the CARINA database (chapter 3 and 4), or are contributed by the authors (chapter 3). The 
method is shown to be very well able to discern the gradual rise of Cant in this large ocean ba-
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VLQ��%ULHÁ\��IRU�VDPSOHV�IURP�HDFK�RI�VHYHQ�GLVWLQJXLVKHG�ZDWHU�PDVVHV�LQ�WKH�6RXWK�$WODQWLF�
2FHDQ��WKH�765�WHFKQLTXH�TXDQWLÀHV�WKH�GHSHQGHQFH�RI�WKH�WLPH�UDWH�RI�FKDQJH�RI�&ant on the 
distance from the ventilation region. The accumulation is shown to be fastest at the ventila-
tion region, whereas deeper into the ocean interior, Cant increases at a lower rate. This is to be 
H[SHFWHG��EHFDXVH�WKHVH�ODWWHU�VDPSOHV�ZHUH�DW�WKH�VXUIDFH�DW�WLPHV�RI�D�ORZHU�UDWH�RI�LQFUHDVH�RI�
atmospheric CO2

ant. The determined relationships are used to project accumulation rates onto 
a high resolution climatology of ocean properties, which allows for convenient integration of 
basin scale estimates. For the mid-1990s the rate of increase of Cant in the South Atlantic Ocean 
is determined to be 0.389±0.080 PgC per year, circa 20% of the global rate of oceanic storage of 
Cant. Most of the Cant is shown to be stored in the water layers at intermediate depth, around 
40 ºS, that is, slightly north of where these waters form at the surface. The results compare 
favorably to conceptually independent tracer-based studies. 

Chapter 8 presents a synthesis of this thesis research, including recommendations for future 
work. Mainly, it is concluded that the TSR approach (introduced in chapters 6 and 7) may have 
VLJQLÀFDQW�YDOXH�IRU�WKH�GHWHUPLQDWLRQ�RI�ODUJH�VFDOH�DFFXPXODWLRQ�RI�&ant in the other ocean 
basins. Being partly or wholly conceptually independent from other employed techniques, it is 
H[SHFWHG�WR�FRQWULEXWH�QRYHO�LQIRUPDWLRQ�WR�WKH�PXFK�GHVLUHG�XQGHUVWDQGLQJ�RI�WKLV�LPSRUWDQW�
process in the perturbed global carbon cycle.

The remaining Chapter 9 is formed by a summary of the presented work in English. This is 
followed by a summary in Dutch, the full list of references, acknowledgements and the au-
thor’s curriculum vitae.
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Performing and interpreting CO2-related measurements in seawater were fundamental elements 
of this thesis work. This chapter provides, in section 2.1, a brief outline of the principles of the 
inorganic carbonate chemistry of seawater, IROORZHG in section 2.2 by an outline of the methods 
used to assess this carbonate system, and lastly in section 2.3, it describes those biogeochemi-
cal processes that lead to changes in the carbonate chemistry of seawater. An understanding 
of the carbonate chemistry, its measurement and the relevant biogeochemistry is essential for 
WKH�DQDO\WLFDO�DQG�VFLHQWLÀF�ZRUN�SUHVHQWHG�LQ�VXEVHTXHQW�&KDSWHUV�����
� 7KLV�FKDSWHU�SURYLGHV�D�EULHI�GHVFULSWLRQ�WKDW�LV�ODUJHO\�EDVHG�RQ�WKH�YDULRXV�H[LVWLQJ�
H[FHOOHQW�SXEOLFDWLRQV�LQ�WKH�OLWHUDWXUH��QRWDEO\�WKH�Guide to best practices for ocean CO2 measure-
ments��'LFNVRQ��6DELQH�DQG�&KULVWLDQ��������DQG�WKH�WH[WERRN�Ocean Biogeochemical Dynamics 
(Sarmiento and Gruber, 2006).

2.1. Carbonate system chemistry.

When gaseous CO2 equilibrates with the large pool of dissolved CO2 in seawater (or freshwater), 
it becomes a part of the system of four equilibrium reactions (the carbonate system) shown below. 

 CO2(g)  ֎  CO2(aq) (2-1) 
 CO2(aq) + H2O(l)  ֎  H2CO3(aq) (2-2) 
 H2CO3(aq)  ֎  H+

(aq) + HCO3
–
(aq) (2-3) 

 HCO3
–
(aq)  ֎  H+

(aq) + CO3
2–

(aq) (2-4)

As already shown in Panel 1.2 (Chapter 1), the sum of the concentrations of the four species 
of dissolved inorganic carbon (DIC) is abbreviated as CT. In this thesis, the abbreviation DIC is 
used as a qualitative term, whereas CT refers to the sum of concentrations of the constituents 
of DIC. Please note that in other literature the term DIC often serves both purposes. 

 CT = [CO2(aq)] + [H2CO3(aq)] + [HCO3
–
(aq)] + [CO3

2–
(aq)] (1-1)

In equation (1-1) the brackets represent the concentrations of the molecule enclosed. In seawater 
the equilibria are such that the bicarbonate ion (HCO3

–) is the dominant species at ~90% of the 
total pool of DIC, followed by the carbonate ion (CO3

2–; ~9%), dissolved CO2(aq) at ~1% and a 
very small amount (~0.002%) of carbonic acid (H2CO3(aq)).

 [HCO3
–
(aq)] : [CO3

2–
(aq)] : [CO2(aq)] : [H2CO3(aq)@��ǀ��������������������� �����

The carbonic acid (H2CO3(aq)) cannot be analytically distinguished from the dissolved CO2(aq) 
(Weiss, 1974). In order to simplify the equations of the above carbonate system, it is custom-
ary to combine the concentrations of CO2(aq) and H2CO3(aq) into the hypothetical species CO2



(aq). 

7KDW�JLYHV�WKH�IROORZLQJ�VHW�RI�VLPSOLÀHG�HTXLOLEULXP�UHDFWLRQV�

 CO2(g)  ֎  CO2


(aq) (2-5) 

 CO2


(aq) + H2O(l)  ֎  H+

(aq) + HCO3
–
(aq) (2-6) 

 HCO3
–
(aq)  ֎  H+

(aq) + CO3
2–

(aq) (2-7)
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7KH�GHÀQLWLRQ�RI�WKH�WRWDO�DPRXQW�RI�GLVVROYHG�LQRUJDQLF�FDUERQ��&T; Eq. 1-1) is accordingly 
VLPSOLÀHG�WR�EHFRPH�

 CT =  [HCO3
–]   +  [CO3

2–]   +  [CO2

] (2-8)

In a given sea water sample, these dissolved substances (often called ‘carbonate species’) will 
be present in relative concentrations that are described by the conditional equilibrium constants 
K’ (Panel 2.1).

 K’0 = [CO2
*] / fCO2 (2-9) 

 K’1 = [H+][HCO3
–] / [CO2

*] (2-10) 
 K’2 = [H+][CO3

2–] / [HCO3
–] (2-11)

In Eq. (2-9), the term fCO2 represents the fugacity of CO2 gas in equilibrium with the concen-
tration of dissolved CO2



(aq)� LQ�WKH�VHDZDWHU��7KH�IXJDFLW\�DSSUR[LPDWHO\�FRUUHVSRQGV�WR�WKH�

idealized partial pressure�RI�WKH�JDV��GHÀQHG�DV�WKH�SURGXFW�RI�PL[LQJ�UDWLR�DQG�WRWDO�SUHVVXUH��
p*DV� �[*DV.P), with a minor correction factor to account for non-ideal behavior of the gas 
PL[WXUH��In equations (2-10) and (2-11) the proton concentration [H+]. The proton concentration 
in a sample is usually reported as the pH:

 pH = -log([H+]) (2-12)

In Eq. (2-12), as before, for simplicity the concentration notation is used instead of the thermo-
dynamically correct activity notation (see Panel 2.1). Most important for the [H+] concentration 
(and the associated pH) is Eq. (2-11), where the bicarbonate ion and carbonate ion comprise 
WKH�QDWXUDO�S+�EXͿHU�RI�VHDZDWHU��%ULHÁ\��WKH�YHU\�DEXQGDQW�+&23

– ion and the moderately 
abundant CO3

2– ion control the concentration of free proton, [H+]. In modern ocean surface wa-
WHUV�WKH�FRQFHQWUDWLRQ�RI�IUHH�SURWRQV�LV�DSSUR[LPDWHO\���–8 mol l–1��L�H���S+ǀ����7KH�FRQGLWLRQDO�
equilibrium constant K’w (Eq. 2-13) directly relates the concentration of H+ to the concentration 
RI�K\GUR[LGH�LRQ��2+–) in seawater. 

 K’w = [H+][OH–] (2-13)

(T���������VKRZV�WKDW�LQ�WKH�PRGHUQ��VOLJKWO\�EDVLF�VXUIDFH�RFHDQ�RI�S+ǀ���K\GUR[LGH�LRQ�LV�
about 100-fold more abundant than free protons (10–6 versus 10–8 mol l–1, respectively).

The values of the conditional equilibrium constants  K’0 , K’1 , K’2 and K’w are a function of 
salinity, pressure and temperature (S, P and T). As a consequence of that, when the tempera-
ture or pressure of a seawater sample (with given, measured CT and alkalinity; see Panel 2.2) 
is changed, shifts will take place in the concentrations of the individual species of dissolved 
inorganic carbon and of OH– and H+. The relationships between the conditional equilibrium 
constants and S, P and T have been very accurately described in the literature (Millero et al., 
2006 and references therein). 

The various equilibrium reactions above (Eqs. 2-5 to 2-7, 2-13) do not only observe mass balance 
(Eq. 2-8), but additionally must respect charge balance. That is, sum of charges of the ions involved 
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in these reactions may not change. This sum of charges of the species involved in these reac-
WLRQV�LV�RIWHQ�GHQRWHG�DV�WKH�DONDOLQLW\��RI�ZKLFK�D�VLPSOH�GHÀQLWLRQ��´$simple”) is presented here:

 Asimple = [HCO3
–] + 2 [CO3

2–]  + [OH–] - [H+] (2-14)

The value of Asimple (Eq. 2-14) is nearly identical to the sum of charges of all strong cations and 
anions (positively and negatively charged ions, respectively) that are encountered in seawater, 
DV�SUHVFULEHG�E\�WKH�HOHFWULF�QHXWUDOLW\�RI�VHDZDWHU��7KH�VPDOO�UHVLGXDO�GLͿHUHQFH�EHWZHHQ�WKH�
two is accounted for by the presence of several other minor dissolved substances. Panel 2.2 
SUHVHQWV�WKH�PRUH�IRUPDO�GHÀQLWLRQ�RI�WRWDO�DONDOLQLW\��$T) that does include all relevant con-
tributing dissolved substances, and is the property that may be measured in seawater. 

These above-mentioned constraints of mass balance (Eq. 2-8) and charge balance (Eq. 2-14, or 
Eq. 2-23 in Panel 2.2) do not only apply to reactions in a closed carbonate system in a sample 
RU�YROXPH��SDUFHO��RI�VHDZDWHU��EXW�DOVR�PXVW�EH�REH\HG�ZKHQ�¶H[WHUQDO·�FKDQJHV�DUH�LPSRVHG�
RQ�WKH�VHDZDWHU��6XFK�H[WHUQDO�FKDQJHV�WKDW�PD\�DͿHFW�&T and/or AT are the biogeochemical 
SURFHVVHV��DLU�VHD�JDV�H[FKDQJH��ELRORJLFDO�SURGXFWLRQ�DQG�UHPLQHUDOL]DWLRQ��FDOFLÀFDWLRQ�DQG�
dissolution of CaCO3) that are discussed in section 2.3, below. 

Panel 2.1 – Activity vs. concentration.

The activity ai of a solute i�PD\�GLͿHU�IURP�LWV�FRQFHQWUDWLRQ�ci due to electrostatic inter-
actions between molecules in solution. The deviation between ai and ci is represented by 
WKH�GLPHQVLRQOHVV�DFWLYLW\�FRH΀FLHQW�ոi: ai = ci·ոi .  The value of ո�HTXDOV���LQ�LQÀQLWHO\�
GLOXWH�PL[WXUHV�DQG decreases with increasing overall concentration of dissolved sub-
stances in the solution (i.e., with increasing ionic strength of the medium). For solutes in 
PHGLD�RI�KLJK�LRQLF�VWUHQJWK��VXFK�DV�VHDZDWHU���WKH�DFWLYLW\�FRH΀FLHQWV�ո�PD\�GLͿHU�
strongly from unity. 
 Chemical thermodynamics allows the calculation of the relative activities of solutes 
DW�FKHPLFDO�HTXLOLEULXP�LQ�DQ�LQÀQLWHO\�GLOXWH�VROXWLRQ��LQ�ZKLFK�ո=1). This equilibrium 
state is described by the equilibrium constant K. However, in high ionic media such 
as seawater, the thermodynamic equilibrium constants K of solution reactions do not 
apply. What is used instead is the apparent (or stoichiometric) equilibrium constant K’ 
of a solution, which is not calculated, but inferred from observations. The value of K’ 
varies with salinity, temperature and pressure (S, T and P). 
� 7KH�H[WHQVLYH�ODERUDWRU\�ZRUN�WKDW�LV�UHTXLUHG�WR�DGHTXDWHO\�GHVFULEH�.·�IRU�
the natural ranges of S, T and P has been performed for both seawater and fresh water 
(Millero et al., 2006 and references therein). 
 The apparent (or stoichiometric) equilibrium constant may alternatively be 
referred to as the conditional stability constant��DQG�DUH�WKHQ�RIWHQ�GHQRWHG�DV�.
�LQVWHDG�
of K’.
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At this point, we have a set of 6 equations (Eqs. 2-8, 2-9, 2-10, 2-11, 2-13 and 2-14) that together 
constrain the carbonate system, which has 8 variables (CT, AT, fCO2, [H+], [OH–], [CO2


], [HCO3
–] 

and [CO3
2–@���7KXV��DGGLWLRQDO�NQRZOHGJH�RI�RQO\���YDULDEOHV�LV�VX΀FLHQW�WR�IXOO\�FRQVWUDLQ�WKH�

system and allow us to calculate the values of the remaining 6 variables (Park, 1969; Lewis and 
Wallace, 1998 – updated as Van Heuven et al., 2009, 2011).
 Conveniently, of the seven unknown variables, common measurement techniques 
H[LVW�IRU�QR�OHVV�WKDQ�IRXU��&T, alkalinity, fCO2 and [H+@���7KHVH�IRXU�PHDVXUHPHQWV�DUH�EULHÁ\�
described in section 2.2 below, with reference to the literature for commonly employed analyti-
cal techniques. Novel spectrophotometric assessment of [CO3

2–] is currently being developed 
(Byrne and Yao, 2008; Martz et al., 2009) but is not yet commonly used. The shipboard meth-
ods employed for obtaining the measurements of CT and AT reported in this thesis work are 
described in detail in Chapter 3. 

2.2.  Measurements of the carbonate system in seawater

2.2.1. The total concentration of dissolved inorganic carbon: CT.

The CT�RI�D�ZDWHU�VDPSOH�LV�GHÀQHG�DV�WKH�VXP�RI�FDUERQDWH�VSHFLHV��(TV������DQG������DQG�LV�
JHQHUDOO\�H[SUHVVHG�LQ�XQLWV�RI�PLFURPROHV�SHU�NLORJUDP�RI�VHDZDWHU��µmol kgSW–1, or simply 
µmol kg–1). 
 Measurement of CT�JHQHUDOO\�LQYROYHV�WKH�DFLÀFDWLRQ�RI�D�VHDZDWHU�VDPSOH��ZKLFK�
converts all species of DIC into CO2(aq), which is easily removed from solution either under 
vacuum or by sparging the solution with nitrogen or helium gas. The evolved CO2�LV�TXDQWLÀHG�
by one of several means (coulometry: Johnson et al., 1993; manometry: Dickson, 2010, or infrared 
gas analysis; e.g., the AIRICA instrument, Marianda, Kiel, Germany). Additionally, progress 
LV�EHLQJ�PDGH�LQ�WKH�GHYHORSPHQW�RI�FRQWLQXRXV�ÁRZ�DQDO\WLFDO�V\VWHPV��.DOWLQ�HW�DO���������
Bandstra et al., 2006). The method of sparging with N2�ZLWK�VXEVHTXHQW�FRXORPHWULF�TXDQWLÀ-
cation of CO2�KDV�EHHQ�XVHG�H[WHQVLYHO\�LQ�WKH�FRXUVH�RI�WKLV�WKHVLV��'HWDLOV�RI�WKLV�PHWKRG�DUH�
presented in Chapter 3.

2.2.2.  Total alkalinity: AT

The measurement of AT (Panel 2.2) commonly involves the gradual, stepwise addition of small 
increments of dilute acid to a sample, and observing the consequent change in the electromo-
tive force (e.m.f.) of free protons, as measured by an electrochemical cell (a ‘pH-electrode’). 
� 6WDWHG�VOLJKWO\�VLPSOLÀHG��GXULQJ�WKH�DGGLWLRQ�RI�WKH�LQLWLDO�DOLTXRWV�RI�DFLG��DOPRVW�DOO�
of the added protons (i.e., H+-ions) are neutralized by the conversion of the original CO3

2– to 
HCO3

– and as a result the measured decrease of pH (i.e., increase of [H+]) as inferred from the 
measured e.m.f. is much less than the actualy added amount of H+. However, at some point 
all the original CO3

2– has been converted to HCO3
– and a rapid drop of pH is observed: the 

ÀUVW�FRQYHUVLRQ�SRLQW��7KH�SRRO�RI�+&23��KDV�QRZ�LQFUHDVHG�ZLWK�H[DFWO\�WKH�VDPH�DPRXQW�DV�
the now disappeared pool of CO3

2–�LRQV��1H[W��XSRQ�IXUWKHU�DGGLWLRQV��WKH�DGGHG�SURWRQV�DUH�
neutralized by the conversion of HCO3

– ions to CO2


(aq) until all HCO3

– is converted, at which 
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point the pH again drops rapidly: the second conversion point. The total amount of added H+ 
now is equal to [HCO3

–] + 2 [CO3
2–] as initially present. 

 However, matters are complicated by the fact that some of the added H+ is neutralized 
also by the small amount of original OH– (Eq. 2-13) and some of the other constituents of real 
VHDZDWHU��VHH�(T�������LQ�3DQHO�������$�FXUYH�ÀWWLQJ�URXWLQH�LV�XVHG�WR�DFFXUDWHO\�GHWHUPLQH�WKH�
total alkalinity of the sample from the titration results.   
� 0DQ\�YDULDWLRQV�RI�WKH�WLWUDWLRQ�WHFKQLTXH�H[LVW��ZLWK�YDU\LQJ�VWUHQJWKV�DQG�GUDZEDFNV�
related to the attainable degree of precision, accuracy, throughput, automation or to sample 
size requirements (e.g., Perez and Fraga, 1987; Haraldsson et al., 1997; Roche and Millero, 1998; 
Dickson et al., 2003; Watanabe et al., 2004). Finally, sometimes in the literature the AT�LV�GHÀQHG�
as ‘titration alkalinity’ which for all practical purposes is identical to ‘total alkalinity’ as used 
in this thesis.

2.2.3. The total concentration in H+: pH

Measurement of pH (Eq. 2-12) is generally performed either by potentiometric or spectrophoto-
metric methods (Dickson, 1993 and references therein). Especially the latter, spectrophotometric 
method has seen considerable use in recent years due to high precision and accuracy, its low 
drift (Friis et al., 2004) and other characteristics that make it highly suitable for shipboard work 
(Clayton and Byrne, 1993) or in-situ deployment (Seidel et al., 2008). 

2.2.4. The fugacity of CO2: fCO2

Measurement of fCO2 is nowadays not commonly performed on discrete sea water samples 
(but see Wanninkhof and Thoning, 1993). Continuous surface sea water analysis for fCO2, 
on the other hand, is performed on a very large scale (e.g., www.socat.info) using equilibrator 
LQVWUXPHQWV�LQ�ZKLFK�D�FRQVWDQW�VWUHDP�RI�VHDZDWHU�LV�DOORZHG�WR�H[FKDQJH�&22 with a rela-
tively small amount of recirculated air in a gas headspace. An infrared gas analyzer is used to 
GHWHUPLQH�WKH�PL[LQJ�UDWLR�RI�&22 in the air stream, which is proportional to the fCO2 of the 
seawater when the proper corrections for air pressure, moisture content and temperature and 
taken into account (Pierrot et al.et , 2009). 

������ 3URFHVVHV�D;HFWLQJ�WKH�FDUERQDWH�V\VWHP�

2.3.1. Air-sea gas exchange

7KH�UDWH�RI�H[FKDQJH�RI�&22�DFURVV�WKH�VHD�VXUIDFH�LV�JRYHUQHG�E\�WKH�FRQFHQWUDWLRQ�GLͿHUHQFH�
of CO2 between the ocean and the atmosphere (the gradient), and the rate at which gas transfer 
LV�PDGH�SRVVLEOH�E\�ZLQG�DQG�ZDYH�DFWLRQ��7KH�ÁX[�RI�&22 (F, in mol m–2 s–1) is commonly 
H[SUHVVHG�DV�WKH�SURGXFW�RI�WKH�JDV�WUDQVIHU�YHORFLW\��N, in m s–1), the aqueous phase solubil-
ity of CO2 (K’0, in mol m–3 atm–1��DQG�WKH�GLͿHUHQFH�RI�WKH�IXJDFLW\�RI�&22 between ocean and 
atmosphere (fCO2, both in µatm):

 F = N · K’0 · (fCO2
ocean - fCO2

atmosphere) (2-15)
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Here, fCO2
ocean is the fugacity in a gas headspace in equilibrium with the concentration of CO2



(aq) 

LQ�WKH�VHDZDWHU��)OX[HV�IURP�WKH�DWPRVSKHUH�LQWR�WKH�RFHDQ�DUH�WKXV�GHÀQHG�DV�QHJDWLYH�QXP-
EHUV��ZKLOH�H΁X[HV�WR�WKH�DWPRVSKHUH�KDYH�SRVLWLYH�YDOXHV��7KH�YDOXH�RI�.·0 is governed by 
temperature and salinity (Weiss, 1974). The fCO2

ocean is a property of the carbonate system and 
may either be measured directly or may be calculated from measurements of two other proper-
ties of the carbonate system. The gas transfer velocity N�LV�EHVW�DSSUR[LPDWHG�DV�D�IXQFWLRQ�RI�
ZLQG�VSHHG��ZLWK�VWURQJHU�ZLQGV�IDFLOLWDWLQJ�KLJKHU�JDV�H[FKDQJH�GXH�WR�HQKDQFHG�WXUEXOHQFH��
swell, bubble formation and dispersion of surfactants. Various empirical parameterization of 
N�RQ�WKH�EDVLV�RI�ZLQG�VSHHG�DUH�DYDLODEOH��ZKLFK�JHQHUDOO\�GLͿHU�VOLJKWO\�DW�KLJK�ZLQG�VSHHGV�
�:DQQLQNKRI�HW�DO��������DQG�UHIHUHQFHV�WKHUHLQ���7KLV�DV�\HW�XQUHVROYHG�YDULDWLRQ�LQ�GHÀQLWLRQV�
leads to substantial uncertainty in the estimation of CO2�ÁX[HV��7DNDKDVKL�HW�DO���������6ZHHQH\�
et al., 2007). In polar regions, the gas transfer velocity N may be strongly reduced by the vari-
DEOH�SUHVHQFH�RI�VHD�LFH��,WR�HW�DO����������ZKLFK�LPSHGHV�DOVR�WKH�H[FKDQJH�RI�RWKHU�JDVHV�VXFK�
DV�R[\JHQ�DQG�WKH�DQWKURSRJHQLF�FKORURÁXRURFDUERQV��&)&V���

The increase of the atmospheric fCO2 due to emissions of anthropogenic CO2 leads to an in-
FUHDVHG�QHW�ÁX[�RI�&22 from the atmosphere into the ocean. A limitation to continuous oceanic 
uptake of CO2 from the atmosphere is presented by the fundamental chemistry of the carbon-

3DQHO�����²�$�ULJRURXV�GHÀQLWLRQ�RI�WRWDO�DONDOLQLW\

$ONDOLQLW\�LV�WKH�SURSHUW\�WKDW�PD\�EH�XQGHUVWRRG�WR�UHSUHVHQW�WKH�¶EXͿHU�FDSDFLW\·�RU�¶FKDUJH�
balance’ of sea water, and is of importance to the solution chemistry of dissolved inorganic 
FDUERQ�DQG�FDOFDUHRXV�VHGLPHQWV��7KH�ULJRURXV�GHÀQLWLRQ�LV�WKDW�RI�'LFNVRQ����������The total 
DONDOLQLW\�RI�D�QDWXUDO�ZDWHU�LV�GHÀQHG�DV�WKH�QXPEHU�RI�PROHV�RI�K\GURJHQ�LRQ�HTXLYDOHQW�WR�WKH�H[FHVV�
RI�SURWRQ�DFFHSWRUV��EDVHV�IRUPHG�IURP�ZHDN�DFLGV�ZLWK�D�GLVVRFLDWLRQ�FRQVWDQW�.�����–4.5 at 25 ºC and 
zero ionic strength) over proton donors (acids with K >10–4.5��LQ���NLORJUDP�RI�VDPSOH� Thus:

AT = [HCOï] + 2 [CO3
�ï] + [B(OH)4

ï] + [OHï] + [HPO4
�ï]  (2-23)

  + 2 [PO4
�ï] + [SiO(OH)3

ï] + [NH3] + [HSï] + ...
� � ï�>++@�ï�>+624

ï�@�ï�>+)@�ï�>+3PO4@�ï����� �

,Q�WKLV�GHÀQLWLRQ��WKH�HOOLSVHV�UHSUHVHQW�XQLGHQWLÀHG�RU�QHJOLJLEO\�GLOXWH�ZHDN�DFLGV�DQG�
bases. The unit of AT is micromoles per kilogram of seawater (µmol kg–1). Because the oceans 
are electrically neutral, the value of AT�GHÀQHG�DERYH�PXVW�EH�LGHQWLFDO�WR�WKH�EDODQFH�RI�WKH�
charges of the strong cations minus the charges of the strong anions. Therefore, one may 
encounter AT�WR�EH�DOWHUQDWLYHO\�GHÀQHG�LQ�WKH�IROORZLQJ�PDQQHU�
 
AT = [Na+] + 2 [Mg2+] + 2 [Ca2+] + [K+] + 2 [Sr2+] + ...   (2-24)
  – [Cl–] – 2 [SO4

2–] – [Brï] – ...  
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The H[SOLFLW�FRQVHUYDWLYH�HTXDWLRQ�IRU�WRWDO�DONDOLQLW\ (AT
EC; Eq. 2-25) presented by Wolf-Gladrow 

HW�DO���������UHFDVWV�WKH�WZR�DERYH�GHÀQLWLRQV�XVLQJ�RQO\�FRQVHUYDWLYH�WHUPV��L�H���WHUPV�WKDW�
DUH�QRW�DͿHFWHG�E\�YDULDELOLW\�RI�WHPSHUDWXUH��SUHVVXUH�RU�PL[LQJ�SURFHVVHV��$V�QRWHG�E\�
:ROI�*ODGURZ�HW�DO����������WKLV�LV�QRW�D�QHZ�GHÀQLWLRQ�RI�WRWDO�DONDOLQLW\��EXW�UDWKHU�DQ�H[-
SUHVVLRQ�WKDW�LV�GLͿHUHQW�IURP�EXW�HTXLYDOHQW�WR�H[SUHVVLRQV�������DQG��������

AT
EC = [Na+] + 2 [Mg2+] + 2 [Ca2+] + [K+] + 2 [Sr2+] + ...   (2-25)

  – [Clï] – [Brï] – [NO3
ï] – ...  

  – TPO4 + TNH3 – 2 TSO4 – THF – THNO2 

in which,  TPO4 = [H3PO4] + [H2PO4
ï] + [HPO4

2–] + [PO4
3–]

 TNH3 =  [NH3] + [NH4
+]

 TSO4 = [SO4
�ï] + [HSO4

ï]
 THF =  [Fï] + [HF]
 THNO2 =  [NO2

ï] + [HNO2]

7KLV�H[SUHVVLRQ�$T
EC�LV�XVHIXO�IRU�WKH�LQWHUSUHWDWLRQ�RI�WKH�HͿHFWV�RI�ELRJHRFKHPLFDO�SURFHVVHV�

RQ�DONDOLQLW\��)RU�H[DPSOH��IURP��������LW�PD\�EH�HDVLO\�REVHUYHG�WKDW�WKH�ELRORJLFDO�UHPRYDO�
of 1 µmol kg–1�RI�WKH�QXWULHQW�SKRVSKDWH�IURP�VHDZDWHU�²�LUUHVSHFWLYH�RI�WKH�H[DFW�GLVVROYHG�
form taken up – will increase AT�ZLWK�H[DFWO\����PRO�NJ–1. This is not evident from either 
H[SUHVVLRQ��������RU���������/LNHZLVH��IRUPDWLRQ�RI���PROH�RI�&D&23 is easily seen to decrease 
alkalinity by 2 µmol kg–1, which is evident from (2-24) but not from (2-23). 

ate system: the uptake of CO2 will gradually deplete the carbonate ion (CO3
2–) that is naturally 

present in seawater (as a result of aforementioned weathering processes). This depletion process 
may be qualitatively summarized by the following overall reaction.

 CO2 + H2O + CO3
2–  ՜  2 HCO2

– (2-16)

A direct consequence of the depletion of CO3
2– by addition of CO2 is that the capacity for up-

take of additional CO2�SURJUHVVLYHO\�GHFUHDVHV��VHH�3DQHO�������7KLV�SURFHVV�PD\�EH�H[SHFWHG�
to become the primary cause of the gradual decrease of the oceanic sink strength (together 
ZLWK�VHFRQG�RUGHU�HͿHFWV�RI�FDUERQ�HPLVVLRQV�VXFK�DV�VXUIDFH�RFHDQ�ZDUPLQJ�DQG�HFRV\VWHPLF�
feedbacks). However, continuous ocean circulation (i.e., supply of ‘uncontaminated’ water 
from the deep ocean) will likely maintain a moderate sink strength on timescales shorter than 
the circulation timescale of the ocean.

2.3.2. Photosynthesis and respiration of organic matter

All oceanic photosynthetic life consumes dissolved inorganic carbon for the production of 
biomass, using sunlight as the energy source. Moreover, these organisms take up from the 
seawater nutrients that are essential to cell physiology. These nutrients provide the organism 
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with the elements nitrogen (N), phosphorous (P) and silicon (Si). The uptake of carbon and 
QXWULHQWV�RFFXUV�LQ�DSSUR[LPDWHO\�FRQVWDQW�SURSRUWLRQV�
 photosynthesis

 106 CO2 + 122 H2O + 16 NO3
– + H3PO4 + 16 H+  ֎��C106H263O110N16P + 138 O2 (2-17)

 respiration

Equation (2-17) denotes the chemical stoichiometry of photosynthetic production (or, reversely, 
EDFWHULDO�UHPLQHUDOL]DWLRQ��RI�RUJDQLF�PDWWHU�RULJLQDOO\�SURYLGHG�E\�5HGÀHOG�HW�DO�����������7KH�
shown ratios (C:N:P:O = 106:16:1:-138; in moles) have regularly seen minor revisions over the 
last 30 years (e.g., Anderson and Sarmiento, 1994; Körtzinger et al., 2001; Thomas, 2002), but 
the concept of proportionality has proved remarkably valid. 
� *LYHQ�WKH�VXEVWDQWLDO�ULJLGLW\�RI�WKHVH�¶5HGÀHOG�5DWLRV·�LW�LV�SRVVLEOH��LQ�SULQFLSOH��WR�
TXDQWLI\�WKH�VWUHQJWK�RI�WKH�VRIW�WLVVXH�SXPS�E\�XVLQJ�WKH�FRQFHSW�RI�$SSDUHQW�2[\JHQ�8WL-
OL]DWLRQ��$28���7KH�YHU\�UDSLG�H[FKDQJH�RI�R[\JHQ�EHWZHHQ�VHD�ZDWHU�DQG�WKH�DWPRVSKHUH�
DSSUR[LPDWHO\�VDWXUDWHV�VXUIDFH�ZDWHUV�ZLWK�R[\JHQ�EHIRUH�WKH\�DUH�VXEGXFWHG�LQWR�WKH�GHHS�
ocean. This ‘preformed’ saturation concentration (O2

sat) of a water sample, located anywhere in 
the deep ocean, may be calculated on the basis of salinity and temperature (Weiss, 1970) of the 
VDPSOH��ZKLFK�KDYH�QRW�FKDQJHG�VLQFH�VXEGXFWLRQ��7KH�GLͿHUHQFH�EHWZHHQ�22

sat and measured 
O2 (O2

meas��LV�FRQVLGHUHG�WR�HTXDO�WKH�DPRXQW�RI�R[\JHQ�WKDW�KDV�DSSDUHQWO\�EHHQ�FRQVXPHG�E\�
bacterial remineralization of organic matter:

 AOU = O2
sat - O2

meas (2-18)

Panel 2.3 – The Revelle Factor

Before 1957, consensus thinking was that emissions from human activities would not be 
DEOH�WR�VLJQLÀFDQWO\�LQFUHDVH�WKH�DWPRVSKHULF�FRQFHQWUDWLRQ�RI�&22, because these emissions 
ZRXOG�H΀FLHQWO\�EH�DEVRUEHG�E\�WKH�RFHDQV��7KH�VHPLQDO�SDSHU�RI�5HYHOOH�DQG�6XHVV��������
pointed out that, opposed to what was commonly believed, CO2 in the atmosphere does not 
equilibrate with the concentration of dissolved inorganic carbon (CT) in the seawater (which 
would hardly be increased by the addition of the anthropogenic CO2), but rather that it equili-
brates with the concentration of CO2aq. Due to the fundamental chemistry of the carbonate 
system (Eqs. 2-5 to 2-14), that property increases 10 times more rapidly upon absorption of 
additional CO2 than CT does. The consequence is that the oceanic sink for anthropogenic CO2 
LV�DSSUR[LPDWHO\����WLPHV�VPDOOHU�WKDQ�ZDV�EHOLHYHG�DW�WKH�WLPH��7KLV�¶IDFWRU�RI���·�LV�QRZD-
GD\V�UHIHUUHG�WR�DV�WKH�¶5HYHOOH�)DFWRU·��GHÀQHG�PRUH�ULJRURXVO\�DV�WKH�IUDFWLRQDO�LQFUHDVH�LQ�
pCO2 (or [CO2aq], see Eq. 2-15) that is associated with a fractional increase in CT.

 Revelle Factor =     (dpCO2/pCO2)  / (dCT/CT)   (2-26)

For typical surface waters of the pre-industrial ocean, the Revelle Factor was between 8 
and 12 (depending on salinity, temperature and other characteristics), meaning that upon 
an increase of CT of 1%, the surface ocean pCO2 would increase by 8% to 12%. The Revelle 
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The amount of dissolved CO2�UHOHDVHG�E\�UHPLQHUDOL]DWLRQ�RI�RUJDQLF�PDWWHU��Ј&T
bio) may thus 

be calculated as:

� Ј&T
bio  =  138/106·AOU (2-19)

2.3.3. Formation and dissolution of calcium carbonate

In addition to producing soft tissue (2.3.2, above), many organisms additionally utilize CO2 
for the production of certain hard tissues made of calcium carbonate (CaCO3; Eq. 2-20), in 
one of two general crystalline forms. Coccolithophores (unicellular algae) and foraminifera 
�IUHH�ÁRDWLQJ�DQG�EHQWKLF�DPRHEDV��SURGXFH�calcite��3WHURSRGV��PLQXWH�IUHH�ÁRDWLQJ�VQDLO�OLNH�
animals) and various calcareous algae (e.g., coral reef builders) synthesize the slightly more 
readily soluble aragonite.
� FDOFLÀFDWLRQ

 Ca2+ (aq) + CO3
2– (aq)  ֎  CaCO3 (s) (2-20)

 dissolution

For each of these crystal structures (which below will not be further distinguished), the apparent 
solubility product K’sp

CaCO3�LV�GHÀQHG�DV�WKH�SURGXFW�RI�WKH�FRQFHQWUDWLRQV�RI�WKH�LRQLF�FRQVWLWXHQWV�
of CaCO3 (i.e., the solutes Ca2+ and CO3

2–) in a saturated solution of CaCO3.

 K’sp
CaCO3  =  [CO3

2–]sat·[Ca2+]sat (2-21)

Factor may be calculated to increase to values of 14 to 18 during the conceivable increase of 
atmospheric pCO2 over the 21st century (up to ~850 µatm in year 2100; Solomon et al., 2007). 
The relative constancy of the Revelle Factor (within a factor of ~1.5) may be misunderstood 
to indicate that the fraction of anthropogenic emissions that the ocean will take up from the 
atmosphere will not decrease by more than a factor of ~1.5. 
 However, an underappreciated consequence of ocean carbonate chemistry is that the 
fractional uptake of anthropogenic CO2 (i.e., the amount of CO2 taken up per amount of CO2 
HPLWWHG��ZLOO�GHFUHDVH�VLJQLÀFDQWO\�XQGHU�KLJK�pCO2 scenarios. Underlying this phenomenon 
LV�WKH�FKDUDFWHULVWLF�RI�WKH�RFHDQLF�FDUERQDWH�V\VWHP�WR�H[KLELW�D�PXFK�VWURQJHU�ULVH�LQ�pCO2 
for a given addition of CO2 when CT is already high (i.e., towards the year 2100), than when 
CT�LV�VWLOO�FORVH�WR�QDWXUDO��SUH�LQGXVWULDO�OHYHOV��7KLV�PHDQV��IRU�H[DPSOH��WKDW�D�¶SUHLQGXVWULDO·�
liter of seawater that is in pCO2-equilibrium with an overlying atmosphere of 280 µatm will 
be able to take up ~0.7 µmol of CO2 when the pCO2 of the atmosphere is increased with 1 
µatm (i.e., from 280 to 281 µatm). At the present (year 2012) level of pCO2 of ~395 µatm, the 
fractional rate of uptake by an equilibrated liter of seawater has already dropped by ~35% 
from pre-industrial times to ~0.45 µmol per µatm. At the foreseen atmospheric pCO2 of 780 
µatm of the year 2100, that same liter of seawater will take up only ~0.2 µmol of CO2 upon 
the same increase of the atmospheric pCO2 of 1 µatm – a reduction of more than 70% from 
pre-industrial conditions.
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The degree of saturation ۙ�RI�D�SDUFHO�RI�VHDZDWHU�LV�GHÀQHG�DV�WKH�UDWLR�EHWZHHQ�WKH� in situ 
product of solutes and the apparent solubility product:

 ۙ  =  ([CO3
2–]in situ·[Ca2+]in situ) / K’sp

CaCO3 (2-21)

Undersaturation of the seawater with respect to CaCO3�LV�WKXV�GHÀQHG�E\�YDOXHV�RI�ۙ  below 1. 
Under such conditions CaCO3 will slowly dissolve. Note that even in conditions of ۙ<1, bio-
logical (enzymatic) production of CaCO3 (for instance in a living organism) may compensate 
for the abiotic (physicochemical) dissolution. Whenever ۙ�LV�DERYH����WKLV�VLJQLÀHV�FRQGLWLRQV�
in which CaCO3 is preserved. Spontaneous precipitation of CaCO3 from dissolved CO3

2– and 
Ca2+ will not take place unless ۙ  is well above 10 (e.g., Jimenez-Lopez , 2001) – a condition that 
is not reached anywhere in the modern ocean. 
 The concentration of Ca2+ is directly proportional to salinity (~10.3 mmol kg–1 at S=35) 
and is some three orders of magnitude higher than that of CO3

2– (20-200 µmol kg–1 at S=35). It 
LV�WKHUHIRUH�QRW�QRWLFHDEO\�DͿHFWHG�E\�WKH�IRUPDWLRQ�RU�GLVVROXWLRQ�RI�&D&23, and is commonly 
considered to be constant (for a given salinity). Solubility of CaCO3 thus mainly depends on 
the concentration of CO3

2–.
 The concentration of CO3

2– is strongly dependent on the ratio of CT and AT, on pres-
sure, temperature and salinity. All else being equal, [CO3

2–] decreases with increasing pressure. 
Moreover, an increase of seawater CT – either by remineralization of organic material or due to 
accumulation of anthropogenic CO2 – leads to the depletion of CO3

2–��$OWKRXJK�WKH�FRPSOH[-
LW\�RI�WKH�FDUERQDWH�V\VWHP�SUHFOXGHV�D�VWUDLJKWIRUZDUG�H[SODQDWLRQ�RI�WKLV�FRXQWHULQWXLWLYH�
process, it may well be illustrated by the following overall reaction:

 CO2 + H2O + CO3
2–  ՜��2 HCO2

– (2-16)

The value of K’sp
CaCO3 itself is also dependent on temperature, salinity and, most importantly, 

SUHVVXUH��0XFFL���������)RU�H[DPSOH��DW���NLORPHWHUV�GHSWK��K’sp
CaCO3 is about twice as high as 

that of surface water of comparable properties. The preservation of CaCO3 at depth thus re-
quires the product of solutes to be about twice as high as at the surface. Given the constancy 
of [Ca2+] with depth, and the decrease of [CO3

2–] with depth, this condition in not generally 
met. $V�D�UHVXOW�KHUHRI��WKH�GHHS�RFHDQ�ÁRRU�LV�ODUJHO\�GHYRLG�RI�&D&23 sediments. Such sedi-
ment layers are, on the other hand, found ubiquitously in shallower basins (<~2500 m) and as 
‘snow’ on the tops of deep ocean seamounts (Broecker and Peng, 1982). 

$�PDMRU�SXUSRVH�RI�WKH�PHDVXUHPHQW�RI�DONDOLQLW\��VHFWLRQ��������DERYH��LV�WKH�TXDQWLÀFDWLRQ�
of the amount of formation and dissolution of CaCO3 that has taken place in a water sample. 
For each mole of CaCO3 that dissolves in the deep ocean, the local alkalinity will increase by 
2 moles (Panel 2.2). 
� 7KH�LQWHUSUHWDWLRQ�RI�DONDOLQLW\�PHDVXUHPHQWV�UHTXLUHV�WKDW�WKH�HͿHFW�RI�SKRWRV\QWKHVLV�
(or its reverse: respiration) on alkalinity is additionally accounted for. For photosynthesizing 
organisms, the consumption of nitrate ion (for production of amino acids) must be balanced by 
the co-uptake of H+ in order to maintain the charge neutrality. This also applies to the uptake 
of phosphorous from the seawater. From Eqs. 2-17 and 2-25, it may be seen that alkalinity thus 
increases with 17 moles for every 106 moles of carbon integrated into organic matter (Brewer 
and Goldman, 1976).
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Highly precise and accurate determination of the total concentration of dissolved inorganic 
carbon (CT) is required for the detection of the increasing ocean inventory of anthropogenic 
CO2 over the large natural background concentration of CT. Moreover, in order to compensate 
IRU�WKH�FRPSOH[�HͿHFWV�RI�ELRJHRFKHPLFDOO\�LQGXFHG�YDULDELOLW\�RI�&T, as outlined in section 2.3, 
high-quality measurements of additional parameters need to be made. Among these are total 
alkalinity (AT), the major dissolved nutrients nitrate, phosphate and silicate (NO3 , PO4 and Si, 
UHVSHFWLYHO\���GLVVROYHG�R[\JHQ��22), pressure (P), temperature (T) and salinity (S).

%HWZHHQ������DQG�������,�SDUWLFLSDWHG�LQ�VHYHQ�UHVHDUFK�H[SHGLWLRQV�GHGLFDWHG�WR��DPRQJ�RWKHU�
goals, performing such analyses, often on a basin-wide scale (see Table 3.1 at the end of this 
section). During these cruises, a grand total of more than 8000 seawater analyses for CT and 
AT were performed. Standard operating procedures and quality control strategies for the mea-
surement of CT and AT in seawater samples are concisely provided by Dickson et al. (2007). In 
the current section details are provided of the analytical techniques for the determination of 
CT and AT as implemented during this thesis research. Although the used methodology and 
LQVWUXPHQWDWLRQ�GLG�QRW�VLJQLÀFDQWO\�FKDQJH�RYHU�WKH�VHYHUDO�FUXLVHV�SHUIRUPHG�GXULQJ�WKLV�
WKHVLV�UHVHDUFK��D�EULHI�VHOHFWLRQ�RI�UHOHYDQW�FUXLVH�VSHFLÀF�GHWDLOV�LV�DGGLWLRQDOO\�SURYLGHG�IRU�
future reference in Table 3.1, together with statistical measures of attained quality. Maps de-
picting the relevant cruise tracks are shown in Figure 3.1.

3.1. Deep-ocean sample collection.

A CTD system is an sensor package with the capability of performing in-situ measurements 
of Conductivity (from which salinity is derived), Temperature and hydrostatic pressure (from 
ZKLFK�GHSWK�LV�GHULYHG���0RVW�RIWHQ��GLVVROYHG�R[\JHQ�LV�PHDVXUHG�E\�D�IRXUWK�VHQVRU��7KLV�
instrument package provides ship-board scientists real-time visualization of these deep ocean 
properties during lowering to (and retrieval from) the depths of the ocean. Analysis for CT, AT 
and dissolved nutrients, on the other hand, cannot be performed in-situ due to lack of suitable 
VHQVRU�WHFKQRORJ\��%HFDXVH��DGGLWLRQDOO\��WKH�LQ�VLWX�VHQVRUV�IRU�GLVVROYHG�R[\JHQ�DQG�VDOLQLW\�
UHTXLUH�FDUHIXO�FDOLEUDWLRQ�DJDLQVW�VKLS�ERDUG�DQDO\VHV�RI�VXSHULRU�DFFXUDF\��WKHUH�H[LVWV�WKH�
need to retrieve water samples from the ocean interior. 
 The primary instrument for this purpose is referred to as the Rosette, and consists of 
an array of (generally) 24 sampling bottles of 12 liters, mounted around the CTD instrument. 
These are in opened position when lowered, and are closed on demand by the operator during 
retrieval. The bottles may be closed by choice either at pre-selected depths or ad hoc, based on 
the observed hydrographical properties (S, T, O2 and conceivably other properties not discussed 
LQ�WKLV�WH[W���
 Once back on deck, sub-samples are tapped from the Rosette bottles by the various 
research teams on board. The order of tapping is generally dictated be the speed of contamina-
tion of the seawater with respect to the various properties of interest. Thus, samples intended 
IRU�DQDO\VLV�IRU�GLVVROYHG�JDVHV�DUH�JHQHUDOO\�WKH�ÀUVW�WR�EH�ZLWKGUDZQ�IURP�WKH�YROXPH��ZKLOH�
samples for dissolved nutrients, salinity and total alkalinity may safely be collected at a later 
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VWDJH��*HQHUDOO\��DOO�JURXSV�FROOHFW�VDPSOHV�ZLWKLQ�WKH�ÀUVW�KRXU�DIWHU�WKH�UHWXUQ�RQ�GHFN�RI�WKH�
CTD-rosette.

3.2. Sub-sample collection

Water samples of 0.5 liter for combined determination of CT and AT were collected into boro-
VLOLFDWH�JODVV�VDPSOH�ERWWOHV��'XUDQ��6FKRWW�$*��0DLQ]��*HUPDQ\��XVLQJ�ÁH[LEOH�VDPSOLQJ�WXEH��
*HQHUDOO\��VDPSOHV�ZHUH�FROOHFWHG�IURP�DOO�DYDLODEOH�GHSWKV��$GGLWLRQDOO\��IURP�HDFK�SURÀOH�
several duplicate samples were collected. Glassware and stoppers were carefully rinsed with 
VHDZDWHU�EHIRUH�VDPSOLQJ��%RWWOHV�ZHUH�DOORZHG�WR�VPRRWKO\�RYHUÁRZ�DSSUR[LPDWHO\�D�IXOO�
YROXPH�LQ�RUGHU�WR�ÁXVK�RXW�WKH�ÀUVW�KDOI�RI�WKH�VDPSOH��ZKLFK�PD\�KDYH�H[FKDQJHG�&22 with 
WKH�KHDGVSDFH�RI�WKH�ERWWOH��$�VPDOO�KHDGVSDFH�ZDV�FUHDWHG�E\�UHPRYDO�RI�WKH�FORVHG�RͿ�VDP-
pling tube, after which the bottle was closed with a plastic (polypropylene) stopper, which was 
subsequently secured in place in order to reliably maintain closure. 
� $IWHU�FROOHFWLRQ��VDPSOHV�ZHUH�VWRUHG�LQ�6W\URIRDP�OLQHG�ER[HV��7KLV�NHSW�WKH�VDPSOHV�
dark and additionally kept the (deep-ocean) samples cold for several hours (collection tem-
SHUDWXUH�RI�VXFK�VDPSOHV�LV�RIWHQ�DURXQG����&���:KHQ�DQDO\VLV�ZDV�H[SHFWHG�QRW�WR�FRPPHQFH�
within 12 hours, samples where placed in cool storage (~4 ºC) until analysis. Samples were gen-
erally analyzed within 12 hours, and always within 36 hours. This rapid processing eliminated 
the requirement of poisoning of the samples (intended to prevent bacterial remineralization 
of organic material) and of the use of more gas-tight ground-glass stoppers (to permanently 
SUHYHQW�H[FKDQJH�RI�&22 between sample headspace and atmosphere).

3.3. Measurement of CT and AT 

4XDQWLÀFDWLRQ�RI�&T and AT in seawater was performed using a VINDTA 3C (Versatile INstrument 
for the Determination of Total Alkalinity, designed and built by Dr. L. Mintrop, MARIANDA, 
Kiel, Germany), which incorporates an elaborate front end for water sample handling, a CO2 
coulometer (Model 5011 or 5012, UIC Inc., Joliet, IL, US) and an automated burette (Titrino 702 
RU������0HWURKP�$*��+HULVDX��6ZLW]HUODQG����7KH�LQVWUXPHQW�SHUIRUPV�FRQFXUUHQW�TXDQWLÀFD-
tion of CT and AT, and is controlled by a single PC running LabView software (National Instru-
PHQWV�,QF���$XVWLQ��7;���86���6HYHUDO�PLQRU�PRGLÀFDWLRQV�ZHUH�PDGH�WR�WKH�VWDQGDUG�9,1'7$�
instrument to improve capacity and ease-of-use, see section 3.4, below.
 During each cruise, two VINDTAs were available, referred to as A and B. Because 
NIOZ owns four such instruments and a variable two of these would be taken to sea, the in-
VWUXPHQW�VHULDO�QXPEHUV�DVVRFLDWHG�ZLWK�¶$·�DQG�¶%·�GLͿHUHG�IURP�FUXLVH�WR�FUXLVH��7DEOH�������
Total sample volume required by a VINDTA for the measurement of CT and AT is ~200 ml. The 
FROOHFWHG�����PO�VDPSOHV�DUH�WKXV�VX΀FLHQWO\�ODUJH�WR�DOORZ�ERWK�LQVWUXPHQWV�WR�DQDO\]H�WKH�
same sample. Such instrument-replicates would be made only when analysis capacity was suf-
ÀFLHQW��:KHQHYHU�WRR�PDQ\�VDPSOHV�ZHUH�TXHXHG�IRU�DQDO\VLV��LQVWUXPHQWV�ZRXOG�EH�GHGLFDWHG�
WR�LQGLYLGXDO�RFHDQ�SURÀOHV��3URÀOHV�ZRXOG�DOZD\V�EH�DQDO\]HG�E\�RQH�LQVWUXPHQW��L�H��QRW�EH�
split over the two instruments. 
 Sample bottle stoppers were removed immediately prior to insertion of the sample 
OLQH�WR�WKH�LQVWUXPHQW��6DPSOHV�ZHUH�¶LQMHFWHG·�LQWR�WKH�9,1'7$�WKURXJK�WKH�FRXQWHU�ÁRZ�KHDW�
H[FKDQJH�V\VWHP�E\�FUHDWLQJ�DQ�RYHUSUHVVXUH�RI������EDU�LQ�D�VDPSOH�KHDGVSDFH�XVLQJ�DLU�IURP�
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the ship’s central compressed air circuit (see below). Samples were manually separated by a 
small volume of air in order to avoid carryover. Sample was used to rinse the instrument lines 
EHIRUH�ÀOOLQJ�WKH�SLSHWWHV�RI�WKH�&T and AT subsystems (detailed descriptions of these procedures 
follow below).
 Measurements were generally performed 24 hours per day as permitted by 8 hour 
RQ�RͿ�VKLIWV�RI���DQDO\VWV�ZLWK�RQO\�PLQLPDO�GRZQWLPH�GXULQJ�FRXORPHWULF�FHOO�UHSODFHPHQW�
and restart (circa once a day, two hours per instrument).

4XDQWLÀFDWLRQ�RI�&T 
4XDQWLÀFDWLRQ�RI�&T is performed by coulometric titration according to the method described 
by Johnson et al. (1985, 1993). An accurately known volume of sample (~20 ml) is dispensed 
from a thermostated glass pipette into a glass sparging volume, which already contains ~1 ml 
of ~10% phosphoric acid (H3PO4���7KH�DFLGLÀHG�VDPSOH�LV�TXDQWLWDWLYHO\�SXUJHG�RI�&22 by N2 
JDV��ÁRZ�UDWH�a����PO�PLQ-1���7KH�ÁRZ�RI�QLWURJHQ�FDUULHV�WKH�&22 gas through a condenser 
(~2 ºC) to remove water vapor. The N2/CO2 gas stream is subsequently introduced into the 
primary compartment of a coulometric titration cell, containing circa 100 ml of cathode solu-
tion��D�SURSULHWDU\�VROXWLRQ�FRQWDLQLQJ��DPRQJ�RWKHUV��GLPHWK\OVXOIR[LGH��HWKDQRODPLQH�DQG�
thymolphthalein indicator). The CO2 reacts quantitatively with the ethanolamine to form hy-
GUR[\HWK\OFDUEDPLF�DFLG��

 CO2 + HO(CH2)2NH2  ՜  HO(CH2)2NHCOOH (3-1)

7KH�ZHDN�DFLG�IRUPHG�LQ�������SDUWO\�GLVVRFLDWHV��HͿHFWLYHO\�GHFUHDVLQJ�WKH�S+�RI�WKH�VROXWLRQ�

 HO(CH2)2NHCOOH  ֎  HO(CH2)2NHCOOï + H+ (3-2)

The resultant fading of the deep blue color of a thymolphthalein indicator is detected by the 
coulometric setup, which photometrically monitors the transmittance of the solution at ap-
SUR[LPDWHO\�����QP��6XEVHTXHQWO\��DQ�HOHFWULFDO�FXUUHQW�LV�IRUFHG�WKURXJK�WKH�VROXWLRQ��DQG�WKH�
UHVXOWDQW�HOHFWURO\VLV�UHDFWLRQ�������DW�D�SODWLQXP�FDWKRGH�SURGXFHV�K\GUR[LGH�LRQV��2+-) that 
gradually restore the pH (3-4).

 2 H2O + 2 eï  ֎  2 OHï + H2 (3-3) 
 HO(CH2)2NHCOOH + OHï ֎  HO(CH2)2NHCOOï + H2O (3-4)

Circuit closure is maintained by the dissolution of silver ions at the anode (3-5), which subse-
TXHQWO\�FRPSOH[DWH�ZLWK�WKH�LRGLGH�LRQV�RI�D�VDWXUDWHG�SRWDVVLXP�LRGLGH��.,��VROXWLRQ�������

 Ag(s) ՜ Ag+ + eï (3-5) 
 Ag+ + 2 Iï ՜ AgI2

ï (3-6)

The following equations describes the overall reaction (Johnson et al., 1985):

 Ag(s) + 2 Iï + CO2 + HO(CH2)2NH2  ՜ Agl2
ï + 1/2 H2 + HO(CH2)2NHCOOï (3-7)

The titration current is integrated over the time required to restore the pre-measurement trans-
mission of the solution. This integral of the current (that is, the charge��LQ�FRXORPEV��LV�ï�DIWHU�
subtraction of the integrated background current of the coulometer (the ‘blank’ or ‘baseline’) 
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ï�OLQHDUO\�UHODWHG�WR�WKH�DPRXQW�RI�&22 absorbed by the coulometric solution. After the titra-
tion is completed, the stripper and condenser are automatically emptied. From volume and 
salinity, the mass (in kg) of sample may be calculated, which allows the determined CT to be 
H[SUHVVHG�LQ��PRO�NJ-1��([DFW�FDOLEUDWLRQ�RI�WKH�FRXORPHWHU�PD\�FRQYHQLHQWO\�EH�SHUIRUPHG�E\�
use of a gas-loop calibration system (GLCS; see section 3.6 below) that feeds accurately known 
quantities of pure CO2 to the coulometer (Wilke et al., 1993).

4XDQWLÀFDWLRQ�RI�$T 
4XDQWLÀFDWLRQ�RI�$T is performed by a potentiometric titration of a seawater sample with dilute 
hydrochloric acid (Mintrop et al., 2000). An accurately known volume of seawater (circa 100 
ml) is dispensed from a thermostated pipette into an open, acrylic titration cell, after which it 
is constantly stirred. Over the course of circa 15 minutes, 28 small (0.15 ml) additions of dilute 
HCl are made with the automated burette. This titration acid is of accurately known strength 
�DSSUR[LPDWHO\�����PRO�O-1) and is prepared as a 35 g l-1 NaCl solution in order to maintain uni-
form ionic activity of the titrated sample during analysis. During titration, the electromotive 
force (e.m.f.) of free protons is measured by an electrochemical cell consisting of a glass mea-
VXUHPHQW�HOHFWURGH��2ULRQ�5266�����%1:3��7KHUPR�)LVKHU�6FLHQWLÀF��:DOWKDP��0$��86$��DQG�
a double junction Ag/AgCl reference electrode (Metrohm, model 6.0729.100), both connected 
to the Titrino. Solution temperature is recorded by a probe inserted into the titration cell, and 
is maintained close to 25.0 ºC by a water jacket. The titration is considered complete when 4.2 
PO�RI�DFLG�KDYH�EHHQ�DGGHG��%HIRUH�WKH�QH[W�VDPSOH�LV�DQDO\VHG��WKH�WLWUDWLRQ�FHOO�LV�DXWRPDWL-
cally rinsed twice. Rinsing solution consists of distilled (i.e., alkalinity-free) water with 35 g l-1 
1D&O�DGGHG�WR�DSSUR[LPDWHO\�PDWFK�WKH�LRQLF�VWUHQJWK�RI�WKH�VDPSOHV��
 Total alkalinity (in µmol kg-1) is accurately inferred from the recorded e.m.f. response 
E\�D�QRQ�OLQHDU�OHDVW�VTXDUHV�ÀWWLQJ�URXWLQJ��EDVHG�RQ�WKH�URXWLQH�GHVFULEHG�LQ�0LOOHUR�HW�DO��
(1993). Although the routine was developed for variable-volume closed cell titrations (where 
gaseous CO2 is not allowed to escape the titrated sample), it is used here under the assump-
tion that CO2�ORVV�GXH�WR�DFLGLÀFDWLRQ�LV�PLQLPDO��$OWKRXJK�WKLV�DVVXPSWLRQ�LV�NQRZQ�QRW�WR�EH�
accurate, the calculated value of AT�LV�QRW�DͿHFWHG�E\�WKLV�DSSUR[LPDWLRQ��7KH�DSSUR[LPDWLRQ�
does invalidate the additionally calculated values of CT and carbonate alkalinity. However, the 
former of these parameters is additionally, and with superior accuracy, obtained by coulom-
etry (see above) and the latter may be calculated from AT and (coulometric) CT. The use of the 
calculation routine for the purpose of calculation of AT is thus appropriate. 

3.4.  Analytical accuracy

In order to set the measurement accuracy, FHUWLÀHG�UHIHUHQFH�PDWHULDO�(CRM; made available by 
prof. A. Dickson, Scripps Institute of Oceanography, San Diego, USA) was regularly analyzed. 
Generally this occurred three times per day (during days of continuous analysis), but never 
before both coulometric cells were successfully started (i.e., after a suitable number of dummy 
runs (using surface sea water) were performed and coulometer blank level was stable). Com-
parison of the results  of these analyses (both for CT and AT��ZLWK�WKH�FHUWLÀHG�YDOXHV�DOORZV�WKH�
determination of a correction factor to be applied to the oceanographic samples. 
 Formally, however, CRM is not intended for setting the accuracy of the measurement 
setup but rather to verify the independently attained accuracy. Nonetheless, it is often reported 
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that many labs do use CRM for calibration purposes, and we did this too. In the presence of 
non-linear sources of error, this approach may have unintended consequences, mostly for analy-
ses for AT , as will be illustrated below,
 For CT, correction of results to CRM may be argued to be a valid procedure because 
WKH�FRQFHLYDEOH�HUURUV�WKDW�DUH�WR�EH�FRUUHFWHG�DUH�DOO�OLQHDU�LQ�QDWXUH��)RU�H[DPSOH��D�FDOLEUDWLRQ�
error of, say, –0.1% of the volume of the dispensing pipette would lead to an error of –0.1% in 
results of measurement of CRM and samples alike. Sample results may therefore be corrected 
by simply adjusting them upwards by 0.1%. A similar reasoning may be followed for biases 
in coulometer electronics, temperature measurements et cetera. 
 For AT, on the other hand, errors related to AT electrode response may be non-linear in 
nature (so called ‘non-Nernstian behavior’, see section 3.6). These errors are thus not corrigible 
by a correction to CRM, constituting, as it does, only a one-point calibration. To make matters 
worse, the incorrigible biases resulting for electrode malfunctioning are not easily detectable 
E\�WKH�RSHUDWRU��LI�WKH\�DUH�QRW�H[FHHGLQJO\�VHYHUH���ZKLFK�LV�RQH�RI�WKH�UHDVRQV�ZK\�VXFK�¶SUL-
mary calibration’ use of CRM is considered improper, and advised against. 
 The concern about non-linear biases is not merely of academic nature. During the 
�����H[SHGLWLRQ�RI�3RODUVWHUQ��$17�;;,9����7DEOH�������WKH�WZR�9,1'7$V�\LHOGHG�GDWDVHWV�
for AT that showed - after individual calibration and correction to CRM of the two datasets - a 
PHDQ�GLͿHUHQFH�EHWZHHQ�LQVWUXPHQW�UHSOLFDWHV�RI���������µmol kg-1 (nǀ������5HJUHWWDEO\��WKLV�
discrepancy was dismissed during the cruise as likely resulting from an error in data processing. 
Its veracity was only corroborated in the home laboratory, when it was too late to locate with 
FRQÀGHQFH�WKH�FDXVH�RI�WKH�ELDV��7KLV�HUURU�LV�PRVW�OLNHO\�GXH�WR�WKH�XVH�RI�D�IDXOW\�HOHFWURGH�
on one of the instruments. We have discarded the AT results of that instrument and note that, 
if we had used only a single (faulty) instrument, this error would have gone unnoticed.

Lab standards.
2FFDVLRQDOO\�WKH�PHDVXUHPHQWV�RI�&50�PDGH�RYHU�WKH�FRXUVH�RI�D�GD\�PLJKW�DSSHDU�WR�H[KLELW�
a trend, conceivably caused by environmental conditions (such as laboratory temperature). 
Without additional data to corroborate the veracity of this analyzer response, no correction 
for such apparent drift is warranted. Doubling the amount of CRM analyses in order to better 
FRQVWUDLQ�VXFK�SRWHQWLDO�YDULDELOLW\�LV�SURKLELWLYHO\�H[SHQVLYH��$V�DQ�DOWHUQDWLYH��VWDUWLQJ�ZLWK�
WKH�FUXLVHV�LQ�������ODERUDWRU\�VWDQGDUGV�ZHUH�DQDO\]HG�DSSUR[LPDWHO\�HYHU\�WZR�KRXUV��7KHVH�
standards were prepared on board in batches of ~60 l, using water from deeper than 1500 m 
ZKLFK�ZDV�ÀOWHUHG��SRLVRQHG�ZLWK�+J&O2 and brought to analysis temperature (25.0 ºC). The 
vessel of lab standard was placed under continuous overpressure of ~0.5 bar. Before pres-
surization, the lab standard was sparged with lab-air to attain the pCO2�WKDW�ZDV�H[SHFWHG�WR�
DSSUR[LPDWH�WKDW�RI�WKH�SUHVVXUL]HG�KHDGVSDFH��L�H�������WLPHV�WKH�VKLS·V�FRPSUHVVHG�DLU�pCO2), 
in order to limit outgassing after the vessel would be pressurized. A manifold (placed before 
WKH�KHDW�H[FKDQJHU��DOORZHG�WKH�DQDO\VW�WR�HDVLO\�VZLWFK�IURP�DQDO\]LQJ�JODVV�ERWWOH�VDPSOHV�
WR�ODE�VWDQGDUGV�DQG�EDFN��$OWKRXJK�JUDGXDO�GULIWV�LQ�VWDQGDUGV�ZHUH�REVHUYHG��DͿHFWLQJ�&T 
more than AT), the deviations in de-trended measurements have occasionally been informative 
RI��DQG�EHQHÀFLDO�WR��9,1'7$�LQVWUXPHQW�SUHFLVLRQ�DQG�DFFXUDF\�
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Assessment of precision and accuracy 
For analyses performed on a single instrument, analytical precision and accuracy are gener-
DOO\�UHSRUWHG�EDVHG�RQ�DQ�DVVHVVPHQW�RI�WKH�GLͿHUHQFHV�EHWZHHQ�UHSOLFDWHV��7KHVH�UHSOLFDWHV�
are either run back-to-back (yielding the generally favorable ‘short term precision’) or with 
some other samples (i.e., time) in between them (yielding the often more sobering ‘medium 
term precision’). The mean and standard deviation of replicates analyzed over very long times 
(generally in the form of CRM) provide the ‘long term precision’ of the analysis. This medium-
term and, especially, the long-term precision may be improved by applying corrections based 
on the results of the CRM itself. However, that method in a sense constitutes circular reason-
ing and although data quality may be improved by applying such corrections, one looses the 
estimates of medium and long term precision. Moreover, after such correction, no independent 
estimate of accuracy can be provided anymore.
� 7KH�FRQFXUUHQW�XVH�RI�WZR��RU�PRUH��DQDO\WLFDO�LQVWUXPHQWV�SURYLGHV�D�VLJQLÀFDQW�
EHQHÀW�ZLWK�UHJDUG�WR�TXDOLW\�DVVHVVPHQW��SURYLGHG�WKDW�D�VLJQLÀFDQW�DPRXQW�RI�VDPSOHV�LV�
analyzed on both instruments (providing ‘instrument replicates’). The datasets obtained by 
ERWK�LQVWUXPHQWV�DUH�LQGLYLGXDOO\�SURFHVVHG�IRU�RXWOLHUV��ELDVHV��GULIW��HW�FHWHUD��7KH�GLͿHUHQFH�
between the results yielded by each instrument should ideally be zero. In practice, the average 
RI�WKHVH�GLͿHUHQFHV�FRQVWLWXWHV�D�ORZHU�ERXQG�WR�WKH�DFFXUDF\�RI�WKH�LQGLYLGXDO�LQVWUXPHQWV��QR�
upper limit can be given, since both instruments may be biased to the same degree). In absence 
RI�D�VLJQLÀFDQWO\�QRQ�]HUR�PHDQ��WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�GLͿHUHQFHV�LV�DQ�LQGLFDWLRQ��EXW�
QR�PRUH�WKDQ�WKDW��RI�WKH�SUHFLVLRQ�RI�WKH�WZR�LQVWUXPHQWV��)RU�H[DPSOH��LI�ERWK�LQVWUXPHQWV��
DIWHU�DOO�TXDOLW\�FRQWURO�VWHSV�KDYH�EHHQ�WDNHQ��\LHOG�DOPRVW�H[DFWO\�WKH�VDPH�UHVXOWV��VD\��D�PHDQ�
GLͿHUHQFH�RI�GHWHUPLQHG�$T of 0.04±1.15 µmol kg-1, determined over 200 samples), that means 
WKDW�WKH�WZR�LQVWUXPHQWV�DUH�YHU\�SUHFLVH��DOWKRXJK�LW�FDQQRW�EH�UXOHG�RXW�WKDW�WKH\�VXͿHU�IURP�
�XQNQRZQ��ELDVHV�WR�WKH�VDPH�GHJUHH��&RQYHUVHO\��LI�WKH�GLͿHUHQFH�EHWZHHQ�WKH�LQVWUXPHQW�
replicates is 6.15±2.45 (n=200), that means that, although precision of both instruments may 
EH�DFFHSWDEOH��WKH�GDWD�IURP�RQH�RU�ERWK�LQVWUXPHQWV�DUH�LQDFFXUDWH�WR�D�VLJQLÀFDQW�GHJUHH��

����� $QDO\]HU�PRGLÀFDWLRQV
7KH�IROORZLQJ�PRGLÀFDWLRQV�KDYH�EHHQ�PDGH�WR�WKH�9,1'7$�LQVWUXPHQWV�WR�LQFUHDVH�DQDO\WL-
cal capacity and usability.

Sample loading
The peristaltic pump for sample intake was replaced with a sample headspace overpressure 
V\VWHP��7KH�QRWDEOH�EHQHÀW�RI�WKLV�VHWXS�LV�WKH�DELOLW\�WR�GHOLYHU�WKH�VDPSOH�LQWR�WKH�&T and AT 
pipettes without formation of air bubbles in the instrument lines. Volumetric control and the 
CT of samples may in this way be better maintained. Overpressure is maintained at ~0.5 atm 
using dry, clean compressed air.

Temperature control
$�VHFRQG�DGDSWDWLRQ�LV�WKH�XVH�RI�D�FXVWRP�PDGH�FRXQWHU�ÁRZ�KHDW�H[FKDQJHU�LQ�WKH�VDPSOH�
OLQH�WRZDUGV�WKH�9,1'7$��7KH�KHDW�H[FKDQJHU�LV�PDGH�RI�FLUFD���PHWHUV�RI�����LQFK�2'�VWDLQOHVV�
steel or copper tubing, contained in 2 meters of PVC tubing. The concentric tubing is coiled up 
and positioned directly downstream of the sample bottle. Thermostating of the inner tube, and 
WKH�VDPSOH�ÁRZLQJ�WKHUHLQ�LV�SHUIRUPHG�E\�WKH�UHWXUQ�ÁRZ�RI�WKH�9,1'7$�VWDEOH�WHPSHUDWXUH�
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FLUFXODWLRQ�V\VWHP�������������&���7KH�KHDW�H[FKDQJHU�KDV�WKH�DELOLW\�WR�EULQJ�D�VDPSOH�WR�ZLWKLQ�
0.2 ºC of the desired 25.0 ºC analysis temperature, irrespective of initial sample temperature. 
1RWDEOH�EHQHÀWV�DUH�WKDW�PHVV\�VDPSOH�SUH�KHDWLQJ�LQ�ZDWHU�EDWKV�LQ�QR�ORQJHU�UHTXLUHG�DQG�
WKDW�VDPSOH�WHPSHUDWXUH�LV�EHWWHU�FRQWUROOHG�WR�EH�H[DFWO\�������&��:LWKRXW�WKH�RYHUSUHVVXUH�
V\VWHP�WKH�XVH�RI�WKH�KHDW�H[FKDQJHU�ZRXOG�OHDG�WR�XQDFFHSWDEOH�DPRXQWV�RI�EXEEOH�IRUPDWLRQ�
LQ�WKH�VDPSOH�OLQHV��GXH�WR�LWV�UHVLVWDQFH�WR�VDPSOH�ÁRZ���
 To further assure sample analysis temperature, a delay of 30 seconds was observed 
EHWZHHQ�WKH�ÀOOLQJ�DQG�GUDLQLQJ�RI�WKH�SLSHWWHV�LQWR�WKH�PHDVXUHPHQW�YHVVHO��$T: titration cell, 
CT��VWULSSHU���7KLV�SDXVH�DOORZV�WKH�VDPSOH�WR�IXUWKHU�DSSURDFK�WKH�H[DFW�������&�RI�WKH�LQFRP-
ing circulation batch water in the outer jacket of the pipettes.
 The adaptations mentioned above virtually guaranteed the desired 25.0 ºC of the 
samples to be reached. This allowed all four factory-standard temperature probes to be re-
moved. These were a) the PRT (platinum resistance thermometer) probe inserted into the 
AT titration cell (intended for allowing optimal calculation of dissociation constants for AT 
determination; Chapter 2); b) the thermocouple probe downstream of the top of the CT pi-
pette (intended for allowing optimal determination of temperature dependent CT pipette 
volume); c) the two PRT-probes intended for measuring sample temperature and thereby 
to allow the software to avoid running a sample that is still too cold for proper analysis.  
 All of these temperature probes were considered to be prone to failure and inaccura-
cies. Especially the probe at the CT�SLSHWWH�ZKLFK��GXH�WR�LWV�PLQLPDO�H[WHQVLRQ�LQWR�WKH�VDPSOH�
and its substantial mass, appeared biased towards laboratory temperature. For each of the re-
moved probes, the software was made to assume a temperature of 25.0 ºC. The temperatures of 
circulation water and dispensed sample (in the alkalinity titration cell) were checked regularly 
to indeed be 25.0 ºC, in order to assure the continued proper functioning of the sample heat 
H[FKDQJHU����

Instrument reliability
Due to repeated breakdowns of two of the instruments’ sample level sensors (located in the 
AT�WLWUDWLRQ�FHOO�DQG�SLSHWWH�RYHUÁRZ�YHVVHO���WKHVH�ZHUH�UHPRYHG�DQG�DQDO\VLV�H[HFXWLRQ�ZDV�
switched from sensor-based to timing-based. This would require occasional re-timing of the 
AT rinsing procedure, but overall provided for a less complicated operation.
� 0LQRU�FKDQJHV�ZHUH�PDGH�WR�WKH�ÁRZ�RI�12 through the system, with the aim of main-
WDLQLQJ��DW�DOO�WLPHV��D�ÁRZ�RI�12�WKURXJK�WKH�FRXORPHWHU�FHOO��,Q�WKH�GHIDXOW�FRQÀJXUDWLRQ�RI�
WKH�LQVWUXPHQW��WKLV�ÁRZ�LV�FXW�RͿ�ZKLOH�WKH�RI�WKH�VWULSSHU�LV�HPSWLHG�RI�WKH�SUHYLRXV�VDPSOH��
The sudden recommencement of the N2�VWUHDP�DIWHU�WKLV�SXUJLQJ�RFFDVLRQDOO\�KDG�WKH�HͿHFW�
of generating a titration burst of the coulometer, which could take up to 5 minutes to recover. 
Not waiting for this recovery (as evidenced by the continuation of coulometer background 
counting), would result in an underdetermination of the CT�RI�WKH�QH[W�VDPSOH��7KLV�SUREOHP�
was fully alleviated by making the mentioned adjustment.
 Additionally, the N2�PDVV�ÁRZ�FRQWUROOHU�ZDV�UHPRYHG��1R�GHSHQGHQFH�RI�GHWHUPLQHG�
CT on gradual, minor deviations (±25%) of the N2�ÁRZ�UDWH��WDUJHW�YDOXH������PO�PLQ-1) were 
observed. The N2�PDVV�ÁRZ�FRQWUROOHU��ZKLFK�LV�LQWHQGHG�WR�SUHFLVHO\�PDLQWDLQ�WKDW�WDUJHW�
value, occasionally proved troublesome in operation (e.g., would remain in closed position 
after instrument startup), and was removed in order to further simplify operation. 
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%ODQN�GHWHUPLQDWLRQ
The control software was adapted so as to allow the coulometric titration of CT to continue 
throughout the duration of the concurrently performed potentiometric AT titration, i.e., for a 
total of circa 18 minutes. The titration current throughout the last circa 8 minutes is no longer 
due to the (earlier) peak of sample CO2��EXW�UDWKHU�UHÁHFWV�WKH�EDFNJURXQG�FXUUHQW��¶EDVHOLQH·�
RU�¶EODQN·��RI�WKH�LQVWUXPHQW��3HUIRUPLQJ�WKLV�H[WHQGHG�WLWUDWLRQ�DOORZV�REWDLQLQJ�D�PHDQLQJIXO�
estimate of the coulometer blank during runs and thus eliminates the requirement to perform 
occasional determination of the blank between runs. Furthermore, the coulometer blank is in 
this way made traceable over time, which conceivably allows for early detection of cell ‘aging’.

Coulometer light source
Before cruise ANT-XXIV/3 (February-April 2008; Table 3.1), the coulometers were adapted to 
use LED lights sources in stead of incandescent bulbs for the detection of the transmission of 
the coulometric cell solution. Factory-standard coulometers are equipped with a regular wide 
bandwidth incandescent bulb and a wide bandwidth photodiode. In order to minimize sen-
VLWLYLW\�WR�XQGHVLUHG�ZDYHOHQJWKV��WKH\�DUH�VXSSOLHG�ZLWK�D�VSHFWUDO�ÀOWHU��EDQG�JDS�DURXQG�
����QP��FRLQFLGLQJ�ZLWK�WKH�PD[LPDO�DEVRUEDQFH�RI�WKH�WK\PROSKWKDOHLQ�G\H�LQ�WKH�VROXWLRQ��
ORFDWHG�LQ�IURQW�RI�WKH�SKRWRGLRGH��%HFDXVH�WKH�VSHFWUDO�ÀOWHU�LV�QRW�SHUIHFWO\�RSDTXH�WR�QRQ�
desired wavelengths, some sensitivity remains to a) the light from the incandescent bulb and 
b)�DPELHQW�OLJKW��7KH�XVH�RI�WKH�/('�OLJKW�VRXUFH�FDQ�DGGUHVV�WKH�IRUPHU�LQÁXHQFH��DOORZLQJ�WKH�
photodiode to observe the transmission with a higher signal to noise ratio, which theoretically 
DOORZV�PHDVXUHPHQWV�WR�EH�PDGH�PRUH�SUHFLVHO\��,QÁXHQFH��E��PD\�EH�VKRZQ�WR�EH�VPDOO�E\�
varying the amount of ambient light, and observing that this does not evoke a response from 
the coulometer. Additionally, and perhaps more relevantly, LEDs have a much longer life than 
LQFDQGHVFHQW�OLJKW��DQG�GXH�WR�WKHLU�VROLG�VWDWH�QDWXUH�H[KLELW�OHVV�YDULDELOLW\�GXH�WR�VKLS�PR-
tion. This sensitivity to motion is commonly observed in shipboard spectrophotometric setups 
that use incandescent bulbs, and is highly detrimental to measurement precision (Karel Bakker 
�1,2=���SHUV�FRPP���DQG�SHUVRQDO�H[SHULHQFH���7KH�/('�XSGDWH�ZDV�FRQFHLYHG�DQG�VNLOOIXOO\�
performed by Ruud Groenewegen of the Electronics Department of NIOZ.

Titration acid stability
The ~0.1 mol l-1 HCl acid for AT titrations is, for use on longer cruises, generally prepared be-
forehand as a single, large batch, which is subsequently subdivided into individual bottles of 
1 liter, to be properly capped and stored for later use. Although this method is convenient for 
use during long cruises, the conceivably variable strength of the acid in each bottle may lead 
to slight discrepancies in results of measurements of references material between bottles and 
between instruments (which normally each use a dedicated bottle). 
 Attribution of variability or trends in results of measurements of reference material 
(lab standards or CRM) to environmental factors is aided by removing the variability in acid 
strength between bottles and (thus) between instruments. Therefore, starting with the cruises 
in 2007 (Table 3.1), we prepared a single, very large (~20 l) batch of acid, and had both instru-
ments tap straight from this vessel. Acid was diluted from a carefully determined amount of 6 
mol l-1 HCl to 20 l with de-ionized water (Milli-Q), while gradually adding 700 grams of NaCl 
in order to match the ionic activity of seawater. During research cruises, subsequent stirring 
of the acid was provided by ship motion. On calm days or during in-ice sailing, stirring was 
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performed manually every few days. The acid batch was kept well-insulated, so as to maintain 
a very constant 25.0 ºC temperature of the acid (i.e., the mean laboratory temperature). Lines 
from the acid vessel to the automated burettes (internal volume of lines is smaller than 2 ml) 
were thermally insulated to maintain temperature of the acid during its transfer.  

3.6. Recommendations for future work.

Although several improvements (or at least alterations) have been made to the VINDTAs, the 
coulometers and the analytical setup in general, the following section will suggest several ad-
GLWLRQDO�DOWHUDWLRQV�WR�LQVWUXPHQWV�RU�SURFHGXUHV�WKDW�PD\�EH�H[SHFWHG�WR�LPSURYH�DQDO\WLFDO�
accuracy and precision, or improve general usability.

Coulometer calibration
The accuracy of the coulometer electronics (i.e., the degree to which the reported electrical 
charge matches the charge that was actually delivered to the titration cell) may be conveniently 
determined by connecting a second current integrator (i.e., a coulometer) in series with (or in 
place of) the coulometric cell, and simply comparing the output of both coulometers. Such a 
second, superior quality current integrator has been designed and built at NIOZ, but has yet 
WR�EH�XVHG�WR�ULJRURXVO\�LQWHUFRPSDUH�DQG�FDOLEUDWH�WKH�8,&�FRXORPHWHUV��'XULQJ�H[SHGLWLRQV�
��3(����DQG���3(�����ERWK�LQ�������VXFK�FRPSDULVRQV�KDYH�EHHQ�PDGH�RQ�D�H[SHULPHQWDO�
EDVLV��LQGLFDWLQJ�PLQRU�RͿVHWV�LQ�LQGLYLGXDO�FRXORPHWHU�FDOLEUDWLRQV��DOWKRXJK�WKHVH�RͿVHWV�
appeared invariable over time.

Gas loop calibration system (GLCS)
Although the electrical charge, delivered to the coulometric cell, may be calibrated accurately 
XVLQJ�DQ�HOHFWURQLF�FDOLEUDWLRQ��VHH�DERYH���WKH�WLWUDWLRQ�H΀FLHQF\��WKH�IUDFWLRQ�RI�HOHFWURQV�WKDW�
contribute to the desired electrochemical reactions) may not be equal to 100%, for instance if 
SDUW�RI�WKH�GHOLYHUHG�FKDUJH�LV�XVHG�IRU�HOHFWURO\VLV�RI�ZDWHU�LQWR�R[\JHQ�DQG�ZDWHU��7KLV�FRX-
ORPELF�H΀FLHQF\�PD\�EH�H[SHFWHG�WR�YDU\�GXULQJ�ORQJ�UXQV�GXH�WR�WKH�VORZO\�VKLIWLQJ�FRPSR-
sition of the coulometric solution. Thus, for optimal accuracy of the determination of CT, the 
UHJXODU�FDOLEUDWLRQ�RI�WKH�FRXORPELF�H΀FLHQF\�LV�UHTXLUHG��8VH�RI�D�*/&6�RͿHUV�D�FRQFHSWXDOO\�
straightforward method of accomplishing this, as follows. 
 One may calculate to a high degree of accuracy the number of moles of CO2, contained 
in a steel loop connected to a multi-port valve, from the known volume of the loop and the 
measured temperature and pressure of the CO2 (Wilke 1993; SOP13 of Dickson et al., 2007.). A 
relative accuracy of 1 in 5000 may be obtained if proper calibration procedures are observed. 
This known amount of CO2 is subsequently fed to a coulometer, allowing for convenient and 
UDSLG�DVVHVVPHQW�RI�WKH�FRXORPELF�H΀FLHQF\��7KH�QHDU�]HUR�FRVW�RI�XVH�RI�D�*/&6�DOORZV�WKH�
operator to closely track the performance of the coulometer during the day without having to 
UHO\�RQ�WHGLRXV�H[WUDFWLRQV�RI�&22 from laboratory standards or CRM. 
 The construction and, especially, the calibration of such gas loops is no trivial task. 
Nonetheless, we have at NIOZ been able to produce and calibrate two such GLCSs (one for 
each VINDTA used on board). Both systems have been used on a trial basis during the two 2010 
cruises (Table 3.1) but their results have not been used as part of the measurement or calibra-
WLRQ�URXWLQH��6XFK�XVH�LV�KLJKO\�UHFRPPHQGHG�LQ�RUGHU�WR�PLQLPL]H�WKH�LQÁXHQFH�RI�XQQRWLFHG�
GULIW�RI�WKH�FRXORPHWULF�V\VWHP�GXULQJ�H[WHQGHG�PHDVXUHPHQW�GD\V��,I�XVH�RI�*/&6�SURYHV�
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EHQHÀFLDO�WR�UHVXOWV��WKLV�PD\�REYLDWH�WKH�UHJXODU�XVH�RI�ODE�VWDQGDUGV��VDYLQJ�VLJQLÀFDQW�WLPH��
as well as the inconvenience associated with preparing these standards.

Optimizing the use of CRM. 
CRM currently is available only in 500 ml glass bottles. This allows for only a single measure-
ment of CT�WR�EH�SHUIRUPHG��EHIRUH�H[FKDQJH�RI�&22 between CRM and its headspace conceiv-
ably alters the CT of the material, rendering the material useless for its purpose (although it 
remains of use for AT analysis). Use of CRM may be made more economical by repackaging 
CRM into large (2-5 l) gas-tight bags (e.g., a multilayer Mylar/aluminium composite). Because 
no headspace would be formed during tapping of a subsample from such a bag, the CT value of 
WKH�&50�ZRXOG�EH�PDLQWDLQHG�EHWZHHQ�DQDO\VHV��+RZHYHU��WKH�GHJUHH�WR�ZKLFK�WKH�FHUWLÀHG�
CT of the CRM is maintained during ÀOOLQJ�of such bags must be carefully established before 
such a deviation from regular practice is implemented.

Characterization of AT electrodes.
$V�EULHÁ\�PHQWLRQHG�LQ�VHFWLRQ������IRU�DQDO\WLFDO�DFFXUDF\�LW�LV�RI�XWPRVW�LPSRUWDQFH�WR�XVH�DQ�
AT measurement electrode with an ‘ideal’ or ‘Nernstian’ response. That is, the increase in the 
HOHFWURPRWLYH�IRUFH��H�P�I���VKRXOG�LQFUHDVH�ZLWK�D�GLFWDWHG�GHFUHDVH�LQ�S+�H[DFWO\�DFFRUGLQJ�WR�
1HUQVW�HTXDWLRQ��0LOOHUR���������)RU�H[DPSOH��DW�D�WLWUDWLRQ�WHPSHUDWXUH�RI�����&��IRU�HDFK�H[DFW�
one-unit decrease of pH, the e.m.f. should increase by 59.16 mV. However, many electrodes are 
UHSRUWHG�WR�H[KLELW�UHVSRQVHV�ZHOO�EHORZ�WKLV�LGHDO�UDWH��GHVSLWH�ZKDW�PD\�EH�ZULWWHQ�RQ�WKH�
SDFNDJLQJ���7R�PDNH�PDWWHUV�ZRUVH��UHVSRQVLYHQHVV�PD\�YDU\�ZLWK�WKH�S+��)RU�H[DPSOH��DQ�
HOHFWURGH�PD\�H[KLELW�SURSHU�1HUQVWLDQ�UHVSRQVH�DURXQG�S+ ���EXW�EHORZ�1HUQVWLDQ�UHVSRQVH�
DURXQG�S+ ���7KLV�PD\�VHYHUHO\�LPSDFW�WKH�DELOLW\�RI�WKH�FXUYH�ÀWWLQJ�URXWLQH��VHFWLRQ������WR�
accurately infer AT from the titration results.
 To avoid such complications, the response of to-be-used electrodes should be veri-
ÀHG�DFURVV�WKH�HQWLUH�S+�UDQJH�IURP���WR����DQG�QRQ�FRQIRUPLQJ�HOHFWURGHV�VKRXOG�EH�UHMHFWHG��
However, the commonly used titration with HCl of an NaCl solution is not suitable for this test 
�VHH�VHFWLRQ�����RI�623�D�RI�'LFNVRQ�HW�DO����������DQG�QR�DFFXUDWH�VHDZDWHU�EXͿHUV�KDYH�EHHQ�
GHVFULEHG�IRU�WKH�ORZHU�S+�UDQJH��$V�D�FRPSURPLVH�WKHQ��RQH�PD\�SUHSDUH�WZR�EXͿHU�VROXWLRQV�
�¶$03·����DPLQRS\ULGLQH��DQG�¶75,6·����DPLQR���K\GUR[\PHWK\O�����SURSDQHGLRO��'LFNVRQ�HW�
DO���������ZLWK�KLJKO\�DFFXUDWHO\�NQRZQ�S+�YDOXHV��DURXQG�����DQG������GHSHQGLQJ�RQ�H[DFW�
makeup and temperature). From the observed step changes in e.m.f. when testing electrodes in 
WKHVH�EXͿHUV�DQG�WKHLU�DFFXUDWHO\�NQRZQ�S+�YDOXHV��WKH�H�P�I��UHVSRQVH�PD\�EH�FDOFXODWHG�IRU�
WKH�UHJLRQ�DURXQG�S+ ���:H�KDYH�SUHSDUHG�VXFK�VROXWLRQV�EHIRUH�WKH������H[SHGLWLRQV��7DEOH�
3.1), and have used these for (among others purposes) an informal assessment of the circa 10 
electrodes available at the laboratory. I highly recommend making this electrode assessment a 
routine procedure at the NIOZ CO2 laboratory, in order to maintain analytical capabilities for 
AT of the highest possible level. 

Rinsing of the AT cell
Currently, before an AT sample is loaded into the AT titration cell, the cell is drained and rinsed 
(twice) with an alkalinity-free solution of NaCl. This rinsing solution (distilled water to which 
40 g/l NaCl has been added) is prepared and stored in 25 liter plastic vessels. The required fre-
TXHQW�WUDQVSRUWDWLRQ�RI�WKHVH�YHVVHOV�SURYLGHV�VLJQLÀFDQW�GLVFRPIRUW�WR�WKH�9,1'7$�RSHUDWRUV��
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Additionally, on several occasions did a vessel accidentally run dry, and did a measurement 
subsequently fail. To eliminate the requirement of having to regularly fetch large volumes of 
distilled water from outside the laboratory, during the 2010 cruises (Table 3.1), we made our 
own inside the laboratory, used a distilled water generation cartridge, connected to the local 
faucet. Use of the 25 l vessels and NaCl was maintained during these cruises. However, it may 
be questioned whether the use of NaCl (and hence the vessels) is at all required. Several inves-
tigators mention rinsing the AT cell and electrode with simple distilled water (e.g., SOP3b of 
'LFNVRQ�HW�DO����������,I�WKLV�LQGHHG�LV�FRQÀUPHG�WR�EH�IHDVLEOH��RQH�PD\�RSW�WR�VLPSOLI\�9,1'7$�
RSHUDWLRQ�E\�FRQVWUXFWLQJ�D�¶GLVWLOOHG�ZDWHU�VKRZHU�KHDG·�RU�VRPHWKLQJ�WR�WKDW�HͿHFW�DW�WKH�
top of the AT cell, connected to the de-ionization cartridge. This system would speed up run 
SUHSDUDWLRQ��VDYH�RSHUDWRU�WLPH�DQG�HͿRUW��UHGXFH�FRVW�DQG�LPSURYH�FRQVLVWHQF\��$GGLWLRQDO�
VLPSOLÀFDWLRQV�FRXOG�VXEVHTXHQWO\�EH�PDGH�WR�WKH�WLWUDWLRQ�FHOO�GUDLQDJH�V\VWHP��,Q�WKLV�UHJDUG�
I propose to remove the (highly failure-prone) servo motor, currently in use for opening and 
closing the AT drainage valve. In the proposed setup, a small check valve would maintain cell 
closure during titration. Subsequent cell drainage would be accomplished by pumping the 
sample away through the check valve. Ideally, this pumping would be performed by a small 
membrane-based liquid pump, replacing the current peristaltic (‘roller’) pump, the tubing of 
which is failure-prone and requires regular replacement.  

Replacing the air pump with an N2-line
The currently used method of emptying the AT pipette is by using a small air pump to blow out 
WKH�VDPSOH��$V�D�PHDQV�RI�UHJXODWLQJ�WKH�EORZRXW�SUHVVXUH��DQ�RSHQ�HQGHG�DLU�OLQH��WHH·G�RͿ�
from the line between pump and pipette top), may be partly squeezed. However, this method 
is imprecise, and prone to variations if the clamp is accidentally touched. Moreover, the used 
SXPS�LV�H[SHQVLYH��QRLV\�DQG�UHTXLUHV�PDLQWHQDQFH��7KH�VLPSOH�UHSODFHPHQW�RI�WKH�SXPS�
with an N2�OLQH��WHH·G�RͿ�IURP�WKH�PDLQ�VXSSO\���HTXLSSHG�ZLWK�D�QHHGOH�YDOYH�IRU�SUHFLVH�DQG�
SHUPDQHQW�ÁRZ�UHJXODWLRQ��ZRXOG�VX΀FH�WR�UHPHG\�WKLV�

Thermostating AT titration acid
Uncontrolled variation in the temperature of the AT�WLWUDWLRQ�DFLG�PD\�OHDG�WR�D�VLJQLÀFDQW�
uncertainty of about 0.5 µmol kg-1 ºC-1, due to covariation of the density (and thus the mass) 
of acid contained in the titration burette. In order to maintain a highest level of accuracy, acid 
temperature must be carefully controlled, preferably at the calibration temperature of the ti-
tration burette (25.0 ºC). Although temperature swings of the acid vessel are currently largely 
eliminated due to thermal insulation from the (more variable) laboratory, the mean tempera-
ture maintained in the vessel is currently unknown, and may well be variable on a timescale 
of days to weeks. Moreover, the temperature of the burette itself and the lines leading to it are 
susceptible to the variability of the laboratory temperature variation. Connection of the burette 
jacket to the VINDTA’s central thermostating system is highly recommended. Additionally, 
acid vessel thermostating may be accomplished by wrapping it with a length of  small diam-
eter circulation line as well. Temperature monitoring of the burette jacket may be required for 
FRUURERUDWLRQ�RI�HͿHFWLYH�WKHUPRVWDWLQJ��
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Laboratory thermostating
Strongly related to the above, the analytical results have been negatively impacted by tempera-
ture variations of the laboratory containers in which analyses were carried out. Especially dur-
ing the pre-2010 cruises (Table 3.1), sudden air temperature drops of up to 10 ºC were observed 
during the regular periods of air cooling. Although the mean temperature of the container and 
the equipment in it did not vary much over the length of a cruise, the short term variability 
KDV�GHPRQVWUDEO\�DͿHFWHG�PHDVXUHPHQWV��,Q�UHVSRQVH�WR�HDUOLHU�UHTXHVWV��WKH�1,2=�FXUUHQWO\�
XVHV�D�QHZO\�EXLOW�FRQWDLQHU��GHVLJQHG�VSHFLÀFDOO\�ZLWK�DFFXUDWH�WHPSHUDWXUH�FRQWURO�LQ�PLQG��
WKHUHE\�WR�ODUJH�H[WHQW�DOOD\LQJ�IHDUV�RI�WHPSHUDWXUH�GULYHQ�YDULDWLRQ�RI�PHDVXUHPHQWV��,W�LV�
recommended to additionally monitor and log the temperatures of the laboratory container 
and the relevant parts of the analytical setup over the length of future research cruises. 

Coulometric cell thermostating
The transmission of the coulometric solution has a slight dependence on temperature, mostly 
through the temperature sensitivity of the pH of the solution. The increase in temperature re-
VXOWV�IURP�WZR�SURFHVVHV��D��KHDW�UDGLDWLQJ�IURP�WKH�FRXORPHWHU�KDUGZDUH�DQG�E��FXUUHQW�ÁRZ�
during the early minutes of a titration. Heating of the cell solution results in minor fading of 
the color, without the involvement of CO2��7KLV�OHDGV�D�FRXORPHWHU�WR�WLWUDWH�DSSUR[LPDWHO\�����
counts per degree of temperature rise, falsely adding 2.5 µmol kg-1 ºC-1 to the later calculated 
CT�RI�WKH�VDPSOH��$OWKRXJK�WKH�ZDUPLQJ�H[SHULHQFHG�IURP�WKH�UDGLDWLRQ�IURP�WKH�FRXORPHWHU�
hardware is constant, the heating from the electrical titrations is a ‘pulsed’ process. After al-
lowing the cell to come to thermal equilibrium with the coulometer, the ‘pulsed’ addition of 
KHDW�PD\�EH�FOHDUO\�REVHUYHG�GXULQJ�WKH�LQLWLDO�a��WLWUDWLRQV�LQ�D�QHZO\�SUHSDUHG�FHOO��7KH�ÀUVW�
runs results in a temperature rise of +0.5 ºC, decreasing to +0.1 ºC during the seventh run). 
Hereafter, a dynamic temperature equilibrium with the environment sets in. That is, the heat 
gained during the early minutes of the titration equals the heat lost during the later minutes, 
WKXV�SURGXFLQJ�QR�QHW�HͿHFW��+RZHYHU��LI�WLWUDWLRQV�DUH�KDOWHG�IRU�DQ�H[WHQGHG�DPRXQW�RI�WLPH��
FRROLQJ�FRQWLQXHV��DQG�DQ�HUURQHRXV�HOHYDWLRQ�RI�FRXQWV�PD\�DJDLQ�EH�H[SHFWHG�GXULQJ�WLWUD-
WLRQ�RI�WKH�QH[W�VDPSOH��
� 7R�FRXQWHU�WKHVH�HͿHFWV��LW�LV�GHVLUDEOH�WR�UDSLGO\�DSSURDFK�D�VWDEOH�WHPSHUDWXUH�RI�
the coulometric solution (so that measurements may commence as soon as possible) and to 
subsequently maintain that temperature carefully in order to minimize variability. To these 
HQGV��WKH�FRXORPHWHU�FHOOV�FDS�PD\�EH�RXWÀWWHG�ZLWK�D���PP�2'�8�VKDSHG�JODVV�WXEH��KDQJ-
ing down to the bottom of the cell, to the side of the light path. Through this tube, water of 
25 ºC may be circulated in order to maintain coulometric solution temperature slightly above 
that level. The additional monitoring of solution temperature is realized straightforwardly by 
insertion of a stainless steel temperature probe through the cell cap. So equipped, coulometric 
titrations increase the temperature only slightly during the early minutes of a run. Subsequent 
cooling back to ~25 ºC is accomplished well within the same run, thereby resulting in no net 
WHPSHUDWXUH�FKDQJH�GXULQJ�WKH�UXQ��0RUHRYHU��H[WHQGHG�SHULRGV�RI�LQDFWLYLW\�ZLOO�QRW�LQÁX-
ence subsequent runs. 
 This arrangement has been tested for brief periods at the NIOZ laboratory. No adverse 
HͿHFWV�ZHUH�QRWHG��EXW�QHLWKHU�ZDV�D�VLJQLÀFDQW�LPSURYHPHQW�LQ�UHVXOWV��1RQHWKHOHVV��JLYHQ�
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LWV�FRQFHLYDEOH�EHQHÀW�WR�DQDO\WLFDO�SUHFLVLRQ��D�IRUPDO�HYDOXDWLRQ�RI�WKH�SURSRVHG�VHWXS�IRU�
H΀FDF\�DQG�VXLWDELOLW\�GXULQJ�UHVHDUFK�H[SHGLWLRQV�LV�UHFRPPHQGHG��

Autosampling
$ERYH�PRGLÀFDWLRQV�ZRXOG��WDNHQ�WRJHWKHU��GR�DZD\�ZLWK�ERWK�SHULVWDOWLF�SXPSV��ZLWK�VHYHUDO�
YDOYHV��VHQVRUV��D�PDVV�ÁRZ�FRQWUROOHU�DQG�RWKHU�FRPSRQHQWV��WKHUHE\�VXEVWDQWLDOO\�VLPSOLI\LQJ�
operation and potentially improving mechanical reliability. But even without the alterations 
suggested above, the VINDTA has already proven to be capable of performing dozens of con-
secutive analyses with consistently high accuracy, during which the single task of the operator 
LV�WR�WUDQVIHU�WKH�VDPSOH�LQWDNH�OLQH�IURP�RQH�ERWWOH�WR�WKH�QH[W�EHWZHHQ�UXQV��
 These observations suggests that the VINDTA instrument may be equipped with an 
autosampler and put to unattended operation with minimal risk. Especially if operators would 
remain near the instrument during automated runs (due to involvement in other analysis or 
sampling activities), the unnoticed loss of samples would likely be minimal, and the gain in 
throughput substantial. Additionally, automated and standardized intake of samples would 
OLNHO\�EH�EHQHÀFLDO�WR�SUHFLVLRQ�DQG�DFFXUDF\��0HFKDQLFDOO\��WKH�DXWRVDPSOHU�ZRXOG�FRQVLVW�
VWUDLJKWIRUZDUGO\�RI��IRU�H[DPSOH��HLJKW�VDPSOH�ERWWOHV��RU�&50�RU�ODERUDWRU\�VWDQGDUGV��XQGHU�
slight headspace overpressure, connected to a multiport manifold, which selects the sample to 
be fed to the instrument. 
 Use of an autosampler would likely require moderately large changes to the control 
software. However, performing these changes concurrently with a larger rewriting of the soft-
ware, mentioned below, would yield a highly integrated, automated and reliable instrument 
for high-throughput analysis for CT and AT.

New control software
I consider the currently used control software of the VINDTA to be somewhat unwieldy and 
erratic. Its spottiness renders advanced operations (notably the re-processing of AT titration 
results) challenging even to long-term users. At least one laboratory using VINDTA instruments 
(that of Dr. Dorothee Bakker at UEA, Norwich, UK) has had new control software programmed 
on a non-LabView platform, and use that to their decided satisfaction. I would recommend to 
either attempt to acquire a (trial-) copy the UEA software, or to develop such software anew. 
 Various software routines for various software platforms (Matlab, S, R, Python et ce-
tera), have become available for the calculation of AT from titration data. The re-writing of the 
control software additionally may be used to enhance the co-operability of the control software 
with these various post-processing routines. Currently, such interoperability is near-absent, 
DQG�H[WUDFWLQJ�IURP�WKH�FRQWURO�VRIWZDUH�DOO�UDZ�GDWD�UHOHYDQW�WR�SRVW�SURFHVVLQJ�UHTXLUHV�VLJ-
QLÀFDQW�VNLOO�RI�WKH�9,1'7$�RSHUDWRU�

Post-cruise data processing.
As a last point, albeit one with high priority and relevance, I recommend to attempt to rigor-
ously formalize the post-cruise data processing. Currently, the determination of coulometer 
blank levels, determination of outliers, corrections against CRM et cetera, in essence is a sub-
jective enterprise. Although always performed in good faith, these decisions should be based 
RQ�D�IRUPDOL]HG�VHW�RI�FULWHULD��LQ�WKH�LQWHUHVW�RI�XVDELOLW\�RI�WKH�ÀQDO�GDWD�WR�LQYHVWLJDWRUV�QRW�
involved in their collection.
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(a) Refers to section 3.5
(b) Refers to section 3.6
(c) Larger amounts of ‘startup junk analyses’ improve cell stability over the initial several runs
(d) Mean and standard deviation of di!erences between measured and certi"ed values of CRM. Large values here may
 indicate noisy measurements and/or instrument drift over the course of a cruise.
(e) Mean and standard deviation of replicate measurements performed within a short time span. In all cases, n>>20
(f ) Mean and standard deviation of samples analyzed on both instruments. In all cases, n>>50
(g) Subjective estimate
(h) A gradual drift in results was observed

Table 3.1. Cruise metadata and analytical performance. 
64PE239 64PE240 ANT-XXIII/7 ARK-XXII/2 64PE275 64PE278 ANT-XXIV/3 64PE319 64PE321

Vessel RV Pelagia RV Pelagia PFS Polarstern PFS Polarstern RV Pelagia RV Pelagia PFS Polarstern RV Pelagia RV Pelagia

Start port Texel, Netherlands Peterhead, Scotland Cape Town, S. Africa Tromsoe, Norway Texel, Netherlands Galway, Ireland Cape Town, S. Africa Scrabster, Scotland St. George, Bermuda

End port Peterhead, Scotland Texel, Netherlands Cape Town, S. Africa Bremerhaven, Ger. Galway, Ireland Caniçal, Madeira Punta Arenas, Chile St. George, Bermuda Fortaleza, Brasil

Start date Aug. 17, 2005 Sep. 7, 2005 Aug. 25, 2006 Jul. 28, 2007 Aug. 30, 2007 Oct. 26, 2007 Feb. 10, 2008 Apr. 28, 2010 Jun. 11, 2010

End date Sep. 6, 2005 Oct. 5, 2005 Oct. 29, 2006 Oct. 10, 2007 Sep. 27, 2007 Nov. 17, 2007 Apr. 16, 2008 May 25, 2010 Jul. 8, 2010

Chief scientist(s)
Helmuth Thomas

Dalhousie University
Canada

Cees Veth
NIOZ, Texel
Netherlands

Peter Lemke
AWI, Bremerhaven

Germany

Ursula Schauer 
AWI, Bremerhaven 

Germany

Geert-Jan Brummer 
NIOZ, Texel 

Netherlands

Dagmar Kieke
IUP, Bremen 
Germany

Eberhard Fahrbach 
AWI, Germany 

Hein de Baar NIOZ, 
Netherlands

Loes Gerringa
 NIOZ, Texel 

Netherlands

Micha Rijkenberg 
NIOZ, Texel
Netherlands

CO2 analyses
Steven van Heuven

Friederike Prowe
Steven van Heuven
Henk Zemmelink

Steven van Heuven Sven Ober
Steven van Heuven 
Astrid Hoogstraten

Henk Zemmelink

Steven van Heuven 
Maaike Claus

Steven van Heuven 
Hans Slagter

Steven van Heuven
Lesley Salt

CO2 parameters measured CT, AT, (pCO2) CT, AT, (pCO2) CT, AT CT, AT CT, AT, (pCO2) CT, AT

VINDTA instruments used
A: VINDTA 9 (Dalhousie)

B: VINDTA 10
A: VINDTA 15
B: VINDTA 14

A: VINDTA 14
A: VINDTA 15 
B: VINDTA 17

A: VINDTA 17
B: VINDTA 15

A: VINDTA 14
B: VINDTA 17

unique ocean samples for CT/AT # circa 750 circa 725 circa 525 circa 450 circa 725 circa 850 circa 2850 circa 400 circa 500

CRM for CT/AT # circa 60 circa 85 circa 80 circa 70 circa 40 circa 80 circa 200 circa 50 circa 50

Samples poisoned? no, immediate analysis
yes, analysis within 2 

months
no, immediate 

analysis
no, immediate 

analysis
no, immediate 
analysis

no, immediate 
analysis

no, immediate 
analysis

no, immediate 
analysis

CT

Coulometer light source(a) incandescent incandescent incandescent incandescent incandescent LED LED

Coulometer electronic calibration(b) no no no no no no yes

Startup junks volume(c) mlSW ca. 80 ca. 160 ca. 80 ca. 160 ca. 160 ca. 160 ca. 160

CRM deviation from cert. value(d) µmol kg-1 A: -8.1±2.5
B: -3.6±7.3

A: -8.1±1.4
B: -4.9±1.7

A: -6.3±4.4
B: -4.3±3.3

A: +5.0±1.5
A: -9.4±4.7

B: -11.2±3.4
A: +7.6±3.7
B: +2.5±3.1

A: -2.2±5.3
B: -12.5±3.3

A: +1.9±2.0
B: -6.1±9.3 (h)

Short term precision(e) µmol kg-1 A: not enough data
B: not enough data

A: ±1.2
B: ±0.8

A: ±1.4
B: ±1.0

A: ±1.5
A: ±1.4
B: ±1.3

A: ±0.9
B: ±1.0

A: ±1.3
B: ±1.5

A: ±1.6
B: ±0.9

VINDTA A-B (corrected data)(f) µmol kg-1 not enough data +0.7±2.8 -1.1±3.6 -- +0.1±2.6 -0.9±3.1  +0.1±2.1 -0.6±1.9

Estimate of "nal accuracy(g) µmol kg-1 ±4 ±2 ±3 ±3 ±3 ±2 ±2 ±2

Estimate of "nal precision(g) µmol kg-1 ±3 ±3 ±3 ±2 ±3 ±3 ±2 ±2

AT

Acid batch size 1 1 1 10 10 10 20

Acid strength calibrated? no no no no no yes no

Acid strength(s) mol l-1 approx. 0.1 approx. 0.1 approx. 0.1 approx. 0.1 approx. 0.1 0.125 / 0.093 / 0.123 approx. 0.1

CRM deviation from cert. value(d) µmol kg-1 A: +51.9±2.4
B: +54.5±3.5

A: +48.8±2.2
B: +52.2±2.0

A: -8.0±4.9
B: -14.0±3.4

A: 0.5±4.5
A: +6.0±8.0 (h)

B: +6.7±2.8
A: +21.4±2.9
B: +82.4±1.9

A: -11.9±4.2
B: -6.8±9.8 (h)

A: +21.1±6.1 (h)
B: +17.4±2.3

Short term precision(e) µmol kg-1 A: not enough data
B: not enough data

A: ±0.6
B: ±1.2

A: ±1.1
B: ±1.0

A: ±1.5
A: ±1.4
B: ±1.8

A: ±1.0
B: ±1.2

A: ±1.9
B: ±2.5

A: ±1.5
B: ±1.1

VINDTA A-B (corrected data)(f) µmol kg-1 not enough data +0.9±1.6 -1.0±2.1 -- +1.0±1.4 +2.9+2.1 -6.9±4.7 +0.7±3.7

Estimate of "nal accuracy(g) µmol kg-1 ±6 ±3 ±3.0 ±4 ±3 ±4 ±4 ±2
Estimate of "nal precision(g) µmol kg-1 ±3 ±2 ±2.0 ±2 ±2 ±2 ±2 ±3
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Table 3.1. Cruise metadata and analytical performance. 
64PE239 64PE240 ANT-XXIII/7 ARK-XXII/2 64PE275 64PE278 ANT-XXIV/3 64PE319 64PE321

Vessel RV Pelagia RV Pelagia PFS Polarstern PFS Polarstern RV Pelagia RV Pelagia PFS Polarstern RV Pelagia RV Pelagia

Start port Texel, Netherlands Peterhead, Scotland Cape Town, S. Africa Tromsoe, Norway Texel, Netherlands Galway, Ireland Cape Town, S. Africa Scrabster, Scotland St. George, Bermuda

End port Peterhead, Scotland Texel, Netherlands Cape Town, S. Africa Bremerhaven, Ger. Galway, Ireland Caniçal, Madeira Punta Arenas, Chile St. George, Bermuda Fortaleza, Brasil

Start date Aug. 17, 2005 Sep. 7, 2005 Aug. 25, 2006 Jul. 28, 2007 Aug. 30, 2007 Oct. 26, 2007 Feb. 10, 2008 Apr. 28, 2010 Jun. 11, 2010

End date Sep. 6, 2005 Oct. 5, 2005 Oct. 29, 2006 Oct. 10, 2007 Sep. 27, 2007 Nov. 17, 2007 Apr. 16, 2008 May 25, 2010 Jul. 8, 2010

Chief scientist(s)
Helmuth Thomas

Dalhousie University
Canada

Cees Veth
NIOZ, Texel
Netherlands

Peter Lemke
AWI, Bremerhaven

Germany

Ursula Schauer 
AWI, Bremerhaven 

Germany

Geert-Jan Brummer 
NIOZ, Texel 

Netherlands

Dagmar Kieke
IUP, Bremen 
Germany

Eberhard Fahrbach 
AWI, Germany 

Hein de Baar NIOZ, 
Netherlands

Loes Gerringa
 NIOZ, Texel 

Netherlands

Micha Rijkenberg 
NIOZ, Texel
Netherlands

CO2 analyses
Steven van Heuven

Friederike Prowe
Steven van Heuven
Henk Zemmelink

Steven van Heuven Sven Ober
Steven van Heuven 
Astrid Hoogstraten

Henk Zemmelink

Steven van Heuven 
Maaike Claus

Steven van Heuven 
Hans Slagter

Steven van Heuven
Lesley Salt

CO2 parameters measured CT, AT, (pCO2) CT, AT, (pCO2) CT, AT CT, AT CT, AT, (pCO2) CT, AT

VINDTA instruments used
A: VINDTA 9 (Dalhousie)

B: VINDTA 10
A: VINDTA 15
B: VINDTA 14

A: VINDTA 14
A: VINDTA 15 
B: VINDTA 17

A: VINDTA 17
B: VINDTA 15

A: VINDTA 14
B: VINDTA 17

unique ocean samples for CT/AT # circa 750 circa 725 circa 525 circa 450 circa 725 circa 850 circa 2850 circa 400 circa 500

CRM for CT/AT # circa 60 circa 85 circa 80 circa 70 circa 40 circa 80 circa 200 circa 50 circa 50

Samples poisoned? no, immediate analysis
yes, analysis within 2 

months
no, immediate 

analysis
no, immediate 

analysis
no, immediate 
analysis

no, immediate 
analysis

no, immediate 
analysis

no, immediate 
analysis

CT

Coulometer light source(a) incandescent incandescent incandescent incandescent incandescent LED LED

Coulometer electronic calibration(b) no no no no no no yes

Startup junks volume(c) mlSW ca. 80 ca. 160 ca. 80 ca. 160 ca. 160 ca. 160 ca. 160

CRM deviation from cert. value(d) µmol kg-1 A: -8.1±2.5
B: -3.6±7.3

A: -8.1±1.4
B: -4.9±1.7

A: -6.3±4.4
B: -4.3±3.3

A: +5.0±1.5
A: -9.4±4.7

B: -11.2±3.4
A: +7.6±3.7
B: +2.5±3.1

A: -2.2±5.3
B: -12.5±3.3

A: +1.9±2.0
B: -6.1±9.3 (h)

Short term precision(e) µmol kg-1 A: not enough data
B: not enough data

A: ±1.2
B: ±0.8

A: ±1.4
B: ±1.0

A: ±1.5
A: ±1.4
B: ±1.3

A: ±0.9
B: ±1.0

A: ±1.3
B: ±1.5

A: ±1.6
B: ±0.9

VINDTA A-B (corrected data)(f) µmol kg-1 not enough data +0.7±2.8 -1.1±3.6 -- +0.1±2.6 -0.9±3.1  +0.1±2.1 -0.6±1.9

Estimate of "nal accuracy(g) µmol kg-1 ±4 ±2 ±3 ±3 ±3 ±2 ±2 ±2

Estimate of "nal precision(g) µmol kg-1 ±3 ±3 ±3 ±2 ±3 ±3 ±2 ±2

AT

Acid batch size 1 1 1 10 10 10 20

Acid strength calibrated? no no no no no yes no

Acid strength(s) mol l-1 approx. 0.1 approx. 0.1 approx. 0.1 approx. 0.1 approx. 0.1 0.125 / 0.093 / 0.123 approx. 0.1

CRM deviation from cert. value(d) µmol kg-1 A: +51.9±2.4
B: +54.5±3.5

A: +48.8±2.2
B: +52.2±2.0

A: -8.0±4.9
B: -14.0±3.4

A: 0.5±4.5
A: +6.0±8.0 (h)

B: +6.7±2.8
A: +21.4±2.9
B: +82.4±1.9

A: -11.9±4.2
B: -6.8±9.8 (h)

A: +21.1±6.1 (h)
B: +17.4±2.3

Short term precision(e) µmol kg-1 A: not enough data
B: not enough data

A: ±0.6
B: ±1.2

A: ±1.1
B: ±1.0

A: ±1.5
A: ±1.4
B: ±1.8

A: ±1.0
B: ±1.2

A: ±1.9
B: ±2.5

A: ±1.5
B: ±1.1

VINDTA A-B (corrected data)(f) µmol kg-1 not enough data +0.9±1.6 -1.0±2.1 -- +1.0±1.4 +2.9+2.1 -6.9±4.7 +0.7±3.7

Estimate of "nal accuracy(g) µmol kg-1 ±6 ±3 ±3.0 ±4 ±3 ±4 ±4 ±2
Estimate of "nal precision(g) µmol kg-1 ±3 ±2 ±2.0 ±2 ±2 ±2 ±2 ±3
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Abstract

The original goal of the CARINA (Carbon in Atlantic Ocean) data synthesis project was to create 
a merged calibrated data set from open ocean subsurface measurements by European scientists 
that would be generally useful for biogeochemical investigations in the North Atlantic and in 
SDUWLFXODU��VWXGLHV�LQYROYLQJ�WKH�FDUERQ�V\VWHP��2YHU�WLPH�WKH�JHRJUDSKLF�H[WHQW�H[SDQGHG�WR�
include the entire Atlantic, the Arctic and the Southern Ocean and the international collaboration 
EURDGHQHG�VLJQLÀFDQWO\��,Q�WKLV�SDSHU�ZH�JLYH�D�EULHI�KLVWRU\�RI�WKH�SURMHFW��D�JHQHUDO�RYHUYLHZ�
of data included and an outline of the procedures used during the synthesis.
 The end result of this project was a set of 3 data products, one for each of the listed 
ocean regions. It is critical that anyone who uses any of the CARINA data products recognize 
that the data products are not simply concatenations of the originally measured YDOXHV. Rather, 
WKH�GDWD�KDYH�EHHQ�WKURXJK�DQ�H[WHQVLYH�FDOLEUDWLRQ�SURFHGXUH�GHVLJQHG�WR�UHPRYH�PHDVXUH-
PHQW�ELDV�DQG�EDG�GDWD��$OVR�D�VLJQLÀFDQW�IUDFWLRQ�RI�WKH�LQGLYLGXDO�YDOXHV�LQ�WKH�GDWD�SURGXFWV�
ZHUH�GHULYHG�HLWKHU�E\�GLUHFW�FDOFXODWLRQ�RU�VRPH�PHDQV�RI�DSSUR[LPDWLRQ��7KHVH�GDWD�SURG-
ucts were constructed for basin scale biogeochemical investigations and may be inappropriate 
IRU�LQYHVWLJDWLRQV�LQYROYLQJ�VPDOO�DUHDO�H[WHQW�RU�VLPLODU�GHWDLOHG�DQDO\VHV��0RUH�LQIRUPDWLRQ�
RQ�VSHFLÀF�SDUWV�RI�WKLV�SURMHFW�FDQ�EH�IRXQG�LQ�FRPSDQLRQ�DUWLFOHV�LQ�WKLV�LVVXH��,Q�SDUWLFXODU��
Tanhua et al. (2009) and Tanhua (2010b; Chapter 5 of this thesis) describe the procedures and 
software used to remove measurement bias from the original data.
� 7KH�WKUHH�GDWD�SURGXFWV�DQG�D�VLJQLÀFDQW�YROXPH�RI�VXSSRUWLQJ�LQIRUPDWLRQ�DUH�DYDLO-
DEOH�IURP�WKH�&$5,1$�ZHE�VLWH�KRVWHG�E\�WKH�&DUERQ�'LR[LGH�,QIRUPDWLRQ�$QDO\VLV�&HQWHU�
(CDIAC; http://cdiac.esd.ornl.gov/oceans/CARINA/Carina_inv.html). Anyone wanting to use the 
data is advised to get the highest version number of each data product. Incremental versions 
UHSUHVHQW�HLWKHU�FRUUHFWLRQV�RU�DGGLWLRQV��7KH�ZHE�VLWH�GRFXPHQWV�VSHFLÀFV�RI�WKH�FKDQJHV�

4.1. Background

Historically, the vast majority of chemical oceanographic investigations have focused on 
problems that had the scale of an ocean basin or smaller. There were multiple reasons for this 
UHVWULFWHG�YLHZ�WKDW�LQFOXGHG�ODFN�RI�ÀQDQFLDO�UHVRXUFHV��ODFN�RI�PDQSRZHU��DQG�WKH�IDFW�WKDW�
very limited data sharing occurred between individual researchers. Some data sets were sub-
mitted to national data centers, however, many were not, and the level of quality control pos-
sible at the national data repositories is limited. The end result was that no really high quality 
ELRJHRFKHPLFDO�RFHDQ�GDWD�VHW�ZLWK�JOREDO�VFRSH�H[LVWHG�
 The GEOSECS program (Geochemical Ocean Sections) was conceived in 1967 and 
FDUULHG�RXW�GXULQJ�WKH�����V��*(26(&6�VDPSOLQJ�FRQVLVWHG�RI�����VWDWLRQV�GLVWULEXWHG�DSSUR[L-
mately along the center of each major ocean basin. Many parameters were analyzed in addition 
WR�WKH�FRPPRQ�K\GURJUDSKLF�PHDVXUHPHQWV��L�H��SUHVVXUH��WHPSHUDWXUH��VDOLQLW\��R[\JHQ��DQG�
the macro nutrients nitrate, silicate and phosphate. Most remarkable about GEOSECS was the 
H[WUHPHO\�KLJK�TXDOLW\�RI�WKH�PHDVXUHPHQWV�²�LQ�VRPH�FDVHV�HTXLYDOHQW�WR�WKH�EHVW�GDWD�EHLQJ�
generated today. Also revolutionary was the fact the entire data set was available to the pub-
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lic in a reasonably short time. It is not an overstatement to say that GEOSECS revolutionized 
chemical oceanography. The greatest limitation of GEOSECS is that fact that it only provided 
a two dimensional picture of chemical distributions in the global ocean. The data were not 
VX΀FLHQW�WR�JHQHUDWH�SURSHUW\�GLVWULEXWLRQV�RQ�KRUL]RQWDO�VXUIDFHV��*OREDO�SURSHUW\�LQWHJUDOV�
FRPSXWHG�IURP�WKH�GDWD�KDG�VLJQLÀFDQW�HUURUV��3HDFRFN��������.H\�HW�DO����������
 During the 1980s the TTO (Transient Tracers in the Ocean) and SAVE (South Atlantic 
9HQWLODWLRQ�([SHULPHQW��SURJUDPV�H[WHQGHG�WKH�*(26(&6�YLHZ�WR�WKUHH�GLPHQVLRQV�IRU�WKH�
Atlantic. Station spacing was still sparse, however the individual station locations were cho-
sen so that the combined data could be used to produce property maps on potential density 
surfaces with reasonable interpolation error (e.g. Kawase and Sarmiento, 1985). The number 
RI�PHDVXUHG�SDUDPHWHUV�ZDV�VLJQLÀFDQWO\�VPDOOHU�WKDQ�IRU�*(26(&6��EXW�WKH�GDWD�TXDOLW\�ZDV�
again remarkably high, and the data were made public.
� 7ZR�RWKHU�WUDQVLWLRQV�UHVXOWHG�IURP�WKHVH�SURJUDPV��7KH�ÀUVW�ZDV�WKDW�QXWULHQW�DQG�
R[\JHQ�GDWD�ZHUH�UHSRUWHG�LQ�PLFURPROHV�SHU�NLORJUDP�UDWKHU�WKDQ�LQ�PLFURPROHV�RU�PLOOLOLWHUV�
per liter. This change was based on chemical arguments and has been adopted by subsequent 
large-scale programs. Unfortunately, this transition has not been universal. Second, the data 
were presented in a format designed for computer access. By today’s standards, the formats 
ZHUH�IDU�IURP�LGHDO��EXW�WKH\�ZHUH�FDUHIXOO\�WKRXJKW�RXW�DQG�WKH�IRUPDW�´ÁDZVµ�ZHUH�ODUJHO\�
a result of computer limitations. 
� 772�DQG�6$9(�RUJDQL]HUV�KDG�SODQQHG�WR�H[WHQG�WKH�SURJUDPV�WR�WKH�RWKHU�RFHDQV��
KRZHYHU��WKLV�QHYHU�PDWHULDOL]HG��,Q�WKH�ODWH�����V�:2&(��:RUOG�2FHDQ�&LUFXODWLRQ�([SHUL-
PHQW��DQG�-*2)6��-RLQW�*OREDO�2FHDQ�)OX[�6WXG\��EHJDQ��8QOLNH�WKH�SUHYLRXV�VWXGLHV��ERWK�
of these had international organization and participation. Both programs had accuracy goals 
for every measured parameter, both required that the data be released quickly for public use 
LQ�XQLIRUP�IRUPDW�FRPSXWHU�DFFHVVLEOH�ÀOHV��DQG�ERWK�KDG�VWDQGDUG�UHSRUWLQJ�XQLWV�IRU�HYHU\�
measurement. WOCE protocol had the additional requirement that each measurement in a 
ERWWOH�GDWD�VHW��H[FHSW�&7'�GHULYHG�WHPSHUDWXUH�DQG�SUHVVXUH��EH�DVVLJQHG�DQ�LQWHJHU�TXDOLW\�
ÁDJ��7KH�ÁDJ�YDOXHV�ZHUH�GHWHUPLQHG�HLWKHU�E\�ÀUVW�KDQG�NQRZOHGJH�RI�WKH�DQDO\VLV��RU�E\�
´GDWD�H[SHUWVµ�DIWHU�D�GDWD�VHW�ZDV�VXEPLWWHG��7KLV�GDWD�ÁDJJLQJ�SURFHGXUH�KDV�FRPH�WR�EH�
FDOOHG�́ SULPDU\�TXDOLW\�FRQWUROµ�RU�VLPSO\�́ 4&�µ��3ULPDU\�TXDOLW\�FRQWURO�LV�ODUJHO\�D�PHDVXUH�
RI�WKH�SUHFLVLRQ�RI�D�SDUWLFXODU�PHDVXUHPHQW�UDWKHU�WKDQ�DFFXUDF\��7KH�:2&(�GDWD�ÁDJV�KDYH�
been used by many subsequent programs.
 WOCE originated as a physical oceanographic program with sampling designed to 
optimize global transport calculations. The occupied sections were either meridional or zonal 
and had dense sampling along the sections relative to previous studies (~30 nm station spac-
ing; 24 to 36 bottle samples per station; high accuracy CTD records). In addition to the common 
hydrographic measurements a subset of the samples were analyzed for transient tracers (3H, 
3He, 13C, 14C, CFC-11 and CFC-12).
 JGOFS was a process oriented investigation and included repeated sampling at a 
IHZ�ORFDWLRQV��7KH�-*2)6�ORFDWLRQV�ZHUH�FKRVHQ�IRU�VSHFLÀF�K\GURJUDSKLF�DQG�ELRJHRFKHPL-
cal conditions. JGOFS measurements included the common hydrographic parameters, but fo-
cused on less common biogeochemical measurements. Critical to the CARINA project, JGOFS 
also funded the analysis of carbon system parameters (total dissolved inorganic carbon, DIC 
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or TCO2 or CT; total alkalinity, ALK or AT; pH; the partial pressure (or fugacity) of dissolved 
FDUERQ�GLR[LGH��pCO2 or fCO2) on WOCE cruises.
 Many of the papers in this special issue discuss CT and/or AT data. In these papers as 
well as within the chemical oceanographic community there is no standard abbreviation for 
these two parameters. Total dissolved inorganic carbon is abbreviated by DIC, TCO2, CT etc. 
Total alkalinity is abbreviated with Alk, ALK, AT, TA, etc. Regardless of the abbreviation used, 
LQ�WKH�&$5,1$�OLWHUDWXUH�DOO�DUH�WDONLQJ�DERXW�WKH�H[DFW�VDPH�WKLQJ��(ͿRUWV�WR�VWDQGDUGL]H�WKHVH�
abbreviations have failed.
 Concurrent with WOCE sampling came the general acceptance that human activi-
ties – most importantly the release of CO2 into the atmosphere by burning fossil fuels had the 
potential to alter global climate. By the end of WOCE one of the largest uncertainties in global 
climate change studies was the inventory of anthropogenic CO2 stored in the ocean. Accurate 
TXDQWLÀFDWLRQ�RI�WKLV�LQYHQWRU\�ZDV�WKH�SULPDU\�PRWLYDWLRQ�IRU�*/2'$3��*OREDO�2FHDQ�'DWD�
Analysis Project). GLODAP was a formally organized and funded collaboration. Most of the 
GLODAP team members were US scientists, but the project included participation by scientists 
IURP�$XVWUDOLD��-DSDQ��.RUHD�DQG�(XURSH��7R�DFKLHYH�WKH�VWDWHG�JRDO��WKH�ÀUVW�UHTXLUHPHQW�ZDV�D�
high quality, uniformly calibrated global data set that included carbon system measurements and 
ancillary data. The core data for GLODAP were provided by WOCE and JGOFS. The uniform 
calibration requirement led to the development (or adoption) of various techniques designed to 
TXDQWLI\��DQG�VXEVHTXHQWO\�FRUUHFW��PHDVXUHPHQW�ELDV�WKDW�H[LVWHG�EHWZHHQ�YDULRXV�FUXLVH�GDWD�
VHWV��7KH�GDWD�ELDV�H[LVWHG�EHFDXVH�WKHUH�ZHUH�QR�XQLYHUVDO�VWDQGDUGV�IRU�PRVW�RI�WKH�QHHGHG�
PHDVXUHPHQWV��H�J��QXWULHQWV��R[\JHQ��FDUERQ�V\VWHP�PHDVXUHPHQWV���7KH�TXDQWLÀFDWLRQ�RI�
PHDVXUHPHQW�ELDV�KDV�FRPH�WR�EH�NQRZQ�DV�VHFRQGDU\�TXDOLW\�FRQWURO�RU�VLPSO\�́ 4&�µ��'HWDLOV�
of the GLODAP QC2 procedures can be found in the literature (Key et al., 2004; Sabine et al., 
2005) and at the CDIAC web site (http://cdiac.esd.ornl.gov/oceans/ glodap/Glodap home.htm). For 
the carbon system, most of the data bias was eliminated by the availability, part way through 
WKH�:2&(�VDPSOLQJ��RI�&50V��&HUWLÀHG�5HIHUHQFH�0DWHULDO��ZKLFK�ZHUH�GHYLVHG��SUHSDUHG�
and distributed by A. Dickson (Dickson, 1990; Dickson et al., 2003; Dickson, http://andrew.ucsd.
HGX�FR�TF�LQGH[�KWPO). The GLODAP team did not have the manpower to do complete QC2 on 
all of the parameters included in the data products, but rather adopted results from previous 
studies where available (Gouretski and Jancke, 2001; Johnson et al., 2001; C. Mordy and L. 
Gordon, personal communication to R. Key, 2003).
 Once the GLODAP team had completed the QC2 work, they produced two data prod-
XFWV��.H\�HW�DO����������7KH�ÀUVW�ZDV�D�VHW�RI�WKUHH�PHUJHG�FDOLEUDWHG�GDWD�VHWV��RQH�HDFK�IRU�WKH�
$WODQWLF��,QGLDQ�DQG�3DFLÀF�2FHDQV��7KHVH�FRPSLODWLRQV�XVHG�D�VLPSOLÀHG�VHW�RI�TXDOLW\�ÁDJV�
�VXEVHW�RI�WKH�:2&(�ÁDJV���KDG�DOO�TXHVWLRQDEOH�EDG�GDWD�UHPRYHG��LQFOXGHG�LQWHUSRODWHG�
YDOXHV�IRU�PLVVLQJ�VDOLQLW\��R[\JHQ�DQG�QXWULHQW�GDWD�DQG�UHGXFHG�WKH�FDUERQ�PHDVXUHPHQWV�WR�
AT and CT (by calculation from whatever carbon-pair was measured). The second product was a 
series of objectively mapped property distributions. The maps used the same grid spacing and 
depth levels as previous work (e.g. Levitus, 1982 and subsequent revisions) for compatibility. 
The maps were then integrated to provide inventories (for the region covered by the data) for 
CT, AT, natural 14C, bomb-produced 14C, anthropogenic CO2, CFC-11 and CFC-12 (Table 1 in 
Key et al., 2004). These inventories were not quite global since GLODAP included very little 
GDWD�IURP�WKH�$UFWLF�0HGLWHUUDQHDQ�6HDV��6DELQH�HW�DO���������PDGH�UHDVRQDEOH�H[WUDSRODWLRQV�
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WR�H[WHQG�WKH�GDWD�WR�WKH�UHPDLQGHU�RI�WKH�JOREDO�RFHDQ�DQG�SURGXFHG�WKH�ÀUVW�GDWD�EDVHG�DQ-
thropogenic CO2 global ocean inventory using the method of Gruber (1998). The same data 
KDYH�EHHQ�XVHG�ZLWK�GLͿHUHQW�PHWKRGV�WR�FDOFXODWH�DOWHUQDWH�DQWKURSRJHQLF�&22 inventory 
estimates (McNeil et al., 2003; Waugh et al., 2006). The GLODAP data products were released 
WR�WKH�VFLHQWLÀF�FRPPXQLW\�LPPHGLDWHO\��DQG�KDYH�VXEVHTXHQWO\�EHHQ�YHU\�ZLGHO\�XVHG�IRU�
varied biogeochemical and physical investigations by modelers and data analysts (Orr et al., 
2001, 2005; Feely et al., 2002, 2004; Gnanadesikan et al., 2004; Lee et al., 2006: Matsumoto et al., 
������0DWVXPRWR��������0F1HLO�HW�DO���������0LNDORͿ�)OHWFKHU�HW�DO���������������5RXVVHQRY�HW�
al., 2004; Sarmiento et al., 2007; Sweeney et al., 2007; Vazquez et al., 2009; and many others).
 While quite successful, GLODAP did not cover all ocean areas. The only data in the 
FROOHFWLRQ�IURP�ODWLWXGHV�QRUWK�RI�DSSUR[LPDWHO\�����1�ZHUH�D�IHZ�*(26(&6�DQG�772�VWDWLRQV�
LQ�WKH�1RUGLF�6HDV��*/2'$3�LQFOXGHG�QR�GDWD�IURP�WKH�$UFWLF�2FHDQ�RU�WKH�*XOI�RI�0H[LFR��
only a couple of stations in the Caribbean Sea, one GEOSECS station from the Mediterranean 
Sea, etc. Some of the research referenced above also demonstrated that the data density in the 
1RUWK�$WODQWLF�ZDV�H[FHSWLRQDOO\�VSDUVH�UHODWLYH�WR�WKH�FRQFHQWUDWLRQ�JUDGLHQWV�DQG�FRPSOLFDWHG�
SK\VLFV�HQFRXQWHUHG�WKHUH��7KHVH�GHÀFLHQFLHV�ZHUH�SDUWLDOO\�UHVSRQVLELOLW\�IRU�WKH�&$5,1$�
project.

4.2. History of the CARINA project

Unlike GLODAP, the CARINA project began as an informal collaboration with very limited 
funding. The project was started by D. Wallace and L. Mintrop, and had an organizational 
meeting at Delmenhorst, Germany in 1999. Subsequently, funding was obtained from Ger-
man JGOFS to support Mintrop who acted as data collector. Participation was voluntary and 
consisted mostly of European scientists. Participating scientists were required to submit their 
historical data sets that included either subsurface carbon system measurements or underway 
surface pCO2 data. The last meeting of this group was held in 2002. By that time the group 
KDG�DFFXPXODWHG�VXEVXUIDFH�GDWD�IURP�DSSUR[LPDWHO\����FUXLVHV��H[FOXGLQJ�WKRVH�WKDW�ZHUH�
in GLODAP) and twice that number of underway data sets. The funding ended in March 2003 
DQG��XQIRUWXQDWHO\��WKH�VXSSRUW�OHYHO�ZDV�LQVX΀FLHQW�WR�GR�PXFK�PRUH�WKDQ�DPDVV�DQG�FDWDORJ�
the submitted data.
 In 2004 the original CARINA data collection was transferred to CDIAC. This was 
DERXW�WKH�VDPH�WLPH�WKDW�WKH�1RUWK�$WODQWLF�*/2'$3�GDWD�GHÀFLHQFLHV�ZHUH�UHFRJQL]HG��&RQ-
sequently, a copy of the CARINA bottle data was transferred to Princeton for data assessment 
and quality control.
 In January 2005 the EU funded CarboOcean program began. This consortium consists 
of more than 40 research groups and includes the most of original CARINA scientists. Car-
boOcean is an integrated program with the aim of making an accurate assessment of oceanic 
sources and sinks of carbon over space and time. It has focus on the Atlantic and Southern 
2FHDQ�DQG�D�WLPH�LQWHUYDO�RI�ï����WR������\HDUV�IURP�WKH�SUHVHQW��$OO�IXQGHG�&DUER2FHDQ�SDUW-
ners are required to make public all historical data and new data after a two year proprietary 
SHULRG��'XULQJ�ZRUNVKRSV�KHOG�LQ�WKH�ÀUVW�WZR�\HDUV�RI�&DUER2FHDQ��WKH�&$5,1$�SURMHFW�ZDV�
reactivated and additional data sets collected.
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 In June 2007 the CarboOcean/CARINA scientists met in Laugarvatn, Iceland to dis-
cuss methods and responsibilities for the CARINA data synthesis. By that time, the CARINA 
FROOHFWLRQ�KDG�JURZQ�WR�DSSUR[LPDWHO\����FUXLVHV��'XULQJ�WKLV�PHHWLQJ�WKH�JURXS�GHFLGHG�WR�
H[WHQG�WKH�RULJLQDO�VFRSH�RI�&$5,1$�WR�LQFOXGH�WKH�HQWLUH�$WODQWLF��WKH�$UFWLF�DQG�WKH�6RXWKHUQ�
Ocean. Various team and project leader assignments were:

�� 'DWD�FROOHFWLRQ��SULPDU\�4&�DQG�SURGXFWLRQ�RI�ÀQDO�GDWD�SURGXFWV��5��.H\�DQG�;��/LQ
�� Atlantic Ocean: T. Tanhua
�� Arctic Ocean: S. Jutterström
�� Nordic Seas: A. Olsen
�� Southern Ocean: M. Hoppema
�� QC2 code development: S. van Heuven
�� Web site development and maintenance: C. Schirnick
�� Carbon calculation software: A. Velo
�� Data archive: A. Kozyr/CDIAC

The team also decided to include data from CLIVAR (Climate Variability and Predictability) 
repeat hydrography cruises (http://www.clivar.org/carbon hydro/hydrotable.php��WKDW�ZHUH�ÀQDO�
and that were in one of the focus regions. Since the new CLIVAR data were known to be high 
TXDOLW\��WKRVH�GDWD��DORQJ�ZLWK�:2&(�UHVXOWV�ZRXOG�VHUYH�DV�́ PDVWHU�FUXLVHVµ�IRU�WKH�GDWD�FDOL-
EUDWLRQ��L�H���4&���SKDVH�RI�WKH�V\QWKHVLV��7KH�DUHDO�H[SDQVLRQ�RI�WKH�SURMHFW�OHG�WR�D�ÁRRG�RI�
QHZ�GDWD�DQG�D�ÀQDO�WRWDO�RI�����FUXLVHV��7KH�&$5,1$�VWDWLRQ�ORFDWLRQV�DUH�VKRZQ�LQ�)LJ�������
The CARINA web site (http://cdiac.esd.ornl.gov/oceans/CARINA/ Carina inv.html) includes links 
WR�WKH�RULJLQDO�FUXLVH�GDWD�ÀOHV��YLD�WKH�&UXLVH�6XPPDU\�7DEOH���WKH�UHVXOWLQJ�GDWD�SURGXFWV�DQG�
publications, and detailed information on the quality control procedures used.

4.3. Instrumentation

Data included in the CARINA data products span almost 30 years of measurements. Rather 
WKDQ�DWWHPSW�WR�VXPPDUL]H�WKH�VSHFLÀF�PHWKRGV�DQG�LQVWUXPHQWV�LQ�WKLV�GRFXPHQW��ZH�KDYH�
LQFOXGHG�WKLV�LQIRUPDWLRQ�LQ�WKH�LQGLYLGXDO�FUXLVH�ÀOH�KHDGHUV��)RU�PDQ\�FUXLVHV�DGGLWLRQDO�LQ-
IRUPDWLRQ�FDQ�EH�IRXQG�LQ�WKH�LQGLYLGXDO�ÀQDO�FUXLVH�UHSRUWV�DQG�RWKHU�GRFXPHQWDWLRQ�SURYLGHG�
with the cruise data. In many instances, a full description of the methods and instruments can 
be found in the footnotes to the Cruise Summary Table at the CARINA web site that refer to 
VSHFLÀF�SXEOLFDWLRQV��&HUWDLQO\�WKH�PRVW�LPSRUWDQW�FKDQJHV�LQ�PHWKRGV�DQG�LQVWUXPHQWDWLRQ�
are the adoption of CRM for standardization of AT and CT measurements, the development of 
the SOMMA-type analyzer (Johnson et al., 1998 and references cited therein) for CT and the 
shift from electrode based to spectrophotometric pH determination (Clayton and Byrne, 1993). 
All three began to be used in the early 1990s.

4.4. CARINA data assembly and synthesis

Here we describe the data collection and synthesis steps used for this project. Many of the pro-
cedures used during CARINA were adopted from GLODAP, however, the number of cruises 
included in CARINA combined with the additional manpower and funding available from 
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WKH�&DUER2FHDQ�FRQWUDFW�DOORZHG�LPSURYHPHQWV��7KH�PRVW�VLJQLÀFDQW�FKDQJHV�ZHUH��(a) more 
parameters were subjected to QC2 by the project participants; (b) software was designed to 
automate portions of the QC2 procedures; (c)�ZRUN�ZDV�FRRUGLQDWHG�DPRQJ�WKH�GLͿHUHQW�JURXSV�
and within groups by means of a web site; (d)�S+�ZDV�LQFOXGHG�LQ�WKH�ÀQDO�GDWD�SURGXFWV�DORQJ�
with AT and CT; (e)�IXOO\�IRUPDWWHG�YHUVLRQV�RI�DOO�WKH�LQGLYLGXDO�FUXLVH�ÀOHV�ZHUH�VXEPLWWHG�WR�
ERWK�&&+'2��&/,9$5�	�&DUERQ�+\GURJUDSKLF�'DWD�2΀FH��http://whpo.ucsd.edu/) and CDIAC 
for archive and distribution; and (f)�D�VLJQLÀFDQW�FROOHFWLRQ�RI�UHIHUHQFHV�WR�OLWHUDWXUH�GHVFULELQJ�
the individual cruise results was compiled.
� 7KLV�HͿRUW�OHG�WR�WZR�GLVWLQFW�UHVXOWV��7KH�ÀUVW�LV�D�VHW�RI�LQGLYLGXDO�FUXLVH�ÀOHV�ZLWK�
WKH�PHDVXUHG�GDWD�FRQYHUWHG�WR�FRPPRQ�XQLWV��KDYLQJ�TXDOLW\�ÁDJV�DGGHG�IRU�DOO�SDUDPHWHUV��
DQG�DFFRPSDQLHG�E\�PHWDGDWD��$OO�RI�WKH�LQGLYLGXDO�FUXLVH�ÀOHV�DUH�LQ�́ :+3�([FKDQJHµ�IRUPDW�
(Swift, 2008). This format is a standard that developed during the 1990s and has since become 
ZLGHO\�DFFHSWHG��,W�LV�D�FRPPD�VHSDUDWHG�GDWD�ÀOH�ZLWK�IRUPDO�FROXPQ�KHDGHU�QDPHV�DQG�
units and that can include metadata within the header. The second is a set of 3 data products 
(Arctic Mediterranean Seas-AMS, Atlantic Ocean-ATL and Southern Ocean-SO) that have been 
fully calibrated (i.e. measurement bias removed via QC2) and include some calculated values. 
)RU�&$5,1$�ZH�GHÀQHG�$UFWLF�0HGLWHUUDQHDQ�6HD�V��WR�LQFOXGH�WKH�PDLQ�$UFWLF�EDVLQ�DQG�DOO�
DGMDFHQW�VHDV�VRXWKZDUG�WR�DSSUR[LPDWHO\�����1��7KXV�WKH�$06�UHJLRQ�LQFOXGHV�WKH�1RUGLF�
Seas (down to the Greenland-Iceland-Scotland Ridge) on the Atlantic side and the Bering Sea 
RQ�WKH�3DFLÀF�VLGH��7KH�IRUPDW�IRU�WKH�GDWD�SURGXFWV�LV�VLPSOH�FRPPD�VHSDUDWHG�UHFRUGV�ZLWK�
D�VLQJOH�KHDGHU�UHFRUG�GHÀQLQJ�WKH�LQFOXGHG�YDOXHV��7KH�KHDGHU�GRHV�QRW�LQFOXGH�XQLWV�VLQFH�
HYHU\WKLQJ�LV�VWDQGDUG��DV�GHÀQHG�IRU�WKH�([FKDQJH�IRUPDW���$GGLWLRQDOO\��WKH�GDWD�SURGXFWV�
are purely numeric other than the single header record.
 The CARINA data products are compatible with the three GLODAP data products, but 
WKH\�DUH�QRW�LGHQWLFDO��GLͿHULQJ�VRPHZKDW�LQ�FROXPQ�RUGHU�DQG�LQFOXGHG�SDUDPHWHUV��:H�SODQ�
WR�PHUJH�&$5,1$�DQG�*/2'$3�RQFH�WKH�LQLWLDO�VFLHQWLÀF�DQDO\VLV�RI�&$5,1$�LV�FRPSOHWHG�

4.4.1. Collection and primary quality control (QC1)

The most time consuming portion of the CARINA synthesis was data assembly. Investiga-
tors who had participated in data collection and/or made the measurements, submitted most 
RI�WKH�GDWD�VHWV��$ORQJ�ZLWK�WKH�GDWD�ÀOH��VXEPLWWHUV�ZHUH�DVNHG�WR�VXSSO\�UHIHUHQFHV�WR�DQ\�
SXEOLFDWLRQ�V��WKDW�KDG�UHVXOWHG�IURP�WKH�GDWD��:KHQHYHU�WKH\�H[LVWHG��ÀQDO�FUXLVH�UHSRUWV�
ZHUH�REWDLQHG��7KH�UHPDLQLQJ�GDWD�VHWV�ZHUH�REWDLQHG�E\�´GLVFRYHU\µ�ZKLFK�DPRXQWHG�WR�
scanning publications for mention of other cruises, data discussed at CarboOcean and other 
meetings and similar. Once discovered, either the chief scientist or another cruise participant 
ZDV�FRQWDFWHG�IRU�D�FRS\�RI�WKH�GDWD�DQG�DQ\�H[LVWLQJ�GRFXPHQWDWLRQ��,Q�PRVW�FDVHV��D�FRP-
plete copy of the cruise data set was not available. In these instances the missing data were 
VRXJKW�IURP�WKH�SULQFLSDO�LQYHVWLJDWRU�V���3,��UHVSRQVLEOH�IRU�WKDW�GDWD��7KRXJK�WKH�HͿRUW�ZDV�
not completely successful, we tried to obtain all of the bottle measurements from each cruise. 
As the data were collected, we also obtained permission from each PI to release his/her data 
WR�WKH�SXEOLF��,Q�D�IHZ�FDVHV�HOHFWURQLF�YHUVLRQV�RI�WKH�GDWD�GLG�QRW�H[LVW�DQG�WKH�UHVXOWV�ZHUH�
PDQXDOO\�HQWHUHG�LQWR�WKH�H[LVWLQJ�ÀOHV�
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 For all of the CARINA cruises the following conventions were used for station infor-
mation. Only one location was recorded for each station of each cruise. When multiple casts 
ZHUH�FROOHFWHG��WKH�ORFDWLRQ�DQG�GDWH�RI�WKH�ÀUVW�FDVW�ZDV�XVHG�IRU�WKH�HQWLUH�VWDWLRQ��/RFDWLRQV�
were stored as decimal degrees with negative values for west longitude and south latitude. 
For many of the cruises bottom depth was not recorded for each station. In these cases bottom 
GHSWK�ZDV�ÀUVW�DSSUR[LPDWHG�IURP�D�JOREDO�������GHJUHH�UHVROXWLRQ��WRSRJUDSK\��7KLV�GHSWK�
was then compared to the deepest sample pressure at the station. Whichever was greater, the 
topographic depth or the deepest sample pressure +10 was recorded for the water depth. These 
ERWWRP�´GHSWKVµ�DUH�QRW�PHDQW�IRU�UHVHDUFK�SXUSRVHV��EXW�UDWKHU�WR�HQDEOH�GUDZLQJ�DSSUR[L-
mate bottom topography for section plots.
� )RU�PRVW�FUXLVHV�PXOWLSOH�ÀOHV�ZLWK�GLͿHUHQW�VXEVHWV�RI�WKH�GDWD�ZHUH�FROOHFWHG��7KH�
ÀUVW�V\QWKHVLV�WDVN��DQG�WKH�PRVW�HUURU�SURQH��ZDV�PHUJLQJ�GDWD�IURP�WKHVH�VXEVHWV��)LOH�PHUJ-
LQJ�LV�D�TXLFN�DQG�HDV\�FRPSXWHU�PDWFKLQJ�SURFHGXUH�ZKHQHYHU�DGHTXDWH�VDPSOH�LGHQWLÀFDWLRQ�
LV�JLYHQ��+RZHYHU��IRU�PRVW�RI�WKH�&$5,1$�FUXLVHV�WKH�LGHQWLÀFDWLRQ�LQIRUPDWLRQ�ZDV�HLWKHU�
LQFRPSOHWH�RU�WRWDOO\�PLVVLQJ��,Q�WKHVH�LQVWDQFHV�WKH�GDWD�ÀOHV�ZHUH�PDQXDOO\�PHUJHG�EDVHG�
on available information. The manual merges, which consist of multiple cut and paste opera-
WLRQV�ZHUH�PDGH�HVSHFLDOO\�WHGLRXV�E\�WKH�IDFW�WKDW�´LQWHQGHG�ERWWOH�GHSWKµ��´ERWWOH�SUHVVXUHµ�
DQG�´ERWWOH�GHSWKµ�ZHUH�RIWHQ�XVHG�V\QRQ\PRXVO\��,Q�WKH�PDQ\�LQVWDQFHV�ZKHUH�WKH�FDVW�DQG�
bottle information was missing, values were fabricated to ease subsequent discussion of spe-
FLÀF�UHVXOWV�DPRQJ�YDULRXV�SURMHFW�SDUWLFLSDQWV�DQG�WR�PDNH�WKH�ÀOHV�PRUH�IRUPDW�FRQVLVWHQW�
with modern oceanographic records. Such fabrication is noted in the metadata header of the 
ÀQDO�IRUPDW�ÀOHV�VXEPLWWHG�WR�WKH�GDWD�FHQWHUV��$OSKDEHWLF�VWDWLRQ�QDPHV�ZHUH�FRQYHUWHG�WR�
QXPHULF�DQG�XQQHFHVVDULO\�FRPSOH[�VWDWLRQ�QXPEHUV�ZHUH�VLPSOLÀHG��7KHVH�DOWHUDWLRQV�ZHUH�
GRFXPHQWHG�LQ�WKH�ÀOH�KHDGHU�LQIRUPDWLRQ�
 Immediately after merging, cruise data were read into the same data system used for 
the GLODAP collection. There, units were converted to match those used during the WOCE 
SURJUDP��0RVW�FRPPRQO\��WKLV�DPRXQWHG�WR�FRQYHUWLQJ�R[\JHQ�DQG�QXWULHQW�GDWD�IURP�PLOOLOLWHU�
per liter and micromole per liter into micromole per kilogram (µmol kg-1). Unfortunately, there 
is no standard method for this conversion. For this work the most common method was to use 
density calculated from measured salinity for each sample with an assumed lab temperature 
(default of 22 ºC) and pressure (1 atmosphere). In cases where the concentration was reported 
in standard units (µmol kg-1) the conversion method is unknown, but simple division by a con-
stant assumed density (often 1.025) is common. Regardless of method, this conversion error 
is less than the measurement errors, so we consider this inconsistency to be bothersome, but 
minor. Another source of error that we were not able to completely eliminate is the possibility 
of erroneous units for the nutrients, i.e. that data were given in volumetric units instead of the 
VWDWHG�JUDYLPHWULF�XQLWV��RU�WKH�YLFH�YHUVH��%RWK�FDVHV�ZRXOG�FDXVH�DQ�RͿVHW�RI��²���
 Another complication arose with nitrate data. In ideal cases nitrate and nitrite mea-
surements were reported separately. In others only nitrate was reported or only the combina-
tion of nitrate plus nitrite. Finally, in a few instances nitrate plus nitrite was reported along 
ZLWK�YDOXHV�IRU�QLWULWH��)RU�WKH�ODVW�H[DPSOH�WKH�QLWULWH�YDOXHV�ZHUH�VLPSO\�VXEWUDFWHG�IURP�WKH�
reported nitrate plus nitrite values. For cases where only nitrate plus nitrite was reported we 
had a choice: carry an additional parameter (i.e. NO3 + NO2 in addition to nitrate) or simply 
rename the data nitrate (ignoring the nitrite contribution in the upper water column). Both 
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FKRLFHV�DUH�SUREOHPDWLF��:H�FKRVH�WKH�ODWWHU�IRU�&$5,1$�FUXLVHV��ERWK�RULJLQDO�FUXLVH�ÀOHV�DQG�
ÀQDO�GDWD�SURGXFWV��
� &KORURÁXRURFDUERQ�GDWD�LQ�WKH�&$5,1$�FROOHFWLRQ�FRYHU�WKH�WLPH�VSDQ�IURP������WR�
2005 and were originally reported on either the SIO-93 or SIO-98 scale. All of these (CFC-11, 
CFC-12, CFC-113, CCl4) were converted to the SIO-98 scale (Prinn et al., 2000). SF6 data are 
reported on the NOAAGMD 2000 calibration scale.
 Reported pH data were also converted to uniform scale and temperature. The CA-
RINA data span 1977–2005. Over that time pH measurements have been made with radically 
GLͿHUHQW�WHFKQLTXHV�DQG�WKH�UHVXOWV�UHSRUWHG�RQ�WKUHH�GLͿHUHQW�S+�VFDOHV��1DWLRQDO�%XUHDX�
of Standards scale (NBS), seawater scale (SWS) and total hydrogen scale (TOT). Values are 
also reported at various temperatures (measurement temperature, some arbitrarily chosen 
WHPSHUDWXUH�RU�LQ�VLWX�WHPSHUDWXUH���7KH�GLͿHUHQFH�EHWZHHQ�WKHVH�VFDOHV�LVQ·W�WRR�ODUJH��EXW�LW�
LV�VLJQLÀFDQWO\�ODUJHU�WKDQ�WKH�SUHFLVLRQ�DFFXUDF\�RI�PRGHUQ�VSHFWURSKRWRPHWULF�WHFKQLTXHV��
All of the measured pH data were converted to SWS at 25 ºC in both the individual cruise 
ÀOHV�DQG�LQ�WKH�ÀQDO�SURGXFWV��:KLOH�ZH�ZHUH�SURGXFLQJ�WKH�GDWD�SURGXFWV��D�QHZ�YHUVLRQ�RI�
the handbook of best practices for ocean carbon measurements was published (Dickson et al., 
2007). This handbook suggests that the preferred pH scale is the total hydrogen, however, at 
that point it was already too late for our project. Velo et al. (2009) give the conversion functions 
and additional details for this work.
 Historically, salinity has been analyzed on every bottle sample from a CTD/Rosette 
cast. The bottle salinity results were calibrated by analyzing seawater standards. The calibrated 
bottle salinity values were subsequently used to calibrate the CTD conductivity probe. Also, 
because bottle salinity can routinely be measured with high precision, the bottle salinity data 
provide the best check that a sample bottle closed properly and at the desired depth (for most 
ocean regions). That is, bottle salinity is the best way to identify mis-trips and leaking sample 
bottles for most of the global ocean. On many of the CARINA cruises, bottle salinity was only 
DQDO\]HG�ZLWK�VX΀FLHQW�IUHTXHQF\�WR�FDOLEUDWH�WKH�&7'��:LWKRXW�ERWWOH�VDOLQLW\��LGHQWLÀFDWLRQ�
of mis-trips and leaking sample bottles is reduced to an educated guess, at best. An additional 
problem with many of these data sets was that bottle salinity and CTD salinity values were 
not discriminated. That is, it was impossible to determine which of the two was included in 
D�GDWD�ÀOH��:KHQ�ZH�FRXOG�QRW�GHWHUPLQH�LI�D�VHW�RI�YDOXHV�ZDV�&7'�RU�ERWWOH�VDOLQLW\��ZH�DV-
sumed that it was bottle salinity. Therefore it is virtually certain that some of the bottle salinity 
data is actually CTD salinity. See also the discussion below on special steps taken with salinity 
GDWD�GXULQJ�SURGXFWLRQ�RI�WKH�ÀQDO�GDWD�SURGXFWV��,Q�JHQHUDO��WKH�WUHDWPHQW�RI�VDOLQLW\�GDWD�LQ�
CARINA could be labeled sloppy. We wouldn’t argue with that, however, this wasn’t due to 
ODFN�RI�HͿRUW�²�ZH�GLG�WKH�EHVW�ZH�FRXOG��:H�DOVR�EHOLHYH�WKDW�WKH�VDOLQLW\�GDWD�LQ�&$5,1$�DUH�
DGHTXDWH�IRU�´QRUPDOµ�FKHPLFDO�RFHDQRJUDSKLF�DSSOLFDWLRQV��:H�GR�QRW�NQRZ�ZKHWKHU�RU�QRW�
WKH�VDOLQLW\�GDWD�ZLOO�EH�RI�VX΀FLHQW�TXDOLW\�IRU�GHWDLOHG�SK\VLFDO�RFHDQRJUDSKLF�DSSOLFDWLRQV�
� 7KH�QH[W�VWHS�LQ�WKH�V\QWKHVLV�ZDV�SULPDU\�4&�²�WKH�DVVLJQLQJ�RI�D�GDWD�TXDOLW\�ÁDJ�WR�
each measured value. This is a process by which individual data points are closely scrutinized. 
It is a method of improving precision and removing spurious data. Details of this procedure 
are in Tanhua et al. (2010b).
� 7KH�4&��SURFHGXUHV��GLVFXVVHG�LQ�7DQKXD�HW�DO�������E��FULWLFDOO\�H[DPLQH�GDWD�XVLQJ�
GLͿHUHQW�WHFKQLTXHV�WKDQ�4&���7KH�JRDO�RI�4&��LV�WR�TXDQWLI\�PHDVXUHPHQW�ELDV��,Q�VRPH�FDVHV�
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DGGLWLRQDO�VSXULRXV�GDWD�SRLQWV�ZHUH�LGHQWLÀHG�GXULQJ�4&���DQG�WKH�LQLWLDO�ÁDJ�YDOXHV�DOWHUHG�
DSSURSULDWHO\��2QFH�DOO�RI�WKH�ÁDJ�YDOXHV�DUH�ÀQDO��HDFK�FUXLVH�ÀOH�ZDV�VXEPLWWHG�WR�QDWLRQDO�
GDWD�FHQWHUV��&&+'2�DQG�&',$&���'DWD�ELDV�LGHQWLÀHG�GXULQJ�4&��ZDV�FRUUHFWHG�LQ�WKH�ÀQDO�
data products, but these adjustments were not applied to the individual cruise data sets.
� 7KH�&$5,1$�GDWD�SURGXFW�LQFRUSRUDWHV�RQH�DGGLWLRQDO�ÁDJ�ZLWK�YDOXH�]HUR������7KLV�
ÁDJ�ZDV�DOVR�XVHG�LQ�*/2'$3��7KH�]HUR�ÁDJ�LQGLFDWHV�D�GDWXP�WKDW�´FRXOG�KDYH�EHHQ�PHD-
VXUHGµ��EXW�ZDV�DSSUR[LPDWHG�LQ�VRPH�PDQQHU��7KHUH�DUH�WKUHH�GLͿHUHQW�XVHV�IRU�WKH�]HUR�ÁDJ�
in the data products:

�� Instances where bottle salinity was missing or bad and consequently was re-
placed with CTD salinity.

�� ,QWHUSRODWHG�YDOXHV�IRU�VDOLQLW\��R[\JHQ�RU�QXWULHQWV��
�� Calculated carbon parameters.

4.4.2. Secondary quality control (QC2)

While QC1 is designed to improve the overall precision of a data set, QC2 procedures are 
designed to quantify measurement bias. That is, the goal of QC2 is to improve the accuracy 
RI�D�GDWD�VHW��0HDVXUHPHQW�ELDV�LV�UDWKHU�FRPPRQ�ZLWK�QXWULHQW�DQG�R[\JHQ�PHDVXUHPHQWV�
EHFDXVH�FHUWLÀHG�VWDQGDUGV�DUH�QRW�URXWLQHO\�XVHG��7KH�YHU\�EHVW�QXWULHQW�PHDVXUHPHQWV�FDQ�
have precision better than 1%, but the accuracy is seldom better than 2%. The same condition 
H[LVWHG�IRU�$T and CT measurements until the early 1990s when CRM were developed. From 
GEOSECS to WOCE, AT and CT measurement precision improved from 5–10 to 4–5 µmol kg-1. 
The best CLIVAR data now have precision of <2 µmol kg-1. Prior to CRM development, how-
ever, it wasn’t uncommon for these measurements to have a bias of >20 µmol kg-1. The use of 
CRMs has lowered that to <5 µmol kg-1.
 The QC2 is based on the initial assumption that abyssal waters are at steady-state. 
That is, deep water concentrations are invariant over time for a given location. This assump-
tion was reasonable for the WOCE cruises included in GLODAP since the collection period 
only spanned a few years and few of the cruise track intersections occurred in regions with 
strong horizontal abyssal concentration gradients. This is not the case for CARINA. Many 
publications have clearly demonstrated that the abyssal steady state assumption is false over 
the time interval spanned by CARINA data and especially for some of the regions sampled by 
CARINA cruises (i.e. the far North Atlantic, the Labrador Sea and the Nordic Seas). Decadal 
change due to anthropogenic and natural forcing was one of the CarboOcean/CARINA focus 
areas, so all of the scientists involved in QC2 were aware of the potential to erase real changes 
when attempting to correct measurement bias.
� 7KH�4&��QRUPDOO\�FRQVLVWHG�RI�WZR�VWHSV��TXDQWLÀFDWLRQ�RI�WKH�UHODWLYH�PHDVXUHPHQW�
RͿVHWV�EHWZHHQ�GLͿHUHQW�FUXLVHV�DQG�DVVLJQPHQW�RI�D�DGMXVWPHQW�IDFWRU�WR�GDWD�GHHPHG�WR�KDYH�D�
PHDVXUHPHQW�ELDV�WKDW�H[FHHGHG�D�SUHGHWHUPLQHG�OLPLW��7KH�ÀUVW�VWHS�ZDV�REMHFWLYH��WKH�VHFRQG�
VXEMHFWLYH�DQG�LQÁXHQFHG�E\�WKH�H[SHULHQFH�RI�WKH�VFLHQWLVWV�LQYROYHG�DQG�WKH�NQRZOHGJH�WKDW�
UHDO�WHPSRUDO�FKDQJHV�ZHUH�H[SHFWHG�IRU�VRPH�UHJLRQV��2ͿVHW�ZDV�GHWHUPLQHG�XVLQJ�YDULDQWV�
of the crossover technique developed for GLODAP (Key et al.,2004; Sabine et al., 2005) and 
GLͿHUHQW�IRUPV�RI�WKH�LQYHUVLRQ�PHWKRGV�GHULYHG�E\�*RXUHWVNL�DQG�-DQFNH��������DQG�-RKQVRQ�
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et al. (2001). The QC2 methods are discussed in detail by Tanhua et al. (2010b). QC2 tests were 
UXQ�IRU�VDOLQLW\��R[\JHQ��QXWULHQWV��&T, AT, pH, CFC-11, CFC-12, CFC-113 and CCl4 .
 For the carbon system parameters, additional tests were possible using calculated 
YDOXHV��)RU�H[DPSOH��LI�&T and AT were measured, calculated pH could be compared to mea-
sured pH from another cruise. To demonstrate the validity of this comparison, we compared 
calculated to measured parameters for one Atlantic cruise that had very high quality measure-
ments for three carbon system parameters (Cruise #86; 33RO20030604; Fig. 4.2). Regardless of 
WKH�SDLU�XVHG�IRU�WKH�FDOFXODWLRQ��WKH�PHDQ�GLͿHUHQFH�EHWZHHQ�WKH�PHDVXUHG�DQG�FDOFXODWHG�
YDOXHV�ZDV�VWDWLVWLFDOO\�LQGLVWLQJXLVKDEOH�IURP�]HUR�DQG�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�GLͿHU-
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Figure 4.2. &RPSDULVRQ�RI�PHDVXUHG�DQG�FDOFXODWHG�FDUERQ�V\VWHP�YDOXHV�IURP�&UXLVH������
��52����������5HJDUGOHVV�RI�ZKLFK�SDLU�ZDV�XVHG�WR�FDOFXODWH�WKH�WKLUG��WKH�PHDQ�GLIIHUHQFH�LV�
VWDWLVWLFDOO\�LQGLVWLQJXLVKDEOH�IURP�]HUR��7KH�VWDQGDUG�GHYLDWLRQ�RI�WKH�GLIIHUHQFH�LV�RQO\�PDUJLQ-
DOO\�ODUJHU�WKDQ�WKH�SUHFLVLRQ�HVWLPDWH�EDVHG�RQ�UHSOLFDWH�DQDO\VHV�
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ence was not much larger than the measurement precision. This comparison provides strong 
HYLGHQFH�WKDW�WKH�FDOFXODWLRQ�HUURU�LV�LQVLJQLÀFDQW�DQG�WKDW�FDOFXODWHG�FDUERQ�SDUDPHWHUV�FDQ�
be used for QC2 investigations. If a calculated carbon parameter is biased, the implication is 
that one of the input parameters is biased.
� 7KH�4&��SURFHGXUHV�\LHOG�DQ�RͿVHW�IRU�YLUWXDOO\�HYHU\�FUXLVH��,Q�VRPH�SUHYLRXV�VWXG-
ies (Gouretski and Jancke, 2001 and Johnson et al., 2001), in order to be as objective as pos-
VLEOH��DOO�RI�WKH�GHWHUPLQHG�RͿVHWV�ZHUH�FRUUHFWHG��7KLV�ZLOO�SURGXFH�D�FRPELQHG�GDWD�VHW�ZLWK�
the lowest combined variance between cruises. In GLODAP and CARINA a more subjective 
DSSURDFK�ZDV�XVHG��)LUVW��RQO\�WKRVH�RͿVHWV�WKDW�H[FHHGHG�D�SUHGHWHUPLQHG�PLQLPXP�YDOXH�
ZHUH�FRQVLGHUHG�IRU�FRUUHFWLRQ��6HFRQG��DOO�RͿVHWV�WKDW�H[FHHGHG�WKH�WKUHVKROG�ZHUH�H[DPLQHG�
E\�WKH�ZRUNLQJ�JURXSV�SULRU�WR�DVVLJQLQJ�D�ÀQDO�DGMXVWPHQW�YDOXH��7KLV�VXEMHFWLYH�DSSURDFK�
ZDV�QHFHVVDU\�EHFDXVH�WKH�GLͿHUHQW�4&��SURFHGXUHV�RIWHQ�JDYH�GLͿHUHQW�UHVXOWV�DQG�EHFDXVH�
VRPH�RI�WKH�SDUDPHWHUV�ZHUH�H[SHFWHG�WR�FKDQJH�ZLWK�WLPH��7KLV�LVVXH�LV�GLVFXVVHG�LQ�GHWDLO�LQ�
the accompanying methods paper (Tanhua et al., 2010b) and in each of the regional CARINA 
SDSHUV�LQ�WKLV�LVVXH��7KH�PLQLPXP�RͿVHWV�FRQVLGHUHG�IRU�DGMXVWPHQW�DUH�JLYHQ�LQ�7DEOH������
$OO�RI�WKH�GHWDLOV�RI�WKH�FURVVRYHU�FKHFNV��LQYHUVLRQ�UHVXOWV�DQG�ÀQDO�DGMXVWPHQWV�DUH�DYDLODEOH�
at the CARINA web site. In a few instances QC2 and associated investigations
determined that all of the measurements of some parameter from a cruise could not be ad-
HTXDWHO\�DGMXVWHG��7KH�UHDVRQV�YDULHG��EXW�LQFOXGHG�VWURQJO\�FRQÁLFWLQJ�4&��UHVXOWV��H[WUHPHO\�
noisy data and similar problems. In these cases the entire set of parameter measurements was 
discarded from the data product. Instances of this are indicated in the on-line version of the 
DGMXVWPHQW�WDEOH�E\�WKH�ORZHU�FDVH�OHWWHU�´Rµ�LQ�WKH�ÁDJ�FROXPQ�IRU�HDFK�SDUDPHWHU�LQVWHDG�RI�
WKH�QRUPDO�FKHFN�PDUN��Ƽ��ZKLFK�LQGLFDWHV�DFFHSWDEOH�UHVXOWV��,I�WKLV�WDEOH�LV�GRZQORDGHG�WKHVH�
WZR�DGMXVWPHQW�TXDOLW\�ÁDJV�DUH�WUDQVODWHG�LQWR�́ �µ�DQG�́ �µ��UHVSHFWLYHO\��7KH�GHFLVLRQ�WR�GLVFDUG�
DQ�HQWLUH�VHW�RI�PHDVXUHPHQWV�ZDV�PDGH�LQGHSHQGHQWO\�IURP�WKH�LQGLYLGXDO�GDWXP�4&��ÁDJV�

4.4.3. Construction of the data products

The CARINA project resulted in three data collections or products: the Arctic Mediterranean 
Seas (AMS), the Atlantic Ocean and Mediterranean Sea (ATL), and the Southern Ocean (SO). The 
GLYLVLRQV�EHWZHHQ�WKH�UHJLRQV�ZHUH�DSSUR[LPDWHO\�����1��WKH�*UHHQODQG�6FRWODQG�5LGJH�LQ�WKH�
$WODQWLF�DQG�WKH�$OHXWLDQV�LQ�WKH�3DFLÀF��
and 30 ºS. Cruises which spanned a divi-
sion line were generally included in both 
collections. Each cruise in the collection 
was assigned an EXPOCODE (Swift, 2008). 
7KHVH�FRGHV�SURYLGH�DQ�XQLTXH�LGHQWLÀHU�
and are composed of NODC (National 
Ocean Data Center) platform code for the 
research vessel (http://www.nodc.noaa.gov/
*HQHUDO�12'&�$UFKLYH�SODWIRUPOLVW�W[W) fol-
lowed by the date when the cruise left port. 
The NODC code is composed of a 2 digit 
country code and a 2 character (number 

Table 4.1. 0LQLPXP�RIIVHW�YDOXHV�FRQVLGHUHG�IRU�DGMXVW-
PHQW��1RW�DOO�FUXLVH�WR�FUXLVH�GLIIHUHQFHV�WKDW�H[FHHGHG�
WKH�PLQLPD�ZHUH�DGMXVWHG��,Q�D�YHU\�IHZ�FDVHV��ZLWK�YHU\�
SUHFLVH�GDWD��VPDOOHU�DGMXVWPHQWV�ZHUH�PDGH��

Parameter 0LQLPXP�2;VHW
Salinity (CTD and/or bottle) 0.005

2[\JHQ 1%
Nitrate 2%

Phosphate 2%
Silicate 2%

AT 6 µmol kg-1

CT 4 µmol kg-1

pH 0.005
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RU�OHWWHU��VKLS�FRGH��)RU�H[DPSOH�D�FUXLVH�WKDW�VWDUWHG�RQ���2FWREHU������DERDUG�WKH�1RUZHJLDQ�
vessel Haakon Mosby would have EXPOCODE 58AA19991003. All of the cruises were then 
sorted by EXPOCODE, numbered sequentially, and a Cruise Summary Table (CST) was created 
(http://cdiac.esd.ornl.gov/oceans/CARINA/Carina table.html). The last 5 entries in the CST are not 
single cruises, but cruise collections representing a single investigator (#’s 184 and 185) or a 
single project (#’s 186–188). Assignment of an EXPOCODE in these 5 cases was inappropriate 
so they were simply named. The data for these 5 collections were not segregated into indi-
YLGXDO�FUXLVH�ÀOHV�EHFDXVH�ZH�WKRXJKW�WKH�GDWD�PRUH�YDOXDEOH�DV�D�FROOHFWLRQ�DQG�EHFDXVH�WKH�
limited amount of data for each individual cruise did not warrant the increased record keep-
ing that would have been required. The three data products include only the sequential cruise 
number, not the EXPOCODE so that the data records could remain purely numeric. Lookup 
tables are provided along with the data products so that the cruise number can be matched 
to the EXPOCODE.
 The Cruise Summary Table (CST) contains a wealth of additional information. Along 
with the EXPOCODE the second column also lists aliases. Aliases include names used by the 
original investigators for the cruise or project and in some cases WOCE line designations (e.g. 
IRU�FUXLVH����WKH�´:2&(�65��Hµ���7KH�WKLUG�FROXPQ��$UHD��UHIHUV�WR�WKH�&$5,1$�UHJLRQ��DQG�
data product) with: 1 = ATL, 2 = SO, 3=ATL & SO, 4=AMS and 5=AMS & ATL. The numbers 
under the parameter columns indicate the number of stations that have the particular measure-
PHQW��7ZR�HQWULHV�XQGHU�WKH�SDUDPHWHU�FROXPQV�KDYH�D�GLͿHUHQW�PHDQLQJ��9HU\�IHZ�FUXLVHV�LQ�
this collection included discrete pCO2 sampling. For these few, a numeric entry is the station 
FRXQW��$�´8µ�HQWU\��KRZHYHU��LQGLFDWHV�WKDW�XQGHUZD\�pCO2 measurements were made. The 
CARINA work does not include underway data. Underway pCO2 data are being compiled by 
another team (SOCAT; Surface Ocean CO2 Atlas Project; http://ioc3.unesco.org/ioccp/Synthesis.
html#SOCAT���$�´&µ�HQWU\�LQ�WKH�&67�XQGHU�WKH�S+��&T or AT column indicates that the values 
in the compiled data product were calculated from other carbon parameters. The calculated 
YDOXHV�DUH�QRW�LQFOXGHG�LQ�WKH�LQGLYLGXDO�FUXLVH�ÀOHV�VXEPLWWHG�WR�WKH�&',$&�DQG�&&+'2��
The last column of the CST (Other) lists other measurements made on that cruise. When we 
ZHUH�DEOH�WR�REWDLQ�WKHVH�GDWD��WKH\�DUH�LQFOXGHG�LQ�WKH�RULJLQDO�FUXLVH�ÀOHV�
 The data products do not contain all of the measurements from all of the cruises. 
5DWKHU�ZH�QDUURZHG�WKH�WRWDO�OLVW�RI�GLͿHUHQW�PHDVXUHPHQWV�GRZQ�WR�WKRVH�WKDW�ZHUH�FRP-
monly measured or would be useful for carbon system calculations using current methods. 
The list of retained parameters is given in Table 4.2. This table also translates the parameter 
QDPHV�LQ�WKH�SURGXFWV�WR�WKH�´R΀FLDOµ�([FKDQJH�IRUPDW�QRPHQFODWXUH�DQG�LW�JLYHV�XQLWV�IRU�
the measurements. This naming convention was selected so that the CARINA data products 
matched the GLODAP data products as closely as possible.
 With a few minor changes the CARINA data products were constructed with the same 
VRIWZDUH�XVHG�IRU�*/2'$3��7KH�SURFHGXUH�LV�VHPL�DXWRPDWHG�DQG�H[HFXWLRQ�DPRXQWV�WR�PDQX-
ally calling several programs in sequence with the appropriate options set for each program. 
:LWK�WKH�H[FHSWLRQ�RI�RQH�VWHS��DOO�RI�WKH�FRGH�ZDV�GHYHORSHG�DQG�UXQV�RQ�WKH�VDPH�FRPSXWHU�
XVHG�IRU�DUFKLYLQJ�WKH�PDVWHU�YHUVLRQ�RI�HDFK�FUXLVH�GDWD�ÀOH��$OO�RI�WKLV�FRGH�LV�ZULWWHQ�LQ�6�
3OXV��9HUVLRQ�����UHOHDVH���IRU�6XQ�63$5&��7,%&2�6SRWÀUH��SUHYLRXVO\�,QVLJKWIXO���%HORZ��HDFK�
VWHS�RI�WKH�SURFHGXUH�LV�EULHÁ\�GHVFULEHG�
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Table 4.2a. 7UDQVODWLRQ�WDEOH�IRU�SDUDPHWHU�QDPHV��ÀDJV�DQG�XQLWV�

Data product 

parameter 

name

Data 

product 

ÀDJ�QDPH

([FKDQJH�¿OH�SDUDPHWHU�QDPH�RU�
full name of parameter

([FKDQJH�¿OH�ÀDJ�
name 

Units

station  67$1%5   
nosamp  1XPEHU�RI�VDPSOHV�DW�HDFK�VWDWLRQ   
GD\  '$7(   

month  '$7(   
\HDU  '$7(   

ODWLWXGH  /$7,78'(  GHFLPDO�GHJUHHV

ORQJLWXGH  /21*,78'(  GHFLPDO�GHJUHHV

PD[GHSWK  '(37+  meters

PD[VDPSGHSWK  3UHVVXUH�RI�GHHSHVW�VDPSOH�DW�VWDWLRQ  GEDU

FUXLVHQR  &$5,1$�DVVLJQHG�VHTXHQWLDO�QXPEHU�   

ERWWOH EI %7/1%5 %7/1%5B)/$*B:  

cast  &$6712   

depth  &DOFXODWHG�VDPSOH�GHSWK  meters
WHPSHUDWXUH  &7'703  �&
VDOLQLW\ sf 6$/17< 6$/17<B)/$*B:  
FWGVDO ctdsf &7'6$/ &7'6$/B)/$*B:  
SUHVVXUH  &7'356  GHFLEDUV
R[\JHQ of 2;<*(1 2;<*(1B)/$*B: �PRO�NJ-1

nitrate no3f 1,75$7 1,75$7B)/$*B: �PRO�NJ-1

nitrite no2f 1,75,7 1,75,7B)/$*B: �PRO�NJ-1

VLOLFDWH sif 6,/&$7 6,/&$7B)/$*B: �PRO�NJ-1

phosphate po4f 3+63+7 3+63+7B)/$*B: �PRO�NJ-1

tco2 tco2f 7&$5%1 7&$5%1B)/$*B: �PRO�NJ-1

DON DONI $/.$/, $/.$/,B)/$*B: �PRO�NJ-1

SKVZV�� SKVZV��I 3+B6:6�3+B703 3+B6:6B)/$*B:  
cfc11 cfc11f &)&��� &)&���B)/$*B: SPRO�NJ-1

cfc12 cfc12f &)&��� &)&���B)/$*B: SPRO�NJ-1

cfc113 cfc113f &)&��� &)&���B)/$*B: SPRO�NJ-1

&&O� &&O�I &&O� &&O�B)/$*B: SPRO�NJ-1

6)� 6)�I 6)� 6)�B)/$*B: IPRO�NJ-1

c14 c14f '(/&�� '(/&��B)/$*B: ‰
c13 c13f '(/&�� '(/&��B)/$*B: ‰
h3 h3f 75,780 75,780B)/$*B: 78
he3 he3f '(/+(� '(/+(�B)/$*B: %
he hef +(/,80 +(/,80B)/$*B: QPRO�NJí�

c14e  &��(55  ‰
h3e  75,7(5  78
he3e  '(/+(5  %

hee  +(/,(5  QPRO�NJí�
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� 7KH�FUXLVHV�LQFOXGHG�LQ�WKH�&$5,1$�GDWD�SURGXFWV�JHQHUDOO\�H[FOXGH�WKRVH�WKDW�ZHUH�
included in GLODAP. This was done primarily to facilitate later merging of these two data 
SURGXFWV��7KHUH�DUH��KRZHYHU����H[FHSWLRQV����07������������07���������DQG���',���������
(Cruise Numbers 12, 13 and 171 respectively). These cruises were added to CARINA because 
additional parameters critical to the CARINA goals became available after GLODAP was pub-
lished. The CARINA QC2, however, made full use of many of the GLODAP cruises and details 
are given in many of the accompanying publications in this issue.

4.4.3.1. Concatenation and adjustment

Program makeocean is the main routine for building merged calibrated data products. Input 
includes: (1) a list of cruise names, (2) a list of parameters to be included in the data product, 
(3) a list of parameters that were considered for adjustment and (4) the name of the table that 
FRQWDLQV�DOO�RI�WKH�YDULRXV�SDUDPHWHU�DGMXVWPHQW�IDFWRUV��,Q�VHTXHQFH��HDFK�FUXLVH�ÀOH�LV�ÀUVW�UHDG�
and then reduced to the list of measured parameters that are included in the output product. 
$Q\�SDUDPHWHU��DQG�DFFRPSDQ\LQJ�ÁDJ��WKDW�LV�LQ�WKH�LQFOXGH�OLVW��EXW�QRW�LQ�WKH�FUXLVH�GDWD�
VHW�LV�JHQHUDWHG�DQG�ÀOOHG�ZLWK�QXOO�YDOXHV��1$��ï����RQ�RXWSXW���7KH�SDUDPHWHU�FROXPQV�DUH�
then sorted into the same order as the input parameter list. Finally, any necessary adjustments 
(multiplicative or additive) are taken from the adjustment table and applied. The result is two 
ÀOHV��RQH�ZLWK�VWDWLRQ�LQIRUPDWLRQ�DQG�D�VHFRQG�ZLWK�GDWD�
� 7KH�WZR�ÀOHV�DUH�FKHFNHG�IRU�PLVVLQJ�YDOXH�QXPEHUV��ï���ï�����HWF���WKDW�PD\�KDYH�
resulted from other software and these are replaced with NA. Care is required with the sta-
WLRQ�ÀOH�VLQFH�ï��LV�D�SRVVLEOH�UHDO�YDOXH�IRU�ODWLWXGH�DQG�ORQJLWXGH��FRQVHTXHQWO\��D�YHU\�IHZ�
ODWLWXGH�DQG�ORQJLWXGH�YDOXHV�WKDW�ZHUH�H[DFWO\�ï��ZHUH�FKDQJHG�WR�ï���������7KLV�FKDQJH�LV�
VFLHQWLÀFDOO\�LQFRQVHTXHQWLDO�
 Finally, the compiled data were subjected to a very coarse primary QC to eliminate 
any highly anomalous data points that had not previously been discovered. This check was 
made by plotting all values of each parameter against pressure. For most parameters a few 

Table 4.2b. &DOFXODWHG�YDOXHV�LQFOXGHG�LQ�WKH�GDWD�SURGXFWV��7KHVH�SDUDPHWHUV�DUH�QRW�OLVWHG�LQ�VWDQGDUG�H[FKDQJH�
IRUPDW�¿OHV��

Data Product Pa-

rameter name

Flag 

Name

Full name of parameter Units

pf11  &)&����3DUWLDO�3UHVVXUH SSW��SDUWV�SHU�WULOOLRQ��
pf12  &)&����3DUWLDO�3UHVVXUH ppt
pf113  &)&�����3DUWLDO�3UHVVXUH ppt
S&&O�  &&O4�3DUWLDO�3UHVVXUH ppt
S6)�  6)��3DUWLDO�3UHVVXUH ppt
DRX DRXI $SSDUHQW�2[\JHQ�8WLOL]DWLRQ� �PRO�NJ-1

theta  3RWHQWLDO�7HPSHUDWXUH �&
VLJPD�  3RWHQWLDO�'HQVLW\�UHODWLYH�WR���GEDU� NJ�Pí�

VLJPD�  3RWHQWLDO�'HQVLW\�UHODWLYH�WR������GEDU� NJ�Pí�

VLJPD�  3RWHQWLDO�'HQVLW\�UHODWLYH�WR������GEDU� NJ�Pí�

VLJPD�  3RWHQWLDO�'HQVLW\�UHODWLYH�WR������GEDU� NJ�Pí�

VLJPD�  3RWHQWLDO�'HQVLW\�UHODWLYH�WR������GEDU NJ�Pí�
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Table 4.3. 6XPPDU\�RI�GDWD�TXDOLW\�ÀDJV�XVHG�IRU�
&$5,1$�FUXLVH�¿OHV��)RU�WKH�GDWD�SURGXFWV�WKH�ÀDJ�
OLVW�ZDV�UHGXFHG�WR������DQG����VHH�WH[W��

)ODJ�YDOXH ,QWHUSUHWDWLRQ�LQ�&$5,1$

0 $SSUR[LPDWHG

1 1RW�XVHG

2 *RRG

3 4XHVWLRQDEOH�

4 &OHDUO\�EDG�UHVXOW�

� 9DOXH�QRW�UHSRUWHG�

� $YHUDJH�RI�UHSOLFDWH�

� 1RW�XVHG

� 1RW�XVHG

9 1RW�PHDVXUHG

points were noted. These few anomalous points were r=emoved from the data product. With 
this procedure, it is far more likely that questionable values were retained than good data 
eliminated, but the latter is still possible.

��������� )ODJ�VLPSOLÀFDWLRQ

3URJUDP�ÁDJPRG�VLPSOLÀHV�WKH�IXOO�VHW�RI�:2&(�TXDOLW\�FRQWURO�ÁDJ�YDOXHV��7DEOH������WR�D�
minimum subset. The rationale is to make the data products easily usable to the widest audi-
ence without losing information that is critical to a large merged data set. The following trans-
IRUPDWLRQV�WR�WKH�ÁDJV��DQG�YDOXHV��LQ�WKH�PHUJHG�GDWD�ÀOH�ZHUH�PDGH�

�� ÁDJ����������QR�FKDQJH�WR�GDWD�RU�ÁDJ
�� ÁDJ����������TXHVWLRQDEOH��EDG��QRW�UHSRUWHG���GDWD�UHVHW�WR�1$��ÁDJV�UHVHW�WR��
�� ÁDJ����GDWD�XQFKDQJHG��ÁDJV�UHVHW�WR��
�� WR�FRUUHFW�ÁDJ�HUURUV�ZKLFK�RFFXUUHG�DW�DQ\�VWHS��WKH�GDWD�DUH�VHDUFKHG�IRU�1$�DQG�

WKH�ÁDJ�DVVRFLDWHG�ZLWK�1$�LV�VHW�WR���

7KH�ÀQDO�UHVXOW�VKRXOG�WKXV�EH�D�ÀOH�WKDW�RQO\�KDV�ÁDJ�YDOXHV�������RU����7KLV�SURFHGXUH�LV�QRW�
SHUIHFW��,W�LV�LPSRVVLEOH�WR�SUHGLFW�DOO�WKH�SRVVLEOH�W\SRJUDSKLFDO�HUURUV�LQ�ÀOHV�RI�WKLV�VL]H��:KLOH�
LW�LV�WULYLDOO\�HDV\�WR�LGHQWLI\�WKH�XQLTXH�ÁDJ�YDOXHV�LQ�WKH�FRPELQHG�GDWD�VHW�LW�FDQ�EH�H[WUHPHO\�
WHGLRXV�WR�LGHQWLI\�WKH�H[DFW�ORFDWLRQ�RI�WKH�HUURU�DQG�NQRZ�WKH�DSSURSULDWH�FRUUHFWLRQ�

4.4.3.3. Salinity and miscellaneous corrections

For CARINA we decided that a sample must have pressure and temperature to have any value. 
Basically, we assumed that if either of these values was missing then something had gone criti-
cally wrong with that sample. Consequently, if either temperature or pressure was missing, 
WKHQ�DOO�GDWD�IRU�WKDW�VDPSOH�ERWWOH�ZDV�VHW�WR�1$�DQG�WKH�ÁDJV�WR����)RUWXQDWHO\��WKHUH�ZHUH�
very few instances.
 Salinity data is also critical, how-
HYHU��WKH�FLUFXPVWDQFHV�DUH�GLͿHUHQW��)RU�
CARINA we chose bottle salinity in prefer-
ence to CTD derived salinity. Some original 
GDWD�ÀOHV�FRQWDLQHG�ERWWOH�PHDVXUHPHQWV�
only, others contained CTD salinity values 
RQO\��RWKHUV�FRQWDLQHG�ERWK��DQG�PDQ\�ÀOHV�
had salinity values with the source not iden-
WLÀHG��:KHQ�WKH�VRXUFH�ZDV�QRW�LGHQWLÀHG��
we assumed that the values were bottle 
salinity.
 Up to this point the two types of 
salinity data were both retained and stored 
separately. Here we made two assumptions: 
ÀUVW�WKDW�DQ\�&7'�VDOLQLW\�ZDV�EHWWHU�WKDQ�
QRWKLQJ�DQG�WKDW�DQ\�H[LVWLQJ�VDOLQLW\�ZDV�
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better than what could be interpolated. Both assumptions should usually be true even with 
uncorrected CTD salinity. Consequently, wherever bottle salinity was missing and a CTD sa-
OLQLW\�YDOXH�H[LVWHG��WKH�&7'�VDOLQLW\��DQG�ÁDJ��ZDV�FRSLHG�LQWR�WKH�ERWWOH�VDOLQLW\�GDWD�VORW��
The rationale for this procedure was to make the data easier to use without incurring errors 
WKDW�ZRXOG�EH�VLJQLÀFDQW�IRU�PRVW�DSSOLFDWLRQV��7KLV�SURFHGXUH�SUREDEO\�DGGHG�QRLVH�WR�WKH�
VDOLQLW\�GDWD��EXW�RQH�PLJKW�H[SHFW�WKH�QRLVH�WR�EH�SVHXGR�UDQGRP�IRU�WKH�HQWLUH�GDWD�VHW�

4.4.3.4. Interpolation

Many of the procedures used to interpret biogeochemical data involve various property-
SURSHUW\�SORWV�RU�OLQHDU�OHDVW�VTXDUHV�ÀWWLQJ�SURFHGXUHV��6LQFH�WKH�KLJKHVW�SULRULW\�DSSOLFDWLRQ�
IRU�WKH�&$5,1$�GDWD�VHW�ZDV�RFHDQLF�FDUERQ�FKHPLVWU\��ZH�GLG�QRW�ZDQW�WR�H[FOXGH�UHODWLYHO\�
H[SHQVLYH�FDUERQ�PHDVXUHPHQWV�IURP�VXFK�DQDO\VHV�RQO\�EHFDXVH�WKH�VDPSOH�ZDV�QRW�DQDO\]HG�
IRU�VDOLQLW\��R[\JHQ�RU�RQH�RI�WKH�QXWULHQWV��&RQVHTXHQWO\��ZH�PDGH�WKH�VDPH�GHFLVLRQ�DV�ZDV�
PDGH�GXULQJ�WKH�*/2'$3�HͿRUW��.H\�HW�DO���������DQG�LQWHUSRODWHG�PLVVLQJ�YDOXHV�IRU�VDOLQ-
LW\��R[\JHQ��QLWUDWH��SKRVSKDWH�DQG�RU�VLOLFDWH�ZKHUH�LW�ZDV�UHDVRQDEOH�WR�GR�VR��7KH�*/2'$3�
DOJRULWKP�ZDV�XVHG��7KDW�LV��D�TXDVL�+HUPHWLDQ�SLHFHZLVH�SRO\QRPLDO�ZDV�ÀW�WR�H[LVWLQJ�GDWD�
DQG�WKDW�ÀW�XVHG�WR�DSSUR[LPDWH�PLVVLQJ�YDOXHV��7KH�GLVWDQFH�RYHU�ZKLFK�LQWHUSRODWLRQ�ZDV�
allowed varied with pressure in the water column and by region. The zones and limits were 
GHWHUPLQHG�E\�H[SHULPHQW�DQG�FRQVHQVXV�EHWZHHQ�3ULQFHWRQ�DQG�WKH�IRXU�DUHD�WHDP�OHDGHUV��
7DEOH�����VXPPDUL]HV�WKH�SUHVVXUH�]RQHV�DQG�WKH�PD[LPXP�DOORZDEOH�GDWD�VHSDUDWLRQ�IRU�HDFK�
]RQH��([WUDSRODWLRQ�ZDV�QRW�DOORZHG��7KHVH�LQWHUSRODWHG�YDOXHV�ZHUH�DVVLJQHG�D�]HUR�ÁDJ�YDOXH�
 While this procedure has proven to be very reliable, it is not perfect. Unusual sample 
GLVWULEXWLRQV�FRPELQHG�ZLWK�WKH�QDWXUH�RI�WKH�ÀWWLQJ�IXQFWLRQ�FDQ�JHQHUDWH�DQRPDORXV�YDOXHV��
In particular for the CARINA cruises it was not uncommon to have multiple samples at very 
similar pressures for a given station. This situation was virtually never encountered with GLO-
'$3�VDPSOLQJ��7KH�+HUPLWH�ÀWWLQJ�IXQFWLRQ�LV�QRW�SURQH�WR�´ULQJµ��KRZHYHU��ZKHQ�DGMDFHQW�
VDPSOHV�DUH�H[WUHPHO\�FORVH�WRJHWKHU�WKH�IXQFWLRQ�FDQ�JLYH�VSXULRXV�UHVXOWV��&RQVHTXHQWO\��WKH�
interpolated values generated with the Hermitian scheme were compared to values derived by 
VLPSOH�OLQHDU�LQWHUSRODWLRQ��,Q�FDVHV�ZKHUH�WKH�+HUPLWLDQ�DSSUR[LPDWLRQ�GLͿHUHG�IURP�WKH�OLQHDU�

Table 4.4. ,QWHUSRODWLRQ�]RQHV�DQG�OLPLWV��DOO�YDOXHV�LQ�PHWHUV���=RQHV�DQG�OLPLWV�ZHUH�GHWHU-
PLQHG�E\�H[SHULPHQWDWLRQ��)RU�HDFK�LQWHUSRODWHG�YDOXH�WKH�DGMDFHQW�PHDVXUHG�YDOXHV��DERYH�
DQG�EHORZ��FDQ�EH�VHSDUDWHG�E\�QR�PRUH�WKDQ�WKH�FRUUHVSRQGLQJ�OLPLW�IRU�WKH�LQWHUSRODWHG�YDOXH�
WR�EH�GHHPHG�DFFHSWDEOH�

$UFWLF�2FHDQ $WODQWLF�2FHDQ 6RXWKHUQ�2FHDQ

depth range limit depth range limit depth range limit

0-100 �� 0-100 �� 0-100 ��

101-300 �� 101-300 �� 101-300 ��

�������� ��� �������� ��� �������� ���

��������� ��� ��������� ��� ��������� ���

�����ERWWRP� ��� ���������� ��� �����ERWWRP� ���

  �����ERWWRP� ����   
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Figure 4.3.�,OOXVWUDWLRQ�RI�LQWHUSRODWLRQ��7KH�EODFN�GRWV�DUH�PHDVXUHG�GDWD��7KH�ER[HV�DQG�
[¶V�DUH�LQWHUSRODWHG�YDOXHV�DW�WKH�LQGLFDWHG�SUHVVXUHV�XVLQJ�WKH�+HUPLWLDQ�DQG�OLQHDU�¿WWLQJ�
IXQFWLRQV��UHVSHFWLYHO\��1RWH�WKDW�WKHUH�DUH�WZR�PHDVXUHPHQWV�QHDU������GEDU�DQG�WKDW�WKHVH�
PHDVXUHG�YDOXHV�DUH�YHU\�QHDUO\�LGHQWLFDO��7KH�FORVH�SUR[LPLW\��LQ�SUHVVXUH��RI�WKHVH�WZR�
PHDVXUHPHQWV�FDXVHV�WKH�+HUPLWLDQ�¿WWLQJ�IXQFWLRQ�WR�³ULQJ´�WKXV�SURGXFLQJ�WKH�HUUDQW�LQ-
WHUSRODWHG�YDOXH�QHDU������GEDU��,Q�FDVHV�VXFK�DV�WKLV��ZKHQ�WKH�WZR�¿WWLQJ�IXQFWLRQV�SURGXFH�
UHVXOWV�WKDW�GLIIHU�E\�PRUH�WKDQ�����WKH�OLQHDU�LQWHUSRODWLRQ�LV�XVHG��)RU�DOO�WKH�RWKHU�FDVHV�
VKRZQ�WKH�GLIIHUHQFH�LV�OHVV�WKDQ����DQG�WKH�DSSUR[LPDWLRQ�IURP�WKH�+HUPLWLDQ�IXQFWLRQ�
LV�XVHG��$OO�RI�WKH�LQWHUSRODWHG�SRLQWV�VKRZQ�LQ�WKLV�H[DPSOH�SDVV�WKH�³PD[LPXP�PHDVXUHG�
GDWD�VHSDUDWLRQ�GLVWDQFH´�WHVW�GHVFULEHG�LQ�WKH�WH[W�DQG�LQ�7DEOH�����

DSSUR[LPDWLRQ�E\�PRUH�WKDQ�����WKH�OLQHDU�YDOXH�ZDV�FKRVHQ��$Q�H[DPSOH�RI�WKLV�LV�VKRZQ�LQ�
Fig. 4.3. Even these precautions will not cover all questionable interpolations, therefore, after 
the interpolation step was completed, the combined (measured + interpolated) parameters were 
FKHFNHG�DQG�WKH�REYLRXV�ÁLHUV�HOLPLQDWHG�IURP�WKH�GDWD�VHW��7KLV�FKHFN�ZDV�YHU\�FUXGH�ZLWK�
WKH�UHVXOW�WKDW�WKH�ÀQDO�GDWD�VHW�XQGRXEWHGO\�FRQWDLQV�D�IHZ�DQRPDORXV�LQWHUSRODWHG�YDOXHV�
� $V�DQ�H[SHULPHQW��WKH�GDWD�VKRZQ�LQ�)LJ������ZHUH�DOVR�ÀWWHG�ZLWK�VSOLQH��VSOLQH�XQ-
GHU�WHQVLRQ��´FVDNPµ��IURP�WKH�,06/�)2575$1�OLEUDU\��9LUWXDO�1XPHULFV��,QF����DQG�´ORHVVµ�
�IURP�WKH�6�3OXV�OLEUDU\��VHH�&OHYHODQG�DQG�'HYOLQ��������IXQFWLRQV��7KH�ÀUVW���VKRZHG�´ULQJ-
LQJµ�HTXDO�WR�RU�ZRUVH�WKDQ�WKH�+HUPLWLDQ�IXQFWLRQ��7KH�´ORHVVµ�ÀW�GRHV�QRW�ULQJ��EXW�LV�RYHUO\�
VPRRWKHG��)RU�WKLV�H[DPSOH�DQ�REYLRXV�´À[µ�ZRXOG�EH�WR�DYHUDJH�WKH�WZR�GDWD�SRLQWV�WKDW�DUH�
VR�FORVH�WR�HDFK�RWKHU��QHDU������GEDU��DQG�XVH�WKH�DYHUDJH�DV�LQSXW�WR�WKH�ÀWWLQJ�URXWLQH��6XFK�
DQ�DYHUDJLQJ�VFKHPH�IRU�GDWD�WKDW�DUH�QHDUO\�FR�ORFDWHG�ZRXOG�EH�D�JRRG�PRGLÀFDWLRQ�WR�WKH�
LQWHUSRODWLRQ�VRIWZDUH��7KH�SUREOHP�LV�WKDW�RQH�KDV�WR�GHÀQH�´FORVHµ�DQG�WKDW�GHÀQLWLRQ�ZLOO�
certainly vary with pressure and geographic location. If one only had 10 or 100 interpolations 
then the interpolation procedure could be visually monitored, however, with more than 84 000 
possible interpolations that was not practical. Therefore, the required software development 
DQG�WHVWLQJ�KDV�EHHQ�OHIW�DV�D�IXWXUH�H[HUFLVH�
� :H�DUH�DZDUH�WKDW�P\ULDG�RWKHU�LQWHUSRODWLRQ�DOJRULWKPV�H[LVW��2QO\�WKRVH�PHQWLRQHG�
ZHUH�WHVWHG�DQG�ZH�GR�QRW�LPSO\�WKDW�WKH�PHWKRG�XVHG�LV�WKH�́ EHVWµ��KRZHYHU�RQH�PLJKW�FKRRVH�
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WR�GHÀQH�EHVW���:H�GR�IHHO�WKDW�WKH�LQWHUSRODWLRQ�LV�ZRUWKZKLOH�DQG�WKDW�WKH�PHWKRG�XVHG�LV�
both reasonable and adequate. In the end, the limits over which interpolation is allowed tend 
WR�EH�PRUH�LPSRUWDQW�WKDQ�WKH�ÀWWLQJ�DOJRULWKP�

4.4.3.5. Basic calculations

7KH�H[LVWLQJ�GDWD�ZHUH�XVHG�WR�FDOFXODWH�YDOXHV�IRU�SRWHQWLDO�WHPSHUDWXUH��SRWHQWLDO�GHQVLW\�
UHODWLYH�WR���������������������DQG������GEDU��DQG�DSSDUHQW�R[\JHQ�XWLOL]DWLRQ��$28��XVLQJ�
WKH�VDPH�DOJRULWKPV�XVHG�IRU�*/2'$3��$GGLWLRQDOO\��VDPSOH�GHSWK�ZDV�DSSUR[LPDWHG�IRU�DOO�
samples using a simple function based on pressure and latitude (in cases where only depth 
ZDV�DYDLODEOH��SUHVVXUH�ZDV�DSSUR[LPDWHG�XVLQJ�D�VLPLODU�IXQFWLRQ���7KHVH�SDUDPHWHUV�ZHUH�
DGGHG�WR�HDFK�GDWD�ÀOH�

4.4.3.6. Carbon calculations

All of the various carbon calculations in CARINA used the MATLAB translation (van Heuven 
et al., 2009; http://cdiac. esd.ornl.gov/oceans/co2rprt.html) of the code originally developed by Lewis 
and Wallace (1998). CARINA used the same constants used for GLODAP (most importantly, 
WKH�'LFNVRQ�DQG�0LOOHUR��������UHÀW�RI�0HKUEDFK�HW�DO�����������7KLV�GHFLVLRQ�LV�VXSSRUWHG�E\�
VLJQLÀFDQW�OLWHUDWXUH��H�J��/HH�HW�DO���������:DQQLQNKRI�HW�DO���������0F(OOLJRW�HW�DO���������0LO-
OHUR�HW�DO���������0RMLFD�3ULHWR�DQG�0LOOHUR���������2WKHUV�KDYH�VXJJHVWHG�GLͿHUHQW�FRQVWDQWV�
DQG�JLYHQ�QHZ�ÀWV�WR�ROG�GDWD��EXW�WKHVH�VWXGLHV�ZHUH�HLWKHU�YHWWHG�RQ�D�UHJLRQDO�VFDOH�UDWKHU�
WKDQ�JOREDOO\�RU�RͿHUHG�RQO\�YHU\�PLQLPDO�LPSURYHPHQW��7KH�&$5,1$�WHDP�FDUERQ�H[SHUWV�
decided that the potential for minor improvement was less important than being consistent 
with values calculated during GLODAP since data from the two collections will undoubtedly 
be used together.

4.4.3.7. Partial pressure

The partial pressures of CFC-11, CFC-12, CFC-113, CCl4 and SF6 were calculated based on the 
solubility equations given by Warner et al. (1995), Bu and Warner (1995), Bullister and Wisegarver 
(1998) and Bullister et al. (2002). The partial pressure values and fractional equilibrium relative 
WR�WKH�DWPRVSKHUH�DW�VDPSOLQJ�WLPH�ZHUH�H[WUHPHO\�XVHIXO�LQ�WKH�4&��SURFHGXUHV�IRU�WKHVH�
SDUDPHWHUV��6WHLQIHOGW�HW�DO����������1RWH�WKDW�WKH�*/2'$3�GDWD�SURGXFWV�LQFOXGHG�´VLPSOHµ�
CFC ages rather than partial pressures.

4.4.3.8. Data product parameter accuracy

Stated simply, it is impossible to determine the general accuracy of the various parameters 
included in the CARINA data products. Precision estimates could be calculated for various 
subsets of the data, however those results would have limited, if any, value. In lieu of such 
QXPEHUV��ZH�LQYHVWLJDWHG�WKH�́ LQWHUQDO�FRQVLVWHQF\µ�RI�WKH�GDWD�SURGXFWV��'HWDLOV�RI�WKHVH�HVWL-
PDWHV�DUH�JLYHQ�LQ�7DQKXD�HW�DO�������E��&KDSWHU���RI�WKLV�WKHVLV��WDEOH�������7KLV�H[HUFLVH�FOHDUO\�
GHPRQVWUDWHG�WKDW�WKH�LQWHUQDO�FRQVLVWHQF\�RI�WKH�GDWD�SURGXFW�ZDV�VLJQLÀFDQWO\�EHWWHU�WKDQ�IRU�
WKH�RULJLQDO�GDWD��([FOXGLQJ�R[\JHQ�DQG�QXWULHQW�GDWD��VLQFH�WKHUH�DUH�QR�́ VWDQGDUGVµ��WKH�FRQ-
VLVWHQF\�YDOXHV�FRXOG�ORRVHO\�EH�LQWHUSUHWHG�DV�DQ�XSSHU�OLPLW�RI�DFFXUDF\��7KLV�DSSUR[LPDWLRQ�
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is an upper limit since some of the variance included in the internal consistency calculation is 
due to real change. Conversely, if the QC2 procedure removed real change signals rather than 
measurement bias, then the internal consistency calculation would imply that the data in the 
SURGXFWV�DUH�´EHWWHUµ�WKDQ�WKH\�UHDOO\�DUH�

4.5. Lessons learned

7ZR�WKLQJV�DUH�FOHDU��7KH�&$5,1$�SURMHFW�ERWK�EHQHÀWHG�IURP�DQG�LPSURYHG�XSRQ�*/2'$3�
WHFKQLTXHV��7KH�PRVW�VLJQLÀFDQW�LPSURYHPHQWV�LQFOXGH�GHYHORSPHQW�RI�VRIWZDUH�WR�DXWRPDWH�
much of the QC2 work and consequently being able to carry out QC2 on a larger subset of the 
total parameter set. This software also allowed the CARINA team to derive either additive 
RU�PXOWLSOLFDWLYH�DGMXVWPHQW�IDFWRUV�IRU�WKH�YDULRXV�SDUDPHWHUV��([SHULHQFH�KDV�VKRZQ�WKDW�
PXOWLSOLFDWLYH�DGMXVWPHQWV�DUH�VXSHULRU�WR�DGGLWLYH�DGMXVWPHQWV�IRU�R[\JHQ�DQG�QXWULHQWV�LQ�
particular (the additive nutrient adjustments used in GLODAP occasionally generated negative 
QHDU�VXUIDFH�FRQFHQWUDWLRQV����$V�ZLWK�*/2'$3��&$5,1$�4&��GHPRQVWUDWHG�WKDW�GLͿHUHQW�
DQDO\WLFDO�WHFKQLTXHV�FDQ�\LHOG�GLͿHUHQW�UHVXOWV�ZLWK�UHVSHFW�WR�GDWD�DGMXVWPHQWV��:H�EHOLHYH�
that retaining human control is preferable to fully automated analysis for data such as these.
 Certainly the most glaring shortcoming for many of the cruise data sets was that com-
SOHWH�UHFRUGV�ZHUH�QRW�UHWDLQHG�ZLWK�WKH�GDWD��3ULRU�WR�WKH�:2&(�SURJUDP�LQ�WKH�����V�ÀQDO�
cruise reports were not produced for many cruises. This was particularly prevalent when the 
FUXLVH�ZDV�PDQQHG�E\�D�VLQJOH�JURXS�IURP�RQH�LQVWLWXWLRQ��7KLV�VLWXDWLRQ�ZDV�H[DFHUEDWHG�E\�
WKH�IDFW�WKDW�WKH�GDWD�IURP�PRVW�RI�WKH�&$5,1$�FUXLVHV�ZHUH�KHOG�H[FOXVLYHO\�LQ�WKH�FROOHFWLRQ�
of individual scientists. By the time the data were released for inclusion in this data product 
PDQ\�RI�WKH�SHRSOH�ZKR�KDG�PDGH�WKH�PHDVXUHPHQWV�ZHUH�QR�ORQJHU�ZRUNLQJ�LQ�WKH�ÀHOG��)RU-
tunately, these practices are slowly ending. The CarboOcean program requires that all funded 
projects report data within 2 years after the cruise. For CLIVAR, shipboard measurements are 
PDGH�SXEOLF�LPPHGLDWHO\�DQG�ÀQDO�GDWD�DUH�UHTXLUHG�ZLWKLQ���PRQWKV�DIWHU�WKH�FUXLVH��H[FHSW�
IRU�VKRUH�EDVHG�PHDVXUHPHQWV���7KLV�SDUDGLJP�VKLIW�IURP�́ SURSULHWDU\�IRUHYHUµ�WR�UDSLG�SXEOLF�
availability carries the risk that another scientist will publish data before the PI responsible 
IRU�WKH�GDWD�KDV�D�FKDQFH��7KLV�RFFXUUHQFH�LV��KRZHYHU��H[WUHPHO\�UDUH��5DSLG�SXEOLF�VFUXWLQ\�
of data more commonly results in elimination of data errors and new collaborative research 
RSSRUWXQLWLHV��7LPHO\�GDWD�UHSRUWLQJ�HQVXUHV�WKDW�VX΀FLHQW�PHWDGDWD�FDQ�VWLOO�EH�REWDLQHG�LI�LW�
is not originally provided.
 The development of CRM for the calibration of AT and CT was noted as one of the most 
important developments with carbon system measurements for GLODAP (Key et al., 2004). 
The same is true for CARINA. CRM are readily available and reasonably priced. Production 
of a high quality AT and/or CT data set requires frequent CRM analysis.
 Measurements of pH were rarely made during the WOCE program and the few 
measurements that were made were not included in GLODAP. Rather in GLODAP, pH and 
CT were used to calculate AT. With the CARINA collection pH was frequently measured. Ad-
GLWLRQDOO\��VLQFH�*/2'$3�ZDV�FRPSOHWHG�WKH�LVVXH�RI�RFHDQ�DFLGLÀFDWLRQ�KDV�DWWUDFWHG�VLJQLÀ-
cant attention. Finally, the spectrophotometric measurement technique has become common 
and is far superior to electrode based measurements. One result of this history is that report-
ing requirements for pH data were not previously standardized. When CARINA began, the 
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most accepted scale for oceanographic 
measurements was the seawater scale. 
During this project, however, agree-
PHQW�ZDV�ÀQDOO\�UHDFKHG�WKDW�S+�GDWD�
should be reported on the totalhydro-
JHQ�LRQ�VFDOH�DW�VRPH�VSHFLÀHG�WHP-
perature (generally 25 ºC). By the time 
this decision was made, it was too late 
to change all of the CARINA data sets. 
Consequently, all CARINA pH values 
�ERWK�LQ�WKH�FUXLVH�ÀOHV�DQG�LQ�WKH�GDWD�
products) are reported on the seawater 
scale at 25 ºC.
 For GLODAP, Key et al. 
(2004) noted that the need for nutri-
ent standards similar to the carbon 
CRMs. Progress has been made (Aoya-
ma et al., 2008; Aminot and Kirkwood, 
1995), but so far, the use of nutrient 
´&50Vµ�KDV�QRW�EHHQ�JHQHUDOO\�DG-
opted. Analysis of the CARINA data 
make it abundantly clear that this 
practice must stop. The community 
must adopt a set of CRMs and those 
´VWDQGDUGVµ�VKRXOG�EH�XVHG�RQ�HYHU\�
cruise. This change in methodology 
is absolutely critical if we are ever to 
understand subtle changes in nutrient 
distributions and stoichiometric ratios 
in a changing ocean environment.
 The development of a dedi-
FDWHG�ZHE�VLWH�IRU�WKH�&$5,1$�ZRUN�ZDV�H[WUHPHO\�KHOSIXO��7KLV�VLWH�DOORZHG�WHDP�PHPEHUV�
WR�HDVLO\�VKDUH�GDWD�DQG�LGHDV�DQG�SURYLGHG�D�ORFDWLRQ�WR�VWRUH�DOO�RI�WKH�4&�RXWSXW�DQG�ÀQDO�
DGMXVWPHQW�WDEOHV��1RZ�WKDW�WKH�SURMHFW�LV�ÀQLVKHG�DOO�RI�WKH�&$5,1$�ZHEVLWH�PDWHULDOV�DUH�
being transferred to CDIAC for archive and public access.

4.6. Conclusions

The CARINA data products represent the work of hundreds of scientists. The project has now 
H[WHQGHG�IRU�D�GHFDGH�ZLWK�WKH�ÀQDO�HͿRUW�UHTXLULQJ�KDOI�WKDW�WLPH��7KH�RULJLQDO�JRDO��WR�DVVHPEOH�
a collection of European data that would be useful to study the inorganic carbon system in the 
1RUWK�$WODQWLF�2FHDQ��ZDV�VLJQLÀFDQWO\�H[SDQGHG�DQG��ZH�EHOLHYH��VXFFHVVIXOO\�FRPSOHWHG��1RW�
only were the data assembled, but the most critical parameters were subjected to very careful 
analysis to remove various data biases. An independent analysis of the CARINA data prod-
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Figure 4.4. 7KHVH�WZR�ER[SORWV�ZHUH�JHQHUDWHG�XVLQJ�PHDVXUHG�
YDOXHV�IURP�WKH�$06�GDWD�SURGXFW��7KH�GDWD�VHOHFWHG�DUH�IURP�
WKH�XSSHU����P�RI�WKH�1RUGLF�6HDV�UHJLRQ��7KH�ER[�ZLGWKV�DUH�
SURSRUWLRQDO�WR�WKH�QXPEHU�RI�GDWD�LQFOXGHG��(YHQ�WKRXJK�D�
VXEVWDQWLDO�IUDFWLRQ�RI�WKH�GDWD�ZHUH�DGMXVWHG�DV�SDUW�RI�WKH�4&��
ZRUN��WKH�VHDVRQDO�F\FOH�LQ�WKHVH�WZR�SDUDPHWHUV�LV�UHWDLQHG��7KH�
QHDU�VXUIDFH�&7�GDWD�IURP�WKLV�UHJLRQ�KDYH�WKH�VDPH�WUHQG��6LPLODU�
DQDO\VHV�ZLWK�RWKHU�SDUDPHWHUV�DQG�RWKHU�UHJLRQV�GHPRQVWUDWH�
WKDW�WKH�4&��SURFHGXUH�KDV�QRW�³HUDVHG´�VWURQJ�WHPSRUDO�VLJ-
QDOV��,QYHVWLJDWLRQ�RI�PRUH�VXEWOH�VLJQDOV�VXFK�DV�WKH�H[SHFWHG�
WHPSRUDO�LQFUHDVH�LQ�QHDU�VXUIDFH�&7�GXH�WR�DQWKURSRJHQLF�&22 
ZLOO�UHTXLUH�PRUH�FDUHIXO�DQDO\VLV�
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uct would undoubtedly show 
that overall the data quality of 
CARINA is not as high as GLO-
'$3��7KLV�ZDV�H[SHFWHG��7KH�
CARINA cruises cover a longer 
time interval and more impor-
tantly the cruises were primar-
ily carried out by individual 
scientists operating in small 
groups rather than being the re-
sult of a globally organized sur-
YH\�HͿRUW��5HJDUGOHVV��WKH�VHF-
ondary quality control activities 
have resulted in a data product 
WKDW�LV�VX΀FLHQWO\�DFFXUDWH�IRU�
modern analyses including cli-
mate change issues. Equally im-
portant is the fact that CARINA 
ERWK�VXSSOHPHQWV�DQG�H[WHQGV�
the global coverage provided 
by GLODAP. Chemical ocean-
ographers now have a very nice 
data set covering the northern North Atlantic and Nordic Seas, the beginning of coverage for 
WKH�$UFWLF�2FHDQ��DQG�VLJQLÀFDQWO\�PRUH�GDWD�IRU�WKH�6RXWKHUQ�2FHDQ��$GGLWLRQDOO\��ZKLOH�WKH�
&$5,1$�FDOLEUDWLRQ�WHFKQLTXHV�GLͿHUHG�VRPHZKDW�IURP�WKRVH�RI�*/2'$3��WKH�WZR�GDWD�VHWV�
are thought to be compatible without alteration for large scale investigations.
 The CARINA QC and adjustment procedures risk removing real signals from the 
original data. Without a much larger and higher initial quality data set such removal would 
be impossible to detect. As others use these data for independent research projects additional 
LQIRUPDWLRQ�ZLOO�EH�JDLQHG��+RZHYHU��WHPSRUDO�VLJQDOV�VWLOO�H[LVW�LQ�WKH�GDWD�SURGXFWV��$V�DQ�
H[DPSOH�)LJ������VKRZV�ER[SORWV�RI�QHDU�VXUIDFH���²���GEDU��QLWUDWH�DQG�$28��DSSDUHQW�R[\JHQ�
utilization) data from the Nordic Seas region taken from the AMS data product. The data were 
taken after all adjustments had been applied. No interpolated values were included in this 
DQDO\VLV��$28�ZDV�XVHG�UDWKHU�WKDQ�R[\JHQ�WR�UHPRYH�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�R[\JHQ�
solubility. It is abundantly clear that the seasonal cycle has not been removed from these data. 
$�VLPLODU�VHDVRQDO�F\FOH�H[LVWV�IRU�WKH�QHDU�VXUIDFH�&T data from this region, however, without 
UHPRYLQJ�WKH�VHDVRQDO�F\FOH��WKH�H[SHFWHG�DQWKURSRJHQLF�LQFUHDVH�LV�QRW�UHDGLO\�DSSDUHQW�IRU�
these surface waters (it is visible in deep water). Detailed analyses are required to identify 
subtle signals. Such studies are planned, but not discussed here.
 The seasonal signal demonstrated in Fig. 4.4 is so strong that it is not the most con-
vincing demonstration that QC2 did not remove real signals from the data products. Fig. 4.5 
illustrates a much sterner test. Here, deep water CT data from the same region as Fig. 4.4 are 
VXPPDUL]HG�E\�PHDVXUHPHQW�\HDU��$�VLJQLÀFDQW�IUDFWLRQ�RI�WKH�GDWD�YDULDELOLW\�IRU�HDFK�\HDU�
is due to spatial variability. Even though this test is crude, the increasing concentration trend 
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Figure 4.5. 7KLV�ER[SORW�VKRZV�GHHS�ZDWHU�&7�PHDVXUHPHQWV�IURP�WKH�
VDPH�UHJLRQ�DV�)LJ�������$�VLJQL¿FDQW�IUDFWLRQ�RI�WKH�VSUHDG�LQGLFDWHG�E\�
HDFK�ER[�LV�GXH�WR�VSDWLDO�YDULDELOLW\��,Q�VSLWH�RI�WKH�FUXGH�QDWXUH�RI�WKLV�
VXPPDU\��WKH�DYHUDJH�FRQFHQWUDWLRQ�LQFUHDVH�RYHU�WLPH�LV�VWDWLVWLFDOO\�VLJ-
QL¿FDQW�DW�D�YHU\�KLJK�FRQ¿GHQFH�OHYHO��7KH�LQFUHDVH�UDWH�GHULYHG�KHUH�LV�
RQO\�DERXW�KDOI�WKDW�IRXQG�IRU�WKH�,UPLQJHU�%DVLQ�DORQH��)RU�WKLV�GLVFXVVLRQ�
WKH�LPSRUWDQW�SRLQW�LV�WKDW�WKH�VHFRQGDU\�4&�DGMXVWPHQWV�KDYH�QRW�HUDVHG�
VXEWOH�ODUJH�VFDOH�WHPSRUDO�VLJQDOV�
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ZLWK�WLPH�LV�FOHDUO\�HYLGHQW�DQG�VWDWLVWLFDOO\�VLJQLÀFDQW�DW�D�YHU\�KLJK�FRQÀGHQFH�OHYHO��7KH�&T 
increase rate derived from these combined data (0.33 µmol kg-1 a-1) is less than that derived 
from the near bottom data in the Irminger Sea time series (0.8 µmol kg-1 a-1; cruise #185). Again, 
GHWDLOHG�LQYHVWLJDWLRQ�ZLOO�EH�UHTXLUHG�WR�GHWHUPLQH�LI�WKH�GLͿHUHQFH�LQ�LQFUHDVH�UDWH�LV�UHDO�RU�
due to the averaging incurred in the trend shown in Fig. 4.5. 
� 7KH�QH[W�SODQQHG�VWHS�LV�WR�PHUJH�&$5,1$�ZLWK�*/2'$3��7HVWV�VKRZ�WKH�WZR�GDWD�
SURGXFWV�WR�EH�FRQVLVWHQWO\�FDOLEUDWHG��7KH�PHUJH�LV��KRZHYHU��QRQ�WULYLDO�EHFDXVH�RI�GLͿHUHQFHV�
LQ�WKH�SDUDPHWHUV�LQFOXGHG�DQG�YDULRXV�GHWDLO�GLͿHUHQFHV�VXFK�DV�VDPSOH�LQGH[LQJ�
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Abstract 

Data on the carbon and carbon relevant hydrographic and hydrochemical parameters from 
previously not publicly available cruises in the Arctic, Atlantic and Southern Ocean have been 
retrieved and merged to a new data base: CARINA (CARbon IN the Atlantic). These data have 
gone through rigorous quality control (QC) procedures to assure the highest possible quality 
and consistency. All CARINA data were subject to primary QC; a process in which data are 
studied in order to identify outliers and obvious errors. Additionally, secondary QC was per-
formed for several of the measured parameters in the CARINA data base. Secondary QC is a 
SURFHVV�LQ�ZKLFK�WKH�GDWD�DUH�REMHFWLYHO\�VWXGLHG�LQ�RUGHU�WR�TXDQWLI\�V\VWHPDWLF�GLͿHUHQFHV�
LQ�WKH�UHSRUWHG�YDOXHV��7KLV�SURFHVV�LQYROYHG�FURVVRYHU�DQDO\VLV��DQG�DV�D�VHFRQG�VWHS�WKH�RͿ-
sets derived from the crossover analysis were used to calculate corrections of the parameters 
PHDVXUHG�RQ�LQGLYLGXDO�FUXLVHV�XVLQJ�OHDVW�VTXDUH�PRGHOV��6LJQLÀFDQW�ELDVHV�IRXQG�LQ�WKH�GDWD�
KDYH�EHHQ�FRUUHFWHG�LQ�WKH�GDWD�SURGXFWV��L�H��WKUHH�PHUJHG�GDWD�ÀOHV�FRQWDLQLQJ�PHDVXUHG��
calculated and interpolated data for each of the three regions (i.e. Arctic Mediterranean Seas, 
Atlantic Ocean, and Southern Ocean). Here we report on the technical details of the quality 
control and on tools that have been developed and used during the project, including proce-
dures for crossover analysis and least square models. Furthermore, an interactive website for 
uploading of results, plots, comments etc. was developed and was of critical importance for 
the success of the project, this is also described here.

5.1. Introduction

CARINA is a database of carbon and carbon-relevant data from hydrographic cruises in the 
Arctic Mediterranean Seas, Atlantic, and Southern Ocean. The project started as an essen-
tially informal, unfunded project in Delmenhorst, Germany, in 1999 during the workshop on 
´&22 in the North Atlantic”, with the main goal to create a uniformly formatted database of 
carbon relevant variables in the ocean to be used for accurate assessments of oceanic carbon 
inventories and uptake rates. The collection of data and the quality control of the data have 
been a main focus of the CARINA project. Both primary and secondary QC of the data has 
EHHQ�SHUIRUPHG��́ 4&�µ�DQG�´4&�µ��UHVSHFWLYHO\���([SHULHQFH�ZLWK�WKH�SUHYLRXV�*/2'$3�
synthesis project (Key et al., 2004) demonstrated that a consistent data product can be pro-
GXFHG�FRQWDLQLQJ�GDWD�IURP�PDQ\�GLͿHUHQW�FUXLVHV�E\�PDQ\�GLͿHUHQW�ODERUDWRULHV�LQ�GLͿHU-
HQW�UHJLRQV��%XW�LW�LV�HVVHQWLDO�WKDW�WKH�UHVXOWV�REWDLQHG�E\�WKH�GLͿHUHQW�PHWKRGV�RI�TXDOLW\�
control are compared and systematically assessed. This assessment is required largely due to 
WKH�IDFW�WKDW�VWDQGDUGV�GR�QRW�H[LVW�IRU�PDQ\�RFHDQRJUDSKLF�PHDVXUHPHQWV��6LQFH�&$5,1$�
included a large number of scientists from all over the world, communication of individual 
HͿRUWV�DQG�UHVXOWV�ZHUH�LPSRUWDQW��)RU�WKLV�SXUSRVH��WKH�LQGLYLGXDO�GDWD�DQDO\VWV�DQG�WKH�
working groups used an internet based platform for posting their results, including upload-
LQJ�GRZQORDGLQJ�DQG�YLHZLQJ�RI�ÀJXUHV��GDWD�DQG�FRPPHQWV��,Q�WKLV�ZD\��WKH�GDWD�DQDO\VWV�
ZHUH�VKDULQJ�H[SHULHQFH�DQG�UHVXOWV�LQ�UHDO�WLPH��,Q�DGGLWLRQ�WR�WKH�LQWHUDFWLRQ�RYHU�WKH�ZHE�
portal and email communication, 3 workshops were held where practical matters and the 
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DGMXVWPHQWV�RI�GDWD�ZHUH�GLVFXVVHG��DQG�ÀQDOL]HG��7KLV�UHSRUW�SURYLGHV�DQ�RYHUYLHZ�RI�WKH�
methods and techniques used for the quality control of the database. 

5.2. Data provenance

The CARINA database includes data and metadata from 188 oceanographic cruises or projects, 
i.e. entries to the cruise summary table (http://cdiac.esd.ornl.gov/oceans/CARINA/Carina_table.
html). A few of the cruises listed in the table are collections of several cruises or time series 
stations. In addition, 52 reference cruises are included in the secondary QC to ensure consis-
tency with historical data (i.e., WOCE/GLODAP). These reference cruises are not included in 
the CARINA data base, but on several occasions are suggestions for adjustments made that 
DUH�GLͿHUHQW�IURP�WKRVH�DSSOLHG�WR�WKH�*/2'$3�GDWD�EDVH��'XH�WR�WKH�YROXPH�RI�WKH�GDWD�VHW��
the CARINA data are divided in three regions: Arctic Mediterranean Seas (AMS); Atlantic 
Ocean (ATL), and Southern Ocean (SO), each of them with a working group that carried out 
the secondary QC. A few of the CARINA cruises are common to the ATL and SO groups, 
and a few cruises are common to the ATL and AMS groups. In these cases there has been 
agreement between the groups on all adjustments. This provides a consistency control in the 
secondary QC between the CARINA working groups.
� 7KH�&$5,1$�GDWDEDVH�FRQVLVWV�RI�WZR�SDUWV��WKH�ÀUVW�SDUW�LV�WKH�LQGLYLGXDO�FUXLVH�
ÀOHV�ZKHUH�DOO�WKH�GDWD�UHSRUWHG�E\�WKH�PHDVXUHPHQW�WHDPV�DUH�VWRUHG��4XDOLW\�ÁDJV�DUH�DF-
FRPSDQ\LQJ�WKH�GDWD��,Q�PDQ\�FDVHV�WKH�ÁDJV�DUH�WKRVH�RULJLQDOO\�UHSRUWHG��LQ�RWKHUV�FDVHV�
WKH�ÁDJV�ZHUH�DVVLJQHG�E\�5��.H\��7KHVH�ÀOHV�DUH�LQ�:+3��:2&(�+\GURJUDSKLF�3URJUDP��
H[FKDQJH�IRUPDW��http://whpo.ucsd.edu/format.html���7KH�ÀUVW�OLQHV�RI�HDFK�ÀOH�DUH�WKH�FRQGHQVHG�
PHWDGDWD��7KHUH�DUH�QR�FDOFXODWHG�RU�LQWHUSRODWHG�YDOXHV�LQ�WKH�LQGLYLGXDO�FUXLVH�ÀOHV��H[FHSW�
for pressure calculated from depth. No adjustments have been applied to any of these val-
XHV�ZLWK�WKH�H[FHSWLRQ�WKDW�DOO�S+�PHDVXUHPHQWV�ZHUH�FRQYHUWHG�WR�WKH�VHDZDWHU�S+�VFDOH�DW�
25 ºC. Recently, the international ocean carbon measurement community decided that new 
pH measurements would be reported on the total hydrogen scale, but that decision occurred 
too late to be incorporated into this project.
� 7KH�VHFRQG�SDUW�RI�&$5,1$�FRQVLVWV�RI�WKUHH�PHUJHG�GDWD�ÀOHV��RQH�HDFK�IRU�WKH�
$WODQWLF�2FHDQ��$UFWLF�0HGLWHUUDQHDQ�6HDV�DQG�6RXWKHUQ�2FHDQ�UHJLRQV��7KHVH�ÀOHV�FRQWDLQ�
DOO�WKH�&$5,1$�GDWD�MXGJHG�WR�EH�´JRRGµ��DQG�DOVR�LQFOXGH���L��LQWHUSRODWHG�YDOXHV�IRU�QX-
WULHQWV��R[\JHQ�DQG�VDOLQLW\�LI�WKRVH�GDWD�ZHUH�PLVVLQJ�DQG�WKH�LQWHUSRODWLRQ�FRXOG�EH�PDGH�
according to certain criteria, as described in Key et al. (2009; Chapter 4 of this thesis); and (ii) 
calculated carbon parameters; e.g. if CT (total dissolved inorganic carbon, DIC, or TCO2) and 
AT (total alkalinity, TA, ALK, TAlk or alk) were measured, pH was calculated, (iii) instances 
where bottle salinity was missing or bad were replaced with CTD salinity, if possible. Values 
IRU�DQ\�RI�WKHVH�FDVHV�KDYH�EHHQ�JLYHQ�WKH�TXDOLW\�ÁDJ�´�µ��,Q�PDQ\�FDVHV�WKHUH�DUH�DGGLWLRQDO�
SDUDPHWHUV�LQ�WKH�LQGLYLGXDO�FUXLVH�ÀOHV�ZKLFK�KDYH�QRW�EHHQ�LQFOXGHG�LQ�WKH�VHFRQGDU\�4&��
VXFK�DV�Ј14&��չ13C and SF6��6RPH�RI�WKHVH�DUH�LQFOXGHG�LQ�WKH�PHUJHG�GDWD�ÀOHV�DV�ZHOO�
� $�VLJQLÀFDQW�DQG�WLPH�FRQVXPLQJ�SDUW�RI�WKH�&$5,1$�V\QWKHVLV�ZDV�WKH�GDWD�FROOHF-
tion, merging of subsets of data from individual cruises and conversion of units to a common 
IRUPDW�VWDQGDUG��VHH�.H\�HW�DO���������FKDSWHU���RI�WKLV�WKHVLV���7KH�QH[W�VWHS�LQ�WKH�V\QWKHVLV�
was the quality control (QC). Our quality control procedures are comprised of two distinct 
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steps. First the reported measurements are studied in order to identify outliers and obvious 
HUURUV��L�H��SULPDU\�4&��6HFRQGO\��ZH�TXDQWLI\�V\VWHPDWLF�GLͿHUHQFHV�LQ�WKH�UHSRUWHG�YDOXHV�
in a process called secondary QC. Essentially, primary QC is a check of precision and second-
ary QC is a check of accuracy. These QC processes were performed on the data sets reported 
by the measurements teams, and are distinct from the quality assurance (QA) procedures 
RULJLQDOO\�SHUIRUPHG�E\�HDFK�FUXLVH�PHDVXUHPHQW�WHDP�LQ�RUGHU�WR�HQVXUH�VX΀FLHQW�TXDOLW\��
ZKLFK�LV�SDUW�RI�WKH�GDWD�FROOHFWLRQ�DQG�DQDO\VLV�SURFHGXUHV��$�ÁRZFKDUW�RI�WKH�SURFHGXUHV�
involved in the process of producing the CARINA data product is presented in Fig. 5.1.

5.3. Primary quality control (QC1)
3ULPDU\�4&��RU�VLPSO\�´4&�µ��LV�D�SURFHVV�LQ�ZKLFK�GDWD�DUH�VWXGLHG�LQ�RUGHU�WR�LGHQWLI\�
outliers and obvious errors. While the methods used to identify questionable or bad data are 
REMHFWLYH��WKH�DFWXDO�ÁDJ�DVVLJQPHQW�LV�VXEMHFWLYH�DQG�LV�DOVR�KLJKO\�GHSHQGHQW�RQ�WKH�RYHUDOO�
PHDVXUHPHQW�SUHFLVLRQ�RI�HDFK�SDUDPHWHU�IRU�HDFK�FUXLVH��7KHVH�RXWOLHUV�DUH�HLWKHU�ÁDJJHG��
or the data were revised via direct contact with the data generators, for instance calibration 
of AT�YDOXHV�ZLWK�UHVSHFW�WR�&50�WKDW�KDG�EHHQ�DQDO\]HG�EXW�QRW�FHUWLÀHG�IRU�$T by the time 
the cruise was carried out. During the WOCE program a system was developed to indicate 
WKH�TXDOLW\�RI�HDFK�PHDVXUHG�GDWXP�LQ�D�FUXLVH�GDWD�VHW��7KH�V\VWHP�DPRXQWV�WR�ÁDJJLQJ�HDFK�

for each cruise

for each region
acquire original data

contact PI about outliers

!ag data

store individual cruise "le

submit cruise "les to CCHDO

submit dataproducts to CDIAC

scan data for outliers

calculate carbon parameters

interpolate missing values

add reference cruises

split data into 3 regions

assess inversion results

decide on adjustments

apply adjustments

merge adjusted cruises

store dataproduct

remove reference cruises

store results on web platform

determine o#sets
between cruises

convert to standard units

remove not-good data

start

Q
C1

Q
C2perform inversion

assess o#sets

Figure 5.1. )ORZFKDUW�GHVFULELQJ�WKH�SULQFLSDO�VWHSV�GXULQJ�WKH�VHFRQGDU\�
TXDOLW\�FRQWURO��VHH�WH[W�IRU�GHWDLOV�
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GDWXP�ZLWK�DQ�LQWHJHU��1LQH�GLͿHUHQW�ÁDJ�YDOXHV�ZHUH�GHÀQHG���²���VHH�7DEOH�����IRU�GHÀQL-
tions). This system, which has been continued in subsequent major ocean sampling programs 
and was used for the GLODAP data synthesis, was adopted for CARINA. It is important to 
QRWH�WKDW�GDWD�ÁDJJLQJ�RU�4&��GHDOV�RQO\�ZLWK�GDWD�SUHFLVLRQ��7KH�WHFKQLTXHV�XVHG�WR�DVVLJQ�
WKHVH�ÁDJV�DUH�XVXDOO\�LQVHQVLWLYH�WR�GDWD�ELDV�SDUWLFXODUO\�LQ�FDVHV�ZKHUH�DOO�RI�WKH�PHDVXUH-
ments of any parameter for a cruise are biased relative to results from other cruises.
� $�ODUJH�QXPEHU�RI�WKH�&$5,1$�FUXLVHV�SUHGDWH�WKH�FXVWRP�RI�GDWD�ÁDJJLQJ��&RQ-
VHTXHQWO\��DV�WKH�UDZ�GDWD�ÀOHV�ZHUH�DFFXPXODWHG��ÁDJV�ZHUH�LQLWLDOL]HG�ZLWK�ÁDJ�YDOXH���
�JRRG��IRU�HDFK�PHDVXUHG�YDULDEOH��H[FHSW�WHPSHUDWXUH��RU����QRW�PHDVXUHG��ZKHQ�WKHUH�ZDV�
no measured value. Subsequently, the various measured parameters were analyzed with the 
same software and techniques used for modern cruises. Essentially, various property-property 
SORWV�DUH�H[DPLQHG�IRU�VPDOO�JURXSLQJV�RI�VWDWLRQV�ORRNLQJ�IRU�RXWOLHUV��1RWHV�ZHUH�NHSW�IRU�
each outlier in each plot. Measurements that were outliers, generally in more than one type 
SORW��ZHUH�ÁDJJHG�TXHVWLRQDEOH�����RU�EDG�����ZLWK�WKH�GLͿHUHQFH�EHWZHHQ�WKHVH�WZR�ÁDJV�EH-
LQJ�RQH�RI�GHJUHH��:KHQHYHU�SRVVLEOH��WKH�GDWD�YDOXHV�ÁDJJHG�����ZHUH�UHSRUWHG�EDFN�WR�WKH�
SHUVRQ�RULJLQDOO\�UHVSRQVLEOH�IRU�WKH�PHDVXUHPHQWV�IRU�FRQÀUPDWLRQ��,Q�FDVHV�RI�GLVDJUHH-
ment, the choice of the data generator was used. In general whenever a datum was borderline 
EHWZHHQ�JRRG�DQG�TXHVWLRQDEOH��WKH�JRRG�ÁDJ�ZDV�UHWDLQHG��$GGLWLRQDOO\��GXULQJ�WKH�ÁDJJLQJ�
VLJQLÀFDQWO\�PRUH�YDULDELOLW\�ZDV�DOORZHG�IRU�SRLQWV�WKDW�ZHUH�LQ�WKH�XSSHU�WKHUPRFOLQH�RU�
QHDUERWWRP��1HDU�VXUIDFH�YDOXHV�ZHUH�YLUWXDOO\�QHYHU�ÁDJJHG�����ZLWK�WKH�RQO\�H[FHSWLRQ�
being totally unrealistic values and/or obvious clerical errors.
� 7KLV�PHWKRG�RI�GDWD�ÁDJJLQJ�LV�TXLWH�VXEMHFWLYH�UHJDUGOHVV�RI�ZKR�DVVLJQV�WKH�ÁDJV��
:LWK�YHU\�IHZ�H[FHSWLRQV�DOO�RI�WKH�&$5,1$�FUXLVHV�ZHUH�ÁDJJHG�DW�3ULQFHWRQ��5��.H\���7KLV�
GRHV�QRW�PHDQ�WKDW�WKH�ÁDJV�ZHUH�DVVLJQHG�FRUUHFWO\��EXW�GRHV�HQVXUH�WKDW�WKH�DVVLJQPHQW�
ZDV�GRQH�DV�FRQVLVWHQWO\�DV�SRVVLEOH�DQG�DGGLWLRQDOO\�WKDW�WKH�ÁDJV�ZHUH�FRQVLVWHQW�ZLWK�
those assigned to the carbon parameters during 
preparation of GLODAP (Key et al., 2004). The only 
ÁDJV�QRW�DVVLJQHG�DW�3ULQFHWRQ�ZHUH�DVVRFLDWHG�HL-
ther with very recent cruises (generally WOCE or 
CLIVAR) or with data streams from labs which had 
SDUWLFLSDWHG�LQ�:2&(�DQG�DVVLJQHG�ÁDJV�WR�WKHLU�
own data routinely (mostly CFC data from M. Rhein 
and/or R. Steinfeldt). Whenever data were submitted 
ZLWK�ÁDJV��WKH�ÁDJ�YDOXHV�ZHUH�VLPSO\�FKHFNHG�IRU�
obvious/clerical errors. The CARINA data product 
LQFRUSRUDWHV�RQH�DGGLWLRQDO�ÁDJ�ZLWK�YDOXH�]HUR������
7KLV�ÁDJ�ZDV�DOVR�XVHG�LQ�*/2'$3��7KH�]HUR�ÁDJ�
LQGLFDWHV�D�GDWXP�WKDW�́ FRXOG�KDYH�EHHQ�PHDVXUHGµ��
EXW�ZDV�DSSUR[LPDWHG�LQ�VRPH�PDQQHU��7KHUH�DUH�
WKUHH�GLͿHUHQW�XVHV�IRU�WKH�]HUR�ÁDJ�LQ�WKH�GDWD�SURG-
ucts: 1) Instances where bottle salinity was missing 
or bad and consequently replaced with CTD salinity, 
���LQWHUSRODWHG�YDOXHV�IRU�VDOLQLW\��R[\JHQ�RU�QXWUL-
ents, or 3) for calculated carbon parameters.

Table 5.1. 7DEOH�OLVWLQJ�WKH�ÀDJV�XVHG�IRU�
WKH�&$5,1$�GDWD�VHW��2QO\�ÀDJV������DQG���
DUH�XVHG�IRU�WKH�GDWD�SURGXFW��)ODJ����³DS-
SUR[LPDWHG´��UHIHUV�WR�LQWHUSRODWHG�YDOXHV�
IRU�QXWULHQWV��R[\JHQ�DQG�VDOLQLW\��DQG�WR�
FDOFXODWHG�FDUERQ�SDUDPHWHUV�

)ODJ�YDOXH ,QWHUSUHWDWLRQ�LQ�&$5,1$

0 $SSUR[LPDWHG

1 1RW�XVHG

2 *RRG

3 4XHVWLRQDEOH�

4 &OHDUO\�EDG�UHVXOW�

� 9DOXH�QRW�UHSRUWHG�

� $YHUDJH�RI�UHSOLFDWH�

� 1RW�XVHG

� 1RW�XVHG

9 1RW�PHDVXUHG
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� 7KH�VHFRQGDU\�TXDOLW\�FRQWURO�SURFHGXUHV�XVHG�KHUH��GLVFXVVHG�EHORZ��FULWLFDOO\�H[-
DPLQH�WKH�GDWD�XVLQJ�WHFKQLTXHV�TXLWH�GLͿHUHQW�IURP�WKH�URXWLQH�4&��PHWKRGV��,Q�VRPH�FDVHV�
DGGLWLRQDO�GDWD�SRLQWV�DUH�LGHQWLÀHG�WKDW�DUH�DSSDUHQWO\�VSXULRXV��,Q�WKHVH�FDVHV�WKH�XQXVXDO�
GDWD�ZHUH�UHSRUWHG�EDFN�WR�3ULQFHWRQ�WR�KDYH�WKH�LQLWLDO�ÁDJ�YDOXHV�UHFRQVLGHUHG��2QFH�DOO�RI�
WKH�ÁDJ�YDOXHV�DUH�ÀQDO��HDFK�FUXLVH�ÀOH�ZDV�VXEPLWWHG�WR�QDWLRQDO�GDWD�FHQWHUV��&&+'2�DQG�
CDIAC).

5.4. Secondary quality control (QC2)

6HFRQGDU\�TXDOLW\�FRQWURO��RU�VLPSO\�´4&�µ��LV�D�SURFHVV�LQ�ZKLFK�WKH�GDWD�DUH�REMHFWLYHO\�
VWXGLHG�LQ�RUGHU�WR�TXDQWLI\�V\VWHPDWLF�ELDVHV�LQ�WKH�UHSRUWHG�YDOXHV��7KH�LGHQWLÀHG�GDWD�EL-
ases are then subjectively compared to predetermined accuracy limits. Special consideration 
is given to the fact that some of the regions studied are known to have had real temporal 
change over the time period covered by the various cruises (1977–2007). Obviously, one does 
QRW�ZDQW�4&��WR�´HUDVHµ�UHDO�WHPSRUDO�FKDQJH��7KH�QDWXUH�RI�WKH�4&��SURFHGXUH�LV�VXFK�WKDW�
YDULRXV�GDWD�UHFRUGLQJ�HUURUV�RXWOLHUV�DUH�DOVR�LGHQWLÀHG�LQ�WKH�SURFHVV��WKXV�FRPSOHPHQWLQJ�
WKH�LQLWLDO�4&���'DWD�IURP�FUXLVHV�WKDW�VKRZ�VLJQLÀFDQW�ELDV�DUH�JLYHQ�DQ�DGMXVWPHQW��HLWKHU�
PXOWLSOLFDWLYH�RU�DGGLWLYH���WKDW�LV�DSSOLHG�WR�WKH�GDWD�SURGXFW��L�H��WKH�PHUJHG�GDWD�ÀOHV�IRU�
WKH�WKUHH�UHJLRQV���EXW�QRW�WR�WKH�LQGLYLGXDO�FUXLVH�ÀOHV��WKRVH�UHPDLQ�DV�UHSRUWHG�ZLWK�PHD-
VXUHG�GDWD���'DWD�ZLWK�ORZHU�WKDQ�DFFHSWDEOH�TXDOLW\�DUH�DOVR�LGHQWLÀHG��TXHVWLRQDEOH�GDWD�DUH�
UHPRYHG�IURP�WKH�GDWD�SURGXFW��EXW�UHWDLQHG�LQ�WKH�LQGLYLGXDO�FUXLVH�ÀOHV�ZLWK�DSSURSULDWH�
ÁDJV��7KH�SDUDPHWHUV�FRQVLGHUHG�LQ�4&��DUH�VDOLQLW\��DQG�LQ�D�IHZ�FDVHV�&7'�VDOLQLW\���R[\-
gen, nitrate, phosphate, silicate, total alkalinity (AT), total dissolved inorganic carbon (CT), pH, 
CFC-11, CFC-12, CFC-113 and CCl4.
 The most important tool in the secondary quality control of the CARINA data was the 
crossover analysis. Other approaches that were used include multiple linear regression (MLR) 
analysis and relation between measured parameters, such as CFC-11 vs. CFC-12. This report 
focuses on the crossover analysis and the least square models (inversions) that followed to 
GHWHUPLQH�WKH�FRUUHFWLRQV�FRUUHFWLRQ�IDFWRUV�QHHGHG�WR�PLQLPL]H�WKH�RͿVHWV�EHWZHHQ�FUXLVHV�

5.4.1. Crossover analysis

Crossover analysis is an objective comparison of deep water data from one cruise with data 
from other cruises in the same area. Crossover analysis has been performed earlier on, for 
instance, the WOCE and JGOFS data set (e.g. Sabine et al., 1999; Gouretski and Jancke, 2001; 
Johnson et al., 2001; Sabine et al., 2005), see also http://cdiac.esd.ornl.gov/ oceans/glodap/crossover.
html, where the concept was laid out. These results have increased the internal consistency 
of, for instance, the GLODAP data set. In CARINA we have used the basic concept of cross-
over analysis.
� 7KH�UHVXOW�RI�D�FURVVRYHU�DQDO\VLV�LV�DQ�RͿVHW��2ͿVHWV�DUH�GHÀQHG�DV�WKH�GLͿHUHQFH�
EHWZHHQ�WZR�FUXLVHV��$�DQG�%��GHULYHG�IURP�D�FURVVRYHU�DQDO\VLV��,I�WKH�RͿVHW�IRU�FUXLVH�$�
(relative to cruise B) is less than zero (or unity, for multiplicative parameters), then cruise A 
data would have to be increased in order to be consistent with cruise B (or vice versa). The 
RͿVHW�ZHUH�TXDQWLÀHG�DV�PXOWLSOLFDWLYH�IDFWRUV�IRU�QXWULHQWV��R[\JHQ�DQG�&)&V��DQG�DV�DGGLWLYH�
constants for salinity, CT and AT. There are several reasons for this division between additive 
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DQG�PXOWLSOLFDWLYH�RͿVHWV��)LUVWO\��PXOWLSOLFDWLYH�RͿVHWV�HOLPLQDWH�WKH�SUREOHP�RI�SRWHQWLDOO\�
negative values for any variable with measured concentration close to zero, i.e. in the surface 
ZDWHU�IRU�QXWULHQWV��RU�R[\JHQ�FRQFHQWUDWLRQV�LQ�ORZ�R[\JHQ�DUHDV��$OVR��IRU�QXWULHQWV�DQG�
R[\JHQ�DQDO\VLV��SUREOHPV�LQ�VWDQGDUGL]DWLRQ�DUH�WKH�PRVW�OLNHO\�VRXUFH�RI�HUURU��KHQFH�D�
PXOWLSOLFDWLYH�RͿVHW�LV�GHHPHG�DV�DSSURSULDWH��)RU�&T, AT and salinity an additive adjustment 
seemed most likely, due to, for instance, biases in the reference material used. Similarly, since 
S+�LV�D�ORJDULWKPLF�XQLW��RQO\�DGGLWLYH�RͿVHWV�FDQ�EH�FRQVLGHUHG��,Q�WKH�FURVVRYHU�DQDO\VLV��
clustering or cluster analyses was often performed. This refers to a subroutine in the cross-
over analysis for cruises that fall in more than one region, or for crossovers that cover such a 
ODUJH�DQG�GLYHUVH�DUHD�WKDW�WKH�FURVVRYHU�LV�GLYLGHG�LQWR�PRUH� V́XE�FURVVRYHUVµ��L�H��FOXVWHUV��
When we discuss crossover analysis in the following, clustering is included, i.e. the crossover 
analysis between two cruises takes the geographic distribution of the cruises into consider-
ation, either manually or automatically. The station distribution in CARINA was such that the 
GHÀQLWLRQ�RI�́ VDPH�DUHDµ�ZDV�YDULDEOH�DQG�GHÀQHG�VXEMHFWLYHO\�RQ�D�FDVH�E\�FDVH�EDVLV��EXW�WKH�
compared stations were normally within 2 degrees of latitude, i.e. ֤222 km. Mostly, the two 
FUXLVH�WUDFNV�DUH�FURVVLQJ�HDFK�RWKHU��KHQFH�WKH�QDPH� F́URVVRYHU�DQDO\VLVµ��EXW�LW�FDQ�DOVR�EH�
UHSHDW�RU�SDUDOOHO�FUXLVH�WUDFNV��ZKLFK�LV�RIWHQ�WKH�FDVH�IRU�WKH�&$5,1$�GDWD��:H�LGHQWLÀHG�
and analyzed more than 2100 individual crossovers for the CARINA data set.
 Since the upper water column is more sensitive to variability on various time-scales 
than the deep ocean, only the deep part of the water column was considered for the analysis. 
For the ATL and SO regions, this minimum depth (i.e. pressure) was 1500 dbar. However, due 
WR�WKH�GHHS�PL[HG�OD\HUV�VRPHWLPHV�IRXQG�LQ�WKH�$06�UHJLRQ��WKH�PLQLPXP�GHSWK�ZDV�VHW�
to 1900 dbar for the Nordic Seas region as this is deeper than the ventilation depths observed 
over the time span covered by CARINA (Ronski and Budeus, 2005). The crossover analysis 
was performed on either pressure, density (i.e., sigma-4), or potential temperature surfaces. 
To account for vertical shifts of properties (i.e., internal waves etc.), the crossover analysis are 
normally done on density surfaces. However, in the Nordic Seas crossover analysis was made 
on depth surfaces due to the small density gradients there. Arguments for the use of theta over 
sigma include the superior measurement accuracy of temperature and its independence of 
other parameters (especially biases in salinity are impossible to clarify in sigma-space, since 
sigma itself is a function of salinity). One of the collections of software-routines that were 
GHYHORSHG�IRU�WKH�&$5,1$�HͿRUW�GHWHUPLQHG�RͿVHWV�LQ�HDFK�RI�WKH�WKUHH�VSDFHV�VLPXOWDQH-
RXVO\��DQG�LWV�UHVXOWV�DOORZ�IRU�FRPSDULVRQ��7KH�TXDOLW\�RI�WKH�GHWHUPLQDWLRQV�RI�RͿVHWV��DV�
H[SUHVVHG�E\�WKH�VWDQGDUG�GHYLDWLRQ��ZDV�JHQHUDOO\�KLJKHVW�XVLQJ�GHQVLW\��IROORZHG�FORVHO\�
by theta, and with comparisons in depth-space regularly yielding spurious results. In most 
FDVHV�KRZHYHU��WKHUH�ZHUH�RQO\�VPDOO�GLͿHUHQFHV�LQ�WKH�RͿVHWV�FDOFXODWHG�LQ�WKH�WKUHH�GLͿHU-
HQW�ZD\V��ZKLFK�JLYHV�XV�VRPH�FRQÀGHQFH�LQ�WKH�DQDO\VLV��VHH�EHORZ�
� $V�D�ÀUVW�VWHS�LQ�WKH�FURVVRYHU�DQDO\VLV��WKH�SURÀOHV�RI�WKH�SDUDPHWHU�LQ�TXHVWLRQ�IRU�
all stations included in a crossover were interpolated with a Piecewise Cubic Hermite Inter-
polating scheme. An important feature of this algorithm is that interpolated values almost 
QHYHU�H[FHHG�WKH�UDQJH�VSDQQHG�E\�WKH�GDWD�SRLQWV��7KDW�LV��WKH�+HUPLWLDQ�IXQFWLRQ�KDV�ORZ�
WHQGHQF\�WR�´ULQJµ��/DUJH�YHUWLFDO�JDSV�LQ�WKH�GDWD�ZHUH�QRW�LQWHUSRODWHG��WKH�GHÀQLWLRQ�RI�
´ODUJHµ�EHLQJ�GHSWK�GHSHQGHQW��ODUJHU�´JDSVµ�ZHUH�DOORZHG�LQ�WKH�GHHSHU�SDUW�RI�WKH�SURÀOH��
,Q�WKH�FDVH�RI�GHQVLW\��WKH�SURÀOHV�ZHUH�LQWHUSRODWHG�LQ�VXFK�D�ZD\�WKDW�WKH�LQWHUSRODWHG�YDO-
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ues were roughly equally distributed in depth space. Practically this was done by letting a 
GHQVLW\�SURÀOH�WKDW�ZDV�W\SLFDO�IRU�WKH�DUHD�GHWHUPLQH�WKH�LQWHUSRODWLRQ�GLVWDQFHV�LQ�GHQVLW\�
VSDFH��7KLV�ZDV�GRQH�LQ�RUGHU�WR�KDYH�VX΀FLHQW�ZHLJKW��RU�´LQWHUSRODWHG�GDWD�SRLQWVµ��LQ�WKH�
deep water column were the properties of the water are supposed to change only slowly, and 
were the density gradients are often small.
 Essentially, we distinguish between three routines for the crossover analyses car-
ried out during the CARINA project: the manual crossover routine, and the two automatic 
routines; running-cluster and cnaX-scripts, see below. These codes and routines developed 
during the project, so that manual crossover results obtained in the early part of the project 
are not necessarily made with the same assumptions as those made in the later part of the 
project. This applies also for the automated routines, but in this case the full data set was 
analyzed again when new routines were developed. However, even if the codes are slightly 
GLͿHUHQW��WKH�UHVXOWV�ZHUH�PRVWO\�YHU\�VLPLODU��DV�ZH�ZLOO�VHH�EHORZ�
 Due to the large number of crossovers in CARINA, the task of manually generating 
crossovers and entering the results in an online table soon become overwhelming in terms 
of workload. Even though the process of manually generating the crossovers lead to quality 
checked results, the process of manually entering the values in a table is prone to typos and 
errors that might bias the results of the inversions. Even though the automatically generated 
crossovers were, in general, used for the inversions, the manually generated crossovers were 
invaluable as reference points in the decision process for suggesting adjustments. The matlab 
URXWLQHV�XVHG�IRU�4&��RI�&$5,1$��DV�ZHOO�DV�DOO�ÀJXUHV�JHQHUDWHG�GXULQJ�4&��FDQ�EH�YLHZHG�
and downloaded from http://cdiac.ornl.gov/oceans/ CARINA/Carina inv.html.

5.4.1.1. Manually generated crossovers

)RU�WKH�PDQXDOO\�SHUIRUPHG�FURVVRYHUV��DQ�DYHUDJH�SURÀOH��DQG�LWV�VWDQGDUG�GHYLDWLRQ��ZDV�
calculated using all stations in each cruise that were closer to any station of the other cruise 
WKDQ�WKH�PLQLPXP�KRUL]RQWDO�GLVWDQFH��)RU�WKLV�DYHUDJLQJ�SURFHVV��WKH�LQWHUSRODWHG�SURÀOHV�
ZHUH�XVHG��7KHVH�WZR�DYHUDJH�SURÀOHV�ZHUH�WKHQ�FRPSDUHG�WR�HDFK�RWKHU�LQ�D�VHFRQG�VWHS��DQG�
WKH�ZHLJKWHG�RͿVHW�DQG�VWDQGDUG�GHYLDWLRQ�RI�WKH�FURVVRYHU�ZHUH�FDOFXODWHG��7KH�GLVDGYDQ-
WDJH�RI�WKLV�PHWKRG�LV�WKDW�WKH�FURVVRYHU�FDQ�FRYHU�ODUJH�DUHD�ZLWK�SRWHQWLDOO\�YHU\�GLͿHUHQW�
K\GURJUDSK\��IRU�LQVWDQFH�IRU�UHSHDW�FUXLVH�WUDFNV��DQG�WKH�RͿVHW�IRU�WKH�FURVVRYHU�PLJKW�WKXV�
be biased. In this case, groups of stations for each cruise within a hydrographical regime were 
VRXJKW��DQG�D�FURVVRYHU�ZDV�GLYLGHG�LQWR�VHYHUDO�VXE�FURVVRYHUV�� F́OXVWHUVµ��7KH�DQDO\VW�WKHQ�
KDG�WKH�FKRLFH�RI�XVLQJ�WKH�DYHUDJH�RI�DOO�FOXVWHUV�WR�FDOFXODWH�WKH�FURVVRYHU�RͿVHW��RU�WR�GLVFDUG�
clusters in areas of known high variability, such as just south of the Greenland-Scotland Ridge. 
The analyst then entered the results from the crossover analysis to the CARINA website, and 
XSORDGHG�WKH�ÀJXUH�IRU�WKH�FURVVRYHU�

5.4.1.2. The “running cluster“-crossover routine

7KH�FURVVRYHU�YHUVLRQ�FDOOHG�´UXQQLQJ�FOXVWHUµ�ZDV�PDLQO\�XVHG�IRU�DXWRPDWLFDOO\�JHQHUDWHG�
FURVVRYHUV��,Q�WKLV�URXWLQH�WKH�LQWHUSRODWHG�SURÀOH�IURP�HDFK�VWDWLRQ�LQ�FUXLVH�$�ZDV�FRPSDUHG�
WR�HDFK�LQWHUSRODWHG�SURÀOH�IURP�DOO�FUXLVH�%�VWDWLRQV�ZLWKLQ�WKH�PD[LPXP�GLVWDQFH�IRU�D�YDOLG�
FURVVRYHU��DQG�D�GLͿHUHQFH�SURÀOH�ZDV�FDOFXODWHG�IRU�HDFK�VXFK�SDLU��7KLV�SURFHVV�ZDV�UHSHDWHG�



92

Chapter 5

  7
2o W

  6
8o

  6
4o

  6
0o

  5
6o

  1
6o

  2
0o

  2
4o

  2
8o

  3
2o N

&
UX
LV
H�
$�
�UH

G�
���
���
'
DW
H�
�0
DU
��
��
��
���
�&
UX
LV
HQ
DP

H�
��
��
ï�
�0

7�
��
��
��
�

&
UX
LV
H�
%�
�E
OX
H�
���
��'

DW
H�
�1
RY
��
��
��
���
�&
UX
LV
HQ
DP

H�
��
��
ï�
��
1
��
��
��
��

ï�
��
�

ï�
��
�

ï�
��
�

ï�
��
�

ï�
��
�

ï�
��
�

ï�
��
�

ï�
��
�0

0
10

00
20

00
051015

40
0

6W
DW
LR
Qï
VW
DW
LR
Q�
GL
VW
DQ
FH
�K
LV
WR
JU
DP

1
1.

5
2

45
.6

5

45
.7

45
.7

5

45
.8

45
.8

5

45
.9

6LJPDï�

SK
RV
SK
DW
H

0
0.

2
0.

4

45
.6

5

45
.7

45
.7

5

45
.8

45
.8

5

45
.9

Pr
of

ile
s 

of
 A

:  
 9

Pr
of

ile
s 

of
 B

:  
 2

0
Di

ff 
pr

of
s 

  :
   

63
:
0
RI
IV
HW
��$

ï%
���
��
��
��
��

W
M

of
fs

et
 s

td
ev

:  
0.

06
07

76
W

M
ra

tio
  (

A/
B)

:  
1.

09
87

W
M

ra
tio

  s
td

ev
:  

0.
04

69
11

6LJPDï�

¨S
KR
VS
KD
WH

4
XD
OLW
\�
��
ï�
���
���

1
1.

5
2

1.
52

2.
53

3.
5

7KHWD

SK
RV
SK
DW
H

0
0.

2
0.

4

1.
6

1.
82

2.
2

2.
4

2.
6

2.
83

3.
2

3.
4

3.
6

Pr
of

ile
s 

of
 A

:  
 9

Pr
of

ile
s 

of
 B

:  
 2

0
Di

ff 
pr

of
s 

  :
   

63
:
0
RI
IV
HW
��$

ï%
���
��
��
��
��

W
M

of
fs

et
 s

td
ev

:  
0.

00
54

66
8

W
M

ra
tio

  (
A/

B)
:  

1.
08

49
W

M
ra

tio
  s

td
ev

:  
0.

00
36

52
5

7KHWD

¨S
KR
VS
KD
WH

4
XD
OLW
\�
��
ï�
���
���

1
1.

5
2

20
00

30
00

40
00

50
00

'HSWK

SK
RV
SK
DW
H

0
0.

2
0.

4
20

00

25
00

30
00

35
00

40
00

45
00

50
00

55
00

Pr
of

ile
s 

of
 A

:  
 9

Pr
of

ile
s 

of
 B

:  
 2

0
Di

ff 
pr

of
s 

  :
   

63
:
0
RI
IV
HW
��$

ï%
���
��
��
��
�

W
M

of
fs

et
 s

td
ev

:  
0.

06
74

11
W

M
ra

tio
  (

A/
B)

:  
1.

10
41

W
M

ra
tio

  s
td

ev
:  

0.
05

30
38

'HSWK

¨S
KR
VS
KD
WH

4
XD
OLW
\�
��
ï�
���
���

F
ig

u
r
e
 5

.2
. 
$
Q�
H[
DP

SO
H�R
I�D
�W\
SL
FD
O�F
UR
VV
RY
HU
�

m
ad

e 
fo

r p
ho

sp
ha

te
 in

 th
e 

w
es

te
rn

 N
or

th
 A

t-
OD
QW
LF
�P
DG
H�E

\�
WK
H�U
XQ
QL
QJ
�F
OX
VW
HU
�UR
XW
LQ
H�7

KH
�

GH
HS
�R
FH
DQ
�P
HD
VX
UH
P
HQ
W�G
DW
D�I
RU
�S
KR
VK
DW
H�R
I�

FU
XL
VH
�$
��U
HG
��F
DQ
�E
H�
VH
HQ
�WR
�E
H�
DE
RX
W��
��
��

�
KL
JK
HU
�WK
DQ
�WK
RV
H�
RI
�F
UX
LV
H�
%
��E
OX
H�
��



93

CARINA methods

for each station in cruise A which normally results in several, up to hundreds for a repeat 
VHFWLRQ��GLͿHUHQFH�SURÀOHV��7KH�FURVVRYHU�RͿVHW�DQG�LWV�VWDQGDUG�GHYLDWLRQ�ZDV�FDOFXODWHG�DV�
WKH�ZHLJKWHG�PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�RI�WKH�GLͿHUHQFH�SURÀOHV�RI�HDFK�FURVVRYHU�SDLU��
L�H��WKH�SDUW�RI�WKH�SURÀOH�ZLWK�ORZ�YDULDELOLW\�ZHLJK�KLJKHU�LQ�WKH�FDOFXODWLRQ��RIWHQ��EXW�QRW�
DOZD\V��WKH�GHHSHU�SDUW�RI�WKH�SURÀOH���7KLV�ZD\�RI�SHUIRUPLQJ�WKH�FURVVRYHU�DQDO\VLV�KDV�WKH�
advantage that only individual stations within the minimum horizontal distance are com-
SDUHG�WR�HDFK�RWKHU��+HQFH��HYHQ�IRU�UHSHDW�FUXLVHV�FRYHULQJ�VHYHUDO�GLͿHUHQW�RFHDQRJUDSKLF�
UHJLPHV��WKH�RͿVHW�EHWZHHQ�WKHVH�FUXLVHV�FDQ�EH�FDOFXODWHG�LQ�D�VWUDLJKW�IRUZDUG�PDQQHU��$Q�
H[DPSOH�RI�D�FURVVRYHU�LV�VKRZQ�LQ�)LJ������

5.4.1.3. cnaX crossover routine

This routine is essentially a fully automated implementation of the manual approach described 
above. Please note that, for the sake of readability, these paragraphs deal only with the deter-
PLQDWLRQ�RI�RͿVHWV�LQ�GHSWK�VSDFH��EXW�WKH�VRIWZDUH�FRQFXUUHQWO\�FDOFXODWHV�RͿVHW�SURÀOHV�LQ�
GHQVLW\�DQG�WKHWDVSDFH�DV�ZHOO��7KH� F́QD;µ�FROOHFWLRQ�RI�PDWODE�URXWLQHV�ZDV�GHYHORSHG�RYHU�
several months during the CARINA project and incorporates many of the concepts mentioned 
above into a fully automatic analysis of the CARINA input dataset. The level of automation 
is variable and is set pre-run by the user. In its fastest form, user input is restricted to set-
ting thresholds for criteria relating to cruiseand sample inclusion and the automatic quality 
DVVHVVPHQW�RI�UHVXOWV��:KHQ�VHW�XS��D�IXOO�UXQ�IURP�UDZ�GDWD�ORDGLQJ�WR�RXWSXW�RI�D�ÀQDO�VHW�
of recommendation for cruise parameter adjustments takes about 8 h on a regular computer 
for the complete CARINA data set. This includes the production of several tens of thousands 
ÀJXUHV�DQG�GR]HQV�RI�WDEOHV��XVHIXO�IRU�WUDFLQJ�WKH�VFULSW·V�VWHSV�WR�GHWHUPLQH�SUREOHP�DUHDV��
At the highest level of user interaction, each of the steps concerning clustering and quality 
assessment require user input; a full run may take up to several days to complete this way. 
7KLV�PHWKRG�JHQHUDOO\�UHVXOWV�LQ�D�VRPHZKDW�UHGXFHG�DPRXQW�RI�XQFHUWDLQW\�LQ�WKH�ÀQDO�
RXWSXW�VLQFH�EDGO\�GHWHUPLQHG�RͿVHWV�WKDW�PD\�VOLS�WKURXJK�WKH�DXWRPDWLF�TXDOLW\�FKHFN�FDQ�
EH�FDXJKW�E\�WKH�XVHU�PDQXDO�LQWHUDFWLRQ��$�ÁRZFKDUW�GHVFULELQJ�WKH�YDULRXV�VWHSV�LQ�WKH�
crossover routines is presented in Fig. 5.3 to help guide the reader.
� ,Q�HLWKHU�IRUP��WKH�URXWLQH�ÀUVW�ORDGV�DOO�LQGLYLGXDO�FUXLVH�GDWD��'XULQJ�WKLV�VWHS�WKH�
XVHU�LV�DOORZHG�WR�VSHFLI\�VXEGLYLVLRQ�RI�FHUWDLQ�FUXLVHV�LI�VX΀FLHQW�UHDVRQ�H[LVWV�WR�DVVXPH�
changes in instrument calibration during, for instance, port calls or instrument changes. Maps 
showing cruise-track, station locations and bathymetry are created for each cruise for possible 
user inspection. After this a crude scan is made to check which cruises share a geographical 
DUHD��DQG�WKHUHIRUH�PD\�FURVV�HDFK�RWKHU��'XULQJ�D�VXEVHTXHQW�UHÀQLQJ�VWHS�WKHVH�SRWHQWLDO�
matches are more closely analyzed. Stations are only considered for possible relevance for 
crossover analysis when certain criteria for parameter availability, minimum sample depth 
and number of samples are met. This approach saves considerable time over a full station-
YV��VWDWLRQ�SUR[LPLW\�FKHFN�
 Knowing which cruises can be compared with which other, i.e. cruise-pairs; a clus-
WHULQJ�PHWKRG�LV�HPSOR\HG�WR�JURXS�VWDWLRQV�IURP�FUXLVH�$�LQ�FORVH�SUR[LPLW\�WR�VWDWLRQV�RI�
cruise B into distinct geographical clusters. This clustering is either user-controlled, allowing 
the analyst to specify further clusters, reduced clustering or discard clusters, or fully automatic 
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mode in which stations are progressively further clustered until the spatial dimensions of each 
cluster meet pre-set criteria. Limits also apply to the minimum number of stations per cluster 
that should be retained. The results of the clustering operations are stored in tabular form as 
ZHOO�DV�GUDZQ�RQ�PDSV��$IWHU�DOO�FUXLVH�SDLUV�KDYH�KDG�WKHLU� F́URVVRYHU�VWDWLRQVµ�JHRJUDSKL-
FDOO\�FOXVWHUHG��RͿVHWV�DUH�GHWHUPLQHG�IRU�HDFK�SDUDPHWHU�IRU�HDFK�FOXVWHU��$V�D�ÀUVW�VWHS�WKH�
SURÀOHV�DUH�LQWHUSRODWHG�WR�DERXW����OHYHOV�LQ�WKH�UDQJH�EHWZHHQ������P�WR�WKH�GHHSHVW�VDPSOH�
RI�HLWKHU�RI�WKH�FUXLVHV��2ͿVHWV�DUH�GHWHUPLQHG�DQG�H[SUHVVHG�ERWK�DV�DGGLWLYH�RͿVHWV�DQG�
PXOWLSOLFDWLYH�RͿVHWV�WDNLQJ�FRQVLGHUDWLRQV�RXWOLQHG�DERYH�LQWR�DFFRXQW��7KHVH�FDOFXODWLRQV�
closely follow the procedure outlined by Johnson et al. (2001).
� $IWHU�WKLV�´GLVFUHWH�FOXVWHUVµ�PHWKRG�RI�GHWHUPLQLQJ�RͿVHWV��D�´UXQQLQJ�FOXVWHUµ�
DSSURDFK�LV�WDNHQ��DV�GHWDLOHG�DERYH�DQG�FRPSDUDEOH�WR�WKH�´UXQQLQJ�FOXVWHUµ�URXWLQHV��IRU�
DQRWKHU�GHWHUPLQDWLRQ�RI�RͿVHWV��)RU�FUXLVH�SDLUV�LQ�ZKLFK�ERWK�FUXLVHV�KDYH�VHYHUDO�GR]HQV�
RI�VWDWLRQV�LQ�FORVH�SUR[LPLW\�WR�VWDWLRQV�RI�WKH�RWKHU�FUXLVH��H�J��UHSHDW�OLQHV��WKH�UXQQLQJ�
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cluster routine potentially results in several hundred station-pairs. Of these only the 100 
most closely spaced station-pairs are further considered. The measurements at each of these 
stations are interpolated to ֤���GHSWK�OHYHOV��)RU�HDFK�VWDWLRQ�SDLU�WKH�RͿVHW�SURÀOH�LV�GHWHU-
PLQHG�E\�VXEWUDFWLRQ�GLYLVLRQ�RI�%·V�LQWHUSRODWHG�SURÀOH�IURP�E\�$·V��7KH�RͿVHW�SURÀOHV�DUH�
VXEVHTXHQWO\�DYHUDJHG�WR�JHW�WKH�PHDQ�RͿVHW�SURÀOH��023��DQG�DQ�DVVRFLDWHG�RͿVHW�VWDQGDUG�
GHYLDWLRQ�SURÀOH��26'3��IRU�WKLV�FUXLVH�SDLU��7KH�LQWHUSRODWHG�YDOXHV�LQ�WKH�023�DUH�DYHUDJHG�
DQG�ZHLJKWHG�E\�WKH�26'3��UHVXOWLQJ�LQ�D�ZHLJKWHG�PHDQ�RͿVHW��:02��IRU�WKLV�FUXLVH�SDLU��
7KH�XQFHUWDLQW\�RI�WKH�YDOXH�WKXV�GHWHUPLQHG�LV�H[SUHVVHG�E\�WKH�DVVRFLDWHG�ZHLJKWHG�PHDQ�
RͿVHW�VWDQGDUG�GHYLDWLRQ��:026'���,W�LV�WKHVH�ODVW�WZR�YDOXHV�WKDW�DUH�XVHG�DV�LQSXW�IRU�WKH�
inversion. As mentioned above, the routine concurrently determines WMO and WMOSD in 
depth-, thetaand sigma4-space. The determined WMO with the smallest associated WMOSD 
(generally the one in sigma4-space), is considered to be the best estimate of the cruise-pair’s 
RͿVHW�

� 7KH�RYHUDOO�TXDOLW\�RI�WKH�RͿVHW�GHWHUPLQHG�WKLV�ZD\�LV�DVVHVVHG�WKURXJK�WKH�XVH�RI�
VHYHUDO�FRQGLWLRQDO�VWDWHPHQWV�FRQVLGHULQJ�QXPEHU�RI�VWDWLRQV��VDPSOHV�DQG�GLͿHUHQFH�SURÀOHV��
DQG�WKH�26'3��$OWHUQDWLYHO\��WKH�XVHU�FDQ�PDQXDOO\�UDWH�WKH�TXDOLW\�RI�WKH�GHWHUPLQHG�RͿVHW��
This quality assessment and the WMOSD are later used in the inversion for weighing the 
RͿVHWV��7KH�UXQQLQJ�FOXVWHU�URXWLQH�ZDV�GHWHUPLQHG�WR�\LHOG�VXSHULRU�UHVXOWV�WR�WKH�GLVFUHWH�
FOXVWHU�URXWLQH�DV�LW�RͿHUV�PRUH�UDSLG�SURFHVVLQJ�DQG�LV�PRUH�REMHFWLYH��7KH�UHVXOWV�RI�WKH�FQD;�
routines were made available to the analysts on the website and used for determination of 
adjustments.

5.4.2. Inversions

$�VHFRQG�VWHS�LQ�4&��XVHV�WKH�RͿVHWV�DQG�VWDQGDUG�GHYLDWLRQV�GHULYHG�IURP�WKH�FURVVRYHU�
analysis to calculate corrections of the parameters measured on individual cruises using least 
square models (Wunsch, 1996), i.e. inversions, following the methodology described in John-
son et al. (2001). The inversion produces a correction factor (for multiplicative corrections) or 
a correction (for additive corrections) for each of the cruises in the analysis. Indiscriminate 
application of these factors might produce the most uniform data set, but this would also 
UHPRYH�UHDO�WHPSRUDO�WUHQGV��DQ�XQGHVLUDEOH�VLGH�HͿHFW��7KHUHIRUH�WKH�FRUUHFWLRQV�DQG�FRUUHF-
tion factors were manually evaluated; those that were actually applied to the data product are 
called adjustments, to avoid confusion with the corrections suggested by the inversion process.

� -RKQVRQ�HW�DO���������SUHVHQWHG�WKUHH�PRGHOV�RI�GLͿHUHQW�FRPSOH[LW\�WR�DGMXVW�ÀYH�
SDUDPHWHUV�IRU�:RUOG�2FHDQ�&LUFXODWLRQ�([SHULPHQW��:2&(��FUXLVHV�LQ�WKH�3DFLÀF�2FHDQ��
7KH�FRQFOXVLRQ�RI�-RKQVRQ�HW�DO���������ZDV�WKDW�WKH�LQWHUPHGLDWH�FRPSOH[LW\�PRGHO�:HLJKWHG�
Least Squares (WLSQ) performed most satisfactory for this analysis. In this model the stan-
dard deviation of each crossover is included in the calculation, but no a priori assumptions 
DUH�PDGH�UHJDUGLQJ�WKH�TXDOLW\�RI�WKH�PHDVXUHPHQWV��,Q�WKH�VOLJKWO\�PRUH�FRPSOH[�PRGHO��
Weighted Damped Least Square (WDLSQ), a priori assumptions on the quality of the data are 
PDGH��HVVHQWLDOO\�WKH�PD[LPXP�DOORZHG�UDQJH�RI�DGMXVWPHQWV�LV�VHW�IRU�HDFK�FUXLVH��WKH�PRGHO�
error. As Johnson et al. (2001) point out; this limitation tends to decrease the adjustments of 
individual cruises on cost of the overall performance of the model. Finally, the simplest of 
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Table 5.2. 7DEOH�OLVWLQJ����nd�FROXPQ��WKH�PLQLPXP�DGMXVWPHQW�DSSOLHG�WR�WKH�GDWD�SURGXFW����rd 
and 4th�FROXPQV��WKH�PD[LPXP�PRGHO�HUURU�LQ�WKH�:HLJKWHG�'DPSHG�/HDVW�6TXDUH��:'/64��
LQYHUVLRQV�IRU�FRUH�FUXLVHV�DQG�QRQ�FRUH�FUXLVHV����th�FROXPQ��WKH�506(�RI�WKH�GLIIHUHQFH�LQ�
RIIVHWV�FDOFXODWHG�E\�WKH�UXQQLQJ�FOXVWHU�DQG�WKH�FQD;�URXWLQHV�

 0RGHO�HUURU

Parameter
Minimum 

adjustment
Core cruises

Non-core 

cruises
cnaX-RC

6DOLQLW\�>SSP@ � � 30 ���

&7�>�PRO�NJ-1@ 4 4 �� ���

A7�>�PRO�NJ-1@ � � 20 2.9

S+ ����� ����� 0.01 NA

1LWUDWH�>�@ 2 2 20 2.9

3KRVSKDWH�>�@ 2 2 20 4.2

6LOLFDWH�>�@ 2 2 20 �

2[\JHQ�>�@ 1 1 10 1.1

WKH�PRGHOV��6LPSOH�/HDVW�6TXDUHV��6/64���GR�QRW�WDNH�WKH�XQFHUWDLQW\�RI�WKH�RͿVHW�YDOXHV�LQWR�
account, and is considered too simple.
 For instance, both the work of Johnson et al. (2001) and Lamb et al. (2002) dealt with 
a set of cruises with presumable similar quality since they all aimed at meeting the WOCE 
Hydrographic Program (WHP) standards. The CARINA data base, in contrast, is a collec-
WLRQ�RI�FUXLVHV�WKDW�FRYHUV�PRUH�WKDQ���GHFDGHV�ZLWK�GLͿHUHQW�VFRSH�DQG�VWDQGDUGV�RI�WKH�
measurements. The quality of the measurements is more heterogeneous for CARINA than 
for the WOCE data set. Therefore, the CARINA group performed both WLSQ and WDLSQ 
inversions of the crossover results, and the results from both were considered in determining 
the adjustment of a cruise. Since there is such a heterogeneity among the CARINA data, for 
WKH�1RUWK�$WODQWLF�DQG�6RXWKHUQ�2FHDQ�DUHDV��D�QXPEHU�RI�FRUH�FUXLVHV�ZHUH�LGHQWLÀHG��VHH�
above, where the quality of the data were, in general, assumed to follow WHP targets. The 
core cruises thus includes the reference cruises (i.e. WOCE/GLODAP cruises) for the SO area; 
for the NA area a number of non-reference cruises were additionally included as core-cruises 
(Tanhua et al., 2009). These core cruises were generally given low model error for the WDLSQ 
analysis whereas the non-core cruises were given high model errors, i.e. the corrections of the 
non-core cruises were allowed to be larger than those for the core cruises, Table 5.2. In this 
way, the model tended to adjust the CARINA dataset towards the values of the core-cruises. 
,Q�PRVW�FDVHV��KRZHYHU��WKHUH�ZHUH�RQO\�VPDOO�GLͿHUHQFHV�EHWZHHQ�WKH�:/64�DQG�:'/64�
inversions. As the CARINA project didn’t blindly follow the inversion results we used both 
WKH�:/64�DQG�:'/64�PRGHOV�IRU�WKH�DQDO\VLV��VHH�)LJ������IRU�DQ�H[DPSOH�RI�WKH�UHVXOW�RI�DQ�
inversion for the multiplicative parameters for the CARINA-ATL data set.
 There are some important additions/alterations to the inversion methods used in 
CARINA compared to Johnson et al. (2001). Firstly, since the time-span over which the hy-
drographic surveys took place is large (up to 3 decades) and trends in deep water properties 
FDQ�EH�H[SHFWHG�RQ�WKLV�WLPH�IUDPH�RYHU�ODUJH�SDUWV�RI�WKH�&$5,1$�GRPDLQ��D�WLPH�IDFWRU��.T 
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, was weighted into the inversions. This factor was calculated as unity plus the time in years 
between the two cruises in a crossover times 0.1, i.e., KT� ��Ј\HDUð�����DQG�PXOWLSOLHG�WR�WKH�
standard deviation of a crossover. This reduces the impact of a crossover on the inversion if 
the time elapsed between the two cruises is large. One can argue that the time factor should 
EH�ODUJHU�IRU�PRUH�DFWLYH�SDUWV�RI�WKH�RFHDQ��IRU�LQVWDQFH�WKH�/DEUDGRU�6HD��WKDQ�LQ� F́DOPHUµ�
SDUWV�RI�WKH�2FHDQ��VXFK�DV�WKH�VXEWURSLFDO�HDVWHUQ�$WODQWLF��+RZHYHU��VLQFH�VXFK�FODVVLÀFD-
WLRQ�WHQGV�WR�EH�UDWKHU�DUELWUDU\�DQG�GL΀FXOW�WR�LPSOHPHQW��QR�VXFK�DUHD�GHSHQGHQW�ZHLJKW-
LQJ�ZDV�FRQGXFWHG�IRU�&$5,1$��7KLV�ZDV�UDWKHU�GRQH�PDQXDOO\�E\�WKH�DQDO\VW�LQ�WKH�ÀQDO�
GHWHUPLQDWLRQ�RI�WKH�DGMXVWPHQW��7KDW�LV��GDWD�IURP�D�´YDULDEOHµ�DUHD�ZHUH�JHQHUDOO\�DOORZHG�
ODUJHU�RͿVHWV��L�H��KLJKHU�VXJJHVWHG�FRUUHFWLRQV�IURP�WKH�LQYHUVLRQ��WKDQ�GDWD�IURP�D�´TXLHWµ�
area of the ocean before an adjustment was accepted.

5.4.3. Determination of adjustments
Many potential sources of uncertainty can complicate an otherwise straightforward assessment 
RI�FUXLVH�ELDVHV��([DPSOHV�LQFOXGH������WHPSRUDO�YDULDELOLW\�DQG�ORQJ�WLPH�WUHQGV�LQ�SDUDPHWHU�
values on a particular location in the ocean, (2) drifting or variable measurement precision 
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Figure 5.4. 7KH�UHVXOWV�RI�DQ�LQYHUVLRQ�RI�WKH�1RUWK�$WODQWLF�QXWULHQW�DQG�R[\JHQ�GDWD��/HIW�FROXPQ��LQL-
WLDO��VKRZV�WKH�RIIVHWV�RI�DOO�WKH�FURVVRYHUV�VRUWHG�E\�RIIVHW��UHG�GRWV��DQG�WKH�ZHLJKWHG�VWDQGDUG�GHYLDWLRQ�
RI�WKH�FURVVRYHU��EODFN�EDUV���WKH�IROORZLQJ�FROXPQV�VKRZV�WKH�RIIVHWV�DIWHU�WKH�FRUUHFWLRQV�VXJJHVWHG�
E\�WKH�6/64��:/64�DQG�:'/64�LQYHUVLRQV�KDV�EHHQ�DSSOLHG�WR�WKH�GDWD��7KH�QXPEHUV�LQ�WKH�SDQHOV�
LQGLFDWH�WKH�SHUFHQWDJH�RI�FURVVRYHUV�WKDW�DUH�LQGLVWLQJXLVKDEOH�IURP�]HUR�ZLWKLQ�WKHLU�XQFHUWDLQWLHV�
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DQG�DFFXUDF\�GXULQJ�D�FUXLVH������SURÀOH�LQWHUSRODWLRQ�HUURUV��DQG�����GLͿHUHQFHV�EHWZHHQ�URX-
WLQHV�XVHG�WR�GHWHUPLQH�RͿVHWV��6LQFH�ELDVHV�FDQQRW�EH�GHWHUPLQHG�ZLWK�DEVROXWH�DFFXUDF\��
the CARINA working group agreed to correct only biases greater than a certain threshold 
YDOXH��7DEOH������7KHVH�WKUHVKROGV�UHÁHFW�WKH�H[SHFWHG�PLQLPXP�ELDV�WKDW�VKRXOG�EH�SRVVLEOH�
to determine with reasonably certainty. For highly variable regions or for cruises with few 
deep data points, larger uncertainty was allowed in the manual evaluation of corrections.
� $LGHG�E\�WKH�FRUUHFWLRQV�VXJJHVWHG�E\�WKH�LQYHUVLRQV�DQG�WKH�RͿVHWV�RI�DOO�FURVVRYHUV�
for a cruise/parameter combination, the potential bias for each cruise and parameter was 
scrutinized by the analyst. Particular emphasis was put on crossovers with core cruises and 
IURP�FURVVRYHUV�ZLWK�JRRG�VWDWLVWLFV��L�H��ODUJHU�QXPEHU�RI�VWDWLRQV�VDPSOHV��LQ�´TXLHWµ�SDUWV�
of the ocean (i.e. with less variability). In many cases, additional evidence was considered 
by the analyst, such as the relation to another parameter (e.g. nitrate/phosphate or CFC-11/
&)&����UDWLRV��DQG�ZKHWKHU�RU�QRW�FHUWLÀHG�UHIHUHQFH�PDWHULDO��&50��ZDV�XVHG��)LQDOO\��DQ�
adjustment was suggested by the analyst and entered into the online adjustment table. Only 
VLJQLÀFDQW�DGMXVWPHQWV�ZHUH�DSSOLHG��JHQHUDOO\�URXQGHG�WR�WKH�QHDUHVW�IXOO�SHUFHQW���PRO�NJ�
RU�SSP��IRU�VDOLQLW\���7KLV�VRPHZKDW�VXEMHFWLYH�SURFHVV�PDNHV�WKH�&$5,1$�SURMHFW�GLͿHUHQW�
from most previously published consistency analyses of hydrographic data. The subjectiv-
ity possibly makes CARINA more prone to errors made by the analyst, but at the same time 
makes the CARINA adjusted data potentially more robust. In case of doubt, the CARINA 
team always tried to err of the side of not making an adjustment. The CARINA adjustment 
decision mechanism was similar to GLODAP, but the CARINA mechanics used to quantify 
the adjustment were much more sophisticated than those of GLODAP.
 The lines of evidence for an adjustment (or the absence thereof) can be found at 
http://cdiac.ornl.gov/oceans/CARINA/CARINA_QC.html in the form of comments and relevant 
ÀJXUHV��VHH�6HFW�������7KHVH�DGMXVWPHQWV�ZHUH�YHWWHG�GXULQJ�WKH�ÀQDO�&$5,1$�ZRUNVKRS�LQ�
Paris in June 2008. Additionally, a second crossover analysis and inversion was made using 
the adjusted CARINA data. Any adjustments larger than the threshold were scrutinized again 
by the analysts. In a few cases, this step revealed cruises for which the adjustment needed 
revision. A few changes to the adjustment agreed on during the Paris meeting were made in 
consultation between the three group leaders. 

5.5. Evaluation of the methods used
6LQFH�D�IHZ�GLͿHUHQW�URXWLQHV�DQG�DSSURDFKHV�ZHUH�XVHG�IRU�4&��ZH�KDYH�HYDOXDWHG�WKH�FRQ-
VLVWHQF\�RI�WKH�GLͿHUHQW�PHWKRGV�DQG�DQDO\]HG�KRZ�WKHVH�GLͿHUHQFHV�DͿHFW�4&��

5.5.1. Manual vs. automatic crossovers
Both manually and automatically generated crossovers were used for the analysis. In order 
WR�HYDOXDWH�DQ\�ELDVHV�EHWZHHQ�WKH�WZR�PHWKRGV�ZH�KDYH�SORWWHG�WKH�GLͿHUHQFH�EHWZHHQ�
manually performed crossovers vs. crossovers generated automatically with the running-
cluster routine for the Atlantic subset of CARINA in Fig. 5.5. The manual results are found 
in the crossover table on the CARINA website, see below. These crossovers were generated 
E\�D�QXPEHU�RI�GLͿHUHQW�DQDO\VWV��SRWHQWLDOO\�XVLQJ�GLͿHUHQW�PD[LPDO�KRUL]RQWDO�OHQJWK�
scales, clustering, minimum depth etc. Even though there are a number of data points that 
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DUH�VLJQLÀFDQWO\�GLͿHUHQW�IURP�]HUR��WKH�PHDQ�GLͿHUHQFH�LV�FORVH�WR�]HUR�IRU�DOO�RI�SDUDPHWHUV�
H[FHSW�SKRVSKDWH��7KH�IHZ�GDWD�SRLQWV�ZLWK�ODUJH�GHYLDWLRQV�IURP�]HUR�GLͿHUHQFH�DUH�GXH�WR�
miss-entered values in the crossover table and crossovers that were performed on few data 
SRLQWV��L�H���WKDW�KDYH�ORZ�VLJQLÀFDQFH��,W�LV�FOHDU�WKDW�WKHUH�DUH�VRPH�GLͿHUHQFHV�LQ�WKH�UHVXOWV�
IURP�WKH�PDQXDOO\�DQG�DXWRPDWLFDOO\�JHQHUDWHG�FURVVRYHUV�EXW�WKDW�WKH�RYHUDOO�GLͿHUHQFH�LV�
small, although it could potentially be important for some cruises.

5.5.2. Automatic crossover routines
7KH�RͿVHWV�GHWHUPLQHG�E\�WKH�WZR�GLͿHUHQW�DXWRPDWLF�FURVVRYHU�URXWLQHV�GLVFXVVHG�DERYH�
�WH[W�VHFWLRQV���������DQG����������DUH�FRPSDUHG�WR�HDFK�RWKHU�WR�HYDOXDWH�DQ\�ELDVHV��)LJ�������
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7KH�ÀUVW�REVHUYDWLRQ�LV�WKDW�WKH�FQD;�URXWLQH�JHQHUDOO\�IRXQG�PRUH�FURVVRYHUV�WKDQ�WKH�5XQ-
ningCluster (RC) routine. This is mostly due to the spatial distance within which to search 
IRU�FURVVRYHUV�EHLQJ�ODUJHU�IRU�FQD;�WKDQ�IRU�5&��FQD;�ZLOO�WKXV�ÀQG�PRUH�FURVVRYHUV�DW�DQ�
increased risk of introducing errors due to spatial variability. The second observation is that 
SHUIRUPDQFH�LV�GLͿHUHQW�IRU�GLͿHUHQW�SDUDPHWHUV��)RU�LQVWDQFH��GHWHUPLQDWLRQV�RI�R[\JHQ�
RͿVHWV�E\�WKH�WZR�URXWLQHV�DUH�LQ�DJUHHPHQW�WR�DSSUR[LPDWHO\�����ZKLOH�VLOLFDWH�RͿVHWV�DUH�
determined with a much lower agreement of about 7% (measured as the standard deviation 
RI�WKH�GLͿHUHQFH�IURP�WKH�WZR�PHWKRGV���)LJ�������*LYHQ�WKDW�HDFK�URXWLQH�RSHUDWHV�HTXDOO\�IRU�
DOO�SDUDPHWHUV��WKH�FDXVH�IRU�WKH�GLͿHUHQFH�PXVW�EH�WKH�VLOLFDWH�GDWD�LWVHOI��3URÀOH�LQWHUSRODWLRQ�
is assumed not to be cause of the problem since the vertical sample distribution is in most 
FDVHV�LGHQWLFDO�IRU�QXWULHQWV�DQG�R[\JHQ��ERWK�JHQHUDOO\�EHLQJ�VDPSOHG�DW�IXOO�UHVROXWLRQ��$�
SRVVLEOH�FDXVH�RI�WKH�GLͿHUHQFH�LV�KLJK�VWDWLRQ�WR�VWDWLRQ�YDULDELOLW\�RI�VLOLFDWH�YDOXHV�HLWKHU�
GXH�WR�DQDO\WLFDO�GL΀FXOWLHV�RU�ODUJH�QDWXUDO�YDULDELOLW\�RI�VLOLFDWH�YDOXHV�LQ�WKH�GHHS�ZDWHU��
7KLV�ZRXOG�PDNH�WKH�UHVXOW�RI�WKH�RͿVHW�GHWHUPLQDWLRQV�VWURQJO\�GHSHQGHQW�RQ�WKH�VWDWLRQV�
included in the crossover. The second alternative is certainly possible considering the large 
GLͿHUHQFH�LQ�VLOLFDWH�FRQFHQWUDWLRQV�LQ�WKH�VRXWKHUQ�DQG�QRUWKHUQ�HQG�PHPEHUV�RI�WKH�$WODQWLF�
GHHS�ZDWHUV��,Q�WKLV�FDVH�WKH�GLͿHUHQW� V́HDUFK�UDGLXVµ�ZRXOG�EH�LPSRUWDQW�IRU�WKH�UHVXOW��2Q�
WKH�RWKHU�KDQG��RͿVHWV�GHWHUPLQHG�IRU�DONDOLQLW\�DUH�LQ�YHU\�JRRG�DJUHHPHQW�EHWZHHQ�WKH�
WZR�URXWLQHV��VXJJHVWLQJ�WKDW�DOWKRXJK�ODUJH�ELDVHV�EHWZHHQ�FUXLVHV�H[LVW�IRU�WKLV�SDUDPHWHU��
the alkalinity values within a cruise is measured with a constant bias.
� 7DNLQJ�WKH�506(�RI�WKH�GLͿHUHQFH�EHWZHHQ�WKH�RͿVHWV�GHWHUPLQHG�E\�WKH�WZR�URX-
tines as an upper limit of detection for biases, we conclude that the thresholds used by the 
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Figure 5.6. )LJXUH�FRPSDULQJ�RIIVHWV�GHWHUPLQHG�E\�WKH�FQD;�PHWKRG�DQG�WKH�5XQQLQJ�&OXVWHU��5&��
PHWKRG�IRU�WKH�62�DQG�$7/�DUHDV��EODFN�GRWV�ZLWK�JUD\�HUURU�EDUV���7KH�VTXDUH�LQ�WKH�PLGGOH�RI�WKH�¿JXUHV�
LQGLFDWH�WKH�PLQLPXP�DGMXVWPHQW�WKDW�ZHUH�DSSOLHG�WR�WKH�GDWD��7KH�QXPEHUV�LQ�WKH�XSSHU�OHIW�FRUQHU�VWDWHV�
WKH�QXPEHU�RI�FURVVRYHU�WKDW�WKH�GLIIHUHQW�PHWKRGV�IRXQG��WKH�QXPEHUV�LQ�WKH�ORZHU�ULJKW�FRUQHU�VWDWHV�WKH�
R2�YDOXH�RI�WKH�OLQHDU�¿W�DQG�WKH�UPVH�RI�WKH�GLIIHUHQFH�EHWZHHQ�WKH�PHWKRGV��7KH�PHWKRGV�DUH�JHQHUDOO\�LQ�
JRRG�DJUHHPHQW��ZLWK�WKH�H[FHSWLRQ�IRU�VLOLFDWH��ZKHUH�WKH�VWDQGDUG�GHYLDWLRQ�RI�GLIIHUHQFHV�EHWZHHQ�WKH�
WZR�PHWKRGV�LV�DURXQG�����6HH�WH[W�IRU�GLVFXVVLRQ�



101

CARINA methods

CARINA team for applying adjustments (i.e., Table 5.2) are on the optimistic side for silicate 
DQG�SKRVSKDWH��DERXW�ULJKW�IRU�R[\JHQ��QLWUDWH��VDOLQLW\�DQG�&T, and too conservative for AT.

5.5.3. Adjustments
As discussed above, the results of the inversions were only used as a guide by the analyst 
when determining the adjustments, and almost no adjustments below the threshold were 
applied to the data product. The inversions often suggest corrections that are smaller than 
WKHVH�OLPLWV��,Q�RUGHU�WR�HYDOXDWH�WKH�HͿHFWV�RI�WKH�WKUHVKROG��ZH�DQDO\]HG�KRZ�WKH�ZHLJKWHG�
PHDQ�RͿVHWV�IRU�DOO�FURVVRYHUV�DQG�SDUDPHWHUV�LQ�WKH�&$5,1$�GDWD�VHW�DUH�DͿHFWHG�E\�XVLQJ�
WZR�GLͿHUHQW�VHWV�RI�DGMXVWPHQWV��LQ�WKH�ÀUVW�FDVH�DOO�WKH�FRUUHFWLRQV�VXJJHVWHG�E\�WKH�LQYHU-
sion were blindly applied to all the data, in the second case we applied only adjustments 
larger than the threshold (see Table 5.2). The overall performance is somewhat better if all 
FRUUHFWLRQV�DUH�DSSOLHG��7DEOH������EXW�WKH�GLͿHUHQFH�EHWZHHQ�WKH�WZR�FDVHV�LV�QRW�SDUWLFXODUO\�
large. Thus, application of all corrections suggested by the inversion results in the most in-
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Figure 5.7. )LJXUH�VKRZLQJ�WKH�RIIVHWV�IRU�LQGLYLGXDO�FURVVRYHUV�IRU�DONDOLQLW\�DV�GHWHUPLQHG�E\�WKH�
FQD;�URXWLQH��7KH�JUD\�FLUFOHV�DUH�WKH�RIIVHWV�EHIRUH�DGMXVWPHQW��VRUWHG�IURP�ORZ�WR�KLJK��EODFN�FURVVHV�
DUH�WKH�VDPH�RIIVHWV�EXW�DIWHU�DSSOLFDWLRQ�RI�WKH�DGMXVWPHQWV�VXJJHVWHG�E\�WKH�LQYHUVLRQ��DQG�WKDW�ODUJHU�
WKDQ�WKH�WKUHVKROG�YDOXH���7KH�XQFHUWDLQW\�RI�WKH�FURVVRYHUV�LV�RQO\�VKRZQ�IRU�WKH�XQFRUUHFWHG�FURVV-
RYHUV��7KH�ULJKW�SDQHO�VKRZV�WKH�UHODWLYH�GLVWULEXWLRQ�RI�RIIVHWV��JUD\�OLQH�EHIRUH�DGMXVWPHQW��EODFN�OLQH�
DIWHU�DGMXVWPHQW���7KLV�DQDO\VLV�LQFOXGHV�DOVR�WKH�*/2'$3�UHIHUHQFH�FUXLVHV�
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Figure 5.8. $�FRPSDULVRQ�EHWZHHQ�WKH�FRUUHFWLRQV�VXJJHVWHG�E\�WKH�FQD;�URXWLQH�DQG�WKH�DGMXVWPHQWV�
DSSOLHG�WR�WKH�&$5,1$�GDWD�SURGXFW��%ODFN�GRWV�GHQRWH�WKDW�DQ�DGMXVWPHQW�ZDV�DSSOLHG��EODFN�FURVVHV�
WKDW�QR�DGMXVWPHQW�ZDV�DSSOLHG��7KH�VTXDUH�LQ�WKH�PLGGOH�RI�WKH�¿JXUHV�LQGLFDWH�WKH�PLQLPXP�DGMXVW-
PHQW�WKDW�ZHUH�DSSOLHG�WR�WKH�GDWD��7KH�QXPEHUV�LQ�WKH�XSSHU�OHIW�FRUQHU�VWDWHV�WKH�QXPEHU�RI�FUXLVHV�IRU�
ZKLFK�D�FRUUHFWLRQ�ZDV�VXJJHVWHG�E\�WKH�FQD;�PHWKRG��NcnaX��DQG�WKH�QXPEHU�RI�DGMXVWPHQWV�DSSOLHG�WR�
WKH�&$5,1$�GDWD��Ncarina���WKH�QXPEHUV�LQ�WKH�ORZHU�ULJKW�FRUQHU�VWDWHV�WKH�R2�YDOXH�RI�WKH�OLQHDU�¿W�DQG�
DQG�WKH�UPVH�RI�WKH�GLIIHUHQFH�EHWZHHQ�WKH�PHWKRGV�IRU�WKRVH�FUXLVHV�ZKHUH�DQ�DGMXVWPHQW�ZDV�DSSOLHG�

WHUQDOO\�FRQVLVWHQW�GDWDVHW��EXW�LPSOLFLWO\�VXJJHVWV�D�FRQÀGHQFH�LQ�WKH�DGMXVWPHQWV�WKDW�LV�QRW�
ZDUUDQWHG�IRU�D�UHODWLYHO\�VPDOO�JDLQ�LQ�LQWHUQDO�FRQVLVWHQF\��$Q�H[DPSOH�RI�WKH�HͿHFW�RI�WKH�
DGMXVWPHQWV�RQ�WKH�RͿVHWV�IRU�LQGLYLGXDO�FURVVRYHUV�FDQ�EH�VHHQ�LQ�)LJ������ZKHUH�WKH�RͿVHWV�
of all crossovers for alkalinity are plotted; before any adjustments are applied as well as after 
DGMXVWPHQWV�ODUJHU�WKDQ�WKH�WKUHVKROG�DUH�DSSOLHG��7KH�PHDQ�DEVROXWH�RͿVHW�FOHDUO\�GHFUHDVHV�
by application of the adjustments.
We have also directly compared the suggested corrections derived from the cnaX scripts 
with the adjustments that were actually applied to the CARINA data product, Fig. 5.8. The 
GLͿHUHQFHV�EHWZHHQ�WKH�FRUUHFWLRQV�DQG�DGMXVWPHQWV�DUH�D�PHDVXUH�RI�WKH�VXEMHFWLYLW\�RI�WKH�
CARINA QC2. There is generally a reasonable agreement between adjustments and correc-
tions. However, this should not be considered to be an indication of the correctness of the ad-
justments since the two measures are not independent – the results from the inversions were 
JHQHUDOO\�IROORZHG�ZLWK�VPDOO�PRGLÀFDWLRQV��1RWH�VHYHUDO�SRLQWV�ZLWK�DQ�DGMXVWPHQW�YDOXH�
RI�]HUR�EXW�ZKHUH�D�VLJQLÀFDQW�FRUUHFWLRQ�KDV�EHHQ�VXJJHVWHG�E\�WKH�LQYHUVLRQ��[·V�LQ�)LJ��������
particularly for cruises conducted in areas of known high temporal variability. The reverse 
is also true, although not as often, i.e. even if the inversion suggests a correction smaller than 
the threshold, an adjustment has been made. Further inversions could have been performed 
�ZLWK�WKH�DGMXVWHG�V\VWHP��WR�ÀQG�QHZ�PRGHO�VROXWLRQV�WKDW�LWHUDWLYHO\�PD[LPL]HV�WKH�LQWHU-
QDO�FRQVLVWHQF\�RI�WKH�V\VWHP��$�ÀUVW�VWHS�LQ�WKLV�LWHUDWLYH�SURFHVV�ZDV�WDNHQ��EXW�DV�ZH�IRXQG�
WKDW�WKH�UHVXOW�GLG�QRW�VLJQLÀFDQWO\�LPSURYH�WKH�UHVXOW�DERYH�WKH�OHYHO�RI�XQFHUWDLQW\��WKLV�ZDV�
not further pursued.
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5.6. The web-based crossover workspace
The CARINA team included a large number of scientists from all over the world working si-
PXOWDQHRXVO\�RQ�WKH�TXDOLW\�FRQWURO�DQG�UDSLG�FRPPXQLFDWLRQ�RI�LQGLYLGXDO�HͿRUWV�DQG�UHVXOWV�
were important for the success of the project. To facilitate this, an interactive internet based 
platform was developed. To the user, the website provides important functions and tables of 
ZKLFK�WKH�FURVVRYHU�DQG�DGMXVWPHQW�WDEOHV�DUH�WKH�PRVW�LPSRUWDQW��:H�ZLOO�ÀUVW�EULHÁ\�GLV-
cuss some of the functionality of the website from a user’s perspective, and will then describe 
its basic architecture. A non-user interactive version of the website, with all the information 
used by the CARINA team, is available at http: //cdiac.ornl.gov/oceans/CARINA/Carina inv.html.
� 7KH�FURVVRYHU�WDEOH�SURYLGHV�WKH�LQWHUIDFH�WR�HQWHU�RͿVHW�YDOXHV�IRU�FURVVRYHUV�IRU�
any of the 14 parameters considered for QC2. Also generic information to a crossover, such 
DV�SRVLWLRQ��QXPEHU�RI�VWDWLRQV�HWF��FDQ�EH�HQWHUHG��)XUWKHUPRUH��ÀOHV�FDQ�EH�XSORDGHG�DQG�
comments can be posted. This allows several investigators to work on crossover analysis 
simultaneously without duplicating work and enables communication of information. The 
DGMXVWPHQW�WDEOH�LV�VLPLODU�LQ�LWV�IXQFWLRQDOLW\��$GMXVWPHQW�YDOXHV��ÀOHV�DQG�FRPPHQWV�FDQ�EH�
entered or uploaded for any of the 14 parameters, or to the cruise as a whole. Furthermore, a 
TXDOLW\�ÁDJ��HLWKHU�́ JRRGµ�RU�́ SRRUµ��LV�DVVLJQHG�IRU�HDFK�FUXLVH�SDUDPHWHU�FRPELQDWLRQ��7KH�
XVHU�FDQ�VHDUFK�WKH�GDWDEDVH�IRU�DOO�ÀJXUHV�UHOHYDQW�WR�D�FUXLVH�SDUDPHWHU�FRPELQDWLRQ��DQG�
FUHDWH�D�OLQN�WR�WKH�DGMXVWPHQW�WDEOH��7KLV�DOORZV�WKH�LQYHVWLJDWRU�WR�VHOHFW�LPSRUWDQW�ÀJXUHV�
that motivate the choice of adjustment. There is also a link to the relevant readme (i.e. con-
densed cruise metadata) for each cruise entry in the adjustment table.
 The cruise and ship tables provide easy access to basic information for each cruise or 
VKLS��LI�WKDW�LQIRUPDWLRQ�LV�QRW�IRXQG�LQ�WKH�UHDGPH�ÀOHV��0RUH�LPSRUWDQWO\��LW�SURYLGHV�PHDQV�
WR�NHHS�WUDFN�RI�WKH�DOLDVHV�IRU�GLͿHUHQW�FUXLVHV��L�H��ROG�YHUVLRQV�RI�WKH�(;32&2'(�RU�SURMHFW�
names associated to a cruise (this information is also displayed in the adjustment table). The 
LQIRUPDWLRQ�LQ�WKH�FURVVRYHU�DQG�DGMXVWPHQW�WDEOHV�FDQ�EH�H[SRUWHG�DV�FVY�ÀOHV�WKDW�FDQ�EH�
used by other applications. For instance, the adjustments are used for creation of the merged 
data product where the adjustments in the table are applied to the data in the individual cruise 

Table 5.3. 7KH�LQWHUQDO�FRQVLVWHQF\�RI�WKH�GDWD�VHW�H[SUHVVHG�DV�WKH�ZHLJKWHG�PHDQ�RI�WKH�
DEVROXWH�RIIVHWV�IRU�DOO�FURVVRYHUV�LQ�&$5,1$��9DULRXV�OHYHOV�RI�FRQVLVWHQF\�DUH�DFTXLUHG�
E\�DSSO\LQJ�YDU\LQJ�FRUUHFWLRQV�WR�WKH�GDWDVHW��8QFRUUHFWHG��EHIRUH�DQ\�DGMXVWPHQWV�DUH�
DSSOLHG��/LPLWHG��QR�DGMXVWPHQWV�VPDOOHU�WKDQ�WKH�FXW�RII�OLPLW��VHH�7DEOH������DUH�DSSOLHG��
8QOLPLWHG��DOO�FRUUHFWLRQV�VXJJHVWHG�E\�WKH�LQYHUVLRQ�DUH�DSSOLHG��7KH�VWDWLVWLFV�DUH�GH-
WHUPLQHG�E\�WKH�FQD;�URXWLQHV�XVLQJ�DOO�FURVVRYHUV�IURP�WKH�FRPSOHWH�&$5,1$�GDWD�VHW�

3DUDPHWHU 8QFRUUHFWHG /LPLWHG 8QOLPLWHG

2[\JHQ�>�@ ��� ��� ���

1LWUDWH�>�@ ��� ��� 1.4

6LOLFDWH�>�@ ��� ��� ���

3KRVSDWH�>�@ ��� ��� 2.4

&7�>�PRO�NJ-1@ � 3.2 ���

A7�>�PRO�NJ-1@ ��� 3.9 ���

6DOLQLW\�>SSP@ ��� 4 3.3



104

Chapter 5

ÀOHV�RU�WKH�PDQXDOO\�HQWHUHG�FURVVRYHU�YDOXHV�FDQ�EH�GRZQORDGHG�IRU�WKH�LQYHUVLRQV��$QRWKHU�
LPSRUWDQW�DVSHFW�RI�WKH�ZHEVLWH�LV�WKH�SRVVLELOLW\�WR�SRVW�ODUJHU�ÀOHV�DQG�GDWD�YROXPHV��7KLV�
HQDEOH��IRU�LQVWDQFH��UDSLG�XSORDG�RI�LQYHUVLRQ�UHVXOWV�WKDW�FDQQRW�EH�DWWULEXWHG�WR�DQ\�VSHFLÀF�
cruise. Also draft versions of manuscripts etc. were posted on the website.
 The CARINA website project started with the initial requirement of at least two 
tables; one where crossover results could be stored, and one for adjustment values of indi-
YLGXDO�FUXLVHV��6XSSOHPHQWDO�LQIRUPDWLRQ�VXFK�DV�ÀJXUHV��FRPPHQWV�DQG�5HDG0H�ÀOHV�FRXOG�
be stored on the platform as well and be linked to submitted data. It soon became clear that 
this website would accumulate thousands of individual data points for crossovers and ad-
MXVWPHQWV��DQG�HYHQ�PRUH�VXSSOHPHQWDU\�ÀOHV�DQG�XSGDWHV�RI�WKHVH��$OO�RI�WKLV�ZRXOG�WKHQ�
have to be available to all users during the data compilation and evaluation process. Manual 
creation or maintenance of contents and links would thus be impossible. Moreover, the need 
DURVH�WR�EDWFK�VXEPLW�D�ODUJH�QXPEHU�RI�DXWRPDWLFDOO\�JHQHUDWHG�ÀJXUHV�DQG�GDWD�FDOFXODWHG�
E\�XVHU�VFULSWV�ZKLFK�VKRXOG�EH�DXWRPDWLFDOO\�SURFHVVHG�DQG�UHÁHFWHG�WKURXJKRXW�WKH�DSSOL-
cations. The greatest demand (and challenge) was the linkage between an individual datum 
DQG�PXOWLSOH�VXSSOHPHQWDU\�LQIRUPDWLRQ�ZLWK�WKH�DELOLW\�WR� V́KDUHµ�WKHVH�UHODWLRQV�LQ�RWKHU�
FRQWH[WV��)RU�H[DPSOH��D�VXSSOHPHQWDO�ÀOH�XSORDGHG�WR�WKH�FURVVRYHU�DQDO\VLV�RI�VDOLQLW\��ZKLFK�
LQYROYHV�WZR�FUXLVHV��VKRXOG�EH�DYDLODEOH�LQ�WKH�FRQWH[W�RI�WKH�VDOLQLW\�DGMXVWPHQW�YDOXH�IRU�
HDFK�RI�WKH�WZR�FUXLVHV��DQG�ZKHQHYHU�WKH�ÀOH�LV�XSGDWHG�LW�ZRXOG�KDYH�WR�EH�UHÁHFWHG�LQ�HYHU\�
shared relation. To accommodate these demands, we decided in favor of open source software 
in order to be able to freely use and distribute the application, particularly after termination 
RI�WKLV�SURMHFW�DQG�LQ�FDVH�WKDW�R΁LQH�XVDJH�LV�QHHGHG��:H�FKRVH�WR�XVH�5XE\�RQ�5DLOV��ZKLFK�
is based on the object-oriented programming language Ruby, as web application framework 
and PostgreSQL as relational database for storage of data and information snippets. Uploaded 
ÀOHV�DUH�VWRUHG�LQ�WKH�ÀOH�V\VWHP��ZKLOH�WKHLU�UHVSHFWLYH�PHWDGDWD�DUH�NHSW�LQ�WKH�GDWDEDVH�
 According to the Ruby on Rails framework, the CARINA application is implement-
HG�XVLQJ�WKH�PRGHO�YLHZ�FRQWUROOHU�DUFKLWHFWXUH��09&��ZKLFK�SURYLGHV�DQ�RXW�RI�WKH�ER[�
basic skeleton of all necessary methods to create, read, update or delete (CRUD) datasets of 
a particular model (i.e. a corresponding table) and to build HTML forms or pages to edit or 
display datasets in the end user’s browser. Due to the conventions of the Rails framework, all 
PHWKRGV�QHFHVVDU\�IRU�D�TXLFN�DQG�HͿRUWOHVV�LPSOHPHQWDWLRQ�RI�OLQNV�EHWZHHQ�D�GDWXP�DQG�
its supplementing information are available as soon as the database models are setup such 
WKDW�WKH\�UHÁHFW�WKH�UHDO�ZRUOG�UHODWLRQV�RI�WKH�PDWHULDO�LQ�XVH��,W�LV�QRW�PDQGDWRU\��EXW�WKH�
usage of AJAX (Asynchronous JavaScript and XML) in the CARINA web application greatly 
improved usability and performance.
 All information of the CARINA web application is stored in a total of eleven database 
tables: ships, countries, cruises, crossovers, regions, adjustments, attachments, comments, 
postings, readmes and users. Datasets are then handled by Rails as objects with automati-
cally created methods. This provides access to both a dataset’s parameters (i.e. columns) and 
to other related datasets; these are also treated as objects. This allows syntactically simple 
access to the parameters/attributes (i.e. columns) of datasets and their supplements as well 
DV�WR�WKH�UHODWLRQV�EHWZHHQ�GLͿHUHQW�PRGHOV��,W�DOVR�DYRLGV�IRUPXODWLRQ�RI�DQ\�64/�EDVHG�
queries or handling of interactions with the back-end database. We have used polymorphic 
relations for comments, readmes, postings and attachments. This allows a single model (e.g. 
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DWWDFKPHQW�UHSUHVHQWLQJ�DQ�XSORDGHG�ÀOH��WR�EH�XVHG�IRU�GDWDVHWV�RI�GLͿHUHQW�PRGHOV�WR�ZKLFK�
ÀOHV�FDQ�EH�XSORDGHG��L�H��DWWDFKHG���,Q�WKH�&$5,1$�VLWH��PRVW�PRGHOV�FDQ�WKXV�KDYH�PXOWLSOH�
ÀOHV�XSORDGHG�WR�D�VLQJOH�GDWDVHW��:H�HYHQ�H[WHQGHG�WKLV�IHDWXUH�E\�DQ�DGGLWLRQDO�DWWULEXWH�
IRU�DWWDFKPHQW�DQG�FRPPHQW�UHFRUGV�KROGLQJ�WKH�SDUDPHWHU�WR�ZKLFK�DQ�XSORDGHG�ÀOH�RU�D�
FRPPHQW�LV�DWWDFKHG��7KXV��D�ÀOH�XSORDGHG�WR�D�FURVVRYHU�FDQ�EH�VSHFLÀFDOO\�́ DWWDFKHGµ�WR�DQ\�
parameter, for instance salinity.
 In numerous cases crossovers are assigned to more than one working group (see 
section 5.2 on data provenance). It was required that each working group could store values 
for their regional crossover separately. This is accomplished by insertion of two additional 
crossovers as subsets with a simple parent-child relation to the parental crossover (parent 
id as foreign key) representing the two data provenances. Members of either working group 
can click a dynamically inserted link in the list view whenever subsets are present and both 
VXEVHWV�DUH�WKHQ�UHWULHYHG�IURP�WKH�VHUYHU�DQG�GLVSOD\HG�LQ�WKH�FRQWH[W�ZLWKRXW�UHORDGLQJ�WKH�
entire page. One of the subsets is always assigned as primary subset yielding a priority for 
DXWRPDWLF�GLVSOD\�RI�YDOXHV��DV�ORQJ�DV�D�SDUDPHWHU�YDOXH�LV�QRW�ÀQDOL]HG�DQG�HQWHUHG�LQ�WKH�
primary (i.e. parent) dataset, the web application displays the value of the parameter from 
WKH�SULPDU\�VXEVHW�RU��LI�QR�YDOXH�KDV�EHHQ�HQWHUHG��IURP�WKH�VHFRQGDU\�VXEVHW��$�WUDLOLQJ� F́µ�
as subscript to the value indicates such a copy. Another parent-child relation is used for the 
adjustments table when a cruise or campaign may have to be split in sections due to temporal 
YDULDWLRQV�LQ�WKH�SURSHU�DGMXVWPHQW�YDOXH��H�J��PLG�FUXLVH�FKDQJH�RI�VWDQGDUGV�RU�GLͿHUHQW�
instrument performance after a port call). In this case multiple copies of the dataset are in-
VHUWHG��EXW�DV�WKHUH�LV�QR�XQLTXH�VROXWLRQ�WR�WKLV�FDVH��PXOWLSOH�GDWDVHWV�DUH�HLWKHU�H[SRUWHG�RU�
displayed and sorted according to the sets of stations which apply.
� $OO�DXWKHQWLFDWHG�XVHUV�FDQ�XSORDG�ÀOHV�LQGLYLGXDOO\�YLD�WKH�ZHE�LQWHUIDFH�DQG�VRPH�
authorized users can upload directly into a separate folder accessible via WebDAV. This allows 
XSORDGV�RI�ODUJH�ÀOH�EDWFKHV�FUHDWHG�E\�VFULSW�URXWLQHV�ZKLFK��ZKHQ�FRPSOLDQW�ZLWK�QDPLQJ�
DQG�ÀOH�IROGHU�KLHUDUFK\�FRQYHQWLRQV��FDQ�EH�LQJHVWHG�XSRQ�UHTXHVW�RI�WKH�XSORDGLQJ�XVHU��DQG�
ZLOO� D́WWDFKµ�HDFK�GLVFRYHUHG�SORW�ÀOH�WR�WKH�DSSURSULDWH�FURVVRYHU��RU�DGMXVWPHQW���8SORDGHG�
ÀJXUHV�DUH�FRPPRQO\�SURYLGHG�LQ�3RVW6FULSW�IRUPDW��XQVXLWDEOH�IRU�GLVSOD\�LQ�ZHE�EURZVHUV��
7KHVH�ÀOHV�DUH�DXWRPDWLFDOO\�FRQYHUWHG�WR�31*�IRUPDWWHG�ÀOHV�XVLQJ�WKH�,PDJH0DJLFN�XWLOLWLHV�
DQG�DYDLODEOH�IRU�TXLFN�YLHZV�RI�WKH�ÀJXUH�YLD�DQ�DXWRJHQHUDWHG�ZHEOLQN�ZKLOH�WKH�RULJLQDO�
3RVW6FULSW�ÀOH�LV�RQO\�VHQW�WR�WKH�XVHU�ZKHQ�D�GRZQORDG�LV�H[SOLFLWO\�UHTXHVWHG��6SHFLDO�IRUPV�
DOORZ�XVHUV�WR�PDNH�D�VHOHFWLRQ�RI�FURVVRYHUV�RU�DGMXVWPHQWV�ZKLFK�WKH\�ZLVK�WR�H[SRUW�DQG�
GRZQORDG��$Q�HQWU\�ZKLFK�LV�QRW�D�QXPEHU�PD\�EH�H[SRUWHG�DV�D�VWULQJ��H�J��1D1��RU�DV�D�
VSHFLDO�QXPEHU��H�J��ï�����EDVHG�RQ�LQGLYLGXDO�XVHU�VHWWLQJV��6LPLODUO\��RYHUYLHZ�OLVWV�RI�DOO�
comments posted to each adjustment can be generated and saved to disk.
� 2YHUDOO�VWDWLVWLFV�UHÁHFW�EXV\�XVDJH�RI�WKH�&$5,1$�ZRUNLQJ�SODWIRUP�������FURVV-
overs (with additional 556 subsets to 278 crossovers), 238 cruises and respective adjustment 
GDWDVHWV��������DWWDFKHG�SORW�ÀOHV�������FRPPHQWV������UHDGPHV�DQG�����SRVWLQJV��DOO�WRJHWKHU�
consuming about 10 Gigabytes of disk space.
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Abstract

The World Ocean takes up a large portion of the anthropogenic CO2 (Cant) emitted into the 
atmosphere. Determining the resulting increase in dissolved inorganic carbon (CT��H[SUHVVHG�
in µmol kg-1) is challenging, particularly in the subsurface and deep Southern Ocean where 
the time rate of change of CT (in µmol kgï� decadeï���LV�RIWHQ�H[SHFWHG�WR�EH�ORZ��:H�SUHVHQW�
a determination of this time trend of CT in a dataset of measurements that spans 35 years, 
comprising 10 cruises in the 1973-2008 period along the 0º-meridian in the Weddell Gyre. The 
inclusion of many cruises aims to generate results that are more robust than may be obtained 
E\�WDNLQJ�WKH�GLͿHUHQFH�EHWZHHQ�RQO\�RQH�SDLU�RI�FUXLVHV��HDFK�RI�ZKLFK�PD\�VXͿHU�IURP�HU-
rors in accuracy. To further improve consiste-ncy between cruises, data were adjusted in order 
to obtain time-invariant values of CT (and other relevant parameters) over the 35 years in the 
least ventilated local water body, this comprising the deeper Warm Deep Water (WDW) and 
upper Weddell Sea Deep Water (WSDW). It is assumed that this normalization procedure will 
allow trends in CT in the more intensely ventilated water masses to be more clearly observed. 
 Time trends were determined directly in measurements of CT, and alternatively in 
back-calculated values of preformed CT (CT

0; i.e., the CT of the water at the time that it lost con-
tact with the atmosphere). The determined time trends may be attributed to a combination of 
natural variability (in hydrography or biogeochemistry) and increased uptake of anthropogenic 
CO2 from the atmosphere. In order to separate these natural and anthropogenic components, 
an analysis of the residuals of a multivariate linear regression (MLR), involving the complete 
time series of all 10 cruises, was additionally performed. This approach is referred to as the 
Time Series Residuals (TSR) approach.
 Using the direct method, the time trends of CT in the WSDW are quite small and non-
VLJQLÀFDQW�DW���������������µmol kgï� decadeï� . On the other hand, the measured concentration 
of CT�LQ�WKH�:HGGHOO�6HD�%RWWRP�:DWHU��:6%:��LV�VKRZQ�WR�ULVH�VORZO\�EXW�VLJQLÀFDQWO\�RYHU�
the period from 1973 to 2008 at a rate of +1.151±0.563 µmol kgï� decadeï�. The spatial distri-
bution of these determined increases of CT in the deep Weddell Gyre closely resembles that 
of the increase of the anthropogenic tracer CFC-12, this strong similarity supporting a mostly 
anthropogenic cause for the increasing trend of CT. Time trends in back-calculated values of 
CT

0 appear to be obscured due to uncertainties in the measurements of O2. Finally, the shal-
ORZ�ZDWHUV�������P�GHSWK��GR�QRW�DOORZ�IRU�LQWHUSUHWDWLRQ�VLQFH�WKHVH�DUH�VWURQJO\�DͿHFWHG�E\�
seasonality.
 Due to the small time trend signal in the WSBW, the TSR approach does not allow 
for unambiguous attribution of the observed trend in CT in the WSBW. The residuals of the 
765�PHWKRG�GR�H[KLELW�D�WLPH�WUHQG��FRQVLGHUHG�UHSUHVHQWDWLYH�RI�WKH�WLPH�WUHQG�RI�&ant) of 
+0.445±0.405 µmol kgï� decadeï� (i.e.,  only 38% of the direct observed time trend in CT ) thus 
only partly supporting the attribution of the measured time trend of CT to uptake of anthropo-
genic CO2��$QRWKHU�765�GHULYHG�UHVXOW�VXJJHVWV�WKDW�WKHUH�LV�QR�VLJQLÀFDQW�WLPH�WUHQG�RI�ELR-
JHRFKHPLFDO�FKDQJHV��$�WLPH�WUHQG�LQ�K\GURJUDSK\�RI�PL[LQJ�EHWZHHQ�WZR�GHHS�ZDWHU�PDVVHV�
GRHV�H[LVW��DV�HYLGHQFHG�E\�D�VOLJKW�SRVLWLYH�WLPH�WUHQG�LQ�WKH�WHPSHUDWXUH�RI�WKH�:6%:��EXW�
LV�LQDGHTXDWH�WR�H[SODLQ�WKH�WLPH�WUHQG�RI�&T. 
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 After all, the time trend in measured CT is most straightforwardly ascribed entirely to 
uptake of Cant��DQG�DVVXPLQJ�DQ�H[SRQHQWLDOO\�JURZLQJ�KLVWRU\�RI�VWRUDJH��WKH�REVHUYHG�LQFUHDVH�
of CT in the WSBW suggests that a total amount of Cant of 6±3 µmol kgï� has accumulated in this 
ZDWHU�PDVV�EHWZHHQ�WKH�RQVHW�RI�WKH�LQGXVWULDO�UHYROXWLRQ�DQG�������([WUDSRODWLQJ�WKLV�UHVXOW��
the rate of storage of Cant in the deep Weddell Gyre (>3000 m, west of 20 ºE) is calculated to be 
about 12±6 TgC aï��over the 1973-2008 period. This rate of storage is likely somewhat lower 
WKDQ�WKH�UDWH�RI�H[SRUW�RI�&ant from the surface water into the deep Weddell Gyre, this due to 
continuous loss of Cant�ZLWK�:6':�ÁRZLQJ�RXW�RI�WKH�:HGGHOO�*\UH�LQWR�WKH�GHHS�EDVLQV�RI�
the other oceans as AABW.

6.1. Introduction and outline

6.1.1 Introduction

Since the onset of the Industrial Revolution around 1780, the combustion of fossil fuels has 
led to increasing concentrations of CO2 in the atmosphere. In 1957 the now world famous time 
series of atmospheric CO2 measurements at Mauna Loa, Hawaii was started (Keeling, 1960). 
After a few years, a rise in CO2 was apparent, and already in the early 1960s it was recognized 
that the steady increase was attributable to the burning of fossil fuels. Moreover, it was realized 
that a portion of the fossil fuel CO2 would enter into the ocean. Postma (1964) suggested that 
this invasion of anthropogenic CO2�LQWR�WKH�RFHDQV�FDQ�LQ�SULQFLSOH�EH�TXDQWLÀHG��+RZHYHU��
at the time, the analytical precision was inadequate to distinguish within the measured dis-
solved inorganic carbon (DIC, hereafter CT; in µmol kg-1���WKH�VPDOO�DQWKURSRJHQLF��RU�¶H[FHVV·��
component (Cant; in µmol kg-1) from the large and variable natural background.
� 7KH�H[WHQVLYH�DQG�DW�WKH�WLPH�VWDWH�RI�WKH�DUW�GDWDVHW�IRU�&T and alkalinity collected 
GXULQJ�WKH�*(26(&6�H[SHGLWLRQV�LQ�WKH�����V��%DLQEULGJH��������OHG�WR�UHQHZHG�HͿRUWV�WR�
quantify Cant in the oceans (Brewer, 1978; Chen and Millero, 1979). Although their approach 
worked quite well for certain water masses, it was deemed unsuitable for worldwide applica-
tion. Additionally, at the time the quality of the data was still only modest. Nevertheless, Chen 
(1993) did produce an estimate of the global ocean inventory (in PgC, equal to 1015 grams of C) 
of anthropogenic CO2 in the year 1980. 
� 7KH�QH[W�PDMRU�LPSURYHPHQW�ZDV�WKH�Ј&
�DSSURDFK��*UXEHU�HW�DO���������WKDW�LQ�FRP-
bination with the higher accuracy TTO dataset (Transient Tracers in the Ocean, 1981), led to 
improved estimate of Cant and its corresponding inventory in the North Atlantic Ocean. In the 
HDUO\�����V��WKH�LQWURGXFWLRQ�RI�FHUWLÀHG�UHIHUHQFH�PDWHULDO�IRU�&T (CRM; Dickson, 2001) as well 
as detailed measurement protocols (Dickson, 1993, updated in 2007), were other major steps 
forward in accuracy. New high quality datasets of the world oceans, obtained by the WOCE/
-*2)6�SURJUDPV��LQ�FRPELQDWLRQ�ZLWK�WKH�Ј&
�DSSURDFK��OHG�WR�WKH�ÀUVW�KLJK�DFFXUDF\�HVWLPDWH�
of the inventory of Cant of the world oceans (Sabine et al., 2004). 
� &RQVHQVXV�QRZ�H[LVWV�FRQFHUQLQJ�WKH�LQYHQWRU\�RI�&ant for most of the world ocean. 
However, the determination of the inventory of Cant in the Southern Ocean remains a challenge, 
largely because the validity for the application in the Southern Ocean of the various approaches 
to derive Cant is debatable. Vázquez-Rodríguez et al. (2009) clearly demonstrate the large range 
in estimates of Cant in the South Atlantic Ocean that are produced by the various approaches. For 
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the deep and bottom water masses, Vázquez-Rodríguez et al. (2009), show these estimates of 
Cant to range from negligible to values as high as one-third of the concentrations in the surface 
water. 
 This study aims to determine the rate of increase of actually measured CT over 35 years 
(1973-2008) in the Weddell Gyre using ocean interior data from 10 successive cruises. In the 
little-ventilated (or ‘old’) lower Warm Deep Water (WDW) and upper WSDW, no time trend 
of CT�LV�H[SHFWHG�RU�REVHUYHG��WKHUHIRUH�DOO�FUXLVH�GDWDVHWV�DUH�QRUPDOL]HG�WR�D�FRPPRQ�OHYHO�
LQ�WKLV�ZDWHU�ERG\��1H[W��WKH�QRUPDOL]HG�&T is gridded. From these grids, the spatial distribu-
tion along the section (55 ºS-70 ºS) of the generally increasing time trend of CT is obtained, with 
striking resemblance to the similar distribution of time trends in the independent anthropogenic 
WUDQVLHQW�WUDFHU�FKORURÁXRURFDUERQ�����&)&������0RUHRYHU��IRU�WZR�LQGLYLGXDO�NH\�ZDWHU�PDVVHV�
(the Weddell Sea Deep Water (WSDW) and Weddell Sea Bottom Water (WSBW)) the time trend 
of CT (in µmol kg-1 decade-1) is calculated, from which a new improved estimate of the Cant and 
its inventory in Weddell Gyre is reported. Obviously, the time trend of CT may partly be due to 
QDWXUDO�YDULDELOLW\�RI�ZDWHU�PDVV�PL[LQJ�DQG�ELRJHRFKHPLVWU\��$Q\�HͿHFW�RI�ZDWHU�PDVV�PL[-
LQJ�LV�DVVHVVHG�LQ�D�VLPSOH�PL[LQJ�PRGHO��UHO\LQJ�RQ�REVHUYHG�WHPSHUDWXUH�WUHQGV��0RUHRYHU��
WKH�QRYHO�7LPH�6HULHV�5HVLGXDOV��765��PHWKRG�LV�GHVLJQHG�WR�H[WUDFW�WKH�VRXJKW�DIWHU�LQFUHDVH�
of anthropogenic Cant and distinguish this from the natural variability. The novel TSR method 
relies on the measured CT and a suite of independent ancillary measured variables of all 10 
cruises.
6HYHUDO�VWDWLRQV�RI�WKH������*(26(&6�H[SHGLWLRQ�FRPSULVHG�WKH�ÀUVW�VXLWDEOH�REVHUYDWLRQV�
along the Prime Meridian in the Weddell Gyre. Since then, this hydrographic section along 
WKH����PHULGLDQ�KDV�EHHQ��PRUH�RU�OHVV�H[WHQVLYHO\��RFFXSLHG�E\�DW�OHDVW�DQRWKHU���H[SHGLWLRQV�
that performed high-quality measurements of CT and additional relevant oceanic properties, 
�7DEOHV�����DQG�������7R�WKH�EHVW�RI�RXU�NQRZOHGJH�WKLV�LV�WKH�ORQJHVW�H[LVWLQJ�RFHDQ�VHFWLRQ�
time series of CT data. Therefore this is a uniquely promising section for assessing the rate of 
increase of CT��0RUHRYHU�LW�VHUYHV�DV�D�ÀHOG�WHVW�RI�WKH�QRYHO��765�DSSURDFK�IRU�H[WUDFWLQJ�WKH�
increasing Cant signal from noise due to natural variability. On the other hand the Southern 
Ocean south of 50 ºS is often considered to feature only low concentrations of anthropogenic 
carbon (e.g., Sabine et al., 1999; Hoppema et al., 2001; but see Lo Monaco et al., 2005a,b). This 
conceivably constitutes a challenge for the demonstration of the direct CT time trend and the 
TSR approach for discerning Cant. However in the coming decades, and already in regions 
with a higher rate of increase (notably the North Atlantic Ocean; Perez et al., 2008 and 2010, 
Olafsson et al., 2009, Peng and Wanninkhof, 2010), both the direct CT time trend approach and 
WKH�7LPH�6HULHV�5HVLGXDOV�PHWKRG�DUH�H[SHFWHG�WR�GHOLYHU�D�VWURQJ�VLJQDO�RI�LQFUHDVLQJ�&T and 
increasing Cant, respectively. 

6.1.2. Outline

$IWHU�D�EULHI�LQWURGXFWLRQ�RI�WKH�XQLTXH�K\GURJUDSK\�RI�WKH�:HGGHOO�*\UH��WH[W�VHFWLRQ�������ZH�
will discuss in more detail the preceding concepts and approaches for quantifying the invasion 
of anthropogenic CO2�LQWR�WKH�RFHDQV��VHFWLRQ�������)LUVWO\��ÀYH�GLͿHUHQW�SXEOLVKHG�RULJLQDO�DS-
proaches for determining the total inventory of Cant in the ocean interior are recognized, and 
discussed with regards to assumptions and uncertainties, notably for the Southern Ocean (sec-
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tion 6.3.1). Secondly, we mention three approaches for quantifying the change of such Cant (i.e., 
Ј&ant) between two successive cruises along one and the same transect (section 6.3.2). Thirdly 
ZH�LQWURGXFH�WKH�QRYHO�7LPH�6HULHV�5HVLGXDOV��765��DSSURDFK�IRU�H[WUDFWLQJ�IURP�D�VXLWH�RI�
several cruises along one transect the rate of increase of Cant��VHFWLRQ���������1H[W��LQ�WH[W�VHF-
tions 6.4 through 6.7, both the direct CT time trend method and the TSR-approach are applied 
to the suite of 10 cruises over 35 years along the Prime Meridian transect in the Weddell Gyre, 
aiming to establish the rate of increase of CT and Cant, respectively. 

6.2. Hydrography

The Southern Ocean comprises all waters south of the Subtropical Front situated at about 40oS, 
while the Antarctic Ocean proper comprises all waters south of the Polar Front situated at about 
50oS (Deacon, 1984). The hydrography of the Antarctic Ocean is dominated by the wind-driven 
$QWDUFWLF�&LUFXPSRODU�&XUUHQW��$&&���ZKLFK�ÁRZV�UHODWLYHO\�XQKLQGHUHG�DURXQG�$QWDUFWLFD�
DW�DOO�GHSWKV��)LJXUH�������7KH�HDVWZDUG�ÁRZV�RI�ZLQG�DQG�RFHDQ�FXUUHQWV�DOVR�GULYH�WKH�:HG-
dell Gyre, which rotates cyclonically (i.e., clockwise) between the Antarctic continent to the 
south, the Antarctic Peninsula to the west and the ACC to the north and east. The easternmost 
H[WHQVLRQ�RI�WKH�:HGGHOO�*\UH�LV�ORFDWHG�DW��������(��6HYHUDO�ZDWHU�PDVVHV�ÁRZ�LQWR�DQG�RXW�
of the ACC and the Weddell Gyre (Figure 6.2). From the north, at depths below about 1500 
PHWHUV��1RUWK�$WODQWLF�'HHS�:DWHU��1$':��PL[HV�LQWR�WKH�$&&��+RZHYHU��EHIRUH�UHDFKLQJ�
WKH�$&&��DV�ZHOO�DV�ZLWKLQ�LW��WKH�1$':�LV�GHÁHFWHG�XSZDUG�E\�WKH�GHQVHU�$QWDUFWLF�%RWWRP�
Water (AABW) from the south, which wedges itself underneath the NADW. In the ACC there 
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LV�ODUJH�VFDOH�PL[LQJ�RI�VHYHUDO�ZDWHU�PDVVHV�LQFOXGLQJ�WKH�1$':��UHVXOWLQJ�LQ�D�UHODWLYHO\�
homogeneous water mass called Circumpolar Deep Water (CDW). South of the ACC, the shal-
lowing CDW penetrates southward toward the Antarctic continent at a depth of about 250 to 750 
meters. Being distinctly warmer (potential temperate (ս�!���&��VHH�7DEOH�����IRU�GHÀQLWLRQV��DQG�
saltier than the overlying, frigid and fresh polar water masses, it is locally referred to as Warm 
Deep Water (WDW). Strong and continuous circumpolar westerly winds cause upwelling of 
the WDW at latitudes between 60 ºS and 65 ºS in the Weddell Gyre. The upwelled waters are 
VXEVHTXHQWO\�UHGLVWULEXWHG��$�VPDOO�IUDFWLRQ�ÁRZV�VRXWKZDUG��UHSOHQLVKLQJ�WKH�GRZQZHOOLQJ�
ZDWHUV�QHDU�WKH�FRQWLQHQW��$�ODUJHU�IUDFWLRQ�ÁRZV�QRUWKZDUG�ZKHUH��EHWZHHQ�����6�DQG�����6��LW�
VXEGXFWV�WR�GHSWKV�RI�DERXW������P��DQG�VXEVHTXHQWO\�ÁRZV�WRZDUG�WKH�HTXDWRU�DV�$QWDUFWLF�
Intermediate Water (AAIW).

Table 6.1: 'H¿QLWLRQ�RI�ZDWHU�PDVV�FRUHV�DV�XVHG�WKURXJKRXW�WKLV�SDSHU��µ6KDOORZ¶�LV�REYLRXVO\�QRW�D�IRUPDO�ZDWHU�
PDVV�EXW�WKLV�OD\HU�LV�GH¿QHG�EHFDXVH�LW�SRWHQWLDOO\�VKRZV�PRVW�FOHDUO\�WKH�WLPH�WUHQGV�LQ�SURSHUWLHV�UHODWHG�WR�WKH�
XSWDNH�RI�DQWKURSRJHQLF�&22�IURP�WKH�DWPRVSKHUH��1RWH�WKDW�WKH�:6':�GRHV�QRW�KDYH�D�IRUPDO�FRUH�VLQFH�LW�LV�SDUW�
RI�WKH�JUDGLHQW�EHWZHHQ�:':�DQG�:6%:��2I�WKH�WKUHH�GHHSHU�ZDWHU�PDVVHV�WKH�OLPLWV�RI�VDOLQLW\�DQG�ș�IROORZ�WKH�
GH¿QLWLRQ�E\�&DUPDFN�DQG�)RVWHU���������DOWKRXJK�WKH�WHPSHUDWXUH�UDQJH�IRU�:6':�KDV�EHHQ�VOLJKWO\�FRQVWULFWHG�LQ�
RUGHU�WR�UHWDLQ�MXVW�WKH�VDPSOHV�IURP�WKH�FRUH��RU�UDWKHU�µPLGGOH�OD\HU¶��RI�WKH�ZDWHU�PDVV��7KH�ODWLWXGLQDO�FRQVWUDLQW�RI�
����6�WR�����6�ZDV�DGGHG�WR�SUHYHQW�LQFOXVLRQ�RI�VDPSOHV��RU�JULG�SRLQWV��FORVH�WR�WKH�FRQWLQHQWDO�VORSH�RI�$QWDUFWLFD�
DQG�WR�UHVWULFW�WKH�VDPSOLQJ�WR�WKH�PHULGLRQDO�UDQJH�WKDW�LQFOXGHG�GDWD�IURP�WKH�PRVW�FUXLVHV��$FWXDO�ZDWHU�PDVVHV�
PD\�KDYH�D�ZLGHU�H[WHQW�WKDQ�WKRVH�GH¿QHG�KHUH��1RWH�WKDW�WKH�µO:':�X:6':�QRUPDOL]DWLRQ¶�SHUIRUPHG�LQ�WKLV�
VWXG\�XVHV�GDWD�RI��ș�������WR������&�DQG�ODWLWXGH������6�WR�����6���L�H���IURP�WKH�GHHSHU�H[WHQW�RI�WKH�:':�DQG�WKH�
XSSHU�H[WHQW�RI�WKH�:6':��DQG�IURP�D�VOLJKWO\�ZLGHU�ODWLWXGLQDO�UDQJH�WKDQ�WKH�ZDWHU�PDVVHV�GH¿QHG�LQ�WKLV�WDEOH�
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 The AABW, spilling from the intermediate and deep depths of the Weddell Basin over 
DQG�WKURXJK�WKH�0LG�$WODQWLF�5LGJH��0$5��DQG�WKH�6RXWK�:HVW�,QGLDQ�5LGJH��6:,5���ÁRZV�
northward into the South Atlantic and South Indian basins (Figure 6.1). In the Weddell Basin, 
the pool of AABW (locally referred to as Weddell Sea Deep Water, WSDW) is replenished 
from below, by formation of dense water at sites along the edge of the Antarctic continent and 
WKH�LFH�VKHOYHV�RI�WKH�:HGGHOO�6HD��7KH�GHQVH�ZDWHU�ÁRZV�GRZQVORSH��HQWUDLQLQJ�VLJQLÀFDQW�
amounts of WDW, and accumulates near the bottom or at depths according to the density it 
achieves. This continuous supply of cold (ս<-0.7 ºC) water - referred to as Weddell Sea Bot-
WRP�:DWHU��:6%:����IRUFHV�WKH�QHDU�ERWWRP�SRRO�WR�H[WHQG�XSZDUG�ZKHUH�LW�LV�PL[HG�LQWR�WKH�
overlying water (Foster and Carmack, 1976; Klatt et al., 2005). Typical features of the surface 
water at the margin of the Weddell Sea (i.e., relatively low temperature, salinity, nutrients and 
CT��KLJK�R[\JHQ�DQG�&)&V��DUH�UHWDLQHG�GXULQJ�LWV�WUDQVIHU�WR�GHSWK��7KH�FKDUDFWHULVWLFV�RI�WKH�
:':��WKH�ZDWHU�PDVV�WKDW�LQÁXHQFHV�WKH�LQWHUPHGLDWH�GHSWK�:HGGHOO�*\UH�IURP�DERYH��DUH�
GLDPHWULFDOO\�RSSRVHG�WR�WKLV��DQG�WKH�UHVXOWLQJ�PL[LQJ�JUDGLHQWV�DUH�FOHDUO\�GLVWLQJXLVKDEOH�
for these properties. The intermediate state between WDW and WSBW, generally between 2000 
and 4000 meters depth, constitutes the WSDW, and is the main source of AABW. This study is 
restricted to the sub-surface water masses within the Weddell Sea: WDW, WSDW and WSBW.
 Much of the uncertainty about the inventory of Cant of the Antarctic Ocean stems from 
this unique local hydrography. In the North Atlantic and Arctic oceans, deep water formation 
is generally thought to result from deep convection of cool, dense surface waters in wintertime. 
7KHVH�ZDWHUV�KDYH�EHHQ�FRROHG�GXULQJ�H[WHQVLYH�FRQWDFW�ZLWK�WKH�RYHUO\LQJ�DWPRVSKHUH��PHDQ-
ZKLOH�DOVR�H[FKDQJLQJ�JDVHV�VXFK�DV�&)&V��22 and CO2. Deep water formation in the Weddell 
6HD�RQ�WKH�RWKHU�KDQG��ODUJHO\�WDNHV�SODFH�DORQJ�WKH�$QWDUFWLF�FRQWLQHQW��XQGHU�VWURQJ�LQÁXHQFH�
RI�WKH�LFH�VKHOYHV��L�H���RIWHQ�SUHYHQWLQJ�GLUHFW�DLU�VHD�JDV�H[FKDQJH���7KH�ZDWHUV�FRQWULEXWLQJ�
to the nascent deep water generally have only recently upwelled. The unknown and likely 
variable degree to which they equilibrate with the atmosphere before reaching the shelf zones, 
makes their ability to sequester anthropogenic CO2�GL΀FXOW�WR�SUHGLFW�RU�TXDQWLI\�

6.3. Concepts and approaches to derive Cant and its change in the ocean interior

)LUVWO\��ÀYH�GLͿHUHQW�SXEOLVKHG�RULJLQDO�DSSURDFKHV�IRU�GHWHUPLQLQJ�WKH�total inventory of Cant 
in the ocean interior (section 6.3.1) are recognized, and discussed with regards to assumptions 
and uncertainties, notably for the Southern Ocean. Secondly, we mention three approaches 
for quantifying merely the change of such Cant��L�H���Ј&ant) between two successive cruises 
along one and the same transect (section 6.3.2). Thirdly we introduce our novel approach for 
H[WUDFWLQJ�IURP�D�VXLWH�RI�VHYHUDO�FUXLVHV�DORQJ�RQH�WUDQVHFW�WKH�rate of increase of Cant (section 
6.3.3): the Time Series Residuals (TSR) approach. Finally, all three groups of approaches are 
summarized in Table 6.2.

6.3.1. Determination of the concentration of Cant in the ocean interior

6.3.1.1. Cant: the CT
0 approach 

The gradual uptake by the ocean of anthropogenic CO2 from the atmosphere is detectable, in 
principle, as the ensuing gradual rise of CT at the surface and eventually within the ocean in-
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terior. However, the presence and variability of biogeochemical processes in the ocean interior 
obscure these trends, and may need to be compensated for in order to be able to observe the 
increasing CT. Remineralization of organic matter and the dissolution of calcium carbonate 
(CaCO3��GR�QRW�RQO\�LQÁXHQFH�&T�EXW�DOVR�WKH�FRQFHQWUDWLRQV�RI�GLVVROYHG�R[\JHQ��22) and total 
alkalinity (AT), respectively. The stoichiometric ratios of these biogeochemical reactions have 
EHHQ�VKRZQ�WR�EH�IDLUO\�XQLIRUP�LQ�WKH�RFHDQV��5HGÀHOG�HW�DO���������$QGHUVRQ�DQG�6DUPLHQWR��
1994). Therefore, by conversely using the changes in O2 and AT from their preformed (i.e., at the 
time a water mass by its subduction loses contact with the atmosphere) values in the original 
VXUIDFH�ZDWHU��WKHVH�ELRJHRFKHPLFDO�HͿHFWV�RQ�&T�FDQ�EH�TXDQWLÀHG�DQG�VXEWUDFWHG�IURP�WKH�
measured CT in the ocean interior. This yields the reconstructed (or ‘back-calculated’) CT that 
a water parcel had at the time of formation at the surface (preformed CT: CT

0):

 CT
0 = CT���֋O:C(AOU) - 0.5(AT-AT

0���֋O:N(AOU)) (6-1)

+HUH��$28��DSSDUHQW�R[\JHQ�XWLOL]DWLRQ��UHSUHVHQWV�WKH�DPRXQW�RI�R[\JHQ�FRQVXPHG�E\�UHP-
LQHUDOL]DWLRQ�RI�RUJDQLF�PDWWHU��7KH�$28�LV�GHÀQHG�DV�WKH�GLͿHUHQFH�EHWZHHQ�WKH�PHDVXUHG�22 
of an ocean interior water sample and the preformed concentration, O2

0, which is calculated 
(following Weiss, 1970) as the dissolved O2 presumably in equilibrium with atmospheric pO2, 
XVLQJ�WKH�PHDVXUHG�YDOXHV�RI�VDOLQLW\�DQG�WHPSHUDWXUH�RI�WKH�VDPSOH��7KH�WHUP�֋O:C(AOU) 
yields the amount of carbon released (as CO2) during biological respiration, calculated from 
the stoichiometry of consumption of O2 and production of CO2��֋O:C), and AOU. The value of 
preformed AT (AT

0) is estimated from conservative properties of a water mass (any one or a 
combination of ս, S, PO or NO; Broecker, 1974), using relationships determined between the 
measured AT and these properties in the formation region of the subducted water mass. The 
IDFWRU�RI�����KHUH�UHÁHFWV�WKH�IDFW�WKDW�WKH�GLVVROXWLRQ�RI�&D&23 increases CT at half the rate at 
which it increases AT��7KH�H[WUD�WHUP�֋O:N(AOU) corrects the estimate of dissolution of CaCO3 
(derived from the change of AT��IRU�WKH�VOLJKW�HͿHFW�RQ�DONDOLQLW\�RI�WKH�UHOHDVH�RI�QLWUDWH�LRQ�
during remineralization of organic matter (Brewer and Goldman, 1976).
� ,Q�D�FDVH�V�WXG\�RI�WKH�$$,:��ÁRZLQJ�IURP�LWV�IRUPDWLRQ�UHJLRQ�DW�WKH�$QWDUFWLF�3RODU�
Front to the low latitude South Atlantic, Brewer (1978) was able to calculate CT

0 over the 45 ºS 
to 4 ºS range, and from this derived the corresponding atmospheric pCO2 value to decrease 
from ~300 µatm at 45 ºS to ~250 µatm between 20 ºS and the Equator. Taking into account the 
-30±10 µatm range of the pCO2 disequilibrium with the atmosphere at the formation region at 
50 ºS, a preindustrial atmospheric pCO2 of ~280 µatm was obtained. Similarly, Chen and Mil-
lero (1979) reported the gradual increase of oceanic CO2 for the intermediate depth salinity 
minimum and the deep temperature minimum along a complete Atlantic section (50 ºS-50 ºN). 
 The Cant of a water sample can be calculated by subtracting from CT

0 the pre-industrial 
value of CT

0 (CT
0
preind; Poisson and Chen, 1987; Körtzinger et al., 1998):

 Cant = CT
0 – CT

0
preind (6-2)

The CT
0
preind is assumed to be equal (and constant through time) for all samples within a water 

mass, and is generally obtained from the interior of the water mass under consideration, if that 
can be determined (from absence of anthropogenic tracers such as tritium or CFCs) to be still 
uncontaminated with Cant (i.e., CT

0
preind = CT

0
interior). For more shallow water masses, however, 
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even the inner part may have already become contaminated with Cant. For such cases, one needs 
to resort to calculating CT

0
preind using Eq. (6-3): 

 CT
0
preind = f(S, T, AT

0, pCO2,preind) (6-3)

where pCO2,preind is the assumed pCO2 of the surface water in preindustrial times. However, 
because subducting waters are generally not in equilibrium with the overlying atmosphere 
(Gruber et al., 1996; Takahashi et al., 2009), any assumed value of pCO2,preind is debatable, which 
jeopardizes the application of the CT

0 approach in shallower, more recently ventilated waters 
masses. Several additional problems of the CT

0 approach should be mentioned. The inherent 
assumption of pO2 equilibrium (for calculation of AOU) with the atmosphere may be invalid, 
DQG�LV�RI�VWURQJ�LQÁXHQFH�RQ�WKH�FDOFXODWHG�&ant��)RU�H[DPSOH��LQ�WKH�6RXWKHUQ�2FHDQ�WKH�DLU�
VHD�JDV�H[FKDQJH�LV�KDPSHUHG�E\�LFH�FRYHU�DQG�/R�0RQDFR�HW�DO�������D�E��DVVXPH�D�PHDQ�
undersaturation of 12%, yielding an about 7 µmol kg-1 higher Cant in the WSBW than in the 
case of O2 equilibrium with the atmosphere. Moreover, the stoichiometric ratio between the 
FRQVXPSWLRQ�RI�R[\JHQ�DQG�SURGXFWLRQ�RI�&22��֋O:C) is not uniform but varies between oceans 
DQG�GHSWK�LQWHUYDOV��VLJQLÀFDQWO\�DͿHFWLQJ�WKH�&ant (Wanninkhof et al., 1999). Furthermore, over 
the years, progressively less of the old waters will remain suitable to serve as pre-industrial 
reference. Moreover, although the detection of more recently emitted transient tracers (notably 
CFCs, 3H, ~1950-1960 era) shows a water sample is not pristine anymore, the absence of such 
tracers does not necessarily imply the absence of Cant, for which emission commenced already 
at ~1780. Finally, a constant disequilibrium value of pCO2 between air and sea is assumed, yet 
in reality this value likely varies over the years (Metzl, 2009).

6.3.1.2. Cant��WKH�І&
�DSSURDFK

7KH�Ј&
�WHFKQLTXH��*UXEHU�HW�DO���������RYHUFRPHV�DQ�LPSRUWDQW�VKRUWFRPLQJ�RI�WKH�&T
0 method 

in that it allows the pCO2�GLVHTXLOLEULXP�LQ�WKH�IRUPDWLRQ�UHJLRQ�WR�EH�TXDQWLÀHG�IURP�PHD-
surements even for water masses that are contaminated with Cant, provided that the age of the 
ZDWHU�VDPSOH�LV�NQRZQ��7KH�Ј&
�WHFKQLTXH�GHÀQHV�&ant as follows:

 Cant = CT
0 - Ceq280 - Cdiseq  (6-4)

7KH�ÀUVW�WZR�WHUPV�RQ�WKH�ULJKW�KDQG�VLGH�RI�����FRPSULVH�´Ј&
µ�VXFK�WKDW�

 Cant = ЈC*           - Cdiseq (6-5)

Here, CT
0 of the water sample is calculated according to Eq. (6-1), Ceq280 is the hypothetical CT

0 
of the water if it were in pCO2-equilibrium with the preindustrial atmosphere of 280 µatm (at 
the S, T and AT

0 of the sample), and Cdiseq�UHSUHVHQWV�WKH�VPDOO�GLͿHUHQFH�YHUVXV�&eq280  due to 
air-sea pCO2 disequilibrium in the formation area. Because Cdiseq�LV�QRW�H[SHFWHG�WR�EH�WKH�VDPH�
for all water masses, it is generally determined for each of a number of isopycnal intervals 
(layers of water between distinct lines of equal density). 
 For the deepest isopycnal intervals, Cdiseq�LV�REWDLQHG�E\�REVHUYLQJ�Ј&
�YHUVXV��JHQ-
HUDOO\��ODWLWXGH��6XFK�D�SORW�VKRZV�Ј&
�GHFUHDVLQJ�IURP�WKH�KLJKHU�ODWLWXGH�IRUPDWLRQ�UHJLRQV�
WRZDUG�WKH�HTXDWRU��UHÁHFWLQJ�WKH�KLJKHU�&T in recently ventilated waters) where at some lati-
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WXGH�LW�UHDFKHV�D�EDVHOLQH�OHYHO��H[WHQGLQJ�WRZDUG�WKH�HTXDWRU��FRPSULVLQJ�DOO�VDPSOHV�WKDW�
have a pre-industrial ventilation history. The mean of these pre-industrial samples is taken to 
represent the mean Cdiseq�RI�WKH�LVRS\FQDO�LQWHUYDO��)RU�H[DPSOH��*UXEHU�HW�DO����������VKRZ�WKDW�
the deep (>2000 m) water masses in the North Atlantic south of Iceland have a Cdiseq of about 
-16 µmol kg-1��FRUUHVSRQGLQJ�WR�D�ЈpCO2 of about -32 µatm. This suggests that these waters 
generally have not completed the process of taking up CO2 from the atmosphere before they 
were subducted. 
� )RU�VKDOORZHU�LVRS\FQDO�LQWHUYDOV��QR�VXFK�EDVHOLQH�RI�Ј&
�PD\�EH�REVHUYHG��GXH�WR�
the fact that the whole interval is already contaminated with Cant, such that CT�DQG�WKHUHE\�Ј&
�
are elevated above preindustrial levels. However, with knowledge of the ventilation age of the 
samples (obtained independently from CFCs, 3H-3He or other transient tracers), an alternative 
may be calculated for Ceq280, that is, a Ceqt referenced to the known atmospheric pCO2 of the 
year t of formation. For instance, for a sample with ventilation age dating from the year 1990, 
one would calculate Ceq353��6XEVHTXHQW�DVVHVVPHQW��RYHU�D�UDQJH�RI�ODWLWXGHV��RU�DJHV���RI�Ј&
�
�QRZ�FDOOHG�Ј&
t) once again yields a baseline that may be taken to represent Cdiseq. Gruber et 
al., (1996) in this manner show that relatively shallow water masses (those originally formed 
LQ�WKH�VHDV�QRUWK�RI�,FHODQG��H[KLELW�D�ЈpCO2 of about -85 µatm. Once Cdiseq is determined for 
each isopycnal interval, the value of Cant is easily calculated using Eq. (6-5). 
 Because Cdiseq� LV�LQIHUUHG�DV�WKH�PHDQ�GLͿHUHQFH�EHWZHHQ�&T

0 and Ceq280 (or Ceqt), its 
YDOXH�QRW�RQO\�UHSUHVHQWV�WKH�HͿHFWV�RI�WKH�DLU�VHD�GLVHTXLOLEULXP�RI�pCO2 at the time of sub-
GXFWLRQ��EXW�DOVR�WKH�HͿHFWV�RI�D�FRQFHLYDEOH�pO2�GLVHTXLOLEULXP��ZKLFK�DͿHFWV�&T

0). Because 
Cdiseq�LV�VXEWUDFWHG�IURP�Ј&
�WR�REWDLQ�&ant��DQ\�HͿHFW�RQ�&ant is cancelled out. In the same way, 
Cdiseq�LQFOXGHV�WKH�HͿHFWV�RI�DQ\�LQDFFXUDF\�RI�WKH�UHPLQHUDOL]DWLRQ�UDWLR�YDOXHV�֋O:C and ֋O:N of 
Eq. (6-1), which are also cancelled out (again through CT

0), thereby removing another source 
of uncertainty that is present in the CT

0 method.
� 8VLQJ�WKH�Ј&
�PHWKRG��6DELQH�HW�DO���������XVHG�RFHDQ�LQWHULRU�PHDVXUHPHQWV�REWDLQHG�
during WOCE and JGOFS studies of the 1990s to constrain the inventory of Cant of the world 
ocean to 118±19 PgC in 1994.
� 0DWVXPRWR�DQG�*UXEHU��������DVVHVVHG�WKH�Ј&
�PHWKRG�DQG�UHDOL]HG�WKDW�ELDVHV�LQ�
its results are introduced by the assumption of constant (over time) Cdiseq�DQG�WKH�VLPSOLÀHG�
derivation of ventilation age from transient tracers (see also Hall et al., 2004). Matsumoto and 
Gruber (2005) suggest that these two biases can be minimized by (i) varying Cdiseq as a func-
tion of the uptake of Cant itself, and by (ii) taking into account the age spectrum of water when 
determining ventilation ages, respectively. However, for the Southern Ocean the second sug-
JHVWLRQ��LL��LV�QRWDEO\�GL΀FXOW��EHFDXVH�WKH�DJH�VSHFWUXP�RI�WKH�ORFDOO\�IRUPHG�ZDWHU�PDVVHV�
is strongly bimodal (Khatiwala 2002; Hall, 2002; Peacock and Maltrud, 2005), and therefore 
GL΀FXOW�WR�HVWDEOLVK�XVLQJ�WUDFHU�PHDVXUHPHQWV��7KHUHIRUH��DSSOLFDWLRQ�WR�WKH�6RXWKHUQ�2FHDQ�
RI�WKH�Ј&
�DSSURDFK�UHPDLQV�FKDOOHQJLQJ���

6.3.1.3. Cant: the TrOCA approach 

$SSOLFDWLRQ�RI�WKH�7U2&$�DSSURDFK��7UDFHU�FRPELQLQJ�2[\JHQ��&DUERQ�DQG�$ONDOLQLW\��7RX-
ratier and Goyet, 2004a,b) is more straightforward. The approach requires less variables to be 
measured (only O2, CT, AT and ս���DQG�DYRLGV�WKH�UDWKHU�FRPSOH[�HVWLPDWLRQ�RI�DLU�VHD�GLVHTXL-
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libria for pCO2��,Q�WKH�7U2&$�PHWKRG��ÀUVW�WKH�HͿHFWV�RI�UHPLQHUDOL]DWLRQ�RI�RUJDQLF�PDWWHU�
and dissolution of calcium carbonate are compensated: 

 TrOCA = O2 + 1.2·CT - 0.6·AT (6-6)

The resulting value of TrOCA includes the Cant�FRPSRQHQW��1H[W��LI�WKH�SUHLQGXVWULDO�7U2&$�
(TrOCA0) value of the water sample can be obtained, this Cant component can be calculated: 

 Cant
 = (TrOCA - TrOCA0) / 1.2 (6-7)

For old, deep water masses that have not been in contact with the modern atmosphere, the value 
of TrOCA0 is assumed to be equal to TrOCA. In order to obtain values of TrOCA0 in shallower 
water masses (ventilated after 1780), the observed relationship in the deep waters of TrOCA and 
potential temperature (and in subsequent work also AT��7RXUDWLHU�HW�DO���������LV�H[WUDSRODWHG�WR�
the higher ս of the shallower, warmer, water masses. However, Yool et al., (2010) argue that the 
H[WUDSRODWLRQ�RI�D�VLQJOH�7U2&$0-versus-ս relationship toward shallower, warmer waters cannot 
represent the full range of pO2- and pCO2�GLVHTXLOLEULD�HQFRXQWHUHG�LQ�WKH�GLͿHUHQW�LQYROYHG�
formation regions and processes. Therefore, the TrOCA approach necessarily can likely only 
be applied on a sub-basin scale. In the deep Southern Ocean, no required pristine water mass 
H[LVWV�DQ\PRUH��DV�VXJJHVWHG�E\�WKH�IDFW�WKDW�DQWKURSRJHQLF�&)&V�DUH�IRXQG�DW�DOO�GHSWKV��.ODWW�
et al., 2002), which complicates the derivation of a locally predictive relationship for TrOCA0. 

6.3.1.4. Cant: the Transit Time Distribution (TTD) approach

The Transit Time Distribution approach (TTD; Hall et al., 2002; McNeil et al., 2003; Waugh 
et al. 2006) relies on a combination of measurements of one or more oceanic anthropogenic 
transient tracers (e.g., CFCs, SF6), their atmospheric time histories, and hydrographic data to 
estimate the most likely ventilation age distribution (i.e. the TTD) of water parcels in the ocean 
interior. The inferred TTDs are then combined with the assumed surface water time history 
of Cant to calculate the ocean interior concentrations of Cant. Waugh et al. (2006) have used the 
TTD method to estimate a total inventory of Cant for the global ocean of 94-121 PgC for 1994. 
 The complete independence of the TTD method from measurements of oceanic CT 
makes it a valuable complement to CT-based approaches. However, like some of the previous 
approaches, the TTD approach requires assumptions of the time histories of Cant and CFC in 
the surface ocean, which are strongly dependent on the unknown (and likely variable) time 
KLVWRULHV�RI�HTXLOLEUDWLRQ�ZLWK�WKH�DWPRVSKHUH��$GGLWLRQDOO\��DV�DOUHDG\�PHQWLRQHG�LQ�WH[W�VHF-
WLRQ����������WKH�VKDSH�RI�WKH�77'�PD\�EH�GL΀FXOW�WR�TXDQWLI\�VSHFLÀFDOO\�LQ�WKH�:HGGHOO�*\UH��
where upwelling, subduction and entrainment occur on small temporal and spatial scales. The 
FRQFXUUHQW�PHDVXUHPHQWV�RI�WUDQVLHQW�WUDFHUV�ZLWK�VWURQJO\�GLͿHULQJ�DWPRVSKHULF�WLPH�KLVWRULHV�
(e.g., CFC-12 and SF6; Walker et al., 2000; Tanhua et al., 2008; Fine, 2011) in principle allows for 
some of the uncertainty of the shape of the TTDs to be resolved. However, no datasets of SF 6 
in the Weddell Gyre have been described in the literature yet.



120

Chapter 6

6.3.1.5. Cant: the Transient Steady State (TSS) approach 

*LYHQ�D�VX΀FLHQWO\�ORQJ�WLPH��DQ�H[SRQHQWLDOO\�LQFUHDVLQJ�FRQFHQWUDWLRQ�RI�&ant at the surface 
RI�WKH�RFHDQ�ZLOO�UHVXOW�LQ�D�VLPLODU�H[SRQHQWLDO�LQFUHDVH�RI�&ant at depth, the so called Transient 
Steady State (TSS; Tanhua et al., 2007). Therefore the rate of increase of Cant at any location in the 
ocean interior is proportional to the concentration of Cant (Gammon et al., 1982; Tanhua et al., 
2007). This method thus allows the derivation of a value of Cant given only the rate of change 
of Cant��+RZHYHU��MXVW�DV�IRU�PRVW�RI�WKH�DERYH�PHWKRGV��WKH�ÀQDOO\�GHULYHG�&ant concentration 
depends strongly on the assumed time history of surface water pCO2. Nevertheless, this tech-
nique will be used in below section 6.7.5 to convert the determined rate of increase of Cant in 
the deep Weddell Sea into an estimate of the total concentration of Cant. 

������� 'HWHUPLQDWLRQ�RI�WKH�LQFUHDVH�ІCant between two consecutive cruises

7KH�H[SHFWHG�LQFUHDVH�RI�&T at the ocean surface due to the accumulation of Cant is about 1 
µmol kg-1 a-1, against a background concentration in the order of 2000 µmol kg-1. In deeper 
ZDWHUV��WKLV�LQFUHDVH�ZLOO�EH�VPDOOHU�DQG�WKHUHIRUH�PRUH�GL΀FXOW�WR�GLVFHUQ�DJDLQVW�WKH�ODUJH�
EDFNJURXQG�YDOXH��0RUHRYHU��WKH�VLJQDO�PD\�EH�REVFXUHG�E\�YDULDELOLW\�RI�IRUPDWLRQ�DQG�PL[-
ing of deep water masses (Fahrbach et al., 2004) and variability of biological processes (Sabine 
et al., 2008). We discuss three published approaches for quantifying the increase in Cant��Ј&ant) 
between two successive cruises along one and the same transect.

��������� ІCant: determination of the change in CT or CT
0

(DUO\�GHWHUPLQDWLRQV�RI�WKH�LQFUHDVH�RI�&ant�EHWZHHQ��RQFH��UHSHDWHG�RFHDQ�VHFWLRQV�ZHUH�
UHSRUWHG�E\�+RSSHPD�HW�DO���������DQG�3HQJ�HW�DO����������7KH�IRUPHU�VWXG\�LQ�WKH�ZHVWHUQ�
:HGGHOO�6HD�H[SOLFLWO\�FRQVLGHUHG�YDULDEOH�IRUPDWLRQ�SURSHUWLHV�RI�ZDWHU�PDVVHV��7KH�ODWWHU�
VWXG\�DFFRXQWHG�IRU�WKH�FRQIRXQGLQJ�HIIHFWV�RI�YDULDELOLW\�LQ�VXFK�QDWXUDO�SURFHVVHV�DV�ZDWHU�
PDVV�PL[LQJ�DQG�ELRORJ\��HYDOXDWLQJ�WKH�LQFUHDVHV�RI�&7

0�DORQJ�LVRS\FQDO�VXUIDFHV�

��������� ІCant: the Multivariate Linear Regression (MLR) approach

:DOODFH��������SURSRVHG�WKH�XVH�RI�D�0XOWLYDULDWH�/LQHDU�5HJUHVVLRQ��0/5��WHFKQLTXH�WR�
DVVHVV�WKH�FKDQJHV�LQ�&ant�EHWZHHQ�WZR�VXEVHTXHQW�RFFXSDWLRQV�RI�WKH�VDPH�RFHDQ�VWDWLRQ�RU�
VHFWLRQ��7KH�WHFKQLTXH�FRUUHODWHV�PHDVXUHG�YDOXHV�RI�&7�ZLWK�D�VXLWH�RI�DQFLOODU\�WUDFHUV�LQ�
RUGHU�WR�GHWHUPLQH�WKHVH�FKDQJHV��ZKLOH�DFFRXQWLQJ�IRU�VRPH�RI�WKH�YDULDELOLW\�LQ�K\GURJUDSKLF�
FRQGLWLRQV�DQG�ELRORJLFDO�DFWLYLW\�
� )LUVWO\��IRU�RQH�VLQJOH�FUXLVH��D�PDWKHPDWLFDO�UHODWLRQVKLS�LV�GHULYHG�EHWZHHQ�WKH�PHD-
VXUHG�&7�DQG�WKH�YDOXHV�RI�DQFLOODU\�SK\VLFDO�DQG�ELRJHRFKHPLFDO�SURSHUWLHV�WKDW�DUH�NQRZQ�
WR�EH�UHODWHG�WR�WKH�QDWXUDO�VXEVXUIDFH�YDULDELOLW\�RI�&7��7KHVH�SURSHUWLHV��JHQHUDOO\�ș��6��RQH�
RU�PRUH�QXWULHQWV��22�RU�$28�DQG�$7��DUH�LQGHSHQGHQW�RI�LQFUHDVLQJ�&ant��EXW�UHSUHVHQW�WKH�
QDWXUDO�SURFHVVHV�DIIHFWLQJ�&7��WKH�PL[LQJ�RI�ZDWHU�PDVVHV��UHPLQHUDOL]DWLRQ�RI�RUJDQLF�PDWWHU�
DQG�GLVVROXWLRQ�RI�&D&23��7KH�DSSURDFK�GRHV�QRW�UHTXLUH�NQRZOHGJH�DERXW�UHPLQHUDOL]DWLRQ�
UDWLRV�RU�PL[LQJ�SURFHVVHV� 7KH�GHULYHG�0/5�LV�XVHG�WR�SUHGLFW�WKH�YDOXHV�&7

0/5
1��DQG�E\�

FRPSDULVRQ�ZLWK�WKH�DFWXDOO\�PHDVXUHG�&7�YDOXHV��WKH�UHVLGXDOV��&0/5
UHVLGXDO����DUH�REWDLQHG��,Q�
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SUDFWLFH��WKHVH�UHVLGXDOV�DUH�QRUPDOO\�GLVWULEXWHG�DURXQG�]HUR��ZLWK�D�W\SLFDO�VWDQGDUG�GHYLD-
tion in the order of 4 µPRO�NJ-1��6XEVHTXHQWO\��IRU�D�VHFRQG�FUXLVH�VRPH�\HDUV�ODWHU��WKH�0/5�
UHODWLRQVKLS�RI�WKH�¿UVW�FUXLVH�LV�FRPELQHG�ZLWK�WKH�DQFLOODU\�YDOXHV�RI�WKH�VHFRQG�FUXLVH��WR�
GHULYH�&0/5

UHVLGXDO����)LQDOO\��E\�FRPSDULVRQ�RI�WKH�GHSWK�SUR¿OHV�RI�&0/5
UHVLGXDO���DQG�&0/5

UHVLGXDO�� 
WKH�DSSDUHQW�LQFUHDVH�¨&ant is derived.
� $SSOLFDWLRQ�LQ�WKH�,QGLDQ�2FHDQ�E\�6DELQH�HW�DO���������UHVXOWHG�LQ�DQ�HVWLPDWH�RI�WKH�
LQFUHDVH�RI�&ant�LQ�WKH�,QGLDQ�2FHDQ�QRUWK�RI�����6��0F1HLO�DQG�FRZRUNHUV�XVHG�WKLV�WHFKQLTXH�
WR�GHPRQVWUDWH�WKH�LQYDVLRQ�RI�ERWK�&ant�DQG�WKH�į13&7�VLJQDO�LQWR�WKH�6RXWKHUQ�2FHDQ�VRXWK�RI�
$XVWUDOLD��0F1HLO�HW�DO�������D�E���3HQJ�HW�DO���������UHSRUWHG�DQ LQFUHDVH�RI�DQWKURSRJHQLF�
&22� LQ�WKH�3DFL¿F�2FHDQ�RYHU�WZR�GHFDGHV��0DWHDU�DQG�0F1HLO��������IRXQG�UHDVRQDEOH�
DJUHHPHQW�EHWZHHQ�WKH�0/5�PHWKRG�DQG�WKH�77'�WHFKQLTXH��VHFWLRQ����������LQ�WKH�6RXWKHUQ�
2FHDQ��

��������� ІCant: the Extended Multivariate Linear Regression (eMLR) approach

,Q�WKH�RULJLQDO�0/5�DSSURDFK��VHFWLRQ�����������WKH�GHULYHG�Ј&ant�LV�DͿHFWHG�E\�HUURUV�RI�ERWK�
the suite of ancillary measurements and the measured CT�YDOXHV��7KH�H[WHQGHG�0/5��H0/5��
)ULLV�HW�DO���������DLPV�WR�PLQLPL]H�WKH�HͿHFW�RI�WKH�HUURUV�RI�WKH�DQFLOODU\�PHDVXUHPHQWV��+HUH�
one derives, again using MLR, a unique relationship for each of two cruises and uses the dif-
IHUHQFH�EHWZHHQ�WKH�FRH΀FLHQWV�RI�WKH�WZR�UHODWLRQVKLSV�DV�D�SUHGLFWRU�RI�Ј&ant between the 
cruises. The eMLR approach has been applied by several investigators (e.g., Olsen et al., 2006; 
Tanhua et al., 2007; Sabine et al., 2008; Hauck et al., 2010). The approach is deemed less sensi-
tive than the original MLR-method to systematic errors (biases) in the ancillary data of each 
cruise. Nevertheless, the sensitivity of the results to biases in the measurements of CT of either 
involved cruise remains. This jeopardizes the application of this method, notably in the Wed-
dell Gyre where time trends in Cant are deemed to be small. 

Every technique used to determine anthropogenic changes in CT between two cruises is sensi-
tive to biases in the data of either cruise. Such biases are not uncommon: before the introduction 
RI�FHUWLÀHG�UHIHUHQFH�PDWHULDO��&50��'LFNVRQ���������DQDO\WLFDO�ELDVHV�LQ�&T and AT could be 
more than 10 µmol kg-1 (Stoll et al., 1993). Even today, now that values of CT and AT are more 
DFFXUDWH��WKH�PHDVXUHPHQWV�RI�GLVVROYHG�QXWULHQWV�DQG�R[\JHQ�RFFDVLRQDOO\�UHPDLQ�LQDFFXUDWH�
E\�VHYHUDO�SHUFHQW��'DWDVHW�V\QWKHVLV�HͿRUWV�OLNH�*/2'$3��.H\�HW�DO��������DQG�&$5,1$��.H\�
et al. 2010) aim to identify and remove these biases (Tanhua et al., 2010), but the resulting da-
tasets are obviously not as good as what could analytically have been achieved at the time, 
or can be achieved nowadays. Until primary measurements of required ancillary parameters 
reach a level of accuracy comparable to that attained in the measurements of CT and AT them-
selves, the interpretation of results of the back-calculations and MLR-type methodology will be 
DPELJXRXV�WR�VRPH�H[WHQW��0RUHRYHU��/HYLQH�HW�DO���������DUJXH�DQG�LOOXVWUDWH�WKDW�WKH��H�0/5�
approaches do not necessarily yield accurate results in the presence of trends in the ancillary 
data that persist over the period of interest (so-called secular trends). The warming of shallow 
water masses due to global warming is a case in point. 
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6.3.3. The Time Series Residuals (TSR) approach for multiple repeat cruises along 
one transect

+HUH�ZH�LQWURGXFH�DQ�DSSURDFK�IRU�H[WUDFWLQJ�IURP�D�VXLWH�RI�PXOWLSOH�FUXLVHV�DORQJ�RQH�WUDQVHFW�
the rate of increase of Cant during the time interval spanning these cruises. This TSR-approach 
is applied to a suite of 10 cruises along the Prime Meridian transect in the Southern Ocean 
GXULQJ�WKH�����������WLPH�LQWHUYDO��7KH�LQFOXVLRQ�RI����FUXLVHV�DLPV�WR�PLQLPL]H�WKH�HͿHFWV�RI�
systematic errors in both the suite of ancillary measurements and in the measured CT values. 
)RU����FUXLVHV��RQH�RYHUDOO�0/5�UHODWLRQVKLS�LV�GHWHUPLQHG��1H[W��WKLV�RYHUDOO�UHODWLRQVKLS�LV�
used to calculate CT

TSR, and by comparison with actually measured CT, the Cresidual
TSR is derived. 

Finally Cresidual
TSR is regressed against sampling date (1973-2008). Following the same premises 

DV�WKH�0/5�DQG�H0/5�DSSURDFKHV��LW�LV�H[SHFWHG�WKDW�LQFUHDVLQJ��RYHU�WLPH��YDOXHV�RI�&residual
TSR 

UHÁHFW�WKH�LQFUHDVH�LQ�WKH�FRQFHQWUDWLRQ�RI�&ant in a water mass. As with the MLR method, the 
application of the TSR approach does not require knowledge of the surface water gas disequi-
libria or remineralization ratios.
 Seasonal variability in CT�LQ�VKDOORZ�ZDWHUV�LV�WR�D�ODUJH�H[WHQW�UHSUHVHQWHG�E\�WKH�
MLR (Friis et al., 2005). Therefore, the TSR method allows the determination of time trends in 
Cant (i.e., Cresidual

TSR) in shallow waters. This in contrast with CT
0 and CT��ZKLFK�ERWK�DUH�H[SHFWHG�

WR�VKRZ�VWURQJ�YDULDWLRQV�LQ�VKDOORZ�ZDWHUV�EHWZHHQ�WKH�GLͿHUHQW�VHDVRQV�LQ�ZKLFK�WKH�GDWD�
were collected.

6.4. Data collection. 

The shipboard methods of the most recent cruise are described (section 6.4.1), followed by 
the chosen database of the preceding nine cruises (section 6.4.2). Of all ten cruises, stations 
south of ~55 ºS and (generally) within 5 º of longitude from the Prime Meridian were selected, 
representative for the Weddell Gyre. The locations of all stations are shown in Figure 6.3. The 
cruises span the period from 1973 to 2008. 

6.4.1. Shipboard analyses

The most recent data used in this paper, from PFS Polarstern cruise ANT-XXIV/3 (Cape Town 
– Punta Arenas, 10 February – 16 April 2008; Fahrbach and De Baar, 2010) have not been pub-
lished before. During this cruise, about 2800 samples were analyzed on two identical instru-
ments (VINDTA 3C, MARIANDA, Kiel, Germany), with each instrument measuring both CT 
and AT. Collection and analysis was in accordance with the standard operating procedures 
outlined by Dickson et al. (2007). Samples were analyzed immediately after sampling, hence 
were not poisoned. Occasionally, samples were analyzed on both instruments concurrently, 
thereby allowing for instrument-to-instrument comparison. 
 Measurements of CT were performed using the coulometric method (Johnson et al., 
1993). Determinations of AT were performed by an acid titration following the standard set-
WLQJV�RI�WKH�9,1'7$��0LQWURS�HW�DO����������,Q�RUGHU�WR�VHW�WKH�PHDVXUHPHQW�DFFXUDF\��FHUWLÀHG�
reference material (CRM, Dickson 2001) was analyzed at least three times per day. On both 
LQVWUXPHQWV��PHDVXUHPHQWV�RI�&50�GHYLDWHG�IURP�WKH�FHUWLÀHG�YDOXHV�OHVV�WKDQ������IRU�ERWK�
CT and AT (i.e., less than circa 12 µmol kg-1). Post-cruise processing and correction of the data 
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UHVXOWHG�LQ�D�GDWDVHW�WKDW�LV�GHHPHG�WR�EH�RI�H[FHOOHQW�TXDOLW\�IRU�&T, with typical short-term 
reproducibility of around 1.4 µmol kgï� for both instruments. Intercomparability of the instru-
PHQWV�LV�FRQVLGHUHG�WR�EH�H[FHOOHQW��ZLWK�WKH�GLͿHUHQFH�LQ�ÀQDO�&T values between them (as 
inferred from about 400 samples that were run on both instruments) being 0.1±1.9 µmol kgï�. 
Results of CT of the two instruments were merged into one dataset, of which the overall ac-
curacy is estimated to be better than ±2 µmol kgï�. Results for AT of one of the two instruments 
ZHUH�GLVFDUGHG�GXH�WR�H[FHVVLYH�GULIW��7KH�HVWLPDWHG�DFFXUDF\�RI�WKH�UHWDLQHG�$T dataset of the 
other instrument is ±4 µmol kgï�. 
� 'DWD�IRU�GLVVROYHG�R[\JHQ�ZDV�REWDLQHG�IURP�in situ sensors that were regularly cali-
EUDWHG�DJDLQVW�:LQNOHU�WLWUDWLRQV��ZLWK�D�UHSRUWHG�ÀQDO�DFFXUDF\�RI������µmol kgï�. Measurements 
of dissolved nutrients (silicate, phosphate and nitrate) were performed colorimetrically and 
on board with an auto-analyzer. The combined accuracy and precision of these three measure-
ments is considered to be better than ±0.5%, ±0.5% and ±1.0%, respectively. Measurements that 
were concurrently made on a preliminary batch of the novel reference material for nutrients 
in seawater (RMNS, distributed by KANSO co. ZZZ�NDQVR�FR�MS��$R\DPD�HW�DO���������FRQÀUP�
this accuracy.

6.4.2. Additional data

From the GLODAP 1.1 database (Key et al., 2004) and the CARINA database (Key et al., 2010) the 
GDWD�RI�VL[�FUXLVHV�LQ�WKH�YLFLQLW\�RI�WKH����PHULGLDQ�ZHUH�H[WUDFWHG��7DEOH�������)RU�HDFK�FUXLVH��
we used the data that had received primary quality control (outliers removed, conversion to 
common units), but were not yet adjusted for internal consistency, because for our application 
WKH�GHVLUHG�LQWHUQDO�FRQVLVWHQF\�ZLOO�EH�WDLORUHG�WR�WKH�ORFDO�UHJLRQ���3OHDVH�QRWLFH�WKDW�WKH�ÀQDO�
product of GLODAP and CARINA has been adjusted for global internal consistency). Data of 
CT of cruises ANT-XV/4, ANT-XXII/3 and ANT-XXIV/2, which are not available in GLODAP 
or CARINA, have been described before and were obtained from the respective investigators 
(see references in Table 6.3). 

6.5. Data processing

This study aims to quantify the rates of storage of Cant in the Weddell Gyre, using data from 10 
FUXLVHV�FRQGXFWHG�EHWZHHQ������DQG�������7KH�XVH�RI�PXOWLSOH�FUXLVHV�LV�H[SHFWHG�WR�UHGXFH�
the susceptibility of the results to biases in individual cruises. Firstly, we will determine time 
trends directly in the actual measured data of CT that have been collected during multiple 
cruises along the same ocean section. Secondly, we perform a similar time trend assessment 
but now using calculated CT

0 (section 6.3.1.1), relying on additional measured variables (ս, S, 
O2 and AT). Lastly, the determined time trends of CT will be separated into their natural compo-
nents and anthropogenic (i.e. Cant) components using the TSR method outlined in section 6.3.3. 
Moreover, for the sake of comparison with previous studies in the region, the concentration of 
Cant will be determined with another approach, the TrOCA method. 
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6.5.1. Normalization in lower Warm Deep Water (WDW) and upper Weddell Sea 
Deep Water (WSDW).

,Q�WKH�:HGGHOO�*\UH��WKH�VRXWKHUQPRVW�SDUW�RI�WKH����PHULGLDQ�VHFWLRQ��WKH�ORZHU�H[WHQW�RI�
the WDW together with the upper part of the WSDW, is considered the least ventilated wa-
ter body (Fahrbach et al., 2011, this issue; to be concise, this combined water body will in the 
FRQWH[W�RI�WKH�QRUPDOL]DWLRQ�SURFHGXUH�EH�UHIHUUHG�WR�DV�O:':�X:6':���,QGHHG��RYHU�WKH�
1973-2008 period of observations, the CT in this water body is in steady state (Figure 6.4), 
H[FHSW�IRU�WKH�VWURQJO\�RXWO\LQJ�GDWD�RI�$-$;��������DQG�$17�9��	����������0RUHRYHU��WKH�
REVHUYHG�YDOXHV�RI�PDMRU�QXWULHQWV��VLOLFDWH��QLWUDWH�DQG�SKRVSKDWH��DQG�GLVVROYHG�R[\JHQ�LQ�
the lWDW/uWSDW also are in steady state, i.e., there are no systematic changes discernable 
LQ�ELRJHRFKHPLFDO�SURFHVVHV��GDWD�QRW�VKRZQ���1HYHUWKHOHVV��IRU�HDFK�FUXLVH�WKHUH�PD\�H[LVW�D�
V\VWHPDWLF�RͿVHW�GXH�WR�FDOLEUDWLRQ�XQFHUWDLQWLHV��,Q�RUGHU�WR�UHPRYH�WKHVH�RͿVHWV��WKDW�LQ�WXUQ�
might give rise to erratic time trends), a normalization is applied to bring the values in the 
WDW of each cruise to the mean of all 10 cruises. Following Hoppema et al. (2001), for each 
cruise a subset of the data (latitude: 57 ºS to 66 ºS, potential temperature (ս�� -0.4 ºC to 0.2 ºC) 
of the parameter to be adjusted is linearly regressed against ս and the intercept at ս=0 ºC is 
GHWHUPLQHG��)RU�HDFK�FUXLVH��WKH�GLͿHUHQFH�EHWZHHQ�WKLV�LQWHUFHSW�DQG�WKH�PHDQ�LQWHUFHSW�DW�
0 ºC of the entire dataset (in the case of CT: 2262.7 µmol kg-1, see Figure 6.4) is taken as the re-
quired adjustment. Adjustments determined in this manner for all relevant parameters of all 
cruises are listed in Table 6.3 (i.e., CT, AT, O2, NO3, PO4, Si. Data of CFCs were not adjusted). At 
the latitudinal range considered, the used temperature range coincides with a depth range of 
about 800 m to 2200 m, i.e., the lWDW/uWSDW. The NADW in the South Atlantic Ocean is 
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Figure 6.4.�([DPSOH�IRU�&7�RI�WKH�SURFHGXUH�IROORZHG�WR�QRUPDOL]H�FUXLVH�GDWD�
LQ�WKH�ORZHU�:':�DQG�XSSHU�:6':��O:':�X:6':���6HH�VHFWLRQ�������IRU�
GHWDLOV��(a) 5HJUHVVLRQV�RI�PHDVXUHG�&7�>µPRO�NJ-1@�YHUVXV�SRWHQWLDO�WHPSHUDWXUH�
�ș��>o&@�RI�DOO����FUXLVHV��7KH�VWURQJO\�RXWO\LQJ�UHJUHVVLRQ�OLQHV�UHSUHVHQW�WKH�GDWD�
RI�FUXLVHV�$-$;��������DQG�$17�9��	����������(b)�7KH�GHWHUPLQHG�LQWHUFHSWV�
at�ș ���&�RI�WKH�UHJUHVVLRQV�LQ�SDQHO�D���7KH�EODFN�KRUL]RQWDO�OLQH�LQGLFDWHV�WKH�
PHDQ�LQWHUFHSW���������µPRO�NJ-1��RI�DOO�FUXLVH�GDWD��$17�9��	��H[FHSWHG���7KH�
EODFN�YHUWLFDO�OLQHV�UHSUHVHQW�WKH�����FRQ¿GHQFH�LQWHUYDO�RI�HDFK�LQWHUFHSW��'DWD�
RI�HDFK�FUXLVH�ZHUH�DGMXVWHG�WR�PDNH�WKH�FUXLVH�VSHFL¿F�LQWHUFHSW�FRLQFLGH�ZLWK�
WKH�PHDQ�LQWHUFHSW�RI�DOO��QRQ�RXWO\LQJ��FUXLVHV�
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much larger and even less ventilated than the lWDW/uWSDW and is deemed an even more 
VXLWDEOH�UHIHUHQFH�ZDWHU�PDVV��EXW�FDQQRW�VHUYH�WKDW�SXUSRVH�EHFDXVH�ÀYH�RI�WKH�WHQ�FUXLVHV�LQ�
this study did not sample the NADW. 
 The spread of measurements around the regression line (Table 6.4, column ‘rmse’) 
is illustrative of the precision of the data of each cruise. Clearly, the precision of the analysis 
of CT has generally improved over time, from 4.0 µmol kg-1 during GEOSECS in 1973 to 1.3 
µmol kg-1 or 2.2 µmol kg-1 for ANT-XXIV/2 and ANT-XXIV/3, respectively. The thus adjusted 
datasets for CT and other parameters are highly internally consistent within the lWDW/uWSDW. 
However, the CT�GDWD�RI�$-$;��������DUH�GHHPHG�WR�EH�RI�LQVX΀FLHQW�TXDOLW\�IRU�WKLV�VWXG\�
GXH�WR�ORZ�VSDWLDO�VDPSOLQJ�UHVROXWLRQ�DQG�VLJQLÀFDQW�VWDWLRQ�WR�VWDWLRQ�ELDVHV�WKDW�FDQQRW�EH�
objectively resolved. Therefore, the CT�GDWD�RI�$-$;�DUH�H[FOXGHG�IURP�IXUWKHU�DQDO\VLV��WKH�
remaining data of CFCs and AT of AJAX will be used). Similarly, the southerly deep data (south 
of 63 ºS and deeper than 1500 m) of cruise ANT-X/4 are considered erroneously high by up 
to 7 µmol kg-1�DQG�DUH�DOVR�H[FOXGHG�IURP�DQDO\VLV��)LJXUH�����VKRZV�VHFWLRQV�RI�WKH�O:':�
uWSDW-normalized CT data. Although they are not (all) used in further analyses, the data of 
AJAX and ANT-X/4 are shown in Figure 6.5 for completeness. The performed adjustments are 
of similar magnitude as those applied in CARINA and GLODAP (Table 6.3). 

6.5.2. Data gridding

Toward discerning a time trend over 35 years, all cruises are assigned equal weight. If this is 
not done, then a straightforward regression would cause overrepresentation of those cruises 
that have most measurements. Equal weighting of the data of each cruise is accomplished by 
resampling all data of interest (S, ս, CFC-12, CT, AT, O2, nutrients) onto a common grid (spac-
ing: 100 m depth and 0.5º latitude). The longitude of all data is set to 0 ºE. Bottom topography 
LV�DVVXPHG�WR�EH�WKH�VDPH�IRU�DOO�FUXLVHV��DV�H[WUDFWHG�IURP�D�EDWK\PHWULF�GDWDVHW�RI�WKH�PHDQ�

Table 6.4.�'HWDLOV�RI�WKH�UHJUHVVLRQ�RI�&7�YHUVXV�SRWHQWLDO�WHPSHUDWXUH�RI�FUXLVH�GDWD�IURP�WKH�GHHSHU�SDUW�RI�WKH�
:':�DQG�WKH�XSSHU�SDUW�RI�WKH�:6':��O:':�X:6':���UPVH��URRW�PHDQ�VTXDUH�HUURU��L�H���PHDVXUH�RI�VSUHDG�RI�
GDWD�DURXQG�WKH�UHJUHVVLRQ�OLQH���'DWD�ZHUH�DGMXVWHG�WR�\LHOG�DQ�LQWHUFHSW�RI��������µPRO�NJ-1��$OWKRXJK�QRW�REYLRXV�
IURP�WKHVH�UHVXOWV��WKH�GDWD�RI�&7�RI�$-$;��������ZHUH�GHHPHG�WR�EH�RI�LQVXI¿FLHQW�TXDOLW\�IRU�LQFOXVLRQ�LQ�WKLV�VWXG\��
6RXWKHUO\��GHHS�GDWD�RI�$17�;���DUH�GHHPHG�WR�EH�HUURQHRXVO\�KLJK��DQG�DUH�DOVR�QRW�IXUWKHU�XVHG�LQ�WKLV�VWXG\�HLWKHU�
�VHH�DOVR�)LJXUH�������6HH�WH[W�VHFWLRQ�������IRU�GHWDLOV�

Cruise Intercept
Slope rmse

n
adjustment

discarded data
ºC

-1 µmol kg
-1 µmol kg

-1

*(26(&6 ���������� ��������� 4.0 �� ���� none
$-$; ���������� 21.2±9.9 3.9 23 +10.9 DOO�GDWD

$17�9��	� 2249.2±0.9 �������� ��� �� ����� none
$17�;�� ���������� �������� 2.1 22 +2.1 �����6	������P
$17�;,,,�� ���������� 20.9±2.9 2.4 91 ���� none
$17�;9�� ���������� �������� 2.4 ��� ���� none
$17�;;�� ���������� �������� 3.3 ��� +2.0 none
$17�;;,,�� ���������� 20.2±2.1 ��� �� ���� none
$17�;;,9�� ���������� 20.9±2.0 1.3 �� ���� none
$17�;;,9�� ���������� �������� 2.2 �� +0.3 none
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WRSRJUDSK\�EHWZHHQ����:�DQG����(��&DUH�ZDV�WDNHQ�QRW�WR�DOORZ�WKH�JULGGLQJ�URXWLQH�WR�H[-
trapolate data too far into depths or latitudes where in fact no samples were collected. 

6.5.3. Consideration of oxygen

6RPH�FUXLVHV�UHWDLQ�VLJQLÀFDQW�ORFDOL]HG�ELDV�IRU�22, even after the lWDW/uWSDW-normal-
ization procedure outlined above. In order to illustrate this, we obtain a ‘best’ or ‘mean’ section 
of O2 by averaging the very consistent O2 sections of recent cruises ANT-XIII/4, ANT-XV/4, 
$17�;;���DQG�$17�;;,9����DQG�PDNH�VHFWLRQ�SORWV�RI�WKH�GLͿHUHQFH�RI�WKLV�22

mean and each 
of the O2 datasets of all ten cruises used in this study (Figure 6.6). It may be observed that the 
DSSOLHG�VLQJOH�DGMXVWPHQW�DSSURDFK�LV�QRW�VX΀FLHQW�IRU�HOLPLQDWLQJ�DOO�ELDVHV�LQ�WKH�22 datasets 
RI�DOO�FUXLVHV��)RU�H[DPSOH��DQ�RͿVHW�PD\�EH�VHHQ�IRU�$17�;;,9���LQ�WKH�GHHS�ZDWHU�EHWZHHQ�
60 ºS and 65 ºS. This anomaly is not observed for ANT-XXIV/2 only 2 months earlier. Similarly, 
cruises GEOSECS, ANT-V/2&3 and ANT-XXII/3 also appear to have calibration problems, 
although for GEOSECS, which is far in the past from the subsequent cruises, deviations in the 
GHHS�ZDWHU�DUJXDEO\�PLJKW�EH�UHÁHFWLYH�RI�JHQXLQH�FKDQJHV�LQ�WKH�GHHS�:HGGHOO�6HD�
 Based on these observations, this study ignored the O2 data of ANT-XXII/3 and ANT-
XIV/3, and of selected stations of ANT-V/2&3 (north of 63 ºS) and GEOSECS (north of 57 ºS). 
7KH�PDJQLWXGH�RI�WKHVH��ORFDO��RͿVHWV��DERXW�����µmol kg-1) is about as large as the stated overall 
accuracy of O2 of cruise ANT-XXIV/3 (±4.5 µmol kg-1, see supplementary material), and much 
larger than the ±1% (locally about ±2-3 µmol kg-1��WKDW�LV�RIWHQ�VWDWHG�IRU�WKH�DFFXUDF\�RI�R[\-
gen measurements in general. The uncertainty about the accuracy of O2 measurements (in this 
study and in general) may jeopardize the application and interpretation of the back-calculation 
techniques that require O2 (CT

0, TrOCA). In the back-calculation concept, an erroneously low O2 
yields a CT

0 that is also too low, because a too large fraction of the measured CT is considered 
to result from remineralization of organic matter (see Eq. 6-1). 

6.5.4. Derivation of necessary variables

The following variables were derived from the gridded original data. 
 CT

0. Values of preformed CT (i.e., CT
0) were calculated for each grid point of each 

cruise using equation (6-1) (section 6.3.1.1). The required values of AT
0 and O2

sat were obtained 
using the parameterizations of Sabine et al. (1999) and of Weiss (1970), respectively. Because 
the present study concerns the increase in CT

0�RYHU�D�FHUWDLQ�SHULRG�UDWKHU�WKDQ�LWV�H[DFW�YDOXH��
the determination of the pO2�GLVHTXLOLEULXP�LV�QRW�UHTXLUHG��DQG�ZH�DVVXPH�ЈpO2 = 0%. The 
YDOXHV�RI�WKH�UDWLRV�֋O:C�DQG�֋O:N are taken from Anderson and Sarmiento (1994) as 117/170 
and 16/170 respectively. 
 AT

MLR. Measurements of AT are available from 4 of the 10 cruises. To improve the 
availability of AT (a requirement for the application of the CT

0 and TrOCA methods), an MLR 
was performed of the available (WDW-adjusted) data of AT versus [salinity, ս, silicate, depth, 
ODWLWXGH@��:LWK�WKH�GHULYHG�FRH΀FLHQWV��DQ�DUWLÀFLDO�YDULDEOH�$T

MLR was generated. In order to 
optimally represent the measured values of AT over the entire section, separate MLRs were 
performed for each of four intervals of potential density. The procedure was performed both 
for non-gridded and gridded data, in order to verify the robustness of the gridding routine. 
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The resulting residuals of the regressions are presented in Figure 6.7 (panels a, c). It can be ob-
served that the residuals are small and neutrally distributed around zero (0.1±2.3 and 0.0±1.5 
µmol kg-1�IRU�QRQ�JULGGHG�DQG�JULGGHG�GDWD�UHVSHFWLYHO\���7KH�VKDSHV�RI�WKH�SURÀOHV�DUH�KLJKO\�
FRPSDUDEOH��FRQÀUPLQJ�WKH�VXLWDELOLW\�RI�WKH�HPSOR\HG�JULGGLQJ�PHWKRG��6LQFH�WKH�SUHGLFWLYH�
parameters were measured more often than AT itself, values of AT

MLR could be obtained for 9 of 
the 10 cruises (no silicate data of cruise ANT-XXIV/2 are available). At any location, the values 
of derived variable AT

MLR are much more homogenous between the cruises than the original 
AT values, which are not further used in this study. It must be noted that this application of an 
MLR removes any conceivable time trend from the AT�GDWD�LI�WKLV�WUHQG�LV�QRW�UHÁHFWHG�LQ�DQ\�
of the constituent parameters of AT

MLR. This is in accordance with the common assumption 
WKDW��DV�\HW��WKHUH�KDV�EHHQ�QR�DQWKURSRJHQLF�LQÁXHQFH�RQ�$T distributions since the onset of 
the industrial revolution. 
 CT

TSR and Cresidual
TSR. As part of the TSR approach (section 6.3.3), we performed an MLR 

between the measurements of CT and ancillary variables [salinity, ս, depth, AT
MLR, phosphate, 

silicate], both for the gridded dataset and for the non-gridded dataset. All relevant data from 
all cruises in this study (i.e., the full 1973-2008 era) were used in a single MLR. As outlined in 
VHFWLRQ��������ZH�VXVSHFW�WKH�SUHVHQFH�RI�VLJQLÀFDQW�LQDFFXUDFLHV�LQ�VRPH�RI�WKH�PHDVXUHPHQWV�
of O2. To avoid complicating the attribution of resulting time trends in Cresidual

TSR, the MLR did 
not use O2 as an estimate of remineralization but relied solely on phosphate and silicate for 
this purpose. This is akin to the approach of Friis et al. (2005), who opted for the use of a nutri-
ent (phosphate) instead of O2-based AOU, because use of the latter resulted in a non-normal 
and depth-varying distribution of residuals. The residuals of the regression (Figure 6.7, panels 
b, d) are reasonably small (-0.1±2.9 and -0.1±1.9 µmol kg-1 for non-gridded and gridded data 
UHVSHFWLYHO\��DQG�SURYLGH�FRQÀGHQFH�WKDW�D�VXLWDEOH�VHOHFWLRQ�RI�LQGHSHQGHQW�SDUDPHWHUV�ZDV�
FKRVHQ��7KH�VODQWHG�VKDSH�RI�WKH�UHVLGXDOV�SURÀOH�GRHV�QRW�MHRSDUGL]H�RXU�DSSOLFDWLRQ��VLQFH�
we are solely interested in the time trends of the residuals, rather than their actual values. 

6.5.5. Determination of time trends along the section

For each of the measurements (and derived variables) of interest, time trends were determined 
at each of the grid points as follows: of each of the cruises, the value of the grid point of interest 
DQG�WKRVH�RI�WKH�JULG�SRLQWV�LPPHGLDWHO\�VXUURXQGLQJ�LW��ZHUH�H[WUDFWHG��7KHVH�YDOXHV��XS�WR����
for each grid point: there are up to 10 cruises present at each grid point, and each grid point is 
surrounded by up to 8 other grid points) were regressed against their time of sampling, using 
DQ�RUGLQDU\�OHDVW�VTXDUHV�OLQHDU�ÀWWLQJ�URXWLQH��$OO�JULG�SRLQWV�ZHLJKWHG�HTXDOO\�LQ�WKH�UHJUHV-
sion. This procedure makes the results slightly less sensitive to an occasional outlying value in 
WKH�JULGV��6LQFH�QR�UHVROYDEOH�JUDGLHQWV�DUH�H[SHFWHG�RQ�WKH�VKRUW�VSDWLDO�VFDOH�IURP�RQH�JULG�
SRLQW�WR�DQRWKHU��WKLV�VWHS�GRHV�QRW�VDFULÀFH�VSDWLDO�UHVROXWLRQ��7KH�UHVXOWV�RI�WKH�UHJUHVVLRQ�DW�
each grid point allow for the derivation of parameter values for those years where data is not 
available. In general, trends derived in this way in the upper ~400 meters of the Weddell Gyre 
should not be taken to be representative of the underlying data, due to seasonality in the up-
per shallow waters and the limited resolution of used grid relative to the vertical variability 
of the water column at these depths. However, trends in Cresidual

TSR do allow for interpretation 
in the shallow water column (section 6.3.3).
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RI��OHIW�FROXPQ� A7�YHUVXV�>VDOLQLW\��ș��VLOLFDWH��GHSWK��ODWLWXGH@�DQG��ULJKW�FROXPQ��&7�YHUVXV�>VDOLQLW\��ș��
VLOLFDWH��SKRVSKDWH��GHSWK@��7KH�WRS�URZ�FRPSULVHV�QRQ�JULGGHG�GDWD��ERWWRP�URZ�FRPSULVHV�JULGGHG�GDWD��
7KLFN�OLQHV�LQGLFDWH�WKH�PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�RI�WKH�UHVLGXDOV�RYHU�D�PRYLQJ�����P�LQWHUYDO��7KH�
RYHUDOO�VWDQGDUG�GHYLDWLRQ�RI�HDFK�SUR¿OH�LV�SURYLGHG�DV�WH[W�LQ�HDFK�SDQHO��

� 7R�LOOXVWUDWH�WKLV�DSSURDFK�RI�OLQHDU�ÀWWLQJ�WKURXJK�JULGGHG�GDWD��ZH�SURFHVV�GDWD�
of CFC-12. Figure 6.8 shows the concentrations of CFC-12 in 1992 as inferred from the time 
trends through the measurements obtained on the 7 coverings of the section (AJAX, 1984 to 
ANT-XXII/3, 2005). Also shown are actual measurements in 1992 (ANT-X/4), as well as the 
inferred time trends and the uncertainty associated with these time trends. The inferred con-
centrations in 1992 compare very well with the gridded data of ANT-X/4 (slope of regression 
of data below 1000 meters depth: 0.98±0.02, r2=0.87, p<0.001). 
 Even though the results obtained from CFC-12 serve an illustrative purpose only, 
we note that the use of linear regressions for CFC-12 does not do justice to the well known, 
distinctly nonlinear concentration history of this compound in the atmosphere and the surface 
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Figure 6.8.�([DPSOH�RI�UHVXOWV�RI�WKH�GHWHUPLQDWLRQ�RI�OLQHDU�WUHQGV�LQ�&)&�����XVLQJ�DOO�
DYDLODEOH�GDWD��L�H���IURP������WR��������a)�LQIHUUHG�&)&����VHFWLRQ�LQ�������b)�DFWXDO�
VHFWLRQ�IURP�������PHDVXUHG�GXULQJ�FUXLVH�$17�;����c)�GHWHUPLQHG�OLQHDU�WLPH�WUHQGV�RI�
&)&����RYHU�WKH����\HDU�SHULRG��d)�VWDQGDUG�HUURU�RI�WKH�WLPH�WUHQG�HVWLPDWHV�RI�SDQHO�
�F��7UHQGV�ZLWK�KLJK�UHODWLYH�VWDQGDUG�HUURUV�DUH�JHQHUDOO\�ORFDWHG�LQ�VKDOORZ�ZDWHUV��7KLV�
LV�ZKHUH�WKH�GLPLQLVKLQJ�DWPRVSKHULF�LQFUHDVH�LV�PRVW�FORVHO\�WUDFNHG�DQG��DGGLWLRQDOO\��
ZKHUH�WHPSHUDWXUH�GULYHQ�VHDVRQDO�RVFLOODWLRQ�RI�WKH�FRQFHQWUDWLRQV�RI�&)&����PD\�IXUWKHU�
LQYDOLGDWH�WKH�DVVXPSWLRQ�RI�OLQHDULW\�RI�WLPH�WUHQGV�

ocean. However, the stabilization and decrease of the atmospheric concentration of CFC-12 
VLQFH�DSSUR[LPDWHO\������KDV�QRW�OLNHO\�SHQHWUDWHG�LQWR�WKH�GHHS�:HGGHOO�6HD�\HW��.ODWW�HW�DO���
������+XKQ�HW�DO����������7KHUHIRUH��DQ�DSSUR[LPDWHO\�OLQHDU�ULVH�LQ�RFHDQ�LQWHULRU�FRQFHQWUDWLRQV�
PD\�VWLOO�EH�H[SHFWHG��DQG�LV�LQGHHG�REVHUYHG��)LJXUH������VHH�WH[W�VHFWLRQ�������IRU�GHWDLOV��

6.5.6. Determination of time trends in water mass cores

7KH�GHWHUPLQDWLRQ�RI�WLPH�WUHQGV�DW�À[HG�ORFDWLRQV��ODWLWXGH��GHSWK��DV�RXWOLQHG�LQ�VHFWLRQ��������
\LHOGV�UHVXOWV�WKDW�PD\�EH�SORWWHG�WR�UHYHDO�WKH�VSDWLDO�SDWWHUQ�RI�VXFK�WUHQGV��IRU�H[DPSOH��)LJXUH�
6.8c). However, the results of that procedure may occasionally be ambiguous not only because 
of the sometimes small amount of samples represented by each grid point, but also because of 
K\GURJUDSKLFDO�YDULDELOLW\�DW�HDFK�JULG�SRLQW��)RU�H[DPSOH��WKH�ORFDWLRQ�RI�D�SDUWLFXODU�ZDWHU�
mass may vary somewhat through time and is thus not always present at the same location 
RQ�WKH�JULG��'HWHFWLRQ�DQG�TXDQWLÀFDWLRQ�RI�WLPH�WUHQGV�DW�VXFK�D�ORFDWLRQ�PD\�WKHUHIRUH�EH�
jeopardized. To ensure that time trends within the proper cores of water masses are nonetheless 
RSWLPDOO\�TXDQWLÀHG��DQ�DGGLWLRQDO�DQDO\VLV�RI�WKH�GDWD�ZDV�SHUIRUPHG�LQ�ZKLFK�DOO�JULG�SRLQWV�
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that belonged to the core of a particu-
lar water mass (as determined by their 
S and ս properties, see Table 6.1) were 
pooled, and time trends were determined 
for the data in each of these data pools. 
This procedure was performed for both 
the gridded and the non-gridded data, 
again in order to be able to verify that 
no inaccuracies result from the gridding 
routine. The time trends were determined 
by calculating for each cruise the mean 
values of the data in the water mass cores. 
Subsequently, an ordinary least squares 
OLQHDU�ÀW�DJDLQVW�WLPH�ZDV�GHWHUPLQHG�
through these averages. 
 A sensitivity analysis was per-
formed using a simple statistical model. 
We assume that the remaining inaccuracy 
(after the lWDW/uWSDW-adjustment) 
of the measurements of CT performed 
before the introduction of CRM (i.e., the 
cruises in the period 1973-1992) is small-
er than 4 µmol kgï�. The subsequent 6 
cruises did use CRM and are assumed to 
be accurate to within 2 µmol kgï�. Under 
those assumptions, and taking into ac-
count the analytical noise in the measured 
CT data (section 6.5.1), trends smaller than 
circa 1 µmol kgï� decadeï� fall within the 
statistical uncertainty of the method (at 
the p<0.05 level). 

6.5.7. Determination of Cant
TrOCA for 2005 

)RU�WKH�VDNH�RI�FRPSDULVRQ�ZLWK�WKH�ÀQGLQJV�RI�SUHYLRXV�VWXGLHV��WKH�FRQFHQWUDWLRQ�RI�&ant 
along the section is determined for the nominal year 2005 using the TrOCA method (section 
6.3.1.3). The required values of O2, CT and AT (or rather AT

MLR; section 6.5.4) are obtained by 
taking the mean values of all cruises in the time interval from 2002 to 2008. We use the same 
ս-based TrOCA0-parameterization as used by Lo Monaco et al. (2005b), which is only a slight 
adaptation of the parameterization originally provided by Touratier and Goyet (2004b).
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135

Weddell Gyre CT trends

6.5.8. The carbonate system of the Weddell Gyre in a high-CO2 world

The continued uptake by the oceans of anthropogenic CO 
 2 from the atmosphere will cause shifts 

in the oceanic carbonate system. Most notably, a strong reduction is predicted of the concentra-
tions of carbonate ion [CO3

2-@�DQG�K\GUR[LGH�LRQ�>2+-]. These changes are of major importance 
for the solubility of (biogenic) CaCO3 (Feely et al., 2004; Orr et al., 2005) and for the speciation 
RI�WUDFH�PHWDOV��0LOOHUR�HW�DO����������,Q�RUGHU�WR�EULHÁ\�LQYHVWLJDWH�WKH�SUHVHQFH�RI�WKHVH�HͿHFWV�
in the Weddell Gyre, values were calculated of [CO3

2-], pH (representing the decreasing [OH-]), 
and of the saturation states of the CaCO3�VWUXFWXUHV�DUDJRQLWH�DQG�FDOFLWH��ۙAR�DQG�ۙCA) from 
the gridded data of [S, T, CT, AT

MLR, phosphate and silicate] using CO2SYS for MATLAB (van 
+HXYHQ�HW�DO����������7UHQGV�ZHUH�GHWHUPLQHG�LQ�WKHVH�GDWD�DV�LQ�WH[W�VHFWLRQ�������

6.6. Results

6.6.1. Spatial distribution of time trends along the section 

CFC-12
7KH�SDWWHUQ�RI�WUHQGV�IRXQG�LQ�&)&�����)LJXUH����F��LQ�WKH�GHHS�ZDWHUV�UHÁHFWV�FXUUHQW�NQRZO-
edge about the ventilation processes of the Southern Ocean (e.g., Klatt et al., 2005). The stron-
JHVW�VXE�VXUIDFH�LQFUHDVHV�DUH�YLVLEOH�LQ�WKH�:6%:��ÁRZLQJ�HDVWZDUG�DORQJ�WKH�VRXWKHUQ�VLGH�
of the Mid-Atlantic Ridge (MAR), and along the Antarctic continental slope in the westward 
ÁRZLQJ�ZDWHU�WKDW�PDNHV�XS�WKH�VRXWKHUQ�OLPE�RI�WKH�:HGGHOO�*\UH��7KH�FRUH�RI�WKH�:':��DW�
500-1500 m, 57-63 ºS) shows a very low rate of increase in CF§C-12. Because the CFC-12 concen-
trations at the surface of the water column tightly track the (distinctly non-linear) atmospheric 
&)&����FRQFHQWUDWLRQ�KLVWRU\��WKH�PHWKRG�RI�OLQHDU�ÀWWLQJ�LV�QRW�DSSOLFDEOH�DW�WKHVH�VKDOORZHU�
depths, as is also evidenced by the high uncertainties associated with the trends (Figure 6.8d). 
Therefore, results obtained in the upper 400 m will not be discussed and should not be taken 
WR�DFFXUDWHO\�UHÁHFW�WKH�UDWHV�RI�DFFXPXODWLRQ�RI�&)&�����,Q�GHHSHU�ZDWHUV��WKLV�SUREOHP�LV�
likely not yet as prominent (see section 6.5.1). A detailed look at the trends in the cores of the 
ZDWHU�PDVVHV��)LJXUH������7DEOH������VKRZV�WKH�&)&����WR�VWLOO�LQFUHDVH�DSSUR[LPDWHO\�OLQHDUO\��

CT

The spatial distribution of determined time trends in CT (Figure 6.10a) qualitatively resembles 
that of CFC-12 in the deep region of the Weddell Gyre (Figure 6.8c). Notably in the WSBW and 
the deeper ranges of the WSDW, rates of increase of CT are between 0.5 and 1.75 µmol kgï� de-
cadeï�. A spatial distinction is observed between the cores of the increases in the southern and 
northern limb of the Weddell Gyre, in agreement with the pattern of trends in CFC-12. Again, 
we consider trends in CT that were determined in the upper 400 meters of the water column 
QRW�WR�DFFXUDWHO\�UHÁHFW�UHDO�WUHQGV��,W�LV�LQWHUHVWLQJ�WR�QRWH��WKRXJK��WKDW�D�QHDU�]HUR��RU�HYHQ�
negative) rate of increase, associated with the upwelling region south of ~60 ºS, prominently 
appears, as does an area of strong uptake (rates over 5 µmol kgï� decadeï�) to the north of this 
divergence zone. 
 The near-zero rate of increase of CT within the WDW has been dictated by the method. 
The inherent assumption of a constant CT in the WDW is largely corroborated by the time trends 
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Table 6.5��7KH�WLPH�WUHQGV�LQ�&7��GHULYHG�LQ�ERWK�WKH�QRQ�JULGGHG�DQG�WKH�JULGGHG�GDWD��DQG�LQ�&7
765��&UHVLGXDO

765��DQG�
&)&����DV�GHWHUPLQHG�ZLWKLQ�WKH�FRUHV�RI�HDFK�RI�WKH�IRXU�ZDWHU�PDVVHV�6+$//2:��:':��:6':�DQG�:6%:��
'H¿QLWLRQV�RI�WKH�ZDWHU�PDVV�FRUHV�DUH�JLYHQ�LQ�7DEOH�������6LJQL¿FDQW�WLPH�WUHQGV�DUH�LQ�EROG�SULQW��7LPH�WUHQGV�LQ�WKH�
VKDOORZ�ZDWHUV�WKDW�DUH�H[SHFWHG�WR�EH�VXVFHSWLEOH�WR�WKH�LQÀXHQFH�RI�VHDVRQDOLW\�DW�WKH�VXUIDFH�DUH�VKRZQ�LQ�EUDFNHWV��
$V�RSSRVHG�WR�WKH�XQGHUO\LQJ�GDWD�RI�WKH�RWKHU�UHVXOWV�LQ�WKLV�WDEOH��WKH�&)&�GDWD�ZHUH�QRW�QRUPDOL]HG�LQ�WKH�O:':�
X:6':�DQG�LQGLFDWH�WKDW�WKH�FRUH�RI�WKH�:':�LV�QRW�HQWLUHO\�XQYHQWLODWHG��5DWKHU��LW�VKRZV�D�UDWH�RI�LQFUHDVH�RI�
DERXW�����RI�WKDW�RI�WKH�:6%:��$OWKRXJK�WKLV�VXJJHVWV�WKDW�DQ�XSZDUG�FRUUHFWLRQ�PD\�FRQFHLYDEO\�KDYH�WR�EH�DS-
SOLHG�WR�WKH�&7�EDVHG�UHVXOWV��ZH�RSW�QRW�WR�SHUIRUP�WKLV�DGMXVWPHQW��6HH�WH[W�VHFWLRQ�������

:DWHU�PDVV
&7 &7 &7

765 &UHVLGXDO
765 &)&���

µPRO�NJí� decadeí� µPRO�NJí� decadeí� µPRO�NJí� decadeí� µPRO�NJí� decadeí� pPRO�NJí� decadeí�

QRQ�JULGGHG�GDWD JULGGHG�GDWD JULGGHG�GDWD JULGGHG�GDWD JULGGHG�GDWD

6+$//2: ���������������� ���������������� (+3.878 ± 3.656) �������������� (0.264 ± 0.185)

:':� ��������������� �������������� ��������������� �������������� 0.041 ± 0.025

:6':� ��������������� �������������� ��������������� �������������� 0.074 ± 0.029

:6%:� +1.250 ± 0.563 +1.151 ± 0.563 ��������������� �������������� �������������
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Figure 6.10.�6HFWLRQ�SORWV�RI�WKH�OLQHDU�WLPH�WUHQGV�>µPRO�NJ-1 decade-1@�GHWHUPLQHG�WKURXJK�WKH�JULGGHG�GDWD�RI�a) 
PHDVXUHG�&7��b)�&7

0��WKH�YDOXHV�RI�EDFN�FDOFXODWHG�SUHIRUPHG�&7��ZKLFK�DUH�DVVXPHG�WR�UHÀHFW�D�WLPH�WUHQG�LQ�&ant��GXH�
WR�FRPSHQVDWLRQ�IRU�YDULDEOH�ELRJHFKHPLFDO�PRGL¿FDWLRQ�RI�&7��c)�&7

765��WKH�YDOXHV�RI�&7�SUHGLFWHG�XVLQJ�D�PXOWLYDUL-
DWH�OLQHDU�UHJUHVVLRQ�RI�&7�YHUVXV�D�VXLWH�RI�LQGHSHQGHQW�SDUDPHWHUV��GHHPHG�WR�UHSUHVHQW�WKH�FRPSRQHQW�RI�WKH�WUHQGV�
LQ�&7�WKDW�DUH�DWWULEXWDEOH�WR�QDWXUDO�YDULDELOLW\��d)�&UHVLGXDO

765��WKH�UHVLGXDOV�RI�WKH�765�PHWKRG��WKH�WUHQGV�LQ�ZKLFK�DUH�
H[SHFWHG�WR�UHÀHFW�WKH�FRPSRQHQW�RI�WKH�YDULDELOLW\�RI�&7�WKDW�LV�GXH�WR�XSWDNH�RI�&ant�DW�WKH�RFHDQ�VXUIDFH��$OO�UHVXOWV�
DUH�EDVHG�RQ�GDWD�WKDW�ZHUH�DGMXVWHG�IRU�FRQVLVWHQF\�LQ�O:':�X:6':��6HH�WH[W�VHFWLRQV�������DQG�������IRU�GHWDLOV�
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in CFC-12, which are very small there (only about 30% of the bottom water trends). Addition-
ally, we note again that pre-correction values of CT�LQ�WKH�:':�GLG�QRW�H[KLELW�D�WUHQG��DQG�
that the applied corrections are small. The positive trend in CT is also visible along the Ant-
arctic continental slope from circa 1000 m downward, and tentatively also around 57 ºS, as a 
protrusion from the surface downward to circa 2000 m depth. These columnar features at the 
southern and northern limits of the Weddell Gyre resemble the observed spatial distribution of 
CFC-12 and the trends therein (Figure 6.8a, b and c). Discussing data of CFC-11, the northern 
VWUXFWXUH�LV�LQWHUSUHWHG�E\�.ODWW�HW�DO���������DV�UHVXOWLQJ�IURP�YHUWLFDO�PL[LQJ�DW�WKH�LQWHUIDFH�
EHWZHHQ�WKH�$&&�DQG�WKH�:HGGHOO�*\UH��ZKLOH�WKH�VRXWKHUQ�IHDWXUH�UHÁHFWV�WKH�LQÁRZ�IURP�
east of the Weddell Gyre of recently ventilated water. 
 By simple linear regression of the time trends in CT versus those in CFC-12 for all grid 
SRLQWV�EHORZ�����P�DQG�EHWZHHQ�����6�DQG�����6�ZH�ÀQG�D�VLJQLÀFDQW�FRUUHODWLRQ��)LJXUH�������

 dCT/dt = 8.4±0.4 · dCFC12/dt - 0.23±0.04  (n=1875, R2=0.48, p<0.001) (6-8)

The above relationship between the increases of CFC-12 and CT� LV�QRW�KLJKO\�VLJQLÀFDQW��$�
EHWWHU�FRUUHODWLRQ�WKDQ�WKLV�LV�QRW�OLNHO\�WR�EH�H[SHFWHG��LQ�SDUW�GXH�WR�GLͿHUHQW�HTXLOLEUDWLRQ�
times of the gases in the region of water mass formation, measurement inaccuracies and the 
GLVWLQFWO\�GLͿHUHQW�DWPRVSKHULF�KLVWRULHV�RI�WKHVH�JDVHV��IRU�D�GHWDLOHG�WUHDWPHQW�RI�WKH�ODWWHU�
factor, see Tanhua et al., 2006). However, the relationship provides evidence that the observed 
distribution of time trends in CT is consistent with the much more clearly resolved accumula-
tion of CFC-12 in the deep Weddell Sea.

CT
0.

The spatial distribution of time trends in the derived concentrations of CT
0 along our section 

(see Figure 6.10b) is not at all in agreement with the time trends found directly in the originally 
measured CT (Figure 6.10a). Strongly positive trends in CT

0 can be seen from the Antarctic con-
tinental slope northward to 62 ºS, whereas the WSWB shows near-zero or negative trends. The 
observed pattern of time trends in CT

0 does not conform to known hydrographic pathways as 
H[HPSOLÀHG�E\�&)&�����)LJXUH����F���VXJJHVWLQJ�WKDW�WKH�REVHUYHG�WLPH�WUHQGV�LQ�&T

0 are likely 
spurious. The erratic pattern of trends in CT

0 is found to be mainly attributable to localized 
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biases in data of O2 (see section 6.4.4), which results in a reduced ability to determine time 
trends through use of this parameter. This sensitivity of the CT

0 approach (and likely other 
approaches that use O2) to biases of measurements of O2  illustrates the need for future more 
accurate determinations of the dissolved O2. 

TSR.
The spatial distribution of time trends of CT

TSR (Figure 6.10c; representing natural variability) are 
FORVH�WR�]HUR�HYHU\ZKHUH�LQ�WKH�GHHS�:HGGHOO�6HD��H[FHSW�IRU�LQ�WKH�:6%:��ZKHUH�D�PRGHUDWH�
increase is observed. The latter would suggest that part of the time trend in measured CT (Fig-
ure 6.10a) in the WSBW may be attributed to variability in hydrographical or biogeochemical 
processes in the ocean interior. Indeed, the time trend in Cresidual

TSR (Figure 6.10d; representing 
WKH�DQWKURSRJHQLF�LQÁXHQFH��LQ�WKH�:6%:�LV�FOHDUO\�VPDOOHU�WKDQ�WKH�WLPH�WUHQG�LQ�PHDVXUHG�
CT��)LJXUH�����D���7KLV�LV�IXUWKHU�TXDQWLÀHG�LQ�EHORZ�VHFWLRQ��������+RZHYHU��DZD\�IURP�WKH�
core of the WSBW, several features of the distribution of the time trends in measured CT are 
UHÁHFWHG�LQ�WKH�GLVWULEXWLRQ�RI�WLPH�WUHQGV�LQ�&residual

TSR. Most notably, the columnar feature ad-
jacent to the Antarctic continental slope (see also section 6.6.1) and the southernmost deepest 
core (66 ºS to 69 ºS, >3500 m) are observed (although their magnitude is slightly smaller than 
the time trends observed directly in measured CT, Figure 6.10a). Additionally, in both CT and 
Cresidual

TSR, a strong time trend is seen in the upper waters (<500 m) north of the diversion zone 
DW�����6��7KHVH�UHVXOWV�LQGLFDWH�WKDW�DW�WKHVH�ORFDWLRQV��D�VLJQLÀFDQW�IUDFWLRQ�RI�WKH�WLPH�WUHQGV�
observed in measured CT may be attributed to uptake of Cant at the surface of the Weddell Sea. 
� /DVWO\��D�VWULNLQJ�GLͿHUHQFH�EHWZHHQ�WLPH�WUHQGV�LQ�&T and Cresidual

TSR is noted that, as 
ZH�ZLOO�DUJXH��PD\�EH�H[SODLQHG�E\�WKH�IDFW�WKDW�YDOXHV�RI��DQG�WLPH�WUHQGV�GHWHUPLQHG�LQ��&re-

sidual
TSR are insensitive to seasonality. Namely, in the upper waters near the Antarctic continent 

(south of 66 ºS and shallower than 500 m), the Cresidual
TSR shows a marked increase with time 

(about 2 to 3 µmol kg-1 decade-1; Figure 6.10d) indicating that the anthropogenic component 
of CT is increasing there. This increase is not evident from in CT or CT

TSR, which both show a  
negative time trend (Figure 6.10a,c). Both these latter two inferred decreases are conceivably 
VWURQJO\�LQÁXHQFHG�E\�WKH�FRPELQDWLRQ�RI�VWURQJ�VHDVRQDO�YDULDELOLW\�LQ�WKHVH�XSSHU�ZDWHUV�DQG�
WKH�XQEDODQFHG�VHDVRQDO�GLVWULEXWLRQ�RI�WKH�FUXLVHV��DQG�DUH�LQGHHG�VWDWLVWLFDOO\�QRW�VLJQLÀFDQW�
(data not shown). Because the natural seasonal variability in CT over the 1973-2008 era is by 
the TSR method related to independent parameters (mainly temperature), this variability is 
nicely replicated in the values of CT

TSR. However, the gradually increasing Cant in these waters 
LV�QRW�H[SUHVVLEOH�LQ�WHUPV�RI�DQ�LQGHSHQGHQW�YDULDEOH��DQG�LV�WKHUHIRUH�YLVLEOH�DV�D�WLPH�WUHQG�
in Cresidual

TSR. 

6.6.2. Time trends determined in water mass cores.

)LJXUH������DQG�7DEOH�����SUHVHQW�WKH�GHWHUPLQHG�WLPH�WUHQGV�LQ�WKH�IRXU�ZDWHU�PDVVHV�GHÀQHG�
in Table 6.1 (SHALLOW, WDW, WSDW, WSBW). ). On the one hand the time trends of CT in the 
:6':�DUH�TXLWH�VPDOO�DQG�QRQ�VLJQLÀFDQW�DW��������������DQG��������������µmol kgï� decadeï� 
for the gridded and non-gridded data, respectively. On the other hand, the time trends of CT 
LQ�WKH�:6%:�DUH�VL]DEOH�DQG�VLJQLÀFDQW�DW��������������DQG��������������µmol kgï� decadeï� 
for the gridded and non-gridded data, respectively. These values resemble the results shown 
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for the WSBW in the section plot of the time trends in CT��)LJXUH�����D���SURYLGLQJ�FRQÀGHQFH�
WKDW�WKH�UHVXOWV�DUH�UREXVW��1R�VLJQLÀFDQW�WUHQGV�LQ��JULGGHG�RU�QRQ�JULGGHG��&T are found in 
the three overlying water masses, although there is a hint at increase in the shallow waters 
(<200 m), notwithstanding seasonality and the upwelling character of the SHALLOW water 
PDVV�DW�WKH�GHÀQHG�����6�����6�ODWLWXGH��7DEOH������
 The time trends in CT

TSR��GHHPHG�WR�UHSUHVHQW�LQÁXHQFHV�RQ�&T of natural variability) 
DUH�QRW�VLJQLÀFDQWO\�GLͿHUHQW�IURP�]HUR�LQ�WKH�WKUHH�GHHSHU�ZDWHU�PDVVHV��7KLV�LV�GHHPHG�WR�
FRQÀUP�WKDW�WKHUH�DUH�QR�V\VWHPDWLF�WLPH�WUHQGV�RI�K\GURJUDSKLF�RU�ELRJHRFKHPLFDO�RULJLQ�
over the 35 years. The variability in CT in the upper waters (Figure 6.12; top panels of leftmost 
two columns), that likely is a result of uneven distribution of sampling in various seasons, is 
partly reproduced by CT

TSR, suggesting that seasonality indeed obscures conceivable trends in 
CT there.
 The time trend of Cresidual

TSR (deemed to represent the time trend of Cant) in the WSBW 
equals about one third of that observed in measured CT: 0.445±0.405 µmol kgï� decadeï�. This 
GLͿHUHQFH�ZDV�DOVR�REVHUYHG�LQ�WKH�VHFWLRQ�SORWV�RI�WUHQGV��)LJXUH�����D�G��WH[W�VHFWLRQ���������
DQG�ZLOO�EH�IXUWKHU�GLVFXVVHG�LQ�WH[W�VHFWLRQ��������7KH�WLPH�WUHQGV�LQ�WKH�RWKHU�WKUHH�ZDWHU�
PDVVHV�DUH�QRW�VLJQLÀFDQWO\�GLͿHUHQW�IURP����)LQDOO\��QR�LQFUHDVH�LQ�&residual

TSR is observed in the 
upper waters, suggesting very little penetration of Cant into the upwelling waters.

6.6.3. Determined Cant
TrOCA

The section of Cant derived using the TrOCA method (Figure 6.13) resembles the distribution 
RI�WKH�FRQFHQWUDWLRQ�RI��DQG�WUHQGV�LQ��&)&�����)LJXUH�������6SHFLÀFDOO\��WKH�ORZ�YDOXHV�LQ�WKH�
WDW (circa 10 µmol kg-1) and higher concentrations in two distinct bottom water cores (circa 
16 µmol kg-1) are clearly discernable in both properties. These values are in general accordance 
with earlier published data (Lo Monaco et al., 2005b; Vázquez Rodríguez, 2009).

6.6.4. The carbonate system of the Weddell Gyre in a high-CO2 world.

6LJQLÀFDQW�GHFUHDVLQJ�WLPH�WUHQGV�DUH�REVHUYHG�IRU�DOO�FDOFXODWHG�SDUDPHWHUV�RI�WKH�FDUERQDWH�
system ([CO3

2-@��S+��ۙAR�DQG�ۙCA) in the shallow waters (<200 m; Table 6.1) and the WSBW 
�)LJXUH��������)RU�WKH�VKDOORZ�ZDWHUV�WKHVH�WUHQGV�H[FHHG�EH\RQG�WKH�H[SHFWHG�VWURQJ�LQÁXHQFH�
of seasonality there. In the WSBW, the time trend in the concentration of carbonate ion is -0.7±0.3 
µmol kg-1 decade-1, which equates to almost -1% per decade. Orr et al. (2005) used a set of ocean 
carbon cycle models to predict the global evolution of [CO3

2-] for the 2000-2100 era under a 
‘business-as-usual’ scenario for anthropogenic emissions of CO2. For the surface waters of the 
6RXWKHUQ�2FHDQ��WKH\�FRPSXWHG�DQ�DSSUR[LPDWHO\�OLQHDU�WUHQG�RI�DERXW����µmol kgï� decadeï� 
(their Figure 6.5), resulting in aragonite undersaturation around the year 2065. That estimate 
is considerably more pronounced than the -1.6±1.5 µmol kgï� decadeï� that we derive from 
measurements over the period 1973-2008, which would not result in undersaturation within 
the current century. Hauck et al. (2010), also note the projection of Orr et al. (2005) to be mark-
edly higher than their own data-based estimates. However, we note here that ‘shallow water’ 
LQ�WKH�SUHVHQW�VWXG\�LV�GHÀQHG�WR�EH�ORFDWHG�LQ��RU�FORVH�WR��WKH�XSZHOOLQJ�UHJLRQ��FI��7DEOH�������
DQG�ZLOO�WKHUHIRUH�OLNHO\�H[KLELW�PRUH�PRGHVW�UDWHV�RI�DFFXPXODWLRQ�RI�&ant compared to the 
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Figure 6.13.�6HFWLRQ�SORW�RI�&ant�>µPRO�NJ-1@�DV�GHWHUPLQHG�ZLWK�
WKH�7U2&$�DSSURDFK��YDOLG�IRU�WKH�\HDU�������)RU�WKH�UHTXLUHG�
LQSXW�YDOXHV�RI�&7��$7

0/5��22��6��ș��SKRVSKDWH�DQG�VLOLFDWH�ZH�XVHG�
WKH�PHDQV�RI�WKH�FUXLVHV�EHWZHHQ������DQG�������VHH�WH[W�VHFWLRQV�
���������������$OO�UHVXOWV�DUH�EDVHG�RQ�GDWD�WKDW�ZHUH�DGMXVWHG�IRU�
FRQVLVWHQF\�LQ�O:':�X:6':�

UDWHV�LQ�ZDWHUV�WR�WKH�QRUWK�DQG�VRXWK�RI�WKLV�UHJLRQ��WH[W�VHFWLRQ�������ZKLFK�WKH�HVWLPDWH�RI�
Orr et al. did include. 

6.7. Discussion

This discussion contains a treatment of some of the uncertainties associated with the followed 
PHWKRGRORJ\��D�FRPSDULVRQ�RI�RXU�ÀQGLQJ�ZLWK�HDUOLHU�ZRUN��DQG�DQ�H[WUDSRODWLRQ�RI�WKH�UHVXOWV�
obtained at the Prime Meridian to the larger Weddell Gyre.

6.7.1. GEOSECS bias

The GEOSECS (1973) data are so far in the past compared to the 1984-2008 era of the other 
FUXLVHV�WKDW�D�FRQFHLYDEO\�UHPDLQLQJ�ELDV�LQ�WKH�*(26(&6�GDWD�ZLOO�KDYH�H[FHVVLYH�OHYHUDJH�LQ�
WKH�OLQHDU�UHJUHVVLRQ��)RU�H[DPSOH��LI�WKHVH�GDWD�ZRXOG��DIWHU�WKH�:':�QRUPDOL]DWLRQ��VWLOO�EH�
2 µmol kgï� too low, time trends in CT would be overestimated by about 25% (i.e., +1.5 instead 
of +1.2 µmol kgï� decadeï����:H�DUH�FRQÀGHQW��KRZHYHU��WKDW�DQ\�UHPDLQLQJ�ELDV�LQ�WKH�*(2-
6(&6�LV�RI�OLPLWHG�LQÁXHQFH�RQ�RXU�UHVXOWV��6RPH�MXVWLÀFDWLRQ�IRU�WKH�XVHG�FRUUHFWLRQ�RI������
µmol kg-1 is found in the literature. Peng and Wanninkhof (2010) determined corrections for 
CT for individual GEOSECS stations in the Atlantic Ocean. Their results indicate that CT at the 
stations that are used in this study should be corrected by between 0±4 µmol kg-1 (their Figure 
6.5) and -2±4 µmol kg-1 (their Figure 6.7). The fact that we observe a time trend in CT also in 
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the waters that were not sampled by GEOSECS (Figures 6.5, 6.10a) is an additional indication 
that the derived results are robust and not an artifact of GEOSECS bias. 

������� (;HFWV�RI�:':�QRUPDOL]DWLRQ

The absence of the trends in CT�LQ�WKH�:':��)LJXUH�������VHFRQG�URZ��ÀUVW�WZR�FROXPQV��LQ-
GLFDWHV�WKDW�WKH�QRUPDOL]DWLRQ�RI�YDOXHV�LQ�WKH�:':�ZDV�YDOLG�DQG�HͿHFWLYH��+RZHYHU��WKH�
spread that was observed in the WDW before normalization may have contained an obscured 
UHDO�ZRUOG�WUHQG��7KH�GHWHFWLRQ�RI�WUHQGV�RI�&)&����KLQWV�DW�WKH�VORZ�EXW�GHÀQLWH�YHQWLODWLRQ�
of this water mass. The trend in CFC-12 in the WDW is 0.041±0.025 pmol kgï� decadeï�, versus 
0.138±0.032 pmol kgï� decadeï� in the WSBW (see Table 6.5, Figure 6.9). Translated to the results 
for Cant, this suggests that the real world trends in WSBW and WDW conceivably may be as 
large as +1.65 and +0.49 µmol kg-1 decade-1, respectively. However, the trend in non-adjusted 
data of CT�LQ�WKH�:6%:��H[FOXGLQJ�WKH�VWURQJO\�RXWO\LQJ�GDWD�RI�$17�9��	��DQG�$-$;��LV�
1.1±1.0 µmol kg-1 decade-1, (i.e., less clearly resolved, but of similar slope as the adjusted data). 
Therefore, although we ackowledge the possibility that real-world trends in the WSBW might 
be up to 30% higher than the +1.2±0.6 µmol kg-1 decade-1,  we opt not to perform such an up-
ward correction of our results. 

6.7.3. Attribution of trends

We show a distinct and unambiguous increase in CT in the WSBW of about 1.2±0.6 µmol kgï� de-
cadeï���7KLV�WUHQG�LV�RQO\�SDUWO\�FRQVLVWHQW�ZLWK�WKH�VLJQLÀFDQW�WLPH�WUHQG�LQ�&residual

TSR (about 
0.4±0.4 µmol kgï� decadeï�), deemed representative of an increase of Cant over time. However, 
WKHUH�LV�QR�VLJQLÀFDQW�WLPH�WUHQG�LQ�WKH�:6%:�RI�&T

TSR (0.512±0.832 µmol kgï� decadeï�), im-
plying that there are no clear systematic time trends of biogeochemical and/or hydrographic 
RULJLQ�RYHU�WKH����\HDUV�WKDW�ZRXOG�H[SODLQ�WKH�UHPDLQGHU�RI�WKH�REVHUYHG�WLPH�WUHQG�LQ�&T. In 
order to more satisfyingly attribute the observed time trend in CT to either natural variability 
or accumulation of anthropogenic CO2, we below consider alternative lines of evidence, and 
eventually opt to ascribe the entire increase of CT (i.e., about 1.2±0.6 µmol kgï� decadeï�) to ac-
cumulation of anthropogenic CO2 in the WSBW.
 From an absence of trends in (lWDW/uWSDW-normalized) NO3, PO4 and O2, we 
rule out enhanced remineralization as cause of the observed trend in CT. Due to the limited 
accuracy of the AT data and the lack of time trends in AT

MLR (section 6.4.6) no such statement 
FDQ�EH�PDGH�IRU�WKH�LQÁXHQFH�RI�&D&23 dissolution, but the rate of that process and the vari-
DELOLW\�WKHUHLQ�PD\�EH�FRQVLGHUHG�WR�EH�WRR�VPDOO�WR�VX΀FH�DV�DQ�H[SODQDWLRQ��6DELQH�HW�DO���
2002). Alternatively, part of the time trend in CT in the WSBW might be the result of a changing 
IRUPDWLRQ�SURFHVV�RI�WKH�ZDWHU�PDVV��,Q�RUGHU�WR�H[SODLQ�WKH�REVHUYHG�LQFUHDVLQJ�WHPSHUDWXUH�
of the WSBW, Fahrbach et al. (2004) suggest that increases in the penetration of CDW into the 
Weddell Sea and in the amount of entrainment of (CDW-derived) WDW during the convec-
tive formation of WSBW from Ice Shelf Water (ISW) would increase the temperature of the 
WSBW. Lenton et al. (2009) provide a tentative mechanism for this increased penetration of 
CDW involving anthropogenically driven changes in atmospheric circulation. Such increased 
entrainment of WDW would inevitably also increase the CT�RI�WKH�:6%:�DQG�FDQ�EH�TXDQWLÀHG�
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DV�IROORZV��7KH�:6%:�LV�FRQVLGHUHG�WR�EH�D�PL[WXUH�RI�,FH�6KHOI�:DWHU�DQG�QHDU�FRQWLQHQWDO�
slope WDW (ISW: ս=-1.85 ºC, salinity-normalized CT=2250 µmol kg-1; WDW: ս=0.25 ºC, sa-
linity-normalized CT=2285 µmol kg-1���ZLWK�D�JUDGLHQW�RI�WKH�PL[LQJ�OLQH�RI������µmol kg-1 ºC-1 
(Hoppema et al., 1998). This gradient multiplied with the observed time trend of ս in the WSBW 
of +0.015±0.006 ºC decade-1 (comparable to the trend observed by Fahrbach et al., 2004) yields 
a time trend of CT of 0.25±0.10 µmol kg-1 decade-1. In other words, an increase in the amount 
RI�:':�HQWUDLQHG�E\�,6:�GXULQJ�WKH�IRUPDWLRQ�RI�:6%:�PD\�DW�PRVW�H[SODLQ�a����RI�WKH�
observed trend in CT. 
 Overall, we reckon that the observed increase of CT in the WSBW at a rate of about 
1.2±0.6 µmol kg-1 decade-1 may best be completely ascribed to a true invasion of anthropogenic 
CO2�LQWR�WKH�GHHS�:HGGHOO�*\UH��7KLV�DWWULEXWLRQ�LV�DW�OHDVW�SDUWO\�VXSSRUWHG�E\�WKH�VLJQLÀFDQW�
time trend in Cresidual

TSR (0.4±0.4 µmol kg-1 decade-1). More importantly, the strong spatial corre-
lation of the increase of CT and the increase of CFC-12 (Figure 6.11), is most convincing. How-
ever, the given rate of 1.151±0.56 µmol kg-1 decade-1 is deemed to be an upper limit, because 
natural variability of hydrography may account for a part of the trend (0.25±0.10 to 0.5±0.8 
µmol kg-1 decade-1��DV�VXJJHVWHG�DERYH�E\�WKH�PL[LQJ�FRQVLGHUDWLRQ�DQG�WKH�765�DSSURDFK��
respectively). 

6.7.4. Comparing the time trend of Cant  with other estimates

Hoppema et al. (2001), following the method of Poisson and Chen (1987), report a ‘negligible’ 
increase in Cant between 1973 and 1998 from a comparison of cruise data from the mid 1990’s 
ZLWK�GDWD�RI�*(26(&6�DQG�$-$;��$OWKRXJK�QR�VLJQLÀFDQW�FKDQJH�ZDV�GHWHUPLQHG��WKH�DX-
thors concluded from statistical considerations that the increase of Cant in the WSBW is almost 
certainly smaller than 2 µmol kgï� decadeï�. That upper limit estimate is in agreement with the 
1.2±0.6 µmol kg-1 decade-1 found in the present study.
� �$QRWKHU�UHFHQW�GHWHUPLQDWLRQ�RI�Ј&ant in the Weddell Sea, also along the 0º-meridian, 
UHOLHV�RQ�WKH�H0/5�PHWKRG��)ULLV�HW�DO���������VHH�WH[W�VHFWLRQ����������WR�GHULYH�DQ�LQFUHDVH�RI�
Cant between the two cruises ANT-X/4 (1992) and ANT-XXIV/2 (2008) (Hauck et al., 2010). The 
PDJQLWXGH�RI�WKH�UHSRUWHG�LQFUHDVHV�RYHU����\HDUV�LV�VLPLODU�WR�RXU�ÀQGLQJV��+RZHYHU��IRU�LQGL-
YLGXDO�ZDWHU�PDVVHV�VLJQLÀFDQW�GLVFUHSDQFLHV�H[LVW�ZLWK�RXU�UHVXOWV��)LUVWO\��LQ�WKH�:6':��WKH�
reported pronounced increase (~1.5-2.0 µmol kg-1 over 16 years), is incompatible with the about 
ÀYHIROG�VPDOOHU�DQG�QRQ�VLJQLÀFDQW�WLPH�WUHQG�LQ�&T found in our study (0.2±0.3 µmol kg-1 de-
cade-1��)LJXUH�������7DEOH�������0RUHRYHU��ZH�GR�QRW�ÀQG�D�VLJQLÀFDQW�WLPH�WUHQG�RI�&residual

TSR 
(-0.4±0.6 µmol kg-1 decade-1; Figure 6.12, Table 6.5) either, representative of Cant. In favor of the 
ÀQGLQJV�RI�+DXFN�HW�DO���RQH�PLJKW�DUJXH�WKDW�WKH�SURFHGXUH�RI�:':�QRUPDOL]DWLRQ�SHUIRUPHG�
in the present study has inadvertently also removed the trend in the WSDW. However, that 
DUJXPHQW�LV�PXWXDOO\�H[FOXVLYH�ZLWK�RXU�FRQFXUUHQW�ÀQGLQJ�RI�D�VLJQLÀFDQW�SRVLWLYH�WUHQG�LQ�
CT in the WSBW (about +1.2±0.6 µmol kg-1 decade-1), where Hauck et al. report an increase that 
LV�VLJQLÀFDQWO\�VPDOOHU�WKDQ���µmol kg-1 over 16 years. On the other hand, the reported low 
increase in the WSBW does coincide with our TSR-based results for Cresidual

TSR (WSBW +0.4±0.4 
µmol kg-1 decade-1). However, we do not hold this resemblance to demonstrate the veracity 
RI�WKH�UHVXOWV�RI�HLWKHU�VWXG\��PDLQO\�LQ�OLJKW�RI�WKH�IDFW�WKDW�WKH�WZR�VWXGLHV�LQGLFDWH�GLͿHUHQW�
water masses to dominate the storage of Cant (namely, WSDW in the study of Hauck et al., and 



145

Weddell Gyre CT trends

WSBW in the present study). Instead, the discrepancies between the two studies may be due 
WR�WKH�IDFW�WKDW�WKH�XVHG�GDWDVHWV�DUH�QRW�WKH�VDPH��6SHFLÀFDOO\��DOWKRXJK�+DXFN�HW�DO���������
VKRZHG�WKH�RYHUDOO�TXDOLW\�RI�WKH�XVHG�GDWD�WR�EH�VDWLVIDFWRU\��ZH�KDYH�FKRVHQ�WR�H[FOXGH�WKH�
southerly deep CT measurements (south of 63 ºS and deeper than 1500 m) of the ANT-X/4 
(1992) cruise, which we consider to be erroneously high by up to 7 µmol kg-1 on the basis of a 
regression versus ս��VHH�DERYH�VHFWLRQ���������7KH�H[FOXVLRQ�ZH�SHUIRUPHG��DQG�WKH�DGGLWLRQDO�
H[FOXVLRQ�RI�&T measurements of AJAX, 1983) is corroborated by the distribution of time trends 
in our remaining data base of actually measured CT (Figure 6.10a), which closely resembles 
the distribution of time trends of CFC-12 in the deep region of the Weddell Gyre (section 6.6.1; 
Figure 6.8c), comprising the WSDW and WSBW. In the study of Hauck et al., the presence of a 
bias in part of the data may have led to increased uncertainty (but not necessarily inaccuracy) 
in the applied MLR and the results derived from it. Additionally, the low number of samples 
TXDOLI\LQJ�DV�:6%:�LQ�WKH�VWXG\�RI�+DXFN�HW�DO���)LJXUH������PD\�KDYH�DͿHFWHG�WKHLU�UHVXOWV�
obtained for this water mass.

6.7.5. The concentration of Cant derived from the observed decadal time trend

The Transient Steady State approach (Tanhua 2007; section 6.3.1.5) implies that the per-decade 
increase in Cant represents a fraction of about 0.2±0.03 of the total concentration of Cant (i.e., 
Cant [µmol kg-1@�ǀ��ÃЈ&ant [µmol kg-1 decade-1@��QRWLFH�WKH�LQIRUPDO�XVH�RI�XQLWV�LQ�WKLV�H[SUHV-
sion). Assuming that the time trend of Cant in the WSBW equals that of CT (i.e., about 1.2±0.6 
µmol kgï� decadeï�), we infer a Cant of 6±3 µmol kgï�. We will take 1995 as the year for which this 
estimate is valid, that is, slightly more recent than the midpoint of the 1973-2008 period. The 
error bound of this estimate is not formally determined, due to several assumptions inherent to 
the taken approach. Nonetheless, the estimate may serve as a rough guide to assess the validity 
of our study versus various other estimates of Cant previously reported by other investigators.
 Table 6.6 lists the Cant estimates derived in this study, as well as various estimates of 
the concentration of Cant in the Weddell Gyre that were obtained by other investigators (Pois-
son and Chen, 1987; Lo Monaco et al., 2005b; Waugh et al., 2006; Vázquez-Rodríguez et al., 
2009). Poisson and Chen (1987), using a back-calculation approach (section 6.3.1.1), reported 
a concentration of Cant in the deep Weddell Sea (for 1984) of circa 6±5 µmol kgï�, which is in 
agreement with the results of this study. However, several estimates of Cant in the WSBW that 
KDYH�EHHQ�GHULYHG�XVLQJ�WKH�Ј&
�PHWKRG�DUH�FORVH�WR�]HUR��6DELQH�HW�DO���������:DXJK�HW�DO���
2006.; Vázquez-Rodríguez et al., 2009). On the other hand, results from application of the TTD 
approach (e.g., Waugh et al., 2006; Vázquez-Rodríguez et al., 2009) are generally somewhat 
higher than our results. Both authors report estimates of Cant in the WDW and the (largely 
WSDW-derived) AABW at 30 ºE of about 9 µmol kg-1��7KHVH�HVWLPDWHV�DUH�VLJQLÀFDQWO\�KLJKHU�
(WDW) or slightly higher (AABW) than the results obtained in the present study (0 and 6±3 
µmol kg-1��UHVSHFWLYHO\���2Q�WKH�RWKHU�KDQG��E\�DVVXPLQJ�DQ�XQGHUVDWXUDWLRQ�RI�GLVVROYHG�R[\-
gen of 12%, Lo Monaco et al. (2005a,b) used the CT

0 method to determine a Cant concentration in 
1996 of circa 22 µmol kgï��LQ�WKH�FRUH�RI�WKH�$$%:�DW�����(��7KLV�HVWLPDWH�LV�YHU\�VLJQLÀFDQWO\�
higher than what is obtained in this study using the Transient Steady State method. 
� 5HVXOWV�RI�WKH�DSSOLFDWLRQV�RI�WKH�7U2&$�PHWKRG�DJUHH�IDLUO\�ZHOO�EHWZHHQ�WKH�GLͿHU-
HQW�VWXGLHV��ZKLFK�LV�QRW�VXUSULVLQJ�JLYHQ�WKH�VWULFW�GHÀQLWLRQ�DQG�DSSOLFDWLRQ�RI�WKH�PHWKRG��
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Table 6.6��&RPSDULVRQ�RI�VHYHUDO�HVWLPDWHV�RI�&ant�IURP�SUHYLRXVO\�SXEOLVKHG�OLWHUDWXUH��5HSURGXFHG�YDOXHV�QHFFHVDU-
LO\�DUH�VLPSOL¿HG�IURP�RULJLQDOO\�UHSRUWHG�GHSWK�SUR¿OHV�DQG�VHFWLRQ�SORWV��0DQ\�RI�WKHVH�HVWLPDWHV�DUH�IURP�GDWD�
REWDLQHG�DORQJ�WKH�VHFWLRQ�DW�����(��:2&(�VHFWLRQ�,�����ZKLFK�LV�ORFDWHG�DW�WKH�HDVWHUQPRVW�H[WHQW�RI�WKH�:HGGHOO�
*\UH��DV�LQGLFDWHG�LQ�WKH�FROXPQ�µVHFWLRQ�ORQJLWXGH¶���DQG�WKXV�GRHV�QRW�FRYHU�WKH�H[DFW�VDPH�ZDWHU�PDVVHV�DV�WKH�
SUHVHQW�VWXG\��0RVW�QRWDEO\��WKH�FRPSRVLWLRQ�RI�WKH�ERWWRP�ZDWHU�DW�����(��$QWDUFWLF�%RWWRP�:DWHU��$$%:��LV�DOLNH�
�DQG�ODUJHO\�GHULYHG�IURP��WKH�:6':��UDWKHU�WKDQ�:6%:��$OWKRXJK�WKH�$$%:�DW�����(�WR�VRPH�H[WHQW�LV�IRUPHG�
LQ�DUHDV�WR�WKH�(DVW�RI�WKH�:HGGHOO�6HD��WKH�LQYROYHG�IRUPDWLRQ�SURFHVVHV�DUH�OLNHO\�FRPSDUDEOH��DQG�VLQFH�VLJQL¿FDQW�
PL[LQJ�DQG�KRUL]RQWDO�KRPRJHQL]DWLRQ�WDNHV�SODFH�LQ�WKH�6RXWKHUQ�2FHDQ��DQG�&)&����FRQFHQWUDWLRQV�DUH�FRPSDUDEOH�
�GDWD�QRW�VKRZQ���ZH�FRQVLGHU�WKH�FRPSDULVRQ�EHWZHHQ�UHVXOWV�IURP�WKHVH�WZR�VHFWLRQV�QRW�SHUIHFW�EXW�LQIRUPDWLYH�

Source

Cant 

estimate  

(µmol kg
í�

)

Nominal 

year

Section

longitude
Method Remarks

Warm Deep Water

/R�0RQDFR�HW�DO�������D a�� ���� ����( &7
0��DVVXPLQJ�22 
VDWXUDWLRQ� IURP�WKHLU�¿JXUH��D

/R�0RQDFR�HW�DO�������D a�� ���� ����( &7
0��DVVXPLQJ�����22 
XQGHUVDWXUDWLRQ� IURP�WKHLU�¿JXUH��E

6DELQH�HW�DO������� a�� ����� ����( ¨&
 IURP�*/2'$3�GDWD�
SURGXFW

/R�0RQDFR�HW�DO�������E a�� ���� ����( ¨&
��DVVXPLQJ�����22 
XQGHUVDWXUDWLRQ� IURP�WKHLU�¿JXUH��F

:DXJK�HW�DO������� a�� ���� ����( ¨&
 IURP�WKHLU�¿JXUH��E
9i]TXH]�5RGUtJXH]�HW�DO������� a�� ���� ����( ¨&
 IURP�WKHLU�¿JXUH��
:DXJK�HW�DO������� a�� ���� ����( 77' IURP�WKHLU�¿JXUH��E
9i]TXH]�5RGUtJXH]�HW�DO������� a��� ���� ����( 77' IURP�WKHLU�¿JXUH��
/R�0RQDFR�HW�DO�������E a��� ���� ����( 7U2&$ IURP�WKHLU�¿JXUH��D
9i]TXH]�5RGUtJXH]�HW�DO������� a�� ���� ����( 7U2&$ IURP�WKHLU�¿JXUH��
7KLV�VWXG\ a�� ���� ���( 7U2&$ WH[W�VHFWLRQV�������������
7KLV�VWXG\ 0 ���� ���( D�SULRUL�DVVXPSWLRQ WH[W�VHFWLRQ������

WSBW / AABW

3RLVVRQ�	�&KHQ������ ��� ���� ���( GLII��RI�&7
0�EHWZHHQ�:':�

DQG�:6%:

/R�0RQDFR�HW�DO�������D a�� ���� ����( &7
0��DVVXPLQJ�22 
VDWXUDWLRQ� IURP�WKHLU�¿JXUH��D

/R�0RQDFR�HW�DO�������D a��� ���� ����( &7
0��DVVXPLQJ�����22 
XQGHUVDWXUDWLRQ� IURP�WKHLU�¿JXUH��E

6DELQH�HW�DO������� a�� ����� ����( ¨&
 IURP�*/2'$3�GDWD�
SURGXFW

/R�0RQDFR�HW�DO�������E a��� ���� ����( ¨&
��DVVXPLQJ�����22 
XQGHUVDWXUDWLRQ� IURP�WKHLU�¿JXUH��F

:DXJK�HW�DO������� a�� ���� ����( ¨&
 IURP�WKHLU�¿JXUH��E
9i]TXH]�5RGUtJXH]�HW�DO������� a�� ���� ����( ¨&
 IURP�WKHLU�¿JXUH��
:DXJK�HW�DO������� a��� ���� ����( 77' IURP�WKHLU�¿JXUH��E
9i]TXH]�5RGUtJXH]�HW�DO������� a�� ���� ����( 77' IURP�WKHLU�¿JXUH��
/R�0RQDFR�HW�DO�������E a��� ���� ����( 7U2&$ IURP�WKHLU�¿JXUH��D
9i]TXH]�5RGUtJXH]�HW�DO������� a��� ���� ����( 7U2&$ IURP�WKHLU�¿JXUH��
7KLV�VWXG\ a��� ���� ���( 7U2&$ WH[W�VHFWLRQV�������������

7KLV�VWXG\ ��� ���� ���( IURP�WLPH�WUHQG�LQ�&7��XV-
LQJ�766� WH[W�VHFWLRQ������
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However, all TrOCA-based estimates for the WSBW (or AABW) (all around 15 µmol kgï�) are 
KLJKHU�WKDQ�UHVXOWV�REWDLQHG�E\�WKLV�VWXG\�RU�E\�VWXGLHV�HPSOR\LQJ�WKH�77'�RU�Ј&
�PHWKRGV��
 Obviously, the highest of the above discussed, previously published estimates of Cant 
for the WSBW/AABW presented in Table 6.6, are incompatible with the results of this study. 
We here assume the central argument of the Transient Steady State method to be valid. That 
LV��WKH�H[SRQHQWLDO�DFFXPXODWLRQ�RI�&ant in the atmosphere and the ocean surface will lead to 
H[SRQHQWLDOO\�LQFUHDVLQJ�FRQFHQWUDWLRQV�LQ�WKH�RFHDQ�LQWHULRU��7DQKXD�HW�DO����������7KH�WLPH�
trends in Cant that would therefore neccesarily be associated with high concentrations of Cant 
�IRU�H[DPSOH��D�&ant of ~20 µmol kg-1 requires a trend in Cant of ~4 µmol kgï� decadeï�) are ir-
reconcilable with the observed time trends in measured CT (about +1.2±0.6 µmol kg-1 decade-1). 
Moreover, the trends in CT observed in this study  are deemed to represent an upper limit of 
the trend in Cant��VHH�WH[W�VHFWLRQ���������ZKLFK�IXUWKHU�UHGXFHV�WKH�OLNHOLKRRG�WKDW�WKH�KLJKHVW�
previously published estimates of Cant in Table 6.6 are accurate. 

6.7.6. The rate of increase of the inventory of Cant of the deep Weddell Gyre.

The determined time trend in the concentration of Cant�DORQJ�WKH�VHFWLRQ�PD\�EH�VSDWLDOO\�H[-
WUDSRODWHG�DQG�LQWHJUDWHG�WR�REWDLQ�D�ÀUVW�HVWLPDWH�RI�WKH�WLPH�WUHQG�RI�WKH�LQYHQWRU\�RI�&ant in 
the Weddell Gyre over the period of this study (i.e., 1973-2008), as follows. The mean rate of 
increase in CT (taken to represent an upper bound to rate of increase of Cant, see section 6.7.3) 
of all grid points along the section between 70 ºS and 55 ºS and below 3000 meters depth is 
0.9±0.4 µmol kgï� decadeï�. Assuming this rate of increase of the concentration  to be repre-
sentative of the deep Weddell Gyre as a whole (here taken as west of 20 ºE and deeper than 
�����P��DQG�WKXV�KDYLQJ�D�YROXPH�RI�DSSUR[LPDWHO\���Ã��6 km3), the rate of increase of the 
inventory of Cant in the Weddell Gyre is calculated to be about 12±6 1012 gC a-1 (TgC a-1), which 
is about 0.15±0.07% of the current rate of anthropogenic emissions. Please note that this rate of 
local storage of Cant does not include the additional Cant transferred into other oceans with the 
northeastward spreading AABW. Moreover, the storage of Cant in the shallower layers (typi-
cally <200 m), that actually have the highest Cant component, could not be included in this 
DSSUR[LPDWLRQ�GXH�WR�VHDVRQDO�YDULDELOLW\��
 The calculated rate of storage of Cant in the deep Weddell Gyre appears to be com-
SDWLEOH�ZLWK�WKH�UHVXOWV�RI�$QGHUVRQ�HW�DO����������ZKR�HVWLPDWHG�DQ�H[SRUW�RI�&ant from the 
continental shelf into the deep Weddell Gyre of 8-16 TgC a-1 from observations in the Filchner 
'HSUHVVLRQ�LQ�WKH�VRXWKHUQ�:HGGHOO�6HD�LQ������������7KH�ODWWHU�UDWH�RI�H[SRUW�ZRXOG�RQ�WKH�
one hand include the transfer with AABW into other oceans, yet on the other hand, just as in 
RXU�VWXG\�H[FOXGH�WKH�VKDOORZHU�OD\HUV��

6.8. Conclusions

Time trends in the concentration of CT were determined directly from measured values along 
WKH����PHULGLDQ�LQ�WKH�:HGGHOO�*\UH�LQ�WKH�6RXWKHUQ�2FHDQ��$�VLJQLÀFDQW�SRVLWLYH�WUHQG�LQ�&T of 
+1.2±0.6 µmol kgï� decadeï��is determined in the WSBW. The determined time trends in back-
calculated preformed CT (CT

0��DSSHDU�DͿHFWHG�E\�LQDFFXUDFLHV�RI�WKH�R[\JHQ�GDWD��:LWKLQ�WKH�
observed trend in CT, we attempted to separate the contributions of natural variability and the 
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uptake of anthropogenic CO2 from the atmosphere, by use of a novel MLR-based technique: 
Time Series Residuals (TSR). In the taken approach, trends in the residuals (Cresidual

TSR) of an 
MLR encompassing all data of 10 cruises are assumed to represent the anthropogenic compo-
nent of the observed trends in CT, whereas trends in the MLR-predicted CT values (CT

TSR) are 
DVVXPHG�WR�UHÁHFW�QDWXUDO�YDULDELOLW\�LQ�&T. Use of this approach regrettably did not allow for 
a convincing attribution of the observed time trend in measured data of CT to either natural 
variability or uptake of anthropogenic CO2 from the atmosphere. 
� +RZHYHU��WKH�VLJQLÀFDQW�UHVHPEODQFH�EHWZHHQ�WKH�VSDWLDO�GLVWULEXWLRQV�RI�WLPH�WUHQGV�
determined in CT�DQG�&)&����SURYLGHV�FRPSHOOLQJ�HYLGHQFH�WKDW�WKH�UHVXOWV�UHÁHFW�JHQXLQH�
changes in CT of the deep Weddell Gyre that are propagated from the surface into the inte-
rior. From a consideration of the formation process of the WSBW and observed temperature 
FKDQJHV�RI�WKDW�ZDWHU�PDVV��ZH�UXOH�RXW�D�VWURQJ�LQÁXHQFH�RQ�WKH�REVHUYHG�WLPH�WUHQG�LQ�&�T of 
variable entrainment of WDW into the forming WSBW, thereby strengthening the case for an 
anthropogenic (rather than a hydrographic) origin of the observed increases in CT in the deep 
Weddell Gyre. If indeed assuming the trend in Cant to equal the trend in CT (i.e., the trend in Cant 
equals about +1.2±0.6 µmol kg-1 decade-1���DQG�IXUWKHU�DVVXPLQJ�DQ�H[SRQHQWLDO�EXLOGXS�RI�&ant 
in the deep ocean (as in the atmosphere and surface ocean), we calculate a total concentration 
of Cant in the WSBW of 6±3 µmol kgï��IRU�WKH�\HDU�������7KLV�HVWLPDWH�LV�VLJQLÀFDQWO\�ORZHU�WKDQ�
estimates obtained with the TrOCA method, but higher than what is generally obtained using 
WKH�Ј&
�PHWKRG��5HVXOWV�IURP�LQYHVWLJDWRUV�XVLQJ�WKH�77'�PHWKRG�FRPSDUH�PRUH�IDYRUDEO\�
ZLWK�RXU�HVWLPDWH��([WUDSRODWLQJ�WKH�GHWHUPLQHG�UDWH�RI�LQFUHDVH�RI�WKH�FRQFHQWUDWLRQ�RI�&ant 
to the deep Weddell Gyre as a whole (>3000 m, west of 10 ºE), we obtain a rate of increase of 
the inventory of Cant of about 12±6 TgC a-1 for 1995, or about 0.15% of current anthropogenic 
emissions to the atmosphere. This case study of the Weddell Gyre demonstrates the value of 
the direct determination of time-trends of CT in the deep ocean.

6.9. Recommendations for future research

While we arguably have been successful in using historical data of CT to determine time trends 
LQ�WKH�GHHS�:HGGHOO�6HD��ZH�H[SHULHQFHG�GL΀FXOWLHV�LQ�VHSDUDWLQJ�WKH�QDWXUDO�DQG�DQWKURSR-
genic components of the observed changes, whether with the proposed TSR method or the 
classical CT

0 approach. In part, this was due to uncertainties about the accuracy of the ancillary 
SDUDPHWHUV�UHTXLUHG�IRU�VXFK�DQ�H[HUFLVH��'DWDVHW�FRPSLODWLRQ�HͿRUWV�OLNH�*/2'$3�DQG�&$-
5,1$�PD\�WR�VRPH�H[WHQW�HOLPLQDWH�V\VWHPDWLF�FUXLVH�ELDVHV�RI�WKHVH�SURSHUWLHV��1HYHUWKHOHVV�
it has become obvious that further improvement of the original measurements is needed in 
future cruises. Variable biases of up to 3% are quite common in the used datasets of nutrients 
and dissolved O2, while in fact the state-of-the-art does permit an order of magnitude lower 
uncertainty (i.e., circa 0.2%), approaching what is common nowadays for CT and AT. Reference 
standards for measurements of the major nutrients are being developed and made available 
WR�WKH�LQWHUQDWLRQDO�FRPPXQLW\�XQGHU�WKH�ÁDJ�RI�WKH�0HWHRURORJLFDO�5HVHDUFK�,QVWLWXWH��Tsu-
kuba, Japan (Aoyama et al., 2008). The determination of the increase of inventories of CT and 
WKH�VHSDUDWLRQ�RI�WKH�QDWXUDO�DQG�DQWKURSRJHQLF�FRPSRQHQWV�RI�WKLV�LQFUHDVH�ZLOO�OLNHO\�EHQHÀW�
greatly from the widespread adoption of these reference materials. The development of refer-
HQFH�PDWHULDO��RU�DQRWKHU�PHWKRG�RI�VWDQGDUGL]DWLRQ��IRU�GLVVROYHG�R[\JHQ�ZRXOG�VLPLODUO\�EH�
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RI�JUHDW�EHQHÀW��$�VLPSOH�VWDQGDUGL]DWLRQ�PHWKRG�IRU�R[\JHQ�H[LVWV��QDPHO\��WKH�PHDVXUHPHQW�
RI�VHDZDWHU�VDWXUDWHG�ZLWK�R[\JHQ�DW�VWDEOH�WHPSHUDWXUH�DQG�DLU�SUHVVXUH�FRQGLWLRQV��ZKHUH�WKH�
R[\JHQ�FRQFHQWUDWLRQ�LV�NQRZQ�IURP�WKH�WKHRUHWLFDO�VROXELOLW\��5HLQWKDOHU�HW�DO����������$QDO\VWV�
are encouraged to use this method until reference material becomes available. 
 The further long term pursuance of repeated ocean interior measurements of CO2, 
ideally accompanied by continued measurements of CFCs and the broad adoption of SF6 as 
an additional anthropogenic tracer, will be crucial for further constraining the oceanic uptake 
and storage of anthropogenic CO2 from the atmosphere on decadal time scales, both locally in 
the Weddell Gyre and in the ocean at large.
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Abstract

Uptake and storage of atmospheric anthropogenic CO2 by the oceans are part of a major per-
turbation of the global carbon cycle. This study attempts to determine the rate of storage of 
anthropogenic CO2 (Cant, part of the total amount of dissolved inorganic carbon CT) in the South 
Atlantic Ocean. We use measured data of the oceanic CO2-system and ancillary variables, ob-
tained from the CARINA and GLODAP data products as well as from original contributions 
by the authors and others. The time rate of change of Cant (dCant/dt) is assessed using an adap-
tation of the Time Series Residuals method (TSR; van Heuven et al., 2011), which is based on 
multivariate linear regression (MLR) techniques. The results are scaled up to the entire basin 
using climatological information. 

 An optimum multiparameter (OMP) analysis is used to separate the contributions 
of 7 distinct water masses to the measured samples of 53 cruises. Subsequently, in the core of 
each of the water masses, a characteristic multivariate linear relationship between measured 
CT (CT

meas) and ancillary parameters is determined, using all locally available cruise data, ir-
respective of sampling date. Using these relationships, a synthetic value for CT, CT

TSR, is gen-
erated for each sample in the database. As is commonly done, we assume that changes over 
WLPH�LQ�WKH�GLͿHUHQFH�EHWZHHQ�&T

meas and CT
TSR (i.e., the residuals of the relationship, Cres

TSR) are 
representative of changes over time in the Cant component of CT. We therefore assume the time 
rate of change of Cant to be commensurate with the time rate of change of Cres

TSR. We assume all 
VXFK�WLPH�WUHQGV�WR�EH�OLQHDU�LQ�ÀUVW�DSSUR[LPDWLRQ��)RU�WKUHH�RI�WKH���ZDWHU�PDVVHV�GLVFHUQHG�
in this study, dCant/dt�LV�IXUWKHU�H[SUHVVHG�DV�D�OLQHDU�IXQFWLRQ�RI�DSSDUHQW�R[\JHQ�XWLOL]DWLRQ�
(AOU). Accounting for this dependence of dCant/dt on AOU is necessary because within a 
water mass, dCant/dW�LV�H[SHFWHG�WR�EH�KLJK�LQ�WKH�PRVW�UHFHQWO\�YHQWLODWHG�SDUW�RI�WKH�ZDWHU�
mass and low in the ‘older’ part of the water mass, since the latter was ventilated in times 
where the atmospheric concentrations of anthropogenic CO2 were lower. The analysis reveals 
values of dCant/dt as high as 1 µmol kg-1 a-1 for the most recently ventilated parts of surface 
water masses and as zero for the North Atlantic Deep Water, observations which are consistent 
ZLWK�H[SHFWDWLRQV��We note that values of dCant/dt for the deep water masses of southern origin 
(Antarctic Bottom Water, Weddell Sea Bottom Water) are slightly above zero – indicating the 
DFFXPXODWLRQ�RI�VLJQLÀFDQW�DPRXQWV�RI�&ant in these voluminous water masses. The storage 
UDWHV�LQ�WKH�GLͿHUHQW�ZDWHU�PDVV�FRUHV��DV�WKXV�REWDLQHG�IURP�PHDVXUHG�GDWD��DUH�H[WUDSRODWHG�
to the World Ocean Atlas 2005 climatology. We calculate the overall rate of storage of Cant in 
WKH�6RXWK�$WODQWLF�2FHDQ��SROHZDUG�RI�WKH�HTXDWRU�DQG�H[WHQGLQJ�WR�WKH�$QWDUFWLF�FRQWLQHQW��
to be 0.39±0.08 PgC a-1. 

 Assessing trends in CT
meas itself (rather than using dCant

TSR/dt) yields markedly similar 
results, although the error estimates on the TSR-based estimated are smaller, especially for the 
warmer waters. This comparison corroborates the robustness of the methodology. Adopting the 
FRQFHSW�VXJJHVWHG�E\�5LRV�HW�DO����������ZH�DGGLWLRQDOO\�H[SUHVV�WKH�UDWH�RI�FKDQJH�RI�&ant as a 
function of the concentration of atmospheric anthropogenic CO2 (in µatm). The resulting metric 
(in units of µmol kg-1 µatm-1 rather than µmol kg-1 a-1) allows for scaling of the inferred oceanic 
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accumulation of Cant to past and (not-too-far) future concentrations of atmospheric anthropo-
genic CO2��SURYLGHG�WKDW�WKH�DWPRVSKHULF�LQFUHDVH�FRQWLQXHV�DSSUR[LPDWHO\�H[SRQHQWLDOO\��
 Our results compare favorably with those obtained by other investigators, further 
VWUHQJWKHQLQJ�DQG�FRQVWUDLQLQJ�WKH�VLJQLÀFDQW�VWRUDJH�RI�&ant in the South Atlantic Ocean.

7.1. Introduction

Only about 45% of the CO2 that is emitted by human activities (anthropogenic CO2 or CO2ant) 
is retained in the atmosphere (Solomon et al., 2007; Le Quéré et al., 2009). The remainder is 
accounted for by net uptake by the terrestrial biosphere and the surface ocean. In the latter, it 
contributes to the pool of dissolved inorganic carbon (DIC, hereafter CT , in units of µmol kg-1). 
The anthropogenic fraction of CT is commonly referred to as Cant. A quantitative understanding 
of this uptake of anthropogenic CO2 and its subsequent transport as Cant into the ocean interior 
is a prerequisite for robust projections of the future behavior of Earth’s perturbed carbon cycle. 
 The South Atlantic Ocean, here including the Altantic sector of the Southern Ocean, 
is of particular importance to the process of uptake and storage of anthropogenic CO2. The 
IRUPDWLRQ�UHJLRQV�RI�PRGH��DQG�LQWHUPHGLDWH�ZDWHUV�DQG��WR�D�OHVVHU�H[WHQW��RI�GHHS�ZDWHUV�
(the Subantarctic Convergence Zone (SCZ) and the vicinity of major ice sheets surrounding the 
Antarctic continent, respectively) are considered to be responsible for up to 40% of the global 
oceanic uptake of anthropogenic CO2 (Takahashi et al., 2009; Gruber et al., 2009; Khatiwala et 
DO����������+RZHYHU��VSHFLÀFDOO\�LQ�WKH�6RXWKHUQ�2FHDQ��HVWLPDWHV�RI�WKH�LQYHQWRU\�RI�&ant and 
RI�WKH�ÁX[�RI�&22,ant across the sea surface vary substantially between authors and methodolo-
gies, both in total amount and in the vertical and horizontal distribution.
 Sabine et al. (2004) use ocean interior carbon measurements to estimate a total global 
inventory of Cant (INVCant) of 118±19 PgC (1 PgC = 1.1015 grams of carbon) in 1995. The South At-
ODQWLF�2FHDQ��GHÀQHG�KHUH�DV�DOO�ZDWHUV�VRXWK�RI�WKH�(TXDWRU��EHWZHHQ�����(�DQG�'UDNH�3DVVDJH��
contributes circa 17.3 PgC (~15%) to this global total. According to Sabine et al. (2004), deep 
waters (>1500 m), and waters south of the Polar Front are typically devoid of anthropogenic 
FDUERQ��&RQYHUVHO\��E\�XVLQJ�D�GLͿHUHQW�RFHDQ�LQWHULRU�FDUERQ�EDVHG�PHWKRG��/R�0RQDFR�HW�
DO�������D������E��UHSRUW�YHU\�VLJQLÀFDQW�FRQFHQWUDWLRQV�RI�&ant in the deep and bottom waters 
of the Eastern South Atlantic Ocean at 30 ºW. Khatiwala et al. (2009) present a reconstruction 
of the history of concentrations of Cant in the ocean that is constrained by observations of chlo-
URÁXRURFDUERQ��&)&V���Ј14&�DQG�DGGLWLRQDO�WUDFHUV�RI�JDV�H[FKDQJH�DQG�RFHDQ�FLUFXODWLRQ��7KH�
global inventory and rate of uptake for the year 2008 are by Khatiwala et al. (2009) inferred 
to be 140±25 PgC and 2.3±0.6 PgC a-1��UHVSHFWLYHO\��)RU�WKH�6RXWK�$WODQWLF�2FHDQ�DV�GHÀQHG�LQ�
the current study, these values are 23±5 PgC and 0.39±0.10 PgG a-1, respectively (Khatiwala, 
personal communication; uncertainties scaled, but are likely somewhat larger). From a local  
study, Van Heuven et al. (2011) report a modest rate of increase in Cant in the deep Weddell Gyre 
(intermediate to the results of Sabine et al. (2004) and Lo Monaco et al. (2005a; 2005b), and more 
in line with the results of Khatiwala et al. (2009)), thereby strengthening the case for at least a 
moderate rate of storage of Cant�LQ�WKH�GHHS�6RXWK�$WODQWLF�2FHDQ��,Q�D�VWXG\�FRQÀQHG�WR�WKH�
western South Atlantic Ocean between 10 ºN and 55 ºS, Rios et al. (2012) use measurements of 
CT, total alkalinity (AT��DQG�GLVVROYHG�R[\JHQ��22), taken over 30 years, to infer an inventory 
and rate of storage of Cant�WKDW�DUH�VLJQLÀFDQWO\�KLJKHU�WKDQ�VXJJHVWHG�E\�PDQ\�RWKHU�VWXGLHV��
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DQG�DWWULEXWH�WKH�GLͿHUHQFH�LQ�ODUJH�SDUW�WR��QRW�HDUOLHU�UHSRUWHG��QRQ�QHJOLJLEOH�DPRXQWV�RI�
Cant in the very large volumes of Antarctic Bottom Water (AABW) and North Atlantic Deep 
Water (NADW). 
� &DUERQ�F\FOH�PRGHOV�FXUUHQWO\�RͿHU�OLWWOH�KHOS�LQ�FRQVWUDLQLQJ��WKH�UDWH�RI�VWRUDJH�
of) Cant�EHFDXVH�WKH\�KDYH�GL΀FXOW\�WR�GHWHUPLQH�WKH�QHW�ÁX[�DFURVV�WKH�RFHDQ�VXUIDFH�LQ�WKH�
important formation regions south of 45 º6�GXH�WR�WKHLU�SUHVHQW�LQDELOLW\�WR�VX΀FLHQWO\�UHVROYH�
the intrinsically small-scale processes of water mass formation in this area (Gruber et al., 2009). 
)URP�WKH�DERYH��LW�EHFRPHV�FOHDU�WKDW�IRU�WKH�6RXWK�$WODQWLF�2FHDQ��FRQVHQVXV�H[LVWV�QHLWKHU�RQ�
the inventory of Cant nor on the uptake of CO2,ant. However, a well constrained understanding 
of the rates of uptake and storage of Cant in the South Atlantic Ocean is much needed for the 
validation and further improvement of global carbon cycle models, which will be indispens-
able for projections of the impact of human activity on the Earth’s biosphere.
 The present study aims to provide an estimate of the rate of storage of Cant, based on 
measurements of ocean interior CT and ancillary data collected in the South Atlantic Ocean 
over the period of 1973 to 2008. We employ an adaptation of the Time Series Residuals tech-
nique (Van Heuven et al., 2011) that allows the assessment of trends in Cant in the cores of the 
dominant locally present water masses. The method aims to avoid some of the uncertainties 
WKDW�KDYH�SODJXHG�WKH�VWXGLHV�PHQWLRQHG�DERYH��,W�DLPV�WR�PLQLPL]H�WKH�FRQIRXQGLQJ�LQÁXHQFH�
of natural variability in hydrography and biogeochemistry by the use of a technique based on 
multivariate linear regression. Additionally, the sensitivity of the result to unknown biases in 
the individual cruise datasets is reduced by including data from 53 cruises, mostly obtained 
from databases that have been processed for optimal internal consistency. The rates of increase 
of Cant��GHWHUPLQHG�IRU�LQGLYLGXDO�ZDWHU�PDVVHV��DUH�H[WUDSRODWHG�WR�D�KLJK�UHVROXWLRQ�FOLPDWRO-
ogy and compared to the results from other investigators.

7.2. Outline of study

This section summarizes the methods used in this study to estimate the rate of storage of an-
thropogenic carbon in the South Atlantic Ocean. After an introduction of the hydrography of 
the South Atlantic Ocean, more detailed descriptions of these methods and their application 
will follow in subsequent sections, together with results. A discussion of the results is found 
at the end of this paper (section 7.9).
%ULHÁ\��WKH�HPSOR\HG�PHWKRGRORJ\�DVVXPHV�WKDW�WKH�UDWH�DW�ZKLFK�DQWKURSRJHQLF�FDUERQ�DF-
cumulates in the ocean (dCant/dt��PD\�EH�TXDQWLÀHG�E\�WUDFLQJ�RYHU�WLPH�WKH�SRUWLRQ�RI�WKH�
variability of CT�WKDW�LV�QRW�H[SODLQHG�E\�YDULDELOLW\�LQ�K\GURJUDSK\�DQG�ELRJHRFKHPLVWU\��:H�
employ the Time Series Residuals method (TSR; Van Heuven et al., 2011) that is a variant of 
the MLR technique (Wallace 1995; Friis et al., 2005). 
 The products of the GLODAP and CARINA data synthesis projects (Key et al., 2004, 
2010) have been merged with several datasets that are not available in these products (section 
7.4). The resulting global dataset contains data from about 250 cruises, 53 of which are used in 
the present analysis of the South Atlantic Ocean. After thus preparing the data, the contribu-
WLRQV�RI�VHYHQ�ZDWHU�PDVVHV�WR�WKH�VDPSOHV�LQ�WKH�GDWDVHW�DUH�TXDQWLÀHG�E\�XVH�RI�DQ�RSWLPXP�
PXOWLSDUDPHWHU�DQDO\VLV��203��7RPF]DN��������0DFNDV�HW�DO���������VHFWLRQ�������1H[W��LQ�VHFWLRQ�
7.6, for each sample in the dataset, a ‘synthetic’ value for CT (CT

TSR) is generated using a predic-
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tive relationship obtained using multivariate linear regression (MLR) between the measured 
concentration of dissolved inorganic carbon (DIC, hereafter CT

meas) and predictive hydrographic 
DQG�FKHPLFDO�SDUDPHWHUV��XVLQJ�DOO�DYDLODEOH�GDWD��L�H���QRW�RQO\�WKH�QHZHU�FUXLVHV���7KH�GLͿHU-
ence between the CT

TSR and CT
meas is referred to as the residual: Cres

TSR. Its change over time is 
assumed to represent the change over time of the anthropogenic component Cant of CT

meas. In 
section 7.7, for each water mass core a multi-linear relationship is derived between Cres

TSR, AOU 
and time. This relationship is assumed to describe for a water mass how the concentration of 
Cant� LQFUHDVHV�RYHU�WLPH�DW�GLͿHUHQW�DSSDUHQW�¶GLVWDQFHV·�IURP�WKH�YHQWLODWLRQ�UHJLRQ��ZKHUH�
¶GLVWDQFH·�LV�UHSUHVHQWHG�E\�WKH�DSSDUHQW�R[\JHQ�XWLOL]DWLRQ��$28���)RU�H[DPSOH��DW�KLJK�$28�
(i.e., far removed from the formation region) the relationship between Cres

TSR and time may be 
found to be neutral (i.e., no change in Cant over the time span of observations), while at low 
AOU (i.e., at or near the formation region) Cres

TSR (i.e., Cant) may be determined to be increasing 
sharply with time. After having obtained such typical relations for the individual water masses 
in the South Atlantic Ocean, these rates are projected onto the World Ocean Atlas 2005 clima-
tology (section 7.8). The resulting rates of increase of Cant may be integrated to obtain the total 
rate of storage of Cant in the South Atlantic Ocean. Finally, section 7.9 evaluates the obtained 
results in light of earlier estimates.

7.3. Hydrography of the South Atlantic Ocean

The South Atlantic Ocean in this study encompasses all waters between the Equator and the 
Antarctic continent, west of 30 ºE and east of Drake Passage at 65 ºW (Figure 7.1). This section 
details the general hydrological features of the South Atlantic Ocean, as well as several details 
WKDW�DUH�RI�VSHFLÀF�LQWHUHVW�WR�WKLV�VWXG\��7KURXJKRXW�WKLV�WUHDWPHQW�RI�WKH�K\GURJUDSK\�RI�WKH�
South Atlantic Ocean, refer to Figures 7.1 and 7.2.

7.3.1. Bottom topography

The Atlantic Ocean is divided meridionally by the Mid-Atlantic Ridge, which at places rises to 
GHSWKV�DV�VKDOORZ�DV�����P��,Q�WKH�6RXWK�$WODQWLF�2FHDQ�LW�SURKLELWV�DOO�DE\VVDO�ÁRZ�EHWZHHQ�
the eastern and western basins at levels below 3300 m, the southernmost connection being 
formed by the Romanche Fracture Zone just north of the Equator, which connects the east and 
ZHVW�EDVLQV�WR�D�GHSWK�RI������P��)XUWKHU�LPSHGLPHQWV�WR�DE\VVDO�ÁRZ�DUH�:DOYLV�5LGJH�DQG�
Rio Grande Rise, located around 30 ºS in the eastern and western basins, respectively. Walvis 
5LGJH�LQKLELWV�DE\VVDO�ÁRZ�EHORZ������P��ZKLOH�WKH�5LR�*UDQGH�5LVH�JLYHV�ZD\�WR�WKH�5LR�
Grande Gap to its west, allowing bottom currents passage down to 4700 m depth. These and 
other subsea ridges divide the South Atlantic Ocean into (clockwise from the north east) the 
Guinea Abyssal Plain, Angola Basin, Cape Basin, Weddell-Enderby Abyssal Plain, Argentine 
Basin and the Brazil Basin (Tomczak and Godfrey, 2003).
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7.3.2. Deep Currents and water masses

North Atlantic Deep Water (NADW)

The NADW is a relatively warm, saline water mass of arctic and sub-arctic origin. From high 
northern latitudes, it moves southward as a deep western boundary current and enters the 
South Atlantic Ocean from the northwest. Entrainment of lenses of Eurafrican Mediterranean 
Water (EMW) increases potential temperature (ս) and salinity (S) of the NADW as it travels 
southward, reaching values of ս=4.4°C and�6 ������7KURXJK�HQWUDLQPHQW�DQG�PL[LQJ��WKH�
1$':�GHÀQHV�WKH�PDNHXS�RI�ODUJH�SDUWV�RI�WKH�GHHS�6RXWK�$WODQWLF�2FHDQ��'XULQJ�LWV�PRYH-
PHQW�VRXWKZDUG��LWV�XSSHU�DQG�ORZHU�OD\HUV�JUDGXDOO\�PL[�ZLWK�WKH�RYHUO\LQJ�$QWDUFWLF�,QWHU-
mediate Water (AAIW, see below) and underlying Antarctic Bottom Water (AABW, see below), 
respectively. However, the core of the NADW between 3500 and 2000 m depths can be clearly 
LGHQWLÀHG�DFURVV�WKH�ZLGWK�RI�WKH�6RXWK�$WODQWLF�2FHDQ�DV�IDU�VRXWK�DV�����6��$W�WKHVH�ODWLWXGHV��
NADW is entrained into the Antarctic Circumpolar Current, and referred to as Circumpolar 
'HHS�:DWHU��&':��VHH�EHORZ���&RQFHQWUDWLRQV�RI�GLVVROYHG�R[\JHQ�DQG�QXWULHQWV�DUH�IDLUO\�
XQLIRUP�RYHU�WKH�ODWLWXGLQDO�UDQJH��GXH�WR�D�PRGHUDWH�LQÁX[�RI�RUJDQLF�PDWHULDO�IURP�RYHUO\-
LQJ�ZDWHU�FRPELQHG�ZLWK�D�KLJK�RYHUDOO�ÁRZ�WRZDUG�WKH�VRXWK�
� $OWKRXJK�WKH�UHFHQWO\�YHQWLODWHG��QRUWKHUQ�H[WHQW�RI�WKH�1$':�LV�JHQHUDOO\�FRQVLG-
ered to constitute the main conduit of anthropogenic CO2 into the deep ocean (Sabine et al., 
�������WKH�VRXWKHUQ�H[WHQW�RI�WKH�1$':�LV�JHQHUDOO\�FRQVLGHUHG�WR�VWLOO�EH�IUHH�RI�&ant. 

Circumpolar Deep Water (CDW)

7KH�1$':��ZKLFK�FDQ�EH�UHFRJQL]HG�DV�IDU�VRXWK�DV�FLUFD�����6��JHWV�GHÁHFWHG�XSZDUGV�E\�WKH�
AABW, which wedges itself underneath the NADW from the south. Reaching shallower layers, 
the NADW becomes part of the CDW, one of the main water masses transported in eastward 
GLUHFWLRQ�E\�WKH�$QWDUFWLF�&LUFXPSRODU�&XUUHQW��$&&���7KH�$&&�ÁRZV�UDSLGO\�DURXQG�$QW-
DUFWLFD�LQ�WKH�]RQDO�EDQG�EHWZHHQ�����6�DQG�����6��LWV�HDVWZDUG�PRYHPHQW�H[WHQGLQJ�DORQJ�WKH�
full depth of the water column. The characteristics of this rapidly moving volume of water 
do only change slightly throughout the three great oceans. The NADW may be considered to 
be the main constituent of CDW although the CDW is also fed from below by the AABW and 
from above by the AAIW. The continuous supply of NADW from the north and wind-driven 
surface divergence to the south force the upper layers of the CDW gradually further southward 
DQG�XSZDUG��L�H���RYHU�WKH�$$%:��8SRQ�UHDFKLQJ�WKH�GHSWKV�RI�WKH�ZLQG�PL[HG�OD\HU�²�LQ�WKH�
Atlantic around 65 ºS – the thus upwelled CDW is split into north- and south-bound surface 
ÁRZV�LQ�D�SURFHVV�UHIHUUHG�WR�DV�WKH�$QWDUFWLF�'LYHUJHQFH��3DUW�RI�WKH�QRUWKERXQG�IUDFWLRQ�PD\�
subduct to become AAIW, while a further part may reach the sub-tropical convergence zone 
and may contribute to the South Atlantic Central Water (SACW; see below). The south-bound 
waters will reach close to the continent, and may contribute to the formation of AABW.

� 9HUWLFDO�PL[LQJ�RFFXUV�DW�WKH�LQWHUIDFHV�RI�&':�ZLWK�$$%:�DQG�$$,:��7KLV�FKDQJHV�
WKH�SURSHUWLHV�RI�WKH�&':��0L[LQJ�RI�WKH�&':�ZLWK�WKH�RYHUO\LQJ�$$,:�FUHDWHV�WKH�DSSUR[L-
PDWHO\�HTXDOO\�ZDUP�EXW�OHVV�VDOLQH�PL[WXUH�UHIHUUHG�WR�DV�8SSHU�&LUFXPSRODU�'HHS�:DWHU�
�8&':���0L[LQJ�RI�WKH�&':�ZLWK�WKH�XQGHUO\LQJ�$$%:�IUHVKHQV�DQG�FRROV�WKH�&':��UHVXOWLQJ�
in a water type is referred to as Lower Circumpolar Deep Water (LCDW). In between the two 
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PL[LQJ�OD\HUV��WKH�GRPLQDQW�FKDUDFWHULVWLF�LV�WKDW�RI�1$':��DOWKRXJK�WKDW�JHWV�SURJUHVVLYHO\�
further eroded as the CDW moves south. 
 Because of its origin in the ‘old’ NADW with only very limited contributions from 
AABW (which is not considered well ventilated with respect to CO2), the CT of LCDW may be 
considered to be relatively insensitive to rises in atmospheric CO2. 
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Figure 7.1. 0DS�RI�WKH�6RXWK�$WODQWLF�2FHDQ��VFKHPDWLFDOO\�VKRZLQJ�VRPH�RI�WKH�PDMRU�ORFDO�EDWK\PHWULF�DQG�
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:DWHU��1$':��1RUWK�$WODQWLF�'HHS�:DWHU��$$%:��$QWDUFWLF�%RWWRP�:DWHU��:6%:��:HGGHOO�6HD�%RWWRP�:DWHU��
1RW�VKRZQ�DUH�WKH�VWURQJ��ZHVWZDUG�ÀRZLQJ�$QWDUFWLF�&LUFXPSRODU�'HHSZDWHU�DQG�WKH�HTXDWRULDO�VXUIDFH�ZDWHU�
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Antarctic Surface Water (AASW) and Winter Water (WW)
All surface layer waters south of the Polar Front are referred to as Antarctic Surface Water 
(AASW). Violent storms during the austral autumn and winter stir the water column to sig-
QLÀFDQW�GHSWK��JHQHUDWLQJ�D�UDWKHU�KRPRJHQRXV�OD\HU�RI�FROG��IUHVK��ս>-1.8°C��6ǀ����ZDWHU��,Q�
VXPPHU��WHPSRUDULO\��D�VKDOORZ��ZDUP�DQG�VWUDWLÀHG�VXUIDFH�OD\HU�PD\�IRUP��7KH�FROG��IUHVK�
water mass that persists underneath the AASW is known as Winter Water (WW). Due to brine 
rejection during the formation of pack ice, WW may become more saline, and under the right 
FRQGLWLRQV��JHQHUDOO\�XQGHU�WKH�LQÁXHQFH�RI�LFH�VKHOYHV�DQG�SRO\Q\DV��PD\�FRQWULEXWH�WR�WKH�
formation of Weddell Sea Deep Water and Weddell Sea Bottom Water (WSDW and WSBW, 
respectively; see below). 
� 7KH�::�DQG�$$6:�DUH�H[SHFWHG�WR�H[KLELW�DQ�RQO\�PRGHUDWHO\�ULVLQJ�FRQFHQWUDWLRQ�
of Cant because of being constantly replenished from below with Cant-poor CDW. Also due to 
seasonal ice cover, the AASW and WW may not be ventilated  well enough to fully track the 
rising atmospheric concentrations of CO2 (Ito et al., 2004). 

Figure 7.2. 0HULGLRQDO�VHFWLRQ�DORQJ�����:��VKRZLQJ�PDMRU�EDWK\PHWULF�DQG�K\GURJUDSKLF�IHDWXUHV��DV�ZHOO�DV�WKH�
JHQHUDOL]HG�ORFDWLRQV�DQG�PRYHPHQWV�RI�YDULRXV�ZDWHU�PDVVHV�LQ�WKH�6RXWK�$WODQWLF�2FHDQ��3OHDVH�UHIHU�WR�WH[W�
VHFWLRQ�����IRU�GHWDLOV��3DQHO�a��VDOLQLW\��LQ�SVX���3DQHO�b��SRWHQWLDO�WHPSHUDWXUH��ș��>�&@��SDQHO�F��QLWUDWH�>�PRO�NJ-

1@��SDQHO�G��R[\JHQ�>�PRO�NJ-1@��:DWHU�PDVV�DEEUHYLDWLRQ�LV�LQ�)LJXUH������ZLWK�WKH�DGGLWLRQ�RI�&':��&LUFXPSRODU�
'HHS�:DWHU��:':��:DUP�'HHS�:DWHU��:6':��:HGGHOO�6HD�'HHS�:DWHU��(6:��(TXDWRULDO�6XUIDFH�:DWHU��
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Weddell Sea Bottom Water (WSBW) and Weddell Sea Deep Water (WSDW)

Along the Antarctic continent, surface water loses heat to the atmosphere and becomes more 
saline during the formation of pack ice. Subsequent cooling, often at a depth of several hun-
GUHGV�RI�PHWHUV��DORQJ�WKH�VLGH�DQG�ERWWRP�RI��ÁRDWLQJ��LFH�VKHHWV�LQFUHDVHV�WKH�GHQVLW\�RI�WKHVH�
waters to the point that convective sinking to great depths may take place. The most important 
areas in the (circumpolar) Southern Ocean for such convective formation of bottom waters are 
the southern and western boundaries of the Weddell Sea, where the Weddell Sea Bottom Water 
LV�IRUPHG��+XKQ�HW�DO����������'XULQJ�LWV�GHVFHQW�DQG�ÁRZ�WRZDUGV�WKH�ERWWRP�RI�WKH�:HGGHOO�
Abyssal Plain, the characteristically low temperature (սǀ������&��RI�WKH�IUHVKO\�IRUPLQJ�:6%:�
is eroded away by entrainment of encountered water masses, which are derived from warmer, 
slightly more saline CDW. The rotation of the Weddell Gyre and the continuous replenishment 
of the deepest WSBW with fresh input from the ice-shelves forces the bottom water mass at 
the interior abyssal plain slowly upwards. The ascending water mass is generally referred to 
as the Weddell Sea Deep Water (WSDW). The WSDW is not a water mass with a distinct core, 
because it constitutes the gradient between WSBW (below) and the CDW above, although we 
note that several authors point to direct contributions to WSDW of the descending ice shelf 
water (e.g., Weppernig et al., 1996). The WSDW spills out of the Weddell-Enderby Basin over 
and through the Mid-Atlantic Ridge and the West-Indian Ridge into the surrounding basins, 
from where it proceeds northward as part of the Antarctic Bottom Water. 

� 7KH�IRUPDWLRQ�SURFHVV�RI�:6%:�WDNHV�SODFH�XQGHU�WKH�LQÁXHQFH�RI�LFH�VKHOYHV��L�H���
QRW�QHFHVVDULO\�LQ�FRQWDFW�ZLWK�WKH�DWPRVSKHUH���,W�WKHUHIRUH�GRHV�QRW�QHFHVVDULO\�H[KLELW�VWURQJ�
uptake of anthropogenic CO2 from the atmosphere. However, tentative gradual increases in 
Cant in the WSWB have been inferred (Hoppema et al., 1998, Van Heuven et al., 2011).  

Antarctic Bottom Water (AABW)

The global ocean’s densest common water mass, the AABW, is formed by convective processes 
DW�VHYHUDO�ORFDWLRQV�DURXQG�WKH�$QWDUFWLF�FRQWLQHQW��6LJQLÀFDQW�VRXUFH�DUHDV�DUH�WKH�LFH�VKHOYHV�
surrounding the Weddell Sea (see WSBW, above), the Ross Sea and the Adelie Coast. This water 
PDVV�ÁRZV�QRUWKZDUG�LQWR�DOO�WKUHH�RFHDQV��XQGHUO\LQJ�DOO�RWKHU�ZDWHU�PDVVHV��,Q�WKH�HDVWHUQ�
EDVLQ�RI�WKH�6RXWK�$WODQWLF�2FHDQ��FRQWLQXRXV�QRUWKZDUG�ÁRZ�RI�WKH�$$%:�LV�UHVWULFWHG�E\�
WKH�SUHVHQFH�RI�:DOYLV�5LGJH��,Q�WKH�ZHVWHUQ�EDVLQ�WKH�ÁRZ�RI�$$%:�LV�XQKDPSHUHG�DQG�
traces of AABW are found as far north as 50 ºN. During its journey from the Southern Ocean, 
WKH�FKDUDFWHULVWLFV�RI�$$%:��FROG��IUHVK��DUH�VORZO\�PRGLÀHG�E\�WKH�RYHUO\LQJ�ZDUP��VDOLQH�
1$':��7KH�HDVWHUQ�EDVLQ�RI�WKH�$WODQWLF�2FHDQ��QRUWK�RI�:DOYLV�5LGJH��LV�ÀOOHG�ZLWK�$$%:�
through the equatorial Romanche Fracture zone. Thus, Walvis Ridge is bordered by AABW on 
both sides, with the variety to the north being about 1 ºC warmer and more saline. 

 The capacity of AABW to take up anthropogenic CO2 from the atmosphere is consid-
ered to be limited (Poisson and Chen, 1987; Klatt et al., 2002). The formation of the water mass 
GRHV�QRW�QHFHVVDULO\�WDNH�SODFH�LQ�FRQWDFW�ZLWK�WKH�DWPRVSKHUH��DQG�VLJQLÀFDQW�HQWUDLQPHQW�RI�
sub-surface water masses by the convective downwelling streams will dilute (on a concentra-
tion basis) the modest uptake that does take place at the surface. 
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Antarctic Intermediate Water (AAIW) and Subantarctic Upper Water (SAUW)
The high salinity (S=34.7) of the upwelled CDW is at the surface rapidly decreased (to S=33-34) 
by the melting of ice and snow-on-ice (from the south) and by strong precipitation. The north-
bound part of the upwelled water warms to 4-10 ºC at lower latitudes, and becomes Subant-
arctic Upper Water (SAUW). In winter, at latitudes of 35-45 ºS, SAUW becomes homogenized 
E\�VWURQJ�ZLQWHUWLPH�PL[LQJ��DQG�LV�UHIHUUHG�WR�DV�6XEDQWDUFWLF�0RGH�:DWHU��6$0:���$URXQG�
50 ºS, i.e., north of the Polar Front, convective subduction forms the Antarctic Intermediate 
:DWHU��$$,:���7KLV�ZDWHU�PDVV�LQLWLDOO\�VLQNV�WR�D�GHSWK�RI�FLUFD������P��ZKLOH�EHLQJ�GHÁHFWHG�
QRUWKZDUG�E\�WKH�XQGHUO\LQJ�&':���H[FKDQJLQJ�FKDUDFWHULVWLFV�ZLWK�LW��$V�LQGLFDWHG�DERYH��WKH�
resulting ‘AAIW-tainted’ CDW is referred to as ‘Upper’ CDW, or UCDW. The AAIW gradually 
rises to about 800 m while continuing its northward journey as a distinct layer of low-salinity 
water. This layer is slowly eroded away by the more saline over- and underlying water masses 
(SACW and UCDW/NADW, respectively), and the AAIW can no longer be clearly discerned 
north of ~20 ºN. 
� $�VLJQLÀFDQW�IUDFWLRQ�RI�WKH�$$,:�IRXQG�LQ�WKH�6RXWK�$WODQWLF�2FHDQ�LV�EHOLHYHG�
to be transported through Drake Passage after having been formed from Subantarctic Mode 
:DWHU��6$0:��LQ�WKH�VRXWKHDVW�3DFLÀF�2FHDQ��7DOOH\���������,QWHQVH�DQG�H[WHQGHG�FRQWDFW�RI�
WKLV�ZDWHU�PDVV�ZLWK�WKH�DWPRVSKHUH�GXULQJ�IRUPDWLRQ�LV�H[SHFWHG�WR�UHVXOW�LQ�VWURQJ�XSWDNH�
of CO2,ant.

South Atlantic Central Water (SACW)
$V�VWDWHG�DERYH��LQWHQVH�ZLQWHUWLPH�PL[LQJ�LQ�WKH�VXEDQWDUFWLF�IURQWDO�]RQH�UHVXOWV�LQ�WKH�UDWKHU�
homogenous Subantarctic Mode Water (SAMW), which contributes both to the AAIW and the 
South Atlantic Central Water. 
The main component of the South Atlantic thermocline distinguished in this study is South 
Atlantic Central Water (SACW). This water mass forms in a subductive process (i.e., being 
pushed down by convergence of surface water masses), as opposed to AAIW, which may 
be understood to be formed in a more convective (i.e., density-driven) manner. Formation 
of SACW takes place in the subtropical frontal zone (STF)  around 45 ºS. The cold and fresh 
(ս>8°C��6ǀ������VRXWKHUQ�FRPSRQHQW�RI�WKLV�FRQYHUJHQFH�LV�D�ZDUP�YDULHW\�RI�6$0:��WKH�
VRXWKHUQ�H[WHQW�RI�WKH�6$0:�LV�WKH�VRXUFH�RI�$$,:���7KH�QRUWKHUQ�FRPSRQHQW�RI�WKH�6$&:�
on the other hand is warmer and more saline to (սǀ��°C��6ǀ��������$OO�LQWHUPHGLDWH�YDULHWLHV�
RI�6$&:�KDYH�SURSHUWLHV�RQ�WKH�PL[LQJ�OLQH�EHWZHHQ�WKHVH�WZR�H[WUHPHV��7KH�6$&:�H[WHQGV�
northwards from the STF (around 45 ºS) to about 15 ºN, where the North Atlantic Central Wa-
ter becomes the dominant water mass in the thermocline with its own, distinct characteristics. 
 Part of the SACW does not actually form in the Atlantic Ocean, but rather was formed 
in the Indian Ocean, and is transported around South Africa by the Agulhas Current (Tomczak, 
2003; Provost et al., 1999) as part of the upper limb of the meridional overturning circulation. 
In the literature the distinction between these two varieties of SAMW is often made (referred 
to as East- and West-SAMW). However, for reason of simplicity that will become evident in 
VHFWLRQ������LQ�WKLV�VWXG\�ZH�OLPLW�RXUVHOYHV�WR�XVLQJ�MXVW�RQH�GHÀQLWLRQ�
� 'XH�WR�WKHLU�SURORQJHG�H[SRVXUH�WR�WKH�DWPRVSKHUH��ERWK�WKH�VRXWKHUQ�DQG�QRUWKHUQ�
VRXUFH�ZDWHUV�WKDW�FRQWULEXWH�WR�WKH�6$0:�DUH�H[SHFWHG�WR�EH�DEOH�WR�IXOO\�WUDFN�WKH�LQFUHDVLQJ�
atmospheric levels of CO2.
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Equatorial Surface Water (ESW)
7HPSHUDWXUHV�RI�WKH�WURSLFDO�VXUIDFH�ZDWHUV�HQFRXQWHUHG�QRUWK�RI�FLUFD�����6�H[FHHG����ºC. 
Salinity of WKLV�YHU\�ZDUP�VXUIDFH�ZDWHU�YDULHV�JUHDWO\�GXH�WR�H[FHVV�SUHFLSLWDWLRQ�DW�WKH�HTXD-
WRU��DQG�H[FHVV�HYDSRUDWLRQ�DURXQG�EHWZHHQ�����DQG���º on either side of the equator. These 
waters will contribute to the Central Waters of both the North and South Atlantic Oceans 
after reaching the subtropical subduction zones as part of the surface circulation. There, they 
will have lost much of their heat. These water masses may thus be understood to constitute 
WKH�VXUIDFH�UHWXUQ�ÁRZ�RI�WKH�6$&:��+RZHYHU��GXH�WR�WKH�HYDSRUDWLRQ�SUHFLSLWDWLRQ�GULYHQ�
WUDQVIRUPDWLRQ�XSRQ�XSZHOOLQJ�QHDU�WKH�HTXDWRU�WKHVH�KRW�VXUIDFH�ZDWHUV�DUH�FODVVLÀHG�DV�D�
distinct water type: Equatorial Surface Water (ESW). 
 The high CO2 content of ESW (largely due to deep remineralization of organic matter) 
causes these upwelled waters to be a source of CO2 to the atmosphere. The CO2�H΁X[�PXVW�
have become smaller as the pCO2 of the atmosphere increased due to anthropogenic emissions. 
The resultant increase over time of CT�RI�WKHVH�ZDWHU�PDVVHV�LV�H[SHFWHG�WR�IROORZ�WKH�LQFUHDVLQJ�
atmospheric concentration only qualitatively, because the continuous upwelling of Cant-poor 
waters from below will keep concentrations below equilibrium with the atmosphere. 

7.4. Data provenance

7.4.1. Cruise datasets

The present study uses data from 53 cruises (Table 7.1). These data are obtained from the 
GLODAP and CARINA data synthesis projects (Key et al., 2004 and 2010, respectively; both 
available at http://cdiac.ornl.gov), as well as several cruises that are not part of either data 
product: three cruises on board PFS Polarstern in 2002, 2005 and 2008 in which the authors took 
part, as well as two cruises (on RV Ron Brown in 2005 and on RV Revelle in 2008), downloaded 
IURP�WKH�&/,9$5�	�&DUERQ�+\GURJUDSKLF�'DWD�2΀FH��&&+'2��http://cchdo.ucsd.edu). 
For analytical details of these cruises, see the references in Table 7.1. The spatial and temporal 
coverage of the dataset is presented in Figures 7.3 and 7.4.
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Figure 7.3. 7KH�VSDWLDO�GLVWULEXWLRQ�RI�VDPSOHV�RI�&7�LQ�WKH�GDWDVHW��GLYLGHG�LQWR�IRXU�RQH�GHFDGH�
SHULRGV��7KH�VDPSOHV�LQ�WKH�OHIWPRVW�SDQHO�DUH�H[FOXVLYHO\�IURP�WKH�*(26(&6�H[SHGLWLRQV��7KH�
����������SHULRG�FDQ�EH�VHHQ�WR�EH�KLJKO\�UHSUHVHQWDWLYH�RI�WKH�EDVLQ�DV�D�ZKROH��,Q�WKH�YDVW�PDMRU-
LW\�RI�FDVHV��VDPSOHV�FDQ�EH�DVVXPHG�WR�FRYHU�WKH�HQWLUH�ZDWHU�FROXPQ��7KH�VRXWKHUQ�:HGGHOO�6HD�
LV�QRW�ZHOO�UHSUHVHQWHG�LQ�DQ\�SHULRG�
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GLODAP
'XULQJ�WKH�:RUOG�2FHDQ�&LUFXODWLRQ�([SHULPHQW��:2&(��:XQVFK��������HQRXJK�&22-system 
related data were collected to derive the global distribution of anthropogenic carbon in the 
oceans. Such studies (e.g., Sabine et al., 2004) rely heavily on accurate measurements of Dis-
solved Inorganic Carbon (DIC, hereafter CT

meas), total alkalinity (AT
meas), the dissolved major 

nutrients nitrate (NO3), phosphate (PO4���VLOLFDWH��6L���DQG�GLVVROYHG�R[\JHQ��22). Although 
these variables are generally analyzed with very high precision, the accuracy of the analyses 
has occasionally been questioned, mainly due to problems with calibration standards, although 
for CT and AT�WKLV�SUREOHP�KDV�EHHQ�DOOHYLDWHG�WR�D�ODUJH�H[WHQW�E\�WKH�XVH�RI�FHUWLÀHG�UHIHUHQFH�
material since the early 1990s (Dickson, 2001). 
 In order to optimize the internal consistency of the WOCE dataset, the GLODAP proj-
ect was conceived (Key et al., 2004). This project aimed to assemble all CO2-related data from 
WOCE and earlier cruises and to adjust the measurements of the individual cruises in such a 
ZD\�DV�WR�PLQLPL]H�WKH�GHHS�ZDWHU�RͿVHWV�EHWZHHQ�FUXLVHV�DW�FURVVRYHU�ORFDWLRQV��$VVXPLQJ�
that biases were the result of a single, constant calibration error (i.e., drift of the calibration 
over time was not considered), at most one adjustment per variable per cruise (or per cruise 
OHJ��ZDV�SHUIRUPHG��7KH�UHVXOW�RI�WKLV�HͿRUW�ZDV�D�WULR�RI�GDWD�SURGXFWV��IRU�WKH�$WODQWLF��,Q-
GLDQ�DQG�3DFLÀF�RFHDQV���FRQWDLQLQJ�DOO�:2&(�DQG�KLVWRULF�FUXLVH�GDWD��.H\ et al., 2004). The 
WOCE-era cruises were adjusted for optimal internal consistency, but data of historic cruises 
was not altered beyond the removal of obvious outlying data. 
� 'XULQJ�WKH�&$5,1$�HͿRUW��VHH�QH[W�VHFWLRQ��.H\�HW�DO���������DOVR�&KDSWHU���RI�WKLV�
thesis), in which another 188 cruises were adjusted for internal consistency, the GLODAP data 
were re-analyzed and this time, adjustments were also suggested for the historical data. These 
suggestions may be found on the CARINA website (above). Although adjustments were sug-
gested, the CARINA consortium did not apply these adjustments to the historical GLODAP 
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data. In the present study, the adjustments determined by software written by the author of 
this study (detailed in Tanhua et al., 2010; also Chapter 5 of this thesis) and used during the 
&$5,1$�HͿRUW��ZLOO�EH�DSSOLHG�WR�DOO�*/2'$3�FUXLVHV��L�H���KLVWRULFDO�DQG�:2&(�HUD���7KHVH�
DGMXVWPHQWV�PD\�RFFDVLRQDOO\�GLͿHU�VOLJKWO\�IURP�WKH�R΀FLDO�VXJJHVWLRQV�RI�&$5,1$�RU�
GLODAP. 

CARINA
7KH�&$5,1$�HͿRUW��.H\�HW�DO���������KDG�JRDOV�VLPLODU�WR�*/2'$3��'DWD�IURP�����FUXLVHV��VSDQ-
ning 1980 to 2005, were collected and the internal consistency of the dataset was optimized. In 
FRQWUDVW�WR�*/2'$3��WKH�&$5,1$�HͿRUW�PDGH�XVH�RI�DXWRPDWHG��REMHFWLYH�VRIWZDUH�URXWLQHV�
IRU�WKH�GHWHUPLQDWLRQ�RI�WKH�RͿVHWV�EHWZHHQ�GHHS�ZDWHU�PHDVXUHPHQWV�RI�FUXLVHV�DW�FURVVRYHU�
ORFDWLRQV��DQG�IRU�WKH�GHWHUPLQDWLRQ�RI�DGMXVWPHQWV�WKDW�ZRXOG�PLQLPL]H�WKHVH�RͿVHWV��7DQKXD�
HW�DO����������6XJJHVWHG�DGMXVWPHQWV�ZHUH�FULWLFDOO\�HYDOXDWHG�E\�ZRUNLQJ�JURXSV�RI�H[SHUWV�
before a decision was made to apply them. 
 This study uses the CARINA data that are publicly available, with very minor altera-
tions (listed in Table 7.1). These additional adjustments were suggested by analysis of the data 
using multivariate linear regression (detailed in section 7.6), and were in all cases corroborated 
E\��SDUWO\�XQSXEOLVKHG��FURVVRYHU�UHVXOWV�IURP�WKH�&$5,1$�HͿRUW��ZKLFK�GLG�DW�WKH�WLPH�QRW�
appear robust enough to warrant an adjustment.
 One cruise in the CARINA dataset that did fall into the region of interest (i.e., the 
6RXWK�$WODQWLF�2FHDQ��ZDV�UHPRYHG��´��6:��������µ��0$175$�3,5$1$����������&RROH\�
DQG�<DJHU���������ZKLFK�ZDV�SHUIRUPHG�FORVH�WR�%UD]LO�LQ�WKH�RXWÁRZ�RI�WKH�$PD]RQ�ULYHU��
This data contained mostly river-plume samples, which are ill-suited to the MLR and OMP 
approaches followed in this study.
 Whereas CARINA applied adjustments to CT and AT�RI�FUXLVH�́ ��$���������µ��6:(-
DARP 1989,  Anderson et al., 1991) of +6 and -15 µmol kg-1, respectively, my estimates of the 
FURVVRYHU�RͿVHWV�IRU�WKLV�FUXLVH�ZHUH�����DQG�����PRO�NJ-1, respectively. Before performing ad-
ditional adjustments, MLR analysis performed during the present study (section 7.6) yielded 
UHVLGXDO�RͿVHWV�IRU�WKLV�FUXLVH�RI�����DQG�����PRO�NJ-1 for CT and AT. These consistent results 
suggest that the adjustments performed during CARINA were too weak and too strong, re-
spectively. After applying the additional adjustments, results of SWEDARP 1989 for the deep 
waters of the South Atlantic Ocean are in line with results from other cruises. 
 Values of CT�RI�FUXLVH�´06AQ19920929” (PFS Polarstern cruise ANT-X/6) are adjusted 
+5 µmol kg-1��DJDLQ�EDVHG�RQ�WKH�REVHUYDWLRQ�RI�D�VHYHUH�RͿVHW�GXULQJ�WKH�DSSOLFDWLRQ�RI�DQ�
MLR (section 7.6). The CARINA group had made no adjustment due to lack of local crossovers. 

7.4.2. World Ocean Atlas 2005

The World Ocean Atlas 2005 (Antonov et al., 2005; Garcia, 2005a,b; Locarnini et al., 2005) is 
XVHG�LQ�WKLV�VWXG\�WR�H[WUDSRODWH�UHVXOWV�WR�EDVLQ�VFDOH��$V�RSSRVHG�WR�WKH�GDWDVHW�DVVHPEOHG�
LQ�WKLV�VWXG\��WKH�:RUOG�2FHDQ�$WODV�LV�D�FOLPDWRORJ\�²�WKDW�LV��LWV�FRQWHQWV�DUH�QRW�VSHFLÀF�WR�
a particular year, but rather are the ‘mean’ state of the ocean, as inferred from a long period 
RI�PHDVXUHPHQWV��:LWKLQ�WKH�:RUOG�2FHDQ�$WODV��GLͿHUHQW�FOLPDWRORJLHV�DUH�DYDLODEOH�IRU�WKH�
GLͿHUHQW�PRQWKV�DQG�VHDVRQV��DV�ZHOO�DV�RQH�RI�WKH�\HDUO\�PHDQ��7KH�FOLPDWRORJ\�KDV�D�]RQDO�
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and meridional resolution of 1 degree, and discerns 33 depth levels with an increasingly high 
vertical resolution towards the surface. From the larger World Ocean Atlas, we used the objec-
tively mapped (i.e., gridded) values of temperature (Locarnini et al., 2005), salinity (Antonov et 
al., 2006), dissolved nutrients PO4, NO3 and silicate (Garcia et al.������D��DQG�GLVVROYHG�R[\JHQ�
�*DUFLD�HW�DO�������E���7KHVH�DUH�WKH�VDPH�SDUDPHWHUV��DIWHU�GHULYLQJ�ս�IURP�WHPSHUDWXUH��DV�
are used to separate the water mass fractions of the samples in the dataset assembled in this 
study, and both datasets (i.e., ours and the World Ocean Atlas) may thus be processed using 
near-identical methodology, as far as applicable. 

7.4.3. Derived data

For both the our dataset and the World Ocean Atlas climatology, several additional param-
eters were derived (as far as not already present): potential temperature (ս), potential den-
VLW\��R[\JHQ�VDWXUDWLRQ��22

sat = f�7�6��IROORZLQJ�:HLVV��������DQG�$SSDUHQW�2[\JHQ�8WLOL]DWLRQ�
(AOU=O2

sat-O2
meas). 

7.5. Separating water masses with Optimum Multiparameter (OMP) analysis

7.5.1. Introduction

This section will lay out the concept of Optimum Multiparameter (OMP) analysis, as well as 
GHWDLO�LWV�LPSOHPHQWDWLRQ�LQ�WKH�SUHVHQW�VWXG\��%HIRUH�SURFHHGLQJ�WR�WKH�QH[W�VHFWLRQ��WKH�UHVXOWV�
of the OMP analysis will be presented.

Water types and water masses
$�ZDWHU�VDPSOH�IURP�WKH�LQWHULRU�RI�WKH�RFHDQ�FDQ�EH�FRQVLGHUHG�WR�FRQVLVW�RI�D�PL[WXUH�RI�
FRQWULEXWLRQV�IURP�VHYHUDO�ZDWHU�PDVVHV��$�ZDWHU�PDVV�LV�LQ�WKLV�FRQWH[W�GHÀQHG�DV�D�ERG\�RI�
water derived from a unique source area, and having a unique formation process (Tomczak, 
�������'LͿHUHQW�VXFK�IRUPDWLRQ�SURFHVVHV�PD\�EH�GLVWLQJXLVKHG��VWURQJ�ZLQWHUWLPH�FRROLQJ��
often combined with salinization (through brine rejection by forming pack ice), may result in a 
surface water mass that is so dense that convective overturning takes place: dense parcels of sur-
face water sink away from the surface, while underlying parcels of water rise to replace them. 
'XH�WR�WKH�HQVXLQJ�WXUEXOHQW�PL[LQJ��D�ZDWHU�PDVV�RI�YHUWLFDOO\�DQG�KRUL]RQWDOO\�KRPRJHQRXV�
SK\VLFR�FKHPLFDO�SURSHUWLHV�LV�IRUPHG��([DPSOHV�RI�VXFK�FRQYHFWLYHO\�IRUPHG�ZDWHU�PDVVHV�DUH�
the AAIW and the WSBW. Both water masses have very tightly constrained physico-chemical 
properties in their formation regions. They can be said to each occupy a point in T-S-space (or 
any other relevant property-property space). 
 A second process of water mass formation is subduction. This formation process is 
associated with convergence of mostly wind-driven surface waters. The resulting dome of 
water is gravitationally forced to depth. The characteristics of the formed water mass may 
YDU\�KRUL]RQWDOO\��JHQHUDOO\�PHULGLRQDOO\���VLQFH�WKH�GLͿHUHQW�VXUIDFH�FRPSRQHQWV�PD\�ZHOO�
KDYH�GLͿHUHQW�FKDUDFWHULVWLFV�DQG�GR�QRW�IXOO\�PL[�EHIRUH�RU�GXULQJ�VXEGXFWLRQ��$Q�H[DPSOH�RI�
a subduction water mass is the SACW, which is formed in the Subtropical Frontal Zone, from 
the merging of the Subantarctic Mode Water (SAMW) from the south and warmer surface wa-
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ters from the north. The resulting water mass is colder and fresher on the southern (at depth: 
lower) side, and warmer and saltier on the northern (at depth: upper) side, with a gradient 
EHWZHHQ�WZR�H[WUHPHV�RFFXS\LQJ�WKH�LQWHUPHGLDWH�OD\HUV��$V�RSSRVHG�WR�D�FRQYHFWLYHO\�IRUPHG�
water mass, subductively formed water masses thus occupy a line in property-property space. 
)RU�LQVWDQFH��DOO�ZDWHUV�LQ�WKH�6RXWK�$WODQWLF�2FHDQ�RQ�WKH�PL[LQJ�OLQH�LQ�7�6�VSDFH�EHWZHHQ�
[S=34.60; ս=8 ºC] and [S=35.75; ս=17 ºC] are considered to be part of the water mass SACW. 
7KH�HQGSRLQWV�RI�WKLV�PL[LQJ�OLQH�WKDW�GHVFULEHV�WKH�ZDWHU�PDVV�DUH�UHIHUUHG�WR�DV�ZDWHU types. 
(YHU\�ZDWHU�PDVV�PD\�WKXV�EH�GHÀQHG�E\�RQH�RU�PRUH�ZDWHU�W\SHV��)RU�VDNH�RI�VLPSOLFLW\��WKLV�
VWXG\�LV�UHVWULFWHG�WR�ZDWHU�PDVVHV�GHÀQHG�E\�DW�PRVW�WZR�ZDWHU�W\SHV��

6HSDUDWLQJ�ZDWHU�W\SHV�LQ�D�PL[WXUH
The values of S and ս�RI�DQ\�PL[WXUH�RI�WZR�ZDWHU�W\SHV�ZLOO�EH�ORFDWHG�RQ�WKH��QHDUO\��VWUDLJKW�
line (in ս�6�VSDFH��EHWZHHQ�WKH�WZR�GHÀQLQJ�ZDWHU�W\SHV��WKH�¶PL[LQJ�OLQH·���7KLV�IDFW�KDV�EHHQ�
H[SORLWHG�LQ�FODVVLFDO�RFHDQRJUDSK\�WR�LQIHU�WKH�VSUHDGLQJ�DQG�PL[LQJ�RI�WKH�ZDWHUV�RI�WKH�GHHS�
ocean (Wüst, 1931). This approach  allows for the separation of three water types, if their respec-
tive characteristics of S and ս are distinct enough: any sample composed of any combination of 
WKUHH�ZDWHU�W\SHV�ZLOO�EH�ORFDWHG�LQ�WKH�¶PL[LQJ�WULDQJOH·�GHÀQHG�E\�WKH�WKUHH�ZDWHU�W\SHV��7KH�
UHODWLYH�FRQWULEXWLRQV�RI�WKH�ZDWHU�W\SHV�WR�WKH�PL[WXUH�FDQ�EH�LQIHUUHG�IURP�WKH�GLVWDQFH�RI�WKH�
sample to each of the three corners of the triangle. If one desires to distinguish contributions of 
PRUH�WKDQ���ZDWHU�W\SHV�WR�D�PL[WXUH��DGGLWLRQDO�YDULDEOHV��IRU�ZKLFK�WKH�ZDWHU�W\SHV�RI�LQWHU-
est have distinct properties) need to be measured. Generally, the number of water types that 
PD\�EH�GLVFHUQHG�LV�GHÀQHG�E\�WKH�QXPEHU�RI�PHDVXUHG�YDULDEOHV��n) as n+1, provided that all 
variables yield additional information. Optimum Multiparameter analysis (OMP), developed 
E\�7RPF]DN��������DQG�0DFNDV�HW�DO���������RͿHUV�D�PDWKHPDWLFDO�IUDPHZRUN�WKDW�DOORZV�VXFK�
PXOWL�FRPSRQHQW�PXOWLSDUDPHWHU�PL[WXUHV�WR�EH�VHSDUDWHG�LQ�D�ZHOO�GHÀQHG�PDQQHU��

Non-conservative variables

Measurements of 6 common variables are available in many oceanographic datasets: salinity, 
WHPSHUDWXUH��GLVVROYHG�R[\JHQ��DQG�WKH�PDMRU�QXWULHQWV�SKRVSKDWH��QLWUDWH��DQG�VLOLFDWH��6��7��
O2, PO4, NO3, Si, respectively). In principle, this would allow for distinguishing 7 water types. 
However, the use of the O2, NO3, PO4 and Si is complicated by the fact that these properties 
WDNH�SDUW�LQ�ELRJHRFKHPLFDO�F\FOHV�DQG�DUH�WKXV�DͿHFWHG�E\�PRUH�SURFHVVHV�WKDQ�MXVW�ZDWHU�
W\SH�PL[LQJ��L�H���WKH\�DUH�non-conservative SURSHUWLHV���7KH�PDLQ�SURFHVV�DͿHFWLQJ�WKHVH�YDUL-
ables in the sub-surface ocean is remineralization of organic matter. This process gradually 
increases the concentration of the dissolved nutrients in the water mass, while at the same time 
GHFUHDVLQJ�WKH�FRQFHQWUDWLRQ�RI�GLVVROYHG�R[\JHQ��'XH�WR�WKH�ORZ�UDWH�RI�WKLV�SURFHVV��YDOXHV�
of nutrients and O2 can safely be considered constant when analyzing water masses on sub-
basin scale because over small spatial distances, water masses do not ‘age’ much. However, 
RYHU�ODUJH�GLVWDQFHV��DQG�WKXV�ORQJHU�WLPHVFDOHV���WKH�ZDWHU�W\SH�GHÀQLWLRQV�RI�R[\JHQ�DQG�
nutrients lose their representiveness of samples. Conveniently however, because remineraliza-
WLRQ�DͿHFWV�WKHVH�YDULDEOHV�DFFRUGLQJ�WR�IDLUO\�ZHOO�FRQVWUDLQHG�UDWLRV��5HGÀHOG�HW�DO����������WKH�
HͿHFW�RI�UHPLQHUDOL]DWLRQ�FDQ�WR�D�ODUJH�H[WHQW�EH�FRPSHQVDWHG�IRU�E\�LQIHUULQJ�WKH�DPRXQW�RI�
UHPLQHUDOL]DWLRQ�WKDW�PRVW�OLNHO\�KDV�WDNHQ�SODFH��VHH�QH[W�VHFWLRQV���.DUVWHQVHQ�DQG�7RPF]DN�
�������SUHVHQWHG�D�PDWKHPDWLFDO�DSSURDFK��WKH�H[WHQGHG�203�RU�H203��WR�LQIHU�WKH�PRVW�OLNHO\�
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amount of remineralization that has taken place in each sample, allowing the eOMP approach 
to be applied over very large spatial scales. 

Details vs. scale
*HQHUDOO\��LQ�GRLQJ�203�DQDO\VLV��D�WUDGH�RͿ�KDV�WR�EH�PDGH�EHWZHHQ�WKH�GHVLUHG�DPRXQW�RI�
hydrographical detail and the size of the region under consideration. On small spatial scales, 
ZKHUH�PL[LQJ�LV�WKH�GRPLQDQW�GULYHU�RI�ZDWHU�VDPSOH�FKDUDFWHULVWLFV��GHWDLOHG�VWXGLHV�PD\�
be made of the interaction between water types with highly alike properties (e.g., Poole and 
Tomczak, 1999). However, on larger spatial scales (and, inherently, longer times since ventila-
WLRQ��UHPLQHUDOL]DWLRQ�EHFRPHV�DQ�DGGLWLRQDO�GRPLQDWLQJ�LQÁXHQFH�RQ�WKH�FKDUDFWHULVWLFV�RI�
ZDWHU�VDPSOHV��6LQFH�WKH�LQÁXHQFH�RI�WKLV�SURFHVV�FDQQRW�EH�SHUIHFWO\�FRPSHQVDWHG�IRU��WKH�ÀQHU�
details of the water mass structure may not be resolvable. For basin-scale application of OMP 
DQDO\VLV��VLPSOLÀFDWLRQ�RI�WKH�K\GURORJLFDO�GHWDLOV�RI�WKH�DUHD�XQGHU�FRQVLGHUDWLRQ�LV�LQHYLWDEOH�

Variable information content of variables: weighting required
The value of a measured variable for discerning water types depends on the relative accuracy 
ZLWK�ZKLFK�WKH�YDULDEOH�ZDV�PHDVXUHG��DQG�RQ�WKH�GLVWLQFWLYHQHVV�RI�WKH�ZDWHU�W\SH�GHÀQLWLRQV�
for this variable. These considerations make S and ս the most valuable variables for OMP: 
ERWK�DUH�PHDVXUHG�ZLWK�H[WUHPHO\�KLJK�DFFXUDF\��ERWK�DUH�IXOO\�FRQVHUYHG�DQG�WKH�SURSHUWLHV�
of S and ս�GLͿHU�VLJQLÀFDQWO\�EHWZHHQ�WKH�YDULRXV�ZDWHU�W\SHV��7KHVH�YDULDEOHV�WKHUHIRUH�JHW�
a high weight in the OMP. 
� 'LVVROYHG�QXWULHQWV��DV�DQ�RSSRVHG�H[DPSOH��DUH�RI�PXFK�OHVV�YDOXH�IRU�GLVFHUQLQJ�
water types. This is because the inaccuracies of (i) the primary measurements and of (ii) the 
HPSOR\HG�UHPLQHUDOL]DWLRQ�UDWLRV�DUH�LQ�PDQ\�FDVHV�ODUJHU�WKDQ�WKH�GLͿHUHQFHV�LQ�WKH�GHÀQLWLRQV�
of the various water masses. Additionally, due to the very high co-variation between NO3 and 
PO4, the information content of the two is not as high as for the couple S and ս. Thus, nutrients 
generally get a reduced weight compared to S or ս. Although a formal criterion may be consid-
ered for the assignment of weights to variables, weights are generally (as in this study) applied 
more arbitrarily: S and ս�JHW�LQWHUPHGLDWH�ZHLJKW��QXWULHQWV�DQG�R[\JHQ�JHW�ORZ�ZHLJKW��DQG�
a very high weight is assigned to mass conservation. That is, the requirement that the various 
water type fractions must add up to a total of 100%.
  

 (7-1)

 (G) (X) = (O) + (R)

,Q�(TXDWLRQ������DGDSWHG�IURP�%XGLOORQ�HW�DO����������WKH�PDWUL[�*�FRQWDLQV�WKH�VRXUFH�ZDWHU�
W\SH�GHÀQLWLRQV�IRU�սj , Sj , NO3,j , PO4,j , Sii and O2,j of water types 1 through j as well as, in the 
ODVW�FROXPQ��WKH�UHPLQHUDOL]DWLRQ�UDWLRV�WKDW�FRQQHFW�WKH�FRQFHQWUDWLRQV�RI�QXWULHQWV�DQG�R[\-
gen. The vector X holds the (unknown) contributions of source water types 1 through j, and 
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remineralization amount ն to a measured sample. The values of the observed properties are 
in vector O. The last row of G, and the last element of O, together form the mass conservation 
constraint, i.e., the contributing fractions must add up to one. The process of remineralization 
obviously does not add to the total mass. Both the observed values (O) and the source water 
W\SH�GHÀQLWLRQV��*��DUH�QRUPDOL]HG�WR�WKH�PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�RI�WKH�ZDWHU�W\SH�GHÀ-
nitions and subsequently weighted before solving. A non-negative solver function attempts 
WR�ÀQG�WKH�YHFWRU�;�WKDW�PLQLPL]HV��LQ�D�OHDVW�VTXDUH�VHQVH��WKH�YHFWRU�RI�UHVLGXDOV�5��7KLV�SUR-
cedure can be understood as mathematically answering the question «which combination of 
water type contributions, together with which amount of remineralization of organic matter, 
is most likely to have produced the measured water sample?
 The non-negativity constraint prohibits negative water type fractions and biological 
production (i.e., the negative of remineralization) to be considered for the solution.
� 8VLQJ�XQFHUWDLQWLHV�GHÀQHG�IRU�WKH�ZDWHU�W\SH�GHÀQLWLRQV��RQH�PD\�RSW�WR�SHUIRUP�
D�¶VWDELOLW\�DQDO\VLV·�RI�WKH�VROXWLRQ�RI�WKH�203�E\�VOLJKWO\�YDU\LQJ�WKH�ZDWHU�W\SH�GHÀQLWLRQV�
within these uncertainties. Such an additional analysis is beyond the scope of this study.

7.5.2. Application of OMP in this study

'HÀQLQJ�ZDWHU�W\SHV�DQG�ZDWHU�PDVVHV
Section 7.3 presented a descriptive treatment of the water masses distinguished in this study. 
The current section will formalize those descriptions. Due to the restrictions inherent to the 
application of an  OMP analysis, the amount of hydrographic detail that can be represented 
LQ�DQ\�VWXG\�LV�OLPLWHG��7KLV�UHVWULFWLRQ�KDV�OHG�WR�WKH�VRXUFH�ZDWHU�W\SH�GHÀQLWLRQV�OLVWHG�LQ�
Table 7.2. Also, see Figure 7.5 for a graphical representation of these properties. Several details 
mentioned in the previous sections on the hydrography of the South Atlantic Ocean, although 
conceptually important, are not further taken into account in our analysis. Most notable in 
WKLV�UHJDUGV�LV�WKH�DEVHQFH�RI�WKH�&LUFXPSRODU�'HHS�:DWHU��:H�EHOLHYH�WKLV�H[FOXVLRQ�LV�MXVWL-
ÀHG�EHFDXVH�WKLV�ZDWHU�PDVV�LV�VWULFWO\�D�PL[WXUH�RI�RWKHU�ZDWHU�PDVVHV��ZLWKRXW�IHDWXULQJ�LWV�
RZQ�VXUIDFH�H[SRVXUH��,QFOXVLRQ�RI�WKLV�ZDWHU�W\SH�ZRXOG�PRUHRYHU�GHVWDELOL]H�WKH�VROXWLRQ�
of the OMP. Additionally, we note that the water mass that is called ‘AASW’ in the remainder 
RI�WKLV�VWXG\��E\�WKH�GHÀQLWLRQ�LQ�7DEOH�����FRPSULVHV�ERWK�WKH�$$6:�SURSHU�DQG�WKH�:LQWHU�
Water (section 7.3).

Spatial restrictions to presence of water types
This study distinguishes, for the whole South Atlantic Ocean, 11 water types (Table 7.2). Clearly 
then, the 6 measured variables are not nearly enough to give reliable results if all water types 
are considered potential contributors to every sample. Conveniently, certain water types can 
VDIHO\�EH�H[FOXGHG�LQ�FHUWDLQ�DQDO\VHV��)RU�H[DPSOH��$$%:�LV�XQOLNHO\�WR�FRQWULEXWH�WR�D�VDPSOH�
collected in the equatorial surface waters, and it therefore will not need to be considered there. 
5HVWULFWLRQV�WR�WKH�DVVXPHG�VSDWLDO�H[WHQW�RI�ZDWHU�W\SHV�FRQWULEXWLRQV�DUH�LPSRVHG�XVLQJ�
latitude, longitude, depth and temperature (Table 7.3). These restrictions limit the number of 
ZDWHU�W\SHV�WR�EH�FRQVLGHUHG�WR�D�PD[LPXP�IRU�DOO�VDPSOHV��ZLWK�PRVW�VDPSOHV�KDYLQJ�RQO\���
RU���SRWHQWLDO�FRQWULEXWLQJ�VRXUFH�ZDWHU�W\SHV��)LJXUH�������)RU�H[DPSOH��WKH�DOJRULWKP�ZRXOG�
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Table 7.2. 7KH�GH¿QLWLRQ�RI�ZDWHU�W\SHV��7KH�XQFHUWDLQWLHV�LQ�WKH�GH¿QLWLRQV�GH¿QH�WKH�DPRXQW�RI�SHUWXUEDWLRQ�DOORZHG�
GXULQJ�SHUWXUEDWLRQ�UXQV��QRW�SHUIRUPHG�LQ�WKLV�VWXG\���DQG�VKRXOG�EH�LQGLFDWLYH�RI�WKH�YDULDELOLW\�RI�WKH�ZDWHUW\SH�
LQ�WKH�RFHDQ��H�J���:HGGHOO�6HD�%RWWRP�:DWHU�LV�RI�YHU\�FRQVWDQW�FRPSRVLWLRQ��ZKHUHDV�ERWK�HQGPHPEHUV�RI�WKH�
(TXDWRULDO�6XUIDFH�:DWHU�KDYH�D�KLJKO\�YDULDEOH�WHPSHUDWXUH���$$%:��$QWDUFWLF�%RWWRP�:DWHU��:6%:��:HGGHOO�
6HD�%RWWRP�:DWHU��1$':��1RUWK�$WODQWLF�'HHS�:DWHU��$$,:��$QWDUFWLF�,QWHUPHGLDWH�:DWHU��6$&:��6RXWK�$WODQWLF�
&HQWUDO�:DWHU��$$6:��$QWDUFWLF�6XUIDFH�:DWHU��(6:��(TXDWRULDO�6XUIDFH�:DWHU��0&��PDVV�FRQVHUYDWLRQ�FRQVWUDLQW�

:DWHUPDVV :DWHUW\SH
ș 6DOLQLW\ 123 324 6L 22 0&
�& µPRO�NJ-1 �PRO�NJ-1 �PRO�NJ-1 �PRO�NJ-1

$$%: $$%:�� 0.30±0.02 ���������� �������� ��������� 120.0±4.0 210±4 1
:6%: :6%:�� ���������� ������������ �������� ��������� ��������� ����� 1

1$':
1$':�� ��������� 34.90±0.01 22.0±1.0 ��������� 40.0±3.0 ������ 1
1$':�� ��������� ���������� �������� ��������� �������� ����� 1

$$,: $$,:�� ��������� 34.20±0.03 �������� ��������� �������� ����� 1

6$&:
6$&:�� ��������� ���������� �������� ��������� ������� ������ 1
6$&:�� ���������� ���������� 1.0±0.2 0.30±0.10 ������� ������ 1

$$6:
$$6:�� ���������� ���������� �������� ��������� �������� ����� 1
$$6:�� ���������� ���������� �������� 2.19±0.10 �������� ����� 1

(6:
(6:�� 29.00±3.00 33.30±0.30 0.3±0.1 0.03±0.01 ������� ����� 1
(6:�� ���������� ���������� 0.2±0.1 0.10±0.01 ������� ����� 1

:HLJKW 10 10 3 3 2 4 40

Table 7.3. 7KH�DOORZHG�H[WHQW�RI�ZDWHU�W\SHV��DV�GHWHUPLQHG�E\�ORFDWLRQ��DQG�SRWHQWLDO�
WHPSHUDWXUH� 7KHVH�GH¿QLWLRQV�UHVWULFW�WKH�QXPEHU�RI�ZDWHUPDVVHV�WKDW�WKH�203�DQDO\VLV�
PD\�FRQVLGHU�WR�FRQWULEXWH�WR�D�FHUWDLQ�VDPSOH��6HH�WH[W�VHFWLRQ�������

:DWHUW\SH
/DWLWXGH /RQJLWXGH Depth ș
��1 ��( m �&

$$%:�� -90 -44
����WR���

����WR���
����WR���

0 to 9999
����WR�����

-3.0 to 4.0
-3.0 to 4.0

:6%:�� -90 to -40 ����WR��� 0 to 9999 -3.0 to 1.0

1$':�� ����WR���
����WR����

����WR���
����WR���

����WR�����
0 to 9999

�����WR����
�����WR����

1$':�� ����WR���
����WR����

����WR���
����WR���

����WR�����
0 to 9999

�����WR����
�����WR����

$$,:�� ����WR��� ����WR��� ��WR����� 1.0 to 10.0

6$&:�� ����WR��� ����WR��� 0 to 1200 ����WR�����

6$&:�� ����WR��� ����WR��� 0 to 1200 ����WR�����

$$6:�� ����WR���� ����WR��� 0 to 1000 -3.0 to 4.0

$$6:�� ����WR���� ����WR��� 0 to 1000 -3.0 to 4.0

(6:�� ����WR��� ����WR��� ��WR���� �����WR�����

(6:�� ����WR��� ����WR��� ��WR���� �����WR�����
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Figure 7.5. 3URSHUW\�SURSHUW\�SORWV�LOOXVWUDWLQJ�WKH�GH¿QLWLRQV�RI�WKH�ZDWHUPDVVHV�
IRU�WKH�RSWLPXP�PXOWLSDUDPHWHU��203��DQDO\VLV��3DQHO�a)�VDOLQLW\�YHUVXV�SRWHQWLDO�
WHPSHUDWXUH��ș����b)�GLVVROYHG�R[\JHQ��22��YHUVXV�T��c)�QLWUDWH��123��YHUVXV�T��d) 
VLOLFDWH��6L��YHUVXV�ș��7KLFN�FURVVHV�GH¿QH�WKH�GH¿QLWLRQV�RI�WKH�ZDWHUW\SH�V��WKDW�
FRQVWLWXWH�V��D�ZDWHUPDVV��,I�PXOWLSOH�ZDWHUW\SHV�FRQVWLWXWH�D�ZDWHUPDVV��WKLFN�FURVVHV�
DUH�FRQQHFWHG�E\�D�WKLFN�OLQH��&RORUV�RI�WKH�FURVVHV�DQG�OLQHV�FRUUHVSRQG�WR�D�SDUWLFX-
ODU�ZDWHUPDVV��QDPHV�OLVWHG�LQ�SDQHO�d���6PDOO�EOXH�GRWV��WKH�PHDVXUHPHQWV�LQ�WKH�
*&&�GDWDVHW��7KLQ�FRORUHG�OLQHV��SUR¿OHV�DORQJ�����:��HYHU\����RI�ODWLWXGH�EHWZHHQ�
����1�DQG�$QWDUFWLFD��IURP�WKH�:RUOG�2FHDQ�$WODV�FOLPDWRORJ\��FRORU�LQGLFDWHV�WKH�
ODWLWXGH�RI�WKH�SUR¿OH��
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Figure 7.6. )UHTXHQF\�GLVWULEXWLRQ�RI�WKH�QXPEHU�RI�ZDWHUW\SHV�DOORZHG�LQ�WKH�
203�DQDO\VLV�RI�VDPSOHV�LQ�WKH�WZR�GDWDVHWV�WKDW�DUH�VXEMHFWHG�WR�WKLV�SURFHGXUH��
*&&��WRS��DQG�:2$��ERWWRP���6LQFH�RQO\�VL[�YDULDEOHV�DUH�DYDLODEOH��6��T��
22��123��324�DQG�6L���DQG�ZH�DOORZ�IRU�UHPLQHUDOL]DWLRQ�LQ�WKH�FDOFXODWLRQV��
WKH�V\VWHP�LV�XQGHUGHWHUPLQHG�LI�PRUH�WKDQ���ZDWHUW\SHV�DUH�DOORZHG�IRU�HDFK�
SDUWLFXODU�VDPSOH��7KLV�FDQ�EH�VHHQ�WR�EH�WKH�FDVH�IRU�DERXW�������VDPSOHV�
�a����LQ�WKH�*&&�GDWDVHW��DQG�IRU�VRPH�������VDPSOHV�LQ�WKH�:2$�GDWD��
7KH�FLUFD�������VDPSOHV�LQ�WKH�*&&�GDWDVHW�WKDW�DUH�QRW�FRQVLGHUHG�IRU�DQ\�
ZDWHUPDVV��DUH�VDPSOHV�WKDW�GR�QRW�KDYH�D�YDOXH�IRU�VDOLQLW\�DQG�RU�T��0RVW�
RI�WKHVH�DUH�IURP�WKH�*/2'$3�GDWDVHW��ZKLFK�FRQWDLQV�FLUFD�������VDPSOHV�
ZLWKRXW�VDOLQLW\�GDWD�

FRQVLGHU�DV�ZDWHU�W\SHV�SRWHQWLDOO\�FRQWULEXWLQJ�WR�D�VDPSOH�DW�>����6�����(�����P@�RQO\�WKH�ÀYH�
water types AAIW, SACW-1, SACW-2, ESW-1 and ESW-2. 

Weighting
The variables were assigned individual weights before solving Equation 7-1 (see Table 7.2, 
last row). Mass conservation was assigned the highest relative weight (40) in order to assure 
that, irrespective of the accuracy of the solution for each sample, the sum of the fractions will 
be very close to 1. In other words, almost all imperfection of the solution would be contained 
in the residuals of the measured variables, and not in the mass conservation residual. Salinity 
and ս�ZHUH�DVVLJQHG�KLJK�ZHLJKWV������UHÁHFWLQJ�WKHLU�YHU\�KLJK�YDOXH�IRU�WKH�VHSDUDWLRQ�RI�
water types, which follows from the high accuracy with which they are measured and their 
highly conservative nature. For the variables O2, NO3 and PO4��XQFHUWDLQWLHV�DERXW�WKH�H[DFW�
GHÀQLWLRQ�RI�WKH�5HGÀHOG�UDWLRV��UHODWLYHO\�ORZ�DFFXUDF\�RI�PHDVXUHPHQW��FLUFD������DQG�WKH�
limited value of these variables in the separation of (nutrient-depleted) surface water masses 
lead to relatively low weights (2, 2 and 5, respectively). Although silicate is a highly informative 
variable for discerning between water types of northern and southern origins, it is assigned 
the lowest weight (1), since its remineralization does not follow constant ratios but is strongly 
depth-dependent (Hupe and Karstensen, 2000), and a higher weight would therefore be det-
rimental to the results in the high-remineralization regions towards the equator. 
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7.5.3. Results

Figures 7.7a-c show the mean solution of the OMP for the meridional sections along 30 ºW, 0 ºE 
DQG�����(��WKH�YDULRXV�ZDWHU�PDVVHV�KDYH�EHHQ�JURXSHG�LQWR�GLͿHUHQW�VXEÀJXUHV�IRU�FODULW\���7KH�
following brief description of results pertains to the section along the Prime Meridian at 0º East). 
 The resultant distribution of water masses generally conform to the hydrography 
outlined in section 7.3. The core of the WSBW can be seen to occupy the bottom of the Weddell-
Enderby Basin. Overlying it is the AABW, which at this longitude is seen to ‘spill over’ the 
rim of the Mid-Atlantic Ridge (or Southwest-Indian Ridge). The clear northward advance of 
AABW is halted by Walvis Ridge at 30 ºS. To the north of that ridge, the water has a strong 
FKDUDFWHULVWLF�RI�1$':��7KH�XSZDUG�GHÁHFWLRQ�DQG�DGPL[WXUH�RI�WKH�1$':�LQWR�WKH�&':�LV�
VHHQ�EHWZHHQ�����6�DQG�����6��ZKHUH�WKH�PL[WXUH�FRQWDLQV�$$,:��1$':�DQG�$$%:��+LJKHU�
in the water column, the low-salinity AAIW separates the WW and the SACW (to the south 
DQG�QRUWK��UHVSHFWLYHO\���7KH�FRUH�RI�WKH�6$&:�LV�FRQÀQHG�WR�WKH�ODWLWXGLQDO�EDQG�EHWZHHQ�
40 ºS and 20 ºS. At tropical latitudes, the SACW is overlain be the warm and shallow Equato-
rial Surface Water (ESW).
 Results from the World Ocean Atlas climatology (right hand column of Figures 7.7a-c) 
DUH�LQ�H[FHOOHQW�DJUHHPHQW�ZLWK�WKRVH�REWDLQHG�IURP�WKH�GDWDVHW�DVVHPEOHG�LQ�WKLV�VWXG\��

7.6. Determining CT
TSR

7.6.1. Rationale

The CT of the surface ocean varies with the solubility of CO2 (which is dependent on tempera-
ture and salinity) and with the biological production and remineralization of organic matter, 
and the formation and dissolution CaCO3. In the deep ocean, remineralization is the dominant 
process that, over time, increases CT��0L[LQJ�EHWZHHQ�ZDWHU�PDVVHV�LV�DQ�DGGLWLRQDO�FDXVH�RI�
temporal variability in CT�DW�DQ\�SDUWLFXODU�ORFDWLRQ��7KHVH�SURFHVVHV�DͿHFW�QRW�RQO\�&T but also 
WKH�FRQFHQWUDWLRQV�RI�QXWULHQWV��GLVVROYHG�R[\JHQ�DQG�WRWDO�DONDOLQLW\�DFFRUGLQJ�WR�IDLUO\�ZHOO�
HVWDEOLVKHG�UDWLRV��5HGÀHOG�HW�DO���������$QGHUVRQ�DQG�6DUPLHQWR����������6LQFH�WKHVH�FRQGLWLRQV�
DQG�SURFHVVHV�DͿHFW�&T�DQG�DVVRFLDWHG�YDULDEOHV�LQ�DSSUR[LPDWHO\�OLQHDU�IDVKLRQ��LW�IROORZV�
that CT�PXVW�WR�D�ODUJH�H[WHQW�EH�SUHGLFWDEOH�IURP�WKHVH�DVVRFLDWHG�YDULDEOHV��SURYLGHG�WKDW�WKH�
QXPHULFDO�GHSHQGHQFLHV�DUH�TXDQWLÀHG��0XOWLYDULDWH�OLQHDU�UHJUHVVLRQ��0/5��KDV�EHHQ�VKRZQ�
to be well able to capture the relationships between CT and the independent parameters S,T, 
AOU and one or more nutrients (e.g., Wallace 1995, Friis et al., 2005, Van Heuven et al., 2011). 
 The residuals of such an MLR (referred to as Cres

TSR��L�H���GLͿHUHQFH�&T
meas-CT

TSR) are 
inherently distributed around zero. The deviations from zero are of interest here, and are the 
result of a combination of (a) non-applicability of a (multi-) linear model to represent the re-

Figure 7.7. 0HULGLRQDO�VHFWLRQV�DORQJ��IURP�WRS�WR�ERWWRP����SDQHOV�HDFK���(a)�����:�(b)����(�DQG�(c)�����(��VKRZLQJ�
WKH�SUHVHQFH�RI�ZDWHU�PDVVHV�DV�LQIHUUHG�E\�WKH�203�DQDO\VHV�RI�WKH�*&&�DQG�:2$�GDWDVHWV��OHIW�DQG�ULJKW�FROXPQ�
RI�HDFK�VXE¿JXUH��UHVSHFWLYHO\���7KH�VHFWLRQV�RI�*&&�GDWD�FRQWDLQ�DOO�VDPSOHV�IURP�ZLWKLQ�D����ZLGH�ORQJLWXGLQDO�
EDQG��1RQ�RYHUODSSLQJ�ZDWHU�PDVVHV�KDYH�EHHQ�JURXSHG�LQWR�GLIIHUHQW�SDQHOV�IRU�FODULW\��%ODFN�GRWV�LQGLFDWH�WKH�
ORFDWLRQV�RI�VDPSOHV��*&&��RU�JULGSRLQWV��:2$���
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lationships between CT
meas and the independent variables, (b) the presence of bias or (c) noise 

in the measurements of either CT
meas or of any of the independent variables, (d) real changes in 

one or more of the independent variables that are not associated with changes in one or more 
of the other independents and (e) real changes in the values in CT

meas that are not accounted 
for by concurrent changes in the independent variables (or vice versa).  
� 2I�WKH�DERYH�ÀYH�VRXUFHV�RI�VSUHDG�LQ�UHVLGXDOV���D���F��DUH�FRQVLGHUHG�WR�EH�RI�RQO\�
limited importance, while (d) is neccesarily assumed to be negligible, following the concept of 
a steady state ocean. The source of ‘error’ (e) is of interest to the MLR-based methods for the 
detection of Cant�LQ�WKH�RFHDQ��7KH�HͿHFW�RI��D��LV�JHQHUDOO\��WKRXJK�RIWHQ�LPSOLFLWO\��FRQVLGHUHG�
to be small. Support for this assumption may be found in the relatively small residuals of the 
deep water samples of about 5 µmol kg-1, which is only about twice as much as the measurement 
inaccuracy of CT

meas itself, on samples spanning a range of about 100 µmol kg-1. 7KH�HͿHFW�RI�HU-
ror source (b) may be minimized by ensuring that the employed dataset is internally consistent 
(i.e., biases between cruises are minimized). The used CARINA and GLODAP datasets have 
been processed for optimized internal consistency (Key et al., 2004, 2010). Measurement noise 
�F��LV�OLNHO\�D�SULPH�FRQWULEXWRU�WR�WKH�VSUHDG�REVHUYHG�LQ�WKH�SURÀOHV�RI�&res

TSR. Error source (d) 
is more problematic. The time rate of increase in Cant may be underestimated if concurrent (but 
unassociated) secular trends are present in any of the predictive variables (Levine et al., 2008). 
In the presence of such secular trends, a conceivable time trend of CT, in reality due to uptake 
to Cant, would by the MLR be numerically related with the secular trend in the predictive vari-
able, and would therefore not be detectible as a time trend of the residuals. Although localized 
secular changes to ocean physics and biogeochemistry have been documented (Solomon et 
DO����������ZH�QHFFHVDULO\�DVVXPH�WKHVH�WR�EH�RI�PLQRU�LQÁXHQFH��7KLV�DVVXPSWLRQ�LV�UHJDUGHG�
DV�YDOLG�RYHU�WKH�ODUJH�VSDWLDO�VFDOH�RI�WKLV�DQDO\VLV��$Q�H[FHSWLRQ�WR�WKLV�LV�WKH�JUDGXDO�ULVH�RI�
sea surface temperatures, which is observed globally (Levitus et al., 2005). However, the small 
magnitude of this process (<0.1 ºC decade-1 for the sea surface of the South Atlantic Ocean) 
ZLWK�UHVSHFW�WR�WKH�WHPSHUDWXUH�UDQJH�RI�WKH�VHD�VXUIDFH�LQ�WKH�SUHVHQW�VWXG\�LV�H[SHFWHG�WR�
PLPLQL]H�WKH�LQÁXHQFH�RI�WKLV�VHFXODU�FKDQJH�RQ�WKH�REWDLQHG�UHVXOWV�
� ([FOXVLRQ�RI�WKH�LQÁXHQFH�RI�WKH�DERYH�IRXU�VRXUFHV�RI�HUURU�DOORZV�XV�WR�DWWULEXWH�DOO�
WKH�UHVLGXDO�WR�WKH�ÀIWK�VRXUFH�RI�VSUHDG�LQ�&res

TSR. The enhanced uptake of CO2 from the atmo-
VSKHUH�GRHV�QRW�DͿHFW�DQ\�RI�WKH�LQGHSHQGHQW�SDUDPHWHUV��DQG�VXFK�VDPSOHV�ZLOO�EH�FDOFXODWHG�
to have a positive Cres

TSR. Although the mean of all values of Cres
TSR of the dataset on which the 

0/5�LV�SHUIRUPHG�LV�LQKHUHQWO\�]HUR��WKH�ROGHU�FUXLVHV�PD\�EH�H[SHFWHG�WR�KDYH��RQ�DYHUDJH��
more negative residuals than the more recent cruises. The increase in the value of the residuals 
RYHU�WLPH�LV�WKXV�DVVXPHG�WR�UHÁHFW�WKH�HQKDQFHG�&22 uptake from the atmosphere. 

7.6.2. Method

For every sample, a synthetic value of CT (i.e., CT
TSR) is calculated on the basis of independent 

parameters, and additionally using results of the OMP analysis. First, for each water type i, 
all samples are selected that contain at least 25% of that water type i and were collected from 
deeper than 100 m and after 1985. This should give a selection of samples that have been mea-
VXUHG�E\�IDLUO\�PRGHUQ�WHFKQLTXHV�DQG�DUH�QRW�WRR�PXFK��LQÁXHQFHG�E\�WUDQVLWRU\�ELRORJLFDO�RU�
DLU�VHD�JDV�H[FKDQJH�SURFHVVHV��8VLQJ�WKHVH�VHOHFWHG�VDPSOHV��DQ�0/5�LV�SHUIRUPHG�EHWZHHQ�
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CT
meas�DQG�D�VHOHFWLRQ�RI�DQFLOODU\�GDWD��7KH�FRH΀FLHQWV�\LHOGHG�E\�WKH�0/5��RQH�VHW�SHU�ZDWHU�

mass) are used to generate the synthetic variable CT
TSR for all samples in the dataset, accord-

ing to Equation 7-2. 

CT
TSR =            · (Ci + ai·S + bi·ս + ci·NO3 + di·PO4 + ei·Si + fi·AOU + gi·depth) / (7-2)

7KH�ODVW�WHUP�LQ�(T������LV�WR�FRPSHQVDWH�IRU�WKH�HͿHFW�RQ�&T
TSR of conceivable mass conserva-

WLRQ�UHVLGXDOV��%HFDXVH�WKH�VXP�RI�WKH�ÀUVW�WHUP�RI�(T�������[i��PD\�QRW�H[DFWO\�HTXDO�XQLW\��L�H���
the OMP solution of a certain sample has a mass conservation residual), CT

TSR for that sample 
would be erroneous by the same amount in absence of this correction.

7.6.3. Results

The resulting values of CT
TSR are in very good agreement with measured CT (Figure 7.8, Tables 

7.4 and 7.5). The standard deviation of the residuals is 4.7 µmol kg-1 throughout the basin be-
low 500 meters depth. For the more shallow samples the residuals are slightly more dispersed, 
with the largest residuals found in the upper part of the water column, occasionally being as 

Table 7.4. &RHI¿FLHQWV�GHWHUPLQHG�IRU�0/5�IRU�&7��L�H���WKH�WHUPV�&�DQG�D�WKURXJK�J�RI�(T�������

:DWHUPDVV &RQVWDQW 6DOLQLW\
ș 6L 123 324 22 Depth
�& �PRO�NJ-1 �PRO�NJ-1 �PRO�NJ-1 �PRO�NJ-1 NP

�$$%:� ����������� �������� �������� 0.1±0.0 1.0±0.1 �������� ������� 0.1±0.1
�:6%:� ����������� 39.0±19.2 10.2±1.0 -0.0±0.0 1.3±0.2 �������� 0.1±0.0 0.2±0.1
�1$':� ����������� �������� ������� ������� 0.3±0.2 -12.0±2.2 ������� �������
�$$,:� ����������� �������� -4.1±0.3 ������� 1.9±0.1 ��������� ������� ��������
�6$&:� ���������� �������� �������� -1.0±0.2 ������� �������� 0.4±0.0 ��������
�$$6:� ���������� �������� -1.2±0.2 0.3±0.0 2.1±0.2 �������� 0.1±0.0 ��������
�(6:� ���������� �������� �������� �������� ������� �������� ������� ����������

Table 7.5. 0HDQV�DQG�VWDQGDUG�GHYLDWLRQV�RI�WKH�UHVLGXDOV�&res
765��LQ��PRO�NJ-1���SUHVHQWHG�IRU�DOO�VDPSOHV�LQ�D�JLYHQ�

GHSWK�UDQJH��DQG�VHSDUDWHO\�IRU�HDFK�RI�WKH�FRUHV������SXULW\��RI�WKH�VHYHQ�ZDWHU�PDVVHV�XVHG�LQ�WKLV�VWXG\�

:DWHUPDVV
GHSWK�UDQJH

0 m-100 m ����P�����P ����P�ERWWRP IXOO�ZDWHU�FROXPQ
$$%: QRW�HQRXJK�GDWD �����������Q ����� �����������Q ����� �����������Q �����
:6%: QRW�HQRXJK�GDWD QRW�HQRXJK�GDWD �����������Q ����� �����������Q �����
1$': QRW�HQRXJK�GDWD QRW�HQRXJK�GDWD ������������Q ����� ������������Q �����
$$,: �����������Q ���� ������������Q ���� ������������Q ����� ������������Q �����
6$&: ������������Q ���� ������������Q ����� �����������Q ��� ������������Q �����
$$6: �����������Q ����� �����������Q ���� �����������Q ��� �����������Q �����
(6: ������������Q ����� �������������Q ��� QRW�HQRXJK�GDWD ������������Q �����

$OO�VDPSOHV ������������Q ����� �����������Q ����� ������������Q ������ ������������Q ������
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Figure 7.9. 7LPH�VHULHV�RI�WKH�PHDQV�DQG�VWDQGDUG�GHYLDWLRQV�RI�DOO�&res
765�YDO-

XHV�EHWZHHQ�����������P�GHSWK�RI�WKH�LQGLYLGXDO�FUXLVHV��'HYLDWLRQV�IURP�]HUR�
DUH�LQGLFDWLYH�RI�PLQRU�ELDVHV�LQ�WKH�PHDVXUHPHQWV�RI�WKH�SUHGLFWHG�SDUDPHWHUV 
�&7

meas��$7
meas��DQG�RU�RI�WKH�LQGHSHQGHQW�SDUDPHWHUV��6��ș��6L��123��324�DQG�22��RI�

DQ�LQGLYLGXDO�FUXLVH��$W�WKHVH�GHSWKV��QR�WLPH�WUHQG�LV�FOHDUO\�GLVFHUQDEOH�LQ�&res
765��

ZKLFK�LV�LQ�OLQH�ZLWK�H[SHFWDWLRQV�
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large as 30 µmol kg-1��HLWKHU�SRVLWLYH�RU�QHJDWLYH���+RZHYHU��WKLV�VSUHDG�LV�H[SHFWHG��EHFDXVH�
the uptake of Cant�DW�WKH�RFHDQ�VXUIDFH�ZLOO�EH�FRQWDLQHG�LQ�WKHVH�UHVLGXDOV��:H�H[SHFW�WKDW�WKH�
VSUHDG�UHÁHFWV�QRW�RQO\�¶QRLVH·�EXW�DOVR�WKH�JUDGXDO�VKLIW�RYHU�WLPH�IURP�QHJDWLYH�WR�SRVLWLYH�
residuals. Figure 7.9 shows a time series of the per-cruise mean and standard deviation of Cres

TSR 
IRU�DOO�VDPSOHV�EHWZHHQ������DQG������PHWHUV�GHSWK��1R�VLJQLÀFDQW�LQFUHDVH�LQ�&ant�LV�H[SHFWHG�
here, and therefore these means should fall on a horizontal line at Cres

TSR=0. The slight spread 
around this line is likely indicative of minor measurement biases that remain in spite of the 
adjustments performed in GLODAP and CARINA.

7.7. Determining time trends of Cres
TSR in each water mass

7.7.1. Rationale

Trends in Cres
TSR equal trends in Cant

Trends in Cres
TSR may be considered commensurate with trends in Cant. For surface water samples, 

CT
meas will increase over time, due to accumulation of anthropogenic CO2, taken up from the 

DWPRVSKHUH��7KH�GLͿHUHQFH�EHWZHHQ�WKH�WZR��&res
TSR��GHÀQHG�DV�&res

TSR=CT
meas-CT

TSR), will thus 
LQFUHDVH�RYHU�WLPH��$�TXDQWLÀFDWLRQ�RI�WKH�UDWH�RI�LQFUHDVH�RI�&res

TSR will thus be commensurate 
ZLWK�TXDQWLÀFDWLRQ�RI�WKH�UDWH�RI�LQFUHDVH�RI�&ant. 

([SHFWHG�GHSHQGHQFH�RI�WUHQGV�RQ�$28
Time trends in Cres

TSR�DUH�H[SHFWHG�WR�EH�VWURQJHVW�LQ�ZHOO�YHQWLODWHG�VXUIDFH�ZDWHUV��2YHU�WKH�
35 years spanned by the measurements, Cant of these samples may have increased by as much 
as 30 µmol kg-1 (in the case of pCO2-equilibrium with the atmosphere). At any particular loca-
tion further into the interior of the ocean (i.e., away from the ventilation areas), the time rate 
RI�LQFUHDVH�LV�H[SHFWHG�WR�EHFRPH�SURJUHVVLYHO\�VPDOOHU��WRZDUGV�FRPSOHWH�DEVHQFH�LQ�WKH�ROG�
GHHS�ZDWHUV��ZKLFK�ZHUH�YHQWLODWHG�EHIRUH�VLJQLÀFDQW�DPRXQWV�RI�DQWKURSRJHQLF�&22 had ac-
cumulated in the atmosphere. 

Removing sampling bias
The amount of samples collected each year has increased substantially since the 1970s. The 
WOCE campaign of the mid-1990s yielded a larger amount of CT and ancillary data than any 
SHULRG�EHIRUH�RU�VLQFH��!����RI�WKH�WRWDO��)LJXUH�����,I�WKHVH�GLͿHUHQFHV�LQ�VDPSOLQJ�GHQVLW\�
are not properly accounted for, valuable information may be lost. For instance, the data ob-
WDLQHG�GXULQJ�WKH�*(26(&6�FDPSDLJQ�LQ�WKH�����V�ZLOO�QRW�OLNHO\�H[HUW�PXFK�LQÁXHQFH�RQ�WKH�
resulting trends, even though the few data that we have from that era are of good quality. In 
order to address this problem, the data for Cres

TSR were binned over time and over AOU. This 
approach condensed the (for some water masses) more than 10000 data points for Cres

TSR into 
just a few dozen means. 

6XUIDFH�ÀWWLQJ�
,W�WKXV�VHHPV�DSSURSULDWH�WR�ÀW�D�VXUIDFH�WKURXJK�WKH�GDWD�RI�7,0(��$28�DQG�&res

TSR. Two 
PHWKRGV�KDYH�EHHQ�FRQVLGHUHG�KHUH��2QH�LV�WR�ÀW�D�WLPH�WUHQG�WKURXJK�WKH�GDWD�LQ�HDFK�$28�
ELQ��IRU�H[DPSOH��WKURXJK�DOO�ELQQHG�&res

TSR�YDOXHV�LQ�WKH�$28�UDQJH���������DQG�DQRWKHU�ÀW�LQ�
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the AOU range 100-110, etc.). This would yield distinct dCres
TSR/dt (i.e., dCant/dt) results in each 

of these classes, but many classes would turn out to be undersampled. The second approach, 
ZKLFK�LV�WKH�RQH�WKDW�ZH�IROORZHG��ÀWV�D�VXUIDFH�WKURXJK�DOO�GDWD�SRLQWV�DW�RQFH��DOORZLQJ�WKH�
surface to curve as a function of AOU, i.e., the surface is allowed to rise steeper (over time) at 
ORZ�YDOXHV�RI�$28�ZKLOH�EHFRPLQJ�SURJUHVVLYHO\�¶ÁDWWHU·�DW�LQFUHDVLQJ�$28�

7KH�WLPH�GHULYDWLYH�RI�WKH�ÀWWHG�VXUIDFH
What is of interest for the remainder of this study is the dependence of the time rate of change 
DW�D�SDUWLFXODU�ORFDWLRQ�LQ�D�ZDWHU�PDVV�RQ�WKH�$28��DV�D�SUR[\�RI�YHQWLODWLRQ�DJH��DW�WKDW�OR-
FDWLRQ��7KH�WLPH�GHULYDWLYH�LV�REWDLQHG�WKURXJK�GLͿHUHQWLDWLRQ�WR�7,0(�RI�WKH�PDWKHPDWLFDO�
IRUPXOD�WKDW�VSHFLÀHV�WKH�VKDSH�RI�WKH�ÀWWHG�VXUIDFH�

Linearity
We argue that both the time trend of Cres

TSR and the dependence of this time trend on AOU 
may be assumed to be linear. Between 1973 and 2008 the atmospheric concentration of CO2 
increased from about 330 to 385 µatm. In surface water of [ս=10 ºC; S=34.5; AT=2350 µmol kg-1] 
that is in pCO2 equilibrium with the atmosphere, the commensurate change in the CT is from 
2130 to 2157 µmol kg-1, i.e., an increase of 0.8 µmol kg-1 µatm-1. The time history of atmospheric 
CO2�LV�QRW�H[DFWO\�OLQHDU��DV�D�UHVXOW�LQ�WKH�HDUO\�����V�WKH�YDOXH�dCT/dt of such seawater was 
0.6 µmol kg-1 a-1. In 2008, this had increased to circa 1.0 µmol kg-1 a-1. However, for the purpose 
of this study, we opted for use of linear trends, both for the rise of Cres

TSR over time, and for the 
GHSHQGHQFH�RQ�$28��1RW�HQRXJK�GDWD�LV�DYDLODEOH�WR�ZDUUDQW�WKH�ÀWWLQJ�RI�PRUH�FRPSOH[��DQG�
potentially more realistic, surfaces.

7.7.2. Method

For each water mass, using the results of the OMP analysis, those samples are selected that 
contain more than 70% of it. Every water mass is represented by at least 250 samples of such 
high purity. A good selection criterion for removing occasional spurious samples and thus to 
improve the representativeness of the selection of the core of the water mass of interest is to 
narrow the selection to just those samples that fall in the median 90% of the range of AOU 
spanned by the original selection. The remaining samples are binned in two dimensions: TIME 
(year the sample was collected) and AOU; bin width is 5 years and 5 µmol kg-1, respectively. 
Thus, a selection of samples from between 1982 and 2008, spanning a range of AOU from 
64 to 113 will be binned into 66 bins (6 bins span 1980-2010, 11 bins span 60-115). If at least 4 
values of Cres

TSR are present in a bin, the average of these values is stored, and later on used 
for determination of time trends. If less than 4 values are present, the bin is considered to be 
underrepresented by the data and will not be used in subsequent analyses. Initially, the rou-
WLQH�WULHV�WR�ÀW�D�FXUYHG�VXUIDFH�WKURXJK�WKH�ELQQHG�YDOXHV�RI�&res

TSR by minimizing (in a least 
squares sense) the residuals R of Eq. 7-3. 

 Ci + aiÃЈAOU +bi·TIME + ci·TIMEÃЈAOU = Cres
TSR + R (7-3)

+HUH��Ј$28�GHQRWHV�WKH�GLͿHUHQFH�EHWZHHQ�WKH�PHDQ�$28�RI�D�ELQ�DQG�WKH�PHDQ�$28�RI�DOO�
samples considered to belong to the core of a water mass i. If ci��WKH�FRH΀FLHQW�WKDW�VSHFLÀHV�
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KRZ�WKH�VWHHSQHVV�RI�WKH�VXUIDFH�GHSHQGV�RQ�$28��LV�QRW�VLJQLÀFDQWO\�GLͿHUHQW�IURP����DW�WKH�
����OHYHO���D�SODQH��L�H���D�QRQ�FXUYHG�VXUIDFH��LV�ÀW�WKURXJK�WKH�ELQQHG�YDOXHV�RI�&res

TSR, as in 
Eq. 7-4. This is equivalent to performing a regular linear regression between TIME and Cres

TSR. 

 Ci + aiÃЈAOU + bi·TIME = Cres
TSR + R (7-4)

7KH�FRH΀FLHQWV�bi and (if determined) ci are the two that are of interest to the remainder of this 
study, because they describe the time rate of change of Cres

TSR (i.e., the rate of storage of Cant) 
over the range of AOUs that cover the core of the water mass.

7.7.3. Results

Figure 7.10 shows the sample data and the regressions between Cres
TSR, AOU and TIME for the 

cores of the seven distinguished water masses. Figure 7.11 shows the determined relationship 
of dCres

TSR/dt (i.e., dCant/dW��RQ�$28��,Q�RQO\���RI�WKH�FRQVLGHUHG�ZDWHU�PDVVHV�D�VLJQLÀFDQW�
relationship with AOU is determined (i.e., in the AAIW, SACW and AASW). The other four 
water masses (AABW, WSBW, NADW and ESW) all have ranges of AOU that are too limited 
to infer a slope of regression surface in AOU. The deep water masses WSBW and AABW have 
time trends of Cant�WKDW�DUH�VLJQLÀFDQWO\�DERYH�]HUR��DOEHLW�RQO\�EDUHO\�IRU�WKH�:6%:��7KH�WLPH�
trend in NADW is indistinguishable from zero.
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Figure 7.11. 7KH�UHODWLRQVKLS�EHWZHHQ�$28�DQG�d&ant
765�dt ��FRPPHQVXUDWH�ZLWK�d&res

765�
dW���DV�GHWHUPLQHG�LQ�WKH�FRUHV�RI�WKH���ZDWHUPDVVHV�RI�LQWHUHVW��VHH�¿JXUH�����WH[W�VHF-
WLRQ�������,Q�HDFK�SDQHO��WKH�WKLFN�OLQH�UHSUHVHQWV�WKH�WLPH�GHULYDWLYH��L�H���WKH�VORSH�LQ�WKH�
WLPH�GLUHFWLRQ��RI�WKH�VXUIDFH�¿WWHG�WKURXJK�WKH�ELQQHG�GDWD�RI�7,0(��$28�DQG�&res

765 
IURP�WKH�FRUH�RI�D�SDUWLFXODU�ZDWHUPDVV��DOO�RI�ZKLFK�DUH�VKRZQ�LQ�¿JXUH������7KH�KRUL-
]RQWDO�H[WHQW�RI�WKH�EODFN�OLQHV�LV�LQGLFDWLYH�RI�WKH�UDQJH�RI�$28�VSDQQHG�E\�WKH�FRUHV�
RI�WKH�ZDWHUPDVVHV��7KH�WKLQ�OLQHV�UHSUHVHQW�WKH�����FRQ¿GHQFH�LQWHUYDO�RI�WKH�¿W��7KH�
RYHUDOO�XQFHUWDLQW\�PD\�EH�KLJKHU�WKDQ�WKLV�GXH�WR�XQUHVROYHG�PHDVXUHPHQW�ELDVHV�DQG�
PHWKRGRORJLFDO�HUURUV��7KHVH�UHODWLRQVKLSV�DUH�XVHG�WR�SURMHFW�YDOXHV�RI�G&ant

765�dt onto 
WKH�:2$���FOLPDWRORJ\��VHH�6HFWLRQ�������
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Figure 7.10. 7KH�UHODWLRQVKLS�EHWZHHQ�WLPH��$28�DQG�&res
765��LQ�WKH�FRUHV�RI�ZDWHU�PDVVHV��,Q-

GLYLGXDO�VDPSOHV�DQG�VXUIDFH�¿WV�DUH�VKRZQ�VLGH�E\�VLGH�IRU�HDFK�ZDWHU�PDVV����ZDWHU�PDVVHV�
LQ�OHIW���FROXPQV����ZDWHU�PDVVHV�LQ�ULJKW�WZR�FROXPQV���7R�DLG�XQGHUVWDQGLQJ��WZR�H[DPSOHV�RI�
LQWHUSUHWDWLRQ�IROORZ��
� ,Q�WKH�FRUH�RI�WKH�1$':��OHIW�WZR�FROXPQV��VHFRQG�URZ��ZDWHU�PDVV�SXULW\�IURP�203��
!������QR�REYLRXV�WUHQG�LV�YLVLEOH�RYHU�WKH�ZKROH�UDQJH�RI�$28��VXJJHVWLQJ�WKDW�YHQWLODWLRQ�RI�
WKLV�SDUW�RI�WKH�1$':�SUHGDWHV�WKH�ULVH�LQ�DWPRVSKHULF�DQWKURSRJHQLF�&22.
� &RQYHUVHO\��LQ�WKH�6RXWK�$WODQWLF�&HQWUDO�:DWHU��OHIW�WZR�FROXPQV��WKLUG�URZ���ZDWHU�PDVV�
SXULW\��!������&res

765�LV�VHHQ�WR�ULVH�JUDGXDOO\�RYHU�WKH�\HDUV��7KLV�LQFUHDVH�LV�VWURQJHU�DW�ORZ�$28�
WKDQ�DW�KLJK�$28��UHÀHFWLQJ�WKH�IDFW�WKDW�WKH�ORZ�$28�VDPSOHV�ZHUH�YHQWLODWHG�LQ�PRUH�UHFHQW�
WLPHV��L�H���DW�D�WLPH�ZKHUH�WKH�DQWKURSRJHQLF�&22�FRQFHQWUDWLRQV�ZHUH�ULVLQJ�PRUH�VKDUSO\�WKDQ�
DW�WKH�WLPH�WKDW�WKH�KLJK�$28�VDPSOHV�ZHUH�YHQWLODWHG��6HH�WH[W�VHFWLRQ�����IRU�PRUH�GHWDLOV
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7.8. Projecting  dCant
TSR/dt onto the World Ocean Atlas 2005

7.8.1. Rationale

In the previous paragraphs, the an adaptation of the TSR technique has been outlined with 
which is obtained, for each water mass, an estimate of the (inverse) relationship between AOU 
(which is indicative of ventilation age) and the time trend of the concentration of anthropogenic 
carbon, dCant

TSR/dt. In order to obtain basin-scale totals of the rate of change of the oceanic 
inventory of Cant��ZH�SURMHFW�WKHVH�ZDWHU�PDVV�VSHFLÀF�UHVXOWV�RQWR�WKH�:RUOG�2FHDQ�$WODV��D�
large-scale, high-resolution climatology (see section 7.4) for which water mass distributions 
have been inferred using OMP (section 7.5). 

7.8.2. Methods

In the remainder of this manuscript, the following abbreviations are used:

 Cant
TSR Concentration of anthropogenic carbon (µmol kg-1) calculated using TSR

 dCant
TSR/dt Time trend of the above concentration (in µmol kg-1 a-1)

 INVCant
TSR� ,QYHQWRU\�RI�DQWKURSRJHQLF�FDUERQ�LQ�D�YROXPH��H�J���JULGER[��EDVLQ���LQ�7J&�

 dINVCant
TSR/dt Time trend of that inventory (in TgC a-1)

 CICant
TSR� &ROXPQ��RU�¶VSHFLÀF·��LQYHQWRU\�RI�DQWKURSRJHQLF�FDUERQ��LQ�PRO�P-2)

 dCICant
TSR/dt Time trend of the column inventory (in mol m-2 a-1)

*ULGSRLQWV�WR�JULGER[HV
The calculation of inventories of Cant necessitates knowledge of the volume (or rather, the mass) 
of water represented by each gridpoint of the World Ocean Atlas. Each gridpoint in the World 
2FHDQ�$WODV�LV�FRQVLGHUHG�WR�EH�UHSUHVHQWDWLYH�RI�WKH�ZDWHU�LQ�D�JULGER[�DW�WKH�FHQWHU�RI�ZKLFK�
LW�LV�ORFDWHG��(DFK�JULGER[�LV�DVVXPHG�WR�H[WHQG�IURP�KDOIZD\�WKH�QH[W�VKDOORZHU�JULGSRLQW��RU�
WKH�VXUIDFH��WR�KDOIZD\�WKH�QH[W�GHHSHU�JULGSRLQW��RU������PHWHUV���7KH�WRS�JULGSRLQW��DW���P��
WKXV�UHSUHVHQWV�WKH�JULGER[�H[WHQGLQJ�IURP���P�WR���P��WKH�QH[W�RQH�GRZQ��DW����P��UHSUHVHQWV�
WKH�JULGER[�>�����P@��HWF��7KH�GHHSHVW�JULGSRLQW��DW������P��UHSUHVHQWV�WKH�JULGER[�EHWZHHQ�
����������P��1R�GHHSHU�ZDWHUV�DUH�DVVXPHG�WR�H[LVW�LQ�WKH�6RXWK�$WODQWLF�2FHDQ�
� 7KH�YROXPH�RI�HDFK�JULGER[�GHSHQGV�RQ�LWV�ODWLWXGH�DQG�YHUWLFDO�SRVLWLRQ�LQ�WKH�ZDWHU�
FROXPQ��ER[HV�WRZDUGV�WKH�SROHV�KDYH�D�VPDOOHU�KRUL]RQWDO�DUHD�WKDQ�WKRVH�DW�WKH�(TXDWRU��DQG�
ER[HV�QHDU�WKH�VXUIDFH�DUH�YHUWLFDOO\�¶WKLQQHU·�WKDQ�WKRVH�GHHSHU�GRZQ��7KH�ODUJHVW�YROXPHV�
RI�JULGER[HV��DERXW��������NP3) are thus encountered in deep waters at the equator, while the 
smallest volumes (about 40 km3) are found in the far-southern surface waters.
 7KH�YROXPHV�RI�DOO�JULGER[HV�RI�WKH�:RUOG�2FHDQ�$WODV�DUH�FDOFXODWHG�XQGHU�WKH�DV-
VXPSWLRQ�WKDW�WKH�ORZHU�H[WHQW�RI�WKH�GHHSHVW�JULGER[�DW�HDFK�KRUL]RQWDO�JULGSRLQW�UHSUHVHQWV�
WKH�RFHDQ�ÁRRU��6LQFH�WKH�YHUWLFDO�H[WHQW�RI�JULGER[HV�EHORZ������P�LV�����P��WKLV�DVVXPSWLRQ�
SRWHQWLDOO\�OHDGV�WR�VLJQLÀFDQW�HUURUV��DW������P�GHSWK��D�OLNHO\�HUURU�RI�����P�HUURU�LV����RI�WKH�
local volume of the water column). This source of error is troublesome for an accurate deter-
mination of the rate of increase of the storage of Cant in the WSBW, which occupies a relatively 
QDUURZ�OD\HU�DERYH�WKH�ERWWRP��)DKUEDFK�HW�DO����������DQG�H[KLELWV�DQ�RQO\�VPDOO�WUHQG��8QGHU�
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WKH�XQWHVWHG�DVVXPSWLRQ�WKDW�SRVLWLYH�DQG�QHJDWLYH�H[FXUVLRQV�RI�WKLV�HUURU�FRPSHQVDWH�HDFK�
RWKHU��QR�IXUWKHU�DFWLRQ�LV�WDNHQ�WR�PLWLJDWH�WKH�LQÁXHQFH�RI�WKLV�OHVV�WKDQ�SHUIHFW�QHDU�ERWWRP�
resolution. 
 Finally, because the rate of storage of Cant�LV�H[SUHVVHG�LQ�JUDYLPHWULF�XQLWV��L�H���SHU�
NJ�UDWKHU�WKDQ�SHU�OLWHU���JULGER[�volume LV�FRQYHUWHG�WR�JULGER[�mass (GBM) by multiplication 
E\�WKH�LQ�VLWX�GHQVLW\�RI�WKH�JULGER[�

Calculating rates of increase at each gridpoint
Several water masses may contribute to the water at each gridpoint. For each contributing 
water mass i, a value dCant

TSR
i/dt (in units of µmol kg-1 a-1) is calculated at each gridpoint, that 

H[SUHVVHV�WKH�WLPH�WUHQG��RU�UDWH�RI�VWRUDJH��RI�&ant contributed by that water mass i:

 
  (7-5)

Here, [i�VLJQLÀHV�WKH�IUDFWLRQ�RI�ZDWHU�PDVV�i that is present at the gridpoint (as determined by 
the OMP analysis of the World Ocean Atlas dataset). The constant ai represents for each water 
mass i the time trend of Cant�DW�WKH�PHDQ�$28�RI�WKH�FRUH�RI�WKH�ZDWHU�PDVV��7KH�FRH΀FLHQW�bi 
UHSUHVHQWV�WKH�GHSHQGHQFH�RI�WKDW�WUHQG�RQ�WKH�$28�RI�WKH�VDPSOH��Ј$28�LV�WKH�GLͿHUHQFH�
between the AOU of a sample and the mean AOU in the core of the water mass). 

Summing the contributions of the j�GLͿHUHQW�ZDWHU�PDVVHV�DW�HDFK�JULGSRLQW�UHVXOWV�LQ�WKH�WRWDO�
rate of storage of Cant (dCant

TSR/dt, also in units of µmol kg-1 a-1) at that gridpoint: 

   (7-6)

Multiplication of the results of Eq. 7-6 (i.e., dCant
TSR/dt , in units of µmol kg-1 a-1) with the mass 

RI�WKH�ZDWHU�FRQWDLQHG�E\�HDFK�JULGER[��LQ�XQLWV�RI�NJ��\LHOGV�WKH�UDWH�RI�FKDQJH�RI�WKH�LQYHQ-
tory of Cant (dINVCant

TSR/dt, in units of µmol a-1) at that gridpoint. 

  (7-7)

&RPSDUDEO\��PXOWLSOLFDWLRQ�RI�WKH�ZDWHU�PDVV�VSHFLÀF�UHVXOWV�RI�(T������ZLWK�WKH�JULGER[�PDVV�
yields the rate of storage of Cant in each water mass i present at a gridpoint: 

  (7-8)

The terminology outlined above allows to obtain various metrics of interest, such as:

�� the rate of increase of the inventory of Cant in the AAIW (in TgC a-1)
�� the rate of increase of the inventory of Cant in the whole South Atlantic Ocean (in TgC a-1).
�� the mean rate of increase of Cant, south of 30 ºS, shallower than 1000 m (in µmol kg-1 a-1)
�� the mean rate of increase of Cant in the NADW (in µmol kg-1 a-1)
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Integrations of total accumulation
Two integrations are performed in order to permit a comparison between the results of this 
study and those of others:
�� vertical integration yields the column inventory of the rate of increase of Cant (mol m-2 a-1). 

This result can be compared, for instance, to the map produced by Sabine et al. (2004).
�� a three-dimensional integration yields the rate of storage of Cant (TgC a-1) in the South At-

lantic Ocean as a whole. This estimate may, for instance, be compared with ocean general 
circulation models or large-scale atmospheric inversions.

7.8.3. Results

Rates of increase at gridpoints
Resulting values of dCant/dt are generally between 0 and 1 µmol kg-1 a-1. The near-zero values 
are mostly located in the deep and bottom waters, whereas the higher rates of increase Cant are 
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Figure 7.12. 3DQHO�a)�$�VHFWLRQ�DORQJ����(�LQ�WKH�6RXWK�$WODQWLF�2FHDQ�VKRZLQJ�WKH�UDWH�RI�LQFUHDVH�RI�&ant 
�d&ant

765�dW��LQIHUUHG�IURP�GDWD�VSDQQLQJ�WKH�SHULRG������������+LJK�YDOXHV�RI�G&ant�GW�DUH�REVHUYHG�IRU�
WKH�VXUIDFH�ZDWHUV�QRUWK�RI�����6��DQG�LQ�WKH�GHVFHQGLQJ�$$,:��)XUWKHU�DORQJ�WKH�SDWK�RI�$$,:�WKH�UDWH�
RI�LQFUHDVH�LV�ORZHU��OLNHO\�GXH�WR�WKH�ORZHU�OHYHOV�RI�DWPRVSKHULF�&ant�DURXQG�WKH�WLPH�WKDW�WKHVH�ZDWHUV�
ZHUH�YHQWLODWHG��7KH�VXUIDFH�ZDWHUV�VRXWK�RI�����6�VKRZ�OLWWOH�DFFXPXODWLRQ�RI�&ant��OLNHO\�GXH�WR�FRQWLQX-
RXV�XSZHOOLQJ�DQG�VXEVHTXHQW�GLYHUJHQFH�RI�ROG��&ant�SRRU�1$':�DW�WKHVH�ODWLWXGHV��3DQHO�b)�6DPH��EXW�
VKRZLQJ�WKH�UHVXOW�RI�WKH�VWXG\�RI�.KDWLZDOD�HW�DO���������3OHDVH�UHIHU�WR�WH[W�VHFWLRQ�����IRU�D�GLVFXVVLRQ�RI�
WKH�GLIIHUHQFHV�EHWZHHQ�WKHVH�VWXGLHV�
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Figure 7.13 0DS�RI�WKH�6RXWKHUQ�2FHDQ�VKRZLQJ�WKH�FROXPQ�LQYHQWRULHV�RI�d&ant�dW��LQ�PRO�P-2 a-1���
6LJQL¿FDQW�DFFXPXODWLRQ�RI�&ant��DV�KLJK�DV�����PRO&�P-2 a-1��WDNHV�SODFH�WR�WKH�QRUWK�RI�WKH�UHJLRQ�RI�
VXEGXFWLRQ�RI�LQWHUPHGLDWH�DQG�PRGH�ZDWHUV�DURXQG�����6��,QWHUPHGLDWH�UDWHV�RI�VWRUDJH�DUH�REVHUYHG�LQ�
WKH�:HGGHOO�*\UH�DQG�LQ�WKH�*XOI�RI�*XLQHD��

located in the most shallow, well-ventilated (low-AOU) waters. Figure 7.12 shows a section of 
dCant/dt through the World Ocean Atlas dataset along 0 ºE, which clearly illustrates this pattern. 

Rates of increase in individual water masses
The calculated rates of increase of the inventory of Cant�RI�WKH�GLͿHUHQW�ZDWHU�PDVVHV�GLVWLQ-
guished in this study are listed in Table 7.6. The biggest contributors to the accumulation of 
Cant are the AAIW and SACW (108±20 and 107±12 TgC a-1��UHVSHFWLYHO\���7KLV�LV�WR�EH�H[SHFWHG��
since both are relatively large bodies of water and both are well ventilated. Due to its even 
larger volume, the AABW is another large contributor (81±40 TgC a-1), in spite of its relatively 
low dCant/dt, which moreover has a rather high uncertainty (0.08±0.04 µmol kg-1 a-1). Accumula-
WLRQ�LQ�WKH�1$':�LV�QRW�VLJQLÀFDQWO\�GLͿHUHQW�IURP�]HUR��������7J&�D-1). Although the dCant/
dt in the ESW is as high as 0.85±0.21 µmol kg-1 a-1, the associated accumulation of dINVCant/dt is 
limited due to the small volume of the ESW.  
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Column inventories and total accumulation
Figure 7.13 shows a map of the rate of increase of the column inventory of Cant (dCICant

TSR/dt) in 
the South Atlantic Ocean. The highest rates of storage (circa 1 mol m-2 a-1) are seen between 30 
and 45 ºS on the westernmost side of the basin, representing the Cant contained in the AAIW and 
SACW, being transported northward at intermediate depth by the large scale basin circulation. 
The overall rate of accumulation of Cant in the South Atlantic Ocean as a whole is calculated 
to be 389±80 TgC a-1. The accumulation below 3000 m depth comprises about 15% of the total 
(i.e., ~60±50 TgC a-1), restricted to the AABW and the WSBW. Above 1500 m depth, SAMW 
and AAIW are the major contributors. 
� 7KH�HUURU�HVWLPDWHV�RI�WKH�DFFXPXODWLRQ�LQ�WKH�LQGLYLGXDO�ZDWHU�PDVVHV�UHÁHFWV�ERWK�
the uncertainty in the distribution of the water mass (as yielded by the stability analysis of the 
OMP) and the uncertainty of the determination of the trends. The error of the total accumula-
tion is calculated as the square root of the sum of the squared individual errors. This implicitly 
assumes the errors are random and independent, which is, however, formally not the case.

7.8.4. Discussion

Improvements of Cres
TSR 

7KH�PHWKRGRORJ\�WKDW�ZDV�IROORZHG�PD\�EH�XQGHUVWRRG�WR�EH�DQ�DWWHPSW�WR�H[SODLQ�SDUW�RI�WKH�
spread in Cres

TSR in terms of uptake of anthropogenic CO2 from the atmosphere (or reduced out-
gassing of natural CO2, which amounts to the same). Obviously, not all spread in Cres

TSR will be 
H[SODLQDEOH��VLQFH�D�ODUJH�SDUW�RI�WKH�VSUHDG�UHVXOWV�IURP�PHDVXUHPHQW�QRLVH�DQG�LQDFFXUDFLHV��
However, if one subtracts from Cres

TSR the inferred dCant/dW��WLPHV�WKH�WLPH�GLͿHUHQFH�ZLWK�WKH�
year 1997 - the nominal year of the dataset), the spread in Cres

TSR LV�UHGXFHG�VLJQLÀFDQWO\��)LJXUH�
7.14). This suggests that a time-and-AOU-dependent parameterization of dCant

TSR/dt is valid. 
 If one takes the spread in Cres

TSR that is due to analytical inaccuracies to amount to 
4 µmol·kg-1 (i.e., the value observed in the deep, stable water masses), the improvement due 

Table 7.6. 7KH�UDWH�RI�VWRUDJH�RI�&ant��GHWHUPLQHG�LQ�HDFK�RI�WKH�VHYHQ�ZDWHU�PDVVHV�GLVFHUQHG�LQ�
WKLV�VWXG\��WH[W�VHFWLRQ�������&ROXPQV���DQG���SHUWDLQ�WR�WKH�GLVFXVVLRQ�RI�UHVXOWV�IURP�VOLJKWO\�PRGL-
¿HG�YHUVLRQV�RI�WKH�765�PHWKRGRORJ\��WH[W�VHFWLRQ�������)RU�UHIHUHQFH��WKH�ODVW�FROXPQ�RI�WKH�WDEOH�
OLVWV�WKH�YROXPHV�RI�WKH�ZDWHUPDVVHV��WKH�VXP�RI�WKH�SURGXFWV�RI�JULGER[�YROXPHV�DQG�ZDWHUPDVV�
IUDFWLRQV��IURP�203��VHFWLRQ�������

:DWHUPDVV
d&ant

765�dt d&7�dt d&ant
765�d$3 9ROXPH�

7J&�D-1 7J&�D-1 7J&�µatm-1 10��NP3

$$%: ������� ������� ������� �����

:6%: ������� ������� 12 ± 10 21.04

1$': ������� ������� ������� �����

$$,: �������� 114 ± 33 ������� 29.9

6$&: �������� �������� ������� 12.19

$$6: 12 ±3 9 ± 9 ������ ����

(6: ����� ������� ������� 3.4

727$/ �������� 401 ± 130 �������� 241.94
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765�E\�FRUUHFWLRQ�IRU�WKH�DFFXPXOD-

WLRQ�RI�&ant�RYHU�WLPH��6HH�WH[W�VHFWLRQ�������IRU�PRUH�GHWDLOV��

to consideration of dCant/dt is about 30% for the surface 250 meters (i.e., from 5.3 (9.3 above 
the baseline noise of 4) to 3.8). For the three following depth bins, i.e., down to 1000 m, 57%, 
52% and 37% of the spread is removed. The remaining spread necessarily stems from errors 
in various assumptions of linearity, from non-steady state of the ocean, etc. Consideration of 
the accumulation of Cant does not seem to reduce the spread of Cres

TSR in the waters below 2000 
m depth.  

7KH�H[DFW�DPRXQW�WKDW�WKH�LQGLYLGXDO�ZDWHU�PDVVHV�FRQWULEXWH�WR�WKH�WRWDO�DFFXPXODWLRQ�LV�VHQVL-
WLYH�WR�WKH�GHÀQLWLRQ�RI�WKH�VRXUFH�ZDWHU�W\SHV�LQ�WKH�203�DQDO\VLV��+RZHYHU��WKH�total amount 
LV�FRQVLGHUHG�WR�EH�IDLUO\�LQVHQVLWLYH�WR�VXFK�YDULDWLRQV�LQ�WKH�VRXUFH�ZDWHU�W\SH�GHÀQLWLRQV�
 An additional point of critique may be that the underlying GLODAP and CARINA 
datasets have themselves been adjusted such as to be internally consistent in the deep waters. 
The weighting scheme employed in these studies (Tanhua et al. 2010) should preclude the re-
moval of time trends, but no formal evidence for the success of this approach is given. To get 
an idea of the sensitivity of the results of this study to the partly arbitrary corrections applied 
WR�WKH�RULJLQDO�GDWD�E\�WKH�&$5,1$�DQG�*/2'$3�GDWD�V\QWKHVLV�HͿRUWV��DQ�DQDO\VLV�RI�WKH�
XQFRUUHFWHG�&$5,1$�*/2'$3�GDWD�LV�ZDUUDQWHG��:H�H[SHFW�WKH�UHVXOWV�RI�VXFK�DQ�DQDO\VLV�
QRW�WR�GLͿHU�VLJQLÀFDQWO\�LQ�WKH�VXUIDFH�OD\HUV��5HVXOWV�IRU�WKH�GHHS�ZDWHU�PDVVHV�PD\�EH�PRUH�
susceptible to the relatively large biases of the pre-1990s cruises.
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7.9. Discussion

The approach that was detailed in the previous sections relies on a suite of assumptions and 
VRPHZKDW�DUELWUDU\�FKRLFHV��)RU�H[DPSOH��ZH�RSWHG�WR�QRW�LQFOXGH�WKH�&LUFXPSRODU�'HHS�:DWHU�
in the optimum multiparameter analysis. Also, we assumed that our scheme for determining 
CT

TSR does not lead to appreciable biases. 
 Each section elaborates qualitatively on these assumptions. In the current section we 
present some compelling quantitative evidence of the robustness of the obtained results. Firstly, 
ZH�SUHVHQW�DQ�DGGLWLRQDO�DQDO\VLV��SHUIRUPHG�ZLWK�D�VOLJKW�PRGLÀFDWLRQ�DQG�VLPSOLÀFDWLRQ�RI�
the outlined approach, with resulting trends that are near-identical to the original ones, albeit 
with larger error estimates.
� 6HFRQGO\��LQ�RUGHU�WR�PD[LPL]H�WKH�DSSOLFDELOLW\�RI�WKH�FXUUHQW�DSSURDFK��ZH�DGRSW�
WKH�PHWKRGRORJ\�RXWOLQHG�E\�5LRV�HW�DO���������WKDW�DOORZV�IRU�H[WUDSRODWLRQ��ZLWKLQ�OLPLWV��RI�
results to future (and past) conditions of atmospheric pCO2.
 Lastly, we will demonstrate that the obtained results are, as far as this can be assessed, 
fully compatible with the seminal work of Takahashi et al. (2009), and with the results of the 
recent inversion-based estimates of Gruber et al. (2009). Furthermore, only minor quantitative 
DQG�TXDOLWDWLYH�GLͿHUHQFHV�DUH�REVHUYHG�ZLWK�WKH�ZRUN�RI�:DXJK�HW�DO���������DQG�6DELQH�HW�
al. (2004). The tracer-based study of Khatiwala et al. (2009) is shown to be in close agreement 
with the current work. 

7.9.1. Trends determined in CT
meas

The presented TSR technique is a variant of the MLR technique in order to discern, within hy-
drographic and biogeochemical variability, trends in CT

meas, which are subsequently ascribed 
to accumulation of anthropogenic CO2 for the atmosphere. However, the MLR technique is 
susceptible to biases and secular trends in input parameters (e.g., Levine et al., 2008), which 
FRQFHLYDEO\�PDVN�RU�HQKDQFH��WR�XQNQRZQ�H[WHQW��WKH�REWDLQHG�UHVXOWV��
 The MLR methodology was devised for - and is especially applicable to (Wallace, 
1995; Levine et al., 2011) - data from (sets of two) cruises separated in time by only a moderate 
amount of time (5-10 years). Over such short intervals, the magnitude of hydrographic and 
ELRJHRFKHPLFDO�YDULDELOLW\�LV�ODUJH�FRPSDUHG�WR�WKH�H[SHFWHG�LQFUHDVH�LQ�&T, and no trends are 
H[SHFWHG�WR�EH�GLUHFWO\�GHWHFWDEOH��XQOHVV�E\�UHVRUWLQJ�WR�WKH�XVH�RI�0/5��)RU�H[DPSOH��WKH�ODUJH�
�SK\VLFDOO\�DQG�ELRORJLFDOO\�GULYHQ��HͿHFWV�RI�VHDVRQDOLW\�RQ�&T�DUH�WR�D�ODUJH�H[WHQW�LQFRUSRUDWHG�
LQWR�WKH�FRH΀FLHQWV�RI�WKH�GHULYHG�0/5��%HFDXVH�RI�WKLV��&res

TSR should vary only minimally 
over the seasons, and would be more easily observed to gradually rise over the years. On the 
other hand, CT

meas itself may vary strongly over the seasons, and therefore no trend over time 
PD\�EH�DSSDUHQW�WKURXJK�WKLV�YDULDELOLW\���HVSHFLDOO\�VR�LI�FUXLVHV�DUH�SHUIRUPHG�RYHU�GLͿHUHQW�
VHDVRQV�LQ�GLͿHUHQW�\HDUV��
 Because the current study considers data over a relatively large time interval (35 
\HDUV���LW�PD\�EH�H[SHFWHG�WKDW�WKH�LQFUHDVH�LQ�&T (from uptake of CO2,ant from the atmosphere) 
LV�HYLGHQW�GHVSLWH�VXFK�QDWXUDO�YDULDELOLW\��7R�WHVW�WKLV�H[SHFWDWLRQ��ZH�SHUIRUPHG�DQ�DQDO\VLV�
VHW�XS�H[DFWO\�OLNH�WKH�765�DSSURDFK��ZLWK�WKH�DGDSWDWLRQ�WKDW�WKH�VXUIDFH�ÀWWLQJ��VHFWLRQ������
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is not performed for time-vs-AOU-vs-Cres
TSR, but rather for time-vs-AOU-vs-CT

meas. In this ap-
proach, the generation of CT

TSR and calculation of Cres
TSR (section 7.6) is not required anymore. 

� 7KH�GHWHUPLQHG�VKDSHV�RI�WKH�ÀWWHG�VXUIDFHV��RQH�IRU�HDFK�ZDWHU�PDVV��DUH��DV�PD\�EH�
H[SHFWHG��ZKROO\�GLͿHUHQW�EHWZHHQ�WKH�WZR�DSSURDFKHV��1RQHWKHOHVV��ZH�VWLOO�H[SHFW�WR�ÀQG�
an increase in CT over time - at least for those water masses that are well ventilated, and if the 
QRLVH�IURP�QDWXUDO�YDULDELOLW\�LV�QRW�WRR�VWURQJ��$GGLWLRQDOO\��ZH�DJDLQ�H[SHFW�WR�REVHUYH�D�GH-
pendency of the time trend of CT on AOU (i.e., dCT/dt would decrease with increasing AOU). 
$Q\�UHVXOW�RI�WKLV�H[HUFLVH�PD\�EH�IXUWKHU�WUHDWHG�LQ�WKH�VDPH�ZD\�DV�GRQH�EHIRUH��
� 7KH�UHVXOWV�RI�WKLV�¶VLPSOLÀHG·�DQDO\VLV�DUH�VKRZQ�LQ�7DEOH������WKLUG�FROXPQ��DQG�
Figure 7.15. The latter may be compared to Figure 7.11. It is evident that the results obtained 
using CT

meas are highly comparable with the preceeding results obtained using Cres
TSR. The in-

ferred rate of increase of the total inventory of Cant (dINVCant/dt) in the South Atlantic Ocean is 
nearly identical between methods: 389±80 vs. 401±130 PgC a-1 for the Cres

TSR- and CT
meas-methods, 

respectively. For all water masses, results are comparable, although the uncertainty of the de-
termination is some 60% larger for the CT

meas-based approach than for the ‘full’ TSR method. 
7KXV�WKH�HDUOLHU�REWDLQHG�UHVXOWV�DUH�LQIHUUHG�WR�EH�UREXVW��$GGLWLRQDOO\��WKLV�H[HUFLVH�FRUURER-
rates the assumption that the use of MLR improves the sensitivity of detection of trends in CT, 
SUHVXPDEO\�EHFDXVH�WKH�0/5�FDSWXUHV�DQG�FRPSHQVDWHV�IRU�D�VLJQLÀFDQW�SDUW�RI�WKH�QDWXUDO�
variability. 
 Nonetheless, some discrepancies between the two sets of results are observed. The 
ODUJHVW��UHODWLYH��GLͿHUHQFH�LV�REVHUYHG�IRU�WKH�UDWH�RI�VWRUDJH�RI�&ant in the equatorial surface 
water (ESW), namely from +36±9 TgC a-1 (Cres

TSR-method) to +64±37 TgC a-1 (CT
meas-method). 

More than any other, the ESW is a water mass that has a highly variable CT, spanning a range 
from 1900 to 2100 µmol kg-1��7KLV�ODUJH�YDULDELOLW\�OHDGV�WR�D�KLJK�XQFHUWDLQW\�RI�WKH�ÀW��7KH�
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result for this water mass is therefore regarded to be inferior to the TSR-based result (since 
Cres

TSR does not show such a very large range). By contrast, the results for the two very large, 
often sampled, well ventilated and homogenous water masses (the AAIW and SACW), are 
statistically indistinguishable between the two methods.

It may be of some interest to note that the method also allows for the determination of trends 
in back-calculated Cant (e.g., with the TrOCA method; Touratier et al., 2004a,b), or in back-calcu-
lated preformed CT (CT

0; Brewer, 1978; Chen and Millero, 1979). As a result of the application of 
WKH�7U2&$�WHFKQLTXH�LQ�WKLV�FRQWH[W��ZH�LQIHU�VLJQLÀFDQW�LQFUHDVHV��RI�&ant in the NADW and 
AABW. These increases are also reported by Rios et al. (2012), from an analysis of 20 cruise 
datasets in the western South Atlantic Ocean, using the ĳ&
�WHFKQLTXH��9DVTXH]�5RGULJXH]�HW�
al., 2008). The reason that these strong increases are not observed in the present study in either 
CT or Cres

TSR requires additional investigation, and is beyond the scope of the present study.

7.9.2. Inferring the inventory of Cant. 

The TSR methodology does not yield an inventory of anthropogenic carbon (INVCant), but rather 
the rate of change of the inventory (dINVCant/dt). Therefore, no direct comparison can be made 
with earlier obtained inventories. We present here two options for obtaining an estimate of 
INVCant, that only require a very limited adaptation of the methodology. Firstly, we employ the 
concept of Transient Steady State (Tanhua et al., 2007) to straightforwardly derive a scaling fac-
tor between dINVCant/dt and INVCant, and apply that factor. Secondly, the trends in Cres

TSR (section 
7.7) will be re-assessed. This time, however, rather than being regressed versus time directly, 

Figure 7.17 ,GHQWLFDO�WR�)LJXUH�������EXW�ZLWK�DGGHG�WUHQGV�RI�&ant
765�YHUVXV�WKH�
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the regression is performed versus the atmospheric perturbation of anthropogenic CO2 (from 
here on referred to as the AP). 

Transient Steady State (TSS)
7KH�766�FRQFHSW��*DPPRQ�HW�DO���������7DQKXD�HW�DO���������VWDWHV�WKDW�DIWHU�D�VX΀FLHQW�DPRXQW�
of time, the rate of increase of a tracer at any point in the sub-surface ocean will be directly 
proportional to the rate of increase of that tracer at the sea surface, provided that the latter 
FRQFHQWUDWLRQ�LV��DSSUR[LPDWHO\��H[SRQHQWLDOO\�LQFUHDVLQJ��:KHQ�WKLV�¶WUDQVLHQW�VWHDG\�VWDWH·�
is reached and the surface history is known, the unknown total concentration at any location 
at depth may be directly inferred from the (observed) rate of change of the concentration.
� $V�D�VLPSOH�H[DPSOH��RQH�FRXOG�VD\�WKDW�LI�WKH�VXUIDFH�ZDWHU�FRQFHQWUDWLRQ�LV�NQRZQ�
WR�KDYH�ULVHQ�ZLWK����SHU�\HDU��D��VLJQLÀFDQWO\��GHWHUPLQHG�LQFUHDVH�LQ�WKH�RFHDQ�LQWHULRU�ZLOO�
also constitute 2% of the local total concentration. Hence, if we observe over 35 years a rate 
of change of 1 µmol kg-1 a-1 in the SACW (for a total increase of 35 µmol kg-1), over a period in 
which the atmospheric perturbation rose from 50 to 105 µatm (the change of 55 being 52.3% 
of the total), we may state that the total concentration of Cant at the surface is 35/0.523=66.9 
µmol kg-1. Because the TSS approach consists of only a scaling factor, it may be applied to con-
centrations and inventories alike. 
 Over the 35 year period of our observations, the average annual increase of atmospheric 
anthropogenic CO2 was 2.2%. Assuming air-sea pCO2 equilibrium (see also section 7.9.3), the 
yearly increase in Cant that is observed (or, rather, inferred) at any location at depth will con-
stitute 2.2% of the total concentration. The determined rate of increase of the inventory of Cant 
(dINVCant/dt, section 7.8.4) is thus 2.2% of the INVCant of the South Atlantic Ocean. This simple 
scaling factor thus suggests INVCant = 0.39(±0.08)/0.022 PgC a-1 = 17.7±3.6 PgC.

Regression versus the atmospheric perturbation
It may be argued (Rios et al., 2012) that the TSR methodology for determining linear increases 
of Cant over time is not particularly valid over longer periods of time. The atmospheric con-
centration of Cant�LQFUHDVHV�H[FHHGLQJO\�UDSLGO\�RYHU�WKLV�SHULRG��DQG�WKH�XSWDNH�E\�WKH�VXUIDFH�
RFHDQ�LV�JHQHUDOO\�DVVXPHG�WR�UHÁHFW�WKDW�H[SRQHQWLDO�EHKDYLRU��3HUIRUPLQJ�D�OLQHDU�ÀW�PD\�
VLJQLÀFDQWO\�RYHU��RU�XQGHUHVWLPDWH�WKH�DFWXDO�WUHQG��HVSHFLDOO\�ZKHQ�WKH�VDPSOLQJ�LQWHQVLW\�
was not constant over the investigated period (see Figure 7.4). Therefore, in addition to per-
forming a regression of Cres

TSR versus time (section 7.7), we perform this regression versus 
the concentration of anthropogenic atmospheric CO2 (i.e., the atmospheric perturbation (AP; 
in µatm) above the pre-industrial pCO2 of 280 µatm), as suggested by Rios et al. (2012). This 
UHTXLUHV�RQO\�D�VOLJKW�PRGLÀFDWLRQ�RI�WKH�VWHSV�RXWOLQHG�LQ�VHFWLRQ������ZKLOH�WKH�UHVW�RI�WKH�
methodology remains unaltered. In doing this, we obtain an estimate of the rate of storage of 
Cant in µmol kg-1 µatm-1 (as opposed to the earlier result in µmol kg-1 a-1). 
� 7KLV�DGDSWDWLRQ�RI�WKH�RULJLQDOO\�SUHVHQWHG�DSSURDFK�KDV�VHYHUDO�EHQHÀWV��5LRV�HW�DO���
�������)LUVWO\��DV�VWDWHG��LW�DOORZV�IRU�LPSURYHG�OLQHDU�ÀWWLQJ�RI�GDWD�RYHU�ORQJ�WLPH�SHULRGV��
Secondly, it allows the determined rate of increase of the concentration of Cant to be converted 
WR�WKH�FRQFHQWUDWLRQ�LWVHOI��)RU�H[DPSOH��LI�DW�D�FHUWDLQ�ORFDWLRQ�LQ�WKH�RFHDQ�LQWHULRU��WKH�UDWH�RI�
increase of Cant is determined to be 0.6 µmol kg-1 µatm-1, then at a total perturbation (since the 
beginning of the Industrial Revolution) of 100 µatm, Cant may be calculated to be 60 µmol kg-1. 
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Lastly, the method allows for straightforward scaling of the inferred oceanic accumulation of 
Cant to past and future concentrations of atmospheric anthropogenic CO2.
 Like most other methods, the ‘AP’-method requires the assumption of a steady state 
ocean, and of a constant pCO2 disequilibrium between atmosphere and sea surface. We note 
that neither condition is known to be met in the real ocean,.
 Applying this method, we obtain an overall rate of storage of 218±55 TgC µatm-1 (see 
Table 7.6, fourth column, and Figures 7.16 and 7.17 for results for individual water masses). 
At the rate of increase of the atmospheric perturbation in the year 1994 (on average 1.5 µatm 
a-1 over 1990-1998), this translates to a time rate of storage of 0.33±0.08 PgC a-1. This estimate 
is slightly lower than the earlier presented estimate of 0.39±0.08 PgC a-1, derived with the un-
PRGLÀHG�765�WHFKQLTXH��EXW�VWDWLVWLFDOO\�WKH�HVWLPDWHV�DUH�QRW�VLJQLÀFDQWO\�GLͿHUHQW��)RU�PRUH�
recent years, during which the mean rate of increase of CO2�ZDV�DSSUR[LPDWHO\�����µatm a-1, 
the determined trends translate into a rate of storage of 0.44±0.11 PgC a-1. 
 Assuming that the rate of storage obtained from regressing against the atmospheric 
perturbation is valid for the timespan of 1973 to 2008, we calculate, using the corresponding 
values of the AP, the values of INVCant for each year. In 1973 (AP: ~48 µatm), the INVCant of the 
South Atlantic Ocean was ~10.5 PgC, rising to 22.2±5.6 PgC in 2008. A time history of Cant based 
on this approach is shown in Figure 7.18. 

7.9.3. Comparison with estimates of other investigators.

Several attributes of this study may be compared with results from other investigators. Among 
these are the results of the OMP, the inferred rates of uptake of Cant and the (rate of change of 
the) inventory of Cant��+RZHYHU��VLQFH�203�UHVXOWV�WR�ODUJH�H[WHQW�UHÁHFW�WKH�ODUJHO\�DUELWUDU\�
GHFLVLRQV�DERXW�WKH�H[DFW�VRXUFH�ZDWHU�W\SH�GHÀQLWLRQV��DQG�WKH�DPRXQW�RI�WKHP���WKLV�IROORZLQJ�
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Table 7.7. Rates of increase of p&22��DV�UHSRUWHG�E\�7DNDKDVKL�HW�DO���������7�����DQG�
WKHLU�FRQFRPLWDQW�LQFUHDVHV�LQ�&7��FDOFXODWHG�DW�UHOHYDQW�7��6�DQG�$7��DUH�FRPSDUHG�ZLWK�
WKH�UDWHV�DV�GHWHUPLQHG�LQ�WKH�SUHVHQW�VWXG\�E\�WKH�VXUIDFH�¿WWLQJ�SURFHGXUH�LQ�WKH�FRUHV�
RI�ZDWHU�PDVVHV��DW�$28� ���µPRO�NJ-1��WH[W�VHFWLRQ������VHH�DOVR�)LJXUH������DQG�������

7HPSHUDWXUH 7�� 7�� 765
�& µatm a-1 �PRO�NJ-1 a-1 �PRO�NJ-1 a-1

������� ���������� ���������� ������������$$,:�$$6:�
������� ���������� ���������� ������������$$,:�

HTXDWRULDO ���������� ���������� ������������(6:�

section will be limited to a discussion of the determined (rates of change of) the concentrations 
of Cant, and of derived quantities thereof (inventories).
6WXGLHV�RI�JDV�ÁX[�DFURVV�WKH�DLU�VHD�LQWHUIDFH��H�J���7DNDKDVKL�HW�DO���������DUH�JHQHUDOO\�UHVWULFW-
HG�WR�DQ�DVVHVVPHQW�RI�WKH�FRQWHPSRUDU\�ÁX[��L�H���WKH�FRPELQHG�QDWXUDO�DQG�DQWKURSRJHQLF�
ÁX[HV���2XU�DQDO\VLV�H[SOLFLWO\�DWWHPSWV�WR�UHVROYH�WKH�DQWKURSRJHQLF�ÁX[��,Q�WKH�FDVH�WKDW�QR�
ODUJH�EHWZHHQ�RFHDQ�EDVLQ�ÁX[�RI�&ant�WDNHV�SODFH��DQG�WKH�QHW�QDWXUDO�ÁX[�LV�NQRZQ��WKH�DLU�
VHD�ÁX[�ZRXOG�HTXDO�WKH�UDWH�RI�VWRUDJH��DQG�D�FRPSDULVRQ�EHWZHHQ�7DNDKDVKL�HW�DO���������DQG�
the present study would be feasible. However, lateral transport of ocean interior Cant between 
WKH�6RXWK�$WODQWLF�2FHDQ�DQG�WKH�RWKHU�RFHDQV��WKH�1RUWK�$WODQWLF�DQG�WKH�,QGLDQ�DQG�3DFLÀF�
RFHDQV��LV�FRPPRQO\�DFNQRZOHGJHG�WR�H[LVW��H�J���(QJODQG�HW�DO���������7RPF]DN��������7DNDKDVKL�
et al., 2009; Gruber et al., 2009). Furthermore, the Southern Ocean is considered to have been a 
source of CO2�LQ�SUHLQGXVWULDO�WLPHV��7KHUHIRUH��ZLWKRXW�ÀUVW�DSSO\LQJ�WKH�765�PHWKRGRORJ\�
to at least all southern hemispheric oceans, no such comparison between storage rates and 
VXUIDFH�ÁX[HV�ZLOO�\LHOG�QHZ�LQVLJKWV��
 Nonetheless, a comparison with Takahashi et al. (2009) may be informative in a dif-
ferent respect. These authors report narrowly constrained rates of the increase of pCO2 (repro-
duced in Table 7.7), for Southern Ocean surface waters in austral winter (days of year 172 to 
326) between 1986 to 2007, presumably resulting from the uptake of CO2,ant from the atmosphere. 
These rates are associated with increases in CT, and depend mainly on the temperature, alkalin-
ity and salinity of the seawater. A comparison shows that the rates of increase in CT observed 
in the present study are compatible with the rates of increase in pCO2 determined by Takahashi 
et al. (2009). 
� )URP�WKH�ÁX[�GDWD�SUHVHQWHG�E\�7DNDKDVKL�HW�DO����������ZH�HVWLPDWH�D�WRWDO�FRQWHP-
SRUDU\��L�H���QDWXUDO���DQWKURSRJHQLF��ÁX[�IRU�WKH�6RXWK�$WODQWLF�2FHDQ�RI�DERXW�������3J&�D-1 
�KHUH��QHJDWLYH�YDOXHV�LQGLFDWH�ÁX[�IURP�DWPRVSKHUH�WR�RFHDQ���)RU�WKH�VDNH�RI�DUJXPHQW�ZH�
EULHÁ\�DVVXPH�WKDW�WKH�VWRUDJH�RI�&ant, as determined in the present study, entirely results from 
surface uptake within the local basin. We may under these assumptions infer the natural (or 
SUH�LQGXVWULDO��ÁX[�IURP�WKH�6RXWKHUQ�2FHDQ�WR�WKH�DWPRVSKHUH�WR�KDYH�EHHQ�DV�ODUJH�DV�������
PgC a-1��WKH�QDWXUDO�ÁX[�HTXDOV�WKH�FRQWHPSRUDU\�ÁX[�PLQXV�WKH�DQWKURSRJHQLF�ÁX[��L�H���Fnat=-
0.16–0.39=0.23 PgC a-1���7KLV�ÀQGLQJ�LOOXVWUDWHV�WKH�LQYHUVLRQ�RI�WKH�UROH�RI�WKH�6RXWKHUQ�2FHDQ�
over the industrial era, from a source to a sink of atmospheric CO2.

In the remainder of this section we compare the presented estimates of dINVCant/dt and INVCant 
with results from other earlier investigations. These estimates are summarized in Figure 7.18.
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 The study performed by Sabine et al. (2004) suggested that Cant in the Southern 
Ocean is nearly absent at any depth along the water column. Several subsequent studies (e.g., 
Matsumoto and Gruber, 2005; Waugh et al., 2006) have nonetheless presented evidence for Cant 
LQ�WKHVH�ZDWHUV��DQG�KDYH�DWWULEXWHG�WKH�GLVFUHSDQF\�WR�DQ�DUWLIDFW�RI�WKH�Ј&
�PHWKRGRORJ\�DV�
employed by Sabine et al. (2004). 
� %ULHÁ\��WKH�Ј&
�PHWKRG�UHTXLUHV�WKH�XVHU�WR�GHWHUPLQH�WKH�SUH�LQGXVWULDO�OHYHO�RI�&T for 
WKH�LVRS\FQDO�LQWHUYDO�V��XQGHU�FRQVLGHUDWLRQ��6SHFLÀFDOO\�LQ�WKH�6RXWKHUQ�2FHDQ��WKH�GHWHUPL-
nation of such baselines is a complicated process (Matsumoto and Gruber, 2005; van Heuven 
et al., 2001; LoMonaco et al., 2005a,b). In part because most deep waters of the global ocean 
contain a large fraction of water derived from the Antarctic formation regions, biases in the 
assumed baselines propagate into the wider ocean, and indeed Sabine et al. (2004) present Cant 
to be close to zero throughout the deep ocean (with the North Atlantic ocean being a marked 
H[FHSWLRQ���7KH�LQYHQWRU\�IRU�WKH�6RXWK�$WODQWLF�2FHDQ��GHWHUPLQHG�E\�6DELQH�HW�DO���������LV�
therefore on the low side of the comparison, although within the range of the other estimates 
(Figure 7.18, panel b, gray circle; generated from data available at cdiac.ornl.gov).

Waugh et al. (2006) use ocean interior CFC measurements to estimate the inventory of Cant 
with the Transit Time Distribution (TTD) method (Hall et al., 2002; McNeill et al., 2003). Based 
on skill assessments of the TTD technique using oceanic general circulation models (oGCMs), 
Waugh et al. (2006) conclude that the method produces a global inventory estimate that is biased 
FLUFD�����WRR�KLJK��7KH\�VXEVHTXHQWO\�UHGXFH�WKHLU�ÀQGLQJV�E\�����XQLIRUPO\�RYHU�WKH�JOREDO�
ocean. The datapoint in Figure 7.18 (black circle in panel b; generated from data available at 
cdiac.ornl.gov), which represents the results from that study for the South Atlantic Ocean, has 
also received this -20% correction, but is still somewhat higher than the other estimates. This 
LV�QRW�XQH[SHFWHG��EHFDXVH�:DXJK�HW�DO���������QRWH�WKDW�WKH�JUHDW�PDMRULW\�RI�WKH�ELDV�RI�WKH�
global inventory is believed to be contributed by the Southern Ocean. They propose that, in 
regions downstream of the deep water formation zones in the Southern Ocean, the TTD method 
overestimates the concentration of Cant by up to 60%, due to the assumption of a constant pCO2 
disequilibrium between the surface waters and the atmosphere. This assumption is commonly 
made in ocean carbon studies, and is likely to be valid for the large majority of the surface of 
WKH�RFHDQV��+RZHYHU��VSHFLÀFDOO\�IRU�WKH�6RXWKHUQ�2FHDQ��PRGHOLQJ�H[HUFLVHV��H�J���0DWHDU�HW�
al., 2003) and measurements (Klatt et al., 2002 for CFCs) indicate strong undersaturation (of 
up to 50%) may be present in these formation waters. 

Gruber et al. (2009) report on an elaborate assessment of Cant estimates in an inversion setup. 
The authors use rates of oceanic transport (obtained from a diverse suite of general circulation 
PRGHOV��WR�LQIHU�WKH�ÁX[HV�RI�&22 and Cant between atmosphere and ocean, and within the ocean, 
that are required to reproduce the distribution of Cant that was inferred by Sabine et al. (2004). 
2Q�D�JOREDO�VFDOH��WKHLU�UHVXOWV�DUH�KLJKO\�FRPSDUDEOH�ZLWK�WKH�ÁX[HV�HVWLPDWHG�E\�7DNDKDVKL�
et al. (2009). However, discrepancies are observed in the Southern Ocean, conceivably due to a 
ODFN�RI�GDWD�WKDW�DͿHFWV�ERWK�DSSURDFKHV��$GGLWLRQDO�XQFHUWDLQW\�LV�LQWURGXFHG�E\�WKH�IDFW�WKDW�
WKH�LQYHUVLRQ�VWXG\�DWWHPSWV�WR�¶H[SODLQ·�WKH�&ant�HVWLPDWHV�\LHOGHG�E\�WKH�Ј&
�DSSURDFK��ZKLFK�
itself is subject to uncertainties, as detailed above. Because the inversion method essentially 
DWWHPSWV�WR�UHSURGXFH�WKH�Ј&
�GHULYHG�&ant�ÀHOGV��DQ\�ELDVHV�WKHUHLQ�ZRXOG�EH�UHÁHFWHG�LQ�WKH�
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UHVXOWDQW�ÁX[HV��)URP�)LJXUH���LQ�*UXEHU�HW�DO���������ZH�URXJKO\�HVWLPDWH�WKH�VWRUDJH�LQ�WKH�
6RXWK�$WODQWLF��VRXWK�RI�WKH�HTXDWRU��LQ������WR�EH�DSSUR[LPDWHO\���������7J&�D-1. This estimate 
is in fair agreement with our TSR-based result of 389±80 TgC a-1 but probably on the low side.

Khatiwala et al. (2009), use an advanced variant of the TTD method to determine a time-resolved 
history of oceanic Cant from the beginning of the industrial revolution to the present day. Firstly, 
WKH\�XVH�D�GLYHUVH�VXLWH�RI�WUDFHUV�LQ�D�PD[LPXP�HQWURS\�GHFRQYROXWLRQ�VFKHPH�WR�RSWLPDOO\�
constrain how the ocean interior is ventilated from the surface. That is, Khatiwala et al. (2009) 
determine for each location in the ocean interior, how much water from each part of the sea 
surface arrives there after how much time. The resulting ‘ventilation functions’ (G) optimally 
DFFRXQW�IRU�WKH�FRQFHQWUDWLRQV�RI�VL[�FRQVHUYDWLYH�WUDFHUV�DV�REVHUYHG�LQ�WKH�RFHDQ�LQWHULRU��6��
T, PO4


��&)&�����&)&�����Ј14C), given their known concentration histories at the sea surface. 
Additionally, Khatiwala et al. (2009) estimate the concentration history of Cant at the ocean’s 
surface (subdivided into 26 patches) using the pCO2 dataset of Takahashi et al. (2009), under 
certain constraints (partly derived from models) regarding how the air-sea disequilibrium 
evolves as a functions of the atmospheric perturbation of CO2. Lastly, the ventilation func-
tions G are used to propagate the Cant concentrations history with time from the surface into 
the three-dimensional ocean interior. The method yields the time- and space-resolved history 
of oceanic Cant��DV�ZHOO�DV�WKH�ÁX[HV�WKURXJK�HDFK�RI�WKH����VXUIDFH�SDWFKHV�
� 7KH�ZRUN�RI�.KDWLZDOD�HW�DO���������UHOD[HV�VHYHUDO�RI�WKH�DVVXPSWLRQV�WKDW�KDYH�LP-
pacted the accuracy of earlier methods. Firstly, the method requires no knowledge of remin-
eralization ratios. Wanninkhof et al. (1999) illustrate that uncertainty about (and spatial vari-
ability of) these ratios leads to a substantial uncertainty in estimates of Cant when using back 
FDOFXODWLRQ�WHFKQLTXHV��VXFK�DV�Ј&
���6HFRQGO\��WKH�PHWKRG�RI�.KDWLZDOD�HW�DO���������DOORZV�
the air-sea pCO2�GLVHTXLOLEULXP�WR�HYROYH�RYHU�WLPH��DQG�WR�EH�GLͿHUHQW�IRU�HDFK�RI�WKH����GLV-
cerned surface patches. As argued above, the assumption of a constant pCO2 disequilibrium 
is considered an important cause of the over-estimation of the global INVCant by Waugh et al. 
��������/DVWO\��WKH�PHWKRG�H[SOLFLWO\�DFFRXQWV�IRU�ZDWHU�PDVV�PL[LQJ�DQG�GLͿXVLYH�DGYHFWLYH�
transport through the use of Green functions. The lack thereof comprised another disadvantage 
RI�WKH�Ј&
�PHWKRGRORJ\��WKRXJK�QRW�LQWUDFWDEOH��VHH�0DWVXPRWR�DQG�*UXEHU���������

Table 7.8. &RPSDULVRQ�RI�WKH�UDWHV�RI�LQFUHDVH�RI�WKH�FROXPQ�LQYHQWRU\�RI�&ant�DORQJ�����6��DV�GHWHUPLQHG�
RYHU�����������E\�0XUDWD�HW�DO���������0����DQG�DV�GHWHUPLQHG�LQ�WKH�SUHVHQW�VWXG\��765��DV�WDNHQ�IURP�
WKH�GDWD�XQGHUO\LQJ�¿JXUH��������7KH�WKLUG�FROXPQ�UHVXOWV�DUH�LQ�JRRG�DJUHHPHQW�IRU�WKH�ZHVWHUQ�VLGH�RI�WKH�
VHFWLRQ��WKH�765�PHWKRG�VKRZV�VLJQL¿FDQWO\�KLJKHU�YDOXHV�LQ�WKH�HDVWHUQ�KDOI�RI�WKH�VHFWLRQ��$�FRQFHLYDEOH�
FDXVH�IRU�WKLV�LV�WKH�JUHDWHU�YHQWLODWLRQ�DJH�RI�WKH�HDVWHUQ�PRGH�ZDWHUV��DV�VXJJHVWHG�E\�0����ZKLFK�FRQFHLY-
DEO\�LV�QRW�IXOO\�UHVROYHG�LQ�RXU�VWXG\�GXH�WR�LQVXI¿FLHQW�UHSUHVHQWDWLRQ�RI�WKH�GLVWLQFW�IRUPDWLRQ�ORFDOHV�RI�
WKH�HDVWHUQ�DQG�ZHVWHUQ�PRGH��DQG�FHQWUDO��ZDWHUV�

/RQJLWXGLQDO�UDQJH
¨&,&ant��0������������� d&,&ant�dW��0��� d&,&ant�dW��765�

PRO�P-2 PRO�P-2 a-1 PRO�P-2 a-1

���:�±����: ��� ���� ����
���:�±����: ��� ���� 0.94
���:�±���( 4.9 0.49 0.9
��(�±����( 4.3 0.43 ����
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 Nonetheless, some minor criticism may be leveled at the method of Khatiwala et al. 
(2009) in that the prescribed Green function for the shape of the TTD may not accurately rep-
UHVHQW�WKH�YHQWLODWLRQ�RI��VSHFLÀFDOO\��WKH�6RXWKHUQ�2FHDQ��(YLGHQFH�IRU�WKLV�PD\�EH�VHHQ�LQ�WKH�
(minor) loss of ability of the method to infer Cant in model data for this region (supplementary 
material of Khatiwala et al., 2009). However, this error accounts to less than about 5% of the 
local inventories, and is hardly consequential for the global results. The work of Khatiwala 
et al. (2009), although not based on ocean interior CT data, therefore likely is the best current 
estimate of the time rates, concentrations and inventories of Cant currently available.
 In Figure 7.18, our results based on the TSR and TSR+TSS methods (dark X’s in the left 
and right panel, respectively) are seen to match within uncertainties with the time histories 
SURYLGHG�E\�.KDWLZDOD�HW�DO����������6SHFLÀFDOO\��WKH�HYROXWLRQ�RI�dINVCant/dt (i.e., left panel) 
obtained with the regression against the atmospheric perturbation is only about 10% higher 
than that of Khatiwala et al. (2009). The time history of INVCant (right panel), derived using the 
AP approach, matches almost perfectly. 

Murata et al. (2008) report on inferred increases in concentration and column inventory of 
Cant (by correcting for variable biological respiration) between 1993 and 2003 along a transect 
between South America and Africa along 30 ºS. They report rates of increase of the column 
inventory (i.e., dCICant/dt, in mol m-2 a-1) at four locations (see Table 7.8), with a mean rate of 
0.6±0.1 mol m-2 a-1��0XUDWD�HW�DO���������ÀQG�6XEDQWDUFWLF�0RGH�:DWHU��6$0:��V\QRQ\PRXV�WR�
the SACW used in the present study), to show higher rates of storage of Cant in the western than 
in the eastern basin. The higher rates observed by Murata et al. (2008) in the western basin are 
suggested to result from the more recent ventilation of these waters than those in the eastern 
EDVLQ��1R�VXFK�GLͿHUHQFH�LV�REVHUYHG�E\�0XUDWD�HW�DO���������IRU�WKH�GHHSHU�ORFDWHG�$$,:��
which is considered to be derived from a single ventilation region in the southeastern South 
3DFLÀF��7DOOH\���������7KH�UHVXOWV�RI�RXU�VWXG\��ODVW�FROXPQ�LQ�7DEOH������IURP�GDWD�XQGHUO\LQJ�
)LJXUH������DUH�FRPSDUDEOH�LQ�WKH�ZHVWHUQ�6RXWK�$WODQWLF�RFHDQ��EXW�DUH�VLJQLÀFDQWO\�KLJKHU�
than those of Murata et al. (2008) in the eastern basin. If indeed the observation of Murata et 
al. (2008) is accurate, this is an indication that our accuracy could be improved by considering 
separately the Central Waters of the eastern and western basins. 

7.10. Conclusions

We present and apply an advanced version of the Time Series Residuals method (Van Heu-
ven et al., 2011) for the determination of the time rate of increase of Cant in the South Atlantic 
Ocean. We obtain rates of storage of Cant (dCant/dt) of about 1 µmol kg-1 a-1 in the most recently 
ventilated surface waters, and rates that are indistinguishable from zero in the less ventilated 
North Atlantic Deep Water. The time rate of change of the total inventory of Cant of the South 
Atlantic Ocean is found to be 389±80 TgC a-1. Although the large majority of this storage is ac-
counted for by the Central and Intermediate water masses, the rates of storage in the Weddell 
6HD�%RWWRP�:DWHU�DQG�WKH�$QWDUFWLF�%RWWRP�:DWHU�DUH�DOVR�VLJQLÀFDQW��DPRXQWLQJ�WR�������
and 19±18 TgC a-1, respectively.
 In addition to determining the trend in Cres

TSR, we also determine trends directly in 
the measured values of CT��WKHUHE\�UHOD[LQJ�VHYHUDO�RI�WKH�DVVXPSWLRQV�RI�WKH�765�PHWKRG��
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The resulting rates are broadly comparable albeit with substantially increased uncertainties 
(dINVCT/dt: 401±130 TgC a-1���HQKDQFLQJ�FRQÀGHQFH�LQ�WKH�765�PHWKRG��
 The Transient Steady State method (TSS; Tanhua et al., 2007) allows for calculation of 
Cant

TSR from dCant
TSR/dt, under the generally reasonable assumption that TSS has been reached 

in the South Atlantic Ocean. The hereby obtained Cant
TSR allows for comparison with results 

from earlier investigations.
� 0RGLI\LQJ�WKH�PHWKRG��IROORZLQJ�5LRV�HW�DO���������WR�H[SUHVV�WKH�UDWH�RI�LQFUHDVH�
of Cant not as a function of time, but of the atmospheric perturbation of anthropogenic CO2, 
FRQFHSWXDOO\�LPSURYHV�WKH�GHWHFWDELOLW\�RI�WUHQGV�DQG�KDV�WKH�DGGLWLRQDO�EHQHÀW�RI�DOORZLQJ�
the scaling of the results to future concentration of atmospheric pCO2. Moreover, the absolute 
concentrations of Cant�PD\�EH�LQIHUUHG��$SSO\LQJ�WKLV�PRGLÀFDWLRQ��ZH�ÀQG�D�UDWH�RI�LQFUHDVH�
of 0.22±0.06 PgC µatm-1. Multiplying this with the AP of 82 µatm in the year 1994, we obtain 
an inventory of Cant in the South Atlantic Ocean of 17.7 PgC, accumulated between the onset 
of the Industrial Revolution (1750) and 1994. 
 The integrated results (0.39±0.08 PgC a-1 and 0.22±0.06 PgC µatm-1) as well as many 
of the smaller scale details (such as the increase in surface water Cant or local increases in col-
umn inventories of Cant) are all broadly or even closely in line with results obtained by earlier 
LQYHVWLJDWRUV��*UXEHU�HW�DO���������7DNDKDVKL�HW�DO���������.KDWLZDOD�HW�DO����������'LͿHUHQFHV�
between our study and those of Waugh et al. (2006) and Sabine et al. (2004) are discussed to 
conceivably result from certain assumptions made by the latter two methods that are consid-
ered to impair their applicability to Southern Ocean waters. 
� 7R�WKH�EHVW�RI�P\�NQRZOHGJH��WKLV�LV�WKH�ÀUVW�UHVXOW�ZKHUH�DQ�HVWLPDWH�RI�dCant/dt 
is derived without requiring assumptions about the degree of pCO2- or pO2-disequilibrium 
LQ�GHHS�ZDWHU�IRUPDWLRQ�UHJLRQV��:LWK�PLQRU�PRGLÀFDWLRQV�WR�WKH�PHWKRG��ZH�DGGLWLRQDOO\�
obtain an estimate of INVCant. The convincing agreement with, but conceptual independence 
from, the work of Khatiwala et al. (2009), further strengthens and constrains the evidence for 
VLJQLÀFDQW�VWRUDJH�RI�&ant in the South Atlantic Ocean.

7.11. Recommendations for future research

The convincing results obtained in the South Atlantic Ocean certainly warrant the application 
of the TSR method to other ocean basins. However, due to the use of OMP analysis, water mass 
stability over time is required. This demand may limit the applicability of the TSR method 
in the North Atlantic Ocean, which is known to feature highly variable rates of formation 
of Labrador Sea Water, the dominant water mass in the intermediate depths of that basin. A 
variant of the TSR method that does not emply OMP analysis may be applied there, with the 
slight disadvantage of a conveivably larger uncertainty of the results – this may not be crucial 
because of the larger Cant signal in the North Atlantic.
 The spatial resolution and accuracy of the method may be improved by separately 
determining dCant/dt in the western and eastern sides of the basin. For instance, a preliminary 
application of that approach suggests that the dCant/dt in the SACW is higher in the western 
basin than in the eastern basin, in accordance with the results of Murata et al. (2008). Such 
UHÀQHPHQWV�ZLOO�FRQWULEXWH�WR�D�EHWWHU�VSDWLDO�UHVROXWLRQ�RI�WKH�SDWWHUQ�RI�VWRUDJH�RI�&ant in the 
6RXWK�$WODQWLF�2FHDQ��+RZHYHU��LQ�RUGHU�WR�UHWDLQ�D�VX΀FLHQWO\�KLJK�QXPEHU�RI�GDWDSRLQWV�
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for the assessment of the AOU-versus-dCant/dt dependency under such higher-resolution 
OMP analyses, more cruise data will be required. Luckily, deep section chemical data is being 
collected routinely even in the far South Atlantic Ocean, so the proposed improvement may 
likely be implemented in the future. 
 Further improvements may be sought in the use of a more sophisticated age tracer 
�LQVWHDG�RI�$28���PRUH�DGYDQFHG�ZDWHU�PDVV�LGHQWLÀFDWLRQ�VFKHPHV��DQG�PRUH�DGYDQFHG�
FXUYH�ÀWWLQJ�SURFHGXUHV��LQVWHDG�RI�WKH�PXOWL�OLQHDU�DSSURDFK�XVHG�LQ�VHFWLRQ�������$OWKRXJK�
we are convinced that the large-scale result of the currently employed analysis setup is robust, 
ZH�DQWLFLSDWH�UHÀQHPHQWV�LQ�VSDWLDO�UHVROXWLRQ�WR�EH�SRVVLEOH��$GGLWLRQDOO\��DW�UHGXFHG�OHYHOV�
of uncertainty comes the possibility of the determination of trends on timescales shorter than 
those of the full 35 years spanned by the currently used dataset. Such sub-era analyses might 
corroborate or falsify the proposed slowdown in recent years of the rate of oceanic storage of 
anthropogenic CO2 compared to the increase in the atmosphere (e.g., Le Quéré et al., 2007).



203

South Atlantic Ocean Cant Storage





205205

Chapter 8

Synthesis and recommendations 

for future research





207

Synthesis and recommendations

This thesis reports on aspects of the work performed with the aim of assessing the rate of 
storage of anthropogenic CO2 in the oceans. These aspects are (i) the collection of new data, 
(ii) the construction of a highest-quality basin-scale data product from new and historical data 
and (iii) the combined use of these data to investigate the accumulation of CO2,ant in the Wed-
dell Gyre and the South Atlantic Ocean. This section summarizes and discusses the reported 
work, and makes recommendations for future studies.

8.1. Analytical work

The shipboard implementation of the commonly used, highly precise and accurate analytical 
techniques for measuring CT and AT was detailed in Chapter 3. About 8000 oceanographic 
samples have been collected and analyzed during several research cruises, totaling about 9 
PRQWKV�RI�DW�VHD��7DEOH�������,Q�DOPRVW�DOO�FDVHV��WKHVH�HͿRUWV�ZHUH�PDWFKHG�E\�DGGLWLRQDO�DQDO\VHV�
RI�GLVVROYHG�R[\JHQ�DQG�QXWULHQWV��2IWHQ��VDPSOHV�IRU�&)&����DQG�&)&����ZHUH�DGGLWLRQDOO\�
collected and analyzed, in all cases by the colleagues of the Institute for Umweltphysik (IUP) 
at the University of Bremen, Germany. Many of these datasets have already been released to 
publically accessible data repositories. 
 Short-term precision of the analyses of both CT and AT�LV�DSSUR[LPDWHO\�����PRO�NJ-

1. This value is considered the best that may be attained during ship-based work. Analytical 
accuracy of the analysis of CT�LV�FRQVLGHUHG�WR�EH�DSSUR[LPDWHO\�HTXDOO\�JRRG��DW�����PRO�NJ-1. 
Accuracy of analyses of AT�ZDV�DSSUR[LPDWHO\�KDOI�DV�JRRG�DW�DURXQG�����PRO�NJ-1. This, too, 
matches what is commonly reported to be the analytical limit for ship-based work. However, 
LW�LV�QRWHG�WKDW�WKH�DFFXUDF\�GXULQJ�WKLV�WKHVLV�ZRUN�ZDV�VHW�E\�FRUUHFWLRQ�DJDLQVW�FHUWLÀHG�
reference material (CRM). Especially for analysis of AT �ZKLFK�PD\�EH�DͿHFWHG�E\�QRQ�OLQHDU�
errors), this method of calibration is inferior to the use of CRM to verify independently at-
tained accuracy.

$QDO\WLFDO�ZRUN��UHFRPPHQGDWLRQV
$OWKRXJK�UHVXOWV�DUH�RI�VDWLVIDFWRU\�TXDOLW\��VLJQLÀFDQW�PRGLÀFDWLRQV�WR�LQVWUXPHQWDWLRQ�DQG�
SURFHGXUHV�DUH�UHFRPPHQGHG�LQ�&KDSWHU����7KHVH�IDLUO\�VSHFLÀF�PRGLÀFDWLRQV�VKRXOG�PD\�
be implemented in short order. Some more general (and more involved), recommendations 
will be made in the remainder of this section.
 As argues in Chapter 3, the concurrent analysis of a sample on two machines allows 
IRU�D�EHWWHU�TXDQWLÀFDWLRQ�RI�DQDO\WLFDO�SUHFLVLRQ�DQG�DFFXUDF\�WKDQ�PD\�EH�REWDLQHG�XVLQJ�D�
single instrument. The continuation of concurrent use of instruments is highly recommended. 
However, an alternative and conceivably superior (because independent) constraint to mea-
surement accuracy may be available in the analysis of a third CO2-system parameter: pH. 
This spectrophotometric analysis is straightforward and precise, inherently accurate, and 
the required equipment is already present at NIOZ in the form of a couple of SAMI in-situ 
S+�VHQVRUV��$IWHU�D�PLQRU��UHTXLUHG�PRGLÀFDWLRQ��WKH�LQVWDOODWLRQ�RI�D�KHDW�H[FKDQJHU�LQ�WKH�
sample inlet line to bring the sample to analysis temperature), this additional analysis will 
EH�RI�VLJQLÀFDQW�YDOXH�DV�D�FRQVWUDLQW�RQ�WKH�DFFXUDF\�ZLWK�ZKLFK�WKH�VWDWH�RI�WKH�FDUERQDWH�
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system is analyzed. Analysis may be performed on the same bottles form which the VIND-
TAs tap their samples, or dedicated subsamples may be collected in the appropriate vessels 
(SOP6b of Dickson et al., 2007).  
 Calculation of AT from titration data, is currently performed by the many research 
groups using a wide variety of software routines. An informal investigations into the various 
routines currently in use has been conducted by myself and others. All routines are based on 
the same thermodynamic considerations and, generally, employ the comparable mathematical 
PHWKRGV��1RQHWKHOHVV��VXEWOH�GLͿHUHQFHV�H[LVW��PRVWO\�SHUWDLQLQJ�WR�WKH�FKRLFH�RI�GLVVRFLDWLRQ�
constants for the non-abundant ions. Moreover, the programs in use are often badly document, 
hindering user comprehension. Although guidelines for the development of the mathematical 
innards of these routines are provided in SOP3 of Dickson et al. (2007), implementation may 
GLͿHU�EHWZHHQ�JURXSV��)RU�WKHVH�UHDVRQV��WKH�GHYHORSPHQW�RI�D�ZHOO�GRFXPHQWHG��ÁH[LEOH��
multi-platform routine for the calculation of AT�IURP�WLWUDWLRQ�UHVXOWV�ZRXOG�EH�RI�VLJQLÀFDQW�
EHQHÀW�WR�WKH�FRPPXQLW\��,GHDOO\��VXFK�VRIWZDUH�VKRXOG�EH�PDLQWDLQHG�DQG�KRVWHG�E\�WKH�
DXWKRULWDWLYH�&DUERQ�'LR[LGH�,QIRUPDWLRQ�DQG�$QDO\VLV�&HQWUH��&',$&��http://cdiac.ornl.gov), 
which currently already hosts several related software programs. Pursuance of this develop-
PHQW�VKRXOG�EH�RI�GHÀQLWLYH�EHQHÀW�WR�WKH�TXDOLW\�RI�WKH�JOREDO�$T�DQDO\VLV�HͿRUW�

8.2. Database synthesis

Chapter 4 and 5 detailed the methodology that was developed and used to synthesize a large, 
internally consistent dataset of CO2 relevant parameters spanning 30 years. The source data 
IRU�WKLV�&$5,1$��&DUERQ�,Q�WKH�1RUWK�$WODQWLF�2FHDQ��.H\�HW�DO���������HͿRUW�FRQVLVWHG�RI�
188 cruise datasets, obtained mostly by European researchers between 1980 and 2005. High-
quality data from the recent international CLIVAR project (Climate Variability and Predict-
ability, http://www.clivar.org/) were included to serve as a framework of ‘master’ cruises against 
which the 188 others could be compared. The CARINA data product is comprised of three, 
partially overlapping, datasets for the Arctic Oceans, Atlantic Ocean and Southern Ocean. 
These data are available in a common, well-documented format, thereby facilitating their use 
E\�VFLHQWLVWV�IURP�ÀHOGV�UDQJLQJ�IURP�H[SHULPHQWDO�ELRORJLFDO�RFHDQRJUDSK\�WR�(DUWK�V\VWHP�
model development. Data quality was optimized in a two step approach, pertaining to preci-
sion and accuracy, respectively.
 Data collection and primary quality control (QC1) of the 188 datasets was performed 
by Dr. Robert Key of Princeton University, NJ., USA. First, the submitted data was brought into 
a standard format. Necessary changes generally regarded the numbering of station and cast 
LGHQWLÀHUV��WKH�PDWFKLQJ�RI�YDULRXV�UHSRUWHG�SDUDPHWHUV�WR�D�VLQJOH�GHSWK��XQLW�FRQYHUVLRQV�
and calibration scale conversions (for CFCs and pH). Subsequent QC1 (Chapter 5, Tanhua et 
DO���������FRQVLVWHG�RI�WKH�ÁDJJLQJ�RI�REYLRXVO\�RXWO\LQJ�LQGLYLGXDO�GDWDSRLQWV��RFFDVLRQDOO\�
ÁDJJLQJ�FRPSOHWH�GDWDVHWV�GXH�WR�H[FHHGLQJO\�ODUJH�XQFHUWDLQWLHV�RU�YDULDEOH�ELDV���$OO�����
cruise datasets so processed have been made available in a common format through the CLI-
9$5�DQG�&DUERQ�+\GURJUDSKLF�'DWD�2΀FH��http://cchdo.ucsd.edu/).
 Subsequently, secondary quality control was performed (Chapter 5; Tanhua et al., 
2010b). The goal hereof was to determine the adjustments that needed to be applied to the 
LQGLYLGXDO�FUXLVH�GDWDVHWV�LQ�RUGHU�WR�PLQLPL]H�WKH�RͿVHWV�EHWZHHQ�WKH�FUXLVHV��7KH�PHWK-
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odology that is used for this is the inversion approach outlined by Johnson et al. (2001). The 
ÀUVW�VWHS�LV�WR�GHWHUPLQH��IRU�HDFK�SURSHUW\�RI�LQWHUHVW��VDOLQLW\��&T, AT, O2, NO3, PO4 and Si), 
WKH�RͿVHWV�EHWZHHQ�FUXLVHV��L�H���WKH�relative biases between cruises, not the absolute biases of 
cruises). This was accomplished by comparing the deep-ocean property values wherever two 
cruises have sampled the same location (generally within 200 kilometers), irrespective of the 
year or season of sampling (the assumption here is that deep-ocean property values are in-
YDULDQW�RYHU�WLPHVFDOH�RI�VHYHUDO�IHZ�\HDUV��DQG�WKDW�WKHUHIRUH�QR�RͿVHW�LV�H[SHFWHG�DW�WKHVH�
GHSWKV���7KLV�VWUDWHJ\�\LHOGHG��IRU�PRVW�SURSHUWLHV��PRUH�WKDQ������RͿVHWV�EHWZHHQ�GLͿHUHQW�
FRPELQDWLRQV�RI�WKH�����FUXLVHV�LQ�WKH�GDWDVHW��)RU�H[DPSOH��FUXLVH�a would be determined 
to have CT values that are 7±2 µmol kg-1 higher than that of cruise b, but 2±5 µmol kg-1 lower 
than that of cruise c. This information, in and of itself gives little clues as to the absolute bias 
of each cruise. Therefore, in a second step, an inversion algorithm (Menke 1984; Wunsch 1996) 
is used to determine for each property those adjustments to cruises that, if applied, would 
PLQLPL]H�WKH�PHDQ�RI�DOO�WKH�RͿVHWV�ZLWKLQ�WKH�GDWDEDVH�
 The inversion approach allows several subtle constraints to be applied. Firstly, the 
arbitrary ‘pinning’ of known-to-be-accurate cruises, meaning that their values may not be 
FRQVLGHUHG�IRU�DGMXVWPHQW��,Q�HͿHFW��WKDW�GHÀQHV�WKHVH�FUXLVHV�DV�¶PDVWHU·�FUXLVHV�WR�ZKLFK�
the rest of the database will be adjusted, providing for a known calibration of the resulting 
GDWDEDVH��6HFRQGO\��RͿVHWV�PD\�EH�ZHLJKWHG��:H�RSWHG�WR�UHGXFH�WKH�ZHLJKW�RI�RͿVHWV�DV�D�
function of the time between sampling of the cruises. Additionally, weight was decreased 
ZLWK�WKH�XQFHUWDLQW\�ZLWK�ZKLFK�DQ�RͿVHW�ZDV�GHWHUPLQHG��9DULRXV�RͿVHW�GHWHUPLQDWLRQ�
methods and inversion schemes were tried and compared, mostly resulting in comparable 
results. The adjustments that the inversion routines suggested were thoroughly vetted by 
the CARINA team members, before being applied. The internal consistency of the resulting 
GDWDEDVH�LV�VKRZQ�WR�EH�VLJQLÀFDQWO\�KLJKHU�WKDQ�WKDW�RI�WKH�4&��GDWDVHW��&KDSWHU����7DEOH�����
2I�VSHFLÀF�UHOHYDQFH�WR�WKLV�WKHVLV�DUH�WKH�LPSURYHPHQWV�WR�&T and AT. These improvements 
were, respectively, from ±5.0 to 3.2 µmol kg-1 and from  6.7 to 3.9 µmol kg-1.
� 3URFHVVLQJ�DIWHU�4&��FRQVLVWHG�RI�VLPSOLÀFDWLRQ�RI�TXDOLW\�ÁDJV��LQWHUSRODWLRQ�RI�
missing carbon-relevant data (O2, nutrients) wherever possible, calculation of derived quan-
tities (densities, et cetera) and full calculation of the state of the carbonate system (Chapter 2) 
wherever possible. 

Database synthesis: recommendations
The CARINA data product is comprised of three, partially overlapping, datasets for the Arctic 
Oceans, Atlantic Ocean and Southern Ocean. The earlier GLODAP project (Key at al., 2004) 
DOVR�FRQVLVWHG�RI�WKUHH�VXE�GDWDVHWV��$WODQWLF��3DFLÀF��,QGLDQ���7KH�UHODWHG�PACIFICA program 
(led by Dr. Masao Ishii, MRI-JMA, Tsukuba, Japan) aims to provide by late 2012 a similarly 
RSWLPL]HG�GDWD�SURGXFW�IRU�WKH�3DFLÀF�2FHDQ��3HUIRUPLQJ�D�WUXH�JOREDO�DQDO\VLV�RI�VWRUDJH�
rates of CO2,ant�LV�VLJQLÀFDQWO\�FRPSOLFDWHG�E\�WKH�QHFHVVLW\�RI�PHUJLQJ�WKHVH�YDULRXV�SURGXFWV�
and the subsequent removal a those cruises that are present in duplicate. Such global analyses 
ZLOO�JUHDWO\�EHQHÀW�IURP�WKH�SURSRVHG�Global Ocean Carbon Synthesis project (GOCS, led by Dr. 
1LFRODV�*UXEHU��(7+�=�ULFK��6ZLW]HUODQG���7KLV�HͿRUW�DLPV�WR�FRPELQH�DOO�WKH�DERYH�VRXUFHV�
of data, as well as data acquired in the most recent years, into a single large data product. 
7KLV�FDUERQ�GDWD�REWDLQHG�GXULQJ�WKH�WKHVLV�ZRUN�SRVWGDWHG�WKH�FXW�RͿ�IRU�&$5,1$�GDWD��SUH�
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mid-2005), so as of yet is not included in any large-scale data compilation. The contribution 
RI�WKHVH�GDWD�WR�WKH�*2&6�HͿRUW�LV�KLJKO\�UHFRPPHQGHG��

 An important methodological advance in such a newly undertaken dataset synthesis 
HͿRUW�FRXOG�EH�WKH�LPSOHPHQWDWLRQ�RI�0/5�EDVHG�PHWKRGV�WR�DVVHVV�PHDVXUHPHQW�ELDVHV��VXFK�
as used for CT in this thesis, Chapter 7, section 6), replacing or supplementing the ‘crossover’ 
methodology used in CARINA. The proposed methodology has been successfully used in 
2OVHQ�HW�DO���������DQG�2OVHQ���������DQG�LWV�ZLGHU�XVH�GXULQJ�*2&6�PD\�EHQHÀW�WKH�ÀQDO�LQ-
YHUVLRQV�E\�DOORZLQJ�HVWLPDWHV�RI�RͿVHWV�EHWZHHQ�FUXLVHV�WR�EH�PDGH�RI�IDLUO\�ZLGH�VSDWLDO�
H[WHQW��,Q�VXFK�D�VFKHPH��RQH�ZRXOG�QRW�LQIHU�RͿVHWV�EHWZHHQ�WZR�FUXLVHV��EXW�UDWKHU�DVVHVV�WKH�
GLͿHUHQFHV�EHWZHHQ�PHDVXUHPHQWV�RI�D�FUXLVH�DQG�WKH�YDOXHV�SUHGLFWHG�IRU�WKDW�FUXLVH�EDVHG�
on a statistical relationship obtained from other cruises within the same region. Although 
such residuals are indicative not necessarily of biases in the assessed parameters (but of the 
independent parameters), iterative use could yield the minimal adjustments to be performed 
WR�PD[LPL]H�GDWDVHW�FRQVLVWHQF\��

8.3. Assessing the rate of storage of anthropogenic CO2

Chapter 6 describes the careful preparation of a dataset comprising 10 cruises performed be-
tween 1973 and 2008 along the Prime Meridian in the Weddell Gyre in the Southern Ocean. 
'DWD�RI�WKHVH�FUXLVHV�RULJLQDWHV�IURP�WKH�&$5,1$�DQG�*/2'$3�V\QWKHVLV�HͿRUWV��$GGHG�WR�
these are several original datasets that in part have been collected during this thesis work 
(PFS Polarstern H[SHGLWLRQ�$17�;;,9����)HE�$SU��������7KH����TXDVL�FRLQFLGHQW��RYHUODSSLQJ��
datasets are projected onto a common meridional section, and the linear time trends in CT are 
TXDQWLÀHG�DW�HDFK�JULG�SRLQW�RI�WKH�VHFWLRQ��7KH�DSSURDFK�\LHOGV�DQ�XQDPELJXRXV��DOEHLW�ORZ��
time rate of change of CT in the deep Weddell Gyre of +1.2±0.6 µmol kg-1 decade-1 over this 35 
years time interval. This trend is not observed at the intermediate depths of the water column, 
DV�H[SHFWHG�GXH�WR�WKH�¶ERWWRP�XS·�FRQYHFWLYHO\�GULYHQ�YHQWLODWLRQ�RI�WKH�:HGGHOO�*\UH��7KH�
spatial distribution of the accumulation is shown to bear a strong resemblance to that of the 
accumulation of CFC-12, an inert anthropogenic gas that is taken up from the atmosphere and 
measured in the ocean with very high signal-to-noise ratio. This resemblance is an indication 
that the inferred time trends in CT result from uptake of CO2,ant from the atmosphere, and 
therefore less likely to be the result of biogeochemical of hydrographic variability. 

 A statistical technique is presented with the aim of unambiguously attributing the time 
trend in CT to results from accumulation of Cant. The application of this Time Series Residuals 
technique (TSR) however does not yield the a convincing attribution. Nonetheless, because 
the increase is shown not to be easily attributable to either biogeochemical or hydrographical 
variability, by default the attribution to accumulation of Cant�LV�PDLQWDLQHG��)URP�DQ�H[WUDSROD-
tion to the wider Weddell Gyre, we infer that 12 PgC a-1 (circa 0.1% of current anthropogenic 
emissions) of anthropogenic CO2�DUH�VHTXHVWHUHG�LQ�WKH�GHHS�:HGGHOO�*\UH��L�H���H[FOXGLQJ�WKH�
storage in the upper 500 meters). The error estimates of this result are somewhat subjectively 
estimated to be about 50%. This uncertainty stems in part from incomplete spatial representa-
tion of the Weddell Gyre by the studied section, and partly from the substantial uncertainty 
of the determined trends themselves. Notwithstanding that uncertainty, the inferred trends 
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are considered to provide a unambiguous constraint on the rate of storage of Cant in the deep 
Weddell Gyre. 

The gradual increase of CT (supposedly due to accumulation of CO2,ant) at 0 ºE in the deep 
:HGGHOO�*\UH�FRQVWLWXWHV�WKH�PDMRU�ÀQGLQJ�RI�&KDSWHU����,W�FRUURERUDWHV�WKH�H[SHFWDWLRQ�
that the deep Weddell Gyre constitutes at most a modest sink for CO2,ant, taken up at the sea 
surface (Poisson and Chen, 1987, Hoppema et al., 2001). The relatively low rate that was ob-
VHUYHG�DSSHDUV�DW�ÀUVW�VLJKW�LQFRPSDWLEOH�ZLWK�WKH�ÀQGLQJV�RI�/R�0RQDFR�HW�DO����������EDVHG�
on measurements obtained at the eastern edge of the Weddell Gyre at 30 ºE. These authors 
ÀQG�VLJQLÀFDQW�FRQFHQWUDWLRQV�RI�&ant, which would not be attainable without a high rate of 
storage. Causes of this incongruence are speculative, but fall in two categories. Firstly, the 
employed methods (for inferring dCant/dt or Cant) may be inaccurate. Secondly, and more in-
WHUHVWLQJO\��FRQFHLYDEOH�UHDO�ZRUOG�GLͿHUHQFHV�LQ�WKH�H΀FDF\�&22 uptake by the surface waters 
WKDW�FRQWULEXWH�WR�WKH�ERWWRP�ZDWHUV�DW�WKHVH�WZR�ORFDWLRQV�PD\�H[LVW��7KH�ODUJH�PDMRULW\�RI�WKH�
bottom waters at the location of the study of Chapter 6 are derived from along the continental 
edge of the Weddell Gyre, whilst the water of the study of Lo Monaco may to a much larger 
H[WHQW�EH�GHULYHG�IURP�WKH�FRQWLQHQWDO�HGJH�WR�WKH�HDVW�RI�WKH�����(�VHFWLRQ��6FKRGORN�HW�DO���
�������&RQFHLYDEO\��GLͿHUHQFHV�LQ�LFH�FRYHU��FRQYHFWLRQ�RU�RWKHU�SURFHVVHV�PD\�EH�LQYROYHG�
in a enhanced rate of transport of Cant�DURXQG�WKH�����(�VHFWLRQ��5HVHDUFK�H[SHGLWLRQV��DLPHG�
DW�TXDQWLÀFDWLRQ�RI�WKH�&ant content of downwelling waters may be required to resolve this 
incongruence, as well as other unresolved, highly pertinent questions relating to the ventila-
tion of the deep Southern Ocean. 
 Although Chapter 6 demonstrated the viability of determining trends in measured 
CT in the deep Weddell Gyre (note that no results are presented for the upper water column), 
the likelihood of being able to successfully replicate this work in the shallower water column, 
in the Weddell Sea or elsewhere, is low. The high variability at shallow depths (<1 km), caused 
by currents, would likely obscure the small signal of Cant accumulation. Therefore, the direct 
GLͿHUHQFLQJ�WHFKQLTXH�DSSHDUV�UHVWULFWHG�WR�DSSOLFDWLRQ�LQ�WKH�GHHS�RFHDQ�

In Chapter 7��WKH�7LPH�6HULHV�5HVLGXDOV�PHWKRG��765��LQWURGXFHG�LQ�&KDSWHU����LV�PRGLÀHG�IRU�
application at basin scale, along the full depth of the water column. It is applied to a database 
RI�WKH�6RXWK�$WODQWLF�2FHDQ��KHUH�GHÀQHG�DV�DOO�ZDWHUV�EHWZHHQ�WKH�(TXDWRU�DQG�WKH�$QWDUFWLF�
continent, between 30 ºE and Drake Passage at 65 ºW). The database contains 53 cruises, span-
QLQJ�WKH�\HDUV������WR�������6HYHQ�GLVWLQFW�ZDWHU�PDVVHV�DUH�GLVFHUQHG�E\�PHDQV�RI�H[WHQGHG�
2SWLPXP�0XOWLSDUDPHWHU�$QDO\VLV��H203$��.DUVWHQVHQ�DQG�7RPF]DN���������7KH�PRGLÀHG�
TSR methods aims to quantify the rate of increase of Cant in each of these water masses. 
 Within each water mass, dCant/dt is assumed to by highest at the ventilation region 
(i.e., the surface outcrop) and to become gradually smaller further within the interior (because 
the interior waters were ventilated at times of lower atmospheric CO2). In order to quantify this 
characteristic of Cant accumulation, the time rate of change of Cant�LV�H[SUHVVHG�DV�D�IXQFWLRQ�
RI�DSSDUHQW�R[\JHQ�XWLOL]DWLRQ��$28���ZKLFK�KHUH�LV�WKXV�FRQVLGHUHG�D�WUDFHU�RI�YHQWLODWLRQ�
age (the time since a water sample was last at the surface). 
� $V�H[SHFWHG��WKH�UDWHV�dCant/dt are clearly observed to decrease with increasing AOU. 
In the surface outcrops of water masses, the analysis reveals values of dCant/dt to increase (at 
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circa 1 µmol kg-1 a-1���LQ�DSSUR[LPDWH�HTXLOLEULXP�ZLWK�WKH�LQFUHDVLQJ�DWPRVSKHULF�pCO2. Rates 
close to zero were observed for the North Atlantic Deep Water (NADW). Both these obser-
YDWLRQV�DUH�FRQVLVWHQW�ZLWK�H[SHFWDWLRQV��We note that values of dCant/dt for the deep water 
masses of southern origin (Antarctic Bottom Water, Weddell Sea Bottom Water) are slightly 
DERYH�]HUR�²�VXJJHVWLQJ�WKH�DFFXPXODWLRQ�RI�VLJQLÀFDQW�DPRXQWV�RI�&ant in these voluminous 
ZDWHU�PDVVHV��7KH�ÀQGLQJ�RI�DFFXPXODWLRQ�RI�&ant in the WSBW is compatible with the obser-
YDWLRQV�LQ�&KDSWHU����+RZHYHU��LQ�WKDW�&KDSWHU��ZH�GLG�QRW�ÀQG�D�VLJQLÀFDQW�WLPH�WUHQG�RI�&T 
in the Weddell Sea Deep Water, which is a principal contributor to the AABW.  
� 7KH�TXDQWLÀFDWLRQ�RQ�WKH�EDVLV�RI�$28�RI�G&ant/dt for each water mass, allows these 
rates to be straightforwardly projected onto the World Ocean Atlas 2005 (WOA05; Garcia et 
al., 2005). The WOA05 climatology does not itself contain any CO2-data, but does contain a 
high-resolution, three-dimensional AOU data product. The resulting grid of data of dCant/dt 
is integrated in two ways to yield the time rate of change of a) the column inventory of Cant 
(dCICant/dt, in mol C m-2 a-1) and b) the rate of change of the total inventory (in mol C a-1) of the 
South Atlantic Ocean.
 We calculate the overall rate of storage of Cant in the South Atlantic Ocean (poleward 
RI��WKH�(TXDWRU�H[WHQGLQJ�WR�WKH�$QWDUFWLF�FRQWLQHQW��WR�EH�����������3J&�D-1. The zonal mean 
of the time rate of change of the column inventory of Cant (dCICant/dW��LV�VKRZQ�WR�H[KLELW�D�
PD[LPXP�RI�FLUFD���PRO�&�P-2 a-1 in the latitudinal range between 35 ºS and 50 ºS, i.e., to the 
north of the Polar Front. This feature result from subduction of Cant-rich intermediate waters 
at the polar front, and their subsequent equatorward advection. The large amounts of Cant 
WDNHQ�XS�DW�KLJKHU�ODWLWXGHV�DUH�KHUHE\�WR�D�ODUJH�H[WHQW�VWRUHG�LQ�WKH�LQWHUPHGLDWH�ODWLWXGHV��
Rates of storage of 0.5 mol C m-2 a-1 are encountered both to the north and south of this main 
‘storage belt’. The western basin of the South Atlantic Ocean features a slightly larger storage 
of Cant�WKDW�WKH�(DVWHUQ�%DVLQ��DV�PD\�EH�H[SHFWHG�IURP�WKH�GLVWLQFW�IRUPDWLRQ�SURFHVVHV�RI�WKH�
intermediate waters in the western and eastern basin (Talley, 1996; Poole and Tomczak, 1999; 
Murata et al., 2008). 
 In most respects, our results compare favorably with other recent estimates of accu-
mulation of Cant in the South Atlantic Ocean. Wanninkhof et al. (2010) studied such accumu-
lation along a meridional section ) used the eMLR-technique. Murata et al., 2008 employed 
a back-calculation techniques along a zonal section along 30 ºS. In general, the results from 
the three studies are highly congruent. As a distinct improvement over previous results, our 
VWXG\�RͿHUV���WR�WKH�EHVW�RI�P\�NQRZOHGJH���XQSUHFHGHQWHG�VSDWLDO�VFDOH�DQG�H[WHQW��7KH�FRQ-
ceptually fully independent study of Khatiwala et al. (2009), which does not rely on ocean 
interior CT, additionally closely resembles the results obtained in the present study. Taken 
WRJHWKHU��WKLV�ERG\�RI�HYLGHQFH�FRQÀUPV�WKH�QRWLRQ�WKDW�WKH�6RXWK�$WODQWLF�2FHDQ��SROHZDUG�
of the Equator, west of 30 ºE and east of Drake Passage at 65 ºW) constitutes a strong sink for 
of anthropogenic CO2�DW�D�UDWH�RI�DSSUR[LPDWHO\���������3J&�D-1 in 1994.
 The presented TSR method is a valuable tool in discerning the steady accumulation 
of Cant. The method allows the accumulation of CO2,ant to be sharply distinguished within the 
QDWXUDO�ELRJHRFKHPLFDO�DQG�K\GURJUDSKLFDO�YDULDELOLW\�RI�WKH�RFHDQ��7KLV�LV�H[HPSOLÀHG�E\�
WKH�FRPSDULVRQ�VKRZQ�LQ�WDEOH������ZKHUH�WKH�FRQVLGHUDWLRQ�RI�WKHVH�H[WUD�SURFHVVHV��UDWKHU�
than observing only trends in CT) reduces by about 40% the uncertainty of the inferred rate 
of increase of Cant in the South Atlantic Ocean (389±80 vs 401±130 PgC a-1). 
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 $�PDMRU�ÀQGLQJ�&KDSWHU���LV�WKDW�WKH�SUHVHQWHG�765�PHWKRG�LV�FDSDEOH�WR�DVVHVV�
trends in Cant over large spatial scales, using very large datasets. Estimates obtained from 
such larger amounts of cruises (as opposed to only from two cruises) renders the result less 
susceptible to biases of data from individual cruises, and may improve spatial coverage. 

� 7KH�EURDGHU�DSSOLFDWLRQ�RI�WKH�765�PHWKRG��RU�FRPSDUDEOH��ZLOO�EHQHÀW�WKH�YDOLGD-
tion of estimates of accumulation of Cant from high-resolution tracer-based techniques (e.g., 
Waugh et al., 2006; Khatiwala et al., 2009), and from computer models (e.g., Gruber et al., 2009, 
and references therein). Moreover, the TSR-technique may prove to be a valuable tool in diag-
nosing temporal changes in carbon uptake by the surface ocean. For instance, the reduction 
in the strength if the North Atlantic sink for Cant, observed in sea surface data (e.g., Schuster 
and Watson, 2007; Metzl et al., 2010; McKinley et al., 2011) will need corroboration from the 
ocean interior, to where this reduction should be propagated. We note that the current ap-
plication of the TSR technique in the South Atlantic Ocean has not been able to accurately 
resolve trends on timescales shorter than about 20 years (and only trends over 35 years have 
been presented). However, in the much more densely sampled North Atlantic Ocean (Key et 
al., 2010), the required amount of temporal detail is likely to be attainable. 

Assessing the rate of storage of anthropogenic CO2: recommendations

The ability of the section-comparison method presented in Chapter 6 to detect trends in CT 
(and by inference in Cant) of bottom waters is evident. In addition to the presented application 
in the Weddell Sea Bottom Water, the method may be used to infer trends in Cant in the well-
YHQWLODWHG�'HQPDUN�6WUDLJKW�2YHUÁRZ�:DWHU��'62:��EHWZHHQ�,FHODQG�DQG�6FRWODQG��7KLV�
water mass has been sampled many times, starting in 1972 with GEOSECS (although the ac-
curacy of the CT data obtained at these northern GEOSECS stations is commonly questioned; 
e.g., Peng and Wanninkhof, 2010). At least 15 subsequent occupations with measurements of 
CT and ancillary properties are available along part of that section. About a dozen of these 
are may be found in Perez et al., 2010. Additionally, there are the data from cruises of RV Pe-
lagia: 64PE175 in 2001 (although the data of CT are of questionable quality due to the use of 
DQ�H[SHULPHQWDO�DQDO\WLFDO�WHFKQLTXH��6WROO�HW�DO����������64PE240 (2005, this Thesis, Chapter 3), 
64PE275 (2007, this Thesis, Chapter 3) and 64PE342 (2011, sampled by NIOZ (Mr. K. Bakker) 
on my behalf, will be analyzed in late 2012).

 Among the few other regions of conceivable application is the repeat coverage avail-
able along the bottom waters south of Tasmania (data of CT available from about 8 occupations 
since 1968; McNeill et al., 2001).

� $�GHÀQLWH�LPSURYHPHQW�WR�WKH�PRGLÀHG�765�DSSURDFK�DV�XVHG�LQ�Chapter 7 would 
EH�WR�XVH�WKH�DOWHUQDWLYH�DSSURDFK�WR�H[SUHVVLQJ�WKH�UDWHV�RI�LQFUHDVH�RI�&ant, that is already 
EULHÁ\�H[SORUHG��)ROORZLQJ�5LRV�HW�DO����������&ant is regressed against not against time, but 
against the atmospheric perturbation of anthropogenic CO2 (the AP) above the ‘natural’ level 
of 280 µatm. The resulting quantity, dCant/dAP has units of µmol kg-1 µatm-1��%HQHÀWV�RI�WKLV�
method are a) WKH�LPSOLFLW�OLQHDUL]DWLRQ�RI�WKH�UHJUHVVLRQ��ZKLFK�VKRXOG�DOORZ�IRU�D�EHWWHU�ÀW���
b) the enhanced possibility of using the result to project rates of increase as a function of fu-
ture AP, c) the possibility of inferring from dCant/dAP, the total inventory of Cant in any given 
year (simply by multiplying with the then-current AP). 
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 On a more fundamental note, the rigorous use of reference materials or techniques 
GXULQJ�WKH�DQDO\VHV�RI�QXWULHQWV��$R\DPD�HW�DO���������DQG�R[\JHQ��5HLQWKDOHU�HW�DO���������LV�
highly recommended (Chapters 4 and 6, this thesis). The determination of the increase of the 
anthropogenic components of CT�ZLOO�OLNHO\�EHQHÀW�JUHDWO\�IURP�WKH�LQFUHDVHG�DFFXUDF\�WKDW�
will result from this practice. 

8.4.  Perspectives

In the present work we derive – from a uniquely large dataset – an estimate of the rate of stor-
age of anthropogenic CO2 in the South Atlantic Ocean. Similar numbers from other parts of 
the global ocean are becoming available in the recent literature (e.g., Peng et al., 2003; Perez 
2010; Vazquez-Rodrigues, 2012; Wanninkhof et al., 2010; Peng and Wanninkhof; 2010; Murata, 
2007, 2008). Although obtained using a variety of methods, this body of work, taken together, 
begins to paint a coherent, global picture of the evolving accumulation of CO2 in the oceans. 
7KH�UHOHYDQFH�RI�WKLV�LQIRUPDWLRQ�IRU�RXU�XQGHUVWDQGLQJ�RI�WKH�HͿHFW�RI�KXPDQLW\·V�SHUWXUED-
tion of the carbon cycle can hardly be overstated (Sarmiento et al., 2010). 
� $OWKRXJK�VKLS�EDVHG�SURÀOLQJ�ZRUN�LV�OLNHO\�WR�UHPDLQ�IRU�WKH�IRUHVHHDEOH�IXWXUH�WKH�
EDFNERQH�RI�RFHDQ�LQWHULRU�FDUERQ�F\FOH�VFLHQFH��UDSLG�DGYDQFHV�DUH�EHLQJ�PDGH�LQ�WKH�ÀHOG�
of autonomous, in-situ data collection systems. Instrumentation for the in-situ analysis of 
pH, CT, pCO2 and AT�LV�EHLQJ�GHYHORSHG�DQG�LQ�VRPH�FDVHV�DOUHDG\�H[SHULPHQWDOO\�GHSOR\HG�
(e.g., Byrne et al., 2002; Wang et al., 2007; Seidel et al., 2008). Additionally, measurement of 
GLVVROYHG�R[\JHQ�DQG�QLWUDWH�LV�DOVR�EHLQJ�VXFFHVVIXOO\�LPSOHPHQWHG��.|UW]LQJHU�HW�DO����������
3ODWIRUPV�IRU�VXFK�LQVWUXPHQWDWLRQ�UDQJH�IURP�VWDWLF�PRRULQJV��YLD�PRRUHG�RU�IUHH�ÁRDWLQJ�
SURÀOHUV�WR�DXWRQRPRXV�JOLGHUV��7KH�LQFUHDVHG�VSDWLDO�DQG�RU�WHPSRUDO�UHVROXWLRQ�\LHOGHG�E\�
WKHVH�REVHUYDWLRQ�V\VWHP�ZLOO�SURYH�LQYDOXDEOH�WR�WKLV�ÀHOG��-RKQVRQ�HW�DO���������*UXEHU�HW�
DO���������DQG�WKHVH�GHYHORSPHQWV�VKRXOG�EH�VXSSRUWHG�WR�WKH�JUHDWHVW�SRVVLEOH�H[WHQW��
 The accuracy of the new instrumentation will for the foreseeable future be inferior to 
the laboratory-based state of the art. This necessitates regular calibration against ship-based 
‘ground truth’. Such calibration may conceivably be performed semi-automatically using ad-
aptations of the crossover analysis (Chapter 5) or multivariate linear regression (Chapter 7). 
,QYHVWLJDWLQJ�WKLV�SRWHQWLDO�PD\�SURYH�RI�VLJQLÀFDQW�EHQHÀW�WR�WKH�UDSLG�GLVVHPLQDWLRQ�RI�WKH�
REWDLQHG�UHVXOWV�WR�WKH�ZLGHU�FRPPXQLW\��WKHUHE\�PD[LPL]LQJ�WKH�VFLHQWLÀF�SRWHQWLDO�RI�WKH�
novel measurement techniques.
� 'XH�WR�WKHVH�QHZ�GDWD�FROOHFWLRQ�HͿRUWV��WKH�YROXPH�RI�DYDLODEOH�RFHDQ�LQWHULRU�FDUERQ�
relevant data will likely grow at an increasing rate. This will allow more temporally detailed 
assessment of rates of increase. It may be envisioned that routine analysis of the growing 
JOREDO�GDWDEDVH��E\�WHFKQLTXHV�OLNH�765��ZLOO�UHJXODUO\�SURYLGH��IRU�H[DPSOH�RQ�D�WZR�\HDUO\�
basis) an updated estimate of the increase in the oceanic Cant inventory over the most recent 
years. Such an estimate will provide another important constraint on global carbon cycle 
studies, for which atmospheric and sea-surface synthesis products are already being routinely 
released (e.g., atmospheric concentration of CO2 and related properties as updates to Keeling 
et al. (2001), and sea surface CO2�ÁX[HV��7DNDKDVKL�HW�DO�����������
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The natural carbon cycle
7KH�HOHPHQW�FDUERQ��&��LV�QDWXUDOO\�H[FKDQJHG�DW�YHU\�KLJK�UDWHV�EHWZHHQ�DQG�ZLWKLQ�WKH�
RFHDQV��WKH�ODQG��ELRPDVV��VRLO��DQG�WKH�DWPRVSKHUH��7KH�ÁRZV��RU�ÁX[HV) between these bio-
spheric reservoirs are predominantly driven by temperature variations of the sea surface, by the 
growth and decay of trees and plants on land, and by the occurrence of massive algal blooms 
LQ�WKH�RFHDQV��1RQHWKHOHVV��EHFDXVH�RI�WKH�VHDVRQDO�UHYHUVDO�RI�WKHVH�ÁX[HV��WKH�DPRXQWV�RI�
carbon in the atmosphere, land and ocean reservoirs have remained relatively stable over the 
several thousand years since the most recent ice age. The natural carbon cycle is thus considered 
to have been in steady state.

The modern perturbation
Causing a strong departure from this steady state, human society has begun, around 1750, to 
DGG�VLJQLÀFDQW�DPRXQWV�RI�FDUERQ�WR�WKH�DWPRVSKHUH��LQ�WKH�IRUP�RI�FDUERQ�GLR[LGH��&22) by 
the burning of fossil fuels. These fossil fuels (mainly coal, oil and methane gas) are obtained 
IURP�GHHS�HDUWK�UHVHUYRLUV��ZKLFK�GR�QRW�KDYH�VLJQLÀFDQW�QDWXUDO�FRQWDFW�ZLWK�WKH�WKUHH�ELR-
VSKHULF�UHVHUYRLUV��7KXV��LQ�WKH�SURFHVV�RI�IRVVLO�IXHO�H[WUDFWLRQ�DQG�FRPEXVWLRQ��KXPDQLW\�
is adding additional carbon to the carbon cycle. The additional, or anthropogenic CO2 (CO2

ant, 
i.e., CO2 from human activity) will be gradually divided over the atmosphere, land and ocean 
UHVHUYRLUV�E\�WKH�QDWXUDO�H[FKDQJH�SURFHVVHV�
 Up to the present day, human society has emitted to the atmosphere more than 1.3 
trillion tonnes of CO2 by the burning of fossil fuels and production of cement (Boden et al., 
2010). The rate of emission of CO2

ant is still increasing and currently approaches 36 billion 
tonnes of CO2 per year, or about a million kilos of CO2 per second. Land use change (mainly 
deforestation) results in additional large emissions of CO2 to the atmosphere (Houghton et al., 
2008). Over the last ~250 years, the atmospheric concentration of CO2 has increased already 
by ~40% from the natural level of ~280 ppm (parts per million) to ~393 ppm in 2012.

2EVHUYHG�DQG�H[SHFWHG�FRQVHTXHQFHV
In the atmosphere, CO2 acts to block the spaceward radiation of heat. The anthropogenic in-
crease of atmospheric CO2 thereby increasingly ‘insulates’ the Earth. The observed upward 
trends of land and ocean temperature are considered to be consequences of this buildup of 
CO2

ant in the atmosphere (Solomon et al., 2007). 
 Many changes that are associated with this ‘global warming’ have been documented. 
$PRQJ�WKHVH�DUH�DQ�LQFUHDVH�LQ�VHD�VXUIDFH�KHLJKW��DQG�GHFUHDVHV�LQ�VHD�LFH�H[WHQW�DQG�JODFLHU�
and ice sheet mass (Solomon et al., 2007). Further consequences that more directly relate to 
KXPDQ�ZHOOEHLQJ��IRU�H[DPSOH�GURXJKWV�DQG�ÁRRGLQJ��DUH�H[SHFWHG�ZLWK�KLJK�OLNHOLKRRG�
under most scenarios of future development (IPCC, 2012).
 Lastly, the uptake of increasing amounts of CO2�E\�WKH�RFHDQ�FDXVHV�¶RFHDQ�DFLGLÀ-
cation’ (Feely et al., 2004). The associated increase in the solubility of calcareous shells may 
ORZHU�WKH�ÀWQHVV�RI�YDULRXV�RUJDQLVPV�WKDW�DUH�DW�WKH�EDVLV�RI�WKH�IRRG�FKDLQ��'RQH\�HW�DO���
2009). This process is hypothesized to negatively impact the health of oceanic ecosystems, and 
thereby the societies that depend on these ecosystems for income or food. However, because 
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organisms may adapt and evolve in response to these changing environmental conditions 
�H�J���/RKEHFN�HW�DO����������WKH�IXWXUH�FRQVHTXHQFHV�RI�¶RFHDQ�DFLÀFDWLRQ·�DUH�QRW�FXUUHQWO\�ZHOO�
understood.

The current state of global carbon cycle research
In order to fully comprehend the changing global carbon cycle, the processes that distribute 
the CO2

ant between atmosphere, land and ocean need to be better understood. Over the period 
2000 to 2010, about only 46% of all anthropogenic emissions of CO2 (thus including emissions 
from land use change) are found to remain in the atmosphere. The ‘missing’ 54% are being 
removed from the atmosphere by the ocean and/or the terrestrial biosphere. Based in part 
on model-based calculations, these land and ocean VLQNV�DUH�HVWLPDWHG�EH�RI�DSSUR[LPDWHO\�
equal size (Le Queré et al., 2009). However, the capacity of the ocean for continued high rates 
RI�XSWDNH�LV�H[SHFWHG�WR�EH�OLPLWHG�E\�EDVLF�FKHPLVWU\��DQG�PD\�EH�H[SHFWHG�WR�EHJLQ�WR�ODJ�
behind the rate of emissions (e.g., Sarmiento et al., 1995; Thomas et al., 2007). Recent sea sur-
face measurement campaigns have shown a high variability in (and a tentative reduction of) 
the relative rate at which CO2

ant enters the ocean (e.g., Takahashi et al., 2009; Watson et al., 
������0HW]O�HW�DO����������+RZHYHU��VXFK�DLU�VHD�JDV�H[FKDQJH�VWXGLHV�JHQHUDOO\�UHSUHVHQW�RQO\�
a relatively small area over a short time span, and therefore do not straightforwardly allow 
for an assessment of the global net uptake of CO2

ant by the oceans. 
 An accurate, data-based assessment of the rate of the resulting increase of CO2

ant in 
the ocean interior would therefore be of high value as an additional constraint on the strength 
of the oceanic sink for CO2

ant. However, the rate of ocean storage of CO2
ant is not determined 

HDVLO\�HLWKHU��9DULRXV�SURFHVVHV�LQYROYHG�LQ�WKH�RFHDQ�FDUERQ�F\FOH�DͿHFW�WKH�ODUJH�QDWXUDO�
concentration of dissolved CO2��WKHUHE\�PDNLQJ�WKH�VPDOO�DQWKURSRJHQLF�DGGLWLRQ�GL΀FXOW�
to observe. 
 Nonetheless an accurate, data-based assessment of the rate of storage of CO2

ant in the 
ocean interior is coming within reach due to the growing availability of high quality, inter-
nally consistent datasets, collected over a timespan of already almost 40 years (from 1972 to 
the present day).

Goals of this thesis
This thesis work aimed to provide a data-based estimate of the rate of storage of CO2

ant within 
the ocean. The performed work consisted of (i) the collection at sea of new, high-quality data 
of ocean interior CO2 concentrations and related properties, (ii) the construction of a highest-
quality data product from new and historical data from the Atlantic Ocean and (iii) the com-
bined use of these data to investigate the rate of storage of CO2

ant in the Weddell Gyre (located to 
the southeast of South America, bordering Antarctica) and in the larger South Atlantic Ocean. 
These regions are considered to be of large importance for the uptake of anthropogenic CO2 
at the sea surface and for its transport into the interior of the ocean.

Summary of results
'XULQJ���UHVHDUFK�H[SHGLWLRQV��VRPH������PHDVXUHPHQWV�KDYH�EHHQ�PDGH�RI�RFHDQ�LQWHULRU�
concentrations of dissolved CO2 (dissolved inorganic carbon) and related properties. These data are 
VKRZQ�WR�EH�RI�KLJKO\�VDWLVIDFWRU\�SUHFLVLRQ�DQG�DFFXUDF\��7RJHWKHU�ZLWK�H[LVWLQJ�GDWDVHWV��WKH\�
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may be used to infer the desired data-based estimate of the rate of storage of CO2
ant in the oceans. 

With a team of international scientists, a large database has been constructed of CO2-relevant 
GDWD�IURP�WKH�RFHDQ�LQWHULRU��FROOHFWHG�GXULQJ�����UHVHDUFK�H[SHGLWLRQV�RYHU�WKH�\HDUV������
WR�������0DQ\�RI�WKHVH�GDWD�ZHUH�QRW�SUHYLRXVO\�SXEOLFO\�DYDLODEOH��,Q�RUGHU�WR�PD[LPL]H�WKH�
accuracy of this database, a suite of semi-automatic computational routines was developed 
WR�IDFLOLWDWH�WKH�PLQLPL]DWLRQ�RI�WKH�RͿVHWV�EHWZHHQ�WKH�FUXLVHV��IROORZLQJ�D�PDWKHPDWLFDO�
inversion method (Johnson et al., 2001). These routines provide recommendations for adjust-
PHQWV�WR�WKH�LQGLYLGXDO�FUXLVHV�GDWD�ZKLFK�ZRXOG�²�ZKHQ�DSSOLHG�²�PLQLPL]H�WKH�RͿVHWV�
between the cruises in the deep ocean. These recommendations were carefully inspected by 
WHDPV�RI�KLJKO\�H[SHULHQFHG�LQYHVWLJDWRUV��LQ�RUGHU�WR�PDNH�VXUH�WKDW�RQO\�WUXH�DQDO\WLFDO�ELDV�
was compensated, without erasing real-world changes in the deep ocean. The minimization 
DSSURDFK�LV�VKRZQ�WR�KDYH�VLJQLÀFDQWO\�LPSURYHG�WKH�LQWHUQDO�FRQVLVWHQF\�RI�WKH�ÀQDO�GDWD�
SURGXFW�FRPSDUHG�WR�WKH�RULJLQDO�GDWD�RI�WKH�LQGLYLGXDO�VRXUFH�FUXLVHV��7KH�ÀQDO�GDWD�SURGXFW�
has been released to the international research community as the CARINA-database (Carbon 
in the North Atlantic).

A detailed, local study has been made of the rate of storage of CO2
ant using data collected on 

WHQ�UHVHDUFK�H[SHGLWLRQV��SHUIRUPHG�EHWZHHQ������DQG������DORQJ�WKH����PHULGLDQ�LQ�WKH�:HG-
dell Gyre in the Southern Ocean. One of these ten datasets was collected during this thesis 
work (PFS Polarstern H[SHGLWLRQ�$17�;;,9����)HE�$SU��������
 The assessment unambiguously reveals the gradual storage of CO2

ant in the Weddell 
Sea Bottom Water (WSBW), at a rate of 1.2±0.6 micromoles of carbon per kilogram of seawater 
per decade (1.2±0.6 µmol kg-1 decade-1) over the period 1973-2008. Moreover, the spatial distri-
bution of this accumulation along the section has been determined. This distribution strongly 
resembles that of the accumulation of CFC-12, an inert anthropogenic gas that is taken up 
from the atmosphere and is very well measurable in the ocean. This resemblance is an indi-
cation that the observed time trends in the amount of dissolved CO2 are indeed the result of 
enhanced uptake of CO2 from the atmosphere. The observed time trends provide a strong 
constraint for the amount of CO2

ant in the deep Weddell Gyre, for which previous estimates 
GLͿHUHG�VLJQLÀFDQWO\��$Q�H[WUDSRODWLRQ�WR�WKH�ZLGHU�:HGGHOO�*\UH�VXJJHVWV�WKDW�WKH�UDWH�RI�
storage of CO2

ant�LQ�WKH�ZDWHU�OD\HUV�GHHSHU�WKDQ�����PHWHU�LV�DSSUR[LPDWHO\�������������3J&�
per year (1 PgC = 1015�JUDPV��RU���ELOOLRQ�WRQQHV��RI�FDUERQ���7KLV�LV�DSSUR[LPDWHO\������RI�WKH�
mean rate of emissions of CO2

ant over the period 1973-2008.

Subsequently, using a larger dataset of 53 cruises, the rate of storage of CO2
ant is investigated 

LQ�WKH�6RXWK�$WODQWLF�2FHDQ�DV�D�ZKROH��GHÀQHG�KHUH�DV�DOO�ZDWHUV�ORFDWHG�EHWZHHQ�WKH�(TXD-
tor, the Antarctic continent, 30 ºE and Drake Passage at 65 ºW). A careful assessment of seven 
distinct water masses in this ocean basin shows that CO2

ant increases rapidly in the near-surface 
SDUW�RI�ZDWHU�PDVVHV��ZKLFK�OLNHO\�KDYH�H[SHULHQFHG�UHFHQW�DLU�VHD�JDV�H[FKDQJH�ZLWK�WKH�DW-
PRVSKHUH��7KH�¶ROGHU·�ZDWHU�LQ�WKH�LQWHULRU�OD\HUV�RI�WKH�ZDWHU�PDVV�H[KLELW�D�PXFK�ORZHU�WLPH�
trend of CO2

ant over the 40 years for which measurements are available.
� $SSUR[LPDWHO\�WZR�WKLUGV�RI�WKH�WRWDO�VWRUDJH�RI�&22

ant is observed in water masses at 
shallow and intermediate depth (0-1500 meters), while the more voluminous deep and bottom 
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water masses store about one third of the CO2
ant taken up from the atmosphere. The overall 

mean rate of storage of CO2
ant�LQ�WKH�6RXWK�$WODQWLF�2FHDQ��DV�GHÀQHG�DERYH��LV�GHWHUPLQHG�

to have been 0.39±0.08 PgC per year over the period 1973-2008. That equals ~6% of the mean 
anthropogenic emission to the atmosphere over this period (6.3 PgC per year). The highest 
GHSWK�LQWHJUDWHG�UDWH�RI�WKH�VWRUDJH��DSSUR[LPDWHO\���PROH��RU����JUDPV��RI�FDUERQ�SHU�VTXDUH�
meter per year) is observed in the latitudinal range between 35 ºS and 50 ºS. This is slightly 
WR�WKH�QRUWK�RI�ZKHUH�DLU�VHD�JDV�H[FKDQJH�VWXGLHV�REVHUYH�WKH�KLJKHVW�LQÁX[�RI�&22 into the 
ocean. This displacement is due to the northward movement of the water masses after they 
sink down from the surface around 50 ºS as part of the large-scale ocean circulation.
 These results compare favorably with other recent estimates of storage of CO2

ant, 
made in smaller regions of the South Atlantic Ocean (Murata et al., 2008; Wanninkhof et al., 
�������EXW�RͿHU�LPSURYHG�VSDWLDO�GHWDLO�DQG�H[WHQW��7KH�FRQFHSWXDOO\�IXOO\�LQGHSHQGHQW�VWXG\�
RI�.KDWLZDOD�HW�DO����������ZKLFK�LV�JOREDO�LQ�H[WHQW�EXW�GRHV�QRW�XVH�RFHDQ�LQWHULRU�PHDVXUH-
ments of CO2, additionally closely resembles the results obtained in the present study. 
 The result corroborates our understanding that the South Atlantic Ocean is respon-
sible for the storage of circa 20% of all anthropogenic CO2 that is being taken up by the global 
RFHDQ��7KH�IXWXUH�PRQLWRULQJ�RI�WKLV�UDWH�RI�VWRUDJH�ZLOO�EH�RI�VLJQLÀFDQW�LPSRUWDQFH�IRU�IXU-
ther constraining the evolution of the strength of the ocean sink for anthropogenic CO2. 

Conclusions
This thesis demonstrates that large chemical-oceangraphic datasets can be optimized for 
internal consistency by a (semi-)automated procedure. Newly collected data of high quality 
will contribute to the increasing accuracyat which the rate of storage of anthropogenic CO2 
LQ�WKH�RFHDQV�PD\�EH�TXDQWLÀHG��
 It is additionally shown that it is possible to convincingly determine the rate of stor-
age of CO2

ant�LQ�WKH�RFHDQ�LQWHULRU�LQ�DQ�RFHDQ�EDVLQ�WKDW�H[KLELWV�VWURQJ�ELRJHRFKHPLFDO�DQG�
hydrographical variability, and which has been sampled only sparsely both in space and time. 
The developed methodology may prove valuable (especially when additionally applied to the 
other ocean basins) for the assessment of the role of the oceans in the perturbed global carbon 
cycle.
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'H�QDWXXUOLMNH�NRROVWRIF\FOXV
Het element koolstof (C) wordt in grote hoeveelheden uitgewisseld tussen – en in – de oceanen, 
de biomassa op het land, en de atmosfeer. De stofstromen (of ÁX[HQ) tussen deze biosferische 
reservoirs worden voornamelijk gedreven door de (seizoenale) variatie van de temperatuur van 
het zeeoppervlak, de groei en afbraak van bomen en planten op land, en de groei van algen in 
]HH��(FKWHU��MXLVW�YDQZHJH�GH]H�VHL]RHQDOH�RPNHULQJ�YDQ�GH]H�ÁX[HQ�LV�GH�gemiddelde hoeveel-
heid koolstof in elk van de reservoirs (atmosfeer, land, oceaan) betrekkelijk stabiel gebleven 
gedurende de meedere duizenden jaren sinds het einde van de meest recente ijstijd. De natu-
urlijke koolstofkringloop wordt aldus verondersteld in dynamisch evenwicht te hebben verkeerd.

De moderne verstoring
Dit dynamisch evenwicht werd fors verstoord toen de zich industrialiserende samenleving 
vanaf ongeveer het jaar 1750 grote hoeveelheden koolstof is gaan uitstoten naar de atmosfeer 
�LQ�GH�YRUP�YDQ�NRROVWRIGLR[LGH��&22), voornamelijk door de verbranding van fossiele brand-
VWRͿHQ��'H]H�IRVVLHOH�EUDQGVWRͿHQ��YRRUQDPHOLMN�NRRO��ROLH�HQ�DDUGJDV��ZRUGHQ�JHGROYHQ�XLW�
reservoirs diep in de aardkorst, welke van nature geen noemenswaardig contact hebben met 
de eerdergenoemde biosferische reservoirs. Door de winning en verbranding van fossiele 
EUDQGVWRͿHQ�LV�GH�PHQV�GXV�EH]LJ�RP�H[WUD�NRROVWRI�WRH�WH�YRHJHQ�DDQ�GH�NRROVWRINULQJORRS��
Deze antropogene CO2 (CO2

ant, antropogeen betekent zoveel als ‘door de mens gemaakt’) zal 
geleidelijk worden verdeeld tussen de atmosferische, terrestrische en oceanische reservoirs 
door de natuurlijke uitwisselingsprocessen. 
 Tot op heden heeft de mensheid al meer dan 1300 miljard ton CO2 uitgestoten door 
JHEUXLN�YDQ�IRVVLHOH�EUDQGVWRͿHQ�HQ�GRRU�SURGXFWLH�YDQ�FHPHQW��%RGHQ�HW�DO����������9HUDQG-
erend landgebruik (voornamelijk ontbossing) veroorzaakt additionele uitstoot van CO2 naar 
de atmosfeer (Houghton et al., 2008). De totale uitstootsnelheid neemt nog altijd toe en nadert 
momenteel de 36 miljard ton CO2 per jaar, ofwel ongeveer een miljoen kilo CO2 per seconde. 
Gedurende de afgelopen 250 jaar is de atmosferische CO2-concentratie met ongeveer 40% 
toegenomen van het natuurlijke (ofwel pre-industriele) niveau van ~280 ppm (parts per million, 
deeltjes per miljoen) tot ~393 ppm in 2012. 

Waargenomen en verwachte gevolgen
In de atmosfeer remt CO2 de uitstraling van warmte van het aardoppervlak richting de ruimte. 
De antropogene stijging van de atmosferische CO2-concentratie ‘isoleert’ de aarde in toenemende 
mate. De waargenomen stijging van land- en zeetemperatuur worden algemeen aangenomen 
consequenties te zijn van de ophoping van CO2 in de atmosfeer (Solomon et al., 2007). 
 Veel veranderingen die geassocieerd zijn met de opwarming van de aarde zijn reeds 
gedocumenteerd. Hieronder bevinden zich de geleidelijke stijging van de zeespiegel en af-
names in zeeijsoppervlak en ijkapmassa (Solomon et al., 2007). Verdere consequenties die (nog) 
directer van invloed zijn op het menselijk welzijn (bijvoorbeeld droogte en overstromingen) 
worden met hoge waarschijnlijkheid verwacht onder de meeste scenarios van toekomstige 
ontwikkeling (IPCC, 2012). Bovendien veroorzaakt de opname van toenemende hoeveelheden 
CO2 door de oceaan zogenaamde ‘oceaanverzuring’ (Feely et al., 2004). De daarmee gepaard 
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gaande toename in de oplosbaarheid van kalkschelpjes kan de overlevingskansen verlagen 
van organismen die aan de basis van de oceanische voedselketen staan (Doney et al., 2009). 
Dit process zal mogelijk negatieve gevolgen hebben op de gezondheid van ecosystemen in 
zee, en daarmee eveneens op de menselijke gemeenschappen die van deze ecosystemen af-
hankelijk zijn voor voedsel en inkomsten. Echter, omdat organismen de mogelijkheid hebben 
zich aan te passen en te evolueren in reactie op veranderening in hun milieu (zie bijvoorbeeld 
Lohbeck et al., 2012) zijn de toekomstige gevolgen van oceaanverzuring vooralsnog niet goed 
te voorspellen. 

'H�VWDQG�YDQ�]DNHQ�LQ�KHW�RQGHU]RHN�QDDU�GH�NRROVWRINULQJORRS
Om de veranderende koolstofcyclus volledig te kunnen begrijpen, is een beter begrip noodza-
kelijk van de processen die de uitgestoten CO2

ant verdelen tussen atmosfeer, land en oceaan. 
Van de anthropogene uitstoot van CO2 tijdens de periode 2000 tot 2010 resteert slechts zo’n 46% 
in de atmosfeer. De ‘missende’ 54% zijn uit de atmosfeer verwijdert door de oceaan en/of de 
terrestrische biosfeer. Onder andere gebaseerd op modelberekeningen worden deze oceaan- 
en land-putten ongeveer op gelijke grootte geschat (Le Queré et al., 2009). Echter, de capaciteit 
van de oceaan voor voortdurende opname grote hoeveelheden CO2 wordt beperkt door de 
de oplossings-chemie van koolstof in de oceaan, en wordt verwacht steeds verder achterop te 
geraken ten opzichte van de snelheid van uitstoot van CO2 door de mensheid (zie bijvoorbeeld 
Sarmiento et al., 1995; Thomas et al., 2007). Recente meetcampagnes op zee hebben een grote 
variabiliteit (en ogenschijnlijk een afname) laten zien in de relatieve snelheid waarmee CO2

ant 
de oceaan binnendringt (zie bijvoorbeeld Takahashi et al., 2009; Watson et al., 2009; Metzl et 
al., 2010). Echter, dergelijke gas-uitwisselings-meetcampagnes representeren slechts een klein 
gebied gedurende een zeer beperkte tijd, en lenen zich derhalve niet goed voor het verkrijgen 
van een schatting van de wereldwijde netto CO2

ant-opname door de oceaan. 
 Een nauwkeurige, op data gebaseerde bepaling van de snelheid van de resulterende 
toename van CO2

ant in de oceaan zou derhalve van grote waarde kunnen zijn om de uiteindelijke 
grootte van de oceanische put voor CO2

ant nader te bepalen. Echter, ook de snelheid van opslag 
van CO2

ant in de oceaan is niet eenvoudig te bepalen. Verschillende processen die onderdeel zijn 
van de oceanische koolstofcyclus beinvloeden de (zeer grote) natuurlijke hoeveelheid opgelost 
CO2 en maakten daardoor de betrekkelijk kleine antropogene toevoeging lastig om waar te 
nemen. 
 Desalniettemin komt een nauwkeurige, op data gebaseerde bepaling van de opslag-
snelheid van CO2

ant in de diepe oceaan binnen handbereik, als gevolg van de groeiende bes-
chikbaarheid van kwalitatief hoogwaardige en onderling geharmoniseerde datasets, verzameld 
over een tijdspanne van nu al bijna 40 jaar (1972 tot heden). 

Doelstelling van dit proefschrift
Dit promotieonderzoek heeft als doel het verkrijgen van een op metingen gebaseerde schat-
ting van de opslagsnelheid van CO2

ant in de oceanen. Het uitgevoerde onderzoek besloeg (i) 
het verzamelen op zee van nieuwe, hoogwaardige metingen van de hoeveelheden opgelost 
CO2 en gerelateerde eigenschappen in de diepe Atlantische oceaan en (ii) het samenstellen 
van een zeer hoogwaardig dataproduct uit nieuwe en historisch meetgegevens van de Atlan-
tische Ocean, en (iii) het gebruik van deze gecombineerde gegevens om de opslagsnelheid te 
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bepalen van CO2
ant in de Weddell Gyre (gelegen ten zuid-oosten van Zuid-Amerika, grenzend 

aan Antarctica) en in de Zuid Atlantische Oceaan als geheel. Deze regio’s worden van groot 
belang geacht voor de opname van antropogeen CO2 door het zeeoppervlak en voor het daar-
opvolgende transport de diepzee in. 

Samenvatting van resultaten
Gedurende 7 onderzoeksvaartochten zijn zo’n 8000 metingen verricht van de concentraties 
van opgelost CO2 (en gerelateerde eigenschappen) in watermonsters verzameld in de diepe 
oceaan. Deze data worden getoond de voor dit werk gewenste precisie en nauwkeurig te bezit-
ten. Tesamen met reeds bestaande datasets kan deze nieuwe data derhalve gebruikt voor het 
maken van de gewenste schatting van de opslagsnelheid van CO2

ant in the oceanen. 

Met een internationaal team van wetenschappers is een grote database samengesteld van CO2-
relevante gegevens uit de diepe oceaan, verzameld tijdens 188 onderzoeksvaartochten gedurende 
de jaren 1972 tot 2005. Veel van deze data waren voorheen niet publiek beschikbaar. Teneinde de 
nauwkeurigheid van deze database te optimaliseren is een collectie van semi-geautomatiseerde 
berekeningsroutines ontwikkeld. Deze routines maken het mogelijk om afwijkingen tussen de 
verschillende vaartochten te minimaliseren door toepassing van een mathematische inversie 
PHWKRGH��-RKQVRQ�HW�DO����������'H�URXWLQHV�YHUVFKDͿHQ�VXJJHVWLHV�YRRU�DDQSDVVLQJHQ�YDQ�GH�
data van individuele vaartochten welke – bij  toepassing ervan – de afwijkingen in de diepe 
oceaan minimaliseren. Deze suggesties zijn in detail geinspecteerd door groepen van ervaren 
onderzoekers teneinde er zeker te zijn dat alleen analytische afwijkingen werder gecompens-
eerd, zonder dat per ongeluk ook de werkelijk optredende veranderingen in de diepe oceaan 
zijn verwijderd. De gehanteerde methodiek wordt getoond de interne consistentie van het 
uiteindelijke dataproduct sterk te hebben vergroot in vergelijking met de originele data van 
de individuele vaartochten. Het uiteindelijke dataproduct is beschikbaar gemaakt voor de in-
ternationale onderzoeksgemeenschap als de CARINA-database (Carbon in the North Atlantic).

Een gedetailleerde, lokale studie van de opslagsnelheid van CO2
ant is gemaakt met data verza-

meld tijdens 10 onderzoeksvaartochten uitgevoerd tussen 1973 en 2008 langs de 0º-meridiaan 
in de Weddell Gyre in de Zuid- Atlantische Oceaan. Eén van de 10 gebruikte datasets is ver-
zameld tijdens dit promotieonderzoek (PFS Polarstern H[SHGLWLH�$17�;;,9����)HE�$SU��������
De gemaakte analyse toont de geleidelijke opslag (accumulatie) aan van CO2

ant in het Weddell 
Zee Bodemwater (Engels: Weddell Sea Bottom Water, WSBW) met een snelheid van ongeveer 
1.2±0.6 micromol koolstof per kilogram zeewater per 10 jaar (1.2±0.6 µmol kg-1 decade-1) over 
de periode 1973-2008. Daarnaast werd de ruimtelijke verdeling van deze opslag langs de sectie 
bepaald. Deze verdeling blijkt sterke overeenkomsten te vertonen met die van de accumulatie 
van CFC-12, een inert antropogeen gas dat net als CO2

ant uit de atmosfeer wordt opgenomen en 
zeer precies meetbaar is in zeewater. Deze overeenkomst is een indicatie dat de waargenomen 
toename (over de tijd) van opgelost CO2 inderdaad het gevolg is van de voortdurend toegen-
emende opname van CO2 uit de atmosfeer. De waargenomen opslagsnelheid vormt een 
duidelijke restrictie voor schattingen van de waarde van de totale hoeveelheid CO2

ant die zich 
reeds de Weddell Gyre heeft opgehoopt – een waarde waarvoor schattingen sterk verschillen. 
(HQ�H[WUDSRODWLH�QDDU�GH�:HGGHOO�=HH�DOV�JHKHHO�VXJJHUHHUW�GDW�GH�RSVODJVQHOKHLG�LQ�KHW�ZDWHU�
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dieper dan 500 meter ongeveer 0.012±0.06 PgC per jaar is (1 PgC = 1015 gram, ofwel 1 miljard 
ton koolstof). Dit is gelijk aan ongeveer 0.2% van de gemiddelde uitstootsnelheid van CO2

ant 
over de periode 1973-2008. 

Hieropvolgend is, met gebruik van een grotere dataset van 53 vaartochten, de opslag snelheid 
van CO2

ant�EHSDDOG�LQ�GH�=XLG�$WODQWLVFKH�2FHDDQ�DOV�JHKHHO��KLHU�JHGHÀQLHHUG�DOV�DOOH�ZDWHUHQ�
die zich bevinden tussen de evenaar, het Antarctisch continent, 30 ºO en Drake Passage rond 
65 ºW). Een zorgvuldige beschouwing van zeven verschillende watermassa’s in dat oceaan-
basin laat zien dat CO2

ant snel toeneemt in het deel van watermassa’s nabij het oceaanopper-
vlak, alwaar recentelijk gasuitwisseling heeft plaatgevonden met de moderne atmosfeer. Het 
‘oudere’ water dieper in het binnenste van de watermassa’s laat een veel tragere toename in 
de hoeveelheid CO2

ant zien gedurende de 40 jaar waarvoor metingen beschikbaar zijn. Deze 
UHVXOWDWHQ�ZRUGHQ�ZRUGHQ�RS�EDVLV�YDQ�HHQ�KRRJZDDUGLJH�NOLPDWRORJ\�JHH[WUDSROHHUG�WHQHLQGH�
een gedetailleerde ruimtelijke verdeling te verkrijgen van de opslagsnelheid van CO2

ant in de 
Zuid-Atlantische Oceaan.
 De gemiddelde snelheid (over 1973-2008) van de totale opslag door de Zuid Atlan-
WLVFKH�2FHDDQ��]RDOV�KLHUERYHQ�JHGHÀQLHHUG��EHGUDDJW�����������3J&�SHU�MDDU��'DW�LV�JHOLMN�DDQ�
ongeveer 6% van de gemiddelde antropogene uitstootsnelheid over die periode (ongeveer 6.3 
pgC per jaar). Ongeveer tweederde van de totale opslag van CO2

ant wordt waargenomen in de 
ondiepe en intermediaire watermassa’s (0-1500 meter diepte), terwijl de meer  volumineuze 
diep- en bodem-watermassa’s ongeveer één derde van de uit de atmosfeer opgenomen CO2

ant 
bevatten.
 De hoogste (diepte-geintegreerde) opslagsnelheid wordt waargenomen tussen de 
breedtegraden 35 ºZ en 50 ºZ, en bedraagt ongeveer 1 mol koolstof per vierkante meter per jaar 
(mol m-2 a-1). Deze regio bevindt zich ten noorden van het gebied waar gasuitwisselingsstudies 
een zeer sterke opname van CO2 door de oceaan waarnemen. Dit ogenschijnlijke verschil wordt 
YHUNODDUG�GRRU�GH�QRRUGZDDUGVH�YHUSODDWVLQJ�YDQ�GH�EHWUHͿHQGH�ZDWHUPDVVD·V�QDGDW�GH]H�
wegzinken van het oppervlak rond 50 ºZ, als onderdeel van de grootschalige oceaancirculatie. 
 De behaalde resultaten vertonen sterkte overeenkomsten met andere recente schat-
tingen van de opslag (en opnamesnelheid) van CO2

ant door de oceaan, gemaakt in kleinere re-
gio’s van de Zuid Atlantische Oceaan (Murata et al., 2008; Wanninkhof et al., 2010), maar biedt 
verbeterd ruimtelijk detail en dekking. Resulaten van een conceptueel volledig onafhankelijke 
studie door Khatiwala et al. (2009), die geen gebruik maakt van koolstofmetingen in de diepe 
oceaan, komen ook goed overeen met de hier behaalde resultaten. 
 De resulaten versterken de bewijsvoering voor eerdere beweringen dat de Zuid At-
lantische Oceaan verantwoordelijk is voor de opslag van circa 20% van alle antropogene CO2 
die door de oceanen wordt opgenomen. De toekomstige monitoring van de opslagsnelheid 
wordt van groot belang geacht voor het kunnen bepalen van de ontwikkeling van oceanische 
put voor antropogeen CO2. 

Conclusies
'LW�SURHIVFKULIW�GHPRQVWHHUW�GDW�JURWH�FKHPLVFK�RFHDQRJUDÀVFK�GDWDVHWV�NXQQHQ�ZRUGHQ�JHRS-
timaliseerd voor interne consistentie door middel van (semi-)automatische procedures. Nieuw 
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verzamelde data van hoge kwaliteit kunnen bijdragen aan het toenemen van de nauwkeurigheid 
waarmee de opslagsnelheid van antropgeen CO2 in de oceanen kan worden vastgesteld. 
 Eveneens wordt gedemonstreerd dat het mogelijk is om de opslagsnelheid van CO2

ant 
in de diepe oceaan op overtuigende wijze vast te stellen in een oceaanbasin dat een sterke 
ELRJHRFKHPLVFKH�HQ�K\GURJUDÀVFKH�YDULDELOLWHLW�YHUWRRQW�HQ�VOHFKWV�EHWUHNNHOLMN�VSRUDGLVFK�
bemonsterd is. De ontwikkelde methodiek kan, zeker wanneer eveneens toegepast op de 
andere oceaanbasins, van grote waarde zijn voor de bepaling van de rol van de oceanen in de 
verstoorde koolstofkringloop.
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