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INTRODUCTION
The report is a summary of the main achievements realised during the whole project in terms of computational capacity, training and scientific analyses. Part 1 of this document lists the acquisitions in terms of data (observations and models), modelling and computational facilities in the frame of the BCLME. Part 2 described the main analyses and studies conducted during the project using observations and/or model outputs. Part 3 is dedicated to various numerical simulations and studies using ROMS. In each section and subsections, people involved as part of the capacity training or collaboration between institutes are mentioned, as well as the source of various data and model outputs used to conduct the studies. Part 4 describes the future set-up of an environmental early warning system (EEWS) for the BCLME. More detailed information on work done can be sourced from the project's Progress reports 1-5 available on the BCLME website (http://www.bclme.org/). The consultant has attended a number of workshops and conferences in Namibia (Swakopmund), South Africa (Cape Town, Durban) and France (Brest) in the course of the project.
PART 1
TECHNICAL/COMPUTATIONAL ACHIEVEMENTS
1.1 Storage and inventory of observations and model outputs

Acquisition of in-situ and satellite measurements or model outputs of various oceanic parameters (currents, temperature, salinity, winds, sea level, etc) was a priority for EVAG. These measurements allow us to describe and understand the physics of coastal oceanic variability and to validate numerical models. Most data are today directly available from different web sites (COADS, NCEP, PODAAC, JPL, ECMWF, CERSAT). Some specific products imply an explicit collaboration with foreign teams or scientists. Thanks to the co-operation of other institutions, (Lodyc, IRD, Legi (France)) we have had access to the outputs of the OPA (Ocean Primitive Equation) model, in its tropical version of the South Atlantic ocean, from 1979 to 1999, or to the outputs of the high resolution CLIPPER model (1/6°) over the South Atlantic area from 1992 to 2002. Later acquisition concerns the MERA-11 re-analysis data set from MERCATOR covering the period 1992-2002 or the ECCO model outputs. In terms of training and capacity building, data acquisition is also a key issue. It leads students progressively to become autonomous. First, students are asked to update data on a regular basis. It obliges them to get connected via the internet to numerous data providers on the network, which means that they learn where and how they can access the information they need (what data centre, how to download data, etc…). These data have different origins and may be written with different formats. Students learn how to recognise them and how to read and visualise the data. They have to make various calculations (climatology, interannual anomalies, standard deviation, etc…) that require the use of scientific software such as Matlab, and to learn machine language such as UNIX. The storage at UCT of such a large amount of data required the acquisition of suitable hardware. A  PC with a large storage capacity has been purchased and easy access allowed for local students and scientists. It has been later complemented with the modelling platform (see below).
Examples of observations and model outputs stored:

Topex/Poseidon satellite sea level measurements (weekly, worldwide, 1° res., 1992-2002)

OI-SST, blend of in-situ and satellite observations (weekly/monthly, worldwide, 1° res., 1981-present)

ERS1/ERS2 winds (weekly, worldwide, 1° res., 1991-2000) 

QUIKSCAT wind products from CERSAT, weekly, worldwide, 0.5° res, 1999-present.

ENVIFISH AVHRR SST (monthly, Angola/Benguela area, 4.5km res., 1982-1999) OPA model outputs, Temperature, Salinity, Currents, (weekly, South Atlantic area, variable grid, 5m – 100m depths)
CLIPPER model outputs, surface-1000m depths, 1/6°, weekly, temperature, salinity, velocities, sea level. CD-ROMs.
OPA-TOTEM model outputs, surface-1000m depths, 1/3°, weekly, temperature, salinity, velocities, sea level. CD-ROMs

NCEP winds and surface fluxes (monthly, 2.5° res., worldwide, 1945-present), GI-SST (monthly, worldwide, 1° res., 1949-2002)

TRMM SST (weekly, Angola/Benguela area, 35km resolution, 1998-present) 

1.2 Training and capacity building
Training and capacity building are two major aspects of the BCLME. Three students (Jenny Veitch from South Africa, Pedro Tchipalanga and Tiago Queiroz from Angola (Advisor: Dr Pierre Florenchie) have been involved in the project at UCT. They have been taught programming, modeling and data analysis. 
1.3 Modeling, computational and storage capacities
The regional modelling project consists of simulating the evolution of oceanic circulation and parameters (temperature, salinity, etc.) along the coasts of Angola, Namibia and South Africa. The aim is to understand the oceanic variability at different depths and scales in the domain of study and its origin (remote or local). The Regional Ocean Modelling System (ROMS) model has been used for the coastal modelling in the BCLME. This model has been developed and tested with success at UCLA to simulate the circulation along the Californian coast. It has been implemented to reproduce various upwelling areas around the world (Peru, Canaries) by a number of scientific teams. It appears that this model is particularly adapted for the various tasks of BCLME given its advanced nesting capabilities, in particular with biochemical models. The model offers also the possibility of downscaling over a particular area during a simulation. High resolution simulations allow us to understand the impacts of remote sources of variability (like Benguela Niños) as well as local ones on ocean dynamics, biota and environment. Such simulations have been carried out over long-time periods thanks to the implementation of a modelling platform at UCT. Training was also an important component of the modelling project. It was necessary to develop the human capacity and skills at different levels: running models, analysing outputs, validating the models. High resolution modeling has an assortment of applications for the BCLME and led towards operational oceanography, for example the future implementation of an early warning system. This work required the implementation of a suite of nested hydrodynamic configurations thanks to the AGRIF system (Adaptive Grid Refinement in FORTRAN). It has been shown by previous studies that a grid of 5 km is a minimum resolution to correctly reproduce the instabilities associated with a coastal upwelling cell. The consultant has implemented the last versions of the Regional Ocean Modelling System (ROMS) model for the coastal modelling in the BCLME. In order to obtain local solutions at high resolution while preserving the large-scale circulation at affordable computational costs, a nesting capability has been integrated into ROMS. It is based on the AGRIF (Adaptive Grid Refinement in FORTRAN).
1.4 Modeling platform specifications
Storage device and gateway machine: This machine is an Intel® Pentium® 4 CPU 2.66GHz with 256Mb RAM with an Adaptec 29160UW SCSI Adapter and 3 x 1000 bps network  adapters. A 3-ware IDE RAID controller integrates 8 x 250 GB drives to a 1.75 Tbyte striped RAID-5 file server with an SCSI attached SuperDLT 10 tape (320/160 GB) backup library. The OS installed is a stock standard Slackware-9.1.
Two computational servers: These are two Dual Intel® Xeon™ CPU 3.06GHz 32-bit processors, each with 1Gb RAM and 26Gb local scratch space and NFS mount access to the 1.75 Tbyte disk volume on BART. Each machine in powered by Slackware Linux v9.1 which includes gcc v3.2.3 and libc v2.3.2. and is commanded by GNU Linux kernel 2.4.23 Symmetrical Multi-Processor version. Additionally Intel® Fortran Compiler v7.1 is also installed.
Networking interconnect is achieved via a 24 port 3Com 3c17300 Gigabit switch. A single UPS ensures a clean power supply and buffer time for clean shutdowns upon power supply failure.

PART 2
MAIN ANALYSES AND STUDIES CONDUCTED DURING THE PROJECT USING OBSERVATIONS AND/OR MODEL OUTPUTS
2.1 Source of Benguela Niños in the South Atlantic Ocean

Source: BCLME Report N°1 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”
Data used: OPA outputs, OI-SST, ERS winds, NCEP re-analysis, Topex/Poseidon measurements.
Collaboration: S. Masson (Lodyc, France) for OPA outputs
Related publications:

Pierre Florenchie, Johann R. E. Lutjeharms, and C. J. C. Reason, S. Masson, M. Rouault, The source of Benguela Ninos in the South Atlantic Ocean, Geophysical Research Letters, Vol. 30, No. 10, 1505, doi:10.1029/2003GL017172, 2003

P. Florenchie, C. J. C. Reason, J. R. E. Lutjeharms, C. Roy, S. Masson and M. Rouault, Evolution of Interannual Warm and Cold Events in the Southeast Atlantic Ocean, Journal of Climate, Vol. 17, 2004.

F.A.  Shillington, C.J.C. Reason, C.M. Duncombe Rae, P. Florenchie and P. Penven, Large Scale Physical Variability of the Benguela Current Large Marine Ecosystem (BCLME), chapter 4, Large Marine Ecosystems, Vol. 14, © 2006 Elsevier B.V./Ltd.

C.J.C. Reason, P. Florenchie, M. Rouault, J. Veitch, Influences of Large Scale Climate Modes and Agulhas System Variability on the BCLME Region, chapter 10, Large Marine Ecosystems, Vol. 14, © 2006 Elsevier B.V./Ltd.

The intermittent occurrence of anomalous warm events in the upwelling regions of the Pacific - El Niños - has been intensively studied. Pacific Niños have striking effects on the local ecosystem, hence on the fisheries, and on rainfall. Similar dramatic events have been observed in the South Atlantic off the coasts of Angola and Namibia and named Benguela Niños. They tend not to occur in unison with their Pacific counterpart and may thus have unrelated forcing mechanisms. Using an ocean general circulation model forced by real winds and verified with satellite data, it was shown that Benguela Niños are generated by specific wind stress events in the west-central equatorial Atlantic, and progress from there as subsurface temperature anomalies that eventually outcropped only at the south-west African coast. These results suggest that it now may be possible to predict the occurrence of these disruptive events with a lead-time of 2 months. 
An investigation of surface temperatures in both the Angolan Current and the Benguela upwelling system during the 1995 event shows that the temperature anomaly was due to a poleward shift in isotherms near the coast, especially east of 7.5º E. The 29º C isotherm was found near 15º S, about 10º latitude south of its average position in March. The 25º C isotherm was 4º south of its mean position. The resulting anomaly represented a maximum increase of 5ºC near 17º S. This anomaly therefore was not due to unusual temperatures in either of the two bordering systems, but rather to warm water moving poleward across the Angola-Benguela front on this occasion. The same was true of the 1984 event. Figure 2.1.1 shows the OI-SST warm anomalies in March 1995.
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Figure 2.1.1: OI-SST anomalies during the 1995 Benguela Nino.
Model outputs: Satellite data facilitates study the surface expression of Benguela Niños, but no similar data set exists with which to investigate this phenomenon below the surface. We have therefore studied the 1984 and the 1995 Benguela Niños using OI-SST data and matched this to products of the OPA version 8 OGCM. Time series of temperature from both the OI-SST and the OPA have been compared. It is evident that a number of warm events have occurred since 1982, but that the surface expression of the 1984 and 1995 events was indeed extreme. The duration of the events was highly variable, ranging from 4 months to a full year. Warm events before 1997 tended to reach a maximum between March and April. Comparisons between model outputs and observations demonstrate that the OPA model reproduces the surface anomalies well. Figure 2.1.2 shows simulated temperature anomalies at various depths during the 1984 event.
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Figure 2.1.2: temperature anomalies at different depths from the Gulf of Guinea polewards on 03/30/1984.

The difference between the model anomaly fields at 5 and at 25 m is small, reflecting the influence of the model surface boundary condition. At 45 m, a large anomaly is located at a latitude of 3º to 7º S and between 0º and 11º E. It is remarkable that the core temperature of the main anomaly was 3º C at each depth. The corresponding velocity field shows a direct connection between the anomalies. Whereas the velocities in the Gulf of Guinea at 5 m were towards the north-west, thus showing no connection to the temperature anomaly at 15º S, at 45 and 75 m they were south-eastwards, linking the anomalies. This suggests that the anomalies originated near the equator, west of 0º E, at a depth exceeding 50 m, moved from there poleward along the south-west coast of Africa and outcropped between 15º and 20º S to form the Benguela Niño of 1984. The model’s portrayal of the 1995 Benguela Niño demonstrates a very similar sequence of events. These results imply that Benguela Niños are not limited to the Angola-Benguela frontal zone, but are large-scale events, extending meridionally from the equator to the latitude of 20º S along the African west coast. They furthermore are not restricted to the sea surface, but are evident in deeper layers as well. In order to find the source of the 1984 event, the simulation of this thermal anomaly was followed back in time. The anomaly can be traced back to a longitude of 30º W, just south of the equator, where it was found at the beginning of January 1984. At this time it extended poleward to 4º S and had a maximum thermal divergence from the mean of 3º C.  Two weeks later it was found between 20º and 10º W and 8 days later its core had moved to 5º E. By the end of January it had reached the coast and had started its advance poleward. Two aspects of the propagation stand out: first, that the temperature of its core remained largely undiminished between 2º-3º C; second, that its progress eastward was about 150 km/day (1.7 m/s) and remained entirely zonal until it reached the coast of Africa. Such a propagation rate agrees with the theoretical phase speed of an equatorial internal Kelvin wave. The period from inception till the anomaly breached off south-eastern Africa was 2 months; it then lasted for six months. The thermal anomaly moved from 100 m to lesser depths as it progressed east and then southwards. 
It is clear that the anomaly started off in the western equatorial Atlantic at the bottom of the mixed layer. In its zonal progression it consistently moved into shallower water until it was located at about 45 m depth on reaching the coast of Africa near the equator. Its core then stayed at depth on moving poleward along the coast until it reached a latitude of 15º S where it outcropped as the Benguela Niño of 1984. In comparing the track of this anomaly with the depth of the thermocline in the equatorial Atlantic it becomes clear that the core of the anomaly followed the thermocline closely, consistently lying at the depth of the 23º C isotherm. The observed hydrographic data show that the thermocline lies between the 25º to 18ºC isotherms in the equatorial Atlantic and that it shallows from 120 to 40 m in going from west to east, nearly identical to that simulated by the model. The model temperature anomalies track the shoaling thermocline across the equatorial Atlantic. 

These temperature anomalies are therefore associated with displacements of the thermocline in the west-central equatorial Atlantic. They could come about as a result of the sudden modification of the tradewinds. We have scrutinised the records and found that changes of between 25 to 50% in the average windstress for this region are responsible for creating the required thermocline displacements. Both 1984 and 1995 Benguela Niños were preceded by such a relaxation of zonal wind stress. The correlation between OI-SST anomalies averaged over the ABA (Angola/Benguela area) and zonal wind stress anomalies has been calculated at each point over the central Atlantic with a time lag such that the correlation between the two fields is maximised. It reveals the existence of a specific region between 30 and 20ºW, slightly south of the equator, with a correlation above 0.55 and a corresponding time-lag of the order of one to two month between these winds and SST anomalies in the ABA. Figure 2.1.3 displays the correlation map over the Atlantic ocean. 
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Figure 2.1.3: Maximum correlation between OISST anomalies averaged over the ABA and zonal ERS wind speed anomalies.

This result supports the suggestion that Benguela Niños originate from wind stress relaxation in the western tropical Atlantic. The rather invariant duration of the progression of these thermal anomalies suggest that it may now be possible to predict Benguela Niños. Because of the large impacts on regional fisheries and rainfall, such predictions would have significant economic and societal benefits.    
2.2 Impacts of major anomalous episodes on Southern African rainfall
Source: BCLME Report N°1 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”
Data used:  OI-SST, NCEP re-analysis, GPCP.
Collaboration: M. Rouault, UCT, RSA.
Related publication:

Rouault M., P. Florenchie, N. Fauchereau and C.J.C. Reason, South East tropical Atlantic warm events and southern African rainfall, G. Res. Letters, Vol29, 2002.


Intrusions of warm equatorial water in the South East Atlantic Ocean off Angola and Namibia may be linked with above average rainfall along the coast of those countries but sometimes also with inland areas of southern Africa e.g. Zambia. During the 1984, 1986, 1995 and 2001 warm events, above average rainfall occurred near the sea surface temperature (SST) anomalies and extended inland from the coast to an extent that appeared to depend on the intensity of the regional moisture convergence and atmospheric circulation anomalies. Rainfall over western Angola / Namibia is greatest for those events for which the local circulation anomalies act to strengthen the climatological westwards flux of Indian Ocean sourced moisture across low latitude southern Africa and which flow anticyclonically over the warmest SST off the northern coast thereby weakening the mean south-easterly moisture flux away from Africa over the SE Atlantic. The significance of the warm events occurring during the February to April period is that this is the time when SST reaches its maximum in the annual cycle (up to 28oC off northern Angola) and this favours more intense local evaporation and convection and a greater impact on late austral summer rainfall.  A good understanding of these warm events is essential for assessing impacts on regional rainfall, agriculture and fisheries and for improving seasonal forecasting in this region. 
Warm events are associated with above average rainfall over the tropical SE Atlantic and western Angola / Namibia. If the large scale circulation is favourable, then the precipitation anomalies may extend further into southern Africa. Examination of the moisture fluxes suggested that the size of the rainfall anomalies in western Angola / Namibia is influenced by the local circulation anomaly imposed on the mean easterly flux of moisture into this region from the western Indian Ocean. All events show an anomaly that serves to weaken the offshore export of moisture out over the eastern Atlantic. However, for those cases (1984, 1986) for which the easterly flux from the Indian Ocean is enhanced and for which the local anomaly acts to weaken the mean south-easterly flux over the coastal waters, the resulting precipitation enhancement is greater than for those cases (1995, 2001) where this south-easterly flux is strengthened.   Figure 2.2.1 shows composites of SST anomalies from 1984 to 2001 and the related humidty flux and precipitation anomalies. 
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Figure 2.2.1: February-March-April OI-SST anomaly composites from 1984 to 2001 and the corresponding humidity flux and precipitation anomalies over southern Africa.

While warm events may be associated with unwelcome floods along the Angolan and Namibian coast, increased rainfall elsewhere can sometimes alleviate droughts in other regions of Southern Africa. These rainfall impacts, together with those on Benguela fisheries and the fact that they are an oceanographic phenomenon with relatively long lead times, suggests that better monitoring of the tropical SE Atlantic region is important and could have significant societal benefits. Monitoring of the warm event upstream could provide an early warning forecast system that could be beneficial to both agriculture and fisheries.
2.3 Seasonal and interannual fluctuations of the Angola/Benguela Frontal Zone (ABFZ)

Source: BCLME Reports N°1 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

Data used: Envifish, COADS
Training and capacity building: Student Jenny Veitch (RSA)
Related publication:

Veicht, J. A., P. Florenchie and F. A. Shillington, Seasonal and Interannual Fluctuation of the Angola/Benguela Front, Int. J. of Remote Sensing, 2006.
Surface Thermal Characteristics of the Angola Benguela Frontal Zone (ABFZ) from 18 years of Satellite Data, J. Veitch Honors Thesis, UCT

The Envifish data set of the monthly mean sea surface temperature (SST) values for the period from January 1982 to December 1999 were used for this study. The mean monthly data are mapped on a rectangular projection grid representing the area from the equator to 40°S and from 2°W to 29°E which includes the region of the ABFZ. The corresponding nominal ground resolution is 4.5km. From comparisons with in situ data (COADS) and data from another AVHRR product (Pathfinder) it was found that Envifish SST’s from September 1992 to August 1994 were up to 2.5°C warmer than both the COADS and Pathfinder data sets. This was corrected by removing the mean of the elevated values from the erroneously high period and replacing it with the mean of the SST’s outside of it (January 1982 to August 1992 and September 1994 to December 1999). In order to capture the frontal zone realistically, and because the coast in the region of the ABFZ changes orientation quite markedly and is not strictly meridional, it was decided that transects parallel to the coastline would be analysed in order to include the coastal upwelling features: it appeared that a meridional transect cuts through the upwelling regime a short distance south of the frontal zone regardless of proximity to the coast and is likely to have led to misinterpretation by taking into account only a limited part of the coastal upwelling regime. A transect at a distance of 30km offshore was found to be optimal to study the surface thermal expression of the front. Closer inshore, features such as the embayment at Baia dos Tigres (±16.5°S) affected the SST plots, while further offshore the ABFZ becomes more diffuse. The seaward extent and offshore characteristics of the ABFZ was then investigated from transects 100km, 250km, 500km and 700km offshore.

The ABFZ is a region of consistently strong surface temperature gradients (> 1°C per 60km) and is a permanent feature whose width fluctuates seasonally. 30km offshore it exists approximately between 16°S and 17°S in winter  and between 15°30’S and 17°S in summer. It is therefore broader in summer (spanning ±1.5° of latitude) than in winter (±1° of latitude). 
The northern and southern boundaries of the ABFZ fluctuate independently of one another. In winter the northern boundary moves southwards while the southern boundary moves northwards, the converse happens at the onset of summer. The mid-frontal position is a relatively stable feature, and is situated at approximately 16.4°S. Because it is generally situated in the region of steepest temperature gradients within the frontal zone, it can be thought of as the core of the ABFZ. Average temperatures at the core of the frontal zone are 20.7°C in summer and 18°C in winter. The temperature range across the ABFZ is 2.4°C in winter and 4.2°C in summer. The greater range of temperatures in summer ties in with the fact that the warm regime to the north of the ABFZ experiences more seasonal variability than the cool regime to the south. Table 2.3.1 summarizes the seasonal characteristics of the front in summer and winter.

	
	limits
	position
	width
	mean SST
	temperature range across

boundaries
	mean SST gradient at the MFP*

	summer
	North
	15.5°S
	1.5°

(170km)
	23.1°C
	4.2 °C
	1°C per 34 km

	
	South
	17°S
	
	18.9°C
	
	

	
	MFP*
	16.45°S
	
	20.7°C
	
	

	winter
	North
	16°S
	1°

(115km)
	19.5°C
	2.4°C
	1°C per 40 km

	
	South
	17°S
	
	17.1°C
	
	

	
	MFP*
	16.4°S
	
	18°C
	
	


Table 2.3.1 Seasonal thermal characteristics of the ABFZ at a distance of 30km offshore (MFP = Mid-frontal position).

SST gradients in the frontal zone are steepest in summer (1°C per 34km) and persist over a wider zonal area. In winter, although the ABFZ remains apparent, the SST gradients indicative of the front are weaker (1°C per 40km) and are prevalent over a narrower region than during summer. This rather unexpected relationship between temperature gradients and width is a consequence of the fact that a far greater range of temperatures intrudes into the ABFZ from the north during summer than from the south during winter. With increasing distance offshore the ABFZ broadens and moves northwards and the SST gradients prevalent within it weaken. The front remains a distinct feature throughout the year up to a distance of 250km offshore, but up to at least 700km offshore vestiges of it can only be identified during spring and summer. The ABFZ therefore extends further offshore during spring and summer. 

The northward displacement of the frontal zone with increasing distance offshore implies that the front has a north-westerly orientation. Both major and minor warm anomalies tend to displace the frontal zone southwards to a banded frontal region between 22°S and 25°S, with a lag of about a month. This region seems to act as a ‘barrier’ to the southward intrusion of warm water and therefore might limit the southward extent of anomalies. Other than a slight weakening of temperature gradients, cool anomalies do not significantly affect the ABFZ. Although the warm anomalies persist until at least 700km offshore, they are markedly less severe, particularly by 700km offshore. Despite the progressively weaker anomalies offshore, the ABFZ is similarly affected by them as it is closer inshore. 

2.4 Sea level anomalies associated with warm and cold events along the Angolan coastal zone

Source: BCLME Report N°1 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”
Data used: Topex/Poseidon measurements and OI-SST

Training and Capacity building: Pedro Tchipalanga (Angola)
Related publication:

Sea level anomalies associated with warm and cold events along the Angolan coastal zone, P. Tchipalanga, Master Thesis, UCT
Observations of sea level and sea surface temperature have been analysed and compared in the area over the last 10 years. The seasonal cycle of sea surface temperature is characterised by a warm period with a maximum in February/March and a cold period centred in August. The sea level shows a different seasonal cycle with two maximum, respectively in March/April and October/November and a minimum in July/August. Monthly SL and SST interannual anomaly signals show similar evolutions during both warm and cold events. This is supported by calculated correlation coefficients between the two time series, and the best value of correlation is found with a lag time of about one month: sea level anomalies are leading the SST interannual variations. The relationship between sea level height, sea surface temperature and zonal and meridional components of wind was also examined. This relationship was found significant, but not in such a marked fashion as between sea level and sea surface temperature.

[image: image7.emf]
Figure 2.4.1: OI-SST (left) and Topex-Poseidon sea level (right) anomalies along the coast of western Africa from 30°S to the equator from 1992 to 2001.

Until now, all various possible mechanisms driving these warm events and their predictability have not been explored and despite its scientific interest, the Angolan coastal zone is still a poorly researched area. This study is a good base for possible future work in the region.

The sea level was highly correlated with the sea surface temperature along the entire Angolan coast from 1992 to 2001 as can be seen on Figure 2.4.1, with less significance where the shelf is narrow, between 8°S – 9°S and 12.5°S – 15°S. Although it is known that winds are a major driving force of currents and upwelling and Benguela Niños, correlations between wind and sea surface temperature and between wind and sea level were not so clear. The best relationship between the Sea level anomalies and the Sea surface temperature anomalies during the warm and cold events was found when the anomalies were correlated with a one-month lag (where sea level anomalies lead sea surface temperature anomalies). The sea level is higher than long term mean during the warm events and lower during winter and cold events. The results proved the hypothesis that “positive anomalies of sea level can be an indicator of warm events in the Angola coastal zone and negative anomalies of sea level can be an indicator of cold events”. The two important aims: first, to describe the relationship between sea level height and sea surface temperature during the warm and cold events along the Angola coastal zone, and secondly, to learn and improve local skills to use Matlab software, were achieved. Finally, much additional work remains to be done before powerful answers can be reached on the details of the relationship between sea level height associated with warm and cold events along the Angola coastal zone and the entire area of south east Atlantic, since very little is reported about this relationship. Continuing this work in future may better demonstrate that sea level can be used as a valid indicator of occurrence the warm and cold events.

2.5 A Study of the Angola Dome 

Source: BCLME Reports N°2 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”
Data used: OPA outputs, OI-SST, ERS winds and NCEP re-analysis
Training and capacity building: Jenny Veitch (RSA)
Related publication:

J. Veith, Numerical model investigation of near-circulation features of the Angola Basin, Master Thesis, UCT.
C.J.C. Reason, P. Florenchie, M. Rouault, J. Veitch, Influences of Large Scale Climate Modes and Agulhas System Variability on the BCLME Region, chapter 10, Large Marine Ecosystems, Vol. 14, © 2006 Elsevier B.V./Ltd.

In this study we have used the outputs of the tropical version of the OPA model to investigate the existence and seasonal variability of the Angola dome. We find that the Angola dome is a subsurface feature limited to the mixed layer. It corresponds to an elevation of the thermocline of nearly 30 meters. It is not forced by local wind but results from the divergence of the zonal flow at the surface. It shows a strong seasonal cycle with a maximum in June-July that is displayed on Figure 2.5.1 and Figure 2.5.2.
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Figure 2.5.1: Model mean temperature field in the 45m layer in June
 Its expression the rest of the year is much weaker as it drifts south-eastward. It might explain the difficulty to identify such a feature using sparse in-situ data. A cold dome in the eastern South Atlantic Ocean has been described by a few authors. It is referred to as the Angola dome. So far two other domes have been catalogued: the Costa Rica and the Guinea domes. However the existence of the Angola dome still remains uncertain and little is known about it. Its temperature signature at the surface is very weak, and the cyclonic circulation related to it is rather sluggish. It may be a seasonal feature. As a result, oceanic observations in the area of the dome are difficult to interpret. An earlier study resolved a cyclonic gyre near 13°S 5°E confined to the upper 300m with a velocity maximum at 50m. Another study describes a seasonal feature located near 10°S 9°E at 45m with a maximum in austral winter. It is associated with the cyclonic turn of the SECC. According to Levitus data, it becomes visible during spring and summer when warm water near the equator progresses southward along the coast and reaches the Angola front at the northern border of the dome. 
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Figure 2.5.2: Vertical section of the model mean temperature field in June along 5°E
Model outputs reveal that the thermocline rises strongly during austral winter, creating a cold tongue under the surface at a depth of about 50m.  In June and July the subsurface expression of the dome is maximum and it is centred near 0°E 2°S, far north of the location indicated by previous studies. However it covers a large area from nearly 10°W to the African coast, and from the equator to about 7°S. In August the subsurface cold pool begins to move south-eastward and its signature becomes weaker until March when it seems to dissipate near 7°S 8°E. As a result, the Angolan dome is reproduced by the model most of the year, with a strong seasonal modulation in terms of location and intensity. The horizontal temperature anomaly at 45m associated with the lifting of the thermocline reaches a value of about 10°C. We also note that the vertical expression of the dome is limited to the depth of the thermocline: isotherms below 70m do not show a similar vertical displacement.  Climatological velocity fields have been computed from the model outputs within the first 23 layers. At the surface, the equatorial circulation across the basin is dominated by a westward current which shows a strong intensification during austral winter. In the eastern part of the basin, the current reaches a maximum in June and July, coincident with the appearance of the Angola dome. A second peak appears in November and December. At 45m, the situation is more complicated: from January to April the equatorial circulation is mainly eastward. Then from June to August, the circulation reverses to be westward. From September to October the main current in the eastern part of the basin is south-eastward. Such a circulation could explain the southward drift of the dome throughout the year. In November and December the circulation is mainly westward in the same area. 

In order to understand the exact nature of the relation between the Angolan dome and the circulation, we have computed the horizontal divergence of the climatological velocity fields in the area. The horizontal divergence reaches a maximum at the surface from May to July with a maximum in June in the area of the dome. It appears to be associated with a convergence at the basis of the mixed layer.  The divergence of the flow at the surface induces an upward vertical displacement of water in the mixed layer which lifts the thermocline. At the basis of the mixed layer, a convergence of the flow completes the vertical cell. Figure 2.5.3 describes in a simplified way the mechanism at work. Further calculations show that the divergence near the surface is related mainly to the zonal circulation, while the convergence below the surface is linked to the meridional circulation. Later in the year, the divergence of the flow is much weaker, and should not account for the existence of the Angolan dome. According to our study, the dome observed the rest of year is either the result of another mechanism, or the same dome reproduced by the model in June and advected south-eastward by the surrounding circulation. 
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Figure 2.5.3: Mechanism driving the Angolan dome below the surface

A monthly Topex/Poseidon sea level climatology has been computed over the South Atlantic from October 1992 to January 2001 to identify the signature of the Angola dome in terms of sea level. As expected from the mechanism described above, the sea level is depressed from June to August in the area corresponding to the Angola dome. Nevertheless it is difficult at this stage of the analysis to attribute the sea level lowering to the Angola dome alone. It may be related to basin-wide mechanisms involving the intensification of trade winds over the equatorial ocean, the resulting intensification of westward flow as well as the eastward propagation of downwelling Kelvin waves toward Africa. 
ERS zonal and meridional monthly wind speed climatologies available on a 1-degree spatial grid have been computed over the period 1991-2000. Then Ekman pumping as been calculated to estimate the vertical velocity in the mixed layer associated with the local wind. The curl of the wind in the eastern Atlantic shows very little seasonal variability and it is unlikely that it would generate in June the Angola dome. We also considered whether the Angola dome described here may have been contributed to by local air-sea heat flux exchanges as well as by ocean dynamical processes. To address this aspect, we have carried out an analysis of sea surface heat fluxes from the 40-year NCEP/NCAR reanalysis (Kalnay et al., 1996) over the South Atlantic Ocean. Net heat flux climatology has been computed over the period 1980-2000. According to our preliminary study, the dome is not forced by local winds via Ekman pumping, nor by local ocean-atmospheric exchanges. It is rather the result of a dynamical process: the divergence of the surface zonal flow, associated with an elevation of the thermocline and a meridional convergence at the basis of the mixed layer. 
2.6 A comparisons between ERS and QUIKSCAT wind observations

Source: BCLME Reports N°4 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

Data used: ERS and Quikscat winds
ERS and QUIKCAT gridded zonal and meridional wind speed components have been compared. Because of some errors in the measurements, the first months of ERS1 have been removed (08/91 to 02/92). 

First, weekly measurements have been averaged into monthly means for each satellite. Then ERS wind speed data have been interpolated on the QUIKSCAT grid, i.e. a domain with a resolution of 0.5( extending from 179.75W to 179.75E and from 79.75(S to 79.75(N. Once the interpolation achieved, the next step consists in making various comparisons between the ERS and QUIKSCAT. Temporal means of ERS and QUIKSCAT zonal and meridional wind speed components have been calculated over the overlapping period (August 1999 to December 2005) and compared. It shows that QUIKSCAT measurements of zonal and meridional wind speeds are stronger over most of the basin. A strong discrepancy appears between the two satellites near the Angola/Benguela frontal zone with local ratio values higher than 2 and a maximum of about 4.5. This is due to the fact that in this area mean values of QUIKSCAT zonal wind speed are locally equal to zero whereas ERS values are still negative. Agreement in the south is better. Table 2.6.1 sumerizes ERS1, ERS2 and Quikscat main measurement characteristics.
	Satellite
	Period
	Scatterometer
	Resolution
	Grid

	ERS1-ERS2
	08/1991–12/2000
	AMI-Wind
	1(x1(
	-179.5/179.5  -89.5/89.5

	QUIKSCAT
	08/1999–Present
	SeaWinds
	0.5(x0.5(
	-179.75/179.75  -79.75/79.75


Table 2.6.1: Main characteristics of each data set.

Standard deviation of ERS and QUIKSCAT zonal (and meridional) components have been calculated over their respective periods (March 92 to December 2000 and August 1999 to January 2005) and compared. ERS zonal wind speed component shows higher levels of variability in the western equatorial band whereas QUIKSCAT variability is higher north of the equator. There is less discrepancy between the two satellites as far as the meridional component is concerned. The same calculations with detrended data give similar results. Comparisons between ERS and QUIKSCAT interannual and climatological variabilities confirm some differences between the measurements in many areas.
ERS and QUIKSCAT data sets show different patterns of maximum correlation above the South Atlantic with the ABA OI-SSTA time series. This result is a key issue for the BCLME. The origins of these major differences can be multiple. They can be due to the scatterometers themselves. In that case this result would raise the problem of the accuracy of the measurements, especially in terms of interannual variability (amplitude and frequency). But one must keep in mind that the periods covered by each satellite during this calculation are different: 03/93 to 08/99 and 09/99 to 01/05. In other words the ocean itself might also display some different types of variability from one period to the other. During the ERS period, SST anomalies in the ABA seems to be mainly forced by zonal wind anomalies in the western Atlantic, whereas during the QUIKSCAT period, zonal wind anomalies in the eastern part of the basin might be playing the main role as can be seen on Figure 2.6.2. It is also worth noting that there were no Benguela Niños during the latter period. In fact a similar comparison between the two satellites during the overlapping period (08/99 to 12/00) shows identical results for both satellites with a maximum of correlation in the eastern part of the basin (not shown). A wavelet analysis of OI-SST anomalies above the ABA has been performed. 
Figure 2.6.3 reveals a strong modulation in time of variability. During the ERS lifetime, the analysis reveals an embedded signal with a strong amplitude and a corresponding periodicity of about 16 months from 1995 to 1997, and a weaker one with a period of about 32 months over the same period. From 1999 to 2005 (Quikscat period) the dominant mode of variability corresponds to a signal with a period of 12 and 8 months. 
[image: image11.jpg]MAX. CORR. BETWEEN OI-SSTA (ABA) and ZONAL WIND ANOMALIES (ERS PERIOD)




[image: image12.jpg]MAX. CORR. BETWEEN OI-SSTA (ABA) and ZONAL WIND ANOMALIES (QUIKSCAT PERIOD)





Figure 2.6.2: Maximum correlation between the OISST anomalies averaged over the ABA and zonal wind anomalies during the ERS period (top) and the Quikscat period (bottom).
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Fig 2.6.3: 16 months component of OI-SST anomalies over the ABA and zonal wind anomalies over the western equatorial box

2.7
 A Comparative study of Atlantic Niños and Benguela Niños

Source: BCLME Report N°4 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”
Data used: OI-SST, ERS and Quikscat winds

Collaboration: J-Luc Melice (Institute for Research and Development, France) for wavelet and statistical analyses.
Related publication: 

C.J.C. Reason, P. Florenchie, M. Rouault, J. Veitch, Influences of Large Scale Climate Modes and Agulhas System Variability on the BCLME Region, chapter 10, Large Marine Ecosystems, Vol. 14, © 2006 Elsevier B.V./Ltd.

Some authors have suggested that the equatorial Atlantic can develop an interannual phenomenon similar but weaker to ENSO, sometime known as the Atlantic Niño. However these authors seemingly never took notice of Benguela Niños and focused their studies on the equator only. It has been established by the consultant that Benguela Niños originate from the equator. In this section the consultant investigates possible links between Atlantic Niños and Benguela Niños. Understanding large-scale interannual processes involved in the development on Benguela Niños is a key aspect of the BCLME to set up an early-warning system. Atlantic Niños are less robust than ENSO and cannot be self-sustained. The eastern equatorial Atlantic seems to be primarily governed by remote wind stress effects through equatorial wave dynamics. Equatorial warm/cold SST anomalies are supposed to be linked to a relaxation/increase of zonal wind stress in the western equatorial Atlantic. 

Highest levels of SST anomaly variability concentrate in the eastern part of the basin, from the equator to 20(S and from 5(E to the African coast, with maximum values in the ABA (Figure 2.7.1). The ABA corresponds to the area where strongest SST anomalies develop during Benguela Niños. Along the equator, a local and much weaker maximum of variability spreads in the area of the cold tongue, roughly between 15°W and 5°W. The interannual variability shows seasonality with pronounced maxima in March/April in the ABA. 
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Figure 2.7.1: Map of OI-SST interannual variability showing two maxima over the ABA and the CTA (Cold tongue area).

An index has been defined to compare the interannual variability over the ABA and the equator area: the CTA (cold tongue area - 15(W-5(W/2.5(S-2.5(N). Figure 2.7.2 shows time series of detrended SST anomalies averaged respectively over the ABA and the CTA and calculated from OI-SST for the period 1982-2005 (top) and from ER-SST for the period 1960-2003 (bottom).
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Figure 2.7.2: (a) OI-SST anomalies - ABA index (red) -  CTA index (blue)

(b) ER-SST anomalies – ABA index (red) - CTA index (blue)

The signals appear to be strongly correlated: the ABA index leads the CTA index with a maximum correlation of 0.65 which explains nearly 50% of the variability as can be seen on Figure 2.7.3.
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Fig 2.7.3: Correlations between oi-SST anomalies in the ABA and in the CTA. Positive lag means that ABA leads CTA.

SST anomalies in ABA have an average lead over anomalies in CTA of one to two months. Seven significant and persistent warm events with SST anomalies exceeding 0.8(C (and referred to as Atlantic Niños in various studies) developed over the CTA index during the 1982-2004 period: 84, 87, 88, 91, 95, 96, 99. They were all preceded by a warm episode in the ABA a few months earlier. There is one exception: the 1987 warm event has no equivalent in the ABA. Five cold events with amplitudes exceeding 0.8(C are observed in 82, 83, 92, 97 and 2004. Once again they occur a few months after cold events in the ABA.

EOF analysis has been performed over the eastern part of the basin. The first EOF shows a large pattern of variability that spreads from the equator southward along the coast of Africa, including both CTA and ABA (Figure 2.7.4). The first EOF represents nearly 60% of the variance over the whole area. Next EOFs represent 9.5, 8.5 and 4% of it. These results show that Atlantic Niños and Benguela Niños are strongly related. Strong warm/cold anomalies over the CTA tend to follow even stronger warm/cold anomalies over the ABA with a lag of a few months. 
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Fig 2.7.4: First EOF of OI-SST anomalies in the eastern tropical Atlantic.

Wavelet analysis has been applied to the two OI-SST anomalies signals. It indicates in the ABA a strong component with an approximate periodicity of 16 months, especially during Benguela Niños episodes. The same component is visible in the CTA, mainly during the years 1995-1998. Another embedded signal with a periodicity of about 36 months is present in both areas, especially in the CTA. The 16 and 36-month components have been extracted and summed up for both areas on figure 2.7.5. They represents respectively 50% and 54% of the variability in the CTA and in the ABA. The mean correlation between them is 0.65. The CTA signal shows an average lag of about one month. Once again, similarities between the two areas are obvious. This is particularly true during the 1994-1998 period.
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Fig 2.7.5: 16+36-month components of OI-SST anomalies for CTA (red) and ABA (blue).
As in the ABA, SST anomalies in CTA appear to be strongly correlated with equatorial zonal wind anomalies in the western part of the basin.

The consultant suggests some mechanisms to explain the respective characteristics of Atlantic Niños and Benguela Niños. Sea temperature anomalies triggered by wind anomalies and associated with Benguela Niños become visible when they outcrop on reaching the ABA. They propagate under the surface along the equator. They might become more visible at the surface in the CTA because the thermocline is closer to the surface: SST anomalies are strongly related to the vertical structure of the thermocline and its fluctuations under the surface. The fact that the ABA mode leads the CTA one could be explained by two factors:

· the spatial and temporal scales of Benguela Niños.

· the reflection of upwelling/downwelling Kelvin waves into upwelling/downwelling  Rossby waves against the coast of Africa.

During Benguela Niños or persistent strong warm events, subsurface anomalies spread from the equator to the ABA at the depth of the thermocline for a few months. The seasonal lifting of the thermocline during austral winter could bring these anomalies closer to the surface, especially in the CTA, a few months after their occurrence in the ABA. Reflection of Kelvin waves into Rossby waves could bring sea temperature anomalies near the equator in the open ocean with a lag of a few weeks. To conclude, Atlantic Niños and Benguela Niños seem to be part of a single large-scale phenomenon, similar to ENSO but with a specific expression in term of SST anomalies. However, two warm episodes in the ABA have no equivalent in the CTA during the period 82-2004: the 86 and 01 warm events. In fact, various factors like local wind regimes, heat flux anomalies, coupling between the atmosphere and the ocean with subsequent positive or negative feedbacks could also play a key role in modulating and changing the SST variability in the ABA and CTA. Warm and cold SST anomalies in the ABA could have an impact on wind regimes and on heat fluxes along the equator. 

2.8
ENSO and Tropical Atlantic Variability

Source: BCLME Report N°4 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

Data used: OI-SST

Related publication:

C.J.C. Reason, P. Florenchie, M. Rouault, J. Veitch, Influences of Large Scale Climate Modes and Agulhas System Variability on the BCLME Region, chapter 10, Large Marine Ecosystems, Vol. 14, © 2006 Elsevier B.V./Ltd.

Atlantic Niños and Benguela Niños seem to be mostly independent on ENSO. But atypical results may be reached when using different SST products at different periods for different events. The 1984 warm event in the tropical Atlantic is often cited as a result of the 82/83 Pacific El Niño. The effect of ENSO to the northern tropical Atlantic in terms of SST seems to be limited to a western area during winter and spring following its onset. Its impact is transferred to the atmosphere via a wave-train generated in the central-to-eastern Pacific. These teleconnections modify locally the northeast trade winds, which influences the air-sea heat fluxes and induces warm anomalies a few months after the mature phase of ENSO. The North Atlantic Oscillation (NAO) can also influence the region and modulate the impact of ENSO. Along and south of the equator, different studies present a contradictory picture of the impact of ENSO. A surface wind stress signal over the western equatorial Atlantic associated with ENSO has been described. Some observational analyses suggest that the mean easterly winds are intensified in the western equatorial Atlantic in response to Pacific warm events but that coherent local changes in SST are less obvious. However, in the upwelling zone off West Africa (10-24oN), a coherent ENSO signal in winds and SST was found. Other studies concluded that warm events in the Pacific induce only a modest warming in the western tropical Atlantic whereas others found no significant impact of ENSO on the equatorial Atlantic Ocean variability. In the South Atlantic, composite maps of SST and wind anomalies derived for 14 strong events during the past century suggest that warm (cool) anomalies evolve in certain large areas of the subtropical / mid-latitude southeast Atlantic during the transition and peak phases of El Niño (La Niña) in association with stronger (weaker) tradewinds. Taken together, this previous work suggests that there is an ENSO impact in the eastern Atlantic but the exact relationship between this signal and other modes such as Benguela Niños and cold events remains to be clarified.

The Southern Oscillation Index (SOI) relates directly the climatic variability over the equatorial Atlantic associated with ENSO. A study has found that SST anomalies in the South Atlantic seem to lead the SOI index, implying a precursory event to SOI in the region. They seem to be evidence of three largely independent precursors of changes in the SOI, one of them in the equatorial Atlantic. It has been found also that upper zonal winds over the equatorial Atlantic lead the Niño3 index in the Pacific. Calculation of correlation between the ABA index and the OI-SST anomalies on the Pacific Ocean reveals a maximum over the central equatorial basin, south of the equator. The corresponding time lag is 8 months with the leading signal in the ABA. Figure 2.8.1 depicts two time series of OI-SST anomalies over the ABA and the PAC index (160°W-130°W, 8°S-2°N). The ABA signal is moved 8 months forward, i.e. the April 97 cold event appears in December 97.
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Fig. 2.8.1: Detrended OI-SSTA over the ABA index (red) and the PAC index (blue). A lag of 8 months is introduced in the ABA time series.

During the last two decades, the two main cold events in ABA (82 and 97) preceded the two main Pacific Niños (82/83, 97/98). This result could be explained by a quick response of equatorial Atlantic winds to climate anomalies over the Pacific via atmospheric teleconnections. The limited width of the Atlantic Ocean could also contribute to a faster response in the ABA. The 1984 and 1995 Benguela Niños were followed by moderate cold events in the Pacific. Except for the 82-84 and 95-97 periods, the two signals do not seem to fluctuate out of phase. The relationship between the ABA and the PAC variabilities could also vary considerably from one decade to the other.

2.9
Using CLIPPER outputs to study the Lüderitz Cell barrier

Source: BCLME Report N°3 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

Data used: CLIPPER outputs
Collaboration: LEGI, Grenoble and Brest, France,  for CLIPPER outputs
Related publication: F.A.  Shillington, C.J.C. Reason, C.M. Duncombe Rae, P. Florenchie and P. Penven, Large Scale Physical Variability of the Benguela Current Large Marine Ecosystem (BCLME), chapter 4, Large Marine Ecosystems, Vol. 14, © 2006 Elsevier B.V./Ltd.
The consultant participated in a workshop on coastal modelling in Brest, France. This workshop presented the consultant with the opportunity to meet key scientists involved in the CLIPPER project and to discuss the results of the experiment. Analyses performed by the consultant on the model outputs have revealed that the CLIPPER high-resolution simulation of the Atlantic Ocean failed to reproduce the interannual variability of the ocean in the eastern tropical South Atlantic Basin. The 1995 Benguela Niño, the 1996 warm and the 1997 cold anomalies were poorly simulated with CLIPPER while these three events were correctly reproduced with the OPA/TOTEM configuration. For instance during the 1997 event the sea level showed a positive anomaly in the eastern equatorial Atlantic with CLIPPER while observations indicated a negative one. The two projects (CLIPPER and OPA-TOTEM) are based on the same original model (OPA) but they have different horizontal and vertical grids. OPA-TOTEM uses ERS winds while CLIPPER is forced with ECMWF winds. Both models use the same ECMWF heat fluxes. After the presentation of these results by the consultant it was decided by the leaders of the CLIPPER project to launch new simulations using ERS winds. A new parameterisation of lateral mixing based on former studies had to be introduced to improve the realism of the equatorial undercurrent. The simulation period (1993-2000) was carried out. The Department of Oceanography at UCT has been associated with the new CLIPPER experiment as an official collaborator. As a result, the consultant had access to the new CLIPPER outputs. The first analyses of sea temperature have been performed and interannual variability was correctly reproduced by the model along the coast of southern Africa. The LUCORC workshop in Cape Town was dedicated to the Lüderitz Cell (LC) which constitutes a biological discontinuity in the Benguela Current ecosystem. It separates its southern and northern parts and presents a physical barrier to the movement of certain fish and plankton species. It affects temperature and salinity characteristics, chlorophyll levels, etc., but its surface expression is masked by intense upwelling and mixing. Little is known about the mechanisms that generate the barrier, maintain it and break it down.

[image: image21.jpg]2% 22
&N

LEV01 LEVO04 /
2 23
2 2

3
e 2%
% %
Luderitz
2 2
) 28
2 23
4

(a) (b)

a 30
12 13 14 15 15 g 13 14 15 16 17




Fig 2.9.1: Schematic circulation reproduced by the CLIPPER model at the surface (left, level 01) and at 40 m (right, level 04).

An analysis of the CLIPPER velocity and temperature fields has been performed at different depths (from the surface to 570m) along the coast of southern Africa. It tends to confirm that the Lüderitz area constitutes a sort of transition between different regimes along the coast. The shelf circulation appears to be dominated by a narrow coastal current flowing northward throughout the year from about 30°S to the ABFZ near 18°S. Its intensity is higher during austral summer and lower from June to August. However the coastal area between 26°S and 22°S is somewhat different: the northward flow is less intense and it exhibits a weaker seasonal cycle. The current experiences an abrupt change just north of Lüderitz. From 30°S to about 26°S the maximum velocity in the core of the current remains constant, with a value of about 25 cm/s in summer. At 26°S the speed drops abruptly to maximum values of about 15 cm/s and the current intensity becomes irregular until 22°S. North of 22°S speeds start increasing again. Figure 2.9.1 above is a schematic representation of the model circulation at the surface (left) and at a 40m depth (right).
The northward coastal current is weaker during austral winter. The current is always stronger south of Lüderitz. It then bifurcates partly westward leading to a decrease of its transport and intensity north of 26°S. The orientation of the coast also changes near Lüderitz from northwest to north. Windstress in the area shows a regular northwestward direction throughout the year and it is stronger in summer south of 26°S. As a result, the surface discontinuity observed in the coastal current at 26°S might originate from the orientation of the coast, the wind field strength and its direction. The circulation at 40m is generally identical to the surface although weaker. The maximum current speed in branch 1 is about 20 cm/s in summer. The northward coastal current experiences a similar seasonal cycle with minimum intensity during austral winter. The discontinuity at 26°S is still present. The current is not always clearly defined. The main change shows a new seasonal pattern in the circulation that occurs twice a year in February-March and October: a poleward current centred at 14°E develops off shore in the north and reaches a latitude of about 25/26°S at its maximum in October. The dotted arrow indicates that the current is not permanent throughout the year. Its temperature is about 4°C higher than the coastal current with slightly higher salinity levels. It does not seem to interact much with the northward current.

Analyses at greater depths (80-130m, recpectively level 07 and level 10) have been performed. Main changes start to occur in comparison with the surface layers as can be seen on Figure 2.9.2. Dotted arrows indicate that the current is intermittent and shows some seasonal variability. The northward coastal current is much weaker with maximum speeds of about 10 cm/s and it is not as clearly identifiable. It still shows a seasonal cycle but its intensity is higher in July and August, instead of summer. Branches feeding the current south of Lüderitz are unstable and not well defined. Despite this, the northward current still reaches its maximum intensity in the Lüderitz area. The southward current intensifies in comparison with the upper levels and is now noticeable from September to April. It exhibits two maxima in October and March respectively. On these occasions the current meets the westward branch of the coastal current near 26°S. It is more saline than the surrounding water and its temperature is about 2°C higher than the coastal water temperature. Analysis confirms the new circulation patterns encountered at level 04 and 07 with a marked seasonal shift. It divides the whole area in two separated domains: from September to March, the circulation is dominated by a southward flow north of Lüderitz. This flow develops along the coast as well and the northward current disappears. The southernmost extent of this flow occurs in February (26°S) and in October (27.5°S) with maximum speeds of about 10 cm/s. From April to August, the situation is somewhat reversed and there is no more poleward flow. The cold northward current intensifies in the south with speeds of about 5 cm/s. It reaches the Lüderitz area and its intensity north of 26°S remains very weak. At this depth, the Lüderitz area operates as a natural border between two opposed seasonal regimes, a northern one associated with warmer and more saline waters flowing southward from October to March, a southern one associated with cold and fresher waters flowing northward from April/May to August. The cold pool underlines the fact that along the coast the Lüderitz area constitutes a transition between the warm and the cold regimes. Temperature in the cold pool is about 10/11°C whereas it is about 13°C north of 26°S. The cold pool appears to be a permanent feature with a fairly regular shape and size throughout the year.
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Fig 2.9.2: Schematic circulation reproduced by the model at 80m (left, level 07) and at 130 m (right, level 10).

At deeper levels (230 and 350m) the circulation along the shelf is poleward almost throughout the year with maxima occurring in February and October. The two diagrams on figure 2.9.3 illustrate the circulation at 230m and 350m depths.
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Fig 2.9.3: Schematic circulation reproduced by the model at 230m (left, level 13) and at 350 m (right, level 15).

Speeds are of the order of a few centimetres per second. The poleward current brings warmer waters south of the Lüderitz area until 28°S where it reaches the cold pool. At this depth this permanent feature is less developed and its temperature is about 2°C lower than the poleward flow temperature. The northward current along the shelf develops in winter with very low speeds. Once again the current does not seem to interact with it. At 570m, the circulation is dominated by the permanent northwestward flow associated with relatively warmer water masses. Along the coast, a poleward coastal current develops from July to September during the winter period. Its maximum southward extent occurs in August: it meets the northward dominant flow near 30°S and retroflects northward. In terms of temperature the whole area can be divided in two persistent parts: north of the warm current the water is about 1.5 degrees colder compared to the south (respectively 5.5 and 7°C). Temperatures do not change much during the year.

This study based on the CLIPPER outputs illustrates the approach followed by the consultant. Model outputs can contribute in a decisive way to our understanding of the dynamics and thermohaline structures in the ocean. Numerical simulations and in-situ observations constitute two complementary approaches. Data remains essential to validate models but models can provide substantial information at various scales (basin-scale, meso-scale, regional scale) and over long periods of time. 

2.10
Tracking anomalous events in the South Atlantic

Source: BCLME Report N°4 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

Data used: OI-SST, NLOM 1/32 forecast, NOAA SST
Images and/or data available on: 
http://www.emc.ncep.noaa.gov/research/cmb/sst_analysis/
http://www.cdc.noaa.gov/map/images/sst/sst.anom.month.gif
http://www.osdpd.noaa.gov/PSB/EPS/SST/climo.html
http://www7320.nrlssc.navy.mil/global_nlom32
The period from November 2004 to February 2005 has been of particular interest for the consultant since two anomalously warm SST pools were observed along the coast of Africa. The first took place in the southern Benguela upwelling system in November and December 2004. The second started to develop along the coast of Angola by the beginning of January 2005. The two events do not seem to be related. Being able to identify warm or cold events in real time as they develop along the coasts of Angola, Namibia or South Africa is a key aspect of the BCLME project. As a result, gridded SST observations are regularly downloaded from the OI-SST web site to maintain an up-to-date data set at UCT. SST anomalies are computed on a regular basis, allowing the consultant to follow in real-time the evolution of anomalous events in the South Atlantic Ocean.  Some SST anomaly forecasts are also available, like the ones delivered by the US navy using the NLOM model at a 1/32( horizontal resolution.
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Figure 2.10.1 : Night time SST anomalies on 02/22/2005 from NOAA/NESDIS

Weekly observed SST anomalies have been analysed in January 2005 and night-time anomalies in February 2005 (Figure 2.10.1).  They show that warm anomalies started developing along the coast of Angola, a few degrees south of the equator. Then the anomalies tend to spread southward towards the Angola/Benguela frontal zone while they intensify. Prior to the mature phase of BÑs, warm SST anomalies start to develop in January or February along the coast of Angola. Then anomalies peak and form a warm pool, with a maximum of intensity in March/April, in the Angola/Benguela area (named after ABA, roughly between 10 and 20(S). In order to compare the present situation to previous events (BÑs or warm events), the consultant has calculated a composite of observed OI-SST anomalies in the South Atlantic ocean in January and February from 1982 to 2005, prior to Benguela Niños (1984, 1995) or warm events in the ABA (March/April 1986, 91, 96, 99 and 2001) as illustrated on Figure 2.10.2. It shows that SST anomalies spread from 5(S to about 20°S, with a maximum in the ABA.
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Figure 2.10.2: Composite of OI-SST anomalies in January/February for the following

years: 1984, 1986, 1991, 1995, 1996, 1999 and 2001.

Then OI-SST anomalies in January/February have been averaged over the ABA to form an index for the last 24 years (Figure 2.10.3). 
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Figure 2.10.3: Time-serie of OI-SST anomalies in January/February averaged over the ABA from 1982 to 2005 (red: non detrended, blue: detrended).

It shows a strong positive trend. If not detrended, SST anomalies in January/February 2005 indicate a situation in which anomalies are as high as the ones observed in 1984 and 1995. Once the trend is removed, it appears that the warmest January and February months in the ABA during the period 1982-2005 occurred prior to the two BÑs in 1984 and 1995. SST anomalies in January/February 2005 are lower compared to the BÑ years but they remain much higher than usual. As a result, in terms of SST anomalies, the situation at this stage is comparable to the one observed in the ABA in January/February 1984 and 1995. However forecasts performed by the US navy 1/32( NLOM model do not indicate a persistent warming along the coast in March 2005.

2.11
Sea Surface Temperature decadal trends in the South Atlantic

Source: BCLME Report N°4 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

Data used: OI-SST

Related publications:
F.A.  Shillington, C.J.C. Reason, C.M. Duncombe Rae, P. Florenchie and P. Penven, Large Scale Physical Variability of the Benguela Current Large Marine Ecosystem (BCLME), chapter 4, Large Marine Ecosystems, Vol. 14, © 2006 Elsevier B.V./Ltd.

C.J.C. Reason, P. Florenchie, M. Rouault, J. Veitch, Influences of Large Scale Climate Modes and Agulhas System Variability on the BCLME Region, chapter 10, Large Marine Ecosystems, Vol. 14, © 2006 Elsevier B.V./Ltd.

It is important to take into account decadal trends to understand changes occurring in the ocean. Various mechanisms with different time scales are superimposed and it is their combination that drives the variability of the system. On a physical point of view, it is a key factor to be able to separate different processes, according for instance to their typical time scale. The mechanism related to a Benguela Niño takes place on an interannual time-scale. Hence the decadal trend should be removed to isolate the corresponding SST anomalies. On the contrary, as far as biomass and fisheries are concerned, the positive decadal trend has to be taken into account to estimate the full impact of oceanic changes on the ecosystem. Linear trends of OI-SST have been calculated over the whole South Atlantic Ocean from January 1982 to January 2005 and are displayed on Figure 2.11.1.
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Figure 2.11.1: Map of OI-SST linear trends calculated over the South Atlantic Ocean for the period from January 1982 to January 2005
They reveal two strong warmings during the last two decades: one at the northern boundary of the BCLME area and one located at its southern boundary, in the region of the Agulhas current retroflection. The northern one is located along the coast of Africa from the gulf of Guinea to about 30(S, with a maximum between 1 and 1.5(C near the Angola/Benguela frontal zone. The northern Benguela upwelling system is affected as well, with a warming of nearly 1(C. A cooling is observed along the coast of South Africa. A combination of various factors could explain the decadal evolution. Decreases of easterly trade winds along the equator and upwelling favourable winds along the coast of Angola have been observed for the last 20 years. As a result the thermocline is deeper in the eastern basin, subsurface water is warmer and the coastal upwelling is reduced. Weaker winds also induce weaker evaporation and the net heat flux from the ocean towards the atmosphere diminishes with higher SSTs. Yearly mean of ER-SST anomalies averaged over the ABA for the last 50 years have been computed. The warming trend seems to appear at the beginning of the 80s. Yearly mean of ER-SST anomalies averaged over the ABA for the last 50 years have been computed (figure 2.11.2). The warming trend seems to appear at the beginning of the 80s. 
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Figure 2.11.2: Yearly mean of ER-SST anomalies averaged over the ABA.

Very strong positive anomalies have also been observed off the coast of Namibia and South Africa in November and December 2004. An index has been defined to built time-series of OISST anomalies over an area extending from 22(S to 30(S and from 12(E to the coast of Namibia (BENG area) from the last 24 years (see Figure 2.11.2). It appears that the anomalous event in 2004 was the warmest of the last 24 years. Once the time-series detrended, SST anomalies in December 2004 remain the highest observed in this area over the same period. 

[image: image29.png](OISST ANOMALIES (BLUE) -84 MONTHS COMPONENT (RED)

- BENG INDEX

i /M/bﬂ

STy
S W AR A





Figure 2.11.3: OI-SST anomalies averaged over the BENG area (blue) and 7-year period component (red).

The origin of the event is still unclear. However SST anomalies indicate the presence of a warm anticyclonic feature off South Africa in November 2004 that might originate from the Agulhas retroflection. Figure 2.11.2 also shows a fluctuation embedded in the time series with a period of about 84 months (7 years). The corresponding component has been extracted from the data and displayed on figure 2.11.3 (red line). Such a cycle could be related to ENSO. Also visible on the figure is the positive trend that has been isolated using annual means and plotted on figure 2.11.4:
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Figure 2.11.4: Annual mean of OI-SST over the BENG area

Like in the ABA, various mechanisms with different time scales might explain the variability of the system. Once again, a positive trend is observed for the last 2 decades. But contrary to the coast of Angola, no major and persistent meridional wind shift has been observed since 1982.
PART 3
VARIOUS NUMERICAL SIMULATIONS AND STUDIES USING ROMS
The modelling platform was installed in the Oceanography Department in June-July 2004. The platform includes two computational servers and a storage machine. The ROMS-AGRIF system has been successfully installed on the platform and compiled. Outputs from the last CLIPPER experiment which represent a large amount of data could also be stored. ROMS is the Regional Ocean Model System. This is a sigma coordinates model and it is particularly well adapted to coastal simulations; vertical resolution is independent of depth. ROMS is used by various teams around the world for coastal modelling. The AGRIF system is a nesting capability added to ROMS to increase locally near-shore horizontal resolution. Two first simulations have been carried out. The first involves the AGRIF downscaling system, the second focuses on the outflow of the Orange River in the Ocean thanks to a recent option added to ROMS. Both preliminary studies have been presented during the BENEFIT / BCLME Lüderitz Upwelling Cell Orange River Cone (LUCORC) Workshop.
3.1
Zooming with AGRIF into a specific area: the Angola-Benguela Frontal Zone (ABFZ)

Source: BCLME Report N°3 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

The overall domain can include a number of embedded sub-domains. Following the principle of “Russian dolls”, each subdomain shows an increased grid resolution by a factor of 3 or 5 compared to the preceding one. The choice of the factor is optional but has to be 3 or 5 for numerical reasons specific to AGRIF. In this first experiment, the number of sub-domains is limited to one, and the factor between the two grids is 3. The resolution of the “parent grid” (PG) is 1/6° (~18 km) and the resolution of the “child grid” (CG) is 1/18° (~6km) as can be seen on Figure 3.1.1.

The time-step in the sub-domain is divided by the same factor, i.e. 3, to take into account the higher resolution. At this stage of the experiment, information goes from the PG to the CG only. There is no feedback from the CG to the PG. In other words, the PG does not “see” the sub-domain. Calculations are performed over the overall domain on the 1/6° grid in a classical way. At each time step, outputs of prognostic variables from the parent model are extracted along the open boundaries of the CG and interpolated to match the high resolution grid. The model runs 3 time steps in the CG, each of them being equal to dt/3. The last time step corresponds to the PG next time step.
Two different types of topography can be chosen for the subdomain: one coming from the Etopo-2 data file (1/12°) interpolated or extrapolated at the resolution of the child grid, or one being a simple interpolation of the topography used in the parent domain. The first one will include new topographic features that had been smoothed over the PG while the second is identical to the PG one. The advantage of the second option is that there is no gap between the two topographies at the open boundaries. With the first one, the topography gains in realism but the adjustment between the two topographies can generate some artificial features or current instabilities. For instance, a narrow canyon that had been completely smoothed in the PG will appear abruptly in the CG at the border between the two domains. To avoid this kind of anomalies, a buffer zone exists between the two grids allowing a progressive transition from one domain to the other.

In this experiment, the topography of the subdomain is simply interpolated from the topography of the parent grid.  The total domain extends from 6°S to 32°S, and from 1°E to the African coast. The sub-domain extends from 12.5°S to 20°S, and from 6°E to the coast. It includes the Angola-Benguela Frontal Zone (ABFZ). Surface forcing like winds and various surface fluxes is interpolated from the COADS climatology. Forcing for the lateral open boundaries and the initial conditions comes from the Levitus world ocean Atlas for the PG and it is interpolated from PG outputs for the CG. The model ROMS has been run on the parent grid only during the spin-up process, i.e. 2 years, to reduce the computational cost. Then the ABFZ zoom has been introduced in the simulation using the AGRIF system. Two simulations have been carried out so far (3 years  and 1 year). 
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Figure 3.1.1: Monthly temperature fields in April at level 20 (surface) (left panel) and at level 16 (right panel).

The dark lines along the coast correspond to a given depth. The continuity between the two domains reveals that the same topography has been used.

These first simulations with AGRIF allowed the consultant to test the machines and to get used to the ROMS-AGRIF system. Zooming will be carried out in different areas, for instance the area of the Lüderitz cell, or the Orange River mouth. As a result, the consultant will be able to provide different BCLME actors with local outputs at a relevant resolution. 
To illustrate the approach followed by the consultant, the following section deals with simulations involving the outflow of the Orange River into the ocean.

3.2 Orange River outflow simulated with ROMS
Source: BCLME Report N°3 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”
Recently, a number of optional routines have been developed and added to ROMS. They include, among others, passive tracers, Lagrangian floats and river outflows. The Orange River mouth is located about 200kms south of the Lüderitz cell at 28.5°S. The Lüderitz cell constitutes an environmental barrier between the northern and southern Benguela system. The physical mechanisms that generate the barrier are still unknown and investigating the whole area constitutes a key issue for the BCLME. In this preliminary experiment the outflow of the Orange River has been reproduced. The transport, temperature and salinity of the river outflow are determined by the user and written in a script before the simulation. The number of sources are theoretically not limited. The depth of the river at it mouth is also fixed by the user. One source of fresh water is represented by one coastal grid point. If the resolution is high enough, it is possible to reproduce the width of the mouth by taking a few consecutive points instead of one. The transport will be divided between the different points. The estuary of the Orange River is about 1km in size and 1 point will be used to represent it. In this experiment AGRIF has not been used and the resolution is fixed at 1/6 degree for the whole domain which extends from 6°S to 32°S and from 3°S to the coast. Forcing is identical to the simulation described in 3.1.

The key questions are: 

· how far sediments can be advected from the coast?

· what direction the plumes of sediments are taken?

· what is the impact on salinity and temperature?

In February 1988, the flow of the Orange River into the ocean increased dramatically with a peak estimated at 8500 m3.s-1 in response to high rainfall (Shillington et al., 1990). Transport is usually much weaker according to some observations. In this experiment the transport is constant with a value of 1000 m3.s-1 for the first 18 months and reaches a value of 2000 m3.s-1 until the end of the simulation. The temperature of the fresh water is 25°C and salinity is zero. Once again, a two-year spin-up is first carried out to reach a reasonable mean state over the whole domain. Then three years and a half of simulation are performed with the Orange River outflow. Figure 3.2.1 shows the advection and diffusion of a passive tracer in August year2, and 6 months later. Surface currents are superimposed on the pictures. 

[image: image32.png]Difusion August Year 02 Diffusion February Year 03

on

ooe

oo

oo





Figure 3.2.1: Passive tracer with an Orange River outflow of 1000m3/s (left) and 2000 m3/s (right, 6 months later).

 When the tracer leaves the Orange River mouth, its concentration is maximum and equal to 1. Far away from the mouth, the concentration is equal to zero. Analyses reveal that concentration levels drop very quickly from the source. They also show a clear seasonal cycle: in austral winter the tracer is advected northwestward and remains closer to the source and the coast. In summer the outflow plume takes a westward direction with lower concentration near the coast and the tracer is noticeable as far as 4°E. As a result, floods occurring in winter and summer may have very different impacts on the environment. However one must keep in mind that the concentration levels are extremely low in the open ocean. Analyses indicate relevant concentration levels in the vicinity of the river mouth only. This is confirmed by results showing the impact of fresh water on salinity levels. The Orange River outflow affects the ocean salinity in a rather limited area north of the mouth of the river. Fresh water from the river is advected in a northwest direction and is embedded in a fresher water pool extending along the coast. This fresh pool might be associated with upwelled Antarctic Intermediate Water (AAIW) which constitutes a minimum of salinity in the water column. Once again the impact of the outflow shows a seasonal cycle with enhanced westward advection in summer.
3.3 Process study of the equatorial variability

Source: BCLME Reports N°4 and 5 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”
Model used: ROMS

Data used: WOA, ERS

Training and capacity building: Student Tiago Queiroz

Related publication:

Process study of the Atlantic equatorial variability using ROMS, T. Quairoz, Master Thesis, UCT
This work concerns two key aspects of the BCLME program: the set-up of an early warning system for warm events (Benguela Niños) and the poleward intrusion of low oxygen waters along the west coast of southern Africa. It is still not clear if these two events are always linked. It is believed today that Benguela Niños are related to wind anomalies in the area of the ITCZ. An abnormal decrease/increase of trade winds above the equatorial Atlantic seems to trigger downwelling/upwelling Kelvin waves that propagate eastward and then poleward along the coast of Angola. Downwelling Kelvin waves displace the Angola/Benguela front southward and create an intense coastal warm pool between 10 and 20°S. It is also known that Kelvin waves induce a variation of current speeds as they propagate. This characteristic raises the question of a possible relation between abnormal coastal flows of LOWs and the occurrence of Benguela Niños/Niñas. This matter will be analysed soon. The ocean tends to keep the memory of an initial state at a given date much longer than the atmosphere does because it is less chaotic. This means that triggering events may continue to affect the ocean (via a chain of mechanisms) weeks after they have disappeared. This is particularly true for Benguela Niños. But other factors could play a key role in preconditioning the ocean prior to the event since wind anomalies do not always produce Benguela Niños (1996 for instance). Unfortunately these important elements are not always accessible via classical observations. Hence the statistical and empirical approach based on observations only may be limited. Using a numerical model to simulate the equatorial ocean variability allows us to integrate part of these “invisible” or unknown factors and to reproduce the preconditioning of the system. Realistic initial conditions can then be used for simulations in which the ocean, forced by climatological winds, may keep the memory of the initial state long enough to reproduce an abnormal event despite the climatological forcing. 
The first step consists of testing the ability of the model to reproduce realistically the equatorial dynamics. First the model was forced using climatological winds. Then we analysed its response to articial wind anomalies along the equator. The model sensitivity to different climatological wind forcings (COADS and ERS) has been evaluated. ERS wind speeds have been interpolated on the model grid (0.5() and turned into wind stress to force the model. Artificial wind anomalies have been computed over the equator and introduced in the ERS climatological files. The response of the model to these anomalies (stronger or weaker zonal winds than usual) has been analysed. Preliminary results concerning the COADS forcing were presented by the consultant in the BCLME report N°4. This work has been partly achieved by Masters student Tiago Queiroz in the context of capacity building. The student initially has had to learn Matlab and Unix language. Then he had to be able to manipulate various file format, like Netcdf. Matlab, Unix and Netcdf format are key aspects in the management of the ROMS tool. Tiago Queiroz also became familiar with the equatorial dynamics to be able to analyse the model outputs. 
Four simulations of the equatorial Atlantic ocean using ROMS have been conducted: 

· 10-year simulation using COADS climatological wind stress and starting from rest 
· 10-year simulation using ERS climatological wind stress and starting from rest (simulation1) 
· 1-year simulation following simulation 1 with the introduction of an artificial positive zonal wind anomalies from January to March (Simulation 2) 
· 1-year simulation following simulation 1 with the introduction of an artificial negative zonal wind anomalies from January to March. (Simulation 3)

Results from experiment #2 have been compared to the climatological temperatures from the World Ocean Atlas 2001. This dataset has a global coverage with a 2° horizontal resolution. Sea temperatures have been extracted at various depths for comparison. The domain of the experiments extends from 15°S to 10°N and from 58°W to 16°E. This domain was chosen in order to be able to track the propagation of sub-surface anomalies across the basin. The simulations were made with a 0.5 degree resolution. The vertical resolution is 30 levels in σ-coordinates. The topography comes from ETOPO-2.
During the COADS experiment it had been noted that globally the model simulates quite realistically the structure of thermocline along the equator and the cold tongue area in July. However a few important aspects of the thermocline structure were not well reproduced:
· the vertical temperature gradient was too weak
· the dome shape along the coast of Africa was missing
· the thermocline was too deep

Equatorial sections of temperature from the ERS experiment respectively in January and July have been compared with Levitus2001. The 20°C isotherm has been underlined to visualize the core of the thermocline. The vertical structure of the thermocline and its seasonal variability is improved when using ERS climatological wind stress instead of COADS. The depth of the 20°C isotherm matches better the Levitus data. This might be due to the facts that ERS winds tend to be stronger than COADS winds in the eastern side of the basin and that their initial resolution is higher (1° instead of 2). As a result the curl of the wind inducing equatorial upwelling is better resolved and stronger.

However we note in the western side of the basin that the model thermocline is not deep enough, especially in early Austral summer. A comparison between QUIKSCAT and ERS winds shows that ERS winds tend to be stronger in the eastern side of the basin and weaker in the western side. The lifting of the isotherms associated with the seasonal equatorial upwelling in winter (cold tongue) is very well represented by the model. Like in the COADS experiment the deepening of isotherms observed near the African coast in summer is missing. Model temperatures tend to be too low in the mixed layer throughout the year. As a result the vertical gradient associated with the thermocline is reduced. This problem could be partly improved by increasing the vertical resolution in future experiments. The horizontal distribution of temperature at different depths tend to confirm that the model is too cold along the equator, especially in summer. Similar results were obtained using COADS winds. At depths the situation changes somewhat. The model is still too cold in the western side of the basin in summer whereas it is too warm along the coast of Angola. It is  worth noting that the CLIPPER model based on OPA (a classical layered model) tend to show similar results at the surface when forced by ERS winds. The discrepancy at depth in the east could be explained by an overestimated Equatorial Under Current in the model: strong winds enhance the strength of the EUC which in turn brings warm waters further to the east and the south-east regions.
The results obtained during the ERS-CLIM, ERS-WEAK and ERS-STRONG simulations are now compared. In the ERS-WEAK simulation, an artificial wind relaxation is applied to the ERS climatology from January to March. The zonal wind strength has been reduced by 50% in January and March and by 75% in February, in agreement with typical observed anomalies. The wind is back to the climatology from April to December. The duration of the simulation is one year. The modification concerns an area extending from the coast of Brazil to 8°W and from 6°S to 6°S. The months and the location of the anomalies correspond roughly to what is observed prior to a Benguela Niño.  The response of the model to the wind relaxation is very quick. A deepening of the thermocline can already be observed near 30°W in January. Then the thermocline deepens further eastward  with a maximum in March when the 20°C isotherm becomes nearly horizontal throughout the basin at a depth of about 80 meter as can be seen on Figure 3.3.1. 
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Figure 3.3.1: Equatorial section of temperature from the ERS-CLIM experiment (top) and the ERS-WEAK experiment (bottom) in April.
In April the thermocline starts moving back to its seasonal position but remains deeper than usual. In July the situation is nearly back to normal. It is worth noting that the situation is reversed near the coast of Brazil: the thermocline tends to become shallower. The meridional axis around which the thermocline “oscillates” seems to be located between 40 and 30°W. The eastward deepening of the thermocline induces the propagation of warm temperature anomalies from January to April. In March the core of the warm anomalies shows maximum values largely above 2°C between 15°W and 5°E and between 40m and 60m depths. In April temperature anomalies show similar values but they are located eastward along the African coast. Figure 3.3.2 displays an equatorial vertical section of the model temperature anomalies from January to April.
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Figure 3.3.2: Propagation of warm temperature anomalies along the equator from January to April during and after a zonal wind relaxation.

In the ERS-STRONG simulation zonal winds are strengthened over the same area by 50% in January and March and by 75% in February. The response of the model appears to be quick and in some aspects opposite to the ERS-WEAK experiment. Cold temperature anomalies are generated along the equator. In contrast with the ERS-WEAK experiments they tend to affect the surface in the western part of the basin. We also note that subsurface warm anomalies develop in the western basin and propagate towards the African coast within just one to two months. The ERS-WEAK simulation also reproduces similar anomalies but they do not propagate and reach the surface with the same strength. It seems that wind anomalies trigger a chain of cold and warm events with smaller amplitude that affect the whole basin for a few months. 
Results from the three simulations are encouraging. They show that the model is able to reproduce the thermocline structure along the equator. They confirm the link between equatorial temperature anomalies and zonal wind anomalies over the central and western basin. A positive anomaly (weaker winds) induces warm anomalies whereas a negative anomaly (stronger winds) creates cold anomalies. The way the anomalies from both experiments propagate appears to be different. Warm anomalies remain below the surface while they propagate eastward. The propagation of cold anomalies is less obvious and they tend to outcrop along the equator. 

3.4
Forcing ROMS with ORCA 0.5

Source: BCLME Report N°5 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

Model used: ROMS

Model outputs used: ORCA
Collaboration: P. Penven (IRD, France)
This numerical experiment concerns a simulation along the coast of Angola and Namibia. The ORCA05 global model outputs and ERS wind observations have been used to force the ROMS model along its open boundaries and at the surface over a period from 1992 to 2000. The purpose of the experiment is to test the ability of the ROMS model to reproduce locally realistic temperature and current anomalies in the Angola/Benguela frontal zone. The domain extends from 5°S to 25°S and from 0°E to the coast of Africa. Horizontal resolution is 1/6° whereas 32 sigma-levels are used for the vertical resolution.

Model anomalies have been calculated using a climatology from 1993 to 2000. Time series of detrended sea surface temperature anomalies from the model averaged over the ABA (10°S/20°S, 8°E-coast) have been compared with OI-SST anomalies. Figure 3.4.1 shows the two time series. The adequation between the model and observations is remarkable. 
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Figure 3.4.1: SST anomalies reproduced by the ROMS model (red) and OI-SST anomalies  (blue) from 1992 to 2000.

Figure 3.4.2 and figure 3.4.3 display temperature anomalies associated with the 1995 Benguela Niño respectively at the surface and at 45 meters from January to March. Results obtained with OPA and with CLIPPER are confirmed: equatorial subsurface temperature anomalies propagate southward along the coast of Angola and eventually outcrop in the Angola/Benguela frontal zone where they create an intense warm pool. Current anomalies at 45m associated with the occurrence of temperature anomalies along the coast have been analysed. 
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Figure 3.4.2 : ROMS temperature anomalies from January to March 1995 at the surface
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Figure 3.4.3: ROMS temperature anomalies from January to March 1995 at a 45meter depth

Once again zonal and meridional speed anomalies are calculated from the 1993-2000 climatologies. An intensification of the poleward current along the coast of Angola as far south as 25S, especially in February, is observed. However current anomalies develop mainly at the surface with maximum values of the order 0.2 m/s whereas temperature anomalies propagate below the surface. This result suggests that southward advection of equatorial warm waters is not the main source of the 95 Benguela Nino. It is known that Kelvin waves can induce a modification of the surface velocity fields as they propagate.
3.5 Poleward flows in the BCLME as reproduced by CLIPPER and ROMS
Source: BCLME Report N°6 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

Model used: ROMS
Data used: CLIPPER outputs

Collaboration: P. Monteiro (BCLME/CSIR, RSA)
Related publications :

Monteiro, PMS, A.K. van der Plas, G.W. Bailey, P. Malanotte-Rizzoli, C.M. Duncombe Rae, D. Byrnes, G. Pitcher, P. Florenchie, P. Penven, J. Fitzpatrick and H.U. Lass, Low Oxygen Water (LOW) Forcing Scales Amenable to Forecasting in the Benguela Ecosystem, chapter 13, Large Marine Ecosystems, Vol. 14, © 2006 Elsevier B.V./Ltd.
Monteiro, P.M.S, A.K. van der Plas, J-L Mélice and P. Florenchie, Interannual Decadal Variability of Coastal Hypoxia: A coupled dynamical interaction of oceanic boundary conditions, regional wind forcing and biogeochemical fluxes, accepted by Deep Sea Res., 2007.
Subsurface low oxygen waters (LOWs) are present throughout the subtropical eastern Atlantic. LOWs leak forward in the poleward undercurrent on both the shelf and slope in the BCLME. It is supposed to be the source of natural hypoxia in the subsurface layer which occasionally comes onto the shelf of Namibia and even continues south of Lüderitz into the shelf waters of the west coast of South Africa. There appear to be two stages in the leakage of LOW into the BCLME with serious implications for fisheries. The first is the remotely forced push of the LOW polewards and onto the BCLME shelf. The second is the local wind forced biological enhancement associated with the development of harmful algal blooms during the relaxation phase of the upwelling. It is still unclear if the abnormal poleward intrusion of LOWs should be related to Benguela Niños. Outputs of the CLIPPER and ROMS models have been used to understand the source and the seasonal fluctuations of the poleward flow at intermediate depths. Interannual variations have also been examined. The CLIPPER experiment is a simulation of the whole Atlantic ocean circulation with a 1/6° resolution and 40 vertical levels. The model is based on the primitive equation OPA model. The model is forced with ERS winds from 1993 to 2000. Temporal averages of circulation, temperature and salinity have been calculated for each month and at each level. Model results show the development of a poleward flow along the western coast of southern Africa, twice a year, with maxima in February and November, as can be seen on Figure 3.5.1. The poleward current flows under the surface, roughly between 50 and 200 meters. 
[image: image38.jpg](2CLIPPER-CLIMV-155-FEB

01
005 e e =
\_/,a 008
50 ]
006
5 6

0.04

0.0

0.02

S20 0

-0.02

200 4 004

-0.06

250 -0.08

4 7 8 9 10 11 12 13

LONGITUDE




[image: image39.jpg]200

250

O9CLIPPER-CLIMV-155-SEP

p= 0025

00,

o

e
. U
%
| 4
b |
L5
%\ 4
B
5 7 8 9 0 1" 2

LONGITUDE

13

0.1
0.08
0.08
0.04
0.02

-0.02
-0.04
-0.06

-0.08




Figure 3.5.1: Vertical section of averaged meridional velocities in February (top) and in September (bottom) at 15°S. Negative values indicate a southward flow.
The circulation has been examined at a depth of 100 meters, which corresponds to the core of the current, to identify the origin of the poleward flow. Model outputs displayed on figures 3.5.2 and 3.5.3 confirm the equatorial origin of the poleward flow. They show that both the Equatorial undercurrent and the South Equatorial undercurrent are partly deflected southward when reaching the African shelf. In February and in October the poleward undercurrent extends as far as 27°S, near the Lüderitz area. The current also shows a tendency to flow offshore along the shelf south of 20°S. Then its strength starts to decrease. The analysis of the seasonal fluctuations of temperature and salinity at 15°S and at 150 meter as reproduced by the model confirms the existence of two maxima in February and in October. These maxima correspond to the strongest intrusions of warmer and more saline waters originating from the equator.
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Figure 3.5.2: Averaged circulation at 100 meter in January (left) and in February (right)
The equatorial zonal transport has been calculated at 5°E between 0°N and 5°S and averaged month by month. The same calculation has been made for the poleward flow at 17°S. Results on figure 3.5.4 clearly indicate that the seasonal fluctuations of the poleward flow are directly driven by the seasonal variations of the two equatorial undercurrents. Further analyses show that the interannual variations of the poleward flow seem to be more closely linked at low frequency to the South Equatorial undercurrent interannual fluctuations. 
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Figure 3.5.3: Averaged circulation at 100 meter in Sept. (left) and in Oct. (right)

The interannual variations of the SEUC and the poleward flow transports have been smoothed and compared. It shows that an increase/decrease of the SEUC from one year to the other induces a similar response of the poleward flow. However the same analyses conducted on interannual variations but without smoothing show that high frequency events do not seem to coincide between the two currents. In other words abrupt variations of both currents are not necessarily related and could to be triggered locally. The relation between Benguela Niños/Niñas and LOWs events is still an open question.
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Figure 3.5.4: Zonal equatorial transport (top) and poleward transport (bottom) monthly averaged.

The CLIPPER model reproduces the 1995 Benguela Niño and the 1997 Benguela Niña. Currents anomalies have been examined for both events. It appears that both events are associated with a shift of the Angola Benguela frontal zone induced by coastal current anomalies one month before the peak of sea surface temperature anomalies. The warm event is associated with negative velocity anomalies which push the Angola Benguela front south whereas a cold event has the opposite effects. The anomalies propagate as far as 25°S and are comprised between the surface and 100 meters. Vertical sections at 17°S of meridional velocities in February 1995 and March 1997  show a reversal of the flow between the two events. Maximum velocities are limited to the first 50 meters in 1997 but reach a depth of 150 meters in 1995. As a result the 1995 event might have affected the poleward flow. However it is still difficult to quantify the exact impact on LOWs because the current anomalies involved also surface waters and because the warm event occurred in phase with one of the two seasonal maxima of the poleward flow. The comparison between CLIPPER and ROMS outputs is particularly relevant since the two experiments differ: ROMS is used locally and is driven at its open boundaries by the outputs of another model, the ORCA model, during the same period. The resolution is also 1/6° and ROMS is forced by ERS winds like the CLIPPER model. ROMS vertical resolution is based on sigma levels.  ROMS outputs confirm the result obtained with CLIPPER. The model reproduces a subsurface poleward flow along the coast of Africa with two seasonal maxima in February and in October. The poleward flow is located roughly between 50 and 200 meters at 15°S as can be seen on Figure 3.5.5 and originates from the equator area.
[image: image44.png]DFTH

o2nous cuvssFER

IR

{"‘SN

g m
LonGmuoe





Figure 3.5.5: Vertical section of the meridional circulation at 15°S in February as reproduced by ROMS. Negative values indicate a southward flow.
PART 4
CONCLUSION – TOWARDS AN EARLY WARNING SYSTEM FOR THE BCLME
Various studies of the oceanic variability along the coast of south-western Africa and its predictability as well as its impacts on the environment have been conducted by the consultant Dr. Florenchie, as described in this document. The next step will consist in the set-up of a regional near-real time and forecasting system that will be developed and run locally. As such it will involve students and scientists from UCT. The analysis of the Benguela dynamic variability has been conducted within the BCLME for the last three years, as well as an assessment of the predictability of warm and cold events (Benguela Niños/Niñas) in the Angola/Benguela frontal area. Local computational and storage capacity needs have been identified on that occasion, giving rise to the set-up of a modeling platform at the University of Cape Town. The platform includes various computational servers and a storage machine for data and model outputs.

4.1
Using the OPeNDAP (Open-source Project for a Network Data Access Protocol) system with ROMS (Regional Oceanic Modelling System)

Source: BCLME Report N°6 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

A key aspect of the early warning system will be to realise long-term and near-real time simulations of the ocean state. This aspect is essential for the empirical and statistical approach (knowledge of the ultimate state of the ocean and its historical variations) and for the numerical forecasts (initial conditions).

NCEP or QUIKSCAT fields and ocean global circulation model outputs (from the ECCO or SODA models) can be downloaded automatically from the web to force the model at the surface and at the open boundaries using the OPeNDAP system. This system allows to extract only the necessary subgrids from the sources and to limit considerably the volume of data to be transferred. This is a critical issue for average-performance networks. The necessary subgrids correspond to the actual size of the model domain in function of the experiment. Then forcing fields are automatically and locally interpolated on the model grid using Matlab programs in the ROMSTOOLS system. In the future the DODS system will allow automatic download of the forcing fields from different web sites according to their availability. Figure 4.1.1 below illustrates the future system.
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Figure 4.1.1: the operational system

NCEP surface fields (wind, solar radiation, fluxes,…) are available on a 1.875° resolution grid with 6 hourly sampling from 1948 to present. NCEP data are used to force the model at the surface. ECCO is almost a global ocean model with a 1° resolution and 46 vertical levels. Its resolution increases to 0.3° within 10° of the equator. Outputs are used to force the open boundaries of the model and are available from 1993 to present with a 15 to 30 days delay. SODA is a global ocean model with a 0.5° resolution and 40 vertical levels. Monthly outputs are available from 1958 to 2001 for historical simulations.

4.2 Towards regional forecasts

Source: BCLME Report N°6 on “Analysis of Benguela Dynamical Variability and Assessment of the Predictability of Warm and Cold Events in the BCLME”

Regional forecasts will be produced using the ROMS model for the tropical Atlantic area. The initial conditions will be provided by the near-real time simulations. The Global Forecast System (GFS, 384h forecast) will be used for the surface forcing and will replace the NCEP dataset. GFS products are also available on the web and will be downloaded using the automatic version of OPeNDAP. Another option will be to run ROMS from initial conditions in a free-mode, i.e. forced by a climatology at the surface and at the open boundaries. The ocean tends to keep the memory of an initial state at a given date much longer than the atmosphere does because it is less chaotic. This means that triggering events may continue to affect the ocean (via a chain of mechanisms) weeks after they have disappeared. Figure 4.1.2 illustrates the strategy adopted to release forecasts.
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Figure 4.1.2: the forecast strategy
For more information:

ROMS: Regional Oceanic Modelling System (Shchepetkin and Mc Williams, 2005; see also Penven et al., 2006, about ROMSTOOLS - to be submitted).

ECCO: Estimating the Circulation and Climate of the Ocean (Stammer et al., 1999).

'http://ecco.jpl.nasa.gov/cgi-bin/nph-dods/datasets/kf049f/kf049f_'
SODA: Simple Ocean Data Assimilation (Carton et al., 2005).

'http://iridl.ldeo.columbia.edu./SOURCES/.CARTON-GIESE/.SODA/.v1p4p2'
GFS: Global Forecast System (Kalnay et al., 1990; Kanamitsu et al., 1991).

‘http://nomad3.ncep.noaa.gov’

NCEP/NCAR reanalysis project (Kalnay et al., 1996; Kistler et al., 2001).

'http://www.cdc.noaa.gov/cgi-bin/nph-nc/Datasets/ncep.reanalysis/surface_gauss/'
QuikSCAT: 0.5( satellite scatterometer data (Liu et al, 1998).

‘http://www.ifremer.fr/cersat/en/data/download/gridded/mwfqscat.htm’

The purpose of the early warning system will not be to prevent an oceanic abnormal event to occur but to provide the right information for management prior to the event. A free-access web site should be build up in order to deliver the ultimate analyses of the state of the ocean and available forecasts.
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