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EXECUTIVE SUMMARY
Introduction

Low oxygen water (LOW) is an endemic characteristic of the Benguela system which through its scale may be the most important ecosystem habitat modulator (Bailey, 1983; 1991; Chapman and Shannon, 1985; 1987; Monteiro and van der Plas, 2006; Monteiro et al., 2006; van der Lingen et al., 2006).  The ecological and fisheries impacts of LOW were identified in the early work undertaken in the system (Copenhagen, 1953) and more recent research (Mathews and Pitcher, 1996; Cockroft et al., 2000; Cockroft, 2001; Hamukuaya etc.).  The BCLME Transboundary diagnostic analysis (TDA) identified LOW as one of the key environmental factors governing the variability and commercial viability of fisheries and ultimately the ecosystem (www.bclme.org).  Its implementation plan posed the challenge that not only should the causes of LOW variability be understood but the BCLME should also invest in developing a forecasting capability which could assist the optimal ecosystem management, anticipate its impacts, provide better understanding of the underlying complexity and support fisheries management.  The forecasting goal for LOW in the Benguela requires that the processes and the forcing scales that drive events and their variability be better characterized and understood.   

The historical understanding of LOW in the Benguela system divides into two main views: 

· hydrodynamic control through remotely sourced and physically advected LOW and, 
· biogeochemical control through locally generated LOW.  

Broadly speaking the hydrodynamic control view was based on the advection of equatorial hypoxic waters onto the Benguela shelf from a poleward “compensation” current on the slope and the local generation view was based on the notion of high production linked to benthic – pelagic coupling creating an oxygen demand that exceeded the ventilation flux (Bailey, 1991). Recent work has shown that the Benguela system is divided into three distinct regimes in respect of hypoxia variability (Monteiro et al., 2004; Monteiro and van der Plas, 2006):

· Northern Regime (equatorial - Angola Benguela front)

· Central Regime: (Angola - Benguela front - Luderitz)

· Southern Regime (Luderitz - Cape Peninsula)

This spatial regime model highlighted the importance of equatorial oceanic boundary conditions as a key transboundary element to understand hypoxia variability in both the Central and the Northern Benguela.  This interaction does not apply to the southern Benguela, which from a hypoxia perspective, is largely self contained.  This study focuses on and provides an explanation for the transboundary nature of variability in the Central and Northern Benguela systems.

Context
The project brief evolved in two distinct phases:

· Initial Brief:  the initial brief was largely based on historically based understanding of the problem of low oxygen in the Benguela and provides the core of this study.

· Additional Brief: the additional brief was an outcome of the Benguela Forecasting Workshop held in Cape Town in November 2004 (www.bclme.org).  The Workshop aimed to achieve two key overall objectives: 
· Synthesize / review understanding linked to processes that govern hypoxia variability
· Identify variables and scales that are amenable to forecasting
This workshop took into consideration the outputs from the Low Oxygen Water Review (BCLME study report: see in www.bclme.org) but through the workshop discussion the objectives of the study were refined (Monteiro et al., 2006b)
Key Questions

Key Questions set in the initial brief:

· Is the variability of Low Oxygen Waters at key fisheries or habitat areas driven by transboundary or internal links? 

· What is the role of the Equatorial (GC-LME) system on LOW - Angola, of the Angolan system on LOW - Namibia, on the Namibian system on LOW - South Africa?

· How sensitive are these links to past interannual variability in the key forcing factors?

· Are there significant or identifiable paths for water exchange between the Slope and the Shelf in the Benguela?

· What are the most important transboundary links: the Slope or the Shelf?

· What types and scales of measurements are required to verify the answers to these questions?

· Can LOW events be predicted?

Key questions set in the additional brief:
· what hypotheses can be formulated to define the coupled mechanisms that characterise transboundary variability of hypoxia
· Is the 2 month scale amenable to forecasting hypoxia events in the Central Benguela?
Outputs

Progress Achieved in Addressing the Key Questions:
This project was framed by a series of key questions that are specifically addressed below:

· Is the variability of Low Oxygen Waters at key fisheries or habitat areas driven by transboundary or internal links? 

The answer to this question depends on which part of the system is being looked at.  Hypoxia in the northern Benguela system, north of the Angola Benguela front, is almost completely driven by transboundary fluxes from the eastern Atlantic equatorial oxygen minimum zone.  This is due to both their physical proximity and the narrow shelf structure which enables direct advection of ETSA thermocline waters onto the Angolan shelf during the winter strengthening of the easterly winds.  Local hypoxia production is relatively weak because of both reduced production fluxes and limited shelf space for the build up of carbon export fluxes.  Hypoxia variability in the central Benguela system is, in contrast, modulated by both local and transboundary fluxes. Local fluxes arise from upwelling driven high rates of carbon export and their accumulation in inner shelf sediments and create an oxygen sink from both the oxidation of POM as well as the oxidation of sediment fluxes of anaerobic metabolites.  An important result from this work was the finding that seasonal and interannual variability of hypoxia was driven by changes in the physical supply of oxygen rather than changes in the flux of carbon export production.  This changed the historical view of the importance of local production and also provided an explanation for changes in the interannual incidence of so called sulphide eruptions.  The oxygen supply is governed by two scales of advection: the boundary conditions at Cape Frio and Luderitz, where the main ocean – shelf exchange occur, driven by the advection of both equatorial and sub-tropical South Atlantic Central waters and the shelf scale advection of those boundary conditions driven by the phasing and strength of meridional shelf flows.  The Central Benguela is largely ventilated by the seasonal variability from the Luderitz upwelling cell, which in the context of other necessary factors, modulates both the seasonal and interannual hypoxia on the Namibian shelf and on key demersal fisheries.  In the southern Benguela, hypoxia is driven almost completely by local fluxes in the Namaqua shelf.  In contrast to the central Benguela, here the ventilation fluxes are driven by mixing rather than advection scales.  Hypoxia develops through the combined effects of a seasonal scale build up of biogenic carbon in the inner shelf sediments and the phasing of event scale changes in stratification.  Both are driven by local or regional scale winds and boundary conditions at the oceanic and northern shelf play an insignificant role in the variability.  There appears to be no evidence for an advective link between Namibia and the southern Benguela through the Luderitz upwelling cell so hypoxia from the central Benguela plays no role in the southern Benguela.

· What is the role of the Equatorial (GC-LME) system on LOW - Angola, of the Angolan system on LOW - Namibia, on the Namibian system on LOW - South Africa?

This question explores the nature of the transboundary links that drive hypoxia variability. The role of eastern equatorial Atlantic hypoxia on the Benguela sub-systems is a direct one for the Angolan system where shelf hypoxia is a direct response to its advection onto the shelf by the easterly winds that peak during the austral winter.  In the Central Benguela its role is indirect in the sense that it provides one of the two oxygen boundary conditions at the shelf edge. Hypoxia on the shelf is then the result of the seasonal interaction of the contributions from both boundary conditions: hypoxic from the north at Cape Frio and oxic in the south from Luderitz upwelling centres.  The eastern equatorial hypoxia plays no known role in LOW variability in the southern Benguela.  The links between the northern and Central Benguela on the shelf are thought to be limited to the dynamics of the Angola Benguela front and its impact on cross shelf baroclinicity.  The impact of increased baroclinicity at the ABF in the late summer is a strengthening of the shelf poleward flow that transports the equatorial hypoxia boundary condition into the shelf domain and drives seasonal shift from hypoxia to anoxia.  There is no evidence of a shelf based link between the Central and Southern Benguela.

· How sensitive are these links to past interannual variability in the key forcing factors?

Given that the links are predominantly characterised by the dynamical scales of the physics there is a limited long term memory beyond the interannual time scale.  Although the longer term character of biogeochemical fluxes is a necessary element of hypoxia, it is the physics that modulates the variability.

· Are there significant or identifiable paths for water exchange between the Slope and the Shelf in the Benguela?

The two most important identifiable locations of important ocean – shelf exchange are the Cape Frio and Luderitz upwelling centres in the Central Benguela and the Cape Canyon and Cape Peninsula in the southern Benguela.  All these locations are identifiable as areas where there are both wind stress curl maxima as well as locations where the shelf narrows.  The most significant zones of ocean – shelf exchange are the two upwelling centres in the Central Benguela because they define two different boundary conditions which together with shelf physics then modulate seasonal and interannual hypoxia.   In the southern Benguela there is only one type of boundary condition, the sub-tropical South Atlantic Central water which is advected onto the shelf at both the Cape Columbine and Cape Peninsula upwelling centres. 

· What are the most important transboundary links: the Slope or the Shelf?

The key transboundary links are largely the ocean – shelf boundaries at the centres of maximum wind stress curl (Cape Frio, Luderitz, Cape Columbine and Cape Peninsula upwelling centres).  The basis for this importance was explained above but this highlights an important and previously underestimated view of variability in the Benguela system: that oceanic forcing from both the equatorial and sub Antarctic is central to understand its variability.  The only important shelf scale transboundary forcing of hypoxia is the impact that the seasonal and interannual surface warming at the Angola - Benguela front has on the poleward transport of hypoxia on the Namibian shelf.  This transboundary forcing is not on hypoxia directly but on the physics that modulates the hypoxia variability by changing the advected oxygen fluxes.  There is no evidence of a transboundary link between the Central and Southern Benguela systems.  The southern Benguela system can be considered to be a closed system operating independently of the rest of the system. 

· Can LOW events be predicted?

Each of the three biogeochemical regimes (northern, central and southern) in the Benguela system opens a scale of prediction that is linked to the dominant physical forcing scales.  Parts of the Benguela system that are predominantly driven by remote forcing (Namibia) are characterised by interannual variability rather than event scale variability.  In this case the prediction is not about a specific event in a time scale of days but of a seasonal scale trend.  That is what can be predicted from wind stress is the risk of the magnitude of hypoxia for the upwelling season.  In contrast variability in the southern Benguela is driven by the interaction of the seasonal and event scales.  This provides an important basis by which to approach risk trend assessment and prediction.  The seasonal scale build up of POM in the sediments that drives the oxygen demand is linked to equatorward wind stress so it is possible to estimate from the cumulative wind stress whether this factor is likely to be strong or weak.  This part governs the seasonal scale risk.  The event scale risk is determined by the stratification dynamics in the late summer.  Short periods of relaxation lower the risk of catastrophic hypoxic events whereas long periods of relaxation that increase stratification predict large events.  The catastrophic Black Tide event of 1994 was an expression of extremes in these two risk factors.  In Angola hypoxia is driven purely by the physical advection of oceanic hypoxia onto the shelf so it prediction depends largely on the intensity of the easterly wind stress in the winter.  This work has advanced to a point that it would be possible to put in place a risk assessment system in each of the three biogeochemical regimes.

· What types and scales of measurements are required to verify the answers to these questions?

This project has been able to establish a possible link between hypoxia variability and wind forcing both on a regional and basin scale.  Observational effort needs to focus on verifying this link both directly and through more detailed modelling experiments. This work needs to address three new open questions which have implications to predicting climate responses in the Benguela ecosystem

1. what equatorial forcing drives the shelf poleward flow variability? 

2. what drives the poleward extent of the seasonal SEUC?

3. what combined physical and biogeochemical factors govern the intensity of the eastern equatorial oxygen minimum zone?

These need to be integrated into a climate research framework that addressed climate change science in the context of evolving adaptation strategies in the next phase of the BCLME.

Observational Plan

The following observations are considered necessary for an initial forecasting of the seasonal and interannual hypoxia risk.

Basin Scale objectives:

1. the need to constrain equatorial forcing:

· maintain the eastward extension of the Pirata array but include oxygen sensors at 100 and 200m

· a series of moorings along the slope of the northern, central and southern Benguela that provide both temperature and salinity structure (upper 500m) and oxygen (100, 200m). at least 2 moorings in each domain.

2. The need to constrain shelf forcing:

· Ongoing quality wind data from 12oS, 15oS, 18oS, 23oS, 27oS, 30oS, 33oS and 35oS

· Temperature structure at 18oS and Namaqua shelf.

· Ongoing cross shelf monthly monitoring lines in each of the three sectors.

· What hypotheses can be formulated to define the coupled mechanisms that characterise transboundary variability of hypoxia

Three hypotheses that have emerged from this work that characterise transboundary variability and replace the historical ones:

1. Hypoxia variability in the northern Benguela is driven by the ocean – shelf exchange processes that link the eastern south Atlantic oxygen minimum zone to the shelf.  Shelf processes play a minimal role.

2. Hypoxia variability in the Central Benguela is driven by a complex interaction of oceanic and shelf forcing: the equatorial OMZ provides an key boundary condition that in the context of seasonal and interannual shelf forcing (wind stress and baroclinicity) and oxygen demand from the inshore sediments, characterises the seasonal – decadal scales of hypoxia variability.

3. Hypoxia in the southern Benguela is almost completely gioverned by event scale shelf processes (thermocline dynamics and carbon export fluxes).  Changes to the event scale forcing drive the observed seasonal – decadal variability.

· Is the 2 month scale amenable to forecasting hypoxia events in the Central Benguela?

This question was addressed earlier.

Presentations and Membership of International WGs
· Key note address at the International Workshop on Forecasting and data assimilation in the Benguela and Comparable Systems: November 2004

· Invited presentation to the Global Hypoxia Session at the European Geophysical Union Assembly in Vienna, April 2006

· Member of the SCOR WG 128 on Global Coastal Hypoxia: 2006 – 2009

· Presentation at the IAPSO session on Ocean – Shelf Exchange at IUGG, Perugia, 2007

· Member of the SCOR WG 129 on Deep Ocean Exchange with the Shelf: 2007 – 2009

· Presentation at Oxygen Minimum Zones workshop in Chile: October 2006 
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Monteiro, PMS, Joubert, WR and Van der Plas, AK 2007 Event scale control of seasonal and interannual hypoxia variability in the southern Benguela.  to be submitted to Journal of Marine Systems:  March 2007

Non-scientific publications

Monteiro, PMS (2006) Predicting low oxygen waters and its impact on fisheries and ecosystems. Science Scope, March 2006 p 13.

Monteiro, PMS (2006) Seeking to unravel the strange phenomenon of kreef “walkouts”. Cape Argus 10/July/2006
Capacity Building

The most significant capacity building element to this project was the training of the Angolan graduate Mr Tiago Queiroz in numerical modelling as part of the collaboration with Dr Pierre Florenchie.  Mr Queiroz will be receiving and MSc degree from the University of Cape Town in mid -2007.  During his graduate programme Mr Queiroz became fully proficient in setting up large scale ocean models (ROMS), undertaking modelling experiments to test sensitivities to different forcing climatology regimes, numerical tools to post process and analyses outputs (MatLab).  In the course of his MSc it was deemed in his best long term interest to change from a MSc thesis to a taught MSc.  This happened in early 2006 and he has successfully completed most of the module requirements and has participated in an exchange programme with the University of Bergen.  Mr Queiroz will be a very good contributor to strengthen the modelling capacity in the region. He will be getting his MSc degree in December 2007.
Collaborations

The most significant collaboration was with Dr Pierre Florenchie, Department of Oceanography, University of Cape Town.  This collaboration resulted in a better understanding of the physics that accounts for the linkages between the Eastern Equatorial Atlantic and the Benguela system.  Much of the details of this collaboration are described in the progress and final reports for the BCLME Benguela Nino projects led by Dr Florenchie.  The scientific basis for the understanding will be provided in the publication. 

Florenchie P., Monteiro, PMS, Penven, P and Melice, JL, 2007 The linkage between the Tropical South East Atlantic and the Benguela upwelling system: the basis for a remote oceanic forcing of hypoxia.  To be submitted in January 2007

Outcomes and Findings

The three most significant outcomes were:

1) there is now a basis to put in place a preliminary forecasting system based on the two month forecasting time scale linked to an observation based index of the shelf interannual regime

2) there is now a basis to set up a linked equatorial - Benguela coupled modelling domain that will serve as basis for a long term operation forecasting of hypoxia variability in the Benguela and its ecological and fisheries significance.  

3) we can explain the nature of hypoxia variability in the Northern, Central and Southern Benguela based on their different biogeochemical ocean – shelf coupling 

Co-Funding
This in depth approach to this work but particularly the additional brief was made possible by funding from CSIR.  Some of the most recent data for the Central Benguela that was key to understanding the links with remote forcing was funded through the Benefit Programme.
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FIGURES
11Figure1a,b: 
Time series of temperature and salinity (1a) and dissolved oxygen and methane (1b) from the benthic boundary layer (85m in 120m total depth) in the central Benguela upwelling system.  The seasonal cycle temperature and salinity is clearly seen as is the transition from hypoxia to anoxia in the later austral summer and subsequent increase in dissolved methane. (from: Monteiro et al., 2006a)


14Figure 2.:
A diagrammatic view of the main components of the Eastern Tropical South Atlantic System (ETSA) cyclonic circulation zone that are relevant to LOW variability in the Benguela. It shows the core cyclonic circulation, also known as the Angola gyre, supplied with three eastward flows, the Equatorial Under Current (EUC), South Equatorial UC (SEUC) and South Equatorial Counter Current (SECC). The eastern boundary comprises the seasonal Guinea-Congo UC (GCUC) (July – Sept), the southward coastal Angola Current (AC)(16 Sv), the Benguela southward extension as the Poleward Under Current (BPUC) (2 – 5 Sv) which defines the boundary conditions for the shelf upwelling system.


17Figure 3a,b:
 Shows the poleward flow that develops seasonally along the South Western African coast that links the Eastern Equatorial South Atlantic oxygen minimum zone to the Benguela.  This flow strengthens during the equinox relaxation periods of the equatorial easterly winds.


17Figure 4a,b:
Transport sections at 15oS showing how the poleward flow from the equatorial zone is close to the slope from where it sets up the boundary conditions at Cape Frio.




1. INTRODUCTION
Low oxygen water (LOW) is an endemic characteristic of the Benguela system which through its scale may be the most important ecosystem habitat modulator (Bailey, 1983; 1991; Chapman and Shannon, 1985; 1987; Monteiro and van der Plas, 2006; Monteiro et al., 2006; van der Lingen et al., 2006).  The ecological and fisheries impacts of LOW were identified in the early work undertaken in the system (Copenhagen, 1953) and more recent research (Mathews and Pitcher, 1996; Cockroft et al., 2000; Cockroft, 2001; Hamukuaya etc.).  The BCLME Transboundary diagnostic analysis (TDA) identified LOW as one of the key environmental factors governing the variability and commercial viability of fisheries and ultimately the ecosystem (www.bclme.org).  Its implementation plan posed the challenge that not only should the causes of LOW variability be understood but the BCLME should also invest in developing a forecasting capability which could assist the optimal ecosystem management, anticipate its impacts, provide better understanding of the underlying complexity and support fisheries management.  The forecasting goal for LOW in the Benguela requires that the processes and the forcing scales that drive events and their variability be better characterized and understood.   
The historical understanding of LOW in the Benguela system divides into two main views: 

· hydrodynamic control through remotely sourced and physically advected LOW and, 
· biogeochemical control through locally generated LOW.  

Broadly speaking the hydrodynamic control view was based on the advection of equatorial hypoxic waters onto the Benguela shelf from a poleward “compensation” current on the slope and the local generation view was based on the notion of high production linked to benthic – pelagic coupling creating an oxygen demand that exceeded the ventilation flux (Bailey, 1991). Recent work has shown that the Benguela system is divided into three distinct regimes in respect of hypoxia variability (Monteiro et al., 2004; Monteiro and van der Plas, 2006):

· Northern Regime (equatorial - Angola Benguela front)

· Central Regime: (Angola - Benguela front - Luderitz)

· Southern Regime (Luderitz - Cape Peninsula)

This spatial regime model highlighted the importance of equatorial oceanic boundary conditions as a key transboundary element to understand hypoxia variability in both the Central and the Northern Benguela.  This interaction does not apply to the southern Benguela, which from a hypoxia perspective, is largely self contained.  This study focuses on and provides an explanation for the transboundary nature of variability in the Central and Northern Benguela systems.

1.1 Context

The project brief evolved in two distinct phases:

· Initial Brief:  the initial brief was largely based on historically based understanding of the problem of low oxygen in the Benguela and provides the core of this study.
· Additional Brief: the additional brief was an outcome of the Benguela Forecasting Workshop held in Cape Town in November 2004 (www.bclme.org).  The Workshop aimed to achieve two key overall objectives: 
· Synthesize / review understanding linked to processes that govern hypoxia variability
· Identify variables and scales that are amenable to forecasting
· This already took into consideration the outputs from the Low Oxygen Water Review (BCLME study report) and through the workshop discussion refined the objectives of the study.

Both briefs are set out below and this study was expanded to address both.
1.2 The Original Brief

The variability of LOW events in the Benguela is governed by two main scales of forcing: 

· hydrodynamic control through remotely sourced and physically advected LOW and, 

· biogeochemical control through locally generated LOW.  

It is very likely that in different locations of the system at different periods that the relative importance of these two mechanisms will vary.  Understanding the nature and scales of this variability is a key first step towards a reliable early warning system.  This project is specifically aimed at understanding the hydrodynamic controls of LOW variability in the Benguela system.  That is, it addresses the transboundary drivers of LOW variability within the three main regions.

This project has an approach which is slightly different to the brief in that it will investigate the transboundary fluxes and their impacts using a coupled hydrodynamics (ROMS) and biogeochemical (WAQ) models rather than just the former as is implied in the brief.  In this way the project will take advantage of the work in Project LOW 02-04 and instead of treating oxygen as a passive tracer it will be able to include a minimum level of biogeochemical activity to assess how the hydrodynamic and biogeochemical scales match up.  This will also allow offshore biogeochemistry such as the Angola Dome to be simulated explicitly.

Answers to the key questions and integration with other complementary LOW projects will contribute to the three important policy actions of the BCLME – Strategic Action Plan (SAP).

· Development of an Early Warning System

· Improving predictability of extreme events

· Climate Change

The importance of using a combined modelling – measurement approach rather than a more traditional purely observational one is that it can both provide a grasp on the complexity of feedback processes and scales as well as contribute to a forecasting system.

1.3 Original Proposed Approach

Phase 1:
Prescribe the scenarios that will be run with ROMS and couple the biogeochemical model to ROMS.

Phase 2:
Address the Key Questions

Phase 3:
Output Products

1.3.1 Phase 1: Month 1 - 3

This first phase aims to complete the preparatory groundwork for the implementation of the models to address the key questions.  This proposal has a strong dependency on modelling activities that occur “offline” but which need to have their own activity prescribed by this project needs.  

Convene project team to assign specific activities for the first quarter: these projects operate within very tight timeline and depend on a strong cooperation and coordination.  The convening of the project team is therefore essential to agree on the allocation of responsibilities and deliverables.  One of the outputs from this planning activity will be to define the scenarios that will be required from the ROMS modelling project in order to address the key questions.

The outputs from an unverified working version of the ROMS shelf model will be used to begin a sensitivity testing of the importance of boundary forcing on LOW within the three Benguela regions.  This will help provide feedback to some of the oceanographic projects (LSO Task group) on additional understanding (eg: frontal dynamics, slope - shelf linkages) that may be required in order to address the key questions.  The required coupling between ROMS and WAQ will be developed “offline” but will be implemented in this project.  A period to evaluate the effectiveness and reliability of the coupling is also provided.  The coupled ROMS - WAQ will then be tested against similar scenarios to the ones used to evaluate the sensitivity to boundary conditions.  Once the final and adequately verified version of ROMS and necessary scenarios are completed the project team will meet to plan the details of the key question evaluation phase.  The progress report will summarise the outcomes of this phase and how they contribute to the objectives of the project.

1.3.2 Phase 2: Months 4 - 6

This phase uses the now validated hydrodynamic - biogeochemical models to address the key questions in the brief.  The key questions will be evaluated individually with the focus being on assessing the role of particular boundaries (transboundary fluxes) to the LOW variability within the fisheries and ecologically sensitive areas each region.  

· Is the variability of Low Oxygen Waters at key fisheries or habitat areas driven by transboundary or internal links? 

· What is the role of the Equatorial (GC-LME) system on LOW - Angola, of the Angolan system on LOW - Namibia, on the Namibian system on LOW - South Africa?

· How sensitive are these links to past interannual variability in the key forcing factors?

· Are there significant or identifiable paths for water exchange between the Slope and the Shelf in the Benguela?

· What are the most important transboundary links: the Slope or the Shelf?

· What types and scales of measurements are required to verify the answers to these questions?

· Can LOW events be predicted?

One additional key question that will be added is on the role of the Angola Dome.  This will be better constrained by the review study and those outputs will be used to define the approach to this specific question.

1.3.3 Phase 3: Months 7 - 9

This phase comprises the delivery of the required products that are required by the tender.  Overall, the outcome of this project will be integrated with that from Project LOW 02-04 in order to provide an assessment of the feasibility of a modelling based LOW early warning system.  If the assessment is positive then the EWS approach will be advanced to the next Phase of hind casting historical events.  If the assessment is negative then the approach and investment should be revised.

1.4 Additional Brief: November 2004

The basis for the additional approach is set out in the publication (Monteiro et al., 2006b) which synthesises the output from the workshop discussions.  The two important new key questions were:

· what hypotheses can be formulated to define the coupled mechanisms that characterise transboundary variability of hypoxia

· Is the 2 month scale amenable to forecasting hypoxia events in the Central Benguela?

1.5 Approach

The most important aspect in the approach was one away from a modelling start to one in which we made use of recent and historical data to construct and test a robust conceptual model of the dynamics at the seasonal and interannual scale as a basis.  The outcome of this approach is a basis to set up a model and forecasting system.

1.5.1 Phase 1: Conceptualise Coupled Ocean - Scale Forcing: 2 month forecasting scale

The basis for the 2 month forecasting time scale is an improved understanding of how the seasonal and interannual warming at the Angola - Benguela front plays a role in enhancing the intensity of seasonal and interannual hypoxia variability.  The two month time scale is the time taken for an equatorial baroclinic Kelvin wave to reach the Benguela (Florenchie et al., 2003). Given that the incidence and intensity of the warm water forcing from the equatorial system is amenable to a 2 month forecasting window, this offered a useful opportunity to develop a seasonal scale forecast of hypoxia. In terms of the warm surface water - enhanced poleward flow model, the southward propagation of the Kelvin wave does not in itself transport LOW.  Rather, the enhancement of the thermocline strength by the warm water strengthens the poleward flow below the thermocline which carries the LOW signal (Monteiro and van der Plas, 2006; Monteiro et al., 2006).  

The propagation of the equatorial baroclinic Kelvin wave has two main time scales of variability:

· Annual - Seasonal: the seasonal relaxation of the equatorial trade winds in the eastern Atlantic which coincides with the transit of the inter-tropical convergence zone (ITCZ) over the equatorial area.  This results in two relaxation periods; the stronger in the austral late summer (Feb - Mar) and the weaker (Sept - Oct) (Stramma and Schott, 1999)

· Interannual - decadal Benguela Niño: the relaxation of the easterly winds in the western Atlantic Ocean (Florenchie et al., 2003).

It is presently unclear how these two scales interact but both have been separately investigated (Shannon and Nelson, 1996; Florenchie et al., 2003).  While the forcing of the Benguela Niño has been investigated using a combination of both modelling and observational data (Florenchie et al., 2003), the seasonal scale has only been monitored through its expression as a poleward surface warm water plume in the late summer and its impact on the Angola - Benguela front (Shannon and Nelson, 1996).  The two components of the LOW variability that are most susceptible to this forcing are:

· Impact that it has on the poleward propagation of LOW on both shelf and slope

· Impacts that it has on the LOW characteristics at the Lüderitz upwelling centre which is also the boundary between tropical hypoxic Central water and the polar aerated Central water (Monteiro et al., 2004; Duncombe Rae, 2004)

1.5.2 Phase 2: Understanding LOW variability in the central Benguela: 

The development of a new understanding of LOW variability in the central Benguela focussed on two scales:

· Seasonal and event scales based on the combined recent data collected as part of the Benefit research programme and historical data from MFMR (Monteiro et al., 2006)

· Interannual to decadal scale using historical time series data sets (Monteiro et al., 2007)

· The physics that governs the linkage between the Equatorial and Benguela systems (Florenchie et al., 2007)

2. Results and Discussion

The Benguela upwelling system is an open boundary system exposed to two main water masses through ocean - shelf coupling.  The two Central Water masses characterise the thermocline waters of SE Atlantic. The hypoxic Eastern Tropical South Atlantic located in the Angola cyclonic circulation zone and the relatively aerated South Atlantic Central water located in the Cape Basin (Shannon and Nelson 1996; Monteiro et.al. 2006).  The spatial and temporal characteristics of this remote forcing account for the three regimes that characterise the Benguela upwelling system: The three domains comprise: 
· The northern Benguela: this zone mostly off Angola where hypoxia variability on the shelf is mainly driven by direct upwelling of the hypoxic ETSA waters onto the narrow shelf during the winter period
· The central Benguela: this coincides mainly with Namibia and is the most complex remotely forced part of the system.  It has boundary conditions from both the hypoxic equatorial waters and the aerated Cape Basin waters

· The southern Benguela:  this coincides manly with South Africa and has a remote forcing that is determined by the well aerated South Atlantic Central Water in the Cape Basin.
2.1 The Basis for Remote Forcing 
(Monteiro et al., 2006a,b; Monteiro et al., 2007; van der Plas et al., 2007)

The key evidence for a remote forcing hypothesis in the Benguela emerges from a high resolution time series obtained from a mooring located in the central Benguela (Fig. 1a,b).  It showed that the seasonal cycle of oxygen variability was tightly coupled with the scales of variability of both temperature and salinity.  These time series showed that the seasonal (Jan – Apr) deepening of hypoxia towards anoxia on the shelf was linked to an increasing strength of the physical characteristics of hypoxic equatorial thermocline waters (warmer and more saline).  Similarly, the seasonal relative aeration of the shelf sub-thermocline waters out of anoxia (June – Nov) is linked to a cooling and freshening of the same domain (Figs.1a,b).  The key value of this finding is that it shows that anoxia in the Central Benguela is not a simple outcome of upwelling dependent organic loading of the system from new production fluxes but one that depends on both shelf biogeochemical fluxes and remote forcing from the Equatorial system.  This challenged the long held view that shelf biology was the main driver.
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Figure1a,b: 
Time series of temperature and salinity (1a) and dissolved oxygen and methane (1b) from the benthic boundary layer (85m in 120m total depth) in the central Benguela upwelling system.  The seasonal cycle temperature and salinity is clearly seen as is the transition from hypoxia to anoxia in the later austral summer and subsequent increase in dissolved methane. (from: Monteiro et al., 2006a)
This same conclusion was arrived at by a completely independent modelling approach that showed that the magnitude of the sediment flux of reduced metabolite from anoxic respiration (HS-) increased exponentially below an oxygen concentration boundary condition of 1ml.l-1 (van der Plas et al., 2007).
2.2 The Characteristics of the ETSA hypoxia (from Monteiro and van der Plas, 2006)

The Eastern Tropical South Atlantic region is recognised as the main reservoir of LOW in the region but its internal processes and its linkages to the Benguela are weakly understood (Chapman and Shannon, 1985; Voituriez and Herbland 1982).  While the importance of temporal variability was understood early on (Voituriez and Herbland 1982; Chapman and Shannon 1987), limited progress has been made in understanding the processes that govern the scales of variability.  The basin thermocline shallows eastwards and gets to within 50m of the surface in the ETSA zone, which is commonly referred to as the Angola gyre (Stramma and Schott 1999).  It is here that the dominant processes of primary production, stratification and retention occur, which govern LOW formation, transport and ultimately the boundary conditions of the Benguela shelf.  The following processes are essential to the formation and maintenance of the ETSA LOW reservoir:

The scale and variability of phytoplankton new production which provides the

· required electron donating capacity to the oxygen sink processes

· A thermocline that limits the downward flux of oxygen across the thermocline to below the biogeochemical uptake rate

· A retention zone that limits the rate of sub-thermocline ventilation by advected aerated water

In order to understand the generation and change of LOW in the ETSA cyclonic circulation zone it is essential to characterise the scales of spatial and temporal variability.  The main features and flows of the Eastern Tropical South Atlantic (ETSA) – Benguela region that are relevant to LOW variability (Figure 2) are briefly noted below.  The spatial and temporal characteristics of LOW oceanography in the tropical South Atlantic are governed by the cyclonic part of its circulation (Reid 1989). The core of LOW within the ETSA zone extends from the equatorial zone to two southern boundaries: one at 16 - 17°S and a second at 25 - 26°S (Figure 2). These two boundaries correspond to the southern edge of the Angola gyre and the southern edge of the sub-equatorial cyclonic circulation respectively.  The sharp oxygen gradient across the latter boundary defines the transition between the two South Atlantic Central Water masses derived respectively from the hypoxic ETSA and the aerated

Cape Basin (Figure 2).  In the north, the equatorial divergence zone and its associated upwelled nutrient flux are driven by the seasonal easterly trade winds.  This system supplies the main phytoplankton export production flux that creates the sub-thermocline oxygen demand within the Angola gyre.  Although there are several intermittent divergent flow features here, such as the Angola dome, the only significant export flux of carbon is due to upwelling activity in the austral winter (Voituriez and Herbland 1982).

The current system in the region is fairly complex. The eastward flowing

Equatorial Under Current (EUC) and South Equatorial Under Current (SEUC) converge, particularly during the seasonal (Dec - April) weakening in the trade winds, when the EUC intensifies to form the Guinea-Congo Undercurrent (GCUC; Stramma and Schott 1999).  The combination of the GCUC and SEUC forms the southward flowing Angola Current (16 Sv), which is also the eastern boundary of the Angola gyre (Mohrholz et al. 2001; Mercier et al. 2003).  The South Equatorial Counter Current (SECC) provides an additional inflow to the Angola Current during the austral winter. The Angola current splits into two flows, the main one (14 Sv) closing the Angola gyre while its southward extension becomes the Benguela Poleward Under Current (BPUC) along the Namibian shelf as far south as 27°S (Mercier et al. 2003).  This southerly extension of ETSA-generated LOW establishes the boundary conditions for the northern and central Benguela system.  The poleward undercurrent also feeds further south into the southern branch of the South Equatorial Current (SSEC), which together with the Benguela Current, closes the basin scale cyclonic gyre of the South Benguela low oxygen variability 95 Atlantic thermocline waters (Stramma and England 1999).  The BPUC also becomes the poleward undercurrent on the slope of the Benguela that acts as the main advective link for LOW between the ETSA and the Benguela systems.

Eastern Tropical South Atlantic System: ETSA.  The closure of the Angola gyre by the main flow of the Angola current creates the recirculation retention zone that, together with its thermocline dynamics, establishes the conditions necessary for LOW formation.  The main sources of ventilation for the sub-thermocline waters of the ETSA retention zone are the EUC, SEUC and SECC.  These currents also may play an important role in the transport of the new production flux from the EDZ into the retention zone.
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Figure 2.:
A diagrammatic view of the main components of the Eastern Tropical South Atlantic System (ETSA) cyclonic circulation zone that are relevant to LOW variability in the Benguela. It shows the core cyclonic circulation, also known as the Angola gyre, supplied with three eastward flows, the Equatorial Under Current (EUC), South Equatorial UC (SEUC) and South Equatorial Counter Current (SECC). The eastern boundary comprises the seasonal Guinea-Congo UC (GCUC) (July – Sept), the southward coastal Angola Current (AC)(16 Sv), the Benguela southward extension as the Poleward Under Current (BPUC) (2 – 5 Sv) which defines the boundary conditions for the shelf upwelling system.

Within the Angola gyre, the Angola dome is a seasonally transient feature with apparently only limited impact on low oxygen variability.  Although previously thought to be the main source of divergent transport that supported phytoplankton production (Chapman and Shannon, 1985), its contribution to the overall oxygen demand is likely to be small compared to the upwelling at the equatorial divergence zone (EDZ).  At the southern end of the Angola gyre is a surface feature known as the Angola- Benguela Front (ABF).  The spatial and intensity characteristics of the ABF are governed by the seasonal relaxation of the equatorial easterly winds in the late austral summer (Feb - April), which drives the eastward and southward propagation of warm surface water probably as a baroclinic Kelvin wave (Stramma and Schott 1999; Lass et al. 2000; Mohrholz et al. 2001).  The relevance of this process to LOW variability in the Benguela is that the resulting intensification of the thermocline intensifies the poleward transport of LOW in the slope and on the shelf.  
Large perturbations of the Atlantic equatorial thermocline occur at approximately decadal intervals.  These perturbations propagate eastward as a Kelvin wave and surface at the ABF.  The effect is an anomalous warming of the surface layer, known as a Benguela Nino that can then propagate onto the Namibian shelf (Florenchie et al. 2003).  This process impacts LOW by intensifying the thermocline and increasing the poleward flow below it.  Other associated but less well understood effects of the Benguela Niño include weakening of the equatorial thermocline and the EUC which impact on the ventilation of the ETSA and the ETSA Benguela linkage respectively.  The Benguela Niño warming at the ABF should not be confused with the annual (late summer) warming that results from the seasonal relaxation of the equatorial easterly winds.  These ETSA-derived features combine to drive the spatial and temporal characteristics of the LOW boundary conditions for the northern and central Benguela system, although not including the Lüderitz upwelling cell.  The Lüderitz upwelling cell and the southern Benguela (28oS - 35oS) are defined by the SACW in the Cape

Basin characterised by the well aerated boundary conditions driven from the sub-Polar domain.

2.3 Equatorial – Benguela Linkages (Florenchie et al., 2007 in prep)
The links between the Eastern Tropical South Atlantic (ETSA) cyclonic circulation zone and the Northern and Central Benguela system are on two scales:

· A surface layer link which gives rise to the meridionally dynamic Angola – Benguela front

· A deep (sub-thermocline link) that links the South Equatorial Under Current (SEUC) and the EUC to the slope domain in the Northern and the Central Benguela system
The dynamics of the surface layer – warm water ABF are the focus of a collaborative initiative (Florenchie et al., 2003; Queiroz, T. 2007: MSc Thesis).  It should however be noted although it does not hold a hypoxia character this surface layer domain also forms an important part of the hypoxia coupling.  It modulates the poleward transport of the hypoxia boundary condition on the shelf through its impact of cross shelf baroclinicity ().
The seasonal dynamics of the sub-thermocline linkage that actually transports the hypoxia characteristics to the ocean – shelf boundary of the Benguela were explored using the results from the model Clipper (Florenchie et.al. 2003).  A monthly mean of the data was produced to set up a seasonal climatology (Florenchie et al., 2007 in prep).  This was done for flows in selected depth zones, along cross sections and for scalar properties (temperature and salinity).  The results are in agreement with the understanding that the poleward advection intensifies following periods of relaxation of equatorial easterlies.  During these periods (equinox: Feb-Mar and Sept-Oct) there is a strong eastward and poleward flow of both the SEUC and EUC along the slope of the South West African shelf (Fig. 3a,b).  The spatial boundaries of this poleward flow along the slope are clearly shown in the vertical sections at 15oS for the same periods (Fig. 4a,b).  During the remainder of the year this flow is largely equatorward especially during its peak in the austral winter and summer.
The importance of this seasonal linkage is two fold: 
· It provides the hypoxic boundary conditions to the Cape Frio upwelling centre which is one of two key points of ocean – shelf exchange in the Central Benguela
· In doing so it provides an important indicator to the dependence of Benguela habitat variability to the way the Equatorial system responds to climate variability and change
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Figure 3a,b:
 Shows the poleward flow that develops seasonally along the South Western African coast that links the Eastern Equatorial South Atlantic oxygen minimum zone to the Benguela.  This flow strengthens during the equinox relaxation periods of the equatorial easterly winds.
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Figure 4a,b:
Transport sections at 15oS showing how the poleward flow from the equatorial zone is close to the slope from where it sets up the boundary conditions at Cape Frio.
3. Synthesis: Progress achieved in addressing the key questions

This project was framed by a series of key questions that are specifically addressed below:

· Is the variability of Low Oxygen Waters at key fisheries or habitat areas driven by transboundary or internal links? 

The answer to this question depends on which part of the system is being looked at.  Hypoxia in the northern Benguela system, north of the Angola Benguela front, is almost completely driven by transboundary fluxes from the eastern Atlantic equatorial oxygen minimum zone.  This is due to both their physical proximity and the narrow shelf structure which enables direct advection of ETSA thermocline waters onto the Angolan shelf during the winter strengthening of the easterly winds.  Local hypoxia production is relatively weak because of both reduced production fluxes and limited shelf space for the build up of carbon export fluxes.  Hypoxia variability in the central Benguela system is, in contrast, modulated by both local and transboundary fluxes. Local fluxes arise from upwelling driven high rates of carbon export and their accumulation in inner shelf sediments and create an oxygen sink from both the oxidation of POM as well as the oxidation of sediment fluxes of anaerobic metabolites.  An important result from this work was the finding that seasonal and interannual variability of hypoxia was driven by changes in the physical supply of oxygen rather than changes in the flux of carbon export production.  This changed the historical view of the importance of local production and also provided an explanation for changes in the interannual incidence of so called sulphide eruptions.  The oxygen supply is governed by two scales of advection: the boundary conditions at Cape Frio and Luderitz, where the main ocean – shelf exchange occur, driven by the advection of both equatorial and sub-tropical South Atlantic Central waters and the shelf scale advection of those boundary conditions driven by the phasing and strength of meridional shelf flows.  The Central Benguela is largely ventilated by the seasonal variability from the Luderitz upwelling cell, which in the context of other necessary factors, modulates both the seasonal and interannual hypoxia on the Namibian shelf and on key demersal fisheries.  In the southern Benguela, hypoxia is driven almost completely by local fluxes in the Namaqua shelf.  In contrast to the central Benguela, here the ventilation fluxes are driven by mixing rather than advection scales.  Hypoxia develops through the combined effects of a seasonal scale build up of biogenic carbon in the inner shelf sediments and the phasing of event scale changes in stratification.  Both are driven by local or regional scale winds and boundary conditions at the oceanic and northern shelf play an insignificant role in the variability.  There appears to be no evidence for an advective link between Namibia and the southern Benguela through the Luderitz upwelling cell so hypoxia from the central Benguela plays no role in the southern Benguela.
· What is the role of the Equatorial (GC-LME) system on LOW - Angola, of the Angolan system on LOW - Namibia, on the Namibian system on LOW - South Africa?

This question explores the nature of the transboundary links that drive hypoxia variability. The role of eastern equatorial Atlantic hypoxia on the Benguela sub-systems is a direct one for the Angolan system where shelf hypoxia is a direct response to its advection onto the shelf by the easterly winds that peak during the austral winter.  In the Central Benguela its role is indirect in the sense that it provides one of the two oxygen boundary conditions at the shelf edge. Hypoxia on the shelf is then the result of the seasonal interaction of the contributions from both boundary conditions: hypoxic from the north at Cape Frio and oxic in the south from Luderitz upwelling centres.  The eastern equatorial hypoxia plays no known role in LOW variability in the southern Benguela.  The links between the northern and Central Benguela on the shelf are thought to be limited to the dynamics of the Angola Benguela front and its impact on cross shelf baroclinicity.  The impact of increased baroclinicity at the ABF in the late summer is a strengthening of the shelf poleward flow that transports the equatorial hypoxia boundary condition into the shelf domain and drives seasonal shift from hypoxia to anoxia.  There is no evidence of a shelf based link between the Central and Southern Benguela.
· How sensitive are these links to past interannual variability in the key forcing factors?

Given that the links are predominantly characterised by the dynamical scales of the physics there is a limited long term memory beyond the interannual time scale.  Although the longer term character of biogeochemical fluxes is a necessary element of hypoxia, it is the physics that modulates the variability.
· Are there significant or identifiable paths for water exchange between the Slope and the Shelf in the Benguela?

The two most important identifiable locations of important ocean – shelf exchange are the Cape Frio and Luderitz upwelling centres in the Central Benguela and the Cape Canyon and Cape Peninsula in the southern Benguela.  All these locations are identifiable as areas where there are both wind stress curl maxima as well as locations where the shelf narrows.  The most significant zones of ocean – shelf exchange are the two upwelling centres in the Central Benguela because they define two different boundary conditions which together with shelf physics then modulate seasonal and interannual hypoxia.   In the southern Benguela there is only one type of boundary condition, the sub-tropical South Atlantic Central water which is advected onto the shelf at both the Cape Columbine and Cape Peninsula upwelling centres. 
· What are the most important transboundary links: the Slope or the Shelf?

The key transboundary links are largely the ocean – shelf boundaries at the centres of maximum wind stress curl (Cape Frio, Luderitz, Cape Columbine and Cape Peninsula upwelling centres).  The basis for this importance was explained above but this highlights an important and previously underestimated view of variability in the Benguela system: that oceanic forcing from both the equatorial and sub Antarctic is central to understand its variability.  The only important shelf scale transboundary forcing of hypoxia is the impact that the seasonal and interannual surface warming at the Angola - Benguela front has on the poleward transport of hypoxia on the Namibian shelf.  This transboundary forcing is not on hypoxia directly but on the physics that modulates the hypoxia variability by changing the advected oxygen fluxes.  There is no evidence of a transboundary link between the Central and Southern Benguela systems.  The southern Benguela system can be considered to be a closed system operating independently of the rest of the system. 
· Can LOW events be predicted?

Each of the three biogeochemical regimes (northern, central and southern) in the Benguela system opens a scale of prediction that is linked to the dominant physical forcing scales.  Parts of the Benguela system that are predominantly driven by remote forcing (Namibia) are characterised by interannual variability rather than event scale variability.  In this case the prediction is not about a specific event in a time scale of days but of a seasonal scale trend.  That is what can be predicted from wind stress is the risk of the magnitude of hypoxia for the upwelling season.  In contrast variability in the southern Benguela is driven by the interaction of the seasonal and event scales.  This provides an important basis by which to approach risk trend assessment and prediction.  The seasonal scale build up of POM in the sediments that drives the oxygen demand is linked to equatorward wind stress so it is possible to estimate from the cumulative wind stress whether this factor is likely to be strong or weak.  This part governs the seasonal scale risk.  The event scale risk is determined by the stratification dynamics in the late summer.  Short periods of relaxation lower the risk of catastrophic hypoxic events whereas long periods of relaxation that increase stratification predict large events.  The catastrophic Black Tide event of 1994 was an expression of extremes in these two risk factors.  In Angola hypoxia is driven purely by the physical advection of oceanic hypoxia onto the shelf so it prediction depends largely on the intensity of the easterly wind stress in the winter.  This work has advanced to a point that it would be possible to put in place a risk assessment system in each of the three biogeochemical regimes.
· What types and scales of measurements are required to verify the answers to these questions?

This project has been able to establish a possible link between hypoxia variability and wind forcing both on a regional and basin scale.  Observational effort needs to focus on verifying this link both directly and through more detailed modelling experiments. This work needs to address three new open questions which have implications to predicting climate responses in the Benguela ecosystem

· what equatorial forcing drives the shelf poleward flow variability? 
· what drives the poleward extent of the seasonal SEUC?

· what combined physical and biogeochemical factors govern the intensity of the eastern equatorial oxygen minimum zone?

These need to be integrated into a climate research framework that addressed climate change science in the context of evolving adaptation strategies in the next phase of the BCLME.
Observational Plan

The following observations are considered necessary for an initial forecasting of the seasonal and interannual hypoxia risk.
Basin Scale objectives:

1. the need to constrain equatorial forcing:

· maintain the eastward extension of the Pirata array but include oxygen sensors at 100 and 200m
· a series of moorings along the slope of the northern, central and southern Benguela that provide both temperature and salinity structure (upper 500m) and oxygen (100, 200m). at least 2 moorings in each domain.

2. The need to constrain shelf forcing:
· Ongoing quality wind data from 12oS, 15oS, 18oS, 23oS, 27oS, 30oS, 33oS and 35oS

· Temperature structure at 18oS and Namaqua shelf.

· Ongoing cross shelf monthly monitoring lines in each of the three sectors.
· What hypotheses can be formulated to define the coupled mechanisms that characterise transboundary variability of hypoxia

Three hypotheses that have emerged from this work that characterise transboundary variability and replace the historical ones:

· Hypoxia variability in the northern Benguela is driven by the ocean – shelf exchange processes that link the eastern south Atlantic oxygen minimum zone to the shelf.  Shelf processes play a minimal role.

· Hypoxia variability in the Central Benguela is driven by a complex interaction of oceanic and shelf forcing: the equatorial OMZ provides an key boundary condition that in the context of seasonal and interannual shelf forcing (wind stress and baroclinicity) and oxygen demand from the inshore sediments, characterises the seasonal – decadal scales of hypoxia variability.
· Hypoxia in the southern Benguela is almost completely gioverned by event scale shelf processes (thermocline dynamics and carbon export fluxes).  Changes to the event scale forcing drive the observed seasonal – decadal variability.

· Is the 2 month scale amenable to forecasting hypoxia events in the Central Benguela?

This question was addressed earlier.
4. OUTPUTS
4.1 Presentations and Membership of International WG’s
· Key note address at the International Workshop on Forecasting and data assimilation in the Benguela and Comparable Systems: November 2004
· Invited presentation to the Global Hypoxia Session at the European Geophysical Union Assembly in Vienna, April 2006
· Member of the SCOR WG 128 on Global Coastal Hypoxia: 2006 – 2009
· Presentation at the IAPSO session on Ocean – Shelf Exchange at IUGG, Perugia, 2007

· Member of the SCOR WG 129 on Deep Ocean Exchange with the Shelf: 2007 – 2009

· Presentation at Oxygen Minimum Zones workshop in Chile: October 2006 
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P.M.S. Monteiro, A. van der Plas, V. Mohrholz, E. Mabille, A. Pascall, W. Joubert (2006) The variability of natural hypoxia and methane production in a coastal upwelling system: oceanic physics or shelf biology? Geophysical Research Letters. 33.
Monteiro P.M.S. and van der Plas, A.K. (2006) Forecasting Low Oxygen Water (LOW) variability in the Benguela System. THE BENGUELA:  PREDICTING A LARGE MARINE ECOSYSTEM.  Elsevier Series, Large Marine Ecosystems Part II: Chapter 5. ISBN 0444527591.
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Joubert, WR, Monteiro, PMS, Roychoudhury, AN 2007 Seasonal scale decoupling of carbon export flux and sediment oxygen demand on the Namibian inner shelf. Submitted to Estuarine, Coastal and Shelf Science

Monteiro, PMS, Joubert, WR and Van der Plas, AK 2007 Event scale control of seasonal and interannual hypoxia variability in the southern Benguela.  to be submitted to Journal of Marine Systems:  March 2007

Non-scientific publications

Monteiro, PMS (2006) Predicting low oxygen waters and its impact on fisheries and ecosystems. Science Scope, March 2006 p 13.
Monteiro, PMS (2006) Seeking to unravel the strange phenomenon of kreef “walkouts”. Cape Argus 10/July/2006

4.3 Capacity Building

The most significant capacity building element to this project was the training of the Angolan graduate Mr Tiago Queiroz in numerical modelling as part of the collaboration with Dr Pierre Florenchie.  During his graduate programme Mr Queiroz became fully proficient in setting up large scale ocean models (ROMS), undertaking modelling experiments to test sensitivities to different forcing climatology regimes, numerical tools to post process and analyses outputs (MatLab).  In the course of his MSc it was deemed in his best long term interest to change form thesis MSc to a taught MSc.  This happened in early 2006 and he has successfully completed most of the module requirements and has participated in an exchange programme with the University of Bergen.  Mr Queiroz will be a very good contributor to strengthen the modelling capacity in the region.  He will be getting his MSc degree in December 2007.
4.4 Collaborations

The most significant collaboration was with Dr Pierre Florenchie, Department of Oceanography, University of Cape Town.  This collaboration resulted in a better understanding of the physics that accounts for the linkages between the Eastern Equatorial Atlantic and the Benguela system.  Much of the details of this collaboration are described in the progress and final reports for the BCLME Benguela Nino projects led by Dr Florenchie.  The scientific basis for the understanding will be provided in the publication. 

5. OUTCOMES AND FINDINGS
The three most significant outcomes were:
· there is now a basis to put in place a preliminary forecasting system based on the two month forecasting time scale linked to an observation based index of the shelf interannual regime
· there is now a basis to set up a linked equatorial - Benguela coupled modelling domain that will serve as basis for a long term operation forecasting of hypoxia variability in the Benguela and its ecological and fisheries significance.  

· we can explain the nature of hypoxia variability in the Northern, Central and Southern Benguela based on their different biogeochemical ocean – shelf coupling 
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