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THE ROLE OF THE NORTH ATLANTIC WATER MASSES IN THE DRAW 
DOWN OF ANTHROPOGENIC CO2 

by Iris Soler 

This thesis discusses the study of the distribution and temporal variation of the 
anthropogenic carbon in the Northeast Atlantic. 

The North Atlantic has a complex hydrographic structure resulting from 
the formation of deep, intermediate and central waters. To understand the 
behaviour of the Northeast Atlantic as a sink of carbon dioxide, it is necessary 
to study the different water masses and their importance in the draw down of 
anthropogenic carbon. By applying a simple mixing model to the data in the 
Northeast Atlantic it has been possible to explain the physical mixing evolution 
of the source waters along the 20°W section. This is the first time that the 
mixing of water masses has been explained along this section. The model has 
then been validated with independent data. Results show a very good fit 
between the model and data. 

The anthropogenic carbon calculation is reviewed in chapter 4. Different 
approaches are used in the calculation of anthropogenic carbon along the 
section and their weaknesses and strengths are analysed. Finally the Perez et 
al (in press) method is recommended to calculate the anthropogenic carbon 
along the section. 

The specific inventories of anthropogenic carbon and CFC's along the 
section for the databases available along 20°W, in 1988,1993 and 1998 are 
also calculated and show a spatial and temporal increase. The excess of 
carbon between the cruises is also studied following the Wallace (1995) 
methodology. The results are, however, inconclusive showing the need to have 
databases further apart in time in order to observe the increase of inorganic 
carbon in the section. 

In the last section we combine the inventories calculated with the mixing 
of the water masses in order to understand the contribution of each water mass 
to the anthropogenic inventory. The water masses, which are increasing their 
anthropogenic carbon fastest are the Subpolar Mode Water, Labrador Sea 
Water and the Iceland Scotland Overflow Water. 
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Chapter 1 

Chapter 1 

Introduction 

Nowadays there is an increasing social concern about problems derived 

from the use of fossil fuels and deforestation. The increase of partial pressure 

of carbon dioxide in the atmosphere, the greenhouse effect and the possible 

consequences for present and future climate change have been a major 

objective of scientific studies during the last two decades. 

The theory of the greenhouse effect was introduced at the beginning of 

the 19^ century by the French mathematician Fourier, who suggested that 

certain gases in the atmosphere could absorb radiation, thereby trapping it as 

heat is trapped in a greenhouse (cited in Arrhenius, 1896). In 1896, the Nobel 

Prize-winning Arrhenius proposed that an increase of carbon dioxide in the 

atmosphere was causing a change in the transparency of the atmosphere that 

might result in a warming outside the realm of previous human experience 

(Arrhenius, 1896). The first modern study of the possible problems caused by 

the increase of carbon dioxide in the atmosphere was carried out by Callendar 

(1939). He estimated the increase of temperature in the earth's surface by 

considering changes of radiative balance. His value of a 1.6°C warming, 

resulting from an increase in atmospheric carbon from 300 to 600 ppmv, is 

similar to the contemporary estimations given by sophisticated models. 

In addition to carbon dioxide, there are also several other gases that are 

increasing in concentration in the atmosphere e.g. methane, nitrous oxide and 

chlorofluorocarbons (CFC's). These also absorb infrared radiation and 

therefore enhance the warming effect. 

Models show that the problem is not simple. Global warming will not be 

equally distributed everywhere in the planet. The high latitude areas will heat 

more than the tropics where only a slight increase of temperature is expected. 

This heating will melt ice caps and will induce thermal expansion of the 

seawater. As a direct consequence sea level will carry on rising, as reported 

during the last century, and as the planet warms up, there will be changes in 

wind patterns and in the distribution of precipitation around the globe. However 

before future predictions in climate can be forecast it is necessary to 



Introduction 

understand the behaviour of the carbon cycle and the role of the different 

reservoirs in the global cycle. 

1.1 Components of the global carbon system 

The global carbon cycle consists of geochemical reservoirs that store 

carbon in the earth and pathways that transport carbon between them. The 

principal reservoirs of interest are the atmosphere, the ocean and the terrestrial 

biosphere (Keeling, 1993). The atmosphere and the ocean are the most 

important reservoirs for this study, therefore a more detailed description of their 

roles in the carbon cycle Is described. 

1.1.1 The atmospheric reservoir 

Carbon is present in the atmosphere in relatively small amounts, 

primarily in the form of CO2. Atmospheric carbon dioxide concentration has 

varied throughout the history of the earth. The record of air bubbles trapped in 

polar ice defines the changing atmospheric CO2 balance with concentrations 

rising from 200 ppm between 17,000 and 18,000 years ago to 280 ppm 

between 10,000 and 11,000 years ago (Sundquist, 1993). This increase 

amounted to an accumulation of 170 GTC in the atmosphere at an average 

rate of about 0.02 to 0.03 GTC year'\ In comparison, atmospheric CO2 

concentrations have increased by almost the same amount during the last few 

decades, i.e. from 600 GTC to 770 GTC giving an accumulation rate of CO2 in 

the modern atmosphere of more than 3 GTC year'\ 

Atmospheric levels of carbon dioxide have been monitored at Hawaii 

and Antarctica by C.D. Keeling since the International Geophysical Year 

(1958). These measurements are now augmented by those from several 

investigators at more than 45 locations worldwide (Keeling and Heimann, 1986; 

Keeling et al., 1989a; Beardsmore and Pearman 1987; Conway et al., 1988) 

(Figure 1.1.a). The present series of measurements in the atmosphere have 

been coupled with measurements of carbon dioxide in air bubbles trapped in 

ice cores from glaciers in Greenland and the Antarctic (Barnola et al., 1987) 

(Figure 1.1.b). Together, they show a steady growth in carbon dioxide levels 

from a preindustrial value of 280 ppm in the 18̂ * century to a level of 368.37 in 

1999, an increase of 31.5% (Keeling and Whorf, 2000). 



Chapter 1 

Maum Loa, Hawaii 

i 
§ 

1 
u 
M 

8 

I 
s 

1 
I 
u 
M 
8 

Vostol^ Antarctica Ice Core Atmospheric Carbon Dioxide Record 

300-1 

250' 

200 ' 

150' 
" T 
150 

- r 
300 

" I 

450 

Age of Entrapped Air (kyr BP) 

Figure 1.1. a) Monitored atmospheric levels of carbon dioxide in Hawaii 

(Keeling and Whorf, 2001). b) Vostok ice record of carbon dioxide, Antarctica 

(Barnola et al., 1999). 
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Takahashi (1989) suggests that the CO2 concentration in the 

atmosphere will be twice the preindustrial value by the second half of the 21®' 

century. However only half the level of CO2 expected from industrial emissions 

is being accumulated in the atmosphere (Takahashi et al., 1989; 1992; 1997). 

Table 1.1 shows the presently accepted estimates of the sources and sinks of 

carbon dioxide, which clearly highlights the imbalance in the carbon budget (the 

so-called "missing sink"). 

Table 1.1. IPCC 1996 Assessment of CO2 sources and sinks with 

modification for the assignment of fertilisation and climatic effects (Wong and 

Hiral, 1997). 

Sources GTC yr" 

• Sources from burning of fossil fuels and cement production 5.5+0.5 

• Source of net emissions from tropical land in use 1.6±1.0 

* Total sources 7.111.1 
Sinks 

• Storage in atmosphere 3.3±0.2 

• Oceanic uptake 2.0±0.8 

• Uptake by Northern Hemisphere forest regrowth 0.5±0.5 

• Total sinks 5.8±0.9 

Imbalance between anthropogenic emissions and known 1.3±1.5 

sinks 

1.1.2 The marine reservoir 

The oceans are a huge reservoir for CO2, containing 50 times more than 

the atmosphere and 20 times more than the biosphere. The extent to which the 

oceans take up excess CO2 from the atmosphere is controlled by biological and 

physical factors. 

The marine phytoplankton take up carbon from the surface water by 

photosynthetic processes. Thereafter the biological pump transports carbon 

from the upper layers to the deep ocean via gravitational settling of biogenic 
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debris produced in tine photic zone of the oceans. Carbon is the major 

constituent of this debris and is oxidised and decomposed during its descent 

through the water column, releasing CO2 and nutrient salts to the surrounding 

water. This oxidation occurs mostly in the upper 1,000 meters. About 75% of 

the increase in the total concentration of carbon in the deep waters may be 

accounted for by the oxidation of organic debris, and the remaining 25% by the 

dissolution of CaCOs (Takahashi, 1993). 

The main pathway by which carbon is removed from the biosphere is by 

the burial of marine particulate organic matter and biogenic calcium carbonate. 

Since the dissolved inorganic carbon consumed by the phytoplankton is readily 

replaced by gas exchange across the air-sea interface, the burial of biogenic 

carbon in marine sediments has the potential to remove excess carbon from 

the atmosphere, reducing the anthropogenic CO2 that would otherwise 

contribute to an increased greenhouse effect. 

The physical factors controlling the uptake in the ocean are: 

• The capacity for CO2 absorption when the ocean is in equilibrium 

with the atmosphere. 

• The rate of CO2 exchange between the atmosphere and the 

ocean surface. 

• The rate at which surface water, having absorbed CO2 is mixed 

into deeper layers. 

1.1.2.1 CQp capacity 

Dissolved inorganic carbon exists in the ocean in four forms: dissolved 

CO2 gas, undissociated carbonic acid, carbonate ions and bicarbonate ions. 

Their relative concentrations are governed by the following equations 

COg (ag) + H2O * * H^COl 



Introduction 

It is essentially the presence of the COs "̂ ions, which comprise about 10-

15% (by mass) of the total dissolved inorganic carbon (EC), that give seawater 

its ability to absorb CO2, in amounts substantially larger than dissolution alone 

would provide. COs "̂ ions react with H"" ions, derived from the dissociation of 

H2CO3, to form HCO3 ions. This effectively removes ions and the system 

responds by dissolving more CO2. With the present ocean-atmosphere carbon 

system, although dissolved CO2 constitutes less than 1% of the EC, the 

reaction with carbonate ensures that at equilibrium, EC typically increases by 

1% for every 10% increase in dissolved CO2 concentration or atmospheric 

partial pressure of CO2, PCO2. This fractional change ratio: 

dpC02 / PCO2 
azc /Ec 

is known as the Revelle factor, R (Broecker and Peng, 1982). This varies 

between 9 in low latitudes and 14 in high latitudes, depending primarily on 

temperature, however a value of 10 is usually adopted as an average. As PCO2 

rises, R increases, therefore reducing the capacity of the oceans to take up 

CCb. 

1.1.2.2 Air-sea exchange 

The fluxes between the ocean and atmosphere are influenced by wind 

stress. The rate at which the ocean's carbon content responds to a change in 

the atmospheric CO2 concentration is determined by the rate at which CO2 can 

cross the air-sea interface. The fluxes of carbon dioxide can be calculated 

using the following equation: 

~ ^CO^^CO^^P^^lsea ~ P^^latmosphere) 

where kco2 is the transfer coefficient, Sco2 is the solubility of the carbon dioxide, 

pCOasea is the partial pressure of carbon in the surface and pC02atmosphere is the 

partial pressure in the atmosphere. 
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While this appears to be relatively straightforward, a definitive value for 

the transfer coefficient is still under discussion and the factors controlling the 

partial pressure of CO2 in the water open to debate. 

Studies have assessed the relationship between wind speed and gas 

exchange in order to establish more accurately the transfer coefficient. The 

most popular methodologies used to calculate air-sea global carbon fluxes 

have been carried out by Liss and Merlivat (1986) and Wanninkhof (1992) 

although new studies have been carried out by Nightingale et al. (2000). The 

relationship of Liss and Merlivat (1986) is based on the results of a deliberate 

tracer gas exchange experiment. Their relationship consists of three linear 

segments depending on the regime at the surface (smooth surface, rough 

surface and breaking wave) and the wind speed. 

Wanninkhof (1992) not only investigated the importance of the wind 

speed but also the fetch dependence, which was a factor not previously taken 

into account. The relationship, based on a quadratic dependence with wind, 

was obtained from a study carried out in lakes using the tracer sulphur 

hexafluoride (SFe). 

The relative importance between the physical and biological controls 

over the partial pressure of CO2 in water is also unclear. Observations of pH, 

salinity and fluorescence in waters off Peru reported by Simpson and Zirino 

(1980) strongly supports biological control. They found good correlation 

between pCOa and chlorophyll that led them to state unequivocally that 

biological controls were dominant on the CO2 system. Johnson et al. (1979) 

and Copispoti et al. (1982) reported the same conclusion in different studies. 

However, authors such as Weiss et al. (1982) have written categorical 

statements regarding dominant control by purely physical processes. These 

investigators carried out measurements of pCOa and total CO2 of surface 

seawater and calculated the fugacity as a function of temperature and salinity. 

They found that the observed variations compared particularly well with the 

predictions based upon temperature and salinity changes alone. Brewer (1986) 

concluded that in every single report there were weak assumptions which could 

invalidate their conclusions. As a consequence it is now known that both 

physical and biological processes are important and both must be included in 
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order to have a working knowledge of the forces controlling seasonal and 

spatial variability in the surface ocean CO2 properties. 

Global air-sea fluxes of CO2 have been estimated based on 

measurements of sea-air pCOg differences (Takahashi et al., 1997). Temperate 

and polar oceans of both hemispheres are the major sinks for atmospheric 

CO2, whereas the equatorial oceans are the major sources for CO2. Lefevre et 

al. (1999) mapped the CO2 fluxes exclusively for the North Atlantic for each 

quarter of the year, from January to March, April to June, July to September 

and October to December. In this study the central region of the North Atlantic 

(10°N to 50°N) is mainly characterised by an uptake of CO2 between January 

and March. The strongest uptake occurs in the subarctic region, in agreement 

with Takahashi et al. (1997). The higher winter values near Iceland, due to 

deep-winter mixing are responsible for a source pattern of CO2 released into 

the atmosphere. A decrease of CO2 in spring due to the biological activity 

(Takahashi et al., 1993) as during this period of the year phytoplankton blooms 

also appear near 20°W, 50°N. However the water warms and as a 

consequence becomes a source of CO2. 

1.1.2.3 Mixing between the surface and deep ocean 

It is clear both from the estimates of the airborne fraction and from the 

observed distribution of bomb tracers (mostly that the volume of ocean that 

has been affected by anthropogenic CO2 is considerably greater than the 

mixed layer but falls far short of the total volume (Crane, 1988). If just the 

surface ocean had been involved in absorbing anthropogenic CO2 from the 

atmosphere only 9% would have been taken up. In contrast, equilibration with 

the whole ocean would result in about 85% uptake. The reason for this shortfall 

is that although the entire surface of the ocean is in contact with the 

atmosphere there are only some regions of the ocean where the atmosphere is 

in contact with the deep ocean waters. These places are where the formation of 

deep waters occurs and the most important area is in the Northern North 

Atlantic. During winter, water masses in the surface penetrate deep down 

carrying their anthropogenic influence rapidly into the deep ocean. 
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1.2 State of the art in oceanic CO2 uptake estimations 

There are two different approaches of determining the oceanic CO2 

uptake, based on direct and indirect methods. Over the last few decades, the 

dearth of oceanic carbon dioxide measurements has made It very difficult to 

estimate the oceanic uptake, and efforts to quantify this have focused on the 

development of models or indirect methods. Nowadays improvements in the 

quality and quantity of data, including repeated surveys along the same 

sections, have made it possible to develop direct methods using experimental 

data. 

1.2.1 Indirect methods or models 

Three main types of models have been developed: one dimensional box 

model, two dimensional advection-diffusion model and multi-tracer model. 

The Oeschger et al. (1975) and Broecker and Peng (1982) models are 

one dimensional box models where the atmosphere, surface ocean and deep 

ocean are treated as three well mixed reservoirs. With an input to the 

atmosphere box from the man-made emissions and with allowance made for 

the Revel I e factor in CO2 exchange at the surface, the model describes how 

the carbon in each reservoir changes with time. The constants of proportionality 

are evaluated from a consideration of the observed steady-state natural 

balance. Improvements have been made to this type of model by introducing 

the uptake of CO2 in high latitudes where the atmosphere comes into contact 

with the deep ocean (Siegenthaler, 1983). 

The Quay et al. (1992) model used a two-dimensional advection-

diffusion model of the ocean. The model was developed when scientists 

recognised that variations of the distribution of ocean tracers in the meridional 

plane (depth) are significantly more important than zonal variations. The 

patterns of tracers further suggested that several large-scale circulation 

features of the oceans are probably responsible for the main features of their 

distribution. For example Broecker et al. (1980) used a circulation pattern 

where he introduced a regionalised upwelling-downwelling diffusion model. 

This type of model has also been used by Crane (1986). However Crane 

encountered problems with the model because it under or overestimates the 
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uptake of carbon dioxide depending on the amount of deep and bottom water 

formation. 

The multi-tracer model uses inverse techniques. The objective of this 

kind of model is to find the patterns of advection and turbulent diffusion 

between model boxes that simultaneously best satisfy the known distributions 

of the tracers. This model requires dividing the ocean and the density layers 

into regions. More realistic circulation features are reproduced, such as deep-

water formation in high latitudes, equatorial upwelling and water exchange 

between the Mediterranean Sea and the Atlantic Ocean. 

Table 1.2. Values of oceanic carbon uptake by different models. 

Type of model Uptake 

estimation 

Authors 

One-dimensional box-diffusion 

model calibrated with 

2GTCyr" Oeschger et al. (1975) 

Broecker and Peng (1982) 

Models based on isotopes. The 

ratio between 

2.1 ±0.8 GTCyr"' Quay et al. (1992) 

Meridional gradient of 

atmospheric COg and net CO2 flux 

over the northern oceans 

0.3-0.8 GTC yr"' Tans et al. (1990) 

Three-dimensional ocean general 

circulation model 

2±0.6 GTC yr ' Bacastow and Reimer-Meier (1990) 

Sarmiento and Sundquist (1992) 

More sophisticated three-dimensional ocean general circulation models 

have been developed by Bacastow and Reimer-Meiner (1990) and Sarmiento 

and Sundquist (1992) but these models still need corrections and most 

importantly still need to reproduce the general circulation in order to resolve the 

oceanic uptake of carbon. One of the questionable tools used in the 

development of these models is the use of distribution in order to correct 

and to compare the carbon dioxide penetration: carbon dioxide and do not 

have the same exchange rates therefore they cannot be considered as 

identical tracers. Another problem introduced in these models is the global 

coarse resolution, which cannot resolve the physics in local areas. 

Table 1.2 gives oceanic uptake values obtained with the different 

models. 
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Apart from the Tans et al. model, all of these models have given similar 

estimates of the oceanic uptake of CO2 of around 2 GTC yr"\ Sarmiento and 

Sundquist (1992) recognised that Tans et al. (1990) calculation required 

revision in three aspects. Firstly the skin temperature at the sea surface was a 

few tenths of a degree colder than the bulk water temperature at which pCOa 

was determined, therefore the surface pCOa was overestimated. Secondly the 

river transport of organic and inorganic carbon from soils to the ocean must 

also be considered. Thirdly a correction is needed for the effect of carbon 

monoxide and oxidation on the CO2 budget of the atmosphere. Carbon 

monoxide is produced mainly in the Northern Hemisphere by industrial and 

biotic processes. It is oxidised to CO2 primarily by reaction with hydroxyl in the 

atmosphere both north and south of the Equator. Allowing for these three 

corrections for the Tans et al. model, uptake will be = 1.8 GTC yr'\ 

Moreover, oceanic CO2 uptake studies show that different oceans in 

different regions behave differently. The Atlantic Ocean is the most important 

atmospheric CO2 sink providing around 60% of the global ocean uptake, 

whereas the Pacific Ocean is neutral and the Southern and Indian Oceans only 

take up around 20% each (Takahashi et al., 1993). 

1.2.2 Direct methods 

Extensive research has concentrated on calculating the flux of 

anthropogenic CO2 at the air-sea interface and through the ocean's water 

column in order to determine the geographical distribution and rate of carbon 

dioxide penetration into deep waters (Poisson, 1998). 

The first direct approach to calculate the flux of anthropogenic CO2 was 

developed around 20 years ago by Brewer (1978) and Chen and Millero 

(1979). They considered that the TCO2 (Total Carbon Dioxide) of the oceanic 

deep water was the sum of the TCO2 that the water mass had at the surface, 

plus the TCO2 quantity added by organic and inorganic activity as a result of 

the oxidation/respiration of organic matter and dissolution of CaCOs. The 

anthropogenic signal was the difference between the in situ measured TCO2 

concentration and the TCO2 concentration at formation time when the water 

was in the surface. 

11 
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Another different but direct strategy is the method of repeated surveys of 

the carbon system in the same area, which reveals the increase of CO2 

concentration over time. This technique has been carried out by Peng et al. 

(1998), where they have made comparisons of measurements of DIG 

(Dissolved Inorganic Carbon) at two different times. 

A relatively new method, applied by Gruber et al. (1996), tries to 

separate the large natural background variability of dissolved inorganic carbon 

from the anthropogenic carbon dioxide. This technique employs a quasi-

conservative carbon tracer, which reflects the anthropogenic signal of carbon 

dioxide and the air-sea disequilibrium of carbon dioxide when the water loses 

contact with the atmosphere. The age estimates of the water masses are 

obtained by tracers, in this case, helium and tritium. 

However the calculation methods previously used for estimating 

anthropogenic carbon dioxide have failed to take into account the importance of 

the mixing component of the different water masses when calculating their 

ages. As a result of this uncertainty, an error is carried forward to the overall 

calculation of the anthropogenic carbon dioxide. Furthermore most of the 

cruises have been carried out during the summer period using surface alkalinity 

data to calculate the preformed alkalinity (AIko). As a result, another possible 

error is being introduced because water masses are primarily formed during the 

winter months therefore winter surface alkalinity has been ignored in the 

calculation of Alko. 

1.3 Future predictions of tine effects of carbon dioxide increase 

Stabilisation of future atmospheric CO2 by regulation of emissions 

requires predicting the response of the ocean circulation and carbon sink. 

Although models are being improved and are recreating the oceanic sink more 

realistically, there is still a need for greater improvement in order to understand 

the future effects of the increase of carbon dioxide in the atmosphere and 

ocean and the consequences of feedback mechanisms. 

The oceanic sink in the IPGG stabilisation scenarios was calculated 

using the assumption that the ocean circulation and temperature will remain 

constant over the next few centuries. However, Manabe and Stouffer (1993) 

have shown that the global warming resulting from the increased CO2 

12 
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concentrations may have a significant effect on ocean circulation and 

temperature. Sarmiento and Le Quere (1996) examined the effects of such 

changes on the oceanic CO2 uptake, using the coupled ocean-atmosphere 

model of Manabe and Stouffer. All of the different scenarios run with the model 

lead to very similar conclusions. The increase of carbon dioxide will induce a 

warming ocean and therefore a decrease in the thermohaline circulation due to 

the reduction of water mass formation in high latitudes. This scenario 

decreases the upward flux of remineralized matter, which will not balance the 

downward flux of biogenic material. According to this scenario the uptake of 

carbon dioxide in the ocean will decrease by 14% to 28%. 

However there are studies suggesting that fertilising the ocean with iron 

might offset the continuing increase of CO2 by enhancing the biological uptake 

of CO2, thereby decreasing the surface partial pressure of carbon dioxide and 

drawing down CO2 from the atmosphere. This hypothesis highlights the 

importance of iron as a factor limiting the growth of phytoplankton species. In 

many areas of the ocean where the supply of nutrients is not short there is not 

high primary production. Scientists have suggested that the supply of iron is the 

limiting factor for biological activity in these areas so fertilising with iron will 

enhance photosynthesis and therefore increase carbon dioxide uptake from the 

atmosphere. 

Under the Kyoto Protocol of the United Nations Framework Convention 

on Climate Change (UNFCCC), developed countries agreed to reduce their 

emission by 5.2% below 1990 levels by 2008-2012. If they wish to stabilise CO2 

concentrations at twice the preindustrial levels by the end of this century, the 

developed countries will have to reduce their emissions to around half of their 

1990 levels. This cut will involve the development of new technologies such as 

nuclear energy and also the enhancement of sinks of carbon dioxide through 

new forest growth. However another idea is to develop techniques to capture 

the CO2 and store it in depleted oil or gas reservoirs, deep saline aquifer and 

coal beds (Wallace, 2000). 
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1.4 Research Objectives 

The objectives of this PhD are: 

1. To evaluate the anthropogenic carbon distribution in the Northeast Atlantic. 

2. To describe the accepted method in the evaluation of the anthropogenic 

carbon and to introduce and evaluate improvements proposed by other 

authors. 

3. To study the temporal variability of the anthropogenic carbon along the 

20°W section. 

4. To relate the temporal increase with ventilation of the water masses and 

water mass composition along the section. 
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Data collection, analysis techniques and calibration 

2.1 Description of the data used 

The principle data used in this study were collected during the CHAOS 

cruise aboard the research vessel RRS Discovery between May and June 

1998. CHAOS (Chemical and Hydrographic Atlantic Ocean Survey) combined 

a long meridional section along 20°W from 20°N to Iceland with a detailed 

survey of the Rockall Trough (Smythe-Wright, 1999). It was a joint effort 

between the George Deacon (GDD) and James Rennell (JRD) Divisions of 

Southampton Oceanography Centre (SOC). 

A total of 139 full depth CTD stations were occupied, with a station 

spacing of 0.5° latitude. Water samples were collected at all stations for 

oxygen, nutrients and salinity and, at every other station, for alkalinity, pH and 

CFC tracers. 

The objectives of the cruise in relation to this PhD were as follows: 

• To repeat a section, notionally along 20°W in the Northeast Atlantic, 

parts of which were occupied previously in 1957, 1973, 1983, 1988 

and 1993, in order to examine the decadal scale variability in the 

Northeast Atlantic over the past 40 years. 

• To study the spreading, mixing and ventilation rates of Labrador Sea 

Water, Mediterranean Water and water of Southern Ocean origin 

(Antarctic Intermediate Water and Antarctic Bottom Water) which 

extend into the Northeast Atlantic. 

• To contribute to the WOCE baseline survey of the North Atlantic. 

To study temporal evolution in the Northeast Atlantic the CHAOS 98 data 

were compared with the data collected in 1993 (North Atlantic'93) and in 1988 

(Oceanus 202 cruise). 

Figure 2.1 shows the tracks of the three cruises. The station positions for 

the NATL'93 and Oceanus 202 cruises are very similar, and are coincident with 

the CHAOS stations between 36°N to 63°N. Between 20°N and 36°N, however, 
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the CHAOS stations are closer to the African coast. Further details of the NATL 

'93 and Ocean us 202 cruises are described in section 2.4. 
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Figure 2.1. The Chaos track in red and the Ocean us 202 and North 

Atlantic tracks in green. 
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2.2 Sampling technique and analytical methods 

The sample collection and analyses techniques employed during the 

CHAOS cruise are given below. More exhaustive explanations are given for the 

CFC's and carbon analysis as these form the main part of this study and have 

been analysed and calibrated primarily by the author and other members of the 

tracer group at SOC. 

2.2.1 Temperature and salinity measurements 

Temperature and conductivity were measured continuously both on the 

downward and upward haul of a EG&G (Deep 04 WOCE standard) CTD 

system. This was fitted to a 24 bottle rosette system with 10 Litre FSI Niskin 

Bottles. The temperature and conductivity sensors were calibrated by 3 pairs of 

SIS digital reversing thermometers. Salinity samples were drawn from each 

Niskin bottle with a duplicate from Niskin 1 and 5. The only exception to this 

was on the very shallow casts where only one duplicate was taken. Sample 

bottles used were the standard 200ml glass bottles with disposable plastic 

inserts and screw caps. The salinometer used for the measurements was a 

Guildline model 8400A. The salinometer was standardised at the start of each 

crate of samples using batch P133 standard seawater (production date 

Nov'97). 

2.2.2 CFC measurements, sample collection and analysis 

Water samples were drawn from the 101 Niskin bottles, which had been 

checked for physical integrity and chemical cleanliness prior to the cruise, into 

100ml ground glass syringes fitted with two-way metal luer taps (Smythe-

Wright, 1990b). In order to stop the ingress of laboratory air into the samples 

prior to analysis, the syringes were held under positive pressure by means of a 

pair of elastic bands in a water bath fed continuously from the ship's non-toxic 

supply. In most cases this procedure allows samples to be stored for up to 12 

hours without deterioration. 

GFC measurements were made to all depths on 62 stations, and at 

another 62 stations to 200m. 
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The CFC's were analysed using a purge-and-trap system, centred 

around a Shimadzu GC-14A gas chromatograph (GC) fitted with a pair of 

Electron Capture Detectors (EGD). This method has been extensively 

described in Boswell and Smythe-Wright (1996). 

Each detector has its own DB-624, 70mm * 0.53mm id, 3fj.m film 

thickness megabore chromatography column, associated switching valves and 

trap which is packed with glass beads cooled to -196°C with liquid nitrogen for 

adsorbtion and heated to 150°C with an electric bunsen for desorption. 

The system supplying the traps with analytes, from water samples, air or 

standard gases, is common to both detectors. The chromatography and 

sparing parts of the system are fed from different gas supplies, to avoid 

pressure kicks, which can interfere with the chromatography when using a 

common supply. Both supplies are 5% methane-argon, with non-GFC cleaned 

spectrol regulators for the primary pressure control. In order to minimise any 

potential blank problems both flows pass through two sets of molecular sieves 

before entering the system. In addition both chromatographic columns are 

attached to 1.5 m lengths of DB624 pre-column which is used as a filter for 

unwanted high boiling point compounds. Timing of valve switching is such that 

the trap is left on column flow for just sufficient time for the compounds of 

interest to pass through the pre-column into the main column. The higher 

boiling point components left in the pre-column are flushed to waste by the trap 

flow. The column and pre-column combination permits the separation of the 

compounds of interest within a reasonable time without excessive peak 

broadening and consequent loss in sensitivity. The chromatographic analysis 

time of 40 minutes is a compromise between the rapid analysis of higher boiling 

point compounds and the resolution of GFG-12 from adjacent compounds. 

The water purging section of the instrument has three valves which are 

manually operated in order to allow for variations in filling time. The sparging 

tower is made of glass and comprises an oval bulb with a portion of burette 

attached to the top, the latter providing the graduations required for accurate 

measurement of the injected water volume. The bottom of the bulb is fitted with 

a glass sinter frit, the mesh being fine enough to prevent water leakage through 

it. Water vapour carry-over from the sparging unit is a potential source of 

problems so a glass drying tube (220 mm long with ground glass ends) is fitted 
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in the trap flow. It is packed with potassium carbonate which is held in place 

with plugs of glass wool. Both the carbonate and the wool have been baked in 

a vacuum oven at 70 °C to dry them before use. 

Finally the system has provision for the injection of aliquots of standard 

gas and air samples. Air samples are collected in dry 100ml syringes from a 

part of the ship upwind of all air vents. Standards are fed from gas tanks. 

Injection is controlled by three valves and two calibrated sample loops. Two Pt-

100 temperature sensors are mounted on the loops and provide a digital 

readout of the loop temperature. Loop pressure is recorded using a 

Paroscientific digiquartz pressure meter. From these combined values, the 

exact molar content of a gas aliquot can be calculated. Data collection and 

peak integration was performed using Borwin Chromatography Software. 

2.2.3 pH sample collection and analysis 

A total of 62 stations were sampled for pH after the collection of the 

CFC's and oxygen samples had been performed. They were collected directly 

into 100 ml glass bottles which were kept in the dark until analysed. 

Measurements were made using a triple-wavelength spectrophotometric 

technique (Byrne, 1987), measuring in total scale. This technique requires 

sample adsorption to be measured after the dye-solution is added and uses 

the fact that different forms of the indicator have substantially different 

absorption spectra. The indicator used was Aldrich m-cresol purple which is a 

sulphonepthalein indicator. The spectrophotometer measures (a) the acid 

indicator species which absorb at 434nm, (b) the basic indicator species at 

578nm and (c) at a wavelength with no absorption from any of the two referred 

species (730nm) to correct the base line. The chemical equilibrium among the 

three different forms of the indicator can be described as: 

and the total hydrogen concentration of the sample can then be determined by: 
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pH = pK{HI ) + log 
E F 

Prior to analysis all samples were stabilised in a thermostatic bath to 25 

°C: this sample temperature was monitored with a platinum resistance Pt-

probe. The samples were then individually pumped into the flow cell of a 

Hewlett-Packard-array spectrophotometer via a mixing channel; the 

temperature of the cell holder being controlled by a Peltier system to 25 °C. A 

blank reading was taken before the indicator solution was added to the mixing 

channel and the two solutions mixed. During the analysis the sample flow was 

stopped three times and pH measured at the three different indicator 

concentrations using the following equation (Clayton and Byrne, 1993): 

+ 3.8275 + 2.11 *10-^ * (35 - ^) + log 
0.0069) 

(2.222 - 0.133 

where R is the absorbance ratio (R=A578/A434), T is the temperature in Kelvin 

and S is the salinity of the sample. 

To eliminate the pH indicator perturbations in the sample, a linear fit 

regression was made to the three pH measurements to give a pH value at zero 

indicator concentration. The result is the hydrogen ion concentration in total 

scale. 

2.2.4 Alkalinity sample collection and analysis 

Seawater samples for alkalinity measurement were collected from all 

depths at a total of 62 stations after those for CFCs, oxygen and pH had been 

obtained. The samples were drawn directly into 300 ml plastic bottles and 

stored in the dark until analysed either the same day or one day later. Samples 

were usually accumulated in order to analyse four stations at once while at the 

same time ensuring the minimum possible period of storage time in order to 

avoid any changes in the water. 
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Alkalinity was measured using an automatic potentiometric titrator 

"Titrino Metrohm" with a Metrohm combination glass electrode. The method 

consists of a titration of the sample (194.53ml) to a final NBS scale pH close to 

4.44. The titration is carried out in an open flask with the area of the interface 

as small as possible. The titration time is about 3 minutes, therefore, there is no 

significant loss of CO2. 

The alkalinity is given by the following equation (Perez and Fraga, 

1987a): 

7 % = j + [Eco; ]+ [5(0^)4]+ j+ 

and taking into account the carbonic acid, boric acid and water equilibrium, the 

following expression (Skirrow, 1975) can be written: 

where D and E are the following expressions: 

£) _ H _ *K'B __ * / f f 

f f f K g+a'u a'u 

^ i+(o'g/ri)+(Ar'2/a'g) 
l + (2r2/a'g) 

a'u is the apparent activity of hydrogen ions, is the total borate, K\ is the 

apparent constant of boric acid, is the stoichiometric constant of water, / J 

is the apparent activity coefficient of total hydrogen ions and K\ and K\ are the 

constants of carbonic acid. 

Then the following expression is obtained by equalising the initial and 

final values of Cj. 
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'V„a m . 

where i and f are the initial and final values of titration, VHCI and NHCI are 

respectively the added volume and molarity of hydrochloric acid and W is the 

mass of the sample (on board a Knudsen pipette is used to measure the 

volume) (±0.02 cm^). The mass is then calculated as a function of salinity and 

temperature. 

The salinity and temperature of the titrated sample must be known to 

determinate the dissociation constants and Bj. Constants K'i and K'2 are given 

by Mehrbach et al. (1973), K'B by Lyman (1956) and KW by Dickson and Riley 

(1979). Perez and Fraga (1987a) give an expression to calculate fn^ obtained 

from the determinations of Mehrbach et al. (1973), and they discuss the use of 

fn^ to evaluate the systematic error in pH determination in seawater. 

The titration was carried out with the following steps: 

a) 0.25 min to equilibrate the electrodes in the sample 

b) 1 -1.5 min to add 90% of the acid 

c) 0.5 min to add the rest of the acid and for pre-stabilisation of the final 

pH 

d) 0.5 min to stabilize and read the final pH. This final period of time is 

also used to fill the burette for the following determinations. 

2.2.5 Oxygen sample collection and analysis 

Dissolved oxygen samples were collected from 139 CTD casts. Samples 

were drawn from each of the Niskin bottles following the collection of samples 

for CFC analysis. Between one and four duplicate samples were taken on each 

cast from the deepest bottles. The samples were drawn through short pieces of 

silicon tubing into clear, precalibrated, wide necked glass bottles and fixed 

immediately on deck with manganese chloride and alkaline iodide. The 

samples were then transferred to a constant temperature laboratory and stored 

under water until analysed. 

Samples were analysed in the constant temperature laboratory two 

hours after collection. Immediately prior to titration the samples were acidified 
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and stirred using a magnetic stirrer bar witli a constant spin. The Winlder whole 

bottle titration method with amperometric endpoint detection (Culberson and 

Huang, 1987) was used with equipment supplied by Metrohm. 

2.2.6 Nutrient sample collection and analysis 

Samples for the analysis of dissolved inorganic nutrients: dissolved 

silicate, nitrate, nitrite and phosphate were collected after CFC's, oxygen and 

CO2 samples had been taken. All samples were collected into 30ml "diluvial" 

sample cups rinsed 3 times with sample water before filling. These were then 

stored in a refrigerator (at 4°C) until analysed (between 1 and 12 hours after 

collection). A total of 139 casts were sampled for nutrients during cruise. 

Samples were transferred into individual 8ml samples cups, mounted onto the 

sampler turntable and analysed in sequence. The analyser used was the SOC 

Chemlab AAII type AutoAnalyser coupled to a Digital-Analysis IVIicrostream 

data capture and reduction system. The majority of samples were analysed in 

duplicate to ensure accuracy. 

Dissolved silicon analysis followed the standard AAII molybdate-ascorbic 

acid method with the addition of a 37°C heating bath (Hydes, 1984). Nitrate 

analysis followed the standard AAII method using sulphanilamide and 

naphtylethylenediamine-dihydrochloride with a copperised-cadmium filled glass 

reduction column. Phosphate analysis was by the standard AAII method 

(Hydes, 1984) which follows that of Murphy and Riley (1954). 

2.3 Calibration and quality assessment 

2.3.1 CFC calibration and quality assessment 

The CFC analytical system was calibrated with multiple injections of 

known volumes of a gas standard prepared by the NOAA CMDL laboratory, 

which has been cross-calibrated to the SIO 1993 scale. From these, calibration 

curves were constructed to calculate the CFC concentration in water samples. 

When creating calibration curves, the number of aliquots of CFC standard 

injected is chosen to span the range of CFC levels encountered in air and 

water analyses. For this study the injections were one large standard sample of 

calibrated gas (4.8ml), one small standard sample (0.997ml) and a large and 

23 



Chapter 2 

small sample together (5.797ml). This process was repeated at different 

pressures, from one to four atmospheres, increasing the range of the 

calibration. 

Using a polynomial expression, which relates CFC-11 and CFC-12 peak 

areas to numbers of moles injected, the corrected peak areas of samples are 

converted into moles. The polynomial expression obtained is a least squares fit 

to the calibration curve. For the CHAOS cruise the following equations for the 

calibrations were obtained: 

Detector A 

M o W 2 = -3.232X:yi2n +1.005x^12^ ^2 ^ Q m = 11 
l -3 .222x^I2n 

M o w i = -5.202x^ll;i^+1.302xj:il7:^+1.003x:ni/: =0.999 " = 9 

Detector B 

MoW2= +1.051X:yi2M r:=0499 " = 10 
l + 1.136x^l2M 

=-2.729 xj'llM^+0.797 x^llM^+0.764 x^yiln r ^ = 0.999 " = 8 

where S12n and S11n are the normalised sensitivities of the detectors for CFC-

12 and CFC-11. Normalised sensitivities are used to take into account the drift 

of the detector. The latter is achieved by analysing aliquots of standard after 6-

8 sample runs. The changing peak area for a given molar concentration of gas 

indicates changes in the sensitivity of the equipment. Standard runs for 

normalisation are performed during calibration and sample analysis. 

Once the normalised sensitivities of the standards had been calculated, 

the values for the water samples were interpolated between the standards. 

These values are then multiplied by the peak area of the water samples to 

obtain the normalised sensitivities of the water samples. 
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_ 530.9 X pressurexvolume 

83144.1X temperature x area^(^ sample 

SI In • 
272.1X pressure x volume 

• area 
83144.1X temperature x area^i^ 

It is then possible to calculate the concentration of CFC's in the water using the 

calibration curve polynomial equation. 

During the CHAOS cruise major problems occurred with the B detector 

stream at station 13468 around 46°N. The joint connecting the B trap to the 

extraction board become loose allowing water to pass into the precolumn. 

Despite immediate action, water percolated through the column to the detector 

causing irreparable damage, which resulted in the entire B channel (column, 

precolumn and detector) being replaced. It took a few stations for Detector B to 

readjust and although measurements of CFC-11 looked reasonable, the 

detector lost CFC-12 sensitivity, primarily because of coelution with another 

unidentified compound. While every effort was made to separate the peaks 

both at the time of analysis and subsequently using the Borwin software data 

reduction package the CFC-12 concentrations appear to be underestimated. 

Furthermore, examination of the data set prior to station 13468 suggests that 

the B trap joint had been leaking slightly for sometime resulting in irregularities 

in the analysis. Therefore no data from detector B will be used in this study to 

be sure that we are not introducing any analytical error. This is not a major 

problem for the objectives of this thesis as the interest is in deeper samples, 

which were always analysed in detector A. 

Linear correlation obtained between CFC-11 and CFC-12 is shown in 

Figure 2.2. In order to check the quality of the data CFC-11 and CFC-12 were 

plotted and a good relationship was found (r^=0.97 n=400). 
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Figure 2.2. Correlation between CFC-11 and CFC-12 in detector A 

2.3.2 Alkalinity calibration and quality assessment 

Before starting titration each day the electrodes were standardised with 

three different buffers as follows: 

a) calibration of the combined electrode with NBS buffer of pH 7.413 

b) checking of the electrode response with a pH 4.008 NBS buffer 

solution 

c) adaptation of the electrode to the strong ionic strength of seawater by 

means of a pH 4.4 seawater buffer containing 4.0846g of C2H5KO4 

and 1.52568g of B407Na2H20 in 1 Kg of COa-free seawater. 

At each station, samples of CO2 reference material for oceanic 

measurements, batch 42 (CRM) (provided by Dr. Dickson -Scripps Institution of 

Oceanography) and seawater substandard (SSS) were analysed at the 

beginning and end of each series of samples. The SSS is "quasi-steady" 
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surface de-aerated sea water taken from the non-toxic supply and stored in the 

dark. The variations of the measured SSS and CRM alkalinity along the cruise 

is used to correct the electrode deviations over time therefore ensuring that the 

alkalinity results are referred to the same baseline. 

To correct the alkalinity of the water samples an average of the CRM 

and SSS were calculated for each day and then a factor between the SSS and 

CRM was calculated to normalise all the water samples to the CRM value 

(average factor 0.2%). When calibrating the water samples a systematic 

volumetric error was discovered and as a result 2 ml of sample water was 

added to the next sample in each analysis. This volume was corrected before 

calculating the final values of the alkalinity. 

Following the calculation of alkalinity, Total Inorganic Carbon (TCO2) 

was determined using the alkalinity and pH measurements with the 

thermodynamic equation of the carbon system given by Dickson (1991) and the 

constants established by Mehrbach et al. (1973) and Weiss (1974). 

To check data quality, the resulting carbon data was compared with 

values from North Atlantic'93. The carbon data agreed well in the bottom water 

(below 3000m) as expected but the pH shows an offset of -0.02 units, which 

was corrected for the CHAOS cruise. In addition alkalinity was higher (0.5%) for 

the CHAOS data when compared with the North Atlantic'93 data. This implied 

that the pH and alkalinity offsets were compensating each other to give the 

expected result for TCO2. As a consequence the alkalinity was recomputed 

from the TCO2 and the corrected pH data and then compared with the North 

Atlantic'93 data. The alkalinity result then agreed in both databases in the 

bottom waters. 

2.4 Data comparison 

In order to analyse temporal trends and the evolution of tracers in the 

ocean it is necessary to first check the data from different cruises, to assure 

that there are no offsets between cruises and that temporal changes are real 

and not an artefact of the analysis. 
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2.4.1 Ocean us 202 (1988) data 

The OCEANUS 202 cruise, was carried out between July and August 

1988 from 63°N to 3°S (McCartney et al., 1991). Only data measured between 

stations 1 to 87, which correspond to station positions similar to the CHAOS 

cruise (i.e. latitudes 20°N-63°N), have been considered. At each station, 

temperature, salinity, oxygen, nutrients and CFC's were measured to within 10 

meters of the ocean bottom. Temperatures for the Niskin bottle data tabulations 

were extracted from the processed CTD data. Salinity was measured using a 

Guildline Autosal Model 8400A salinometer standardised against Wormley P-

108 standard water. CFC sampling and analytical techniques were as reported 

in Bullister and Weiss (1988). Dissolved oxygen sample analysis was by whole 

bottle Winkler titration following the techniques of Carpenter (1965). Phosphate, 

nitrate and silicate were analysed using an Alpkem Corporation Rapid flow 

Analyser, Model RFA-300. 

2.4.2 North Atlantic'93 (1993) data 

The North Atlantic'93 cruise was carried out aboard the Malcolm 

Baldrige research vessel during July-August 1993 and was sponsored by the 

NOAA's OACES program (Castle et al., 1998). The cruise track was nominally 

along 20°W starting at 5°S and ending at 63°N. Stations were occupied every 

0.5° from 5°S to 5°N and every 1° from 5°N to 63°N. Only data from 20°N to 

63°N are used in this study. At all stations, temperature, salinity, CFC's, 

oxygen, pH, alkalinity, TCOg and pCOg were measured. 

Salinity samples were analysed using a Guildline 8400B Autosal 

standardised with Wormley standard water in a temperature controlled room. 

Two independent groups analysed nutrients but only the AOML group data are 

used here as they measured nutrients during the entire cruise. Their 

measurements were determined using an ALPKEM RFA/2 rapid flow analyser 

and standard ALPKEM methodologies. Oxygen data were analysed using the 

method described by Carpenter (1965) with computer-controlled colorimetric 

endpoint determination as described in Freiderich et al. (1984). Subsequent to 

the cruise an offset in comparison to the Oceanus 202 cruise was reported, 

which recommended that 7.5 |j.mol/kg be added to all oxygen data values 
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(Castle et al., 1998). TCO2 of seawater was measured coulometrically 

(Johnson, 1992; Johnson et al., 1993), total alkalinity was determined by 

titration of seawater (Millero et al., 1993) and measurements of pH were 

performed using a double wavelength spectrometric procedure (Clayton and 

Byrne, 1993). 

2.4.3 Data comparison 

Data from 3000m to the bottom were selected from the three cruises 

along 20°W to establish any deviation between the different databases, as 

temporal variations at these depths are not expected. 

Before comparing the data, corrections for alkalinity, pH (CHAOS cruise) 

and oxygen (North Atlantic'93 cruise) were made. Two types of comparisons 

were carried out. First a statistical analysis (student t-test) was performed at 

five separate stations, 36°N, 40°N, 44°N, 48°N and 51 °N, occupied during all 

three cruises. 

The student t-test is a significance test to compare the means of two 

samples (Ximean, X2mean)- In thls casG WG have two sample means and taking 

the null hypothesis that the two station samples give the same result, we 

needed to test whether t (Ximean-Xzmean) differs significantly from zero. With this 

assumption t- is calculated for every pair of stations. If the t-value obtained is 

lower than the critical t-value tabulated for a confidence interval of 95% then 

the null hypothesis holds and it is possible to compare stations, t-values for 

every pair of stations and for all variables have been calculated in this study but 

only 5 coincident stations values are reported in Table 2.1. In all cases shown 

in Table 2.1 and at the other stations evaluated, t-values are lower than the 

tabulated critical t-values and we can consider the means to be the same. The 

second approach was to compare the gridded data from the different cruises. 

The data between 36°N to 51 °N were gridded every 20db in the vertical and at 

every degree of latitude in horizontal where the cruises exactly crossed the 

same positions. The differences between the gridded data were obtained and 

an average difference between cruises was calculated. The average values of 

the difference are reported in Table 2.2 The differences between the cruises 

are within the WOCE specification reproducibility limits reported in the WOCE 

29 



Chapter 2 

report No. 67/91 (May, 1994). While the silicate value between the '98 and '88 

cruises appears to be quite high it is not due to an offset but to bad data at one 

station in the Ocean us 202 database and was corrected for subsequent 

analysis. 

We therefore conclude that there are no significant offsets between the 

cruises and it is possible to compare them. 
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Table 2.1. t-values calculated with data below 3000 for all variables at 36°N, 40°N, 44°N, 48°N and 51 °N. 

Latitude 

°N 

Years Temp Salinity Nitrate Silicate Pliosphate Oxygen PH Alkalinity TIC Critical t value df 

36 88-93 0.7 1.30 — 0.003 — 2.23 10 

36 88-98 0.29 0.13 — — 1.006 — 2.18 12 

36 93-98 0.97 1.17 1.13 0.56 1.35 0.52 1.75 1.07 1.05 2.23 10 

40 88-93 0.09 0.53 0.61 0.52 2.14 1.21 — 2.26 9 

40 88-98 0.11 0.08 0.59 0.72 2.03 0.40 — 2.23 10 

40 93-98 0.18 0.45 0.15 1.18 0.29 1.50 2.01 1.68 0.47 2.26 9 

44 88-93 0.13 0.33 0.23 0.82 1.30 0.51 2.37 7 

44 88-98 0.32 0.31 0.21 0.12 1.40 0.52 2.37 7 

44 93-98 0.42 0.64 0.05 1.07 0.15 0.94 0.80 0.52 0.08 2.45 6 

48 88-93 0.09 0.44 1.43 0.17 0.13 0.16 — 2.31 8 

48 88-98 0.12 0.0007 0.93 0.19 1.58 0.37 — 2.31 8 

48 93-98 0.02 0.4 0.4 0.312 1.29 0.45 1.89 1.74 0.97 2.45 6 

51 88-93 0.18 0.36 0.27 0.33 0.62 0.03 — — 2.45 6 

51 88-98 0.41 0.59 0.40 0.69 0.53 0.91 — 2.37 7 

51 93-98 0.13 0.82 0.0017 0.23 1.43 0.76 2.12 0.33 0.11 2.57 5 
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Table 2.2. Property average differences between cruises for data below 

3000 metres. 

Average 

Differences 98-93 

Average 

Difference 98-88 

Average 

Difference 93-88 

Temperature 0.015 °C -0.024 "C 0.023 °C 

Salinity -0.002 -0.001 0.007 

Nitrate -0.321 fimolkg"^ -0.030 jumolkg"̂  -0.332 iimolkg'^ 

Phosphate -0.014 nmolkg"^ 0.044 ixmolkg"^ 0.033 nmolkg'^ 

Silicate -0.144 |j,molkg"^ 0.773 [imolkg"^ -0.765 [imolkg"^ 

Oxygen -2.197 nmolkg"^ -1.897 lamoikg"̂  2.150 nmolkg'^ 

PH -0.0016 — 

Alkalinity -2.012 (imolkg"' 
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Chapter 3 

Thermohaline circulation and mixing of water masses 

along the 20 °W section 

3.1 Thermohaline circulation in the Northeast Atlantic 

The Atlantic Ocean is the most saline of the major oceanic regimes 

(Worthington, 1981). Compared with the Pacific and Indian Oceans, the Atlantic 

Ocean has a complex hydrographic structure resulting from the formation of 

deep, intermediate and central water masses and also due to its connection 

with the Mediterranean Sea and the Arctic Ocean (Tomczak, 1994), which 

exchange water of very special characteristics. To understand the behaviour of 

the Northeast Atlantic as a sink of carbon dioxide, it is necessary to learn how 

the thermohaline circulation of the water masses operates and their carbon 

content. The thermohaline circulation of the Atlantic Ocean is driven by inputs 

of dense water from two high-latitude sources, (1) the input of northern outflows 

which make up the North Atlantic Deep Water (NADW) and (2) the outflow of 

Antarctic Bottom Water formed in the Weddell Sea (Dickson et al., 1994). 

3.1.1 Northern inputs 

The northern inputs consist of five different water masses; Denmark 

Strait Overflow Water (DSOW), Iceland Scotland Overflow Water (ISOW), 

Labrador Sea Water (LSW), Mediterranean Water (MW) and North Atlantic 

Central Water (NACW). 

The combined northern outflows of DSOW and ISOW form a deep layer 

that has been traced principally by virtue of its relatively high salinity, through 

the South Atlantic, South Indian and South Pacific Oceans (Reid and Lynn, 

1971). They are a major source of salt to the deep water of the World Ocean. 

These overflow waters provide a mechanism for the rapid communication 

between the ocean surface and the deep North Atlantic (Swift, 1984) and are 

an important conduit for the introduction of artificial radionuclides (Livingston et 
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al., 1985) and anthropogenic CO2 (Doney and Jenkins, 1994) into the abyssal 

ocean. The ISOW is particularly important in the Northeast Atlantic and is found 

near 2750m in the Northern North Atlantic (Swift, 1984). It is characterised by 

relatively high salinity for its density range, and by high oxygen and low nutrient 

concentrations. 

Labrador Sea Water forms as the result of deep winter convection to 

1500m in the Labrador Sea (Reid, 1994). It is the final product of the cyclonic 

circulation of the Subpolar Mode Water in the open ocean in the Northern North 

Atlantic (McCartney and Talley, 1982). Labrador Sea Water is the coldest Mode 

Water and it spreads at mid-depths throughout the North Atlantic Ocean north 

of 40°N and along its western boundary to at least 18°N (Figure 3.1). 
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Figure 3.1. Salinity at the LSW potential vorticity minimum (Talley and 

McCartney, 1982). 

Mediterranean Water (MW) is located between 800m-1300m in the 

Northeast Atlantic. This water mass is formed in the Gulf of Cadiz as a result of 

active mixing between two water masses, the Levantine Intermediate Water 

(LIW) formed near Rhodes and the Western Mediterranean Deep Water 
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(WMDW) formed in the south of France (Parrilla at al., 1986). It is characterised 

by its very high salinity content due to the loss of freshwater by evaporation in 

the Mediterranean Sea (Tomczak, 1994), and can be traced using this 

characteristic at mid-depth in the North Atlantic (Worthington, 1976). 

Above these deep water masses the North Atlantic Central Water 

(NACW) is formed by vertical and horizontal mixing and winter convection 

(Tchernia, 1980) between the parallels 38-47°N in the Atlantic Ocean. There 

are two major source regions; one is the Sargasso Sea where every winter, 

water is formed at temperatures around 18°C and to depths of 250m-400m and 

the second is known as Madeira Mode Water and is formed north of Madeira to 

depths of 70m-150m. Together these two source waters contribute more than 

half the volume of the NACW which ultimately sits at a depth between 100m -

400m (Perez et al., 1993) and is characterised by a straight T-S relationship 

connecting the point 7°C, 35.0 with the points 18°C, 36.7 in the east and 20°C, 

36.7 in the west (Tomczak, 1994). 

Some authors have used the term ENACW (Eastern North Atlantic 

Central Water; Harvey, 1982) for the NACW situated Northeast of the 

subtropical gyre, to the east of the Azores. ENACW has been further 

characterised as originating from two different water masses that form a quasi 

permanent subsurface front close to the Northwest coast of Spain (Perez et al., 

1993). One of these two water mass components is Eastern North Atlantic 

Central Water of subtropical origin (ENACWT) which comes from the south. 

E N A C W T is formed around 40°N and its salinity is larger than 35.7 (Pollard and 

Pu, 1985). The other component comes from the North (subpolar origin) and is 

known as H. H has temperature and salinity between 4°C, 34.96 and 12°C, 

35.66 (Harvey, 1982; Rios et al., 1992) and is formed around 46°N. 

3.1.2 Southern inputs 

The southern inputs in the North Atlantic consist of two Antarctic water 

masses, the Antarctic Bottom Water (AABW) and the Antarctic Intermediate 

Water (AAIW). 
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The densest global-scale water mass is the Antarctic Bottom Water 

(AABW) (Polzin et al., 1996). Below 4000m all Atlantic Ocean basins are 

occupied by bottom water of Antarctic origin which is characterised by its low 

temperature and high silicate. The Antarctic bottom water is sourced primarily 

from the Weddell Sea Deep Water (Rhein et al., 1998) by convection at the 

continental shelf of Antarctica (Warren, 1981) which is driven by the freezing of 

sea ice. The formation of this water mass is a combination of convection and 

subsurface mixing (Tomczak, 1994) but its final properties are shaped by 

intense mixing with the Circumpolar Current as it spreads away from the 

Antarctica Peninsula. 

Antarctic Intermediate Water (AAIW) is characterised by a tongue of low 

salinity and oxygen and high silicate and is located between 700m-1500m 

depth with an average depth of 900m. Its circulation can be traced by its high 

silica concentration (Tsuchiya, 1989). 

Both southern ocean water masses are characterised in the Northeast 

Atlantic by their low CFC concentrations. 

3.1.3 Spreading and mixing 

Spreading and mixing at depth in the North Atlantic is primarily due to 

the passage of the northern waters southwards and the southern waters 

northwards. The dense waters of the Greenland, Iceland and Norwegian Seas 

overflow through the Denmark Strait (sill depth just over 600m), over the 

Iceland Faroe ridge (sill depth about 450m) and through the Faroe Bank 

Channel. The Iceland Scotland Overflow Water (ISOW) joins the DSOW in the 

Irminger Sea (Swift, 1984) after crossing the Charlie Gibbs Fracture Zone 

(CGFZ). This water flows over three different sills to the Northeastern Atlantic; 

across the Faroe Bank Channel (Crease, 1965; Harvey and Theodorou, 1986; 

Saunders, 1990) across the Iceland-Faroe rise (Hermann, 1967, Muller et al., 

1979) and finally across the Wyville Thompson Ridge southwards to the 

Rockall Trough (Ellett and Roberts, 1973). These dense waters spread and mix 

both eastward and westward depending on their source region, through the 

Charlie Gibbs Fracture Zone where the Lower Deep Water (Dickson and 
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Brown, 1994), which is a derivative of the AABW, meets them. AABW spreads 

northward from its southern source primarily in the western basin of the south 

Atlantic. The Walvis Ridge restricts its passage into the east and although 

Shannon and Chapman (1991) reported some leakage into the Angola Basin 

this pathway is relatively minor. AABW passes from the western basin into the 

eastern basin in the tropical Atlantic through the Romanche Fracture Zone and 

through the Vema Fracture Zone. A simplistic diagram (Figure 3.2) shows the 

spreading of the deep water masses into the Northeast Atlantic. 
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Figure 3.2. Diagrammatic spreading of the deep water into the 

Northeast Atlantic. 

Overlying the deep flows there are three intermediate water masses 

which interact between themselves and also with the deep overflows. Labrador 

Sea Water spreads in three main branches, south along the western boundary 
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to 20°N, north into the Irminger Sea and into the Northeast Atlantic at about 

50°N before spreading southwards (Cunningham and Maine, 1995). The LSW 

mixes with the deep overflows in the Irminger Sea and with MW forming the 

North Atlantic Deep Water. Mediterranean water spreads westwards and 

northwards encountering the southward spreading LSW at the Azores Biscay 

Rise. AAIW extends to 28-30°N (Tsuchiya, 1992) in the eastern basin but 

spreads further north in the Caribbean Sea and the Gulf of Mexico. It is then 

transported by the Gulf Stream-North Atlantic Current and extends on the west 

and north sides of the Mediterranean Outflow Water as far Northeast as nearly 

60°N just south of Iceland (Tsuchiya et al., 1989). A simplistic diagram (Figure 

3.3) shows the spreading of the intermediate water masses into the Northeast 

Atlantic. 
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Figure 3.3. Diagrammatic spreading of the intermediate water into the 

Northeast Atlantic. 
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3.2 Mixing of water masses along the 20°W section 

To investigate tlie behaviour of the North Atlantic as a sink of carbon 

dioxide, it is necessary to understand the properties of the individual water 

masses, their movements and carbon content. 

3.2.1 Water masses of the section 

To identify the different water masses and different mixing regimes along 

the 20°W section, a careful analysis of T-S and S-Sil (not shown) diagrams 

along the section was made. Nine principle water masses were identified in the 

Northeast Atlantic as described in Table 3.1 and shown on Fig 3.4a. 

3.2.2 Mixing of water masses 

A mixing model has been developed based on the thermohaline 

properties of the water masses using data from this study and from the 

literature. The end-members of the different water masses have been taken 

from values reported in the literature and shown in Table 3.2. 

3.2.2.1 Water masses and end-members 

T-S diagram from all the bottle data from the CHAOS cruise are shown 

in Figure 3.4 and Figure 3.5. The chosen end-members are shown in pink, and 

the pink lines linking the different water masses show the different mixing 

regimes applied in the different areas along the section. Data from the upper 

150m have been excluded due to the seasonality influence. 
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Table 3.1. Main water masses and characteristics along the 20°W section. 

Type Name Source Characteristics Reference 

Mode 

Deep 

• Eastern North Atlantic 

Central water (tropical 

component) ENAGWt 

• Eastern North Atlantic 

Central water (polar 

component) H 

• Subpolar Mode water 

SPMW 

Subtropical gyre 

Subpolar gyre 

Subpolar gyre 

Intermediate • Antarctic Intermediate Eastern South 

Water AAIW Pacific 

Mediterranean Water Gulf of Cadiz 

MW 

Labrador Sea water Labrador Sea 

LSW 

• Iceland Scotland 

Overflow I SOW 

• Eastern North Atlantic 

Deep Water upper NEADWu 

• Eastern North Atlantic 

Deep Water lower NEADWi 

Norwegian Sea 

North Atlantic 

Antarctica 

Mode water formed at 40°N. Between 100-400 metres. T>13° 

and S>36, very low nutrient concentration 

Fraga et al., 1985; Pollard and Pu, 1985; 

Perez et al., 1993; Tsuchiya et al., 1992 

Mode water formed at 47°N. Between 100-500 metres. T<13° Harvey, 1982; Rios et al., 1992 

and S<36, low nutrient concentration 

Mode water formed in the Northern North Atlantic. 

Underneath the central water masses. T<11° and S<35.5, 

higher concentration of nutrients. 

It spreads at 900m reaching 30°N in the North Atlantic. At 

20°N T~6.5° and S-34.9. High silicate and low salinity 

signature 

It spreads between 800-1300m in the North Atlantic. S>36 

and T~11°-12°. Very high salinity signal. 

It spreads between 1500-2000m. S~34.8 and T~3.2°. Low 

salinity and very high oxygen content. 

It spreads in the Northern North Atlantic at 2750 metres. T>2° 

and S> 34.94. High oxygen and low nutrient signature. 

Mix of water masses, LSW, NEADWi and MW. High salinity. 

Spreading underneath the LSW and over the NEADWi 

Abyssal water. Low salinity and oxygen content. Very high 

silicate signature. 

McCartney and Talley, 1982 

England et al., 1993; Tsuchiya et al., 

1992; Roenmich and Wunsch, 1985; Van 

Aken, 2000 

Parrilla et al., 1986; Tsuchiya et al., 1992; 

Price et al., 1993 

Talley and McCartney, 1982; Reid 1994; 

Cunningham et al., 1995; Paillet et al., 

1998 

Swift, 1984; Cranse, 1965; Harvey et al., 

1986; Saunders, 1990; Hermann, 1967. 

Tsuchiya et al., 1992; Van Aken and de 

Boer, 2000 

McCartney and Talley, 1982. 
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