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calculated PC02 values of 1 O~atm which is thought to be adequate for the 

process orientated nature of this study where fluxes are driven by PCO, 

gradients of between 100 and 1500~atm. A modified Deffeys type vector plol 

is formulated to assist in interpreting the relative importance of the organic 

(Co..) and inorganic (C,og) carbon pumps. The oceanographic seclions 

provide two important insighls into the advective characteristics of the 

Benguela System. Firstly, that the water which oulcrops at each of the six 

upwelling cenlres has a more recent history along the inner shelf ( < 100m 

depth) rather Ihan being advected straight up from depths of 200-350m as 

was thought to be the case. Secondly, the water on the shelf does not share 

a common source. The results suggest that the Benguela System is supplied 

wilh Soulh AUanlic Central Water (SACW) at predominantly three siles 

suitable for the advection of slope water onto the shelf. This is Ihe basis for 

the "gate" hypolhesis which defines a novel advective regime for the system. 

It also formed the physical basis for the box model used to quantify the 

carbon fluxes. The benthic remineralization flux is shown to be a key process 

in modifying shelf based SACW and providing the variable biogeochemical 

characteristics to waters which outcrop at the surface. The key mechanism is 

the stoichiometric disequilibrium in the remineralization fluxes of carbon and 

nitrogen. Measured C:N disequilibria of > 50, especially in the northern part 

of the system, limit and in some cases reverses the CO2 drawdown potential 

associated with the nitrate flux. An NH: adsorption mechanism was 

proposed to accounl for these observations. Similar C:N disequilibria ( 10< 

C:N < 20) were measured in the surface uptake of CO, and N03' by post 

upwelling phytoplankton blooms. The significance and the mechanistic basis 

for the uptake disequilibria is also discussed with special focus on their 

association with Dissolved OrganiC Carbon (DOC) production. The carbon 

fluxes in the Benguela System are modelled using a spreadsheet based box 

model. The inputs are annual Ekman fluxes (1.1 - 1.4 Sv) calculated from two 

(1992: ENSO and 1994 non-ENSO conditions) one year hourly wind records 

from each upwelling centre and respective carbon and nitrogen 

concentrations in newly upwelled and aged upwelled waters. The model 



confirm the first hypothesis that the Benguela System is indeed a small CO2 

sink (0.34 • 1.5 mill ion tons C i'l. but this result is dependent on the 

magnitude of the labile DOC pool. The labile DOC pool is assumed to be 

30% of the total DOC production. The dynamics of DOC are identified as the 

biggest gap of knowledge in closing the carbon budget of the Benguela 

System. The CoN stoichiometric measurements show that using the Redfield 

ratio to calculate carbon production and export fluxes will underestimate their 

magnitude. Finally, using the modified Delfeys vector plots, it is shown that in 

the experimental time scale, the inorganic carbon deposition and 

remineralization pathway is insignificant in the Benguela System. 
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• 	 the magnitude and the uncertainty of the carbon removal which cannot be 

presently accounted for in the oceanic sink, the so called "missing 

carbon". 

Fig. 1.1: A log scale composite time series of atmospheric pC02 since 160,000 BP. It 

includes data from the Vostok and Sipple ice cores (Barnola et al. , 1994), (Neftel et al., 1994) 

and from the contemporary record of Mauna Loa Station (Keeling and Whorf, 1994). It 

emphasises the magnitude of the impact of the anthropogenic CO2 input which started with 

the industrial revolution which also coincides approximately with the beginning of the Sipple 

record (1734 - 1953). 

Table 1.1: Global CO2 budget: [Gt C y.1] from: (Siegenthaler and 

Sarmiento, 1993) 

Emissions from Fossil Fuels: 
Emissions from Deforestation 
Atmospheric Build up 
Oceanic Uptake 
"Missing Carbon" 

5.4 ±0.5 
0.6 - 2.5 
3.2±0.2 
2.0 ±0.6 
1.8 ±1.3 
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One of the main obstacles to constraining the ro le of the oceans in the global 

CO, budget with confidence is that the anthropogenic fluxes are relatively 

small compared to the magnitude of natural annual exchange between the 

ocean and the atmosphere (90 Gt C y-'l and between the surface and deep 

ocean (100 Gt C y-' l (Fig.l .2l. With these relative magnitudes, small shifts in 

the natural annual exchange fluxes could have a major impact in the net CO, 

sink - source nature of the oceanic system. These sorts of shifts are likely 

part of the explanation for the observed natural variability of atmospheric CO, 

reservoir in the paleo·record. 

The uncertainty in the estimates of the net uptake of CO, by the oceans also 

reflects to some degree the effects of the different assumptions which 

underlie global carbon flux models as well as the spatial - temporal resolution 

of the data sets used to constrain them. The recent estimates of the oceanic 

sink fall into 2 groups: the higher estimates (-2 Gt C y" ), which form the basis 

for the budget on Table 1.1 and include the 1 dimensional box models (2.32 

Gt C Y-') (Siegenthaler and Oeschger, 1987), HILDA (2.15 Gt C Y-') 
(Siegenthaler and Joos, 1992l, Princeton GCM (1 .9 Gt C y-'; (Sarmiento et 

a/., 1992l and the lower estimates which range from 0.8 Gt C y-l (Tans et a/., 

1990l to 1.6 Gt C y-' (Enting et a/., 1995; Taylor, 1995). The latter group of 

modelling techniques simulate more complex interactions and require that al l 

mechanisms be explicitly included. This suggests that any unknown 

mechanisms not explicitly included will contribute to a lower estimate of the 

global oceanic sink. The Tans et aI., 1990 model is such an example: if 

factors such as the effects of skin temperature (0.4 Gt C y- 'l. natural CO, 

fluxes (0.55Gt C y-' l and carbon monoxide (0.25Gt C Y-' ) are included, the 

final estimate is adjusted to -2 Gt C y- ' which brings it into line with the higher 

estimates (Siegenthaler and Sarmiento, 1993). It is significant that 

independent CO, flux calculations using a combination of '3C and 14C 

observations also predict an oceanic sink of 2.1Gt C y-' (Quay et a/. , 1992). 
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Fig. 1.2: A conceptual model of the global carbon cycle with fluxes (Gt C i l
) and reservoir 

sizes (Gt C) based on contemporary (1980 - 1989) CO2 content of the atmosphere. It shows 
that the net CO2 uptake fluxes by the oceans ( 2 Gt C i l

) and the terrestrial biosphere ( 1.97 
Gt C i 1

) is offset by the fossil fuel (5.4 Gt Cil 
) and deforestation (1 .9 Gt C i l

) fluxes. The 
annual net input of CO2 to the atmosphere (3.33 Gt C i l

) amounts to approximately 0.5% of 
the atmospheric reservoir. These net fluxes are two orders of magnitude smaller than the 
natural annual exchange fluxes which suggest that small changes in the latter can match the 
magnitudes of the anthropogenic components. It also shows that the magnitude of the carbon 
fluxes linked to the biological pumps (10 Gt C i') are 10% of the total transported from the 
surface to the deep ocean. The balance (91.5 Gt C i') is transported through the activity of 
the solubility pump. Adapted from Siegenthaler and Sarmiento, 1993. 
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MEAN ANNUAL AIR - SEA PC02 DIFFERENCES 

SYN1:HETIC PRIMARY PRODUCTIVITY 

~H~·o.·,· ~ '~ 
t [J2S-30 []90-12S 01-1 2 W36-S 

r.'J !«::-J l'":1 r:::::l830-40 @12S-IBO G..:.,j12 -iG@S -7_2 
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Fig. 1.3a, b: These global maps depict the distribution of PC02 difference between the 
ocean and the atmosphere (Fig. 1.3a) and surface productivity (Fig. 1.3b). This comparison 
emphasises the spatial mismatch between the distribution of t.PC02 which is largely 
governed by the solubility pump and vertical water fluxes and biological activity which is 
mostly concentrated at ocean margins. It suggests that to fully model the impact of the 
biological pumps on global carbon fluxes that models should include physical and 
biogeochemical processes which intensify at the regional scale of coastal margins. (adapted 
from Takahashi, 1989 and JGOFS, 1992) 
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"constant background" and contribute little to PC02 variability (Siegenthaler 

and Sarmiento, 1993; Taylor, 1995). This view has not stimulated the 

acquisition of spatially and temporally distributed high resolution data similar 

to PC02 measurements used to constrain physical models. 

Table 1.2: Estimates of annual upwelling rates, new production and surface 
area (from: Chavez and Toggweiler, 1995) 

Region System Upwelling New Area 
Rates 
(Sv) 

Production 
(Gt C y.1) (m2*10·12) 

Trop. Open 
Ocean: upwelling 60 1.5 (21 %) 30 (8%) 

turbo ditto 0.7 (9.5%) 60 (17%) 
Southern 
Ocean: upwelling 30 1.1 (15.5%) 77 (22%) 

S.Tr. Gyre turbo diff. 0.5 (7%) 114 (32%) 
S.Ar. Gyre upwelling 7 0.3 (4%) 22 (6%) 

Monsoon upwel 

Coastal upwel 
west. 
estua 

Total 

ing 15 0.4 (5.5%) 5 (1.5%) 

ing 15 0.8 (11 %) 4 (1 %) 
ound.20 0.7 (9.5%) 45 (12.5%) 

ine 1.2 (17%) 

147 7.2 357 (100%) 

Although the focus of this study is on the Benguela System, an eastern 

boundary coastal upwelling system, it is useful to briefly overview the main 

characteristics of open ocean upwelling systems. This will provide a 

conceptual and quantitative basis for a comparative discussion of the results 

and model outputs. 
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Fig. 1.5: A map of the South East Atlantic ocean depicting the spatial dimensions of the 
Benguela System. It shows the upper and lower boundaries of the system (Cape Frio and the 
Cape Peninsula in the imediate vicinity of Cape Town) as well as the 200m bathymetric 
contour which closely approximates the shelf break western boundary of the upwelling 
system. The six main upwelling centres of Cape Frio, Walvis Bay, Luderitz, Namaqua 
(Hondeklip Bay), Cape Columbine and Cape Peninsula (Cape Town) are also shown. 
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1.4.2 Biogeochemical Characteristics: 

Phytoplankton Production 

On the basis of the Ryther hypothesis (Ryther, 1969), much of the early 

foodweb research in the Benguela System focussed on quantifying primary 

produclion, particularly during various stages of the upwelling cycle (Andrews 

and Hutchings, 1980b; Brown and Hutchings, 1987b). Research also 

provided insight into how primary production processes are linked to physical 

forcing mechanisms and their scales of variability (Andrews and Hutchings, 

1980; Field et a/., 1981 ; Hutchings, 1981). Of particular note, were the early 

studies which showed the clear links between synoptic scale wind events, 

upwelling and bloom development and decay (Brown and Hutchings, 1987 b). 

This helped to establish a key feature of coastal upwelling - that the 

magnitude of post upwelling phytoplankton blooms are limited by the NO,' 

flux advected by each upwelling event (Andrews and Hutchings, 1980; Brown 

and Hutchings, 1987 a). This feature of the Benguela System and other 

coastal upwelling systems is in sharp contrast to open ocean upwelling 

systems discussed above where incomplete utilization of upwelled NO,' was 

a consistent feature (Chavez and Smith , 1995). 

The work of Brown et a/., 1991 showed the Benguela system to be one of the 

most productive of the 4 main eastern boundary coastal upwelling systems. 

Annual rates of total phytoplankton production have been constrained to 

range from an upper value of 274'10' tons C y" (Cushing, 1969) to a more 

recent 154'10' tons C y" (Brown et a/., 1991). By comparison, estimates for 

the Chile-Peru and California systems are 156'10' and 30'10' tons C y" 

respectively (Cushing, 1969). Notw~hstanding the serious problems linked to 

the spatial or temporal scaling up of field data (Platt et al., 1989), the lower 

figure for the Benguela System was produced with a higher degree of 

confidence given the much larger number of measurements which underpin it 

(N=187 between the Northern and Southern sectors) (Brown et a/., 1991). 

This estimate of total net production in the Benguela System is approximately 
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carbon export flux of 5.6'1 06 tons C y- ', calculated assuming Redfield 

stoichiometry, is sharply lower than the equivalent value calculated above of 

15 - 23'106 tons C y'1 from an f-ratio of 0.2 - 0.3 . The lower new production 

flux value predicts an f-ratio of < O. I for the southern Benguela System which 

is inconsistent with average field measurements (Probyn . 1992 ). The 

discrepancy between the two estimates highlights the problems of scale in 

comparing in situ and bulk based measurements (Platt et al., 1989). This is 

an issue into which the modelling approach in lhis study will be able to 

provide some quantitative contribution. 

Overall, these total and new production values from the Benguela System 

combined with the complete utilization of upwelled NO,-, support the notion 

that it is a very productive system which is potentially capable of generating a 

CO2 drawdown from the atmosphere. This form the basis of the first 

hypothesis: that the Benguela upwelling system is an important CO2 sink by 

virtue of its high primary production and sediment organic carbon 

accumulation rates,. 

Estimates of new production from NO,- supply rates, such as those above , 

are predicated on the widely held assumption that the carbon export flux can 

be calculated from the NO,- flux and the Redfield ratio of 6.6 (Waldron and 

Probyn. 1992 ; Waldron, 1996). On the basis of recent doubts about the 

robustness of this paradigm (Sambratto et al., 1993) it became necessary to 

test its validity in the Benguela System. This forms the basis for the second 

hypothesis: that the carbon export flux and the magnitude of the CO2 sink in 

the Benguela System can be predicted from the C:N stoichiometry provided 

by the Redfiefd Ratio. 

One of the most important ecophysiological changes measured by 15N uptake 

in the growth of a post upwelling phytoplankton bloom is the "shift up" in the 

uptake rate of NO, ' in the early stages of bloom development which 

characterises new production (Probyn. 1992). This is. a sharp increase in 
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quantifying the contributions by the organic and inorganic pumps to changes 

in the state of the carbonate system in sea water and its links to PCO,. 

Part 2 which comprises Chapters 4 to 6 is the body of the study in which the 

results obtained are presented and discussed to prepare the physical and 

biogeochemical inputs and assumptions which underpin the box model. Each 

of these chapters addresses 3 questions: 

1: to what extent do the results support recent understanding of the key 

physical and biogeochemical forcing in the system? 

2: what new perspectives can be obtained from the way in which aspects of 

the results do not support existing ideas? 

3: what qualitative assumptions and quantitative inputs do the results and 

discussion provide for the box model? 

These questions form the basis for the short summaries which end Chapters 

4 - 6. The approach to Part 2 is best described with the assistance of a 

simplified conceptual depiction of 3 biogeochemical stages of the upwelling 

cycle (Fig. t .6). The diagram depicts the main physical and biogenic flux 

pathways as well as the end-members that they link (Fig. t .6). The first sub­

surface stage (1) is the wind driven upwelling of shelf based and poleward 

flowing SACW. This water, which is biogeochemically modified by the impact 

of benthic remineralization flux (BREF) outcrops as newly upwelled water 

(UPW) where it undergoes physical and biogeochemical ageing (2) to form 

aged upwelled water (AUW). The main biogeochemical activity which follows 

upwelling is new production which generates the vertical flux of organic 

carbon (3) which in turn, and depending on the characteristics of UPW, will 

result in a net ingassing or outgassing of CO,. 

The physical processes which drive both advection and turbulence in each of 

the stages are addressed in Chapter 4. The oceanographic data (physical 

and biogeochemical) are discussed with a view to testing the extent to which 

they are consistent with the most recent ideas on the advective and 

turbulence characteristics of the Benguela System. Some new insights are 
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Wrth knowledge of the respective equilibrium I dissociation constants, the 

carbonate equilibrium system in sea water can be fully described with known 

values for a minimum of 2 carbonate master variables (intensive or 

conservative), total borate (BT) and if appropriate, a variable for each of the 

lower order weak acid systems (Skirrow, 1975; Jagner, 1981 ; Dickson, 1994). 

In line with the quest for the requirements for the JGOFS programme, the 

carbonate master variables are usually selected from a suite of parameters 

(TCO. , TAlk and PCO. ) whose concentrations can be most accurately 

determined. This study was constrained by existing material resources and 

had to rely instead on the use of pH and TAlk as the only master variables 

with which to determine the carbonate system in the Benguela. This imposed 

some limrtations on the precision of the calculated fluxes based on calculated 

PCO. gradients which preclude the results from being used as part of a global 

data set to monitor interannual changes in PCO. arising from changes to the 

atmospheric CO. inventory. However, in this study the main objective was to 

identify and quantify biogeochemical mechanisms wh ich drive CO. variability 

within the various stages of the upwelling cycle (see Chapter 1: Approach). 

The magnitude of these gradients was in most instances at least 5 times 

larger than the estimated upper boundary of uncertainty in the calculated 

PCO. (-20!,atm). It is envisaged that once the first order biogeochemical 

processes in the Benguela System have been mechanistically and 

numerically constrained it will be necessary to implement a monitoring 

programme where the highest accuracy and precision would be with 

improved precision. This is probably best implemented through international 

co-operation. 

Thus while the use of pH as a master variable is not suited for CO. monitoring 

programmes looking at small anthropogenically driven interannual changes its 

degree of preCision and low cost are well within the boundaries of accuracy 

required for process orientated biogeochemical studies. This will be even 

more so in the future when widespread use is made of carefully calibrated 
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High Ionic Strength (High Salinity) ~ > 0.1: 

1: ActiYily coefficients cannot be modelled easily due to numerous effects, 

inter alia hydration effects, which become significant and require further non­

thermodynamic assumptions. The theory is both conceptually and 

numerically complex. 

2: Residual liquid junction potentials are significant. This makes the 

interpretation of the pH not only more problematic in respect of 

thermodynamic rigour. but also prone to irreproducible residual effects. 

These can contribute to the uncertainly in the final CO, flux calculations. 

3: The effects of ion pairing become significant. This has an interactive effect 

on pH and the distribution of free and ion paired species. 

Because of these departures from idealily, it is not possible to use strictly 

defined thermodynamic relationships to measure or model ionic equlibria in 

sea water (Jagner, 1981 ; Loewenthal and Marais, 1984). AlternatiYes, based 

on a range of conyentional scales are the only choice. The particular option 

adopted in this study, the NBS (operational) scale, to characterize sea water 

carbonate equilibria is now critically discussed with special emphasis on how 

the underlying assumptions compare with the Sea Water Scale (SWS) 

(Hansson , 1973) which has become the more favoured choice for 

oceanographic work (Dickson, 1984, Dickson, 1994 ). 

There are two possible approaches to address the problem of non ideal 

behaviour of ions in mUlti-component high ionic strength solutions. Firstly, 

semi-empirical models for single ion actiYily coefficients can be deyeloped 

based on a number of non-thermodynamic assumptions to model the effects 

of ion pairing , hydration and long range electrostatic interactions (Loewenthal 

and Marais, 1984). These models offer the advantage of flexibility in that they 

can be used oyer a wide range of ionic strength and electrolyte composition. 
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where [H+] = 10-pHNBS eq.2.21 

The relationships between speciation (Jog [species concentration]) and pH are 

graphically summarized in Fig. (2.1) which emphasises the important role of 

pH and indicator of the state of the weak acid equilibria. 

pH - log [species] Plot 
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Fig. 2.1: Log [species] plot showing the relationship between carbonate and borate species 
concentrations against pH. It shows the pH of the H2C03 * equivalence point (EQH2C03) 
which is used to calculate Total Alkalinity as well as VC02 which is the volume of strong acid 
required to titrate the sample from a pH 8 to the H2C03 * equivalence point. It also shows the 
pK values for the carbonate ( pK1 and pK2) and borate (pKi0 weak acid sub-systems. The plot 
was set up assuming a TC02 of 2.3mM. 

It shows that for a carbonate system where total dissolved inorganic carbon 

(TC02 ) equals 2.3 mmol/l at the pH of sea water ( pH - 8) that the carbonate 

species concentrations are dominated by [ HC03­ ] > [C03 
2

-] »[H2C03*]. It 

shows how biogeochemical processes which decrease the pH ( respiration; 

CaC03 precipitation) shift the equilibrium so that [H2C03*] increases which 

also increases PC02. Conversely, when the pH increases (photosynthesis, 

CaC03 dissolution) [H2C03*] and PC02 decrease. The plot also includes 
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The sea water carbonate sUbsystem comprises three species (H,C03•. HC03' 

,C03 ') and the borate subsystem two (H,S03, S(OH);) any of which can be 

used as reference species. For the lower order subsystems it will be shown 

that the least protonated species are the most convenient to use as reference 

species (ie: sot and F). In general practice, reference species are selected 

from a standpoint of convenience relating both to ease of measurement and 

change in state arising from a biogeochemically driven perturbation. 

From the standpoint of measurement, the solution alkalinity with H,CO,', 

H3SO" sot and F as reference species, termed Total Alkalinity (TAlk) is 

most amenable to accurate determination (Stumm and Morgan, 1970). The 

normal method for determination of TAlk, by Gran titration, provides a very 

accurate measure of the protons to be added (via strong acid addition) to 

convert the sample solution to an equivalent solution which has zero proton 

accepting capacity (Stumm and Morgan, (970). Solution acidity wilh CO,'·, 

StOHl;, sot and F as reference species is termed Total Acidity (TACy). 

This parameter is not amenable to accurate determination for numerous 

reasons (Loewenthal and Marais, 1984). It can however be determined 

through the interrelationship between capacity and mass parameters 

discussed below. 

Equations for TAlk and TAcy are formulated from proton balance 

considerations (Loewenthal and Marais, (984). The expression for TAlk 

comprises the sum of all the subsystem alkalinities each with their respective 

reference species (eq. 2.1): 

• 2 
(eq. 2.25) 

Where XAlk = proton accepting capacity of a particular weak acid subsystem 

with reference species X. 

The same expression in terms of species concentrations becomes (eq. 2.26): 
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Analysis: pH 

pH determinations were carried out in all cases with a Radiometer pHM 84 

meter with a 3 decimal point display and a Radiometer (GK2401 C) combined 

reference - glass electrode. A new electrode was purchased for each field 

trip and used for the entire period which was usually approximately 2 weeks. 

The calibration of the pH electrode was done using NBS buffers (Radiometer 

pH 4 (S1316) and pH 7 (S1326) equilibrated to the same temperature as the 

samples in a water bath at either 20.0°C or 25.0°C. The electrode assembly 

included a rubber fitting which when the electrode was placed inside a BOD 

bottle would create a seal between the electrode and the bottle neck. When 

not in use the electrode was stored in pH 4 NBS buffer to minimise bacterial 

growth on the glass membrane and the ceramic liquid junction frit. 

In the calibration procedure the electrode itself was allowed to equilibrate to 

the working temperature in the pH 7 buffer prior to the measurement. The 

calibration itself was an iteration procedure between pH 7 and pH 4 buffers 

until stable values ( ±O.002) were obtained from both buffers at the 

appropriate temperature. Usually, stable and reproducible values were 

obtained by the 2nd iteration. Prior to measuring the sample pH values the 

electrode was immersed into filtered sea water, also at the working 

temperature, for 15-20 mins to condition the electrode. The change in the 

ionic strength between the NBS buffers (low ionic strength) and sea water 

(high ionic strength) induces cbanges to the liquid junction potential 

discussed in detail earlier. It usually took no more than 5·10 minutes for 

stability to be reached. This process also insured that the whole electrode 

assembly, including the KCI bridge and reference electrode were stabilized at 

the working temperature. 

Samples were measured in sequence starting from the deepest one where 

potential problems associated with DaM or bacterial films were least likely. In 

each case the electrode was Immersed Into the BOD bottle until the seal was 
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eq. 2.34 

In the pH region of the H,CO, equivalence point TAlk " -[H1 because all 

other t,erms of the TAlk mass balance (eq. 2.26) become insignificant. Thus 

eq.(2.:i4) can be re·arranged as: 

[Wj (Vo + V, ) = (Vx . V coo) MHCl eq. 2.35 

This yields the first Gran function (F1): 

eq. 2.36 

The Gran plot is generated by plotting F, vs V,. From the right·hand side of 

eq. 2.36 the plot will be linear and the extrapolation will intercept the X axis at 

VC02 ' 

The ex:ample described above is not applicable to real sea water because it 

does not make provision for the effect of other protonated weak acid species 

in the pH range 3 . 4. The equilibrium reactions which ean generate 

significant side reactions are: 

Equilibria 

SO,'" + W < •••••••..• > HSO, 

F+W < •••..••••• > HF 

HCOi + W < •..••.... > H,CO, 

Total Cone. (mmolll) 

28 

0.073 

2 

http:eq.(2.34
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The inclusion of these side reactions is shown in equation 2.37. In this 

modified form the Gran function is now written as F1,x' 

F1,x = (Vo+Vx) ([H+]x + [HS04-]x + [HC03-]x + [HF]x) eq.2.37 

where x refers to the value after V x ml of strong acid have been added. The 

concentrations of each of the protonated species are calculated using the 

respective equilibrium or dissociation constants and their respective 

temperature and salinity dependence functions (Jagner, 1981). 

Gran Function Regression 
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Fig 2.2: Plot of a Gran function (F'1) regression showing the linearity of the relationship 
beyond the H2CO/ equivalence point. The equivalence volume V C02 is calculated by 
extrapolating the regression to the point F'1 = O. 

An example of the numerical procedure used to calculate the equivalence 

volumes for the sea water samples is shown on Table 2.3. The titration data 

is in the first 3 columns (Va: sample volume; Vx: acid added; pH: pH 
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3.2 Effects of the addition I removal of carbonate species on TAlk, TAcy 
and TCO,. 

Capacity and mass parameters change in a simple stoichiometric fashion with 

the addition I removal of weak and strong acid species (Stumm and Morgan, 

1970; Loewenthal and Marais. 1984). For the change in TCO,: 

[; TCO, = [;0 CO, + [;0 HCO; + [;0 CO,'" eq. 3.3 

Where [;0 is the addition (+ve sign) I removal (-ve sign) to or from solution of 

[;0 mM of species X. For changes in TAlk and TAcy and considering only 

carbonate and borate weak acid species, 

[;TAlk = 2 ' [;0 CO,'" + [;0 HCO; + [;0 B(OH), 

[;TAcy = 2' [;0 CO, + [;0 HCO,' + [;0 B(OH), 

eq. 3.4 

eq. 3.5 

It should be noted that the above equations and notation ([;0) reflects the 

influence on mass and capacity parameters of an external source of weak 

acids species; it does not reflect changes in the concentrations of weak 

acid species in solution. These can only be determined by introducing 

equilibrium expressions. 

Examination of the expressions (eqs. 3.4 and 3.5) above indicates that TAlk is 

Independent of the addition I r.emoval of CO, while TAcy is independent of 

CO,'" addition I removal. From a marine biogeochemical standpoint this is 

important because they are independently driven by the two biogeochemical 

pumps. The C"'" pump which drives CO, changes impacls only on TAcy 

whereas the C,og pump which drives CO," change impacts only on TAlk. 

Consequently, these two capacity parameters together provide a direct 

assessment of the magnitudes of the Co., and C,og components of the 

biological pump in the marine environment. This forms the basis for the 

stoichiometric vector model developed in this study. Though such vector 
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The initial state for both stoichiometric scenarios is given by TAlk = 2.20mM 

and TAcy = 2.10mM. This plots as point A (Fig. 3.4) with PCO, = 320 flatm. 

Water from state A then undergoes either of two biogeochemical 

perturbations driven by different CO,g and C'''O pump stoichiometries. In the 

first scenario, the perturbation is driven by the Co" pump alone, defined by 

the magnitude and slope of vector AB. That is an input of CO, occurs, as a 

result of oxidation of organic matter, with no impact on TAlk (a veclor slope of 

1 :0) but an increase in TAcy = + 0.15mM. This results in a concomitant 

increase in PCO, of 180 flatm to a final value of 500 flatm. The magnitude of 

CO, increase is given by t;. TAcy/ 2= +0.075mM whiCh, because t;. TAlk=O, 

also equals the magnitude of TCO, increase. This perturbation, driven only 

by the COog pump, is shown to have a Significant impact on the final 

outgassing potential of water type A when it eventually upwells and 

equilibrates with the atmosphere. 

In the second scenario, the perturbation is driven by both the COog and C,n, 

pumps to a final state B' in Fig. 3.4. This change is characterized by vector 

AB' (vector slope 0.75:1) with components t;.TAcy =O.15mM and t;.TAlk 

=O.2mM (Fig. 3.4) and hence t;.TCO,=O.175mM. In this scenario, although t;. 

TCO, is larger than the previous case (t;.TCO, =O.075mM), it has no impact 

on PCO, . These contrasting scenarios emphasise the point that it is the 

stoichiometry of the Co" and C,ng pumps rather than their sum (ie: t;. TCO,), 

which governs the PCO, change in oceanic waters. 

3.4,4 Combined Effects of Stoichiometry and Temperature on PCO, 
Dynamics in Post - Upwelled Waters. 

This section considers the effects of increase in temperature on PCO, of post 

upwelled waters. This increase arises due to sun warming of newly upwelled 
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and the in the vicinity of the Walvis upwelling centre. Particular note should 
be made of the station positions relative to the double shelf break at 140 and 400m 

Water column were taken at stations 16B, 31 A, 32A and 33A. 
Sediment cores were taken at stations 18 and 24. The map was from Bremner, 
1981. 
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4.3.3 Olifants River Transect: Southern Benguela Sub-System 

The Olilants River transect was a southwest (247") bearing line from the 

coast at 31.5 Os to approximately 600m depth (Fig. 4.3). The transect was 

sampled in the course of a Plankton Dynamics cruise on the FRS Africana 

over the period 13/2/91 to 25/2/91 , although the data was collected between 

13/2191 and 15/2/91 . 

The Southern Benguela System can be further divided into two sub-sections, 

northern West Coast and southern Peninsula sub-sectors (Fig. 4.3), on the 

basis of the very different shelf morphologies within the sector. The 

nomenclature is in keeping with previous usage (Brown et al., 1991). The 

West Coast sector is the shortest one down to the latitude of Cape Columbine 

(33 OS) (Fig. 4.3) at which point the shelf morphology changes from a wide 

shelf with a double break (280 and 500m) to a narrow shelf with a main break 

at 400m (Fig . 4.3). The latter sector characterizes the Peninsula sector. The 

Olifants River transect is located in the West Coast sector. In this sector, one 

lesser shelf break can also be found on the upper shelf (140 - 180m) which is 

also visible on the transects below. The shelf is cut by two prominent 

canyons, the Olifants Valley which runs approximately E W at 31 .5 Os and the 

Cape Canyon which runs approximately N - S through the Peninsula sector 

(Fig. 4.3). All these physiographic features will be shown to playa significant 

role in both the oceanographic characteristics of the system as well as the 

carbon fluxes within and through it. 

It should be noted that there are differences in the units used to express 

biogeochemical parameters between the oceanographic cross-shelf sections 

( ~molkg") and those in t - TCO, plots (~mor': where TCO, is expressed as 

NTCO, implies a value normalized to a salinity of 35 psu). The reason for this 

descrepancy is that whi le it has become normal practice to plot 

biogeochemical parameter concentrations as (~molkg" ), the calculation of 
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1996). There is also an upwelling centre immediately to the south of the 

transect off Walvis Bay (23°S) (Fig. 4.2) (Lutjeharms and Valentine. 1987 ; 

Shannon and Nelson, 1996). Equatorward winds in this part of the Benguela 

System are not as sensitive to seasonal variability as in the southern 

Benguela System. Typically, at these sites (CF and LZ) winds range between 

moderate-high to high -very high and in the mid sector, where the transect 

was sampled, the range is low-moderate to moderate-high (Boyd, 1987). 

This period of the year (March) corresponds to the austral late summer ­

autumn season which at this latitude is characterized by low - moderate 

equatorward wind regimes (Boyd, 1987; Shannon and Nelson, 1996). The 

wind record for the month of March 1992, taken from the lighthouse at Pelican 

Point, Walvis Bay is shown on (Fig. 4.4 ) and depicts the variability in the 

equatorward wind component. 

The Equatorward Wind Component 
at Walvis Bay in March 1992 
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Fig. 4.4: A one month long time series of the equatorward wind component from Walvis 

Bay in March 1992. The wind pattern is characterised by diurnal reversals which occur over a 

shorter period than the local inertial oscillation period and do not therefore result in upwelling. 

The period over which the samples were collected is marked by the double arrow. 
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The strongest features of this wind record are its diurnal signal over the whole 

month and its strength in the period immediately preceding the cruise (Fig. 

4.4). The equatorward component peaks in the afternoon period but for most 

night time periods, especially during the cruise it is characterized by poleward 

reversals (Fig. 4.4). It is clear from this record that the wind field is strongly 

modulated by the diurnal heating and cooling of the arid Namib desert 

abutting on the coast. Because the period of the diurnal wind variability is 

shorter than the inertial oscillation period for this latitude (-32hrs) it is 

predicted that the equatorward wind field did not result in upwelling. 

Henties Bay Transect: t-S Plot 
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Fig 4.5: At - S plot using the data from the Henties Bay transect. It shows that most of the 
paints coincide with the line which characterises the t - S properties of South Atlantic Central 
Water (SACW). It also shows that most of the shelf resident SACW was defined by 11°C < t < 
13°C; 35.2 < S < 35.3. The effects of sun warming of upwelled waters is shown by the points 
lying above the SACW trend. 
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l-lenties Bay Transect: terrperature and salinity sections 
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Rg. 4.6a,b: Tel'T'pel'ature and Salinity sections plotted with data from the 
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a temperature of 12-13oC and salinity 35.20 psu. The intense stratification 
along the inshore area is indicative of no active upwelling. 



is a 

.. on 

a more 

1 

sea -

occur a 

as ODIJm;ea 

over 

an 

, it is 

a 



is a ctrl',nn 

as it is 

occurrence 

a 

zone. 

an 

an 

> 

is ( 

is 

1 

as 

{ 



Henties Bay Transect: TC02 and PC02 sections 
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Rg. 4.7a,b: TC02 and PC02 sections from the I-enties Bay transect. 
The location of the organic rich rrud belts which urdertie the transect are 
ShoVv11 to be located on shelf segrrents above the slope breaks. It can be 
seen that the highest PC02 values (> 1CXXl uatm) are associated 't-lith 
rerrineralization from the inner shelf rrud belt. It can be seen from station 
positions rnarl<ed on Rg. 4.6a that there was rot enough spatial resolution to 
show the same high PC02 't-lith the rnt.d belt on the outer shelf. 
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concentrations with the elevated PC02 values (Rg. 4.7b). Benthic remineraJization 
is the corrrron driving process and is making use of both 02 and N03 as electron 
acceptors. 
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Fig.4.8c: A scatter plot depicting the relationship between O2and NTC02 (TC02 
normalized to 35 psu) for data collected along the Henties bay transect. This plot is used to 
clarify the relationship between TC02 and 02 changes which are not clearly represented in 
the transect sections (Figs. 4.7a and 4.8a). It shows that most of the points lie close to the 
trend line which closely reflects the -1 : 1 02:TC02 stoichiometry typical of aerobic systems. 
There are limited excursions of data points reflecting increases in TC02without the 
concomitant reduction in O2 (circled). These are likely to be due to CO2 inputs driven by 
oxidation pathways using electron acceptors other than oxygen. On the basis of the observed 
evidence for de-nitrification in the mid to lower water column (Fig. 4.8b) it is very likely that 
N03- is the most likely alternative electron acceptor. The reduction of mid water N03- by 5 - 10 
~molkg-1 would result in the release of 7.5 - 15 ~molkg-1 of CO2which accounts for most of the 
observed excursions. Additional CO2 inputs could originate from sot reduction in the 
sediments. 
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well which leads to spatially constrained increase in TC02 and decreased O2 

concentrations. The inner shelf zone ( Z < 150m) of this transect coincides 

with a wide stretch of organic rich diatomaceous muds: see Fig. 4.27 from 

(Bremner, 1983). The spatial resolution of the stations was not sufficient to 

clearly resolve the boundaries of all these transitions. This is shown by the 

fact that though the same sediment map for the Namibian shelf predicts there 

to be a second zone of POC accumulation at 260-300m depth along the 

transect, its impact was not resolved by the station spacing. This result 

emphasises the need to define sampling scales to the needs of the processes 

being studied. The mechanisms by which the discrete accumulation of POC 

occurs in the sediment are hypothesised and discussed in detail below. 
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Fig. 4.9: At - NTC02 plot of the data from the Henties Bay transect. NTC02 refers to the 
TC02 concentration (/J.moIKg·1

) normalized to a salinity of 35.00 psu. It shows that virgin 
SACW in this part of the Benguela System is characterised by 2.19 < NTC02 < 2.21 /J.moIKg·1 

which is significantly modified by benthic remineralization in the inner shelf ( NTC02 > 
2.30/J.moIKg·1 

) prior to upwelling. Surface warming as well as uptake and degassing of CO2 

to the atmosphere reduces the values to - 2.05/J.moIKg-1 which is close to atmospheric 
equilibrium. The characteristics of slope water are also shown. 
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The Equatorward Wind Component 
at Hondeklip Bay in June 1993 
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Fig. 4.10: A one month long time series of the equatorward wind component from Hondeklip 
Bay in June 1993. The period over which the transect was sampled is marked with the double 
arrow. Each interval corresponds to 2 days (48 hours). Sampling coincided with the end of a 
4 day active upwelling cycle which should be reflected by the physical and biogeochemical 
sections. 

The wind history for the two weeks preceding the study is somewhat at odds 

with this average expression of wind variability and shows that an almost 

summer-like 3-4 day equatorward wind cycle dominated the system (Fig. 

4.10). This is indicative of the degree of variability in such a system where 

interannual variability plays an important role in both the strength and 

seasonality of the winds. The length of these periods exceeded the inertial 

oscillation period of about 24 hours for this latitude with the result that 

upwelling could be expected. 

PhYSical Characteristics: Temperature and Salinity. 

The t-8 plot shows that most of the water sampled in the Hondeklip Bay 

transect had its origin in 8ACW which spans the linear part of the t-8 plot for 
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the south east Atlantic Ocean (6 - 16°C; 34.60- 35.60) (Shannon, 1985). 

Samples cover practically the whole range (Fig. 4.11) although waters which 

outcrop are restricted to the range (10 - 11°C; 34.80 - 35.00). There is some 

evidence for warming of previously upwelled waters (S: 34.80 35.00) shown 

as a series of points lying on the warmer side of the SACW t-S line (Fig. 

4.11). The deeper samples from the transect reached into the core of 

Antarctic Intermediate Water shown as a salinity minimum (S < 34.40) and 

the deepest sample reached the core of what is likely to be a mixture of 

NAOW and COW which is typically found in the eastern Cape Basin (Reid, 

1989). The t-S characteristics of shelf water differ markedly between the 

Henties Bay and Hondeklip Bay transects. This suggests that the SACW 

which supplies upwelled water to the Hondeklip Bay area originates from a 

different source to that which was sampled in the Henties Bay transect. 

Hondeklip Bay Transect: t-S Plot 
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Fig. 4.11: A t - S plot of the data from the Hondeklip Bay transect. It shows That the inner 
shelf water which upwells at the Namaqua upwelling cell is physically characterised by 10 < t 
< 11°C; 34.8 < S < 34.9 which is also part of the t - S continuum which defines SACW. The 
extent of warming is reduced to 14°C due to the sampling period coinciding with the austral 
winter. Also shown are the cores of Antarctic Intermediate Water (AAIW) and North Atlantic 
Deep Water (NADW). 
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Fig. 4.12a,b: Tel"1"pl3rature ard salinity sections plotted ""';th data from the 
HoOOekJip Bay transect. The station positions are marked along the top of the 
tei11Jerature plot. The main features inclWe, isopleths indicate that there was 
active upv.elling (11 r:C outcroping), the upwelling front t < 11 r:C, the oceanic front 
S = 35.00psu in the upper 50m ard the step in the isopleths at the shelf break. 
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Hondeklip Bay Transect: TC02 and PC02 
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Rg. 4.13a,b: TOO2 ard PC02 sections from the t-bndekJip Bay transect. 
The intense gradients off the sediments in t'M) zones of the shelf (120-200m 
ard 0 - 80m) indicate that benthic rerrinera/ization is an important rrodifier 
of shelf based SAON. The PC02 values are the highest recorded in the system 
with 3aXl.iatm upvo.€lIing to the surface in the very narrow inshore zone (station 113). 
The waters outside the oceanic front are dose to equilibrium with the atmosphere. 
Both plots show the "dorm" effect in the zone above the shelf break. 
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Rg. 4.14a,b: Oxygen ard nitrate sections from the HondekIip Bay transect. 
The water colurm distributions are very simlar in character to the CO2 variables. 
Oxygen concentrations in the BBL are not as low as were observed in the Henties Bay 
transect Yilich rmkes it rmre likely that nitrification will occur. This is supported by the 
elevated [N03] > 2Ot.Iro11Kg above the shelf break. 
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Fig. 4.14c: Scatter plot depicting the relationship between O2 and NTC02 (TC02 

normalized to 35 psu) for the data collected along the Hondeklip bay transect. This plot 
clarifies the relationship between TC02 and 02 which is not completely resolved by the 
contouring in Figs. 4.13a and 4.14a. It shows that most of the points lie closely along a trend 
line which depicts the overall stoichiometry between O2 and TC02 driven by the couple of 
aerobic respiration and photosynthesis. There are however three excursions corresponding to 
the bottom values from stations 113 (lower rectangle) and 114 (upper rectangle) as well as the 
spread of surface values. The sub-surface (113 and 114) excursions from the trend line 
indicate that close to the sediment - water boundary there is a de-coupling in the "global" 
stoichiometry of TC02 - O2 which it is suggested is driven by the impact of the anaerobically 
(SO/- - HS- couple) driven CO2 flux. The presence and elevated activity of sulphate reducing 
bacteria in this part of the Benguela System has been extensively recorded by G. Bailey 
(Pers.Com.) of the Sea Fisheries Research Institute. Such a process would increase the TC02 

value of the overlying waters without changing the O2 concentrations in the same 
stoichiometry are is expected from aerobically driven respiration. This explains why some of 
the highest PC02 values recorded in the Benguela System can coexist with non-zero O2 

concentrations. The spread of values at the surface is suggested to be linked to the 
asymmetry in the gas exchange rates between CO2 and O2 where the rate of the latter is 
approximately 10 times larger than that for CO2 , At the top end of the trend line the samples 
are in equilibrium with the atmosphere. The points on the X axis correspond to samples for 
which no O2 values exist. 
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values recorded in the Benguela System. The existence of this gradient is 

indicative of the magnitude of the biogeochemical flux rate which exceeds the 

physical mixing rate. 

Physical - Biogeochemical relationships 

The relationship between physical and biogeochemical forcing over the whole 

shelf transect is, as with the northern Benguela Sub- System, best shown 

using the relationship between temperature and normalized TC02 (Fig. 4.15). 

The data are distributed along two main vectors: 

Hondeklip Bay Transect: t - NTC02 Plot 
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Fig. 4.15: At - NTC02 plot using data obtained from the Hondeklip Bay transect. As 
before TC02 values are normalised to salinity of 35.00 psu. The plot shows general t - NTC02 

relationship which characterises SE Atlantic waters (dotted line) from surface to intermediate 
(AAIW / NADW ) depths as well as the shelf based processes (vectors A, B and C) which 
modify these. See text below for more details. 
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• a vector with a negative slope which was fitted by eye includes all data 

outside the benthic boundary layer or influenced by it. SACW freshly 

upwelled onto the shelf is depicted by a block characterized by the ranges 

(10-11 °C in the inner shelf Z < 150m and 8-9°C on the outer shelf Z: 150-

300m). At the top (low TC02 , warm waters) are the surface layer data 

points representing aged upwelled waters whose TC02 has been reduced 

through the activity of the biological pump and degassing across the air -

sea boundary. At the lower end (high TC02 ; low temperature) are the 

intermediate and deep water masses from AAIW to CDW/NADW. 

• the horizontal vectors (A and B) represents the interactive impact of BBL 

turbulent mixing and the benthic biogeochemical flux. The points are 

constrained by the temperature range of SACW on the shelf where Z < 

300m. The pOints on the colder range (t-9 °c ) represent the impact of 

turbulence in the vicinity of the shelf break which increases the TC02 from 

2.20!,moIKg·' to 2.45-2.47!'moIKg·' (Fig. 4.15). The points on the warmer 

vector ( t = 10 - 11°C) represent those from the inner shelf (Z < 150m) 

where TC02 increases from 2.20 !'moIKg" to 2.47 - 2.50 !,moIKg" and at 

station 113 to the extreme of 2.70 !'moIKg" (Fig.4.15). 

Water which upwells at Hondeklip Bay has, through a history of poleward 

advection, BBL turbulence and benthic remineralization flux, the 

characteristics given by vector B (Fig.4.15). Through a combination of 

warming which reduces the solubility of CO2 and primary production 

activity which drives the biological pump, the TC02 reduces to the range 

TC02 2.05 - 2.15 !,moIKg" which characterises aged upwelled water. 

This change is depicted by the vector C (Fig . 4.15). 

http:Fig.4.15
http:Fig.4.15
http:2.45-2.47
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4.4.3 Olifants River Transect: Southern Benguela System 

Wind Regime 

The wind characteristics of this sector of the Benguela System are more 

distinctly seasonal than their northern counterparts (Boyd, 1987). Upwelling 

inducing equatorward winds drive this sector of the Benguela System in the 

spring - summer period between September and March. This period is 

characterized by high-very high equatorward wind stress whereas, in 

contrast, the winter ( May - July) is characterized by weak northerly - westerly 

winds (Boyd, 1987). The transect was sampled in the month of February 

when the system is expected to be in the late stage of the summer high - very 

high equatorward wind stress (Boyd, 1987). The wind history in the period 

immediately preceding the transect can be seen on (Fig. 4.16) which depicts 

the variability in the upwelling inducing equatorward wind component over the 

entire month of February 1991 when the samples were taken. 

The Equatorward Wind Component 
at Cape Columbine in February 1991 
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Fig. 4.16: A month long time series of the equatorward wind component from Cape 
Columbine which was taken to be a suitable proxy for the wind history of the zone covered by 
the Olifants River transect. The transect was sampled from 13/2/91 to 15/2/91 in the early 
stages of the cruise. It shows that the sampling occurred at the end of a "relaxation" period of 
the upwelling cycle which had in turn been preceded by 8 days of equatorward wind. 
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On the basis of the wind history it is predicted that the physical and 

biogeochemical characteristics of the transect should be consistent with the 

relaxation phase of an upwelling cycle: a sub-surface cross shelf density 

gradient shown as isotherms and isohalines shoaling towards the coast and a 

stratified surface layer. Biogeochemically this should provide for the 

existence of a surface post - upwelling phytoplankton bloom and a 

concomitant drop in PC02 values from those which characterize newly 

upwelled water in this sector. 

Olifants River Transect: t - 5 Plot 
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Fig. 4.17: At - S plot of data taken from the Olifants River transect. It shows that the bulk 
of the points lie on the overall SACW trend line. Water upwells at Cape Columbine with 
physical characteristics defined by 9 < t < 11°C; 34.8 < S < 34.9. The plots shows the effect 
of surface warming which alters the temperature without significantly changing the salinity. 
The warm waters with salinity above 35.0 lie outside the oceanic front. 
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OIifants River Transect: telTperature and salinity 
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Rg. 4.18a,b: T~ture and salinity sections from the Qifants River transect. 
The station positions are marked along the top of the temperature section. The roost 
significant features are: the "cbme" over the outer shelf break at 400m, the oceanic 
front (8=35.00) in the upper 50m and the intense thermal stratification in the inner shelf 
zone (Z < 120m). 
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It is more likllly that this water was advected in as part of the compensation to 

the upwelling surface slope which accompanies the relaxation of the 

equatorward wind stress. The advection of this warm water which induced a 

rapid stabilization of the surface layer can be clearly seen in the sequence of 

drawings taken from NOAA infrared images (Fig. 4.19) At the end of the 

period of sustained equatorward winds on the 912191 the transect was 

dominated by a tongue of cool water developed from the equatorward 

advection of upwelled water from the Cape Columbine upwelling cell. As 

soon as the Ilquatorward wind stress terminated, the same area was rapidly ( 

< 1 day) filled with warm water ( t > 18' C) being advected polewards at the 

surface. This water, because of its lower density, caps the cooler newly 

upwelled wal ers inducing advectively controlled stratification (Fig. 4.18a). It is 

also clearly of upwelled origin because its salinity (34.82 - 34.95 is 

indistinguishable from the subsurface and cooler waters (Fig. 4.18b). It is 

therefore likely to be aged upwelled water but at least two weeks old. The 

advection of aged warmed water destroys the sharp temperature front which 

often separates new and aged upwelled waters but the sharp salinity front 

which separates upwelled from oceanic surface waters can still be clearly 

seen between stations 16 - 19 and particularly between stations 17 - 19 (Fig. 

4.18a,b). This physical dynamic has three important biogeochemical 

implications particularly in respect of CO2 fluxes: 

• the warm water provides enhanced seeding potential of newly upwelled 

waters because it retains the residual biomass of its own bloom. 

• the turbulent shear between the two layers transports both carbon and 

nitrogen into this highly stratified environment. 

• the stronl! thermocline reduces the CO2 flux rate from the underlying CO2 

rich waters into the surface layer. This increases the potential from the 

post bloom PC02 disequilibrium between the surface layer and the 

atmosphelre above and the sub-surface water below to be corrected 

through ingassing from the atmosphere. 
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OIifants River Transect: Oxygen and Nitrate Sections 
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the Benguela System (Fig. 4.19). Most of the data lie on a trend vector (fitted 

by eye) which links surface resident warm (t> 14°C) aged upwelled waters 

whose PC02 is close to atmospheric equilibrium to deep AAIW and CDW 

waters. 

Olifants River Transect: t - NTC02 Plot 
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Fig 4.22: At - NTC02 plot using data from the Olifants River transect. It shows the overall 
SACW trend ( dashed line) linking AAIW I NADW on the low t and high NTC02 to the surface 
waters where the converse applies. It shows that the degree of impact which benthic 
remineralization (vectors A and B for the inner and outer shelf areas respectively) has on the 
characteristics of SACW on the shelf is the smallest of all 3 transects. This is especially so for 
the inner shelf waters from where upwelled waters are sourced . In contrast, the magnitude of 
surface uptake on NTC02 by the post upwelling bloom (vector C) is the largest of the 3 
transects and provides for a potential CO2 ingassing flux given by vector D. 

This trend vector is identical to the one from the Hondeklip Bay transect which 

suggests that it may be a general property of waters from the SE Atlantic. 

The small group of points in the temperature range 8-1 O°C which have slightly 

higher TC02 (TC02 > 2200 IlmoIKg-1) than the main trend line are the only 

evidence for the impact of a benthic carbon flux. This increase of 

approximately 100 IlmolKg-1 is small compared to the equivalent changes of 



400~moIKg · ' and 300 ~moIKg·' from the Hondeklip Bay and Henties Bay 

transect transects respectively. 

t53 

In almost all aspects the results depicted in the plots and cross-shelf sections 

are consistent with existing ideas on the advective and turbulent mixing 

characteristics in the Benguela System. Of these, the most important one is: 

• that TCO, and PCO, values of waters which outcrop upwelling centres are 

consistent with their being supplied with water out of the poleward 

undercurrent flowing along the inner shelf. This lends strong support to 

the "Nelson model" which predicts that long period cross-shelf currents 

associated with shelf waves overcome the tendency of the poleward 

undercurrent to flow offshore. 

Two questions are of particular interest arise from careful analysis of the 

data.: 

• If the upwelling centres are being supplied with water from the shelf based 

poleward flow then why are the physical and carbonate characteristics not 

consistent with a general poleward flow from Namibia to the Cape 

Peninsula? Is it possible that water is being advected onto and off the 

shelf at a few propitious sites along the Benguela System? 

• While the physical and carbonate cross-shelf sections, where the "dome" 

effect is seen, support the notion that it is driven by some distinct physical 

process connected to shelf break regions, neither provide positive support 

for the shelf break upwelling (Barange and Pillar, (992) or benthic 

turbulence hypotheses (Nelson, pers.com.). The question which remains 

is; is there any other means to provide support for one or other hypothesis 

? 

http:pers.com
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4.5 Further Discussion: New Insights 

4.5.1 The "Gate" hypothesis 

The "gate" hypothesis is a view on the advective water flows through the 

Benguela System which attempts to address the inconsistencies between the 

observations from this study and the notion that a poleward undercurrent 

connects the northern and southern extremeties of the Benguela System 

(Shannon and Nelson, 1996). The rationale for this conceptual model is that 

there is strong biogeochemical evidence (Fig. 4.23) that each of these 

transects has a unique source of SACW. If t - TC02 characteristics of sub­

surface inner shelf waters from all 3 transects are plotted together, they form 

recognizable clusters which differentiate them on either temperature or TC02 

criteria (Fig. 4.23). 

t - TC02 Plot for Waters Upwelling 
in each Sector 
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Fig. 4.23: At - TC02 plot using sub-surface inner shelf water (lSW) data from all 3 
transects. It shows that they form distinct clusters which are the basis for the "gate" 
hypothesis suggesting that the Benguela System can be divided into 3 sectors each of which 
has a distinct supply of SACW. (see text below for more details). 
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Fig. 4.24: A map of the geography of the Benguela System showing the location of the 
sub-surface inflows of South Atlantic Central Water (SACW) from the slope and onto the shelf 
which define the three "gate" sites. The three "gate" sites are Cape Frio at the northern 
boundary, Luderitz, separating the northern and central sectors and Olifants River, separating 
the central and southern sectors. To the north of each inflow there is a corresponding outflow 
of modified SACW from the shelf to the slope. In the southern sector the outflow is through 
the southern boundary of the system to the south of the Cape Peninsula. Each sector has two 
upwelling centres: Cape Frio and Walvis Bay in the northern sector, Luderitz and Namaqua 
(Hondeklip Bay) in the central sector and Cape Columbine and Cape Peninsula (Cape Town) 
in the southern sector. 
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Fig. 4.25: The conceptual model of the Benguela System as formulated in terms of the 
"Gate Hypothesis" (see Chapter 4) which forms the basis for the advective fluxes of carbon to 
be quantified with the box model. It shows that South Atlantic Central Water (SACW) is 
advected to the surface in two steps. In step 1 it is advected onto the shelf from the slope as 
a flux FSACW at one of 3 "gates" which mark the northern boundary of each sector (northern, 
central and southern Benguela). On the shelf SACW is entrained onto the poleward flow of 
Inner Shelf Water (tSW) from where, in the vicinity of one of the 6 upwelling centres, it is 
advected to the surface in step 2 as a flux of newly upwelled water (FUPW). The surface part 
of the upwelling cycle is also composed of 2 steps. Step 3 is the physical and biogeochemical 
ageing of upwelled water as a flux FAUW associated with each upwelling centre. Aged 
upwelled water is finally entrained into the surface equatorward flux (FEQW) as step 4. To 
the north of each "gate" there is a compensatory offshore flux. 
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Conceptual model depicting the interaction between 

benthic boundary layer turbulence and sediments 

~ FSED ~ ~ 
EROSION ACCUMULATION 

Fig. 4.26: A conceptual model of showing the relationship between the areas of erosion 
linked to enhanced turbulence at the shelf breaks and the intermediate zones of reduced 
turbulence where biogenic detritus accumulates. The enhanced turbulence at shelf breaks 
manifests itself through a thickening of the benthic boundary layer. This conceptual model is 
designed to correspond to the observed distribution of organic carbon on the shelf of the 
northern sector (Fig. 4.27). 
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Fig. 4.27: A map of the distribution of organic matter on the shelf of the northern sector. It 
shows how areas of elevated organic carbon are concentrated along longshore bands 
separated by corresponding belts depleted in organic matter. These depleted belts 
correspond spatially to the location of the two main shelf breaks along much of the northern 
sector. The arrows indicate the axes of enhanced turbulence where erosion is suggested to 
be the dominant physical process. Organic matter which sediments out in these erosion belts 
is suggested to be either deposited laterally or tranported off the shelf onto the slope at the 
exit site to the north of the Luderitz "gate". This sediment map was adapted from Bremner, 
1983. 
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Fig. 4.28: A map of sediment morphology from the southern end of the Benguela System 
south of 30

0 
S. It is used to suggest that it provides further support for the robustness of the 

notion that the shelf breaks are zones of enhanced turbulent energy which is reflected by the 
sediment morphology. This map shows that the belt of rocky bottom with intermittent 
sediment is located, as was the case in the northern sector, imediate ly above the shelf break. 
The long arrow indicates the axis of enhanced turbulence and likely poleward transport of 
biogenic detritus. The three areas where the belt widens (Child Bank, Olifants River Valley 
and Cape Canyon) are thought to lead to turbulent eddy shedding which spreads the turbulenl 
energy wider. This map was adapted from Birch , 1975. 
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Carbon Remineralization Flux and Stoichiometry 

The COrg : C1ng stoichiometry of the data from the Henties Bay transect is 

shown in Fig. (5.1) which depicts a NTAcy - NTAlk, (Total Acidity and Total 

Alkalinity normalized to S = 35.00), plot (see Chapter 3). 

Henties Bay Transect 

NTAcy - NTAlk Plot 
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Fig. 5.1: A plot of all individual Total Acidity and Total Alkalinity data from the Henties Bay 
transect. It shows (slope = 237) that the addition or uptake of carbonate plays an insignificant 
role in the carbon cycle of the northern sector. Carbon fluxes are driven by photosynthesis 
and oxidation. 

The axes have been scaled so that they span the same magnitude range and 

the slope reflects stoichiometry in a direct way The plot which includes all 

sub-surface and surface data, shows that changes in state to the carbonate 

system in the northern Benguela sector are almost completely driven by 

organic carbon pathways (photosynthesis and respiration couple). This is 

numerically supported by the calculated mean of the TAlk values (2.388± 

0.006 mM) which spans a very narrow range. The slope of the line is 

calculated using a geometric mean (GM) functional regression technique 



Henties Bay Transect 
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Fig. 5.2: A section shoMng lhe degree of saluration (%) of carbonale 
with respect to calcite. It show.; the~ despte the high PC02 values 
(see Fig. 4.7 b) in the benthic boundary layer, the water coturm is 
supersaturated with respect to calcite. 
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denitrification are proposed as the two mechanisms underlying the observed 

C:N remineralization disequilibrium. 

Henties Bay Transect 
NTAcy - N03 Plot 
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Fig. 5.3: A plot of Total Acidity and Nitrate normalized to a common salinity of 35 psu using 
data from the Henties Bay transect. It shows that the points have a weak fit to the line which 
defines the Redfield ratio (6.6). The reason for this is a combination of denitrification of new 
N03- and adsorption of NH/ in the sediments (see Further Discussion). 

The effectiveness of the particle adsorption mechanism is best illustrated 

using a data set of adsorbed and pore water NH4+ taken from two sediment 

cores (81/18 and 81124)) collected in the course of the same transect (see 

Fig. 4.2 in Methods section of Chapter 4 for location). 80th cores were taken 

from the organic rich muds from the inner shelf domain where NS-ISW 

acquires its characteristics (Fig. 5.4). It can be seen that in both cases, but 

particularly for core B1/18, the pore water (Fig.5.4 a) NH4+ profiles mimic the 

adsorbed fraction (Fig.5.4b) closely, suggesting that an equilibrium existed for 

NH4+ between the two phases. What is particularly useful about these data is 

the calculation of the mass balance between the two phases. Despite the 

fact that the pore water NH4+ concentrations are very large (480 - 580flM 

http:Fig.5.4b
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close to the top), it was calculated (using an average 21 % w/w water content) 

that 92-94% of the NH4+ in this environment is adsorbed onto the solid phase. 

Adsorbed NH4 
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Fig. 5.4: Two plots showing the adsorbed (left) and pore water (right) concentrations of 
NH/ from two cores B1/18 (solid line) , B1/24 (dashed line) taken during the Henties Bay 
transect. The plots show that pore water and adsorbed NH4+ concentrations appear to be well 
correlated particularly in the case of core B1/18. (See Fig. 4.2 for locations) . 

The overall relationship between adsorbed and pore water NH4+ is depicted 

on the scatter plot (Fig.5.5) which includes the least squares regression line 

linking them together (Y = 4.354 * X - 0.367; r2 = 0.67). 

Comparative data from other sediment environments show that this is the 

steepest slope emphasising that in this system particle adsorption is a 

particularly relevant biogeochemical mechanism. This results in the observed 

values of about 1 .8 I-lmol adsorbed NH4+ /g of the solid fraction close to the 

sediment - water boundary. 
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Relationship between Adsorbed and Interstitial 

NH4 from Namibian shelf sediments 
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Fig. 5.5: A scatter plot of the adsorbed and pore water NH/ concentrations from the 
Henties Bay transect. It confirms that there is a significant correlation between the two 
variables which suggests that adsorption is an important mechanism regulating free NH/ in 
the benthic environment. 

Box Model Input Data 

The carbonate and nitrate characteristics of NS - ISW which outcrops at the 

Walvis Bay upwelling cell are constrained by physical properties: depth Z < 

100m and t < 12.80 °c (obtained from stations 16 and 27). These waters 

overlie the inner and outer edges of the organic rich diatomaceous muds (see 

Fig. 4.27). The average carbonate parameter and nitrate concentrations in 

the sub-surface domain at each of the stations are also shown in Table 5.1 as 

NS - ISW1 (16) and NS - ISW2 (27). 
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Hondeklip Bay Transect 

NTAcy - NTAlk Plot 
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Fig. 5.7: A plot of all individual Total Acidity and Total Alkalinity data from the Hondeklip Bay 
transect. It shows that similarly to the northern sector changes in the chemical state of the 
carbonate system are largely driven by the organic carbon mechanisms ( COrg : C1ng - 52:1 
and 11:1 in inner and outer shelf respectively) with the inorganic carbon uptake and 
dissolution making a minor impact. There is a noticeable stoichiometric difference between 
inner shelf and mid/outer shelf samples with the C1ng pathway making a relatively larger 
contribution in the mid/outer shelf. 

As was the case for the transect in the northern sector, the central sector is 

also almost exclusively driven by the photosynthetic - respiration couple 

which impacts only on ~NTAcy. It is clear however that the overall span of 

variation is larger than was the case for the northern sector. The top NTAcy 

values from the inshore station 113 reach 3.40 (cf. 2.70 for the northern 

sector) which is expected to be reflected in much higher PC02 values. The 

lowest values close to 2.20 are similar to those on the Henties Bay transect 

and in both cases reflect surface samples close to atmospheric PC02 

equilibrium. As was the case in the northern sector, NTAlk variability was 

insignificant compared to NT Acy in the overall carbon fluxes which is reflected 

by the overall trend slopes of the scatter plot (Fig. 5.7). Although there is an 

overall steep slope of 52.21, the data set can be even visually divided into 
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Rg. 5.8: A cross-shelf section showing the degree of saturation (%) in the water 
colurm with respect to calcite. It shows that apart from a very narrow inshore area 
of 1Okm the shelf water colurm is supersaturated. 
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Hondeklip Bay Transect 
T Acy - N03 Plot: normalized to 3S.00psu 
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Fig. 5.9: A plot of Total Acidity and N03' concentrations, normalized to 35 psu, from the 
Hondeklip Bay transect. It shows the extent to which C:N uptake and remineralization 
dynamics deviate from the Redfield ratio given by the dashed line. Most of the data points do 
follow the Redfield ratio except those grouped into areas A and B. The samples from these 
groups come from the inshore stations where upwelling and its consequences were most 
evident (see text). The dashed line linking SACW to A (CS-ISW) indicates the general C:N 
stoichiometry of remineralization (- 40) and the line linking B to A is the stoichiometry of 
surface uptake ( - 13). 

In sharp contrast to the northern sector where the relationship was weak, in 

the central sector, the majority of data points fall close to the stoichiometry 

predicted by the Redfield ratio (6.6). These data indicate that de-nitrification 

is not a significant biogeochemical process mediating the N03' variability in 

most of the central sector. The interesting exception is a part of the data 

(group A) where TAcy increases sharply with little concomitant input of N03'. 

These data correspond to those in the inshore belt central sector inner shelf 

water (CS-ISW) where a significant C:N disequilibrium is induced by local 

biogeochemical processes. It is suggested that the driving mechanism 

behind this group of anomalous observations is again, the adsorption of 

remineralized NH4+ by benthic biogenic and lithogenic particles (Berner, 1976; 
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Hondeklip Bay Transect: Sub-Surface Domain 

Corg: Cing Vector Plot 
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Fig. 5.10: A Total Acidity - Total Alkalinity vector plot showing the magnitude of the changes 
brought about by the organic ( COrg ) and inorganic carbon ( C1ng ) remineralization in the 
central sector. The characteristic values for the end - members (CS-SACW (A) and CS­
ISW(B)) were obtained from Table 5.2. Also plotted are the PC02 lines computed for a 
temperature of 10°C which is typical of SACW in the central sector. The plot confirms that 
carbon remineralization fluxes are almost completely governed by oxidation of organic carbon 

( C
Org 

pathway). (see text for further details). 
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northern and central Benguela sectors it indicates that carbonate 

biogeochemistry and fluxes within this sector is wholly driven by CO2 input ­

output and, in contrast, C03
2
- plays a minimal role. The slope of the 

functional regression (17.22) confirms the visual interpretation. 

Olifants River Transect 

Corg:Cing Stoichiometry 
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Fig. 5.11: A plot of all individual Total Acidity and Total Alkalinity data from the Olifants 

River transect. It shows that similarly to the northern and central sectors, changes in the 

chemical state of the carbonate system are largely driven by the organic carbon mechanisms ( 

COrg : C1ng - 17) with the inorganic carbon uptake and dissolution making a minor impact. 

There are no significant cross-shelf differences. (see text for further details) 


This is the smallest average slope in all three sectors (cf: 237 in the northern 

sector; 52.21 in the central sector). It indicates that the data in the southern 

Benguela sector are consistent with a small but measurable level of CaC03 

uptake - remineralization. The distribution of data points shows that the 

magnitude of the CO2 input is the lowest of all three sectors. The highest 

value is 2640/-lM compared to 2710 and 3400/-lM for the Henties Bay and 

Hondeklip Bay transects respectively. In contrast, this data set also produced 
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Rg. 5.12: Across-shelf section from the Qifants River transect showing the degree 
of saturation (%) wth respect to calcite. It ShONS that the whole water colurm was 
supersaturated. 
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the lowest NTAcy values of all 3 sectors. The mean NTAlk is 2.374±O.023 

whose range is similar to that in the central sector. The minimal impact of the 

C1ng pathway in this sector is supported by the C03
2
- super saturation levels 

which characterised the whole transect (Fig. 5.12) which shows that the water 

column is never undersaturated with respect to calcite. The lowest levels of 

super saturation are found closely associated with the SSl in the inshore 

area which is also where sediment organic matter is concentrated and hence 

where CO2 remineralization is highest. As with the northern and central 
2sectors C03 - saturation with respect to calcite is driven by CO2 input and its 

impact on pH which shifts the carbonate species equilibria. 

Olifants River Transect 

NTAcy - N03 Plot normalized to 35.00psu 
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Fig. 5.13: A plot of Total Acidity and N03' concentrations, normalized to 35 psu, from the 
Hondeklip Bay transect. It shows the extent to which C:N uptake and remineralization 
dynamics deviate from the Redfield ratio given by the dashed line. Most of the data points do 
follow the Redfield ratio except those grouped into areas A and B. The samples in group A 
represent those from the inner shelf where the input of CO2 from the benthic remineralization 
flux was not accompanied by a stoichiometric amount of N03'. Similarly, group B are surface 
samples where CO2 was taken up without a stoichiometric N03' component. This implies that 
N03' remineralization and re-use, possibly as NH/ was a dominant mechanism in the surface 
post upwelling bloom. 
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samples were located over 400m from the BBL. The low PC02 (415 !-latm ct. 

458 !-latm in the central sector) confirms that the core of SACW on the slope 

is free of any BBL impact. 

Carbonate Parameter Concentrations 
Units: umolll Normalized to S=35.00psu 

Sub-Surface Domain 

Water Station Depth NTALK NTACY NTC02 PC02 N03 

SS-SACW 20/21 150-286 2389 2435 2200 415 18.48 

SS-ISW1 
SS-ISW2 

12 
13 

30.7-62.5 
41.7-81.7 

2378 
2377 

2612 
2526 

2283 
2240 

755 
557 

19.88 
18.55 

SS-ISW 
SS-ISW (N03 Corr) 

2378 
2378 

2569 
2569 

2262 656 18.73 

Change -11 134 62 241 0.25 

C02 addition 
C03 addition 
COrg:Clng Stoichiometry 

-6 
67 

-12 

N03 addition 
C:N Stoichiometry 

0.25 
268 

Table 5.3: Summary of the average biogeochemical (carbon and nitrogen) characteristics of 
"new" South Atlantic Central Water prior to it being advected onto the shelf of the southern 
sector (SS-SACW) and the biogeochemically modified SACW on the inner shelf (SS-ISW) and 
sampled during the Olifants River transect. The table also shows the net calculated additions 
of CO2, cot and N03' as well as their stoichiometry. 

The carbonate parameter concentrations of inner shelf water (SS-ISW) which 

upwells at the Cape Columbine upwelling cell are defined by the average 

values from the sub-thermocline water column at the two inshore stations (12 

and 13). The overall change in each parameter as well as the CO2 and C03
2

­

additions were calculated in the same way as before. The magnitude of the 

CO2 addition (67!-lM) confirms the earlier observation that in the Southern 

Benguela the impact of the benthic remineralization flux is the smallest 

relative to the northern (99!-lM) and central (264!-lM) sectors. The calculated 

C03
2
- addition was again negative by a small amount of 6!-lM which as was 

explained earlier is ascribed to a combination of unquantified minor proton 



Olifants River Transect: Sub-Surface Domain 

Corg:Cing Vector Plot 
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Fig. 5.14: A Total Acidity - Total Alkalinity vector plot showing the magnitude of the changes 
brought about by the organic ( COrg ) and inorganic carbon ( C1ng ) remineralization in the 
southern sector. The characteristic values for the end - members (CS-SACW (A) and CS­
ISW(B» were obtained from Table 5.3. Also plotted are the PC02 lines computed for a 
temperature of 1 DoC which is typical of SACW in the central sector. The plot confirms that 
carbon remineralization fluxes are almost completely governed by oxidation of organic carbon 
( COrg pathway). (see text for further details). The most notable contrast to other sectors is 
the much smaller magnitude of the remineralization vector A-B. It suggests that in this sector 
benthic remineralization is much less important as a modifying factor on SACW. 
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than the Redfield ratio. This non ~ 

has significant implications for 

Benguela System. The CO2 drawdown 

is primarily governed by the N03- flux 

C:N (-6.6) which characterizes 

theoretical maximum carbon export flux 

disequilibrium in the benthic flux of 

+ where the stoichiometrl is greater than 

of the surface productivity to create 

flux. 

the obserJations: 

pool comprises remlneralized NH4-;' 

to N03'. That is, calculating the 

may underestimate the DIN 

environment of BBL causes 

lithogenic and biogenic particles in 

NH4 + flux out of the sediments. 

vie",,; that if the bulk of the 

+, a stoichiometry based 

disequilibrium. Data obtained 

Central and Southern sectors 

that the NH4 + concentrations, even 

and were mostly below 1 ~M. No NH/ 

transect but an extensive historical 

length of the northern sector shelf 

outlook: + is a very minor 

upwelling waters even in the SBl over 

ooze. The + remineralization flux is not 



translating into a large .,..,"',,""'''' 

so as to maintain the 

On this basis the first option is 

the the N ;. 

through a diffusive flux or resuspEmsion, 

1979) and subsequently the 

particularly on the 

dissimilative nitrate 

Denitrification is a well known 

where low redox conditions characterise 

and preformed N03" 

(Chapman and Shannon, 1985), 

the Henties transect (see 

N03" concentration BBL 

that N03" advected onto the shelf as 

redox conditions of the northern sector 

happen to NH/ generated 

Denitrification of the remineralized 

nitrification step whose redox 

consistent the 

Blackburn, 1979). contrast, for the 

concentrations are higher ( O2 > 

are normally observed between 

(Bailey and Chapman, 1987), This 

dominant mechanism through which 

the pre-formed characteristics 

.. is also d()cumentE~d eS[)8C 

- 15-18J.lM in can, especially 

same 

20-25/lM same 

was observed the central sector where 

(Table these more 
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step is suppressed (Fenchel and Blackbum. 1979). While the second option 

cannot be completely discounted it is thought that the key mechanism is 

provided by a third . 

The third option. adsorption . arises because of the weaknesses in the 

biochemical mechanisms to account for the total remineralized NH: budget. 

While NH: adsorption in sediments is a well described process (Mackin and 

Aller. 1984) its role in modulating nilrogen fluxes. particularly in upwelling 

systems has been underestimated. The question is asked. to what extent is 

the C:N disequilibrium of the benthic remineralization flux driven by de­

nitrification and or sediment particle adsorption? 

5.4.4 NH,' Adsorption Model 

Nitrogen is remineralized as NH: which has a strong electrophilic affinity for 

negatively charged sites of organic functional groups and clay minerals. At 

the pH of natural sea water most organic functional sites are Ionized by the 

loss of the associated protons. That is in most cases the pK is < pH. This 

has led to the observation that in the presence of organic maner most 

particulates in the sea are negatively changed as a result of a ubiquitous 

coating of organic matter. This increases the availability of sites for positively 

charged ions such as NH,' to adsorb on to and develop a Langmuir type of 

inter phase equi libria (Mackin and Aller. 1984). Such an equilibrium 

relationship was clearly reflected in the core profiles (Fig. 5.4) and the 

regression linking the adsorbed and pore water NH,' concentralions from the 

organic rich inshore mud belt on the Namibian shelf (Fig. 5.5). The slope of 

the regression which reflects an adsorption coefficienl (ml/g). is not only 

among the largesl in Ihe literature (Mackin and Aller. 1984) but the 

magniludes of adsorbed and pore water NH,' concentrations are the highest 

recorded for a benthic system away from anthropogenic inputs. 
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Fig. 5.15: Depicts a simplified conceptual model of the key steps in the benthic NH4+ 

adsorption mechanism. The biogenic sedimentation flux settles on the sediment with a C:N 
ratio which is still close to the original phytoplankton (1) . Benthic oxidative remineralization (2) 
metabolizes the organic matter to its terminal CO2 and NH/ components . The elevated 
concentrations of both CO2 and NH/ in the interstitial water drives a benthic flux (3). 
However, NH/ adsorbs onto both biogenic and lithogenic particles which results in the 
decoupling of their remineralization stoichiometry. The resulting benthic flux has a 
stoichiometry» 6 -7 which characterized the input material. The NH4+ which is released into 
the benthic boundary layer can either be re-adsorbed onto the sedimentation flux or nitrified to 
N03 ' and upwelled. 
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waters 1 oDe this constrains the period of the primary bloom to a range of 6 ­

12 days. 

Nitrate - Temperature Relationship for the Benguela System 
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Fig. 6.1: A plot of a historical data set of nitrate concentration (11M) and temperature from 
the Benguela System obtained from the SADCO data base, Stellenbosch, South Africa. It 
shows that a good relationship exists between these two variables. It also shows that by the 
time upwelled waters have aged to a temperature of 13 - 15°C the N03 ' concentration is zero. 
The statistical intercept of the temperature axis is 16.1 °c . 

This is good agreement with the observed bloom cycles of 6 - 10 days (Brown 

and Hutchings, 1987b) but, for calculation purposes the period of ageing of 

upwelled waters was taken conservatively to be 14 days. The magnitude of 

the perturbations at each upwelling centre which drive biogeochemical 

change in CO2 and N03 ' are the focus of these results. 

The end member (UPW and AUW) biogeochemical characteristics averaging 

approach to define the perturbations in upwelling centres is a necessity due to 

the spatial rather than temporal orientation of the sampling. Each transect 

(see Chapter 4: Methods) cuts through an upwelling centre and includes 
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Peninsula upwelling cell is located poleward of the gate site of the 

Southern sector. However, in this sector, especially south of Cape 

Columbine where sediment organic carbon levels are low (Birch, 1975), 

benthic remineralization is thought to be reduced and for the purposes of 

this study the biogeochemical characteristics of newly upwelled water are 

the same as those for Cape Columbine. 

• The extent to which carbon is impacted at the sites for which no data 

exists is determined by the N03' concentration of the appropriate SACW 

and the CoN and COr,: C,o, stoichiometries at the sites within the same 

sector for which data exists. For example, the lICO, and lIC03
2
• changes 

at the Cape Frio upwelling cell will be driven by the N03· concentrations, 

CoN and C"" : C,o, stoichiometries of the Walvis Bay cell. 

6.3 Results and Discussion 

6.3.1 Walvis Bay Upwelling Cell (Northern Benguela) 

Carbon Fluxes and Co" : C,o, Stoichiometry 

The biogeochemical parameter changes which were measured between 

upwelling source water for the Walvis Bay upwelling cell WB·ISW and aged 

upwelled water (WB·AUW) sampled along the inner section (stations 16 and 

27) of the Henties Bay transect are shown in Table (6.1). These values 

include the N03· which is required for the corrections to NTAlk and NTAcy as 

well as to calculate the CoN stoichiometry. The carbonate and N03· 

characteristics of the source water WB·ISW were defined previously in the 

context of the benthic remineralization flux which determined its pre·formed 

character (see Chapter 5). The warmed (17 • 19'C) suriace layer was in this 

instance approximately 10m thick in the inner shelf (stations 16 and 17). This 

value is less than the usual "standard" Benguela System mixed layer depth of 
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Carbonate and Nitrate Parameter Concentrations 
Units: umolll; Normalized to S :: 35.00psu 

Surface layer Domain 

Water Station NTAlK 

WB·ISW 2386 

WB·AUWl 
WB·AUW2 

16 
27 

2382 
2390 

WB·AUW 
WB·AUW (NOS Corr) 

2386 
2367 

Gross Change 
Gross C02 addition: 

COS addition: 

·19 

-10 

C02 degassing: Uss·Merlivat 
(lBoC, 35, 25m, 4.57mls, 14days 927uatrn) 

C02 addition lAir-Sea Corr) 
C03 addition: 
COrg:Clng Stoichiometry 

-10 
13 

N03 addition: 
C:N Stoichiometry 

NTACY 

2716 

2341 
2516 

2429 
2448 

-268 
-134 

9 

-125 

NTC02 PC02 NOS 

2339 1243 21.450 

......2150 486 
2241 738 1.98 

2196 612 1.980 

·143 -631 ·19.47 

-19.47 
6.42 
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carbon lixation and CO2 degassing which impacts only on NTAcy. The 

degassing component is too small to be resolved in the plot. The magnitude 

01 the photosynthesis driven CO2 uptake is given by vector component A'B' 

(where AC02 = ATAcy / 2). Depicted on the vector plot are also the 

atmospheric PC02 equilibrium lines for PC02 = 360l'atm over a range of 

temperatures which characterise the warming range of newly upwelled water 

to aged upwelled water. As was explained earlier warming reduces the CO2 

solubility (increasing PC02 ) which graphically translates to a lowering of the 

isopleths on the vector plot. The magnitude of the degassing component ( 

CO2 loss up to atmospheric equilibrium) if no warming occurred is given by 

vector component B'C' which joins state B to the 12°C PC02 isopleth (Fig. 

6.1). When the warming effect is incorporated the magnitude of the vector 

component increases to B'D' corresponding to the 1 SoC isopleth. The AC02 

value is again given by NTAcy/2 and the flux Is calculated assuming a mean 

mixed layer of 25m which is more typical than the 10m lound when the 

transect was sampled. 

C:N Stoichiometry 

The C:N stoichiometry of 6.42 (Table 6.1) which characterized the CO2 and 

NO; decrease driven by phytoplankton uptake was very close to that which 

is predicted by the Redfield ratio of 6.6. The ratio was calculated using the 

AC02 (t 25flM) value corrected for the loss of CO2 to the atmosphere in the 

course 01 "ageing" of the water column and the concommittant NO,' decrease 

(19.47flM). The NO,' uptake by phytoplankton did not red uce concentrations 

to zero at the inshore stations which means that there was still some scope 

for further reduction in PC02 which would limit the overall magnitude of the 

CO2 outgassing. Based on the measured stoichiometry of 6.42, this 

additional CO2 uptake would, however, only lower NTAcy by about 25 flM 

which is not enough to turn the direction of the CO2 flux. This issue will be 

addressed in the modelling in Chapter 7. The persistence of residual NO; is 
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Carbonate and Nitrate Parameter Concentrations: Model datil 
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Surface layer Domain 
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Gross Change 
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Southern Benguela Sector: Cepe Columbine Upwelling Cell: Olifants River Transect 

Carbonate Paramllter Concentrations 
Units: umolll Normalized to S =35.oopsu 

Surface layer Domain 
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Southern Benguela Sector: Cape Peninsula Upwell Cell: Synthetic Data 

Carbonate and Nitrate Parameter Concentrations: Model data 
Units: umolll; Normallzed to S ::: 35.00psu 

Surface Layer Domain 

Water Station 
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Gross Change 
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Export Prdcn (C) = New Prdcn (C) = Fz (Vertical Flux Rate) eq. 6.2c 

Total Net production (PT) is usually determined by either 14C or 0 , in vitro 

methods corrected for the endogenous respiration component. The [NO,l 

term is the nrtrate supply rate to the euphotic zone and Rr is the classical 

Redfield ratio (6.6) which theoretically defines the stoichiometry of CoN uptake 

by phytoplankton. Fz is the vertical flux rate of organic carbon out of the 

surface layer as measured by sediment traps which is, in terms of the working 

paradigms, the only direct assessment of new production integrated over 

longer time scales determined by the sampling and deployment frequency 

(Eppley and Peterson, 1979; Packard et al.,1988, Platt et al., 1989) . 

One of the sources of greatest concern at present is the degree of 

disagreement in the estimates of new and total production in the global 

oceans whose relationship is theoretically constrained by the f·ratio (Platt et 

al. , 1989; Ducklow, 1995). This problem was the subject of a detailed review 

by Platt et al .. , 1989 where it was suggested that new production was being 

underestimated. At the heart of the problem is the issue of matching the 

scale limitations of the sampling methods with the needs of regional and 

basin scale modelling of carbon nuxes or food web dynamics (Platt et al. , 

1989). The basic assumption underlying the scaling up process is that of 

spatial and temporal constancy in the integrated dynamics of the surface 

ocean. This assumption appears to be increasingly questioned given the 

most recent evidence on the role played by mesoscale eddies in surface layer 

turbulence and NO, ' supply rates in the open ocean (Platt et al., 1989). It has 

been well established that the f·ratio increases with increasing NO, ' supply 

rate (Probyn, 1992 ) hence the decoupling of production sampling scales and 

physical turbulence scales wi ll underestimate the f·ratio. This problem is 

particularly pertinent to upwelling systems which are characterised by 

physically driven by synoptic scale pulsing of equatorward winds (Brink et aI. , 

1995; Hutchings at al., 1995). The f·ratio reflects the phYSiological adaptation 

of the seeding community to changing turbulence conditions which drive the 
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spreadsheet based model scenarios are depicted below with a structure 

which is as similar as possible to the conceptual version above (Fig. 6.5). 

The input parameters are at the top, the fluxes Ui, Ri and Fi are in the middle 

block and the export fluxes and their stoichiometry are located at the bottom 

(Table 6.8 - 6.10). 

Scenario 1: Assumptions: f-ratio = 1.00 (Table 6.8). 

This is the simplest and most artificial form of the model where the bloom Go 

grows and senesces with no remineralization occuring (Table 6.8). All the 

carbon (CO,) and nitrogen (NO, ) fixed through Uo is exported through flux 

Fo where in both cases the C:N stoichiometry is strictly Redfield with the result 

that the recycle number Ro=O and no secondary biomass compartments Gi 

arise. The recycling efficiency ER and the recycling number are both O. The 

output of this scenario simulates the widely used rule that the carbon export 

flux equals new production which in turn can be predic1ed by the product of 

the NO; flux and the Rr (eq. 6.2b). A more realistic scenario has to 

incorporate a re·cycling component. 

Scenario 2: assumptions: f·ratio = 0.3 and C:N of Ui = Ri = 6.6 (Table 6.9) 

In this scenario a NO, re-cycling component is introduced and simulated 

through the f-ratio of 0.3 which is close to the typical value found in the 

Benguela System (Probyn. 1992). There is no C:N disequilibrium between Ui 

and R, and both remain constrained by the Rr. In this case ER is 0.7 = 1 - f 

which in effect means that the magnitude of Ri is always 70% of Ui with the 

balance being lost through the export flux Fi. A spreadsheet based scenario 

pertaining to this example is depicted on Table (6.9). As before, the 

magnitude of the initial NO,- flux is 25.00 units and the C:N stOichiometry 

Ui=R;=6.6. This scenario generates a series of compartments Gj ( only 9 are 

shown) unlil the re·cycled flux Fi --> O. Conceptually, these compartments 



T
a

b
le

 6
.8

: 
S

p
re

a
d

sh
e

e
t 

M
o

d
e

l 
D

e
p

ic
ti

n
g

 t
h

e
 r

e
la

ti
o

n
sh

ip
 b

e
tw

e
e

n
 t

h
e

 f
 r

a
ti

o
, 

C
:N

 s
to

ic
h

io
m

e
tr

y 
a

n
d

 

th
e

 c
a

rb
o

n
 f

lu
x 

o
u

t 
o

f 
th

e
 s

u
rf

a
ce

 m
ix

e
d

 l
a

ye
r 

S
ce

n
a

ri
o

 1
: 

f 
R

a
tio

: 
1

; 
U

i r
a

ti
o

 (
6

.6
) 

==
 R

i 
ra

ti
o

 (
6

.6
) 



R

e
su

lt:
 

C
a

rb
o

n
 E

xp
o

rt
 (

l6
S

) 
== 

R
e

d
fi

e
ld

 N
e

w
 P

ro
d

u
ct

io
n

 (
2

5
 "

 
6

.6
 =

= 
1

6
5

) 



IN
P

U
T

 P
A

R
A

M
E

T
E

R
S

 

R
e

cy
cl

e
 E

ff
ic

ie
n

cy
 

ER
 

0 
U

i 
ra

ti
o

 
6

.6
 


R
e

cy
cl

e
 N

u
m

b
e

r 
N

c 
0

.0
0

 
R

i 
fa

ti
o

 
6

.6
 


M
O

D
E

L 
O

U
T

P
U

T
 

F
LU

X
E

S
 

G
O

 
G

l 
G

2
 

G
3

 
G

4
 

G
5

 
G

6
 

G
7

 
G

8
 

R
e

g
e

n
e

ra
tio

n
 

R
i 

fl
u

x 
C

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
N

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 

U
p

ta
ke

 
U

i 
fl

u
x 

C
 

1
6

5
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

N
 

2
5

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 

E
xp

o
rt

 
Fi

 f
lu

x 
C

 
1

6
5

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
0

.0
0

 
N

 
2

5
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

0
.0

0
 

Fi
 f

lu
x 

C
:N

 
6

.6
0

 
H

D
IV

/O
l 

ID
IV

/O
I 

H
D

IV
/O

I 
H

D
IV

/O
I 

H
D

IV
/O

I 
H

D
IV

/O
I 

H
D

IV
/O

I 
H

D
IV

/O
! 

S
U

M
M

A
R

Y
 O

F
 T

O
T

A
L

 E
X

P
O

R
T

 F
LU

X
E

S
 

T
o

ta
l 

C
a

rb
o

n
 E

xp
o

rt
 

S
u

m
 F

i 
Ie

) 
1

6
5

.0
0

 
T

o
ta

l 
N

it
ro

g
e

n
 E

xp
o

rt
 

S
u

m
 F

i 
IN

) 
2

5
.0

0
 



T
a

b
le

 6
.9

: 
S

p
re

a
d

sh
e

e
t 

M
o

d
e

l 
D

e
p

ic
ti

n
g

 t
h

e
 r

e
la

ti
o

n
sh

ip
 b

e
tw

e
e

n
 t

h
e

 f
 r

a
ti

o
. 

C
:N

 s
to

ic
h

io
m

e
tr

y 
a

n
d

 
th

e
 c

a
rb

o
n

 f
lu

x 
o

u
t 

o
f 

th
e

 s
u

rf
a

ce
 m

ix
e

d
 l

a
ye

r 



S
ce

n
a

ri
o

 2
: 

f 
R

a
tio

: 
0

.3
; 

U
i 

ra
ti

o
 (

6
.6

) 
:::

 
R

i 
ra

ti
o

 1
6.

6)
 


R
e

su
lt:

 
C

a
rb

o
n

 E
xp

o
rt

 (
1

6
5

) 
::::

 
R

e
d

fi
e

ld
 N

e
w

 P
ro

d
u

ct
io

n
 1

2
5

 .
. 

6
.6

 :
::: 

1
6

5
) 




IN
P

U
T

 P
A

R
A

M
E

T
E

R
S

 


f 
R

a
ti

o
 

0
.3

 
N

R
 

2
.3

3
 

R
e

cy
cl

e
 E

ff
ic

ie
n

cy
 

ER
 

0
.7

 
U

i 
re

ti
o

 
6

.6
 

N
u

m
b

e
r 

N
c 

2
.3

3
 

R
i 

ra
ti

o
 

6
.6

 

M
O

D
E

L
 O

U
T

P
U

T
 

F
LU

X
E

S
 

G
O

 
G

1 
G

2
 

G
3

 
G

4
 

G
o

 
G

6
 

G
7

 
G

8
 

R
e

g
e

n
e

ra
tio

n
 

R
i 

fl
u

x
 

C
 

1
1

5
.5

0
 

8
0

.8
5

 
5

6
.6

0
 

3
9

.6
2

 
2

7
.7

3
 

19
.4

1 
1

3
.5

9
 

9.
51

 
6

.6
6

 
N

 
1

7
.5

0
 

1
2

.2
5

 
8

.5
8

 
6

.0
0

 
4

.2
0

 
2

.9
4

 
2

.0
6

 
1

.4
4

 
1.

01
 

U
p

ta
ke

 
U

i 
fl

u
x
 

C
 

1
6

5
.0

0
 

1
1

5
.5

0
 

8
0

.8
5

 
5

6
.6

0
 

3
9

.6
2

 
2

7
.7

3
 

19
.4

1 
1

3
.5

9
 

9.
51

 
N

 
2

5
.0

0
 

1
7

.5
0

 
1

2
.2

5
 

8
.5

8
 

6
.0

0
 

4
.2

0
 

2
.9

4
 

2
.0

6
 

1
.4

4
 

E
xp

o
rt

 
Fi

 f
lu

x 
C

 
4

9
.5

0
 

3
4

.6
5

 
2

4
.2

6
 

1
6

.9
8

 
1

1
.8

8
 

8
.3

2
 

5
.8

2
 

4
.0

8
 

2
.8

5
 

N
 

7
.5

0
 

5
.2

5
 

3
.6

8
 

2
.5

7
 

1
.8

0
 

1
.2

6
 

0
.8

8
 

0
.6

2
 

0
.4

3
 

FI
 f

lu
x 

C
:N

 
6

.6
0

 
6

.6
0

 
6

.6
0

 
6

.6
0

 
6

.6
0

 
6

.6
0

 
6

.6
0

 
6

.6
0

 
6

.6
0

 

S
U

M
M

A
R

Y
 O

F
 T

O
T

A
L

 E
X

P
O

R
T

 F
LU

X
E

S
 

T
o

ta
l 

C
a

rb
o

n
 E

xp
o

rt
 

S
u

m
 F

i 
te

l 
1

6
4

.9
4

 
T

o
ta

l 
N

it
ro

g
e

n
 E

xp
o

rt
 

S
u

m
 F

i 
IN

) 
2

4
.9

9
 



T
ab

le
 6

.1
0

: 
	

~
n
r

..
..

.."
,h

..,
,,t 

M
o

d
e

l 
D

e
p

ic
tin

g
 t

h
e

 r
e

la
tio

n
sh

ip
 b

e
tw

e
e

n
 t

h
e

 f
 r

a
ti

o
. 

C
:N

 s
to

ic
h

io
m

e
tr

y 
a

n
d

 
th

e
 c

a
rb

o
n

 f
lu

x 
o

u
t 

o
f 

th
e

 s
u

rf
a

ce
 m

ix
e

d
 l

a
ye

r 

S
ce

na
ri

o 
3

: 
f 

R
a

tio
: 

0
.3

: 
U

I 
ra

ti
o

 (
6

.6
) 

;.
 R

i 
ra

ti
o

 (
3

.5
) 



R

es
ul

t:
 

C
a

rb
o

n
 E

xp
o

rt
 (

3
4

5
.7

) 
>

 
R

ed
fie

ld
 N

e
w

 P
ro

d
u

ct
io

n
 (

2
5

 .
. 

6
.6

 :
::: 

1
6

5
) 




IN
P

U
T

 P
A

R
A

M
E

T
E

R
S

 


R
ec

yc
le

 E
ff

ic
ie

n
cy

 
ER

 
0

.7
 

U
i 

ra
ti

o
 

6
.6

 

R

ec
yc

le
 N

u
m

b
e

r 
N

e 
2

.3
3

 
R

I 
ra

ti
o

 
3

.5



-
M

O
D

E
L 

O
U

T
P

U
T

 

F
LU

X
E

S
 

G
O

 
G

1 
G

2
 

G
3

 
G

4
 

G
5

 
G

6
 

G
7

 
G

8
 

R
eg

en
er

at
io

n 
R

i 
fl

u
x 

C
 

6
1

.2
5

 
4

2
.8

8
 

3
0

.0
1

 
2

1
.0

1
 

14
.7

1 
1

0
.2

9
 

7.
21

 
5

.0
4

 
3

.5
3

 
N

 
1

7
.5

0
 

1
2

.2
5

 
8

.5
8

 
6

.0
0

 
4

.2
0

 
2

.9
4

 
2

.0
6

 
1

.4
4

 
1.

01
 

U
p

ta
ke

 
U

i f
lu

x 
C

 
1

6
5

.0
0

 
1

1
5

.5
0

 
8

0
.8

5
 

5
6

.6
0

 
3

9
.6

2
 

2
7

.7
3

 
19

.4
1 

1
3

.5
9

 
9.

51
 

N
 

2
5

.0
0

 
1

7
.5

0
 

1
2

.2
5

 
8

.5
8

 
6

.0
0

 
4

.2
0

 
2

.9
4

 
2

.0
6

 
1

.4
4

 

E
xp

o
rt

 
Fi

 f
lu

x 
C

 
1

0
3

.7
5

 
7

2
.6

3
 

5
0

.8
4

 
3

5
.5

9
 

24
.9

1 
1

7
.4

4
 

12
.2

1 
8

.5
4

 
5

.9
8

 
N

 
7

.5
0

 
5

.2
5

 
3

.6
8

 
2

.5
7

 
1

.8
0

 
1

.2
6

 
0

.8
8

 
0

.6
2

 
0

.4
3

 

F
i 

fl
u

x 
S

to
ic

h
io

m
e

tr
y 

C
:N

 
1

3
.8

3
 

1
3

.8
3

 
1

3
.8

3
 

1
3

.8
3

 
1

3
.8

3
 

1
3

.8
3

 
1

3
.8

3
 

1
3

.8
3

 
1

3
.8

3
 

S
U

M
M

A
R

Y
 O

F 
T

O
T

A
L

 E
X

P
O

R
T

 F
LU

X
E

S
 

S
u

m
 F

i 
IC

) 
S

u
m

 F
i 

(N
) 



+ 

as 

A 

F I 

is a 

it is 

is 

are 

is now 



case: 

a 

1 

,. 

or 

3 

are 



254 

6.4.3 Partitioning 01 carbon export flux into poe and DOC fluxes. 

In the earliest published discussion on the topic. (Sambrotto et al., 1993) 

proposed that the way to reconcile the observed non·Redfield character of 

TCO, - NO,- (toCO, : tlNO,- - 8·10 ) net removal from the surface layer was 

by invoking a particle export flux similarly depleted in nitrogen. This was 

justified by the elevated C:N = 8.8 ratios of particulates collected at 100m in 

one of the sampled areas (Bransfield Str). Although Sambrotto et al. 1993 did 

suggest that DOC could playa role in their observations they concluded that 

this was not sufficient to account for the changes. This view was criticised by 

Toggweiler, 1993 on the basis that there is globally little evidence that the C:N 

ratios of particles collected in sediment traps are significantly higher than the 

Redfield ratio. This was supported by most particle flux studies (Copin­

Montegut and Copin-Montegut, 1983; Anderson and Sarmiento, 1994). 

However. T oggweiler 1993 does not dispute the view that the carbon is 

indeed being channelled to a nitrogen depleted pool of organic matter as was 

predicted by the box model above and the Sambrotto et al., . (1993) data. 

His suggestion is that in view of the lack of convincing evidence from 

sediment traps, that such a reservoir of N depleted organic matter cannot be 

sinking and must therefore be channelled into the domain of DOC/DON . The 

study and understanding of DOC/DON dynamics in the ocean is the "Achilles 

heel" of marine biogeochemistry largely due to the combined effects of the 

amorphous structure of DOM and methodological uncertainties in recent 

times (Duursma and Dawson, 1981 ; Hedges, 1992). These issues make it 

difficult to unambiguously constrain the role of DOC as a carbon sink. The 

recent consensus that earlier methods were providing reliable data has 

however, lead to a re-assessment of their use in the context of carbon 

budgeting. A recent investigation of four historical data sets comprising 

measurements in the 4 main pools of carbon in the ocean (Williams, 1995) 

has lent very strong support to the T oggweiler, 1993 view that the nitrogen 

depleted pool is indeed in the dissolved and not the particulate fraction. This 

re-working of the historical data showed two essential points: 
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subject of intense interest over the past 30 years but the basics cf the 

mechanisms and their rates remain elusive (Duursma and Dawson, 1981). In 

view of the magnitude of the DOM reservoir which is 10 times larger than the 

POM and our lack of insight into its mechanics and temporal dynamics there 

is an urgent need to make this the focus of future work in upwelling systems. 

The spreadsheet model scenario simulations above and the field data from 

studies (Williams, 1995) emphasise that some care has to be exercised in the 

use of the f·ratio to predict the carbon export flux. The box model simulations 

show that there are two realistic possibilities where the same f·ratio has quite 

different implications for the carbon export flux. 

In the first instance (model scenario 2), the low f·ratio (0.3) occurs with a net 

export flux stoichiometry unchanged relative to the Redfield ratio. This 

scenario is interpreted to correspond with a situation where the f·ratio truly 

reflects the fraction of total production which is exported. That is the f·ratio is 

low because of the relatively high turnover rates of regenerated production 

associated with small cells which do not contribute to the export flux. Both 

the export and regenerated uptake dynamics stay close to the Redfield ratio. 

This is in effect the type of ideal scenario which is assumed to pervade the 

global ocean and allow predictions of carbon export based on either the N03• 

flux or the f·ratio and total net production (eqs. 6.2a and 6.2b). 

In the second, instance (model scenario 3), the simulation is close to that 

which is observed in the central and southern sectors of the Benguela System 

as well as other surface ocean system: that is the f· ratio is low (0.3) but the 

CoN stoichiometry of the net export flux is larger than the Redfield ratio. Here 

the f· ratio is low because a proportion of the new N03• is being remineralized 

but instead of it being consumed by the pico/nanno plankton which drive 

regenerated production, it is re·utilized by the same bloom to generate more 

biomass and most importantly a larger carbon export flux. The carbon flux 

reflects its combined export as POC and DOC. 
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• the interannual variability is largely driven by the impact of EI Nino 

Southern Oscillation (ENSO) events on the spatial and temporal 

characteristics of pressure gradients in the South East Atlantic. 
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For the purposes of this study only the total annual upwelling rates are of 

concern. The temporal resolution of the box model is low by virtue of the 

nature of the biogeochemical data which does not provide any temporal 

component. However, the synoptic scale dynamics are integrated into the 

calculated annual upwelling flux through the Ekman transport model 

(Neumann and Pierson, 1966; G. Nelson, Pers.Com.). At each of the 6 main 

upwelling cells the annual upwelling rates were derived by integrating the 

Ekman transport over four calendar quarters from hourly wind records. 

Although this approach provides some insight into the seasonal (quarterly) 

dynamics of upwelling, only the total annual figure is used to calculate carbon 

fluxes. The annual figure is realistic in that it incorporates not only the shor­

term synoptic variability but the also the seasonal signal. The longer term 

interannual variability is addressed by comparing two annual data sets which 

reflect ENSO and non-ENSO conditions. The potential impact of interannual 

variability was addressed by calculating Ekman transport at ali 6 main 

upwelling centres in two years when winds in the Benguela System was 

modulated by ENSO (1992) or non ENSO (1994) conditions (Anon., 1993, 

1994). 

The Ekman transpon associated with each wind record was calculated using 

the relationships between Ekman transport, wind stress and Coriolis force 

whose theoretical basis is described in detail by Neumann and Pierson, 1966 

(see Appendix 7.1). 

The results of this calculation series and further numerical treatment to derive 

total Ekman transport at the 6 chosen upwelling centres are summarized in 

Tables 7.1 and 7.2 for 1992 and 1994 respectively. Each upwelling centre 

has 4 entries referring to each quarter of the year. Each upwelling centre also 

http:Pers.Com
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Fig. 7.3: 	 Plots of the computed Ekman fluxes at each of the 6 upwelling centres . 
The Specific Ekman Flux (Fig . 7 .3a) is a measure of relative wind transport 
and shows that, in 1992. there was a visible difference in wind transport 
between the three northerly centres (CF, WB and lZ) and the southerly 
group (NO, CC and CPl . This difference is accentuated when the actual 
Ekman flux (including the upwelling base length scale) is computed 
Figs. 7.3b and 7 .3c. The upwelling flux at the luderitz centre is the largest. 
This indicates that during ENSO conditions sharp differences in upwelling flux 
result between the northern and southern halves of the Benguela System. 
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Flow 

Polewards 
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Shelf Flow 

Polewards 

Outer !.nner 

. . . 

version of the ('nr,(,p.,"TI 

Surface Flow 

-­
I 
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I 
I 
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I 
I I 2.2 
I 
I 
I 
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~ 

146 .....1 
0 

fi: 
Q.) - I -3.0 
u •co 

't:: 
::I 

Cf.l 

47.5 .....1 
I I 0.35 

E 
Q.) 
c 
c3.... 

- • -0.4911.4 

-­--­ -0.36 

with each 
of fluxes _the output the 1992 model run whose 
in 7.6. All the 

fluxes in 
central and northern sectors. 
of magnitude than the 

are I It shows that 
sector are one order of lower than in the 

with the cell are in turn one 



7.4: 

C:N 

Rr 

N-Rr 

ll,C02 

NTACY 

NTALK 

NTC02 

) 

definitions and units 

Non 

concentration between It is 
the NTACY and Org: Ing. 

Given the very low activity of the this is 
usually a very small number and it magnitude on the output may be 
prone to errors even use in other 
uses the 
Total 
of 

A implies a net 
",,",,'''''',,", from the and vice versa for a positive value. 

NTACY definition 
The concomitant which 
defined ) above. From its original =ll,NTACY / 2 



7.3.3 Model Carbon Fluxes 

as the 

Table 7.5: 
are tons C y.1) 

FC02UPW: 

FC02BIO: 

FC02AUW 

as a ~Qln~,r~TQ same (Tables 

Variables: Carbon and units units 

is the total from F SACW or 
to the surface the annual Ekman flux at each upwelling 

centre. Its is the of the Ekman transport volume (FuPw) 
and the NTC02 concentration the appropriate upwelling 
centre. 

taken up the . driven new 
centre. total organic 
two fractions of particulate carbon 

The TOC component is calculated from the 
* C:N. That is the N03 ' concentration taken up from 

waters (usually the final N03 ' is 0) and the N which for a 
centre characterises the relative CO2 and N03 ' after 

waters outcrop. The is defined to 
sU<Joelste!d in Chapter 6; N03 ' .. Rr ; The product of the total 

uUlake and the Redfield Ratio which follows the standard definition 
of new 
character 
between 

The DOC which has a nitrogen depleted 
tni...hinm",tnl N-Rr is calculated as the 

flux in aged upwelled water is the total dissolved CO2 in 
the surface waters after the main blooms which time the 

has also 18°C of the 
System. The magnitude of this flux is given by the 

=FAUW * NTC02 : which is the Ekman volume flux and the total 
dissolved CO2 remaining in AUW the fraction has been removed. 

in the equatorward surface flow of old upwelled waters is 
the Droduct: .. NTC02: that is the 

The CO2 flux across the Air ­
\.J,",'~"U ::: FC02AUW ­

of CO2 in aged upwelled waters 
waters equilibrated with 

centre and its total dissolved 
which in this modelling 

was 1 and the 

will be ingassing to a magnitude given by the difference. 
true. In this model the FC02AS 
and a positive sign flux. 
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Net air-sea C02 Fluxes in the 
and without DOC: 1992 

S.OOE+06 ... 4.00E+06 +DOC:::.. 3.00E+06
0 
III 2.00E+06 
C 1.00E+0610 
I ­ O.OOE+OO 
i( -1.00E+06::I 
u: -2.00E+06 

S -3.00E+06 
No DOC 

-S.OOE+06 
0 -4.00E+06 

0 ::e I:; z 0 o o o -I 
'TI £) 0 "C 'TI om ~ St,:e '(:!m ~ "C 

Net air-sea C02 in the System 
with (shaded) and without DOC: 1994 

S.OOE+06 ... 4. OOE+06 +DOC •:::.. 3.00E+06
0 
III 2.00E+06 
c 1.00E+06 
I ­
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O.OOE+OO 
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b: Two plots the net air - sea flux of C02 
in the Benguela for the 1992 and 1994 winds. 

are shown at each individual upwelling 
combined for each of the 3 sectors and as a total 

Two extreme scenarios are for each year: No DOC assumes that n 
of the DOC is re-oxidized to C02 and (shaded) assumes 
that 100% of DOC is oxidised. It shows the extent to which 

and oxuidation the C02 
source - sink behaviour of the 
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Net air-sea C02 Fluxes in the System 
C02 + 30% DOC: 1992 

(') ::E ~ z (') (') (') r­ (') -I 

" I:D tJ (') " "'1'1 N (') ~+ + +
::E z (') ):10 
I:D tJ " r-

in the Benguela 
+ 30% DOC: 

S.OE+6 i 
.... 
>. 
u 
III
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The net air - sea fluxes in the 
""'''..PI.... ,..'... rr."....' .... for a 30% oxidation of the DOC fraction 
the organic carbon flux. It shows that the 
a net sink in both 1992 and 1994. It the 
of the Luderitz upwelling cell in offsetting the 
of the Walvis Bav centre. 
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these extreme scenarios on the potential role of DOC need to be constrained 

further to provide a more realistic estimate of their impact on CO2 fluxes. The 

estimated range of the CO2 source - sink variability in the Benguela System ( 

± 4'10· tons e y" ) provided by the model has to be narrowed by making use 

of existing insights into the diagenesis of DOC in the ocean. This was done 

by applying the ocean average of 30% remineralization of DOC as being a 

first order estimate of the proportion of DOC which is oxidised to CO2 

(Sondergaard and Middelboe, 1995). 

The box model output was recalculated using this value and the graphic 

output is depicted in Figs. 7.7a and 7.7b for the 1992 and 1994 runs. The 

numerical magnitudes are shown in Tables 7.6 and 7.7. The net effect on the 

Benguela System as a whole (TOTAL) was to maintain a net CO2 sink of 

1.47'10· tons e y" in 1992 and 0.35' 10· tons e y" in 1994. In both years 

there is a coherence in the net CO2 fluxes within each sector where the 

northern sector is a net CO2 source whereas both the central and southern 

sectors are net sinks (Figs. 7.7a and 7.7b) . As before, the main single CO2 

sink is the Luderitz cell whose magnitude is still one order of magnitude larger 

than the southern Benguela System sinks (ee and ep) . This confirms that 

its variability largely determines the CO2 sink behaviour of the Benguela 

System. 

Overall, the Benguela System can be considered to be a marginal CO2 sink 

with the magnitude of the air - sea flux being largely determined by the 

meridional distribution of wind stress. Because of the dominance of the 

Luderitz cell, the more the wind stress favours the northern half of the 

Benguela System the greater the CO2 ingassing and sink potential. This 

character is different to the sustained CO2 outgassing which characterises 

open ocean upwelling in both the Pacijic and Atlantic equatorial oceans 

(Watson, 1995). Relative to global CO2 air - sea fluxes the magnitudes of the 

net CO2 fluxes in the Benguela System (- 0.35 to -1.47' 10· tons e y" ) are 

very small. In the context of the estimated magnitude of the "missing carbon" 
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Figs.7.8a,b The magnitude of the POC and DOC (shaded) fluxes from each 
upwelling centre, each sector and total of the Benguela System in 1992 and 
1994. It shows that in both the central and southern sectors that the 
POC and DOC fluxes are comparable. Luderitz is again the source of the 
larges fluxes and the southern sector the smallest contributor to the total. 
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The modelled and measured organic carbon fluxes through Benguela System 

are now critically discussed in order to define their magnitudes and to assess 

the reliability of the model predictions. 

Comparison of model and field based organic carbon fluxes: 

The Benguela System has historically been viewed as a 2 sector system 

(Northern and Southern Benguela) divided by the intense Luderitz upwelling 

cell which forms an environmental boundary between the Northern and 

Southern Benguela System (Shannon and Nelson, 1996). The difficulty 

which arises in a comparative exercise using spatially and temporally 

averaged historical production and biomass data (Table 7.Sa) is that those 

were done on the basis of a 2 sector Benguela System (Shannon and 

Nelson. 1996). The boundary of the two sector system is taken to be at the 

Orange river which locates the important Luderitz cell in the northern sector. 

This does not allow the 3 sector approach adopted in this study to be easily 

compared with existing published data (Table 7.Sa). For the purposes of such 

a comparison the modelled data is redefined for a 2 sector Benguela System 

where the organic carbon fluxes from CF, WB and LZ are grouped into the 

northern sub-system and the NQ. CC and CP are grouped into the southern 

sub-system. (Table 7.Sb). All references to nonthern and southern 

Benguela SUb-systems below imply the use of a 2 sector approach and 

not the 3 sector system proposed In this study. The spatially and 

temporally averaged historical data from the northern and southern sub­

systems of the Benguela show that while there is little difference in total 

production between the two sectors (77'10' vs 76'10' tons Cy" respectively) 

(Table 7 .Sa) the northern sector (2 .6'10' tons C) accounts SO% of the total 

phytoplankton biomass. The elevated phytoplankton biomass in the northern 
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Table 7.8a: A Table showing a range of typical published biological parameters from both 
the Benguela and Peruvian systems. These values emphasise the higher rates of new production 
in the Peruvian system relative 10 the Benguela. It also shows Ihat although the lotal production ( Ions C y-1) 
in the northern and southern Benguela sub-systems are comparable, the former accounls for 80% of Ihe lolal biomass 

(2.6E+06tons C). This is supported by the higher f-ratio in the northern sub-system 


PhysIcal and production parameters for the Benguela and Peruvian systems 

Sub-System Upwelling Prodcn Prodcn I-Ratio Biomass Araa Total Prodcn PB 
Flux (Sv) Total N_ laraa Biomass Total (TPI 

gCm-2d-1 gCm-2 m2 (tons C) tons C y-1 

Northern 1.1 0.16 0.35 14.3 179.0E+9 2.6E+6 77.4E+6 0.07 

Southern 3.5 0.3 -1.9 0.2 6.45 104.0E+9 670.0E+3 76.4E+6 0.54 

Peru 3.3 2.3 - 5.7 0.8·2.4 0.5 20- 40 0.49 

Table 7.8b: Model results which are comparable to Ihe values in Table 7.8a. 
They show Ihallhe lolal modelled carbon (POC) export flux is 13.6 million 
tons C y-1 but Ihatthe DOC production makes a significanl contribution 10 
the lotal value of new production (TOC). The f-ralios are lower than the 
measured values. (see text for discussion) 

Model Based Organic Carbon Fluxes in the Benguela System 

(Average of 1992 and 1994 model runs) 

Sub-System 	 Ekman POC DOC TOC f·Ratio 
Flux 
Sv tons C y-1 tons C y-1 tons C y-1 POCITP 

Northern 
Benguela 1.10 11.7E+6 5.2E+6 16.9E+6 0.15 
Southern 
Benguela 0.16 1.9E+6 2.7E+6 4.6E+6 0.02 

Total 	 13.6E+6 7.9E+6 21.5E+6 
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Carbon Fluxes Through the Northern Benguela System 

Atmosphere 1.95 0.39 ................................................ 

IN-TC02 1271 -I 77 1254 _IOUT-TC 

30% 

TOC 
5.2 DOC 

Deep Water 
11.7 

FISH 
0.358.6 

ZOOpac 

3.1 I... 130% 

2.6 

Fig. 7.9: The biological carbon fluxes through the northern Benguela sub-system which 
using the convensional boundaries of the system includes the Cape Frio, Walvis Bay and 
Luderitz upwelling cells. The values are averages of the fluxes calculated from both the 1992 
and 1994 model runs. It shows that when the post bloom surface water TC02 is corrected for 
a 30% remineralization of DOC the net ingassing flux of CO2 from the atmosphere reduces 
from 1.95 to 0.39 milion tons carbon I year. (see text for discussion) 



Carbon Fluxes Through the Southern Benguela System 

Atmosphere 1.33 0.52 
•••• I I •• , •• I •• , ••••••• t • I ••• • II' ••••• 1.1" II 

IN-TC02 -TC02 

22 20.4 

4.6 

30% 

TOC 2.7 DOC 

Deep Water 

1.9 

1.7 0.17 
POC ZOO FISH 

0.2 I... 130% 

0.5 

87% 

13% 

BURIAL 
0.09 

Fig. 7.10: The biological carbon fluxes through the southern Benguela sub-system which 
using the conventional boundaries of the system includes the Namaqua, Cape Columbine and 
Cape Peninsula upwelling cells. The values are averages of the fluxes calculated from both 
the 1992 and 1994 model runs. It shows that when the post bloom surface water TC02 is 
corrected for a 30% remineralization of DOC the net ingassing flux of CO2 from the 
atmosphere reduces from 1.33 to 0.52 milion tons carbon / year. This makes the net CO2 

ingassing fluxes of the southern and northern sUb-systems comparable despite much larger 
biological fluxes being associated with the northern sub-system. The reason is the much 
higher sub-surface remineralization flux in the northern sub-system. In the southern sub­
system zooplankton fecal pellet flux (0.5) is suggested to make a larger contribution to the 
sedimentation flux than the phytoplankton detrital (POC) flux (0.2). (see text for discussion) 
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Secondly, the physical dynamics of the BBl which are poorly understood in 

all upwelling systems (lenz and Trowbridge. 1991) are likely in the future be 

shown to be a key factor in governing the rate and location of organic carbon 

burial in sediments . The BBl dynamics are suggested to control the 

efficiency of burial through their impact on resuspension of sediments, the 

transport of a nepheloid layer which will spread the organic particles over the 

shelf or carry them off the shelf onto the slope area and through the 

ventilation rates of the sediments which impact on their redox character and 

oxidation rates. Thirdly, the proposed idea of massively pulsed production 

which overcomes the short term capacity of the system to re-mineralize it 

(Summerhayes, 1983). The fact that the northern sub-system appears to be 

characterised by a relatively efficient burial mechanism does not mean that 

other systems such as the Peruvian or NW African ones are less effective. It 

may simply be a question of whether the burial occurs on or off the shelf. Off 

NW Africa for example the sediments are largely characterised by coarser 

sand particles compared to the muds on the Namibian shelf (Rogers and 

Bremner, 1991). It is possible that in the former the sedimentation fiux is 

carried off the shelf by stronger BBl turbulent fiow and deposited on the 

slope. This aspect of the Benguela System is completely unknown but it is 

predicted that the sites where inner shelf water is advected off the shelf ("gate 

sites") are prime areas to locate such slope deposits. This makes it 

necessary to study the problem of burial in a holistic way and extend the 

spatial scale of sampling to include the shelf and slope areas particularly in 

areas where the poleward fiow is directed off the shelf. 

The Southern Benguela SUb-System (NQ, CC, CP) 

The carbon fiux pathways for the southern Benguela sub-system were 

structured in an identical manner to that of the northern sub-system 

(Fig.7.10). This carbon fiow diagram emphasises the contrasts between the 

two SUb-systems. In the southern sub-system, the magnitude of total 

production is almost identical to the northern SUb-system value of 76. This 

indicates that primary production turns the entire surface layer [Sl-TC02) 

http:Fig.7.10
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(adopted in all standard runs) to 10: 1 C"",: C'''Il stoichiometry. That is, giving 

the C'og pump a small (10%) but realistic and significant role. This 

stoichiometry is a compromise between what is expected from large bloom 

events where Co,. : C'og is - 1: 1 (Robertson et al 1994) and its low level pico­

plankton activity. The summarized output fluxes of the run are shown in 

Table 7.9. Like all perturbation runs its inputs are based on the 1992 wind 

data set. It shows that the effect of a 10: 1 stoichiometry corrected for a 30% 

DOC remineralization is to reduce the CO, ingassing flux by an order of 

magnitude from the standard 1992 magnitude of -1.5"10' tons C y"' to-

3.77"105 tons C y"'. The reduction of the ingassing flux is consistent with the 

fact that CaC03 deposition leads to an increase in the PCO, (see Chapter 3) 

which reduces the air - sea gradient and consequently the in gassing flux. 

The lack of knowledge about the ecological dynamics of coccolrthophores 

particularly Emiliania huxlei is being addressed in the context its recognized 

importance in of global carbon flux (Westbroek et aI1993). Similarly, not 

enough is known to predict how coccolithophores in the Benguela System will 

respond to cl imate change and alter the Co.,: Clog stoichiometry. However, it 

is speculated that given that coccolithophores are part of the nanno/pico 

plankton ecology they are subject to similar turbulence driven seeding and 

blooming constraints (see Chapter 1). This is supported by the increased 

incidence of coccolithophore blooms during EI Nino periods when there is a 

decreased wind activity especially in the southern Benguela System. Given 

this, it is suggested that if global warming increases coastal equatorward wind 

activity as predicted by Bakun, 1990 that this will further depress 

coccolithophore activity in the Benguela System. 

The significance of this relationship with turbulence is that the factor which 

enhances coccolithophore activity, reduced wind induced turbulence, 

decreases new production rates and vice versa. Thus, the impact of a 10:1 

stoichiometry on CO, fluxes predicted by the model will be an underestimate 

because under such a scenario there would have been a similar decrease in 
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Net air-sea C02 Fluxes in the Benguela System 

C02 + 30% DOC: 1992 
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Figs. 8.1 a,b: The net air - sea C02 fluxes in the Benguela 
system corrected for a 30% oxidation of the DOC fraction of 
the organic carbon flux. It shows that the system remains 
a net C02 sink in both 1992 and 1994. It emphasises the importance 
of the Luderitz upwelling cell in offsetting the C02 source character 
of the Walvis Bay centre. 
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