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ABSTRACT

The aim of this study was to quantitatively investigate the mechanisms which
drive carbon fluxes in an eastern boundary coastal upwelling system of which
the Benguela is one of four comparable examples in the world. Three

hypotheses describe the way the key aspects of the problem:

« The Benguela upwelling system is, by virtue of its high primary production
and sediment organic carbon accumulation rates, an important CO, sink.

» The carbon export flux and the magnitude of the CO, sink in the Benguela
System can be predicted from the C:N stoichiometry provided by the
Redfield Ratio.

» The inorganic carbon pump through coccolithophore production plays a
minimal role in driving changes to the magnitude of both the carbon export

flux and the air - sea CO, flux in the Benguela System

Carbon and nitrogen bulk water concentrations together with relevant physical
parameters were measured along three transects which spanned the
Benguela System defining the physical and biogeochemical characteristics of
waters at the key stages of the upwelling cycle. The carbonate chemical
system is characterized using Total Alkalinity and pH as master variables
measured using the potentiometric Gran titration technique and pH on the

NBS scale. This methodology provides an estimated uncertainty in the
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Chapter 1

1. Introduction: Carbon Fluxes in the Global Ocean and the
Benguela Upwelling System : an Overview

1.1 Statement of the Problem and Background

Global concerns about observed and predicted anthropogenically driven
increases in atmospheric CO, are largely motivated by its uncertain feedback
on climate through the Greenhouse effect (Mitchell, 1989; IPCC, 1990;
Keeling and Whorf, 1994; IPCC, 1996). The potential socio-economic risks
associated with climate change have recently been perceived to be serious
enough to enter the global political agenda (IPCC, 1990; IPCC, 1896). These
include inter alia: changes in rainfall patterns and their impact on agriculture,
increases in sea level and their impact on coastal infrastructure, changes in
the characteristics of winds and heating and their impact on global circulation,
regional circulation and coastal fisheries (IPCC, 1990; Hsieh and Boer, 1992;
Rhamstorf, 1994; Denman et al., 1996; IPCC, 1996; Melillo et al,, 1996). The
atmospheric CO; inventory has increased by 28% from its pre-industrial (mid-
18th century) levels of pCO2 ~ 280 patm to present levels of 358 - 360patm
(Keeling and Whort, 1994). While natural CO, variability is a well known
phenomenon, at no other time in the quaternary has the rate of increase (-0.3
uatm y-1) and projected end values (1500 patm by 2100) been so high (Neftel
et al., 1985; Barnola et al., 1987; Barnola et al., 1895). The scale of the
anthropogenic perturbation is put into perspective by comparison to simulated
extremes of natural perturbations. Models predict that if the ocean operated a
100% efficient biclogical pump, atmospheric pCO2 would drop to 160 patm
while at the other extreme, in an abiotic “Strangelove” ocean pCO2 is

expected to increase to only 450patm (Siegenthaler and Sarmiento, 1993).
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Two aspects of anthropogenically driven climate change were instrumental in

catalysing a new approach to its understanding and predictive modelling:

« Firstly, it was no longer a local or regional problem as had been the case
with most pollution issues. It had become a global one, both in respect of
the forcing factors (fossil fuel emissions and land use changes), as well as
in the response (biosphere research and improvements in the efficiency of
energy usage).

« Secondly, due to the complexity of not only the physical and
biogeochemical mechanisms but also their temporal and spatial scales of
interaction, the solution required a radical shift in approach. It had to rely
less on the deterministic - empirical and uni-disciplinary approaches which
had characterized many oceanographic and pollution studies up to the mid
70’s and more on integrated approaches from the planning to the
modelling and interpretation phases. However, the key aspect to this
integrated strategy is the development of quantitative models which could
be used to not only organize relevant issues, but also serve as a platform
from which to plan sampling strategies and provide some predictive

capability.

The initial contribution of the international marine science community was the
Joint Global Ocean Flux Study (JGOFS) programme and the physically
orientated World Ocean Circulation Experiment (WOCE) (JGOFS, 1990;
JGOFS 1992). These aimed to formulate and execute co-ordinated global
scale sampling programmes which could address the need for constraining of

physical and biogeochemical dynamic models outputs and predictions.

Concerns about anthropogenicaliy driven global warming are not new. The
issue entered the domain of environmental science the 1930’s as a result of
the above average warming experienced between 1925 - 1835 (Callendar,

1938; Hansen and Lebedeff, 1988). Subsequent cooling from the 1940’s to




early 1960’s diminished scientific interest on the problem until the late 1850's
- early 1960’s when the first results from the atmospheric CO, monitoring at
Mauna Loa began to indicate the increasing CO, trend (Callendar, 1958;
Keeling, 1960). By then pioneering carbon budget geochemical box models
(Revelle and Suess, 1857) started to show that the oceans couid have an
important role in governing the dynamics of CO, in the atmosphere. These
modelling attempts were limited by the lack of oceanographic data required to
constrain their outputs. This served as a prime motivation for the GEOSECS
sampling programme which aimed at not only providing the required data
coverage but also to improve the accuracy and precision of sampling and

analytical methods (Broecker and Peng, 1982).

The problem of global warming and its association to anthropogenic
emissions of CO, re-surfaced when once again global mean temperatures
were on a rapid increase rate reaching new high end records through the
whole decade of the 1880’s (Hansen and Lebedeff, 18868; IPCC, 1980). By
the time the issue of anthropogenically driven climate change was once again
highlighted in the developed world’s scientific and political arena in the mid-

1980’s, the following factors in the marine science community had converged:

» sampling techniques in sea water had expanded the spatial (remote
sensing) and temporal ( monitoring moorings ) resolution of the data sets
and analytical techniques improved in accuracy, precision and detection
limits to allow measurement of very small changes in biogeochemical
parameters. This applied particularly to CO, parameters for which
changes of 1uM for TCO, and 1patm for PCO, could be achieved,
allowing interannual changes to be rescived with greater certainty
(Johnson et al., 1987; Dickson, 1994).

» remote sensing had become a scientific tool which allowed the very
serious obstacle of instantaneous regional and basin scale CO, variability
to be addressed both in the physical ( temperature and winds ) (Gower,

1981; Etcheto et al., 1991) and bicgeochemical (ocean colour ) domains




(Platt and Sathyendranath, 1988; Aiken et af., 1992; Balch and Byrne,
1894).

« understanding CO, variability in terms of underlying physical and
biogeochemical mechanisms and their forcing - response scales had
expanded dramatically which formed the basis for the development of the
modelling capacity ( box to dynamic medels ) and, coupled to it,

» the increase in relatively cheap processing power had rendered model
simulation a much more accessible day to day tool for individuals and
groups. This afforded a more coherent design of sampling strategies
(spatial and temporal scales) as well as a more rigorous hypothesis testing
mechanism. It also made data communication on a global scale
instantaneous and the mass storage and access to collective data sets

possible.

The JGOFS programme which evelved out of the need to understand the
natural mechanisms which govern the rates of atmospheric CO, increase,
took an open ocean focus on the basis that the largest CO, reservoirs and
fluxes were on that ocean scale (JGOFS, 1990; Ducklow, 1995). The view
held that small changes in the large open ocean fluxes of CO, could impact
on the net air - sea fluxes. This strategic approach has biased much of the
sampling and modelling effort towards the assumption that the variability of
CO, fluxes is driven by the “solubility pump”. Recently, there has been an
increasing awareness that the ocean margins with their greater rates of new
production might play a significant role in both short term and long term CO,
dynamics (Brink ef al.,, 1995; Hutchings et al., 1995; Summerhayes et al.,
1995). The long term role was emphasised by the view that the intensification
of the biological pump in glacial periods occurred mainly at the ocean margins
(Berger et al., 1983). This applies particularly to coastal upwelling systems

such as the Benguela System which is the focus of this study.




1.2 CO, Variability and Fluxes in the Global Ocean System

The natural variability in the magnitude of the atmospheric CO, reservoir is a
well measured phenomenon whether as a result of tectonic activity at the
Permo-Triassic boundary 250 My (Thackeray et af., 1990), planetary orbital
forcing time scales of 10,000 - 100,000 y (; Barnola et al., 1995) or El Nino
events of < 10 years (Siegenthaler, 1980). Recent (< 200,000y BP) variability
ot CO, measured from the Vostok ice care appears to constrain the range of
natural pCO2 variability to 175 - 300 uatm (Barnola et al., 1987). This has
been subsequently confirmed by other high resolution ice core measurements
(Neftel et al., 1985; Etheridge et al., 1993; Barnola et al., 1995). Fossil fuel
emissions since the industrial revolution have been increasing the CO,
inventory of the atmosphere at a rate > 0.25 patm y-1 (Barnola et al., 1995).
A comparable “rapid” natural rate of increase is 2 orders of magnitude lower
(Barnola et al., 1995). This contrast is emphasised by the composite plot of
the data sets from the Vostok ice core (160,000 - 4000 BP) (Barnola et al.,
1994), Sipple ice core (1734 - 1953) (Neftel et a/., 1994) and the
contemporary Mauna Loa record (1958 - Present) (Keeling and Whorf, 1934)
(Fig. 1.1). The anthropogenic input dominated mainly by fossil fuel
combustion (IPCC, 1996) has increased the magnitude of the atmospheric
CO, reservoir by ~25% from 600 - 750 Gt C (Giga Tons = 10° tons) which
corresponds to a pCO2 increase from 278 - 360 patm in the same pericd.
This measured increase in atmospheric CO, accounts for approximately 50%
of all anthropogenic CO, emissions with the balance being taken up by the
terrestrial biosphere and the oceans (Siegenthaler and Sarmiento, 1993). An
annual CO, budget based on the CO, emissions in the decade 1980-89 is
shown on Table 1.1 (Siegenthaler and Sarmiento, 1993). It highlights the
tollowing three issues:
« the degree of uncertainty (0.6 - 25 Gt C y'') in CO, emissions from land
use changes.

= the magnitude of the oceanic sink ~ 2 Gt C a
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The magnitude and direction of the air - sea CO, flux is governed by the

biogeochemically driven pCO2 - PCO, gradient and the physical wind driven

transfer velocity (Liss and Merlivat, 1986; Wanninkhof, 1992; Farmer et al.,

1993). The biogeochemically driven PCO, gradient is in turn, driven by the

transport of carbon out of the surface layer into intermediate and deep waters.

The conventional view is that this transport is mediated by 2 “pumps”:

&

the physically driven solubility pump which is driven by the combination
of increased CO, solubility in cool sub-polar and polar waters coupled
with the subduction of these waters into the intermediate ( Antarctic
Intermediate Waters (AAIW), Central Waters (SACW) and deep ( NADW)
oceanic depths (Volk and Hoeffert, 1985; Reid, 1989). This mechanism
for the drawdown of atmospheric CO, drives the largest CO; sink pathway
(~90 Gt Cy") (Siegenthaler and Sarmiento, 1993).

The biological pump transports CO, and CO5> against the ocean water
column gradient, maintaining the observed relative TCO, depletion at the
surface and enrichment in the deep (Broecker and Peng, 1982; Volk and
Hoeffert, 1985; Longhurst and Harrison, 1989). The biological pump is
generally divided into two further pumps (Volk and Hoeffert, 1985;
L.onghurst and Harrison, 1989): the organic carbon pump, also referred
to as the carbon export flux, mediates the vertical transport of carbon
(POC). lts magnitude is considered to approximate closely with temporally
integrated new production (Eppley and Peterson, 1979; Platt et al., 1989).
The inorganic carbon pump mediates the transport of carbon (PIC)
generated by coccolithophore activity across the permanent pycnocline
(Honjo, 1976; Volk and Hoeffert, 1985; Fernandez et al., 1993; Westbroek
etal, 1993). In the intermediate, deep or benthic domains these
particulate fluxes are remineralized or accumulated and buried (Berner,
1982; Broecker and Peng, 1982). The biological pump has been
suggested to contribute a flux of 10 Gt C y' or approximately 10% of the
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total carbon transport (sum of solubility and biological pumps) from the

surface to the deep ocean (Siegenthaler and Sarmiento, 1983).

One of the anomalies which characterizes existing “carbon pump” formalism
is that it does not easily accommodate the important DOC export flux
(Farrington. 1992 ; Hedges, 1992; Ducklow, 1995; Guo et al., 1995;
Sondergaard and Middelboe, 1995). Although DOC is strictly speaking a
product of the biological pump, its transport from the surface to the deep
water domains is physically mediated by turbulent diffusion or subduction
(King and Devol, 1979; Gargett, 1984). A simpler formalism may assist in

conceptually defining each of the fluxes more precisely.

It is suggested that “pump” categories be defined firstly, in terms of common
transport mechanisms ( sedimentation of particulates or turbulent diffusion
and advection of dissolved fractions) and secondly, in terms of organic or
inorganic synthesis pathways. The particulate pump (PP) would comprise
both the particulate organic carbon (POC) and the particulate inorganic
carbon (PIC ) export fluxes. The dissolved pump (DP) would comprise both
the dissolved inorganic carbon ( TCO, ) and the dissolved organic carbon
(DOC) export fluxes. In this instance, the dissolved inorganic carbon flux

corresponds to the “solubility pump”.

In most global carbon flux modelling the biological pump is maintained as a
constant unchanging turnover or completely ignored (Siegenthaler and
Sarmiento, 1993; Taylor, 1995). Such an approach does not reflect an
important characteristic of solubility and biological pumps in the ocean: their
heterogeneity. Because of differences in their key forcing mechanisms the
solubility and biological pumps are concentrated in a spatially heterogeneous
way. The solubility pump activity is primarily focused in areas where
subduction of cold polar or sub-polar waters occurs (Keeling, 19€8;
Takahashi, 1989; Tans et al., 1990; Taylor, 1995). The biological pump

intensifies in the vicinity of coastal upwelling areas where critical forcing
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factors of nutrient supply, light and phytoplankion seeding converge. These
conditions sustain production in open ocean upwelling systems or generate
synoptic scale blooms in coastal upwelling systems. The spatial separation is
clearly seen in the contrast between Fig. 1.3a (Takahashi, 1983) which
reflects the impact of the solubility pump on surface PCO, and Fig.1.3b which
reflects the distribution of the activity of phytoplankton production. The first,
shows the CO, deficit or ingassing areas, where the flux < 0, as being
primarily around the sub - polar seas where cooling and subduction occurs
(Southern Ocean and North Atlantic ). Conversely, the biological pump is
concentrated in areas where upwelling is the dominant advective process
(Fig. 1.3 b) along the coastal margins and the equatorial and polar upwelling
systems. The long term effects of the intensification of the biological pump in
upwelling systems is supported by the distribution of organic rich sediments

where burial of new production is concentrated (Fig. 1.4).

in respect of CO, drawdown fluxes the aspect of total production which is of
primary concern, particularly in upwellling areas, is NO; driven new
production (Dugdale and Goering, 1967; Eppley and Peterson, 1979; Platt et |
al., 1989; Ducklow, 1995) which drives the carbon export flux from the surface
domain. This link between intensity of the biological pump and upwelling is
important in the context of global change because it makes the biological
pump and its predicted impact on carbon fluxes particularly susceptible to

expected changes in wind intensity and wind regimes.

The global distribution of new production in respect of different oceanic
(upwelling and non-upwelling) regimes is shown on Table 1.2 which was
adapted from Chavez and Toggweiler, 1995. It shows that upwelling systems
(coastal and open ocean), which account for 40% of the ocean area,
contribute 67% of the total new production. This increases to 80% if the
estuarine contribution to ocean new production is excluded. Although there
has been an increase in the research effort in upwelling systems, particularly

open ocean systems, the biological pump is widely seen and modeiled to be a
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1.3 Carbon Fluxes and Open Ocean Upwelling Systems

As was shown in Table 1.2 upwelling systems fall into two broad categories:

» open ocean systems, which include equatorial (mainly Pacific and Atlantic
5°N - 5°S), Southern Ocean and Pacific sub arctic gyre and

» secondly, the coastal upwelling which include the 4 major eastern
boundary systems, the western boundary currents and monscon systems.
It should be noted that upwelling associated with western boundary
currents is not primarily wind driven by caused by dynamic upwelling
(Angel ef al., 1995; Summerhayes et al., 1995) favourable winds may

assist to get the relatively shallow thermocline into the euphotic zone.

Open ocean upwelling of 97 Sv (Table 1.2) accounts for the bulk (76%) of all
wind driven upwelling (excludes western boundary upwelling 20 Sv) and its
importance in gicbal exchange between the intermediate - deep and surface
ocean is underpinned by its close agreement with the magnitude of 100 Sv
attributed to total upwelling in global flux models (Watson, 1995). The
discrepancy between the sum of all upwelling fluxes (147 Sv: Table 1.2) and
the global vertical exchange flux of 100 Sv used in models (Watson, 1995)
emphasises the extent to which global scale modelling studies exclude the
important coastal upwelling component which amounts to 24% of the fotal.
This suggests that ignoring the role of coastal upwelling may lead to larger
than expected uncertainties in the global carbon budget. Upwelling in open
ocean systems is driven by a divergent wind stress curl across the equator
and in the southern ocean (Reverdin, 1995). The importance of these water
fluxes is that they not only advect CO, enriched water into the surface layer
but also introduce new nutrients into the euphotic zone which drives new
production (Dugdale and Goering, 1967; Chavez and Toggeweiler, 1985;
Ducklow, 1995). This limits or even reverses CO, outgassing. Estimates of
global new preduction vary quite substantially between the lowest value of 3.4
-4.7 Gt Cy" (Eppley and Peterson, 1979) and 22 Gt Cy"' (Packard et al.,
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1988). It appears that the tendency is for values to be revised upwards but
the higher estimates include an unquantified DOC production and export flux
(Ducklow, 1995). Central to the variability in new production is the issue of
non-Redfield C:N stoichiometry which is thought to be an important co-factor
in DOC production (Sambrotto et al., 1993; Toggweiler, 1993; Duckliow,
1995). Such behaviour has to be explicitly included into sampling
programmes and its effects tested through modelling. The global new
production rate used in this study, 7.2 Gt C y' (Table 1.2) is based on the
estimate by Chavez and Toggweiler, 1995. The contribution of total upwelling
new production (4.8 Gt C y) to global new production is 67% (Chavez and
Toggeweiler, 1995), while the open ocean upwelling contribution to totai
global new production is 40% (Table 1.2). Despite these magnitudes of new
production, open ocean upwelling systems are net CO, sources which in the
case of the equatorial systems contribute approximately 2 Gt C y"' (Pacific ~
0.6 Gt C y") of CO, into the atmosphere (Murray et al., 1994; Chavez and
Smith, 1995; Watson, 1995). Short term changes to the net rates of CO,
exchange between the ocean and the atmosphere have been observed in
association with ENSO events when the equatorial Pacific CO, degassing flux
06GtC y'1 ) is cut-off or reduced (Siegenthaler, 1990). Transient
phenomena are very useful perturbations to help constrain the predicted

magnitudes of the outgassing fluxes (Keeling and Whorf, 1993).

Degassing of CO, occurs in conjunction with persistently observed high
surface nutrients and low chlorophyli {in the equatorial Pacific Chla ~ 0.21
mgm-3 and NO; ~ 5 mmolm-3) (Chavez and Smith, 1995). This suggests
that phytoplankton growth rates in these systems are ecologically constrained
to a slow or delayed utilization of upwelled NO4” which limits annual new
production. {Cullen, 1991; Chavez and Smith, 1995). While a range of
potential mechanisms have been suggested (Cullen, 1981), primary
production in these systems is largely dominated by regenerated production
which has no impact on upwelled CO, because it generates no new biomass

(Dugdale and Goering, 1967). It requires the destruction of biomass to
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recycle both carbon and nitrogen and sustain production. The net effects are
the observed low chiorophyll concentrations, a persistence of non-zero
surface NO5 concentrations and elevated CO, degassing rates due to both
high TCO, and warming and of aged upwelled waters (Watson, 1995).
However, the modest rates of new production characteristic of these systems
is compensated by their total surface area which, as was stated above,

accounts for 70 % of ocean surface (Table 1.2).

in the equatorial Pacific upwelling system, total annual primary production
rates are estimated to average 328 g C m? y™' cf. Coastal systems: California
and Peru: 716 g C m?y"' (Chavez and Smith, 1995), Benguela: 584 g C m™
y‘1 (Brown et al., 1991). These rates are estimated to turnover 3.65 Gt C y'1 in
the equatorial Pacific, and 0.153 Gt C y in the Benguela system. From the
measured NO; flux, the maximum rate of new production, assuming that the
Redfield ratio holds, is 1.3 Gt C y”' yielding an upper limit to the f-Ratio of
0.36 (Chavez and Smith, 1995). The observed average f-Ratic is ~ 0.18
which results in a calculated new production rate and carbon export flux of 50
-70gCm? y' or 0.65 Gt Cy"' (Chavez and Smith, 1995). The export flux
from open ocean new production results in an estimated burial flux of 0.003
Gt C y which is ~ 30% of the total burial of organic carbon of marine origin
only (excludes terrestrially derived organic matter deposited in deltaic fans)
(Berner, 1982).

Open ocean upwelling systems such as the Equatorial Pacific and Atlantic as
well as the Southern Ocean have, because of the strong open ocean focus of
the JGOFS and WOCE programmes benefited from an intense carbon flux
orientated sampling programmes (Ducklow, 1995). This has gone a
substantial way to constraining their contribution to the global carbon budget.
The same cannot be said for coastal systems where a potentially important
contribution to the biclogical pump is supported by the following:

= Productivity rates in coastal upwelling systems are not only higher than in

open ocean systems but also driven by a much higher proportion of new
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production (f-Ratio > 0.2) . This is supported by the observation that they
occupy 1% of the ocean area but contribute 11% of new production
(Chavez and Toggeweiler, 1995).

» In periods of globally enhanced production such as during the glacial
periods this production concentrates particularly along the margins
(Berger et al., 1989) '

» Eastern boundary coastal upwellling systems account for 3.4% of the

annual burial of marine carbon (Berner, 1982)

1.4 Coastal upwelling: the Benguela Upwelling System

The Benguela System is one of 4 major wind driven eastern boundary
upwelling systems including the Humbolt (Peru-Chile) system, the Californian
(California - Oregon) system, and the NW African - Iberian system (Barber
and Smith, 1981). The Arabian sea or Somali system is also an important
coastal upwelling system but it is driven by offshore seasonal SW monsoon
winds rather than the long shore component of equatorward winds (Barber
and Smith, 1981). Coastal upwelling systems have been the subject of
intensive physical, biogeocchemical and ecclogical research over the past two
decades (Barber and Smith, 1981; Richards, 1981; Payne et al., 1987; Payne
et al,, 1992; Hutchings et al, 1995; Summerhayes et al., 1995). The primary
goal of this effort was to understand the foodweb dynamics which give rise to
their lucrative but highly variable fisheries (Crawford, 1987 ; Hutchings, 1982).
The ecological basis for the fact that 50% of the world fish catches come frsm
coastal upwelling systems which occupy 1% of the ocean surface area (see
Table 1.2) was first articulated by (Ryther, 1969) as a hypothesis: the very
productive fisheries in coastal upwelling systems were supported by a short
and efficient food chain (1.5 trophic levels) linking elevated production and
biomass of large diatoms directly to mostly phytophagous pelagic fish. This
hypothesis stimulated a change in the approach to research in upwelling

systems from a largely descriptive one to a more mechanistic emphasis
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(Barber and Smith, 1981). Recent research in the Benguela System has both
followed this general shift and pioneered new perspectives on the dynamics
of upwelling systems (Payne et al., 1987; Payne et al., 1992; Shannon and
Nelson, 1996). This work was co-ordinated by the Benguela Ecology
Programme (BEP) (Siegfried and Field, 1981) and its precursors the Kelp Bed
Programme (Field et al., 1981) and the Cape Upwelling Experiment
(Shannon, 1985). These recent developments are now overviewed with the

objective of setting the scientific background into which this study fits.

1.4.1 Physical Characteristics

The physical characteristics of the Benguela System are central to

understanding and modelling of carbon fluxes for two main reasons:

« NOj; which supports phytoplankton production is supplied by wind driven
advection of South Atlantic Central Water (SACW) which outcrops at
various upwelling centres (Andrews and Hutchings, 1980; Brown and
Hutchings. 1987a ) and,

« phytoplankton dynamics (seeding, succession and growth are governed
by the characteristics (frequency, strength and persistence ) of wind

induced turbulence (Hutchings et al., 1995).

The aim of this study is not to describe the oceanography of the Benguela
System but rather to focus on those features which are relevant to carbon flux
modelling. However, a brief historical overview of the development of

oceanographic insight is appropriate.

Although the earliest dedicated oceanographic work in the Benguela System
was done by (Defant, 1936), the modern oceanographic era started with the
pioneering work of Hart and Currie in the 1950’s which is reported in (Currie,

1953; Hart and Currie, 1960). This work set out an advective framework for




23

the Benguela System which, only recently, with the advent of high resolution
monitoring of spatial and tempaoral variability has been slightly adjusted.
These earlier studies established that the Benguela System was driven by
pulsed equatorward winds. This forcing upwelled SACW from 200-300m
through Ekman transport while at the same time generating an equatorward
barctropic shelf current and a poleward slope resident compensation current
(Currie, 1953; Hart and Currie, 1960). The next major advance was the
understanding of the dynamics of mesoscale features which characterized
frontal zones (Bang, 1973; Bang and Andrews, 1974). Such was the
contribution of these earlier studies that recent, and widely quoted {Barange,
Pillar, and Hutchings. 1992 ; Summerhayes et al., 1995; Shannon and
Nelson, 1996) conceptual re-interpretation of frontal characteristics in the
Benguela System from (Barange and Pillar, 1992) have not added any new
insights. The period between 1975 and the end of the 1980’s decade was
characterized by technologically driven advances in the dynamics of the
Benguela System. The use of remote sensing (Shannon et al., 1985) and
autonomous current meter - temperature moorings (Nelson, 1989) allowed
the scales of spatial and temporal variability to be defined. The most
important outcome of these advances was a better understanding of the
coupling dynamics between physical forcing and biological response
specifically by phytoplankton. Primary production is the key component in
carbon flux measurement and modelling. This most recent work is
overviewed in (Nelson and Hutchings, 1983; ; Shannon and Nelson, 1996}
where, from the advection perspective, the most important advance was the
magnitude of the sub-surface poleward flow across the shelf (Neison, 1989;
Shannon and Nelson, 1996). Much of the recent work, especially that which
focused on frontal dynamics provided the basis to define the system’s spatial
boundaries which were adopted as a starting point for this study (Shannon
and Nelson, 1996).







Benguela System Boundaries

The conventionally accepted view on the boundaries of the Benguela System
were examined by (Shannon and Nelson, 1996) and spatially positioned in
Fig. 1.5. The shelf system is divided into two regions: the northern and the
southern Benguela System separated by the Luderitz upwelling centre which
acts as an environmental barrier (Agenbag and Shannon, 1988; Shannon and
Nelson, 1996). The area defined by each region is 104,000 km? and
179,000km? for the southern and northern sectors respectively (Brown et al.,
1891). The northern boundary of the northern Benguela System is the
Angola front with a seasonally driven meridional displacement between 14 -
17 °S (Shannon and Nelson, 1996). Its maximal southward excursion occurs
in the late summer (March) and, typically, extends to a depth of 50m
(Shannon and Nelson, 1996). The southern boundary of the Benguela
System is taken to be either the Agulhas current retroflection area (Shannon
and Nelson, 1996) located at approximately 37 °S or the Cape Peninsula
34°S (Andrews and Hutchings, 1980). The latter was adopted in this study
(Fig. 1.5).

The seaward boundaries of the Benguela System are characterised by
complex meso-scale and synoptic scale dynamics which were recently
overviewed by Shannon and Nelson, 1996. These dynamics make it difficult
to define unambiguously spatially and temporally continuous frontal zones as
system boundaries. For the purposes of this study a simplified approach was
taken akin to the original notions of Hart and Currie, 1960 and recently
revisited by Barange and Pillar, 1892. Two important frontal features define

seaward boundaries of the Benguela System:

« the oceanic front which demarcates the boundary between aged
upwelled water and south - east Atlantic surface water and can therefore
be considered to be the outer boundary of the upwelling system. This

front, first characterised by Hart and Currie, 1960, is closely associated
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with the semi- continuous shelf edge equatorward jet located along the
300-400m bathymetric range which is also sometimes known as the shelf
break front (Shannon and Nelson, 1996). The zonal dynamics of these
fronts have been well described using remote sensing imagery
(Lutieharms and Stockton, 1987 ) and in many instances they cannot be
separated (Shannon and Nelson, 1996). For the purposes of this study
and in line with previous usage (Brown et al., 1991) the outer or westward
boundary of the Benguela System is taken to be the 200m depth contour
which is both convenient and also lies approximately along the mid point
of the zonal excursions of the oceanic front. This provides for a system
divided into two sub-systems, northern and southern, separated by the
Luderitz upwelling cell and with areas of 179,000 and 104,000 km?
respectively (Brown et al., 1991).

» the upwelling fronts which demarcate the boundary between newly
upwelled (cold: 9 - 12°C ) and aged upwelled water (warmed: > 12°C) in
the surface domain are associated closely with the individual upwelling
centres (Lutjeharms and Meeuvis. 1987 ). The 6 main upwelling centres
identified in Shannon and Nelson, 1998, Cape Frio (18 °S ), Walvis Bay
(23°8), Luderitz (27°S), Namaqua (30°S), Cape Columbine (33°S) and
Cape Peninsula (34°S) (Fig. 1.5) were all used in the development of the
box model for the Benguela System (Chapters 4 and 7).

Most of the biogeochemical activity from phytoplankton blooming to CO,
uptake and air - sea fluxes occur closely linked to the turbulence and
advective characteristics of the surface domain between the two frontal
zones. Those are addressed in detail in the context of the Chapter 4 which

deals with physical processes.
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0.16 - 0.3% of the estimated total oceanic annual production (50 - 100*10°
tons C y). The spatial breakdown of annual net primary production and
biomass shows that while the productivity rates in the southern Benguela sub-
system compare well with those in the northern sub-system (77.4*10° tons C
y“ and 76.4*10% tons C y'1 respectively) the biomass in the latter is close to 4
fold higher than in the former (2.6*10° and 0.67*10° tons C respectively)
(Brown et al., 1991). In terms of the Ryther hypothesis that the short food
chain in upwelling systems should operate at 20% efficiency, these total
production values should yield an annual fish production of 111 million tons.
This compares unfavourably with the estimate of 2.5 million tons by
Hutchings, 1992.

As biological production data sets began to reflect more reliable system
averages (Brown et al., 1991) it soon became apparent that the relationship
between fish (9 tons fish km2y™ ~ 2.5 tons C m? y") and phytoplankton (544
tons C km®y™) production in the Benguela System was well below the 20%
efficiency predicted by the Ryther hypothesis. The transfer efficiency of free
energy up the food chain was being limited by factors not addressed by the
Ryther hypothesis and which could also have significant implications for

carbon fluxes.

Recent research into the feeding ecology of anchovy further challenged the
Ryther notions by showing that these fish which comprise the bulk of the
fishery feed primarily on zooplankton (James, 1987). These results which
were further supported by stable isotope measurements (Monteiro et al.,
1990; Sholto-Douglas et al., 1990) showed that trophic dynamics in the
Benguela System were more complex than predicted by Ryther. Not only
were fish occupying higher trophic positions but the carbon flux pathways had
to be modelled as complex webs in which microbial processes were an
important part (Moloney, 1992). It was clear that the size-based trophic
interactions which determined the production and utilization of carbon in the

Benguela System manifested initially at the primary production level
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(Moloney, 1992). Phytoplankton production showed a clear breakdown into a
dominance by large or chain forming cells under upwelling conditions and
conversely, small cells during quiescent periods (Pitcher et al., 1991; Pitcher
etal.,. 1992) . This was consistent with earlier observations in the Peruvian
system (Huntsman et al., 1981) and predictions by Margalef, 1978. This size
based division was closely linked to the concepts of new and regenerated
production (Dugdale and Goering, 1967) and hence the apparently low
trophic efficiency of the system. Measuring and understanding the dynamics
of new production was not only important to modelling trophic efficiency but

also to predicting carbon export flux.

The study of phytoplankton new production dynamics in the Benguela System
developed along two interrelated approaches: the bigphysical interactions
approach focussed on the links between physical forcing and their impact on
adaptive strategies such as seeding and succession (Margalef, 1978;
Garrison, 1981; Huntsman et al,, 1981; Pitcher et al., 1989; Pitcher et al.,
1991; Denman and Gargett, 1995). The biogeochemical approach focussed
on the relationship between the relative supply and uptake of nitrogen ( NOy
and NH," ), the limiting nutrient, and its control on the magnitudes of new and
regenerated production (Dugdale and Goering, 1967; Harrison, 1978; Probyn,
1985; Probyn. 1992 ). Each approach provided an important independent
contribution. The biophysical approach provided the ecological basis for new
production whereas the biogeochemical approach provided a means to
quantify it. The insights derived from these two approaches in respect of CO,
dynamics in the Benguela System are now addressed in further detail starting

with the biogeochemical approach.
The Biogeochemical Approach: Relative NO, uptake rates
The breakthrough in separately quantifying new and regenerated

phytoplankton production was the development of '°N uptake methods
(Dugdale and Goering, 1967; Harrison, 1978; Glibert et al., 1982; Probyn,
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1985). After the notion of NO; limitation, quantifying new and regenerated
production from nitrogen uptake rates marked the next biggest step in
estimating carbon production and export fluxes in coastal upwelling systems.
The measurement and ecological implications of new and regenerated
production in the Benguela system was based on the pioneering work of
Probyn (1985) and subsequent field measurements in the southern (Probyn,
1987; Probyn, 1990) and northern (Probyn, 1988) Benguela system. The
ecological significance of the results, in particular the size based trophic
relationships in the plankton foodweb, was synthesised by Probyn, 1992. The
relationship between physical forcing and new - regenerated production was
synthesised by Hutchings et al., 1995 and Brink et al., 1995. The most
significant outcome of the new production work was the finding that in the
Benguela System the average f-ratio was unexpectedly low compared to
other coastal upwelling systems (Probyn, 1892). The averages for the
northern (0.3) and southern (0.2 in summer and 0.3 in autumn) halves of the
system compare unfavorably with values of 0.5 - 1 for the Californian (Eppley

et al., 1979) and Peruvian (Maclsaac et al., 1985) systems.

Because of its definition, the f-ratio can be used to calculate carbon new
production from the above total net production values. These calculated
values of new production of 23.3*1 0°tons C y"' for the northern sector and a
range of 15.3 - 23.0 * 10° tons C y' for the southern sector and a total of 38.5
- 46.2*10% tons C vy for the whole system. This total is in agreement with the
value of 47*10° tons C y ' calculated from the relationship between integrated
NQOj (0-30m) concentrations and temperature with satelite based SST images
(Waldron and Probyn, 1992). This value represents approximately 0.6% of
the estimated total global ocean new production of 7200*10° tons C y'oré%
of total coastal new production (Table 1.2). This compares well with the fact
that its area (0.28*10'2m?) is approximately 7% of the total area occupied by
coastal upwelling systems (Table 1.2). More recently, a similar calculation
was repeated for the southern Benguela System only, using a time series of

satelite thermal images (Waldron, 1996). This more accurate estimate of
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the uptake rate of NO5 until this nutrient supply is exausted. This “shift up” is
closely linked to the degree of wind induced physical turbulence where high
turbulence favours rapid uptake of NO; and new production and quiescent
conditions favour NH,* uptake and regenerated production. This relationship
between physical forcing and new - regenerated production was effectively
synthesised in a diagramatic form by Probyn in Brink et al., 1995. The
ecological context for these observations is provided by the findings of the

biophysical coupling studies which are briefly overviewed below.

Biophysical Approach: Adaptation Strategies to a Physically Dynamic
System

Recent advances have been made in understanding the links between
physical forcing mechanisms and their impact on seeding and succession of
phytoplankton in the Benguela System (Pitcher et al., 1992 ; Hutchings et al.,
1995). These phytoplankton bloom characteristics are thought to govern the
magnitude and direction of air - sea CO, fluxes over a temporal range of

hours to seasons.

The main physical forcing mechanisms operating at the upper boundary of
the ocean in upwelling systems are the wind and solar heating which together
govern advection and turbulent mixing - stratification characteristics in the
surface layer (see Chapter 4). It is particularly the temporal characteristics
{frequency and strength ) of pulsed wind events which have a direct bearing
on phytoplankton dynamics in the vicinity of upwelling centres (Garrison,
1981: Huntsman et al., 1981; Pitcher et al., 1982 ; Pitcher et al., 1996). Over
and above providing the required nutrient flux, wind induced advection and
turbulent mixing impact on phytoplankton bloom dynamics in two ways: they
govern the phytoplankton seeding mechanism (refuge vs. fugitive ) and
species succession (Hutchings et al., 1995). In so doing they provide the
ecological link between physical forcing and the dominance of new and

regenerated production.
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Seeding

Seeding of upwelled water with phytoplankton can occur through two
mechanisms: with the refuge strategy, resting spores deposited mainly by
diatoms onto the sediments are advected to the surface layer where they
form the pioneer populations of newly upwelled water. Alternatively, with the
fugitive strategy, seeding of newly upwelled water is provided through
surface mixing with aged upwelled water which is already seeded with a
residual population from the previous upwelling event(s) (Huntsman et al.,
1981; Pitcher et a/., 1989; Pitcher, 1990; Hutchings et a/., 1995). The two
mechanisms are adaptive strategies for competition in an environment whose
physical dynamics are pulsed between turbulent and stratified conditions on
synoptic to seasonal time scales. Diatoms are best adapted 1o take
advantage of both strategies which gives them the species dominance in the
context of active upwelling in the Benguela System (Hutchings et al., 1995).
Their ability to form rapidly sinking spores which are also resistant to the
benthic remineralization mechanisms ensures that they maintain a pioneer
status in active upwelling. Small cells (dinoflagellates, small diatoms,
coceolithophores) which typically have slow or negligible sinking rates are
best adapted for quiescent surface layer environments which characterize the
relaxation phase of an upwelling cycle (Hutchings et al,, 1995).. In conditions
of weak upwelling or a relaxation after an upwelling event, aged surface
waters tend to be advected polewards (see Chapter 4) and mix with newly
upwelled waters close to the coast. These are the conditions which enhance
fugitive seeding of upwelled waters and are typically found in the mid-late
summer in both the southern and northern Benguela System (Pitcher et al.,
1992 ) at which time the prevalence of red tides also increases (Pitcher et al.,
1996). Whether newly upwelled water gets seeded with diatoms net - nanno
plankton: large, aggregate or small chain forming cells which have relatively
fast sinking rates or dinoflagellates which have negligible sinking rates, there

are clear implications for the CO, drawdown flux.
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Succession

in an upwelling cycle the physical environment of the surface layer changes
from that of wind induced turbulence to gquiescent and stratified conditions
which follow the relaxation of equatorward wind stress (Huntsman et al.,
1981; Pitcher et al., 1992 ; Hutchings et al., 1995). These changing
conditions open a number of environmental windows to which a range of
phytoplankton may be best adapted. In the Benguela System the succession
sequence is typically “small diatoms - large diatoms - dinoflagellates - micro-
flagellate community” which are progressively adapted to reducing levels of
turbulence (Hutchings et al,, 1995). The extent of the succession depends
largely on the temporal dynamics of the upwelling inducing equatorward
winds. Where upwelling is ongoing or pulsed but with short relaxation times
the succession sequences will be short and dominated by diatoms.
Alternatively, where the relaxation periods are long dinoflagellate or even
coccolithophore blooms can develop and dominate the community (Mitchell-
innes and Winter, 1987; Pitcher et al., 1996)

The seeding mechanisms and the succession sequences are probably
interrelated in that similar physical forcing conditions lead to refuge seeding
and short diatom dominated sequences and alternatively fugitive seeding and
longer dinoflagellate succession sequences. This is borne out by data from
both the northern and southern Benguela sub-systems. In the northern sub-
system diatoms dominate dinoflagellates by 1 -2 orders of magnitude
throughout the year except in the late summer when the upwelling rate is at a
minimum {(Shannon, 1985; Shannon and Pillar, 1986). This situation reverses
in the January - March period of reduced equatorward wind stress. Similarly,
in the southern sector, dinoflagellates become dominant when upwelling
intensity decreases in the late summer and dinoflagellate dominated red tides

become more common (Pitcher et al., 1996).
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This type of relationship suggests that those parts of the system where,
because of physical constraints, short succession sequences dominate, will
be characterised by a higher export flux than where the converse holds. This
overview described the ecological basis for the relationship provided by
Probyn in (Brink et al., 1995) between the degree of turbulence and new or

regenerated production.

Coccolithophore Activity

The targest gap in the overall understanding of phytoplankton dynamics in the
Benguela System centres on the ecological dynamics of coccolithophorids
(Giraudeau and Bailey, 1895). Coccolithophorids contribute to the plankton
community in the nannoplankton size range of 4 -24 p (Giraudeau and Bailey,
1995) which, in terms of the size - production relationships presented above,
suggest that they contribute largely o regenerated production. They are
therefore considered to make an insignificant input into foodweb energy flows
particularly to fish and resulting in their ecological role being largely
overlooked. This applies both to the mechanisms which govern or rigger
coccolithophore blooms as well as their contribution to the transport of carbon
from the surface layer to the sediments. Most field observations of
coccolithophore blooms are incidental reports linked to other ongoing
planktonic studies (Shannon and Pillar, 1986). Such reports appear to
indicate that their occurrence is highest along the Namibian coast where the
largest blooms of 3- 6.8 * 10° cells I'" were recorded (Shannon and Pillar,
1986; Giraudeau et al., 1993). This prevalence of coccolithophre blooms in
the northern Benguela sub-system was suported by images of a large coastal
bloom off Walvis Bay taken from the space shuttle ( Holligan, pers.com).
There is only cne major bloom record for the southern Benguela sub-system
when standing stocks of 2.3 * 10° cells I were recorded along a transect
northwest of Cape Town (Mitchell-Innes and Winter, 1987). In most instances
the dominant species were identified as Emiliania huxieyi and Gephyrocapsa

oceanica (Mitchell-lnnes and Winter, 1887; Giraudeau and Bailey, 1995).
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Recent increased interest in the physical and biogeochemical mechanisms
behind coccolithophore blooms has been driven by their importance as
proxies for paleo-oceanographic reconstructions in the Benguela System
(Giraudeau, 1992). Three recent sampling cruises when a deliberate effort
was made 1o investigate the oceanographic context of coccolithophore
blooms (Mitchell-Innes and Winter, 1987; Giraudeau, 1992; Giraudeau and
Bailey, 1995) have shown one common and perhaps surprising feature: the
highest numbers were always measured within the upwelling front. However
in all instances the occurrences coincided with stratified or at least quiescent
conditions which lends support to the view that seeding of blooms from
fugitive populations is an important aspect. Further support for this view
comes from the observation that the largest reccrded blooms in both the
northern and southern Benguela sub-system occured under El Nino
conditions when upwelling rates weaken (Mitchell-Innes and Winter, 1987).
Under these conditions the upwelling front would move closer to the coast
and favour the fugitive re-seeding from aged waters and with a lower input of
newly upwelled waters, longer successional sequences would aiso be

expected to develop.

The apparent minor role of coccolithophores in the Benguela System is not
consistent with geochemical observations that CaCQO,; appears to be the
single most important biogenic contstituent in the sediments on the shelf
(Rogers and Bremner, 1991). While other calcareous organisms such as
benthic and pelagic foraminefera are important, a survey of coccolithophore
species in the sediments of the Benguela System has shown that they are a
major contributor of CaCQO; to the sediments (Giraudeau, 1992).
Unfortunately, due to their very different sizes coccoliths and foraminifera
tests are not normally quantified simultaneously. While it is possible to
explain why CaCQj, should be preserved in Benguela System sediments, the
question which remains unanswered is whether coccolithophores contribute

to this flux through continuous low level “blooms” of < 10° cells I as were
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observed in Namibia and off the Namagua upwelling cell (Giraudeau, 1992;
Giraudeau and Bailey, 1995) or through a few very large events of 5-10%10°
cells I”".  The low incidence of observed surface coccolithophore blooms and
their simultaneous important role as a sediment constituent indicate that their
short term role in carbon fluxes and CO, variability is small but, in the long
term coccoliths could be an important carbon export route. This forms the
basis for the third hypothesis: that the stoichiometry of the organic and
inorganic pumps (Co,, : Cig) plays an insignificant role in the magnitude of

both the carbon export flux and the air - sea CO, flux in the Benguela System

1.5 Aims and Hypotheses

The aims of this study are two fold:

« 1o conceptually and quantitatively describe the physical and
biogeochemical processes which drive the carbon fluxes in the Benguela
System and use them to,

» formulate a box model whose output is to be used to test the

aforementioned three hypotheses:

« The Benguela upwelling system is an important CO, sink by virtue of its
high primary production and sediment organic carbon accumulation rates,.

» The carbon export flux and the magnitude of the CO, sink in the Benguela
System can be predicted from the C:N stoichiometry provided by the
Redfield Ratio.

= The inorganic carbon pump, through coccolithophore production, plays a
minimal role in driving changes to the magnitude of both the carbon export

flux and the air - sea CO, flux in the Benguela System
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1.6 Approach

There are inter alia two approaches to address these issues:

L

firstly, the empirical - deterministic approach which, has been widely used
in the global CO, sampling programmes, entails an intensive surface
sampling programme of CO, parameter transects to map the spatial
variability of surface PCO,. This approach which has been widely used in
the global CO, sampling programmes is suited to inverse modelling
studies. Such studies would provide an answer 1o the first hypothesis.
However, its non-mechanistic basis would not allow it to address the
underlying biogeochemical dynamics which are the focus of the remaining
two hypotheses.

secondly, a mechanistic approach where sampling strategies are directed
towards identifying key driving physical and biogeochemical forcing which
can then be incorporated into the box model. This provides a quantitative
method to test the degree to which the complexity of the problem is
understood and forms the basis of the approach adopted in this study.
With this approach, even if the fluxes characteristic of the Benguela
System were too small to impact on the global CO, budget, new insights
would still provided into mechanisms which drive the biological pumps in

their role in CO, variability in the ocean in general.

This study is divided into three main paris:

Part 1 which comprises Chapters 2 and 3 addresses the methods which were

used or developed to characterise the carbonate chemistry and quantify

changes in its chemical state. Chapter 2 provides both the theoretical and

practical details of the methods used to sample and quantify the two

carbonate system master variables ( Total Alkalinity and pH). Chapter 3

describes a vector ploting method which assists in independently and directly







The 3 biogeochemical stages of the
upwelling cycle
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1: Upwelling of South Atlantic Central Water (SACW) which
has been modified by the benthic
remineralization flux (BREF)

2: Ageing of newly upwelled waters (UPW) to
aged upwelled waters (AUW).

3: the sedimentation flux from new production

during the ageing of UPW

Fig. 1.6: The 3 main stages of the upwelling cycle which formed the original basis for the
approach to this study are depicted as a conceptualised cross-shelf section,
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also developed. The mechanisms which govern changes to the
biogeochernical characteristics of poleward flowing sub-surface SACW on the
shelf (stage 1) are discussed in Chapter 5. The mechanisms which govern
changes in the bicgeocchemical characteristics during the surface based
ageing phase (2) are discussed in Chapter 6. Of particular importance in both
cases are the roles of changing C:N and Cg : Cyg stoichiometry on PCO,

and the biogeochemical characteristics of the end members.

Part 3 comprises Chapters 7 and 8. In Chapter 7 the input data and
assumptions derived from Part 2 coupled to wind based Ekman transport are
modelled to quantify the annual air - sea CO, fluxes and organic carbon
fluxes (stage 3) in the Benguela System with a view to addressing the 3
hypotheses. Chapter 8 is a summary which assesses the extent to which the
study was able to address the hypotheses as well as to suggest some new
directions and identify aspects of the Benguela System which may require

further attention.
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Chapter 2

2. The Characterization of the Carbonate System in Sea Water

2.7 Introduction

The study of oceanic carbonate biogeochemistry poses a dual challenge.
Firstly, it requires quantitative measurement and modelling of chemical
equilibria in high ionic strength solutions where departures from ideality pose
specific theoretical and experimental difficulties in accurately predicting
speciation and phase behaviour. Secondly, it provides the basis for an
improved mechanistic insight into some of the complex interactions which
drive global climate change through perturbations to the oceanic carbonate
equilibria. This chapter focuses cn the first aspect with an objective of setting
the theoretical and analytical base from which to analyse carbon

biogeocchemistry in the Benguela System.

The reliability of CO, measurements in the ocean has been one of the key
concerns of the JGOFS programme (Dickson, 1990; JGOFS, 1992). 1t
stimulated intensive evaluation and standardization of general core
methodology (UNESCO, 1894) and particularly sampling and analysis of
carbonate parameters (Dickson, 1993; Dickson, 1994; Dickson, 1935). With
an annual increase in atmospheric CO, of 2 Gt C y'1 (IPCC, 1996) the PCO,
in the surface layer should increase by approximately 7uatm (Wallace, 1995).
Thus, for the purposes of monitoring anthropogenically linked interannual
changes in surface ocean PCO, the required accuracy of both calculated and
directly determined PCO, must be better than 7uatm. The best existing
methodology which includes coulometry, TCO, measurement, direct PCO,
measurement and total alkalinity (TAlk) measurement can be used to give an
accuracy of ~ Tuatm in the calculated PCO, values (Johnson ef al 1987,
Dickson, 1994; UNESCO, 1994).
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profiling pH probes whose accurate use will provide the only means to high
resolution 3 dimensional view of CO, variability induced by the biological

pumps and their underlying mechanisms.

Central to the modelling of perturbations of the marine carbonate system,
especially when pH is a master variable, is the weak acid - base theory which
underlies its speciation in a non ideal environment: sea water. The theory is
relevant to both the experimental determination of specific aqueous
equilibrium master variables as well as the interrelationships which allow for

the remaining variables to be quantified. The approach in this Chapter is:

» to address the theoretical considerations which underlie the carbonate
system equilibrium and its characterization with particular reference to a
critical evaluation of the pH (NBS) scale and Total Alkalinity (TAIk), the

master variables used in this study.

e to present the sampling and analytical procedures used to characterize
the carbonate system in this study with particular reference to procedures

adopted to reduce the risk of experimental error and

¢ to present a sensitivity analysis of the sources of error and their impact on

calculated PCO, values.

« to present a brief outline of additional sampling and analytical methods
used to characterize nitrate and ammonium in both the water column and

sediments.
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2.2 Concepts, and Definitions

2.2.1 Weak Acid-Base Equilibria

Dissolved salts provide sea water with two important properties in respect of
its agueous chemistry: a high but nearly constant ionic strength (0.7M)
provided by the principal ionic matrix and a weak acid - base pH buffer control
provided by the minor ionic species. The concentrations of the main
contributors to the principal and minor ion reservoirs are summarized on
Table 2.1 (Whitfield and Turner, 1981).

Table 2.1: Concentrations (mmol/l) of the main major ions and minor ions which make up
the background electrolyte and the weak acid - base system in sea water respectively (from:
Whitfield and Turner, 1981).

Major ions: Weak acid - base ions
cr 558.65
Na* 479.12 HCO, 2.20
Mg?* 54.49 B(OH), 0.43
Cca® 10.51 F 0.06
K* 10.45 HPO,?, Si(OH),  <0.02
SO” 28.90

The principal ionic matrix and the weak acid-base systems present govern
the equilibrium, phase behaviour and characterization of the carbonate

systems set out below.

A thermodynamic definition of acid - base equilibria is provided by the law of
mass action which relates the activities of the components to their equilibrium
constant (K) (Stumm and Morgan, 1970; Pytkowicz, 1983). For a generic

weak acid HX which dissociates into H" and X

HX <-ememeea- >X +H* eg. 2.1
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K= {XHHY{HX} or eq. 2.2
InK = In{H*} + In{X7} - In{HX} eq. 2.3

Where {X} is the activity of species X. The activities of the acid - base
equilibrium pair can be separated into mass and activity coefficient
components as shown on eqs. (2.4).

K = [XTy, [H}, AHX] eq. 2.4

Thix

Where [X] = concentrations and y = activity coefficient. The difficulty which
arises from trying to implement this thermodynamic definition of equilibrium in
the context of non ideal solutions or “real” solutions, is that it is not possible to
experimentally quantify or theoretically model single ion activity coefficients
without non-thermodynamic assumptions (Loewenthal and Marais, 1984).
The important characteristics of low and higher ionic strength solutions (such
as sea water) in respect of departures from thermodynamic ideality are

summarized as follows (Loewenthal and Marais, 1984):

Low lonic Strength (Low Salinity):

1: The activity coefficients are almost completely determined by long range
electrostatic effects which can be suitably modelled using the Debye-Hiickel
model or a modification of it such as the Davies model.

2: The hydrogen ion activity {H'}, can be estimated potentiometrically with
minimal error on a conventional scale because the residual liquid junction

potential effects (between buffers and test solution) are negligible.

3: There are negligible ion pairing effects.
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Although the most recent versions of these models have provided outputs
which closely model observations, they are numerically complex requiring
extensive computing power. However, the flexibility makes them useful in the
context of industrial effluents where compositional changes are part of the
process. Fortuitously, sea water is closely a constant ionic environment
which allows some operational simplifications to be made which are the basis

for the second approach.

The second approach, generally used for sea water based equilibriumn
studies, is to use experimentally determined equilibrium constants (Millero,
1979; Culberson, 1981; Dickson and Millero, 1987). This is possible only
where there is a coherence between the scale on which the "activity” of the
H+ ion and the equilibrium constants are measured. Use of these
conventional scales give (with varying degrees of thermodynamic rigour)
relationships between the equilibrium constant and the stoichiometric
concentrations of weak acids and bases. As was shown above (eq. 2.5), the
activity can be expressed as a product of the stoichiometric concentration and
the activity coefficient terms. The next step in the simplification process is to
assess whether the chemical composition of sea water allows that the activity
coefficients y, and y. to be ignored (i.e.: as being equal to unity. The simplest
approach is to define conditions whereby it is possible to define activity
coefficients y, and y. as being equal to unity. Two conventional activity scales

satisfy this approximation.

2.2.2 Activity Scales:

The infinite Dilution Scale:

In this scale the activity coefficient y; approaches unity as the concentration of
all solutes, ¢, , approach zero. In terms of the law of mass action from eq.
(2.4):
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limK = [X}HVHX] eq. 2.6

cj-->0

When this condition holds, the activity coefficients become unity and the
equilibrium constant is then a simple function of the stoichiometric
concentrations and becomes a concentration scale. An alternative and more
widely used form, mixed constants, makes use of the operationally defined
activity of the hydrogen ion on the NBS scale where pH, = -log{H'}. On this
operational scale, on which K is also determined, the above expression

becomes;

H . -pHe [X]
Igp)&éu 10 Fﬂ eq. 2.7

in practical terrﬁs, for this condition to hold, the concentration of the dissolved
solutes should not exceed 10*M. Though this is a widely used approach in
low salinity waters, it does not apply to sea water where the ionic strength
reaches 0.7M. A special form of the same expression is used to apply the
NBS scale to sea water. In this approach the solution is considered to be a

constant ionic medium (Loewenthal and Marais, 1984).
The Constant lonic Medium Scale (CIMS):

The principle of activity coefficients approaching unity in solutions of high
ionic strength is similar to that described above except that it in this case the
activity coefficient tends to unity as the concentration of the solution tends to
that of the ionic medium when the equilibrating weak acid concentrations

approach zero (Stumm and Morgan, 1970; Loewenthal and Marais, 1984).
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e X
txil,ia[m!%:.é} = 107 [Hﬂ eq. 2.8

The relation in eq.(2.8) holds for a solution of constant ionic medium when the
background electrolyte has a total concentration greater than 10 times that of
the equilibrating weak acid species (Culberson, 1981). In this case the
equilibrium constant is referred to as the apparent equilibrium constant
because it incorporates all the non measurable deviations from ideality in sea
water. For sea water the ratio of weak acid-base concentrations to
background electrolyte is more than 100 (Table 2.1), and, with the added fact
that the ratio of principal components remains closely constant (Whitfield and
Turner, 1981), it satisfies the criteria for the use of a CIMS. This allows the
development of equilibrium expressions based on a measurable scale to

characterize carbonate species in the complex aqueous matrix of sea water.

2.2.3 The Sea Water Weak Acid-Base System

Activity Scale:

Sea water can be classified as a high ionic strength solution of mixed
electrolytes but with a constant composition in all but the most extreme
environments such as some pore waters and hydrothermal environments
where special biogeochemical circumstances predominate. Table (2.1) lists a
breakdown of the main components which make up the background
electrolyte and the main weak acid - base systems in sea water. In the
oceans, though the salinity (total ionic strength) may vary by about 10% (32-
36 practical salinity units psu) the relative composition remains largely
constant. These characteristics of sea water make it appropriate that the
constant ionic medium activity scale be adopted to model concentrations and
equilibria in ocean systems. The issue then arises as to how pH and the

corresponding equilibrium scale K should be operationally defined. In
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practice the two most commonly used methods are via the National Bureau of
Standards Scale (NBS) (Bates, 1573) and the Sea Water Scale (SWS)
{(Hansson, 1973) concentration scales (Culberson, 1981; Loewenthal and
Marais, 1984).

pH Scales:

As was shown above pH, or the "activity " of the hydrogen ion, is fundamental
to the utilization of weak acid - base equilibria in solution. The activity of the
hydrogen ion is an indicator of the state of proton transfer equilibria in
solution. The added attraction for using pH as a master variable in sea water
carbonate equilibria is its apparent albeit sometimes deceptive simplicity of
use and its low cost. The incompatibility between the thermodynamic
definition of {H"} (Culberson, 1981; Dickson, 1984) and its practical
potentiometric determination as pH relative to an electrode potential, is at the
core of much of the difficulty associated with the use of this parameter as a
master variable in sea water equilibria. These are discussed in more detail

below.

Three different conventional pH scales have been developed to make pH
measurements in sea water both simple and reproducible while retaining
varying degrees of thermodynamic rigour. Only two of these NBS and SWS

have been widely implemented and will now be critically compared

The basic definition of pH is pH = -log, {H’}, the activity of the hydrogen ion

on a log scale. pH is usually determined using potentiometric methods and is
best expressed as an electrode potential. The electrochemical relationship
between of the activity of H" and the half cell potential is given by the Nernst
equation for the hydrogen half cell (Stumm and Morgan, 1970; Culberson,
1981; Loewenthal and Marais, 1984):
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E, =E,, +RT/nF*In {H eq. 2.9

Where EH is the potential for the hydrogen electrode, EHO is the standard

electrode potential for the hydrogen electrode (Stumm and Morgan, 1970;
Loewenthal and Marais, 1984). It is however not possible to either measure
the activity of a single ion nor to practically operate a half cell without a
reference half cell (Loewenthal and Marais, 1984). The most widely used
reference half cell for pH determinations is the Ag/AgCl with a liquid junction
of KCI (Culberson, 1981). This basic potentiometric architecture applies to

almost all pH measurements regardiess of convention.
The corresponding reference half cell potential is:

E, = Eqe - RT/MF*In {CI} - E,_ eq. 2.10

which depends on two additional factors: the activity of the Cl ion and the

liquid junction potential (Eup). To overcome these problems, the reference
electrode is operated within a saturated KC! solution where the activity of the

C! ion remains constant and the electrodes are calibrated against standard
buffers which minimizes the liquid junction potential problem. These will be
shown to be important steps in simplifying the relationship between pH and
the electrode potential. The various pH scales in sea water differ mostly
depending on how they treat the liquid junction potential problem in a practical

way.
NBS Scale:

The NBS scale is a scale derived as an extension of the operationally defined
pH and apparent equilibrium constants on the infinite dilution scale (egs. 2.7
and 2.8). The principle which underlies this scale is that all deviations from

ideality (hydration, ion pairing and long range electrostatic interactions) are
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incorporated into the definition of the apparent equilibrium constant (pK.") on
the same scale. Because absolute activities cannot be measured directly,
potentiometric pH determinations make use of reference buffer solutions
whose hydrogen ion activities or concentrations are defined. In the case of
the NBS scale the buffers are low salinity solutions whose hydrogen ion
activities can be satisfactorily predicted using the Davies equation
(Loewenthal and Marais, 1984).

Expressions can be formulated giving the electrochemical potential of the cell

in both buffer and test solutions.

The hydrogen cell potential in a buffer:

E, = E* + RT/F * 2.303log {H'}, + E;, + {CI} eq. 2.11

The hydrogen cell potential in sea water:

Eqw = E* + RT/F * 2.30310g {H'}e + Ejpiew + {C1 eq. 2.12

defining pH = -log {H} and re-arranging eq. 2.12,

PHsw = PHy + (B - Egyl Z - (Ejgp - Ejjps)/Z eq. 2.13

where Z = 2.303RT/F. It shows that the effect of measuring pH relative to a
buffer scale is that because the activity of the CI" remains constant, the {CI'}
term become zero. This leaves an expression which shows the dependence
of sea water pH on the potential difference between the sample and buffer,
due to their different {H'} and a residual liquid junction potential term AE;/Z.
This residual liquid junction potential term is negligible in the case of infinite
dilution because the ionic strength of the buffer is almost the same as the
sample solution. In sea water, on the other hand, the potential which is

generated at the liquid junction is not the same between the low ionic strength
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NBS buffer and the high ionic strength sea water solution. It is the apparent
difficulty of reproducing this term accurately in measurements between
samples which undermines the thermodynamic rigour of the NBS scale in sea
water applications (Dickson, 1984). It has been estimated that this
irreproducibility of the residual liquid junction potential introduces an
uncertainty of about 0.005 pH units (Culberson, 1981).

The assumption with this method is that the residual liquid junction potential
(AEy,) is constant and can be included into the apparent equilibrium constant,
which is generally correct provided that all sample measurements are done
using the same electrode set. This assumption is criticized by Dickson,1984
and Dickson, 1994 who favoured the SWS scale, unfortunately he does not

give actual figures for the estimate of errors between the different scales.

Total Hydrogen lon Concentration Scale:
(Hansson Scale or Sea Water Scale (SWS)):

This scale, also commonly referred to as the Sea Water Scale (SWS) was
developed by Hansson, 1973 with a view to addressing two important

shortcomings of the NBS scale:

1: The SWS scale provides a pH scale which though strictly also conventional
is thermodynamically more rigorous than the NBS scale. The hydrogen ion

"activity” is defined in terms of a concentration scale.

2: Because this method makes use of buffers made up in a constant iconic
medium of artificial sea water, (Dickson, 1994) it supposedly overcomes the
problem of irreproducibility of residual liquid junction potentials which is a

source of uncertainty in the NBS scale.

pH (SWS) is defined as:
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pH{SWS) = - log ( ¢y, + Chgoa~) = -log (Cu,7) eq. 2.14

which is the mass balance of the free protons (cy+) and those taken up by the
formation of the bisulphate (Cysps-) the sum of which give the total hydrogen
ion concentration (Culberson, 1981). Difficulties which arise with this scale
are twofold: firstly, (cusos-) varies with salinity, and secondly, because of the
dependence of Bugos- ON temperature, salinity and pressure, the ratio ¢y, /Cy.t
also changes. Like the problem of the residual liquid junction potential for the
NBS scale, this effect is incorporated into the carbonate equilibrium constants
determined for the SWS scale. However, it diminishes the apparent simplicity
of the theoretical basis of this scale which means that like the NBS scale the

SWS scale is also an operational scale.

Each pH scale offers advantages and conceptual problems but the preferred
scale for oceanographic work has become the SWS in which ionic strength is
adjusted to suit the sea water salinity range (Dickson, 1984; Dickson, 1934),
Much work has been done to refine the required buffers equilibrium constants
for carbonate, borate and other minor weak acid sub-systems in the SWS
(Dickson, 1994). This should be the pH scale of choice for future work in the
Benguela System. However, as this study was initiated on the NBS scale it

was considered prudent to retain this scale for the sake of continuity.

Equilibrium Constants and Species Equilibria of Carbonate and

Secondary Weak Acid Systems in Sea Water

Carbonate equilibrium constants were experimentally determined in sea water
for the NBS scale by Merbach et al., (1973) whose determinations
superseded the earlier pioneering work of Lyman and Buch (Pytkowicz,
1983). The resuits were more recently fitted into polynomial functions to
obtain a statistically valid dependency on temperature (0 - 50°C), salinity (O -

40psu) and pressure (Millero, 1979). Statistical comparisons of the errors
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arising in the use of equilibrium constants from either the NBS or the SWS
show that neither offers an intrinsic advantage (Millero, 1972; Dickson and
Millero, 1987). The critical issue is that if pH is used as a master variable to
characterize the carbonate system, the pH and equilibrium constants must be
on the same scales. This is important because the apparent equilibrium
constants (K') incorporate different simplifying assumptions which in the case
of NBS scale include ion pairing effects, hydration effects, liquid junction
potential effects (Loewenthal and Marais, 1984). The functional dependence
of NBS scale apparent equilibrium constants for the sea water weak acid sub-
systems with physical forcing variables (t,5,P) were obtained from Millero,
1979. The equilibrium functions are now defined on the NBS scale for the

main weak acid sub-systems in sea water.

Carbonate Subsystem:

Carbonate species are involved in physico-chemical equilibria across all three
phases; gas, aqueous and solid (Stumm and Morgan, 1970; Pytkowicz,
1983). In this study, only those equilibria occurring in the agueous phase are
explicitly discussed as these are the ones which determine the magnitude of
the PCO, which then defines the magnitude of the air - sea CO, flux. The
precipitation - dissolution pathways between the aqueous and solid phases
are largely kinetically controlled and their importance in the CO, fluxes lies in
their net impact on the concentration and speciation of the aqueous phase
{Broecker and Peng, 1982; Pytkowicz, 1983).

From the point of view of CO, exchange between the oceans and the
atmosphere, the solubility of CO, is the most important equilibrium reaction as
it establishes the partial pressure of CO, in the water. The CO, gas flux
across the air - sea boundary is a function of the physical coefficient of
turbulent exchange velocity (K,,) and the bicgeochemically driven partial
pressure gradient across the air -sea boundary (Liss and Merlivat, 1986).

The solubility equilibrium {eq. 2.15) defines the gradient by providing the




57

magnitude of the PCO, value in the agueous system. Carbon dioxide
dissolves in sea water to form a composite species [H,CO4*] made up of
molecularly dissolved CO, and a very minor {~ 0.26%) contribution of the
carbonic acid H,CO4 species (Pytkowicz, 1983).

602 -+ Hg@ A o 1 > HQCGS* eq 2.15

The equilibrium constant for this equation, also referred to as Henry's

Constant K, is given by:
Ky = [HyCOZ*V[CO,] eq. 2.16

or in a more useful way, where CO, is expressed as a partial pressure PCO,,
the solubility coefficient (o) (Skirrow, 1975 from Weiss, 1974). The
dependence of solubility coefficient (o) on temperature, salinity and pressure
is given in Skirrow, 1975 from Weiss, 1974. The most important aspect of
this relationship is that temperature is a first order effect inversely correlated

to solubility.

Dissolved CO, equilibrates with the remaining protolylic species of the

carbonate system with the following equilibria:

Hg@@g* L > HCGQ“*%H{‘ %{3’ eq. 2.17
HCO, P ISR— > CO%+ H K, eq. 2.18

in each case the equilibrium constant is apparent and operationally based on
the NBS scale.

K1' = [HCO5 TH VH,CO4*) eq. 2.19

K2' = [COZ7 THMHCO,] eq. 2.20
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borate sub-system species equilibria ([B(OH),-I; [B(OH);]) as well as the pK
values for K’y (-6.0), K, (~9.2) and K'g (-8.8) (Fig. 2.1).

Borate Sub-system

The borate sub-systemn, in terms of concentration, is the second most
important weak acid system in sea water (Stumm and Morgan, 1970;
Pytkowicz, 1983). No significant components of the borate sub-system are
active in the marine biogeochemical cycles which could modify total boron By
concentrations. By can therefore be modelled as a conservative parameter
and parametrized by salinity, S, with the following function (Culkin, 1965 from
Millero, 1979):

By = 0.01212* S (mmol/i) eq. 2.22

The borate weak acid equilibrium comprises two species; the borate anion
[B(OH),-] and the protonated boric acid [B(OH),l:

1(01 1) T K W ¢ P —— > B(OH), + H* eq. 2.23

where the equilibrium constant KB is:

Kg = [BOH),1IH"]/ [B(CH),] eq. 2.24

The borate equilibrium constant is also defined on the NBS scale and its
functional dependence on 1,3,P was determined by Millero, 1879. The borate
equilibrium constant and its 1,5,P dependence on the SWS is summarized in
Dickson and Goyet, 1994.
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Minor sub-systems

The role of minor weak acid sub-systems such as SO, - HSO,, F - HF,
PO,> - HyPO, are insignificant at their normal concentrations and natural pH
range in sea water. They have to be considered only in special
circumstances where concentrations are elevated such as in pore waters or
hydrothermal vents or when the pH drops sufficiently low, such as during a
Gran titration (Jagner, 1881). In the latier conditions which apply to the
determination of total alkalinity TAlk, the protonated species concentrations
are no longer insignificant. This last special case which is pertinent to this
study will be addressed more fully in the context of the determination of TAIk

by Gran titration.

Whereas in theory it would be possible to determine carbonate species
equilibria in sea water using intensive variables from the equilibrium
equations, in practice it is not possible to measure single ion activity
coefficients except for H™ which is constrained by a conventional scale
(Culberson, 1981; Loewenthal and Marais, 1984). PCO, can be accurately
measured (Dickson, 1984) but its determination is, because of its relationship
to Ky (Henry's constant), also dependent on the careful and accurate control
of environmental variables such as t,5,P. Three other mass balance (TCO,)
and capacity parameters (Total Alkalinity and Total Acidity) can be use to
define the carbonate system with the added advantage that they are
independent of physical environmental variables (1,5,P) (Stumm and Morgan,
1970; Pytkowicz, 1983; Loewenthal and Marais, 1984). Of these, TCO, and

TAlk can be measure with high precision.
Capacity and Mass Parameters: Conservative Variables
Capacity and mass parameters are useful for measurement, characterization

of weak acid sub-systems and prediction of changes in state arising from

chemical perturbations (Stumm and Morgan, 1970). This arises for two
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reasons. Firstly, they are conservative with respect to physical forcing factors
such as temperature (1), salinity (S) and pressure (P) (Pytkowicz, 1983).
Secondly, they change in a simple stoichiometric way with the addition and
removal of carbonate species (Loewenthal and Marais, 1984). In contrast,
the individual weak acid species concentrations, inter alia [H,CO4), [HCO;],
[COSQ‘L are governed by (1,5,P) dependent equilibrium expressions
(Pytkowicz, 1983). Consequently, the individual species concentrations not
only change with physical forcing factors, but also in a complex way with the
addition and removal of weak and strong acid-base species. The ensuing
discussion deals with the definitions of alkalinity and acidity in a general way

prior to returning to the specifics of the parameters in the marine environment.
Capacity Parameters: Alkalinity and Acidity

Capacity parameters, alkalinity (alk) and acidity (acy), are defined respectively
as measures of the proton accepting and donating capacity respectively of an
agueous solution of one or more weak acids (Stumm and Morgan, 1970).
Proton accepting or donating capacity is measured relative to a reference or
equivalent solution (Stumm and Morgan, 1970; Loewenthal and Marais,
1984). This comprises a set of reference species, one for each weak acid
system present. Weak acid systems in sea water are dominated by the
carbonate subsystem with a second order contribution from the borate
subsystem and lower order contributions inter alia from sulphate, phosphate,
fluoride, silicate subsystems (Pytkowicz, 1983). Contributions from the lower
order subsystems are significant only under special circumstances such as in
the course of certain Gran titrations (Jagner, 1981), and perhaps in the
context of the chemistry of some pore water samples. For the sake of
completeness these lower order weak acid subsystems are also considered
initially. However, in the pH range of natural sea water their role is negligible
(Stumm and Morgan, 1870).
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TAl = {2*[CO,%1 + [HCO, T} + {B(OH), 3 + [OHT- [H'T} + { - [HSO Tt + {-
[HFT} + ........ eq. 2.26

The expression for TAcy comprises the sum of all subsystem acidities each

with their respective reference species (eq. 2.27):
TAcy = CO.7Acy + B(OH) Acy + H,0Acy + SO FAcy + FAcy +  eq. 2.27

Where Y-Acy = proton donating capacity of a particular weak acid subsystem

with reference species Y.
The same expression in terms of species concentrations becomes:

TAcy = {2H,CO4 1+ [HCO3 T} + {HsBOGH + {(H”) - [OH T} + {HSO, Tt + {[HF]}
eq. 2.28

Note that for the lower order subsystems (SO,%, F) the same reference
species apply to both TAlk and TAcy. The reason being that in the overall
relationship linking TAIK, TAcy to the mass parameters the lower order terms
then cancel out (see below). In any case, in the pH range of sea water the
concentrations of the lower order terms (H,0Alk / H,OAcy and lower terms)
are negligible compared with the carbonate and borate subsystems and can
be ignored (Stumm and Morgan, 1870). The total capacity parameter
expressions (egs. 2.29, 2.30) now simplify to the sum of the carbonate and

borate subsystem species:

TAIk = H,CO5 Alk + B(OH) Alk eq. 2.29
TAcy = CO5>Acy + B(OH); Acy eq. 2.30
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Because it is not possible to experimentally determine TAcy it has to be
guantified indirectly. This is done through the accurate determination of other
system parameters and the use of an interrelationship linking TAcy to these
parameters. Perhaps the most appropriate choice to measure are TAlk and
the two total mass parameters (TCO, and By) all of which can be determined

with high precision (Dickson, 1994).

Mass Parameters

For each subsystem, these parameters provide a mass balance of the sum of
concentrations of the individual weak acid species. For the carbonate and

borate subsystems, the respective mass balances are:

TCO, = [H,CO4 1 + [HCO, 1+ [CO47] eq. 2.31
Br = [ B(OH); 1+ [ B(OH), ] eq. 2.32

Where [X] is the concentration of species X {(mM).

The desired relationship linking TAcy to TAlk and the mass parameters TCO,
and By is obtained by adding the expressions for the two capacity parameters
(egs. 2.286, 2.28),

TAlk + TAcy =2 * TCO, + B; eq. 2.33
An equation in which the lower order weak acid terms fall away. This

interrelationship shows that TAcy can be accurately determined provided that

TCO,, By and TAlk are accurately measured.
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2.3 Sampling and Analytical Methods

2.3.1 Carbonate System

Sampling: pH

Although pH is not part of the core JGOFS methods (UNESCO, 1994) a
number of detailed protocols exist which address the procedural requirements
and problems in some detail (Jagner, 1981; Grasshoff, 1983; Dickson, 1994).
The sampling protocol used in this study was adapted from the most recent
protocol which was designed to be used for pH measurement in the SWS
scale (Dickson, 1994). The procedural steps took cognisance of the potential
sources of error in the method and tried as far as possible to control them so
as to minimize the uncertainty. A detailed discussion of the error estimates

and their impact on calculated PCO, values is set out below.

Water samples were in all cases obtained from 5 litre General Oceanics
Niskin bottles triggered on a Neil - Brown CTD-Rosette system. pH samples
were collected into 120mi BOD botiles after flushing with 3 bottle volumes
through a siphon system identical to that used for Winkler oxygen
determinations. After spiking with 50ul of a 50% saturated solution of HgCl,
the BOD bottles were tightly stoppered and equilibrated to a constant
temperature in a water bath (20.0°C or 25.0°C ) for 2 hours prior to pH

measurement.

Sampling: Total Alkalinity

Total Alkalinity samples were taken from the same BOD bottles used for pH
analysis after the pH determinations had been completed. These provided 2
50ml replicates. In most instances they were done in the course of the cruise

but if that was not possible they were done ashore within 2 weeks.
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in place after which it normally did not take more than 1 minute for a stable
reading to be achieved ( in practice a 3 minute period was adopted). All the
readings were taken with no stirring of the sample to minimize the problem of
irreproducibility arising from a difference in stirring potentials between the
buffers and the sea water samples. If not addressed, this factor can
contribute an uncertainty of more than .01 pH units to the readings
(Culberson, 1981). At the end of the sample batch, the electrode was
washed with MilliQ water and stored in pH 4 buffer until the following

calibration. The electrode was calibrated before every new batch of samples.

The effectiveness of the methad in yielding reproducible results is best
assessed in the context of field samples where a number of samples are
taken at different depths within a well mixed layer. This was done in the
Hondeklip Bay transect (see Chapter 4) where on the auter part of the
transect there was a well mixed surface layer of 20-30m. The number of

readings, means and standard deviations are summarized on Table 2.2:

Table 2.2: Assessment of the uncertainty associated with pH measurements in the sea.
Samples taken from a well mixed surface layer from the Hondeklip Bay transect

Station Samples pH (mean) pH (SD)

117 4 8.169 0.004
119 5 8.224 0.005
121 4 8.222 0.003

Considering that even in a well mixed layer there could be some slight
variations in biological activity these standard deviations reflect a
conservative assessment of the potential measurement error. The impact of

this experimental error on the CO, fluxes is addressed below in the context of

all sources of error.
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Analysis: Total Alkalinity

Total alkalinity is defined as the proton accepting capacity of a solution of
weak acids with reference to the most protonated form of the carbonate and,
borate species. The practical expression of this definition in respect of
carbonate solutions is: the mass concentration of protons required to shift the
equilibrium of a carbonate solution to the H,CO3* equivalence point (Fig. 2.1).
The volume of strong acid (Veo,) required to shift the equilibrium from its
natural pH (pHy) to the H,CO4* equivalence point (EQyue0s+) is the
equivalence volume. lts determination provides a measure the Total
Alkalinity (TAIK) and in this study (Vo) was obtained using a potentiometric
Gran titration (Hansson and Jagner, 1973; Jagner, 1981; Almgren et al 1983;
Loewenthal and Marais, 1984). A major practical advantage of this
measurement is that in line with the definition of total alkalinity (eq. 2.26) it is

independent of any CO, losses which occur during the acidification.

The Gran Titration

The Gran linearization technique (Gran, 1952) whose use in the
characterisation of sea water was proposed by (Dyrssen and Sillen, 1967), is
based on the assumption that in each part of the titration curve on either side
of the equivalence point there exist a dominant reaction (Jagner, 1981;
Loewenthal and Marais, 1984). In this study the H,CO, equivalence point
(Fig. 2.1) the chosen part of the titration curve was beyond the equivalence
point where pH < pHego ~ 4. In this pH region the increase in [H'] is
proportional to the amount of strong acid added (Jagner, 1981). it does not
therefore require that it be conducted in a sealed reaction vessel. In this

method the following definitions hold:

Vo - Sample volume (50.00mt)
v, - Acid (HCI ~ 0.1M) volume added.

Veos o= Volume of acid required to reach the equivalence point
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corresponding to the acid volume added). In all cases an initial amount of
HCI was added to bring the pH to below 4 ( typically 1.1ml). The Gran
titration was carried out in the pH range 3-4. For each point in the titration a
value for the Gran function F,, was calculated (corrected for all side reactions
using equilibrium constanis whose values in respect of t and S were
calculated from polynomial functions whose constants are also given). A
linear regression was executed between F4 and V, whose intercept at 7, = 0
gives the equivalence volume (Vop). A typical regression is depicted in Fig.

2.2 where the linearity of the relationship is emphasised by an r > 0.9999.
The use of several ( N > 10) points in the titration to calculate the equivalence
volume not only provides confidence in its value but is a key aspect of the
accuracy of the Gran method.

The methodological steps adopted were as follows:

Preparation of reagents and standards

dried at 280°C for 6 hours (Dickson, 1994) and cooled in a silica ge!

desiccator under vacuum. An amount of the dried Na,CO,; was precisely
weighed to make up a standard with a nominal concentration of 1.25mM
which corresponds to an Alkalinity of 2.5 mM. The standard was made up in
a 0.7M NaCl (AnalaR) solution (Dickson, 1894) to simulate the ionic strength
of sea water. The standard was used to calibrate the strong acid.

Strong Acid: the strong acid used for the Gran titrations was ~ 0.1M HCI
made up in 0.6M NaCl solution. The acid was calibrated prior to every baich
of samples being processed.

External Standard: An external TAlk standard (Batch 21) was obtained
towards the end of the field programme from Dr A.G. Dickson’s laboratory
with the following characteristics: Salinity: 34.53psu; TAlk: 2258 + 1.2

umol/kg (measured by Prof. Frank Millero) (AG Dickson, pers.com.).
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Determination of the NaCl background electrolyte blank

The first step of the calibration procedure was 1o constrain the blank
introduced by the use of 0.7M NaCl as a background electrolyte to distilled
water. This was done by running a Gran titration (3 replicates ) of a 0.7M
NaCl blank solution and calculating its own equivalence volume. Typically
this value was a significant 3 - 4% of the equivalence volume for the Na,CO4

standard which made it an essential correction.

Standardization of the acid ( ~ 0.1M HCI)

The acid was standardized against the internal Na,CO; standard (3
replicates) using a Gran titration procedure which had to agree to within 0.002
mi. The acid strength used for the subsequent calculation of the sea water
sample alkalinities was corrected for the 0.6M NaCl used as a background
electrolyte. The calculation is done according to eq.(2.38) where the acid
strength My, is a function of the malarity of the Na,CO;, standard (Myaocos),
the volume of standard (VNa2CQO3), the equivalence acid volume (VeHC))
corrected for the NaCl blank (Venacp.

Mucr = (Muascos * Viazcos) (Vencr - Venac)*2 eq. 2.38

The standardized acid is immediately used to run the Gran titration on the sea

water samples.
Determination of TAIK in sea water samples
Sea water sample TAlk were determined through the Gran titration procedure

with HCI whose molarity had been standardized with the internal Na,CO,

standard.
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The value of TAlk is calculated with expression eq. 2.39 where My is the
standardized strength of the strong acid, Vguc, is the equivalence volume
calculated from the Gran titration regression and VO is the sample volume

which was in the course of this work 50.00mi.

TA;k - MHC! * VEHC§ ,i \‘{G eq. 2.39

The high degree of confidence in the results generated by this method are
supported by TAlk values produced when the procedure was applied to the
external standard. The standard was sent with a certified TAlk of 2258
umol/Kg Total Alkalinity (AG Dickson, Pers.Comm). This corresponded to an
equivalent concentration of 2311 umol/l (o = 1.0236) on the molarity scale.
The average of 10 TAlk standard runs from the Gran titration for the same
external standard was 2310umol/l where the 1umol/ difference (< 0.1%) is

insignificant.

Calculations: Species and Capacity Parameters

The calculation of the carbonate system intensive and conservative variables
was carried out with the following steps executed through an algorithm coded

in Turbo Pascal:

Using pH (NBS) values measured at laboratory temperature conditions
(pHLAB) and TAlk obtained from the Gran titration and NBS scale equilibrium
constants (at lab temperatures), the corresponding TCO, values were
calculated.

The in situ pH (pHSEA) was then calculated by solving the cubic expression
in terms of [H'] using TA, TCO,, By and equilibrium constant values
calculated for in situ (t,5,P) (Millero, 1979).
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" The cubic expression was solved for [H*] using a Newton's method approach
which was initiated by an approximate guess and stopped by a convergence

where the difference was less than 1*107'2,

Using the in situ pH and TAlk values the intensive variables (H2CO3*, HCOy',
CO,% and PCO, ) were calculated for the actual physical conditions pertaining

to the sample site and depth.

The programme inputs were sample number, depth (D)(m), in situ
temperature (TSEA)(°C ), salinity (SAL) (psu), tota! alkalinity (TAIk) (mmol/l),
laboratory pH (pHLAB) and laboratory temperature (TLAB). The programme
outputs were (Table 2.4) sample number, D, TSEA, SAL, TAlk(mmol/l), total
acidity (TACY) (mmol/l), carbonate alkalinity (CAlIk)(mmol/l), TCO, (mmol/l), in
situ pH (pHSEA), H2CO3* (mmol/l), [HCO41 (mmol/), [CO,>1 (mmol/l) and
PCQO, (natm). The example given on Table 2.4 below refers to inputs
obtained from Millero, 1979 as a benchmark to test that the routines would
produce the expected outputs. The observed insignificant difference in the
calculated PCO, value (472 patm vs. 471 patm ) is ascribed to differences in

the Newton’s Method sub-routine.
Sensitivity analysis of the impact of experimental error on PCO,

A sensitivity analysis of the impact which measurement uncertainty in the
input variables (t,S,TAlk,pH) has on the PCO, and other carbonate intensive

variables is summarized in Table (2.4).

The first set of 3 values tests the effect of an uncertainty of 0.01 pH units in
the pH determinations where the reference pH was 8.000 and other input
variables are fixed. It shows that the impact on PCO, is to induce an
uncertainty of 19uatm which even though it is a worst case scenario {
realistically ~ 10uatm ) emphasises the limitations of pH as a master variable

when changes in PCO, are small. In the Benguela System where variability
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in PCO, values is high ( 160 - > 1000 uatm ) the constraint of a 10uatm

uncertainty will not impact significantly on CO, flux predictions.

Table 2.4a, b: Results from a sensitivity analysis of the main potential sources of error: pH
(8.000+0.01), Talk (2.451+0.005 mM) and temperature (25.00+0.05°C ) and salinity
{(35.00+0.01) (Table 2.4a). The impact of these ranges of uncertainty are summarized in
Table 2.4b where pH can be seen to be the only significant factor in respect of PCO..

Variabla 4] TSEA SAL ThA TACY CA TCO2  PHSEA H2C03  HCOJ cO3 PCO2

Bonchmark o] 25.00 35.00 2.454 2.252 2.359 2.161% 8.151 0.014 1.835 0.212 471
pH 0 25.00 35.00 2.450 2.454 2378 2.240 B.ODO 0.021 2080 C.159 710
pH 0 25.00 35.00 2.450 2.484 2.380 2.245 7.830 0.021 2.087 0.156 729F
pH 0 25,00 35.00 2,450 2,844 2377 2.235 £.010 €.020 2.0582 0183 691
TAlk ] 25.00 35.00 2.449 2.453 2.377 2.239 8.0C0 0.021 2,059 0.159 709
TAlk 0 25.00 35.00 2.451 2.455 2378 2.241 B.000 0.021 2081 0.180 710
TAlk 0 25.00 35.00 2.445 2.449 2373 2235 8.000 a.021 2088 0.159 708,
TAlk 0 25,00 3500 2.458 2453 2.383 2.244 8.000 0.021 2.084 0.180 71
Temperstur 0 25.05 35.00 2.450 2.454 2.378 2.240 B.000 0.021 2.080 0.159 711
Temperstur 0 24.85 3500 2.450 2.454 2.378 2.240 8.000 0.021 2.080 0.159 708
[Sadinity 0 25.00 3501 2.450 2.454 2.378 2.240 8.000 0.02% 2.080 0.159 710
Salinlty 0 2500 34,99 2.450 2,454 2.378 2.240 8.000 0.021 2.080 0.159 T
Varlable Emrar PCOZ

pH 0.0¢ 19

TAlk 0.005 <2

Tamp 0.08 <2

Sal 0.01 <1

The second variable to be tested was TAIk where two uncertainty ranges
were tested: a best case where TAIk = 0.001mmol/l and a worst case where
TAlk = 0.005 mmol/l. The observed uncertainty from the worst case of < 2
patm on the PCO, value shows that the Gran titration based TAlk
determination is an almost insignificant source of uncertainty. Similarly with
temperature and salinity uncertainties which are outside the expected
performance of calibrated CTD devices the induced effect on PCO, is on par
or less than was the case with TAlk. These results also show that to obtain
PCQO, resolutions of 1uatm or better which are required to monitor interannual
PCQO, changes, it is necessary that TAlk be resolved to within 2 umol/l,
temperature to 0.02°C and salinity to 0.01psu.
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2.4 Other Sampling and Analytical Methods

2.4.1 Nutrients

Nitrate

All nitrate analyses were carried out ashore with a standard autoanalyser
method (Grasshoff, 1983) on frozen samples collected in the course of each

cruise.

Ammonium

Water column ammonium determinations were carried out on board on fresh

sampies using the standard indo-phenol method (Koroleff, 1983).

Oxygen
Oxygen determinations were carried out on board using a manual Winkler

titration procedure whose details can be found in Grasshoff, 1983.

2.4.2 Sediments

Sampling

Sediment vibracores were collected along an offshore transect off the
Namibian coast. Approximately 50m! of sediment samples were cored out of
the vibracore at 10cm intervals into polythene vials which were frozen at -
25°C until ready for analysis. Onshore, the core sub-samples were de-frosted
in the sealed vials and amounts of nominally 50gms were weighed and
ransferred under nitrogen into centrifuge containers. The interstitial waters
were separated by centrifuging at 4000 RPM for 20mns and carefully

decanted into acid washed tubes ready for NH," analysis.
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Analysis: Ammonium

Interstitial Water Fraction

The ammonium concentrations in the interstitial waters were determined with
the same indo-phenol method as was the case for the water column except
that the calibration curves were obtained with standards over a concentration
range 20 - 100uM. In most instances the interstitial water samples had to be
diluted to maintain the absorbance readings in the ideal range of 0.3 - 0.8 AU.
The usual care was taken to obtain reagent blanks which were used to

correct the standard and sample absorbances.

Adsorbed Fraction

The adsorbed fraction of the NH," in the sediments was analysed according
o the method described by Mackin and Aller, 1984. This method defined
adsorbed NH,™ as that which is extractable with 2M KCI. The extraction was
carried out as a two step procedure to improve the efficiency of the extraction.
The adsorbed fraction of the NH," was measured as the concentration in the

KCl using the same indophenol method (Koroleff, 1983).
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Chapter 3

3. A Carbonate Stoichiometry Vector Plot

3.1 Background

Conventionally, biogeochemical carbon pumps are mechanisms which drive
the carbon fluxes across the permanent oceanic pycnocline against the
natural TCO, gradient (Volk and Hoeffert, 1985; Longhurst and Harrison,
1989; Maier-Reimer, 1933) One of the most important consequences of the
activity of carbon pumps is their impact on the magnitude and direction of the
air - sea CO, flux (Volk and Hoeffert, 1985; Siegenthaler, 1986). Three
principal carbon pumps have been identified, two of which are biologically
mediated and a third which is physically driven (Keir, 1993). The two
biological pumps comprise the organic carbon pump (Cg,) controlled by the
photosynthesis - respiration couple (Siegenthaler, 1986; Middelburg et al.,
1993), and the inorganic carbon pump (C,,;) which is driven by the deposition
and dissclution of mineral carbonates (Broecker and Peng, 1982; Milliman,
1993). The third is a physico-chemical pump, also called the "solubility
pump”, which is driven by the increased CO2 solubility in cold surface waters
and their subduction at high latitudes (Keir, 1993). The two biological pumps
can be represented in the form of reversible equations {(egs. 3.1 and 3.2). In
each case the forward step depicts the formation of biogenic particles
characteristic of euphotic marine environments (Broecker and Peng, 1982;
Longhurst and Harrison, 1989; Siegenthaler, 1986). The reverse step depicts
the remineralization of these biogenic particles in subsurface and benthic
environments (Broecker and Peng, 1982; Middelburg et al., 1993; Milliman,
1983). The depth at which this remineralization - dissolution occurs is a

function of such factors as particle size, grazing (Longhurst and Harrison,
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1989), aggregate formation {lttekkot, 1993) and carbonate equilibrium state
(Broecker and Peng, 1982).

CO, +HO . photesynthesis—> CH20 + O3 Cog PUmp  eq. 3.1
<-- Respration -
Cag+ + EHCGQ,-: Deposition - CECQg + CQZ + HZC} C?ng Pump eqg. 3.2

< Digsolution

The Cy,, pump (eq. 3.2) has a paradoxical influence on marine carbon fluxes.
The forward step decreases Total Dissolved inorganic Carbon (TCG,) and
simultaneously increases PCO, (Broecker and Peng, 1982). Similarly, the
reverse reaction decreases PCO, and increases TCO,. In contrast, with the
Corg pump (through photosynthesis - respiration), changes in TCO, and PCO,
are correlated (Skirrow, 1975). The magnitude and direction of CO, fluxes
across the air - sea boundary is governed by the PCO, gradient with the
atmosphere. 1t is therefore necessary to assess and predict the way in which
the Cpg and Cyg pumps interact with each other to effect changes to PCO,.
Understanding this interaction is increasingly relevant as remote sensing
(Groom and Holligan, 1987) and in situ rate measurements (Holligan et al.
1993) provide a more realistic assessment of the spatial and temporal scales
of coceolithophore bloom dynamics on the global carbon cycle (Westbroek et
al, 1993). This is apparent in both oceanic (Robertson et al, 1994, Holligan et
al., 1993; Townsend et al., 1993) and coastal upwelling environments
{(Mitchell-lnnes and Winter, 1984; Giraudeau et al. 1993) assumed to be

dominated by diatoms and flagellates (Hutchings et al. 1995).

Two aspects of the global carbon cycle are driven by the interaction of the two
marine biogeochemical pumps. Firstly, the magnitude of the total carbon flux
(ATCO, = ACq,q + AC)ng) out of the surface layers and into the pelagic, deep
or benthic environments. The magnitude of this flux plays a role both in
counterbalancing the upwelling of carbon enriched deep waters to the surface

(Bolin, 1986; Siegenthaler, 1986; Watson, 1895) and in the long term removal




81

of carbon from the biosphere through sedimentation (Tsunogai and Noriki,
1991; Milliman, 1993; Middelburg et al., 1993; Watson, 1995). Secondiy, and
perhaps more imporiantly in so far as air - sea exchange of CO, is concerned,
is the ratio or stoichiometry (Co,,:C,,g) in which these fluxes occur (Tsunogai
and Noriki, 1991; Broecker and Peng, 1989; Archer and Maier-Reimer, 1994).
This stoichiometric ratio governs the magnitude of the PCO, change which
accompanies a given change in TCO,. Predictive assessment of the
magnitude of the PCO, change arising from changes in the relative
magnitudes of the C,, and C,, pumps within and between oceanic carbon
reservoirs is central to both modelling and remote sensing applications within

the JGOFS programme.

This study develops a capacity parameter vector model which is used to
quantify in a direct way the stoichiometry of the Organic (Cg,) and Inorganic
(Cing) carbon pumps. This model introduces a modification which builds on
the Deffeys approach (Deffeys, 1965) where the TAlk / TCO, ordinate
parameters in the latter are replaced with the capacity parameters Total
Alkalinity (TAlk) and Total Acidity (TAcy). The vector mode! provides inter

alia three useful products:

1: an explicit characterization of the (Cq,:Cy,g) stoichiometry

2: a graphical relationship between the steichiometry of carbon addition /
removal and PCO, change.

3: Assessment of the separate contributions of temperature (solubility pump)

and biology (Cog and Cy,y pumps) to PCO, change.

The required background and definitions for the capacity parameters were
provided above in Chapter 2. The following sections make use of those
definitions as the basis for the vector plots which describe the stoichiometric

relationships between the organic Cq,4 and inorganic Cy,, carbon pumps.
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models have been used in the past (Deffeys, 1965) these did not explicitly

separate the effects of the biogeochemical pumps.

3.3 The Deffeys Model Approach

The Deffeys model was originally developed 1o link intensive parameters,
such as pH and CO4” to measurable conservative parameters (Deffeys,
1965). In its original form the model was limited to a single component weak
acid system (the carbonate subsystem) in water (Deffeys,1865). The two
conservative parameters selected (Alkalinity (Alk) and TCO,) were utilized as
ordinates to a vector diagram. The vector model is implemented by plotting
the initial and final states (as represented by Alk and TCO,} before and after

a biogeochemical perturbation.

The extension of the Deffeys model to sea water requires that the borate
subsystem be included. The alkalinity parameter in the vector diagram
becoming TAlk as defined by eq. 3.6. It should be noted that this extension is
possible only if the total borate BT remains constant. The two components of

the extended Deffeys diagram (TAlk and TCO,) are algebraically defined as:

TAlk = {2* [CO3-] + [HCOZ T + {IBOH),T eq. 3.6
TCO, = {IH2COS]* + [HCO,T + [CO,2T) eq. 3.7

Though these parameters are independent in respect of their definitions
(TAlk: proton accepting capacity; TCO,: total dissolved inorganic carbon )
they are simultaneously impacted by the principal forcing factor in the C,
pathway: ie: input or removal of CO,”. This mutual dependence on the Cing
pump is central to the problem of using the Deffeys model to interpret in a
direct way the Cqq.C)pg stoichiometry. To better understand the limitations, it
is necessary to review briefly the application of this model to the marine

biogeochemical pumps. This is best illustrated by considering two extrerne




Slope= 0:-1
100% COrg
- Bpw——0A

Slope= -2:-1
100% Clng

Total Alkalinity

TCO2

Fig. 3.1: A Deffeys type vector diagram depicting the relationship between the vector slope
and the two extremes of the Cp,, and Gy stoichiometries. it shows that the Cgy:Cing
stoichiometry cannat be predicted directly by the vector slope when TAlk and TCO; are used
as the cordinates for the vector plot. :
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perturbations: one in which only the C,,, pump is operative (ACq,, = 0), and a

second in which only the Cq,,, pump is operative (AC,qg = 0).

In the first case when only C,, is operative ( C=0), one molar unit of carbon
(ie: one molar unit of CO,”) is removed, then from egs. 3.6 and 3.7: ATCO, =
-1 and ATAlk = -2 where the signs indicate whether the change is due to input
(+) or removal (). In the extended Deffeys diagram (Fig. 3.1) this change is
indicated by the vector AB’ with a vector slope -2:-1. In the second case
when only Cq, is operative (AC,, = 0), if one motar unit of CO, is removed by
the Cg,q pump, then from egs. 3.6 and 3.7: ATCO, = -1 and ATAlk = 0. This
change is indicated in the extended Deffeys type diagram (Fig. 3.1) by the

vector AB with a vector slope 0:-1.

Comparing the vectorial effects of each individual pump: although the Cy,,
pump is characterized by the vector slope (-2:-1) and the Cp,, by the vector
slope (0:-1) (other intermediate unit TCO, removals would yield end states
between B and B' (Fig. 3.1) none of these reflect directly the stoichiometries
of the Cqy:Cirg pumps. A subsequent calculation is necessary to derive this

stoichiometry (Broecker and Peng, 1982).
Two important points arise:

(1): the extended Deffeys plot does not explicitly separate out the spatial or
temporal changes arising from Cg,g and Cy,y pumps. That is, a plot of initial
and final states in such a diagram does not provide a visual interpretation of

the stoichiometry of these two pumps.

(2): Use of the Deffeys diagram in the context of the marine environment as
outlined above requires that the alkalinity ordinate parameter be TAlk as
defined by eq. 3.6. That is, the alkalinity parameter must include both
carbonate and borate subsystems. This is emphasised here because some

studies have used the alkalinity parameter as originally defined by Deffeys
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where only the carbonate subsystem was considered (Codispoti et al. 1986).
This interpretation probably arises for two reasons: firstly, perturbations to
the system are only driven by changes to the carbon reservoirs and secondly,
Broecker and Peng (1982) for didactic reasons, presented the model in its
original form. This subsystem approach to the model has a significant impact
of the stoichiometry and manifests itself as an overestimate of the contribution

by the C,,; purmp.

3.4 Modified Deffeys Approach:

Separation of the effects arising from the two biogeochemical carbon pumps
in a vector diagram is attained by replacing the conservative mass parameter
TCO, in the Deffeys model by the capacity parameter Total Acidity (TAcy).
Use of TAcy and TAIk capacity parameters as co-ordinates gives rise to the
so called modified Deffeys diagram. This diagram is well known in the
context of engineering applications 1o water conditioning and treatment
(Loewenthal and Marais, 1984) as well as in theoretical discussions of the

weak acid systems (Stumm and Morgan, 1970).

In terms of the earlier capacity parameter equations (egs. 3.4 and 3.5),
changes in the state of the sea waler weak acid system are driven by the
addition / removal of CO, and or COZ” through the Cq,q and C,,, pumps.
These changes can be represented explicitly in a diagram with co-ordinate
parameters TAcy and TAlk (Fig. 3.2). Referring to Fig. 3.2, the plot also
incorporates a direction format diagram for the vectorial effects of addition /
removat of X mM of both CO, and COBE‘ into and out of the aqueous phase.

Two useful features arise from this:

° Assuming that changes in the state of the sea water weak acid system

arise only from the biogenically driven input and output of CO, and CO,4* then
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Fig. 3.2: A modified Deffeys plot using TAlk and TAcy as ordinates depicting the vectorial
effects addition and removal of CO, and CO,”" It shows that the effects of the Cog and Ciyg
pumps are explicitely separated. As a result the vector provides a direct indication of both the
magnitude and the stoichiometry of the perturbation. Changes in state driven by the Cq,
pump are reflected by TAcy changes and similarly, changes driven by the C\,; pump are
reflected by TAlk changes. By definition the magnitude of the perturbation is half the value of
its respective capacity parameter.




from egs. 3.4 and 3.5, the magnitudes of the addition / removal of these

components are reflected as follows:

ATAcy = 2 * A° CO, eq. 3.8
ATAK = 2 * A° CO4* eq. 3.9

Where A” X = addition from an external source of A" mM of species X.

In this modified approach each pump drives its own vector component

making the two pump contributions completely independent of each other.
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Changes in the magnitude of these components then can be related directly

to the input or removal of CO, and CO,4” respectively (Fig. 3.2); ie: ACog = A

TAcy/2 and AC,,, = ATAIK/2. The sum of the two vector components gives

the change in total dissolved inorganic carbon (TCO,) concentration:

ATCO, = ATAcY/2 + ATAIK/2 = A°CO, + A°CO,” eq. 3.10

« The independence of the two capacity parameters used as co-ordinates,

as well as the direct relationship between them and the Co4 and Cq

carbon pumps, makes it possible to represent graphically the

stoichiometry Cqq:Cyg by the slope of the vector between the initial and

final states (Fig. 3.2).

Summarizing, the first feature above describes the magnitudes of the two

carbon pumps and the second, describes the stoichiometry of these pumps

via the slope of the vector.

One of the original objectives of this study was to show that the Cq,4:Cy,

stoichiometry is the primary factor controlling PCO, variability in the marine

environment. The ensuing discussion addresses this objective by establishing
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the link between TAcy - TAlk and PCO,. This is then extended to include

temperature effects. This extension aliows that the effects of the solubility

pump also can be incorporated with the biogecchemical stoichiometry.

3.4.1 Intensive Parameters in Modified Deffeys Plots: PCO,

Deffeys (1965) showed that vector plots could be usefully applied to
graphically represent the relationships between conservative parameters
(TAlk and TCO,) and any other intensive parameters from the agueous
carbonate weak acid system. This arises because the carbonate system is
fully characterized by known values for any two system parameters (in this
case TAIK and TCO,) via the mass balance, capacity parameter and
equilibrium equations. That is, values for any intensive parameter (in this
particular case: PCO,) can be determined at any point in the diagram.
Alternatively, a single value for PCO, will plot as a line in the diagram, and a
range of PCO, values will present as a family of PCO, isopleths. The
usefulness of these plots is that it is possible to rapidly assess the effects of a
given change in state, driven by the addition or removal of carbon, on any

intensive variable of interest (eg: PCO,).

PCQO; in surface waters governs both the kinetics and the magnitude of the air
- sea flux of CO, (Siegenthaler, 1986). Changes to PCO, in aquatic systems
are driven by four processes: the C,,, pump, the Cg,q pump, the temperature
driven solubility pump (Broecker and Peng, 1982; Volk and Hoeffert, 1985;
Siegenthaler, 1986) and air - sea exchange. The effects on PCO, of
perturbations driven simultaneously by one or more of these processes can
be quantified explicitly using a modified Deffeys plot in which PCO; isopleths

have been plotted.

The algebraic relationship between TAcy, TAlk and PCO,, in the pH range of

natural sea water, is formulated using the capacity parameter equations (egs.
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3.4 and 3.5) and equilibrium expressions of the carbonate and borate
subsystems (Pytkowicz, 1983). This relationship generates the cubic

expression ie: (eq. 3.11):

DHY? + (HHZ* (B + C -D*Kg) + (H") * (A + B*Kg) + A*Kg = 0 eq. 3.11
Where: A = 2 * K1*KQ*KH*PCGQ

B = K{*K*PCO,

C = BT*Kg

D = TAlk

and (H") is the activity or concentration of the hydrogen ion as expressed by
the particular choice of scale (Culberson, 1981; Dickson, 1992) and Ky is the
equilibrium constant on the corresponding scale. This equation can be solved
using an iterative procedure, A particular PCO, isopleth is then generated as
follows: for a given PCO, value and a range of TAlk values the
corresponding (H") concentrations are calculated using eq. 3.11 and the
corresponding TAcy values are then determined using the link between this
parameter, PCO, and (H") (eq. 3.12):

TACY = 2% KH*PCQQ + KZ*KH*PCOZi(H+) + BT*{H*)II(KB + (H+)) ad. 3.12

A similar procedure for a number of PCO, values yields a family of PCO, lines
over a range of TAcy and TAIk typical of sea water (Fig. 3.3a,b). ltisto be
noted that this family of lines was generated using inter alia equilibrium
equations which incorporate temperature (1), salinity (S) and pressure (P)
effects (Skirrow, 1975). The plot shown on Fig. 3.3a is constrained by the
conditions: 1=10°C, $=35.0 psu, P=1m. It depicts a series PCO, isopleths in
the range of 200 - 600uatm including the atmospheric pCO, equilibrium line

(pCO, = 356patm) as a reference.
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Fig. 3.3a,b: Modified Deffeys plots depicting the relationship between the conservative
capacity parameters (TAlk and TAcy) and PCO, at two temperatures: (a): 10°C and (b): 20°C.
Such plots are useful to establish the realtionship between stoichiometry and PCO, change as
well as to quantify inter-phase CO, fluxes . Ateach temperature a family of PCO; fines is
plotted ranging from 200 - 600uatm, including the atmospheric equilibrium fine at 356patm. |t
shows that the magnitude of the CO, change which accompanies atmospheric equilibration
(366patm) can be predicted by the starting and final TAcy values in a fixed temperature
regime.
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The pCO, equilibrium line (pCO, = 356 patm) is particularly useful in
assessing éntefnphése CO, fluxes. For example, consider two sea water
types both with TAlk=2.30mM but with one (type A) TAcy=2.30mM and the
other (type A’) TAcy=2.10mM. The two water types correspond to chemical
states where PCO, is 440 and 240 palm respectively (Fig. 3.3a). In the event
of water type A being in direct contact with the atmosphere, it would degas
until it attained equilibrium between the two phases. This perturbation is
given by the vector AB with a -1:0 slope ( because ATAIk = 0) and a
magnitude given by ATAcy = 0.07mM. Consequently from eq.(12), the CO,
perturbation is ATAcy/2 = - 0.035mM (-ve sign indicates a loss from the
water). Similarly, in the case of water type A' (PCO,=240 atm), equilibration
with the atmosphere will be accompanied by ingassing. The magnitude is
given by vector A'B where ATAcy/2 = + 0.075mM of CO,.

The effect of temperature on the relationship between PCO,, TAcy and TAlk
can be shown by re-plotting the same diagram with the physical conditions
reset to t=20°C, S=35psu and P=1 (Fig. 3.3b). The initial states of the two
water types (A and A’) are retained. Comparing the PCO, isopleths in Figs.
3.3a and 3.8b, at 10°C and 20°C respectively, the effect of the increase in
temperature is 1o move the isopleths downwards. This arises as a result of
the decreased CO, solubility (Skirrow, 1975). This change has a practical
impact on the phase equilibrium between water types A and A’ and the
atmosphere. Whereas water type A’ at 20°C is now practically in equilibrium
with atmospheric pCO,, the PCO, gradient for water type A has increased
such that the CC; loss in degassing becomes ATAcy/2 = - 0.11mM (cf.
previous case when it was - 0.035mM at 10°C). It should be noted that
because the input or loss of CO, across the air - sea boundary occurs with no

impact of TAIk, it has the same vectorial effect as the C,, biogeochemical

pump.

The two examples above served the didactic purpose of illustrating

relationships between PCO,, capacity variables (TAlk and TAcy), temperature




93

and simplistic phase interactions. However, the usefuiness of vector models
to realistic situations is best advanced by considering two examples more
specific to the characteristics of upwelling systems based on data from the
Benguela System (see Chapters 5 and 6). These examples assume that the
necessary corrections for impact of changes in NO4 concentrations on TAIk

and TAcy have been made.

3.4.2 Application of the Vector Model to Simulated Upwelling Systems

The first, pertains to a sub-surface oceanic environment with fixed physical
characteristics (1,S,P) in which both Cq, and C,; pumps are operative. This
example is pertinent to changes governed by the biogeochemical history of
source (pre-upwelled) waters which feed upwelling areas. The second,
pertains to a surface water environment which characterizes changes in state
associated with the physical and biogeochemical ageing of post-upwelled
waters. Here, the effects of both the Cqyp- Cig pumps and temperature are

combined in driving PCO, changes.

3.4.3 The PCO, - Cp,4:Cy,, stoichiometry dynamics of pre-upwelled
waters

The importance of the vector model is to both quantify the C,,; and Cqq
contributions to the overall oceanic carbon pump and, perhaps more
importantly, to assess the effects of the stoichiometry of these pumps on
PCO, in a marine system. For example, upwelling systems are understood
and modelled to be oceanic sources of CO, to the atmosphere (Watson,
1985). The magnitude of this flux and hence the role of upwelling systems on
the global carbon budget, is determined by the PCO, of the newly upwelled
water. This is governed by the biogeochemical history of the source water.
The profound effect of the Cq:Cy, stoichiometric history on the PCO; of pre-
upwelled waters are best illusirated by example. For this purpose two

scenarios are considered, both constrained by the physical conditions t=
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Fig. 3.5: An example of a variable temperature PCO, - Modified Deffeys plot. PCO, is
incorporated under a variable temperature scenario by plotting a family of atmospheric
equilibrium lines at different temperatures (10 - 20°C). This is a useful plot in the context of
surface waters where both temperature changes and air - sea CO; exchange drive CG,
variability. The exampie follows the TAcy:TAlk changes of upwelled waters typical of the
southern Benguela System and how these changes impact on the atmospheric disequilibrium.
BC depicts the impact of the post upwelling bloom pertubation which drives the system from a
state above atmospheric equilibrium to one below. BD and BD' reflect the vectors which
depict the process whereby atmospheric equilibrium is re-established at 20°C (warmed
upwelled waters) or 10°C (if no warming had occured). It shows that in this context warming
ameliorates the impact of the biological pump in respect of the CO, drawdown.
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Fig. 3.4: An example of the use of a fixed temperature PCQ, - Modified Deffeys plot. It
depicts two scenarios whereby a sub-surface parcel of water at 10°C (A) undergoes changes
of state as a result of two perturbations with stoichiometries AB abd AB’. it shows that
although AB’ increases the TCO, by more than AB its impact on PCO, is negligible. This plot
re-enforces the view that PCO, changes are primarily driven by Cg,y:Cy,4 stoichiometry.
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waters which outcrop in the surface layer domain and profoundly affects the
CO, source - sink behaviour of such a system. In coastal upwelling systems
such as the Benguela, biological productivity following an upwelling event is
able to reduce the PCO, of surface waters to values under 200 patm, well
below the atmospheric PCO, equilibrium value. Such a situation is expected
to result in a significant air - sea CO, flux, giving the system a strong CO, sink
character. However, as is shown below, this expectation is strongly reduced
due to effect of warming of the surface layer. These efiects are investigated
using the stoichiometric vector model in which temperature effects have been
incorporated by plotting a family of CQ, isopleths which represent air - sea
CO, equilibrium lines at different temperatures (Fig. 3.5). The
biogeochemical component of the magnitude of the air - sea CO, flux is

determined by the PCO, gradient across the sea - air interface {Broscker and

Peng, 1982; Siegenthaler, 1986). In the short term (seasonal to interannual
time scales), the PCO, value in atmospheric equilibrium is constant enough to
plot it at different temperatures for a range of TAcy and TAlk values (Fig.3.5).
in this method, to quantify the magnitude of the CO, gain or loss it is only
necessary the know the starting TAlk - TAcy state and the position of the
atmospheric equilibrium PCO, isopleth at the temperature at which

equilibrium is reached.

As an example, consider a post upwelled surface layer undergoing a
temperature increase from 10°C to 20°C and equilibrating with an
atmospheric pCO; value of 356 atm (Fig. 3.5). (For continuity, the initial state
in this example, point B (Fig. 3.5) corresponds to point B in the first scenario
of the previous example shown in Fig. 3.4. This water, initially at 10°C,
upwells with a PCO, value of 500uatm which is well above the PCO, in
equilibrium with the atmosphere at this temperature (Fig. 3.5). Referring to
Fig. 3.5, a post upwelling phytopiankion bloom now causes a perturbation
which changes the water from state B to C with TAlk= 2.15mM and
TAcy=1.95mM. This corresponds to a ATCO, decrease of 0.225mM, a

Corg:Cing PUmp stoichiometry of 8:1 and a final PCO, value well below
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atmospheric equilibrium in the temperature range 10-20°C (Fig. 3.5). The
CO, drawdown potential of an upwelling system at state C is then given by a
vector (slope 1:0) linking state C to the PCO, equilibrium line at the
temperature of the surface layer. The maximum drawdown possible is given
by vector CD’ which corresponds to the scenario where no warming of the
post-upwelled water occurs, ie it remains at 10°C. The magnitude of this
vector is ATAcy =0.25mM  which corresponds to a CO, input of ATAcy/2
=0.125mM (ie 56% of the carbon removed by the biogeochemical pumps is
reintroduced via ingassing from the atmosphere). More realistically, the
upwelled waters will warm up in the course of the slow process of
equilibrating with the atmosphere to say 20°C. This limits the drawdown (via
ingassing) to that given by vector CD. The magnitude of the vector is A
TAcy=0.1mM which corresponds to a CO, input of 0.05mM (ie now only 22%
of the carbon removed by the biogeochemical pumps is reintroduced via
ingassing from the atmosphere). This application of the vector model to
upwelling systems shows that the net effect of biogeochemical and physical
forcing is to limit the CO, drawdown potential {o a fraction of the carbon

removed by the biogeochemical pumps.

The above discussion of the biogeochemically and physically driven dynamics
of PCO, emphasises how the potential of upwelling systems as CO, sinks is
limited by the decreased CO, solubility which accompanies warming of
upwelled waters. Only a fraction of the carbon fixed via the biological pumps
is replaced by atmospherically derived CQO,. This fraction is likely to be even
smaller when the surface remineralization the biocgenic carbon component is
taken into account. This émpam of negative feedback by surface warming on
the biogeochemically driven PCO, deficit in post upwelled waters will be more

significant in tropical areas and under conditions of global warming.
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3.5 Nitrate Correction to Total Alkalinity

The underlying assumption thus far in the definitions of Total Alkalinity and
Total Acidity used in this study to guantify the carbonate stoichiometry is that
only the borate - boric acid weak acid species contribute significantly to
carbonate alkalinity - acidity. This assumption is essentially correct in all but
this part of the upwelling cycle due to the very minor role played by other
weak acid species in most instances. Nitrate is the exception and only at this
stage, because its concentration which in pre-upwelled waters is
approximately 20uM decreases {o zero, as a result of reduction and uptake,
within two days and causes the uptake of an equivalent number of protons as

shown on equations (2a,b,c).

NO; + SH" + 8g -~ > NH; + 3H,0 eq. 3.13a
4H,0 + chiorophyll -=-venn > 20, + 8H" + Be eq. 3.13b
NG:{ + M{" + MQO “““““““ > NH:g + ?02 eq. 3.13c

The first two equations give the main steps associated with nitrate reduction
which accompanies photosynthetic requirements of the phytoplankicn. The
third provides the net stoichiometric relationship from the sum of the two first
steps. For the process to occur while maintaining the same ZCO,, it must
alter both TAlk and TAcy. Normally the change in TAlk and TAcy brought
about by this process is insignificant compared to simultanecus changes to
carbonate driven changes to the same capacity parameters. In the case of
the post-upwelling bloom, as was shown by the preliminary stoichiometry
above the ZCO, removal is so dominated by the Cq,, pathway that the actual
change in TAlK is very small. This combined with the fact that the input nitrate
concentrations are relatively high (20uM) mean that nitrate reduction will
significantly impact the TAlk changes and hence influence the overall
stoichiometry of the post upwelling bloom. The correction for this additional

mechanism is numerically simple. The sioichiometry from eguation (3.13c)
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shows that nitrate reduction and proton removal are equimolar and hence the
impact on TAlk and TAcy is also equimolar with the total nitrate reduction.
The correction to the capacity parameters adds 20uM to the mean TAcy and
subtracts the same from TAlk of the Post-upwelling Bloom Water. In so doing
it provides new final values which would have been encountered if no nitrate
reduction had occurred. A new stoichiometric ratio can now be calculated

which is driven only by the Cq,4:Cy,g stoichiometry.
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Chapter 4

4. Shelf Scale Physical Oceanographic Processes and their
Impact on the Distribution of CO, Parameters in the Benguela
System

4.1 Background

The interaction of physical cceanographic processes on scales ranging from
daily to interannual is thought to be a key factor governing the
biogeochemical characteristics and ultimately the CO, source - sink behaviour
of the Benguela System. Variability in inter alia the transport of upwelling
events, the frequency of upwelling events, the seasonal persistence of
upwelling events and interannual scale El Nino Southern Oscillation

(Shannon et al., 1992; Shannon and Nelson, 1996) perturbations all impact
on the activity and characteristics of the biological pump. This in turn

determines the rates and the magnitudes of present day carbon fluxes.

Although this is the first investigation of the role of physical processes on CO,
variability in the Benguela System, ecosystem research in the Benguela
System (Hutchings et al., 1995) has provided much insight into the interactive
role of physical and biogeochemical processes. The dynamics of infer alia
oxygen, nitrate and more recently ammonium have been shown to be closely
coupled to physical processes (Chapman and Shannon, 1987 ; Bailey, 1890;
Probyn, 1992 ; Brink et al., 1995; Hutchings et al., 1995). The focus of past
biogeochemical work in the Benguela System has been predominantly on
oxygen and nitrate because of the fisheries and ecosystem arientation of the
objectives (Bailey and Chapman, 1985; Hutchings et a/, 1995). Sub-surface
hypoxic or anoxic evenis are an ubiquitous characteristic of the system

especially in the northern half where such events can persist over seasonal or
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annual time scales (DeDecker, 1970; Chapman and Shannon, 1987).
Periodic hypoxic events in the southern Benguela System which are
connected with physical dynamics of the system have catastrophic
conseqguences for benthic resources such as rock lobster (Newman and
Pollock, 1874 ). These are closely linked to the occurrence of reduced
equatorward wind stress and enhanced stratification which tend {o be more
frequent in the late summer at the end of the upwelling season (Chapman
and Shannon, 1987 ; Bailey, 1990). Research into the relationship between
physical oceanography and nitrate variability is driven by the fact that nitrate
is a limiting nutrient in the Benguela System (Andrews and Hutchings, 1980;
Brown and Hutchings. 1987; Hutchings et al., 1995). lis physical supply rate
to the euphotic zone drives and limits phytoplankton new production which in
turn provides the free energy to secondary and higher order production

including fish resources (Moloney, 1992 ; Hutchings et al,, 1995).

The interpretation of the physics behind oxygen and nutrient variability was
based on classical Ekman transport view of the Benguela System (Andrews
and Hutchings, 1980; Bailey and Chapman, 1985; Bailey, 1990), . Much of
this classical view is presently under review (G. Nelson, pers.com). In this
study not only are up to date insights incorporated where appropriate, but
where possible new ideas based on the carbonate data are postulated.
Three of the most important recent advances in understanding of the physical
processes in the Benguela System are (Nelson, pers.com) (Shannon and
Nelson, 1996):

« the far greater importance of the poleward undercurrent in the long shore
transport of upwelled waters within the system

» the role of shelf waves in both cross-shelf and long-shore transport of
water

» the clearer understanding of the relative imporiance of the spatial and

temporal scales of variability
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These advances and other related insights are now overviewed in more detalil
with a particular emphasis on the role they may play in driving carbon fluxes
in the Benguela System and account for the observed variability in measured

carbonate parameters in the water column of the sampled transects.

The physical oceanographic processes in the Benguela System interact with

the carbon cycle in three broad ways:

« Advection: longshore, cross-shelf and vertical: It provides the
mechanisms through which dissolved carbon is supplied to the shelf as
SACW, advected along the shelf, upwelled at upwelling celis or
fransported out of the system: it drives poleward, equatorward and cross

shelf transport of carbon,

« Benthic Boundary Layer (BBL) Turbulence: In the same way as
turbulence and stratification govern the CO, fluxes in and out of the
surface layer, so BBL furbulence is also likely to play a role in the vertical
carbon flux of re-mineralized carbon between the sediments and the

overlying water through the benthic boundary layer.

«  Surface Layer (SL) Turbulence - Stratification: When upwelled water
outcrops at the surface, thermal stratification governs the activity of the
biological and solubility pumps through its control on phytoplankton bloom
dynamics and warming respectively (Pitcher et af., 1991; Probyn. 1992 ;
Hutchings et af., 1995; Pitcher ef al., 1996). Stratification also governs the
rate of CO, gas exchange between the surface layer and the overlying
atmosphere (air - sea flux) and the underlying sub-surface waters

(turbulent diffusion across the thermocline).

Understanding the way these three physical aspects of the Benguela System

interact with carbonate biogeochemical processes is central to constraining
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the CO, sink - source cnaracteristics of the Benguela System. This is the

objective of this chapter and it is achieved with the following approach:

o Review state of knowledge in respect of advective and turbulent mixing
processes relevant to carbon fluxes.

« Present the physical and biogeochemical oceanographic sections to
assess the extent to which present knowledge accounts for the
observations.

» Discuss new insights which arise from the data obtained in this study.

4.2 Physical Processes Critical to Carbon Fluxes in the Benguela
System

4.2.1 Advection: Longshore and Cross Shelf

in the classical Ekman transport view of upwelling (Neumann and Pierson,
1966) equatorward winds combined with Coriolis force drive a net offshore

transport of surface water (Ekman Layer). This has two outcomes:

¢ it causes a net cross-shelf advection of water integrated over the Ekman
friction layer at right angles to the coast. This is replaced by bottom
waters which outcrop at the surface through upwelling;

» it also drives equatorward currents.

The first outcome arises as a result of the balance between the frictional and
Coriglis terms (Neurnann and Pierson, 1966; Smith, 1395). In the southern
Hemisphere when the frictional surface is on top, as is the case for surface
wind driven layers, the motion is to the left of the driving vector: the
equatorward wind. [n the case of the benthic boundary layer the frictional
surface is inverted, lying at the bottom, and the Coriolis effect is also reversed
{Smith, 1995). The net effect is to push the bottom frictional layer water to the

right or shorewards in the southern hemisphere. This coupled effect causes
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the deficit of water at the coast to be replaced through upwelling of sub-
surface waters, which in the Benguela System has always been defined as
South Atlantic Central Waters (SACW) (Currie, 1853; Shannon and Nelson,
1996).

In the second case, a barotropic equatorward current arises because of the
cross shelf pressure gradient which builds up as a result of the sea slope
change created by the advection of surface waters offshore (Neumann and
Pierson, 1966; Nelson, 1985; Smith, 1995). In the absence of other advective
forcing such as the poleward undercurrent, this geostrophic pressure gradient
will drive a barotropic equatorward flow (Smith, 18985). In addition, upwelling
will cause isopycnals to tilt upwards towards the coast. [f this is sustained
over periods longer than the inertial oscillation period, a baroclinic longshore

current sets in near to the coast in an equatorward direction.

in terms of the classical view, upwelling would occur along any part of the
coast where an equatorward wind stress occurred and generate an
equatorward transport of water (Neumann and Pierson, 1966). Early studies
in the Benguela which were largely based on the assumptions of the Ekman
model proposed a poleward jet located below the outer shelf break as a
compensation current for the largely equatorward transport predicted by the
model (Currie, 1953; Hart and Currie, 1960). This view of the system predicts
that the carbon fluxes would be characterised by two notions:

« the carbonate characteristics of upwelled waters would be largely
dominated by the source SACW which because of the relatively rapid
cross shelf transit would upwell only slightly modified by localized benthic
remineralization.

« the transport of biogenic particulate carbon, resuiting from surface
biological activity which follows upwelling, would be equatorwards. The
downstream deposition and accumulation of biogenic particles would be

largely on the equatorward side of upwelling centres (Bailey, 1990).
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Past interpretation of biogeochemical dynamics, mostly oxygen and nitrate, in
the Benguela System have rested on these two notions. However, the most
recent current meter data (Nelson, pers.com.} and biogeochemical evidence
(CO, in this study) question the accuracy of this view (Shannon and Nelson,
1998). This has led to a complete re-assessment of the nature of advection
in the Benguela System and particularly the impact on carbon fluxes
(Shannon and Nelson, 1996; Nelson, pres.com.; This study). The following
three features characterize the most recent views on advection and its

biogeochemical impact in the Benguela System:

Firstly, the bulk of the flow in the Benguela System is polewards rather than
equatorward (Shannon and Nelson, 1996). Specifically, calculated meridional
transport rates on the shelf (Gordon et al., 1995 in (Shannon and Nelson,
1996) at 27 °S estimate the equatorward and poleward components at 0.7Sv
and 1.6Sv respectively. This means that water which outcrops at the
upwelling centres is being supplied mainly by a shelf resident poleward
moving water mass rather than a cross-shelf supply of SACW. However, a
complication arises in respect of linking upwelled water to a poleward flowing
water body. The direction of stress for a poleward flow over a fixed benthic
friction layer (sediments) is equatorward which, in the southern hemisphere,
predicts that the resultant flow is 1o the left or offshore (Smith, 1995). It has
been suggested on the basis of limited data, that in such circumstances
upwelling source waters are the intermediate waters overlying the poleward
flow (Smith, 1895). This prediction is not consistent with observations in the
Benguela System and has been challenged by an alternative mechanism

suggested by G. Nelson {(pers.com.).

The “Nelson Model” is based on the existence of long wave length longshore
and cross-shelf barotropic currents with periods of 3 to 6 days in the southemn
Benguela System. These are associated with barotropic coastal trapped

waves. Of particular significance is the cross-shelf motion which feeds
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upwelling in its onshore phase and supresses it in its offshore phase no
matter what the wind does to force Ekman transport. This means that
upwelling can be fed from the inshore poleward flow rather than it being
constrained to a mid water supply based on the offshore flow tendency in the
BBL within the poleward flow as discussed by (Smith, 1995).

Secondly, equatorward flow is restricted to the surface layers which originate
from aged upwelled waters and a narrow near surface jet located normally
above the 300-400m contours (Bang, 1873; Shannon and Nelson, 1996).

Thirdly, the biogeochemical significance of this advection model is that while
active phytoplankton blooms and dissolved constituents in the surface layer
would be advected equatorward, sedimenting and particularly re-suspended

biogenic particles would be largely transported polewards.

The importance of sub-surface advection indicates that physical forcing at the
bottom friction layer may play an important role in biogeochemical fluxes.

This aspect is now addressed in more detail.

4.2.2 Benthic Boundary Layer (BBL) Turbulence:

The Benthic Boundary Layer (BBL) is probably one of the most ubiguitous but
least well understood oceanographic features of the Benguela System and
other upwelling systems (Lenz and Trowbridge, 1991; Dingle and Nelson,
1993; Smith, 1988). This applies particularly to the driving mechanisms which
sustain it and their role on biogeochemical fluxes in general and CO, in

particular.

Initial interest in the BBL was stimulated by its role in governing the intensity
and extent of low oxygen water in the Benguela System (Dingle and Nelson,

1993). The BBL in the Benguela System is described as a mixed body of
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water overlying the sediments with a thickness of no less that 3% of the total
water column depth (Dingle and Nelson, 1993) . This value may increase to
as much as 10% in the vicinity of shelf breaks where physically driven
turbulent mixing is enhanced (Dingle and Nelson, 1993). The most extreme
of such excursions is usually found associated with shelf breaks where a
“dome” in the isopleths is a consistent feature (Nelson, 1985). This has
usually been ascribed to shelf break upwelling (Barange and Pillar, 1992;
Summerhayes et al., 1995) but it has been suggested more recently that the
“dome” effect reflects enhanced turbulence at the shelf break arising from the
semi-diurnal tidal Kelvin wave which propagate along the break (G. Nelson,
pers.com). This is one of the physical processes whose role in modulating
biogeochemical fluxes has been underestimated and whose specific forcing

mechanism is discussed further below in the light of the data from this study.

4.2.3 Surface Layer (SL) Turbulence and Stratification:

The flux of solutes and dissolved gases between two environments separated

by a gradient is modelled by the generic expression:
Fo=K*AX/AZ eq. 4.1

where the flux of component X (F,) is the product of the turbulent exchange
coefficient (K,J and the gradient (AX/ AZ). In the special case of CO, the

same expression becomes:
FGOE = KW * &pCO‘} eq 4,2

where the CO, flux (Fepp) is a function of the turbulent exchange velocity (K,)
and the partial pressure difference (APCQ, ) between the surface layer PCO,
and the atmospheric pCO, {Liss and Merlivat, 1986). The expression (eq.

4.2) has physical (K,) and a biogeochemical (APCQO, ) parts both of which are
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impacted by wind induced turbulence and stratification driven by solar

warming.

The importance of turbulence and stratification dynamics in upwelled waters
lies in the control they hold over the vertical carbon fluxes into and out of the
surface layer. They play three significant roles which impact on the terms of
eq. 4.2:

« they impact on the rates of gas exchange (K,) between the surface layer
and both the overlying atmosphere through the sea surface layer (Liss and
Merlivat, 1886; Wanninkhof, 1992)

« they govern phytoplankton bloom dynamics through their impact on,
amongst other factors, seeding, cell size, mixing depth, nutrient supply
(Hutchings et al., 1985). The relationship between physical forcing
through wind driven turbulence and the dynamics of new and regenerated
phytoplankton production is also particularly well described by T.A. Probyn
in Brink et al., (1995; p109; Fig. 5.2). Phytoplankton bloom dynamics in
turn control CO, uptake and in doing so, PCO, and the short term
changes to APCO,.

«  Stratification from sun warming impacts on air - sea CO, fiuxes through
warming of upwelled waters which reduces CO, solubility and increases
the magnitude of PCC, which, in turn, impacts on the bicgeochemical part

{(APCO,) of the flux expression.

4.2.4 Role of turbulence and stratification on CO, dynamics in the
surface layer:

Upwelling systems such as the Benguela are characterized by dramaltic
synoptic scale shifts in the degree of turbulence in the surface layer which

characterise "active” and “relaxation” phases of the upwelling cycle (Taunton-
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Clark, 1985: Shannon and Nelson, 1996). While turbulence associated with
the active phase drives the characteristics and magnitude of new production
through its control on phytoplankion seeding and NOj supply (see Chapter 1)
most of the physical and biogeochemically driven changes to PCO, oceur

during the “relaxation” phase when stratification begins.

Stabilization of upwelled waters driven by solar heating is a key factor causing
the large biomass and highly productive phytoplankton blooms which follow
upwelling events (Brown and Hutchings, 1987). These dense phytoplankton
blooms (10 - 50 mg Chl, m™) bring about dramatic decreases in PCO, from
the high values of 800 - 1500 uatm which characterize newly upwelled
waters to sometimes below 200 patm ( This study ). Concurrently, sun
warming of the surface layer also decreases the solubility of CO, (Weiss,
1874) which increases PCO, and reduces the CO, drawdown potential of the
system ( see Chapter 3). Stratification driven by sun warming plays two
opposing roles in respect of changes to the magnitude of net CO, fluxes

between the surface layer and the atmosphere:

= it stimulates phytoplankton production and biomass which decreases
PCO, in the surface layer and,
» it decreases the solubility of CO, which increases the PCO,.

Stratification in the Benguela System occurs through two mechanisms.

Firstly, direct sun warming of upwelled waters can produce a heating rate of
0.5°C / day in a 10m mixed layer (Guastella, 1892 ). The net solar radiation
during the summer in the southern Bengueia has been measured at 225Wm™?
with values further north being estimated to be slightly higher (Shannon and
Nelson, 1996). Secondly, when the upwelling cycle enters a relaxation phase
and the equatorward wind stress decreases, the sea surface pressure
gradient relaxes through the shoreward flow of surface waters. This surface
water is normally warmed (t > 17°C) aged upwelled waters which because of

its lower density caps the colder (t < 11°C) newly upwelled water. An
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example of such an occurrence can be found below in the results and
discussion from the Olifants River transect. While the former mechanism
creates a weakly stratified but stable water column conditions with a weak
thermocline, the latter is usually observed as a strongly stratified water
column with the thermocline at approximately 10m -20m. Over most of the
Benguela System the dominance of one system over another is strongly
related to the strength and frequency of upwelling wind events which varies
both spatially and seasonally. It should be noted that this variability in the
stratification dynamics is to be found within the upwelling area inside the
upwelling front. Qutside this front in the oceanic system stratification is a
permanent feature with surface water temperatures in the range 18 - 20 °C

(Nelson, 1885).

The foregoing overview emphasised the role of physical forcing on the
biogeochemical part of eq. 4.2. It is now necessary to focus on the role of the

same physical forcing on the physical part of the expression (K,).

4.2.5 The role of physical forcing on CO, fluxes across the boundaries
of the surface layer.

The surface layer typically has two boundaries (Fig. 4.1):

« the air - sea boundary to the atmosphere and,

» the thermocline boundary to underlying colder waters which are richer in
both CO, and NOjy but lower in both O, and DOC.

The physical characteristics of these boundaries govern the gas flux rates into
and out of the surface layer. The variabilily in the resistance of these

boundaries to gas and solute fluxes are in turn determined by:

» wind stress (speed) in the case of the air - sea boundary (Liss and
Merlivat, 1986; Wanninkhof, 1892) and,
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Fig. 4.1: This diagram depicts the two boundaries of the surface layer the fluxes and their
driving mechanisms. It shows that CGO, fluxes across the air - sea boundary are a function of
the gradient between atmospheric pCO2 and surface layer PCO, as well as the mainly wind
driven skin turbulence which is parametrized as the exchange velocity (Kw). The flux across
the pycnocline which defines the lower boundary, is a function of the PCO, gradient as well as
the pycnocline strength which is normally parametrized as the turbulent eddy diffusion
coefficient (KzCO2 ). Modelling of transport across the pycnocline boundary is also of central
importance to downward DOC fluxes.
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a combination of wind, solar heating and advection which govern

thermocline dynamics (Lenz, 1992; Smith, 1995).

Physical Modelling of CO, Flux across the Air - Sea Boundary

The modelling of gas transfer flux across the air sea boundary has been the
subject of numerous comprehensive studies and reviews (Broecker and
Peng, 1982; Liss, 1983; Liss and Merlivat, 1986; Tans et al., 1980,
Wanninkhof, 18982; Farmer et al,, 1893). Physical forcing of the rate of gas
transfer (K,,) across the air - sea interface is driven mainly by surface
turbulence which is closely related 1o wind stress. Although other factors
which affect the characteristics of the sea surface layer such as slicks,
surfactants and bubbles also play a role in the real value of K, (Wanninkhof,
1992; Farmer et al., 1993) these have, for the purposes of this study been
ignored. The three main approaches to numerically defining K, range from
the highly empirical stagnant layer model (Broecker and Peng, 1982) to the
most widely used boundary layer model (Deacon, 1877). The approach
adopted in this study for CO, is that of the Liss - Merlivat model which is
based on the boundary - layer modelling approach (Deacon, 1977) modified
tc handle changes to surface characteristics at higher wind speeds (Liss and
Merlivat, 1988). This approach, which was used in this study, simplifies the
temperature dependence of the Schmidt number and provides a solution for
20°C. Although detailed functional relationships exist for the temperature
dependence of the Schmidt number (Wanninkhof, 1982}, the Liss-Merlivat
simplification is close enough to the 18°C atmospheric equilibrium value used
in this study. One of the main difficulties in modelling of CO, fluxes is that it
is difficult to experimentally determine transfer velocity K, over a range of
wind speeds (Broecker and Peng, 1882). The Liss - Merlivat approach
models the change in the transfer velocity K, with wind speed and recognizes
three transitions to the relationship each with its own K,, - wind speed (U)

relationship:
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Sea State Wind Speed K.
(m/s)
e smooth surface < 3.6 0.17U
e rough surface 3.6-13.4 2.85U - 9.65
» breaking waves > 13 5.9U - 49.3

Recent work (Farmer et al., 1993) has shown that this model underestimates
K., at high wind speeds when bubble breaking becomes important. However,
over the wide range of conditions which characterize wind driven turbulence
in upwelling systems, the Liss - Merlivat model appears to be still adequate.
One of the important predictions of this model is the sharp increase in the rate
of change of K,, with wind speeds above 3.6m/s (7-8 knots). In respect of gas
exchange, it suggests that this speed determines the environmental boundary

between calm and windy conditions.

4.2.6 Physical Modelling of the CO2 Flux across the Thermocline
Boundary

When upwelled waters stratify, a boundary is set up between the surface
layer where most of the CO, uptake occurs and the underlying mid or bottom
waters where PCO, values remain high. Fluxes across the thermocline are
governed principally by the strength of the thermocline or, more generally, the
pycnocline. The physical factor which best simulates the resistance of the
thermocline to the transport of matter or energy across it is the Coefficient of
Eddy Diffusion (K.4) (King and Devol, 1979). This is, as with most turbulence
coefficients, not simple to measure especially in situ when the CO, data is
being gathered. Some in situ measurements have been achieved in the past
(Lewis et al., 1984) using turbulence probes but routine acquisition of this
type of measurement remains a problem. The approach used in this study is
the King and Devol, 1979 use of the thermal diffusion coefficient (Kz)
calculated from net daily average heat flux (Q) and the thermocline gradient

(dt/dZ) as a proxy for Kzeqo. The main assumption in this approach is that the
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magnitude of the unmeasurable K;n, can be satisfactorily approximated by
the measurable K (King and Devol, 1979). The CO, flux is then calcutated

with the general expression:

F=K 7002 * d(PCOz/dZ) eq. 4.3

where the biogeochemical term d(PCO2/dZ) is the PCO, gradient across the
thermocline as a result of the CO, disequilibrium driven by the activity of the
biological or solubility pumps in the warmed surface layer. The usefulness of
this approach is that it can be extended to model the export flux of DOC,

which builds up in the surface layer, into bottom waters.

4.3 Methods: Cruises and sampling

4.3.1 Henties Bay Transect: Northern Benguela Sub-System

The Henties Bay transect was a west bearing sampling line of 6 stations
located at latitude 22 25’ °S worked between 16 - 20th March 1992 (Fig.4.2)
on the RV Benguela of the Namibian Fisheries Department. The main goals
of this cruise were to core the phosphorite rich sediments, investigate
potential mechanisms for phosphorite formation (Nathan et a/., 1993) and
simultaneously to sample the water column for carbonate biogeochemistry
(this study) and coccolithophore activity (Giraudeau et al., 1993). Water
samples were taken from a General Oceanics CTD-Rosette system which
was re-calibrated after the cruise. Sediment vibro-cores were also collected
and sampled for the both interstitial and adsorbed NH,". All pH
measurements were taken on board (see Chapter 2) and the Total Alkalinity

samples were stored for shore analysis.
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Fig. 4.2: A map showing the station positions from the cross-shelf Henties Bay transect
and the bathymetry in the vicinity of the Walvis Bay upwelling centre. Particular note should
be made of the station positions relative to the double shelf break profile at 140 and 400m
depth. Water column samples were taken at stations 16B, 27A, 28A, 31A, 32A and 33A.
Sediment cores were taken atl stations 18 and 24. The map was adapted from Bremner,

1981.
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The transect was carried out over a part of the Benguela System shelf which
is also characterized by a moderately wide (150 km} and straight shelf with a
double shelf break at approximately 140 and 400m (Fig.4.2) (Bremner, 1981).
Most of the stations (16 - 32) are located over the inner shelf and two 31 and
33 are located over the inner and outer shelf breaks respectively (Fig.4.2). As
was discussed above shelf bathymetry is an exiremely important determinant
of the nature and intensity of physical advection which occur through the

whole Benguela System {Shannon and Nelson, 1996).

4.3.2 Hondeklip Bay Transect: Central Benguela Sub-System

The Hondeklip Bay transect was a west bearing line sampled between 16 - 20
June 1983 on the FHRS Africana of the Sea Fisheries Research Institute,
South Africa with the objective of obtaining a comparative data set for
carbonate parameters from the Namagqua region of the Benguela System and
to undertake sampling for coccolithophores (Giraudeau and Bailey, 1995). A
total of 7 stations were sampled (Fig. 4.3) with specific provision for a set of
3 samples with 5 m spacing within the bottom 20m of the water column to fall
within the benthic boundary layer. All analyses were carried out on board

during the cruise.

The physiographic factor which most distinguishes the central zone of the
Benguela Systern from its northern and southern counterparts is the width
and irregularity of the shelf. The shelf is at its widest in this part of the
System stretching up to 180km off the Orange River (Fig. 1.5) and is largely
characterized by a single shelf break at about 300m (Fig. 4.3). its northern
boundary is the sharp narrowing of the shelf to 75km 1o the south of Luderitz
(28 °S). The southern boundary is the Olifants Valley where SACW, which
dominates biogeochemical characteristics of the southern extremity of the

Benguela system, is advected onto the shelf (Dingle and Nelson, 1893).
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Fig. 4.3: A map showing the station positions from both the Hondeklip Bay and Olifants
River transects as well as the bathymetry of the southern half of the Benguela System. The
two transects overlie contrasting cross-shelf profiles with a single sharp break at 300m along
the Hondeklip bay transect and a less pronounced double break (150m and 400m) along the
Olifants River transect. The positions of the transects relative to the upwelling cells should be
noted. While the Hondeklip Bay transect is practicaily within the Namaqua upwelling cell
(starting at Hondeklip Bay), the Olifants River transect is 100km north of the Cape Columbine
upwelling centre. The Cape Peninsula upweliing centre is located south of Cape Town. The
main bathymetric features are Child’'s Bank, the Olifants Vailey, the Cape Canyon and the
Cape Point Vallay.
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fluxes requires that the concentrations be expressed in volumetric terms. The
normalization of the concentrations to a fixed reference salinity (35 psu)
removes the component of conceniration variability linked to salinity changes.
All subsequent biogeochemical and modelling chapters use the latter format

for concentration.

The contouring of oceanographic sections was done using the kriging method
in Surfer for Windows. While the data search and anisotropy aspects of the
procedure were optimized as best as possible there are some instances
where spurious contouring could not be avoided due to limitations in spatial

resolution. These are pointed out in the appropriate instances below.

4.4 Resuits and Discussion

Because of the simplicity of the Ekman model it is often tempting to view a
zonal section across the shelf of an upwelling system as a spatial
representation of the temporal evolution of an upwelling cycle. However
recent work has emphasised the importance of longshore flow through the
system so that upwelling systems need to be interpreted more as a 3
dimensional systems. The ensuing spatial physical and biogecchemical
sections are zonal cross sections of the Benguela System such that each
transect spans the shelf within each of the 3 sectors proposed above. The
use of NO,; and O, biogeochemical transects is in support of the
interpretation provided by the carbonate parameters. They are an

independent test of the oceanographic consistency of the carbonate data.

4.4.1 Henties Bay Transect: Northern Benguela System

Wind Regime

The Henties Bay transect is located between the two most important centres
of upwelling inducing cyclonic wind stress curl in the Benguela System :
Cape Fric (CF) at 18 °S and Luderitz (LZ) at 27 °S (Shannon and Nelson,
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Physical Characteristics: Temperature and Salinity

The t-S plot shows that the water sampled in this section has its origin in the
linear part of the t-S characteristics of South East Atlantic waters (6°C - 16°C,
34.60 - 35.50) which define South Atlantic Central Water (SACW) (Fig. 4.5).
Most of the samples were taken on the shelf where the salinity range is
typical of the upper end of the SACW t - S range (8: 35.20 - 35.40) (Fig. 4.5).
Some of the data which lie above the main linear relationship (fitted by eye)
represent aged upwelled waters. In upwelling systems evaporation rates are
very low (Guastella, 1992) thus, during the ageing process the temperature
may increase with solar heating but the salinity remains unchanged. This
makes salinity a suitable conservative variable with which to characterize
waters in upwelling systems. This sector of the northern Benguela shelf is
largely characterized by upwelled water with a -8 range of 35.20 - 35.25
which upwell with temperature in the range 12 - 13 °C and subsequently
warm up to 17 - 19 °C at the surface. This concurs with historical data from
this sector of the Benguela System (Shannon, 1985} and indicates that

SACW is being upwelled onto the shelf from a depth of 150-200m.

Physical Sections: Advection, Stratification and BBL turbulence

The temperature and salinity sections (Figs. 4.6a,b) are representative of
typical water column physical characteristics in the central Namibian sector of
the Benguela System. The temperature section (Fig. 4.6a) shows that the
system was in a relaxation state, characterized by a stratified upper water
column (< 30m) with a particularly strong thermocline close to shore. Under
upwelling conditions newly upwelled water (t < 13°C S - 35.25) would

normally outcrop.

The observed relaxation state could then be explained in two ways:
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« The eguatorward wind stress is modulated by a strong diurnal sea - land
breeze signal. The diurnal equatorward wind reversals which occur at a
higher frequency than the inertial oscillation frequency (~32hrs) do not
induce upwelling (G. Nelson, pers.com.). However it should be noted that
the land - sea wind reversals diminish offshore so it is possible that
upwelling could occur at distances of more than 50 km offshore (G.

Nelson pers.com.).

o The sampling area is approximately 60km on the equatorward side of the
closest upwelling centre of Walvis Bay (Fig. 4.2). The surface water
represents therefore warmed aged upwelled water from the Walvis upwell
cell which is advected equatorward. The salinity (Fig. 4.6b) which over the
entire surface laver ( Z < 20m) has a range 35.22 - 35.26 support an

upwelled origin for the surface water.

Given the geographic location of the transect and present insight of poleward
flow characteristics in the Benguela System (Shannon and Neison, 1986), it is
hypothesized that the bulk of the subsurface (> 20m) water covered by the
transect (S: 35.20 - 35.25) would have originated from a site to the north of
the transect. There, it would have been advected from the slope region onio
the inner shelf and entrained into the poleward shelf flow. Current meter data
from this area shows that there is a net poleward transport but that seasonal
flow reversals are also evident (G. Nelson, pers.com.). Poleward longshore
advection as the main supply route for upwelled waters, as opposed to a
more classical Ekman transport driven cross-shelf flow is supported by the
presence of fine-grained sediments on the central Namibian shelf (R.
Johnson pers.com.). It was suggested that the accumulation of
diatomaceous ooze tm the inner shelf was only compatible with a very
reduced (25%) bottom friction linked to Ekman driven cross shelf flow (R.
Johnson pers.com.). By deduction, long shore transport associated with the

poleward undercurrent must play a more important rele in respect of the
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supply of water which gets upwelled. This is a strong factor supporting the
notion that the Walvis Bay upwelling cell is largely supplied with water which
is advected onto the shelf at Cape Frio from where it is transported
polewards. When this water comes within the zone of influence of an
upwelling centre, such as Walvis Bay it is then upwelled to the surface where

it outcrops.

Similarly, surface waters could either be equatorward moving aged upwelled
waters originating from the Walvis Bay cell (Bailey, 1990) or poleward moving
Angola surface waters (Boyd, 1987). The southward intrusion of saline and
warm surface waters from Angola into the central Namibian shelf is a periodic
occurrence in the late summer - early autumn coinciding with the reduction of
equatorward wind stress (Boyd, 1987). The core of saline water found on the
western end of the salinity section in the depth range 20 - 80m extending as
far as the inner shelf break is probably the only evidence for a poleward

intrusion of Angola water.

Biogeochemical Sections: Carbon (TCO, and PCO,), Oxygen and Nitrate

The TCO,, PCO, , O, and NO4 sections have two significant features (Figs.
4.7a,b and 4.8a,b):

» the extremes in their vertical structure and,
» the separation of the BBL concentration maxima into two discrete bodies

of water each coinciding with a shelf break zone.

The highest dissolved carbon values ( TCO,: > 2.25 umolKg™; PCO, > 900
patm ) are found in the benthic boundary layer, the mid water range is (
TCO,: 2.20-2.25 uma!Kg”1; PCO,: 600 - 900uatm) and the surface waters (
TCO,: < 2.20 umolKg; PCO,: < 800patm)(Fig. 4.7a,b). Similarly, in the

case of oxygen distribution an inversely correlated vertical structure is
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observed with values of O, < 50umolKg™ within the BBL and G, > 150
umolKg™' in the surface layer (Fig. 4.8a,c). The nitrate section shows the
same vertical change with values NO, < 5 umolKg' at the surface but while
bottom values reach a peak of 31 pmolKg™' over the outer shelf break, the
concentrations in the inner shelf BBL decrease to NO, < 20 umolKg” (Fig.
4.8b). This de-nitrification, which has been observed in the past in the same
system (Chapman and Shannon, 1985), occurs when NO; becomes the
preferential electron acceptor after oxygen concentrations are reduced to a
level which allow denitrifying bacteria to become active (Fenchel and
Blackburn, 1879).

The vertical biocgeochemical water column gradient is in sharp contrast to the
more homogeneous physical characteristics, particularly salinity, of the shelf
water column and the biogeochemical characteristics of pre-formed SACW.
SACW with the t,S characteristics of that which is found on the Namibian
shelf (t, S) can be identified on the outer shelf in the depth range 8C - 130m
with TCO, and PCO, characteristics in the range 2.20 -2.21 umolKg™ and
PCG, 625 - 650 natm respectively (Fig. 4.7a,b). The main factor affecting the
changes to the biogeochemical parameters is the activity of the biclogical

pump and how it interacts with the physical dynamics.

The bicgeochemical sections and data show that there is a zone of enhanced
TCO, 2.26 - 2.31 umolKg’; PCO, > 1000 patm (nct contoured on Fig. 4.7a,b)
in the BBL closely linked to the inner shelf (25 -150m) (Fig. 4.7a,b). Similarly,
low O, concentrations ( O, < 25umolKg™) can also be seen to coincide with
the same spatial scale. This is in good agreement with historical observations
across the Namibian shelf which indicate that bodies of water with low oxygen
concentrations ( < 1mi/l ) are consistently associated with discrete sites
across the shelf (Chapman and Shannon, 1985). These discrete sites
(marked on Fig. 4.7b) coincide with bands of sediment which are relatively
enriched with particulate organic carbon (Rogers and Bremner, 1991). Here,

not only does enhanced acumulation of POC occur but re-mineralization as
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Physical - Biogeochemical Relationships:

One of the most useful ways to elucidate the relative magnitudes of the
changes driven by both physical and biogeochemical forcing is to plot them
through appropriate independent variables, Such a plot, of temperature and
NTCO, (Fig. 4.9), describes the relative magnitudes of surface and benthic
processes which modify the TCO, and temperature characteristics of SACW
during its sub-surface shelf advection upwelling and subsequent ageing.
Temperature is more useful, in this case, than salinity because it also reflects
surface residence through its response fo sun warming. TCO, on the other
hand is independent of temperature whereas PCO, is not (see Chapter 3).
The impact of the benthic remineralization flux enhanced by BBL turbulence
on poleward flowing SACW is shown by the shift in TCO, values within the 12
- 13 °C temperature range. Virgin SACW TCO, values (2.20 - 2.21 umoiKg™)
increase sharply to a range of 2.30 - 2.35 umolKg™' (Fig.4.9). The long term
impact of surface productivity and the loss of CO, across the air - sea
boundary is given by the vecior linking the t - TCQO, block for the inner shelf
waters 1o a range of TCO, values which decrease with increasing

temperature.

4.4.2 Hondeklip Bay Transect: Central Benguela Sub-System

Wind Regime

The equatorward wind regime begins to acquire a stronger seasonal signal
compared to the northern Benguela System, with very light winds in the winter
moderate - high strength in the spring and late summer and high - very high
strength in mid summer (Boyd, 1987). The period when the study was
undertaken mid-June 1983, coincided with the period during which a light

wind regime was predicted (Boyd, 1887).
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Physical Sections: Advection, Stratification and BBL Turbulence

The siopes of the isopleths in the temperature and salinity sections confirm
the predictions above that the system was in an “active” phase of upwelling
(Fig. 4.12a,b). OQutcropping of the t < 11°C and S = 34.85 isopleths (Fig.
4.12a,b) occurs at the stations 113 and 114 closest to shore. This type of
pressure gradient would normally, in terms of Ekman theory, drive an
equatorward current (Neumann and Pierson, 1966). As with the Namibian
shelf, current meter measurements confirm that poleward flow drives
advection throughout most of the subsurface water column in this central
zone of the Benguela system. In this scenario is expected that the surface
layer would be entrained in the general equatorward flow of the Ekman layer.
Furthermore an equatorward baroclinic jet should be located as a narrow
band beyond the shelf break in the depth range 300-400m where the
isotherms and isohalines steepen (14 -15 °E).

The sharp upturn of the isopleths in the upper 40m across the transect is
indicative of wind driven mixing which occurs due the weak thermal
stratification of the system in the Austral winter., Of particular significance to
the carbon flux is the well mixed water column at station 113 which overlies a
shelf zone with intense carbon re-mineralisation. Upwelling intensity is clearly
highest close to shore but the lack of stratification would be expected to
sustain large CO, fluxes into the atmosphere from the newly upwelled water
while at the same time inhibiting photoautotrophic activity within the zone

bounded by the upwelling front.

Two frontal (temperature and salinity ) structures can be seen close to the
main upwelling cell on the eastern end (Fig. 4.12a,b) . The thermal front
separates the newest upwelled water (t < 12°C) from the warmer aged
counterpart from earlier events ( 12 -17 °C ). The salinity front separates
upwelled SACW water from warmer and more saline oceanic water (S >

35.00). Itis likely that most of the CO, exchange occurs within the salinity
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front which marks the western boundary of the upwelling system at the time
the transect was sampled. In the winter when the strength and persistence of
equatorward wind stress decreases there is a shoreward shift of the oceanic

front.

At all the stations, samples were taken in the vicinity of what was expected to
be the benthic boundary layer. These were at 5, 10 and 15 m off the bottom
and in all of them both the t and S values support the existence of a BBL at
least 15m thick. The shelf break dome is not well resolved because of station
spacing but it can be partly seen as a steepening of the isopleths at the shelf

break. This is supported by the biogeochemical sections below.

Biogeochemical Sections: Carbon (TCO, and PCO,), Oxygen and Nitrate

The three features of oceanographic significance in the biogeochemical

sections along the Hondeklip Bay transect (Fig. 4.13a,b and 4.14a,b) are:

» as was the case in the Namibian transect, there exists a strong vertical
gradient between the surface layer and the benthic boundary layer.

» there is only one major benthic boundary layer “dome” associated with the
single shelf break at 300m.

» the highest TCO, / PCO, values of the whole data set are located close to
shore - these are the values which characterize upwelled waters in at

Hondeklip Bay.

The surface layer is characterized by TCO, values which range from < 2.10
umolKg™ outside the upwelling front to the extremely high values of 2.20 -
2.40 umolKg™' and single values of over 2.5 umolKg™" within the front (Fig.
4.13a). As expected, PCO2 values mimic TCO2 with a range from near
atmospheric equilibrium for aged upwelled waters (-350 patm) to the
unusually high inshore values exceeding 3000uatm (Fig. 4.13b). As a result

of the active upwelling stage during which sampling started, these high
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values outcropped within the upwelling front. These values indicate that
surface waters are being upwelled from a reservoir of modified SACW located
very close inshore where the highest PCO, values are located (Fig. 4.13b).
This is strong support for the “Nelson model” whereby the source of upwelled
waters is the biogeochemically enriched poleward undercurrent rather than
the intermediate waters as suggested by Smith 1995. As was the case in the
Henties Bay transect the most significant biogeochemical enrichments of the
sub-surface waters occurred in sections of the shelf where organic rich
sediments accumulated. The prediction from the BBL-PCQO, sections that
there should be two accumulation patches ( PCO, > 1000uatm ) (one at 100-
180m and a second Z < 50m), is borne out by sediment gecchemical data
(Birch, 1975).

Oxygen and nitrate values (Fig. 4.14a,b) reflect the same system status, with
aged waters outside the front (low NO,’; high O,) and a reciprocal status
within the front (NGO, ~ 20uMiKg O, ~ 100uM/Kg). The existence of
relatively high 02 concentrations with correspondingly high TCO2 increases
suggests that the bulk of the CO2 addition may be driven by benthic

anaerobic respiration (Fig. 4.14c).

The variability of TCO, and PCO, values across the shelf in the vicinity of the
BBL highlights the role played by varying magnitudes of both the benthic
remineralization flux and the physical turbulent mixing. In the vicinity of the
shelf break the distortion of the isopleths indicates that this is the region of
highest physically forced BBL turbulent mixing. The thickness of the BBL as
reflected by the > 500uatm isopleth is ~ 150m (~ 50% of the water column
depth} which contrasts sharply with a BBL of less than 50 metres closer
inshore (Fig. 4.13b). In the inshore region where the depth range < 150m the
PCO, values in the BBL increase sharply to ~2500uatm between 50 - 200m
and over 6500patm at the benthic interface inshore of 50m depth. The two
bottom values (6500 and 4500uatm ) at station 113 are the highest PCQO,
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Physical Characteristics: Temperature and Salinity

The t - S characteristics of the data collected from the transect (Fig. 4.17)
show that as with the previous transects most of the water on the shelf had its
origin in the linear section of the t-8 plot which characterizes SACW for the
SE Atlantic Ocean (Reid, 1989). The deeper samples reached well into the
core of AAIW depicted as a salinity minimum in the range 34.4 - 34.6 and the
very deepest sample reached the core of CDW / NADW alse found in the
Cape Basin (Reéd, 1989). The greatest concentration of samples is in the
range 34.70 - 35.00. There is evidence for the presence of warmed (t >
12°C) aged upwelled water which still retain their original salinities. The
group with the highest salinities are shown below 1o be part of the
equatorward jet which is a permanent feature in this part of the Benguela
System (Shannon and Nelson, 1996). In most respects the physical (t-S)
characteristics of this sector of the Benguela System appear to be almost
identical to the previously discussed for the Hondeklip Bay transect.
However, biogeochemically, the two sectors will be shown below to contrast

sharply.

Physical Sections: Advection, Stratification and BBL turbulence

The temperature and salinity sections of the Olifants River transect are shown
on (Fig. 4.18a,b) . The first noticeable feature is that the surface layer
(Z<50m) was, as predicted from the wind record, stratified with an intense
thermocline in the near shore Station 12 (from 18°C at 8m to 10°C at 25m).
The estimated mid-summer warming rate of the surface 20m is about 0.5 °C
d” (Guastella, 1992). Given that the relaxation phase was only 3 days old
and that the temperature of upwelled water in that vicinity is approximately
10°C, the surface water overlying the thermocline (t> 17°C) is clearly too

warm to be aged upwelied water from the immediately past upwelling event.
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Fig. 4.19: Diagrams made from NOAA infra-red images of the southern sector of the
Benguela System on two consecutive days which preceeded the Clifants River fransect by 3
days. On the 9/2/91 which was at the end of an upweliing period there is an extensive tongue
of upwelled water where t < 16°C and the upwelling front is clearly visible. According to the
wind record (Fig. 4.16) the winds reversed on the 10/2/91. On the same day a rapidly
poleward advancing front of warm > 18°C surface water can be seen to be filling the area from
the north. This warm layer of aged upwelled water flows over and caps the newly upwelled
water resulting in the strong thermocline shown on Fig. 4.18. The speed of this flow is also
significant at an estimated 0.65m/s.
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As with both the northern and central sectors the cross shelf pressure
gradient represented by the isotherms and isohalines (Fig. 4.18a,b) would
under classical Ekman interpretation result in an equatorward barotropic
current over most of the shelf (Neumann and Pierson, 1968). However, the
southern Benguela is the sector in which the poleward sub-surface flow is not
only strongest but least susceptible to seasonal scale reversals (Nelson,
pers.com.). It is expected that most of the water column was being advected
polewards. In the instance when the transect was sampled this also applied
to the surface layer which in the “relaxation” phase of the wind cycle brings

aged upwelled waters polewards over the newly upwelled waters.

The cross shelf gradient is broken by a “dome” perturbation located in the
vicinity of the deep shelf break region at 500m (Fig. 4.18a,b). This feature is,
as before, atiributed to turbulent mixing linked to the interaction of one or
more advective mechanisms. This interaction results in the development of a
benthic boundary layer (see Further Discussion below ) whose thickness is a
function of the degree of turbulent mixing. The magnitude of this feature
compared fo transects in the central and northern sectors is indicative of the
increased turbulence within the southern Benguela System at the time of the

transect.
Biogeochemical Sections: Carbon (TCO, and PCO, ), Oxygen and Nitrate

The biogeochemical sections from the Glifants River transect show that this
sector of the Benguela System is similar to the two previcus sections from the
perspective of spatial variability: it shows surface carbon and nitrogen uptake
and oxygen production and the enhanced, although comparatively much
smaller, input, particularly of carbon, through the dynamics of the BBL
turbulent mixing (Figs. 4.202,b and 4.21a,b). What is noticeably different is
that the extremes differ. Both the surface TCO, and PCO, minima ( PCO, <
200uatm ; TCO, < 1.95 umolKg™) and benthic maxima ( PCO, > 800uatm;
TCO, > 2.20) are also the lowest recorded in this study (Fig. 4.20a,b). In the
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case of nitrate the spatial variability is very similar particularly to the Hondeklip
Bay transect (Fig. 4.21b cf. Fig. 4.14b). The NOj~ section is useful in
identifying the zones of enhanced BBL mixing and it shows that the benthic
remineralization flux coupled with nitrification impacts on the NOy’
concentration in the overlying water in the inner shelf ( Z < 200m). The NOy’
concentrations above the 200m shelf break increase from the background
SACW values of ~ 15 - 20 umolKg™ to over 20 umolKg . The overall range

of NO4 concentrations is similar to that in the Hondeklip Bay transect.

The lower BBL TCO, / PCO, enrichments in this transect compared to both
the Henties bay and Hondeklip Bay transects suggests that inter alia two

potential processes play a role:

« Lower annual new production rates which provide in the case of the
Olifants River transect, low accumulation potential of POC in the
sediments. The role of biogeochemically driven forcing is quantitatively
addressed in the final Chapter 7 as part of the model predictions.

¢ Turbulent mixing energy in the BBL is high enough to resuspend the
biogenic particles and transport them off the shelf. In this case the
remineralization will not occur in an area where it can feedback to
upwelling waters. This would keep the PCO, values of upwelling shelf
waters closer to that of SACW ( 450-600 patm ) and lower the degassing
rates of newly upwelled waters. The role of the physically driven

explanation is further discussed below in the context of BBL turbulence.

Physical - Biogeochemical Relationships:

The relationship between physical and biogeochemical variability is once
again summarized by the t - TCO, relationship (Fig. 4.22). It supports the
conclusions above that in this sector benthic remineralization flux plays a
relatively smaller role in adding carbonate species to upwelled waters and

that exceptional surface stratification dynamics result in the lowest TCO, in
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This plot shows that:

®

Inner shelf water (ISW) from the Henties Bay transect cannot be the
source of inner shelf water at the Hondeklip Bay transect because, even
though as might be expected, TCO; in the latter is higher, the temperature
difference is not consistent with a poleward link between the two sectors.
The same applies 10 the salinity characteristics which are 35.25 psu in the
northern sector and 34.75 - 34.85 in the central sector. Given that the
Luderitz upwelling area is a site of very strong and persistent equatorward
wind stress it is hypothesised that it forms the “gate” between the northern
and central sectors of the Benguela System. SACW which upwells in the
central sector is advected onto the shelf in the vicinity of Luderitz. To
maintain continuity, northern sector inner shelf waters are advected
offshore. It is tempting to link this potential offshore advection with that
identified by Agenbag and Shannon, 1988 in the vicinity of Mecb Bay (25
°S). The link between the offshore displacement located by remote
sensing (Agenbag and Shannon, 1288) and a concomitant sub-surface
advection is something which should be explored further.

Even though there is only a minor difference in their temperatures the
inner shelf waters at both the Hondeklip Bay (central sector) and Olifants
River {southern sector) transects differ visibly in their TCO, ranges. The
magnitude of TCO, of ISW at the Olifants River transect (2.15 - 2.25uM )
is lower than that which was measured the Hondeklip Bay transect (2.4 -
2.5uM ). This is not consistent with a poleward flow link between the
central and southern sectors. This result suggests that inner shelf water in
the central sector as measured at Hondeklip Bay flows off the shelf to the
north of the Olifants River transect. This is in good agreement with the
observation by Dingle and Nelson, 1393 that the Olifants Valley is a
conduit for the inflow of “new” relatively cold and fresh SACW. This inflow
floods the inner sheif in the southern Benguela System and characterises
the waters which outcrop at both Cape Columbine and Cape Peninsula.
This predicts that the outflow of central sector inner shelf water must be

somewhere to the south of Child's Bank.
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in terms of this conceptual model, the Benguela System is divided into three
sectors: a northern sector extending from 18°S to 27°S |, a central sector
extending from 27 °S to 32°S and a southern sector from 32 °S to the Cape
Peninsula 3408 (Fig. 4.24). The northern boundaries of each sector are the
zones where an inflow of “new” SACW is advected from the slope and onto
the shelf where it gets entrained info the general poleward flow. Each of
these “gate” sites (Cape Frio (18 °S) , Luderitz (27 °S), Olifants Valley (32 °S)
has three physical and environmental characteristics which are not shared

with any other upwelling cells;

» they are characterized by varying periods of particularly strong
equatorward wind stress. The persistence of this situation varies, with the
southern Benguela System having a stronger seasonal scale variability
(Boyd, 1987).

« they are sites where the shelf narrows.

» within the constraints of seasonal variability, they are centres of maximum

cyclonic wind stress curl (Shannon and Nelson, 1996).

Cross shelf advection acts as a “gate” inhibiting the poleward undercurrent
from the upstream (north side) sector from moving southwards into ancther
sector. It is hypothesised that the upsiream poleward current is forced
westwards and advects off the shelf to maintain flow continuity as
compensation for the volume which is advected shorewards. This conceptual
model predicts that while an upwelling cell at the “gate” site upwells virgin
SACW, all other upwelling sites polewards but still within the same sector
upwell SACW modified by the nature and magnitude of the benthic
remineralization flux characteristic of that sector of the shelf. This
heterogeneity in the biogeochemical characteristics of upwelled waters
induced by the oceanographic constraints of shelf advection is predicted to
have a major modulating effect in the CO, fluxes between the Benguela

System and the atmosphere.
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To summarise:

L]

The long term transport of carbon is polewards. In this context the widely
used terminology for biogenic carbon transport “downstream” should

mean polewards and not equatorward as it is still used (Bailey, 1990).

Upwelling does not occur through cross shelf advection of SACW from
300-400m 1o the surface creating a coast wide ribbon of upwelled waters,
instead, SACW outcrops at specific upwelling centres in first two steps of
a 4 step upwelling cycle which is best described with a conceptual model
{Fig. 4.25). This diagram depicts the 3 sector Benguela System with its
“‘gates” located at the northern boundary of each secter. The upwelling

cycle is as follows:

Step 1: At each of the three “Gate” sites, shelf width minima and
favorable wind characteristics {(Shannon and Nelson, 1996) result in a flux
of SACW (Fgacw) onto the shelf and polewards along both the inner (Figy)
and outer (Fogw) shelf. Immediately to the north of sach “gate” site (not
shown for Cape Frio) there is a corresponding offshore flow which
compensates for the onshore advection at that “gate”. The combined
effect of this cross shelf shear is the formation of an environmental barrier,
a “gate” which divides the Benguela System into 3 recognizable sectors
(Fig. 4.24, 4.25).

Step 2: In the vicinity of each of the six main upwelling centres poleward
flowing inner shelf water (F\gy) upwells and cutcrops at the surface
through flux (Fypw). The “gate” boundaries of the system are such that the
six upwelling centres are located in such a way that there are two per
sector: Cape Frio (CF) and Walvis Bay (WB) in the northern sector,
Luderitz {LZ) and Namagua {NQ) in the central sector, Cape Columbine
and Cape Peninsula (CP) in the southern sector. Cape Frio (CF), Luderitz

{LZ) and Cape Columbine (CC) cells are close to the “gate” sites. The
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remainder of the upwelling centres Walvis Bay (WE), Namaqua (NQ) and
Cape Peninsula (CP) are located downstream of their respective “gate”
sites.

Step 3. Within each upwelling centre upwelled water ages physically and
biogeochemically with a flux (Fauw) which corresponds to the warming
water within the upwelling front.

Step 4. Aged upwelled water is entrained into the general eguatorward
surface flow to which it contributes a flux (Fgqy). This corresponds to the
water body confined by the oceanic front. It should be noted that for
continuity Fupw = Fayw = Feqw. These fluxes are quantified in the

modelling stage addressed in Chapter 7.

The implications of this stepped upwelling cycle for carbonate chemistry and

carbon fluxes are:

Water which outcrops at the “gate” upwelling cells is virgin SACW but in all
other instances it is modified in the course of poleward advection along
the inner shelf shelf through the effects of benthic remineralization flux.
Therefore the activity of the biclogical pump and its impact of CO, fluxes
at a particular upwelling cell will depend on its distance downstream from
the “gate” and on the benthic remineralization flux in the sector.

The detrital carbon flux arising from the activity of the biclogical carbon
pump in the vicinity of upwelling centres is likely 1o be mostly transported
polewards (poleward undercurrent) or shorewards (cross shelf component
of upwelling).

The detrital carbon resuspended from the sediments is not expected to be
transported between sectors but offshore where in all likelihood it gets
deposited on the slope. This predicts there 10 be accumulation of
particulate organic and inorganic carbon on the siope in the latitude
ranges of 26-28°S, 33-34°S and at the bottom end of the Cape Point
Valley (Fig.4.24)
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e |tis intriguing to conjecture that these advectively driven outflow sites
could provide an important route for the supply of “free energy” in the form
of biogenic carbon generated by inner shelf production to deep sea (slope)

food chains.

These “gate” sites are not suggested 1o be permanent or impermeable
features because the intensity of their main forcing factor, the wind, is known
to be highly variable on synoptic, seasonal and interannual scales.
Relaxation of the persistence of equatorward wind stress either by the ENSO
or seasonal effects could open the “gate” and allow poleward transport
between sectors. This may be the explanation for the occasional intrusion of
very low O, waters from the Central Sector into the Southern Benguela
System with catastrophic consequences for benthic biota (Newman and
Pollock, 1874; Bailey and Chapman, 1985; Bailey, 1880). The generation of
hypoxic or high PCO, waters is closely related to benthic boundary layer

processes which are now addressed in some detail.

4.5.2 Benthic Boundary Layer (BBL) Turbulence

The aim of this discussion is to explore the relationship between BBL
turbulence and sediment - water flux of particulate and dissolved
biogeochemical components. This is done using a conceptual model whose
predictions are verified by the distribution of biogenic sediments on the shelf
in both the northern (Bremner, 1983} and southern Benguela System (Birch,
1975).

The biogeochemical importance of BBL turbulence is two fold:

» |t enhances the fiux of re-mineralized dissolved biogeochemical

components into the water column. The benthic remineralization flux is
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particularly important for CO, because of the impact it has on the PCG, of
waters which oufcrop.

« If BBL turbulence is high enough such as in shelf break zanes, it is
predicted to resuspend biogenic and lithogenic sediment particles. This
process of spatially heterogeneous erosion and accumulation thereby
governs the distribution of the geochemical and geophysical character of
the sediments. This has an additional feedback effect: if the biogenic
organic particles which settle in the sediments are erocded from parts of
the shelf, it is predicted that the benthic re-mineralization flux in those

same areas will be reduced.

While a full mechanistic understanding of BBL turbulence remains a long term
obiective, two physical forcing mechanisms are thought to play a particularly
important role in generating the turbulence which sustains the BBL (G.

Nelson, pers.com.):

»  Semi-diurnal tidal Kelvin waves which propagate along the shelf edge.
+  Poleward undercurrent which characterises sub-surface flow in the

Benguela.

The bicgeochemical consequences of BBL turbulence at shelf breaks are
summarised as a conceptual model (Fig. 4.26) whose predictions are then
tested against existing water column and sediment physical and geochemical

data from the northern and the southern Benguela System.

4.5.3 BBL turbulence conceptual model:

The model shows two degrees of turbulence as reflected by the thickness of
the BBL. At the shelf breaks the isopleth which defines the upper boundary
of the BBL is distorted into a2 “dome” as a result of mixing from a predicted

enhanced turbulent energy in the vicinity. This is consistent with the
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Chapter 5

5. Shelf Scale Biogeochemical Processes I: Benthic
Remineralization

5.1 Background

The sub-surface part of South Atlantic Central Water (SACW) upwelling in the
Benguela System is suggested o be two step process: firstly, SACW is
advected from the slope region onto the shelf through one of three "gates”
and secondly, once on the shelf, it gets entrained in a general sub-surface
poleward flow (Chapter 4). The water which outcrops at upwelling centres is
derived from this poleward flow along the inner shelf domain. Therefore, the
biogeochemical characteristics of waters which outcrop at one of 6 major
upwelling cells is a function of not only the SACW source water but also the

distance which the particular cell lies poleward of the "gate”.

Globally, marine shelf areas (Z < 200m) have two salient biogeochemical

characteristics:

» A large proportion (30-100%) of the particulate carbon export flux reaches
the sediments (Middelburg et al,, 19983). This focuses most of the
remineralization flux on the benthic environment as opposed to the water
column remineralization which characterises the deep ocean.

« The greatest turnover of organic matter. Such systems occupy 9% of the
ocean surface area but account for 83% of the carbon remineralization
and 87% of the burial (Middelburg et al., 1833).
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The fact that the Benguela System fits these two characteristics was clearly
shown with the bicgeochemical transects discussed in the context of the
oceancgraphic processes (Chapter 4: Results and Discussion). The PCO,

and TCO, transects from all three sectors share two common characteristics:

e They all have a vertical gradient which intensifies close to the BBL. This
feature is consistent with the first general property of shelf sediments:
maost of the particulate carbon export flux reaches the sediments thus
suggesting that the bulk of the remineralization occurs in the sediments
and benthic boundary layer.

» the vertical biogeochemical gradients are largest in the sub-surface water
column overlying the sediments with the highest organic carbon
concentrations. This feature is consistent with the second general
property of shelf sediments: fast burial and remineralization rates.

This potential relationship between sediment composition and

remineralization rates makes it necessary tc briefly review sediment

characteristics in the Benguela System.

The spatial distribution of geophysical and biogeochemical characteristics of
sediments in the Benguela System were overviewed most recently by Rogers
and Bremner, 1991. Most of the biogeochemical characteristics (organic
carbon and CaCO,) (Figs. 8 and 1C in Rogers and Bremner, 1891) were
cbtained from the detailed studies of Bremner, 1983 in the northern sector
and Birch, 1975 for the central and southern sectors. The following features

are evident:
Organic carbon is constrained in two main zones:
« The spatially most extensive sediment deposits of high organic carbon are

found spanning virtually the whole length of the northern sector (18-27°S).

Although the whole shelf in this secior is characterized by high organic




170

carbon content { > 2% ) the highest values can be seen to be spread
along longshore bhands. While a potential mechanism to account for this
spatial banding has already been discussed (see Chapter 4) it should be
noted that the highest organic carbon values are to be found in the
diatomaceous muds located on the landward side of the inner shelf break.
These muds which have an average thickness of 5m have built up since
the holocene sea level transgression (R. Dingle, pers.com.).

The northern and central sectors are clearly separated by a zone of low
organic carbon spatially associated with the Luderitz upwelling zone which
was used to physically define the boundary of the two sectors (see
Chapter 4)

In the central and southern Benguela sectors the high POC deposits are
spatially constrained along a narrow inshore ribbon which widens slightly
at the southern range. This deposit where values lie mostly in the range
(2-5%) organic carbon is spatially coherent with a narrow. belt of
terrigenous muds originating from the Orange River. While this does not
imply that the organic carbon is of terrigenous origin it does indicate that it
is a zone where physical turbulence conditions are suitable for the
accumulation of fine particulates which include planktonic detritus. The
remainder mid and outer shelf of the Central and Southern sectors are

characterized by low organic carbon ( < 2%).

The spatial distribution of inorganic carbon (CaCQO, ) (Fig. 10 in Rogers and

Bremner, 1981) has the following characteristics:

Overall it is the inverse of the organic counterpart. The highest
concentrations ( > 50%) are located on the outer shelf although both in the
Northern and Central sectors this range extends well onto the inner shelf.
The lowest concentrations (0-5%) are along a narrow inshore belt which
extends over the whole Benguela System. It should be noted that lower
inshore concentrations do not necessarily imply reduced inputs rather, the

CaCO0;, is "diluted” by a significant input of terrigenous material from the
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Kunene, Orange and Clifants rivers which is advected polewards by the
sub-surface flow.

= While there is evidence for zonal variability linked to upwelling centres
such as Cape Frio, Luderitz and the Southern Benguela this is not as
complete as was the case for the organic carbon where clear breaks
occurred. The difference in the concentrations and distribution of the two
sediment carbon components is indicative of differences in the temporal
preservation of organic carbon and CaCQ,. This is addressed in further

detail below.

Cne of the most impoertant new insights into dynamics of the Benguela
System is the importance of longshoere poleward advection as opposed to the
classical Ekman cross shelf view (Chapter 4) for the supply of water to
upwelling centres. The significance of this view 1o understanding of the
biogeochemical fluxes and their impact on PCQO, within the Benguela System
have already been alluded to (Chapter 4) and in this section the theme is

developed in greater detail.

Vertical fluxes are the product of a physical turbulent mixing term (KZx) and a
biogeochemical gradient term (dCx/dZ). The variability in the magnitude and
biogeochemical biogochemical consequences of the physical term in the BBL
has been highlighted through observed changes to the thickness of the BBL
and cross shelf variations in the sediment particle sizes and biogeochemical
composition (Chapter 4). In this section | address the benthic

remineralization processes which govern the biogeochemical gradients.

Significant changes are consistently cbserved in the pre-formed
bicgeochemical properties of SACW from between its advection onto the
shelf and the point when it cutcrops at an upwelling centre in the Benguela
System. In all instances there are differences in both the magnitudes and the
stoichiometries of these changes in respect of CO,, nitrogen (NO; and NH,")

and to a lesser extent CO5%. Each of the stoichiometric relationships ( Corg
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Cing and C:N ) has a certain but predictable impact on the PCO,. The benthic
remineralization flux which governs the change in the chemical characteristics
of sub-surface shelt domain waters is driven by a complex interaction of

physico - bicgeochemical processes of which include inter alia:

» characteristics of the pelagic flux (magnitude and stoichiometry)

« relative rates of biogeochemical pathways (oxic/anoxic oxidation,
dissclution)

« nature of biogeochemical utilization of N (nitrification - denitrification)

particle - water phase equilibria of charged chemical species (adsorption of

NH,™)

« turbulence - particle interactions (particle accumulation / erosion, mixing)

The net cumulative effect of these processes not only governs the
characteristics of the sediments, but alsc the benthic flux of dissolved
products of diagenesis. In the case of carbon, stoichiometric characteristics
of this flux are also thought to determine the CO, source - sink characteristics

of the system.

The cbjectives of this section are:

» 1o highlight the important but previously underestimated interactive role of
sediment and benthic boundary layer (BBL) processes in driving the
cbserved biogecchemical changes in carbon and nitrogen in shelf domain
waters and, .

« 10 consirain the relationship between PCC, and the remineralization
stoichiometries Co,y © Cing and Cpg - NO5. Of particular interest are the
mechanisms which give rise to the stoichiometric disequilibria and their

impact on PCO, variability and the source - sink nature of the system.
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5.2 Methods

The results presented below have two constraints:

the focus of the interpretation is largely spatially limited to the inner shelf
region (Z < 100m), the origin of the water which outcrops at the upwelling
cells.

the focus of the results and discussion in this section is on stoichiometric
relationships, the mechanisms underlying them and the biogeochemical
inputs {average carbon and nitrogen parameter concentrations ) for the
box model in Chapter 7. The spatial variability of the biogeochemical
parameters { PCO, , TCO,, O, and NOg', ) has been addressed in the
context of the oceanographic characteristics of the Benguela System
(Chapter 4).

The resuits are set out by sector and as far ag possible the same structure is

applied to each of the three sectors. Within each sector there are two

upwelling cells (see Chapter 4). Field data only exists for three of the

upwelling cells, one from each sector (Walvis Bay in the northern sector;

Namagua in the central sector; Cape Columbine in the southern sector). For

each of these upwelling centres the stoichiometric relationships are

established in two formats:

&

the whole data set from a particular site is used to depict stoichiometric
relationships (Cg,q : Cipg and C:N). The stoichiometry shown in these plots
is the global value which includes both surface and sub-surface waters.
for the box modelling stage it is necessary that water types which mark
critical stages of the upwelling cycle are identified and have their
biogeochemical characteristics defined. These are represented in table
format where the magnitude and stoichiometry of the changes are shown.
The Coyy: Cyng stoichiometric relationships for these box model input data

are also graphically depicted as (TAcy-TAIk) vector plots where the impact
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of both perturbation magnitude and stoichiometry on PCO, can be best

seen (see Chapter 3 for the theory).

For those upwelling centres where field data was not collected (Cape Frio in
the northern sector; Luderitz in the central sector and Cape Peninsula in the
southern sector) the biogeochemical characteristics to be used for the box
model were defined as follows: both Cape Frio and Luderitz are at the "gate”
sites for the waters which fill the northern and central sector shelves. The
characteristics of the water which outcrops at these sites are therefore
defined as unmodified SACW whose biogeochemical properties were
obtained from samples within the SACW core from the same sector. The
Cape Peninsula upwelling cell is very close to the Cape Columbine centre in
a systern where remineralization is weakest. lts biogeochemical
characteristics are therefore set by the characteristics of waters which upwell
at Cape Columbine. The extent to which these assumptions influence the
model predictions will be evaluated in the modelling stage through a

sensitivity analysis.

5.3 Results and Discussion

5.3.1 Northern Sector: Henties Bay Transect

In the northern sector SACW is hypothesised to be advected onto the shelf
along the northern boundary adjacent to Cape Frio where a fraction of the
water outcrops but the bulk is advected polewards over the shelf (see Further
Discussion in Chapter 4). Because of the biogeochemical modifications
which accompany this process the water is redefined from SACW to Northern
Sector Shelf Water (NS-SW). Of particular interest to modelling fluxes at
upwelling cells are waters which flow polewards along the inner shelf (Z <
100m) and get entrained in the wind driven upwelling. This water is termed
NS - Inner Shelf Water (NS -ISW).
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(Ricker, 1984) which gives the value 237 or, practically a nil contribution from
(NTAlk. The upper points represent sub-surface waters most impacted by
benthic remineralization and the lower points those waters most impacted by
surface productivity and or degassing to the atmosphere. SACW advected
into the northern sector has a mean NTAcy value of 2519 uM which is close

to the mid point of the span of the data.

The lack of evidence for CO,% dissolution was unexpected given the high
PCO, values (see Fig. 4.7b) in the BBL which sheuld decrease the saturation
levels. However, a plot of CO,% saturation with respect to calcite (Fig. 5.2)
confirms that nowhere is the system undersaturated with respect to the form
of CaCQ; (calcite) which makes up the structure of coccoliths (Honjo, 1976;
Milliman, 1983). This probably alsc accounts for the fact that Namibian shelf
sediments are not cnly rich in organic carbon but in CaCG, as well (see Fig.
4.27). Along the outer shelf coccolithophore CaCC,; may make up more than
50% cf the sediment mass (Giraudeau, pers.com.). It should be noted that
the sub-surface waters with lowest super saturation were predictably located
over the shelf areas where the highest concentrations of organic rich
sediment are found. This reinforces the view of the role played by benthic
remineralization in carbon fluxes where, if CaCO, dissolution was to occur, it

would be in those areas.
Carbon : Nitrogen Remineralization Flux and Stoichiometry

The relationship between ACO, and ANO4 variability in the waters sampled
along the Henties Bay transect is depicted in Fig. 5.3 which plots NTAcy and
NC3-. Changes to CO; are related to NTAcy through ACO, = ANTAcy/2
(Chapter 3). The plot provides an unexpectedly weak relationship between
these two parameters which are theoretically linked through the Redfield ratio
(C:N ~ 6.6; or in the NTAcy format of the plot ANTAcy: ANO; ~ 13.2) which is

plotted as a line through the data. Particle adsorption together with
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Northern Benguels Sector: Henties Bay Transect
Carbonate and Nitrate Parameter Concentrations
Units: umol/l; Normalized to 5 = 35.00psu
Sub-Surface Domain

Water Station Depth NTALK NTACY NTCO2 PCO2 NO3
NS-SACW 33 98.7 2383 2519 2239 626 21.57
NS-ISW1 16 10.5-37.3 2384 2762 2360 1466
NS-ISW2 27 51.8-91.2 2388 2670 2317 1020 21.45
NS-ISW 2388 2718 2339 1243 21.450
NS-1SW (NO3 Corr) 2386 2716
Change 3 197 100 617 -0.12
C02 addition 99
CO3 addition 2
COrg:Cing Stoichiometry 66
NO3 addition -0.12
C:N Stoichiometry -820.83

Table 5.1: Summary of the average biogeochemical (carbon and nitrogen) characteristics
of “new” South Atlantic Central Water prior 1o it being advected onto the shelf of the northern
sector (NS-SACW) and the biogeochemically modified SACW on the inner shelf (NS-ISW) and
sampled during the Henties Bay transect. The table also shows the net calculated additions of
CO,, CO,% and NO; as well as their stoichiometry.

The integrated value was then divided by the depth of integration to provide
the average values used for stations 16 and 27 (Table 5.1). The values for
stations 16 and 27 were averaged to provide a final uncorrected value for pre-
upwelled NS - ISW. Although the NO3 change (-0.12uM) is small, the
correction step to the carbonate parameters (NTAcy and NTAIk) is included
for consistency and to emphasise its role (see Chapter 3). The ACO, and
ACO4” additions which are linked to (TAcy/2 and (TAIk/2 respectively are
shown and used to calculate the Cqy: Cyng stoichiometric ratio of 66 in the

benthic remineralization flux.

The most noticeable points are:
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+ as was suggested by the NTAcy-NTAlk general data plot (Fig. 5.1) the
impact of inorganic carbon (C,, ) remineralization in the sub-surface
domain is minimal (3 uM).

« most of the modification of biogeochemical properties between NS-SACW
and NS - ISW is driven by the oxidative remineralization of organic carbon
into CO, which modifies NTAcy only.

= in respect of CO, fluxes, PCO; increases by ~100% between the point
when NS-SACW (626patm) is advected onto the shelf and the time when
it reaches the vicinity of the mid-Namibian inner Shelf as NS-ISW
(1243uatm) at the Henties Bay transect.

» whereas NTAcy increases between the two end-members, NO,; remains
largely unchanged registering a small (-0.12uM) but perhaps not
significant decrease (there was no NO4 data for station 18). This is
reflected by the large and negative value for the ACO, : ANOy
stoichiometry of -820.83.

The stoichiometry and magnitude of the perturbation to the carbonate system
as measured by the averaged data in Table 5.1 is graphically depicted by a
vector plot (Fig. 5.8). It makes use of NTAcy and NTAlk to independently
quantify the contributions by organic and incrganic carbon remineralization
pathways. It depicts the relationship between the Cq, and C,, perturbations
and their impact on PCO,. The two end-members (NS-SACW and NS - ISW)
are plotted using their respective NTAcy and NTAIk co-ordinates super-
imposed on a family of PCO, lines all plotted at a constant temperature of
12.5 °C which characterises waters which upwell in the northern sector (Fig.
5.8). This visually confirms the earlier observation that the inorganic carbon
remineralization pathway plays little or no role in this change. PCO, change
in this system is wholly confrolled by the oxidation of organic carbon into COs,.
The numerical magnitude of the NTAcy change driven by CO, addition is
given on Table (5.1) ATAcy = 187uM. This corresponds to a CO, addition of

99uM and a Cpq : Gy stoichiometry of 66. This value is smaller than that




Henties Bay Transect: Sub-Surface Domain
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Fig. 5.6: A Total Acidity - Total Alkalinity vector plot showing the magnitude of the changes
brought about by the organic ( Co, ) and inorganic carbon ( Cy, } remineralization in the
northern sector. The characteristic values for the end - members (NS-SACW (A) and NS-
ISW(B)) were obtained from Table 5.1. Also plotted are the PCQO, lines computed for a
temperature of 12.5°C which is typical of SACW in the northern sector. The plot confirms that
carbon remineralization fluxes are aimost completely governed by oxidation of organic carbon
( Cor pathway). (see text for further details).
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which was calculated using the whole data set (237) but both support the

view that C,, is an insignificant contributor to the carbon remineralization flux.

The ATAcy between the upper value of the NS - ISW (B) and the
atmospheric PCO, equilibrium line (C) provides the potential magnitude of the
CO, degassing process in the context of an abiotic "Strangelove Ocean”.

The numerical value is given by the vector component (B'C") (ANTAcy =
380uM; ACO, = 180uM ). In reality, this degassing scenario is ameliorated by

the surface productivity.

The averaged input data for the box model (Table 5.1) also reflects the
combined effect of both carbon and nifrogen remineralization mechanisms as
shown by the change in NO, characteristics between off the shelf NS-SACW
and the biogeochemically modified NS - ISW (Table 5.1). While the re-
mineralized CO, flux contributed 89uM to the ATCO,, the NO, concentration
decreased by 0.12 uM. Had the NO, increased by the amount predicted by
the Redfield ratio (6.6) its concentration in NS-ISW would have to be (21.57 +
15.00 = 36.57uM). The measured C:N stoichiometry (ACO, : ANO, = -820.8)
confirms that remineralized NO,; makes no net contribution to the pre-formed
characteristics of waters upwelling in the vicinity. The mechanistic basis for

these stoichiometric disequilibria is addressed in the discussion below.

5.3.2 Central Sector (CS): Hondeklip Bay Transect

Carbon Remineralization Flux and Stoichiometry

The overall C,,, : C,, stoichiometry of the biogeochemical data from the

Hondeklip Bay transect is depicted in Fig. 5.7.
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two stoichiometric groups. The larger pan of the data set where NTAcy
values are < 2.70mM which characterises most of the shelf water except the
narrow inshore belt, has a slope of 11.14 indicating that the water column is
reflecting some activity of both uptake and remineralization of CaCO,;. The
second group of data points in the higher range of NTAcy which come from
the two inshore stations where the slope is 240 reflect no significant CaCOq
uptake or dissolution. The overall mean NTAlk of 2.404+ 0.021 mM shows a
wider range than the Henties Bay transect samples which reflects the

increased CaCO, uptake - remineralization activity.

The minor effect of 0032” dissolution on TAlk is explained, as was the case in
the northern sector, by the fact that over most of the transect the water
column was super-saturated in respect of calcite (Fig. 5.8). Given this result it
is surprising that the mid and outer shelf data indicate a significant CaCO,
remineralization. This may be accounted tor by the fact that sediment CaCO,
may have a significant component of aragonite which is more soluble than
calcite (Broecker and Peng, 1982; Milliman, 1893). The COQ’"" (calcite)
saturation data indicates that only the water column at the inner most station
and the bottom sample from the adjacent station were undersaturated. in
spite of this the data from the same location was shown above to have no
indication of CaCO; dissolution activity. This indicates that there is little
CaCQ, deposition in the otherwise very productive inshore belt. As was the
case for the northern sector the variability of CO,~ saturation with respect to
calcite is driven by changes in CO, rather than by the addition or removal of
CO3E"‘

Carbon : Nitrogen Remineralization Flux and Stoichiometry
The overall relationship of TAcy and NO; for the Hondeklip Bay transect is

depicted in Fig. 5.9 where the Redfield ratio (Rr) slope has also been super-

imposed.
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HBoatman and Murray, 1982; Mackin and Aller, 1984). With this mechanism,
remineralized CO; is released into the BBL at a rate which is a function of the
pore water - BBL gradient and turbulent diffusion increasing the TAcy while
NH," is retained in the sediment and BBL. NH," measurements of the
subsurface waters at stations 113 and 114 showed (unpublished data) that its
concentrations are low ( < 2uM even in the BBL thus contributing little to

correcting the C:N disequilibrium.

The second group of anomalous data points (group B) is linked to group A by
a line whose slope is the stoichiometry which characterises the surface
utilization of upwelled NO; and CO, also within the upwelling front. This
predicted CO,:NO5  stoichiometry of 13 is confirmed later when the box

model data is defined for the surface layer domain.
Box Model Input Data

The box model input data for the carbonate parameters which incorporate the
biogeochemical characteristics discussed above are presented in Table 5.2
The biogeochemical characteristics of central sector South Atlantic Central
Water (CS-SACW) which is advected onto the shelf in the central sector were
taken as shown from two slope stations where the (1,8) core was sampled at
306 and 204m which were in both cases at least 200m off the BEL. These
values reflect CS-SACW unmodified by the benthic remineralization flux, an
assumption which is supported by the relatively low PCO, of 458uatm. The
biogeochemical characteristics of CS-ISW which upwells at the Namagqua
upwell cell were obtained from the subsurface values at the two inshore
stations (113 and 114). In the case of station 113 where the water column
was filled to the surface with newly upwelled water, the depth integration to
calculate the average was taken from the surface. The overall average for
the carbonate parameters in CS-ISW is, as before, calculated from the

individual station values. The individual values for NTAcy and NTAlk were
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corrected for the 6.41uM NO;” addition from which the magnitudes of the

parameters concentration changes, CO, and CO,” additions and

CeNTrE BenguE S erToTT Hona ek Bay Transecy
Carbonate and Nitrate Parameter Concentrations
Units: umol/l; Normalized to § = 35.00psu
Sub-Surface Domaln

Water Station Depth NTALK NTACY NTCO2 PCO2 NO3
CS-SACW 1217119 306/204 2413 2480 2234 458 13.67
CS-ISW1 113 1-34 2398 3058 2516 3445 20.51
CSs-isw2 114 113-123 2388 2957 2461 2436 19.64
CS-ISW 2393 3008 2489 2371 20.08
CS-ISW(NO3 Corr) 2399 3001
Change -14 521 255 2513 6.41
€02 addition 261
CO3J addition .7
COrg:Cing Stoichiometry -38
NQO3 addition; 6.41
:N Stoichiometry 40.68

Table 5.2: Summary of the average biogeochemical (carbon and nitrogen) characteristics of
“new” South Atlantic Central Water prior to it being advected onto the sheli of the central
sector (CS-SACW) and the biogeochemically modified SACW on the inner shelf (CS-I1SW) and
sampled during the Hondeklip Bay transect. The table also shows the net calcutated additions
of CO,, CO,% and NQOjy as well as their stoichiometry.

stoichiometry were derived. The only potentially problematic aspect of the
carbonate parameter changes between CS-SACW and CS-ISW is the small
decrease in NTAlk (-SuM). The reason for this change is unknown but is
hypothesised to be due to a combination of the change in one or more proton
acceptors which have not been accounted for and to a much lesser extent,
experimental error. The impact of this change in the overall CO,
biogeochemistry is, however, very small and will for the modelling purposes
be ignored. The most significant comparative difference between the data set
from the northern and central sectors is that the CO, addition into shelf based
CS-ISW is 167% higher (264uM cf. 99uM) in the latter. This difference in the

impact of the benthic remineralization flux is reflected in the PCO, values




Hondeklip Bay Transect: Sub-Surface Domain
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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 ( Coyg ) and inorganic carbon ( C,, ) 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 PCO, 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
( Corg Pathway). (see text for further details).
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which in the central sector increase by 2513patm compared to 617 patm in
the northern Sector. The C,,, : C,, stoichiometry is large (-56) (negative sign
due to the apparent decrease in TAIK) quantitatively confirming the minimal
role of CO,% input through dissolution of biogenic CaCO, along the inshore

belt.

The magnitude and stoichiometry of NTAcy and NTAIlk additions are
graphically depicted on Fig. 5.10. The plotted positions of the capacity
parameters are superimposed on a family of PCO, lines calculated for a
temperature of 10°C and salinity 35psu which characterised waters upwelling
at the Namagqua upwelling cell. The CO, addition into C5-1SW arising from
the benthic flux is given by the NTAcy/2 vector component. The lack of any
CO,* addition which would have decreased the vector slope means that the

CO, addition maximizes its impact on PCO,.

The ATAcy between the upper value of the ISW (B) and the atmospheric
PCO, equilibrium line (C) provides the potential magnitude of the CO,
degassing process in an abiotic "Strangelove Ocean”. The numerical value
is given by the vector component (B'C") (ANTAcy = 617uM; ACO, = 302uM).
As before, this degassing scenario is ameliorated by the mediation of surface

productivity.

5.3.3 Southern Sector (88): Olifants River Transect

Carbon Remineralization Flux and Stoichiometry

The overall C,,:C,, stoichiometry for the data collected along the Olifants
River transect is depicted on Fig. 5.11 where the NTAcy and NTAlk values

are plotted together. As was the case for the previous two data sets from the
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Carbon : Nitrogen Remineralization Flux and Stoichiometry

The plot depicting the stoichiometry between NTAcy and NO4 is shown in
Fig. 5.13. It shows that, as was the case with the ceniral sector but in
contrast with the northern sector, most of the data fall onto a line which
models the Redfield Ratio (6.6). This indicates that over most of this sector's
water column, where redox levels are normal (aerobic) nitrification is
occurring closely correlated to CO, production by benthic remineralization.

As with the central sector samples this relationship breaks down in the vicinity
of the surface and some parts of the benthic boundary. This disequilibrium is
characterized by two groups of data (Fig. 5.13). Group A is indicative of a
zone {inshore) where remineralized CO, is being mixed into the BBL and
overlying water column without a concommittant flux of NO;. As was the case
earlier, it is suggested that this disequilibrium is driven by the same NH,”
adsorption mechanism operating in the organic rich inshore sediments. Here
the lower redox conditions suppress the rates of nitrification of remineralized
NH,* which retains it in the adsorbed form within the sediment zone. The
second group (group B) from the surface domain, is in the low NO, end of the
plot. Here, a sharp decrease in TAcy cccurs even though NO; is low or zero.
This disequilibrium which occurred in the surface layer domain is caused by
the uptake of CO, occurring where recycled NH," is the only nitrogen
resource. This process will be addressed in detail in the context of the

surface layer biogeochemistry (Chapter 6).

Box Model Input Data

The depth averaged box model input data is shown on Table (5.3) which is
structured in an identical way 1o the previous cases. As before, the
biogeochemical characteristics of southern Benguela South Atlantic Central
Water (SS-SACW) which upwells onto the shelf through the Clifants Canyon

{Dingle and Nelson, 1993) were obtained from slope stations where the
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acceptors and analytical error. This only induces a small 0.25% uncertainty
to the final results and can therefore be ignored. The calculated Cg 1 Cing
stoichiometry, though negative, is consistent with the slope of the regression
for the whole data set (Fig.5.11) in that it supports a minimal role for Cy,g
remineralization. The relationship between the magnitude and stoichiometry
of the perturbation of the carbonate capacity parameters in the southern
sector and PCO, is graphically depicted on Fig. 5.14. As before the PCO,
lines were calculated at the temperature closest to that which characterises
upwelled water (10°C). The plot emphasises the earlier observation that the
perturbation driven by the benthic remineralization flux is small. The ATAcy
between the upper value of the ISW (B) and the atmospheric PCO,
equilibrium line (C) provides the minimum potential magnitude of the CO,
degassing process in an abiotic "Strangelove Ocean”. The numerical value
is given by the vector compenent (B'C') (ANTAcy = 198uM; ACG, = 100uM.
In reality, this degassing scenario is modified by surface warming which
increases it and simultanecusly reduced by surface productivity. Given the
small magnitude of the degassing potential, these data point to this sector as
being the one where surface productivity has the greatest potential of
inducing a CO, flux from the atmosphere into the surface layer. That is, ISW
is being upwelled with relatively high NOj concentrations and relatively low
PCO,.

5.4 Further Discussion

Three features characterise the carbon and nitrogen remineralization fluxes in

the sub-thermocline Benguela System:

» |mportance of benthic rather than water column remineralization fluxes.
« The dominance of Cg,, remineralization and the negligible role of Gy,

pathway of CaCQ;, dissolution.
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« The strong C:N disequilibrium of the benthic remineralization flux which is

»>» Redfield ratio.

These characteristics combine 10 varying extents in each of the three sectors
to provide the biogeochemical characteristics ( CO, and NOj ) of newly
upwelled waters at each of the individual upwelling cells. The net effect is
that they not only govern the PCO, of waters which outcrop at the upwelling
“cells but also the extent to which surface production is able create a CO;
drawdown. This ultimately determines the rate and direction of the synoptic -
seasonal - interannual CO, flux across the air - sea boundary. The ensuing
discussion provides a detailed descriptive view of each of the most important
remineralization mechanisms driving biogeochemical change. The coherence
of proposed mechanisms is tested through its consistency with the data sets.
These mechanisms form the conceptual framework to the numerical box
model which is used to constrain the source - sink character of the Benguela

System (Chapter 7).

The mechanisms are addressed in two broad categories:

+ those which govern the Cq :Cyg remineralization stoichiometry

« those which govern the Cq,q :N ( NO3) stoichiometry

5.4.1 Remineralization of Organic Carbon

in keeping with its focus on marine resources, past and present interest on
sub-surface remineralization in the Benguela System has concentrated

largely on two main areas:

« the spatial and temporal incidence of hypoxic waters which impact on the

distribution and mortality of living resources (Newman and Pollock, 1974).
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o preformed nutrient { NO3 ) enhancement of upwelled waters on the shelf
which increases the potential for surface production (Bailey. 1587 ; Bailey,
1980).

in both cases the sampling has largely focused on oceanographic conditions
which led to those biogecchemical changes to develop as well as their
advection. Explicit in situ rate measurements of electron acceptor uptake
have been limited to SO,% at a few sites in the southern and central sectors
(Bailey, pers.com.). These type of measurement are important in respect of
constraining the magnitudes and variability of individual metabclic pathways.
However, they are thought to underestimate total CO, metabolism because in
most instances two or more electron acceptor oxidation pathways occur
simultaneously (Middelburg et al., 1993). This become particularly relevant
when addressing the difficult question of whether overall oxidation rates of
crganic matter differ significantly between aercbic and anaercbic
environments (Middelburg et al., 1983). This issue is pertinent in shelf
systems such as the Benguela where rates are high and both types of redox

environment co-exist spatially or temporally.

This issue also links up to one of the ongoing debates of the crganic
biogecchemical field (Middelburg et al,, 1983) : are enhanced burial rates
(accumulation} linked to differential kinetics of aercbic or anaercbic oxidation
or simply to high particle fluxes from the overlying productive surface layer .
The first view has been criticised on the basis that most anaerobic respiration
is measured by the loss of the $O,% electron acceptor (Middelburg et al.,
1693). Exclusion of the potentially more important methanogenesis could
underestimate the overall benthic remineralization rates. In situ
measurements of total respiration have not been able to find any significant
differences in the kinetic rates of the two oxidative remineralization pathways .
In contrast, it has been observed that the remineralization rate constant is

propoertional to the square of the accumulation rate .
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Past work in the Benguela System has shown that benthic remineralization of
detrital organic matter plays an important role in altering the characteristics of
upwelled waters (Bailey. 1987 ). This resulis in the observed benthic -
pelagic coupling feedback mechanism . This suggests that benthic areas with
the highest rates of input of pelagic organic material are also where highest
rates of oxygen consumption and nitrogen remineralization are found
(Middelburg et al., 1993).

The water column transects (see Chapter 4) which were sampled in this study
strongly support the hypothesis that the flux of remineralized CO; is driven by
the input flux of detrital material rather than any kinetic rate differences
between aerobic and anaerobic systems. All fransects show the same

consistent characteristics (Figs. 4.7, 4.13 and 4.20):

~« enhanced concenirations of TCO, and PCO, within the BBL which
supports the hypothesis that remineralization is primarily occurring in the
benthic environment and,

« where increased concentrations occur as a result of benthic
remineralization they are located without exception over sediments with
highest organic carbon content. The spatial location of the organic rich
sediments are indicated in the PCO, section from the Henties Bay transect
(Fig. 4.7).

The Henties Bay transect showed the lowest oxygen concentrations in the
BBL ( O, < 50 uM some of the values < 20 uM ) compared to both Hondeklip
Bay and Olifants transects ( O, 50-100uM in the BBL) (Figs. 4.7, 4.13 and
4.20). In contrast, the largest input of CO, into the BBL through benthic
remineralization was recorded in the inshore station of the Hondeklip Bay
transect ( PCO, 2500-3000 patm ; single bottom values as high as 6500
uatm). The Henties Bay transect PCO, gradient into the BBL was in the
same order of magnitude ( PCO, 1200-1500 patm) with the values in the
Qlifants River transect being the lowest ( PCO, ~ 800 patm). The area with
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the lowest redox status (O, < 20uM in the northern sector) did not
carrespond to the expected highest PCO, values. These results suggest that
the relationship between the remineralized CC, flux into the BBL was not
correlated to the redox status of the system and furthermore it appeared to
have been insensitive to the organic content of the sediment. The exclusion
of these two factors leaves the input detrital particle flux rate as the untested

but most likely factor which governs the remineralization rate of CC,.

One possible hypothesis is that remineralization rate is driven by the input
rate of fresh plankionic detritus high in protein, carbohydrates and lipids
rather than condensed humic materials . Such a hypothesis would account
for why the remineralization rates do not appear to correlate to the organic
content of sediments. A system where detrital crganic matter is rapidly
condensed into more heterotrophic resistant "humic material” would
simultaneously increase burial rates and decrease remineralization rates.
This process would be assisted by accelerated sedimentation rates driven by
aggregate formation around fast sinking aeolian lithogenic particles (Ittekkot,
1993). This would still be consistent with the view that enhanced CG,
production is linked to areas of high productivity where the pericd of
sedimentation is short and decoupled from factors such as sediment crganic

content and redox environments.

This conclusion, which needs to be tested in 2 direct way, emphasises the
importance of benthic remineralization as the process which not only
determines CO, content of upwelled waters in the Benguela System but in
doing so also controls the redox status. High burial rates of POC along the
Benguela inner shelf, reflected by high sediment POC, are not the result of
low redox conditions but rather the twe factors are concomitantly the result of
high input flux rates. This indicates that sedimentation rates and mechanisms
are a critical sampling component to any future carben flux study in the
Benguela System. Interestingly, this is also the most neglected type of

sampling in the past 20 years of intensive work in the system.




204

5.4.2 Remineralization of Calcium Carbonate:

The Coyq :Cjng stoichiometric relationships for all three transects suggest that
the remineralization of CaCQO, through dissolution was an insignificant factor
in the overall carbon flux in the Benguela System shelf (Figs. 5.1, 5.7 and
5.11). The main reason for this was provided by the fransect data which
showed that super saturation in respect of calcite was a consistent feature of
the water column in all three transects (Fig. 5.2, 5.8 and 5.12). The only
exception was the most inshore station (113) of the Hondeklip Bay transect
where the very high remineralization rates of CO, lowered the pH sufficiently
to decrease the Cng" concentration to below saturation. This exception is
probably not significant enough fo alter the prediction that in the Benguela
System CaCO, is accumulating in the sediments at rates close 1o its surface
production in the form of coccolithophores (Giraudeau et 2/, 1893; Giraudeau
and Bailey, 1995) and sub-surface production of both pelagic and benthic

foraminifera .

This is strongly supported by the CaCQ; distribution in the sediments of the
Benguela System (Rogers and Bremner, 1891}, CaCQO,; makes up the largest
reservoir of carbon in the sediments but unfortunately because of the
methodological exclusion of the < 63u fraction (Giraudeau, pers.com.) it was
not possible to separate the relative contributions of coccolithophores and
foraminifera. It is particularly the contribution of the former which is of interest
because their role in the carbon fluxes within the Benguela System are so
poorly understood. The only qualitative description of the distribution of
coccolithophores in the sediments of the Benguela System was provided by
Giraudeau, 1992. In this study, which excluded the > 63u fraction and hence

any comparison with abundance of foraminifera, it was shown that coccolith
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abundance increased with depth. 1t is estimated that coccoliths contribute ca.

50% of total carbonates in the outer shelf (Giraudeau, pers.com.).

Based on the results from this study and the carbon characteristics of the long
term reservoir in the sediments it is suggested that the Cg,g @ Cyg
stoichiometry of remineralization in the Benguela System is large ( > 20)

reflecting a small ( < 5%) contribution from CaCO; dissolution.

5.4.3 C:N Remineralization Stoichiometry and Pathways

Ammonium NH," is the final metabolic product from the oxidative
remineralization of crganic nitrogen by heterotrophic activity in both aerobic
and anaerobic environments (Fenchel and Blackburn, 1979). In sediments
where surface derived organic matier accumulates rapidly, such as in shelf
systems, the remineralization of organic nitrogen can lead to high
concentrations of NH," and CC,. The remineralized components are
expected to be released into the overlying BBL in a similar stoichiometric ratic
as the source bicgenic material. However, one of the most unexpected
biogeochemical results from the sub-surface water column data in the
Benguela System was the strong C:N disequilibrium in the remineralization
flux of CO, and NO4 (Tables 5.1, 5.2 and 5.3). This disequilibrium or de-
coupling in the stoichiometry of the remineralization ¢of carbon and nitrogen,
where the nitrogen flux is stoichiometrically small, is characterized by a C:N
ratic much larger than that which is predicted by the Redfield ratin. The
average values obtained from the ﬁepth averaged data summarized in Tables
5.1 to 5.3. These show that the disequilibrium was largest in the data from
the northern sector (C:N -820) where the NO; addition was infact negative,
followed by the southern (C:N = 268) and the central sectors (C:N = 41).
These stoichiometric values are both very high and variable. In a system as
dynamic as the Benguela it is expected that the magnitudes will vary widely in

space and time but on the basis of these results it is predicted that the
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observations from cross-shelf water column sections depicied earlier (see
Results and Discussion ). In the intermediate zone the BBL is much
shallower reflecting lower turbulent mixing energy. For the purposes of this
conceptual model there is no spatial bias in respect of the input flux (Fgep) of

sedimenting biogenic and lithogenic particles.

Under the elevated turbulence conditions predicted for the shelf break zones,
fine particles of biogenic and lithogenic origin get resuspended and
fransported both shorewards and polewards driven by the two main advective
forcing factors. In the process, particles can either be transported longshore
and off the shelf at the “gate” exit sites or cross-shelf into the less turbulent
zones (Fig. 4.26). In the latter case, particles may get re-deposited in the
calmer intermediate zones where they accumulate. The combined effect of
these mechanisms is predicted to give rise to alternating long shore bands of
sediments either high or low in organic carbon and / or finest lithogenic

particies such as clays and silt.

The predictions of this model are borne out by both sedimentological and
water column biocgeochemical parameters. A map depicting the distribution of
% particulate organic matter (POM} (in this case POC = POM / 1.8} in the
sediments of the Namibian shelf (Bremner, 1983) shows the predicted long
shore bands very clearly (Fig. 4.27) . The longitudinal zones with the lower %
POM coincide with the two shelf break zones (140 and 400m) which
characterize that sector of the Benguela System (see Fig. 4.27). The
biogenic carbon deposited on the sediments from the overlying high surface
productivity is being continuously eroded from the shelf break zones and
accumulating in the intermediate zones. These sediments have the two
characteristics which are predicted by the BBL turbulence model: the
alternating bands and the longshore spread. Two other aspects of this part of
the system add to the internal consistency of this model:

» it was predicted that enhanced BBL turbulence at the shelf breaks would

erode bicgenic particies to an exient which would decrease the benthic
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remineralization flux associated with them. This is confirmed by the
section (Fig.4.7b). It shows the elevated values of PCO, arising from the
benthic remineralization flux into the BBL across the Namibian shelf to be
located where organic rich sediment accumulate and not where turbulence
driven erasion occurs at the shelf breaks.
» a plot of the meridicnal boundaries of the organic rich Namibian sediments
shows that the northern limit is Cape Fric and the scuthern limit is to the
north of Luderitz as predicted by the “gate” hypothesis. It is suggested
that the organic rich sediments are being transported offshore to the north
of the Luderitz “gate” rather than polewards intc the central Benguela Sub-

System.

Similarly, in the southern Benguela (Birch, 1975) a sediment map depicting
the distribution of physical characteristics (Fig. 4.28) shows that the shelf area
immediately above the shelf break at 400 m has been so completely eroded
that only bare rock remains. The intermediate zones, including the slope, by
contrast, are covered with acoustically transparent sediments ie: fine ooze.
Besides confirming the presence and effects of enhanced shelf break
turbulence, this case also indicates that the degree of turbulence in the

southern Benguela System is higher than that in Namibia.

Perhaps one of the most significant predictions of the combined role of BBL
turbulence and poleward advection is that both dissolved and re-suspended
particulate carben are being transported polewards. Thus, in northern
Benguela System the shelf sediments high in organic and inorganic carbon
are suggested to criginate from the downstream effects of Cape Fric and
Walvis Bay productivity and to a lesser extent the equatorward overflow of
surface production from the Luderitz upwelling cell (Bailey, 1990). The
second prediction is that because of the combined effects of resuspension
and a scuthern boundary outflow, extensive carbon deposition should be

observed on the slope at the latitudes of the “gates”.
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stoichiometry will be always much larger than the Redfield ratio. This non -
Redfield benthic remineralization stoichiometry has significant implications for
the CO, source - sink character of the Benguela System. The CO, drawdown
potential of newly upwelled waters is primarily governed by the NO; flux

which, coupled to the Redfield ratio of C:N (~86.6} which characterizes

phytoplankton uptake, determines the theoretical maximum carbon export flux

(Eppley and Peterson, 1979). Any disequilibrium in the benthic flux of
remineralized CO, and NO5 / NH,” where the stoichiometry is greater than
the Redfield ratio will reduce the potential of the surface productivity to create

a CQO, deficit and generate a CO, drawdown flux.

There are three possible explanations for the observations:

« A substantial proportion of the DIN pocl comprises remineralized NH,”
which has not been oxidized (nitrification) to NO, . That is, calculating the
C:N ratio on the basis of NO5 alone may underestimate the DIN
component.

Denitrification of NO5 in the low redox environment of the BBL causes
loss of most of the NH,4* which is nitrified.
Adsorption of remineralized NH,* onto lithogenic and biocgenic particles in

the sediment and BBL “chokes” the NH," flux out of the sediments.

The first explanation is based on a simple view that if the bulk of the
remineralization is in the form of NH,", a stoichiometry based solely on NOy
will produce an apparently large C:N disequilibrium. Data obtained
simuitaneously from the transects in the Central and Southern sectors
(unpublished data; SFRI archives) showed that the NH," concentrations, even
within the BBL, never rose above 2uM and were mostly below 1uM. No NH,
samples were taken on the Henties Bay transect but an extensive historical
data set covering 59 stations along the length of the northern sector shelf
(SNECA, 1985, 1986) provides a similar outlook: NH," is a very minor
component ( < 5%) of the DIN pool in upwelling waters even in the BBL over

the organic rich diatomaceous coze. The NH," remineralization flux is not
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translating into a sufficiently large increase in the DIN concentration of the
BBL so as to maintain the stoichiometric integrity of the benthic C and N flux.

On this basis the first option is discounted as a significant factor.

With the second explanation, the NH," released from the sediments either
through a diffusive flux or resuspension, is nitrified (Fenchel and Blackburn,
1979) and subsequently in the context of the low redox conditions prevalent
particularly on the Namibian shelf, it is lost as N, through kinetically controlled
dissimilative nitrate reduction or denitrification (Fenchel and Blackburn, 1979).
Denitrification is a well known phenomenon, particularly in the northern sector
where low redox conditions characterise the water column below the
thermocline and preformed NO4 concentrations can be reduced by up to 50%
(Chapman and Shannon, 1985). This was apparent in the NO;, section from
the Henties Bay transect (see Fig. 4.8 b) which showed a decrease in the
NO; concentration close to the BBL 1o < 15uM. While it is understandable
that NO4™ advected onto the shelf as SACW might be denitrified in the low
redox conditions of the northern sector shelf, it is less obvious how the same
could happen fo NH," generated by the benthic remineralization fiux.
Denitrification of the remineralized NH,” requires an intermediate oxidation or
nitrification step whose redox and temperature reguirements are not
consistent with the BBL environment in the northern sector (Fenchel and
Blackburn, 1979). In contrast, for the Central and Southern sectors where O,
concentrations are higher { O, > 50(M), increases in nitrate concentrations
are normally observed between virgin SACW and newly upwelled water
(Bailey and Chapman, 1987). This is consistent with nitrification being a
dominant mechanism through which remineralized NH,* is oxidized to NOy to
modity the pre-formed characteristics of upwelled waters. This increase in
NO; is also well documented especially in the Southern Benguela where
NO,; 15-18uM in SACW can, especially along the inshore belt, increase to
20-25uM in newly upwelled waters (Bailey, 1979). In this study, the same

was observed in the central sector where NOj' increased from ~14 to ~ 20uM

(Table 5.2). In these more consistently aerobic conditions, the denitrification
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step is suppressed (Fenchel and Blackburn, 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 nitrogen fluxes, particularly in upwelling
systems has been underestimated. The guestion 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 matter 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 equilibria (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," concentrations from the
organic rich inshore mud belt on the Namibian shelf (Fig. 5.5). The slope of

the regression which reflects an adsorption coefficient (ml/g), is not only

among the largest in the literature (Mackin and Aller, 1984) but the

magnitudes of adsorbed and pore water NH," concentrations are the highest

recorded for a benthic system away from anthropogenic inputs.
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The fact that under these conditions of high NH," concentrations in both solid
and aqueous phases of sediments little or no NH," increase is observed in the
BBL can be attributed to:

Dissolved NH," flux out of the sediments due to resuspension being rapidly

scavenged by the sedimenting or re-suspended particle flux and re-deposited

onto the sediment or transported as bed-load.

Most of the NH," remineralization occurs in organic rich sediments where
surface derived flux of planktonic detritus is large. This flux adsorbs most of
the upward NH," flux and in doing so provides a "pump" by which nitrogen is
retained in a relatively small closed cycle between the sediments and the
BBL. This mechanism is suggested to be the main throttle of the N
remineralization flux and hence the primary cause for the disequilibrium of the
C:N remineralization flux. This mechanism predicts that C:N ratios of
sediment POM should be < Redfield ratio. The fact that this is not always
observed is suggested to be due to inter alia two problems:
o the methodological one of both acification and washing resulting in the
leaching of most of the labile fraction of both NH," and amino acids.

¢ the transport of the particulates across and off the shelf.

The de-coupling of the carbon and nitrogen remineralization cycles in the
benthic environment is conceptually depicted in Fig.(5.15) with a view to
explaining the observations presented above. Organic carbon and nitrogen
are deposited onto the sediments in the form of a detrital pelagic flux (1).
Benthic oxidative - remineralization (aerobic or anaerobic) produces CO, and
NH," as its metabolite products (2). Whereas CO, equilibrates with the
concentrations in the overlying BBL, NH," follows an adsorption equilibrium
pathway which modulates its free form concentration in pore waters (3). The
pore water NH," lost from the sediments through turbulent diffusion follows
one of two pathways depending on the redox condition in the BBL: it can be

nitrified to NO, and add to the existing NO;™ in the water (4a) or alternatively,
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it can be adsorbed by the sedimenting pelagic detrital flux and returned to the
sediment (4b). It is predicted that shelf areas where the sedimenting
particulate flux is large (Namibian inner shelf) the combination of low redox
conditions and flux of fresh particulates will drive the benthic nitrogen cycle
mainly along pathway 4b. Where the sedimenting particle flux is lower and
the system is more persistently aerabic (Southern and Central sectors) the N
cycle will be a combination of 4a and 4b. It is further predicted that sediments
mainly driven by 4b should have a lower C:N ratio than those driven by 4a
and 4b.

This NH," adsorption mechanism coupled to the advectively driven offshore
transport of biogenic particles postulated in Chapter 4, provides an intriguing
possible mechanism for the supply of both carbon and nitrogen to deep sea

food chain on the slope. The addition of the nitrogen component lends further

support to the notion that the exit sites to the north of the "gates” should be

prime areas where the deep sea food chain obtains its input from surface

inshore production.




Chapter 6

6. Shelf Scale Biogeochemical Processes ll: Surface Layer
Uptake and Export

6.1 Background

After benthic remineralization which provides the pre-formed PCO, and NO4y
characteristics of shelf waters which outcrop at upwelling centres in the
Benguela System, surface productivity is the next major mediator of carbon
and nitrogen biogeochemistry within the upwelling cycle. Ht drives changes to
the PCO, of upwelled waters which in turn, and depending on whether PCO,
drops to below or above atmospheric equilibrium, determines the magnitude

and direction of CO, fluxes across the air -sea boundary.

The short and long term CO, flux between upwelied waters and the

atmosphere depends largely on 4 main biogeochemical factors:

» the PCO, of upwelled waters which outcrop at the surface.

« the rate at which surface based NOj driven new primary production
reduces PCO, through photosynthesis.
the surface warming rate which reduces CO, solubility and increases
PCO,.
efficiency with which particulate organic carbon (POC), particulate
inorganic carbon (PIC) and dissolved organic carbon (POC) are exported

into deep or benthic environments.

While the first factor has been addressed (see Chapter 5), the second and
third factors are the subject of this part of the study. The fourth factor, which
requires direct measurement of the carben export flux (sediment traps and
DOC gradients) is the only one for which practically no data exists in the

Benguela System. It is addressed with the carbon box modelling part of this
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study (Chapter 7) where its predictions in respect of export fluxes are tested

against the best alternative proxy variables.

Phytoplankton dynamics are defined by inter alia such characteristics as
seeding, productivity rates, new versus regenerated production, cell size,
biomass, formation of aggregates and nannofossil activity all of which are
governed to a large extent by physical turbulence levels (Pitcher et al., 1992;
Brink et al., 1995; Hutchings et al., 1995). The interaction of these factors on
time scale of hours to seasons drives the activity of the biological pump which
then governs the net CO, source - sink character of the system. The net
biogeochemical expression of how these ecological factors interact is
provided by the way in which they alter the bulk chemical properties of newly
upwelled waters. These are measured as changes to the concentrations of
bulk parameters ( CO, and NO;' ) and their stoichiometry (C:N and Cg,, : Cyrq
). These bulk property changes parametrize the underlying complex
ecological and physical interactions in a way which they can be incorporated
into biogeochemical models. Two stoichiometric relationships have a

particular bearing on PCO, change by phytoplankton activity:

The net time integrated C:N (Redfield) Ratio which governs the “gearing “

between C and N.

The Cp,q:Cyyg stoichiometry which governs the relationship between PCO,

and TCO, change (see Chapter 3).

6.1.1 C:N Stoichiometric Disequilibrium in the Surface Layer

The importance of a C:N disequilibrium in the uptake of CO, and NO; in the
surface layer lies in both its ecological significance as well as in the fact that it
is the only way to offset the C:N disequilibrium induced by the benthic
remineralization flux (see Chapter 5). Much of the interpretation and
modelling of carbon uptake and remineralization in the ocean in relation to

nitrogen ( NOg) is governed by the long standing notion that the two are




stoichiometrically related through the robust Redfield Ratio (C:N) of 6.6
(Redfield et al., 1963). The most widely used expression of the elemental

stoichiometry in plankton is:

HaPO, + 16HNO, + 106C0, + 122H,0 = (CHp0) 105(NHy) 15 HoPO, + 1380,

which represents the approximate elemental ratios in photosynthesis in the
forward reaction and aerobic respiration of the same organic matier in the
reverse reaction (Redfield et al., 1963). The perceived robustness of this
relationship led to the more recent models through which carbon export flux
could be related to new production which is in turn governed by the pre-

formed NOJ supply rate (Eppley and Peterson, 1979). That is:

Carbon Export Flux = New Production = NO, flux * Redfield Ratio

However, recent field work (Sambrotto ef al., 19983} and review of historical
experimental data (Banse, 1994) has raised questions about the robustness
of the Redfield ratio. Non-Redfield stoichiometry in the surface layer domain
was addressed by Sambrotio et al., 1993 for both shelf (Bearing Sea,
Gerlache Strait) and open ocean (eastern North Atlantic) marine systems. In
all cases it was found that the relative uptake of dissoived CO, { ATCO, ) and
nitrogen ( NO;" ) was larger ( > 7) than the Redfield ratio. The conclusion was
that nitrogen was being recycled to fix additional CC, into POC which
contributed to a larger POC flux out of the surface layer. The implication of
this conclusion was that the use of the Redfield ratic would significantly
underestimate new carbon production from NQO;" and hence the role of
phytoplankton as atmospheric CO; sinks. While there is little dispute that
such C:N disequilibria occur in the bulk concentrations of TCO, and NGOy
(Sambrotio et al., 1993; Banse, 1994), disagreements have arisen as 1o the
mechanism and its consequences (Toggweiler, 1993; Banse, 1994).

Sambrotto et al. 1993 arrived at their conclusions by interpreting that

phytoplankton cell material enriched in nitrogen (protein ) (C:N < 4) was
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preferentially recycled leaving behind a flux of relatively nitrogen depleted
POM (C:N > 8). Such a model leads to the conclusion that the recycling of
NO; as NH," acts as an enhancement to the carbon pump and cver time
leads to the observed C:N disequilibrium where the temporally integrated
uptake ratios of CO, and NO; are large C:N > 8. The main counter to this
argument incorporates the much neglected and usually not well constrained
role of DOC (Toggweiler, 1993). This view is based on the lack of consistent
evidence that non - Redfield stoichiometries occur in sinking particles within
or below the surface layer (Copin-Montegut and Copin-Montegut, 1983;
Altabet and Francois, 1994; Anderson and Sarmiento, 1984). It was
suggested that the alternative explanation for the C:N diseguilibrium in
changes to bulk CO, and NO4 concentrations was through the production of
a nitrogen deficient pool of DOM (Toggweiler, 1993; Williams, 1995). This
fraction remains in the surface layer where a labile fraction is heterotrophically
oxidised to CO, which panily offsets the “benefit” of non Redfield C:N
stoichiometry as an additional CO, sink (Sendergaard and Middelboe, 1995;
Williamns, 1995). A review of two mesocosm experiments conducted in 1960
and 1962 (Banse, 1994) where TCO, and NO; concentration changes were
monitored over a period of days concurs with the Sambrotio et al., 1393 view
that the Redfield ratio is not a useful predictor of export carbon production.
However, the data and conclusions also appear to lend support the DOC
mechanism proposed by Toggweiler, 1993 and supported by Williams, 1995
to account for the apparent C:N disequilibrium in the uptake of TCO, and
NO;. The importance of this consensus is that it established the basis for the
link between observed C:N stoichiometric disequilibrium in the uptake of CO,
and NO; and DOC production. This relationship forms the basis for
modelling of the DOC fluxes in the Benguela System (see Chapter 7) and its

mechanistic basis will be developed further below.

in upwelling systems such as the Benguela surface productivity is limited by

the nitrogen { NO; ) load of newly upwelled waters (Andrews and Hutchings,
1980; Brown and Hutchings, 1987 ; Probyn, 1892 ). In such instances the




amount of carbon (CQO,) which can fixed through photosynthesis is

theoretically fimited by the NO5™ flux.

6.1.2 Carbon Stoichiometry (Cy,,:Cio)

Based on the importance of CaCO; as a constituent of shelf sediments in the
Benguela System, it could be expected that the system be characterised by
elevated coccolithophore activity (Giraudeau, 1992). As a consequence, the
Corg : Cing stoichiometry could be an important factor in the biogeochemical
modelling of CO, fluxes. The known aspects of coccolithophore activity in the
Benguela System were reviewed earlier (Chapter 1) and all indications are
that they are not a significant factor in carbon export fluxes from the surface

layer.

In this part of the study the stoichiometric relationships from field samples in
the Benguela System are investigated using the vector plots developed
earlier (see Chapter 3). The value of such a stoichiometric approach is that it
not only quantifies the Cq,, : C,,y relationships both numerically and visually
but it also provides the independent magnitudes of the Co; and C,,

components and their relationship with PCO, (see Chapter 3).

The objectives of this section are to quantify the magnitude of these
stoichiometries in all 3 sectors of the Benguela System, propose plausible
mechanisms to account for their existence and to discuss their ecological

significance.

6.2 Methods

The results presented below characterise the carbon and nitrogen parameters
values of each of the two end members in the surface domain of the

upwelling cycle at each of the six main upwelling centres in the Benguela




System. In terms of the 4 step upwelling cycle described earlier it deals with
changes in step 3 (see Fig. 4.25): that is, the ageing of newly upwelled water.

In terms of the box model there are two end members {o be characterized:

«  Newly upwelled water (UPW): the biogeochemical characteristics of
waters which outcrop at upwelling centre X through the flux (Fpyw: Fig.
4.25) are sourced from poleward flowing inner shelf waters (ISW) located
in the vicinity of the same upwelling centre. Biogeochemical modification
was shown earlier to be a function of their poleward advection period over
the organic rich sediments which lie predominanily along the inner shelf
(see Chapter 5). The characteristics of these waters were defined earlier

in the context of sub-surface remineralization.

« Aged upwelled waters (AUW): are upwelled waters which have been
physically and biogeochemically modified or matured through warming
and phytoplankton activity respectively (see Chapter 4). It is in the course
of this change that the biggest part of the CO, change occurs. Age of
waters at this stage of the upwelling cycle can be assessed through either
the temperature increase (warming rate of 0.5 - 1 °C / day) (Guastella,
1992 ) or the NOj concentration decrease from its source water value.
The latter occurs as a result of the phytoplankton activity which follows an
upwelling event (Brown and Hutchings, 1987a ). In the Benguela System
there exists a good relationship between temperature and NGOy

concentration which is depicted on Fig. 6.1. Despite the spread of the

data (* = 0.72) it provides a useful insight into the bulk physical and

biogeochemical ageing of upwelied waters:

On average, the phytoplankton bloom which follows an upwelling event uses
up the advected NOj  at a rate which reduces it to zero by the time the
temperature reaches the range of 13-16°C (Fig. 6.1). Given that the warming

rate is ~0.5 /day (Guastella. 1992 ) and the temperature of newly upwelled
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waters at different sub-surface and surface stages of the upwelling cycle.
The data depict the temporally integrated (bulk type) biogecchemical change
which upwelled water undergo during the main stages of the cycle. This
approach is well suited for the box modelling strategy adopted in this study

which models scenarios rather than dynamics.

The biogeochemical results below have the following common features:

« The average values which characterize the end members of the upwelling
cycle in the surface domain were obtained through the same depth
integration approach used earlier in the sub-surface domain.

» All the values are normalized to a salinity of 35 psu

» Changes to the magnitudes of normalized carbonate capacity parameters
Total Alkalinity (NTAIk) and Total Acidity (NTAcy) in AUW have been
corrected for the impact of NO; removal (see Chapter 3).

« The net CO, uptake by surface blooms was obtained by correcting the
total CO, decrease for the simultaneous loss of CO, through degassing to
the atmosphere using the Liss - Merlivat approach (Liss and Merlivat,
18886). In all instances the calculation used average in situ winds over a 2
week period preceding the sampling and the total flux was also calculated

over 14 days.

As was the case earlier in the sub-surface domain examples (Chapter 5)
actual field data only exist for 3 of the 6 upwelling centres, one in each sector
(Walvis Bay, Namaqua and Cape Columbine). For the remaining 3 ( Cape
Frio, Luderitz and Cape Peninsula ) the model input data is synthesised using

the following two rules:

« Cape Frio and Luderitz are at the “gate” sites for the northern and central
sectors respectlively where no poleward advection over the inner shelf has
occurred. The characteristics of newly upwelled water at these two

centres are therefore given by those of unmodified SACW. The Cape
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‘Northern Benguela Sector: Honties Bay fransect
Carbonate and Nitrate Parameter Concentrations
Units: umoi/l; Normalized to § = 35.00psu
Surface Layer Domain
Water Station NTALK NTACY NTCO2 PCO2 ND3
WB-ISW 2386 2716 2338 1243 21.450
WB-AUW1 16 2382 2341 2150 4386 wes
WB-AUW2 27 2380 2516 2241 738 1.98
WB-AUW 2386 2429 2196 612 1.980
WB-AUW (NO3 Corr) 2367 2448
Gross Change -18 -268 -143 -631 -19.47
Gross CO2 addition: -134
CO3 addition: -10
€02 degassing: Liss-Merlivat 9
{180C, 35, 25m, 4.57m/s, 14days 927uatm)}
€02 sddition (Air-Sea Corr} -125
CO3 addition: -10
COrg:Cing Stoichiometry 13
NO3 addition: -19.47
C:N Stoichiometry 6.42

Table 6.1: This table summarizes the biogeochemical (carbon and NOy) characteristics of
waters upwelling and ageing at the Walvis Bay upwelling centre. The characteristics of newly
upwelled water are obtained from those of the Inner Shelf Water (ISW) (see also Chapter 5)
and those of aged upwelled water (AUW) were averaged from warm surface waters at stations
16 and 27 of the Henties Bay transect. The table shows not only the concentrations of carbon
and nitrogen parameters but also the changes between the two surface end-members and the
stoichiometry of this change. (see text)

25 - 30m (Waldron, 1996). The depth integrated averages for stations 16 and
27 are shown as WB-AUW1 and 2 respectively. The “binned” value for WB-
AUW = (AUW1 + AUW2) / 2 provides the average for aged upwelled waters
in the surface domain in the vicinity of the Walvis Bay upwell cell. The NTAlk
and NTAcy values were corrected for the impact of NO3 removal (WB-AUW (
NO; Corr) which as was shown earlier (see Chapter 3) has the effect of
creating an apparent increase in NTAIk and decrease in NTAcy by equimolar
amounts. These parameters were accordingly adjusted to reverse this effect.
The magnitude of the changes in the carbonate capacity parameters and

NOj, concentrations as well as the negative additions (uptake ) of CO,




222

(NTAcy/2) and CO,> (NTAIK/2) in the ageing of upwelled waters were shown
(Table 6.1).

The magnitudes of the initial changes (negative gross addition) include the
combined effects of phytoplankton uptake and CO, degassing to the
atmosphere. To quantify the phytoplankton uptake it is necessary to correct
for the early CO, degassing effect. This was done using the Liss-Merlivat
model (Liss and Merlivat, 1986; Wanninkhof, 1992). The CO, flux across the
air - sea boundary is given by the product of the wind driven turbulent
diffusion coefficient (K,) (see Chapter 4) and the biogeochemically driven
PCO, gradient. The CO, flux was calculated using a K,, value based on a
mean wind speed of 4.57m/s (average for the 2 weeks preceding the
sampling), and an average PCO, gradient value of 827uatm (average of WB-
ISW ( PCO, = 1243uatm) and WB-AUW ( PCO, = 612uatm). The magnitude
of the CO, loss through degassing was calculated to be 9 uM assuming a
“typical” 25m thick surface mixed layer and an ageing or degassing period of
14 days. The correcied CO, decrease linked to phytoplankton uptake was
then calculated as 125uM, and a Cg, : C), stoichiometry of 13. This final
ACQO, value was also used to derive the C:N stoichiometry (C:N = 6.42) of the

phytoplankton driven biogeochemical change to the surface layer.
The following features should be noted (Table 6.1):

» although PCQO, decreased by ~50% to (612uatm ) relative to the source
water (1243uatm ), it remained well above atmospheric equilibrium
(360patm ) with only 10% of the NO4 remaining. Part of this effect is due
o the concomitant warming of the surface layer. The system therefore
remained a significant source of CO, 1o the atmosphere even after the
main phytoplankion bloom.

« there was a significant decrease (19 uM) in NTAlk concomitant o the

photosynthesis and degassing driven decrease in NTAcy ( 268uM)
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resulting in the Cg,;:C,g stoichiometry of 14. When the ANTAcy is
corrected for the degassing loss of 9uM of CO, (ANTAcy = 18uM ) the
resulting phytoplankton driven Cp,:Cy,, stoichiometry changes to 13
(Table 6.1).

= The C:N stoichiometry of CO, and NO4 uptake 8.42 was close to the
Redfield ratio of 6.6.

The small but significant decrease in NTAlk is somewhat problematic because
although coccolithophores were found 1o be present, predominantly in the
surface layer of the two inner stations (16 and 27), they had a relatively low
standing stock ( < 400*10° cells / I) (Giraudeau et al,, 1993). Given existing
data on coceolith CaCO, content (Fernandez et al,, 1993) this standing stock
could not account for the observed NTAlk change. There are three possible

explanations for the observed decrease in NTAlk:

« The analytical precision of the Gran titration was lower than the estimated
error of 1TuM for this study.

« The sampled Emiliania huxleyi was the remnants of a much larger bioom

» Other proton acceptors may be present in variable concentrations which

have not been incorporated into the calculation of the magnitude of NTAlk.

The first option is the least likely one because 1uM is the maximum estimated
error of the Gran titration procedure based on sequential standards (see
Chapter 2). It is more likely that one or both remaining options play a role.
Such questions should become part of any future field programme as
although the differences are small for the purposes of this study they would

be significant for any interannual monitoring.

The magnitude and stoichiometry of the perturbation to the carbonate system
in the surface domain of the Walvis Bay upwelling cell is graphically depicted
using the vector plot approach (Fig. 8.2). it visually confirms that the

stoichiometry of the change (vector AB) is primarily driven by photosynthetic
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Fig. 6.2: A Total Acidity - Total Alkalinity vector plot depicting the changes brought about by
the organic ( ¢y ) and inorganic ( Cy,g ) carbon pumps to newly upwelled waters in the vicinity
of the Walvis Bay upwelling cell. It shows that carbon uptake is largely driven by
photosynthesis with the C,, pathway making a minor impact ( Cog : Cjng Stoichiometry 13 from
Table 6.1). Also plotted are a family of lines which define the atmospheric equilibrium PCO,
over a range of temperatures which typify those found between newly upwelled and aged
upwelled waters. Such a combined plot allows rapid visualization of whether the particular
surface stage of the upwelling cycle is ingassing or outgassing CO,. In this case it can be
seen that the post bloom TAcy (B) is well above the atmospheric equilibrium of newly upwelled
water (C: 12.5°C) and even more so for aged upwelled water (D: 18°C ). The total post bloom
CO, degassing potential is then given by vector B'D'.
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consistent with other observations based on NO5 distribution in surface

waters along the Namibian shelf (Probyn, 1988).

6.3.2 Cape Frio Upwell Cell (Northern Sector)

Carbon Fluxes and Cy,4 : Gy, Stoichiometry

As was explained earlier (see Chapter 4) there is no field data to constrain the
Cape Frio upwell cell carbonate system. The underlying assumption, based
on the “gate” hypothesis, is that because SACW is advected onto the shelf at
that latitude, it will upwell at Cape Frio with the same biogeochemical

characteristics.

'N:o“rthern_ﬂenguela Sector: Lape rrio Upwel Cell: simulaied Data

Carbonate end Nirate Parameter Concentrations: Mode! data
Units: umol/l; Normalized to § = 35.00psu

Surface Layer Domain

Water Station Depth Temp NTALK NTACY NTCO2 PCO2 NO3
CFiSW 12.8 2383 2518 2239 626 21.570
CF-AUW 18 2383 2217 2087 338 0.000
CF-AUW (NO3 Corr} 2362 2239
Gross Changa -21 <280 -152 -291 -21.87
Gross CO2 additon: -140Q

CO3 addition: -11
€02 degassing: Liss-Merlivat -2
{130C, 35.25, 26m, 4.67m/s, 493uatm)
CO2 addition (Air-Sea Corr) -138
CO3 addition: -11
COrg:Cing Stolchiomewy 13
NG3 sddition: -21.57
C:N Stoichiometry 6.42

Table 6.2: This table summarizes the biogeochemical {(carbon and NO;y') characteristics of
waters upwelling and ageing at the Cape Frio upwelling centre. As there were no data
collected from this upwelling centre all the parameter vaiues had to be caiculated on the basis
of: characteristics of newly upwelled water (CF-UPW) are obtained from those of South
Atlantic Central Water (see also Chapter 5) and those of aged upwelied water (AUW) were
calcuiated trom the NO; concentration and C:N stoichiometry at Walvis Bay assuming that: 1)
the NOj is reduced to zero; and 2) that TAlk. does not change. The table shows not only the
concentrations of carbon and nitrogen parameters but also the changes between the two
surface end-members and the stoichiometry of this change. (see text)
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That is, the biogeochemical character of SACW will not be changed as a
result of benthic fluxes which modify NB-SACW into WB-ISW in the mid -
northern sector. At this stage there is no evidence to test whether this
assumption is correct. With the input characteristics being constrained by
NB-SACW subsequent changes, driven by surface phytoplankton activity, are
modelied assuming similar C:N (6.42) and Cq,:Cyq (13) stoichiometries as
those observed for the Walvis Bay system. The results are shown on Table
(6.2) which defines the carbonate and NO; changes which characterize the
predicted carbon fluxes at the Cape Frio upwelling cell. The most notable
feature is that the final PCO, (335uatm) value for CF-AUW is below the
atmospheric equilibrium value of 360 patm. This is in contrast to the Walvis

Bay cell (Table 6.1) where the final predicted PCO, was > 600uatm.

C:N Stoichiometry

The C:N stoichiometry for the Cape Frio system is assumed for these box-
modelling purposes to be identical to that which characterized the Walvis Bay
upwell cell that is, 6.42. This figure was used {o calculate the decrease in
NTAcy which would follow the utilization of the NO4™ in upwelled NB-SACW to
predict the final PCO, of aged upwelled waters off Cape Frio.

6.3.3 Namagua Upwelling Cell (Central Sector)

Carbon Fluxes and Cop, : Gy, Stoichiometry

The changes to the carbonate and NO; bulk water parameters brought about
by surface productivity in the vicinity of the Namaqua upwell cell are
summarized in Table 8.3 where the method to obtain the values was identical |
to that described for the Walvis Bay upwell cell. The biogeochemical
properties of newly upwelled waters were obtained from NQ-ISW whose
characteristics were calculated earlier (see Chapter 5). The bhiogeochemical

characteristics of aged upwelled waters (NQ-AUW) were physically
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constrained by t > 13°C; S = 34.88. The samples were taken at the end of an
active phase of the upwelling cycle (see Chapter 4) as a result of which, the

whole water column at station 113 was filled with newly upwelled NQ-UPW.

Central Benguela Sector: Namagua Upwelling Cell: Hondeklip Bay Transect

Cerbonate and Nitrate Parameter Concentrations
Units: umoifl; Normalized to § = 35.00psu

Surface Laver Domain

Water Station NTALK NTACY NTCO2 PCO2 NO3
NC-UPW 2404 3007 2483 2971 20.08
NC-AUW 114 2409 2578 2281 707 4.81
NQ-AUW (NO3 Corr} 2384 2593
Gross Change -10 -414 -208 -2971 -15.27
Gross CO2 addition: -207

CO3 addition: -5
CO2 degassing: Liss-Merlivat 4
{140C,35,25m,3.29m/s; 14days; 1893uatm)
€02 addition (corrected) -203
CO3 addition: -

COrg:Cing Stoichiometry 41
NO3 addition -16.27
C:N Stoichiornetry 13.31

Table 6.3: This table summarizes the biogeochemical (carbon and NOy) characteristics of
waters upwelling and ageing at the Namaqua upwelling centre. The characteristics of newly
upweiled water (UPW) are obtained from those of the inner Shelf Water (ISW) (see aiso
Chapter 5) and those of aged upwelled water (AUW) were averaged from warm surface
waters at stations 14 of the Hondeklip Bay transect. The table shows not only the
concentrations of carbon and nitrogen parameters but also the changes between the two
surface end-members and the stoichiometry of this change. (see text)

This freshly upwelied water is characterized by the highest PCO, values
recorded in the Benguela System (PCO,: 2500 - 3000uatm). It was only at
station 114 located within the upwelling front that a recognizable surface layer
of warmed aged upwelled water ( PCO, < 1000patm) with a thickness of 10m
had formed whose biogeochemical characteristics were used to define NQ-
AUW. The much lower NO5 value (4.81uM) in the surface layer supports the

view (Fig. 6.1) that the chosen surface water was indeed ageing upwelled
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water whose NO5; has decreased by 15.27uM relative to newly upwelled
waters (Table 6.3). This change to the NO; concentration was used to make

the necessary correction to the capacity parameters (NTAlk, NTAcy).

As was the case with the Henties Bay transect on the Namibian shelf the bulk
of the biogeochemical impact on the carbonate system is through the
photosynthetic uptake of CO, which decreases the NTAcy vaiue by 414 uM
after the NOj™ correction (Table 6.3). In contrast, ANTAIk is small (10uM after
the NO;, correction). Once again the problem arises as to the cause of this
small but significant decrease in NTAlk. Coincidentally, and as was the case
for the Henties Bay transect, a bloom of coccolithophores was identified and
counted in the vicinity of the inshore stations (Giraudeau and Bailey, 1995).
This population, with a low standing stock of 200*10° cells/I (Giraudeau and
Bailey, 1995) was also dominated by Emiliania huxleyi in the same order of
magnitude as the one located along the Henties Bay transect (300*10° cells/
. The maximum predicted impact of such a bloom on NTAIlk is no more than
2uM which leaves at best 7uM unaccounted for. The presence or loss of
unknown proton acceptors cannot be ruled out but for modelling purposes it is

ignored.

The gross CO, and CO,”> changes (removal) of 207 and 5 uM respectively
include, in the case of CO,, the combined effects of photosynthetic uptake
and degassing to the atmosphere. The atmospheric loss component was
calculated as before using the Liss-Merlivat model (Liss and Merlivat, 1986;
Wanninkhof, 1992). The CO; flux was calculated with a PCO, gradient of
1839 (average of 2971 and 707 uatm ), an average wind speed of 3.29 m/s
over a 14 day period. The accumulated CO, loss over this period was
calculated to be 4uM which constrains the photosynthetically driven CO,
uptake to 203uM. The Cg,:C,, stoichiometry was calculated from the
corrected ACO, and ACOf’ as 41 which is clear indication that C,4 played a
minimal role in surface domain biogeochemistry. This confirms the fact that

despite the presence in the water of the coccolithophorid Emiliania huxleyi,
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Fig. 6.3: A Total Acidity - Total Alkalinity vector plot depicting the changes brought about by
the organic (Cq,, ) and inarganic ( C,,; ) carbon pumps to newly upwelled waters in the vicinity
of the Namaqua upweilling cell. 1t shows that carbon uptake is largely driven by
photosynthesis with the C,,; pathway making a minor impact ( Cq,g : Cjog Stoichiometry 41 from
Table 6.3). Also plotted are a family of lines which define the atmospheric equilibrium PCO,
over a range of temperatures which typify those found between newly upwelled and aged
upwelled waters. Such a combined plot allows rapid visualization of whether the particular
surface stage of the upwelling cycle is ingassing or outgassing CO,. In this case it can be
seen that the post bloom TAcy (B) is well above the atmospheric equilibrium of newly upwelled
water (C: 10°C) and even more so for aged upwelled water (D: 18°C ). The total post bloom
CO, degassing potential is then given by vector B'DY.
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the perturbation to the carbonate chemical system was driven largely by

photosysnthesis.

The stoichiometry of the change in state of the carbonate system is
graphically depicted using the vector plot (Fig. 6.3). The slope of the vector
AB reflects the stoichiometry of the Cy,,:Cy,; pathways and the magnitude of
the photosynthetically removed CO, is given by the vector component A'B’
where ACO, = ANTAcy/2. The further scope for leng term degassing of CO,
to the atmosphere is given by vectors BC and BD. Vector BC defines the
degassing under the sampling conditions which coincided with the austral
winter when insolation rates are relatively low. The magnitude of the vector
(B’C’) is given by the NTAcy change from state B to the PCO, isopleth at
14°C. With the onset of summer this surface water would warm up to the
typical temperature of 18°C inducing further degassing to the appropriate
isopletn given by vector BD and vector component B'D’ (Fig. 6.3). For
modelling purposes the surface equilibration temperature was taken to be
18°C.

C:N Stoichiometry

The C:N stoichiometry for the uptake of CO, and NO4 in the course of
surface ageing of newly upwelled waters is given in Table 6.3 as 13.30. This
is an unexpectedly large number close to double that which is predicted by
the Redfield ratio. It accounts for the observation that although the NOy
decreased by a smaller amount (15.27uM) relative to that in the Henties Bay
transect (19.47uM) the PCO, decrease was 3.7 times §argér. This might raise
the question as to whether the correction made for the loss of CO, through
degassing was realistic. However, it is thought that in view of the fact that
the degassing loss is constrained using actual wind data over a realistic time
period of 14 days that the error margin on the estimate is small. Even if the
loss was doubled the impact on the C:N ratio would be small. It is suggested

that the explanation lies, as was suggested by Sambrotto ef a/.,1993, in the
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fact that upwelled NO; was being remineralized as NH," in the surface layer
which could then sustain further photosynthesis and CO, uptake. This
stoichiometry was apparent in the NTAcy - NO;  plot shown in the previous

section using the full data set from the Hondeklip Bay transect {Fig. 5.8).

6.3.4 Luderitz Upwell Cell (Central Sector)

Carbon Fluxes and Cg,; : C,,4 Stoichiometry

There was no carbonate and nitrogen field data for the Luderitz upwell cell
and as a result it is treated in the same way as Cape Frio. Because its
position coincides with the entrance “gate” for CB-SACW the biogeochemical
characteristics of upwelled waters at Luderitz are taken to be those of CB-

SACW. The biogeochemical characteristics are summarized on Table (6.4).

[Central Bengueln sector: Luderitz Upwel Lol syntheac Uata

Carbonate and Nitrate Parematar Concentrations: Model deta
Units: umolfl; Normalized to 5 = 35.00psu

Surface Layer Domain

Water Station Depth Temp NTALK NTACY NTCD2 PCO2 NO3
LZ-UPW 10 2413 2480 2234 458 13.670
LZ-AUW 18 2413 2237 2102 324 0.00C
LZ-AUW [(NO3 Corr) 2403 2223
Gross Change -10 -257 -132 =134 -13.67
Gross CO2 addition: -129

CO3 addition: -5
CO2 degassing: Liss-Merlivat 3
(120C, 35.25, 25m, 6.5m/s, 40%uatm)
CO2 sddition (Ar-Sea Corr) -126
CO3 addhkion: -5
COrg:Cing Stoichiometry 41
NC3 addition: -13.67
©:N Stoichiometry 13.30

Table 6.4: This table summarizes the biogeochemical (carbon and NO;) characteristics of
waters upwelling and ageing at the Luderitz upweliing centre. As there were no data coliected
from this upwelling centre all the parameter values had to be calculated on the basis of:
characteristics of newly upweiled water (LZ-UPW) are obtained from those of South Atlantic
Central Water (see also Chapter &) and those of aged upwelled water (AUW) were calculated
from the NOj concentration and C:N stoichiometry at Namagua (NQ) assuming that: 1) the
NO4 is reduced to zero; and 2) that TAlk. does not change. The table shows not oniy the
concentrations of carbon and nitrogen parameters but also the changes between the two
surface end-members and the stoichiometry of this change. {see text)
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The magnitude of the changes to the carbonate characteristics are driven by
the magnitude of the NOj concentration (13.67uM) , the C:N ratio (13.30) and
Corg - Cing (41) stoichiometry all obtained from the Namaqua upwell cell (Table
6.4). As was the case in Cape Frio, because the NTAcy and NTAlk

concentrations are unmodified by the input of CO, from benthic
remineralization the magnitude of CO, removal was sufficient to lower the
PCO, to below atmospheric equilibrium. The Luderitz upwell cell is therefore
a potential net CO, sink and its contribution to the overall CO, budget in the

Benguela System is addressed in the context of the box model (Chapter 7).

C:N Stoichiometry

The C:N ratio of CO, and NO5  uptake in this part of the system is provided

by that which was measured in the Namaqua upweli cell (13.30).

6.3.5 Cape Columbine Upwelling Cell (Southern Sector)

Carbon Fluxes and Cg, & Gy Stoichiometry

The changes 1o the carbonate parameter and NO4 concentrations between
newly upwelled (CC-UPW) and aged upwelled waters (CC-AUW) sampled in
the Olifants River transect are summarized in Table 6.5. The calculation of
depth integrated concentrations follows the same rules as were detailed for
the previous examples. The carbonate characteristics of newly upwelled
water (UPW) supplied from CC-ISW were obtained from the section dealing
with sub-surface properties (Chapter 5). The samples were taken relatively
close to the Olifants Valley “gate” through which the Southern Benguela is
supplied with upwelled water (see Fig. 4.24). It is therefore expected that, in
contrast to the water from the Henties Bay and Hondeklip Bay fransects,
which were located at least 300km poleward of the “gates”, these should
reflect much lower NTAcy and PCO, enrichments. The data confirm this as

the NTAcy and PCO, values for CC-ISW which upwells at Cape Columbine
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Southern Benguela Sector: Cape Columbine Upwelling Cell: Olifants River Transect

Carbonate Paramater Concenirations
Units: umol/} Normalized to S = 35.00psu

Surface Laysr Domain

Water Station NTALK NTACY NTCO2 PCO2 NO3
cc-upw 2378 2563 2262 656 18.73
CC-AUW1 12 2372 1807 1927 170 0
CC-AUW2 13 2374 1939 1948 171 0.44
CC-AUW 2373 1823 1936 170.5 0.22
CC-AUW (NO3 Corr} 2354 1942
Gross Change: -23 -627 -326 -485.5 -18.51
Gross CO2 addition -314

€03 addition -12
CO2 degassing: Liss-Merlivat &

{180C,35,25m,5.03m/s; 14days;50Buatm

CO2 addition { Air -Sea corr} -307

CO3 addition: -12

COrg:Cing Stolchiometry 27

NO3 sddition: -18.51
C:N Stoichiomatry 16.61

Table 6.5: This table summarizes the biogeochemical (carbon and NO;) characteristics of
waters upwelling and ageing at the Cape Columbine upwelling centre. The characteristics of
newly upwelled water {(UUPW) are obtained from those of the inner Shelf Waier (ISW) (see also
Chapter 5) and those of aged upwelled water (AUW) were averaged from warm surface
waters at stations 14 of the Olifants River transect. The table shows not only the
concentrations of carbon and nitrogen parameters but also the changes between the two
surtace end-members and the stoichiometry of this change. (see text)

are 2569uM and 656uatm respectively. The biogeochemical characteristics
of aged upwelled waters (CC-AUW) were taken from stations 12 and 13
located in the inshore region (see Fig. 4.3) where PCO, had dropped to the
lowest values measured in the Benguela System (170uatm). As was the
case with the earlier transects after the NOj corrections there is an
unexpectedly large residual in the ANTAIk (-23uM). Again this points to the
effect of either an unaccounted for proton acceptor or an underestimated
effect of coccolithophore activity. The magnitude of the CO, decrease driven
by phytoplankton activity (corrected for CO, degassing) is 314uM which is the

largest change in all three sampled transects. The PCO, values in CC-AUW
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Fig. 6.4: A Total Acidity - Total Alkalinity vector plot depicting the changes brought about by
the organic ( go,g ) and inorganic ( Cing ) carbon pumps to newly upwelled waters in the vicinity
of the Cape Columbine upwelling cell. It shows that carbon uptake is largely driven by
photosynthesis with the C,,; pathway making a minor impact { Cgyg : Cing Stoichiometry 27 from
Table 6.5). Also plotted are a family of lines which define the atmospheric equilibrium PCO,
over a range of temperatures which typify those found between newly upwelled and aged
upwelled waters. Such a combined plot allows rapid visualization of whether the particular
surface stage of the upwelling cycle is ingassing or outgassing CO,. In this case, in contrast
to other examples, it can be seen that the post bloom TAcy (B) is well below the atmospheric
PCO, equilibrium line. The CO, ingassing potential relative to newly upwelied water is given
by the vector B'C’ which links the final post-bloom state B to the 10°C equilibrium line. This
ingassing potential is however reduced by the warming of newly upweilled waters to 18°C
which then reduces the thearetical scope for ingassing to vector B'D'.
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are the lowest recorded in the Benguela System but it should be noted that
the sampled area supported one of largest blooms recorded in this system
where chlorophyll, concentrations reached 50ug/l (Probyn, pers.com.). It
appears from these data that there exists a southward trend of increasing
magnitude of CO, removal for relatively small difference in NOj
concentrations. The factor which appears to be driving this meridional effect
is the C:N ratio which also increases polewards from 6.42 in the northern

sector, 13.30 in the central sector to 16.61 in the southern sector.

The stoichiometry and magnitudes of the changes of ACO, and ACO,* are
graphically depicted on a NTAcy - NTAIk vector plot (Fig. 6.4). It confirms the
observation that, like all other parts of the Benguela System, carbon fluxes
are dominated by the photosynthetically driven CO, uptake. The main
difference is the visual depiction of the way in which the phytoplankion driven
perturbation (vector AB) reduces the NTAcy to well below all the atmospheric
PCO, equilibrium lines. Here the magnitude of ingassing or CO, drawdown is
given by the vector BC which links the final state B to the PCO, equilibrium
isopleth at 18°C (state C) (Fig. 6.4). It clearly shows how the warming
process through its impact on CO, solubility reduces the drawdown potential
from the isopleth which characterizes newly upwelled waters (10°C) to aged
upwelled waters at 18°C. The magnitudes of these vector changes are again

depicted by the NTAcy vector components where ACO, = ANTAcy /2.

C:N Stoichiometry

The C:N stoichiometry which characterizes the concommittant decrease of
CO, and NOj5 is calculated to be 16.61 after the CO, degassing component
has been accounted for. This is the highest ratio in the system (cf. 6.42 and
13.31 in the northern and central sectors respectively) and would be
consistent with a system where nitrogen recycling as opposed 1o only new

nitrogen drives CO, uptake by phytoplankton. This high C:N stoichiometric
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ratio in combination with a relatively low impact of sub-surface
remineraiization are the critical factors which turn the Southern sector into a
CO, sink.

6.3.6 Cape Peninsula Upwelling Cell (Southern Sector)

Carbon Fluxes and Co,; : C;,; Stoichiometry

As was the case with both the Cape Frio and Luderitz upwelling cells no
samples were taken for the Cape Peninsula upwelling centre. This upwelling
cell is however well away, polewards, of the Olifants River valley “gate” site.
The input characteristics for this upwelling cell were taken to be identical to
those of the Cape Columbine centre with the justification that in this sector the
shelf is narrow and the areas of organic carbon accumulation on the inner
shelf are spatially very restricted, especially south of Cape Columbine (Birch,
1975). There are two possible explanations for the low organic carbon build
up in the southern sector sediments:

» Current meter records indicate that in the southern Benguela System the
poleward flow is both strong and more persistent than the northerly
sectors (G. Nelson, pers.com.). In terms of the conceptual model put
forward in Chapter 4, this would increase the BBL turbulence and lead to
erosion of biogenic particles which have lowest densities.

» The flux of biogenic carbon from surface production in the southern sector

is low. This will be addressed in the modelling Chapter 7.

The key assumption is, however, that the biogeochemical input and ageing
characteristics at the Cape Peninsula upwelling cell are identical to those of
Cape Columbine. The calculated biogeochemical characteristics of newly
upwelled and aged upwelled water for the Cape Peninsula upwelling centre
are given in Table 6.5. This assumption, like the previous ones, should be

tested in any future carbon related work in this system.
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Southern Benguels Sector: Cape Peninsulas Upwell Cell: Synthetic Data
Carbonate and Nitrate Perameter Concentrations: Model data
" Units: umolfl; Normalized to S = 35.00psu
Surface Layer Domain
Water Station Temp RNTALK NTACY NTCO2 PCO2 NO3
CP-UPW 10 2378 2569 22862 656 18.730
CP-AUW 18 2375 19189 1936 174 0.000
CP-AUW (NO3 Cor} 2356 1938
Gross Change -22 -650 -326 -482 -18.73
Gross CO2 addition: -325
CO3 addition: -11
€02 degassing: Liss-Merlivat ~14
{130C, 35.25, 10m, 4.62m/s, 827uatm)
CO2 addition {(Air-Sea Corr) -311
€03 addition: 211
COrg:Cing Stoichiomatry 27
NO3 addition: -18.73
C:N Stoichiometry 16.61

Table 6.6: This table summarizes the biogeochemical (carbon and NOj) characteristics of
waters upwelling and ageing at the Cape Peninsula upwelling centre. As there were no data
collected from this upwelling centre all the parameter values had 1o be caiculated on the basis
of: characteristics of newly upwelled water (CP-UPW) are obtained from those of ISW at Cape
Coiumbineand those of aged upwelled water (AUW) were calculated from the NOy
concentration and C:N stoichiometry at Cape Columbine assuming that: 1) the NO4 is
reduced to zero; and 2) that TAlk. does not change. The table shows not anly the
concentrations of carbon and nitrogen parameters but aiso the changes between the two
surface end-members and the stoichiometry of this change. (see text)

C:N Stoichiometry

The C:N stoichiometry and its impact in this sector are identical to those
which defined the biogeochemical characteristics of the Cape Columbine
upwelling cell. The further implications of these results are now discussed in

more detail.

6.4 Further Discussion:

One of the salient aspects of the data sets presented above was that, in

contrast to open ocean upwelling systems (Murray et al., 1994; Watson,




239

1995), surface PCO, values in the Benguela System can, in many instances,
drop below atmospheric equilibrium ( PCO, < 360uatm). This challenges the
notion that, because waters which outcrop at upwelling centres are high in
PCO, upwelling areas are CO, sources to the atmosphere (Watson, 1995).
Coastal upwelling systems such as the Benguela System appear not to follow
the rule established from open ocean systems. it is suggested that the main
reason for the difference is that in open ocean upwelling systems there is
usually incomplete utilization of upwelled NO4 which limits the scope for the
CO, drawdown of such systems. In coastal systems, on the other hand,
while there is a 100% efficiency in the uptake of upwelled NO;. This is,
however, offset by a benthic remineralization flux component which,
depending on its magnitude, can determine the CO, source - sink nature of
an upwelling centre. The key 1o this CO, source - sink character are the
mechanisms which govern the C:N stoichiometry because, as the data show,
the Cq,q 1 Cing stoichiometry in the Benguela System plays an insignificant
role. The ensuing discussion addresses these mechanisms in the surface
layer during the ageing of newly upwelled waters. [t focuses on their role in
determining the CO, air - sea gradient by offsetting the C:N disequilibrium
induced by the benthic remineralization flux (Chapter 5). This discussion is
therefore complementary to the one presented in Chapter 5 for sub-surface

remineralization.

The results presented above and summarized on Table (6.7), point to two
characteristics of the CO, variability in the Benguela System which have a

bearing on the modelling of CO, source sink dynamics:

¢ There are a number of upwelling centres ( Cape Frio, Luderitz, Cape
Columbine and Cape Peninsula ) where measured or modetlled post-
bloom PCO, values were lowered 1o levels below atmospheric equilibrium
( PCO, < 360matm ) inducing a potential CO, drawdown from the

atmosphere. This is in contrast to those upwelling centres (Walvis Bay
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and Namagua ) where the final post bloom PCO, is well above

atmospheric equilibrium ( PCO, > 600 patm).

Upwelling Centre PCO2  PCO2  ACOZ  ANO3 C:N
UPW AUW

CF 626 335 140 21.57 6.42
WB 1243 612 125 19.47 6.42
Lz 458 324 126 13.67 13.3
NG 2971 707 203 15.27 13.3
cC 656 171 307 18.51 16.61
cP 656 174 311 18.73 16.61

Table 6.7: Summary of the changes in PCO, and NO; at each of the 6 upwelling
centres in the Benguela System. The PCO, values apply to newly upwelled water (UPW)
and post-bigom or aged upwelled water (AUW). ACO, is the magnitude of the CO, loss in
uM units and similarly for ANO,;. C:N is the stoichiometry of the ACO,: ANO; change.
From a mechanistic perspective, the interesting aspect of this summary is that #
establishes that the upwelling centres have different hierarchies depending on whether
one chaooses UPW or AUW characteristics. (see text for discussion).

However, the amount by which CO, or NTAcy is lowered in the surface
domain at each upwelling centre is variable and not necessarily a good
predictor of PCO, and hence of whether a particular upwelling centre is a

source or a sink of COs,.

These results indicate that the prediction of CO, source - sink behaviour in

the Benguela System requires an understanding of more than one

biogeochemical mechanism and, in all likelihood, they interact with each other

in the surface layer domain with varying scales of space and time. Present

insight indicates that there are three such processes in the Benguela System

which have a potentially important impact on CO, fluxes between the

atmosphere and the surface layer:

The biogeochemical characteristics (CO, and NOj3”) of waters which
outcrop at upwelling centres which were earlier shown to be determined

by the characteristics of the sub-surface remineralization fluxes.
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« The C:N uptake stoichiometry in the surface layer where any value larger
than that which is predicted by the Redfield ratio (Rr) could potentially
resultin a CO, sink larger than that which predicted by offsetting a sub-
surface C:N disequilibrium.

« The Co:Cing uptake stoichiometry and the role of coccolithophore activity.

The mechanistic details which drive the first process have been addressed in
detail in the context of sub-surface remineralization (see Chapter 5). Two

points need to be re-emphasised:

« ltis not the magnitude of the C and N remineralization fluxes which is of

importance but their stoichiometry. NOj™ is the limiting nutrient for new
production in the surface domain and any disequilibium in the
stoichiometry of the remineralization flux ( where C:N > 6.6) will reduce the
scope for surface photosynthesis to induce a CO, drawdown from the

atmosphere. Such a limitation can only be overcome by a similar or larger

opposing disequilibrium in the surface layer uptake of CO, and NO;~.
« The magnitude of the impact of this process is governed by the distance /
time that ISW is advected from the "gate” site, over organic rich

sediments to an upwelling centre.

If the PCO, in the surface layer after the post upwelling bloom were only
governed by the impact of the sub-surface remineralization flux, that is,
phytoplankton uptake was constrained by the Redfield ratio, the predicted
order of decreasing CO, drawdown potential would be {see pre-bloom PCO,

values in Table 6.7):
LZ>CF>CC ~ CP>WB > NQ
On the left are the upwelling centres located at gate sites where benthic

remineralization flux (BRF) effects are least and on the right are the upwelling

centres in mid sector where the BRF impact is greatest.
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The actual order given by the results post bloom PCO, in Aged Upwelled
Waters (AUW) summarized on Table (6.7) is:

CC-CP>LZ~CF>WB>NQ

This indicates that an additional process is playing an important mediating
role: the process governs the C:N uptake stoichiometry of primary productivity

in the surface domain. The results summarized on Table (68.7) show that

there are significant differences in the overall ACO,: ANO4™ uptake
stoichiometry from ISW to AUW mainly between the northern sector on the
one hand ( C:N = 6.42) and the central and southern sectors on the other
(C:N = 13.30 and 16.61 respectively). The re-arrangement of the upwelling
centre hierarchy in terms of the final PCO, values is driven by the C:N
stoichiometry which characterized the uptake of bulk CO, and NO; at the
time of sampling. The southern sector has the greatest CO, drawdown
potential because of the combination of lowest sub-surface remineralization
flux (PCO, in UPW; Table 6.7) and highest C:N uptake stoichiometry. The
Luderitz and Cape Frio cells are intermediate due to a combination of lower
NO; (13.67 uM ) and high C:N 13.31 at LZ or less favourable C:N 6.42
stoichiometry and higher NO; (20uM) at CF). The cells where CO,
ingassing is predicted to never occur, WB and NQ, are characterized by a
sub-surface re-mineralization flux of a magnitude and stoichiometry which
cannot be compensated by surface uptake stoichiometry. The goal of the
ensuing discussion is 1o address the mechanistic basis of these observations

as a way to justify their use in the box model {(Chapter 7).

6.4.1 C: N uptake stoichiometry in the surface layer: contradictions
with existing paradigms.

The relationship between carbon and nitrogen cycling in the surface ocean is

governed by two widely used and interrelated paradigms:




243

= C:N stoichiometry is predicted by the Redfield ratio (Rr) of 6.6 which
characterizes the C and N uptake by phytoplankion (Redfield et al., 1963).
« Carbon uptake by phytoplankton is partitioned into new and regenerated

production pathways which are conveniently defined both conceptually
and empirically by their respective uptake of oxidized ( NO;™ ) and reduced
(NH,4*, urea) nitrogen species (Dugdale and Goering, 1967; Probyn,
1985). The numerical relationship between new and regenerated nitrogen
uptake rates is defined by the f-ratio (Eppley and Peterson, 1979; King,
1987; Platt et al., 1989). The f-ratio (eq. 6.1) is the proportion that NO;-
uptake represents of the total nitrogen uptake including infer alia NO5",
NH,* and urea (Eppley and Peterson, 1979; King, 1987). Itis a useful

parameter to calculate the partitioning of carbon into new production /

export flux and regenerated production fractions:

f = unos
UNO3 + UNH4 + [lurea

These widely used paradigms form the basis for a range of operational
approaches to constrain new production and by association, carbon export
production from the surface ocean (Eppley and Peterson, 1979; Chavez and
Smith, 1995; Ducklow, 1995). These methods fall into two main categories
covering a range of scales of variability; in vitro measurements ('*C, °N, O,)
sample short time scales (hours) and bulk type measurements integrate short
term variability into time scales of days - seasons depending on the event turn
over rate or the deployment time (Platt et al., 1389). There are three main
numerical definitions of export production which incorporate the parameters

returned by the sampling methods:

Export Prdcn (C) = New Prden (C) = Total Net Prden * f-ratio eq. 6.2a
Export Prden (C) = New Prden (C) = [ NOg] * Rr eq. 6.2b
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nitrogen supply rates (Brink et al., 1995; Hutchings et al., 1995). In upwelling
systems such as the Benguela the relationship between the f-ratio and NOg~
supply is well characterised showing an initial intermediate f-ratio ( say ~ 0.4-
0.5) (NO4~ 20 - 10uM), increasing to f-ratio ~ 0.8-0.9 during the shift up
phase ( NO;~ 10 - 2 uM) declining to f-ratio < 0.2 with NO;" limitation < 2uM
(Probyn, 1985; Probyn, 1987; Probyn, 1888; Probyn. 1992 ). This variability

provides scope for data aliasing which can only be resolved by a temporally

integrated f-ratio defined as <f> (Platt et al., 1989) :

H
[ fot
<f>= -O——t— eqg. 6.3

Similar to the f-ratio, which governs the classical definition of new production,
the second case (eq. 6.2b) which defines new production relative to NOy’
supply rate depends very sensitively on the assumption that the C:N
stoichiometry of uptake is correctly predicted by the Rr. However, as was
discussed above, there is increasing evidence derived from changes to bulk

concentration of TCO, and NO; that question the robustness of the Rr

(Sambrotto et al., ., 1993; Banse, 1994). This evidence has serious
implications not only for the NOg” based estimates of carbon export flux but
poses questions about the relationship between the f-ratio and the partitioning

of carbon between new and regenerated production.

The data from both the central and southern sectors of the Benguela System
yielded C:N stoichiometries of 13.31 and 16.61 which are more than double
the Redfield ratio. If such stoichiometries are part of the biogeochemical
character of a system or part of it, any modelling based on the standard

notions could seriously underestimate the carbon export flux.
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The implication of a high C:N ratic in the uptake of bulk CO, and NO; is that

part of the NOj™ pool is being re-cycled as NH4+ / urea in the euphotic zone
and potentially being used by the same bloom to fix more carbon. Thus,
while the actual uptake ratioc by the phytoplankicn may remain consistent with
the Redfield ratic, a C:N disequilibrium develops in the regeneration pathway.
The nitrogen rich fractions of the cell metabolites (amino acids and proteins)
are remineralized at a higher rate providing a regeneration stoichiometry
smaller than Rr and simultanecusly turning the export flux into a magnitude
larger than the Rr. The implication is that re-mineralized NH," is enhancing
the export of carbon. In such a situation measurement of the f-ratio by N
uptake and equation 1 or 2 would produce a lower than expected value even
though the carbon export compenent is higher. The guestion which arises is,
could a temporally integrated low f-ratio still reflect an enhanced carbon

export flux ? A mechanistically based answer is proposed below,

6.4.2 The decoupling of C and N uptake: a simple model

A mechanistic insight of the factors driving remineralization is best provided
by a spreadsheet model reflecting the elemental (C and N) pathways and
resulting stoichiometries (Fig. 6.5) under a range of scenarios. The
conceptual version of the model shows twoe phytoplankton boxes (Gy- G4),
linking on 1o further steps each of which has three fluxes associated with
them; the uptake flux (U), the export flux (F) and the regeneration flux (R),
where for each flux there is also an elemental pathway for carbon and

nitrogen (Fig. 6.5). While Gy is provided with its nitrogen requirements by the
initial flux of NO, , the remaining boxes (G, ...G) are supplied by

remineralized flux of NH4+ through flux R,. The magnitude of Ri is given by (1
- f) (King, 1987). This model is used to demonstrate, through a series of
numerical scenarios, how the interaction of the C:N stoichicmetries of the
uptake and regeneration pathways hold the key to the observed non-Redfield

values in the Benguela System and other surface ocean systems. The
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Fig. 6.5: A conceptual model illustrating the three main metabolic pathways for carbon and
nitrogen associated with their sequential uptake and regeneration by a phytoplankton bloom.
Each stage (Gi) has an uptake flux (Ui}, an export flux (Fi) and a regeneration flux (Ri). The
number of stages depends on the recycling efficiency = (1-f ratio)(see text for detailed

discussion)
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should not be eguated to a series of blooms but as temporal “snapshots” of
the same main bloom started by the initial NO4~ input at G;. Each

compartment partitions 70% of its C and N into K, as CO, and NH: and 30%
through export flux F;. As can be seen, despite the significant
remineralization mechanism (f = 0.3) this simulation provides a final resuit of

total carben and nitrogen export flux which still foliows the basic paradigm:

carbon export flux is the product of the NQ3' flux and the Rr. The problem

with this result is that the stoichiometry of the expont flux and hence that of

bulk ACO, : ANQO, is still constrained by the Redfield ratio. The
bicgeochemical characteristics of the export flux also drive the stoichiometry

of the changes in the concentraticns of the bulk water parameters such as

TCO, and NO,. The Redfield stoichiometry from this model scenario still

does not reflect results from this and cther studies (Sambrotto et 2/, 1983)

where the stoichiometry of the changes in TCO, and NG, in the surface layer
are of the order of double the R, (13.3 - 16.6). This inconsistency indicates
that mechanisticalily the scenaric 2 simulation is still inadequate. The problem
lies with the assumption that the C:N stoichiometries of U, and K, equal R,. A
C:N disequilibrium between U, and R, is necessary o generate and F, with the

C:N stoichiometry which is consistent with cbservations.
Scenario 3: assumptions: fratio=0.3and U, =66 ;H,;=3.5

This scenario is identical to the previous one except on one detail: thereis a
stoichiometric disequilibrium between the uptake U, and regeneration R,
fluxes (Table 6.10). The uptake is still constrained by the rule that it is
governed by the physiciogical needs of the cell which are well simulated by
the Redfield ratio (Redfield et al., 1963). The remineralizaticn stoichiometry is
set to that which characterizes protein and amino acids (~ 3.5) which are
suggested to be the most heterotrophically labile fraction of phytoplankion
celiular matter. Such a steichiometric disequilibrium between U, and R,

resulted in a final simulation of the export flux stoichiometry which is now
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close to that which has been observed in both the Benguela System and
elsewhere (C:N = 13.83). From the carbon export flux perspective the most
important result is that the magnitude of the fiux is much larger ( 346 units cf
165 units for scenario 2 ) than that which was modelled by the straight

application of the Rr driven export flux paradigm (scenarios 1 and 2). The

carbon export flux is defined by the product of the NO5™ input flux and the C:N

stoichiometry of the export flux or alternatively, the C:N stoichiometry of the

concentration changes to the bulk water components ATCO, and ANO,
in this case: Cexport=25*13.83 = 345.75

These last two scenarios (2 and 3) are suggested to provide the upper and
lower boundaries of carbon export from a marine system such as the
Benguela. Besides providing a framework from which {c study the mechanics
of carbon fluxes, this type of modelling shows how important relatively poorly
understood foodweb eco-physiological dynamics of are in governing the
predictability of both conceptual and numerical models. This applies not only
o the stoichiometric relationships but also to the nature of the export flux:
that is whether the nitrogen depleted carbon is exported into the POC or DOC
pools (Sambrotto et al., 1993; Toggweiler, 1993).

This is the area of greatest uncertainty in the field of CO, biogeochemistry
where both the magnitude of the DOC reservoir and its kinetics are still the
subject of much speculation (Hedges, 1992). While the model scenario 3
predicts that there should be a nitrogen depleted export flux it cannot specify
any criteria to quantitatively partition this flux into the PCC and DOC pools.
The relative importance of this partitioning is the subject of an ongoing debate
which is tending to a consensus as DOC methodological uncertainties are
removed (Ducklow, 1995; Williams, 1895).
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+ That despite short term variability, the magnitudes of the changes to the
POC and DOC pools were comparable
= The C:N stcichiometry of DOM is highly variable but mostly » 2 * Rr.

It appears that there is a strong seasonality 1o the variation in the magnitude
of the DOC/DON pools (Williams, 1995). Typically, from the spring to the end
of summer there is a build up of the DOC peol because, it is suggested,
phytoplankton outcompete bacteria in sequestering recycled nitrogen (Blight
et al., 1995; Williams, 1595). With the drop in irradiance and weakening of
stratification in the winter, bacteria gain the advantage and are able to
metabolize the accumulated DOC in the surface layer. In a later follow up
study which looked at feod web dynamics linked to changes in DOC / POC
pools (Blight et a/., 1995), it was shown that low maclecular weight DOC
compounds derived mainly from phytoplankton exudates were metabolised in
a time scale of hours - days. In contrast, higher molecular weight compounds
derived from micro and meso zooplankion grazing were metabolized in a time
scale of weeks (Blight et al., 1695). No mention was made of a third, and
from a perspective of CO, export, perhaps the most important mechanism:
the formation of heterctrophically resistant macromolecules of humic and
fulvic acids (Duursma and Dawson, 1981). The long term carbon export
potential of the DOC pool rests with the rates of formation of heterotrophically

resistant DOC asscciated with the third option.

The interaction of these mechanisms has major implications for the CO,
source - sink behavicur of a system such as the Benguela where DOC may
be the single most important but at present, unquantified carbon reservoir. 1t
becomes critical to know what proportion of the seasonal accumulation of
DOC is not metaboelised but gets exported out of the system as refractory
material unavailable to heterotrophic activity. This also represents the
fraction of new production which is not available to the focdweb. The natural

formation of refractory DOM such as humic and fulvic acids has been the
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Several points arise from the foregoing discussion which have implications for

the modelling of carbon fluxes.

inspite of the apparent importance of the DOC export pathway, there
appears to be no evidence to dismiss the paradigm that the particulate
carbon (POC) export flux can be predicted from the praduct of NOy™ supply
rate and the Rr (eq. 6.2b). In fact, sediment trap data support this view
(Anderson and Sarmiento, 1894). If this is correct then, it allows the total

magnitude of the DOC component t¢ be calculated by difference as

follows:
Total export (POC + DOC) E; = NGy *C:N eq. 6.4a
Export POC Ep=NOGy *R, eq. 6.4b
Export DOC Ep=E+-Ep eq. 6.4¢

(where C:N>Rr). fC:N=RrthenDCC =0

if the particulate flux stoichiometry remains constrained by the Rr, overall
C:N stoichiometry can only be measured from changes to the bulk CO,
and NO4 concentrations. These bulk measurements should become part
of the standardized parameters provided in the course of biological
production measurements in the surface layer. In so doing a fuller
description of the production and export fluxes is obfained which also

integrates temporal variability.

In scenario 3 the f-ratio is low not because it reflects the predicted
partitioning of carbon into new and regenerated production, but because
the new NOy is being remineralized as NH," and re-utilized by the same
cells that were taking up the upwelled NO5™: ie: NH," is sustaining new
production. Such an f-ratio cannot be used to calculate new production
from a concomitant value of total net production (Pr) because it would

underestimate the new production term. It is suggested that in similar
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scenarios where a low f-ratic is accompanied by a high C:N stoichiometry
for the bulk CO, and NOj concentration change, that the f-ratio is defined

as follows:
f N = f* [C:N] obs / M, 4. 6.5

In terms of these definitions (eq.1 and eq. 5) the f and foy ratios have

ecologically explicit significance.

The interesting outcome of these expressions is that the carbon export flux

(Eg) cannot be defined as one number given by either egs. 6.6a or eq. 6.6b:

Eg=1*Py eq. 6.6a
Er=fon* Py eq. 6.6b

Rather, it is constrained to somewhere between that which is predicted by the
standard assumptions of scenario 2 (C:N = Rr) (eq. 6.6a) which provides the
lower boundary and those predicated by scenario 3 (C:N > Rr) {eq. 6.6b)
which provides the upper boundary. How close the CO, export is to one or
the other ultimately depends on the extent and kinetics of oxidation of the
DOC pool. This is the subject of a detailed treatment in the modelling

Chapter 7.

6.4.4 The Cgy,: Cy,, stoichiometry of carbon fluxes:

Following on the above discussion which emphasised the important role
played by C:N stoichiometry in driving CO, uptake and export the role of the
Corg: Cipg stoichiometry on PCO, change in the Benguela System is
disappoeintingly small. All vector plots showed that the stoichiometry of NTAcy
: NTAlk were larger than 10 implying that changes in NTAlk driven by the




259

biologically controlled deposition of CaCO; was insignificant in the time scales

of sampling.

There was direct observational evidence for the presence of
coccolithophorids in water samples collecied at the inshore sectors of both
the Henties Bay and the Hondeklip Bay transects (Giraudeau, 1982;
Giraudeau and Bailey, 1995). However, given present estimates of the
carbon fixed by coccolithophores it can be shown that the cbserved standing
stocks (100-400%10° cells/l) wouid not have impacted on the NTAlk. The most
recent published values for the carbon content associated with
coccolithophores indicate that the average values are 0.5pg carbon /
coccolith and that coccolithophore cells have a range of 20-50 coccoliths / cell
(Fernandez et al., 1993). Given that the standing stocks ranged from 100*10°
- 400*10° cells / | the estimated change to NTAlk is 0.25 - 1 uM based on 30
coccoliths /cell) which is below the detection limit of existing methodology on

fotal alkalinity.

This result has to be reconciled with the observation that CaCO, is not only
the largest carbon component but the single largest of any bicgeochemical
sediment component in the Benguela System (Rogers and Bremner, 1981).
Only in a very restricted area close to shore does CaCC, contribution to the
sediment composition drop to 5% but in contrast over at least 75% of the
shelf and slope the CaCO, contribution is above 50% (Rogers and Bremner,
1991). In much of the inshore areas it is diluted by both terrigencus inputs
from the Orange and Clifants rivers as well as siliceous diatom frustules
(Rogers and Bremner, 1881). Cne of the major shortcoming in our present
understanding of CaCO,; biogeochemistry in the Benguela System is the lack
of a quantitative assessment of whether CaCO; in the sediments originates
from surface coccolithophore production or sub-surface / benthic foraminiferal
activity. Resolving this issue would certainly go some way to assessing
whether coccolithophores play an underrated role in the transport of carbon to

the sediments. The only qualitative study on the distribution of
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coccolithophores shows them to be widely distributed but with an increasing

proportion of the total CaCQO4 towards the outer shelf (Giraudeau, pers.com.).

Cocceolithophores could play an important long term role as a carbon export
pathway despite very low contribution to surface production because of the
system being almost completely supersaturated with respect to calcite. This
could occur despite the fact that CaCG, deposition results potentially in an
increase of PCQO, (Robertson et al,, 1934). However, field cbservations show
that, for coccolithophores, the concomitant photosynthesis takes up the
resulting CO, with a stoichiometry of 1:1 (Robertson et al.,, 1994; Sikes and
Fabry, 1994). In such a scenaric coccolithephore blcoms would not change
the PCG, but would still export carbon as CaCO,. Literature based gvidence
for the frequency of coccolithophore bloom cbservaticns indicate that the
frequency increases during periods of reduced upwelling wind stress
(Mitchell-Innes and Winter, 1887). As was shown earlier the variability in
upwelling wind stress has both seascnal and inter annual components (see
Chapter 4). Coccolithophores are likely to be best adapted to the stratified
quiescent conditiocns which develop in extended breaks between upwelling
events which are typical of the late summer in both the northern and southern
Benguela sectors. Being small with very low sinking rates (Honjo, 1976),
coccolithophores are likely to be best adapted to seeding through the fugitive
strategy which characterizes dincflageliates (Hutchings ef al,, 1995). This
adaptive strategy predicts that their abundance or bloom frequency would be
highest in the northern and southern extremes of the Benguela System
where seasonal variations of equatorward wind stress are most prenounced
as well as during E! Nino periods ( Shannon and Nelson, 1996). The largest
bloom in the southern Benguela was observed in a pericd when both

seasonal and El Nino conditions coincided (Mitchell-Innes and Winter, 1887).

On the basis of these cbservations it is suggested that the role of
coccolithophores in carbon fluxes in the Benguela System is almost

insignificant in the short term. However, because the system is
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supersaturated with respect to calcite there is an ongoing accumulation of

coccolithophore derived CaCOj; in the sediments which is likely to be of

importance in long term. This aspect of the phytoplankion ecclogy in the

Benguela System needs to be addressed in a more coherent way combining:

« remote sensing for spatial and temporal coverage (Groom and Holligan,
1987; Balch and Byrne, 1984) which could be included into a SeaWifs
programme.

« ground truth measurements with cell counts and water column carbonate
measurements particularly during the most likely bloom pericd : late
summer.

« greater focus on the CaCO; composition of sediments where the relative

contribution by coccoliths needs to be quantified.
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Chapter 7

7. Carbon Fluxes in the Benguela System: A Box Model
Approach

7.1 Background

The physical and biogeochemical mechanisms which drive carbon fluxes in
the various stages of the upwelling cycle of the Benguela System have been
addressed in some detail in the foregoing chapters. The results and
discussion in Chapters 4, 5 and 6 had two goals; firstly, to assess the extent
to which the field data from this study are consistent with existing physical
and biogeochemical models of the Benguela System and secondly, where
appropriate, to create new ideas or hypotheses. The combined body of
existing and new conceptual models were used to define the set of
assumptions which underpin the carbon flux box model for the Benguela
System. The box model is therefore a synthesis of this study in that its
assumptions synthesise our understanding of key processes which drive
carbon fluxes through the system. The box modetgis also a numerical
platform from which quantitative predictions of carbon fluxes emerge. These
can be expressed as hypotheses and tested through well-focused field
process or monitoring studies whose results provide an indication of how well
the nature and dynamics of carbon fluxes in the Benguela System are
understood. The numerical output not only addresses the core hypothesis of

this study,

e The Benguela upwelling system is an important CO, sink by virtue of its

high primary production and sediment organic carbon accumulation rates,
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but also serves to identify gaps in our understanding and to provide an
objective framework against which future sampling strategies can be

designed to test its rules and predictions.

One of the key issues arising from the results in Chapter € was the non-
Redfield character of CG, and NGOy uptake in the surface layer in both the
central and southern sectors. The importance of this result to the modelling
of air - sea CO, fluxes is that DOC production is an intrinsic result of such
observed C:N disequilibria (Toggweiler, 1833; Ducklow, 1895). The resulting
air -sea CO, flux will necessarily depend on what proportion of the DOC
production is remineralized back tc CG, and what proportion is exported out
of the surface layer. As no specific measurements exist for DOC dynamics in
the Benguela System the quantitative basis through for the role of DCC in the

model had to be obtained from the literature.

The fate of DOC in the surface layer is largely driven by a combination of
physical and biogeochemical processes such as lateral advection, downward
flux driven by turbulent diffusion across the thermocline, aggregation of macro
molecules - colloids into sinking particles and hetersotrophically driven
respiration. Thus, while the physical processes enhance the role of DOC as a
CO, sink by shifting it away from the air - sea interface, its oxidative
breakdown opposes this effect. The net role of DOC as a CO, sink therefore
depends on the relative rates of the physical and bicgeochemical processes.
Recent studies have shown that the vertical downward turbulent diffusion flux
of DCC can be comparable to the POC flux (Guo et al 1995). In the Gulf of
Mexico, a calculated DOC fiux (3.6*10° mol C m?d’™") driven by turbulent
diffusion had a magnitude 44% of the measured POC flux (8.1*10™ mol C m™
d") (Guo et al 1995). There are no DOC profiles for the Benguela System
but, as will be shown below, the modelled magnitudes of DOC and PCC
production fluxes are comparable in both the central and southern sectors.
This suggests that in parts of the system physically driven export of DOC from

the surface layer may as important as POC export fluxes. There are no data
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to verify this suggestion so it has to be left as an hypothesis which can be

tested in future work on the Benguela System.

A number of approaches have been adopted recently to understand and
quantitatively model biogeochemically driven DOC dynamics in the surface
ocean. A detailed 3 year time series study from the Menai Straits (Blight et a/
1995) suggested that the phasing of primary production and bacterioplankion
respiration was governed by the nature of the substrate (COM) made
available by phytoplankton te bacteria. Specifically, while low molecular
weight (LMW) substrates (bloom exudates) could lead to a phasing time scale
of hours - days, high molecular weight (HMW) substrates (senescence and
grazing waste) delayed the phasing to a time scale of weeks - months (Blight
et al 1995). The phasing pericd is important because the longer it is the
greater the relative impact of physical export pathways. The study showed
that in general, diatom blooms couple more effectively to grazer foodwebs
resulting in smaller and delayed community respiration than phaeocystis
blooms (Blight et al 19385). In the Benguela System regeneration pathways
are important particularly in the southern sector where activity of the microbial
loop is elevated (Probyn, 1387; Brink et al 1995; Hutchings et a/ 1895). ltis
therefore expected that LMW DOC production will also be correspondingly
high. This leads to an intriguing potential relationship between f-ratio, LMW -
HMW DOC production and foodweb dynamics. This is expressed as an

hypothesis which will need to be tested by a directed field programme:

« Phytoplankton blooms with a high f-ratio ( dominated by new production )
produce a larger proportion of HMW DOC which maximizes magnitude of
the physically driven (turbulent mixing) export of DOC. This enhances the
role of DOC as a carbon export flux contributing to the potential of the

Benguela System as a CO, sink.

Curiously, although the focus of the Menai study was to establish a

mechanistic link between phytoplankton and bacterial activity through the
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nature of DOM, there were no concurrent DOC data to support the
hypothetical pathways and their time scales. However, the conceptual model
appears to be internally consistent and forms a useful basis for an approach
to DOC work linked to plankion dynamics in the Benguela System. Another
recent study on the dynamics of DOC in ceastal environments (Gulf of Mexico
and Mid - Atlantic Bight) (Guo et a/.,1995), where changes in concentrations
of three molecular weight ranges (1, 3 and 10 kDa) were measured, appeared
to contradict the predictions of the Menai Straits study by indicating that the
larger molecular weight fraction showed a greater reactivity than the bulk
DOC pool. This Was concluded from the lower concentrations of HMW DOC
in the water column (Guo et al.,1995). It is however possible that their
observations could reflect a lower relative production of HMW compounds in

their systems.

Studies of DOC dynamics emphasise in 2 mechanistic way that the proportion
of labile to non-labile DCC is a useful guide to predicting its role as a partof a
carbon export flux from the surface ocean. In the absence of such a bulk
type relationship for the Benguela System a global one was chosen which
included both coastal and open ccean samples (Sondergaard and Middelboe,
1895). The average labile DOC fraction of total DOC for marine samples was
given as 19 £ 12%. The figure used to further constrain the impact of DOC
remineralization on CO, fluxes in the Benguela System box model was the

upper limit of 30%.
The objectives of this Chapter are:

* o use field and historical data to constrain the estimated annual CG,
source -sink character of the Benguela System. This is done for each
upwelling centre as well as for the system as whole.

» to identify key factors or potential natural perturbations which have a first
order impact on the magnitude and direction of the CO, air - sea flux in the

Benguela System.
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to validate the model outputs by critically discussing the modelled organic
carbon fluxes against historical data sets.

to assess the impact that realistic variability in each of these key factors
has on the magnitude and direction of the air - sea CO, flux in the

Benguela System.

The approach used in the development and application of the box model is:

to define the conceptual basis for the box model: the assumptions
o define the numerical basis for the box model: physical and
biogecchemical inputs and relationships between variables.

to execute the spreadsheet model in two modes:

. standard mode runs in which the input is constrained by field data. Two

aspects of the output from this mode are discussed in detail:

the net annual sea - air CO, fluxes in the Benguela System. This output is
used to address the first hypothesis of this study (see Chapter 1).

the organic carbon fluxes in the Benguela System. This cutput is used to
assess the extent to which model predicted new production driven carbon
export fluxes converge with field results from the Benguela System.
perturbation mode where key input variables such as stoichiometry (C:N
and Cqp: Cjng) and temperature are allowed to vary. Three aspects are
investigated with the cutput of this mode:

the impact of a realistic variation of the remineralization and uptake C:N
stoichicmetry on the predicted annual air - sea CO; fluxes in the Benguela
System

the impact of realistic variaticns of the Cq,, : Cy, stoichiometry on the
predicted annual air - sea CC, fluxes in the Benguela System

the impact of realistic variations ( 18 £ 2°C ) of the atmospheric equilibrium
temperature on the predicted annual air - sea CO, fluxes in the Benguela

System
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Fig. 7.1: 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 itis advected onto the shelf from the siope 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 (ISW) fram 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 enirained 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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7.2 Model Assumptions

The quantitative model is constructed around the physical advective

characteristics and biogeochemical stoichiometric characteristics which were

formulated and discussed in earlier (see Chapters 4, 5 and 6). The key

aspects of the underlying assumptions are set out below.

7.2.1 Physical assumptions: Advective Flux Pathways

The physical structure of the model is based on the “Gate” hypothesis which

was presented in Chapter 4 and is conceptually depicted in Fig. 7.1. The key

assumptions are:

1.

the Benguela System is divided into 3 sectors ( northern , central and
southern) whose boundaries are defined by inflows of new SACW onto the
shelf which define the “gates”.

upwelling in each sector of the Benguela System is a 4 step process with
2 subsurface (1 and 2) and 2 surface steps (3 and 4): in step 1: SACW is
advected from the slope and onto the shelf where in the inner shelf it
becomes poleward flowing inner shelf water (ISW). In step 2: at each
upwelling centre a flux (Fypyw), driven by equatorward wind stress, is
upwelled from Fgy. The box model only deals with fluxes associated with
step 2 and subsequent surface fluxes, it does not quantify carbon or water
fluxes associated to step 1.

The surface part of the upwelling cycle also has two steps: step 3: newly
upwelled water which outcrops at the surface is physically aged by sun
warming resulting is a flux of aged upwelled water (Fyy) within the
upwelling front. In this flux the temperature will typically increase from 10-
12 °C to 18°C. The main post-upwelling bloom occurs in this step. In step
4 aged upwelled water feeds into the general equatorward surface flow to
which it contributes a water flux Fgqw. For continuity in the model it is

assumed that: Fpw = Fauw = Feaw



269

4. Upwelling water fluxes (Fpw = Fauw = Feaw ) in this model are themselves
modelled from Ekman transport mode!l (Neumann and Pierson, 19686; see
Appendix 7.1). ltis assumed that the equatcrward wind stress from each
of the upwelling centres has a strong functional relationship with upwelling
rates. This is strongly supported by a detailed study carried out at various
upwelling centres by Lenz, 1952 and summarized by Smith, 1985,

5. Hourly wind records were obtained for the appropriate years (1892 and
1984) at all upwelling centres except Cape Fric. There are no continuous
wind records for Cape Frio. This was overcome by making the
assumption that the wind record from Luderitz was a suitable proxy for
Cape Frio. The basis for this choice was that the spatial and temporal
synthesis of seasonal wind characteristics in the Benguela System from
Boyd, 1887 showed both Luderitz and Cape Fric to be characterized by
similarly persistently strong equatorward winds (see Chapter 4). These
characteristics differed from those which prevail in the vicinity of the
intermediate Walvis Bay area where winds are more moderate Boyd,
1887, It is likely that the seasonality of wind strength differs between the
two sites by virtue of their different latitudes but the model uses only the
total annual Ekman transport which is likely to differ less significantly
between the two upwelling centres.

6. itis assumed that the annual Ekman flux calculated for the € upwelling
centres defined above (CF, WR, LZ, NG, CC, CP; see Fig. 7.1) account
for 100% of the upwelled waters which cutcrop in the Benguela System.

7.2.2 Blogeochemical assumptions: Parameter concentrations and
stoichiometry

The key assumptions which underlie the bicgecchemical framework of the

maodel are:

« the transport of dissolved components ( CC, and NOj) through the
upwelling cycle is governed by physical fluxes. In this way, annual fluxes

of bicgeochemical components through the upwelling cycle at each
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Fig. 7.2: The conceptual modei of the Benguela System including the biogeocchemical
fluxes pathways. It shows that each physical flux has associated with it a corresponding
carbon flux. For purposes of clarity only the fluxes of one upwelling cell {Cape Frio: CF) are
labelled. It shows that the carbon fluxes arising from biological activity (NO;™ driven new
production )(FCO2BIO) split into two fractions: a particulate flux (POC) and a dissolved (DOC)
flux. The long-term CO, equilibration with the atmosphere (FCO2AS) occurs as part of step 4

of the upwelling cycle.
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upwelling centre are calculated from the product of the physical flux and
the concentration of the chemical component ( TCO, or NO; ). The extent
to which the physical conceptual model for the Benguela System
underpins the biogecchemical fluxes is depicted in Fig. 7.2 which shows
all the carbon fluxes which will be modelled including the air - sea flux
component. The fluxes are addressed in detail below under model
outputs.

the C:N stoichiometry of CO, and NO; uptake in the surface layer can be
used to quantify the partitioning of total new preduction into particulate
(POC) and dissolved (DOC) export fluxes (see Chapter 6).

the role of the inorganic carbon pump ( Cy,; ) in the Benguela System is
insignificant but the Cp,, © Gy, stoichiometry is functionally included into
the model calculations for the sake of completeness and to allow
perturbation "experiments” to be conducted.

the concentrations of CO, and NO4 from the transects are appropriate to
simulate the hiogeochemical characteristics of waters which upwell at the
Walvis Bay (WB)(Henties Bay transect), Namagua (NQ)(Hondeklip bay
transect) and Cape Columbine (CC)(Qlifants River transect) upwelling
centres. For the centres for which there was no field data their
biogeochemical characteristics were taken from the SACW in the
respective sector’s gate site (Cape Frio (CF) and Luderitz (LZ)). In the
case of Cape Peninsula (CP) its characteristics were set to be identical to
Cape Columbine. The biogeochemical boundary conditions are therefore
set by the characteristics of the appropriate SACW and ISW.

Atmospheric pCO, was set to the constant value of 360uatm.

7.3 Model inputs and Outputs

The calcutation of carbon fluxes Fp, (mostly defined as 10%tons Cy ) is

done with the generic expression (eq. 7.1) of the water flux, Ekman transport

Fy, (m°y™), and the total dissolved carbon concentration TCO, (g C m™®).
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FCC)Zz FW * TC@Z eq. 7.1

This expression defines the two of the three critical inputs for the box modet:
the water flux, modelled using Ekman transport driven by equatorward wind
stress (Neumann and Pierson, 1966), and carbon and nitrogen
concentrations. The third input type are the stoichiometric relationships (C:N
and Coyy : Cing ) which are important not only to predict the partitioning of the
new production into POC and DOC fluxes but also allow the mode! to be run
on the basis of NOy concentration changes and carbon (TAcy and TAIk)
inputs only at boundary cenditions. These physical and biogecchemical

inputs are now examined in more detail.

7.3.1 Physical Inputs: Equatorward Wind Driven Ekman Transport

The magnitude of carbon fluxes in a coastal upwelling system such as the
Benguela is strongly dependent on rates at which the NOj rich sub-surface
shelf waters (~ 20mmolm™ in the Benguela System ) are advected into the
euphotic zone (Chapman and Shannon, 1985). This vertical water flux is in
turn driven by synoptic scale equatorward wind forcing (Shannon and Nelson,
1996). The integrated annual upwelling at any one particular upwelling centre
is a function of not only the strength but also the frequency and persistence of
equatorward wind events (Nelscn, pers.com.). Equatorward wind stress in
the Benguela System has three main scales of variability (Shannon and
Nelson, 1996):

« the synoptic scale is driven by the frequency of low pressure systems in
the South Atlantic Ccean which modulate the upwelling intensity. This
variability is particularly pronounced in the scuthern half of the system.

+ the seascnal variability is governed by the meridional shifts of the South
Atlantic High.
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has an appropriate latitude (Lat), an upwelling coast length (Length mj),
Coriolis term (F) and a Factor which refers to the Cyp,/f term of eq.(A.3 in the
appendix). The air drag coefficient of 0.0013 for the Benguela System was
obtained from (Kamstra, 1985), p,, value was 1.22 kgm™ and the Coriclis
parameter value was defined for each centre according to its latitude. The
integrated quarterly output from the Ekman model (Model Output) is shown
with the total time (hours) of active upwelling, the total time (hours) of the
particular quarter and an informative percentage upwelling time (Tables 7.1
and 7.2). The calculated Ekman flux is then shown in a variety of numerical
formats of which the Annual Specific Ekman flux (m*m'y™"), Total Ekman flux
(m*y") and Upwelling Rates (Sv) are the most important. Included are also
percentage contribution by each of the three sectors to the total upwelling

rate in the Benguela System.

The three Ekman transport formats defined above were calculated for the 6
upwelling centres and are depicted for both 1982 and 1994 in Figs. 7.3a-c,

7 4a-c. The specific Ekman transport per metre of coastline plots depict
relative wind activity in so far as the magnitudes are proportional to V2. The
lower two plots depict total Ekman transport volume at each centre as a total
annual value (M%) and as a rate (m°s™10°® or Sv). These incorporate the

coastline length term. The following features should be noted:

Firstly, in the case of the specific Ekman transport (m’m'y") (Figs. 7.3a and
7.4a) there is a noticeable contrast between the total upwelling wind activity in
the northern (CF, WB and LZ) and the scuthern (NQ, CC and CP) halves of
the Benguela System. This contrast is particularly marked in 1892 when the
Benguela was reflecting the effects of a general ENSO event (Shannon and
Nelson, 1986).

Under these conditions the summer southward excursion of the South Atlantic
high pressure system is limited which has the dual effect of decreasing total

equatorward wind stress in the southern Benguela System while at the same
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time increasing it in the northern sectors. The net effect is enhancement of
the meridional differences in the system. In contrast, during 1994 when
normal non-ENSO conditions had returned the total activity in the northern
half decreased while in both the NQ and CP centres it increased. The lower
than expected activity at CC is attributed to a localized but as yet unexplained
shutoff of equatoward wind stress earlier than expected in February 1884 (J.
Taunton-Clark, pers.com.). The impact of this potential bias on the non-
ENSC upwelling rates was investigated by using the 1880 (a peak non-ENSO
year in the Benguela System) CC wind data to caiculate Ekman transport
rates. The total Ekman transport at CC was recalculated to be 60% higher
than the 1882 when ENSO conditions predominated. The impact of this
difference is small because of the small contribution by the southern sector to
the total upwelling (see sector % in Tables 7.1 and 7.2 ). However, its effect

on carbon fluxes is quantified in the discussion on the model outputs.

Secondly, the real differences in upwelling between the northern and
southern halves of the Benguela System become apparent when the
respective lengths of coastline are included to calculate total upwelling fluxes
(Figs. 7.3b,c and 7 .4b.c}). The respective coastline lengths were defined as
the distance over which the inner shelf and coastline were relatively straight
to allow the development of stable upwelling (G. Nelson, pers.com.). Here,
not only deoes the well- described dominance of the Luderitz cell becomes
evident but the meridional contrast increases. The contrast between the
sectors is emphasised by the percentage breakdown of the upwelling fluxes
between the 3 sectors of the Benguela System (Tables 7.1 and 7.2). The
southern Benguela, whether defined as part of a 3- or 2-sector system, is a
minor contributor to the total upwelling flux. This sensitivity to the chosen
length of coastline raises the question whether the criterion used to determine
the length of coastline is acceptable. The best test of the robustness of this
approach is a comparison of the calculated upwelling flux at Luderitz (0.73 Sv
in 1892 and .49 Sv in 1854) and the equatorward flow of upwelled derived

water to the north of the same centre determined from ADCP measurements
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(0.7 Sv) (Gordon et al., 1995 in Shannon and Nelson, 1996). The two
approaches are in reascnable agreement indicating that the length of the
base of the Luderitz upwelling cell of 180km, and hence its length criterion
decided on prior to the availability of the comparative flux value, was

approximately correct.

Thirdly, the total upwelling flux of 1.4 Svin 1892 and 1.0 Sv in 1884 is
significantly lower than the 3.3 Sv calculated for the Peruvian system (Wyrtki,
1963) but for a total coastline length of 1800km it provides an average of 0.5 -
0.8 Sv / 1000km which is within the global average of 0.5 - 2 Sv/ 1000 km for
coastal upwelling systems (Brink et a/ 1895). The tctal estimate upwelling
rate from all coastal upwelling systems is 15 Sv (Brink et al 1985) and the
Benguela System is estimated to contribute 7 - 10%. However, if the
Benguela System were divided into the two halves (northern and scuthern
sub-systems with the boundary between the LZ and NG cells) which have
historically been widely used, the northern half contributes 88-90% cf the
total. Given that upwelling rates are likely to be central to the carbon flux
dynamics it is expected that measured biogeochemical parameters should
reflect this meridional asymmetry. Three reported characteristics of the
Benguela Systemn reflect this asymmetry: the extent and magnitude of organic
carbon accumulation in the sediments off Namibia (), the phytoplankton

biomass (Brown et af 1951) and fish production (Hutchings. 1992 ).

7.3.2 Bicgeocchemical Inputs: parameter concentrations and stoichiometry

The matrix of physical and biocgeochemical inputs (Model Inputs: Volumes,
Concentrations and Stoichiometry) are shown on Tables 7.3a-c. Each table
refers to the model inputs and cutputs for a particular sector based on 1592
wind data. This 1992 matrix is only shown for descriptive purposes as the
model outputs which are pertinent to the discussion below are separately

summarized for each run. Each table shows the water fluxes defined earlier




grouped into 3 categories (Sub-surface Shelf Fluxes [Fgacw, Fiswl X
Upwelling Centre and Y Upwelling Cenire where X Y refer to the name of the
upwelling cenire and where each has Fpw, Fauw, Feqw water fluxes, Each
flux is fully described in terms of volume (Ekman transport), temperature,
salinity and a number cof carbon and nitrogen parameter concentrations and
stoichiometries (Tables 7.3a-¢). There are two lavels of carbon and nitrogen
input parameter in the spreadsheet form of the box model:

» The primary biogeochemical inputs (shaded in Table 7.3a only) are the
boundary conditions (carbon [NTAlk, NTAcy] and nitrogen [NO5]
parameters concentrations in SACW asscciated with the particular sector).
The NO; concentration changes [ANO,] between the “gate” site and
upwelling cell(s) as well as the C:N and Cg,:Cy,; (Org:Ing) regeneration
and uptake stoichiometries of ACO2: ANO; and ACO,ACO,” respectively
both in sub-surface and surface domains. These inputs are all values
obtained from field data. From these inputs the remainder of the
biogecchemical input variables, the secondary input variables, can be
calculated from basic principles.

« The secondary type of biogeochemical inputs comprise those carbon and
nitrogen parameter concentrations ( not shaded on Tables 7.3a-¢) which
are necessary for the CO, flux calculations but are computed from the
primary input values. For example, the NTACY and NTALK
characteristics of Figyw are calculated from the [NO4, the NTACY and the
NTALK of Fgacw as well as the ANOg, C:N and COrg:Cing which govern
the biogeochemical change between the two. Similarly, while the
upwelling centre near the “gate” gets its initial biogeochemical
characteristics from unmodified SACW, the mid sector upweliing centre
gets the same from ISW. The fact that the secondary input values used
for the 1982 and 1994 standard runs are the same as the field data is
because all the primary inputs are alsc taken from the field data. That is,
for the purposes of the standard runs the model is driven by the same field
data. However, allowing the secondary variables 10 be computed from

primary variables provides greater flexibility for the mode! when it
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Fig. 7.5: The biogeochemical version of the conceptual Benguela system mode! with each
of the fluxes quantified using the output from the 1992 model run whose output is summarised
in Table 7.6. All the flux values are expressed in million tons of carbon / year. it shows that
the carbon fluxes in the southern sector are cne order of magnitude lower than those in the
central and northern sectors. The fluxes associated with the Luderitz cell are in turn one order
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becomes necessary to test the sensitivity of the outputs to specific

perturbations.

Table 7.4:

Biogeochemical Input Variables: definitions and units

NO, .
ANOS
C:N

Rr

N-Rr

Org:ing

ACO2

NTACY

ACO*

NTALK

NTCO2

ATMEQ

ATMEQ
(ACO; )

Nitrate concentration (mmolm™)

Nitrate concentration change between model compartments (mmolm?).
ACO2: ANO; stoichiometry between model compartments. Any C:N value
greater than the Redfield Ratic (€.8) is divided into a Redfield (Rr) and non
Redfield (N-Rr) components which have been suggested in this study to
determine the partitioning of the carbon flux into POC and DOC.

Standard Redfield Ratio ( = 6.6) component of the C:N value. This value
determines the magnitude of the POC flux (see Table 7.5 and Chapter 6).
Non - Redfield Ratio component of the C:N value. This value

determines the DOC flux. (N-Rr=2 x C:N - Rr)

Stoichiometry of the organic:inorganic carbon pumps and a primary
variable. In the Benguela where the inorganic pump is mostly not significant
the value tends to be large. Itis inciuded for compieteness and to cater for
the possible testing of coccolithophore driven scenarios

CO, change which is associated with a given combination of C:N

and ANO,. (ACQ, =ANO, * C:N). (units mmolm™)

Total Acidity for a given compartment or flux normalized to a salinity of
35psu. This value can either be a primary input variable (Fg.ow) ora
derived secondary input variable. In the latter case it can be derived as
NTACY, = NTACY, + 2* A|CQ,] as is the case for Fg and Fy or from
CO, equilibrium mode! as is the case for Fep,,. The latter is the NTACY
value which characterizes the equatorward flux in equilibrium with the
atmosphere (pCO2 = 3680 uatm) at the defined temperature and salinity.
(Units: mmoim™)

the change in CO,* concentration between compartments in the model. Itis
calculated from the NTACY and Org:ing values: ACO* = ACO2/ Org:ing.
Given the very low activity of the inorganic pump in the Benguela this is
usuaily a very small number and it magnitude on the mode! output may be
prone to apparent rounding errors even though its use in other calculations
uses the real vaiue.

Total Alkalinity value for a given compartment normalized to a salinity

of 35psu. ltis a primary input variabie (value for Fg.cn). @ secondary input
variable where for both F g, and F,w NTALK, = NTALK; + 2 * A[CO;™ |.

in the case of Fegqw NTALK = NTALK (F,uw): that it there is no change
between aged upwelled water and equatorward water.

Total dissolved CO, normalized to a salinity of 35psu. In all cases the
value is derived from the expression for the interrelationship between capacity
parameters (see chapter 5) NTCO2 = (NTACY + NTALK - BT) / 2.

The net change in NTACY when PCO, partial pressure in F ., (ANTACY)
equilibrates with the atmosphere (pCO2 = 360 patm) during the equatorward
surface flow. It magnitude is given by the difference

ANTACY = NTACY(Fauw) - NTACY(Feqw). A negative sign implies a net
ingassing from the atmosphere and vice versa for a positive value. (see
NTACY definition above).

The concomitant CO, change which accompanies the ANTACY

defined (ACO, ) above. From its original definition: ACO, = ANTACY /2
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7.3.3 Model Outputs: Carbon Fluxes

The model outputs are shown as a separate block in the same (Tables 7.3a-

c¢) as the inputs and also graphically depicted in Fig. 7.5.

Table 7.5:

are tons Cy")

Biogeochemical Qutput Variables: Carbon Flux definitions and units (all units

FCO2UPW:

FCO2BIO:

FCO2AUW

FCO2EQW

FCO2AS

CO, upwelling flux is the total CO, transported from Fgac,y, OF

[Fsw} to the surface by the annual Ekman flux at each upwelling

centre. its magnitude is the product of the Ekman transport volume (F )
and the corresponding NTCO2 concentration for the appropriate upwelling
centre.

CO, biological flux is the portion of the upwelled carbon flux which is

taken up by the NO; driven new primary production at a particular upwelling
centre. The total organic carbon {TOC) component can be partitioned into
two fractions of particulate organic carbon (POC} and dissolved organic
carbon (DOC). The TOC component is calculated from the preduct of TOC
= NO, * C:N. That is the NOy concentration taken up from newly upwelled
waters (usually the final NO; is 0) and the C:N ratio which for a particular
upwelling centre characterises the reiative uptake of CO, and NO;™ after
newly upwelled waters outcrop. The POC fraction is defined according to
the rules suggested in Chapter 8, POC = NO; * Rr ; The product of the total
NO; uptake and the Redfield Ratio (6.6) which follows the standard definition
of new production. The DOC fraction which has a nitrogen depieted
character given by the stoichiometry N-Rr is calculated as the difference
between TOC and POC.

CO, flux in aged upwelled water is the total dissolved CO, remaining in
the surface waters after the main post upweliing blooms by which time the
temperature has aiso equitibrated to approximately 18°C typical of the
Benguela System. The magnitude of this flux is given by the product:
Feozavw = Fauw * NTCO, : which is the Ekman volume flux and the totai
dissolved CO, remaining in AUW after the TOC fraction has been removed.
CO, flux in the eguatorward surface flow of old upwelled waters is

given by the product: FCOZEQW = Feqn * NTCOZ : that is the

equatorward flux from a particular upwelling centre and its total dissolved CO,
after it has equilibrated with atmospheric pCO, which in this modelling study
is taken to be 360patm where the water temperature was 18°C and the
salinity 35psu.

The CO, flux across the Air - Sea boundary is given by the difference
FCOZAS = FCO2AUW - FCOZEQW. That is, if the final post bloom value

of CO, in aged upwelled waters (FCOZAUW) is lower than that for the same
waters equilibrated with atmospheric CO, (FCOZEQW) then the net CO, flux
will be ingassing to a magnitude given by the difference. The reverse is also
true. in this model the negative sign for FCO2AS implies an ingassing flux
and a positive sign implies an ocutgassing flux.
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These comprise the modelled magnitudes of the carbon fluxes at each step of
the upwelling cycle: Feooupw (Step 2), Foozauw (Step 3) and Fegpeqw (step 4)
Fig. 7.5. It also includes the biologically driven (Feoomie) Organic carbon flux
which generates the TOC flux which is in turn partitioned (by the C:N
stoichiometry) into POC and DOC fluxes. Most importantly, the air - sea CO,
flux (Feosas) arises as the net result of all physical and biogeochemical
processes which drive the changes to PCO, in upwelled waters until they
reach thermal equilibrium with the atmosphere. The carbon flux cutputs
computed from the 1892 model run (Tables 7.3a-¢) are shown in Fig. 7.5 to
emphasise the link between the fluxes and the conceptual view of the
pathways. The definitions and computations which give rise to these outputs

are presented in more detail in Table 7.5.

In the section below the model results are discussed in detail with a view to
addressing the three initial hypotheses and providing new insights into carbon
biogeochemistry in the Benguela System. This is done in two parts: the first
part the runs are constrained by real data with a view o testing the first and
main hypothesis of this study ( see Chapter 1) as well as validating the model
predictions with comparative published field data. the second part, the
perturbation runs, is where the sensistivity of air - sea CO, fluxes to changes
in key biogeochemical (stoichiometric ratios) and physical (surface layer

temperature) forcing factors is quantified.

7.4 Model Results I: Standard Buns: 1992 and 1994 winds

These first two model runs aim to address the primary hypothesis of this
study: that the Benguela System shouid be a CO, sink by virtue of its very
high productivity rates and high levels of organic carbon in the sediments,
especially on the Namibian shelf. The two model runs share the same
biogeochemical inputs. These comprise primary input carbon and nitrogen
parameter values obtained from the field data as represented by the 1892 run

in Tables 7.3a-c. The physical inputs are calculated separately for 1982 and
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1994 winds which, contrast ENSO (1932) and non-ENSO (1994) conditions in

the Benguela System.

The outputs of the two runs are summarized separately in Table 7.6 for 1992
and Table 7.7 for 1994. In each output set the matrix shows the carbon
fluxes (tons C y”) for each of the 3 upwelling cycle steps {(upwelling fiux, aged
water flux and equatorward water flux), the organic carbon fluxes (TOC, POC
and DOC) and the air - sea CQO; flux. The latter is defined in three forms: the
first, (CO2) represents the magnitude of the air - sea CO, flux if none of the
DOC is re-oxidized. That is, it is the upper boundary of the flux at each
upwelling centre. The second (+ DOC), is the CO, flux if 100% of the DOC
fraction is oxidized in the surface layer making it a lower boundary for the flux
magnitude. The third ( + 30% DOC) is the flux if only 30% of the DOC is
oxidised. The basis and significance of this value is addressed below. Flux
values are shown for each upwelling centre, for each sector and a total for the
whole Benguela System. The aim of this comparison is to assess not only
whether the Benguela System is a source or a sink of CO, but to what extent
this outcome is dependent on the complete preservation or oxidation of DOC.
That is, to what exient does DOC contribute to the CO, sink- source character

of the Benguela System ?

sea CO, flux which provides the basis for analysing the CO, source - sink

character of the Benguela System and secondly, the organic carbon fluxes

which are used to validate the output as they are the only component for

which comparable historical field data exists.

7.4.1 Net air - sea CO, fluxes in the Benguela System

The magnitudes of the CO, fluxes (FCO2AS) (Tables 7.6 and 7.7) between
the atmosphere and the surface layers in the Benguela System are
graphically depicted in Figs. 7.6a, 7.6b for 1992 and 1994. At this stage, the

plots contrast only the extreme scenarios of 0 or 100% DOC oxidation. The
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Net air-sea CO2 Fluxes in the Benguela System
with {shaded) and without DOC: 1992
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Net air-sea CO2 Fluxes in the Benguela System
with {shaded) and without DOC: 1984

S5.00E+06 ¥ s
4.00E+06 ; :
3.00E+06 +boC
2.00E+06 -
1.00E+06
0.00E+00 -
-1.00E+06 |
-2.00E+06
-3.00E+06
-4 0OE+06
-5.00E+06

CO2 Flux: Tons C y-1

42

M

ra|

ON

03

dJ
SM+d4D
ON+Z1
d2+39
IVi0OL

Fig. 7.6a, b: Two plots showing the net air - sea flux of CO2

in the Benguela System for the 1992 and 1994 winds.

Fluxes are shown at each individual upwelling

centre, combined for each of the 3 sectors and as a system total (TOTAL)
Two extreme scenarios are shown for each year: No DOC assumes that n
of the DOC is re-oxidized to CO2 and +DOC (shaded) assumes

that 100% of DOC is oxidised. It shows the extent to which

DOC synthesis and oxuidation dynamics govem the CC2

source ~ sink behaviour of the system
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following features should be noted (Figs. 7.6a, 7.6b and Tables 7.6 and 7.7):

Firstly, for both 1992 and 1994 the Benguela System as a whole (TOTAL) is a
net sink of CO, if the potential complete oxidation of the DOC fraction is
excluded (No DOC). This upper boundary magnitude of the CO, sinkis -
3.99*10% tons C vy and -2.54*10% tons C y in 1992 and 1994 respectively.
The decrease under non-ENSO conditions (1994) is unexpected because the
Benguela System is seen to be windier and more productive. The decreased
CO, ingassing flux is attributed to the decreased upwelling rates at Luderitz
when, in non-ENSO conditions, the South Atlantic high pressure cell
increases its southward shift during the summer. This was discussed in the

context of the Ekman transport (see section on Mode! Inputs ).

Secondly, if the opposite extreme is taken that the whole DOC fraction of
production is completely oxidised to CO, ( + DOC) (Figs. 7.6a and 7.6b) then
the system as a whole (TOTAL) becomes a net source of CO, with a
degassing flux of 4.39*10° and 4.78*10° tons C y ' in 1992 and 1994
respectively (Tables 7.6 and 7.7). This outcome is reflected by all the
upwelling cells except those in the northern sector (CF and WB) where the
C:N ratio of CO, uptake in the surface layer was 6.4 ~ 6.6 which in terms of
the model would result in no DOC production. For these two cells the air -

sea CO, fluxes with or without DOC oxidation are the same.

Thirdly, the largest single CO, sink in the Benguela System is the Luderitz
upwelling cell (LZ) which, when DOC oxidation is excluded, accounts for 76%
of the total CO, ingassing in 1992 (-4.9*10° tons C y") and 60% (-3.2*10°
tons C y") in 1994. In contrast, the other CO, sinks located in the Southern
sector (CC and CP) are an order of magnitude smaller ( < 1.3*10% tons Cy™)
(Tables 7.6 and 7.7). The relative magnitude of the Luderitz sink means that
the system as whole responds very sensitively to changes in the upwelling
flux and biogeochemical characteristics of the Luderitz cell. This result

suggests the intriguing hypothesis that, depending on the early diagenesis
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kinetics of DOC, the Benguela Systermn may be a larger CO, sink during
ENSO years when the South Atlantic high pressure cell persists in its
northerly position. This results in increased persistence of equatorward winds
in the Luderitz area which through the larger Ekman flux would cause a larger

CO, drawdown.

Fourthly, the largest and most persistent CO, source is the Walvis Bay (WB)
upwelling cell in the northern sector. The net outgassing at this upwelling
centre appears, in contrast 1o Luderitz, to be largely insensitive to ENSO
conditions in the Benguela System. The magnitude of the 1892 CO, flux
(2.18*10%tons C y) is not significantly different to the 1994 vaiue (2.23*10°
tons Cy"). This persistent CO, source reflects the impact of the benthic
remineralization rates in the Namibian shelf sediments coupled with its large
C:N disequilibrium (see Chapter 5). This generates a large CO, input into the
inner shelf water without the concomitant NO; required to sequestrate it at
the surface. The net effect, enhanced by surface warming, is the cutgassing
of CO,. The Namagua upwelling centre is also a persistent net CO, source
with a flux which is typically an order of magnitude smaller than the WB
centre. This again reflects the meridional changes in Ekman transport (see
Figs. 7.3 and 7.4). The contrast in the CO, source - sink character between
the adjacent WB and LZ cells is a conseguence of the “gate” hypothesis
which predicts that they are located in different sectors because their scurce

waters come from different input pathways.

The single most important issue arising from these model predictions is the
sensitivity of the net CO, source - sink characteristics of the Benguela System
to the diagenesis characteristics of DOC. Thus, although changes in the
Ekman transport bring about interannual variability in the magnitude of the
fluxes, it is the impact of the DOC which ultimately determines whether the
system and its individual components are net sinks or sources. It should be
noted that the role of POC in remineralization was incorporated through the

benthic remineralization fluxes (Chapter 5). For this reason, it is thought that
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Figs. 7.7a,b: The net air - sea CO2 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 CO2 sink in both 1882 and 1984. It emphasises the importance
of the Luderitz upweliing cell in offsetting the CO2 source character
of the Walvis Bay centre.
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+ 1000 * 10% tons C y' the Benguela System CO, sink can account for about
0.1%.

The two most important factors minimizing the sink potential of the Benguela

System are:

« the benthic remineralization coupled to a strong C:N disequilibrium in the
northern sector and

« g relatively weak upwelling wind stress in the southern sector.

It is clear therefore that the bathymetric (wide shelf) and physical dynamics on
the northern sector which allow the build up of organic rich sedimenis along
the inner shelf are a key factor for the reduced CO, sink potential of the
system, It could be expected that any comparable system in which the
sedimentation flux is readily exported onto the slope sediments as a result of
either a narrow shelf and or strong benthic boundary layer turbulence will
enhance its CO; sink potential. Such a systems might be the NW African
upwelling system where the sediments are characterised by low organic
content and coarse particles (Summerhayes et al 1995) or the Peruvian
system characterised by a narrow shelf (Smith, 1995). Given that both these
systems also have upwelling rates (Peru; 3.3 Sv and NW Africa; 2-3) it is
predicted that both will be larger CO, sinks than the Benguela System
although the long term burial may occur off the shelf.

One of the key concerns in respect of these results and predictions is that
there are no independent CO, data with which to validate the CO; fluxes.
This means that alternative proxy variables, in this case organic carbon
fluxes, have to be used to allow comparisons with the relatively large

oroduction data sets from the Benguela System.
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7.4.2 Organic Carbon Fluxes Predicted by the Model for the Benguela
System

The box model gives numerical predictions about the CO, flux between the
Benguela System and the atmosphere which in the absence of direct PCO,
data are difficult to validate. The only model output for which comparable
field data exist are the POC fluxes which can be related to published total and
new production measurements in the system (Brown et af 1991; Probyn. 1992
). The foregoing discussion emphasised that organic carbon dynamics
{production - sinking - oxidation ) play a key role in both the short term and

long term magnitude and direction of the air - sea CO, flux.

The magnitudes of the POC and DOC fluxes modelled in the Benguela
System using the same 1992 and 1994 wind data sets are graphically
depicted in Figs. 7.8a and 7.8b and numerically summarized in Tables (7.6
and 7.7). The TOC (POC + DOC) flux is dependent on two forcing factors

{(see definitions in Table 7.5);

« The equatorward wind stress which provides the NO, fiux and,
» The C:N ratio of measured bulk CO, : NO4 uptake stoichiometry which
governs the partitioning of TOC into POC and DOC.

The effect of both factors can be seen from the meridional variability of POC
(Figs. 7.8a and 7.8b) which resembles that which was predicted from the
Ekman transport (Figs. 7.3 and 7.4) as well as the changes in the relative size
of the DOC fraction which reflects a variable C:N ratio (Chapter 6; Table 6.7).
The POC flux which was defined in the model as [ NO; * R, * Fpy | (Table
7.5) is dependent only on the NO4 concentration and the upwelled water flux
(Fupw) which is driven by the equatorward wind stress. Thus, if NOg
concentrations and the C:N stoichiometry (Rr = 6.8) were constant for all
upwelling centres then the POC flux would only be driven by changes in the

equatorward wind stress and would mimic the Ekman transport exactly. The
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fact that NOj in upwelled waters does change (particularly with Luderitz
where in this study NOg concentration (13.67uM) was lower than other
centres (18-20uM ) accounts for the limited differences in the meridional
variability of Ekman transport and POC flux. Despite this factor, the same
sharp break is observed in the POC fluxes between Luderitz (LZ) and
Namagua (NQ) upwelling centres (Figs. 7.8a and 7.8b) which was the most
significant feature of the Ekman transport (Figs. 7.3 and 7.4). The meridional
asymmetry of the POC fluxes is emphasised by the percentage contribution
of each sector to the total POC flux in the 1992 and (1994) model runs:
northern sector (NB): 49% (48%); Central sector (CB): 43% (38%); southern
sector (SB): 8% (13%). Though the SB contribution increased sharply from 8
to 13% its overall contribution is still not large especially considering that the
13% is likely to be an upper limit. A significant part of this increase was due
to a decrease in the wind stress at Luderitz and hence a reduced POC flux
contribution from this centre. Thus the overall Benguela System fotal POC
flux modelled for ENSO conditions in 1992 was 15*10° tons y ' and the 1994
non-ENSO total was a lower 12.6*10°% tons C y' which clearly shows that the
drop from LZ had a dominant effect over the concomitant increase in both

Cape Columbine (CC) and Cape Peninsula (CP) upwelling centres.

In both the central and southern sectors upwelling centres where the C:N
ratio is > Rr (Redfield ratio), DOC plays an important role (see Chapter 8).
The modelied magnitude of the DOC flux increases from insignificant in the
northern sector { C:N ~ Rr) to 50% of TOC in the central sector and 60% of
TOC in the southern sector (Tables 7.6 and 7.7). The extent to which this
DOC flux contributes to the CO, sink - source character of the Benguela
System is difficult to calculate at present because of the lack of field
observations. The best possible attempt at this deficiency is to use the
approach from the previous section where a global relationship of 30% labile
DOC is used to reduce the uncertainty of its impact on the air -sea CO, flux
{(Sondergaard and Middelboe, 1995). However its role as a CO, sink in the

Benguela System will remain uncertain and one of the most critical gaps in







Table 7.8a:

the Benguela and Peruvian systems. These values emphasise the higher rates of new production

in the Peruvian system relative to the Benguela. i also shows that although the total production ( tons C y-1)

in the northemn and southemn Benguela sub-systems are comparabie, the former accounts for 80% of the tofal biomass
{2.6E+06 tons C). This is supporied by the higher f-ralic in the northern sub-system

A Table showing a range of typical published biological parameters from both

Physical and production parameters for the Benguela and Peruvian systems

Sub-System Upwelling Proden  Prodcn f-Ratio Biomass Area Total Prodecn P8
Total Mow farea Biomass Total (TP)
gCm-2d-1 gCm-2d-1 gCm-2 ma2 {tons Cj tons C y-1
MNorthern 1.1 0.16 0.35 14.3 179.0E+9 2.8E+6 T77.4E+6 0.07
Southern 35 03-18 0.2 6.45 104 0E+3 670.0E+3 76.4E+5 0.54
Peru 23-57 08-24 a.5 20 - 40 Cl,49‘J
Table 7.8b: Model results which are comparabie to the values in Table 7.8a.

They show that the total modelled carbon (POC) export flux is 13.6 million
tons C y-1 but that the DOC produciion makes a significant contribution to
the total value of new production (TOC). The f-ratios are lower than the

measured values. {see text for discussion)

Model Based Organic Carbon Fluxes in tha Benguela System

{Average of 1992 and 1994 modsl runs)

Sub-System

Northern
Benguela
Southarn
Benguela

Total

Ekman POC boc
Flux
Sv tons Cy-1 tons C y-1

110  11.7E+6 52E+6

0.16 1.9E+6 2.7E+8

13.6E+6 7.8E+6

TOC f-Ratio

tons C y-1 POC/TP

16.9E+6 015
4.6E+6 0.02
21.5E+8
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sub-system indicates that its annual new production, which generates
biomass, is substantially higher than in the southern sub-system. The fact
that the same contrast is not reflected by the total production values is an
indication that a larger proportion of total production in the southern sub-
system is dominated by regenerated production. For completeness, the data
set also includes total, new production rates and f - ratios from both the
Benguela and Peruvian systems. The comparative model data are shown in
Table (7.8b) where the Ekman, POC and DOC fluxes are averages of the
1992 and 1994 model outputs. Averaging of contrasting ENSO and non-
ENSO years makes the historical and model data more comparable and

averages are only used for comparative purposes.

The modelled POC fluxes, which represent new production in the Dugdale
and Goering, 1967 and Eppley and Peterson, 1979 sense, show that there is
a strong contrast between the northern and southern sector values. The POC
flux in the northern sector accounts for 86% of the total new production which
is in close agreement with the equivalent contrast (80%) of biomass estimates
from the historical data sets (Table 7.8a). Given that both parameters are
independently closely related to total annual new production in each sector,
their convergence provides some confidence in the quantitative prediction of

the model.

This result is consistent with the observed difference in the modelled Ekman
transport (Northern Sector 1.10 Sv and Southern Sector .16 Sv){Table 7.8b)
which governs NO, supply rate, new production and both the POC and
biomass. The lack of sensitivity of total production values to the large
differences in the Ekman transport suggest that total production in the
Benguela System as a whole is largely driven by regenerated ( NH,", Urea)
rather than new ( NO;) nitrogen. This is confirmed by the f-Ratio calculated

using POC and total production fluxes (TP) where the f -ratio is defined as:
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_ New Proden _ POC

/= Total Proden TP

and calculated as 0.15 for the northern and 0.02 for the southern sectors
respectively (Table 7.8b). These values are significantly lower than those
determined from in situ "N isotope dilution methods (Probyn. 1892 ). These
showed ranges of 0.15 - 0.55 {mean 0.35) in the northern sector and 0.02 -
0.7 [mean 0.3 autumn; 0.2 summer (Probyn, 1992} for the southern sector

(Table 7.8a). There are two possible explanations for this discrepancy:

e The first is that the comparison draws on two data sets whose temporal
and spatial scales are completely different. This is a well recognized
problem in global data sets) which is the cause of uncertainty in estimates
of primary production and other oceanographic variables (Platt ef a/. 1989,
Isotope dilution measurements are in sifu instantaneous measurements of
the nitrogen uptake rate whereas the net uptake data in this study are
derived from bulk characteristics which integrate over longer space and
time scales. There is little doubt that the measured f-Ratio is a highly
variable parameter which depends on the particular stage of synoptic
scale bloom dynamics and seasonal scale successional dynamics. The
way in which isotope dilution and bulk property measurements could be
reconciled with each other would be through time series of which there are
none for the Benguela System. This problem also applies to the “C
uptake measurements on which the {otal production values are based.
However, the these "“C based averages for total net production were
calculated from a large data base of 122 values covering wide spatial and

temporal scales (Brown ef af 1981).

¢ The second explanation is that most field measurements in the Benguela
System focus on productive areas during the active upwelling cycles.
That is, most phytoplankton directed work looks for active bloom

development during upwelling periods which, it is suggested, introduces
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an uncertain bias towards higher {-Ratios. This problem would apply
particularly to the southern Benguela sub-system which not only has
temporal gaps between upwelling events but also a significant low or non
upwelling season from April to August (; Shannon and Nelson, 1986). The
use of hourly wind record from each appropriate upwelling centre would
incorporate such variability and, it is suggested, produce results which
reflect a temporally integrated reality more accurately. That is, lower {-

ratios.

The spatial and temporal scales of the data set used in this study also impose
their own significant limitations. Spatially they only cover a section rather than
an area (1 line rather than a grid) and temporally, while bulk data reflects a
synoptically integrated signal, it does not reflect the seasonal variability.
These factors will in all likelihood introduce other aliasing impacts which
opens the possibility that the {-Ratios calculated from this study may be too
low. The real annually averaged f-Ratio is hypothesised to lie between the
two estimates ("°N dilution method and bulk estimates) but this will only be
confirmed when sampling strategies are adopted which converge the spatial
and temporal scales of in situ and bulk measurements. This hypothesis does
not change the observation that carbon turnover in the Benguela System is
largely dominated by regenerated pathways whose role in net removal of CO,
is small. Short term and long term CO, changes are driven by the much
smaller new production pathways where the Northern Benguela System is the

only significant part of the system.

In physical terms the northern Benguela sub-system comprises 5% of the
total area of coastal upwelling systems and contributes 7% (1.1 Sv) of the
estimated Ekman transport based on the total of 15 Sv for coastal upwelling
systems (Chavez and Smith, 1995). In biclogical terms the northern sub-
system makes a contribution of 1.5% (11.7*10% tons C y'") to present
estimates of new production from coastal upwelling systems (800*1 0% tons C

m?y™") (see Table 1.2) which in turn contributes approximately 11% to global
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new production (see Table 1.2). There is a discrepancy between the Ekman
tlux (79%) and new production (1.5%) contributions from the northern sub-
system to coastal upwelling but this is not thought to be significant. It is likely
that with greater certainty in the physical and new production controlling
variables that these relative estimates could converge significantly. On this
scale of magnitude the contribution by the southern sub-system to global

coastal new production is insignificant (< 0.1% ).

While new production driven POC flux is important in short term CO, changes
in the surface layer, the longer term role of the Benguela Systemn as a CO,
sink is determined by the burial flux which impacts on time scales of > 10°
years (Watson, 1995). The magnitude and implications of the burial flux in
the Bengueia System are addressed in detail below using a diagrammatic
depiction of the calculated carbon pathways and fluxes through both the

northern and southern Benguela System.

Comparative Carbon Fluxes through the northern and southern sub-

systems of the Benguela

The carbon fluxes obtained from the box model and from published
production data in both the northern ( CF, WB, LZ) and southern ( NQ, CC,
CP) sectors of the Benguela System are summarised in Figs. 7.9 and 7.10.
All the carbon flux magnitudes are expressed as million tens y™' and
similarly, reserveir sizes as millicn tons and where necessary additional
figures such as percentage partitioning of a flux, unceriain fluxes [?] or
reservoir sizes [ TCO, ] are provided. The upwelled and equatorward fluxes
are depicted as [IN] and [OUT] respectively, the magnitude of the CO,
reservoir in the surface layer (assuming an average depth of 25m) is
expressed as [SLL-TCO, ], zooplankton production as [ZOO] and fish
production as [FISH]. The air - sea flux of CO, is depicted as [FCO2AS], the
burial flux as [BURIAL] and the benthic regeneration flux as [BREG]. All the

model generated vaiues were taken from the averaged outputs of the 1992
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and 1994 runs (Table 7.8b). The carbon fluxes through the northern and
southern sub-systems in a 2 sector Benguela are now discussed in more

detail.

The Northern Benguela Sub-System (CF, WB, LZ)

The carbon fluxes show that in this sector the annual physically driven carbon
( TCO, ) through flow (IN: 271 and OUT 254) turns over the surface layer
reservoir [ TCQO,: 118] approximately twice and that total production [TOTAL
PRDCN] of 77 turns the same reservoir over about 1.5 times. These
magnitudes provide an indication of the degree of physical and
biogeochemical activity or turnover. The total production rates comprise both
the regenerated and new production fluxes but only the latter is of
conseguence to the CO, fluxes across the air-sea boundary. In terms of the
model the upwelled NO; flux generates a “new production” flux of both POC
and DOC which when combined become TOC. The new production driven
TOC (POC + DOC) flux generates a short term net CO, drawdown flux of
1.95 but on the longer term the latter depends on the subsequent kinetics of
diagenesis of the DOC fraction. The fate of the DOC fraction is the greatest
source of uncertainty in that the magnitude of both lateral and vertical fluxes
which govern part of its role as a pathway for the removal of CO, cannot be
quantified. The box model assumed an oxidative remineralization flux of 30%
of the DOC production rate which results in a re-adjustment of the net sea -
air CO, flux to a reduced ingassing of 0.39. The net POC flux, which
represents new production in the classical sense (Dugdale and Goering,
1967), is 11.7 and it gets partitioned into a foodweb pathway [ZO0] and
[FISH] and a direct sedimentation flux [POCSED]. The production rates of
the food web components were obtained from Verheye et al. 1992 for the
zooplankton and Hutchings, 1992 for the fish. The zooplankton production
includes both meso and macro zooplankion components. Zooplankton [ZOO]
production [8.6] partitions approximately 3/4 of the POC flux and is itself
partitioned into a faecal pellet sedimentation flux [FPSED] of 2.6 and fish



production [0.35]. Fish production in the northern Benguela System is 2
orders of magnitude lower than the new production POC flux and 1 order of
magnitude lower than the sedimentation flux. The magnitude of the faecal
pellet sedimentation flux was given by a 30% waste factor which was derived
as an average of a range of empirical estimates (Verheye et al., 1992). The
net POC sedimentation flux [POCSED] of 3.1 combined with the faecal pellet
flux [FPSED] to form the total sedimentation flux [FSED] of 5.7 which
amounted to about 50% of the original POC flux. This is in good agreement
with the prediction of the fraction of POC which sediments out on relatively
shallow (~200m) productive shelf areas (Middelburg et al., 1983). Equally
importantly, these fluxes suggest that the sedimentation flux in the northern
Benguela System has approximately equal contributions from phytoplankton
detritus of 3.1 and faecal pellets of 2.6. Historical measurements from this
region support an important role from faecal pellects (Bishop et al., 1878) but

these predictions need to be checked with sediment trap deployments.

The partitioning of this sedimentation flux into a burial [BURIAL] and benthic
regeneration (BREG) fluxes was estimated adopting the widely-used figure of
87% for the fraction which is regenerated (Middelburg et al., 1893). This
resulted in a burial flux of 0.74 and a concomitant benthic regenerated flux
(BREG) of 4.96. The burial flux governs the long term role of the northern
Benguela sub-system as a CO, sink and gives rise to the spatially widely
distributed accumulations of organic rich sediments (Fig. 4.27). The question
is: can the estimated burial flux be validated through an independent
approach 7 This was done using the sediment accumulation rate of 1mmy”’
{Bremner, pers.com.}, an average 5% POC content in the sediment, 80%
porosity from direct chservation and a spatial distribution over 25% of the
179,000 km? of shelf area. These input data yield an organic carbon burial
rate of about 1*10° tons y' which is in very good agreement with the result
from the model 0.74*10% tons y'.
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Globally, the total POC annual burial rates have been estimated to be
157*10° tons C v (Berner, 1982) of which approximately 3.4% (5.4*10° tons
C y") occurs in equatorward wind-driven coastal upwelling systems (Berner,
1982) (excludes Arabian sea system). The calculated burial rate for the
northern Benguela Systemn (0.74 *10° tons C y™') accounts for 14% of the
burial in coastal upwelling systems. This is approximately 3 times larger than
the contribution from comparative physical characteristics such as Ekman
transport and area discussed above (~ 5%). [t suggests that the northern
Benguela System is more efficient than the average coastal upwelling
systems in sequestrating organic carbon into the long term burial reservoir.
One can only speculate about this but the following three explanations seem

plausible and worth further investigation:

Firstly, the potential role of efficient particle aggregation which has been
widely observed in coastal ocean (litekkot, 1993). This could include organic
aggregates "ballasted” with lithogenic particles delivered into the surface layer
via aeolian pathways (lttekkot, 1993). There is strong evidence to support the
latter in the northern Benguela sub-system both from remote sensing imagery
showing plumes of dust being blown offshore by catabatic wind events
(8hannon, 1985) and from the sediment record which defines the boundaries
of aeoclian dust on the Benguela System shelf (Dingle ef a/ 1987). The
question which is critical for predictive numerical modelling is whether these
“ballasted” fluxes occur throughout the upwelling season as part of synoptic
scale events or as one or two major inputs. Addressing this question is
important not only because of the need to constrain the sedimentation flux but
also fo allow reasonable predictions of how climate change may impact
carbon flux dynamics in the Benguela System. Climate change linked to
global warming is likely to alter the spatial and temporal characteristics of the
equatorward wind in the Benguela System. If aeolian particle fluxes are an
important part of the mechanism for mass accumulation rates in this system
then the future carbon fluxes will be closely coupled to wind strength,

direction and persistence characteristics throughout the Benguela System.
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reservoir of 70 over annually. Furthermore, the upwelled CO, flux [IN-TCO2]
is now approximately 1/3 of the magnitude of both the total production and
the surface layer TCO, reservoir. These carbon flux characteristics in the
surface layer domain lend further support to the view discussed earlier that
the southern sub-system relies on regenerated pathways to a greater extent
than the northern sector. This in turn is consistent with the suggestion that
the southern sub-system has a more active microbial loop than the northern
counterpart (Brink ef al 1995).

The TOC flux of 4.6 generates a net CO, ingassing flux of 1.33 which when
corrected for the 30% remineralization of the DOC fraction remains a net
ingassing flux with a reduced magnitude of 0.52. As was the case previously,
the fate and magnitude of the DOC reservoir is completely unknown which in
the case of the southern Benguela System is more significant because of its
relatively larger contribution { 80% cf. 30% in the northern sub-system) to the
TOC flux. In further contrast to the northern sub-system, the magnitude of the
POC flux 1.9 is only slightly larger the zooplankton production flux of 1.7
{(Verheye et al., 1992). This suggests the possible notion that zooplankton
production in the southern sector close to being limited by the magnitude of
new production. it also indicates that the resulting direct POC sediment flux
[POCSED] of 0.2 is smaller than the faecal pellet flux from zooplankton [Z0O0)]
production of 0.5. This large contribution from faecal pellet flux to the
sedimentation flux (~70%]) is expected to be reflected in the sediment record
for this region. This will need to be checked through sediment trap

measurements,

The resulting burial flux using the same 13% burial factor is 0.09 which is an
order of magnitude smalier than the equivalent of 0.74 for the northern sub-
system. This is suggested to be a strong factor in the contrasting spatial

distribution and concentration of POC in the sediments of both sectors. This

burial rate is small enough to be less than the annual fish production of 0.17
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suggesting the interesting notion that fishing in the southern Beriguela sub-
system is potentially a larger carbon export mechanism factor than sediment

burial.

The Benguela system as a whole contributes a burial flux of ~ 0.85 * 10° tons
Cy ' which is ~ 0.5% of the total carbon burial in the oceans and 16% of the
organic carbon burial in eastern boundary coastal upwelling areas. This is a
strong indication of the importance of the biclogical pump in this system. It
emphasises the need to focus on the northern sub-system as the key to
measuring and modelling carbon fluxes in the Benguela System. It should
however be re-stated that the model also shows the extent to which the
Luderitz upwelling cell is the biogeochemical centre of gravity of the system

and any future work must place its emphasis accordingly.

7.5 Model Resuits Part li: Perturbation Runs

The results and discussion presented above focus mainly on a “ status quo”
scenario which did not provide an insight into how sensitive the CO, flux
predictions were to realistic changes in the key controlling parameters. The
ensuing discussion addresses the need for a sensitivity analysis of predicted
air - sea CO, fluxes to variability in C:N and Cq : Cq stoichiometries and

surface layer temperatures.

7.5.1 C:N Stoichiometry of Remineralization and Uptake

The stoichiometry or coupling of the C and N remineralization and uptake
pathways has been shown to be one of the key factors underlying the
observed PCO, values in the Benguela System and the modelied air -sea
CO; fluxes. In the standard model runs the stoichiometric relationships were
those which were measured in the field and considered to be system
properties or in the model, primary input variables. The question which arises

is, what if the C:N ratios of remineralization and uptake were allowed to vary ?




'Run Character Year Perturbation DOC factor FCO2AS
Standard 1992 ENSO +30% DOC -1.50E+06
1884 non-ENSO +30% DOC -3.50E+05
C:N 1992 Max. D.Down +30% DOC -7.00E+06
1992 Std +30% DOC -1.50E+06
1882 Min. D.Down  +30% DCC 4,40E+06
Org:ing 1892 1:10 +30% DOC -3.77E+05
Sol. Pump 1982 16 +30% DOC -3.70E+06
1892 18 +30% DOC -1.60E+06
1992 20 +30% DOC 7.00E+05

Table 7.9: A summary of the perturbation model runs. it shows that the biogeochemical
mechanisms with the greatest scope to change the magnitude of the source - sink behaviour
of the Benguela System is the C:N stoichiometry of benthic remineralization and surface
uptake. Depending on their extremes they can turn the system as a whole into a significant
sink ( 7 miliion tons C / year) or source (4.4 million tons C / year) of CO,. Increasing the
contribution of inorganic carbon pump to a Cq,g : Cy stoichiometry of 10:1 decreases the
magnitude of the sink by an order of magnitude. Increasing the temperature of the surtace
layer to 20°C from the 18°C used in the standard model runs also turn the system into a net
source of CO, but by a small margin (0.7 million tons C / year).
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what would be the impact on CO, fiuxes and how sensitive are these to such
a2 variability ? This problem was investigated by running two scenarios which
represented the potential extreme impacts relative to the standard
observations. Cutputs from the three comparative scenarios are shown in

Table 7.9 and are all compared to the 1982 model run (standard scenario).

In the first scenario the C:N ratic of banthic remineralization was set tc the
Redfield ratio (6.6) but the surface uptake ratio remained unchanged from the
observed values. It was shown in Chapter 8 that one of the main reasons
why upwelled water in the Benguela System has a weak CO, ingassing
potential is because of the strong de-coupling of the benthic carbon and
nitrogen remineralization fluxes. In this problem, which is most strongly
observed in the northern sector, the CO, remineralization flux is much larger
than the NO; flux which at the surface governs and limits the carbon new
production export flux. The first perturbation aims to assess what impact re-
setting the benthic remineralization flux C:N ratio to Redfield (6.6) would have
on air - sea CO, fluxes. Such a scenario might be expected from a well
ventilated poleward sub-surface flow where nitrification rates are high. The
results show that after the 30% DOC correction is applied the impact of this
perturbation (- 7*10% tons C y'") is to increase the magnitude of the CO, sink
by a factor of 5 relative to the standard 1992 run reference figure of (-1.5%10°
tons Cy™"). This scenario reflects the maximum C:N driven CO, sink potential

for the Benguela System with the observed surface uptake C:N ratios.

In an alternative extreme the benthic remineralization flux C:N ratio was fixed
at the observed values and the surface uptake C:N sicichiometry was
reduced to a common Redfield ratio (6.6) value. This is the “classical’
scenario in the sense that many carbon flux calculations, especially those
based on new production measurements (Waldron, 1936) make the
assumption that the NOj™ flux * Fr is the carbon export flux which will then
provide a quantitative estimate of the CO, sink potential. The resulis show
that in this scenario the system becomes a strong net CO, source (4.4%10°
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tons C y'). This emphasises the importance of the measurement and
modelling of non-Redfield behaviour by C:N stoichiometry of phytoplankton
uptake as a key fo correctly predicting the CO, source - sink nature of an
upwelling system such as the Benguela. Assuming Redfield behaviour will

underestimate the CO, sink potential.

7.5.2 Carbon pump stoichiometry: Org:ing

The water column field data obtained in the course of this study showed little

evidence of inorganic carbon pump (C,,,) activity (see Chapter 6). However,

there is alternative evidence to question whether the spatial and temporal

sampling scales of this study were adequate to address Cq: Gy,

stoichiometry adequately. The alternative evidence fits into two temporal

scales:

¢ short term bloom events: coccolithophore blooms have been periodically
observed in the Benguela System (Giraudeau and Bailey, 1995). Given
that coccolithophore activity has been largely overlooked by the ecological
studies in the Benguela System, it is possible that their incidence may be
more frequent than expected.

¢ long term sediment accumulation: it was shown in Chapter 6 that CaCO,
is the single most important geochemical constituent of sediments on the
Benguela System shelf. Even taking into account the CaCO, vs. POC
preservation factor this is the most compelling evidence that over the long
-term, coccolithophore activity in the surface layer in the Benguela System

is the most important carbon export pathway.

The question which arises on the basis of the above two points is: is the long
term accumulation of CaCQO, the resuit of a few large events or a continuous

low level flux ?

The spreadsheet model was used to assess the impact of a shift in the

carbon pump stoichiometry from a negligible contribution by the C,,, pump
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the new production driven POC flux. This coupled relationship has the effect
of amplifying the effect of one or other dominant mechanisms on PCO, and

air - sea CO, fluxes.
Two hypotheses are proposed as a resuit of these results:

« the long term build up of CaCO; in the Benguela System sediments is
mainly the result of a continuous but low level coccolithophore activity
strongly modulated by nanno- and pico-plankton dynamics.

* the contribution of the inorganic carbon pump Cg driven by

coccolithophore activity is inversely correlated to new production.

7.5.3 Temperature: the solubility pump

The aim of investigating the role of temperature is to constrain the impact of
the solubility pump on the net air - sea CO, flux. This model run entails
simulating two scenarios which might be expected 10 arise in the context of
global climate change: the first is a warming scenario where the equilibrium
temperature of the surface layer is 20°C cf. 18°C used for the standard runs
and the second, is a cooling scenario where the surface layer temperature is
16°C. Ali the biogeochemical characteristics remain unchanged so that the
only factor contributing to change is the impact of the temperature of the
equatorward surface flow on the solubility of CO,. The results are

summarized in Table 7.9 (which include the standard 18°C values).

The outputs show two significant features:

» While in the cooler 16°C scenario the Benguela System remains a sink ( -
3.7*10% tons C y ') regardiess of whether the DOC component is included,
in the warmer 20°C scenario it become a significant CO, source (0.69*10°

tons C y') when the DOC remineralization is included.
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« The overall effect of the 2°C change in temperature is to change the
magnitude of the flux for the whole Benguela System by 2.2*10% tons C y’
relative to the standard 18°C scenario or approximately 1¥10° tons C y

/°C.

These are only approximate values because both scenarios were calculated
relative to a fixed atmospheric pCO, of 360uatm whereas in reality the
atmospheric pCO2 would also be changing. Such a concomitant change
would influence the magnitude of the gradient across the air sea interface.
The impact of the concomitant changes to the aimospheric pCO, on the flux
would be asymmetrical. Under the warmer scenario atmospheric pCO,
increases and the effect would be 1o reduce the magnitude of the outgassing
flux whereas under the cooling 16°C scenario with lower pCO, the inverse
would hold and the ingassing flux would be larger than that which is predicted
above. Such an asymmetrical response by CO, fluxes 1o changes in the
solubility pump predict that the rates of atmospheric pCO, decrease
associated to planetary cooling would be far higher than for an equivalent

Greenhouse driven warming.

7.6 Appendix 1:

Generically, the Ekman mass transport per metre of coastline (Kgm"*s"“’) is
given by eq. A.1. In this study, this variable is called the specific Ekman
transport to differentiate it from fotal Ekman transport which includes the

coastal length scale and is defined by Kgs™' or m®s™ units.

0
Sx = fudz
0

eq. Al
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This expression is the integral of the water velacities between the surface and
the Ekman depth (D). This can be expanded and simplified to the expression

ineqg. A.2

= eq. A2

where the Ekman transpont S, is more simply shown to be function of wind
stress (1, ) and Coriolis parameter (f). The wind stress in turn, is defined by
the product of the equatorward wind speed (V9), air density ( o,,) and the drag
coefficient (Cp)(eq. A.3):

_ CoQarr V2

S: (Dimensions: ML'T?) eq. A.3

The basic units for Ekman transport in eq. A.3 are [Kgm™'s? ] which with

density (o) convert to volume as [m®m's2] and finally when integrated over a

quarter (3 months) becomes [m°m™'s'Q"]. This implies an upwelling rate

(volume/second ) per Quarter per metre of active upwelling coastline. The

quarterly Ekman transport was calculated at each upwelling site by solving

eq. 3 through the following steps (G. Nelson, Pers.Com):

« The year long hourly wind record was divided into the 4 quarters.

« The hourly wind vectors were resolved into meridional (N-S) (v) and zonal
(E-W)(u) components.

« The meridional (v) component was filtered using a 72 hour moving
average filter to remove the high frequency noise ( < 2.5 days) to in order
to isolate wind events while not inducing problems of data aliasing (G.
Nelson, Pers.Com). Spectral analysis of pressure changes in the
Benguela System has in the past shown that periods of 3-6 days are an
intrinsic part of the variability (G. Nelson, Pers.Com). The numerical
output from this filter was compared to an alternative 3 day Thompson

filter. This had a sharp cut-off at 3 days and its response does not show




the same ringing cnaracteristics of a moving average filter which can
contaminate the output. The comparison showed that differences were no
larger than 5%.

« The filtered hourly meridional component was rectified to resolve the
northward upwelling inducing component which was then squared to
obtain the V? term of eq. A.3. An example of the output at this stage is
graphically depicted in Fig. A.1 for the first quarter of 1992 wind record
from Cape Columbine. It shows the rectified output of V? (m?s?) which is
then integrated to provide the guarterly value for Ve

The integrated VZ term was then multiplied out with the variables from eq. A.3

to produce an Ekman transport value (Kgm''s™) for the particular quarter.



Chapter 8

8. Closure

8.1 Conclusions

This study is a process orientated work which set out to test three hypotheses
that embody contemporary understanding of carbon fluxes in the Benguela
System and the underlying physical and biogeochemical driving mechanisms.

The hypotheses are:

» The Benguela upwelling system is an important CO, sink by virtue of its
high primary production and sediment organic carbon accumulation rates,

« The carbon export flux and the magnitude of the CO, sink in the Benguela
System can be predicted from the C:N stoichiometry provided by the
Redfield Ratio.

« The inorganic carbon pump through coccolithophore production plays a
minimal role in driving changes to the magnitude of both the carbon export

flux and the air - sea CO, flux in the Benguela System

This synthesis of the study aims to assess the extent to which the work was
able to address the three hypotheses and in doing so also present the

highlights of the work and its findings.

« Hypothesis 1: The Benguela upwelling system is an important CO, sink by
virtue of its high primary production and sediment organic carbon

accumulation ratss.

The carbon fluxes which define the CO, source - sink character of the
Benguela System were quantified using a spreadsheet box model. The two

main model runs contrasted the annual carbon fiuxes under ENSQO (1992)
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and non-ENSO (1994) conditions which provide the system with its most

extreme interannual character (Shannon and Nelson, 1996). The modelled

air - sea flux of CO, (tons C y-1) is shown in Fig. 8.1a,b which depicts the

fluxes for each of the six main upwelling cells: Cape Frio (CF), Walvis Bay
(WB), Luderitz (LZ), Namaqua (NQ)}, Cape Columbine (CC) and Cape
Peninsula (CP) (Lutieharms and Meewvis, 1987), for each of the 3 sectors:
northern (CF & WB), central {(LZ & NQ) and southern (CC & CP) and an

overall system total (TOTAL). These CO, fluxes were modelied assuming

that 30% of the DOC flux associated with new production was re-oxidized to
CO, (Sondergaard, 1995; Blight et al., 1995). The plots show that:

*

Under both ENSO (1992) and non-ENSO (1994) conditions, the Benguela
System as a whole (TOTAL) is a net sink of atmospheric CO,. The
magnitude of the CO, sink fiux is 1.5 and 0.34 million tons Cy ™" in 1992
and 1994 respectively.

Counter-intuitively, the magnitude of the total CO, sink flux increases
under ENSO conditions. The explanation lies in the source - sink
behaviour of the individual upwelling cells, particularly Luderitz under both
ENSQO and non-ENSO conditions.

The Luderitz upwelling cell is the largest single CO; sink in the system by
one order of magnitude. Small shifts in its upwelling flux , which drives the
CO, sink character, govern the overall character of the system. Under
ENSO conditions, when the South Atlantic High pressure cell is located
north of its average summer position (Shannon and Nelson, 1996),
upwelling is depressed in the southern half of the system (NQ, CC and
CP) but enhanced at Luderitz. By contrast, under non-ENSQO conditions
when upwelling increases in the southern half, the increase is not enough
to offset the simultaneous decrease at Luderitz. This shows that ENSO
conditions increase the contrast in fluxes between the northern and
southern halves of the system relative 1o the non-ENSO years.

The two most extreme upwelling centres are the adjacent Walvis Bay and

Luderitz cells.
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« The net air - sea CO, fluxes in each of the three sectors of the system
show that in both years the northern sector was a CO, source whereas
the central and southern sectors were consistent sinks. This suggests
that south of 25°S the Benguela System is, on an annual average, a CO,

sink.

These model results support the first hypothesis.

» Hypothesis 2: The carbon export flux and the magnitude of the CO,; sink
in the Benguela System can be predicted from the C:N stoichiometry
provided by the Redfield Ratio.

The most important mechanistic insight gained from this study is that the
Redfield C:N stoichiometry is the exception rather than the rule in the
Benguela System. This applies to both remineralization and uptake
processes. The measured C:N dis-equilibria are concluded to be the single
most important biogeochemical factor governing the direction and magnitude
of the air - sea flux in the Benguela System. The two most important aspects

of this control are:

« The dis-equilibria which develop in the remineralization of CO, and NO;
in shelf sediments which are typically > 50 result in a reduction of the CO,
drawdown potential of upwelled waters as NO; is the limiting nutrient for
primary production.

= Dis-equilibria in CO, and NO; uptake at the surface ( typical range 6.4 -
17) can to some extent offset the impact of remineralization but the impact
is limited because: a) the C:N stoichiometry of uptake is always smaller
than that of remineralization and b) according to most recent ideas
(Toggweiler, 1993; Williams, 1994) most of the carbon production which
induces the shift away from Redfield stoichiometry is partitioned into

nitrogen poor DOM. The role of DOC as a CO, sink depends on the
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magnitudes of the labile and heterotrophically resistant fractions which are
undefined in the Benguela System. The model results show that the
production and fate of DOC which is linked to the C:N disequilibrium hold
the key to whether the Benguela System is a CO, sink or source. The use
of a literature-based 30% fraction of labile DOC (Sondergaard, 1985) for

the Benguela System provides a first step in addressing one of the most

important gaps in our understanding.

Two mechanisms are proposed to account for the remineralization and
uptake dis-equilibria. Adsorption of NH,* to sediment and sedimenting
biogenic and lithogenic particulates and a C:N dis-equilibrium in the C:N
stoichiometries of regeneration and uptake. The conclusion is that the use of
Redfield stoichiometries to calculate carbon export from either nitrogen
uptake measurements or nitrogen flux estimates will underestimate the
resulting carbon export flux as both POC and DOC. Measurement of bulk
CO, and NO; stoichiometric change should be a central component to

production studies.

» Hypothesis 3: The inorganic carbon pump through coccolithophore
production plays a minimal role in driving changes to the magnitude of
both the carbon export flux and the air - sea CO, flux in the Benguela

System.

In view of the recent view that the role of coccolithophores in the global
carbon budget has been largely underestimated (Westbroek et al., 1993), its
role in the Benguela System was investigated using a novel Total Acidity
(TAcy) - Total Alkalinity (TAlk) vector plot method which is a modification of
the widely used Deffeys diagrams. These plots were used to independently
quantify the impact of the organic (Cq,, ) and inorganic (C, ) carbon pumps
on the observed changes to TCO, in water samples. The results strongly
support the hypothesis that carbonate deposition and remineralization make a

very small contribution to changes in the carbonate chemistry of the water
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caﬁlumn in the Benguela System. However, it should also be noted that this
conclusion is not consistent with the observation based on historical sediment
gecchemistry that CaCQ; is the single most important carbon reservoir in the
sediments. It was concluded that CaCQ, deposition through coccolithophore
activity is not significant in experimental time scales but that because the
system is super-saturated with respect to calcite, that it will accumulate in the

sediments despite low CaCO, production rates.

§.2 Other Highlights

8.2.1 The “Gate” Hypothesis

The data suggest that the Benguela System can be divided into three distinct
sectors on the basis of there being three input points of South Atlantic Central
water (SACW) from the slope onto the shelf as opposed to generalised inflow
across the length of the shelf. This 3-sector system is conceptually described
in Fig. 8.2. It shows that each sector has an inflow of fresh SACW and an
outflow of shelf modified SACW. Each inflow acts as a “gate” limiting the
further poleward advection of SACW from the northerly sector. Water does
not outcrop at each upwelling centre directly from the slope but as a 2-step
process. Once through the “gate” SACW is entrained into poleward flow and
the part which outcrops is the inner shelf water. The implications of this for

carbon flux modelling are:

« the biogechemical characteristics of upwelled waters are governed by the
distance of the upwelling cell from the “gate” rather than by SACW.
« Biogenic detrital material (POC) may be exported out of the shelf onto the

slope at very specific sites.

The average carbon fluxes (million tons C y™") for both 1992 and 1994 are

modelled for each stage of the upwelling cycle and shown next 1o their
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Fig. 8.2: The biogeochemical version of the “Gate” hypothesis Benguela system model with
each of the fluxes quantified using the averaged outputs from the 1882 and 1994 model runs.
All the fiux values are expressed in million tons of carbon / year. 1t shows that the carbon
fluxes in the southern sector are one order of magnitude lower than those in the central and
northern sectors. The fiuxes associated with the Luderitz cell are in turn one order of
magnitude larger than the remainder. it also shows the positions of the 3 “gates” (Cape Frio
CF Gate; Luderitz LZ Gate and Qlifants River OR Gate ). The fluxes are as follows:
FCOZUPW is the flux of CO, advected to the surface in newly upwelled water; FCO2AUW is
the flux of CO, advected on the surface during the ageing of upwelled water and FCO2EQW is
the flux of CO, advected equatorward as part of the general surface flow. The biological
fluxes POC and DOC are shown coming off each upwelling centre. There are 6 upwelling
centres Cape Frio (CF), Walvis Bay (WB), Luderitz (LZ), Namagqua (NQ}, Cape Columbine
(CC) and Cape Peninsula (CP). The air - sea CO, flux at each upweiling centre is shown
(FCO2AS) where the negative value implies a drawdown fiux.
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respective flux arrows. The caption provides information on the flux labels.
On the basis of this work it is suggested that the following areas of future
research would assist in understanding and quantifying the carbon budget of
the Benguela and comparable systems:

o DOC production and remineralization rates.

« Greater emphasis in processes in the northern areas of the Benguela
System in particular, the Luderitz and Walvis Eay upwelling cells which
offer the greatest contrast in the system.

«  More emphasis on time series experiments which would not only address
event scale variability but also assist in converging the carbon flux
estimates based on in situ measurements and bulk concentration changes
(Platt et al., 1989).

« Benthic boundary layer processes. Remineralization is the process which
most significantly reduces the scope for upwelling systems, such as the
Benguela to be CO, sinks. The extent to which this happens depends
completely on the peoorly understood benthic boundary laver physical and

biogeochemical dynamics.

8.2.2 The Total Acidity - Total Alkalinity Vector Plots

Total Alkalinity and Total Acidity vector plots are an extremely useful set of
co-crdinates with which to model the stoichiometry of perturbations to the
carbonate system in the marine environment. Such a model quantitatively
separates out in a direct way the effects of the two biogecchemical pumps
(Corg @nd Cyyg) and in doing so overcome a major shortcoming of the Deffeys
approach. Furthermore, by superimposing PCO, isopleths in such a vector
model (using equilibrium chemistry) the relative effects of the two bioclogical
pumps on PCO, change can be quantified. The vector model emphasised
how PCO, changes are primarily governed by the stoichiometry (Cy,;:Cr)

rather than the total magnitude (Cq,g + Cypg) of the bivlogical pumps. Finally,
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the effects of temperature on PCO, and its impact on air -sea CO, flux are
addressed. in this regard the vector model indicates how the heating up of
upwelled waters has a profound negative impact on the CO, sink potential of
such systems with conseguences in respect of the feedbacks of global

warming.
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