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Preface

The IOCCG Monograph and Report Series has already covered a broad range of
topics, in both the theory and the application of remotely-sensed data on ocean-
colour radiometry (OCR). The present volume is concerned with a topic whose
development has been intimately associated with the application of OCR data,
namely the partition of the ocean ecosystem to reveal its underlying functional
structure. Although the discipline of biogeography has a long tradition in marine
science, its further refinement to the method of biogeochemical provinces, as
epitomised by Longhurst’s (1998) majestic survey, would probably not have been
possible without the availability of ocean-colour data. It is another example of the
growing stature of optical applications in oceanography. Indeed, in a review of
landmark achievements in biological oceanography over the last fifty years, Barber
and Hilting (2000) considered ocean colour as the application that most profoundly
affects all biological oceanographers, and indeed each citizen of the planet.

Often, remotely-sensed observations of the ocean are applied at large geographi-
cal scales. For example, remotely-sensed data on ocean colour may be applied at the
ocean-basin scale to determine primary production. In such applications, a suitable
protocol or algorithm has to be implemented on each and every pixel in the domain
or biome of interest. More particularly, an equation (transfer function) has to be
invoked, together with the requisite parameters, on all pixels. At large geographical
scales, the assumption that the requisite parameters were constant over the biome
of interest might not be robust.

The question then arises, if the parameters are not constant over the biome
of interest, how can their variation be specified? The extreme expression of the
question is reached when issues of global scale are involved. Are the ecological rate
parameters of the ocean biota constant over all the world oceans, and if not, in what
way do they change with position? Although these are questions that have arisen
in the application of ocean-colour data, they also have a more general significance.
For example, in the development of coupled circulation-ecosystem models of the
ocean at global scale, it is appropriate to ask whether the ecological parameters will
be held constant everywhere at all seasons, or whether some spatial or temporal
variability will be introduced.

More directly we can ask whether, from the point of view of its ecological
structure and function, the ocean is everywhere the same. If not, is it a continuum,
or is it composed of a series of internally-uniform regions separated by boundary
discontinuities? If it is the latter, how or where should the boundaries be drawn?
These questions are in themselves of sufficient importance to the ocean-colour
community (for interpretation of data) to warrant particular scrutiny. If it is further
realised that OCR data provide the ideal tool for tracing the putative boundaries in
a synoptic manner, then the significance of the matter is beyond question.

Against this background, the IOCCG established a Working Group to explore the
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issues raised above. The present monograph is the report of that working group
which outlines the state of the art in ocean classification methods, both in the use of
ocean-colour imagery and derived products in formulating ecosystem classifications,
and also in the implementation of existing classifications in ocean-colour-related
applications (e.g. primary production modelling).

Additionally, new and emerging methods that are available for defining dy-
namic province distributions in near-real time are addressed. If provinces are
defined strictly on the basis of geospatial or temporal criteria (e.g. latitude zones,
bathymetry, or season), the resulting maps exhibit discontinuities that are unchar-
acteristic of the real ocean. Although this may be useful for many purposes, it is
unsatisfactory in that it does not capture the dynamic nature of ocean systems.
Classifications in which the boundaries are fixed in time and space do not allow us
to treat seasonal, inter-annual or longer-term variability (e.g., domain shifts, Karl et.
al. 1995) that may result, for example, from climate change. Fortunately, methods
are now available (Devred et al. 2007) for delineation of the province boundaries in
operational mode, which are also addressed in this report.



Chapter 1

Introduction

Trevor Platt and Mark Dowell

1.1 Importance of Ocean Colour

Ocean-colour radiometry (OCR) from Earth-orbiting spacecraft is more than thirty
years old. The proof of concept, that biomass of phytoplankton could be ob-
served over all the ocean on synoptic scales with useful accuracy and precision,
has been made beyond all doubt. It is our only window into the ocean ecosystem
on these scales. The results of such observations have revolutionised the field of
biological oceanography, and have made important contributions to ocean biogeo-
chemistry, physical oceanography, ocean modelling, fisheries oceanography and
coastal management. It is a technology that has achieved much for a relatively
modest investment.

By the nature of the technology, OCR is global in scope, as are many scientific
problems of the day, such as those related to climate change. Because the ocean
ecosystem can be observed at fine resolution (one kilometre or better) and high
repeat frequency (one day or better) over the entire globe, this means we have a tool
of the highest versatility to conduct research on a broad range of scales.

We have a responsibility to learn to exploit the resulting data to the fullest extent,
so that the underlying investment will be justified as well as possible. This means
that we should explore and understand the important issues that arise when we
implement OCR data. One such major question is the relation between the structure
of the ocean-colour field as seen from space and the ecological function that can be
inferred from it. The present monograph is a contribution to resolving that question.

1.2 Background

For the terrestrial and marine biospheres, there is a well-developed discipline of
biogeography. In terrestrial systems, it is quite easy to see that, at large scale,
there is an array of habitats under different environmental conditions, from desert
to rain forest, from coastal strip to high plateau, and a corresponding diversity
of biota associated with each. Biogeography, a discipline in which taxonomy is
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accorded great emphasis, is concerned with the description and characterisation of
the habitats and their associated biotic communities.

In marine systems, where the biota is predominantly microscopic, distinctions
between major habitats are less obvious to casual observation, but no less real. That
the ocean ecosystem is highly structured in space, has been revealed with great
clarity, and great beauty, using OCR data. Of course, spatial structure in the biomass
field does not necessarily imply that biotic communities are similarly structured or
that the functional properties are structured in the same way. But the OCR data are
at least suggestive that this might be the case.

In many ocean analyses, for example in biogeochemistry, it is exactly the large-
scale variations in ecosystem function that are important. In such cases, taxonomy
is of little interest for its own sake, only indirectly in so far as the variations in
biota have associated variations in functional dynamics. We pose the question:
Is the functional response of the marine microbiota the same everywhere in the
ocean? More precisely, if we can represent ecophysiological dynamics by equations,
are the parameters of the equations the same everywhere? If we aim to construct
the submarine light field from the bio-optical properties of the micro-organisms,
are the relevant bio-optical properties the same everywhere? Related questions
would include: Are the functional responses, parameters and bio-optical properties
seasonally variable?

The imperative to address such questions provides the motivation for the present
monograph. When we seek to quantify ecological or biogeochemical fluxes in the
ocean, we want to know if the relevant processes act at the same rate everywhere for
the same intensity of forcing. As a specific example, if a given marine autotrophic
biomass, expressed as concentration of chlorophyll, is forced with a saturating
irradiance, would the photosynthetic response (the assimilation number) be the
same everywhere in the ocean and in all seasons?

If the assimilation number is not spatially uniform and constant in time, how
might it be distributed? One possibility is that it could be a continuous function of
an environmental property, such as temperature. In general, for the ecophysiological
parameters of interest (e.g., the assimilation number), such functions, that would be
robust everywhere, have not been discovered.

An alternative view is that the parameters we seek are not distributed in a
continuous manner. Rather, we suppose that at the large scale, the ocean ecosystem
comprises a suite of contiguous, autonomous regions whose biological structure
and function are distinctive and serve to differentiate one from another. On this
scale, parameters of interest might change abruptly at the boundaries between the
regions (piecewise continuity). Within the regions, the magnitudes of the parameters
would be determined by rules internal to the region concerned: parameters would
be controlled more strongly by processes within the region than by interactions
between regions.

A related set of issues can be collected under the question: In calibrating OCR
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data for chlorophyll retrieval, should the retrieval algorithm be the same everywhere,
or do different algorithms apply at different places on the globe? If the algorithm is
not the same everywhere, how do we know where to change it?

1.3 History

In seeking approaches to the estimation of primary production using OCR data, Platt
et al. (1991) noted the following identity

P = B x P5,

where P is the absolute rate of primary production, B is the phytoplankton biomass,
expressed as a concentration of chlorophyll (such as could be obtained by OCR) and
P8 is the specific primary production (primary production normalised to biomass,
PB = P/B). In nature, B is a highly variable property, with a dynamic range of more
than four orders of magnitude. It is exactly this variability that can be observed by
OCR on synoptic scales.

On the other hand, the normalised production P® is a property with a much more
narrow dynamic range, and by virtue of its normalisation factor, is not dependent
on the biomass in the first order. Dimensionally, it corresponds to the assimilation
number (PE, where the subscript m means maximum): it is the photosynthetic
response of unit chlorophyll biomass.

To calculate primary production at a given space-time point by OCR using the
identity above, B can be assigned from the OCR data, but PZ, must be assigned in
some other way, since it cannot be measured by OCR. It was proposed (Platt and
Sathyendranath, 1988) that P2 (and other parameters required for the calculation)
were properties of the regional autotrophic assemblage, and that this would be an
intrinsic characteristic of the oceanographic regime in which it was embedded. They
perceived the ocean as an aggregate of such regimes, which they referred to as re-
gions or provinces, and termed this type of partition a dynamic biogeography. In the
literature, they have been called, variously, biogeographic provinces, biogeochemical
provinces and ecological provinces. When primary production was calculated for a
given ocean-colour image, the algorithm for production would be implemented for
each pixel in the image using parameters that were assigned according the province
in which the pixel lay, using whatever information was available about that province.

To follow the approach proposed by Platt and Sathyendranath (1988), the first
requirement is a partition of the world oceans into provinces made according to
some protocol. This task was undertaken by Longhurst (1995; 1998; 2006). His
premise was that the partition could be based on commonality in physical forcing,
in so far as that forcing was significant for the requirements of phytoplankton. At
the first level of reduction Longhurst (1995; 1998) recognised four principal biomes
(also referred to as domains, Longhurst 1995): the Polar Biome, where the seasonal
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coverage by ice was the characteristic factor; the Westerlies Biome, where local
forcing determines mixed-layer depth; the Trade-Winds Biome, where local physical
structure might be determined by processes acting at long distance; and the Coastal
Boundary Zone Biome, where interaction between local winds and local topography
determines the intensity of physical forcing. These four Biomes are recognisable in
every major ocean basin.

The individuality of the ocean basins is expressed at the next level of reduction,
the partition into provinces (Figure 1.1), roughly ten for each basin'. The partition
could be used as a template for summarising the world database on the parameters
needed to calculate primary production from OCR data. This structured database
was then used to make parameter assignments in estimates of primary production
in the Atlantic Ocean (Sathyendranath et al., 1995) and of global, marine production
(Longhurst et al. 1995).

It was understood from the beginning (Platt and Sathyendranath, 1988) that the
boundaries of the provinces would not be fixed, but that they would move under
seasonal and interannual changes in physical forcing. The boundaries were expected
to be elastic, and the partition was referred to as dynamic. In this context, the
elegant partition of Longhurst (1998), with its rectilinear boundaries (a convenience
for computing), is to be seen as an intermediate step rather than a final solution. We
know that the boundaries are not rectilinear and we know that they are not rigid.

The next step is to build on the Longhurst partition to create a truly dynamic
partition in which the boundaries between the provinces are not constrained to be
straight lines, and moreover are free to move as the forcing varies. The methods by
which the dynamic partition can be achieved form the principal subject matter of
this monograph. It will be seen that the most valuable tool available for us to reach
the desired goal is the OCR data stream.

1.4 Significance

The concepts of oceanic biogeography and ecological classifications have existed for
almost a century (see review in Longhurst 1998). Whether real or only conceptual,
a classification into provinces provides a useful framework for understanding
the mechanisms controlling biological, physical and chemical processes operating
therein and the interactions between them. Criteria have been established for
defining provinces based on physical forcings, availability of light and nutrients,
complexity of the marine food web and other factors. The use of provinces as an
aid to assessing marine primary production was exemplified by Longhurst et al.
(1995). In general, such classification systems address the heterogeneous nature of

IShapefiles of the initial static boundaries of Longhurst’s provinces, for use with ESRI/ArcGIS, SAGA
GIS or any other open source GIS software, have been constructed by the Flanders Marine Data and
Information Centre, and can be downloaded from:
http://www.v1iz.be/vmdcdata/vlimar/downloads.php
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the global ocean environment, and represent the effort of scientists to comprehend
the whole system by understanding its homogeneous components. With the advent
of the first global images of chlorophyll distribution from the CZCS sensor at the
beginning of the 1980s, pelagic oceanographers had a new and formidable tool to
identify basin scale boundaries between different marine biomes. Over more than
twenty years, much work has been undertaken to define appropriate methods to
optimise use of this and subsequent datasets in the context of marine biogeography
and biogeochemistry.

1.5 Terminology

The act of defining boundaries on the ocean surface to separate areas with character-
istic ecophysiological properties is referred to as making a partition or a classification.
The areas so separated are called provinces, often qualified as biogeochemical or
ecological provinces. The original Longhurst partition was based on commonality of
physical forcing. Other implementations have used statistical procedures based on
the recognition of clusters or classes in the input data. In some cases, the emphasis is
on identifying areas with common bio-optical properties, in which case the resultant
provinces may be called optical water types or distinct optical water types. Applied
to provinces, the qualification static implies that the boundaries of the provinces are
not allowed to vary with season or between years. When this restriction is relaxed,
the provinces are said to be dynamic.



Chapter 2

Implementation Issues

Mark Dowell, Timothy Moore, Janet Campbell, Frédéric Mélin, Nicholas
Hardman-Mountford, David Broomhead and Emmanuel Devred

2.1 Static/Traditional Approach

While recognising the value of species-specific global and regional maps of biogeog-
raphy produced by several workers (Margalef 1961; Brinton 1962; Smayda 1980;
Colebrook 1982), Longhurst (1998) considered them insufficient to provide the sole
basis for ocean partition. He therefore proposed a primary and secondary hierarchi-
cal partitioning of the pelagic ocean into a suite of interconnecting, geographically-
identifiable biomes and provinces as discussed in Chapter 1. Longhurst (1998)
combined the following factors to define regional ecological biogeography: latitude,
bathymetry, proximity of coastline, influence of coastal upwelling and land effluents,
seasonal irradiance cycle, local wind and precipitation regime, remote forcing of
pycnocline depth and nutrient supply to upper layer. A detailed example of the
classification of ecological provinces in the Arabian Sea is given below.

2.1.1 Arabian Sea provinces

The Trade Wind biome is represented by the tropical oceans extending polewards
from the equator to about the same latitude in each hemisphere (30°N - 30°S). Some
of the important physical characteristics that determine its singular ecology are
the relatively constant level of solar irradiance across seasons, presence of surface
mixed layer throughout the year and larger, but fewer eddies towards the equator.
Longhurst (1995; 1998) partitioned the Indian Ocean under the Trade wind biome
into eight provinces, including the following four ecological provinces of the Arabian
Sea which are based on detailed regional oceanographic characteristics (Figure 2.1):
1. Red Sea, Persian Gulf Province (REDS): The two adjacent evaporative basins
are taken together as a single province, Red Sea extending up to the Straits of
Bab-el-Mandeb and Persian Gulf within the Straits of Hormuz.
2. Northwest Arabian Upwelling Province (ARAB): this province includes the
coastal areas of the northern Arabian Sea from Somalia to Pakistan and the
deep northwestern Arabian Sea. Both areas are regions of strong biological en-

9
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hancement during the southwest monsoon due to coastal divergent upwelling
and to winter convection and turbulent mixing during the northeast monsoon.

3. Western Indian Coastal Province (INDW): Coastal areas and continental shelf of
western India and southern Pakistan extending from the mouth of the Indus
at 25°N to the Gulf of Mannar in the south at about 7°N are included in this
province. The regional circulation and biological response in this province are
influenced both by local and remotely-forced wind-driven upwelling.

4. Indian Monsoon Gyre Province (MONS): The MONS province extends from the
hydrochemical front at 10°S to the northern part of Arabian Sea. It includes
the offshore limits of coastal provinces. The most important characteristic of
regional oceanography is seasonally-reversing monsoon winds and monsoon
currents in this province.

Figure 2.1 Biogeochemical provinces of the Arabian Sea, adapted from Longhurst (2006).

In Longhurst’s initial scheme of partition, the provinces were fixed in space
and time although it was acknowledged that they would shift from year to year as
inter-annual forcings varied. The borders between the provinces were defined as a
boundary, and the boundary relationship between the provinces was also considered
to vary seasonally and between years. Although, the requirement of boundaries to
be dynamic was explicit, the initial implementation did not achieve this. However,
Longhurst strongly emphasized the need to locate boundaries between provinces in
real time by defining features that are accessible using remote sensing. He suggested
identifying discontinuities in sea surface temperature maps or ocean-colour maps
generated from satellite data to locate boundaries between provinces, an approach
that relies on the premise that boundaries are transition zones between provinces
where a sharp or gradual change occurs in the ecological properties due to a change
in the physical environment. The ecological characteristics in the provinces on
either side of the boundary are distinct from each other. An advantage of adopting
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the use of remotely-sensed data to locate the coordinates of boundaries is that the
boundaries can be adjusted in real time to reflect changes in physical forcing. In
other words, the boundaries between the provinces may migrate in response to
changes in physical environment, or the ecological properties may be modified in
a way that allow adjacent provinces to coalesce and become indistinguishable for
longer or shorter time periods. Various protocols have been developed for dynamic
partitioning, and several are elaborated in this section.

2.2 Dynamic Approaches

There have been a number of approaches addressing the problem of dynamic
provinces in the ocean in recent years (Moore et al. 2001; Alvain et al. 2005; Devred
et al. 2007; Oliver and Iriwn 2008). These approaches share the characteristic
of comparing remotely-sensed data to pre-determined “classes”, which can be
represented in different ways but nonetheless equate to provinces. The outcomes of
these approaches yield spatial maps of the provinces that are not pre-determined,
and allow for varying locations of province borders. Some of these approaches share
input fields but differ in methodological implementation (e.g., Moore et al. 2001 and
Alvain et al. 2005), while others produce a similar output product yet differ on input
and implementation (Melin and Challis 2004; Devred et al. 2007; Oliver and Irwin
2008).

One key difference among the approaches is the concept of hard boundaries
versus fuzzy boundaries. Of the methods, the province boundaries in Moore et
al. (2001) take the form of fuzzy memberships. This approach differs from the
others in this regard. Fuzzy memberships provide a solution to the problem of
step-wise transitions across boundaries that are otherwise crisp (i.e. hard). The
implementation of this approach is similar to that of Melin and Challis (2004), as
both methods implement a distance estimator based on the Mahalanobis distance
for assigning class membership. The major difference is an extra step in Moore et al.
(2001), which feeds this distance calculation into a probability density function. This
outcome produces the fuzzy membership. Thus, the difference between producing
hard and fuzzy boundaries may not be that significant in terms of methodological
implementation.

2.2.1 Fuzzy logic

Fuzzy logic was first introduced by Zadeh (1965) as a mathematical way to represent
vagueness and imprecision inherent in data. The idea behind fuzzy sets simply
states that an object can have partial membership in more than one set. This concept
is a departure from classical set theory, which maintains that an object belongs
exclusively to only one set. The degree of belonging to any given set is expressed
mathematically by a membership function which ranges from 0 to 1. In fuzzy set
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theory, full membership to exclusively one set is still permitted, and thus it is a
superset of classical set theory.

Table 2.1 Characteristic values of sea surface temperature (SST), photosynthetically avail-
able radiation (PAR), and chlorophyll (CHL) for each class, and description of the associated
provinces.

Class SST PAR CHL Province

Class 1 High High Very low Sub-tropical gyres

Class 2 High High Low Tropical

Class 3 Medium Low Low Temperate deep mixed layer depth
Class 4 High High Medium High nutrients, high latitude

Class 5 Low Medium  Medium Polar

Class 6 Medium Verylow Medium High Latitude, low light

Class 7 Medium Low High Enclosed temperate seas

Class 8 High High High Upwelling/ river plumes

Class 9 Low Medium  Very high  Turbid coastal

Fuzzy logic has been applied to spectral reflectance measurements to identify
optically-distinct water types (Moore et al. 2001, see also Chapter 4), with the
aim of developing regional or class-specific bio-optical algorithms. Subsequently
the method was applied to satellite ocean-colour observations to select and blend
algorithm results. It was also applied to a comprehensive in-situ primary productivity
data set (largely drawn from the data of Behrenfeld and Falkowski 1997) in which
nine classes were identified based on the ranges of CHL, SST, and PAR within the
data set. The motivation was to evaluate the performance of primary productivity
algorithms within different environmental niches. Subsequently, the classification
was applied to monthly-composited satellite data on CHL, SST, and PAR to map the
global distribution of the nine classes. The resulting classes were spatially coherent
and logically distributed within any given month, and yet temporally dynamic from
month to month. The nine classes thus “scaled up” to represent nine large-scale
dynamic provinces (Table 2.1).

The overall scheme, as depicted in Figure 2.2, consists of two steps illustrated
by the two boxes. In the first step, applied strictly to in-situ data, distinct classes are
defined on the basis of SST, PAR and CHL through an unsupervised cluster analysis.
The database should ideally include a complete representation of all ecological
biomes or provinces. The statistical properties of these three variables for each
class then becomes the basis for defining membership to each class found in the
satellite data. The second step, depicted in the lower box in Figure 2.2, illustrates
the application of the method to satellite data. At each ocean pixel x, we have
satellite observations of CHL, SST, and PAR (as generated routinely with SeaWiFS
data). A membership function, f;(x), is computed for each x to each class i (i =1, 2,
...0). The membership function (ranging from 0O to 1) expresses the likelihood that
the vector of observations V = (SST, PAR, CHL) at pixel x was “sampled” from the
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Figure 2.2 Schematic representation of the fuzzy logic procedure adopted.
Top half of the flow chart shows analysis related to in-situ data and the bottom
half shows that related to satellite data.

distribution of class i. Membership values are then used to weight variables derived
from the corresponding class-specific models. In practice, only those classes with
membership values above a certain threshold are considered to be plausible, and
hence, models need not be applied for classes that are implausible.

An unsupervised, fuzzy, c-means (FCM) clustering algorithm (Bezdek 1981) was
applied to the in-situ data to identify the classes. The FCM algorithm produces a
fuzzy clustering of the data into a specified number of clusters (herein denoted as
c). The clustering routine returns the means of SST, PAR and CHL for the c-classes,
and a matrix U containing the memberships of each point in each class. The number
of clusters, ¢, is an input to the FCM clustering routine, but the optimum number
is not known in advance. We may vary c and evaluate the results with the aid of
cluster validity measures (Bezdek et al. 1997). Once the clusters are identified,
the individual stations are sorted according to the cluster (class) with the highest
membership value (Figure 2.3). The mean (SST, PAR, CHL) vector, M;, and reflectance
covariance matrix, ¥;, are calculated for each class i. These are subsequently used
in the membership function (defined below).

The data set used in the cluster analysis was evenly distributed among the 9
classes (classes contained between 120 and 160 stations). This was not prescribed
by the FCM clustering method used, and therefore is an indication that the mean
and variance determined for the classes is representative of natural variability.
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Figure 2.3 Plot showing the mean values of the three variables in each of the
nine classes. The classes themselves have been ordered so that chlorophyll
increases in concentration from Class 1 to Class 9.

Membership to the i class is defined by a fuzzy membership function. For any
measured V = (SST, PAR, CHL), the fuzzy membership is defined in terms of the
squared distance between V and the i'? class mean M;. For this, we use the squared
Mahalanobis distance given by:

72 = (V-M)'s;H(V - My), (2.1)
where t indicates the matrix transpose. The Mahalanobis distance is a generalized
distance from V to M; in units of standard deviations adjusted for covariance.

If the V vectors belonging to class i are multivariate normal, and if the observa-
tion was “sampled” from class i, then Zl-2 has a x? distribution with n degrees of
freedom (where n is the dimension of the set). As a measure of likelihood that V is
drawn from class i, we define the membership function to be:

Fi=1-F,(Z?), (2.2)

where F,, (Z?) is the cumulative x? distribution function with n degrees of freedom.
When V = M;, then Zf = 0, and f; = 1. This would be interpreted as the pixel having
full membership in class i. As V becomes more distant from M;, f; decreased from
1 to 0, indicating a diminishing likelihood that the pixel belongs to class i.

Using the class statistics defined from the in-situ data, this method has been ap-
plied to monthly-composited satellite measurements of CHL and PAR from SeaWiFs§,
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Figure 2.4 Fuzzy membership maps for July 2000, for the nine classes.

and SST from AVHRR. Fuzzy membership values were calculated for all pixels and
all classes. For each month of global SeaWiFS and AVHRR data, nine membership
maps were generated showing the distribution of the nine classes. The membership
maps for July 2000 are shown in Figure 2.4, and maps for four months (January,
April, July, and October 2000) showing the classes with the highest membership
values (so-called “hardened” classes) are presented in Figure 2.5 to illustrate the
seasonal variability in the location of the provinces.

2.2.2 Spatial principal component analysis

Ecological provinces can be thought of as coherent, co-varying spatial regions. As
such, a theoretical approach to defining natural length scales in ecological systems
has been defined, based on spatial “windows of correlation” (Keeling et al. 1997).
On land, the spatial extent of such provinces varies little through time so it is easy
to map. The dynamic nature of the oceans, however, means that the spatial extent
of such provinces can vary significantly through time. Any attempts to describe
these provinces need to account for both spatial and temporal variability together,
specifically testing whether putative provinces vary in spatial extent coherently
through time.

Principal Components Analysis (PCA), also called Empirical Orthogonal Func-
tion (EOF) analysis!, is an objective statistical method for analysing modes of
co-variability in multi-dimensional data sets. Spatial and temporal PCA (otherwise

IThe terms PCA and EOF analysis are used interchangeably here, usually based upon the term used
in the study being reported.
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Figure 2.5 Seasonal variability in the geographic distribution of the nine
classes in January, April, July and October 2000 based on monthly composites
of the “hardened” classes (i.e. class with highest membership value).

known as T-mode and S-mode EOF analysis, respectively) are implementations of
this method for dealing with spatio-temporal co-variability. Spatial PCA describes
specifically how spatial modes vary in time, whereas temporal PCA describes how
temporal modes vary in space. These methods have been proposed as a useful
technique for the identification and investigation of marine ecological provinces.

EOF analysis of spatio-temporal data has been used routinely in physical oceanog-
raphy and atmospheric studies, but much less frequently in biological oceanography
since most remote sensing studies have used sea surface temperature (SST) data.
S-mode EOF analysis (temporal PCA) has been the most commonly-used method and
was, until recently, the only method applied to ocean-colour data (e.g. Garcia-Moliner
and Yoder 1994; Ryan et al. 1999; Wilson and Adamec 2001; Yoder et al. 2002; Yoder
and Kennelly 2003; Palacios 2004). However, a number of studies have suggested
that T-mode EOF analysis (spatial PCA) is better suited to obtain spatial variance in
areas where persistent spatial patterns with strong horizontal gradients are present
(e.g. upwelling, fronts, persistent eddies; Lagerloef and Bernstein 1988; Paden et al.
1991; Fang and Hsieh 1993). The first direct application of spatial or temporal PCA to
the determination of oceanic provinces was undertaken by Hardman-Mountford and
McGlade (2002) for the Gulf of Guinea region of the eastern tropical Atlantic using
Advanced Very High Resolution Radiometer (AVHRR) SST data. In this study, two
biomes were used: the first covered the African coast from Mauritania to Namibia.
The first principal component (PC1) of this region separated warm tropical waters
from cooler subtropical waters and showed very little temporal variability, while
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Figure 2.6 PC2 of the Gulf of Guinea region. The PCA has separated four dis-
tinct areas: Al= Senegalese upwelling influence, A2= Guinea Dome region, A3=
Area of equatorial dynamics (equatorial and coastal upwelling and downwelling),
A4= Area of strong freshwater input from the Niger Delta and Cameroon rivers.
Adapted from Hardman-Mountford and McGlade (2002).

PC2 showed a seasonal oscillation of warming and cooling between the northern
and southern hemispheres. The second biome focused on the coastal area of the
Gulf of Guinea, in the equatorial Atlantic. This was entirely within the warm tropical
region identified from PC1 of the larger biome and PC1 of the sub-biome showed
the same inter-hemispheric seasonal pattern as PC2 of the larger biome. PC2 of
the sub-biome showed further boundaries separating Gulf of Guinea waters from
wind-driven upwelled waters originating off Ghana and the Ivory Coast to the north,
and separating waters within the Gulf of Guinea into:

< those under the influence of equatorial upwelling,
< those in the vicinity of the Guinea dome and
< those with a large freshwater influence in the Bight of Biafra (see Figure 2.6).

Although these distinct regions could not all be determined through comparison of
SST fields alone, they could be identified by the covariance of the SST fields through
time. The nested spatial scales at which these distinct regions were identified also
shows the power of this technique. It should be noted that, since SST only describes
the physical variability of the region, PCA of satellite SST was used to test and refine
system and subsystem boundaries proposed by other in situ descriptive studies
using a wider range of biophysical variables.

A second study was undertaken by Hardman-Mountford et al. (2008) to apply
this technique to delineating ocean provinces and biomes globally from a monthly
climatology of SeaWiFS chlorophyll-a concentration (Chl-a) data. Other studies using
spatial PCA, although not explicitly addressing this issue, have also shown results
suggesting that this method is applicable to the investigation of marine ecological
provinces. In areas with a persistent, strong spatial structure, this is often identified
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in the first or second PC and is associated with a temporal signal that is of one sign
(positive or negative), showing the spatial structure represented to be always present.
When this spatial structure is seen in PC1 it can sometimes resemble the temporal
mean and have very reduced, near constant temporal variability (Hernandez-Guerra
and Nykjaer 1997; Armstrong 2000; Kuo et al. 2004). While statistically this is
different from the mean field, it does represent a near-constant part of the variance.
Its value lies in this pattern being a permanent, real part of the variance structure
for the region being studied. Thus the strong spatial patterns represented may be
interpretable in terms of ocean physical systems and provinces.

Hardman-Mountford et al. (2008) exploited this feature of PCA as the basis for
their recent study. They argued that because (i) Chl-a represents an integration
of both physical forcing and top down controls on the ecosystem, and (ii) that
systems theory predicts that the spatial extent of ecosystems should be discernible
from persistent patterns in ecosystem variables, then the near-constant spatial
patterns identified across all seasons from Chl-a data in PC1 of their analysis
are representative of ocean ecosystems or provinces. They supplemented this
analysis with additional multivariate techniques (multi-dimensional scaling and
cluster analysis) which identified the same spatial structure in global surface Chl-a,
and also showed that sub-provinces of the higher level provinces exist at nested
spatial scales. Regions of similar Chl-a were then classified globally according to
their biome (6 classes covering the spectrum from eutrophic to oligotrophic waters,
Figure 2.7), with the regional occurrence of a particular biome labeled a province.
Comparison of these biomes with those of Longhurst (1998) showed a great deal
of similarity. The major difference was that these objectively-defined provinces
identified the equatorial regions as distinctly separate from the subtropical gyres,
which Longhurst’s classification lumps together under the 'Trades’ biome.

Figure 2.7 Classification of biomes from PC1 of chlorophyll-a, adapted from
Hardman-Mountford et al. (2008).
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Comparisons of temporal and spatial PCA have shown similar results, but with
spatial PCA representing dominant spatial patterns more clearly (Hernandez-Guerra
and Nykjaer 1997; Tseng et al. 2000; Bisagni et al. 2001). This may largely be
due to the removal of the temporal mean, hence the dominant spatial structure, by
temporal PCA. Nonetheless, temporal PCA has been applied to satellite ocean-colour
data in a number of studies, and these results also highlight the applicability of
PCA to the investigation of marine ecological provinces through the identification
of strong spatial structure in ocean chlorophyll (e.g. Ryan et al. 1999; Wilson and
Adamec 2001; Brickley and Thomas 2004). Ho et al. (2004) removed the spatial
rather than temporal mean for an S-mode EOF analysis (temporal PCA), allowing the
temporal amplitude of EOF1 to remain constant and showing the spatial variability
structure represented to be always present.

The global-scale analysis of ocean colour by Yoder and Kennelly (2003) used
S-mode EOF analysis (temporal PCA) to analyse the four-year time series of SeaWiFS
Chl-a data for the period from January 1998 to December 2001. Their results showed
EOF1 to be primarily associated with inter-hemispheric phase shifts in seasonality
while EOF2 showed differences in seasonal bloom cycles between the Atlantic and
Pacific Oceans and also highlighted a number of seasonal chlorophyll features. Most
notable within the context of ecological provinces is the resolution of major ocean
regions in EOF2 corresponding to the major high-latitude, temperate, sub-tropical
and equatorial zones as well as reflecting inter-basin asymmetries.

A number of S-mode EOF analyses have compared results between SST and
ocean-colour data, and found similar spatial patterns to be identified from both data
sets (Garcia-Moliner and Yoder 1994; Baldacci et al. 2001; Palacios 2004), although
sometimes in different EOFs (Bisagni et al. 2001). Yoder et al. (2002) found SeaWiFS
and CZCS data showed similar patterns to each other, but these differed from those
identified from SST data; however, they could be attributed to the same physical
forcing processes. Longhurst (1998) described a number of physical factors that
may underpin ecological provinces in the ocean, so such relationships between
spatial patterns identified from physical (SST) and biological (ocean colour) data are
significant and highlight the value of PCA for investigating these regions.

Limitations of PCA include orthogonality constraints and assumptions of lin-
earity. Rotation of principal components and neural network-based non-linear PCA
methods may be useful in considering these constraints. A more fundamental
methodological issue is that it does not actually classify regions or clearly define
boundaries between provinces, so a combination with other methods is required
for these goals to be achieved (as implemented by Hardman-Mountford et al. 2008).
Nonetheless, the objectivity of the method and its reliance upon only the inherent
variability of the data make it useful for testing the applicability of the concept of
ecological provinces in the ocean, specifically whether stable regions exist over large
spatial scales in the dynamic marine environment, as well as for testing and refining
provinces proposed by other methods.



20 e Partition of the Ocean into Ecological Provinces: Role of Ocean-Colour Radiometry

2.2.3 Dynamic partitioning with subjectively-defined classes

There are numerous ways of dividing a given set of observations into a limited num-
ber of groups, or classes, that suit particular applications. If no a priori information
is accounted for, techniques like clustering analysis may be used to bring out the
important features present in the distribution. Other classification schemes have
been proposed that integrate a varying level of empirical information, for exam-
ple for the detection of some types of phytoplankton blooms (e.g., Subramaniam
and Carpenter 1994) or a feature-based classification of water masses in a given
region (Martin Traykovski and Sosik 2003). A partition of the global ocean into
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Figure 2.8 Location of ecological provinces in the northern Atlantic Ocean,
described by Longhurst (1998) - see footnote for province names.

ecological provinces has been comprehensively described by Longhurst (1998)2.
This framework for a regional ecology of the ocean takes into account factors such
as the light climate, the physical circulation patterns, the inputs of macro- and
micronutrients, or the distance from continental masses. An application of this
distribution has been the calculation of ocean primary productivity (Longhurst et
al. 1995), by associating each province and season with a set of parameters that
describe the phytoplankton photosynthetic performance and the vertical structure
of chlorophyll-a concentration.

A partition is also a convenient way of defining an a priori knowledge of the
main biophysical characteristics of an ocean basin, including the optical signature
expressed by the spectrum of normalized water-leaving radiance nLy(A). This
framework can be used to illustrate a classification of an ocean basin (for example,
the northern Atlantic Ocean) into distinct water masses on the basis of a subjectively

2Province nomenclature for NW Atlantic - ARCT: Atlantic Arctic; SARC: Atlantic Subarctic; NADR:
North Atlantic Drift; NWCS: NW Atlantic Shelves; NECS: NE Atlantic Shelves; GFST: Gulf Stream,;
NAST(W): North Atlantic Subtropical Gyre (West); NAST(E): North Atlantic Subtropical Gyre (East);
CNRY: Canary Coastal; CARB: Caribbean; NATR: North Atlantic Tropical Gyre; GUIA: Guianas Coastal;
WTRA: Western Tropical Atlantic; GUIN: Guinea Current Coastal; ETRA: Eastern Tropical Atlantic; SATL:
South Atlantic Gyral
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Figure 2.9 Mean nL(A) spectra for the climatological month of April, grouped
by neighboring provinces.

defined training set. The working hypothesis is that the ensemble of nLy,(A) spectra
given by the grid points located in a province captures features that are sufficiently
distinct with respect to adjacent provinces.

For that purpose, the first 6 years of the SeaWiFS time-series have been used to
derive a monthly climatology of the normalized water-leaving radiance spectrum
nLy(A). For each month and province in the biome (shown in Figure 2.8), the
frequency distribution of nLy (A) and its main statistical properties (mean, standard
deviation, covariance matrix) were then computed. Figure 2.9 shows the mean
nLy(A) spectra for the climatological month of April, taken as a representative
example, grouped by neighboring provinces. It appears that each province can be
associated with characteristic optical properties, under the influence of different
sources of absorption and scattering (phytoplankton pigments, detritus, minerals,
coloured dissolved substances).

For a given climatological month, each province is taken as a class defined by the
frequency distribution of log-transformed nL,, at 412, 490 and 555 nm (these wave-
lengths are believed to carry enough spectral information for the present purpose) of
all grid points located in the province, and the corresponding mean u and covariance
matrix X. For any triplet x (a 3-wavelength vector), the Mahalanobis distance A%=(x
-u)T=~1(x-u) quantifies the degree to which x is close to the distribution (D’Alimonte
et al. 2003). Another indicator of membership is defined as:

1
p= (2-,-()01/2|Z|1/2'

where |X] is the determinant of X and d is equal to 3. Strictly speaking, the expression
of p can be interpreted in terms of probability of membership to the 3-dimensional

o3 (X—TE T (x—p) (2.3)
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distribution represented by y and X only if the distribution is normal (i.e., if the
3-dimensional distribution of nL(412, 490, 555) is log-normal). In practice, the
normality is not well verified for any of the provinces, which is easily understood:
the high number of grid points constituting a province, and thus the size of the
frequency distribution, requires a very tight fit to a theoretical gaussian distribution
to satisfy classical tests of normality (e.g., Kolmogorov-Smirnov). The normality
of these large distributions is impeded by the existence of organized structures
(currents, fronts, eddies) in each province, as well as the initial inclusion of water
masses that specific characteristics will eventually assign to another province. An
extreme case is that of the province CARB (Caribbean Sea) initially defined on
geographical terms rather than on oceanographic criteria. Consequently, p is used
only as a index for classification, assuming that the intrinsic properties of a province
are sufficiently well represented by u and X so that they will prevail in the final
partition.

Feb Apr
Jun Aug
Oct Dec

Figure 2.10 Dynamic distribution of ecological provinces in the northern
Atlantic for six months of 1998 (same colour code as on Figure 2.8).

An example calculation is performed with the monthly maps of the year 1998.
Each grid point is tested for membership to arbitrarily-defined candidate provinces
(the province of the original membership as well as a selection of neighbour
provinces, a selection that might itself vary with the location of the grid point).
The grid point is eventually assigned to the most representative province, according
to the value of p. The province GFST (Gulf Stream) is excluded from the lists of
candidates in these calculations because it is a narrow region of variable oceano-
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Figure 2.11 Chlorophyll distribution in the northern Atlantic for six months of 1998

graphic features between two water masses (continental shelf and open ocean) that
are likely to display very different optical properties. Statistical properties of the
province NECS are calculated without the Baltic Sea.

Figure 2.10 shows the resulting dynamic distribution for six months of 1998
(with the same colour code as on Figure 2.8). The monthly series shows very variable
features that modulate large, more stable, biomes. Obviously, this distribution
bears some resemblance to the variability displayed by the corresponding maps of
chlorophyll-a concentrations (Figure 2.11). The most important variability is noticed
in the respective surfaces of the gyre provinces NAST(W), NAST(E), WTRA and NATR.
Other noticeable results include the clear distinction between the continental shelves
NWCS and NECS and the deep Atlantic, the offshore extension of the upwelling CNRY
biome, the signature of the South American rivers (Orinoco and Amazon), and the
interplay in the tropical Atlantic between the oligotrophic waters, the upwelling
regime and the influence from the coastal biome. As expected, the results obtained
for CARB are rather complex. The interior grid points are associated with various
combinations of CARB, NATR and NAST(W), and the coastal waters of the northern
Gulf of Mexico are found closer to the properties of the coastal biome GUIA. The
problems associated with CARB will likely be encountered in all archipelagic regions
having deep internal basins.

This example shows how the application of a simple classification scheme depicts
a more realistic separation of the water masses at the level of the North Atlantic,
particularly in terms of the boundaries separating large scale ecological provinces.
Using a priori information to define classes has the advantage of conserving the main
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structures of the original fixed distribution, and therefore of keeping an association
with its detailed description by Longhurst (1998) and the same modelling framework
and parameter sets for primary productivity calculations. Concurrently, the analysis
highlights the areas where a more refined partition is required.
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Figure 2.12 Static boundaries of ecological provinces in the NW Atlantic de-
fined by Longhurst (1998). BPLR: Boreal Polar; ARCT: Atlantic Arctic; NADR:
North Atlantic Drift; NWCS: NW Atlantic Shelves; GFST: Gulf Stream; NAST(E):
North Atlantic Subtropical Gyre (East); NAST(W): North Atlantic Subtropical
Gyre (West).

2.2.4 Dynamic provinces based on distribution function analysis

The Canadian SOLAS field programme in the NW Atlantic provided an excellent
context for developing operational procedures to delineate the instantaneous bound-
aries of the biogeochemical provinces and establish their dynamic change with
season (Platt et al. 2005; Devred et al. 2007). In this programme, expeditions were
made in Spring, Summer and Fall 2003. Observations included vertical structure of
temperature, salinity and fluorescence (proxy for chlorophyll concentration). Using
the original, rectilinear partition of Longhurst (Longhurst et al. 1995; Longhurst
1998) as a starting point, the boundaries of provinces were traced for the study area
(Figure 2.12).

To implement the partition of Longhurst, one must establish criteria by which
individual pixels can be associated with a particular province. Longhurst provided
only the rectilinear boundaries of the idealised case: he did not define the charac-
teristics of points inside the provinces in a way that an arbitrary point could be
identified as belonging to a particular province. So, the first step is to establish the
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characteristics of the provinces in an operationally-useful form. Because the goal is
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Figure 2.13 (a) Initial identification of water masses using a cluster analysis
based on satellite-derived SST and chlorophyll-a concentration, bathymetry and
location, for the October C-SOLAS 2003 cruise in the NW Atlantic. (b) Dynamical
definition of ecological province borders for the October 2003 C-SOLAS cruise.
BPLR: Boreal Polar province; ARCT: Arctic province; NWCS: NW Atlantic Shelves;
NADR: North Atlantic Drift; Slope: Slope waters; GFST: Gulf Stream. Image
provided by Emmanuel Devred, Dalhousie University, Canada.

to delineate the boundaries in real time, only a limited range of criteria is possible.
These include water depth, chlorophyll concentration and sea-surface temperature,
the last two being available from remote sensing. Using these variables, rules have
to be constructed that will assign any pixel objectively and unambiguously to one
and only one province.

The procedure used to refine the rules is first to partition the study area into
three main water masses (an initial scheme) corresponding to the cold rich waters
in the North, intermediate water and warm oligotrophic waters in the south. Figure
2.13a gives an example of the initial province scheme for the October C-SOLAS cruise
in 2003. This first step allows acceleration of the statistical analysis and therefore a
reduction in computing time, before performing a more detailed cluster analysis
within each of these water masses to achieve the final partitioning (Figure 2.13b).

Applying the method to the NW Atlantic had the interesting consequence that the
solution could not be achieved without invoking the existence of an extra province
over and above the set originally specified by Longhurst (1998). This was called
the Slope Waters province: it is a transition province between cool water of the
continental shelf and the warm oligotrophic water to the south. It is characterised
by warm water with relatively high chlorophyll biomass.

A major significance of this study (Devred et al. 2007) is that it represents
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Figure 2.14 Dynamic borders of biogeochemical provinces in the NW Atlantic
in February, June and October 2007. Image provided by Emmanuel Devred,
Dalhousie University, Canada.

the first successful attempt to implement, in a dynamic sense, the partition of
Longhurst et al. (1995), with the boundaries realistically reproducing the meandering
structure of the currents (as opposed to the polygonal-shaped representation in
Figure 2.12). It is a major step along the road to operational remote sensing using
ocean-colour radiometry. It is not the definitive solution in the sense that it required
the involvement of highly-skilled personnel such that real-time performance could
not be achieved. However, it is an important advance that encourages the hope that
the operational goal will be reached.

The second aspect of the work (Platt et al. 2005; Devred et al. 2007) was the
demonstration of seasonal shift in the province boundaries (Figure 2.14). For exam-
ple, as the season advances and water temperatures increase, the NWCS province
(nomenclature of Longhurst et al. 1995) increases in size at the expense of the BPLR
province. During summer, the slope water province intrudes into the NWCS province
and an eddy is formed.

Such an analysis is of great value in the interpretation of field data, since it
allows the investigator to determine, for each station occupied by the ship, the
province in which that station was located. The partition provides a template, or
intellectual framework, within which results can be discussed to advantage. The
template is useful far outside the original focus (estimation of primary production).



Chapter 3

Regional Considerations

Nicolas Hoepffner and Mini Raman

The first implementation of biogeochemical provinces for the global ocean (Longhurst
1998) is magisterial in scope and treatment: it has been applied successfully to a
variety of problems at global and regional scales. For certain regional problems,
however, it may be necessary to examine more deeply the subtleties of forcing and
its seasonal variations. The Longhurst template provides an ideal starting point
in such cases. In this section, we examine the issue of oceanographic partition for
selected regions with differing forcing, taking into consideration the alternatives
that have been proposed and the applications that have resulted. Two regions,
the Arabian Sea and the North Atlantic, have been of particular importance within
International IGBP Programmes such as JGOFS (Joint Global Ocean Flux Study), and
will be examined in this chapter.

3.1 Dynamic Structure and Function of the Arabian Sea

In this section, we consider various approaches to partition the Arabian Sea basin
based on its regional oceanographic characteristics and as such, the focus is on the
use of ocean-colour radiometry as a tool to delineate the boundaries of the provinces
and to some extent, infer the taxonomic status of the communities contained therein.
We begin by presenting an overall picture of the physical oceanography of the
Arabian Sea to emphasize the unique characteristics of relevance to ecological
partitioning. We consider the work carried out during the IIOE (International Indian
Ocean Expedition) in 1959-1965, the JGOFS Arabian Sea Process Study from 1992-
1997, and various relevant national and local sea campaigns. We then review the
various methods that have been developed to partition the Arabian Sea and consider
their utility in delineating the boundaries of the provinces.

3.1.1 Oceanography of the Arabian Sea

The landmasses of India and Sri Lanka separate the Indian Ocean into the Arabian
Sea and the Bay of Bengal. Two adjoining seas are connected with the Arabian Sea;
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the Red Sea through the strait of Bab el Mandeb, and the Persian Gulf through the
Strait of Hormuz.

The IIOE expedition undertaken during 1959-65, was the first large-scale scientific
expedition to study in detail the physical, chemical and biological oceanography
of the region. Subsequently many such expeditions were conducted, particularly
in the context of the JGOFS programme (1992-1997) that examined the complex
biogeochemical processes in the Arabian Sea (Fasham 2003), and the World Ocean
Circulation Experiment (1995-1996) with a comprehensive survey of the Indian
Ocean physics (Field 1997). The influence of the huge land mass of the Asian sub-
continent has resulted in unique circulation patterns in the Arabian Sea which are
substantially different from those of other world oceans. A comparison with sea
surface topographies of Atlantic and Pacific oceans reveal that the large gyres that
exist in these two oceans are not found in the Arabian Sea. In addition, the unique
monsoon atmospheric circulation affects the ocean surface circulation extending
beyond Arabian Sea up to 10° south. Consequently, the Arabian Sea experiences a
semi-annual reversal of the surface circulation in response to the changing wind
system, a feature not found in either the Atlantic or Pacific Oceans (Wyrtki 1973;
Schott and McCreary 2001).

The seasonally-reversing monsoon winds are divided into southwest (June-
September) and northeast (December to February) phases with two transition pe-
riods, spring inter-monsoon (March to May) and fall inter-monsoon (October and
November). The large-scale open-ocean, seasonally reversing currents are known
as monsoon currents. During summer, heating of land produces a region of low
surface pressure over the Asian landmass, which results in the development of
strong south-westerly winds over a broad region. Under the influence of southwest
monsoon winds, vigorous and deep anti-cyclonic surface circulation develops in
Arabian Sea. Coastal upwelling along the Arabian Peninsula occurs as a result of
offshore transport of waters under the influence monsoon winds blowing parallel to
the coast (Fischer et al. 2002).

During the northwest monsoon, cyclonic circulation occurs as a result of the
north-south pressure gradient in the Arabian Sea. The monsoon current thus
reverses its direction and flows from east to west north of the equator. During
the northeast monsoon, oceanic circulation is only moderately strong compared
with that during the southwest monsoon, while during the intermonsoon transition
period, surface currents dissipate and hydrographic conditions in the Arabian Sea
approach those of a well stratified and unperturbed tropical ocean.

The Red Sea and Persian Gulf are relatively shallow, narrow seas surrounded by
arid land masses with negligible rainfall. High rates of evaporation result in a very
high salinity in these basins. Characteristics of the Arabian Sea waters are thus the
result of mixtures of various water masses, including the Indian Ocean Equatorial
Water Mass.

The peculiar oceanographic characteristics of the Arabian Sea and the variety
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of water masses described here provide the basis for partitioning using physical
forcing concurrently with synoptic observations from satellite.

3.1.2 Satellite approach to a bio-physical partitioning of the Indian Ocean

Various taxonomical approaches have been used to partition the Indian Ocean,
based on the distribution and composition of phytoplankton species. For example,
Thorrington-Smith (1970; 1971) grouped samples from the IIOE expedition according
to their phytoplankton composition, using numerical taxonomic methods and cluster
analysis. He noted that the study of phytoplankton associations in mixed waters
is useful in tracing water masses since phytoplankton populations do not lose
their identity by mixing. Furthermore, low species diversity is a useful indicator
of the boundaries of phyto-hydrographic regions, since these regions are areas of
environmental instability and only favour the growth of adaptable species.

Working along similar lines, Krey (1973) divided the Indian Ocean into eight
geographical regions based on the hydrographical and meteorological properties of
data collected during the Indian Ocean Expedition (1959-1965). Qualitative plankton
associations or predominance in each geographic region, and their distribution in
relation to prevailing patterns of oceanic circulation in the area were mapped to pro-
vide a composite picture of various plankton-geographical regions of Indian Ocean.
Although no attempt was made to identify the boundaries of plankton-geographical
regions, Krey (1973) stressed the importance of recognizing the seasonal variations
of the ecological boundaries. Satellite-derived ocean-colour radiometry in combina-
tion with other databases has been demonstrated to be an essential tool to achieve
such partitioning at appropriate spatial and temporal scales.

3.1.2.1 Biohydro-Optical Classification of the Arabian Sea

Following Longhurst’s scheme of partitioning (see Section 2.1.1), Brock et al. (1998)
used a combination of climatologies of the mixed layer, computed light field and
archived satellite chlorophyll data (Coastal Zone Color Scanner) to develop province-
specific rules to partition the Arabian Sea into three different biohydro-optical
provinces. Chlorophyll concentrations derived from ocean-colour satellites are used
in this classification scheme as an indicator of the phytoplankton biomass and also
to determine whether the attenuation of the underwater light field is dominated by
phytoplankton or by seawater. The euphotic zone is then calculated and related to
the depth of the mixed layer.

The characteristic modes of plankton ecology in the classified provinces reflect
the seasonal hydrography of the Arabian Sea. Low winds and high insolation at the
start of the spring inter-monsoon season results in a shallow mixed layer where the
algal growth is limited by the availability of nutrients. As the season advances, the
stratification deepens driving the Arabian Sea towards a typical tropical structure
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(TTS), which is clearly identified by Brock’s classification method. Light attenuation in
the upper mixed layer is dominated by seawater, allowing the downward penetration
of light into the nutricline. The structure of the water column in such a province is
typically a two-layered system with a pronounced vertical structure of phytoplankton
biomass.

In the northwest Arabian Sea, at the onset of the southwest monsoon, the TTS
is modified by the upward movement of nutrient rich waters into the mixed layer,
where mean light levels are high. The combination of both triggers a rapid growth
of phytoplankton. As as result, the distinct deep chlorophyll maximum (DCM) in
the nitricline region ascends and decreases in amplitude until it dissipates in the
well-mixed eutrophic waters.

Brock et al. (1998) capture such a “Mixed-Layer Bloom” province in the western
and northern Arabian Sea during the southwest monsoon, where the use of a
homogeneous vertical phytoplankton pigment profile equal to that observed by
satellite for the upper attenuation depth can be used for regional parameterization
of the local primary production algorithm.

A third province of this biohydro-optical classification identifies regions where
phytoplankton dominate the attenuation of light in the mixed layer, but the base of
the euphotic depth lies within the nitricline, below the mixed layer. This condition
drives photosynthesis at depth and thereby maintains a DCM. Such a “transitional”
class marks the leading edges or trailing borders of advancing or senescing mixed-
layer blooms in the northern and western Arabian Sea, at the onset of fall inter-
monsoon, and persists through out the season.

3.1.2.2 Bio-Physical Classification of the Arabian Sea

Watts et al. (1999) classified the Arabian Sea into a suite of biogeochemical provinces
to estimate new production in northwest Arabian Sea. The underlying concept is that
biogeochemical processes and eco-physiological rates are under physical control in
a given region. The ocean basin could thus be partitioned into a suite of provinces
by delineating regions which are under common physical forcing (Platt et al. 1995)
with respect to factors influencing the growth of phytoplankton. The provinces can
form a template upon which the eco-physiological rate parameters can be assigned
for basin-scale modelling of oceanic primary production. Spatio-temporal variability
of biogeochemical processes and biological properties in a province is subjected to
changes in physical forcing, therefore the provinces have dynamic boundaries.

To identify the location of a dynamic boundary, Watts et al. (1999) proposed the
use of sea-surface properties (sea-surface temperature, sea-surface chlorophyll) that
can be measured synoptically by satellite. Watts et al. (1999) divided the Arabian Sea
into six provinces, each being characterized by a unique combination of sea-surface
temperature, sea-surface chlorophyll and maximum bottom depth as obtained from
field measurements. The authors developed a flow diagram specifying province-



Regional Considerations o 31

specific rules for partitioning the Arabian Sea based on these in situ measurements.

The classification scheme proposed by Watts et al. (1999) was applied to monthly
composites of CZCS chlorophyll data, co-registered with NOAA/AVHRR SST data
and bathymetry (Figure 3.1). Each pixel of the image was assigned to a particular
province according to province-specific criteria, so that the extent of each province
could be determined. This classification scheme combined with the use of satellite
data allowed the real-time identification of dynamic province boundaries.
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Figure 3.1 Areas occupied by the six biogeochemical provinces identified
for the north-west Indian Ocean basin, for the monsoon month of September.
Characteristics of the provinces: HSST - bottom depth > 200 m and < 2500
m, SST > 28°C to 30°C; SHLF - bottom depth was <200 m, SST < 25°C; SLPE -
bottom depth > 200 m but < 2500 m, SST < 28°C to 30°C; Hi-BIO - Chl > 0.9 mg
m~3, bottom depth> 2500 m; OCNS - bottom depth > 4000 m, Chl < 0.2-0.3 mg
m~3, SST =27°C; OCNN - bottom depth > 2500 m, SST < 27°C and intermediate
surface chlorophyll concentrations. Adapted from Watts et al. (1999).

3.2 Biogeography of the North Atlantic

The North Atlantic has been the focus of numerous studies because of its importance
in the global climate and the carbon cycle. As a result, a significant amount of data
has been generated over the years to characterize the physics and, to a lesser
extent, the chemistry of the North Atlantic at a reasonable spatial resolution (e.g. 1°
grid) and time scale (e.g. monthly averages). For biological studies and ecosystem
assessment, however, both the lack of field data and poor regional/seasonal coverage
still require the extrapolation of discrete measurements at much coarser spatial and
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temporal scales. During the last two decades, satellite measurements of surface
reflectances have contributed in many ways to solve the problem by providing
broad spatial and temporal coverage of quantities directly related to biogeochemical
distributions and processes. In addition, remote sensing of ocean colour has been
extremely valuable to set the basis for a first identification of marine “provinces”
likely to have peculiar biological systems, which then can be used as a template for
extrapolating ship-based measurements.

3.2.1 Province delineation based on hydrodynamic-biology interactions

In an attempt to compute primary production in the North Atlantic, Sathyendranath
et al. (1995) used a two-step partitioning of the study area based firstly on a
general description of the regional oceanography, which was then extended to the
consideration of other aspects of pelagic ecology. The North Atlantic circulation
is essentially driven by wind stress and some meridional differences in the water
density.

Three major wind regimes have been used by Sathyendranath et al. (1995) to
define primary biogeochemical biomes in the North Atlantic: the Polar winds (Polar
Biome), the Westerlies (West-wind Biome), and the Trade winds (Trade-wind Biome).
Each of these biomes have unique physical characteristics with respect to mixed-
layer dynamics and radiation budget, which will influence the phytoplankton ecology.
A fourth biome (the Coastal-Boundary Biome) accounts for the specific physical
structure of the water column due to the shelf-break and shallower bathymetry. In a
second step, each biome is subdivided into “provinces” which are defined by local
currents, fronts, topography and other recurrent features that can be visualized
using remote sensing data, including surface chlorophyll fields. This type of division
follows similar criteria to those implemented on a global scale by Longhurst (1995)
to study the degree of seasonal coupling between production and consumption in
the upper layers.

Some 18 provinces were then identified in the North Atlantic (Sathyendranath
et al. 1995), together with their associated boundaries which could then be re-
adjusted on the basis of more detailed statistical analysis on one or several measured
properties that respond as directly as possible to changes in regional oceanography.
Although the boundaries are allowed to vary to some degree when the parameters
(in this case, parameters required for the computation of primary production) are
assigned to each province for a given time scale, this regional partition of the North
Atlantic can be viewed as rather static in relation to the large temporal variability of
the forcing fields.

In the same way, Hoepffner et al. (1999) delineated the eastern tropical and
sub-tropical North Atlantic to determine the depth-integrated primary production in
this important upwelling system, largely influenced by the Trade-winds along the
coast of Portugal and north-west Africa. In this case, the computation scheme for
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primary production included the use of surface chlorophyll from satellite imagery
to derive, on a pixel-by-pixel basis, the time-varying shape of the biomass profile in
the water column. The photosynthetic parameters required in the calculation still
had to be derived from field measurements. The paucity of these data enforced a
grouping into pre-defined bio-geographical provinces which were selected according
to a meticulous examination of the satellite-derived chlorophyll values and current
knowledge of the local circulation and bathymetry (Figure 3.2).
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Figure 3.2 Delineation of oceanic regions in the eastern tropical and sub-
tropical North Atlantic. A total of eight bio-physical provinces are identified on
the basis of hydrographic properties and ocean-colour radiometry. Adapted
from Hoepffner et al. (1999).

As in the previous work, the method used to partition the North Atlantic, al-
though conducted to mirror as closely as possible the natural system, reflects a
computational convenience to compensate for the deficit of biological quantities
not accessible at satellite scales, but still important in modelling biogeochemical
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cycles in the oceans. It is a “static” representation of the biogeochemical field in
a sense that the province boundaries remained fixed and polygon-shaped, giving
little perception as to the true variability of the ecosystems. One way to identify
province boundaries, retaining the intrinsic dynamics of marine biological events, is
to select environmental criteria or forcing variables that can be measured by remote
sensing. The use of sequential images of bio-physical variables collected by one or
multiple sensors enables direct visualization of changes in the distribution of the
water masses, as well as the generation of decision-trees for a classification system
that will reproduce the dynamic dimension of the province boundaries (Watts et al.
1999).

To estimate new production in part of the Northwest Atlantic Ocean, Sathyen-
dranath et al. (1991) relied on satellite-derived sea surface temperature and the
bathymetry field to identified mixed waters over the shallow area of Georges Bank,
the stratified oceanic waters with high temperature in the mixed layer and deep
water column, and the frontal system with upwelled cold waters surrounding the
central part of Georges Bank. Satellite-derived chlorophyll concentrations may be
added to the province identification process, as the three zones showed signifi-
cantly different patterns with a gradual decrease in biomass from the central part of
Georges Bank to the stratified oligotrophic Sargasso Sea waters. In this process, the
province boundaries could vary at high temporal scales according to the availability
of satellite images, providing much more accuracy in the assessment of ecological
processes than relying on a delineation based on climatological observations.

A similar process was applied by Platt et al. (2005) and Devred et al. (2007) to
study the interactions between physical forcing and phytoplankton distributions
in the Northwest Atlantic Ocean, including the Scotian Shelf and the Labrador
Sea (see Section 2.2.4). According to a static biogeographical division scheme
(Sathyendranath et al. 1995; Longhurst et al. 1995), this area would include seven
ecological provinces (see Figure 2.12 - the western part of the subtropical gyre is
located just below 35°N). A dynamical re-adjustment of the static biogeographical
division scheme using satellite-derived sea surface temperature and chlorophyll
data vindicated this basic partition of the ocean, reflecting the prevailing role of
physical forcing as a regulator of phytoplankton distribution. It also generated
complementary detailed information on the changes in forcing at scales ranging
from seasonal to that portraying storm events.

3.2.2 Regional classification based on optical properties

Theoretically, the ocean-colour signal or water-leaving radiance collected by the
satellite-based sensor at different wavebands reflects the variation in the optically-
active components in the water and the relative distribution of these constituents at a
given time and location. Accordingly, Martin Traykowski and Sosik (2003) developed
an automated method to distinguish different water types based on distinct clusters
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in the water-leaving radiance feature space. After examination of a test satellite
image in the western North Atlantic and a review of the local hydrography and
bathymetry, six regions were selected as having implicit differences in their optical
signatures. Each of these regions was represented by a cluster of water-leaving
radiances and a mean value at three different wavelengths. The province boundaries
were then calculated using two methods: the Euclidian Distance Classifier and the
Eigenvector Classifier. Decision rules in both methods are based on a minimum
distance between the data points and each class centre, assuming each class to be
spherical and non-spherical in shape, respectively. The six regions are well defined
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Figure 3.3 Water type classes for the NW Atlantic shown in a three-
dimensional single band feature space (nL, in mW sr~! cm=2 uym™'). The
training set consists of nj = 100 randomly chosen pixels from each of six
different geographical regions. NSS = Northern Sargasso Sea waters; GS = Gulf
Stream waters; CMAB = Central Mid-Atlantic Bight waters; coc/min = coccol-
ithophore/mineral dominated waters; GB = Georges Bank waters; GM = Gulf of
Maine waters. Adapted from Martin Traykovski and Sosik (2003.)

in a 3D plot of water-leaving radiances (nLy) at 550, 443, and 520 nm (Figure 3.3),
which illustrates the typical optical signature of the different water masses in the
studied area, including some highly-scattering waters dominated by coccoliths or
other mineral compounds. Applying one of the Classifier methods to two different
satellite scenes (Figure 3.4) enabled the extent and the boundaries of each class to
be mapped for the same region. Each pixel in the satellite scene was assigned to
a class according to a given decision rule, yielding a dynamic view of the “optical
provinces” when applied to a time-series of satellite-derived water-leaving radiances.
In this method, a first selection of the regions was conducted, and a training dataset
was allocated to each of the regions to define their optical characteristics. This
is equivalent to a supervised classification, with the risk of obtaining unclassified
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(or misclassified) pixel data. The number of misclassified pixels was significantly
reduced using the Eigenvector Classifier technique. In this case, a completely
unsupervised classification could also have been conducted, using the frequency
distribution of satellite-derived chlorophyll as a way to separate distinct clusters
(Esaias et al. 2000).
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Figure 3.4 Classification results for the Euclidean Distance Classifier applied
to the Northwest Atlantic on two different days: (left) 7 July 1980 (CZCS image)
and (right) 8 October 1997 (SeaWiFS image). The water types are clearly distin-
guishable, and application of the classifier reveals that they form well-defined
water masses. There are striking broad-scale similarities in the distribution
of these water types between the two scenes, even though they are 17 years
apart. Mesoscale physical oceanographic features are apparent; differences
may represent seasonal and/or inter-annual variability. Adapted from Martin
Traykovski and Sosik (2003).



Chapter 4

Retrieval of Phytoplankton Biomass, Optical
Constituents and Primary Productivity

Mark Dowell, Timothy Moore, Trevor Platt

This chapter addresses two fundamental applications making use of provinces. The
specific interest in documenting these two applications in a dedicated chapter is
twofold: the firstis that these two applications are the closest to the essence of ocean-
colour radiometry (OCR) as a tool and a discipline; the second is that the estimation
of phytoplankton biomass and primary production are the two applications making
use of provinces that have made the most significant progress over the past 10
years. The origin for much of the research on this topic comes from the work of
Alan Longhurst and colleagues. The global province distribution was formulated
first in response to the requirement to parameterise a primary production model for
implementation on many grid points. Likewise, many of the initiatives focused on
the development of dynamic methods for province distribution have resulted from
the operational requirement to define regional bio-optical inversion algorithms. The
motivation stems from defining algorithms for different regions or distinct optical
water types that can be subsequently blended together into seamless products.

4.1 Phytoplankton Biomass and Optical Constituents: Back-
ground

A clearly-demonstrated use of provinces - and a major stimulus for much of the
ongoing work on methodological aspects of province distribution definition - is in
their application to the retrieval of phytoplankton biomass and associated optical
constituents. This was the primary focus of effort and resource initially invested
in OCR, and it is thus fitting that the work on refining province distributions has
contributed so much to this application.

4.1.1 Use of provinces as a template for data synthesis

A first example is the use of static provinces as a template for analyzing large in-situ
datasets. This has been demonstrated as an effective approach for the North Atlantic
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by Kyewalyanga and colleagues (1998) who analysed the spatial distribution of the
specific absorption coefficient of phytoplankton (a;h) across the basin using the
Longhurst et al. (1998) provinces.

It should be emphasized at this point that there are historical optical classifi-
cations of the oceans in the literature, which have not been discussed up to this
point, but which are of utmost importance in addressing this specific application.
These optical classifications began with the pioneering work of Jerlov (1968) and
Soviet scientists, which produced maps of the ocean on the basis of regional- and
basin-scale differences in the diffuse attenuation coefficient.

Likewise there is a body of historical work addressing the separation of the
oceans in areas of differing trophic state. This approach, initially proposed by
Morel and Berthon (1989), was effectively used to define seven trophic biomes in the
ocean exclusively based on chlorophyll profiles. The authors subsequently observed
that this trophic delineation could actually be considered as a continuum, and as a
consequence used this to define a continuous function for defining the parameters
for a model of the vertical profile of chlorophyll-“a”. In more recent work, Hardman-
Mountford et al. (2008) have re-analyzed the problem of discriminating trophic
regimes. In their work, the authors used an objective method based on a spatial
principal component analysis (see Section 2.2.2) applied to a time-series of satellite
chlorophyll data.

4.1.2 Dynamic province assignment methods for ocean-colour
algorithms

It is now widely accepted that a universal bio-optical algorithm applicable for
all water types is not feasible. In a single ocean-colour image scene, there can
be multiple water types with differing optical properties, which in turn require
different algorithms. The historic example is the difference between Case-1 and
Case-2 waters (Morel and Prieur 1977; IOCCG 2000). In Case-1 waters, the optical
properties are dominated by phytoplankton, whereas in Case-2 waters the optical
properties are governed by other constituents, such as suspended sediments and/or
coloured dissolved organic matter. Case-1 algorithms often fail or return inaccurate
retrievals in Case-2 waters. Among Case-2 waters, however, there are many different
substances found globally that affect the optical properties of the water. A single
parameterized Case-2 algorithm should be able to account for variability in the
concentrations of two or three substances, but not variability due to the wide
variety of substances found globally. Thus, we are often presented with different
Case-2 algorithms derived for local waters, or for specific situations such as CDOM-
dominated or sediment-dominated waters. Although there has been a lot of effort
devoted to developing Case-2 algorithms, much less effort has been applied to
address the problem of merging algorithms for different water types. A unifying
scheme is needed that will not only choose which algorithm is best for a given
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satellite pixel, but will blend retrievals from different algorithms in a manner that is
physically meaningful.

The decision regarding which algorithm to apply may be viewed as a classification
problem. The application of a hard classification scheme that selects only one
algorithm and rules out the others can result in a “patchwork quilt” effect. This
effect can be seen in retrieval images as discontinuities between water types, or
it might also be manifested in ways that are not readily visible in the images but
observable in other formats. The latter situation occurred in the standard processing
of CZCS images where the algorithm switched between two different radiance-ratio
algorithms. This produced discontinuities that were not obvious in the images,
but clearly seen in discontinuous, bimodal chlorophyll histograms. In transition
zones where pixels could belong to Case-1 or Case-2, one might have very different
chlorophyll retrievals depending on which algorithm was applied. As a consequence,
use of a hard classifier would result in uneven or discontinuous retrievals.

Ocean waters with different biogeochemical composition often have different op-
tical properties. These different waters can be identified by their spectral reflectance
characteristics. A first attempt at classifying waters based on optical characteristics
with the objective subsequently to select and blend different bio-optical algorithms
was presented by Moore et al. (2001), using an ocean-colour satellite image of the
northwest Atlantic shelf. The approach is based on a fuzzy logic classification
scheme applied to the satellite-derived water-leaving radiance data (see Chapter 2,
Section 2.2.1). Local in situ bio-optical data were used by the authors to characterize
optically-distinct water classes a priori and to parameterize algorithms for each
class.

Although the algorithms can be of any type (empirical or analytical), this demon-
stration involves class-specific semi-analytic algorithms, which are the inverse of
a radiance model. The semi-analytic algorithms retrieve three variables related
to the concentrations of optically active constituents. When applied to a satellite
image, the fuzzy logic approach involves three steps. First, a membership function
is computed for each pixel and each class. This membership function expresses the
likelihood that the measured radiance belongs to a class with a known reflectance
distribution. Thus, for each pixel, class memberships are assigned to the prede-
termined classes on the basis of the derived membership functions. Second, three
variables are retrieved from each of the class-specific algorithms for which the pixel
has membership. Third, the class memberships are used to weight the class-specific
retrievals to obtain a final blended retrieval for each pixel. This approach allows for
graded transitions between water types, and blends separately-tuned algorithms
for different water masses without suffering from the “patchwork quilt” effect
associated with hard-classification schemes.

A different approach proposed by D’Alimonte et al. (2003) used the statistical
method of novelty detection to identify the range of applicability of empirical
ocean-colour algorithms. This method is based on the assumption that the level of
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accuracy of the algorithm output depends on the representativeness of inputs in the
training dataset. The effectiveness of the novelty detection method was assessed
using two datasets: one representative of the northern Adriatic Sea coastal waters
and the other representative of open ocean waters. The two datasets were used
independently to develop neural network algorithms for the retrieval of chlorophyll-
a concentration. The authors found the range of applicability of each algorithm
which was applied to satellite data from SeaWiFS for three selected regions: the
central Mediterranean Sea, the North Sea, and the Baltic Sea.

Lubac and Loisel (2007) recently presented a similar application. In this study
they used data from intensive field bio-optical campaigns undertaken during spring
and summer 2004. The geographic region covered by the measurements was the
eastern English Channel and southern North Sea and the study aimed to assess
the mechanisms regulating the ocean colour variability in a complex coastal envi-
ronment. In-water hyperspectral remote-sensing reflectances (Rys) were acquired
simultaneously with measurements of optically-significant parameters at 93 sta-
tions. In their study, the authors incorporated the use of empirical orthogonal
function (EOF) analysis. The prime result from this analysis demonstrated that 74%
of the total variance of Rys is explained by particulate backscattering (bypp), while
particulate and dissolved absorption only explain 15% of the ocean colour variability.
Additionally, the authors applied an unsupervised hierarchical cluster analysis to
their data set of normalized R, spectra. This resulted in five spectrally-distinct
classes. Of the five classes, three classes had particularly distinct characteristics:
one class corresponded to Phaeocystis globosa bloom events, whereas the other
classes were associated with water masses dominated by mineral and non-living
particles, respectively. Among the different bio-optical parameters, the particu-
late backscattering ratio, the chlorophyll concentration and the particulate organic
carbon-to-chlorophyll ratio exhibited a high degree of class-specific behaviour.

4.1.3 Using provinces to develop cal/val strategies

A fundamental aspect of operational ocean-colour radiometry is the post-launch
calibration of the sensors in orbit, and the routine validation of derived products
(at Level 2 and higher) as provided by the space agencies. There are various criteria
that are used to define an appropriate strategy for the selection of locations and the
general geographic distribution of these locations. One of the fundamental aspects
is the nature of the optical characteristics of the location, and the stability (or
variability) of the water properties at this location over time. The prescribed criteria
may in fact be considerably different for calibration and validation requirements. For
example, calibration activities may require regions where the variability of optical
water types is low (i.e. stable). It should be noted, in the context of calibration,
there are also important considerations to be made on the variability of atmospheric
properties. This however is beyond the scope of the present report and will not be
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considered further.

On the contrary, for validation purposes it may be preferable to look for areas
where temporal or spatial optical variability throughout the year is highest, so as to
obtain a validation dataset covering the widest dynamic range of optical variability
possible.

We now consider the potential of the methods presented in Chapter 2 to address
some of these issues. Specifically, we used the fuzzy logic method described in
Section 4.1.2, and applied it to a global in-situ dataset called NOMAD (Werdell and
Bailey 2005). The classification identified objectively eight distinct optical water
types from this data set. Based on a 48-month global time-series of these optical
water types, we analyzed the persistency of each individual class. Figure 4.1 shows
a global map of the class persistency > 70% for the time-series considered. It is
proposed that information of this type may provide an avenue into better allocation
of resources for optimizing the collection of in-situ data for calibration and validation
purposes.
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Figure 4.1 Map showing global persistence of optical water type for regions
exhibiting membership to a certain class more than 70% of the time over a 48
month time-series. Image courtesy of Mark Dowell, Joint Research Centre, EC.

Additionally, a further requirement - which is requested frequently by users of
ocean-colour data - is the need to have spatial information on uncertainties for the
products provided. At present, there are global uncertainty budgets assigned to the
individual products derived from bulk validation estimates over global or basin scale
datasets, but what would be preferable would be to assign uncertainty on a pixel-
by-pixel basis. There are several ongoing initiatives to undertake such an analysis
routinely (e.g. GlobColour - http://ww.globcolour.info/) but we demonstrate here
that to a first order this can be estimated using the province distributions. Specif-
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ically, we use the global province distributions presented above (based on fuzzy
logic). For each of the optical water classes, the relative error and RMS error values
estimated for the OC3M algorithm for the NOMAD v2 dataset are shown in Table
4.1. The resulting global distribution of relative error, based on the information in
Table 4.1 and the fuzzy memberships maps, are shown in Figure 4.2.

Table 4.1 Error distribution across the eight optical water types as characterized using the
MODIS-Aqua validation data set.

Optical Average RMS Bias Number Avgerage Minimum Maximum

water relative log log of Chl Chl Chl
type error error  error points
1 16 % 0.090 -0.002 37 0.075 0.033 0.147
2 48 % 0.252  -0.125 33 0.257 0.077 0.703
3 51% 0.265 -0.033 23 0.361 0.090 0.748
4 68 % 0.280 0.066 132 2.45 0.05 29.00
5 60 % 0.259 0.041 105 2.27 0.25 19.93
6 123 % 0.366  0.216 104 7.05 0.46 29.05
7 52% 0.297  0.046 14 1.05 0.29 6.12
8 81 % 0.307 0.116 93 9.97 0.96 50.84
All 73 % 0.289 0.078 541 4.17 0.033 50.84
Relative
error %
-125
100
75
50
25
0

Figure 4.2 Global maps of the MODIS-Aqua chlorophyll uncertainty (relative
error, %) for July 2005. Black represents areas with no data, grey represents
land. Image courtesy of Mark Dowell, Joint Research Centre, EC.
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4.1.4 Future developments

Application of the methods presented in this report for addressing the retrieval
of chlorophyll concentration and other optically-active constituents demonstrates
their value in improving the retrieval of the primary products from ocean-colour
radiometry. Whether the technique is based strictly on the spectral properties of
the water-leaving radiances, or whether it uses existing province distributions as
templates for analysis, the prime motivating factor to use a classification methodol-
ogy with OCR algorithms is to reduce the variance of the model-derived parameters
associated with the optical properties of phytoplankton (e.g. the specific absorption
coefficient). At present, the use of optical classification schemes to refine and con-
strain OCR algorithms is a topic of ongoing research and requires specific attention
to ensure awareness and applicability of the method.

4.2 Estimation of Phytoplankton Production using OCR Data

The calculation of phytoplankton production at large spatial scales poses a problem
that provided the original stimulus for developing the method of biogeochemical
provinces. The calculation is based on the application of fundamental photo-
physiology of algae, which can be represented by robust mathematical models.
The models are forced by irradiance, and in the simplest case (assumption of
vertical homogeneity) need a minimum of two (chlorophyll) biomass-normalised
photosynthesis parameters, for which the existing database is not rich on a world
scale. The models are implemented on a pixel-by-pixel basis and the problem arises
that the parameters have to be assigned on each and every pixel, usually based on
only limited information. The resolution of the problem was to postulate a suite of
provinces within each of which the ecophysiological rates were characteristic (Platt
et al. 1991). The required parameters were then assigned according to the province
(and season) within which the pixel lay.

This was the approach used in the first calculation of global phytoplankton
production using OCR data (Longhurst et al. 1995) and in a detailed calculation
for the Atlantic Ocean (Sathyendranath et al. 1995). An important element of the
approach is to construct the partition of the ocean itself. This task was accom-
plished brilliantly by Longhurst (1998) in a book that has influenced the science of
oceanography far beyond the limited subject area of phytoplankton production.

4.2.1 Operational-mode remote sensing of primary production

In operational or routine estimation of primary production by remote sensing, the
biome of interest is usually smaller than an ocean basin. The spatial resolution
needed in the result is usually higher than that needed in basin-, and global-scale
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calculations. Fixed protocols are applied on a regular basis to produce routine
results that can be used directly in practical applications.

Platt et al. (2008) developed such a protocol for routine calculation of phyto-
plankton production from remotely-sensed data, using data from the Northwest
Atlantic Ocean. Firstly, they constructed a local algorithm to generate reliable esti-
mates of primary production, using information on forcing variables, physiological
parameters for photosynthetic response to available light, and shape parameters
for the vertical chlorophyll profile. Secondly, they established a protocol for extrap-
olation of the local algorithm to large horizontal scale, i.e. all pixels in the target
image, using an archive of photosynthesis parameters and vertical structure of the
chlorophyll profile for the region. Parameters were assigned according to matches
between the remotely-sensed image data (chlorophyll, surface temperature) and the
archived station data of ship observations for the same region. This approach was
referred to as the “nearest-neighbour method”.

4.2.2 Application of the nearest-neighbour method

The rationale for the approach is that the magnitudes of the photosynthesis parame-
ters that would be observed at a particular time and place would be determined by a
suite of factors including the kinds and size of the cells present in the phytoplankton
assemblage, their growth history, including light environment, the nutrient regime,
temperature, degree of vertical mixing and so on. These variables can also help to
set the local chlorophyll biomass. The combined effect of all the variables will be
encoded in the parameter magnitudes, which can be estimated from archived data
on the parameters from the same area, arranged according to the environmental
context in which they were collected.

Of course, an important element of environmental context is that arising from
the seasonal cycle of stratification and species succession. The former is associated
with the annual cycle of surface temperature and the latter with changes in phyto-
plankton biomass (chlorophyll concentration). Fortunately, both these properties
are accessible to remote sensing and are available routinely on synoptic scales.
This is the basis of the nearest-neighbour method for parameter assignment: the
remotely-sensed information about a given space-time point can be used as an
entrance into the regional archive of parameters, and an average can be calculated
for the parameters of the nearest neighbours of archived points.

The biomass B’, sea surface temperature T’, water depth z" and the day number
t" are known for any pixel in the remotely-sensed images (the primes indicate proper-
ties of the image pixels), and are also available in the archived data (without primes)
along with the parameters of the photosynthesis-light curve, and the parameters of
the chlorophyll profile when it is fitted to a standard shape.

The strategy for the protocol is to enter the archive with the values of biomass
and surface temperature for any given pixel in the remotely-sensed image, and find
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the archive station with the closest coordinates of biomass and surface temperature.
The chlorophyll profile and photosynthesis parameters for that archive station will
be the first-order estimates of the parameters for that pixel. Note that the values of
B,B’, T and T’ must be scaled so that they have similar ranges to ensure that B and
T are given equal weight in calculation of the Euclidean distance between the two
points.

This procedure can be repeated with the parameters of the nearest neighbours of
archived points (around 10) with the closest coordinates in the biomass-temperature
plane, and the average parameter values can be calculated over this set. Further-
more, it should be taken into consideration that the archive station data and the
image may have been taken in different seasons, so the archived station should
be weighted according to the difference in day number between it and the im-
age, thereby constructing a weighted average of the parameters over the nearest
neighbour set.

The advantage of this method developed by Platt et al. (2008) is that it exploits
fully the intersection between the image data and the archive data, using information
from both the ocean-colour and the sea-surface-temperature images.
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Chapter 5

Applications to Biogeochemical Cycles and Global
Climate Change

Stephanie Dutkiewicz, Gregory Beaugrand, Nicolas Hoepffner, Daniel
Kamykowski and Frédéric Mélin

The oceans play a crucial role in the cycling of carbon in the Earth system. The
oceans contain 38,000 billion metric tons of carbon (Sarmiento and Gruber 2002);
this is about 55 times as much as is in the atmosphere (Sarmiento and Gruber 2006).
Carbon dioxide (CO») is constantly in flux between the atmosphere and the oceans,
through chemical disequilibrium between the air and water. The solubility pump of
carbon refers to the thermodynamic air-sea gas exchange of carbon dioxide into the
ocean in regions of under-saturation and the subsequent physical advection and
diffusion of this carbon enriched water to depth. There is, however, an additional
“biological” pump that plays a role in the movement of carbon in the ocean. In the
photic zone, carbon can be incorporated into phytoplankton cells as part of the
process of photosynthesis. In fact, phytoplankton are responsible for about half
the primary production of the Earth’s biosphere (Field et al. 1998). Some of the
organic matter that is thus incorporated into the marine ecosystem is exported out
of the photic zone as sinking decaying material and fecal matter. This export can be
sequestered in the deep ocean, leading to a gradient of dissolved inorganic carbon
between the surface and depth. This will, in turn, increase the efficiency of the
solubility pump.

In pre-industrial times, it is thought that the net flux of carbon into the global
oceans was essentially zero since the atmosphere and ocean were in steady-state. As
the atmospheric CO» content increases as a result of anthropogenic release of carbon
by burning of fossil fuels (at the rate of 7.8 Gt C y~! in 2005, IPCC Report, Forster et
al. 2007) and land use changes, the role of the ocean as a potential sink of carbon
becomes more important. The flux of anthropogenic CO» from the atmosphere to
the ocean has been estimated to be 2.2 + 0.4 Gt C y~! for the 1990s (IPCC report,
Bindoff et al. 2007). How will the ocean continue to react to future increases in
atmospheric CO; , and the associated changes to the ocean physics and chemistry?
Carbon utilization is also linked intimately with the cycling of other elements (e.g.
nitrogen, phosphorus), particularly in relation to the biological pump. Biological
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production is rarely, if ever, limited by carbon, but rather by the availability of other
macro-nutrients such as nitrate and phosphate, and micronutrients such as iron. To
fully understand the movement of carbon through the system and the impact of
the ocean on the anthropogenic induced changes, we must understand the rest of
the biogeochemical cycles - the pathways of elemental material through both their
inorganic and organic phases. The latter requires a deeper knowledge of the marine
ecosystem and its variability on both seasonal and inter-annual time scales.

In this chapter we review and conjecture on how biogeographical provinces and
satellite data can aid us in understanding biogeochemical cycles in the ocean. The
relative strength of the biological pump can be dependent on the dominant type
of phytoplankton. Broad scale variations in the species composition and diversity
of biogeochemical functions of the ocean ecosystem can be described through a
combination of physical and biological criteria (e.g. Longhurst 1998). Clearly the
interplay of the local physical and nutrient environments leads to the delineations
of these provinces. Thus provinces can be determined by nutrient availability and
types of dominant species (the subject of the next two sections). In the third section
we give examples of how inter-annual variability affects province productivity and
phytoplankton assemblages. Long term variability resulting from climate change
remains difficult to determine. In the fourth section we consider how biogeochemical
cycles (nutrient availability, primary production, phytoplankton assemblages, and
their feedback on air-sea exchange of CO») are changing and how they may continue
to change in the future.

5.1 Nutrient Availability

Biological production in the ocean surface waters is rarely limited by the availability
of carbon. Other macro-nutrients such as nitrate (NO3) and phosphate (PO,) fre-
quently limit phytoplankton growth. For instance the first-order pattern of high
and low surface chlorophyll concentrations (Figure 5.1a) and nitrate concentration
(Figure 5.1b) are remarkably similar. Upwelling regions with high macro-nutrients
tend to support higher productivity and therefore also higher chlorophyll. The
correspondence between these patterns, though, is not exact. There are other
macro-nutrients (e.g. phosphate and silicic acid) and micro-nutrients (e.g. iron)
that can become limiting to productivity in different regions of the world oceans.
It is the pattern of these combined limitations that can lead to the delineation of
biogeographical provinces.

At present, nutrient availability cannot be estimated directly by satellite. As
a consequence, empirical relationships have been developed to associate world
ocean nitrate (NO3), phosphate (PO4) and silicate (SiO4) availability with satellite-
derived predictors like temperature (Kamykowski and Zentara 1986, as modified
in Kamykowski et al. 2002). Additionally, satellite-derived chlorophyll can also
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Figure 5.1 (a) Annual composite chlorophyll concentration (mg m~3) as de-
rived by SeaWiFS; (b) Annual mean nitrate (uM) in the layer 0-10m (Conkright et
al. 2002).

be combined with sea-surface temperatures (SST) to provide estimates of surface
nitrate distributions (Goes et al. 1999; 2000; 2004).

Since supply of nutrients to the surface ocean outside terrestrial influence is
mostly from colder depths by convection, mixing events or diffusion, there is often
a negative correlation between SST and nutrient concentrations. The temperature-
based approach of Kamykowski et al. (2002) estimates a Nutrient Depletion Temper-
ature (NDT) at which colourimetrically-determined nitrate, phosphate and silicate
become unmeasurable for each 2-degree latitude by longitude grid cell in the world
ocean. Three NDTs result, one specific for each nutrient (i.e. NO3, POy, and SiO4
depletion temperatures). Nutrient availability is determined by subtracting each
NDT from SST (e.g. [SST-NOj3, DT], [SST-PO4 DT] and [SST-SiO4 DT]). Additionally
iron depleted areas from 40°N to 40°S can be inferred using aerosol concentrations
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measured by AVHRR blended with precipitation measured by the Tropical Rainfall
Measuring Mission’s (TRMM) Microwave Imager (TMI). Sixteen nutrient availability
categories, defined by the presence/absence of the four nutrients were mapped in
the world ocean each month over a sixteen month period. For two offset annual
cycles (Figure 5.2), nitrate, phosphate and silicate were all available in the oceanic Ek-
man upwelling areas and in coastal upwelling zones. These nutrients are selectively
unavailable along the margins of these zones, and all unavailable in the central gyres.
Atmospheric iron availability, which depended on an available dust source region
and prevailing wind patterns, is prominent in the Atlantic Ocean off Africa and in
the Northern Indian Ocean. More remote oceanic regions (specifically the Southern
Ocean, and much of the Pacific) are low in iron. Where the low iron deposition
areas coincide with upwelling and high macro-nutrients, there is a comparatively
low concentration of chlorophyll. These regions are frequently denoted as “High
Nitrate, Low Chlorophyll” (HNLC) regions. Monthly plots (Kamykowski et al. 2002)
show a more dynamic relationship among the four nutrients.

5.2 Functional Groups

Biogeographic provinces are often described by the suite of organisms that dominate
the region. From a biogeochemical perspective it is convenient to consider functional
groups in which species are organized according to a specific biological function,
for example diazotrophs, with the ability to fix nitrogen, or coccolithophores which
produce calcium carbonate structural material. Different functional groups of
plankton have differing capabilities for exporting organic matter (including carbon)
to depth. For instance, those that build silica-based structures (e.g. diatoms) tend
to export more organic material than many other phytoplankton types, and are
therefore relatively more important to the biological pump. Hence it is important
to understand where the different functional groups can be found and how these
vary inter-annually and how they might respond to climate change. Recently it
has become possible to identify types of phytoplankton from ocean-colour data
(Subramaniam et al. 2002; Sathyendranath et al. 2004; Balch et al. 2005; Alvain et al.
2005; 2006; Uitz et al. 2006; Westberry and Siegel 2006; Aiken et al. 2007; Hirata et
al. 2008).

A nutrient-depletion-temperature-based approach (NDT) toward phytoplankton
functional group identification (Kamykowski et al., 2002) examined the simultaneous
availability of nitrate, phosphate and silicate, predicted by respective [SST-NDT]
calculations using SST measured with the Advanced Very High Resolution Radiome-
ter (AVHRR), and the availability of iron. The phytoplankton classes most likely
associated with each of the 16 nutrient-availability categories were then identified
and mapped based on a marine adaptation of the Plankton Ecology Group model for
freshwater systems (Sommer 1989). For example, diatoms were expected only when
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Figure 5.2 Two world ocean contour plots derived from a 16-month nitrate
(N), phosphate (P), silicate (S) and iron (F)) data set for two 12-month periods,
(a) from March 1999 to February 2000 and (b) from July 1999 to June 2000. The
annual representation was derived by calculating the mode for each 1° latitude
by 1° longitude square for each 12-month period. Note that NPS implies only
iron is unavailable, Abs indicates all nutrients are unavailable, NPSF indicates all
nutrients are available, F indicates only iron is available. The black lines at 40°N
and S mark the limits of the precipitation data. Adapted from Kamykowski et
al. (2002)

silicate was available with limited stress from other nutrients (NPS, NS, PS, NPSF, NSF,
PSF), nitrogen-fixers were expected when other nitrogen sources were severely limit-
ing (PF, SF, F), and oligotrophic phytoplankton were expected when adequate iron
was not available (N, P, S, Abs). A second NDT-based approach toward phytoplankton
functional group identification (Kamykowski and Zentara 2003) concentrated on the
actual value of the [SST-NO3 DT] calculation. The greater the negative result, the
greater the inferred surface nitrate concentration; the greater the positive result, the
greater the inferred stratification separating subsurface nitrate from surface waters.
Two proof-of-concept trials organized phytoplankton community structure along
the [SST-NO3 DT] X-axis. In the first (based on samples collected off La Jolla, CA and
analyzed using traditional microscope-based taxonomy), samples were successively
distributed along the X-axis using maximum counts of centric diatoms, pennate
diatoms and dinoflagellates as well as partitioned chlorophyll. In the second (based
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on samples collected along the Atlantic Meridional Transect and analyzed using
HPLC), maxima in nanoflagellates, large eukaryotes and prokaryotes successively
distributed samples along the X-axis. These results suggest that phytoplankton func-
tional group identification can indeed be inferred from satellite-derived [SST-NO3
DT] values.

5.3 New Production

New production represents that part of primary production resulting from the
assimilation by phytoplankton of nutrients newly added to the euphotic layer. As
such, it is opposed to the regenerated production which emerges from nutrient
recycling within that same upper layer of the ocean (Dugdale and Goering 1967).
The f-ratio (Eppley and Peterson 1979) specifies the fraction of total production due
to new production. Assuming a steady state, new production must be balanced by
an equivalent amount of organic matter exported from the mixed layer. As defined,
new production and the f-ratio are of particular importance, representing both an
indicator of water column productivity for a given region, as well as an estimate
of the ability of the pelagic ecosystem to export carbon from the surface waters to
the deep ocean (the biological pump). The latter becomes even more important as
atmospheric CO; rises.

Exogenous nitrogen inputs to the euphotic zone often occur when colder nutrient-
rich waters are brought from the deep ocean. The processes involved can be winter
convective mixing, wind-induced upwelling, or simple diffusion at a density gradient.
In all cases, an inverse correlation between temperature and nitrate concentration
(SST-NO3 relationship) is found, enabling the determination of large-scale surface
nitrate concentration using satellite-derived sea surface temperature (Kamykowski
et al. 2002). In turn, clear relationships were also established between the f-ratio
and nitrate concentration (Platt and Harrison 1985). Together these relationships
can be exploited further to determine new production at different marine locations.

Dividing the Georges Bank area into three zones on the basis of satellite-derived
biomass and SST fields, Sathyendranath et al. (1991) estimated new production
to represent 31%, 55%, and 27% of the total production in the mixed, frontal and
stratified regions, respectively. For that calculation, relationships between nitrate
and temperature, on the one hand, and between nitrate and the f-ratio, on the other
hand, were established for the Georges Bank province using field measurements.
Other sets of these relationships were drawn from a province in the northwest
African upwelling-center (Dugdale et al. 1989) and for one off the coast of California
(Dugdale et al. 1997).

In the Pacific, the addition of surface chlorophyll to the SST-NO3 relationship
resulted in a significant improvement of nitrate retrieval, hence, new production
prediction (Goes et al. 2000). The apparent stability of this new formulation, and the
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access through satellite remote sensing of nutrient predictors such as temperature
and chlorophyll, has shown to be very promising in generating maps of nitrate over
the global ocean using a single set of parameters obtained after aggregating data
over seasons and regions (Goes et al. 2004). In that study, however, the response of
nutrients, f-ratio, and new production to changes in the environment is assumed to
rely on a smooth and simple function. This, however, screens out the considerable
variations commonly observed in those relationships. Harrison et al. (1987) for
instance, observed a dynamic range up to a factor of 40 in some coefficients relating
the f-ratio to the ambient nitrate concentration. Henson et al. (2003) could not
demonstrate any correlations between temperature and nitrate in the spring and
summer in the Irminger Basin, although a strong relationship was observed with the
winter datasets.

In addition, some phytoplankton functional groups may have the capacity to fix
nitrogen compounds in different ways and in different forms. Moreover, the sources
of new nutrients into the productive layer of the ocean may differ drastically from
the classical view of an enrichment from deep waters. As an example, Herut et al.
(1999) estimated that the atmospheric inputs of bio-available N could represent 8 to
20% of new production in the southeast Mediterranean Sea. There is no reason to
believe that such an input of new nutrient would be associated with a change in sea
surface temperature. Furthermore, in summer in the western North Atlantic, Coles
et al. (2004) observed a maximum in chlorophyll and significant new production due
to the fixation of atmospheric nitrogen by Trichodesmium, with a clear decoupling
between phytoplankton and the vertical nutrient flux in that area. Their study even
suggested a positive relationship with temperature. High N-fixation rates were also
recorded in the eastern tropical North Atlantic (Voss et al. 2004), enhanced by the
supply of iron from atmospheric dust deposition.

It therefore becomes evident that relationships between satellite-derived indi-
cators of nutrients and the f-ratio in the ocean are sufficiently variable and most
valuable when results are separated into specific spatial and temporal patterns.
The periodical nature of these properties (e.g. Henson et al. 2003) can be further
exploited in the context of an ecological partition of the oceans to retrieve new pro-
duction estimates over large areas using remote sensing data or regional modelling
schemes.

5.4 Inter-annual Variability

It is crucial in any attempt to understand the effects of global climate change to
understand first the natural year-to-year changes in any system. Studies of variability
of ocean-colour data and the boundaries of biogeographical provinces find that many
of the signals can be tied to large-scale phenomena such as El Nifio/La Nifia cycles
(e.g. Yoder and Kennelly 2003) and the North Atlantic Oscillation (NAO) (Ueyama
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and Monger 2005). Here we highlight as examples (1) inter-annual variability in the
Pacific (much of which is influenced by El Niflo) and (2) inter-annual variability in
the North Atlantic (mostly from Continuous Plankton Recorder, CPR, data) and its
looser ties to the NAO.

5.4.1 Pacific Ocean

The Pacific Ocean has a well-documented record of inter-annual variability affecting
the characteristics and the distribution of its constituent biogeographical provinces.
Much of this variability, especially in equatorial and tropical regions, follows the El
Nifio cycle. The El Nifio Southern Oscillation (ENSO) evolves upon a background of
interdecadal oscillations that affect physical and biological fields, including upper
trophic levels (Mantua et al. 1997). In particular, the analysis of the strong 1997-
1998 El Nifo event benefited from an appropriate coverage by ocean-colour sensors
that complemented other sources of data i.e. remote sensing and arrays of in situ
measurements.

The equatorial Pacific can be split into two main regions, the warm pool (WARM)
and the Pacific Equatorial Divergence (PEQD). The boundary between these regions
displays clear gradients of sea surface salinity, temperature (to a lesser extent),
pCO>, and surface concentration of nitrate, biomass and productivity (Le Borgne et
al. 2002). The surface concentration and the vertical structure of chlorophyll fields
also differ. WARM is depleted in macronutrients (at least for NO3 and PO4) and a
deep chlorophyll maximum is found around 80-100 m. PEQD, on the other hand,
has high nutrients (from upwelled water) together with low-to-medium chlorophyll
concentration (a classical HNLC regime). The location of the boundary between
these regions undergoes large inter-annual variability. The signal of the strong El
Nifio of 1997-1998 and the moderate El Nifio of 2002-2003 are clearly visible in the
movement of this boundary (Figure 5.3). Previous studies have also found evidence
of the EI Nifo signal in the boundary.

Using zonal sections from CZCS data, Halpern and Feldman (1994), found an
increase in surface chlorophyll in the warm pool and a decrease in the central Pacific
in November 1982 (El Nifio). In February 1991 and April-May 1996, the surface
concentration of chlorophyll was rather homogeneous in the eastern and central
equatorial Pacific, and west to at least 165°E (Le Borgne et al. 2002). In contrast,
Rodier et al. (2000), using Flupaq transects, found a strong chlorophyll gradient
at 169°W, near the salinity gradient (172°W) during a period of negative Southern
Oscillation Index. The 0.2 mg m~3 isopleth for the surface chlorophyll concentration
was seen at 166°W. This isopleth was also observed by Matsumoto et al. (2004)
at 161-162°E in December 1999 and January 2001 (cold phases) and at 177°W in
January-February 2002 (initiation of warm phase).

The hydrographic front (particularly salinity and pCO;) and the western limit
of the HNLC area do not always coincide. In warm phases, the latter can be several
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Figure 5.3 Time-longitude plot of chlorophyll-a concentration, averaged over
the band 5°S - 5°N along the equatorial Pacific, and obtained from the OCTS and
SeaWiFS time series. Image courtesy of Frédéric Mélin, Joint Research Centre,
EC.

degrees east of the hydrographic front. During strong El Nifio events, the high
nitrate conditions in the PEQD can be completely eliminated west of the Galapagos
archipelago. Longhurst (1998) suggested that a single province (WARM-ENSO) could
be considered in such cases (see Figure 5.3). Conversely, the transition to a cold
phase, accompanied by a renewed influx of nutrients after the long and intense
warm phase of 1997-1998, and combined with the effects of the propagation of a
tropical instability wave, resulted in a spectacular migrating phytoplankton bloom
(e.g. Ryan et al., 2002), a phenomenon atypical for the equatorial provinces.

The development of the ENSO cycle is not constrained to the equatorial Pacific
but rather associated with large scale atmospheric and oceanic anomalies (e.g.
Schwing et al. 2002). Connections with the North American west coast have been
well documented. Particularly the boundary between areas of high concentrations
of chlorophyll along the coast and the open ocean has been shown much closer to
the continent during El Nifio events, as seen with CZCS (Thomas and Strub 2001)
or SeaWiFS (Chavez et al. 2002). Conversely, offshore Baja California, the extent of
the mesotrophic biome (0.2-1 mg m~3) approximately doubled (Kahru and Mitchell
2000) in 1997-1998. These modifications on primary producers and the changes in
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the physical conditions in the California Current System had a noticeable impact on
higher trophic levels, from zooplankton to cetaceans (Benson et al. 2002; Marinovic
et al. 2002), that included the northern intrusion of warm water species. Such
changes have counterparts along the coast of South America. For instance, Iriarte
and Gonzalez (2004) document the extension of oligotrophic characteristics to
inshore waters during the second half of 1997 in northern Chile. Further north, the
water masses of the North East Pacific also show inter-annual fluctuations linked to
the ENSO variability. Whitney et al. (1998), on the basis of data collected along Line
P (from Vancouver to Ocean Station Papa), distinguish three water types: the coastal
zone, which is under the influence of summer upwelling, the open ocean, which is
classified as HNLC, and the transition zone, which experiences nitrate depletion in
summer.

The seasonal fluctuations of nitrate undergo significant inter-annual variability.
For instance at the end of a warm phase in 1994, the area of nitrate depletion in
summer extended much further into oceanic waters (600 km offshore). A similar
extension was seen in 1997 and 1998 with respect to 1999. These extensions
corresponded to a contraction of the band of high chlorophyll coastal waters seen
in the ocean-colour record (Whitney and Welch 2002).

The subtropical North Pacific has also shown manifestations of inter-annual and
inter-decadal variations (Venrick et al. 1987; Karl et al. 2001), with evidence of
an increase in phytoplankton biomass and productivity in the gyre waters north
of Hawaii. However, some changes affecting the functioning of the phytoplankton
compartment are not observable by remote sensing. For instance, Karl et al. (1995)
reported a strong increase in primary production from 1990 to 1991-92, and an
increased abundance of diazotrophs, yet without a corresponding increase in surface
chlorophyll concentration. Another example is provided by Leonard et al. (2001)
with transects along 158°W sampled in April 1998 and 1999: the South Subtropical
Front was encountered at 28-29°N and 31°N in 1998 and 1999, respectively. At the
location of the front, the depth of the subsurface chlorophyll maximum (0.3 mg m~3)
shoaled by 20 m (it was found at 100 m in the south part of the gyre). This front
and its inter-annual shift were not associated with any surface signature. Conversely,
further north, the Subtropical Front outcropped at the surface, and was associated
with the Transition Zone Chlorophyll Front (TZCF) and a clear ocean-colour signal
(gradient from 0.1 to 0.3 mg m~3). This front was located at 29°N and 32°N at
the end of winter (most southerly displacement of the front) in 1998 and 1999,
respectively (Bograd et al. 2004). In 1998, the TZCF was not only further south
but showed a considerable meandering with respect to 1999 (Polovina et al. 2001).
These conditions were associated with large increases in catch rates for albacore
(large predators such as tuna and turtles migrate along this front).

Ocean colour will remain an important tool to follow the evolution of the Pacific
Ocean particularly as it has shown signs of entering a new climate regime since 1998
(Bond et al. 2003; Peterson and Schwing 2003). McClain et al. (2004), for instance,
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found that the surface area of the North Pacific subtropical gyre (defined as the
area of SeaWiFS derived chlorophyll concentration below 0.07 mg m~3) increased
at a rate 3% per year over 6 years. Similarly, Polovina et al. (2008) documented the
expansion of the low-chlorophyll regions in the tropical Pacific. In another study,
Oliver and Irwin (2008) demonstrated that temporal changes in the equatorial Pacific
provinces are tightly coupled to the ENSO indexes, with a lag of about one month,
indicating that provinces are dynamic reporters of climate conditions.

5.4.2 North Atlantic

Long-term datasets are essential to identify inter-annual variability and relation-
ships between climate fluctuations and both changes in species abundance and
biodiversity, and changes in the structure and functioning of aquatic and terrestrial
ecosystems. These datasets should also encompass a large range of regions to
appreciate spatial variability in the response of ecosystems to climate change. Such
datasets are unfortunately rare. For the marine pelagic environment, the Continuous
Plankton Recorder (CPR) survey is the only plankton monitoring programme that
allows examination of the long-term changes of more than 400 plankton species
or taxa over many regions in the North Atlantic Ocean and its adjacent seas. The
CPR programme is operated by a high-speed plankton recorder that is towed be-
hind voluntary merchant ships at a depth of approximately 6 to 7 m. Plankton are
filtered by a slowly moving band of silk with an average mesh size of 270 ym. A
second band of silk covers the organisms to form a sandwich that is reeled into a
tank containing 4% formaldehyde. Further details on methods and the dataset are
provided by Warner and Hays (1994) and Reid et al. (2003).

Results from the CPR survey have shown that major biological changes have
taken place in the plankton over the last few decades mainly in the north-eastern
part of the North Atlantic Ocean, including the North Sea. Using species assemblage
indicators of calanoid copepods, Beaugrand et al. (2002a; b) reported substantial
changes during the period 1960-1999 in the spatial distribution patterns of calanoid
copepod assemblages at ocean basin scales, and provided evidence that this might
have been influenced by the combined effect of climate warming of the Northern
Hemisphere, and the North Atlantic Oscillation (NAO). Maps of the mean number
of species present in an area for all species assemblages (Figure 5.4) demonstrate
that major biogeographical shifts for all species assemblages have taken place since
the early 1980s to the south-west of the British Isles and from the mid 1980s in the
North Sea. The mean number of warm-temperate and pseudo-oceanic temperate
species increased by about 10 degrees of latitude. In contrast, the mean number
of cold-temperate mixed water, subarctic and arctic species decreased toward the
north. All the biological assemblages show consistent long-term changes, including
neritic species assemblages which also moved marginally northward. These changes
have been correlated to Northern Hemisphere Temperature (NHT) anomalies and
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Figure 5.4 Long-term changes in the spatial distribution of the calanoid cope-
pod species assemblages around the United Kingdom. Note the northward
movement of the warm-water species associated with a decrease in the mean
number of cold-water species. Adapted from Beaugrand et al. (2002b).

to a lesser extent the winter NAO index. West of the mid-Atlantic ridge, especially
in the Labrador Sea, the trend was opposite and the number of both subarctic and
arctic species increased while the number of warm-water oceanic species decreased.
This result indicates a possible move of north-west Atlantic ecosystems toward
a colder-biological dynamic regime. The opposing trends found in the eastern
and western side of the North Atlantic indicate that the response of the biosphere
to inter-annual variability may exhibit complex behaviour. This type of response
is mediated through complex regional interactions with existing hydro-climatic
channels such as the North Atlantic Oscillation. Indeed, the inverse response of
ecosystems to climatic features on the two sides of the North Atlantic Ocean is
consistent with the spatially heterogeneous nature of the climatic manifestations
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induced by this dominant mode of atmospheric variability (Dickson et al. 1996;
Drinkwater 1996).
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Figure 5.5 Principal Component Analysis of long-term changes in sea surface
temperature in the North Atlantic Ocean. (a) Long-term changes in Northern
Hemisphere Temperature (NHT) anomalies and Pearson correlation coefficient
between the first principal component and NHT anomalies are indicated. (b)
Long-term changes in the winter North Atlantic Oscillation (NAO) and the
Pearson correlation coefficient between the second principal component and the
NAO index are indicated. The signal displayed by the first principal component
(PC) is highly correlated positively with NHT anomalies (7,=0.69, p<0.001). In
the subarctic gyre, the values of the second PC decreased until about 1993 and
then increased. The long-term change in the second PC is highly correlated
negatively with the NAO index (r,=-0.63, p<0.001). Modified from Beaugrand et
al. (2002b).

To better understand how large-scale hydro-meteorological processes may have
influenced the biogeographical shifts observed in the studied area, long-term
changes in Sea Surface Temperature (SST) were investigated. Figure 5.5 displays
the first two eigenvectors and principal components representing 40.9% of the total
variability. The region south of a line from 40°N, 45°W to 60°N, 5°E and especially
in the West European Basin was characterized by a decrease in SST from 1960 to
about 1975 and then a strong continuous increase until 1997. Long-term changes in
this signal are correlated positively with NHT anomalies. In the subarctic gyre the
second principal component negatively co-varied with the NAO, showing a decrease
until 1993 and then an increase.
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5.5 Anthropogenic Induced Climate Change

Coupled ocean-atmospheric models (e.g. Covey et al. 2003; Dutkiewicz et al. 2005b;
Russell et al. 2006; IPCC Report - Meehl et al. 2007) have suggested that the physics
of the ocean will change quite dramatically over the next few hundred years as the
climate system becomes increasingly affected by the greater abundance of green-
house gases (e.g. carbon dioxide, methane) accumulating in the atmosphere. Some
of these changes are:

K2

% increased water temperature, especially sea surface temperatures,

R

< reduced sea-ice coverage,

< increase in sea level,

< increased surface stratification, and

% reduced production of North Atlantic Deep Water, leading to a slowing down
of the meridional overturning cell in the North Atlantic

< changes to overturning in response to shifting wind patterns (e.g. the intensifi-

cation and poleward shift in the Southern Ocean westerlies).

Increased sea surface temperatures will lead to enhanced surface stratification.
This together with a slowing meridional overturning will lead to a potential slowing
of the transport of carbon away from the surface waters. However, highly increased
atmospheric CO; will lead to a large influx of carbon into the surface waters. What
will happen to the “biological” pump? Models (e.g. Bopp et al. 2001; Boyd and Doney
et al. 2002; Sarmiento et al. 2004a; Dutkiewicz et al. 2005b; IPCC Report, Meehl et
al. 2007) suggest the following:

< a decrease in surface nutrients, due to increase stratification (e.g. Figure 5.6b),

< changes to light due to changes in cloud cover and particularly to changes in
the sea-ice cover,

% changes to the growth season, due to both changes in the temperature and
changes to the stratification,

< an increase in the acidity (lower pH) of the surface waters as larger amounts
of carbon are dissolved into the surface (e.g. Figure 5.6¢), and

< changes in species, in response to changes in temperatures, light and pH.

Such changes will have an effect on biogeographical provinces. Province bound-
aries will shift as the physical attributes of the upper ocean change, along with
associated changes in nutrient and plankton distributions. The modelling study of
Sarmiento et al. (2004a) demonstrates the utility of using biogeographical provinces
as a means of tracking and possibly quantifying the impacts of climate change.
However, more difficult questions address the impacts of changing plankton assem-
blages. Will these lead to completely new provinces and if so, how will these new
and altered provinces compare in their ability to export carbon from the surface?
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Figure 5.6 Model results from the Integrated Global System Model 2 (IGSM2)
which is run with a 2-dimensional atmospheric model with active chemistry,
3-dimensional ocean model, carbon cycle models for ocean, and land vegetation
and ground water models as well as land and sea-ice models. (a) Difference in
Sea Surface Temperatures (°C) 2100-1860. Contour interval 0.5°C. Areas with
small difference near the poles are regions with significant sea-ice coverage. (b)
Difference in surface phosphate (10~% moles m~3) 2100-1860. Contour interval
0.5 x 10~ moles m~3. (c) Difference in surface pH 2100-1860. Contour interval
0.025 units. Adapted from Dutkiewicz et al. (2005b).

5.5.1 Nutrient availability

There is increasing evidence that surface nutrients in the ocean are decreasing.
A Nutrient Depletion Temperature based approach (see Section 5.1) showed an
overall trend of decreasing world ocean nitrate availability through the 20" century
and a receding front of nitrate availability in the High Nutrient Low Chlorophyll
(HNLC) regions along the Equator and along the equator-ward margins at higher
latitudes (Kamykowski and Zentara 2005; 2006). A more detailed analysis compared
nitrate availability in a representative cold year, 1909, to that in a representative
warm year, 2002, just after the end of the century (Figure 5.7). A general decrease
in nitrate availability occurred through the 20™ century, but regional increases
occurred in a few areas. The overall spatial complexity in nitrate availability was
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related to reported co-variation in broadly-separated regional fisheries (Klyashtorin
2001). Results suggested that the changing nitrate availability acted on fisheries as
a bottom-up control influencing phytoplankton community structure. An overriding
question remained unanswered: in the next relatively cool phase of the interdecadal
cycle, will available nitrate return to levels capable of supporting the ecosystems
that occurred under those conditions earlier in the 20™ century?
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Figure 5.7 A classed post map comparing nitrate availability changes between
April 1909 and April 2002 using [SST-NDT] values based on Sea Surface Temper-
ature (SST) from the Extended Reconstruction Sea Surface Temperature, version
2 data set (ERSSTv.2) minus the National Oceanographic Data Center based
(NODC-based) NDTs. Negative [SST-NDT] values or nitrate present at the surface
are represented by green (1909 nitrate > 2000 nitrate) and red (1909 nitrate <
2002 nitrate). Positive [SST-NDT] values or the temperature stratification be-
tween the surface and the nitricline are represented by blue (1909 stratification
< 2002 stratification) and gray (1909 stratification > 2002 stratification). Darker
colours in each series represent greater differences between the years. Adapted
from Kamykowski and Zentara (2005).

It is likely that other macro-nutrients (e.g. phosphate, silicic acid) are also
becoming less available in the surface ocean. It has also been estimated that iron
deposition has decreased over the last couple decades (Gregg et al. 2003, using the
modelled mineral dust deposition results of Ginoux et al. 2001), although modelling
studies of future atmospheric dust loading suggest a range of 20% increase in dust
(Tegen et al. 2004) to a 60% decrease (Mahowald and Luo 2003).
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5.5.2 Chlorophyll and productivity

How will the changes to the ocean, especially decreased nutrients (macro and micro),
affect phytoplankton growth? Though some studies suggest that global surface
chlorophyll may have increased especially relative to the CZCS era (Gregg et al. 2002;
Gregg et al. 2005; Antoine et al. 2005); Behrenfeld et al. (2006) found a global
mean decline in satellite derived chlorophyll and net primary production (NPP) over
the 2000s. Distinct regions where NPP decreased were associated with increased
SST. Additionally Gregg et al. (2003) found a 6% decline in the surface primary
productivity as determined by ocean-colour data between the CZCS years (early
1980’s) and the 1997-2002 SeaWiFS years. This decline corresponded to a 0.2°C
increase in sea surface temperature (with accompanying increased stratification and
implied decreased macro-nutrients) and a 25% decrease in iron deposition. Most
of the decline in productivity occurred at higher northern latitudes. A particularly
vulnerable region appears to be around Antarctica: Montes-Hugo et al. (2009) found
a striking 12% decrease in the summertime chlorophyll along the western shelf
of the Antarctica Peninsula due to shifting patterns of ice, clouds and winds that
affect the mixing. Another striking shift in provincial boundaries is evident from
McClain et al. (2004), who found that the North Pacific and North Atlantic subtropical
oligotrophic gyres (defined as areas with SeaWiFS-derived chlorophyll < 0.07 mg m3)
had increased by 3% per year and 4% per year respectively between 1996 and 2003.
Associated with this areal increase was a decrease in chlorophyll in those regions of
1% and over 2.5% per year, respectively. Further study is required to determine if
these shifts in province boundaries are part of a long-term trend associated with
climatic warming and reduced nutrients?

However, not all ocean provinces appear to have had a decline in productivity.
Montes-Hugo et al. (2007) found that receding sea-ice extent since the 1970’s led to
some shifts in boundaries that led to increase in chlorophyll in the southern region
of the western shelf of the Antarctic Peninsula. Gregg et al. (2003) suggest that the
primary production did increase in some equatorial regions, and Behrenfeld et al.
(2006) found that in the 1999 to 2004 time period some areas had an increase in
NPP, and often these regions also had associated decreased SST. The Behrenfeld et
al. (2006) study only considered changes for the lower latitudes. The modelling
study of Bopp et al. (2001) found that although the total ocean productivity de-
creased in a world where the atmospheric CO, was doubled from present, some
high latitude regions actually had an increase in productivity. This increase was
attributed to the decrease in light limitation brought on by a longer growing season
induced by the increased stratification (i.e. shallower mixed layers). The decreased
light limitation outweighed the decreased nutrients in the upwelling high latitudes
regimes. However, the Gregg and Conkright (2002) satellite analysis together with
a model study (Gregg 2002) found that any enhancement of the spring bloom due
to increased stratification in the last two decades led to a more severe nutrient
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limitation later on in the season. The net annual result was lower productivity. How
will this combination of light and nutrient limitation play out in these regions in the
future? How will individual provinces continue to change, and in particular how will
the boundaries of the provinces continue to shift?

Sarmiento et al. (2004a) used six different coupled climate models to investigate
the response in the boundaries of biogeographical provinces (here determined by
basin, model upwelling, winter mixing, ice cover, divergent flow) to climate change
by the year 2050. Each province had associated with it an empirical chlorophyll
model, and associated estimates of primary production. Changes to stratification,
maximum mixed layer depths and water mass also brought significant shifts in
province boundaries. Globally the models predicted a 0.7% to 8.1% decrease in
primary productivity. However the individual model boundary shifts were not very
comparable, the most consistent response between models came from changing the
boundaries of the highly productive marginal sea-ice province. We have already seen
some boundary shifts in the real oceans: how will individual provinces continue
to change, and in particular how will the boundaries of the provinces continue to
move?

Increased surface stratification is definitely not the only change that will affect
ocean productivity. Nutrient supply for instance does not only come from vertical
processes: lateral processes are important in maintaining nutrient budgets (e.g.
Sarmiento et al. 2004b; Dutkiewicz et al. 2005a; Williams et al. 2006). Future changes
in wind stresses (and therefore Ekman transport) and changes to productivity of
upwelling regions, will therefore also have an effect on supply of nutrients to, and
hence productivity in, downstream provinces.

5.5.3 Plankton

The above studies have taken broad methods of estimates of change over the global
oceans. They have not addressed the more complex consequence of shifts in species
in response to climate change. Boyd and Doney (2002) summarized some of the
regime shifts seen in the Pacific biogeographical provinces, that can be attributed
to increased stratification and shallower mixed layers that will be associated with
global warming. For instance, they cite the more persistent coccolithophore blooms
in the Bering Sea (Napp and Hunt 2001). The year 1997 saw profound changes in
the functioning of the eastern Bering Sea: Vance et al. (1998) reported the first
recorded occurrence of a large cocccolithophore bloom that summer, a phenomenon
observed in subsequent years with in situ sampling and SeaWiFS imagery (lida et al.
2002). Another long-term shift in functional regime appears to have occurred in the
North Pacific subtropical gyre through the late 1980s and early 1990s: Karl et al.
(1997) found a dramatic increase in nitrogen fixers with more stratified conditions.
Nitrogen fixers are unique in converting the abundant inert nitrogen to a biologically-
available form. An increase in nitrogen fixing will potentially dramatically alter
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nutrient stoichiometry. Such shifts will profoundly affect nutrient (and carbon)
cycling in the region. Boyd and Doney (2002) also cite increased diatom blooms
in the Equatorial Pacific as a response to shoaling of the upper ocean thermocline
(Chavez et al. 1999). Such a shift will lead to greater export in that regime. Also cited
are several studies showing shifts in the Southern Ocean communities in response
to shoaling mixed layers (e.g. Boyd et al. 2000; Blain et al. 2001). In particular Arrigo
et al. (1999) documented a shift from Phaeocystis to diatoms along the current
ice shelf in the Southern Ocean, which could result in a decrease in the amount of
carbon fixed per unit nitrogen.

Ecosystems of the north-east North Atlantic have changed over the past couple
of decades toward a warmer dynamical regime. The observed biogeographical
shifts in calanoid copepod distributions may have serious consequences for the
whole ecosystem from phytoplankton to fish. Beaugrand and Reid (2003) detected
similarities between the long-term changes in a Continuous Plankton Recorder
(CPR)-derived index of phytoplankton biomass and abundance of small copepods,
abundance of Calanus finmarchicus, euphausiids, the Atlantic salmon, SST, North
Hemisphere Temperature (NHT) anomalies and, to a lesser extent, the winter North
Atlantic Oscillation (NAO) index.

Richardson and Schoeman (2004) have shown that climate warming has involved
an increase in the abundance of phytoplankton species in cooler regions and a
decrease in warmer regions. They suggest that the impact has propagated to
copepod herbivores and carnivores. The authors found evidence of a bottom-up
control in the pelagic ecosystem of the eastern part of the North Atlantic. Those
changes have been accompanied by species/group dependent phenological changes.
For example, although the timing of diatom blooms seem to be fairly constant, that
of dinoflagellates and meroplankton occurred earlier.

The current response of pelagic ecosystems to climate warming may have strong
consequences for the ecosystem functioning and biogeochemical cycles. These
biogeographical modifications paralleled a northward extension of the ranges of
many warm water fishes in the same region (Quero et al. 1998; Stebbing et al.
2002). These results tend to indicate a shift of marine pelagic ecosystems toward
a warmer dynamic regime in the north-eastern North Atlantic. Similar changes
in spatial distribution and phenology have been detected for many species of
plants in western Europe (Fitter and Fitter 2002), butterflies (Parmesan et al. 1999),
amphibians (Beebee 1995) and birds (Thomas and Lennon 1999), and were attributed
to climate warming. If the increase in Northern Hemisphere temperature predicted
by the Intergovernmental Panel on Climate Change (IPCC Report 2001) continues, a
marked change in the organisation of pelagic ecosystems from phytoplankton to
fish can be expected with a possible impact on biogeochemical cycles. The current
climate warming may manifest itself directly on SST. However, the opposite response
of marine ecosystems to climate change observed over the Labrador Sea (Beaugrand
et al. 2002a) shows that climate warming may also exhibit complex behaviour.



66 e Partition of the Ocean into Ecological Provinces: Role of Ocean-Colour Radiometry

This kind of response is mediated through complex regional interactions with
existing hydro-climatic channels such as the NAO. Furthermore, climate change may
affect pelagic ecosystems by influencing either their stable-biotope component (e.g.
modification in wind intensity and direction) or their substrate-biotope component
(e.g. modifications in oceanic currents). It may also trigger a nonlinear response of
marine ecosystems, possibly associated with hysteresis behaviour (Paillard 2001;
Scheffer et al. 2001). Such a response has occurred in the North Sea after circa 1987
(Reid et al. 2001).

5.5.4 Feedback to air-sea fluxes of CO,

The ability of the ocean to take up CO; will change significantly in a future high
atmospheric pCO; world. Many of these modulations will arise from changes in
the physical and chemical processes, but these changes are very complex and may
compete. For instance CO is less soluble in warmer water; increased stratification
will lead to reduced mixing between surface and deep water, and therefore reduced
movement of CO» by physical processes to depth; but increased winds might increase
ventilation of carbon-rich water and reduce uptake (possibly already observed in
the Southern Ocean, Le Quéré 2007). In addition, biological changes, not yet well
understood, will occur as a result of the ocean’s response to climate change.

Lower rates of primary production are predicted as a response, in part, to
decreased nutrients in many regions of the ocean. Model studies (e.g. Woods
and Barkmann 1993; Matear and Hirst 1999; Parekh et al. 2006) suggest that
this will lead to a positive feedback (i.e. reduced ocean carbon uptake). However
reduced ventilation of the deep ocean also means less exposure of deep water with
high dissolved carbon concentration (deep water accumulates carbon as part of
the biological pump), which could have the opposite feedback. The balance of
the two processes will lead to either a total positive or negative biological pump
sequestration feedback (Matear and Hirst 1999).

In addition, more complex feedbacks will arise as a result of changes to the
structure and biogeochemistry of marine ecosystems. Calcifying organisms may
increase due to warmer conditions (Holligan and Robertson 1996), or decrease due
to the more acidic conditions associated with higher ocean CO» concentrations
(Riebesell et al. 2000). A decrease in coccolithophores will probably result in a
negative feedback (i.e. increased uptake of CO, by the oceans): reduced carbon
sinks to depth in the form of CaCOj shells, but also less dissolved CO3 removed,
resulting in an increase in alkalinity and a greater solubility of CO». This scenario,
and the corresponding opposite response for increased calcifiers, was found in the
modelling study of Chuck et al. (2005), although the feedbacks were fairly small.
More stratified conditions could lead to phytoplankton populations more suited to
oligotrophic conditions. These plankton are often associated with a tighter recycling
loop and less export of organic material to depths. Chuck et al. (2005) found that an
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increased proportion of “export” species led to an additional uptake of atmospheric
CO3, while increased recycling led to a decreased ocean uptake and subsequently
even higher atmospheric CO; levels.

It is likely that biological provinces will each have differing shifts in their func-
tional groups. We must first understand the impacts in each region before we can
determine their integrated response and the feedbacks to the net global CO; air-sea
flux.

5.6 Summary

The regional, seasonal, inter-annual and future variations and efficiency of the
oceanic carbon pumps are determined to a large extent by the types of phytoplankton
that dominate. The efficiency of export of organic matter from the euphotic zone
and the depth at which it is remineralized are both influenced by the composition of
the organic detritus which, in turn, is influenced by variations in the phytoplankton
community. Species dominance is dictated by the complex interplay of the local
physical and nutrient environments, and ecological competitiveness. In this chapter
we have provided an overview of the uses of biogeographic provinces and satellite
data to elucidate some of these controls and their variability. As we enter an era of
a rapidly changing climate system, it becomes all the more important to understand
biogeochemical cycles and their control on phytoplankton productivity and carbon
fluxes. In this regard it is essential to maintain satellite monitoring of the world’s
oceans as a means of detecting biological regime shifts.
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Chapter 6

Applications to Marine Resources and Biodiversity

Jesus Morales, Shubha Sathyendranath, Gregory Beaugrand, Nicholas
Hoepffner, Antonio Mata

6.1 Introduction

Fisheries and agriculture are among the oldest and most extensive professional
activities around the world. For centuries it was commonly accepted that the
marine resources would be inexhaustible, however, in the last few decades the ocean
fisheries catch reports have shown that the marine yield has reached a plateau in
some regions, with a clearly decreasing pattern in many other areas. Many local,
national and international programmes for conservation and management of marine
resources have been proposed since then; most of those programmes were based on
precautionary principles issued using the statistical analysis of population dynamics.
In the last 15 years, fisheries oceanography has provided increasing knowledge
about the relationship between marine life and habitat; this new vision for fisheries
management received international support during the FAO (Food and Agriculture
Organization) International Fisheries Conference held at Reykjavik in 2001. The
Reykjavik Declaration considered ecosystem-based management as the way to “.....en-
sure sustainable yields while conserving stocks and maintaining the integrity of
ecosystems and habitats on which they depend”. The general acceptance of this
new approach for fisheries management was supported by the World Summit on
Sustainable Development (WSSD) (Johannesburg 2002) through its Implementation
Plan (Art. 29d) encouraging the application by 2010 of the ecosystem approach.
The ecosystem-based management proposal evolved into the concept of an
ecosystem-based approach (FAO, 2003), extending the original single management
idea to a wider approach involving a better understanding of the processes and ocean
dynamics relevant for fisheries management in a close relationship between physical
and biological oceanography and ecosystem trophodynamics. The linkage between
physical forcing and its biological consequences is the basis of the biogeochemical
provinces proposed by Longhurst (1998) and forms the basis for some recent
applications concerning marine resources (Pauly et al., 2000; Watson et al., 2003).

Methodological approaches used to address the structure and function of pelagic
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ecosystems have evolved to use satellite oceanography, especially for applications
related to fisheries and marine resources. The original approach linked fishing
grounds to thermal fronts (Lasker et al. 1981; Laurs et al. 1984) using NOAA-
AVHRR imagery as input data, establishing an important link between physical
oceanography and fisheries biology. The crucial linkage between the physical
barrier represented by thermal fronts and the concentration of plankton elements
(phytoplankton, zooplankton) was also observed with the use of CZCS imagery for
fisheries applications (Yamanaka 1982).

More recently, the close relationship between physical oceanography and pelagic
food webs has been studied extensively with the progressive assimilation of other
remotely-sensed data in addition to that of sea surface temperature (SST) and ocean-
colour data, such as altimetry-derived currents, sea surface height (SSH) and/or
sea level anomalies (SLA). As a result of this integrated approach, the number of
physical barriers and mesoscale processes actually accepted as critical features in
the fisheries biology of pelagic species has grown significantly, including salinity
(density) fronts, eddies, shelf-break fronts and upwelling process.

The dynamical approach involved in data assimilation analysis of coastal and
marine mesoscale processes for fisheries applications represents a significant im-
provement in the understanding of the real functioning of pelagic ecosystems, close
to the “ecosystem-based approach” proposed by the international organizations. In
this chapter we review the current knowledge and potential use of ocean-colour infor-
mation and the derived eco-regions concept for plankton (phyto- and zooplankton)
and fisheries research.

6.2 Phytoplankton

Until recently, ocean-colour data have been used primarily for mapping concentra-
tions of the major phytoplankton pigment, chlorophyll-a, which in turn is used for
computation of primary production at the global scale. But recently, it has also
become possible to map the distribution of some major phytoplankton groups using
ocean-colour data. This new development has followed the advent of improved satel-
lite sensors with higher spectral resolution than the first-generation CZCS sensor,
coupled with improvements in ocean-colour models and in our understanding of
how variations in phytoplankton community structure influence the inherent optical
properties of phytoplankton, and hence the water-leaving signal.

Over the past few years a number of publications have advanced the identifi-
cation of dominant phytoplankton groups from satellite data. Sathyendranath et
al. (2004) used the flatter absorption spectrum of diatoms to discriminate them
from other algal groups, while Alvain et al. (2006) relied on the relationship of
the spectral shape of the specific water-leaving radiance (nLy,) to the biomarker
pigments of five phytoplankton groups. Similarly, Aiken et al. (2007) applied the
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empirical relationships developed for the chemical size fractioning of phytoplankton
populations to the analysis of MERIS image data. They compared in situ data with the
satellite-derived information and obtained some promising results discriminating
between high- and low-scattering microphytoplankton (diatoms and dinoflagellates
respectively) as well as high-scattering coccolithophores and other nanoflagellates.
Furthermore, Uitz et al. (2006) used the surface chlorophyll-a concentrations for the
assessment of the phytoplankton community composition and Hirata et al. (2008)
have used an IOP approach based on apn(443) to derive dominant phytoplankton
size classes.

The standard ocean-colour products provided by NASA now include a flag
indicating the presence or absence of coccolithophores and Trichodesmium blooms.
The presence or absence of coccolithophore blooms is determined on the basis
of the high reflectance that is associated with the calcium plates that become
detached from the organism, and cause the waters to turn a turquoise blue colour
when present in large qualities. Subramaniam et al. (1999a; b; 2002) studied the
reflectance properties of Trichodesmium and proposed ocean-colour algorithms for
their identification, based on their optical characteristics.

Platt et al. (2005) demonstrated that there is a close link between dynamically-
assigned boundaries of provinces in the North-West Atlantic and the distribution
of diatom blooms in the region. As suggested by Margalef (1967), the dynamics
of the surface layer of the ocean influences not only the amount of phytoplankton
present in the water, but also the type of community that survives and flourishes
there. Since the biogeochemical provinces as proposed by Longhurst (1998) are
assigned on the basis of large-scale forcing fields, it does not come as a surprise
that the extent and location of provinces are related to the distributions of major
phytoplankton types.

Information on phytoplankton community can also be obtained indirectly. In
the open ocean, it has been shown that Case-1 waters typically prevail. That is
to say, in such waters, optical properties can be modelled as a function of the
main phytoplankton pigment, chlorophyll-a. This does not imply that chlorophyll
is the only property that can be derived from ocean-colour data in Case-1 waters.
In fact, it is now understood that there is a natural progression in phytoplankton
community structure, as we move from oligotrophic to eutrophic waters. Typically,
the phytoplankton populations change from small prokaryotes in oligotrophic
waters, to large eukaryotes in eutrophic waters. Related changes in cell size and
pigment composition are summarised in Table 6.1, which can be extended to include
general trends in other diagnostic pigments. Macro-ecological studies have also
shown some general trends in phytoplankton community structure, as a function
of total biomass (Bouman et al. 2005) and temperature. Thus, it would always be
possible to infer some information on phytoplankton community if we knew the
total biomass from ocean-colour data. But one has to recognise that deviations do
occur from the general trends, and that caution must be exercised when making
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use of such trends. Such analyses will not allow one to distinguish between, say,
blooms of diatoms and prymnesiophytes that can occur at the same time, in different
locations of the Labrador Sea (Stuart et al. 2000).

Table 6.1 General trends in phytoplankton community structure along a gradient
from a low-biomass environment to a high-biomass environment in the open ocean.
(PPP=photoprotective pigments).

Low Biomass Environment High Biomass Environment

High specific absorption Low specific absorption
Small cells Large cells

High PPP/Chl-a Low PPP/Chl-a

High Chl-b/Chl-a Low Chl-b/Chl-a

Low Chl-c/Chl-a High Chl-c/Chl-a

Low fucoxanthin/Chl-a High fucoxanthin/Chl-a

To take the analyses beyond the general trends, one has to rely on small spectral
differences in the optical characteristics of different types of phytoplankton, as in
the case of the models of diatoms, coccolithophores and Trichodesmium. Limitations
in atmospheric correction procedures and in the spectral resolution of the signal
are the main factors that limit the performance of such algorithms. One anticipates
that this family of algorithms will develop further as radiometric accuracy and
spectral resolution of ocean-colour data improve. Another area where additional
development is needed is in the area of classifying the spectral optical characteristics
of major phytoplankton groups. Furthermore, there are also indications that the
same group of phytoplankton from different regions may have differing optical
properties, reflecting regional differences in dominant species and size (Stuart et al.
2000). Ideally, such differences would be accounted for in ocean-colour algorithms
designed to derive species information, in addition to biomass information.

6.3 Zooplankton

Since 1906, the global mean temperature has warmed by a mean of 0.74°C (IPCC
2007). There is new and stronger evidence that most of the warming observed over
the last 50 years is attributable to human activities. Key questions for biologists
and ecologists are (1) are we already observing a response of ecosystems to climate
warming and (2) what could be the consequences for ecosystems, exploited resources
and biogeochemical cycles?

Effects of both global warming and the increase in CO» concentration on ecosys-
tems have started to appear in the scientific literature and many aspects of this
influence are still poorly understood (Hughes 2000). Such effects may influence
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organisms in a direct way by acting on the physiology (e.g. photosynthesis, Keeling
et al. 1996; Myneni et al. 1997) or on the species phenology (e.g. seasonal cycle, Crick
et al. 1997; McCleery and Perrins 1998). It may also influence biological systems
in indirect ways by modifying abiotic factors involved in interspecific relationships
between organisms. This, in turn, may affect the spatial distribution of species and
modify the whole community at the ecosystem level.

In the marine environment, zooplankton play an important role in the function-
ing of marine ecosystems and in biogeochemical cycles (Roemmich and McGowan
1995). Interannual changes of their species assemblages often reflect an integrated
response of the ecosystem to hydro-climatic forcing. Recently, findings have sug-
gested that augmentation of greenhouse gases in the atmosphere could be the cause
of the increase in the ocean heat content observed over recent decades (Barnett
et al. 2001; Levitus et al. 2001). However, any response of marine organisms to
increasing temperature still remains poorly documented. The possibility that marine
ecosystems are being modified by climatic warming (Barry et al. 1995) had been
based on either a restricted spatial coverage of data or a narrow time window, which
strongly limited unequivocal interpretation (Hughen et al. 2000).

Beaugrand et al. (2002a) decomposed the diversity of calanoid copepods, one of
the most abundant taxonomic groups sampled by the Continuous Plankton Recorder
(CPR) survey, into species assemblages. This decomposition was done utilizing
geostatistics and multivariate analyses, in combination with the “Indicator Values”
method designed by Dufréne and Legendre (1997). At the scale of the North Atlantic
basin and a spatial resolution approaching the meso-scale, nine species assemblages
were identified using three criteria: (1) spatial distribution of species, (2) similarity
in the seasonal variability of species and (3) their diel and ontogenic variations.
The nine species assemblages were closely related to a stable-biotope component
(e.g. geographical location, van der Spoel 1994) or a substrate-biotope component
(e.g. water mass, van der Spoel 1994). As a result, a new partition of the North
Atlantic pelagic environment was outlined. Beaugrand et al. (2002a) thus proposed
utilisation of the mean number of species belonging to each species assemblage
as an indicator to monitor modifications in the structural organization of North
Atlantic marine ecosystems, possibly linked to climate change.

Beaugrand et al. (2002b) reported substantial changes in the spatial distribution
of calanoid copepod assemblages at an ocean basin scale during the period 1960-
1999 using those species assemblage indicators. They also provided evidence that
this might have been influenced by the combined effect of the climatic warming of
the Northern Hemisphere and the North Atlantic Oscillation (see also Chapter 5).
These large-scale biogeographical changes have deeply impacted the diversity of
calanoid copepods in the North Sea (Beaugrand 2003; 2004). Diversity has increased
in that region and changes in the structure of the north pelagic ecosystems have
been observed (Beaugrand 2004). These changes may have a strong impact on
the functioning of the ecosystems, biogeochemical cycles and exploited resources.
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Using a plankton index indicator of the quality and quantity of prey available for
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Figure 6.1 Long-term monthly changes (1958-1999) in the plankton index
of larval cod survival and recruitment at age one (1-year lag; red). A negative
anomaly in the index indicates a low value for Calanus finmarchicus, euphausi-
ids, mean size of calanoid copepods with the exception of C. helgolandicus
(opposite pattern) and Pseudocalanus spp. (no relationship). A positive anomaly
indicates a high abundance of prey (and prey of suitable size). The period of
the Gadoid Outburst (Cushing 1984) is also indicated. Modified from Beaugrand
(2005).

larval cod survival in the North Sea, Beaugrand et al. (2003) showed that long-term
changes in the index paralleled changes in cod recruitment at age 1 and therefore
larval cod survival (Figure 6.1). The index revealed a clear distinction between the
periods 1963-1983 and both the periods 1984-1999 and 1958-1962. The period
1963-1983 (Gadoid Outburst, Cushing 1984) was characterized by high abundance
of prey for larval cod (positive anomalies in the biomass of calanoid copepods, in
the abundance of C. finmarchicus, euphausiids and Pseudocalanus spp.) and a high
mean size of calanoid copepods. Larval cod survival decreased from the mid-1980s,
coincident with unfavourable changes in the plankton ecosystem, compared to
the earlier period 1963-1983. These results provide evidence that changes in the
plankton ecosystem are the probable cause of the increased recruitment during the
period 1963-1983, which was called the “Gadoid Outburst”. Similar trends have
been found with other gadoids and the Atlantic Salmon especially in the North Sea
and the north-east Atlantic although processes at work are still to be identified
(Beaugrand and Reid 2003; Beaugrand and Ibanez 2004).
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6.4 Fisheries: Long-term management

6.4.1 Historical review

Only few attempts have been made to partition the world ocean into biogeographical
regions for fisheries applications. Initially, the divisions were considered for compar-
ative statistical catches analysis such as the FAO (Food and Agriculture Organization)
classification of Fishing Areas. The evolution in the number of FAO Fishing Areas
between 1956 and 1970 followed that of regional fishery bodies. Until the late 1960s
FAO did not collect national catch data systematically by fishing area. Initially, FAO
regional data sets were special ad hoc compilations. Once the collection of data
in major fishing areas became systematic, all annual catch data in the historical
time series were re-assigned by FAO to relevant fishing areas in consultation with
countries as appropriate (Crispoldi, personal communication). Since the early 1970s
the number of fishing areas remained stable, but as the need arose, some changes to
the borders between areas were implemented, in consultation with Regional Fishery
Bodies and countries.

The North Atlantic region was divided by ICES into a number of sub-areas and
divisions for collection and presentation of fisheries statistics. This system has
evolved over the past century: a refinement was introduced in some of the divisions
to accommodate the statistics for deep water fishing and the requirements for
reporting by EEZs, and eco-regions have been proposed to follow an ecological
approach.

LMEs are relatively large regions, ~200,000 km?, characterized by a distinct
bathymetry, hydrography, productivity and trophically-dependent populations
(Sherman 1991; 1993; Sherman and Duda 1999). Currently there are 64 LMEs
(http://waw.Tme.noaa.gov/) which produce 95% of the world’s annual marine fishery
biomass yields. In an interesting approach, Garibaldi and Limongelli (2003) adapted
FAO capture data within the borders of 50 LMEs, and obtained good agreement
between both classification systems. However, a major constraint in the use of LMEs
in operational fisheries is the limited use of physical oceanography in the definition
of the ecosystems, i.e. LMEs provide a limited knowledge about the dynamics of
fisheries habitats within an ecosystem approach.

LMEs and ICES methodologies use fixed boundaries in the definition of the
regions; the obvious advantage of this approach is the possibility of comparing
similar data sets over time in trend studies. On the other hand, the fixed-boundaries
approach fails to represent the hydrodynamic processes developed within the
regions and in the transition zones; furthermore, since much of the fisheries activity
in the pelagic ecosystem is related to dynamic oceanographic features (eddies, fronts,
advection processes, etc.), the establishment of a fixed boundary could confound the
environmental interpretation of catch data, foraging habitat or migration patterns.

Longhurst’s (1995; 1998; 2006) partitioning of the world ocean into 4 biomes
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and 57 biogeochemical provinces! was based physical forcing to which there is a
characteristic response of the pelagic ecosystem (Platt and Sathyendranath 1988).
As input data for the analysis, Longhurst used remote-sensing data from the CZCS
ocean-colour sensor. This is essentially an ecological approach, since it considers the
physical oceanography and marine productivity as major input information for the
identification and definition of the provinces. A major innovation in the Longhurst
approach was the use of flexible boundaries in the definition of the provinces, based
on a statistical analysis of the input data. In many cases, Longhurst’s biogeochemical
provinces are too large to be used in an operational fisheries ecosystem approach.

Table 6.2 Comparative data of various projects using a partitioning of the sea with fish-
eries/biodiversity applications.

Author/ Geographical Number Marine Main

Institution Coverage of Units Biomes Application

Longhurst (1998; 2006) Global 57 All Biogeochemistry

FAO Global 18 All Fisheries Statistics

LME Global 64 Continental Fisheries, Pollution,
Shelf Productivity

ICES North Atlantic 14 All Fisheries

Eco-regions-200 Global 24(*) All Biodiversity

(*) In the marine environment

Table 6.2 summarizes the information on biomes and provinces used in the
most common ocean partitioning schemes. The integration of the different classifi-
cation systems for fisheries applications has been proposed by the “Sea Around Us”
Project (http://www.seaaroundus.org/) which uses LMEs and Longhurst’s biogeochem-
ical provinces for research, while statistical catches reported by agencies such as
ICES and FAO are allocated to a half-degree geographical system to produce catch
maps.

6.4.2 Potential application of the satellite-derived biogeochemical
provinces in regional fisheries

The fisheries application of ecological provinces at the regional level is a matter of
scale. Most of the fishing activities and/or critical stages in the biological cycle of
commercial species are linked to mesoscale or large scale physical and/or biological
processes, e.g. fronts, eddies and upwelling processes. Bakun (1998) proposed a
triad (enrichment, concentration and retention) involving different physical or chem-
ical processes to enhance the development of intensive phytoplankton populations
as a basis for important recruitment and/or forage areas. In most cases Bakun’s

1See Figure 1.1, also: http://www.mar.dfo-mpo.gc.ca/science/ocean/BedfordBasin/
Papers/Longhurst1998/Provinces/EcologicalGeographyOfTheSea.htm
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triad involves mesoscale processes that can be used in the definition of regional
ecosystems for fisheries. In the definition of operational fisheries eco-regions on a
Bakun-type scale, the ocean-colour remote-sensing approach of Longhurst (1995;
1998; 2006) may be complemented with other remote-sensing data such as SST or
altimetry.

Satellite OCR has also been used effectively to identify, study, and monitor
the Transition Zone Chlorophyll Front (TZCF), an important basin-scale ecosystem
habitat (Polovina et al. 2001; Bograd et al. 2004; Polovina et al. 2004; Polovina and
Howell 2005). The TZCF is the basin-wide chlorophyll front located at the boundary
between the low chlorophyll subtropical gyres and the high chlorophyll subarctic
gyres. Global satellite maps of surface chlorophyll clearly show this feature in all
oceans. In the North Pacific, the front is over 8000 km long and seasonally migrates
north and south about 1000 km. In the winter this front is located at about 30-35°N
latitude and in the summer at about 40-45°N. It is a zone of surface convergence
where cool, vertically-mixed, high chlorophyll, surface water on the north side sinks
beneath warm, stratified, low chlorophyll water on the south side (Figure 6.2).

Satellite telemetry data on movements of loggerhead turtles and detailed fisheries
data for albacore tuna show that both apex predators travel along this front as they
migrate across the North Pacific. The front is easily monitored with ocean-colour
satellite remote sensing. A change in the position of the TZCF between 1997 and
1998 appears to have altered the spatial distribution of loggerhead turtles. The
position and dynamics of the front varied substantially between the 1998 El Nifio and
the 1999 La Nifia. For example, from May to July 1999 the TZCF remained between
about 35°N and 40°N latitude showing very little meandering, whereas in 1998,
during the same period, the TZCF exhibited considerable meandering and greater
monthly latitudinal movement. Catch rates for albacore tuna were considerably
higher in 1998 than in 1999, and it is likely that a meandering TZCF creates regions
of convergence, which enhances the foraging habitat for apex predators along the
front.

Changes in the zooplankton population as a result of climate change (see Section
6.3) also has other important implications within the pelagic food web; the quality of
food available for the herbivores or for the larval stages of many pelagic species may
be a critical issue for the application of ocean-colour data in operational fisheries.
Parsons and Lalli (2002) have demonstrated two alternative pathways in pelagic food-
webs according to the type and size of phytoplankton available. One of the food
chains leads to fisheries (phytoplankton dominated by microphytoplankton species),
while the other, dominated by pico- and nanophytoplankton leads to gelatinous
zooplankton (e.g. jellyfish).

The use of the functional ecology approach to study natural marine phytoplank-
ton populations is a research field adopted by an increasing number of scientists
(Iglesias-Rodriguez et al. 2002; Reynolds et al. 2002; Vila and Mas6 2005; Alvain
et al. 2005; Le Quéré et al. 2005; Aiken et al. 2007; Alves de Souza et al. 2008;
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Figure 6.2 MODIS 4-km resolution surface chlorophyll distributions for the
North Pacific in March (top) and September (bottom) 2004, showing the Tran-
sition Zone Chlorophyll Front (TZCF) as a white line representing a boundary
between the high surface chlorophyll to the north and low surface chlorophyll
to the south.

Aiken et al. 2009 - see also Sections 5.2 and 6.2). A critical issue for the practical
application of functional ecology in phytoplankton studies is the identification
of operational functional traits: grouping natural phytoplankton assemblages by
size-classes was an initial step, but more recently a further step has been introduced
with the use of bio-optical functional traits, derived from the microalgal pigment
composition (Aiken et al. 2008). Hirata et al. (2008) have developed an absorption
model (bio-optical functional trait) based on in situ pigment composition, for the
determination of phytoplankton size classes (size functional trait) from satellite
ocean-colour data. Nair et al. (2008) have recently reviewed the theoretical and
operational background regarding the remote sensing identification of marine phy-
toplankton functional types, and the IOCCG Working Group on “Phytoplankton
Functional Types” is preparing a report on this topic. Platt and Sathyendranath
(2008) have proposed a number of ecological indicators of the pelagic ecosystems
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based on the remote-sensing analysis of natural phytoplankton populations, with
direct applications in the regional and temporal analysis of marine food webs.

Operational fisheries activities supported by ocean-colour data is an emerging
field, and is currently widely used in India to provide forecasts of Potential Fish-
ing Zones. An IOCCG monograph on this topic (Remote Sensing in Fisheries and
Aquaculture: The Societal Benefits) will be published shortly. Many researchers have
improved their analysis with the integration of NOAA-AVHRR sea surface tempera-
ture (SST) and ocean-colour information. However, only few large companies and
government agencies are able to provide services at a global scale (e.g. CLS-Catsat,
Orbimage).

Table 6.3 summarizes some examples of operational applications of remotely-
sensed data, including ocean colour, in support of fisheries activities. In this
short review, the selection criteria were the methodological approaches used by
the different groups, ranging from simple calculations to sophisticated methods
applying artificial intelligence tools (Iglesias et al. 2005).

Table 6.3 Examples of the operational use of ocean-colour data for the determination of
potential fishing zones.

Sensor Additional Technique GIS Target Country References
Parameters Species
SeaWiFS SST + Fuzzy logic YES  Small pelagics  Chile Silva et al. 2000
fishing logs Yanez et al. 2001
SeaWiFS SST + Tropical fish YES - Malaysia Mansor et al. 2001
fishing logs forecasting system
OCM SST Data NO Small India Solanki et al. 2003
assimilation pelagics
OCM SST + wind Data NO Small India Solanki et al. 2005
assimilation pelagic
SeaWiFS SST + SHA Data NO Tuna Japan Zainuddin et al. 2002
assimilation
SeaWiFS  SST + SLA + wind Multivariate NO Tuna Spain Coca & Ramos 2004
analysis
SeaWiFS SST + SHA ANN + expert NO Shark, tuna Spain Iglesias et al. 2005
systems

In most of the case studies the majority (>90%) of the target species are small
pelagics or large migratory pelagic species. In the case of small pelagic species
(e.g. sardine, anchovy, horse mackerel) the fishing fleet is an artisanal fleet with a
small geographical coverage, and limited resources. Their activities are supported
by governmental and/or public institutions at no cost to the users. In the case of
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large migratory pelagic species (e.g. tuna fish, swordfish) the higher value of the
catches increases the market potential of this application, although there are no
published data about the number of commercial users of satellite data.

A critical question arises: if the methodological approaches are available, why are
ocean-colour data not more widely used in operational fisheries applications? The
answer is probably different for each country or geographical region. For example, in
the case of India and Japan operational services for fish harvesting are provided for
artisanal fisheries and commercial fisheries, respectively. Thus, while the provision
of potential fishing zone maps is a governmental service delivered at low cost, or no
cost to the fishing communities in India, in Japan a commercial service is provided
by private companies to fishing fleets harvesting high value species, which can
justify the additional expense. The public availability of processed ocean-colour
images through international programmes (e.g. ChloroGIN) or national agencies (e.g.
NASA) could contribute at a more extensive use of this technology, although an
intermediate step should be the planning of capacity building programs on image
interpretation with applications on the management and exploitation of marine
living resources. Remote sensing researchers are working on the development of
new ocean-colour derived products, such as the identification of ‘phytoplankton
functional types’ (PFTs) which will provide invaluable information about the trophic
condition of pelagic ecosystems and consequently about their food webs.

6.4.3 Biogeography distribution

The partitioning of the pelagic ecosystem into biogeochemical provinces can repre-
sent the distribution of marine resources in a more ecological fashion, although to
date there has been no attempt to integrate ocean biogeochemical provinces with
flexible boundaries with the synoptic distribution of marine species.

Three international projects are investigating the biogeographic distribution of
marine species. The Census of Marine Life (CoML) is the most ambitious and is
comprised of five elements including the “Ocean Biogeographic Information System”
(OBIS) which is most relevant for ocean biogeography. OBIS is part of the marine
component of the Global Biodiversity Information System, and links to marine
databases around the world via the internet to provide geo-referenced biodiversity
data in relation to ocean habitats in a multidimensional geographic context (Grassle
2000; Decker and O’Dor 2003).

Aquamaps (http://www.aquamaps.org), a joint project of Fishbase and SeaLifeBase,
is a new electronic atlas with standardized (half-degree cell) maps of the probability
of occurrence for all marine organisms. The data will be available in FishBase, OBIS,
Hexacoral, Sea Around Us and other online initiatives. Because of the standardization
it will be possible to correlate species occurrence with environmental parameters
such as primary production, temperature or salinity, or even to produce lists of
species with a likelihood of occurrence for any area of the ocean (LMEs, Longhurst
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provinces, EEZs). Currently 9,000 species of fish, marine mammals and invertebrates
are represented.

In a different approach, the World Wildlife Fund (WWF) developed a classification
scheme to identify a large number of terrestrial, freshwater and marine eco-regions
for conservation purposes. Eco-regions are large areas of land or water that contain
a characteristic assemblage of natural communities that share the majority of their
species, dynamics, and environmental conditions. The WWF project has identified
232 marine eco-regions covering all major habitat types: polar, temperate shelves,
temperate upwelling, tropical upwelling, tropical coral, pelagic (trades and west-
erlies), abyssal, and hadal (ocean trench). However, this classification of marine
eco-regions is limited by lack of knowledge of biogeographic boundaries and bio-
diversity information for the major marine habitat types, although there is some
evidence for the potential use of these eco-regions as a scheme for fisheries man-
agement in the Sulu-Sulawesi Sea fisheries project (Indonesia, Malaysia, Philippines -
Ingles and Ballesteros 2004).
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Chapter 7

Recommendations

Trevor Platt and Mark Dowell

The value of partitioning the ocean, according to its functional structure, into a
suite of provinces has been demonstrated. The partition can be used as a template
for making weighted calculations over regions, basins or over the global ocean, a
priceless tool in marine biogeochemistry and in fisheries oceanography. In particular,
we have seen that OCR data play a fundamental role in the delineation of the province
boundaries, providing yet another reason to advocate a strong commitment to
maintenance of long-term, high-quality streams of ocean-colour data. Currently,
the CEOS Ocean-Colour Radiometry constellation (with representation from all
agencies that have launched, or intend to launch an ocean-colour sensor), under the
leadership of the IOCCG, is striving to coordinate ocean-colour missions on a global
scale and encourage agencies to invest in data-merging protocols.

The ecophysiological basis for the partition into provinces is associated with
corresponding bio-optical characteristics, which impact on the physics behind the
retrieval of essential climate variables (geophysical properties), such as chlorophyll
concentration. Therefore, researchers are encouraged to investigate the development
and calibration of regional algorithms for property retrieval using the provinces as
an underlying template. Although much progress has been made in the delineation
and application of the province template, it is not considered to be a closed question,
and research aimed at refining the provinces approach is encouraged.

Given the growing importance of operational oceanography, and given the value
of the partition as an aid to interpretation of data, research aimed at improving
the methodology for real-time, dynamic partition with a view to providing it to
the operational oceanographic community should also be promoted. Given the
global consensus that stewardship of marine resources should be carried out under
ecosystem-based management, the development of appropriate ecosystem indicators
that can be derived from OCR data and projected onto the template of provinces
will provide a logical way forward.

The method of provinces has its origin in the issue of parameter assignment in
ecosystem analyses, which remains a fundamental problem in the application of
OCR data to oceanographic questions and in marine modelling in general. There-
fore, research on the use of the province template for parameter assignment is
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encouraged, moving the emphasis from piecewise uniform to piecewise continuous.

It is expected that the application of the provinces method will continue to grow
in importance. Eventually a requirement will arise for a consensus on the optimal
template for use in management, policy or legal contexts. An expert group competent
to advise in the definition of a basic partition for community use could perhaps be
established by agencies to anticipate this requirement. The ideal template to use
for particular problems depends on the space and time scales involved. Choosing
the optimal template requires subtle judgements. Therefore, the development of
guidelines for the selection of optimal partitions to address oceanographic questions
at different scales should also be supported.

Because of the value of the approach in ecosystem and biogeochemical analyses
of the ocean, scientists are encouraged to adopt the provinces method for weighted
calculations of regional, basin and global scale fluxes.
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Acronyms and Abbreviations

ARAB
AVHRR
BPLR
CaCO;
CARB
CDOM
CNRY
CoML
CPR
CZCS
DCM
DT
EEZ
ENSO
EOF1/EOF2
ETRA
FAO
FCM
GFST
GUIA
GUIN
HNLC
HPLC
ICES
IGBP
IIOE
INDW
10CCG
10P
IPCC
JGOFS
LME
MERIS

NW Arabian Upwelling province

Advanced Very High Resolution Radiometer
Boreal Polar province

Calcium Carbonate

Caribbean province

Coloured Dissolved Organic Matter

Canary Coastal province

Census of Marine Life

Continuous Plankton Recorder

Coastal Zone Color Scanner

Deep Chlorophyll Maximum

Depletion Temperature

Exclusive Economic Zone

El Nifio Southern Oscillation

First or second Empirical Orthogonal Function
Eastern Tropical Atlantic province

Food and Agriculture Organization

Fuzzy, c-means clustering algorithm

Gulf Stream province

Guianas Coastal province

Guinea Current Coastal province

High Nitrate, Low Chlorophyll

High Performance Liquid Chromatography
International Council for Exploration of the Sea
International Geosphere-Biosphere Programme
International Indian Ocean Expedition

West India Coastal province

International Ocean Colour Coordinating Group
Inherent Optical Properties

Intergovernmental Panel on Climate Change
Joint Global Ocean Flux Study

Large Marine Ecosystems

Medium Resolution Imaging Spectrometer
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MODIS
MONS
NADR
NAO
NASA
NAST(E)
NAST(W)
NATR
NDT
NECS
NHT
nL,,

NOs3
NOAA
NODC
NOMAD
NPP
NWCS
OBIS
OCR
PAR

PB
PC1/PC2
PCA
PEQD
PO,
REDS
RMS
SARC
SATL
SeaWiFS
SiO4
SLA
SOLAS
SSH

SST
TRMM
TTS
TZCF
WSSD
WTRA

Moderate Resolution Imaging Spectroradiometer
Indian Monsoon Gyre province

North Atlantic Drift province

North Atlantic Oscillation

National Aeronautics and Space Administration (USA)
North Atlantic Subtropical Gyre (East) province (also referred to as NASE or STGE)
North Atlantic Subtropical Gyre (West) province (also referred to as NASW or STGW)
North Atlantic Tropical Gyre province

Nutrient Depletion Temperature

North East Atlantic Shelves province

Northern Hemisphere Temperature

Normalized water-leaving radiance

Nitrate

National Oceanic and Atmospheric Administration (USA)
National Oceanographic Data Center

NASA bio-Optical Marine Algorithm Data set

Net Primary Production

North West Atlantic Shelves province

Ocean Biogeographic Information System
Ocean-Colour Radiometry

Photosynthetically Available Radiation

Primary production normalised to biomass

First or second Principal Component

Principal Components Analysis

Pacific Equatorial Divergence

Phosphate

Red Sea Persian Gulf province

Root Mean Square

Atlantic Subarctic province

South Atlantic Gyral province

Sea-viewing Wide Field-of-view Sensor

Silicate

Sea Level Anomaly

Surface Ocean Lower Atmosphere Study

Sea Surface Height

Sea Surface Temperature

Tropical Rainfall Measuring Mission

Typical Tropical Structure

Transition Zone Chlorophyll Front

World Summit on Sustainable Development
Western Tropical Atlantic province
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