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ABSTRACT: An approach to a partial solution to the general problem of defining biogeochemical
provinces for the accurate estimation of global-ocean primary production and realistic structuring of
epipelagic plankton ecosystem modeis is presented for the northwestern Indian Ocean. This is accom-
plished through use of a new technique, biohydro-optical classification, that applies a rudimentary sub-
marine light budget incorporating climatologies of incident light, mixed-layer thickness, and chloro-
phyll to recognize fundamental modes of tropical plankton ecosystems. The 3 types of biohydro-optical
classes found in the Arabian Sea, Typical Tropical, Mixed-Layer Bloom, and Transitional, are shown to
evolve through the spring intermonsoon (March through May), summer southwest monsoon (June
through August), and fall intermonsoon {September through November) under climatic forcing and in
response to the resulting biological variability. Virtually all of the open Arabian Sea is within the Typi-
cal Tropical Class at the close of the spring intermonsoon. This class type is intended to identify the
epipelagic plankton ecosystem mode associated with tropical regions containing a deep chlorophyll
maximum (DCM) maintained by active algal growth, and a light-rich, oligotrophic shallow zone con-
taining a phytoplankton association which depends largely upon regenerated nutrients. At the close of
the southwest monsoon in August, a Mixed-Layer Bioom Province covers much of the northern Arabian
Sea. This province class corresponds to the ecosystem mode represented by tropical regions under-
going marginal or mid-ocean upwelling and greatly simplifies regional extrapolation of the local pri-
mary production algorithm. At the onset of the fall intermonsoon, the Mixed-Layer Bloom Province in
the northern and western Arabian Sea is superseded by a Transitional Province, which persists through
the fall intermonsoon. We interpret the upper layer of the fall intermonsoon Transitional Province in the
Arabian Sea as a special case of the shallow regenerative plankton ecosystem of oligotrophic ocean
areas, where rates of zooplankton-driven nutrient regeneration and recycled production, key processes
in the upper layer of the classic 2-layer euphotic zone of oligotrophic low-latitude oceans, reach
extreme values.

KEY WORDS: Indian Ocean - Primary production -
Modeling - Phytoplankton ecosystems

Biogeochemistry - Satellite remote-sensing -

Published May 7

INTRODUCTION

Recent progress towards the estimation of global-
ocean primary production from satellite observations
has underscored the need to define seasonally
dynamic, biogeochemical provinces for the world
ocean (Platt & Sathyendranath 1988, 1993a, b). Models
of primary production based on algal physiology,
which incorporate variation in the light-photosynthesis
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relationship due to light history, temperature, nutri-
ents, and the possibility of vertical heterogeneity in
phytoplankton biomass, are inherently superior to
empirical approaches lacking a mechanistic founda-
tion. However, in the absence of valid biogeochemical
provinces to guide their parameterization, it is not pos-
sible to implement appropriately or test deterministic
primary production models using global compilations
of in situ measurements. Robust methods to classify the
world ocean synoptically into biogeochemically similar
provinces are widely recognized as a requirement for
estimation of global-ocean primary production (Eppley
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et al. 1985, Platt & Sathyendranath 1988, Platt et al.
1991, Lewis 1992). Biogeochemical partitioning of the
world ocean would also identify the region-specific
seasonal switching of upper-ocean ecosystem modes,
and thereby allow for more realistic and efficient mod-
els of the overall epipelagic plankton ecosystem
(Longhurst & Harrison 1989, Sarmiento et al. 1993,
Longhurst et al. 1995).

We regard the definition of biogeochemical prov-
inces as a means to parameterize the most rigorous
oceanic primary-production models, those based on
algal physiology. Estimates of global oceanic primary
production require a method of defining biogeochemi-
cal provinces that is synoptic and evolves seasonally
and independently within diverse regions. Ultimately,
the province boundaries must represent significant
variation in the parameters of the photosynthesis-light
curve and in the likelihood of significant production
within a deep chlorophyll maximum (DCM]) beyond
the view of surface, ocean-color remote sensing.

The goal of this paper is to present for the Arabian
Sea basin an approach to a partial solution to the gen-
eral problem of defining biogeochemical provinces by
the application of a new technique, biohydro-optical
classification, which is a dynamic method to infer the
sites and ecological mode of significant primary pro-
duction within tropical ocean basins. The primary
objectives are to:

(1) introduce a method of biohydro-optical classifica-
tion which identifies tropical ocean zones where signif-
icant primary production is likely to occur either in the
mixed layer or in a DCM layer, and which reflects
whether primary production is dominantly light-
limited or light-saturated, and

(2) present and interpret biohydro-optical classifica-
tion maps of the northwestern Indian Ocean for months
within the northeast monsoon (December through Feb-
ruary), spring intermonsoon (March through May),
summer southwest monsoon (June through August),
and fall intermonsoon (September through November)
seasons through comparison to historical in situ biogeo-
chemical observations.

BACKGROUND

The fundamental basis for partitioning the world
ocean into discrete provinces is that rates of key eco-
physiological and biogeochemical processes are ulti-
mately controlled by physical forcing (Platt et al. 1995).
Nutrient fluxes to the euphotic zone, the rate of vertical
mixing, and the stratification of the water column
affect phytoplankton production and are driven by
physical processes. These physical processes, together
with loss terms such as sinking and grazing (Longhurst

& Williams 1979, Banse 1992), are significant controls
on the ambient plankton species assemblage (Frost
1980), phytoplankton photoadaptation, and the verti-
cal distribution of photosynthetic pigments. In a recent
estimate of global-ocean primary production from
satellite radiometer observations, Longhurst et al.
(1995) introduced a hierarchical classification scheme,
which recognized 4 primary domains of the global
pelagic ecosystem based on physical forcing (Polar,
Westerlies, Trade Winds, and Coastal), which are fur-
ther split into 57 biogeochemical provinces.

Biogeochemical provinces based on broad patterns
of physical forcing of the ocean have a solid theoretical
underpinning, but implementations have, thus far,
vielded province maps that lack generalized seasonal-
ity and, further, do not reflect spatial or interannual
variability from accepted climatological forcing pat-
terns (Platt & Sathyendranath 1988, 1995, Mueller &
Lange 1989, Longhurst et al. 1995, Platt et al. 1995).
Some progress has been achieved towards province-
specific rules to predict vertical profiles of irradiance
attenuation (Mueller & Lange 1989) or column-inte-
grated pigment concentration and its vertical distribu-
tion (Morel & Berthon 1989), based on the surface pig-
ment or the surface diffuse attenuation coefficient,
both of which may be estimated from remotely sensed
ocean color.

To be truly ‘dynamic’, province boundaries, and the
province-specific rules that guide estimation of proper-
ties within provinces, should be determined from syn-
optic, remotely sensed data or based on hydrographic
simulations from ocean models. In other words, near
real-time geophysical fields derived from satellite
observations, or calculated from models forced by
these fields, are required for the dynamic partitioning
of the ocean. Relevant modeled or synoptically ob-
served variables include surface irradiance, the con-
centrations of upper-ocean constituents that modify
the submarine light field through absorption, scatter-
ing, or use in photosynthesis, sea-surface temperature,
mixed-layer depth and gross pycnocline structure rel-
ative to local nutrient and light profiles, or proxies for
phenomena that are uniquely associated with particu-
lar provinces, such as zooplankton blooms and DCMs.

Although previously proposed methods of province
delineation are not dynamic because they reveal only
ocean regions whose climatological annual cycle of
physical forcing is distinct, some progress towards the
use of satellite observations in perceiving the short-
timescale evolution of ecosystem zonation has been
achieved. In estimating the carbon fixation of the east-
ern Mediterranean based on Coastal Zone Color Scan-
ner (CZCS) upper-ocean pigment concentration and a
light-photosynthesis model, Antoine & Morel (1995)
used the general distribution of CZCS-derived surface
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algal pigment to define 5 provinces. In a procedure
that closely parallels aspects of the biohydro-optical
classification presented in this paper, Antoine & Morel
(1995) used a submarine light model and the Levitus
(1982) mixed-layer depth climatology to infer the pos-
sibility of an actively photosynthesizing DCM at the
base of the euphotic zone. Similarly, Mitchell et al.
(1991) used CTZTS 7 yr average pigment concentra-
tions to reveal a meridional zonation in the Barents Sea
ecosystem that was confirmed by physical-optical-
biological sampling with high vertical and horizontal
resolution. Sathyendranath et al. (1991) used satellite-
derived sea-surface temperature and pigment concen-
tration, along with bathymetry, to delineate provinces
in the vicinity of Georges Bank.

APPROACH

Biohydro-optical classification seeks to determine
the instantaneous spatial distribution of stratified
euphotic zones in the tropical, subtropical, and tem-
perate ocean, based only on variables that may either
be predicted accurately by basin-scale models or syn-
optically observed in real time by satellite. In develop-
ing a biohydro-optical classification for the Arabian
Sea, we first estimated the light reaching the sea sur-
face on the 15th day of each month of the year (Bird
1984, Brock et al. 1993). We used a simple cloud-free
model (Bird 1984) and corrected for cloudiness using
the Max Planck Institute monthly cloudiness climatol-
ogy. We then used the atlas of Hastenrath & Greischar
(1989) to define monthly mixed-layer thickness and

generated a monthly climatology of mixed-layer phy-
toplankton biomass from CZCS observations {Feldman
et al. 1989).

Our classification method assumes idealized Case |
(Morel & Prieur 1977) water in which only chlorophyll,
regularly covarying gelbstoff, and seawater itself
(Jerlov 1976, Smith & Baker 1981) act to attenuate sun-
Ttght-This approachallowsus to estimate the-vertical-
attenuation coefficient for light directly from the
chlorophyll concentration. This 2-component system is
admittedly oversimplified, but it is probably reason-
able for most of the open Arabian Sea throughout
much of the year. Note that our method relies upon
satellite observations of ocean color to determine lev-
els of light attenuation above that caused by seawater
alone. Accordingly, the method should be robust to a
first approximation, even if the satellite chlorophyll
estimate also reflects the presence of other sources of
absorption in the water column.

We next classified the Arabian Sea for each month
on a 1° grid, by applying a rudimentary submarine
light budget that uses the climatologies of incident
light, mixed-layer thickness, and chlorophyll to move
through a decision tree (Fig. 1). The classifier first
examines the propagation of light in the mixed-layer
using the submarine light model of Sathyendranath &
Platt (1988), with the initial branching of the decision
tree dependent on whether phytoplankton or seawater
(Jerlov 1976, Smith & Baker 1981) dominates the atten-
uation of light. The submarine light model is next used
to examine the fraction of surface light remaining at
the base of the mixed layer, and a second classification
branching depends on whether or not the euphotic

Fig. 1. Decision tree
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zone is contained wholly within the mixed layer. Alter-
natively, the 1% isolume, which is often used to define
the depth of the euphotic zone and which corresponds
roughly to the compensation depth at which photosyn-
thesis balances respiration, may lie below the top of
the pycnocline, which typically coincides with a sharp
nutricline (Wyrtki 1971) in the Arabian Sea. This pair
of classifier decisions yields 4 possible classes, includ-
ing Mixed-Layer Bloom and Typical Tropical (Herb-
land & Voituriez 1979), which represent opposite
modes for the plankton ecosystem of a tropical ocean,
and 2 others called Transitional and Barren (in this
paper, the term ‘Province’ denotes a significant cluster
of classified grid cells within a given ‘Class’).

In ocean regions within the Typical Tropical Class,
light within the mixed layer is attenuated mainly by
seawater, and the euphotic zone is expected to extend
into the pycnocline. This condition matches that found
typically within stratified, unperturbed tropical and
subtropical open ocean regions. The opposite and most
eutrophic condition is categorized as the Mixed-Layer
Bloom Class, within which mixed-layer light is mainly
attenuated by phytoplankton and its covarying degra-
dation products, and the base of the euphotic zone is
modeled to be shallower than the mixed-layer depth.

Physical processes, such as upwelling or mixing, that
bring nutrients into the mixed layer and stimulate
phytoplankton blooms where integrated, mixed-layer
light levels are sufficient also cause the breakdown of
the Typical Tropical Class and a transition to the
Mixed-Layer Bloom Class, whose margins are gener-
ally fringed by a narrow band categorized within the
Transitional Class. This third class type, in which
phytoplankton biomass and covarying degradation
products dominate mixed-layer light attenuation,
while the 1% isolume still resides within the pycno-
cline, is typically overridden by the Mixed-Layer
Bloom Class during bloom inception, as shallow phyto-
plankton concentrations and light attenuation in-
crease. The fourth and most oligotrophic category
within the classification is the Barren Class, with sea-
water-dominated, mixed-layer light attenuation and a
euphotic zone wholly above the pycnoline. Given the
high year-round levels of surface irradiance at its trop-
ical and subtropical latitudes, the Barren Class occurs
only rarely in the Arabian Sea.

Basis for biohydro-optical classification of
the mixed layer

In all 4 biohydro-optical class types, the decision-
rule used in classifying the mixed upper layer is
derived from the bio-optical classification methods
presented by Jerlov (1976), Smith & Baker (19784, b),

Baker & Smith (1979), and Morel (1988). These meth-
ods utilize the diffuse attenuation coefficient for photo-
synthetically available irradiance, K7, a ‘quasi-inher-
ent’ (Baker & Smith 1979) physical measure of the
bio-optical state of ocean waters, which relates the
remote-sensing signal to the biological status of nat-
ural waters. The coefficient Ky is strongly influenced
by the chlorophyll-like phytoplankton pigment con-
centration (Csat), which largely determines the water-
leaving radiance ohserved by remote-sensing devices,
and provides information on the portion of the down-
welling irradiance attenuated by phytoplankton and
thus available for photosynthesis. Given that both K7
and Csuat can be determined by satellite, and the atten-
uation due to pure seawater is a quasi-inherent optical
property, it is possible to examine important surface
variables of the marine ecosystem rapidly and repeat-
edly from space (Smith & Baker 1978b).

The analysis of Lewis & Kuring (1988), who derived
climatological average fields of global-ocean trans-
parency from historical Secchi disk measurements,
rather than satellite observations, is an excellent exam-
ple of the extrapolation of bio-optical characterization
based on diffuse attenuation to large spatial scales.
The global patterns of ocean transparency revealed by
this analysis appear to match roughly the provinces
defined based on physical forcing (Longhurst et al.
1995) in major coastal upwelling regions and the cen-
tral gyres of the North Pacific and North Atlantic.
Sharp boundaries in water clarity that migrate up to
1000 km seasonally mark the transitions between
regions defined by Lewis & Kuring (1988).

Our biohydro-optical classification adapts the gen-
eral equations for the total spectral diffuse attenuation
coefficient Ky(A) (Smith & Baker 1978a, Prieur &
Sathyendranath 1981), which have been further devel-
oped for Case I waters (Morel & Prieur 1977, Morel
1988, Platt & Sathyendranath 1988) to implement the
first decision in the classification:

Kr(h) = Kw(A) + Kx(2) + Kc(})

where Kr(A) = total diffuse attenuation coefficient for
spectral irradiance (m™!), Kw(A) = diffuse spectral atten-
uation coefficient for clear ocean waters (m™'), Kx(A) =
diffuse spectral attenuation coefficient for optically
active substances other than chlorophyll-like pigments
(m™!), and K¢(A) = diffuse spectral attenuation coeffi-
cient for chlorophyll @ and phaeopigments to a depth
of 1 attenuation length (m™!), including attenuation
coefficient due to gelbstotf which covaries with chloro-
phyll a. The CZCS satellite observations were used to
estimate the concentration of chlorophylla and
pheopigments in the first attenuation length (Csat)-
Our use of the spectral submarine light model of
Sathyendranath & Platt (1988) allows us to calculate
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estimates of the depth and wavelength averaged
values for Kr(A), Kw(*), and K¢(A) for each 1° x 1° grid
cell.

Under the assumption of Case I water, the term Kx(A)
is ignored, allowing the direct comparison of the wave-
length-integrated spectral diffuse attenuation caused
by either pure seawater or phytoplankton through the
ratio: )

Ku/Kc
A value greater than 1 for this ratio implies that the
grid cell being classified is either in the Typical Tropi-
cal or Barren Class; otherwise it will be assigned to the
Mixed-Layer Bloom or Transitional Class, dependent
upon the modeled hydrographic position of the 1%
isolume.

Our bio-optical classification of the mixed layer is
subject to errors in the retrieval of chlorophyll a and
covarying phaeopigments by the CZCS data acquisi-
tion and processing system. Although an examination
of the validity of this assumption of Case [ water for all
of the Arabian Sea is beyond the scope of this paper,
we did investigate the possibility that a DCM influ-
ences the remote-sensing reflectance measured by
satellite (Sathyendranath & Platt 1989). Given that
90 % or more of the irradiance reflected diffusely out of
the ocean emanates from the first optical depth (Gor-
don & McCluney 1975), using climatological mixed-
layer depth and Cs,1 we calculated the optical thick-
ness of the Arabian Sea mixed layer for each month of
the year. This analysis revealed that the mixed layer is
optically thinnest off the Somali coast in November at
approximately 5° N, 55°E (Fig. 2), but at no time does it

thin to less than 1 attenuation depth. Note that this pro-
cedure suggests a means of identifying within Cgat
fields regions of erroneous pigment retrieval due to the
influence of a DCM on the remote-sensing signal. Such
locations would be probable within closures of the
mixed-layer 1 optical depth isopleth. However, due to
the potential for additional light absorption, should a
DCM be present within the first attenuation length, the
resulting erroneous chlorophyll retrieval may yield an
incorrectly large value for mixed-layer optical thick-
ness and confuse the procedure. Accordingly, closure
of mixed-layer optical depth contours at lows near 1
optical depth should reveal those regions most suspect
for DCM influence on satellite-based chlorophyll esti-
mates.

Basis for biohydro-optical classification of
the pycnocline

The second and final decision in our classification
method captures whether or not any portion of the
upper pycnocline is contained within the euphotic
zone. In our procedure, the base of the euphotic zone is
set equal to the 1% isolume, assumed to be the com-
pensation depth, and thus the second decision evalu-
ates whether significant net primary production is pos-
sible in a lower, potentially nutrient-rich layer of the
euphotic zone. We have made the simplifying assump-
tions for the Arabian Sea that the density profile is a
function of the vertical temperature gradient, and that
the pycnocline and nutricline occur within an equiva-

lent depth range (Ryther et al. 1966, Brock et
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al. 1992).

Much previous work (Yentsch 1965, Ven-
rick et al. 1973, Gieskes et al. 1978, Hayward
et al. 1983) has demonstrated that the DCM is
a global feature which occurs commonly in
the tropical and subtropical ocean, is found
seasonally in the temperate ocean, responds
to the regional hydrographic and light struc-
ture of the water column, and has continuity
across much of the Earth's surface (Longhurst
& Harrison 1989). Given that in stable oceano-
graphic regimes, a DCM usually occurs low
in the euphotic zone, in the vicinity of a den-
sity discontinuity at light levels between 0.1
and 10% of the surface irradiance (Longhurst
& Harrison 1989), for simplicity the base of
the euphotic zone is defined as the 1% iso-
lume in our procedure. Building on the com-
parative study of chlorophyll profiles from
different regions and the genetic classifica-
tion of DCM types presented by Cullen
(1982), Longhurst & Harrison (1989} distin-
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RESULTS

guished 5 primary regimes marked by unique sea-

sonal cycles and formation mechanisms for chloro-
phyll profiles and, especially, their DCMs.

At the close of the northeast monsoon in February,
all of the northwestern Arabian Sea falls into the

These

regimes are separable based on the occurrence of

Layer Bloom Class, separated from Typical

Tropical conditions to the south by a Transitional

Mixed

salient modes of the plankton ecosystem, driven by
unique climatic conditions and physical forcing, and

kilometer-wide

swath that exists in the Gulf of Aden and extends from

Province occupying a several-hundred

keyed to the means of DCM formation and mainte-
nance. Biohydro-optical classification seeks to recog-

Somalia to northern India (Fig. 3A). During the spring
intermonsoon, weak winds and high insolation (Has-

nize in space and time conditions appropriate for the
occurrence of several of these unique ecosystem

modes, associated with the primary euphotic zone re-

tenrath & Lamb 1979a, b) drive virtually all of the Ara-

bian Sea towards the Typical Tropical Class. In March

gimes listed by Longhurst & Harrison (1989): (1) tropi-

(Fig. 3B) this occurrence of a short-lived Mixed-Layer

Bloom Province senesces, leaving a broad Transitional
Province in its wake, while the Typical Tropical Prov-

ince begins to advance northward. In April (Fig. 3C)
the Transitional Province in the northern Arabian Sea

cal regions with a permanent pycnocline; (2) regions

undergoing pycnocline deepening through deep win-
ter mixing or geostrophic adjustment; and (3) tropical

regions impacted by marginal or mid

welling.
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retreats towards the Gulf of Oman, so that by May it is
mainly found in the open Arabian Sea north of 20°N. In
May (Fig. 3D) at the close of the quiescent spring inter-
monsoon, almost all of the Arabian Sea other than the
coastal fringe and the waters off the Maldives consti-
tutes 1 continuous Typical Tropical Province. We be-
lieve that this point in the annual cycle represents a
baseline, when the Arabian Sea most closely approxi-
mates its natural unperturbed 'typical tropical’ status
in the absence of monsoonal disruption.

In June, the first month of the southwest monsoon,
the extensive Typical Tropical Province found in May
begins to recede southeastward, as a fragmented Tran-
sitional Province begins to form along the coasts of
Oman, Somalia, and in the Gulf of Aden (Fig. 4A). Per-
sistent cloudiness in July impedes bio-optical classifi-
cation of the northern Arabian Sea, but off Somalia the
developing Transitional Province now extends roughly
800 km offshore, and appears to grade northeastward

20 1| aBarnen

Ve 7
. B. 0 V4
| @: Mixed Layer 8loom Class|

W Transitional Ciass
(): Typical Tropical Class

Fig. 4. Monthly biohydro-optical classification maps for
the southwest monsoon, including (A) June, (B) July, and
(C) August

into a newly emerging Mixed-Layer Bloom Province. A
rare occurrence of grid cells categorized as Barren
Class appear in July centered about 10°N, 59°E at the
transition from the Mixed-Layer Bloom to the Typical
Tropical Province (Fig. 4B). In August at the close of
the southwest monsoon, extremely monsoon-influ-
enced conditions prevail (Fig. 4C), including a Mixed-
Layer Bloom Province that covers much of the northern
Arabian Sea north of about 10°N. The Typical Tropical
Province that covered nearly all of the Arabian Sea in
May has receded southward, existing mainly to the
south of this latitude, aside from scattered anomalous
occurrences. Although patchy, the Transitional Class
grid cells are again generally found to buffer the
Mixed-Layer Bloom Province from the Typical Tropical
Province.

In September at the start of the fall intermonsoon,
the Mixed-Layer Bloom Province in the northern Ara-
bian Sea has already begun to dissipate (Fig. 5A). The
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Fig. 5. Monthly biohydro-optical classification maps for the fall intermonsoon and the early northeast monsoon, including
(A) September, (B) October, (C) November, and (D) December

southern Typical Tropical Province now extends north
off the west coast of India to 20°N, and off the coasts of
northwest India, Pakistan, Oman, and Yemen, the
August Mixed-Layer Bloom classification has reverted
to the Transitional Class. The Mixed-Layer Bloom
Province persists in the central Arabian Sea, centered
about 13°N, 63°E, and directly abutting the Typical
Tropical Province to the southeast. The configuration
of the Typical Tropical Province in October (Fig. 5B) is
similar, but the Mixed-Layer Bloom Province in the
central Arabian Sea has been replaced by the
encroaching Transitional Province. Through Novem-
ber (Fig. 5C) and December (Fig. 5D) the Transitional
Province in the western and northern Arabian Sea per-
sists and expands slightly to the southeast, in spite of
the approaching winter solstice and accompanying
drop in surface insolation.

DISCUSSION
Plankton ecology of biohydro-optical classes
Typical Tropical Class

The Typical Tropical Class is intended to identify the
plankton ecosystem mode associated with tropical
regions with a permanent pycnocline. Dugdale &
Goering (1967) noted that in tropical and subtropical
regions, a thermocline deep in the euphotic zone typi-
cally limits the upward eddy diffusion of nutrients,
causing opposite vertical gradients in light and nutri-
ents. Given that shallow phytoplankton usually keep
pace with the cross-thermocline nutrient flux in unper-
turbed low-latitude seas, a layered euphotic zone is
widely observed, consisting of 2 layers: (1) an upper
light-rich, low algal biomass layer where nutrients
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limit phytoplankton growth, and (2} a deeper zone of
light-limited photosynthesis within the upper nitricline
containing a DCM (Dugdale & Goering 1967). Based
on analysis of numerous shallow profiles acquired in
the tropical Atlantic, Herbland & Voituriez (1977, 1979)
extended the concept of layered euphotic zones to
define a Typical Tropical Structure (TTS), proposed as
universal for quiescent tropical euphotic zone ecosys-
tems. Among the common attributes of the TTS listed
are: (1) a nitrate-depleted upper layer above a light-
limited lower layer; (2) roughly equivalent depths of
the nitricline, oxycline, and DCM,; (3) a photosynthesis
peak in close association with the DCM,; (4) close depth
correlation between the thermocline and nitricline;
and (5) an inverse relationship between depth and the
peak value in the chlorophyll maximum (Herbland &
Voituriez 1979, Cullen 1982).

The Typical Tropical Class upper layer is an approx-
imation of the light-rich, nutrient-limited oligotrophic
shallow zone of the TTS, a physiological regime de-
scribed by Eppley et al. (1973) as containing a phyto-
plankton association that receives light in excess, but
which depends largely upon regenerated nutrients.
Within our method of basin classification, this ecologi-
cal mode of the mixed layer is recognized through the
use of the satellite-dernived concentration of phyto-
plankton pigments in the mixed layer, and previously
suggested methods (Morel & Prieur 1977, Smith &
Baker 1978a, Prieur & Sathyendranath 1981, Morel
1988, Sathyendranath & Platt 1988) for the bio-optical
classification of natural waters. In the Typical Tropical
Class, the potential for a DCM formed and maintained
primarily as a result of enhanced primary production in
the lower layer is inferred, based on the modeled
downward penetration of the euphotic zone into the
nitricline. Low seasonal variation allows for greater
temporal uniformity of plankton processes in the trop-
ics (Cushing 1981), resulting in vertical profiles that
represent steady-state fluxes, and closely coupled bio-
logical and physical processes (Cullen 1982). A chloro-
phyll maximum near the nitricline at 1 to 10% of sur-
face light levels either below or in close association
with a primary production maximum is consistent with
DCM maintenance through enhanced growth in the
lower euphotic zone stratum and has been observed in
the eastern tropical Atlantic (Herbland & WVoituriez
1977, 1979), the eastern tropical Pacific (Longhurst
1981, Marra et al. 1987), the north central Pacific
(Small et al. 1987), the Gulf of Mexico (Hobson &
Lorenzen 1972) and the northwest Indian Ocean
(Yentsch 1965, Karabashev & Solov'yev 1978).

Longhurst & Harrison (1989) generalized that in
cases where the DCM occurs in the classic TTS at
depths with sufficient nitrate and light for net algal
growth, the DCM will represent an algal biomass max-

imum, rather than vertical variation in the ratio of car-
bon to chlorophyll. These researchers documented the
depth coincidence of the DCM, nutricline, and pycno-
cline in permanently stratified tropical waters and fur-
ther hypothesized that in tropical oceans the decou-
pling of chlorophyll and algal biomass profiles is a
function of DCM depth, which is geostrophically dri-
ven on a basin scale. On the eastern sides of tropical
oceans, or at the close of the summer season at tem-
perate latitudes with greater seasonality, the most
mature TTS develops, with the 1% light depth deeper
than the nutricline, and only partially shade-adapted
algal cells.

We have used the high nitricline light level estab-
lished by Longhurst & Harrison (1989) as necessary for
maintenance of a true TTS in our selection criteria for
the Typical Tropical Class. In the paradigmatic TTS,
optical thinning of the mixed layer as stratification
intensifies will enhance primary production in the
DCM, which should increase its biomass and create an
increasingly effective trap for upwardly diffusing
nutrients. Further, as the pycnocline and its resident
DCM rise together, the depths of the chlorophyll and
primary production maxima typically merge. Eventu-
ally, absorption of solar irradiance by pigments in the
ascending DCM can cause increased heating of the
upper pycnocline, resulting in augmented vertical
mixing that diffuses the DCM (Lewis et al. 1983, Lewis
1987). This mechanism may create an upward limit on
the primary production that can occur in a DCM in the
most optically clear, stable, tropical open-ocean waters
(Longhurst & Harrison 1989).

Extrapolation of the local algorithm for primary pro-
duction to large spatial scale is simplified for regions
within the Typical Tropical Class. Here it is important
to estimate accurately the spectral light reaching the
DCM and to focus attention on describing the shape
and light-photosynthesis curve for the chlorophyll
peak, while a less rigorous approach may be taken in
modeling the total primary production in the mixed
layer. Given that the primary production maximum
may reside in Jlow-light, high-nutrient conditions
within a Typical Tropical Province, an accurate value
for the biomass-normalized initial slope may in such
cases become the most important parameter for
describing the light-photosynthesis curve. The north-
ward spreading of a Typical Tropical Province across
virtually all of the Arabian Sea south of 22°N (Fig. 3) is
consistent with numerous and widespread in sifu
observations of a 2-layer euphotic zone consisting of
oligotrophic surface waters over a DCM during this
season (Yentsch 1965, Saijo 1973, Krey & Babenerd
1976, Karabashev & Solov'yev 1978, Banse 1987, Brock
et al. 1991, Hay et al. 1992). Brock et al. (1993) used
climatological mixed-layer depth, satellite ocean color
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observations, and a vertical chlorophyll profile ob-
served by the RV '‘Sonne’ in the western Arabian Sea
in May 1986 to parameterize the photosynthesis-irradi-
ance model of Platt & Sathyendranath (1988). During
the spring intermonsoon in May, at this location
(14.36°N, 57.38°E) within the Typical Tropical Prov-
ince, it was shown that the modeled primary produc-
tion in the thermocline could exceed that in the mixed
layer in the presence of a DCM.

Development of a TTS ecosystem during the spring
intermonsoon was documented by Jochem et al. (1993)
and Pollehne et al. (1993a), based on short-term
Lagrangian drifter experiments. Near the Omani coast
the phytoplankton community was observed to shift
towards a more oligotrophic system, with a greater
proportion of picoplankton and a subsurface chloro-
phyll maximum. In the central Arabian Sea, the 2-layer
euphotic zone of the TTS was observed, incorporating
a shallow ‘closed’ system of regenerated production
with a predominance of picoplankton and only minor
sedimentation losses, above a lower layer at the nutn-
cline containing subsurface maxima in chlorophyll,
algal biomass, and primary production. Jochem et al.
(1993) attributed this deep algal biomass maximum to
active growth, and observed higher sedimentation
losses and more diatoms in the lower layer.

Pollehne et al. (1993b) confirmed the vertical zona-
tion of phytoplankion by size in the central Arabian
Sea during the intermonsoon season in May, with
cyanobacteria dominating in the surface mixed layer
above interlayered cyanobacteria-, coccolithophorid-,
dinoflagellate-, and diatom-dominated layers in the
DCM. In accordance with the classic TTS, the highest
rates of primary production were encountered in the
nitricline at 50 m depth within the DCM at light levels
above 1% of the surface irradiance. The ecological sig-
nificance of the intermonsoon DCM in the central Ara-
bian Sea is as a site of new production based on the
upward import of nutrients from the nitricline, and as a
source of export production (Pollehne et al. 1993b). We
regard these In sifu observations of the vertical bio-
mass distribution, productivity regime, depth specia-
tion, and size structure of the phytoplankton ecosystem
as evidence for the ability of our biohydro-optical clas-
sification to infer the ecosystem mode of the open Ara-
bian Sea during the spring intermonsoon.

Barren Class

The Barren Class is intended to identify the plankton
ecosystemn mode associated with the extremely oligo-
trophic conditions that prevail in the eastern basins of
tropical oceans, or in regions undergoing deep winter
mixing, where DCMs form due to the physiological

adaptation of phytoplankton to extremely low light
levels (Cullen 1982). This plankton ecosystem mode
occurs on the western side of the tropical western
Pacific, where the regional pycnocline is geostrophi-
cally deepened, driving a transition in the TTS DCM,
which becomes diffuse as it deepens below the 1%
light level (Saijo et al. 1969, Dandonneau 1979). A sim-
ilar but more significant effect is seen at mid-latitudes
following inhibition of algal growth by deep winter
mixing. On the northern flank of the subtropical gyre
in the north central Pacific the DCM traces the pycno-
cline to depths exceeding 100 m (Venrick et al. 1973),
and even in summer the DCM typically occurs at, or
below, the 1% isolume (Eppley et al. 1988). Similarly,
in the central Indian Ocean, the DCM deepens south-
ward to roughly 140 m at 25°S latitude (Saijo 1973),
and in the northwest Atlantic a diffuse DCM exists
below the deepened mixed layer in winter (Strass &
Woods 1988). In the best studied of these locations, the
North Pacific, numerous previous studies strongly sug-
gest that DCMs occurring at less than 1% of the sur-
face irradiance are primarily due to increased cellular
chlorophyll, rather than enhanced growth or variation
in sinking rate as a function of density (Kiefer et al.
1976, Venrick 1982, 1988).

Although its evaluation lies outside the scope of this
paper, as it only rarely occurs in the Arabian Sea, the
Barren Class in our classification is intended to catego-
rize the very unproductive ecosystem mode that occurs
in these cases, where a layered euphotic zone consists
of an oligotrophic mixed layer over a pycnocline in
which cell division, grazing, and sinking rates are low,
and that is illuminated at light levels that have been
associated with DCMs due primarily to changes in the
carbon-to-chlorophyll ratio as the resident cells be-
come shade-adapted. Accordingly, the extrapolation of
the local primary production algorithm to a large spa-
tial scale (Platt et al. 1995) is relatively less important
for Barren Provinces, as we can infer that total primary
production is low, and new production is minimal
within these regions.

Mixed-Layer Bloom Class

The Mixed-Layer Bloom Province in our northern
Arabian Sea classification for the southwest monsoon
corresponds to the ecosystem mode represented by
tropical regions undergoing marginal or mid-ocean
upwelling. In the northwest Arabian Sea at the onset of
the southwest monsoon, and elsewhere in the tropical
ocean at sites of equatorial divergence and over
geostrophic domes, the TTS is displaced by the vertical
motion of upwelled water, resulting in near-surface
algal blooms (Longhurst & Harrison 1989). Alterna-
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tively, we infer that the northern Arablan Sea Mixed-
Layer Bloom Province that our March classification
depicts is due to detrainment of the mixed layer as
winds weaken and sea-surface temperature rises at
the close of the northeast monsoon. Our March classi-
fication is in close accord with simulations obtained by
McCreary et al. (1996), using a coupled physical-
biological model of the annual ecosystem cycle of the
Arabian Sea.

In an analysis of about 4000 vertical pigment profiles,
Morel & Berthon (1989) recognized a systematic break-
down of the DCM between trophic categories ranging
from very oligotrophic to highly eutrophic. As the TTS
shifts towards eutrophication, the initially distinct DCM
ascends and decreases in amplitude, until it vanishes in
well-mixed eutrophic waters. Typically, the regenera-
tive system of the upper TTS layer becomes indistin-
guishable from a mixed-layer bloom during the upward
shift in the nutrient flux, previously the controlling fac-
tor for primary production above the mixed layer (Rieg-
man et al. 1993). Larger algae, such as diatoms, which
are too large for effective microzooplankton grazing
(Raimbault et al. 1988, Banse 1992, Riegman et al.
1993), bloom in the nutrient-enriched mixed layer and
initially experience loss through sedimentation. This
export flux is due to the high primary production, new
production, and f-ratios (Eppley & Peterson 1979) typi-
cally observed for mixed-layer blooms.

Regional parameterization of the local primary pro-
duction algorithm for primary production is greatly
simplified within a Mixed-Layer Bloom Province. As
there is no opportunity for significant primary produc-
tion below the base of the mixed layer, there is no need
to parameterize the algorithm for a DCM; rather, a
homogeneous vertical phytoplankton pigment profile
equal to that observed for the upper attenuation depth
(Sathyendranath & Platt 1989) is sufficient. Since the
surface insolation is attenuated rapidly with depth, we
suggest that a less rigorous method to estimate subma-
rine light may be used. In view of the high vertical
nutrient fluxes, we anticipate that it may be possible to
estimate the parameters for the light-photosynthesis
curve from the surface nitrate field (Platt et al. 1992),
which is sometimes directly retrievable from satellite-
observed sea-surface temperature (Dugdale et al.
1989, Sathyendranath et al. 1991). We anticipate that
within Mixed-Layer Bloom Provinces, where the bulk
of global-ocean new production is likely to occur, a
more simply parameterized analytic solution for verti-
cally integrated photosynthesis by phytoplankton
(Platt et al. 1990, Platt & Sathyendranath 1993b) may
be substituted as the local algorithm.

The appearance of a Mixed-Layer Bloom Province
across virtually all of the western and northern Ara-
bian Sea in August at the close of the southwest mon-

soon (Fig. 4C) is consistent with numerous and wide-
spread In situ observations of extreme monsoon-driven
biological productivity. In summer, monsoonal up-
welling (Bottero 1969, Smith & Bottero 1977, Swallow
1984, Bauer et al. 1991) brings massive quantities of
nutrient-rich water into the surface layer of the Ara-
bian Sea (Ryther et al. 1966, Aruga 1973, Krey &
Babenerd 1973, McGill 1973, Wyrtki 1973, Swallow
1984, McCreary & Kundu 1989), resulting in dramati-
cally increased surface-layer chlorophyll concentra-
tions, phytoplankton biomass, and primary production
(Kabanova 1968, Krey & Babenerd 1976, Banse 1987,
Hitchcock & Frazel 1989, Bauer et al. 1991, Brock et al.
1991, Brock & McClain 1992), making the Arabian Sea
one of the world’'s most productive ocean basins (Nair
et al. 1989).

As is captured within our biohydro-optical classifica-
tion for the months of the southwest monsoon (Fig. 4),
in summer both to the northwest and southeast of the
climatological position of the Findlater Jet, the 2-layer
TTS euphotic zone of the previous season is abolished,
and its DCM erodes as a phytoplankton bloom un-
checked by zooplankton grazing develops in the well-
fertilized mixed layer (Banse 1994). Also in agreement
with our definition of late summer provinces is the per-
sistence of oligotrophic surface conditions and a DCM
in the southeastern Arabian Sea observed by Yentsch
(1965) east of 64°E in early September 1963, and east
of 60°E in mid-September (Banse & Anderson 1967).
Typical tropical conditions were also reported late in
the southwest monsoon in the southeastern Arabian
Sea by Bauer et al. (1991) in August 1987 in the central
Arabian Sea south of 12°N, and from 20°N southward
along 67°E during September 1986 (Mantoura et al.
1993, Owens et al. 1993).

Jochem et al. (1993) used a Lagrangian drifter during
the late spring intermonsoon in 1987 to investigate the
epipelagic system on the continental shelf off Pakistan
and recorded the breakdown of the 2-layer system of
the open, oligotrophic Arabian Sea during the spring
intermonsoon. Although the vertical structure of phys-
ical, chemical, and biological variables was initially
very similar to that observed in the central basin, upon
inception of southwesterly monsoon winds in May and
advection of the drifter shelfward, the nutrient flux to
the lower euphotic layer was restricted, leading to the
decay of the subsurface maxima in chlorophyll and pri-
mary production (Jochem et al. 1993). We suggest that
the decay of the 2-layer euphotic zone observed by
these researchers occurs across the Mixed-Layer
Bloom Province depicted in our August biohydro-
optical classification map (Fig. 4C), to be replaced by a
region of greatly elevated mixed-layer carbon and
nitrogen assimilation, and net production, with f-ratios
approaching 0.9 (Owens et al. 1993).
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Transitional Class

The persistence of a widespread, contiguous Transi-
tional Province in the northern and western Arabian
Sea during the fall intermonsoon from October
through December is anomalous, because this class
normally marks the leading edges (Fig. 4C) or trailing
borders (Fig. 3A) of advancing or senescing surface-
layer phytoplankton blooms. Its persistent occurrence
over large regions is not expected, because although
satellite-observed phytoplankton dominates mixed-
layer light attenuation in this class, sufficient light
reaches the nutricline to drive photosynthesis at depth
and thereby trap upwardly diffusing nutrients and,
presumably, maintain a DCM.

Given that the Arabian Sea experiences positive
heat flux (Hastenrath & Lamb 1979b), quiescent winds,
and no active upwelling during the fall intermonsoon,
the source of the nutrient flux necessary to maintain
the elevated phytoplankton biomass observed by the
satellite is not immediately obvious. One possible ex-
planation is simply that our estimates of fall intermon-
soon surface-layer chlorophyll are falsely high due to
the presence of abundant colored dissolved organic
material (CDOM) (Coble et al. in press) generated as
the massive southwest monsoon phytoplankton bloom
degenerates due to grazing and self shading (Mc-
Creary et al. 1996). The CZCS sensor was not able to
distinguish viable phytoplankton from CDOM, but
improved new-generation satellite-borne ocean color
sensors, such as the Japanese Ocean Color Thermal
Sensor (OCTS) launched in August 1996, the currently
operating NASA Sea-Viewing Wide Field-of-View
Sensor (SeaWiFS), and the Moderate Resolution Imag-
ing Spectrometer (MODIS) planned for launch in the
immediate future, will have this capability. This new
capability to map synoptically the CDOM in the sur-
face layer of the global ocean will be a powerful tool for
study of the senescence of open-ocean phytoplankton
blooms and may enable inferences to be made on the
spatial and temporal structure of zooplankton blooms,
because the main supply of dissolved organic matter
(DOM) in the pelagic domain is most likely the feeding
of zooplankton on phytoplankton and other organisms
(Banse 1992).

In accord with Eppley et al. (1979), we prefer an
alternative explanation for the persistence through the
fall intermonsoon of an areally extensive Transitional
Province in the northern and western Arabian Sea.
Banse (1992) has shown that for areas of the open sea
with pronounced seasonal blooms of phytoplankton,
following the exhaustion of surface-layer macronutri-
ents, concentrations of phytoplankton may remain
unchanged for some time due to appreciable cell divi-
sion rates that are controlled mainly by the rate of

ammonium regeneration in the mixed layer. Once
nitrate-driven new production forced by physical pro-
cesses diminishes, the rate of nutrient regeneration
and the phytoplankton cell division rate in the light-
saturated portion of the euphotic zone depend mainly
upon zooplankton-mediated processes (Banse 1995).
Zooplankton regenerate nutrients directly through
feeding and also indirectly by releasing DOM which
then serves as a substrate for bacteria. The pool of
DOM taken up by the heterotrophic bacteria is subse-
quently degraded by both the bacteria themselves and
the food chain of their associated predators (Azam et
al. 1983}, providing a second pathway for the regener-
ation of nutrients. To summarize, within nutrient-
depleted, light-rich systems, it appears that through
mediating nutrient regeneration, zooplankton physiol-
ogy is responsible for the rate of phytoplankton pro-
duction (Banse 1995).

We interpret the upper layer of the fall intermon-
soon Transitional Province in the Arabian Sea as a
special case of the shallow regenerative plankton
ecosystem of oligotrophic ocean areas. During the fall
intermonsoon, the physically determined rate of new
production that must precede establishment of the
regenerative system is extreme, and temporally
shifted to the previous season, when a monsoon-dri-
ven massive summer phytoplankton bloom covers
roughly the same region. Based on our biohydro-opti-
cal classification, we infer that, as has been observed
for many other biogeochemical processes in the
highly seasonal northwest Indian Ocean, in fall the
rates of zooplankton-driven nutrient regeneration and
recycled production, key processes in the upper layer
of the TTS, reach extreme values. Evidence for this
interpretation is provided by measurements of high
rates of DOM generation within the summer algal
bloom (Coble et al. unpubl.), and the observation of
Watts & Owens (in press) that ammonia was the pre-
ferred substrate for phytoplankton growth at stations
in the northern Arabian Sea visited in November
1994,
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