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Series Editor’s Introduction

Coastal ocean waters around the globe continue to be degraded from habitat alteration,
eutrophication, toxic pollution, aerosol contamination, emerging diseases, and non-
sustainable fishing practices. The global community of nations, at the 1992 UN
Conference on Environment and Development (UNCED), focused on the impacts of
growing world population and industrialization on the environment and called on coastal
countries to support actions to: (1) prevent, reduce, and control degradation of the marine
environment to maintain and improve its life support and productive capacities; (2) develop
and increase the potential of marine living resources to meet human nutritional needs as
well as social, economic, and development goals; and (3) promote integrated management
and sustainable development of coastal areas and the marine environment. No single
international organization has been empowered to monitor and assess the changing states of
coastal ocean ecosystems on a global scale, and to reconcile the needs of individual nations
to those of the community of coastal nations for taking appropriate mitigation and
management actions. Post-UNCED actions have, however, begun to move coastal nations
toward more sustainable ecosystem-based resource assessment and management than has
been generally practiced during the last half century. At present, 59 coastal countries in
Asia, Africa, Latin America, and eastern Europe are planning and implementing marine
ecosystem-based projects to promote more sustainable uses of the global marine
environment and its resources. Many of these projects are linked to similar ecosystem-
based efforts underway in western Europe and North America.

The present volume in the new Elsevier Science series on Large Marine Ecosystems will be
bringing forward the results of UNCED-related and other ecosystem-based studies for
marine scientists, educators, students, and resource managers. The volumes will be
focused on LMEs and their productivity, fish and fisheries, pollution and ecosystem health,
socioeconomics, and governance. This volume in the new LME series, “The Gulf of
Guinea Large Marine Ecosystem: Environmental Forcing and Sustainable Development of
Marine Resources,” is focused on the results of a broad spectrum of ecosystem-based
assessment activity in the Gulf of Guinea. The volume provides the results of a multi-
disciplinary assessment of changing multi-decadal environmental conditions in the Gulf of
Guinea and the impact of those changes on the fisheries resources and people of the region.
The co-editors of the volume, Professor Jacqueline McGlade, Dr. Kwame Koranteng, Dr.
Philippe Cury and Dr Nicholas Hardman-Mountford, are scientists with extensive
experience in west African marine science and resource management issues. Their volume
provides a comprehensive synthesis of information on the present state of marine resources
of the region and the socioeconomic implications of findings reported by the authors.
Production of this volume was supported, in part, by a grant from the United Nations
Industrial Development Organization, Vienna.

Kenneth Sherman, Series Editor
Narragansett, Massachusetts
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Preface

The Editors

During the past century, there has been a gradual decline in the abundance of a number of
key marine fish species around the world. The belief is that these declines are the result of a
mixture of overexploitation and environmental pollution, which have sometimes led to
irreversible changes in the trophic structure of the marine ecosystem. Over the past four
decades, changes in ecosystem structure and species abundance have also been observed in
the Gulf of Guinea. However, the physical system of the Gulf of Guinea is variable in
space and time and its dynamics are complex. For example, the large-scale spatial
heterogeneity, lead Tilot and King (1993) to divide the system into three subsystems: the
Sierra Leone and Guinea Plateau (SLGP), the Central West African Upwelling (CWAU)
and the Eastern Gulf of Guinea (EGOG), each exhibiting marked seasonality. And on a
smaller scale, the spatio-temporal variability is dominated by upwelling off Ghana and
Cbote d’Ivoire which occurs seasonally, with weak upwelling around January to March
(minor season) and intense upwelling from July to September (major season) (Roy 1995)
but which also exhibits a marked interannual variability (Houghton and Colin 1986; Roy
ibid.). The upwelling has also been seen to propagate westward along the coast, from
Ghana to Cdte d’'Ivoire and is not of a classical Ekman-type (i.e. wind-driven); rather it
appears to be controlled by several processes, some of which occur in regions remote from
the Gulf of Guinea, and may be related to equatorial upwelling processes (e.g. Moore et al.
1978; Servain et al. 1982; Houghton and Colin 1986). Thus a better understanding of the
interactions between different marine species and their environment must be obtained,
before the basis of any long-term changes in the ecosystem can be properly determined.

A number of researchers have been active in the region throughout this period, and
through their efforts and the support of their institutions, a number of critical data sets have
been collected (Cury and Roy 1991; Bard and Koranteng 1995). The researchers involved
in the projects presented here, have extended some of these data sets up to the present and
as a result have been able to gain a number of fundamental insights about the effects of
long-term changes in the oceanographic conditions within the Gulf of Guinea.

The volume is divided into four sections. The first concerns the research
programmes which led to the main results; the second concerns environmental forcing and
productivity, the third, fish and fisheries, and the fourth section ecosystem health and the
human dimension. The major new results are the outcome of an European Union funded
research programme (EU-INCO-DC) on “The impacts of environmental forcing on marine
biodiversity and sustainable management on artisanal and industrial fisheries in the Gulf of
Guinea” (Chapter 1). The framework within which the results have been set is that of the
Large Marine Ecosystem approach, developed by Sherman and colleagues (Chapter 2) and
formed the basis for a large Global Environment Facility funded programme in the Gulf of
Guinea (Chapter 3). The final contribution to the section (Chapter 4) presents a new way of
approaching problems in marine ecology that of consilience or the “jumping together” of
different disciplines.
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In the first part of the next section, entitled ‘Environmental Forcing’, Hardman-
Mountford and McGlade examine this spatio-temporal variability in two papers using
remotely sensed SST (Chapters 5 and 6). The first looks at the spatial structure and
seasonal evolution of environmental features, such as the Ghana/Cdte d’Ivoire coastal
upwelling and a southerly extension of cold water from the Senegalese upwelling, as well
as the interannual variability in these features and SST in general. The second uses
Principal Components Analysis (PCA) to classify the spatio-temporal variability of the
system and to define system and subsystem boundaries. Demarcq and Aman (Chapter 7)
also use remotely sensed SST, combined with in sity measurements, to assess spatio-
temporal variability in the Ghana/Céte d’Ivoire coastal upwelling. The paper by Koranteng
and McGlade (Chapter 8) focuses on interannual to decadal scale variability in a number of
physico-chemical parameters measured on the continental shelf of Ghana, while the
contribution from Arfi, Bouvy and Ménard (Chapter 9) looks at both seasonal and
interannual variability in environmental parameters in Cote d’Ivoire.

In the second part of this section, entitled ‘Productivity’, the focus shifts from
forcing functions to responses. The paper by Roy, Cury, Fréon and Demarcq (Chapter 10)
sets the context for this section by linking environmental fluctuations with resource
variability in the Gulf of Guinea and north-west African region, as well as discussing tools
for this type of analysis. John, Reid, Batten and Anang (Chapter11) describe the use of the
continuous plankton recorder in the Gulf of Guinea and show a marked seasonal response
in phytoplankton colour associated with the Ghana/Céte d’Ivoire coastal upwelling, as well
as evidence of interannual variability. Le Loeuff and Zabi (Chapter 12) detail the spatio-
temporal response of benthic communities to daily and seasonal cycles, as well as
environmental perturbations, and Entsua-Mensah (Chapter 13) discusses the important role
of coastal lagoons and marine catchment basins in maintaining ecosystem productivity.

Results from the papers in this section serve to advance both the knowledge base
and level of support for a number of existing theories such as Moore et al.’s (1978) remote
forcing theory (Hardman-Mountford and McGlade Chapter 5) and Marchal and Picaut’s
(1977) cape effect (Hardman-Mountford and McGlade Chapter 5, Demarcq and Aman).
Other findings provide consensus on existing observations, such as the timing of the
upwelling seasons (ibid., Arfi et al., John et al.), subsystem structure (Hardman-Mountford
and McGlade Chapter 6, Le Loeuff and Zabi) and interannual variability (Hardman-
Mountford and McGlade Chapter 5, Koranteng and McGlade, Roy et al., John et al.). An
environmental shift in 1987 was noted by both Hardman-Mountford and McGlade (Chapter
5) and Koranteng and McGlade. There are also some contradictions, such as the position
of the minor upwelling (Hardman-Mountford and McGlade Chapter 5, Demarcq and
Aman).

The first part of the next section on ‘Fish and Fisheries’ highlights the fact that the
Gulf of Guinea large marine ecosystem is a fascinating system from a fish assemblage
perspective. The ecosystem has been the subject of drastic changes during the last few
decades that strongly affected the entire functioning of the ecosystem and consequently
fisheries. The changing aspects of the ecosystems are described and analysed in a set of
papers written by Koranteng (Chapter 14), and Joanny and Ménard (Chapter 15). In these
papers two different fish assemblages are described based on scientific surveys and catch
statistics, and it is shown how the demersal fish communities are structured, and how they
have changed through time. Population structure and reproductive ecology of commercially
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important species is important for demersal communities, and Lovell and McGlade
(Chapter 16) emphasize the need to link individual behaviour to population ecology.

In the second part of this section, the pelagic and demersal fisheries off Ghana and
Cote d’Ivoire are presented in three companion papers written by Mensah and Quaatey
(Chapter 17), Cury and Roy (Chapter 18), and Koranteng (Chapter 19). These papers show
how the abundance of demersal fish stocks could be strongly related to large-scale
environmental changes and how they were affected by the sudden emergence of Balistes
capriscus. Accessibility to data bases is often an important and neglected issue in fisheries;
Ménard, Nordstrém, Hoepffner and Konan (Chapter 20) present the processing and
structure of data from trawl fisheries of Coéte d’Ivoire (this data base and software are
available on CD-ROMs at the Centre de Recherches Océanographiques d’Abidjan, B.P.
V18 Abidjan). Finally a trophic model of a small West African coastal lagoon is presented
by Pauly (Chapter 21) using the Ecopath and Ecosim approach to establish the changes in
trophic structure that have taken place through time.

In the last section, Scheren and Ibe (Chapter 22) review the state of the environment
of the Gulf of Guinea large marine ecosystem in relation to pollution, which is largely
generated by human activities in the coastal zone. The socio-economics of artisanal marine
fisheries and the role of women in marketing is examined by Bortei-Doku Aryeetey
(Chapter 23); this work and that of Akrofi (Chapter 24) shows the critical nature of fish
processing and the fish ‘mammy’ system in generating income and controlling the transport
of marine fish to markets inland. In the last part of this section Nauen (Chapter 25)
examines some of the key institutional drivers outside and inside the region that can help to
support fisheries management. This is extended by an analysis of research and agricultural
extension work in Ghana by Quaatey (Chapter 26).
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Map 1 Map showing the boundaries of the 49 large marine ecosystems




Map 2 Map showing the Guif of Guinea Large Marine Ecosystem, as defined by Binet and Marchal (1993), including bathymetry,
topography, major rivers, country names and boundaries, some major coastal cities and prominent geophysical features.
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Figure 5-1a Mean cloud contamination of images, averaged over the whole time series. Cloud
contamination describes cloud pixels which were recoded to a have a DN value of zero by the JRC
during pre-processing.
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Figure 5-1b  Monthly mean cloud contamination from the CORSA-AVHRR data set,
calculated from weekly composite images.
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5-4 a Satellite derived mean SST derived from CORSA-AVHRR weekly SST
composites for the period July 1981 to December 1991, annotated to show major oceanographic
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Figure 5-5 Monthly mean SST for the Gulf of Guinea from CORSA-AVHRR SST data. Each monthly mean is averaged from weekly SST
composites for each month over the period Julv 1981 to December 1991.
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Figure 5 -5 cont. Monthly mean SST for the Gulf of Guinea from CORSA-AVHRR SST data. Each monthly mean is averaged from weekly
SST composites for each month over the period July 1981 to December 1991.
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Figure 5-6 Annual mean SST calculated from CORSA-AVHRR SST data. Each annual mean is
averaged from weekly composite images for each year of the time series July 1981 to December 1991.
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Figure 5-8 Charts showing the spatially averaged interannual SST anomaly for each week of the CORS-
AVHRR time series for each subsystem: a SLGP, b CWAU and ¢ EGOG.
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Figure 7-4 Upwelling source regions as identified with METEOSAT during the minor upwelling season
on & January 1993.
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Figure 7-5 Spatial structures for both upwelling seasons as described by the SHIP data compilation from
1984 to 1997
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Figure 7-6 Radiative temperature field as depicted by METEOSAT on 26 January 1990 with the
atmospheric subdivisions used in the processing a SST sampling provided during one week centred on
the same day from the SHIP data set, b coastal SST from the coastal oceanographic stations, ¢ the mixed
SST selected for the processing and d the atmospheric absorption fields, in °C, calculated between a and
d.
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Figure 7-7 Radiative temperature field as depicted by METEOSAT on 26 January 1990, and SST

processing results respectively with a the SHIP data set only, b the coastal stations only, ¢ the adequate
mixing of the two data sets and d atmospheric absorption as a measure of atmospheric water vapour.
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Figure 7-8 Radiative temperature daily synthesis from METEOSAT data on 11 January 1989 off Céte
d'Ivoire and Ghana during an upwelling event.

Figure 7-9 Monthly climatology of the SST off Céte d'lvoire and Ghana as restored by the merging of
METEOSAT infrared data, SHIP data and coastal oceanographic data.
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Figure 7-10 Comparison of the Ryenolds climatology of SST computed from i#n sitw (ship and Buoy) and satellite (NOAA AVHRR) data
(Revnolds 1995) and this studv’s climatologv for the main upwelling seasons off Cote d’Ivoire and Ghana.
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Figure 10-1 SST anomalies from 1946 to 1990 during the upwelling season, from [10°N to 36°N (source
COADS dataset).
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Figure 10-3 SST based upwelling index off Senegal and Mauritania processed from fortnightly means of
METEOSAT/IR SST fields from 1984 to 1996.
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Figure 11-2 Plots of ‘Phytoplankton Colour’ from December 1995 to April 1999 recorded on CPR routes in the
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Figure 21-3 Results of a run with Ecospace, the spatial version of Ecopath (Walters e al. 1999) of a file
representing the Sakumo Lagoon ecosystem. Note abundance (red color) of animals with marine affinities ncar the
mouth of the lagoon, and conversely for freshwater organisms. Note that some patterns of relative abundance are not
due to primary habitat assignments, but to ‘cascade’ effects, wherein the preys of organisms abundant in certain cells

are scarce in those cells, and conversely for their prey (see also text).
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The EU/INCO-DC Project: Impacts of Environmental Forcing on
Marine Biodiversity & Sustainable Management of Artisanal &
Industrial Fisheries in the Gulf of Guinea

J.M. McGlade, K.A. Koranteng and P. Cury

Abstract

The European Union Gulf of Guinea collaborative research project on the impacts of
environmental forcing on marine biodiversity was supported by the International Co-
operation with Developing Countries Programme (INCO-DC). It was a natural sequel to three
earlier international research projects on environmental variability and pelagic fishery
resources in West Africa (Cury and Roy 1991; Bard and Koranteng 1995; Durand et al.
1998). At its conclusion, the project was able to provide an assessment of the impacts of
upwelling and other forms of environmental forcing on marine biodiversity, with particular
reference to demersal fish, and the basis for a fisheries information and analysis system for
the sustainable management of fisheries in West Africa. It also facilitated the retrieval of
important fisheries and survey data that had previously been inaccessible to scientists in the
region. The major achievements of the project were presented at an international workshop
on “Sustainable Management of the Fish Resources in the Gulf of Guinea” held in Accra in
1998.

Introduction

In 1989, the Ministerial Conference on Fisheries Cooperation among African States
Bordering the Atlantic Ocean requested help from the UN Economic Commission for Africa,
the UN Office of Maritime Affairs and the Law of the Sea, and the Food and Agriculture
Organisation to formulate a project to initiate the establishment of a sub-regional and regional
maritime database. It was envisaged that the development of a regional database within the
Ministerial Conference framework, would initiate a programme to provide member states
with the strategic information necessary for optimising the exploitation of their maritime
resources. The database would be used as a management tool, facilitating policy development
and decision making for issues ranging from fisheries resources and their environment, to
maritime transport, as well as serving as a legal base for management. The European Union
agreed to seek ways of funding the establishment of this database, which became known by
its French name of ‘base de données régionales maritimes’ (BDRM), which translates as
Regional Maritime Database (Nauen 1993).

In February 1993, a workshop on the establishment of this regional maritime database
was held in Dakar, Senegal (Anon. 1993). Following the meeting, it became clear that the
development of BDRM would be more feasible if sub-regional nodes were first established
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and subsequently linked up. An example is the Fisheries Information and Analysis System

(FIAS) (McGlade and Nauen 1994), operating under the auspices of the Sub-regional

Fisheries Commission (CSRP in French) and covering countries in the northern CECAF

(Committee for Eastern Central Atlantic Fisheries) region, i.e. Cape Verde, Mauritania,

Senegal, Guinea, Guinea Bissau and the Gambia. FIAS has taken the original concept of

BDRM and moved it towards a more interactive information manipulation and analysis tool

to support fisheries sector planning and management.

A second, sub-regional node of BDRM was formulated for the Gulf of Guinea under
the aegis of the European Union’s Programme on International Co-operation in Developing
Countries. The two-year project was entitled “Impacts of environmental forcing on marine
biodiversity and sustainable management of artisanal and industrial fisheries in the Gulf of
Guinea” (or Gulf of Guinea Biodiversity Project for short). It goals were to: assess the
impacts of upwelling and other forms of environmental forcing on marine biodiversity and
the dynamics of artisanal and industrial fisheries; and develop and implement an information
and analysis system for the sustainable management and governance of fisheries resources in
the Gulif of Guinea. More specifically, the research was aimed at:
¢ identifying spatial and temporal scales over which environmental forcing can be detected

using remotely sensed and field data derived from a variety of sources;

¢ identifying biophysical habitats along the continental shelf critical to marine fisheries and
biodiversity;

e generating testable hypotheses regarding causal relationships between environmental
forcing factors and interannual variability in ecosystem behaviour, using output from
coupled models and observational records;

¢ implementing BDRM and FIAS with a Gulf of Guinea focus in research institutes in
Ghana and selected centres in the region;

¢ and establishing an information network for researchers in European member states and
in the Gulf of Guinea region.

By focusing on demersal fishery resources, the project built on the Péche-Climat
(Cury and Roy 1991), DUSRU (Bard and Koranteng 1995) and CEOS (Durand et al. 1998)
projects which had been concemed primarily with environmental variability and pelagic
fishery resources.

Components of the Project and Linkages

Given the high level of R&D activity and interest in marine resources in the Gulf of Guinea,
it was important that linkages were made with institutions outside the project. The co-
ordinator of the Gulf of Guinea Biodiversity Project was Professor Jacqueline McGlade,
Head of the University of Warwick’s Ecosystems Analysis and Management Group
(subsequently transferred to the Centre for Coastal and Marine Sciences of the Natural
Environment Research Council), U.K. The other two principal researchers were Dr Kwame
Koranteng from the Ministry of Food and Agriculture’s Directorate of Fisheries, Ghana and
Dr Philippe Cury from the Institut de recherche pour le développement (previously

ORSTOM), France. Over the two years, scientists from Ghana, France, U.K. and Cote
d’Ivoire worked on the project. The project had a Management Committee which was made
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up of representatives from the participating institutions, the European Commission and the
United States” National Marine Fisheries Service.

The participation of the National Marine Fisheries Service was to ensure that there
were effective links between the project and the Global Environment Facility/UN Industrial
Organization (GEF/UNIDO) Gulf of Guinea Large Marine Ecosystem Project based in
Abidjan, Céte d’Ivoire which is technically supported by NMFS (see Ibe and Sherman this
volume). There were also links with a number of other EU-sponsored research programmes
(e.g. Hogarth and McGlade 1998).

Major Achievements

The results and major achievements of the project are detailed in the following sections and
chapters of this volume: Environmental Forcing & Productivity chapters 5, 6, 8 and 10; and
Fish & Fisheries chapters 14, 16, 18 and 19.

Various environmental and biological data sets were constructed and used in the
investigation of nearshore and climatic forcing factors on fishery resources in the Gulf of
Guinea (see Demarcq and Aman; Hardman-Mountford and McGlade; Koranteng and
McGlade; Roy et al. this volume). In particular, an assessment of the response of demersal
fishery resources to environmental perturbations and a preliminary biomass budget for the
Ghanaian shelf ecosystem were completed. The project brought together databases on the
demersal fishery resources in the Gulf of Guinea. These included the trawl fishery data of
Cote d’Ivoire, which were compiled, quality controlled and put onto CD-ROM (Ménard et al.
this volume). The original datasheets from the Guinean Trawling Survey (Williams 1968),
which were not available in West Africa and generally considered missing, were also
retrieved and brought back to the region (courtesy of Professor Daniel Pauly). These data are
now available on CD-ROM for the benefit of the scientific community.

The project supported five PhD and one MSc degrees at UK, French and Ivorian
universities. The subjects of investigation ranged from examination of dynamics of the
marine environment and the role of climate forcing, discrimination of fish stocks by
molecular genetics, dynamics of fish species assemblages, exploitation and management of
demersal fishery resources in the Gulf of Guinea, including the assessment of fish stocks and
modelling of fishery catches.

The Dissemination Workshop

A critical part of the activities within the project was a workshop, organised in Accra, Ghana
on 27-29 July 1998 (Koranteng 1998). The primary objective was to disseminate the findings
of the project and relate them to research in other parts of the world. The workshop was
attended by 50 scientists from Canada, C6te d’Ivoire, France, Ghana, South Africa, United
States of America and the United Kingdom.

In his opening address, the Hon. Johnson Asiedu Nketiah, Deputy Minister, Ministry
of Food and Agriculture, Ghana, underscored the importance of the fishing industry in the
economies of countries in the Gulf of Guinea. He described the numerous management
problems existing in the fishing industry and appealed to the participants to consider the
issues of environmental degradation in the sub-region and the human factors leading to it, and
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the decline in fish catches and the impact on human populations, especially in the West
African sub-region. There were also short addresses by representatives of the GEF/UNIDO
Gulf of Guinea LME project, and representatives of the core partners, who underlined the
importance of the findings of the project and the opportunities for building international and
national awareness of the problems facing the region afforded by the workshop.

Closing the workshop, Mr Mike Akyeampong, Deputy Minister, Ministry of Food and
Agriculture noted that as Deputy Minister responsible for fisheries, he had been involved in
the work of the FAO Fishery Committee for the Eastern Central Atlantic (CECAF) and in the
activities of the Ministerial Conference of Fisheries Cooperation Between African States
Bordering the Atlantic, and as such had followed the development of the Gulf of Guinea
Biodiversity Project, and was very pleased to see the workshop and project come to fruition.

The research project that culminated in this and other workshops exemplified the
scientific collaboration within the EU Fishery Research Initiative under the European
Union’s Research and Technology for Development programme in the general framework of
the Lomé IV Convention.
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A Modular Approach to Monitoring, Assessing and
Managing Large Marine Ecosystems

K. Sherman and E.D. Anderson

Abstract

In recent years, there has been a change in approach to the management of the world’s natural
resources from that of compartmentalised efforts focusing on maximising short-term yields
and economic gain towards ecosystem management and long-term sustainability. A
significant milestone was achieved in June 1992 when a majority of coastal nations adopted
follow-on actions to the United Nations Conference on Environment and Development
(UNCED) to: 1) prevent, reduce, and control degradation of the marine environment so as to
maintain and improve its life-support and productive capacities; 2) develop and increase the
potential of marine living resources to meet human nutritional needs, as well as social,
economic, and development goals; and 3) promote the integrated management and sus-
tainable development of coastal areas and the marine environment.

Regrettably, the long-term sustainability of coastal ecosystems as a resource to support
healthy economies of coastal nations appears to be diminishing. A growing awareness that the
quality of these ecosystems is being adversely impacted by multiple sources of stress has
accelerated efforts by scientists and programme managers to monitor, assess, and mitigate
such stressors from an ecosystem perspective. The linkage between science and improved
global stewardship of natural resources needs to be strengthened. An ecological framework
that can serve as the basis for achieving the UNCED objectives is the large marine ecosystem
(LME) concept. A description is given of an ecosystems approach being developed by United
States National Marine Fisheries Service for strengthening science-based resource manage-
ment using five linked modules for improving ecosystem sustainability: 1) productivity, 2)
fish and fisheries, 3) pollution and ecosystem health, 4) socio-economic conditions, and 5)
pertinent governance regimes. Examples are presented where the LME concept and the
modular approach either are in use or about to be implemented.

Introduction

A significant milestone was achieved in June 1992 with the adoption of follow-on actions to
the declarations on the ocean of the UN Conference on Environment and Development
(UNCED) which recommended that nations: 1) “prevent, reduce, and control degradation of
the marine environment so as to maintain and improve its life-support and productive
capacities™; 2) “develop and increase the potential of marine living resources to meet human
nutritional needs, as well as social, economic, and development goals”;, and 3) “promote the
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integrated management and sustainable development of coastal areas and the marine
environment”. This followed a growing awareness world-wide that the quality of coastal
marine ecosystems, and consequently their capability for long-term sustainability of natural
resource use, were being adversely impacted and reduced. This, in turn, has stimulated efforts
by scientists and resource managers to shift their focus from the assessment and short-term
management of individual ecosystem components to that of entire ecosystems on a long-term
basis. For example, the Intergovernmental Oceanographic Commission (IOC) of UNESCO is
now encouraging coastal nations to establish national programs for assessing and monitoring
coastal ecosystems so as to enhance the ability of national and regional management
organisations to develop and implement effective remedial programs for improving the
quality of degraded ecosystems.

Coastal Ecosystem Stress

Since UNCED, concern has been expressed over the deteriorating condition of the world’s
coastal ecosystems that produce most of the global living marine resources. Within the near-
shore areas and extending seaward around the margins of global land masses, coastal
ecosystems are being subjected to increased stress from toxic effluents, habitat degradation,
excessive nutrient loadings, harmful algal blooms, emergent diseases, fallout from aerosol
contaminants, and episodic losses of living marine resources from pollution and over-
exploitation. Coastal pollution, changes in biodiversity, the degraded states of fish stocks, and
the loss of coastal habitat are limiting the achievement of the full economic potential of
coastal ecosystems.

Present efforts to address these problems by local, regional, national, and international
institutions responsible for resource stewardship have been less than successful. Informed
decisions for ensuring the long-term development and sustainability of coastal marine
resources can best be made when based on sound scientifically-derived options. But for most
coastal ecosystems, existing environmental data pertinent to studies of perturbations to
habitats and populations at the species, population, community, and ecosystem level are
difficult to synthesise because of their spatially and temporally fragmented character, lack of
comparability, and inaccessibility. To overcome these shortcomings, a more coherent and
integrative assessment of the changing states of coastal ecosystems, from drainage basins to
the adjacent marine ecosystems and directly linked to institutions responsible for the
governance of the ecosystems, is needed (McGlade 2001).

Large Marine Ecosystem Concept

In recent years, there has been a change in approach to the management of the world’s natural
resources from that of compartmentalised efforts focusing on maximising short-term yields
and economic gain towards ecosystem management and long-term sustainability. Franklin
(1994) indicated that it represents a paradigm shift from individual species to ecosystems,
from small spatial scales to multiple scales, from a short-term perspective to long-term
perspective, from humans being independent of ecosystems to humans being an integral part
of them, from management divorced from research to adaptive management, and from
managing commodities to sustaining production potential for goods and services.
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An essential component of an ecosystem management regime is the inclusion of a
scientifically-based strategy to monitor and assess the changing states and health of the
ecosystem by monitoring changes in key biological and environmental parameters. The
assessment and monitoring activity serves as a component of a management system that
includes: 1) regulatory, 2) institutional, and 3) decision-making actions for managing marine
ecosystems.

An ecological framework that can serve as a basis for achieving the UNCED objectives
is the large marine ecosystem (LME) concept (AAAS 1986; Sherman 1986; Alexander 1986).
Large marine ecosystems are relatively large regions about 200,000 km® or larger, char-
acterised by distinct bathymetry, hydrography, productivity, and trophically-dependent
populations. They are regions of the ocean encompassing coastal areas from river basins and
estuaries to the outer boundary of continental shelves and the seaward margins of coastal
current systems. LMEs are increasingly being subjected to stress from growing exploitation of
fish and other renewable resources, coastal zone damage, habitat losses, river basin runoff,
dumping of urban wastes, and fallout from aerosol contaminants. The theory, measurement,
and modeling relevant to monitoring the changing states of LMEs are imbedded in a series of
reports on ecosystems with multiple steady states and on the pattern formation and spatial dif-
fusion within ecosystems (Holling 1973, 1986, 1993; Pimm 1984; AAAS 1986, 1989, 1990,
1991, 1993; Beddington 1986; Levin 1993; Sherman 1994).

Based on these criteria, 49 distinct LMEs have been described around the margins of
the Atlantic, Pacific, and Indian Oceans (Map 1). These 49 LMEs produce 95% of the annual
global fisheries biomass yields. Sherman (1994) reported on the changing states of biomass
yields and health for 29 of these LMEs.

The assessments of the changing states of LMEs are based on information obtained
from five operational modules that link science-based information to socio-economic benefits
for countries bordering on the LMEs (Sherman 1995). The five modules are focused on
ecosystem 1) productivity, 2) fish and fisheries, 3) pollution and health, 4) socio-economic
conditions, and 5) governance protocols. This approach is currently being implemented in a
collaborative effort among the US National Oceanographic and Atmospheric Administration
(NOAA), the UN Industrial Development Organization (UNIDO) and the six coastal
countries in the Gulf of Guinea.

Productivity Module

Productivity can be related to the carrying capacity of an ecosystem for supporting fish re-
sources (Pauly and Christensen 1995). The maximum global level of primary productivity for
supporting the average annual world fisheries catch has reportedly been reached. Further
large-scale unmanaged increases in marine fisheries yields are likely to be at marine food
chain trophic levels below fish (Beddington 1995). In some LMEs, excessive nutrient
loadings of coastal waters have been related to algal blooms that have been implicated in
mass mortalities of living resources, emergence of pathogens, and explosive growth of non-
indigenous species (Epstein 1993).

Parameters measured in the productivity module are zooplankton species composition,
biomass, diversity and size; phytoplankton species composition biomass as chlorophyll-a;
salinity; temperature; nutrients; hydrocarbons; light; and oxygen. Plankton can be measured
by deploying Continuous Plankton Recorder (CPR) systems from commercial vessels of
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opportunity (Glover 1967; John et al. this volume). Advanced plankton recorders can be fitted
with sensors to measure numerous other parameters such as temperature, salinity, chlorophyll,
nitrate/nitrite, petroleum, hydrocarbons, light, bioluminescence, and primary productivity
(Aiken 1981; Aiken and Bellan 1990; Williams and Aiken 1990; UNESCO 1992: Williams
1993) and provide the means to monitor changes in phytoplankton, zooplankton, primary
productivity, species composition and dominance, and long-term changes in the physical and
nutrient characteristics of the LME, as well as longer-term changes relating to the
biofeedback of the plankton to the stress of environmental change (Colebrook 1986; Dickson
et al. 1988; Colebrook et al. 1991; Williams 1993).

Fish and Fisheries Module

Excessive exploitation (Sissenwine and Cohen 1991), naturally-occurring environmental
shifts in climate regime (Bakun 1993, 1995; Cole and McGlade 1998), and coastal pollution
(Mee 1992; Bombace 1993) are three sources of variability in fisheries yield in most LMEs.
Numerous examples exist (Kullenberg 1986; MacCall 1986; Sissenwine 1986; Crawford et
al. 1989; Mee 1992; Alheit and Bernal 1993; Bakun 1993, 1995; Bombace 1993; Tang 1993)
where one or other of these sources has been linked to changes in fisheries yield, some as the
primary driving force and others as the secondary or tertiary causes.

The fish and fisheries module includes fishery-independent bottom trawl surveys and
acoustic surveys for pelagic species to obtain time-series information on changes in
biodiversity and abundance levels of the fish community. Standardised sampling procedures,
using small calibrated trawlers, can provide important information on diverse changes in fish
species. The fish catch provides biological samples for stock assessments, stomach analyses,
age, growth, fecundity, and size comparisons (ICES 1991), data for clarifying and quantifying
multispecies trophic relationships, and the collection of samples to monitor coastal pollution.
Samples of trawl-caught fish can be used to monitor pathological conditions that may be
associated with coastal pollution. The trawlers can also be used as platforms for obtaining
water, sediment, and benthic samples for monitoring harmful algal blooms, virus vectors of
disease, eutrophication, anoxia, and changes in benthic communities.

Pollution and Ecosystem Health Module

In several LMEs, pollution has been a principal driving force in changes of biomass yields.
Assessing the changing status of pollution and health of the entire LME is scientifically
challenging. Ecosystem health is a concept of wide interest for which a single precise
scientific definition is problematical. Methods to assess the health of LMEs are being
developed from modifications to a series of indicators and indices described by various
investigators (Costanza 1992; Karr 1992; Norton and Ulanowicz 1992; Rapport 1992). The
over-riding objective is to monitor changes in health from an ecosystem pespective as a
measure of the overall performance of a complex system (Costanza 1992). The health para-
digm is based on the multiple-state comparisons of ecosystem resilience and stability (Pimm
1984, 1999; Holling 1986; Costanza 1992; McGlade 2002) and is an evolving concept.

For an ecosystem to be healthy and sustainable (Costanza 1992), an ecosystem must
maintain its metabolic activity level, its internal structure and organisation, and must be
resistant to external stress over time and space scales relevant to the ecosystem. Five indices
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Figure 2-1 A schematic representation of the data bases and experimental parameters for indexing
the changing states of large marine ecosystems. The data base (left column) represents time-series
measurements of key ecosystem components (middle column) from the US Northeast Continental
Shelf ecosystem. Indices (right column) will be based on changes compared with the ecosystem state
in 1960.

considered as experimental measures of changing ecosystem states and health (NOAA 1993)
are: 1) diversity, 2) stability, 3) yields, 4) productivity, and 5) resilience. The data from which
to derive the experimental indices are obtained from time-series monitoring of key ecosystem
parameters. An effort to validate the utility of these indices is currently under development by
NOAA at the Northeast Fisheries Science Center. The ecosystem sampling strategy is focused
on parameters relating to the resources at risk from over-exploitation, species protected by
legislative authority (e.g., marine mammals), and other key biological and physical compo-
nents at the lower end of the food chain (i.e., plankton, nutrients, hydrography).

The parameters of interest depicted in Figure 2-1 include zooplankton composition,
zooplankton biomass, water column structure, photosynthetically active radiation,
transparency, chlorophyll-a, NO,, NOs, primary production, pollution, marine mammal
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biomass, marine mammal composition, runoff, wind stress, seabird community structure,
seabird counts, finfish composition, finfish biomass, domoic acid, saxitoxin, and paralytic
shellfish poisoning. The experimental parameters selected incorporate the behavior of
individuals, the resultant responses of populations and communities, as well as their
interactions with the physical and chemical environment. The selected parameters provide a
basis for comparing changing health status among ecosystems. The interrelationship between
the data sets and the selected parameters are indicated by the arrows leading from column 1 to
column 2.

The measured ecosystem components are shown in relation to ecosystem structure in a
diagrammatic conceptualisation of patterns and activities within the LME at different levels
of complexity (Likens 1992): the individual, the population, and the community (Figure 2-2).
Each sphere represents an individual abiotic or biotic entity. Broad, double-headed arrows
indicate feedback between entities and the energy matrix for the system, and thin arrows
represent direct interactions between individual entities.

Ecosystem Level

» System Biomass

= System Productivity
i« Energy Flux

« Nutrient Flux & Cycling

+ Resilience / Stability

+ Development

1 individual Level P Population Level € Community Level
» Growth * Intraspecific Competition = Interspecific Competition
* Reproduction - Population Age / Size Structure -« Diversity

« Mortality » Population Growth Rate « Spatial Structure

+ Behavior * Population Cycles * Zonation

« Movement » Spatial Distribution + Succession

+ Invasion / Extinction
« Indirect Competition / Mutualism

Figure 2-2 Diagrammatic conceptualisation of patterns and activities at different levels of
ecosystem complexity. Each sphere represents an individual abiotic or biotic entity. Abiotic is
defined as nonliving matter. Double-headed arrows either indicate feedback between entities and the
energy matrix for the system, or represent direct interactions between individual entities. Much of
ecology is devoted to studying interactions between biotic and abiotic entities with a focus on the
effects of such interactions on individuals (I), populations (P), or communities (C) of organisms.
Ecosystem ecology studies these interactions from the viewpoint of their effect on both the biotic and
abiotic entities and within the context of the system. The boundaries of the system must be
established to conduct quantitative studies of flux (from Likens 1992).
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Fish, benthic invertebrates, and other biological indicator species are used in the
pollution and ecosystem health module to measure pollution effects on the ecosystem
including the bivalve monitoring strategy of “Mussel-Watch”, the pathobiological
examination of fish (Goldberg 1976; Farrington et al. 1983; ICES 1988; O’Connor and Ehler
1991), and the estuarine and nearshore monitoring of contaminants in the water column,
substrate, and selected groups of organisms. An important component of the associated
research to support the assessment is the definition of routes of exposure to toxic
contaminants of selected finfish and shellfish and the assessment of exposure to toxic
chemicals by several life history stages. The routes of bioaccumulation and trophic transfer of
contaminants is assessed, and critical life history stages and selected food-chain organisms
are examined for a variety of parameters that indicate exposure to, and effects of,
contaminants. Contaminant-related effects measured include diseases, impaired reproductive
capacity, and impaired growth. Many of these effects can be caused by direct exposure to
contaminants, or by indirect effects such as those resulting from alterations in prey organisms.

The assessment of chemical contaminant exposure and effects on fisheries resources
and food-chain organisms consists of a suite of parameters including biochemical responses
that are clearly linked to contaminant exposure coupled with measurements of organ disease
and reproductive status that have been used in previous studies to establish links between
exposure and effects. The specific suite of parameters measured will cover the same general
responses and thus allow for comparable assessment of the physiological status of each
species sampled as it relates to chemical contaminant exposure and effects at the individual,
species, and population levels. The implementation of protocols for assessing the frequency
and effect of harmful algal blooms (Smayda 1991) and emergent diseases (Epstein 1993) are
also included in the pollution module.

Socioeconomic Module

The socioeconomic module is characterised by its emphasis on practical applications of its
scientific findings in managing the LME and on the explicit integration of economic analysis
with the scientific research to assure that prospective management measures are cost-
effective. Economists and policy analysts will need to work closely with ecologists and other
scientists to identify and evaluate management options that are both scientifically credible and
economically practical.

The economic and management research is closely integrated with the science through-
out, and is designed intentionally to respond adaptively to enhanced scientific information.
This component of the LME approach to marine resources management was developed by the
late James Broadus, former Director of the Marine Policy Center, Woods Hole
Oceanographic Institution, Woods Hole, MA, and contains six interrelated elements:
¢ Human forcing functions
The natural starting point is a generalised characterisation of the ways in which human ac-
tivities affect the natural marine system and the expected “sensitivity” of these forcing
functions to various types and levels of human activity. Population dynamics, coastal
development, and land-use practices in the system’s drainage basis are clear examples. Work
integrating the efforts of natural and social scientists should concentrate further on resolving
apparent effects (such as eutrophication-associated red tide events or changing fish population
structures) that are confounded by cycles or complex dynamics in the natural system itself.
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Progress is possible, too, in achieving better characterisations of the way in which human
forcing is mediated by alternative management options. Emphasis should be on isolating and
quantifying those forcing activities (e.g., sewage discharge, agricultural runoff, fishing effort)
likely to be expressed most prominently in effects on the natural system.

e Feedback to environmental impacts and stresses

Collaborative effort should also be devoted to identifying and estimating the feedbacks of
economic impacts into the human forcing function. Extensive coastal eutrophication, for
example, associated with coastal development and runoff, might reduce the suitability of
coastal areas for aquaculture production and increase exposure to red tide damage, thereby
putting a premium on capture fisheries and increasing pressure on wild stocks. Similar
feedbacks, both negative and positive, should be addressed and expressed in economic terms
for all the major sectors.

e Assessing economic impacts

Another element is the estimation and possibly prediction of the economic impacts of
unmanaged degradation in the natural system and, obversely, the expected benefits of
management measures. Such an assessment is a form of standard benefit-cost analysis, but it
requires scientific information to describe the effects of human forcing so as to quantify them
in economic terms. Initial analysis should focus on the social and economic sectors likely to
experience the largest impacts (i.e., fishing, aquaculture, public health, recreation, and
tourism).

¢ Ecosystem service versus value of biodiversity

Special consideration should be given to improving knowledge of how the natural system
generates economic values. Many valuable services provided by natural systems are not
traded in markets or included in planning evaluations, so extra care must be made to assure
that they are not sacrificed through ignorance. The services provided by coastal wetlands as
nurseries for fisheries, natural pollution filters, and storm buffers are well-known examples
that have particular relevance to coastal reclamation activities. Other examples are more
subtle, including the importance of predator-prey relationships and the possibility of losing
unrecognised “keystone” species in a valuable ecosystem. Experience suggests that growing
economic values on aesthetic and recreational/tourism amenities may be expected in the LME
setting as well. A variety of sources of economic value arising from the natural diversity of
the LME should be identified and assessed in regard to existing uses and potential
management innovations.

e Environmental economics (value setting)

Many of the elements described here comprise topics in the field of environmental econom-
ics. Specialists in that field attempt to estimate the economic values (both use and non-use)
associated with environmental resources and to identify the conditions associated with their
optimal management (to derive the greatest net benefits for society) (Milner-Gulland 1999).
An important element is the collaboration between scholars from developing nations and
those from the developed countries to transfer and adapt to the needs and techniques of
environmental economics.

e Integrating assessments (decision-support network)

The ultimate objective is the integration of all the results achieved above, with scientific char-
acterisations of the LME, into a comprehensive analytic framework (decision-support
environment) that will permit integrated assessment of human practices, effects, and
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management options in the region. Such work is at the forefront of recent research on the
human dimension of global environmental change as well as research on human interactions
with natural marine systems.

Governance Module

The governance module is a critical element for achieving sustainable management in the
coastal zone (McGlade 2001). Methods now evolving are based on case studies underway
among ecosystems to be managed from a more holistic perspective in projects supported by
the Global Environmental Facility (GEF), including the Yellow Sea Ecosystem, where the
principal effort is underway by the People’s Republic of China (Tang 1989) and South Korea
(Zhang and Kim 1999), for the Gulf of Guinea LME by Cote d’Ivoire, Ghana, Nigeria, Benin,
Cameroon, and Togo (UNIDO/UNDP/NOAA/UNEP 1997), and by the governments of South
Africa, Namibia, and Angola to conduct joint assessments of the resources of the Benguela
LME to guide the development of the shared resources of the ecosystem to ensure their long-
term sustainability, particularly with regard to food security. The Great Barrier Reef
Ecosystem is also being managed from an holistic ecosystem perspective (Bradbury and
Mundy 1989; Kelleher 1993), along with the Northern Australian Continental Shelf
Ecosystem (Sainsbury 1988), by the state and federal governments of Australia. The Antarctic
Marine Ecosystem is being managed under the Commission for the Conservation of Antarctic
Marine Living Resources (CCAMLR) and its 21-nation membership (Scully er al. 1986;
Sherman and Ryan 1988). Movement towards ecosystem management is emerging for the
North Sea (NSQSR 1993), Barents Sea (Eikland 1992), Black Sea (Hey and Mee 1993), and
Baltic Sea (IOC 1998).

Post-UNCED Support

The Global Environment Facility (GEF), a unique international entity located within the
World Bank in Washington, DC, was organised to implement the mandates of the 1992
UNCED by providing financial grants and low interest loans to developing nations and
economies in transition. The GEF collaborates with the World Bank, the United Nations
Development Programme (UNDP) and the United Nations Environment Programme (UNEP)
to fund national, regional, and global development projects that benefit the world’s environ-
ment by addressing issues related to climate change, biological diversity, and international
waters. In international waters activities, the GEF addresses priority transboundary concerns
consistent with the UNCED declaration. Various donor nations (Germany, France, Sweden,
United Kingdom, Denmark, Norway, Canada, Japan, and the United States) have contributed
a total of US$2 billion to the first round of GEF projects and about US$2.7 billion to the
second round. GEF, in collaboration with other UN agencies, and with NOAA, TUCN
(International Union for the Conservation of Nature and Natural Resources), and various
other national and international organisations and agencies, and with the aid of many
scientists from national marine resource agencies from a number of developed countries, is
assisting developing nations in implementing coastal ecosystem assessment, monitoring, and
management projects aimed at improving the prospects for the long-term development and
sustainability of multi-sectoral marine resources.
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Implementation of Regional LME Projects

Scientific and managerial projects are currently underway or in the planning stages in a num-
ber of large marine ecosystems under the auspices or support of either GEF, in co-operation
with UN, regional, and national agencies or national governments or intergovernmental or-
ganisations. Such activities in some of the LMEs are reviewed below (IOC 1998).

Yellow Sea LME

A World Bank project for South Korea, including productivity, fisheries, and pollution
modules, was implemented in March 1998. A large bilateral Korea-China project is in the
planning stages with support from the GEF.

Gulf of Guinea LME

Some of the major milestones and developments include a positive mid-point review, a work-
shop in October 1997 to present and discuss results from the first two years, Togo joining
Cote d’Ivoire, Ghana, Nigeria, Benin, and Cameroon in the project, the financial investment
by petroleum-producing corporations towards environmental issues in the Niger Delta region,
and a first Regional Symposium held in January 1998 in Abidjan, Cote d’Ivoire. The Gulf of
Guinea LME provides resources currently representing annually an estimated US$3.8 billion
and US$9 billion potentially to the economies of the adjoining countries.

The Gulf of Guinea LME project has been ongoing for two years and has documented a
number of accomplishments including reaching consensus on methods for restoration of
damaged mangroves and other habitats, initiation of community-based mangrove restoration
projects, and agreement by several of the participating countries to initiate non-hazardous
waste-stock exchange programmes with important gas, oil, mining, steel, agricultural, and
food production enterprises to control pollution and apply new technologies for the profitable
recycling of wastes as a principal means for protecting fisheries and other living resources.

This is the largest single project presently underway in Africa for increasing the socio-
economic benefits of the natural productivity of a large marine ecosystem. In addition to GEF
support, assistance from within Africa is being provided by the Organization of African Unity
and the African Development Bank. A task force of about 350 specialists from government
and non-governmental organisations, community-based organisations, the private sector, and
academic institutions from the six participating countries is involved in the project.

Bay of Bengal LME

The coastal portion of the countries bordering this LME (Bangladesh, India, Indonesia,
Malaysia, Maldives, Sri Lanka, and Thailand) has a combined population of about 400
million people. Problems requiring resolution include land- and sea-based pollution,
terrestrial degradation, inadequate management of living marine resources, and natural
disasters. The project’s original objective, to improve the socio-economic conditions of
small-scale fishing communities by the development and promotion of new and innovative
technologies, has been expanded to include a greater emphasis on the development of
community-based fisheries management policies and stakeholder participation. Objectives of
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the project’s strategic action programme (SAP) include prioritising transboundary water-
related environmental concerns and root causes of problems and threats, agreeing on actions
and priorities required to resolve transboundary problems, identifying responsible parties,
setting realistic targets, performing cost-benefit analyses, determining associated incremental
costs, and generating potential investment, technical assistance, and capacity-building inter-
ventions.

Benguela Current LME

This LME, which encompasses one of the four eastern boundary upwelling systems in the
world, has a high primary productivity level which supports an important reservoir of
biodiversity and a large biomass of fish, crustaceans, sea birds, and marine mammals. The
near-shore and shelf sediments hold rich deposits of diamonds, phosphorite, diatomite and oil
and natural gas reserves. It is subject to considerable environmental variability which has
severely impacted the ecosystem and led to a marked decline in fish abundance and
availability. Increased fishing pressure coupled with widespread toxic algal blooms and a high
pollution risk associated with ongoing seabed mining and petroleum exploration and
production has stimulated the need for an integrated and co-ordinated approach to ecosystem
management within the three bordering countries (South Africa, Namibia, and Angola). The
project’s proposal of enhancing national and regional efforts for sustainable integrated man-
agement, which has been approved by GEF with full funding from the end of 1998, will be
accomplished by establishing a regional cooperative mechanism, undertaking a review of
existing knowledge of the status and threats to the LME, and developing an SAP to address
the threats and the gaps in current knowledge.

Caribbean Sea LME

This LME has been seriously damaged from the loss of critical coral reef and mangrove
habitat, diminishing food security from over-exploitation of coastal fisheries, and growing
eutrophication and degradation of coastal waters from excessive nutrient loading and chronic
oil spills. Project objectives include enhancing national and regional efforts toward
collaborative assessment, monitoring, and management by the Bahamas, Barbados, Belize,
Brazil, Colombia, Costa Rica, Cuba, Jamaica, Mexico, Panama, St. Lucia, Trinidad and
Tobago, and Venezuela. Initial efforts will include the establishment of a mechanism for
regional co-operation, review of the existing knowledge of the threat to the system, and
development of an SAP to redress the damage to the ecosystem and overcome the gaps in
knowledge. The project will also focus on strengthening co-ordination for the assessment and
monitoring of ecosystem changes, the development of institutional capacity, direct support of
priority activities identified in the SAP, and support for directing national and international
activities toward long-term sustainability and economic development of marine resources.

Humboldt Current LME

Work is underway by Chile, Peru, and Ecuador in preparation for the submission of project
proposals. The first steps will be the establishment of a mechanism for regional co-operation,
a review of the existing knowledge of the status and threats to the LME, and the development
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of a SAP. This is the most productive LME in the world and supports an important reservoir
of biodiversity and a large biomass of phytoplankton, zooplankton, fish, sea birds, and marine
mammals. Global markets for fish protein are very dependent on the annual yield from this
LME. The consequences of El Nifio conditions and the resulting frequency, extent, and
intensity of coastal upwelling of the LME have a major impact on the fishing, agriculture, and
tourism sectors, and hence the overall economies, of the three coastal states.

The principal issues associated with managing this LME include: habitat loss and
pollution of the fragile and relatively pristine nature of the coast of the Humboldt Current
region due to uncontrolled tourism development and ongoing expansion of urban areas;
serious degradation of coastal areas adjacent to urban centers as a result of pollution, habitat
loss, and extreme fluctuation in marine and coastal natural resources; significant and wide-
spread increase in the frequency of marked environmental changes in the ecosystem induced
by El Nifio and resulting in very large losses of biomass of fish, sea birds, and marine
mammals; and an apparent opportunity for important climate change assessment, monitoring,
and prediction since the Humboldt Current is both a source and sink of carbon dioxide and a
known predictor of climatic variations in the region.

Baltic Sea LME

Discussion has taken place among various Baltic countries, and the GEF has indicated an
interest in supporting a joint ICES-HELCOM initiative for the Baltic Sea LME. ICES is
convening a coordination meeting to submit a project proposal from the Baltic countries for
submission to GEF. The Baltic Sea is threatened by pollution and habitat loss from extensive
economic development in the coastal zones of the nine bordering countries (Poland, Estonia,
Latvia, Lithuania, Russia, Finland, Sweden, Germany, and Denmark) and by unsustainable
exploitation of natural resources including both fisheries and significant hydrocarbon
reserves. The project objective is to prepare an SAP that will complement previous
accomplishments of HELCOM.

Canary Current LME

A UNEP proposal to GEF has been funded to support a transboundary diagnostic analysis to
be conducted jointly by NOAA, UNEP, and IUCN. The coastal zones of the seven countries
bordering this LME (Guinea, Guinea Bissan, Gambia, Cape Verde, Mauritania, Morocco, and
Senegal) have been major areas for industrial development, with the consequent migration of
workers from rural inland areas to coastal areas and the assoc1ated overloading of the coastal
capacity to provide infrastructure and services.

Somali Current LME

Somalia, Kenya, and Tanzania have applied for a grant to address the reduction of stress and
degradation of the coastal habitats of the countries bordering the LME, and the provision of
initial assessments of the size and extent of renewable resources of the LME in relation to the
potential for systematic economic expansion of the fisheries to reduce malnutrition in
significant segments of the human populations of the coastal states of the region.
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South China Sea LME

Countries involved include Sumatra, Malaysia, Cambodia, Thailand, Vietnam, China, Philip-
pines, and Borneo. Batangas Bay in the Philippines was developed as a demonstration project
in Integrated Coastal Management (ICM). The approach provides a framework for the
management of the coast of the Batangas Bay region of the Province of Batangas in the
Philippines including integrated waste management, water pollution abatement, conservation
of stressed mangrove and coral reef areas, coastal tourism development, and improvements in
municipal fisheries.
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The Gulf of Guinea Large Marine Ecosystem Project: Turning
Challenges into Achievements

C. Ibe and K. Sherman

Abstract

Between 1995 and 1999, six countries in the Gulf of Guinea, a subset of the Guinea Current
Large Marine Ecosystem which covers 16 countries between Guinea Bissau and Angola, co-
operated in a Global Environment Facility funded pilot project. The project focussed on
reversing the degradation of the coastal and marine environment and ensuring long term
sustainable utilisation of the region’s ample but shared living resources. It was based on an
ecosystem approach to management, implicit in the innovative Large Marine Ecosystem
programmes described by Sherman and Anderson (this volume). Besides those actions
focussed on reducing pollution from land based activities especially from industries,
achievements included a sustained survey of the productivity of the ecosystem using ships of
opportunity, a successful joint region-wide fish trawl survey, community based mangrove
restoration efforts and the formulation of National Integrated Coastal Areas Management
Plans based on common regional policies and strategies. The capacity to intervene
meaningfully in the protection of the environment and more so in taking preventive measures
was enhanced, and definitive steps were taken towards the institutionalisation of GIS based
decision making support systems. A Ministerial level “Accra Declaration” was adopted in
1998 by Environment Ministers from the six countries embodying political, intellectual and
material commitments to environmentally sustainable development of the Guinea Current
Large Marine Ecosystem. The ten additional countries implicated have since given
Ministerial level endorsements to the provisions of the Accra Declaration.

Introduction

The concerns shared by countries in the Gulf of Guinea about the deterioration of their marine
environment, coupled with experiences gained from their participation in existing regional
and global conventions and protocols in environmental protection, make them eager and
ready to move forward collectively and boldly with new, sound initiatives for the protection
of their shared waters and natural resources. The pilot project, "Water Pollution Control and
Biodiversity Conservation in the Gulf of Guinea Large Marine Ecosystem (LME)", funded by
the Global Environment Facility, is one such initiative being undertaken by Benin, Cameroon,
Cbéte d'Tvoire, Ghana Nigeria and Togo, and which are making large in-kind and cash
contributions to the project. It is anchored in the concept of Large Marine Ecosystems as
geographic units for improving the assessment and management of marine resources
(Sherman 1993; 1994, 1996; Ibe and Brown 1997, Ibe and Csizer 1998; Scheren and Ibe this

27
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Total population
(Million)

% Urban population
out of total population

% Urban population in
large coastal cities

Population growth (%)

Major coastal cities

Major ports

Major Lagoon systems

Length of coastline
(km)

Marine area (kmz)

Area occupied by
mangroves (km?)

Surface area
continental shelf (km®)

Width of the
continental shelf (km)

Coastal erosion rate
(m/y)
Tidal range (m)

Currents (m/s)

Benin
5.8
40
100
29

Cotonou
Porto Novo

Cotonou

Nokoué
Porto-Novo

111

7900
30
2800
30
6,7 (30-year

average)
1,2

0,5-15

Cameroon
14,1
46
54
2,9

Douala
Limbé

Douala
Limbé
Kribi

No major
lagoons

402

4500
4860
12900

30-50

05-2,7
(location
dependent)

05-3

Caote
d’Iveire
14,7
51
84
2,9
Abidjan

Sassandra
San Pedro

Abidjan
San Pedro

Ebrié
Aby-Tendo-
Ehy
Grand Lahou
515
30500
640
10200
20-35

1,5

1,2

05-15

Ghana
18,0
37
72
2,7

Accra
Takoradi
Cape Coast

Tema
Takoradi

Keta
Sakumo
Songaw

Korle

539

63600
630
23700

20-90

1,3

0,5-1,5

Nigeria
117.9
41
20
2.9
Lagos

Warri
Sapele

Port harcourt

Calabar
Lagos
Warri

Port
Harcourt
Calabar

Lagos
Lekki

853

61500
12200
11470
15 -85
15-30

1,5

0,5-15

Togo
43
32
100
3.0

Lomé
Aného

Lomé

Togo

50

600
10
1306
21-32
20

1,5

05-1,5

Table 3-1 Physical and demographic characteristics of the six countries in the Gulf of Guinea Large
Marine Ecosystem project.

volume ; Sherman and Anderson this volume). Table 3-1 provides an overview of the

physical and demographic characteristics of the Gulf of Guinea.
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The long-term objective of the Global Environment Facility project is to restore and
sustain the health of the Gulf of Guinea Large Marine Ecosystem and its living resources,
particularly with regard to biological diversity and the control of water pollution. To achieve
this overall goal, the following strategic objectives were established:

« Strengthening regional institutional capacities to prevent and remedy pollution of the Gulf
of Guinea LME and associated degradation of critical habitats;

e Developing an integrated information management and decision making system for
ecosystem management,

¢ Establishing a comprehensive programme for monitoring and assessing the living marine
resources, health, and productivity of the Gulf of Guinea LME;

¢ Preventing and controlling land based sources of industrial and urban pollution;

o Developing national and regional strategies and policies for the long-term management
and protection of the Gulf of Guinea LME.

Achieving the project objectives has involved networks of national environmental
protection agencies/departments, public health administrations, sewage work authorities,
industries, and universities/research institutions in the participating countries. Non-
governmental organisations (NGOs) and community based organisations (CBOs), have also
been very active particularly in areas relating to public awareness and environmental
education aspects. In order to provide the necessary focus, National Focal Point Agencies and
National Focal Point Institutions were designated.

At the international level, the project has the UN Development Programme (UNDP) as
the Implementing Agency, UN Industrial Development Organization (UNIDO) as the
Executing Agency and UN Environment Programme (UNEP) as the Co-operating
Organization. The United States Department of Commerce through its National Oceanic and
Atmospheric Administration (NOAA) is providing technical support particularly in capacity
building initiatives in addition to in kind contribution to the funding of the project. Other
United Nations and non-United Nations Agencies such as the Intergovernmental
Oceanographic Commission (JOC) of UNESCO, the International Maritime Organization
(IMO), the Food and Agriculture Organisation (FAQO) and the World Conservation Union
(IUCN), have provided guidance at specific stages in project implementation. Table 3-2
depicts international collaboration under the project.

Based on a recognition that pollutants and living resources in the coastal and marine
environment respect no political boundaries and few geographical ones, the project has put
considerable emphasis on ‘uniting’ neighbouring countries which share international waters
and natural resources in the Gulf of Guinea. Actions include joint identification of major
trans-border environmental and living resources management issues and problems, and
adoption of common regional approaches, in terms of strategies and policies for addressing
these priorities in the national planning process at all levels of administration, including local
governments.

This paper presents the highlights of project implementation since 1995. For brevity
and clarity, this is done along the lines of the strategic objectives established, and the modular
approach outlined in Sherman and Anderson (this volume).
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Strengthening Regional Institutional Capacities

The project has established intra- and international networks of scientific institutions and
non-governmental organisations, with a total of more than 500 scientists, policy makers and
other participants (making it the African continent’s single largest network for marine and
coastal area management), to undertake studies on ecosystem degradation, to assess living
resources availability and biodiversity, and to measure socio-economic impacts of actions and
non-actions. The capacity of the networks has been reinforced through the supply of
appropriate equipment and by a series of group training workshops aimed at standardising
methodological approaches around five project modules.

More than 40 region-wide workshops, involving a total of nearly 900 participants, have
been held on issues varying from pollution monitoring, ecosystem productivity studies,
natural resources management and planning, development of institutional capacities
(including administrative and legal structures) and data and information management and
exchange. Intercalibration exercises with the International Atomic Energy Agency (IAEA)
have been promoted as a further means of ensuring comparability of results from different
participating laboratories and countries. On a national level, numerous workshops and

Organisation Areas of collaboration
1. UN Environment Programme LBS; Effluent Standards; CAM, etc. (GRID, GFMS, etc.)
2. National Oceanographic and LME Monitoring/Assessment (Fish Trawl;
Atmospheric Administration Productivity, etc.)
3. UN Development Programme ICAM,; Training; Round Table (Investments) Sustainable
Development Network, etc.
4. International Oceanographic) GIS; Marine Debris; ICAM; Pollution
Commission (UNESCO)
5. Food and Agriculture Fisheries; Mangrove ICAM; Pollution; Data Management
Organization/CECAF (FAO/GIS-OF/WA)
6. International Maritime Oil Spill Contingency Planning; ESI Mapping; Waste
Organization Management; Marine Debris
7. 101 ICAM and EEZ Management
8. World Conservation Union Mangrove; Fisheries; Biodiversity, etc.; Natural Resource
(IUCNYWWF Management.
9. Institut de recherche pour le Fisheries; Oceanographic cruises, etc.
développement (IRD)
10. UN Education, Scientific and ICAM; Environmental Education, etc.
Cultural Organisation
11. European Unjon Regional Marine Data Base Project (BDRM); Gulf of Guinea
Biodiversity project
12. World Health Organization Pollution; Public Heath
13. International Atomic Energy Inter-calibration and Inter-comparison; Reference
Agency Materials and Standards
14. Marine Institutions (in Europe, Americas, Asia, etc.) Routine collaboration.
15. African Development Bank Investment Linkages and Mechanisms
16. World Bank Investment Linkages and Mechanisms
17. Office of African Unity Joint Programming

Table 3-2 International collaborations.
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training activities have been organised under the project, while individuals benefited from
fellowships and study tours abroad.

The project’s emerging results have provided the technical underpinnings for
management decisions at regional and national levels. For example, under the Productivity
module of the project (with the Sir Alister Hardy Foundation for Ocean Science, UK), the
monthly region-wide, continuous plankton recorder tows are providing indications on the
health and carrying capacity of the Gulf of Guinea Large Marine Ecosystem (John et al. this
volume). The information from the collection of plankton, a group of organisms which
represent the base of the marine food chain, enables projections to be made on future food
security for the burgeoning populations of the region. The fish trawl surveys (with IRD and
FAO) are providing insights into exploitable yields and into undesirable shifts in biological
diversity. Capacities for anticipatory actions such as oil spill contingency planning (with
IMO), environmental impact assessment (with IOC) and environmental education (with
UNESCO) have also been strengthened. At the same time, countries have been encouraged to
ratify and adhere to pertinent international treaties, conventions and protocols.

Development of an Integrated Information Management and Decision
Making Support System

In developing countries in particular, effective management at all levels and for all purposes
is often vitiated by a lack of data and information upon which decisions and management
choices can be based. An important target of the project has been to create a basic data and
information management system in the participating countries, for the collection and
systematisation of data and information in user-friendly formats, such as a geographic
information system (GIS).

State of the Marine Environment Country Reports have been produced and issued as
initial assessments’, encompassing published and unpublished data and including policy
options and past interventions. These assessments constitute the preliminary 'inputs’, with
retroactive georeferencing where necessary, for national and regional data and information
banks. Standard formats have been adopted and available equipment has been upgraded for
receiving and systematizing data and information from ongoing and future activities.
Thematic GIS maps have been produced both at the regional and national levels. Effective e-
mail networks with Internet connections have been set up for networking and data and
information exchange.

These mechanisms provide decision-makers with readily available tools, literally 'at
the touch of a button’, that can contribute to the effective planning and management of the
coastal environment and associated natural resources. For example, the regional mangrove
distribution maps prepared under the project - when combined with data from field studies of
mangrove ecosystems - have given a reliable picture of the extent of anthropogenic impact
(principally from overcutting and/or pollution). They have provided a basis for preliminary
decisions in project countries on appropriate reforestation sites for this favoured 'spawning
and nursery ground’ of many living resources that occur within the coastal waters of the Gulf
of Guinea LME.
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Monitoring and Assessment of the Health and Productivity of the Gulf of
Guinea Large Marine Ecosystem

The aim of the Large Marine Ecosystem monitoring and assessment program is to address
management needs which are often regional in scope but for which responsibility is divided
among a wide array of jurisdictions. In this respect, the programme has provided crucial data
and information that enhance the ability of national and regional authorities to develop and
implement effective management and remedial programs for the coastal and marine
environment.

A comprehensive program for monitoring and assessment of the living marine
resources, the health, and productivity of the Large Marine Ecosystem was carried out,
consisting of six main components:

e Living marine resources survey
¢ Plankton survey
» Mangrove survey
e Pollution monitoring in coastal lagoons
Pollution monitoring of nearshore waters, sediments and fish
* Nutrients survey

National and regional experts were designated for each of the six components of the
monitoring and assessment module, to execute the jointly agreed monitoring programmes at
the national and regional level. The capacity of national institutes and experts was reinforced
through the supply of appropriate equipment and by a series of workshops aimed at
standardising methodological approaches in the afore mentioned components. Activity groups
on specific topics (i.e. pollution monitoring, nutrients, mangroves) were convened regularly
to discuss the progress made and problems encountered, and to undertake joint assessments.
Emphasis was planed on inter-calibration and inter-comparison exercises (with assistance of
TIAEA, Monaco) to ensure that results obtained were intercomparable through meeting
established Quality Assurance/Quality control Criteria (Topping 1992; Ibe and Kullemberg
1995)

One sub-regional fish trawl (western Gulf of Guinea), one regional fish trawl and
marine pollution surveys were carried out, in August 1996 and in February/March, 1999
respectively, bringing together on board scientists from the six project countries for the first
time since the Guinean Trawling Survey (GTS) in 1963/64. The results of the surveys provide
an insight in the distribution and evolution of fish resources throughout the Gulf of Guinea
continental shelf, and particularly the exploitable yields and undesirable shifts in biological
diversity (Konan et al. 1999). The surveys furthermore included sampling of water, sediments
and fish for study of their state of pollution, resulting in information on the state of the health
of the Gulf of Guinea. Partly as a result of this effort, a manual on standardized methods of
pollution monitoring was developed (Mbome et al. in press).

Monthly continuous plankton recorder surveys of the Gulf, carried out in co-operation
with the Sir Alister Hardy Foundation for Ocean Science (SAHFOS) in the United Kingdom,
has provided invaluable information on the Gulf’s productivity and marine life support
systems. It reveals at least 3 areas along the routes with high phytoplankton levels which may
represent upwelling (SAHFOS 1997; John et al. this volume). The information from the



Gulf of Guinea Large Marine Ecosystem Project 33

plankton communities, representing the base of the marine food chain gives an indication of
the carrying capacity of the ecosystem, which will enable projections to be made on future
food security for the burgeoning populations of the region.

Overcutting and pollution of mangroves which are important as spawning and nursery
grounds for many fish species, as habitat for many species of plants and animals, as well as
serving as.a natural filter for pollutants and silt from land, has led to a decrease in the
reproduction of fish and declining fish catches as a result. A large scale inventory of
mangrove forests in the region, including an evaluation of deforestation and the effects of
pollution, was executed under the project. Both on-the-ground surveys, using standardised
questionnaires, as well as advanced remote sensing technologies were applied, resulting in the
production of mangrove disturbance and distribution maps (Saenger et al. 1996, Sankare et
al. 1999; Isebor 1999). Pilot community based mangrove re-plantation projects and intensive
public awareness campaigns on sustainable utilization and restoration of mangrove
ecosystems are now being carried out in all of the six project countries.

Controlling Land-based Sources of Pollution

Recognising that, by far, the greater part of the pollution that causes degradation of the marine
environment is from land-based activities, the project has put a premium on the assessment,
prevention and control of such pollution (Scheren and Ibe this volume).

Industrial pollution

To put the problem into perspective, a rapid semi-quantitative assessment of land-based
sources of pollution in the region was undertaken (with UNEP) on a country-by country basis
(e.g. Métongo 1997; Ajao and Anurigwo 1998). As part of a more detailed survey on

industrial pollution, manufacturing industries in the various countries have co-operated in
completing a series of questionnaires and in allowing on-site investigations aimed at
obtaining an in-depth assessment of the nature of the manufacturing process, the types and
quantities of wastes generated, and the nature of waste treatment and discharge practices (Ehn
1999).

The significance of nutrients in the Gulf of Guinea Region lies in the high levels of
productivity in the coastal ecosystems of the region. The loading of nutrients leads to
eutrophication and concomitant harmful algal blooms generating much concern among the
participating countries. The project participants paid special attention to the issue of nutrients,
with the establishment of a Nutrient Activity Group as a first pragmatic step. This led to the
development of a common reference document for sampling, monitoring and laboratory
practice adapted to the regional context (Anurigwo 1999).

In addition to the specific monitoring and assessment modules defined, an extensive
study of the physical oceanographic processes in the Gulf of Guinea, in conjunction with
other programmes in the region, has shed light on the causal and influencing factors for the
occurrence and variability of marine living resources, the levels, distribution and fate of
pollutants, and the problem of extensive coastal erosion. The latter was the subject of a
special Working Group that incorporated entrepreneurs in this field of endeavour, and which
resulted in the recommendation of novel low technology and low cost options for combating
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this significant menace, identified by the Committee of Ministers as needing the highest and
most urgent attention.

The assessments provide a basis upon which to develop suggestions concerning
environmental controls, including alterations in production process technology. This is linked
to UNIDO's ongoing drive for the adoption by countries of cleaner production technologies
and the concomitant programme at national and regional levels to establish cleaner
production centres. The results from these surveys have been invaluable in fixing national and
regional guideline effluent standards, and in formulating recommendations for Governments
to control industrial pollution.

In addition, a parallel attempt has been made to develop strategies and policies that
will encourage reduction, recycling, recovery and reuse of industrial wastes. One such
initiative, now at the pilot stage in Ghana, is the establishment of Waste Stock Exchange
Management System. This concept, which has been enthusiastically embraced by
manufacturing industries in Ghana, has as a slogan 'one person’s waste, another person's raw
material' and holds considerable promise as a cost effective waste management tool in Ghana
and beyond (MAMSCO 1998).

Urban waste / sewage

A detailed study of the nature and quantities of urban wastes and sewage and the present
status of their management has also been executed. With due recognition of the possible
reinforcement of present government efforts, to evolve and implement masterplans for urban
waste and sewage management, the project has focused with municipal authorities on novel
and low technology options, such as the use of settling pits in Ghana for sewage treatment in
small communities and the sorting of domestic waste prior to disposal as a means of
encouraging recycling and reuse.

As part of the drive for low-cost, low-technology options, a pilot project on the
foreshores of the Ebrié Lagoon in the Bay of Cocody area of Abidjan is based on the use of
mangroves as 'purifiers’ of urban wastes and sewage that presently run into the lagoon,
provoking offensive odours and biological oxygen demand (BOD) problems. Preliminary
proposals for effective urban waste and sewage control that are now being directed to the
governments are a mix of conventional and innovative applications.

Marine debris

Analyses of results from four years of marine debris (beach litter) monitoring (with IOC-
UNESCO) have resulted in advice and recommendations comprising preventive and control
actions to municipal and local authorities on solid waste management. At the last review
meeting on Marine Debris (Abidjan, 19-21 April 1999) recommendations were made for the
establishment of an effective region-wide program of control of marine debris. A decision
was made to formulate a protocol to the Abidjan Convention in this regard. The text of such
protocol is currently under preparation (Folack et al. 1999).
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Formulating National and Regional Strategies and Policies

Perhaps more than in any other region of the world, the coastal zone in the Gulf of Guinea
region is both its heart and soul. Deriving from the history of the region’s early European
contact and the richness of natural resources in this zone, all major cities, harbours, airports,
industries, plantations, and a host of other socio-economic infrastructures are located on or
near the coast.

The multitude of competing interests and stakeholders in the coastal zone dictates the
preparation of management plans that are multidimensional and cross-sectoral. At a World
Bank sponsored meeting on Environment and Sustainable Development for the countries of
West and Central Africa, held in Yamoussoukro (Céte d'Ivoire) in July 1996, the GOG/LLME
project was adopted as an appropriate mechanism for joint initiatives on the coastal zone and
the adjacent Marine Catchment Basins (MCBs) of the region. Furthermore, the project was
called upon to develop a clearing house for coastal zone data and to prepare national action
plans for coastal zone management.

Coastal Profiles and draft national Integrated Coastal Areas Management (ICAM) plans
have been prepared, following common guidelines established at an earlier regional
consultation on Integrated Coastal Areas Management held in April 1996 in Accra (Ghana).
They include: (Rep. of Benin/UNIDO 1998; Rep. of Benin 1998; Rep. of Cameroon/UNIDO
1998; Rep. of Cameroon 1998; Rep. of Cdte d'Tvoire/UNIDO 1998; Rep. of Codte d'Ivoire
1998; Rep. of Ghana/UNIDO 1997; Rep. of Ghana 1998; Rep. of Nigeria/lUNIDO 1998; Rep.
of Nigeria 1998; Rep. of Togo/UNIDO 1998; Rep. of Togo 1998). The plans were developed
as elaboration of existing National Environmental Action Plans (NEAPS) for the littoral zone.
The intention is that implementation of these plans will reduce, if not eliminate, the inevitable
conflicts resulting from multiple uses of the coast, and will contribute to a more orderly
development process that protects the environment and promotes the sustainable use of
natural resources. National Steering Committees have been set up by decrees to promote the
cross-sectoral management implied in the plans, which are currently in the process of
adoption in the various participating countries.

In collaboration with the International Maritime Organisation (IMO) a specific focus
was given to Oil Spill Contingency Planning, including a discussion on areas of international
liability, and the development of regional oil spill contingency plans.

Through a regional consultative process, involving experts from the six project
countries, the project furthermore developed a preliminary Transboundary Diagnostic
Analysis document. The latter report provides an overview of the regional issues and
problems regarding the Gulf of Guinea Large Marine Ecosystem, and suggests options for
solutions in their regard. The document therefore provides the basis for development of a
Strategic Action Programme for the region.

At the prompting of the Committee of Ministers of Environment of participating
countries, and with the active participation of the private sector, a regional group of experts
on coastal erosion and flooding convened in August, 1998 and agreed on a regional strategy
to tackle the problem; one that will ensure that a solution applied by one country does not
provoke additional problems for its downstream neighbours.
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Future Perspectives

The five Ministers of Environment from Benin, Cameroon, Céte d’Ivoire, Ghana and Togo,
and the Director General/Chief Executive of the Federal Environmental Protection Agency of
Nigeria, which constitute the Committee of Ministers for the Gulf of Guinea Large marine
Ecosystem Project convened their first meeting in Accra, Ghana, on 9 and 10 July 1998.
Taking note of the extensive achievements of the project in fostering effective consultation,
coordination and monitoring mechanisms between participating countries, and in executing
joint actions in environmental and living resources management, the Committee of Ministers
recognized the project as a viable mechanism for regional co-operation. The Committee
adopted the Accra Declaration (Table 3-3) as an expression of common political will for the
environmentally sustainable development of marine and coastal areas of the Gulf of Guinea,
and called for the development of a Strategic Action Plan including a full Transboundary
Diagnostic Analysis, thus leading to an expanded second phase to include all the 16 countries
between Guinea Bissau in the north to Angola in the south.
The achievements made by the GOG-LME Project, culminating in the signing of the
Accra Declaration, attracted a special tribute in the Ministerial Statement of the Pan African
Conference on Sustainable Integrated Coastal Management (PACSICOM) held in Maputo,
Mozambique, 18-24 July. Furthermore, on 3 and 4 December 1998, on the occasion of the
Ministerial segment of the high level Conference on Co-operation for the Development and
Protection of the Coastal and Marine Environment in Sub-Saharan Africa (ACOPS), the
Ministers recognised the validity of the LME concept in providing the scientific underpinning
for the effective integrated management of the environment and natural resources of the
coastal zone in Africa, and applauded the GOG-LME project as a model of a successful
implementation of this concept.
The GOG/LME project has issued over a dozen substantive publications (e.g. Adam
1998; Ibe 1998; Ibe er al. 1998a,b; Ibe and Zabi 1998; Ibe and Abé 1999) in addition to a

quarterly Newsletter and over 100 technical and meetings reports that with proper availability
will provide effective means of information dissemination, transfer of knowledge and making
outputs available for others to implement as opportunities arise.

A multimedia CD-ROM of the Gulf of Guinea Large Marine Ecosystem Project was
issued in April 1999 for distribution during the Convention on Sustainable Development 7
(New York, 19-30 April 1999). It presents briefly, but illustratively, the objectives,
approaches and results of four years of project implementation. Copies of all publications can
be obtained from the Project Regional Co-ordination Center in Abidjan, or from UNIDO in
Vienna.

The future is indeed auspicious, and UNIDO looks forward eagerly to continuing its
partnership with the 16 countries along with the Global Environmental Facility and
collaborators in and outside of the UN including NGOs and CBOs as the 16 countries strive
not only to attain equitable and sustainable socio-economic development, but also to
contribute towards a safer global environment and a rational utilization of global resources.
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The first meeting of the Ministerial Committee of the Gulf of Guinea Large Marine Ecosystem (GOG-LME) Project took
place in Accra, Ghana, on 9th and 10th July, 1998. The meeting was attended by the five Ministers with responsibility for the
environment in Benin, Cameroon, Cote d’lvoire, Ghana and Togo and the Director General/Chief Executive of the Federal
Environmental Protection Agency of Nigeria. Basing their deliberations on extensive and substantive preparations, the
Committee of Ministers has adopted the Accra Declaration on Environmentally Sustainable Development of the GOG-LME.
PREAMBLE

We, the Ministers of Environment of Benin, Cameroon, Cote d’Ivoire, Ghana and Togo and the Director General/Chief
Executive of the Federal Environmental Protection Agency of Nigeria responsible for the GOG-LME Project,

Conscious of the fundamental importance of the health of the Gulf of Guinea Large Marine Ecosystem, including its coastal
areas, to the well-being of the coastal communities, the economies and food security of the coastal states and the socio-
cultural life of the Gulf of Guinea Region;

Recognising the transboundary nature of the marine environmental and living resource management problems confronting the
Gulf of Guinea Region;

Concemed about the severe rates of coastal erosion, the threat of flooding, the seriousness of pollution, loss of biological
diversity and depletion of fishery resources;

Conscious of the necessity to adopt a standardised regional approach in a cooperative effort to their control;

Conscious of the importance of having the means to combat the problem of coastal erosion;

Convinced of the validity of the integrated and sustainable management of the Large Marine Ecosystem to the resolution of
problems, including strengthening regional cooperation and development, as well as establishing proper linkages between
local, national, regional and global decision-making, and which is in fact unachievable without these said linkages;

Aware of the need to strengthen project implementation and to integrate more countries bordering the Guinea Current Large
Marine Ecosystem and the necessity to enlarge the partnership notably with the inclusion of the private sector and other
bilateral and multilateral donors;

Believing, therefore, that regional networking is an essential component of the system of ocean and coastal governance for the
next century and beyond;

Noting and fully supporting the important achievement by the UNDP-GEF funded GOG-LME Project over the past three
years, in the context of project execution by the project countries assisted by UNIDO, UNEP and US-NOAA, especially in
forging a regional approach to ecosystem management;

Cognisant of the coming into force of the UN Conventions on the Law of the Sea, of the Framework Convention on Climate
Change, of the Biodiversity Convention and the Abidjan Convention on Cooperation for the Protection and Development of
Marine and the Coastal Zones of West and Central Africa (WACAF, 1981);

Determined to prevent, control and reduce coastal and marine environmental degradation in our respective countries, with a
view to improve living conditions and productivity,

DECISIONS Have agreed that:

The countries within the Gulf of Guinea should as soon as possible, establish appropriate institutional mechanisms for the
planning, implementation and evaluation of Integrated Coastal Areas Management (ICAM) plans;

Management plans and strategies, which may vary from country to country, should follow general guidelines adopted at the
regional level. They should balance economic development with environmental protection and living resources conservation
concerns and harmonise long-term ecosystem requirements with short-term political and economic interests;

Efforts shall be made to initiate, encourage and work synergistically with current and/or programmed national and
international programmes on integrated coastal zone management in the region. The national concerns of flooding, and
pollution caused by hydrocarbons, toxic chemical products, fisheries productivity and over-exploitation and, above all,
coastal erosion call for the special attention of donors;

Data and information networking between the GOG-LME countries should be improved. National and Regional databases on
the coastal and marine environment should be established using the Geographical Information System (GIS) to support
decision-making, to be available to all users;

Transfer of knowledge and experiences among the countries of the GOG-LME, through the consolidation of networks for
joint monitoring, research and capacity building in the field of marine environmental and natural resource management,
should be enhanced;

Adequate and timely material and financial resources should be provided by Our Governments with support from
UNDP/GEF, UNIDO as well as our private sector, bilateral and multilateral partners to the GOG-LME Project to ensure its
efficient implementation and harmonious development;

Implementation of programmes should be monitored and rigorous and objective evaluations should be conducted on a
periodic basis to determine the effectiveness of programmes and the efficiency of the system in achieving the goals and
objectives of the GOG-LME Project;

The existing networks of non-governmental organisations (NGOs) in and among countries should be consolidated and
expanded to ensure efficient and effective grassroots community involvement and information dissemination;

The development of a Strategic Action Plan including a full Transboundary Diagnostic Analysis leading to the second phase
of the Project to include all the countries bordering the Guinea Current Large Marine Ecosystem, should be accelerated.

Table 3-3 The Accra Declaration on the environmentally sustainable development of the GOG-LME.
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Consilience in Oceanographic and Fishery Research: A Concept
and Some Digressions

D. Pauly

Abstract

The concept of consilience, describing the ‘jumping together’ of different scientific
disciplines, and recently revived in a book of the same title, authored by E.O. Wilson, is
presented, along with some of its implications for work conducted by oceanographers, marine
biologists and fisheries and social scientists in the Gulf of Guinea area. It is suggested that
maintenance and analysis of time series data, remote sensing of marine primary production,
trophic mass balance modelling, and analysis of multi-sectoral coastal transects are eminently
consilient in that they not onmly invite interdisciplinary co-operation, but also impose
standards and provide common currencies that makes such co-operation meaningful.

Consilience

The text below is not an attempt to summarise the contributions to the Accra workshop
documented in this volume. Rather, a few major threads - we would call them lignes de force
in French - are brought together, showing the inherent coherence of the themes covered
during our deliberations. To document this, however, I shall however, use a new, or rather
newly revived concept, that of consilience (Wilson 1998). Most advances, within the various
disciplines practised by the participants of this workshop, such as biology, or the
environmental sciences have been the result of synthesis of previously unconnected data or
ideas (Simonton 1988). Thus, the furious pace at which data continue to be collected and
ideas continue to sprout guarantees that new knowledge will continue to be generated within
our disciplines, if only by integrating these data and ideas into common explanatory
frameworks.

In analogy to this, if perhaps at a grander scale, major scientific breakthroughs have
often been the result of convergence among traditionally distinct disciplines. Herein, these
disciplines usually articulate themselves in a hierarchy, with logic/mathematics (and the usual
criterion of parsimony; Pauly 1994) providing the backbone of any given breakthrough,
physics and chemistry providing the basic rules constraining the changes of its material
substrate, and evolutionary biology providing the framework that constrains its living
organisms (if any), including humans and their culture. Wilson (1998) called consilience
(from ‘jumping together’) the explicit search for scientific explanations within the context of
this hierarchy, and provided examples of research issues whose resolution, he felt, would
occur faster if consilience were used as an explicit criterion - in addition to parsimony - for
structuring the relevant research programmes.

41
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My favourite examples (not Wilson's) of consilience are the Cretaceous/Tertiary
(K/T) extinction of 65 million years ago, of dinosaur fame, and the origins of Homo sapiens,
both of which made mutually compatible data and concepts from an enormous range of
disciplines, previously not interacting with each other. A nuclear scientist, his geologist son,
and two chemists colleagues proposed that the K/T extinction was caused by the impact of a
large meteorite (Alvarez et al. 1980). This hypothesis, then based mainly on evidence from
an Italian dig, was subsequently corroborated by petroleum geologists, who had previously
identified, then ignored the Chicxulub impact crater, in Yucatan, Mexico. Other scientists,
from astronomers to evolutionary biologists joined the fray (Raup 1986), and gradually, the
*Alvarez' hypothesis was accepted by the best of them. The results of this development has
been extraordinarily fruitful, "provoking new observations that no one had thought of making
under old views" (Gould 1995, p.152). This led among other things, to a resolution, in
evolutionary biology, of the ancient, but still acrimonious debate between catastrophists
(Sedgwick, Cuvier, etc.) and uniformitarianists (Lyell, Darwin, etc.). Even popular culture
was impacted (see the movies Meteor, Armageddon, and Deep Impact).

Indeed, the eventual creation of an international system for tracking potentially
dangerous meteorites is not unlikely. Similarly, the evidence for a recent African origin of
Homo sapiens, with subsequent dispersal to West Asia, Eurasia, Australia, the Americas, and
finally Oceania is supported by archaeological and genetic evidence, with linguistics
providing the clincher: an evolutionary tree that closely matches that generated by the
physical disciplines (Cavalli-Sforza et al. 1988). The latter example shows that the hierarchy
of sciences implied in consilience does not mean that the specific results of a more
fundamental discipline are inherently more reliable that those of a more derived discipline.
Rather, it only implies that the different sets of results must be mutually compatible. Thus,
the linguistic evidence is, in this example, no less important than the evidence based on
genetics. Similarly, when the physicist Lord Kelvin pronounced the Earth to be only a few
thousands years old, based on the time required for a large sphere of burning coal to cool off,
and evolution by slow natural selection thus impossible, it was he who was wrong, not
Charles Darwin (Tort 1996).

The question now is whether we can make use of consilience in our work as
oceanographers, marine biologists and fisheries scientists, i.e., in fields perhaps less
glamorous than those in the above examples. Various concepts we may call consilient come
to mind here, related to presentations at the workshop documented in this volume. The first of
these is the mass-balance concept, i.e., the notion that, in a given system, mass must be
conserved, irrespective of its movements and transformations. This principle is related to the
First Law of Thermodynamics, which states that energy can be neither destroyed nor created
(Gilmont 1959). For chemical reactions, this implies for example that "the sum of the masses
of the reactants must equal the sum of the masses of the products” (Gilmont 1959, p. 146).
Physical oceanographers also rely on mass-balance when calculating geostrophic flows from
density fields (Sverdrup et al. 1942), or when calculating upwelling intensity from coastal
wind stress, which implies water masses welling up to replace water blown off the coast
(Bakun 1996).

On the other hand, one rarely hears biologists, or even ecosystem modellers explicitly
invoke the principle of mass-balance, though it is also an absolute requirement for living
things (Schrodinger 1992). An exception to this is the ecosystem modelling work of T.
Laevastu and colleagues, in which mass-balance was used as a key structuring element for
trophic interactions and migrations (Laevastu and Favorite 1977; Laevastu and Larkins
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1981). 1.J. Polovina emphasized this feature when he simplified Laevastu's model and
formulated the Ecopath approach (Polovina 1984, 1985), thus giving it the feature which
made it applicable to a wide range of system types (Christensen and Pauly 1993; Pauly, this
volume). Ecopath uses the mass-balance approach to verify that the estimated production of
the functional groups (exploited or not) of a given ecosystem matches the estimated
consumption by their predators. Such verification is not ensured by the publication of
individual estimates, however precise, even in the best journals catering to the different sub-
disciplines of marine biology.

Rather, it is by incorporating such estimates into a mass balance ecosystem model that
we render such estimates mutually compatible, and hence assure ourselves of their reliability
and usefulness. This should have a beneficial impact on marine biology, whose work on
different processes in an extremely wide variety of organisms is sometime perceived as
lacking “relevance’. Moreover, ecosystem and mass-balance considerations should help renew
fishery science as well, given that it has been too narrowly focused on the study of single
species, and on industrial fisheries, usually overlooking by-catch discarding practices, non-
commercial species, and other fisheries (artisanal, sport, etc.) as well.

The relation of these points to Wilsonian consilience should be obvious. Consilience
also implies developing protocols for integrating the results of remote sensing studies (as
illustrated here by Hardman-Mountford and McGlade or Roy et al., this volume) into mass-
balance trophic models of ecosystems. The key results relevant here are: (1) definition of
geographic system boundaries, as in the case of the biochemical provinces of Longhurst
(1998); and (2) synoptic estimates of primary production (Longhurst et al. 1995), i.e., of that
which determines the boundaries of marine ecosystems in terms of the size of their biomass
fluxes. Here, by constraining model size, remote sensing can link with ecosystem modelling,
and thus work in consilient mode. Note also that both remote sensing and trophic modelling
may be accused of being ‘superficial’: remote sensing because, quite literally, it cannot look
deeper that a few decimetres into the sea, and trophic modelling because it does not consider
interactions other than those generated by grazing and predation. Yet, when data from the two
approaches are analyzed jointly, inferences can be drawn which go well beyond those based
on more conventional approaches (see e.g., Pauly and Christensen 1995; Trites et al. 1997).

Perhaps we may infer from this issue of apparent superficiality that consilient work
may suffer, at least for a while, from analogies with multidisciplinary work, wherein the
methods of different disciplines are brought to bear on a given topic (e.g., as chapters in a
book), without any of these methods being made to relate to each other. Such unconnected
work is all too frequent, e.g., in that discipline called coastal area management, a theme to
which we shall return. The concept of consilience, it seems to me, should also apply to the
strengthening of inferences that results when the past is related to the present. This is what
occurs when we use knowledge gathered by historians, or by scientists of past centuries, and
often perceived as anecdotal, to establish stable baselines for biodiversity (Pauly 1995, 1996).

This is also what occurs when we draw inferences from time series, whose increasing
length increases their contrast, and hence their usefulness for various analyses (Hilborn and
Walters 1992). Thus, it is important that the physical and biological time series generated
and/or used by the participants in this book be continued, and every effort should be made to
ensure that this occurs. The last aspect of consilience to be covered here refers to its
implications for the languages we use. Trivially, this means that we must speak the same
vernacular language (English, as it mostly turns out), and only a bit less trivially, translate
concepts in and out of our various discipline-specific jargons. Also, and this is where things
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start getting really complicated, we must identify concepts that cut across disciplines, and a
multidisciplinary currency allowing for transactions between disciplines.

I shall illustrate this with reference to coastal area management (CAM), a discipline
with many practitioners and applications, but whose defining tenet(s), topic(s) and
technique(s) remain elusive. Indeed, some practitioners give the impression that anything that
happens anywhere on or close to on any coastline is within the purview of CAM, and that any
method ever used to investigate any of these things is appropriate for CAM. (The reader will
understand that I could not provide references to back these claims without antagonizing
people whose technical work I respect, in spite of the disorganisation of their discipline).
Thus for CAM, as perhaps everywhere in science (Medawar 1967), the challenge is to
identify tractable problems, related to its defining objects: coastlines.

Coastlines differ from other geographic features in that most of their different

characteristics are arrayed in a single dimension, i.e., in the form of transects that are
perpendicular to the coastline, and stretch from upland to the sea. On the other hand, fewer
differences occur parallel to a coastline. Alexander von Humboldt, a founder of physical
geography, may have been the first to use transects to document geographical variations
along strong gradients (Gayet 1996). Conway (1985), on the other hand, introduced transects
to agro-ecosystem analysis, as a tool to express in simplified manner the complex interactions
within highly integrated farming systems. [Note, incidentally that such systems can also be
described by trophic mass-balance models; Dalsgaard and Oficial 1997]. From this, it is
straightforward to propose that multi-sectoral coastal transects should become a key concept
in CAM, and that, suitably formalized, such transects could lead to the common currency
required for comparison of coastal systems, and for comparative evaluation of various
injuries to such systems (Pauly and Lightfoot 1992).
SimCoast™ (McGlade 1999; 2001) which was used in the EU Gulf of Guinea implements
this coastal transect approach, and provides, via fuzzy logic, the currency that CAM had been
lacking so far, enabling quantitative comparisons of impacts due to different, otherwise
incommensurable agents (Nauen, this volume), ranging from upland erosion to fisheries
policy. That this should lead to consilience among, and progress for, the different disciplines
so far fruitlessly engaged in CAM needs little emphasis.

Another example of consilience requiring a common currency is FishBase, the
electronic encyclopaedia of fishes (see www.fishbase.com), which works only because a
standardised nomenclature (Eschmeyer 1998) is used to establish the links between the
widely different data types included in FishBase (Froese and Pauly 1998). This is what
enables FishBase to provide, among other things, a comprehensive coverage of the fishes of
the Gulf of Guinea, and of their biology. As might have be noted, several of my examples
(Ecopath, SimCoast, FishBase) are products of projects supported by the European
Commission, particularly by its Directorate General concerned with development (i.e. VIII
and XII INCO/DC), but not run by committees, or university consortia. Perhaps this indicates
that such projects, providing support to participants only if they buy in the strong concept
underlying such ventures, are more effective than the usual collaborative projects, where the
partners agree only to share the available funds.

The ventures given as example here certainly have shown that participants from a
variety of countries, both developed and developing, can contribute. And this is probably the
neatest thing about consilience: it implies that we can all contribute, given some self-
discipline.
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Abstract

This study focuses on seasonal and interannual variability in SST (Sea Surface Temperature)
for the Gulf of Guinea, with special attention given to specific features relating to the
underlying dynamics of the system and relevant to fisheries recruitment. Remotely sensed
AVHRR SST data were used for this investigation. Firstly, patterns of cloud contamination
were assessed. Then, seasonal and interannual variability in SST patterns were investigated,
spatially and temporally. Features identified were the Senegalese upwelling influence,
coastal upwelling, tropical surface water, putative river run-off and fronts. These were all
seen to vary seasonally. Of particular interest was the observed cooling along the coast of
Liberia and Sierra Leone in February. Interannually, a quasi-cyclic pattern of warm and cool
years was seen to exist, both generally and in a number of the features examined. The results
are discussed in terms of existing theories and their relevance to fisheries recruitment.

Introduction

Physical environmental features of relevance to fisheries

Physical environmental variability is known to affect biological productivity (Mann and
Lazier 1996, Bakun 1996). This is especially true for upwelling areas, where high levels of
physical stress place significant biological constraints on marine life and ecosystem
functioning. Pelagic fish species characteristic of these areas, such as the clupeiids, often
have life history traits, such as serial spawning and early maturity; these are thought to be a
mechanism for dealing with such environmental variability (Bakun, 1996; Cole and McGlade
1998a).

Bakun (1993, 1996) generalises three broad categories of oceanographic process
considered to be important in influencing recruitment success; namely nutrient enrichment of
the environment to support appropriate levels of primary production, concentration of food
particles into denser aggregations to facilitate foraging and retention/transport of eggs and
larvae within/to suitable nursery areas . Bakun refers to these three factors as a fundamental
triad. Examples of enrichment processes are upwelling, river run-off and micro-scale
turbulence. Concentration can occur in areas such as fronts, river plumes and the thermocline.
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Features that form transport and retention mechanisms can include fronts, coastal boundaries,
the thermocline, currents and local gyral circulation patterns.

Upwelling areas provide many of these factors. Cury and Roy’s (1989) Optimal
Environmental Window (OEW) theory states that rather than any particular environmental
parameters being ‘good’ for recruitment per se, a balance between relevant parameters is
required to provide optimal conditions for recruitment. For example, in a wind driven
upwelling region, increase in wind stress will increase the offshore Ekman transport and
hence the influx of nutrients to the euphotic layer to stimulate primary production. However,
it will also lead to an increase in the level of turbulence, disrupting vertical stratification and
the formation of chlorophyll maximum layers, and to offshore advection of eggs and larvae.
Therefore, the optimal conditions for recruitment occur at intermediate levels of wind stress,
where there is a balance between the upwelling of nutrient rich water and calm conditions
required for successful first feeding and retention of eggs and larvae in the nursery area. This
dome shaped relationship, predicted by OEW theory, has been shown to hold for all the
major wind-driven, Ekman-type upwelling areas of the world (ibid.). For the Gulf of Guinea
region, however, the lack of correlation between wind strength and upwelling strength means
that the risk of high levels of wind stress disrupting concentration and retention mechanisms
is minimised. Therefore, the wind limitation does not hold and optimal conditions for
recruitment success occur when enrichment, through upwelling, is at its strongest. This fits
with the prediction of OEW theory of a linear correlation between upwelling intensity and
recruitment in non Ekman-type upwelling situations where wind remains moderate (ibid.).

A number of physical oceanographic features that have relevance to fisheries dynamics
have been identified in the Gulf of Guinea LME. One of these is the seasonal upwelling
along the coast of Ghana and Cbéte d’Ivoire, previously described (Demarcq and Aman this
volume). Other features include a large, seasonal, southerly extension of cold water from the
Senegalese upwelling region, the presence of warm, low salinity Guinean waters outside the
upwelling area (Binet and Marchal 1993) and a seasonal cooling in the late boreal summer
off Sierra Leone (Bakun 1996).

Remote sensing of the West African region

Remote sensing has been used extensively for monitoring the global oceans and a number of
studies have used satellite derived SST (Sea Surface Temperature) data to study coastal
regions along the coast of West Africa. These include studies on the north-west African
region (Herndndez-Guerra and Nykjaer 1997), the coastal area of Mauritania (Maus 1997),
the Senegalese upwelling (Demarcq and Citeau 1995), the Northern Benguela off Namibia
(Cole and McGlade 1998b) and the Gulf of Guinea (Hardman and McGlade this volume).
CZCS data have been used to study the Benguela off Namibia and South Africa (Weeks and
Shillington 1994). Additionally, compound remote sensing studies, combining SeaWiFS data
with in situ measurements, have taken place on recent cruises along the north-west and south-
west African coastlines as part of the Atlantic Meridional Transect (AMT) program (Robins
and Aiken 1996, Aiken et al. 2000).

In the Gulf of Guinea, Aman and Fofana (1995,1998) used Meteosat SST data to
identify the location of upwelling and study seasonal variability along the coast of Cote
d'Ivoire. They identified the major upwelling season and two periods of minor upwelling.
The first of these minor events occurred in January during the harmattan period and the
second event took place in March. The harmattan can cause deviations of the ITCZ, which
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may lead to upwelling (Allersma and Tilmans 1993). Demarcq and Aman (this volume) have
attempted to supplement Meteosat data with two in situ data sets. They report considerably
improved spatial and seasonal precision with the blended product.

This paper focuses on seasonal and interannual variability in SST and the specific
features related to the underlying physical dynamics of relevance to fisheries recruitment.

Data acquisition and pre-processing

The satellite data used are from the Cloud and Ocean Remote Sensing around Africa
(CORSA) AVHRR data set produced by the Space Applications Institute, Joint Research
Centre (JRC) of the European Commission. The data are level-2 and level-3 pre-processed
by the Marine Environment Unit of the Space Applications Institute from level 1 GAC
AVHRR data obtained under a scientific collaboration agreement with NASA. This
processing includes masking out land and cloud pixels, validating the images against SST
data from the Combined Ocean Atmosphere Data Set (COADS), NASA Multi-Channel SST
(MCSST) and the Global Ocean Surface Temperature Atlas (GOSTA) and processing the
daily images into weekly composites. Four weekly composites are produced for each month
of the time series; the first three composites being seven day averages and the final composite
being an average of all the remaining days in the month (Cole 1997). The time series used
extend from week 2 of July 1981 to week 4 of December 1991 with two missing weekly
composites (week 1 of November 1989 and week 1 of January 1991), giving a total of 501
weekly composite images. The CORSA-AVHRR images have a spatial resolution of 4km at
the equator (GAC), which is sufficient for the investigation of shelf processes. Three sub-
regions were used: SGLP Sierra Leone-Guinea Plateau; CWAU Central West African
Upwelling; and EGOG Eastern Gulf of Guinea (Hardman and McGlade this volume).

The AVHRR sensor can measure SST to an accuracy of 0.1K and a comparative
analysis between the CORSA-AVHRR product and NASA ‘Pathfinder’ 9km resolution
AVHRR data showed the two data sets to agree within 1°C in 96% of cases (C. Villacastin,
JRC, Ispra, Italy, pers. comm.).

Cloud contamination

The tropical location of the Gulf of Guinea means that the region has particularly high cloud
cover and high Ievels of atmospheric water vapour content, which can influence the accuracy
of satellite-borne radiometers. Therefore, to assess the usability of the data set for this region,
the degree of cloud contamination was derived. The term ‘cloud contamination’ is used to
describe non-land pixels which had previously been recoded during the cloud-removal
process of the JRC to have a value of zero. Firstly, a reclassification routine was applied to
the images, which converts the original weekly composites into binary images. Non-cloud
pixels were given a value of one and cloud pixels remained at zero. The percentage of cloud
pixels for each weekly composite layer was then calculated by counting the proportion of
pixels in each layer with a value of zero, excluding land areas. This calculation was
performed for the whole Gulf of Guinea region and its three sub-systems (see Figure 5-1a,
colour plate). The spatial distribution of cloud contamination was generated by summing the
values for each pixel site from the Boolean layers. This procedure was carried out for the
whole time series to show the overall spatial distribution of cloud (Figure 5-1a, colour plate)
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and on a monthly basis to show the seasonal cycle of cloud contamination (Figure 5-1b,
colour plate). The spatial distribution of cloud contamination throughout the entire data series
clearly shows the area of highest cloud contamination lying in a central band around 3'N.
This area of heavy cloud is associated with the mean position of the Inter-Tropical
Convergence Zone (ITCZ).The monthly spatial distribution of cloud contamination shows the
seasonal meridional migration of the ITCZ. The frequency distribution of the degree of cloud
contamination in 5% bands for the weekly composite layers is shown in Figure 5-2a for the
whole Gulf of Guinea region. Almost 80% of layers had less than 50% cloud contamination.
Figure 5-2b shows the proportion of layers in each 25% band of cloud contamination for each
of the subsystem areas. For the Sierra Leone-Guinea Plateau (SLGP) and Central West
African Upwelling (CWAU) subsystems, between 75% and 80% of the layers have less than
50% cloud contamination. This figure is lower for the Eastern Gulf of Guinea (EGOG)
subsystem (60.3%).

On average, for the whole Gulf of Guinea, cloud cover is highest from May to
September, however, each subsystem shows a different seasonal cycle. The EGOG has the
highest cloud cover in most months and peaks in August, as does the SLGP. Cloud cover in
the CWAU peaks in June and then drops in July before increasing again slightly until
September. Seasonal cycles of cloud cover are shown in Figure 5-3.
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Figure 5-2a Frequency of input images (layers) with different levels of cloud contamination (5%
bands); b Proportion of input images (layers) showing different levels of cloud contamination (25%
bands) in each subsystem.
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Data processing and analysis methods

Temporal statistics (spatial variability)

Descriptive statistical images (mean SST, standard deviation) were calculated across time
from the weekly SST composite images to show the mean spatial pattern for the whole time
series and areas of greatest variance, as well as the seasonal and interannual spatial
variability. These images were examined to identify important oceanographic features, as
well as large scale patterns of seasonal and interannual variability.

Spatial statistics (temporal variability)

The weekly composite images were averaged spatially for each subsystem to show temporal
trends in SST. Time series charts were constructed to show temporal variability in mean
SST, both of a seasonal and interannual nature. The resulting mean SST time series was
subjected to a 49 point moving average smoothing routine (modified from Chatfield 1989) to
emphasise interannual variability.

Standardised SST anomalies were calculated to show unsmoothed seasonal and
interannual variability on a weekly time scale. Interannual variability was shown by
standardising data with respect to the week of the year (1-48), thereby eliminating seasonal
variability. Seasonal variability was shown by standardising with respect to the year (1981-
1991), thereby eliminating interannual variability.

Spectral Analysis

Power spectra of the time series, filtered with a Hanning window (see Chatfield 1989) with
five degrees of freedom, were generated, using a Fast Fourier Transform (FFT) routine, to
show the period of any cycles present in the data. SST signals relating to specific spectral
peaks were extracted using a rectangular band pass filter (Vandenhouten et al. 1996).

Indices of Interannual Variability in SST Features

o Senegalese Upwelling Influence

Interannual variability in the dominance of the Senegalese upwelling influence (henceforth
known as the SUI) over the SLGP subsystem was measured as the anomaly from the latitude
of the most southerly position reached by the feature. This occurred during either March or
April for each year throughout the time series. The southern boundary is seen in the monthly
composite images as a region of rapid temperature change (temperature gradient >1C per
100 km).

e Coastal Upwelling

Interannual variability in upwelling along the coast of Ghana and Cbte d’Ivoire was assessed
quantitatively by calculating measures of both upwelling intensity and spatial extent for both
the major (Jul-Sep) and minor (Jan-Mar) upwelling seasons. These measures were calculated
for a strip of 1’x1° boxes stretching along the coast from Cape Palmas to Cotonou (Figure 5-
4, colour plate). Upwelling intensity (I) was calculated for each box by subtracting the mean

SST value for each box (SST) from a SST of 25°C, i.e. SST below 25°C have positive values.
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I=25.0 - SST Eq.5-1

The value of 25°C was chosen as this was the contour used to define the upwelling by
Bakun (1978). The overall value for the season was then taken as the box with the maximum
upwelling intensity value.

Spatial Extent (E) was calculated as the proportion of the total area (all boxes) having
SST values less than a threshold level (T).

5 10-0f pixels <T Eq.5-2

total no.of pixels

For the major season the threshold level was SST below 23°C and for the minor season
it was SST less than 24.5°C. These threshold limits were determined from examination of the
SST contours associated with each of the upwelling seasons in the weekly SST composite
images.

The two indices were multiplied together to give a combined upwelling index.

Results
Overall

The overall mean SST image (Figure 5-4a, colour plate), averaged through time for the whole
series, shows the southerly intrusion of water from the Senegalese upwelling region and the
major upwelling areas along the coast of Ghana and Coéte d’Ivoire to be the dominant cold
water features of the system, superimposed on the warm waters of the tropical Atlantic. This
image also shows a cold water influence, probably of equatorial upwelling origin, around the
southern limit of the image. Additionally there is a small, cool strip of water along the coast
of Sierra Leone. Warm water, probably originating from river run-off, is visible around the
mouths of some of the major rivers of the Niger Delta and Cameroon coasts. A strong SST
gradient, suggestive of a front, exists at the interface between the SUI and warmer, coastal
waters around the Bijagos Islands.

The similarity in patterns between the mean percentage cloud contamination of weekly
SST composites for the region (Figure 5-1a, colour plate) and the mean SST image (Figure 5-
4a, colour plate) reflects the high degree of coupling between atmospheric and oceanographic
conditions in the region. The overall standard deviation image (Figure 5-4b, colour plate)
shows the greatest variance to be associated with the SUIL The coastal and equatorial
upwelling areas also show a reasonably high degree of variability. This is expected given the
seasonal nature of the upwellings.

Seasonal Variability

Seasonal SST variability in the Gulf of Guinea is shown in Figure 5-5 (colour plate).

e Senegalese Upwelling Influence

The SUI is composed of cold water (<19°C at its core) originating from the Senegalese and
Mauritanian coastal upwellings. It usually becomes visible in the Gulf of Guinea region
during December and continues to move south until March or April. It then begins to recede.
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During this period, the coldest water extends in a narrow finger close to the coast of Senegal
and Gambia, but then moves away from the coast of Guinea-Bissau, appearing to be trapped
along the shelf break rather than the coast. The result is a cold tongue of SUI water
encircling the Bijagos Islands. During May, the tongue of cold water is still present around
the Bijagos Islands, but by June only a narrow cold water front remains. By July, the SUT is
absent from the whole coast as far north as Cap Vert, Senegal and by August, the SUI in also
absent from offshore waters.

o Tropical Surface Water

In the SLGP subsystem, warm Tropical Surface Waters (TSW) appear to be furthest south in
March/April and then move north until November, when they begin to recede towards the
south again. This coincides with the commencement of the southerly movement of the SUL
The movement of these warm tropical waters appears to be associated with the seasonal
migration of the ITCZ. The area of warm tropical waters appears to increase in size and
temperature from January to May. Although they then appear to keep pushing north and
growing in area, their temperature drops markedly from June to September. They have their
greatest spatial extent, and are at their warmest (26'-27°C), during October and November.

In the CWAU subsystem, warming of the offshore area appears to start in February but
is most noticeable from March to May. The warmer water tends to move in a north-easterly
direction, associated with the seasonal movement of the ITCZ. The warm signal is damped
from June to October by the summer upwelling along the Ghana-Cote d’Ivoire coastline to
the north and by the equatorial upwelling to the south. This is especially visible during July
to September when the warm signal is almost totally overridden. In November and
December warmer waters appear over the whole area with the warmest waters in the north-
easterly corner of the subsystem, towards the EGOG subsystem. These are related to the
southerly movement of the ITCZ but are also contributed to by river run-off from the EGOG
subsystem.

In the EGOG subsystem, during February to March, warm water pushes in from the
south. During April, the major warm water areas appear to be coming more from the east and
north-east of the subsystem. In May, warm water areas are also present on the north coast.
In June, the warm water extent diminishes and cold water appears in the south. The extent of
warm water areas is minimal from July to September. Small warm water patches begin to
occur along the Cameroon coast, in the north-east of the subsystem, in October, probably
associated to some degree with river run-off. In November and December these areas spread
and are also present along the northern coast. This southward expansion of warm water
appears, again, to be associated with the seasonal movement of the ITCZ.

e Minor Coastal Upwelling

The minor upwelling season along the Ghanaian and Ivorian coastlines appears to start in
January, when upwelling appears over the continental shelf from Cape Palmas to the Volta
delta, with the largest area over the wide shelf to the east of Cape Three Points. In February,
upwelling appears to be absent from the area to the east of Cape Three Points, although is
present around this headland. The spatial extent of upwelling along the concave coast to the
east of Cape Palmas is approximately the same as in January, however, SSTs are slightly
cooler. A cool water strip over the narrow continental shelf from Cape Palmas to Sierra
Leone has also developed over this month. This appears coolest around the shelf break (50-
200m). The cool strip turns offshore at Sherbro Island, following the continental shelf edge,
and forms a “pool” of cool water. It then appears to connect with the most southerly extent of
the SUL In March, it appears that cold waters are present along the entire coast from Togo to
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Sierra Leone. Along the Ghanaian coast, SSTs are warmer than in January and the spatial
upwelling extent is reduced. Along the Ivorian coast, upwelling is reduced compared to
February, with the main upwelling centre to the east of Cape Palmas. The cool strip is still
present along the Liberia and Sierra Leone coasts, following the shelf edge at Sherbro Island
to move offshore and meet up with the SUL A cold water plume off Sherbro Island appears
intense. In April, some upwelling is still observed off Ghana, along the coast to the east of
Cape Three Points. A cool strip is also present along the coast west of Cape Three Points up
to Sierra Leone.

e Major Coastal Upwelling

The major upwelling season appears to start in June. Upwelling in this month is greatest to
the east of Cape Three Points. In July, there is a large drop in SST and strong upwelling
occurs along the entire coast from Cotonou, Benin to Cape Palmas. The upwelling is greatest
to the east of Cape Three Points, where it has a considerable offshore extent, and there is
strong putative frontal development between the upwelled water and offshore water. The
most intense upwelling appears to occur in August along the entire coast from Cape Palmas
to Cotonou. The upwelled waters extend well beyond the continental shelf edge. SST are
reduced from the coast to the equator (equatorial upwelling) throughout the whole of the
CWAU subsystem. As such, frontal development between upwelled waters and offshore
waters appears weakened. In September, upwelling is weaker than in August but still strong,
extending to or beyond the shelf edge. In October, upwelling is greatly reduced in both
spatial extent and intensity. The main upwelling area is seen on the Ivorian coast to the east
of Cape Palmas, although some cold water is still visible around Cape Three Points. In
November, warm water covers the whole coastal area. Cool waters are still observed in the
equatorial area, but these are detached from coastal SST.

e Fronts

As the SUI annually migrates south, it is seen to encircle the Bijagos Islands of Guinea-
Bissau for a few months every year. In the average monthly SST images, this first becomes
apparent in December. By January, the cold waters of the SUI have encircled the islands.
During February, warmer waters begin to appear around the islands. As the extent of warm
water around the islands increases throughout March, a strong temperature gradient,
suggestive of frontal development, is apparent between the two water masses. In April, the
SUI appears to encircle the islands even further. During May, the SUI begins to retreat but is
still present in June as a thin plume around the islands, although the strength of the front is
much reduced.

The near connection of SUI waters with the Sherbro Island upwelling in February
forms a strip of cool water that separates the warm shelf waters from the warm offshore
oceanic waters. This front is also apparent in March and April, however, the extent of warm
shelf waters is much reduced in these months.

The strongest frontal development associated with the major upwelling appears to be in
July. Strong temperature gradients are also well developed in June when the upwelling is not
as intense and the upwelled water not as cool, but the putative front is closer to the shore.
Additionally, strong temperature gradients exist in August but the putative fronts between
water masses appear to break down due to cooling offshore. During the minor upwelling, the
coolest temperatures and strongest putative frontal development appear to occur in January.
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Interannual Variability

¢ General

Figure 5-6 (colour plate) shows the mean SST images for each year. In general 1982-1986
was a cool period and 1987-1991 was warm. Also, 1984 appears to have been a warm year.
The monthly composites of mean SST for each year show some change in the influence of
the Senegalese upwelling throughout the time series, however, the warming visible in the
central Atlantic and eastern Gulf of Guinea appears to dominate the interannual variability.
The time series of spatial means for each subsystem shows a trend of alternating warm and
cool years from 1981 to 1986 then an extended warm period from 1987 to 1991 (Figure 5-7).
This pattern is also clearly shown for each subsystem in the charts of interannual variability
in global SST anomaly values for each week in the time series (Figure 5-8, colour plate).
Additionally, unusually warm conditions are visible in 1984, as is an anomalously cool
period from mid-1982 to early 1983. Towards the end of 1991, cool temperatures,
comparable with those generally seen in the first half of the time series, become visible again.
In the SLGP subsystem, the first half of 1985 also appears unusually cool.

Power spectra generated for the spatial mean SST time series for each subsystem
(Figure 5-9) show three peaks: two explaining the seasonal cycle (1 cycle per year and 2
cycles per year) and one explaining interannual variability (less than 1 cycle per year). The
SST signal represented by the interannual peak shows the same trend as the smoothed time
series for each subsystem, but more clearly (Figure 5-10). The oscillations have a period of
approximately 3 years. The amplitude of the oscillations varies between the subsystems with
the CWAU and EGOG showing the greatest similarity. The SLGP shows the cooler trend
from 1981 to 1987 most clearly, however, all three subsystems show a large peak around mid
1987 to 1988. In 1991, the SLGP appears to be re-entering a warm phase, whereas the
CWAU and EGOG appear to be cooling.

e Coastal Upwelling

In the annual mean SST images, the spatial extent of coastal upwelling appears increased in
1983 and reduced in 1984 and 1987-1990. Table 5-1 gives a qualitative measure of
interannual variability in the strength of the upwelling along the coasts of Ghana and Cote
d’Ivoire using an index that takes both intensity and spatial extent into account. This index
shows the same pattern of variability as the SST images. The combined upwelling index for
the major season shows strong upwelling in 1982 to 1983, weak upwelling in 1984 and an
extended period of weak upwelling from 1987 to 1990 (Figure 5-11). The minor upwelling
shows a similar pattern from 1984 to 1989 but then diverges with a continued weakening of
the upwelling from 1990 to 1991. It is mainly the spatial component of the upwelling index
that follows this pattern. The upwelling intensity shows strong interannual variability with
peaks in 1983 and 1986 and troughs in 1984 and 1987, with this interannual scale variability
also dominating from 1987 to 1991 rather than the longer-term pattern of an extended warm
period seen in other indices.

e SUI

In the mean annual SST images, the SUI appears to be reduced in 1983 and 1984 and from
1987 to 1991 and to increase slightly in 1985. Table 5-2 shows interannual variability in the
most southerly extent (latitude) of the SUI from the monthly mean SST images for each year.
The SUI was always seen to be furthest south during March or April. The pattern of reduced
and strong years for the SUI observed qualitatively in the SST images is also seen using this
index, plotted in Figure 5-11 as the interannual anomaly from the mean most southerly
position, standardised with respect to the standard deviation.
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Year Spatial extent Intensity Combined
Minor major minor Major Minor major
1981 Nodata 030 Nodata 53 Nodata 16.09
1982  0.06 0.82 20 52 1.11  42.88
1983 * 0.69 * 70 * 48.32
1984 0.40 0.13 25 41 998 551
1985 0.61 0.48 37 46 2261 22.16
1986 0.51 0.61 37 52 19.00 31.65
1987 0.10 0.08 15 30 151 233
1988 0.11 0.11 36 39 392 424
1989 0.18 0.10 33 44 590 423
1990 0.14 0.28 19 39 2.69 10.79
1991 0.01 0.46 10 53 0.12 2444

Table 5-1 Upwelling Index combining spatial extent and intensity. * represents seasons severely
contaminated by atmospheric water vapour.
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Figure 5-9 Power spectra of the time series of spatial mean SST for each subsystem: a SLGP,
b CWAU and ¢ EGOG. The spectra are filtered with a Hanning window, with five degrees of
freedom.
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Figure 5-10 SST signal extracted from the time series of weekly spatial means using a rectangular
bandpass filter, for frequencies corresponding to the interannual spectral peaks for each subsystem.

Year Lat.(N) Lat. Anomaly Month

1982 5719 -0.91 March
1983 7.071 0.37 April
1984 7.483 0.75 April
1985 4.425 -2.13 March
1986 6.189 -0.47 April
1987 7.894 1.14 April
1988 6.777 0.09 March
1989 7.777 1.03 April
1990 6.307 -0.35 April
1991 7.189 0.48 April

Table 5-2 Most southerly latitude of SUI, standardised anomaly from the mean most southerly
position and month of reaching this limit.

Discussion

Seasonal Pattern

The temporal mean SST images clearly show the SUI and the upwelling seasons, as does the
seasonal SST anomaly. These dominant features of the subsystem are also the most variable,
with most of the variance being explained by the seasonal cycle. The cold SUI is present in
the Gulf of Guinea from December to May. The SUI almost encircles the Bijagos Islands
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Figure 5-11 Combined upwelling index (CUI) values for the major (CUI-major) and minor (CUI-
minor) upwelling seasons. Standardised anomaly from the mean most southerly position of the
Senegalese upwelling influence (SUI) for each year.

from February to May with a strong temperature gradient, suggesting strong frontal
development, between the warm and cold water masses. Demarcq and Citeau (1995) also
showed this pattern. The SUIT then recedes to the north and is absent from the Gulf of Guinea
from June to November.

The major upwelling season occurs during June to October but is dominant from July
to August; the minor season appears strongest in January but is also visible during February
and March and cool temperatures have been observed in some areas both in December and as
late as May. Both upwelling seasons appear to commence to the east of Cape Three Points.
This also appears to be the area of greatest upwelling strength. The upwelling appears then to
shift westwards towards Cape Palmas. The position of the major upwelling cells to the east
of the capes, downstream in the Guinea current, provides support for the cape effect theory of
Marchal and Picaut (1977). This effect is also seen to a lesser degree around the mouth of the
Volta Delta. The observed westward shift in dominance from Cape Three Points to Cape
Palmas is consistent with the results of Picaut (1983) who observed a westward propagation
of the upwelling, counter to the dominant surface flow. Such observations support the theory
of the upwelling propagating via a coastally trapped wave (Moore et al. 1978; Clarke 1979).

The timing of these seasons seen in the CORSA-AVHRR data is in agreement with
other observations (Aman and Fofana 1995, 1998, Roy 1995), as is the position of the major
upwelling. However, the position of the minor upwelling contradicts the results seen in the
Cote d’Ivoire and Ghana coastal station SST time series, which recorded its presence only
along the Ivorian coast (Arfi et al. 1991). The appearance of cold SST along the coast of
Liberia and Sierra Leone in early February suggests that the minor upwelling may extend up
the coast from Cape Palmas during February to April. This cooling also turns offshore at
Sherbro Island, following the continental shelf edge and connecting with the SUT during
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February and March. Whether the cooling along this coast is strengthened by this
connection, perhaps with cold SUI water pushing south along the coast, is not clear. The
rapid appearance of this coastal cooling is consistent with the speed of a coastally trapped
Kelvin wave travelling at 0.7 ms™ (Picaut 1983) to 1.7 ms’! (Houghton 1983) along a coast of
approximately 650 km in length (Cape Palmas to Sherbro Island) over a period of one to two
weeks. The continental shelf is very narrow in this area and the shelf break is quite shallow.
Interaction between a trapped wave in the shoaling thermocline and the shelf break may also
contribute to the observed upwelling in this area. Bakun (1996) also describes a seasonal
cooling observed off the coast of Sierra Leone in the 1970s, which he attributed to a coastally
trapped wave, but this feature was present in August and September, when no cool feature is
observable in the seasonal SST images. Bakun's observation could be related to, or masked
by, a general cooling in the central SLGP subsystem during July to September, however, this
observed cooling coincides with the maximal level of cloud cover over this area, associated
with the overhead presence of the ITCZ. Thus, the cooling may be caused by contamination
of the images by atmospheric water vapour or high cloud albedo leading to reduced insolation
of surface waters. Whether the observed large scale cooling is a real oceanographic
phenomenon or not, no upwelling signal is observed to propagate along the coast of Liberia
and Sierra Leone at this time of year.

Both the major and minor upwelling seasons appear to commence with rapid drops in
SST in January and July. These events, combined with the rapid propagation of the
upwelling signal along the coast suggest that the onset of upwelling is triggered by coastally
trapped, upwelling Kelvin waves causing shoaling of the thermocline. However, this does
not explain why coastal cooling is also seen more weakly in June. This change could be
explained by changes in the local and cross-equatorial winds and intensification of the
Guinea current, as demonstrated in the models of Philander (1979) and Philander and
Pacanowski (1981). Additionally, Ingham (1970) suggested that upwelling along the coasts
of Ghana and Cbte d’Ivoire occurred all year round but was not strong enough to penetrate
the strong thermocline in the area. Instead, minor cooling took place by mixing in the Guinea
current.

Fronts associated with the seasonal upwellings are visible in the SST record. Along the
coasts of Ghana and Cote d'Ivoire during the major upwelling, the strongest frontal
development tends to occur in July and occurs beyond the shelf edge. The offshore position
of this front explains why no such structure was observed in the coastal studies of Houghton
(1976). During the minor upwelling, the strongest frontal development is associated with the
areas of lowest SST and appears to occur in the vicinity of the shelf edge along the coast of
Ghana and C6te d'Ivoire in January and Cbte d'Ivoire in February. The connection of the
cool waters along the coasts of Liberia and Sierra Leone with the SUI in February and March
forms a cold water front along the shelf edge between the warm shelf waters of the wide
Guinea continental shelf and the warm, offshore oceanic water.

Interannual Pattern

The annual mean SST images show a cool period from 1982 to 1986 and a warm period from
1987 to 1990. During the initial cool period, 1982 to 1983 was cooler than average and 1984
was exceptionally warm. This pattern is also observed in the spatial mean SST time series,
the spatial mean SST anomalies, and the SST signal represented by the interannual peak of
the power spectra. The initial cycles have a period of around 3 years, approximately the same
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period as El Nifio events. Indeed, the unusually warm conditions in 1984 have been
attributed to an Atlantic Nifio event (Hisard et al. 1986; Hisard 1988; Philander 1986). This
suggests that the cool periods in the years either side of this warm event could be the Atlantic
equivalent of Pacific la Nifias or cold events. The elongated warm period, from 1987 to
1991, could be due to a shift in the system or the presence of a longer, perhaps decadal, scale
cycle. Changes in coastal sea temperatures and salinity, consistent with this prolonged warm
period, were also noted by Koranteng and McGlade (this volume).

The combined upwelling index shows the same pattern, with strong upwelling in 1982
to 1983, weak upwelling in 1984 and an extended period of weak upwelling from 1987 to
1990. This is more obvious for the major upwelling season. The interannual behaviour of
the seasons appears to diverge from 1990 to 1991 with the major upwelling beginning to
strengthen but the minor upwelling continuing to weaken. It is mainly the spatial component
of the upwelling index that follows this pattern. The upwelling intensity shows strong
interannual variability with a period of approximately 3 years throughout the time series
rather than giving way to the longer-term pattern of an extended warm period observed in
other indices. This suggests that an interannual mode of variability, perhaps related to an
Atlantic Nifio cycle, may influence the intensity of upwelling. Underlying both components
of the upwelling index is a long-term linear trend of weakening in the upwelling.

Binet and Marchal (1993) reported considerable changes in the spatial distribution of
the major upwelling season seen in the coastal station SST record (Arfi ef al. 1991). From
1969 to 1980 the observed spatial pattern agreed with the concept of two upwelling cores,
seen on the eastern side of Cape Palmas and Cape Three Points. Temperature dropped
abruptly on the downstream side of each cape, then increased progressively eastward as the
waters were carried by the Guinea current (Morliere and Rébert 1972). However, in 1982 the
observed decrease in temperature was almost the same along the entire coast. Furthermore,
from 1983 to 1986 the pattern was reversed with the coldest waters found to the western side
of Cape Three Points. This study finds no evidence for such a shift, rather the upwelling is
seen most strongly to the east of Cape Palmas and Cape Three Points in all years. However,
the observation by Herbland and Marchal (1991) of very weak upwelling at all stations in
1987 is supported by the SST images used in this study.

Another trend has also been observed in the strengths of the coastal upwellings.
Pézennec and Bard (1992) noted an intensification of the minor upwelling season and
reduction in strength of the major upwelling season over the period 1970 to 1990. This trend
is not seen in the combined upwelling index values from this study, although the strength of
the minor upwelling is seen to weaken at a lesser rate than that of the major upwelling. This
pattern is mainly contributed to by the intensity component of the index. Allowing for the
methods used by Pézennec and Bard (ibid.), which removed any long term trend from
seasonal components of the signal, these two studies are in agreement, i.e. the intensity of the
minor season has increased relative to that of the major season).

The between-year index of the most southerly position of the SUI also shows a high
degree of interannual variability, however, the pattern of this is different to that observed in
SST and upwelling indices, described above. Rather, peaks occur in 1984 and 1987 (further
north) and there is a trough in 1985 (further south). On the other hand, there is an extended
period of high index values from 1987 to 1991, resembling the pattern in SST and upwelling
index values.
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Relevance of Features Observed to Fisheries Recruitment

Oceanographic features of relevance to fisheries recruitment, according to the triad
hypothesis (Bakun 1993, 1996), must affect enrichment, concentration and retention/transport
mechanisms. In the Gulf of Guinea, several features have been identified from the SST
images that may influence these parameters. The Ghana and Céte d’Ivoire coastal upwelling
appears to be the largest putative enrichment mechanism in the images. Both within and
outside of the upwelling areas, river run-off may also provide nutrient enrichment. Both river
plumes, observed in the eastern Gulf of Guinea, and fronts, such as are seen at the edge of the
upwelling area, may act by concentrating the nutrients supplied by such enrichment
processes.

Binet and Marchal (1993) described the relationship between enrichment from
upwellings and river flows and plankton biomass in the coastal upwelling area. Primary
production throughout the boreal summer is first stimulated by nutrient input from the run-off
of the first rains over the land in June, then by the major upwelling season, and finally by the
flood of the larger rivers in September and October. The number of phytoplankton cells is,
therefore, at a peak from June to September. This seasonal peak in primary production has
also been noted by John et al. (this volume). Zooplankton (copepod) biomass follows the
same seasonal pattern but with a two week lag time. The taxonomic composition of
phytoplankton and zooplankton is also highly related to the different hydrological seasons
(Binet and Marchal 1993).

Fronts can also act as retention mechanisms. The strong frontal development between
the cold SUI and the warm Guinea-Bissau shelf waters around the Bijagos Islands may be a
powerful example of this. The front observed at the edges of the coastal upwelling area is
also a potential retention mechanism.

Conclusions

The results of this study show the usefulness of remote sensing for investigating seasonal and
interannual variability in SST in the Gulf of Guinea. Additionally, many of the features
observed are interpretable in terms of physical processes known to exist in the region and
analysis of these data can aid understanding of the underlying physical dynamics. Of
particular interest are observations associated with the coastal upwellings. Some of these
corroborate previous observations, such as the westward movement of the upwelling (Picaut
1983), the “cape effect” (Marchal and Picaut 1977) and the relative intensification of the
minor season (Pézennec and Bard 1992). Additionally, the observed rapid onset of upwelling
lends some support to the remote forcing theory of Moore et al. (1978) and the coastally
trapped wave theory of Clarke (1979). Other observations contradict earlier studies, such as
the observed presence of an offshore front during the major upwelling season (Houghton
1976) and the absence of a shift in position of the main upwelling cores (Binet and Marchal
1993). Furthermore, the previously unrecorded observation of coastal cooling in Liberia and
Sierra Leone, coinciding with the minor upwelling season in Ghana and Cote d’Ivoire, raises
more questions regarding the different mechanisms forcing the two upwelling seasons.
Quasi-cyclic behaviour of SST on interannual scales has also been observed. The possible
presence of an El Nifio scale (3-5 year) cycle and the presence of warmer than average
temperatures throughout the region in 1984, coinciding with an Atlantic Nifio event, suggest
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that global scale climate interactions may be forcing SST in the Gulf of Guinea to some
extent. However, the length of the time series used limits any further speculation. Finally,
this study has shown how satellite derived SST time series can be used to resolve
oceanographic features of putative relevance to fisheries recruitment, and their seasonal and
interannual variability. Further details surrounding this research are given in Hardman-
Mountford (2000).
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Defining Ecosystem Structure from Natural Variability: Application
of Principal Components Analysis to Remotely Sensed SST

N. J. Hardman-Mountford and J. M. McGlade

Abstract

It has been proposed that the Gulf of Guinea Large Marine Ecosystem can be divided into
three subsystems, however, the limits of this system and its constituent subsystems have only
been defined arbitrarily. This study uses principal components analysis to investigate the
variance structure of remotely sensed SST data for the Gulf of Guinea in an attempt to define
important ecosystem structures and boundaries using the natural variability of the system.
The results are interpreted in terms of underlying physical dynamics and boundaries of the
large marine ecosystem and its subsystems are determined. Inter and intra-comparison of
SST in these new subsystems is then used to successfully validate the new subsystems.

Introduction

Ecosystem definition

The definition of meaningful boundaries for marine ecosystems continues to be an area of
active research, and heavily debated in both scientific and political arenas (McGlade 1999).
For whilst in terrestrial ecology, different biomes have been defined using relatively simple
factors such as latitude, altitude, rainfall, slope, underlying soil or rock type and vegetation,
in marine science below the scale of regions, i.e. polar, temperate and tropical regions, there
no clear consensus has emerged. Longhurst (1998) and Sherman and co-workers (AAAS
1986; Alexander 1986; Sherman 1986) have elucidated two systems of classification, one
based on biogeochemical provinces and the other on the productivity and associated socio-
economic activities of Large Marine Ecosystems: in the Gulf of Guinea these two systems
have identical boundaries (Pauly ez al. 2000). This study looks at whether or not these
boundaries are constant and tests for the presence of any persistent structures within them,
using observations of the natural variability in remotely sensed sea surface temperature data.

Systems and Subsystems of the West African Coast

The coastal marine environment of West Africa has been classified into three Large Marine
Ecosystems (LMEs): the Canary Current LME (NW Africa), the Gulf of Guinea LME
(Central West Africa) and the Benguela Current LME (SW Africa) (Binet and Marchal
1993).

The Gulf of Guinea LME, as defined by Binet and Marchal (ibid.) lies between the
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Bijagos Islands (Guinea-Bissau, ~ 11° N) and Cape Lopez (Gabon, ~ 1° S). This area includes
the maritime waters of 12 coastal states (Guinea-Bissau, Guinea, Sierra-Leone, Liberia, Céte
d’Ivoire, Ghana, Togo, Benin, Nigeria, Cameroon, Equatorial Guinea and Gabon) as well as
the island states of Equatorial Guinea (Bioko, formerly Fernando Po) and Sao Tome and
Principe. The system is generally defined by the flow of the Guinea Current so is sometimes
referred to as the Guinea Current LME. It is bounded to the north by the Canary Current and
to the south by the South Equatorial Current (ibid.).

Because of its heterogeneous nature, Tilot and King (1993) divided the Gulf of Guinea
LME into three arbitrary subsystems. Each is defined by particular characteristics, which
nevertheless contribute to the functioning of the ecosystem as a whole and interact with each
other. These subsystems are:

a) Sierra Leone and Guinea Plateau (SLGP): from the Bijagos Islands (Guinea-Bissau) to
Cape Palmas (Liberia/Cote d’Ivoire). This area is characterised by the largest continental
shelf in West Africa and has large riverine inputs, giving thermal stability. It is also in
the seasonal passage of the Inter-Tropical Convergence Zone (ITCZ).

b) Central West African Upwelling (CWAU): from Cape Palmas to Cotonou (Benin). This
thermally unstable subsystem is characterised by seasonal upwelling of cold, nutrient
rich, subthermocline water, which dominates its annual cycle and drives the biology of
the subsystem. Variability in upwelling strength leads to variability in productivity.

¢) Eastern Gulf of Guinea (EGOG). from Cotonou to Cape Lopez (Gabon), including the
offshore islands of Bioko and Sao Tome and Principe. This area is characterised by
thermal stability and a strong pycnocline. Its productivity depends on nutrient input from
land drainage, river flood and turbulent diffusion through a stable pycnocline. Variability
of river input depends on climatic fluctuations of the monsoon.

Use of PCA in remote sensing studies

PCA has become a commonly used technique for remote sensing image analysis. It is
generally used as a technique for data compression between highly correlated spectral bands
(Lillesand and Kiefer 1987). However, it has also been used for change detection studies.
Fung and LeDrew (1987) used PCA for detecting land-cover change in Canada from Landsat
MSS data and Eastman (1992) assessed the usefulness of the technique for studying changes
in vegetation cover over Africa using Normalised Difference Vegetation Index (NDVI)
images. Eastman (ibid.) concluded that the technique has excellent capabilities in the
detection of change, regardless of whether it is cyclic, aperiodic repeating or isolated. In
addition, it appears to be equally sensitive to changes that are additive or multiplicative in
nature. Gallaudet and Simpson (1994) used the technique to investigate oceanographic
processes off Baja California using SST from AVHRR data. More recently, both Cole and
McGlade (1998) and Maus (1997) used PCA to show spatial structure and temporal
variability in upwelling along the West African coast from the CORSA-AVHRR SST
product. Cole and McGlade (1998) investigated the Benguela region off Namibia while
Maus (1997) studied the Canary Current upwelling off Mauritania. This study attempts to
apply this technique to the Gulf of Guinea region.
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Rationale for use of PCA in this study

Analysis of the current data set, described in Hardman-Mountford and McGlade (this
volume), showed a high degree of variability through time with a strong seasonal cycle and a
large degree of interannual variability. Additionally, the images were seen to have a spatially
heterogenous structure, with three main areas or subsystems. Furthermore, within the
images, a number of oceanographic features were identified. Thus, the SST time series has a
high degree of both geometric (space and time) and geophysical (underlying physical
dynamics) dimensionality. Therefore, because PCA works on the variance structure of the
data, it seemed an appropriate technique to investigate further the different modes of temporal
and spatial variability in this highly variable data set.

Methods

Data scales and areas

Composite SST images from the CORSA-AVHRR time series, described in Hardman-
Mountford and McGlade (this volume), were used for this analysis. To ensure that the
analysis covered the appropriate scales for relevant oceanographic features and natural
variability, two different spatial scales were used. The temporal scale used was that of
monthly composites as this allowed for the temporal sequence of the data to be best
maintained when eliminating time steps with excessive cloud cover.

Firstly, CORSA-AVHRR data for the Gulf of Guinea, was combined with data for the
Canary current region, as used by Maus (1997), the Benguela region, as used by Cole and
McGlade (1998) and previously unused data for the Angolan offshore area. Monthly
composites for each area were joined together using the mosaic routine of the ERDAS
Imagine® software (ERDAS 1997). Data were available for all areas over the 9.5 year time
series from July 1981 to December 1990. This combination of areas gave spatial coverage of
tropical and subtropical West Africa, thus allowing significant features at the basin scale to
be examined. In the second analysis, the 10.5 year time series, from July 1981 to December
1991, of CORSA-AVHRR data for the Gulf of Guinea region only was used.

Selection of layers and interpolation

For PCA to be performed, the input layers must have any pixels classified as cloud (DN=0)
removed. Input layers for the analyses are the monthly SST composite images, in temporal
sequence. To achieve this removal of cloud contamination, the whole Gulf of Guinea area
was first divided into its three subsystems (Figure 6-1). Each of these subsystems was then
subdivided into smaller blocks and the percent cloud cover of each layer was calculated for
each block. Any layers with greater than 50% cloud cover in a block or with excessively
large areas of cloud were removed from the data set. A total of 10 layers were removed for
the Gulf of Guinea analysis. Remaining patchy cloud cover was then eliminated by
interpolating SST values from surrounding pixels using the Focal Analysis routine in the
software. A square 7x7-pixel kernel was used with all pixels weighted equally. This allowed
the interpolation procedure to retain the structure of mesoscale features without being overly
dependent on single neighbouring pixel values. The interpolation procedure was repeated
until all cloud cover was removed from the data set. No layers were removed for the West
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Figure 6-1 Map showing potential subsystem boundaries.

African analysis. Instead, focal analysis was used to interpolate all missing pixels. This was
acceptable because only coarse scale features are of relevance to this analysis.

Spatial standardisation

The next stage of data preparation involved spatially standardising the data set so that each
layer had zero mean and unit standard deviation. Although a correlation matrix was used for
the PCA, spatial standardisation was still performed to facilitate interpretation of the output
principal component images by presenting them as positive and negative deviations from the
mean.

Principal Components Analysis

Standardised PCA was performed on the prepared data using a modification of the PCA
routine in the ERDAS Imagine® software package. Modifications included replacing the
calculation of the variance-covariance matrix with calculation of the correlation matrix. The
mathematical basis of the analysis was taken from Cole (1997) and Cole and McGlade
(1998), and modified using Gallaudet and Simpson (1994), Fung and LeDrew (1987) and
Kendall and Stuart (1966).

The output from this analysis consisted of principal component (PC) images,
eigenvalues and eigenvectors for each image. The PC image gives the spatial output from the
analysis and the eigenvalues are a measure of the percent variance explained by each PC
image. The eigenvector gives the loadings through time for each PC image, i.e. the temporal
output of the analysis.

Interpretation of Principal Components

To be able to interpret the patterns observed in component images and loadings in terms of
features of the system, it is necessary to understand how the data are presented. The patterns
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in the component images are represented in standardised units. For convenience, positive
values and negative values are labelled by colour or code; however, the sign of these units is
arbitrary and only important for the relative relationship of pixels in the image. Therefore, in
some images, positive pixels represent relatively cool areas and negative relatively warm
areas, whereas in others the opposite pattern applies. The relative intensity of the colour or
grey-scale indicates the strength to which a certain pattern applies in certain areas. Hence,
darker tomes show the pattern is strong in a particular area and white represents areas where
the pattern is weakly represented. These are often, but not always, close to boundaries
between opposite patterns. Black pixels indicate the boundaries between opposite patterns.
The relative importance of a particular pattern to each individual time step is given by the
loadings. As with the component images, the sign of the loadings is arbitrary. Therefore,
large peaks or troughs represent time steps when a pattern in the corresponding component
image is either strongly represented or its opposite pattern is strongly represented. Loading
values around zero represent time steps when the patterns seen in the corresponding
component image are not relevant.

Spectral Analysis

Power spectra were calculated for the loadings to show the temporal modes associated with
each of the principal components.

Results and Discussion
Interpretation of PCA for West Africa

Inspection of the eigenvalues for the West African PCA shows only the first two to have
easily interpretable patterns, explaining 79.8% and 13.6% of the total variance, respectively
(Figure 6-2). These were retained for interpretation. The other components were discarded
on the basis that individually they explained very little of the remaining variance. PC I
(Figure 6-3a) shows SST values in the tropics to be warm relative to the subtropics. PC I
loadings (shown in Figure 6-4) are always positive indicating that this dominant temperature
structure is remarkably constant. Thus, PC I appears to relate to the global SST structure
based on the fact that the area of greatest solar irradiance occurs in the tropics.
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Figure 6-2 Percent variance (eigenvalues) explained by each of the first 10 principal components of the West
African PCA.
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Figure 6-3a PCI and b PCII for SST data for West Africa, N represents strong negative correlation
with the loadings, P represents strong positive correlation, white represents weak correlation and
black represents the boundary between areas of positive and negative correlation (zero correlation).

PC II (Figure 6-3b) indicates that the North Atlantic is warm with respect to the South
Atlantic, but with the boundary between the two regions extending westward, perpendicular
to the Liberian coast. The loadings for PC II (Figure 6-4) show a strong annual cycle.
Comparison of the loadings with the monthly SST composites shows that the peaks occur
during September or October of each year. Similarly, troughs, representing the inverse of the
pattern seen in the component image, generally occur during February or March, although
have been seen in January,

Because the loadings have both positive and negative values, the relative SST pattern
can be interpreted both ways. When loadings are positive SST values are warmer north of
the boundary than south of it. In the same way, when the loadings are negative, the SST
pattern has the opposite structure.,

The north-south dipole in SST structure and strong seasonal cycle suggest that the
observed pattern represents the reversed seasonal polarity of the different hemispheres. The
position of the boundary, however, is situated around 5°N rather than at the equator. This
implies that the South rather than North Atlantic dominates the area from the equator to
around 5°N and, therefore, the observed pattern is related to oceanic circulation rather than
solar irradiance. Additionally, the position of the boundary between the areas appears to
correspond to the mean position of the ITCZ and migrates accordingly. This has two
consequences: firstly, the boundary may change position seasonally like the ITCZ and
secondly, the oceanic dominance of an area may be linked to climate circulation patterns.
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Figure 6-4 Loadings for PCI and PCII for West Africa PCA.
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Figure 6-5 Percent variance (eigenvalues) explained by each of the first 10 principal components of
the Gulf of Guinea PCA.

Interpretation of PCA for the Gulf of Guinea

The first two Principal Components of the Gulf of Guinea analysis appeared to show
meaningful patterns and were retained for interpretation. Between them, they account for
approximately 58% of the total variance in the standardised input data set (Figure 6-5). As
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with the previous analysis, the other components were discarded on the basis that individually
they account for very little of the remaining variance. The first two components are discussed
individually below.

. Gulf of Guinea PC T

PC I (Figure 6-6) accounts for 40.9% of the total variance. It represents the dominant pattern
of variability in the dataset and shows a meridional temperature gradient with the break
between relative warm and cold temperatures extending westward from the Liberian coast.
PC I loadings show a strong seasonal cycle (Figure 6-7). Power specira of the PC T loadings
(Figure 6-8) clearly show the annual peak and additional peaks with frequencies of 2 cycles
per year and 4 cycles per year. The peak at 4 cycles per year and part of the peak at 2 cycles
per year are probably harmonics of the annual peak, however, the biannual (2 cycles per year)
peak is larger than the annual peak. This suggests that it is more than just a harmonic of the
annual cycle and that if the harmonic effects were removed a real cycle of this frequency
would remain with reduced amplitude.

This component appears to have the same spatial and temporal structure as PC 1I for
the West African PCA, however, a slight difference is seen in the position of the boundary
between the relatively warm and cold areas. This could be an artefact of processing, based on
the relative areas of the inputs for the two analyses. Comparison of the loadings with the
monthly SST composites showed that the peaks, representing the pattern seen in the
component image, occur each October or November. In these months, the central area of the
SLGP subsystem is warm whereas the area to the south, is relatively cool. The SUI is not
present in the Gulf of Guinea at this time. Troughs in the SST loadings generally occur
during March to April, although have also been seen in January and February. They occur
when the SUI is extended far to the south, making the northern area much cooler than the
south. The explanation for this principal component is the same as for PC II of the West
African PCA. The movement of the SUI and tropical surface water in the SLGP subsystem is
consistent with the seasonal migration of the ITCZ

PC 1(40.9%) gt ,* PC I (17.4%)

Figure 6-6 a PCI and b PCII for the Gulf of Guinea. N represents strong negative comelation with
the loadings, P represents strong positive correlation, white represents weak correlation and black
represents the boundary between areas of positive and negative correlation (zero correlation).

. Gulf of Guinea PC II

PC II (Figure 6-6b) accounts for 17.4% of the total variance. It represents the main residual
pattern of variability when the variability explained by PC I is removed. The pattern shows
four areas of contrasting relative temperatures. Area 1 corresponds to the mean position of
the Senegese upwelling influence in the Gulf of Guinea. Area 2 extends from the boundary
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with the SUTL in the north to Cape Palmas in the south. Area 3 covers the equatorial Atlantic
and Ghana/Céte d'Ivoire coastal upwelling area. Area 4 lies close to the coasts of Nigeria and
Cameroon. The SST structure for Areas | and 3 varies in phase, as does the SST structure for
Areas 2 and 4. Areas | and 3 have the opposite structure and phase to Areas 2 and 4.

The loadings for PCII (Figure 6-7) appear to show two annual cycles as well as an
interannual trend. This pattern is also seen in the power spectra of the PCII loadings (Figure
6-8) which show peaks at <l (interannual), | (annual) and 2 (biannual) cycles per year.
Despite their strong seasonality, the loadings are nearly always positive, suggesting this
structure is present, either strongly or weakly, most of the time.

The characteristic shape and the position of Area I clearly identify it as the cold SUI,
as already stated. As with PC [, the troughs in the loadings coincide with this feature being
near the limit of its southerly extension, during March to April. When the loadings peak, the
SUL is either in the far north or absent from the Gulf of Guinea. Area 2 corresponds (0 an
area of ocean space not identified with any one particular process, but characterised by
generally warm temperatures for most of the year. However, it can also be quite a variable
area, under the seasonal influence of both the migration of cold Canary Current waters from
the north and the influx of warm water from the tropical central Atlantic to the west. Tt is
typically warm when the loadings are at a peak, between October and December, and cold
when the loadings are at a trough and the SUI is extended. Area 3 represents the coastal
upwelling areas along the coast. but offshore there is no boundary, instead the area extends
both east and west and to the southern limit of the scene. This pattern is strongest in the
coastal and equatorial upwelling areas, with a weaker band between them. Thus, Area 3
appears to represent equatorial dynamics, characterised by coastal and equatorial upwelling
of cold water. The monthly SST composites show this pattern to be strongest after the end of
the major upwelling, when the loadings are at a peak. This is because during this period Area
3 is relatively cool compared to Area 2.
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Figure 6-7 Loadings for PC I and PC [I of the Gulf of Guinea PCA.



76 Chapter 6

PCI po
35— =] as
3 == 3
25 T —_— <3 z2s
2 g
& 2 - —— g 2|
E B
g 15 1S5 =
2 2
a8 4 @ J
a5 ’ il oS ﬂ
; o L . Jhoa S
= =] - " 3 w S w G . T e U 1o = w
g & 8 8% 82 F 8 B S ¥ &2 R 8 @ &8 R
cycles per year cycles par year

Figure 6-8 Power spectra for PC Iand PC II of the Gulf of Guinea PCA.

The position of Area 4, close to the coast of Nigeria and Cameroon, appears to
identify it with the large areas of warm, low salinity water that exist in this location,
originating from river discharge. Apain, this pattern is observed when the loadings are at a
peak.

The characteristics of these areas appear to be similar to those of Tilot and King's
(1993) subsystems, with the exception of Area 1, which represents a boundary feature for the
Gulf of Guinea LME. Area 2 coincides with the major part of the SLGP subsystem and Area
4 appears to be dominated by river run-off, a characteristic of the EGOG subsystem. The
coastal section of Area 3 corresponds to the CWAU subsystem, However, PCA identifies this
zone with equatorial dynamics offshore. This is consistent with the remote forcing theory of
coastal upwelling (Moore ef al. 1978). It appears, therefore, that the areas identified by this
principal component can be used to redefine the subsystems of the Gulf of Guinea based on
physical dynamics of the system rather than arbitrary boundaries.

Redefining and validating new subsystems

The PC 1l image for the whole Gulf of Guinea PCA appears to have structured the LME into
its constituent subsystems according to patterns of SST variability. The location in coastal
areas of the boundaries between these subsystems is remarkably close to those described by
Tilot and King (1993), although the offshore extensions of these boundaries vary a great deal.
This is not surprising as the offshore limits were defined arbitrarily for the purposes of this
study. The loadings for this component show that although the pattern varies seasonally, 1L is
nearly always present to some degree. The northern boundary of the LME 1s also delineated,
in accordance with previous observations.

Additionally, PC I of the West African PCA shows a constant pattern of warm
tropical waters compared with cooler subtropical waters. The northern boundary of the warm
tropical waters seen in this component corresponds closely to the northern limit of the Gulf of
Guinea LME, as defined in this study and that of Binet and Marchal (1993), The southern
boundary, however, is situated along the Angolan coast, far south of the predefined limit of
the Gulf of Guinea LME at the equatorial upwelling. This raises important questions as 1o
whether the Gulf of Guinea LME extends south of the equatorial upwelling, perhaps
including the area around the Angola basin as another subsystem, or whether the tropical
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system to the south of the equatorial upwelling is a separate LME, perhaps in some ways
mirroring the Gulf of Guinea to the north. Furthermore, the structure described in PC I of the
West African PCA describes the Gulf of Guinea LME in its tropical context. Thus, these
studies appear able to describe the physical structure of the Gulf of Guinea LME in nested
spatial scales, from the global context, to the level of the LME and even into its constituent
subsystems.

The conclusion that the structures identified in this study correspond to different
subsystems of the Gulf of Guinea LME is based on their interpretation in terms of physical
features known to exist in the overall system. If these conclusions are correct, then the new
subsystems should also appear both similar in nature to each other and different from
surrounding systems. To investigate these relationships, time series of SST were calculated
for the new areas by taking their spatial means for each week of the original dataset. Area I,
because not part of the Gulf of Guinea LME under this description, was included as a control
area. These time series were then used to explore the properties of the new subsystems.

Comparison of Areas

. SST Time Series
Visual comparison and linear regression between the SST time series (Figure 6-9) for each of
the new areas showed Areas 2 to 4 to be closely related to each other but not to Area 1.
Areas 3 and 4 were the most closely related (r°=0,66). Area 2 was almost equally related to
Areas 3 and 4 ("=0.42 and r*=0.40, respectively). No evidence of a relationship was found
between Area | and Areas 2, 3 and 4 (r3=0.01. *=0.09, r’=0.001, respectively). All results
are highly significant (F-test, P<0.01), except between Area | and Area 4, which is still
significant (F-test, P<0.05).

Visual comparison and linear regression of two SST series from within each Area showed
a stronger relationship than that between subsystems, except for Area 4, which still showed a
strong relationship. This relationship was strongest for Area | (r"=0.89). Area 2 and Area 3
showed approximately the same level of coherence (r’=0.69 and r*=0.68, respectively), Area
4 was also significantly coherent ('=0.52). All results are highly significant (F-test, P<0.01).
. Seasonal Cycles
Charts of the seasonal cycles in each area show three distinct seasons for Areas 2, 3 and 4,
but only two seasons for Area | (Figure 6-10). Power spectra for each of the areas show
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Figure 6-9 SST time series for each of the Areas identified in PC 11 of the Gulf of Guinea PCA.



78 Chapter 6

peaks with frequencies at both 1 cycle per year and 2 cycle per year for Areas 2, 3 and 4,
however, only an annual peak (1 cycle per year) is seen for Area |1 (Figure 6-11). Charts of
the seasonal cycles for the two SST series from within each Area show the seasonal cycle of
each Area to be consistent throughout that Area.

. Interannual Variability

To investigate interannual variability between the areas. the interannual peaks from the power
spectra were used to extract the interannual SST pattern from the SST data (Figure 6-12).
SST monthly anomalies were also calculated for the time series of monthly SST data and
these were used for linear regression between the areas.

The interannual pattern from power spectra for Areas 2, 3 and 4 showed an alternating
cycle of warm and cool SSTs, with a period of about three years, with a superimposed
prolonged warm period from 1987 to 1990, The prolonged warm period was seen most
strongly for Area 2 and was least evident in Area 4. This pattern is very similar to that
described in chapter 4. The interannual pattern from power spectra for Area | was very
different. SSTs appeared to be declining for the first half of the time series and increasing for
the second half, with an additional increase in 1988.

Linear regression of the SST monthly anomalies showed stronger relationships than
for the SST weekly values, however, the relationships were essentially the same in nature.
Area 3 and Area 4 were most strongly correlated (1°=0.75), Area 2 was more strongly
correlated with Areas 3 and 4 (r*=0.65, r’=0.53, respectivelgf) than Area 1 (r2=0.22). Area 1
was least strongly correlated with Areas 3 and 4 (r"=0.11, r*=0.14, respectively). All results
are highly significant (F-test, P<0.01).

Jaa)

SETA ("G x 10)
SSTA(C 210}
L=] w

S5TA ("G a10)

SSTA (Cx 10}

Manih

Figure 6-10 Seasonal mean SST anomaly for each of the Areas identified in PC U of the Gulf of
Guinea PCA
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Conclusion on new subsystems

The SST signals for Areas 2 to 4 show that they belong to the same system as each other and
a different system from Area 1. This is apparent in the similarities between the signals on a
seasonal and interannual basis. Areas 3 and 4 appear to be the most closely related. The
fixed boundaries used for the subsystems in these validation studies mean that the seasonal
contraction and expansion of Areas | and 2 has not been taken into account. This means that
Area 2 actually has a mixed nature, with cold SUI waters penetrating into the area on a
seasonal basis. Nonetheless, the seasonal signal of Area 2 is still very distinct from Area 1.
Perhaps, however, on an interannual basis, the closer relationship of Area | with Area 2 than
with other Areas may be due to variability between years in the most southerly extent of the
SUL

The strong correlation seen for SST within each Area, compared with those between
Areas, shows each Area to be a coherent subsystem. The weak relationship within Area 4
compared to its relationship with Area 3 for weekly SST data may be due to high frequency,
small scale variability in this Area caused by its dependence on meteorological conditions
(rainfall and river run-off). The much stronger relationship seen in the monthly anomalies
shows the Area is coherent on an interannual basis, although this is still weaker than the
relationship between Area 3 and 4. Nonetheless, the fact that this Area can be interpreted in
terms of physical processes known to oceur justifies it being defined as a subsystem of the
Gulf of Guinea.
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Figure 6-11 Power spectra of SST for each of the Areas identified in PC 11 of the Gulf of Guinea
PCA.
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the Gulf of Guinea PCA.

Overall Conclusions

From the interpretations and discussion in the previous sections, the following conclusions
can be drawn. Firstly, the Gulf of Guinea LME is situated within the tropical equatorial
Atlantic. It's northern boundary is defined by the interface between the SUI and warmer
tropical Atlantic waters to the south, with the SUI lying outside the Gulf of Guinea. The
southern boundary of the LME cannot be determined from this study. Secondly, the Gulf of
Guinea LME can be divided into three subsystems, identified by Areas 2 to 4 of PC II for the
whole Gulf of Guinea PCA. These areas correspond closely to the coastal subsystems
defined by Tilot and King (1993) and are validated by investigation of their SST signals, both
seasonally and interannually. The importance of these boundaries 1s that they are delineated
by the vartance structure of physical data, rather than being arbitrarily determined as has
previously been the case.

Finally, the seasonal SST dipole picked out in both analyses shows the boundary
between areas of North and South Atlantic influence to be situated around 5°N and
correspond to the mean position of the ITCZ. This implies that ocean-atrmosphere interactions
exist in determining seasonal circulation patterns and that depending on the position of the
ITCZ, areas of the Gulf of Guinea can be under the influence of either the North or South
Atlantic at different times of the year.
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A Multi-Data Approach for Assessing the Spatio-Temporal
Variability of the Ivorian-Ghanaian Coastal Upwelling:
Understanding Pelagic Fish Stock Dynamics

H. Demarcq and A. Aman

Abstract

The majority of coastal pelagic fish species are known to be affected by strong interannual
environmental variations. This variability is recognised as being largely due to the impact of
the environment on recruitment processes, however, a complex balance exists between
physical and biological processes which does not allow a comprehensive understanding of the
observed stock dynamics. Habitats along the Cdte d’Ivoire and Ghana coast are mainly
characterised by the presence of seasonal or permanent coastal upwellings. Sea Surface
Temperature (SST) monitoring is the most suitable parameter to quantify these upwellings. A
specific approach has been developed here using remote sensing observations of the
METEOSAT satellite series. Two data sets from in situ sources are combined with daily
satellite observations in order to quantify the seasonal intensity and spatial extent of coastal
upwelling off Céte d'Ivoire and Ghana.

A monthly climatology was produced for the region, with a considerably more accurate
spatial and seasonal precision than shown in currently available data. This has been made
possible to estimate more reliably the SST anomalies found along the coast. This is
particularly useful in this region where studies have shown the importance of subtle
environmental variations on fish stocks such as changes in upwelling seasonality.

Introduction

To manage fisheries effectively a broad knowledge of the mechanisms which control stock
dynamics is needed. In coastal upwelling areas and especially for short lived species, such as
small pelagic fishes, these dynamics are linked to climate forcing via recruitment success
(Sissenwine 1984; Cury and Roy 1989).

In the Gulf of Guinea region, ocean dynamics are mainly linked to the seasonal
presence of the Guinea current, to equatorial upwelling and to the upwellings along the coasts
of Céte d'Tvoire and Ghana (Ingham 1970; Morliere 1970; Morliére and Rebert 1970; Colin et
al 1993). Enrichment caused by the upwellings is strong enough to support regional stocks of
several economically important pelagic fish species (Herbland 1983).

The coastal upwelling in the Gulf of Guinea region is characterised by coastal
anomalies in the SST signal (Colin er al 1993). This signal can be picked up via the existing
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Figure 7-1 Working area with the locarion of the cceanographic coastal stations.

network of oceanographic coastal stations that cover Céte d'Ivoire and Ghana and supply high
quality coastal SST samples (Figure 7-1). Comparatively lower quality coastal 85T samples
may be obtained from the “ship of opportunity’ meteorological data set (called ‘SHIP® data),
on a coarser space-lime scale. Finally, remote sensing data provide excellent, complementary
information on the spatial structure of the upwelling, however, the spatio-temporal sampling
rate is low and irregular due to the very high cloud cover of the region.

Remote Sensing

SST reconstruction over the Gulf of Guinea through passive remote sensing techniques is
severely limited by the quasi-permanent cloud cover associafed with the high water vapour
content of the atmosphere. The satellites in the METEOSAT series have the advantage of a
very high observational repeat rate of 30 minutes, giving a spatial resolution of 5 km. This
level of specificity is used to process daily synthesis images of radiative temperature by
minimising the atmospheric absorption (Demarcq and Citeau [995). Daily images were
processed from July 1989 to December 1997 but few of them allow the reconstruction of sea
surface thermal fields. Previous studies have shown the capabilities of METEOSAT for
quantifying the upwelling off Mauritania and Senegal (Demarcq and Citean 1995) and to
localise the surface cooling off Céte d’Ivoire and Ghana (Aman and Fofana 1994).

Figure 7-2 displays the mean number of monthly observations with partially clear
atmospheric conditions, making it possible to observe an upwelling related SST gradient for
the 1989-1997 period. January to February and July to August are the hest observational
periods, as they are associated with the minor and major upwelling seasons. During these
perieds, the relative cooling of the sea surface has a “back-drying” effect on the atmosphere
by reducing evaporation from the sea.

Typical coastal upwelling situations can be described off Coie d'Ivoire and Ghana
(Figure 7-3) using radiative temperature fields analysis (uncorrected temperature). These
fields show the main spatial differences between the minor upwelling structure - restricted
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Figure 7-2 Number of days with cloud-free upwelling structures observed with METEOSAT.

more to coastal areas (Figure 7-3a to 3c), and the major upwelling structure (Figure 7-3d).
The extent of upwelling offshore is generally limited to less than 50 km during the minor
upwelling season on both the Cote d'Ivoire and Ghana coasts. During the major upwelling
season the extent is similar to that for the minor season in the west part of Céte d'Ivoire but
regularly increases eastwards with an area greater than 100 km off Ghana.

The simultaneous appearance of regional upwelling during the minor upwelling season
is worth noting (Figure 7-4, colour plate). Four independent coastal upwelling points can be
observed. Three of these are to the east of the three capes: Cape Palmas, Cape Three Points
and Keta. More surprisingly is the presence of an upwelling source point to the west of
Abidjan. This may be generated by the submarine canyon close to Abidjan. This pattern can
also be observed in the oceanographic data collated by Colin et al. (1993) for the major
upwelling season.

External data: SHIP records and coastal oceanographic
measurements

The spatial coverage of the SHIP data is inadequate to supply precise spatial information on
upwelling. Nevertheless, averaged spatial information on the extent of the upwelling can be
obtained. Approximately 25 000 records were compiled for the 1984-1997 period covering
each upwelling season (Figure 7-5, colour plate).

The thermal signature of the major upwelling (mainly during July and August) is highly
pronounced (Figure 7-3a, colour plate), with a clear continuous minimum SST along the
coast from 7°W (Tabou) to 1°E (Winneba). This observation is consistent with the main
structures observed via the satellite data (Figure 7-3d, colour plate). For the minor upwelling
season (January to February), the resulting signature of the upwelling is very weak. Only the
coldest areas can be observed, mainly to the east of Cape Palmas and to the west of the Cape
Three Points. These features are not consistent with the satellite data and are most likely due
to the high degree of noise in the SHIP data and the relatively poor sampling of merchant
ships near the coast. As seen in the satellite features, the offshore extent of the upwelling
during this season is weak, and the SHIP data significantly underestimates the upwelling
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intensity. The mean coldest value on the continental shelf is 24.5°C, but this temperature is
more than 4°C above the coastal temperature usually recorded.

Coastal oceanographic measurements of nearshore SST are continuously provided by
six coastal stations located along the open Ivorian Gulf from Tabou to Assinie and six other
stations in Ghana from Axim to Keta (Figure 7-1). These stations are sampled daily by
ORSTOM and the Centre de Recherches Océanologiques d'Abidjan (CROA) for Céte d'Ivoire

Figure 7-3 Typical SST fields as depicted by METEOSAT during the minor upwelling season a to
¢ and during the major upwelling season d.
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(at about 09.00) and daily by the Fisheries Research & Utilisation Branch (FRUB) for Ghana.
These measurements have been taken since 1977 for Céte d'Tvoire and since 1985 for Ghana.
Compared to the SHIP data, the regular sampling of these stations gives a precise absolute
value of the zonal SST gradient. It is generally possible to detect the gradients on the satellite
images but impossible to obtain with the SHIP data.

Figure 7-6 (colour plate) shows an example of the mean SST sampling provided during
one week for these two in situ data sets. The measurement precision is about 0.8 °C for the
SHIP data (Gohin 1987)and about 0.1°C for the coastal measurements. For reasons of
sampling and precision, the coastal data are the only convenient data to provide a precise and
regular local description of the SST dynamics.

Integration of Satellite/SHIP/coastal data

The amount of cloud-free satellite data is insufficient to provide an inter-annual description of
the upwellings dynamics, however, remote sensing can supply adequate data for an objective
spatial approach. A specific processing method has been developed for this highly cloudy
area to restore accurate SST fields using a combination of satellite data, coastal SST
measurements and SHIP data. Raw infrared imagery of the geostationary European satellites
of the METEOSAT series is available from 1988 from the receiving station of the Centre de
Recherches Océanographiques de Dakar-Thiaroye (Dakar, Sénégal) and from 1996 from the
physical department of the University of Cocody at Abidjan, via CROA. The processing
methods are based on those previously develop by Demarcq and Citeau (1995) for the coastal
upwelling areas and adapted to the regional specificity of Cdte dIvoire and Ghana, in
particular for the integration of the coastal measurements.

After calibration and geometric correction, daily composite images of "brightness
temperature” (including the atmospheric alteration of the signal) are processed from the 48
half-hourly images of the earth disk. This pre-processing is performed to reduce the cloud
cover by minimising the atmospheric disturbance (see Demarcq and Citeau 1995 for details).
A total of 270 daily images containing a part of a valid SST gradient were processed for the
period July 1989 to December 1997. The intimate mixing of oceanic and atmospheric
features on the images enables the user to select interactively usable images using
oceanographic criteria. The main criteria are the identification of upwelling related structures
and a preliminary oceanographic knowledge of the area.

The challenge is then to perform adequate atmospheric correction to obtain validated
SST fields. It is widely acknowledged that even the most powerful methods, using split-
window algorithms on NOAA/AVHRR imagery, are not satisfactory for equatorial regions
because of the very high water vapour contents of the atmosphere (Sobrino et al. 1993,
Mathur and Agarwal 1992, Steyn Ross et al. 1993). In this situation, the residual SST
departure due to uncorrected atmospheric effects (despite the use of two infrared channels)
can potentially reach 2°C.

The METEOSAT infrared imagery is characterised by the presence of a unique infrared
channel so the use of a direct calculation of atmospheric absorption is not possible, unlike
with the two infrared channels of AVHRR. The particularly high atmospheric absorption due
to water vapour in this region means that processing of the atmospheric attenuation is of
crucial importance. Therefore, the only adequate way of performing an accurate atmospheric
correction, in order to restore SST fields using METEOSAT, is to use external in situ SST
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data sets. In the present case, two kinds of data are available for this purpose: the SHIP data
and the daily oceanographic coastal measurements. These data are used in combination with
the satellite radiative temperature fields to obtain corrected SSTs. Two areas are considered
for the calculation of the atmospheric absorption (Figure 7-6a, colour plate).

The coastal coverage of the SHIP data is insufficient to recover SST gradients on a
daily or weekly scale (Figure 7-5, colour plate). The typical SHIP data coverage (Figure 7-6b,
colour plate) allows processing of the mean offshore atmospheric absorption but does not
enhance the SST gradient between the coastal and offshore area. The coastal SST is then
severely over-estimated (Figure 7-7b, colour plate). On the other hand, the coastal
measurements represent a very good sampling of the coastal area (Figure 7-6¢, colour plate)
and the SST processed with only this data set (Figure 7-7c, colour plate) gives a satisfying
SST reconstruction of the coastal area, though it is not able to account for the offshore
atmospheric absorption. The offshore SST is consequently under-estimated. The coastal data
are used preferentially in the coastal area, when available, because of their greater precision.
This is achieved by assigning them a "protection perimeter” to avoid mixing with the noisy
SHIP data. This perimeter is logically assimilated as the mean extension of the upwelling
(Figure 7-6d, colour plate).

The processing of the initial radiative temperature field (Figure 7-6a, colour plate) with
this specific in situ data mixing (Figure 7-6d, colour plate) shows a better result in terms of
coastal/offshore SST gradient (Figure 7-7d, colour plate) than those obtained with only one
data set (Figures 7-6b,c, colour plate). The specific interest of each in sizu data set is taken
into account particularly well. The calculated absorption field, principally due in these
latitudes to the integrated water vapour content of the atmosphere, shows a strong offshore
gradient range of between 3°C for the coastal area and 6° C for the offshore area, alongside
the clouds (Figure 7-7d, colour plate). As generally observed in other upwelling areas, the
upwelling’s drying effect on the atmosphere (by minimising the water evaporation in the
coastal area) is clearly visible. This drying effect is generally visible in the radiative
temperature daily synthesis as a 10-15 km band of clear sky above the continent in front of
the upwelling areas (Figure 7-8, colour plate). This effect is also an indicator of the
upwelling presence and consequently does not exist, on the particular day shown, to the east
of Cape Palmas.

Monthly climatologies

Monthly SST climatologies were calculated from the mean of the 270 clearest METEOSAT
daily synthesis images processed using to the above method. Figure 7-9 (colour plate)
displays the mean SST fields obtained on a monthly scale, with contours superimposed. The
number of daily images included in the processing varies according to the mean seasonality of
cloud cover in the region. This cloud cover is not constant throughout the year (Figure 7-2)
and is linked partly to the presence of the coastal upwellings themselves and partly to the
latitudinal migration of the Inter-Tropical Convergence Zone. No images have been
processed for May as during this month the upwelling intensity is minimum (from ir situ data
sets), so cloud cover reaches a maximum. Therefore, SST has been interpolated from the
months of April and June accounting for the coastal measurements recorded during this
month.
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Both the major and minor upwelling seasons are clearly visible. The major season
occurs from July to November with a very clear maximum in August. The upwelling spatial
pattern shows a local maximum of the upwelling intensity off the west part of Cote d'Tvoire,
particularly in August when the upwelling reaches its maximum intensity. During this
maximum of intensity, the mean SST is around 22.5°C in C6te d'Ivoire and 23.5°C in Ghana.

In contrast to the main upwelling, the minor upwelling is very weak in Ghana and has to
be considered as an indirect extension of the Cote d'Ivoire upwelling as its spatial signature
does not effect the eastern part of Ghana. The duration of the minor upwelling is
approximately four months, from January to April. Because upwelling is generally
considered to be weaker in April than in February and March, special attention is given to
results from this month. Twelve satellite SST situations during four different years were
processed for the month of April; the results show low SSTs at the coast, as in the coastal
measurements. Therefore, the relative importance of this period, especially when compared
to the slightly higher SSTs obtained for the months of February and March, has to be
carefully examined.

A comparison with the Reynolds SST climatology (Reynolds and Smith 1995) for the
months of January, August and October (Figure 7-10, colour plate) shows a considerable
improvement of the SST reconstruction for the coastal areas. The minor upwelling is almost
absent on the Reynolds climatology (Figure 7-10a, colour plate) and the August SST
minimum is seen situated off Ghana in the Reynolds climatology when it is clearly situated in
the western part of Céte d'Ivoire in our climatology. The SST departure from the Reynolds
climatology in both upwelling seasons is greater than 2°C - a significant value in any satellite
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Figure 7-11 Mean coastal SST (top) and Upwelling Index (offshore SST - coastal SST) calculated
from the climatology off Céte d'Ivoire and Ghana.
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Mean coastal SST values were extracted from this climatology for the two main upwelling
areas, from Cape Palmas to Cape Three Points and to the east of Cape Three Points (Figure 7-
11, top). The amplitude of the seasonal SST variation reached 5°C (from 28°C to 23°C) and
the SST was always slightly lower (approximately 1°C) for the western region (C6te d'Ivoire
and western Ghana) from October to April.

A satellite upwelling index was calculated from the SST deficit between the offshore
area (taken as the maximum of SST from 0° to 4° of latitude) and the coastal area for the
same regions (Figure 7-11). The upwelling index shows considerably higher values than
expected during the minor upwelling season, particularly off Cote d'Ivoire. The upwelling
index shows a stable minimum from May to July, whereas the mean duration of the minor
and major upwelling season seems to be approximately the same (4 months) with some
reservations concerning the high values obtained in March and April. Compared to previous
upwelling indices calculated only with coastal measurements, this result shows the potentially
great importance of the minor upwelling season that appears to have been underestimated in
previous studies. However, the relative importance of the minor upwelling season and the
temporal changes depicted in its seasonality (Pézennec and Bard 1992) reinforces the
hypothesis of the potentially high impact of this season in local biological processes
concerning the pelagic species dynamic.

Conclusions and perspectives

The infrared imagery supplied by the European METEOSAT satellites is an essential data set
which supplies sparse but useful information on the mean seasonal cycle of the upwellings
and their associated spatial structure. The integration of complementary in situ data in the
processing of infrared satellite images over a very cloudy equatorial area shows the ability to
compute high value data in the form of a spatial SST climatology for the Ivorian-Ghanaian
upwellings, despite a priori severe atmospheric limitations.

The processing of this preliminary climatology was based on the clearest satellite
images of the 1989-1997 time series in order to take account of the spatial structure of the
upwelling from daily data where satellite/SHIP/coastal data were available. This processing
could be refined to obtain a better adjustment for the seasonal upwelling intensity and the
main SST gradient. The inconvenience of this method is the irregular amount of data on a
monthly basis because of satellite restrictions. Future refinements of this climatology will
require systematic use of the whole time series from the coastal stations in order to avoid
possible local and seasonal artefacts due to a seasonal irregularity in the amount of processed
data. On the other hand, the data from the coastal stations of Ghana were not available for
this study after 1991 and this may have led to an overestimate of the Ghana SST values in any
subsequent period.

Concerning the temporal approach, the remote sensing data from meteorological
satellites does not supply information on a regular temporal basis on the Gulf of Guinea,
despite the high initial observation frequency of the METEOSAT satellites, because of the
high degree of cloud cover. A direct observation of the dynamics of the upwelling structure
is thereby made impossible from satellite data alone. Moreover, the time lag between two
successive exploitable satellite data images is sometimes too long, even if compared to the
mean duration of the upwelling seasons.
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The hypothesis of an intensification of the minor upwelling noticed by some authors
(Pézennec and Bard 1992) needs to be taken into consideration in the face of the relatively
high upwelling indices obtained for the minor upwelling season from the remotely sensed
data.
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Physico-Chemical Changes in Continental Shelf Waters of the
Gulf of Guinea and Possible Impacts on Resource Variability

K.A. Koranteng and J.M. McGlade

Abstract

Changes in the continental shelf ecosystem of Ghana were examined, based on sea surface
and bottom temperature (SST, SBT), salinity and dissolved oxygen. The de-composed trend
of temperatures exhibited a phase of cooling from the beginning of the series until 1976/77
and warming thereafter. The trend of salinity and dissolved oxygen showed different
tendencies but in terms of timing, they were consistent with the pattern of change of
temperature. These changes resulted in the division of the observational period into three
blocks, namely the period before 1972, from 1972 to 1982 and the period after 1982. In the
first block, sea surface temperature (both coastal and offshore) and bottom temperature
declined, coastal salinity was low. The second block was colder, with less than average SST
and SBT. The mixed layer was narrow with the thermocline remaining shallower than its
long-term average position. Coastal and bottom salinity (measured at 100 m deep) were
relatively high but the seasonal variation was minimal. This was a period of significant
change in the physical components of the ecosystem of the Ghanaian shelf waters which to
date has not been so clearly documented in the literature. In the final phase, temperatures
were high, and salinity was low and erratic.

Introduction

The waters of the Gulf of Guinea, situated in the Eastern Central Atlantic, are defined by the
Guinea Current Large Marine Ecosystem (LME) (Sherman, 1993). Situated between the
Canary Current LME to the north and the Benguela Current LME to the south, the Guinea
Current LME extends from the Bijagos Islands (approximately latitude 11° N, longitude 16°
W) to Cape Lopez (latitude 0° 41°S, longitude 8° 45°E) (Binet and Marchal 1993) (Map 2,
colour plate). It includes the maritime waters of all countries between Guinea Bissau and
Gabon in West Africa.

Off Ghana and Cote d'Ivoire situated in the central part of the LME, two upwelling
seasons, major and minor, occur annually with differing duration and intensities. Small
pelagic fisheries in the area are sustained by these seasonal upwellings (FRU/ORSTOM 1976;
Pézennec and Koranteng 1998). In the last decade, there were remarkable changes in the
distribution, abundance and reproductive strategy of the round sardinella (Sardinella aurita
Clupeidae) in this ecosystem. These have been attributed to the intensification of the minor
upwelling (Pézennec and Bard 1992; Pézennec 1994).
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In the same period, there were significant increases and decreases of some demersal
fish abundances; most significant among these was the complete disappearance of the
triggerfish (Balistes capriscus Balistidae) from the sub-region where it had once accounted
for over 60 % of total fish biomass assessed in bottom trawl surveys (Koranteng 1984) and
about 83 % of total pelagic biomass assessed in acoustic surveys (Koranteng 1998). The
motivation behind this paper is to seek an explanation for the variation in demersal fish stocks
including possible response to the observed environmental changes.

Data and Analysis

Several data types were used in this investigation. These included daily sea surface
temperature (SST) recorded at seven locations along the Ghanaian coastline between 1962
and 1992 and offshore SSTs from the Comprehensive Ocean Atmosphere Data Sets
(COADS) (Woodruff et al. 1987). The COADS database was created from marine surface
observations made on various platforms including ships of opportunity and moored buoys.
Using the CODE program (Mendelsshon and Roy 1996), sub-sets of the COADS data were
extracted for four areas off Cote d’Ivoire - Ghana (i.e. between latitudes 1 and 6° N and from
longitude 7°W to 1°E and for the period 1946 t01992.

At the coastal stations, water samples were also collected daily and sent to the MFRD
laboratories in Tema for the determination of salinity using an inductive salinometer.
Collection of salinity records from stations other than Tema was discontinued in 1982, hence
only salinity measurements from Tema were used in this work. Also used are subsurface
temperature, salinity, and dissolved oxygen values measured at 30 m, 50 m, and 100 m on a
hydrographic transect off Tema between 1968 and1992.

Each time series of environmental data was decomposed using a model of the form:

Y,»=T,»+S,<+R1 Eq.8'1

where Y; represent the observed data (e.g. SST), T; is the trend, S; is the seasonal variation and
R; represents the remainder random elements of the series after the trend and seasonal
variation have been accounted for. The analysis was carried out using the STL routine
incorporated in the S-PLUS computer software (MathSoft 1995). “STL is a Seasonal-Trend
decomposition procedure consisting of a sequence of smoothing operations that employ
locally weighted regression or Loess”; a detailed mathematical treatise of the method may be
found in Cleveland et al. (1990).
Following Laevastu (1993) and Becker and Pauly (1996), standardised departures of
the monthly averages of each environmental parameter (e.g. SST) were calculated from:
r;—r

Xj = s Eq. 8"2

where r; is the monthly mean value of the parameter, and r and s are the mean and standard
deviation respectively of the series. Such standardised departures (or anomalies) are
distributed with a zero mean and a variance of one.

Where there was more than one series of the same parameter (e.g. the coastal SSTs),
standardised departures were calculated for each series and a combined anomaly was
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calculated from:

"r,-j—r,«

1
X= Eq. 8-3

ji=t S

where r; is the mean of the parameter for year j at station i, r; and s; are the mean and
standard deviation respectively of the i station’s series, and N; is the number of stations with
complete records in year j. Thus, information from all the stations was combined in this
index. A similar index was used to monitor rainfall in the Sahel region of West Africa (Kraus
1977; Katz 1978; Lamb 1982). Statistical properties of such an index are examined by Kraus
(1977). A 13-point moving average was applied as a low-pass filter to remove the seasonal
varijation in the time series of anomalies (Chatfield 1996).

Temperature values recorded weekly at one of the stations (depth of 100 m) on the
Tema hydrographic transect between 1968 and 1992 were examined. The monthly mean
depth of the thermocline, represented by the depth of the 21°C isotherm (Merle 1978;
Koranteng and Pézennec 1998) was calculated and the depth variation examined.

Preliminary results showed that between 1963 and 1992, there were distinct time
blocks within each of which environmental conditions were different. To clearly identify the
environmental time blocks, new temperature and salinity anomalies were calculated using the
monthly values of the decomposed trend of each series as the data values.

Results

Figure 8-1a,b shows the extracted trend and seasonal variation of the coastal SST series
recorded at Tema in Ghana. The decomposed trend for the other series follow a similar
pattern. From the plot of the seasonal component of each series it is possible to follow the
intra-annual (seasonal) variation in sea surface cooling. Within each year, the lowest point on
the graph corresponds to the peak of cooling (major upwelling) and the highest point
corresponds to the peak of warming. Between these are points corresponding to the first cold
period in the year (January/February) and the warm period towards the end of the year
(October/November).

A linear regression of the derived trend values (for the Tema series) versus time
(years) shows a highly significant (p < 0.001) decline of SSTs (signifying cooling) between
1963 and 1975 and a rise (warming) between 1975 and 1992. The trend of the COADS SST
series (Figure 8-2) also exhibits periods of cooling and warming.

Monthly mean temperature, salinity and dissolved oxygen measured at 100m off
Tema are presented in Table 8-1. The seasonal component of the temperature series shows
the following:

a) consistently increasing temperatures during the second warm season (i.e.
October/November) between 1975 and 1992,

b) general reduction of temperatures during the minor upwelling period signifying an
intensification of this upwelling; and

c) slight increases in temperatures during the main warm season signifying a relative
weakening of the major upwelling.
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Figure 8-1 a Trend and b seasonal variation of a series of sea surface temperature measured off
Tema, Ghana.
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Figure 8-2 Trend component of COADS SST data for three areas off Ghana and Cdte d’Ivoire.
Areas are between shoreline and latitude 4°S and within the longitudes indicated.
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The trend in the Tema coastal sea surface salinity (Figure 8-3a) shows a period of
increasing or high salinity (up to about 35.45 %o) between 1970 and 1978, a period of rapid
reduction of salinity between 1978 and 1982, and a period of relatively stable salinity of
around 35.2 %o between 1982 and 1992. The striking feature of the salinity series is the
decline (in the first period) and rise (in the second period) in amplitude of the seasonal
component (Figure 8-3b). Mean values of dissolved oxygen (DO) ranged between 2.8 and
2.9 ml 1" in 1968 - 1978, increased to over 2.9 ml I’ between 1980 and 1985 and declined
between 1985 and 1990 (Table 8-1). During the period of investigation, the 21°C isotherm
(used here to represent the depth of the thermocline) was encountered at depths from just
below the surface to over 100 m deep. The annual mean thermocline depth generally reduced
between 1968 and 1975 where the smallest annual mean depth (29.4m) was calculated. The
largest annual mean depth (51.0m) was in 1978 and the long-term annual mean depth was 41
m. The large standard deviations associated with the means signify large variation in the
depth of the isotherm. Using the trend values, the resultant anomalies of the bottom and
surface temperatures and salinity are shown in Figure 8-4a,b).

Year Surface Bottom Coastal Bottom Bottom Dissolved
Temperature Temperature Salinity Salinity Oxygen

1963 26.6

1964 25.3

1965 26.2

1966 26.0

1967 25.0

1968 26.7 16.6 35.60 2.99
1969 26.0 16.8 35.26 3.02
1970 26.2 16.7 34.83 35.57 2.74
1971 25.8 16.8 3522 35.74 2.73
1972 259 16.3 3536 35.74 2.85
1973 26.4 16.7 3533 35.56 2.88
1974 26.0 16.2 35.25 35.70 2.62
1975 251 16.0 3522 35.66 2.76
1976 25.1 159 35.51 35.73 2.50
1977 25.3 16.2 35.44 35.75 2.90
1978 257 16.3 35.33 35.83 3.28
1979 26.5 17.2 35.28 35.87 3.08
1980 26.0 16.5 35.25 35.78 2.82
1981 26.5 16.3 34.8 35.81 2.95
1982 25.8 16.9 35.25 35.86 3.06
1983 25.4 16.8 35.09 35.64 3.17
1984 26.4 17.0 34.98 35.68 3.06
1985 25.8 16.7 35.21 35.66 293
1986 254 16.6 35.16 35.36 274
1987 27.0 16.8 35.17 35.80 2.59
1988 26.5 17.2 3522 35.52 2.78
1989 26.3 17.1. 34.87 3543 2.65
1990 259 17.0 35.46 35.79 2.59
1991 26.1 17.3 35.17 35.65 271
1992 26.1 17.2 35.18 35.63 2.94

Table 8-1 Mean values of environmental parameters measured off Tema, Ghana. Bottom parameters were
measured at 100 m deep.
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Figure 8-3a Trend and b seasonal variation of coastal salinity measured off Tema, Ghana.

Discussion

The results of the analysis of sea surface temperatures clearly show the seasonal and inter-
annual patterns of cooling in the coastal and shelf waters off Ghana as described by Longhurst
(1998) for the entire Gulf of Guinea. The two cold seasons (January-February and July-
September) as well as the two warm seasons (April-June and October-December) are clearly
identifiable in all the series of both sea surface and bottom temperatures.

The period of decline of the coastal SSTs, from the 1960s to the mid-1970s, and a
subsequent rise, are in phase with the behavior of the COADS SST series (Figures 8-1 and 8-
2). The latter series shows a general underlying increase since 1946 with some decline in
1954-55, 1964-65, 1975-76 and 1987-88, thus appearing to exhibit decadal variability. The
decline in 1975-76 was the most pronounced within the 47-year period, and this was picked
up in the coastal and bottom temperature series recorded in Ghanaian waters.

Also evident from the plot of the seasonal component of the SST series (Figure 8-1) is
the intensification of the minor upwelling and increased secondary warming from the mid-
1980s. These events have been picked up more clearly in the time series decomposition
analysis than from the use of an upwelling index (e.g. Arfi et al. 1991; Pézennec 1994;
Koranteng and Pézennec 1998). The change in seasonal variation is not very evident from the
COADS data, implying less significant change in the intensity of the two upwelling events in
offshore areas. This is understandable as the upwelling is coastal.
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Figure 8-5 SST trends in areas to the north-west and south-cast of Ghana.

The re-calculated trend anomalies for temperature and salinity (Figure 8-4a,b) clearly
divide the period under consideration into three regimes, namely the period until 1972, 1972~
1982 and 1982-1992. These are referred to as Environmental Time Blocks (ETBs).

Figure 8-5 gives trends of SSTs obtained from COADS for the areas off Sierra Leone
to Liberia and Nigeria to Cameroon, to the north and south of Ghana respectively. The figure
also shows periods of decline of temperatures (between 1970 and 1982) and rising
temperature from 1982. The behaviour of these SST trends are in aggreement with the
situation off Ghana.
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Koranteng (1998) showed a relationship between standardized anomalies of SST
measured at Tema, Ghana (05° N, 00° 04’ E) and at Canancia (south of Sao Paulo) in Brazil
(25° S, 47° 55" W). It was shown that similar specific cold and warm events existed in the
two series with the Tema series usually lagging behind the Cananeia series. For example, the
years of sustained cold SSTs that occurred off Tema between 1975 and 1978 is also seen in
the Canancia series but for 1973-76. Similarly, the warm events of 1987-89 off Tema
occurred during 1985-87 off Cananeia. These observations suggest that the specific
environmental changes observed off Ghana and C6te d’Ivoire as described in this work could
be generalised for the whole Gulf of Guinea and possibly for the whole southern Atlantic
basin. Interconnections between the western and eastern parts of the Atlantic Ocean have
been noted in the past. For example, Hisard er al. (1986) noted eastward movement of
positive SST anomalies from the Brazilian coast towards the Angolan and Namibian coasts
during the 1984 warm events in the Atlantic.

Koranteng (1998) also noted that the patterns of change of rainfall and river discharge
in the nearshore area off Ghana were similar to those describe for physical parameters of the
shelf waters. Rainfall and river discharge generally declined between 1970 and 1983 with the
exception of a particularly wet year of 1975.

The literature is quite clear on the warm climatic events that occurred in the Atlantic
over the last three decades and attempts to draw a parallel with ENSO (El Nifio Southern
Oscillation) events in the Pacific (e.g. Shannon, 1986; Bakun, 1996). On the contrary, the
cold period of 1975-79, as identified in this work, has not been seriously discussed before in
the literature.

Infrequent perturbations in the aquatic environment could affect the internal dynamics
of a system (Margalef 1986; Baird ef al. 1991). These events could have significant impacts
on the behaviour of some species of fish, especially on their growth, distribution and
abundance as have been noted by Pézennec and Bard (1992), Pézennec (1994), Pézennec and
Koranteng (1998) for Sardinella aurita in the western Gulf of Guinea and by Cury and Roy
for fishery resources off Céte d’Ivoire and Ghana (this volume). For example, there is a
remarkable synchrony between the temperature and salinity results and the events that have
occurred in the sardinella and triggerfish fisheries in this ecosystem. In the case of the
sardinella, the environmental regimes closely match the relatively ‘healthy’ phase of the stock
before the high landings of 1972, the ‘collapsed’ phase between 1973 and 1982 and the
recovered or ‘prosperous’ phase between 1983 and 1992 as described by Pézennec (1994).
The environmental regimes also match the years of appearance and disappearance of Balistes
capriscus in this ecosystem. Proliferation of the species started around 1972-1973, and
flourished in the mid-to-late 1970s until the late 1980s. Its decline was observed between
1987 and 1988 (Pézennec 1994; Koranteng 1998).

Conclusion

The period between 1963 and 1992 had within it time blocks with distinct environmental
characteristics in the Gulf of Guinea. In the first time block (i.c. before 1972) sea
temperatures (surface and bottom) were relatively high, salinity was low and the thermocline
was below its long-term average depth.

The second time block was characterised by low temperatures and high but stable
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salinity. The peak of the changing events was between 1975 and 1979. The period was
characterised by sustained cold temperatures in the coastal area and offshore. The mixed
layer was shallow, due to the persistence of the thermocline at depths shallower than the long-
term mean. Coastal (surface) and deep-water (sub-surface) salinities were relatively high, but
quite stable in terms of seasonal variation.

In the third time block, a rising trend in sea surface and bottom temperature was
observed. Salinity decreased but was erratic. These changes appear to have influenced the
dynamics of fishery resources in this ecosystem with significant events coinciding with the
environmental time blocks described here.
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Environmental Variability at a Coastal Station near Abidjan:
Oceanic and Continental Influences

R. Arfi, M. Bouvy and F Ménard

Abstract

Hydrobiological conditions (light penetration, temperature, salinity, chlorophyll biomass at
six depths and bacterioplankton abundance at the surface) were measured weekly for six
years (1992-1997) at a station located in a coastal area of the Gulf of Guinea (Abidjan, Cote
d’Ivoire). Nutrient concentrations completed the data set from December 1994. This coastal
area is strongly influenced by a major upwelling (July-September) and by a minor upwelling
(short cold events during January-February). Continental inputs induced by local rainfalls
(May-June and October) and river floods (September-November) have also pronounced
hydrological effects. SST varied from 20.6°C (August) to 30.7°C (May), while surface
salinity showed an obvious annual cycle with a minimum of 30.12 psu in June and a
maximum of 35.87 psu in September. Bacterial abundance and phytoplankton biomass show
seasonal cycles, with simultaneous peaks noted during the main upwelling (maximum: 1.9
10 cell mi™ and 5.6 ug 1! respectively). Interannual fluctuations of upwelling intensity and
of continental inputs explain the hydrological variability. Freshwater inputs are associated
with oligotrophy, while upwellings contribute to the enrichment of the euphotic layer. As a
consequence of the drought in the Sahel and of the decreasing rainfall on the coastal area,
freshwater inputs are now considerably reduced, and the related impoverishment is less
pronounced. At the opposite, the increasing duration of upwellings (and the importance of
the short cold events) allows a higher primary productivity (and therefore a more active
bacterial compartment). Combined, these two factors would explain the marked outburst of
small pelagic fishes in this part of the Gulf of Guinea.

Introduction

Neritic ecosystems show high variability because they are influenced by major hydrological
and biological fluctuations occurring on various time scales. Major upwellings or short cold
events (SCE) induced by transient inputs of deep water within the euphotic layer increase
seasonally the productivity of a coastal zone for months or days. Inputs of continental origin
(large river floods or local rain) modify the coastal environment through salinity variation,
organic enrichment and light attenuation. Such conditions are observed along the Gulf of
Guinea, which is alternately under the influence of upwellings and continental inputs (Roy
1995). The forcing functions of these coastal upwellings (i.e. equatorial Kelvin waves, with
local current and wind enforcement) are still under discussion. During the FOCAL/SEQUAL
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experiment, Colin and Garzoli (1988) reported high frequency variability for temperature and
currents in the eastern equatorial Atlantic. From data recorded between 1964 and 1990, Binet
and Servain (1993) have shown the interannual variation of SST and the progressive warming
of the surface layer near Abidjan (0.07°C y). They also reported a change in the apparent
westerly wind stress in the Northern Gulf of Guinea, with increasing speeds and slight change
in direction. However, Roy (1995) showed that the intensification of the wind is weaker than
previously thought and is observed during the minor upwelling. Continental influence is
linked to the freshwater inputs from numerous small rivers in the forest zone and large rivers
in the Sahel zone. In the last decade, continental flows have sharply decreased, and even the
humid forest area along the Gulf of Guinea shoreline can, in some years, be regarded as semi-
arid (Mahé€ 1991; Servat et al 1996).

Oceanic water circulation in the northern Gulf of Guinea is dominated by the Guinea
Current (GC), an eastward surface flow with high speeds usually observed from April to July
(Colin 1988). This current overlays the Guinea Under Current (GUC) flowing westward.
When the GC speed is low, the GUC becomes predominant and reversals of surface
circulation are common. These currents show large fluctuations in speed and direction, both
on a temporal and a spatial scale, but little data on a long term-scale are available. Binet and
Servain (1993) explained that the change in the current system observed since 1980 is
compatible with other major events, such as the Atlantic Nifio (Philander 1986) or the
circulation anomaly noted along the Namibian coast (Shannon et al 1986).

Along the Cdte d’Ivoire continental shelf, environmental patterns were investigated
using data collected from 1966 to 1984 (Morliére and Rebert 1972; Hisard 1973; Colin
1988). Characteristics of coastal upwelling and their interannual variability are well
documented (Morliére 1970; Voituriez 1981; Colin 1988; Arfi et al 1993; Colin et al 1993,
Pézennec 1994). Along the Coéte d’Ivoire shoreline, this seasonal enrichment supports
pelagic and demersal fisheries, both very sensitive to environmental change (Binet et al 1991;
Pézennec and Bard 1992; Binet 1993). Continental influence is linked to four major rivers.
Cavally, Sassandra and Bandama Rivers flow directly into the Gulf of Guinea, while the
Comoé River flows seaward through the Ebrié Lagoon and the Vridi Canal. These large river
inputs are high during the flood season, from October to December. Rainfalls in the coastal
forest area induce local river floods during the rainy seasons, from April to June and from
October to November (Binet 1983; Mensah 1991).

Several studies have been conducted on relating the effects of upwellings on the
structure of the marine ecosystem, particularly on bacterioplankton and phytoplankton
(Hanson et al. 1986; Fiala and Delille 1992; Painting et al. 1993; Wiebinga et al. 1997). In
the coastal area of the Gulf of Guinea, no recent information is available on plankton
productivity. Along the Cote d’Ivoire, coastline, phytoplankton (Dandonneau 1973; Binet
1993; Sevrin-Reyssac 1993) and zooplankton (Leborgne and Binet 1979) data were collected
during the 1965-1979 period. Therefore, very little is known on the recent planktonic
productivity and on the relationships existing between planktonic communities, and
especially, how bacteria biomass responds seasonally to the changes in phytoplankton
abundance.

A sea sampling programme was initiated in the mid-sixties in the Abidjan coastal
zone. But the station location has changed several times, although globally, the same area
was studied. Since 1982, a weekly hydrological sampling (temperature, salinity and Secchi
disk measurements) has been maintained at the same site (Bakayoko 1990; Cissoko et al.
1995, 1996).
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Figure 9-1 Location of the sampling station in the Gulf of Guinea.

This station is located four miles southwest of the Canal de Vridi (5°11N 4°04W, 80m
depth, Figure 9-1). From May 1992, bacterial and phytoplanktonic biomasses were added to
the parameters studied, while nutrients (PO4-P, NH4-N, NO;-N and NO;-N) completed the
data set from December 1994. Local rainfall and monthly discharges of the main rivers were
also collected, when available.

The aims of the study were to describe the seasonal and interannual fluctuations of
physical parameters in relation to major continental (rain, river floods) and oceanographic
events (upwellings) in the northern Gulf of Guinea during the 1992-1997 period and to
compare these data to older information; and to assess the respective importance of these
hydrological factors on the pelagic system (bacteria and phytoplankton) in that coastal
station.
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Materials and Methods

Rainfall was recorded daily at a meteorological station located 17 km west of Abidjan. River
discharges (monthly average flow at the last gauge station before the estuaries) were obtained
from the Céte d’Ivoire Water Authority.

Due to the many processes contributing to the phenomenon, upwelling indices could
not be derived from wind and Ekman transport relation (Picaut 1983). Because upwelling
results in a drop of SST, a fortnightly index based on the daily deviation from 26°C of
surface shore temperatures was calculated (Arfi ef al 1991, 1993; Pézennec 1994).

Seawater was collected using Niskin bottles at different depths (-1, -10, -20, -30, -50
and -75 m). Temperature was recorded using reversing thermometers and salinity was
determined with a salinometer. Water transparency was measured with a 30-cm diameter
Secchi disk. From repeated measurements using a LiCor underwater quantum sensor, a
relation between Secchi disk values (Z; in m) and light attenuation coefficient (k in m?) was
calculated:

In(k) = -0.64*In(Z,) - 0.27 (* =0.77, n = 41) Eq. 9-1

Thickness of the euphotic layer (Z, in m) was estimated from the 1% light level (Ze,
= 4.605/k). Nutrient concentrations of GF/F filtered water were analyzed according to the
methods proposed by Aminot and Chaussepied (1983): ammonia was measured with a
spectrophotometer, while soluble reactive phosphate (SRP), nitrite and nitrate concentrations
were measured using an AutoAnalyzer. Bacterial abundance at -1m was estimated from
direct counts by the epifluorescence method after staining cells by DAPI (Porter and Feig
1980). Chlorophyll a, considered as an index of phytoplankton biomass, was analyzed
fluorometrically (Yentsch and Menzel 1963). Each profile of nutrients and chlorophyll
biomass was integrated over the euphotic layer and expressed in mg m?,

It was not possible to retrieve the original oceanographic data collected in the sixties
and the seventies. Therefore, figures illustrating temperature and salinity at -10 m and Secchi
disk values recorded at the coastal station (fortnight average for the 1966-1971 period) were
digitized from Morliere and Rebert (1972). The same process was used for the chlorophyll
fortnight average values corresponding to the 1966-1969 period (Sevrin-Reyssac 1993).

Results and Discussion

Freshwater Inputs

Rainfall shows an obvious annual cycle (Figure 9-2a), with high values recorded during the
main (May and June, 300 to 500 mm) and the secondary (October and November, around 200
mm) rainy seasons. Low values (less than 50 mm) are usually observed in August and in
January-February. In this coastal area, rainfall shows a decreasing trend, embedded within
large interannual variations. Drought characterises the end of the 1955-1997 period (Figure
9-3), even though high precipitation rates were still recorded in the later years (1987, 1993
and 1996). Annual values calculated for the 1988-1997 period (average 1551 mm) are lower
than those calculated for the 1955-1965 (2278 mm), 1966-1976 (1844 mm) and the 1977-
1987 (1633 mm) periods. When the two extreme periods are compared, the main rainy
season of the recent sequence shows a marked rainfall decrease, while an increase is observed
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Figure 9-2 a Monthly rainfalls averaged over the 1948-1997 period and b Como¢ flow averaged
over the 1955-1995 period.

during the secondary rainy season. On several years during the 1990s, the main and the
secondary rainy seasons showed comparable rainfalls.

The Comoé River, close to the station, exhibits a period of low water from January to
May and a flood period in September-October (Figure 9-2b). These waters arrive in the
ocean after a gap close to one month corresponding to the transit in the Ebrié lagoon (Durand
and Guiral 1994). The same seasonal alternation of low flow and flood periods characterizes
other large rivers along the Gulf of Guinea (see Mensah, 1991 for the Ghana shoreline).

River discharges show marked interannual fluctuations. The recent drought in the
Sahel, and dam construction in the 1970s for the Sassandra and Bandama Rivers explain the
sharp decline of freshwater inputs reaching the Cote d’Ivoire coastal area during the last two
decades (Table 9-1). For the Comoé River (not dammed), the annual flow (Figure 9-3) is
much lower during the 1977-1987 and the 1988-1995 Periods (respective averages: 120 and
128 m’ s™) than during the 1955-1965 period (224 m®s™) or the 1966-1976 period (197m’s™).
The main difference between these sequences is due to the flood flow decrease, but low
waters recorded recently are nearly half those recorded 25 years ago. The annual average
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Figure 9-3 Annual rainfalls near Abidjan and Comoé flow for the 1955-1997 period.

Period Cavally Sassandra Bandama Comoé
1958-1969 Nd Nd Nd 248
1966-1969 689 663 372 287
1970-1981 456 390 165 147
1982-1993 462 364 154 110
1992-1995 Na Na Na 110

Table 9-1 Interannual variability of freshwater flow (yearly average, m’s™) from main Cote d’Ivoire
rivers reaching the Gulf of Guinea. (Nd: no data; Na: data recorded, but not available)

flow of the 1992-1995 period (3.5 10° m® y') represents only 38% of the 1966-1969 value
(9.1 10° m® y). All these changes (decreasing of the freshwater and solid load inputs) have
probably limited the continental influence on the neritic area.

Interannual change in upwelling intensity

The coastal upwellings occurring along the Céte d’Ivoire shore are under the influence of
several physical, topographical and climatological factors (details in Arfi et al., 1993). They



Environmental Variability at a Coastal Station near Abidjan 109

show high interannual variability, and in recent years, the western part of the shoreline was
characterized by events that were cooler and of longer duration than in the eastern part
(Pézennec and Bard 1992; Pézennec 1994). Until the mid-80s, upwelling intensity was low
from Assinie to Fresco and high west of Sassandra (6°W). From 1986, high intensity was also
observed along the shoreline east of Fresco. In the last two years, a more classical pattern
took over again, with very weak intensity at the extreme east of the coast (Assinie).

Seawater Characteristics

¢ Temperature and salinity

An obvious annual cycle characterises the upper 30 m of the water column, with low

temperature during the main upwelling (from July to September) and high values from

November to June (except a few weeks of possible cooling in January-February during a

SCE). Fortnightly averaged Sea Surface Temperature (SST) ranged from 21.17°C to

30.50°C, while at -50 m, values were always under 26°C. Sea surface salinity shows also a

seasonal cycle with two periods of high values alternating with two periods of low values. T-

S plots at the various levels (fortnightly averaged data) show several features:

i. the deepest level (-75 m) features very low variability;

ii. continental influence is clearly perceptible at a depth of 30m but not perceptible below
50m;

iii. deep waters reach seasonally the intermediate levels, and its influence is still perceptible
at 20m during the major cold event (temperature < 21°C from mid-July to end-
September). At 10 m, deep water is present between mid-August and mid-September.
Near the surface, cooling is induced by mixing of deep water and of superficial water;

iv. the short cold event