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ABSTRACT

Current models suggest that the North Atlantic is a region of high, 
and increasing,uptake of anthropogenic carbon dioxide. Recent 
studies have suggested that most of this uptake occurs towards 
the south and is transported into the North Atlantic basin in the 
upper limb of the meridional overturning circulation. 

To better constrain the North Atlantic carbon inventory and 
transport as part of the MOC, in March-April 2004, a fifth repeat 
transect of 24.5°N in the North Atlantic was carried out. This was 
the third time that carbon measurements had been obtained, in 
addition to previous research cruises in 1992 and 1998. 

Anthropogenic carbon dioxide fields are compared from the three 
transects, showing the penetration of the CO2 signal, carbon 
transport and changes occurring over the last decade.
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The North Atlantic Ocean plays a significant role in the global formation of deep and intermediate water masses; with 
cold, deep waters being more capable of supporting a greater concentration of carbon than the warmer waters at the 
surface, carbon dioxide is taken up by the North Atlantic and transported to the south at depth as part of the meridional
overturning circulation (Álvarez et al (2003)). 

Many studies have previously focussed on the inventory and transport of carbon in the North Atlantic, (Rosón et al
(2002), Álvarez et al (2003), MacDonald et al (2003) among others), and this work follows on from these in 
investigating the carbon transport across 24.5°N. 

In March-April 2004, a fifth repeat transect of 24.5°N in the North Atlantic was carried out on RRS Discovery. This was 
the third cruise on which carbon measurements have been obtained, the earlier ones being in 1992 and 1998. Station 
locations for each transect can be seen in Figure 1 (below). 
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Calculation of Anthropogenic carbon dioxide

Anthropogenic carbon dioxide (Canth) was calculated using the ‘∆C*’ method first proposed by Gruber et al (1996), with 
modifications suggested by Wanninkhof(1999). 
After correcting the measured total dissolved inorganic carbon (TIC) for the effects of biology and calcium carbonate 
dissolution (∆Cbio), and the preformed, pre-industrial TIC concentration (C280) , the value ∆C* is left, a composite of the 
anthropogenic signal and the air-sea disequilibrium (∆Cdiseq). This final term can be estimated using either water ages 
derived from transient tracer concentrations, or through the biological-activity-corrected TIC distributions in regions 
uncontaminated with Canth. 

TIC fields for 1992, 1998 and 2004 across 24.5°N can be seen in Figure 2 (centre). The 1992 TIC data was 
calculated from measured alkalinity and pH using the thermodynamic equations for the carbonate system, with the 
dissociation constants of Mehrbach et al (1973). 

Residual calculation

For each station in each transect, a linear interpolation with depth was performed on to 25db depth levels. The 1998 
and 1992 data were then mapped onto the 2004 station positions and basic residuals of the data sets calculated. A 
similar residual calculation has been performed previously by MacDonald et al (2003) for the 1998-1992 comparison. As 
they noted, apparent differences are not significant for individual data points. However, general patterns can clearly be 
observed, and basin-wide averaging also reveals further features.

Graphical smoothing/mapping

The data was first plotted in Ocean Data View (Schlitzer (2005)) before being smoothed using the VG gridding
algorithm. This uses a variable resolution, rectangular grid that varies according to the data density.
The gaps visible in the 1992 plot are due to the lower resolution of data. Increased smoothing was applied, but this 
may have obscured the finer detail in the section.
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Changes in TIC field for 1998-2004

A number of features can be readily seen in Figure 2 (centre).

•Increased TIC concentrations are observed primarily in the top 1000m for both time periods, corresponding with 
the most recently ventilated surface waters and subducted thermocline. 

•1998-1992 residual shows an increase in the western basin around 70°W, associated with the recirculating region. 

•2004-1998 residual shows a more general increase across the entire transect, although it appears that increases 
are greater in the eastern basin. Additionally, one can see TIC increases at depth, possibly associated with the Deep 
Western Boundary Current (DWBC) which carries more recently ventilated Labrador Sea water (LSW) and North 
Atlantic Deep Waters (NADW) away from the north. 

Canth = Cmeas – ∆Cbio – C280 – ∆Cdiseq
∆C* = Cmeas – ∆Cbio – C280

= Canth + ∆Cdiseq

For this work, ∆Cdiseq was calculated by assuming the absence of Canth
in the deep waters in the Eastern basin - the mean value of ∆C* 
below 3500db was added to all values in order to correct the 
disequilibrium. Using this term, the anthropogenic signal can be
derived from ∆C*.

Highest concentrations continue to be located in the top layers, with the majority of Canth lying in the uppermost 
1000m. At these depths the transects show a general increase in levels, possibly due to the subduction of 
recently ventilated thermocline waters from the north. 

Below 1000m, elevated values appear to be concentrated near the western boundary with levels seen to be 
increasing; this would be consistent with transport in the Deep Western Boundary current, which carries 
recently ventilated waters away from the north and mirror the increase seen for TIC over the same time period. 

Inter-basin differences

Integrating the residual data for each basin reveals some features more clearly (see Figure 4 (below)).

• Surface – Canth values have increased more in the Western basin than the Eastern basin, mirroring TIC increase.
• 150m-1000m – there is a larger increase for TIC in the Eastern basin, possibly associated with increased 
subduction from greater subtropical gyre recirculation (Bryden et al (2005)). Canth levels, however, are higher in the 
Western basin. This may be due to higher temperature waters, which, due to the Revelle factor, have a greater 
capacity for uptake of CO2 for a given change in the atmospheric concentration.
• 1500-4500m – an increase in both TIC and Canth noticed in the Western basin, possibly due to the DWBC.
• Bottom – an increase in TIC is apparent in the Western basin although exact causes are unknown. However, an 
increase in Canth is not observed.

Figure 2. 
Total Inorganic Carbon (TIC) fields for 1992, 1998 and 2004 across 24.5°N in the North Atlantic (on left). 
1998-1992 Total Inorganic Carbon field difference between two transects and 2004-1998 TIC field difference (on right).
For residual plots, pink shading indicates an increase over time, blue, a decrease.

• Use of other methods to calculate anthropogenic CO2
‘∆C*’ method suffers from assumptions regarding steady-state circulation, the ability to find an area ‘free’ of 
anthropogenic influence and also a constant air-sea disequilibrium, leading to the possible underestimation of Canth in 
old, deep waters and overestimation in young, surface waters (Matsumoto & Gruber (2005)). Use of multiple linear 
regression technique proposed by Wallace (1995) and more recently used by Friis (2005) in the Atlantic, does not suffer 
from these assumptions and would be better placed for comparison of sections over time. It will also be used to assess 
the capabilities of the ‘∆C*’ method in this region.

•Combination of results with carbon data obtained during a 2005 cruise across 36°N of the Atlantic.
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Figure 1.  
Map of station positions of cruise transects in 1992,
1998 and 2004

Figure 3. 
Anthropogenic Carbon Dioxide (Canth) fields for 1998 (left) and 2004 (right) across 24.5°N in the North Atlantic. 2004-1998 Anthropogenic Carbon Dioxide 
field difference for transects (centre). For residual plot, pink shading indicates an increase over time, blue, a decrease.

Figure 4. 
Total Inorganic Carbon field difference for 2004-1998 averaged for Western and Eastern basins (left)
Anthropogenic Carbon Dioxide field difference for 2004-1998 averaged for Western and Eastern basins (right)

It should be noted that changes in TIC 
do not necessarily correspond with 
equivalent changes in Canth. This may be 
an artefact of the Canth calculation, 
where changes in other chemical 
properties, such as oxygen 
concentration and AOU (apparent 
oxygen utilisation), affect the final Canth
value to quite a large extent. e.g. 
~20°W, 0-1000m, TIC decrease but Canth
increases – this may be caused by 
changes in oxygen (not shown). 
However, it may also signify changes 
occurring in the ‘natural’ biological 
pump. 

Carbon transport estimations

Carbon fields from 1992, 1998 and 2004 are currently being combined with the velocity fields already published by 
Bryden et al l 92005) to calculate changing uptake, transport and storage of carbon in the Atlantic. 

Increased recirculation within the subtropical gyre and reduced formation of deep and intermediate waters laden with 
anthropogenic carbon dioxide could be having far-reaching effects on the global oceanic carbon cycle, resulting in a 
reduced uptake of atmospheric CO2 by the North Atlantic. This may provide evidence for the diminished North Atlantic 
carbon sink, previously inferred from a decreasing difference in seawater and atmospheric CO2 concentrations (∆pCO2) 
and subsequent air-sea flux Lefèvre et al (2004,2005), Schuster et al (2006).

Changes in Anthropogenic Carbon Dioxide field for 1992-1998-2004

The increasing uptake of anthropogenic carbon dioxide can be clearly seen in Figure 3 (top right).
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