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PREFACE

Although there have been significant advances in our
ability to describe and model the oceanic environment, our
understanding of the physical, biogeochemical, and eco-
logical dynamics of the Indian Ocean is still rudimentary in
many respects. This is partly because the Indian Ocean re-
mains substantially under sampled, in both space and time,
compared to the Atlantic and Pacific oceans. The situation
is compounded by the Indian Ocean being a dynamically
complex and highly variable system under monsoonal in-
fluence. The biogeochemical and ecological impacts of this
complex physical forcing are not yet fully understood. The
Indian Ocean is truly one of the last great frontiers of ocea-
nographic research. In addition, it appears to be particularly
vulnerable to climate change and anthropogenic impacts, yet
it has been more than a decade since the last coordinated
international study of biogeochemical and ecological proc-
esses was undertaken in this region. To obtain a better un-
derstanding of the atmospheric and oceanic variability in the
Indian Ocean, the Climate Variability and Predictability pro-
gram (CLIVAR) and the Global Ocean Observing System
(GOOS) are deploying a basin-wide observing system in the
Indian Ocean. As well, several nations are deploying coastal
observing systems. These, in combination with newly avail-
able research capabilities and technologies, provide a unique
opportunity for staging international, interdisciplinary re-
search in the Indian Ocean.

The chapters in this volume are derived from an interna-
tional conference that was convened in Goa, India, 3—6 Oc-
tober 2006. Major funding for this event was provided by the
National Science Foundation (NSF grant OISE-0536861)
and India’s National Institute of Oceanography (Council of
Scientific and Industrial Research), with additional contribu-
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tions provided by several other agencies and Indian Ocean
rim nations. The goal of this conference was to assess the
current state of our knowledge of the biogeochemical and
ecosystem dynamics of the Indian Ocean, with a view to-
ward initiating a new international research program. This
initiative (Sustained Indian Ocean Biogeochemistry and
Ecosystem Research or SIBER) has been formally approved
and is now sponsored by the Integrated Marine Biogeochem-
istry and Ecosystem Research (IMBER) program and the
Indian Ocean Global Ocean Observing System (IOGOOS).
SIBER, which also maintains close ties to the CLIVAR In-
dian Ocean Panel, is a basin-wide effort that has worked to
identify the major scientific questions needing attention in
the Indian Ocean and has developed an overarching plan
for addressing them. We believe that SIBER is the begin-
ning of a new era of collaborative, interdisciplinary (physi-
cal, biogeochemical, and ecological) research in the Indian
Ocean. We thank all of the authors who have contributed
to this monograph as well as all conference participants for
their enthusiastic support, participation, and input that led to
the publication of this volume and the development of the
SIBER program.

Raleigh R. Hood
University of Maryland Center for Environmental Science

S. Wajih A. Nagvi
National Institute of Oceanography

Jerry D. Wiggert
University of Southern Mississippi



Introduction to Indian Ocean Biogeochemical Processes and Ecological
Variability: Current Understanding and Emerging Perspectives

Jerry D. Wiggert,' Raleigh R. Hood,? S. Wajih A. Naqvi,’
Kenneth H. Brink,* and Sharon L. Smith’

Despite a history of exploration dating back to the classical era and its leading
role as a pathway for trade and cultural exchange for the great civilizations of
those times, the Indian Ocean has consistently been subject to less attention in the
modern era in terms of oceanographic enquiry. The cornerstone of the Sustained
Indian Ocean Biogeochemical and Ecosystem Research (SIBER) initiative has
been to promote more frequent and persistent research activities that encompass
the entire Indian Ocean basin and to facilitate international cooperation to realize
these objectives. This volume’s chapters are derived from the plenary talks
given by the attendees of the first SIBER conference and are a blend of current
knowledge reviews and new results. Thus this collection of papers represents an
interdisciplinary contribution to the Indian Ocean literature by the leading members

of the Indian Ocean research community.

During the classical period, India was a trading hub that
promoted broad cross-cultural exchanges between the Medi-
terranecan world of the Greek city-states and the Roman
Empire to the west and Asian civilizations in Indonesia and
China to the east. Indeed, archacological evidence (wine
amphorae, Roman coins, glass, and tableware) indicates
that significant trading activity took place between Rome
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and sites situated from Cochin around the peninsula to Ari-
kamedu, with sea trade reaching 120 ships annually during
the reign of Augustus (31 B.C. to 14 A.D.) [Boorstin, 1991;
Keay, 2000]. Moreover, the widespread export of Buddhism
to the Far East profoundly affected the evolution of those so-
cieties. These far-reaching economic and cultural exchanges
were fundamentally enabled by the semiannually reversing
monsoon winds that simplified navigation across the Ara-
bian Sea and were well known to the Greek and Egyptian
sailors of that era. Indeed, the SW monsoon was once termed
the Hippalus after the Greek pilot who first discovered how
to navigate from the Red Sea to the Indian ports along the
Konkan and Malabar coasts [Boorstin, 1991].

From the early seventh century, Chinese traders were
regularly engaged in seagoing commerce with merchants
in Kozhikode (Calicut). By the early fifteenth century,
Chinese mariners had already mapped much of the Indian
Ocean’s terrestrial boundaries, including the entire east Af-
rican coast, with exemplary accuracy [Menzies, 2004]. Thus
through the early history of the primary seafaring nations,
and well into late antiquity, the Indian Ocean was by far the
best known and frequently traveled of the world’s oceans. It
is indeed ironic that the seafaring European powers’ search



2 INTRODUCTION

for a more direct route to South/Southeast Asia’s tantaliz-
ing spices (black pepper, cinnamon, nutmeg, and cloves) in
the late fifteenth century would lead to the diminishment in
economic focus and geopolitical role of the Indian Ocean
relative to the other ocean basins. This focal point shift has
fundamentally contributed to retarding the pace of advances
in our scientific understanding of the Indian Ocean.

The ship tracks of the HMS Beagle (1831-1836) and the
HMS Challenger (1872-1876) are clearly symptomatic
of this shift in focus. The Beagle’s course between King
George’s Sound and Cape Town ventured only as far north
as the Cocos (Keeling) Islands (~12°S) in the southeastern
Indian Ocean, while the Challenger Expedition’s course be-
tween Cape Town and Melbourne lay primarily in the Indian
sector of the Southern Ocean with the two port calls marking
its northern limits. The field of oceanography is considered
to have been initiated with the Challenger Expedition’s voy-
age, and in the subsequent years into the early twentieth cen-
tury, numerous permanent stations for the study of marine
science were established [Sverdrup et al., 1957]. However,
with the exception of the mostly biological work carried out
around British India by the “Surgeon-Naturalists” on board
the RIMS Investigator I and RIMS Investigator 1l between
1881 and 1926 using some of the Challenger’s gear [Qasim,
1998], it was not until the John Murray Expedition (1933—
1934) to the Arabian Sea, on the Egyptian research vessel
Mabahiss, that the Indian Ocean proper was the target of a
major oceanographic survey (a summary of the expedition’s
principal findings is given by Wiggert et al. [2005]).

The next major oceanographic initiative to occur was the
International Indian Ocean Expedition (IIOE) (1960-1965),
which was organized by the Special (later Scientific) Com-
mittee on Oceanographic Research. During the formative
stages of the IIOE, a newsletter entitled “The Indian Ocean
Bubble” was published and distributed anonymously. Its
purpose was to act as an informal medium for exchanging
views, ideas, and communications that would help identify
just what an internationally organized expedition to the In-
dian Ocean “would like to try to do.” The originator of this
newsletter was later revealed to be Henry Stommel [Hogg
and Huang, 1995]. Over its five-issue run, several of the
expressed views can be seen as having long-standing im-
plications for future activities in the basin. In particular, the
salinity heterogeneity in the Bay of Bengal was seen as a
troublesome interpretive aspect so the recommendation to
focus on the Arabian Sea for studying the monsoonal current
reversals was made. The seasonality of the equatorial cur-
rents was also an open question, since zonal wind stress over
the tropical Indian Ocean is unique in comparison with the
Pacific and Atlantic oceans, so investigating this dynamic
process was identified as a priority. A third prominent view

expressed within the Indian Ocean Bubble’s communica-
tions was the crucial need for establishment of a regional
institution that could take on the data assembly and analysis
needs of the IIOE activities and that would subsequently de-
velop into a permanent facility that enabled regionally ad-
ministered oceanographic studies in the Indian Ocean. This
vision of the contributors to “The Bubble” was prominently
realized through establishment of the National Institute of
Oceanography in Goa, India, in 1966; it also helped to facili-
tate the promotion and development of the marine science
programs of Pakistan, Thailand, and Indonesia [Wooster,
1984].

While the IIOE was principally geared toward addressing
basic gaps in the understanding of the Indian Ocean’s com-
plement of unique dynamical processes, biological measure-
ments were also performed. These ultimately led to creation
of several plankton and production atlases [e.g., Indian
Ocean Biological Center, 1968; Panikkar, 1970; Krey and
Babenerd, 1976; Qasim, 1978] that, into the 1980s, essen-
tially represented the state of our knowledge of these faunal
distributions. This is a clear testament to the breadth of the
IIOE; yet it also is a telling indicator of the level of interna-
tional participation in Indian Ocean studies relative to that
afforded to the other ocean basins. Summaries of research
efforts focused on illuminating biogeochemical processes
in the Indian Ocean leading up to and including the Joint
Global Ocean Flux Study (JGOFS) campaigns have been
developed elsewhere [see Wiggert et al., 2005; Hood et al.,
this volume] and will not be reiterated here, except to stress
that the bulk of these activities have occurred in the Ara-
bian Sea. Thus a principle need going forward is for such
research efforts to be inclusive of the entire Indian Ocean.
Indeed, this is a principal tenet of the conceptual framework
that underlies the Sustained Indian Ocean Biogeochemical
and Ecosystem Research (SIBER) initiative.

SIBER’s initial development and underlying motivations
are discussed in the monograph’s preface, while current and
emerging fundamental scientific questions, as well as near-
future potential for leveraging ongoing observing system in-
frastructure expansion, are discussed in the closing chapter
by Hood et al. [this volume]. The intervening chapters are a
mixture of overview articles that summarize the current state
of knowledge for a given topic and reports on new research
results or some integrated combination of both perspectives.
All of the chapters are derived from the set of invited ple-
nary talks that were presented at the initial SIBER workshop
held at the National Institute of Oceanography (NIO) in Goa
in October 2006. The chapter ordering progresses through
papers that discuss (1) the overlying physical processes set
by monsoonal forcing and how these control biological pro-
duction and variability; (2) nutrient cycling and limitation;



(3) pelagic carbon cycling and air-sea exchange; (4) benthic
biogeochemistry and ecology; and (5) the impact of climate
and human activities on biogeochemistry and ecosystems.
Thus this ordering reflects an overall transition downward
through the water column and toward broader scales of
spatiotemporal variability that integrate climate and anthro-
pogenic impacts. As indicated above, these contributions
range from syntheses of mature research directions to newly
emerging tacks, and they employ the full gamut of oceano-
graphic methods that include classical ship-based activities,
long-term deployed instrument arrays and observing sys-
tems, remote sensing data streams, and coupled physical-
biogeochemical models.

Biological variability in the Indian Ocean is fundamen-
tally linked to the basin’s monsoonal forcing that drives
semiannual upwelling events, wintertime convective mix-
ing (Arabian Sea), and current reversals down to ~10°S. The
basin-wide evolution of physical-biological processes that
results from the monsoon winds is reviewed by McCreary
et al. [this volume], as are processes at intraseasonal and
interannual time scales. The mechanisms that contribute to
the contrast in production magnitude that occurs between
the Arabian Sea and Bay of Bengal, despite similar mon-
soonal wind forcing, are explored by Prasanna Kumar et al.
[this volume]. Identifying interregional contrasts in bloom
dynamics and exploring how these seasonally evolve is also
the focal point of the chapter by Marra and Moore [this vol-
ume], where monsoon-impacted phytoplankton distributions
from the Arabian Sea, Indonesian Seas, and West Australian
shelf are featured. The focus on the two latter regions brings
into consideration the effect of the Indonesian Throughflow
on Indian Ocean biological processes, a poorly represented
topic in the oceanographic literature. The large-magnitude
river inflows of the Bay of Bengal exert prominent hydro-
logic controls on the bay’s ecosystem; the impact of this
control, in conjunction with monsoon forcing, coastal cur-
rents, cyclones, and mesoscale eddies, is characterized by
Vinayachandran [this volume] using remotely sensed chlo-
rophyll distributions.

A thorough exploration of historical hydrographic obser-
vations from the northern Arabian Sea, which included a
considerable effort in data mining, has been performed by
Banse and Postel [this volume], who report on the nature of
a previously unidentified water mass that forms poleward
of 21°-22°N through the active evaporation of the winter
monsoon that they name “North Arabian Sea High Salinity
Water.” In their chapter on abundances of bacterioplankton,
Ramaiah et al. [this volume] report on distributional con-
trasts in the seasonal variation of bacterial production rates
observed between the Arabian Sea and Bay of Bengal that
exhibit monsoonal impacts, as well as the essentially constant
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rates observed in equatorial waters. The final contribution to
the group of papers focusing on production is provided by
Landry [this volume], who reprises several divergent inter-
pretations of zooplankton observations obtained during the
JGOFS cruises of the mid-1990s through the use of a food
web synthesis that elucidates how mesozooplankton and mi-
crozooplankton contribute to carbon flows within the Ara-
bian Sea ecosystem.

Of the papers that focus on nutrient cycling and nutrient
limitation patterns in the Indian Ocean, the first contribution
is by Koné et al. [this volume]. They report on how well their
coupled physical-biogeochemical model simulates the ob-
served distribution and timings of the basin’s bloom dynam-
ics and how these blooms are controlled by various physical
processes and/or evolution of nutrients most limiting to pri-
mary production (N, Fe, or Si). The remaining contributions
in this group of papers focus on nitrogen (N) cycling. Mul-
holland and Capone [this volume] review the current state of
knowledge of diazotrophy in the Indian Ocean and primarily
conclude that a diverse assemblage of diazotrophs is present
and that it is likely that processes such as the monsoon cycle,
riverine input, and atmospheric deposition all contribute to
spatiotemporal variability in dinitrogen fixation. However,
as yet, insufficient data are available to illuminate this infer-
ence. The Arabian Sea’s oxygen minimum zone (OMZ) is
well known as one of the three prominent open ocean sites
where loss of fixed nitrogen occurs, though whether to as-
cribe this to anammox or denitrification has been unclear.
Through use of gene expression techniques, Jayakumar et
al. [this volume] have explored the relative contributions of
these processes in the Arabian Sea’s OMZ and found that
denitrifier assemblages are numerically dominant and ap-
pear to exhibit a more dynamic response to environmental
variability. The final N cycling paper is provided by Bange
[this volume], who reviews the current state of understand-
ing regarding the production of nitrous oxide (N,0), a nota-
ble greenhouse gas, the production of which is stimulated by
oxygen deficiency in the water column.

The first paper from the group focusing on carbon cycling
and air-sea exchange is from Hansell [this volume], who re-
ports on a model-derived distribution of surface dissolved
organic carbon (DOC) that is validated with measurements
from several regions of the Indian Ocean. The more exten-
sive Arabian Sea data set provides the means to assess the
seasonality of net DOC production and consumption indi-
cated by the model. The contribution by Goyet and Toura-
tier [this volume] reports on their application of a method
for estimating penetration of anthropogenic CO, into the In-
dian Ocean. Their results reveal a sharp contrast between the
Arabian Sea and Bay of Bengal, suggesting deep penetration
of the anthropogenic signal in the southern Indian Ocean,
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and generally underscore the urgent need for understanding
how ocean acidification will unfold in the Indian Ocean. Fo-
cusing on the contrasts in, and associated controls of, net
community production (NCP) in the Arabian Sea and the
Bay of Bengal, Sarma [this volume] provides a review of
the current understanding, with comparison to other recent
analyses. In the Arabian Sea, net autotrophy is established
during the summer monsoon and the eastern (western) areas
are predominantly heterotrophic (autotrophic). In contrast,
the increased river inputs of the summer monsoon drive the
Bay of Bengal toward heterotrophy, while contrary to other
analyses, it was concluded that enhanced export of particu-
late matter in river discharge does not promote removal of
atmospheric CO,. A synthesis of the organic matter quality
of export fluxes measured at sites from the Arabian Sea to
the Java coast is contributed by Unger and Jennerjahn [this
volume], who find that because of a highly variable contribu-
tion of foraminifera to carbonate the Indian Ocean does not
exhibit the strong correlation of particulate organic carbon
to carbonate fluxes typical of the world’s oceans. Moreover,
regional differences in bacterial production in the northern
Indian Ocean result from differences in food web structure,
where zooplankton are more prominent in the Arabian Sea,
while bacterial biomass is promoted in the Bay of Bengal by
the substantial river inputs. Further study is advocated to as-
sess how these divergent food web structures affect regional
export efficiency.

Anderson and Ryabchenko [this volume] close out the
contributions on carbon cycling with their chapter that re-
ports on a model focusing on the central Arabian Sea that
examines the organic matter flows that fuel bacterial produc-
tion. They conclude that local sources of organic material
are insufficient, thus promoting the argument that advective
input is necessary to maintain the observed production rates.
The overall collection of contributions that cover elemen-
tal cycling is completed by two chapters that focus on how
these processes are affected by the OMZ waters of the east-
ern Arabian Sea’s continental margin. In the data synthesis
of Law et al. [this volume], measurements from waters on
the Pakistan margin were used to characterize the aerobic
and anaerobic contributions to microbially mediated C oxi-
dation. Using data from locations that ranged from oxygen-
ated to seasonally hypoxic to fully anoxic, they found that
reduction rates were as much as 85% lower in OMZ waters.
In a synthesis of sedimentary 8'°N records from locations
where coastal upwelling or anthropogenic alterations af-
fect coastal hypoxia, Agnihotri et al. [this volume] conclude
that the west Indian shelf is subject to both climate-related
intensified upwelling and human-induced eutrophication.
Furthermore, while sedimentary 8'°N is typically seen to
increase over the Anthropocene because of both influences,

this is not apparent in the eastern Arabian Sea; this leads the
authors to reconsider the utility of sedimentary 8'°N as a
denitrification proxy in coastal waters.

The final set of chapters consists of contributions that high-
light how climate and anthropogenically induced change has
been observed to influence ecological and biogeochemical
processes in the Indian Ocean. The first in this group is a
synthesis by Nagqvi et al. [this volume] that provides a long-
term characterization of water quality in the eastern Arabian
Sea. They report that annually recurring subsurface hypoxia
associated with upwelling of high-nutrient, low-oxygen wa-
ters along the west Indian shelf during the summer monsoon
appears to be subject to interannual variability and decadal
intensification. Increased rates of acolian nitrogen deposition
are identified as the primary nutrient-loading mechanism be-
hind the overall eutrophication, while interannual variation is
attributed to the physical environment, which may be modu-
lated by broader-scale climate signals. A recently appearing
transition in phytoplankton speciation is documented in the
chapter by Gomes et al. [this volume], who have identified
a shift from diatoms to a large dinoflagellate (Noctiluca mil-
iaris) during the winter monsoon’s typical bloom period in
the northern Arabian Sea. The intensifying concentrations of
N. miliaris within these winter blooms directly contrasts its
meager standing within the species complement of samples
obtained during the JGOFS cruises of the 1990s as well as
those from the IIOE cruises of the early 1960s.

Both monsoon and climate impacts on particle flux are
considered by Rixen et al. [this volume] in their chapter that
synthesizes sediment trap data from several regions of the In-
dian Ocean to assess the biological pump’s response to these
influences. They report that in the Arabian Sea upwelling
system the biological pump is bottom-up controlled and sen-
sitive to iron supply and, in general, weaker than in the fresh-
water-influenced continental margins of the eastern Indian
Ocean. Further, the El Nifio—Southern Oscillation—linked
influence on interannual variability in summertime precipi-
tation and associated river inflows in these eastern regions
leads to enhanced (reduced) oceanic CO, outgassing during
El Nifio (La Nifia). The influence of the positive phase of the
Indian Ocean dipole (IOD) on surface chlorophyll distribu-
tions and a first assessment of the associated modification
of basin-wide primary production is provided by Wiggert et
al. [this volume] through utilization of the 10+ years of Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) ocean color
data. While the influence of the IOD on spatiotemporal bio-
logical variability is clear, the carbon uptake rates obtained
through application of a net production algorithm indicate a
zero-sum impact when integrated over the full Indian Ocean
basin. Nevertheless, a fundamental reorganization of biogeo-
chemical fluxes occurs during IOD periods, which points to



a crucial need for sustained observations at key locations so
that quantification of the modified uptake and export flux
distributions can be obtained.

The last chapter in this collection is provided by Hood et
al. [this volume], who summarize past oceanographic re-
search activities in the basin and the conclusions of the first
SIBER workshop, which was the genesis for all of the chap-
ters herein. Within their synopsis of the SIBER workshop
findings they highlight several key, and recently emerging,
questions including the relative role of iron limitation and
zooplankton grazing pressure for controlling phytoplank-
ton growth in the Arabian Sea; the manifest uncertainties
that exist in current rate estimates of dinitrogen fixation
and denitrification, though both are clearly prominent; and
the need for establishing current baselines for all aspects of
biogeochemical cycling so that the continual and expanding
influence of global climate change and anthropogenic influ-
ences associated with the exploding human populations and
accompanying land use changes bordering the Indian Ocean
can be recognized and accurately quantified.

It is fair to say that the collection of works within this
monograph represent an interdisciplinary contribution to the
Indian Ocean literature that has no recent or previous coun-
terpart of similar scope, particularly in terms of promoting
the adoption of a holistic approach to oceanographic research
in this basin. With the ongoing deployment of the Research
Moored Array for African-Asian-Australian Monsoon Anal-
ysis and Prediction (RAMA) array throughout the Indian
Ocean [McPhaden et al., 2009] and our expanding under-
standing of linkages between monsoon variability and the
southern tropical regions of the Indian Ocean [/zumo et al.,
2008; Vialard et al., 2009], opportunities for a concomitant
expansion of biogeochemical research to more remote loca-
tions is a clear necessity and should materialize with greater
frequency. The global coverage afforded by remote sens-
ing platforms, in particular the ongoing extension of ocean
color-based capabilities, should also motivate more active
programs of sampling in heretofore poorly characterized
regions; indeed, the recent unveiling of an ocean color al-
gorithm that utilizes the additional chlorophyll-fluorescence
band deployed on the Moderate Resolution Imaging Spec-
troradiometer (MODIS) to identify regions prone to iron
stress suggests that a broad swath of iron limitation develops
seasonally in the southern Indian Ocean [Behrenfeld et al.,
2009]. This finding agrees well with the distributions pre-
dicted by a coupled physical-biogeochemical model [Wig-
gert et al., 2006]. In addition to forward looking adoption
of new techniques, such as the gene expression methods de-
tailed in the chapter by Jayakumar et al. [this volume; see
also Ward, 2005; Jayakumar et al., 2009], the chapter by
Banse and Postel underscores the utility of data mining and
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the need to retain, and make broadly available, observations
from past research campaigns. In this vein, the release by
NIO of a pair of data CDs that are a compendium of past
physical and biological observations by the institution’s
oceanographers is heartening to see (http://www.nio.org/
iodc/cds.php). Efforts to generate and make available such
informational resources will hopefully continue and should
be encouraged.

In closing, the syntheses and new results presented in
these chapters provide a wealth of past knowledge, new
insight into long-standing research questions, and a host of
implications and emerging questions. These should serve to
motivate fruitful inquiries for both the established scientists
that have contributed to this volume and for the young and
energetic scientists who also acquire the passion to delve
into the unique nature of the Indian Ocean.
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Biophysical Processes in the Indian Ocean
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Basic physical processes that impact biological activity in the Indian Ocean (10),
namely, near-surface processes (upwelling, entrainment, detrainment, and advec-
tion) and subsurface circulations (shallow overturning cells and subthermocline
currents), are reviewed. In the Arabian Sea, there are upwelling blooms during the
southwest monsoon (SWM) along Somalia, Oman, and the west coast of India.
In the central Arabian Sea, the overall SWM (northeast monsoon; NEM) blooms
appear to be a series of entrainment (detrainment) blooms forced by intraseasonal
winds. In the western Bay of Bengal, a prominent NEM bloom results from the
entrainment of a preexisting deep chlorophyll maximum (DCM). South of Sri
Lanka, the SWM bloom is caused by coastal upwelling and Ekman suction, and is
swept into the Bay of Bengal by the Southwest Monsoon Current. In the tropical,
South 10 (5-20°S), there is a weak, surface bloom during boreal summer when
new production is enhanced by nutrient entrainment; the surface bloom is even
weaker (or absent) during boreal winter because the mixed layer is thinner, the
thermocline is deeper, and hence, nutrient entrainment weaker. At intraseasonal
timescales, blooms are associated with wind events and Rossby waves/eddies, and
they can be generated by both new production and entrainment of a preexisting
DCM. During the 1997/1998 El Nifio—Southern Oscillation/IO zonal dipole event,
there was an upwelling bloom near Sumatra/Java in fall 1997, a much deeper DCM
and weaker surface bloom along 5-10°S in spring 1998, and a weaker bloom in the
Arabian Sea during the SWM of 1998.

1. INTRODUCTION

1.1. Background

Indian Ocean (IO) circulations and phytoplankton distri-
butions are very different from those in the other oceans, a
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consequence of the unique forcing by monsoon winds (Fig-
ure 1). There are seasonally reversing monsoon winds in the
Arabian Sea, the Bay of Bengal, and extending to 10°S, with
a stronger clockwise (weaker counterclockwise) circulation
during the summer (winter). Typically, there are no easterly
winds (trades) on the equator, and as a result there is little or
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Figure 1. Maps of winds during (left) January and (right) July from an NCEP2 climatology averaged from 1979 to

2007.

no equatorial upwelling in the IO. (An exception occurs dur-
ing 10 zonal dipole mode (I0OZDM) events (section 5) [ Wig-
gert et al., this volume]. The IOZDM is also referred to as
the IO dipole (IOD), the IO zonal mode (I0ZM), and the 10
dipole zonal mode (IODZM).) South of 10°S, the southeast
trades are relatively steady but stronger during austral winter.

Plate 1 (top) plots surface chlorophyll concentration, P,
determined from a 1999-2007 climatology of Sea-viewing
Wide Field-of-view Sensor (SeaWiFS) ocean-color data. To
illustrate the ocean’s response to the winds, Plate 1 (bottom)
also plots the upper-layer thickness, /;, from the model of
McCreary et al. [1993] (hereinafter referred to as MKM); /1,
simulates the structure of the top of the actual thermocline
reasonably well, except that it is somewhat too thin from 5 to
10°S. Note that there are regions where 4, is thin enough to
lie within the euphotic zone (4, < 100 m). These regions are
biologically (and climatically) important either because up-
welling is active or because anomalous forcings can thicken
the mixed layer or raise the thermocline enough to allow
subsurface (thermocline) waters, with their elevated nutri-
ent concentrations, to be entrained into the surface layer. (In
the MKM model, /#; has a minimum allowed thickness of
H,, =35 m, so that upwelling is active in the solution almost
everywhere where /; is shallower than the 40-m contour in
Plate 1.) As discussed next, a comparison of the panels in
Figure 1 and Plate 1 points toward close linkages among the
wind forcing, %, and chlorophyll.

During July southwest monsoon (SWM), southwesterly
winds blow along the Somali and Omani coasts and the east
coast of India. These winds drive offshore Ekman drift, thin-
ning 4; along both coasts. The upwelling region along the

east coast of India is less extensive and much weaker than
that off Somalia and Oman. One reason for this difference is
that the winds are considerably weaker in the Bay of Bengal.
Another is that the region of thick %, in the eastern equato-
rial ocean (a Rossby-wave packet that reflected earlier from
the eastern boundary of the basin) has a branch that spreads
counterclockwise around the Bay (a coastal Kelvin wave); it
overwhelms the upwelling along the northeast coast of India,
so that /4 actually thickens there, and thinning is confined to
the southeast coast [McCreary et al., 1996a; Shankar et al.,
1996; Schott and McCreary, 2001].

During July, there are also two, prominent regions of thin
h; in the open ocean, one extending along 5-10°S and an-
other south of Sri Lanka. Along 5-10°S, the overall thin-
ning is generated by positive Ekman pumping velocity, wey,
associated with the equatorward weakening of the south-
east trades [MKM; Yokoi et al., 2008; Hermes and Reason,
2008]. (The Ekman pumping velocity is related to the surface
Ekman transport, My = (M*, M) = (1/p,) k x (t/f), where
T is the wind-stress vector, k is a unit vector in the z-direc-
tion, and f is the Coriolis parameter. Velocity we is then
the divergence of Ekman transport, that is, we, = =V - Mgy
=(1/po) k- V x (t/f). It is closely related to the wind-stress
curl, but also includes effects due to the variability of /' with
latitude.) South of Sri Lanka, thermocline shoaling is partly
driven by positive we associated with the cyclonic bending
of near-equatorial westerlies into the Bay during May and
June. Later in the SWM, it is enhanced by remote forcing
from the Bay of Bengal. Upwelling-favorable Kelvin waves,
generated by the strong winds along the east coast of India,
propagate around Sri Lanka and northward along the west
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Plate 1. Maps of chlorophyll concentrations from (top) SeaWiFS and (bottom) thermocline depth /4, from the model of
McCreary et al. [1993; hereinafter MKM] during (left) January and (right) July. The chlorophyll plots are from a clima-
tology averaged from September 1999 to August 2007. In the MKM model, /; has a minimum allowed thickness of H,
=35 m, and upwelling of thermocline water into the mixed layer occurs in these regions (section 2.1). Bottom plots are

reprinted from McCreary et al. [1993], with permission from Elsevier.
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Plate 2. Phytoplankton concentrations from IRS-P4 OCM during July, 1999, illustrating the biophysical processes in-

volved in the bloom south of Sri Lanka. After Vinayachandran et al. [2004].
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coast of India; subsequently, this west-coast signal radiates
into the interior of the Arabian Sea as a packet of Rossby
waves, thinning /; well offshore (Plate 1, bottom right).

During January, near the peak of the northeast monsoon
(NEM), A is thick in the northern Arabian Sea, largely as-
sociated with convective mixing that is driven by northeast-
erly winds that carry cold, dry, continental air over the ocean
(Plate 1, bottom left). Note that 4 is also thick in the Bay
of Bengal (lower right), contrary to observations; this error
happens because the MKM model does not include effects
of the large, summertime, freshwater flux into the Bay. In
the real ocean, the fresh water generates a thin, stable, sur-
face layer that remains throughout the winter. The 4, field is
thin in a band that extends across the southern Arabian Sea,
the shallowing caused by an upwelling-favorable Rossby
wave propagating from the west coast of India and by posi-
tive wek in the western basin. In the Southern Hemisphere,
the 5-10°S ridge is confined to the western/central basin, a
consequence of the weaker southeast trades during austral
winter. The seasonal cycle of /1, however, is more complex
than suggested by the January and July snapshots in Plate
1. It has a prominent semiannual cycle driven by we and is
impacted by Rossby waves remotely generated in the eastern
basin [Yokoi et al., 2008; Hermes and Reason, 2008].

In the Northern Hemisphere, much of the July phytoplank-
ton response is linked to upwelling regions where /4, is shal-
low, with the strongest response occurring in the western
Arabian Sea where the upwelling is most intense (Plate 1,
right). At the same time, there is also a bloom in the central
Arabian Sea where A; is not thin, which therefore is not a
direct result of coastal upwelling (section 3.1). During Janu-
ary, there is a prominent bloom in the northern Arabian Sea,
with weaker activity elsewhere; it also occurs in a region
where climatological 4, is thick and so is also not an up-
welling bloom (Plate 1, left).

In the Southern Hemisphere, there are indications of a
weak bloom along the 5-10°S thermocline ridge throughout
the year (Plate 1, top). [The term “bloom” is commonly used
to refer only to large-amplitude, episodic, phytoplankton
events. Throughout this paper, we use the term more broadly,
to apply if chlorophyll values are higher than background
values (~0.05 mg/m?) in a particular region regardless of
timescale.] During austral winter (top right), the bloom
forms a distinct band that extends across most of the basin
from 5°S to 20°S. During austral summer (top left), how-
ever, it is confined primarily west of 75°E and may occur
only episodically [Resplandy et al., 2009]. In Plate 1, these
seasonal changes appear to be linked to a northward shift,
the broadening and eastward extension of the thermocline
ridge; a related, and more direct, linkage is with mixed-layer
thickness (see section 3.3). The wintertime intensification

can also be seen in Plate 5a, top left (below), which shows
surface chlorophyll from SeaWiFS during 1998 averaged
from 10-12°S; the bloom is present only during the austral
winter, possibly because the averaging band is located too
far south to pick up any of the weaker bloom during austral
summer (Plate 1) or because of interannual variability.

A physical reason for the low chlorophyll values along the
ridge is that, in contrast to coastal regions, upwelling veloci-
ties are weak along the ridge since the total upwelling trans-
port is spread over such a large area; moreover, the upwelling
may also be “zero,” a result of the ocean adjusting to a state
of Sverdrup balance in which we, no longer drives an up-
welling velocity. (The adjustment to Sverdrup balance can
be understood using a simple, reduced-gravity (1 %-1ayer)
model of the oceanic surface layer, which results in the famil-
iar equation, Ay, + c;hiy = — wyy, wWhere ¢, = —Pg’hy/f2.
Ekman pumping is the balance between the first and third
terms (1, = —Wwy), a statement that /; continues to thin
(upwell) in response to positive Ekman pumping. Sverdrup
balance is the balance between the second and third terms
(crhix = —wgy), for which 4, =0, and there is no upwelling.
The balance between the first and second terms (4, =—c;hy)
describes a Rossby wave propagating westward at speed c;.
In response to a switched-on wind, the ocean is initially in
a state of Ekman balance. Subsequently, it adjusts to a state
of Sverdrup balance via the radiation of a Rossby wave. An
exception to this adjustment occurs when wex > 0, and /4 be-
comes too thin in some region, thinner than a minimum value
H,, say; in that case, h; = H,, and A, = 0 there, the Ekman
balance holds, and there is upwelling. Indeed, low SST val-
ues indicative of upwelling are not apparent along the ridge
in climatological SST, although they do occur during intrase-
asonal events; see section 4.1.) A biochemical reason for the
low chlorophyll is that the ridge is a region of low-iron con-
centration that weakens surface production [Wiggert et al.,
2006; Behrenfeld et al., 2009]. Both the iron stress indicated
in these analyses and the moderate upwelling noted above
suggest that primary production in this region is localized
within deep chlorophyll maxima (DCMs), which are apparent
in the available in situ data [ Wiggert et al., this volume].

Figure 1 and Plate 1 illustrate the climatological forc-
ing and response. There is also significant variability about
this background state at both intraseasonal and interannual
timescales, which also indicates systematic biophysical con-
nections.

1.2. Present Paper
In this paper, we present an overview of biophysical in-

teractions in the 1O, discussing processes that are known, or
believed, to be involved in generating many of the blooms



illustrated in Plate 1. Section 2 provides an overview of
basic biophysical processes that impact biological activity,
both near the ocean surface and below. Sections 3, 4, and
5 then review biophysical interactions at seasonal, intrasea-
sonal, and interannual timescales, respectively. This division
by timescale is instructive but imperfect, since phenomena
at different time scales often interact significantly; for ex-
ample, intraseasonal forcing has a lowest-order impact on
the annual blooms in the central Arabian Sea, and so its
effects are also discussed in section 3.1.2. Section 6 sum-
marizes our results and discusses implications for future
work.

Our focus is on interactions at “large” (greater than meso-
scale) spatial scales. On the other hand, existing observations
show significant variability at the patch scale (1-10 km) in
several 10 regions, with patterns suggesting the influence
of fronts and eddies. These regions include the coastlines
of Oman and Somalia during the SWM [e.g., Béhm et al.,
1999; Lee et al., 2000; Hitchcock et al., 2000; Kim et al.,
20017, the neighborhood of Sri Lanka (see Plate 2 below), the
Mozambique channel [e.g., de Ruijter et al., 2002; Quartly
and Srokosz, 2004], and the Leeuwin Current [e.g., Rennie
etal.,2007; Moore et al., 2007]. Furthermore, studies in the
10 [e.g., Waite et al., 2007] and other oceans point toward
the important role of meso- and submesoscale processes in
bloom evolution [Garcon et al., 2001; Benitez-Nelson and
McGillicuddy, 2008]. A proper review of the impact of these
processes on phytoplankton bloom dynamics is not possible
in the 10, due to the scarcity of observations and general lack
of biophysical modeling studies that resolve mesocale and
submesoscale interactions. In any case, these smaller-scale
processes work on lateral and vertical gradients created by
the large-scale processes discussed here. Thus, our overview
provides the background upon which smaller-scale pro-
cesses are active.

Our paper complements several others in this volume that
discuss a variety of issues concerning biophysical interac-
tions [e.g., Koné et al., this volume; Marra and Moore, this
volume; Rixen et al., this volume; Vinayachandran, this vol-
ume, and Wiggert et al., this volume]; in addition, Hood et
al. [this volume] discusses a variety of outstanding research
questions, many of which are related to biophysical interac-
tions. Other papers that also provide overviews of 10 bio-
physical interactions are Wiggert et al. [2006] and Levy et
al. [2007].

2. BIOPHYSICAL INTERACTIONS
In this section, we first discuss general biophysical pro-

cesses that occur within and just below the mixed layer.
Then, we review the 10’s shallow overturning circulations,
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the subsurface branches that supply water for the upwelling
regions. Finally, we note the potential impacts of deeper
(subthermocline) circulations on biological activity, spe-
cifically concerning the maintenance of oxygen minimum
zones.

2.1. Near-Surface Processes

Figure 2 schematically illustrates the three types of
blooms that can occur due to mixed-layer processes, namely,
upwelling, entrainment, and detrainment blooms. Figure 2
(top) indicates changes in mixed-layer thickness %, and the
seasonal thermocline /¢ (the region below the mixed layer
but above the main thermocline) that typically occur during
an upwelling event. Upwelling happens whenever the wind
generates a divergent, surface flow that removes upper-layer
water from a region. The left-hand profile shows a typical
layer structure at the beginning of an upwelling event. As
time passes, the mixed layer thins until /., reaches its mini-
mum thickness H, (the sequence of profiles 1-4). There-
after, water from the seasonal thermocline is entrained into
the mixed layer, and /¢ thins (profiles 4-6). Eventually, the
seasonal thermocline layer is also eliminated, at which time
upwelling from the main thermocline begins (profile 7). At
this time, upwelling becomes a powerful process for gen-
erating biological activity because it brings high-nutrient,
thermocline water into a thin, surface mixed layer, where
the depth-averaged light intensity is high.

Figure 2 (bottom) illustrates changes due to entrainment
of subsurface water into the mixed layer. Entrainment oc-
curs whenever there is an increase in surface turbulent mix-
ing (due either to strengthened winds or surface cooling).
The left-hand profile shows a typical layer structure at the
beginning of an entrainment event in which 4, = Hy,,. Fluid
entrains into the mixed layer, increasing /4, until the sea-
sonal thermocline vanishes (profiles 1-5), at which time
thermocline water begins to entrain into the mixed layer
(profiles 5-7). Even though entrainment can bring a consid-
erable amount of nutrients into the upper layer, entrainment
blooms are not as productive as upwelling blooms because
hy is thick and, hence, the depth-averaged light intensity is
low.

Detrainment occurs whenever there is a decrease in tur-
bulent mixing (when the wind weakens or there is surface
heating), and 4y, thins. This process is illustrated in Figure
2 (bottom) by reversing the order of profiles 1-5. Profile
5 shows a deep mixed layer, such as is often present after
wintertime cooling; profiles 41 illustrate the subsequent
thinning of 4, and formation of the seasonal thermocline
(h¢ > 0). Detrainment blooms tend to be highly productive
because detrainment results in a thin mixed layer, thereby
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Figure 2. Schematic diagram illustrating the three types of blooms that can occur due to physics, namely, upwelling,
entrainment, and detrainment blooms. The sequences of profiles indicate the changes in thicknesses of the (light shading)
mixed layer /,,, (medium shading) seasonal thermocline /¢, and (heavy shading) thermocline /; that occur during (top)
upwelling events and during entrainment and (bottom) detrainment events. For upwelling and entrainment events, the
initial state is the profile at the left and time increases to the right. For detrainment events, the initial state is profile 5 in
the bottom and time increases to the left. Reprinted from McCreary et al. [1996b], with permission from Elsevier.

favoring phytoplankton growth by increasing the depth-
averaged light intensity under conditions where nutri-
ent concentrations are typically high, the classic Sverdrup
mechanism for spring blooms [Sverdrup, 1953]. On the
other hand, they also tend to be short-lived because detrain-
ment does not inject new nutrients into the mixed layer, and
so detrainment blooms can persist only until the initial nutri-
ent supply is depleted.

Subsurface (deep) phytoplankton maxima (DCMs) oc-
cur when the mixed layer is thin, and the thermocline (nu-
tricline) is shallow enough to lie within the euphotic zone
(similar to profiles 4-6 in Figure 2, top). Under these condi-
tions, nutrients can become so depleted in the near-surface
ocean that only minimal phytoplankton concentrations can
be maintained through regenerated nutrients (see Figure 2,
top); moreover, phytoplankton biomass accumulates only at



depths near the top of the nutricline. In this situation, and
under the influence of some episodic atmospheric forcing,
an “apparent” surface bloom can be generated simply by the
entrainment of the subsurface bloom into the mixed layer.
Modeling results suggest that this process occurs in the Bay
of Bengal (section 3.2) [Vinayachandran, 2009] and in the
tropical South IO during intraseasonal events (section 4).
Finally, it is well known that biological activity can be
strongly impacted through advection by near-surface cur-
rents. In some cases, the impact of advection is clear, for
example, with narrow streams of elevated chlorophyll ex-
tending along the edges of currents and around the perimeter
of eddies (sections 3.1.1 and 3.2). As noted in the introduc-
tion, the role of advection in bloom dynamics, for example,
through the advection of nutrients and other biological vari-
ables from upwelling regions (section 3.1.2), is less clear.

2.2. Shallow Overturning Cells

Shallow (z 2 =500 m) overturning cells provide the sub-
surface water that surfaces in upwelling regions and, hence,
are a source of nutrients for new production. In contrast
to deeper overturning cells (like the Atlantic’s meridional
overturing circulation), the shallow cells are primarily wind-
driven rather than forced by thermohaline processes. They
involve the wind-driven subduction of surface water in the
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subtropics, subsurface flow into the tropics within the ther-
mocline, tropical upwelling, and surface return flow to the
subtropics. Although their branches (discussed next) vary
considerably annually, it is their annual mean circulation that
is associated with overturning, that is, diapycnal exchange
(see Schott et al. [2004], for a review of shallow overturning
cells in all oceans).

In the IO, the annual mean winds are similar in structure
to, but weaker than, the July winds (Figure 1, right). They
force two prominent overturning cells, the Cross-Equatorial
Cell (CEC) and the Subtropical Cell (STC), which differ in
the location of their upwelling branches. Figure 3 plots the
meridional stream function y for the IO from an ocean model
[Miyama et al., 2003]. (Streamfunction y is obtained by in-
tegrating the continuity equation across the basin, thereby
eliminating all contributions from the zonal currents. It fol-
lows that V), + W. = 0, where V" and U are the across-basin
integrations of the meridional and vertical currents, and v is
defined by V' =—y., W= vy,. With this definition, water flows
along isolines of y in a direction such that lower values lie to
the left.) Northward, subsurface flow crosses the equator at
depths of 150-300 m to upwell in the Northern Hemisphere
off Somalia, Oman, and India, forming the CEC. Another
part of the subsurface flow approaches the equator, but then
rises and bends southward to upwell from 5 to 10°S to form
the STC. (Note the presence of a near-surface equatorial roll,
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Figure 3. Annual mean meridional stream function from an ocean model. Reprinted from Miyama et al. [2003], with

permission from Elsevier.
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an interesting feature but one that is not involved in CEC or
STC dynamics; see Miyama et al. [2003], for a recent dis-
cussion of this feature.)

The three-dimensional (3-D) flow field associated with
the cells is much more complicated than suggested by the
2-D view of Figure 3 [Schott and McCreary, 2001; Schott
et al., 2004]. Their descending branch occurs in subduct-
ing regions, where negative Ekman pumping forces water
to deepen, allowing cooler water to move under warmer
water. In the 10, subduction is strongest in the southeastern
basin where the westward bending of the southeast trades
generates large-amplitude, negative we, (Figure 1). Avail-
able observations and models [e.g., Schott and McCreary,
2001; Schott et al., 2004] suggest that the subducted water
first flows westward in the Subtropical Gyre to the coast of
Madagascar, then northward and westward to the African
coast, and finally equatorward in the East African Coastal
Current. Some of this water then bends offshore near 5°S to
supply water for the upwelling along 5-10°S, forming the
STC. The rest crosses the equator via a subsurface branch of
the Somali Current to supply water for the Northern Hemi-
sphere upwelling regions, forming the CEC. Other possible
sources of water for the subsurface branch are a deep portion
of the Indonesian Throughflow and inflow from the South-
ern Ocean [Miyama et al., 2003; Schott et al., 2004].

A measure of the strength of the STC is the transport of
its upwelling branch. As determined from numerical simula-
tions, the total upwelling is 5-10 Sv, a range consistent with
the amplitude of the Ekman divergence there (Figure 3) [Mc-
Creary et al., 1993; Ferron and Marotzke, 2003; Miyama
et al., 2003]. A measure of the strength of the CEC is the
southward, cross-equatorial transport of its surface branch.
As noted by Godfirey et al. [2001] and discussed in detail
by Miyama et al. [2003], the zonal component of the annual
mean wind stress T' nearly vanishes at the equator (similar
to Figure 1, right), and it varies roughly proportionally with
distance from the equator (that is, T° o< y). For this wind field,
the concept of Ekman flow is valid even at the equator, since
T'/f is well defined in the limit y — 0. Moreover, it follows
that —t*/f'= —t}/B = V at the equator, so that the Ekman
and Sverdrup transports are equal. A useful measure of CEC
strength is then the integral of J along the equator, which
yields a value of roughly 6 Sv [Miyama et al., 2003; Schott
et al.,2004].

There is another region of Southern Hemispheric up-
welling along the northwest Australian shelf and Arafura
Sea (The shallow (50—80 m) Arafura Sea lies over the conti-
nental shelf south of New Guinea.), which generates another
overturning cell. Godfrey and Mansbridge [2000] estimated
its annual mean upwelling to be only 1.4 Sv, so that cell is
weak. Finally, IOZDM episodes are marked by westward

wind anomalies along the equator, which lead to upwelling
in the eastern equatorial ocean and off Sumatra [Murtugudde
et al., 1999; Saji et al., 1999; Murtugudde et al., 2000; Feng
and Meyers, 2003; Wiggert et al., this volume], but their epi-
sodic contribution to the mean upwelling is small [Schott et
al., 2002].

2.3. Deeper Circulations

Subthermocline circulations can also affect biological
processes, through their impact on biochemistry (reminer-
alization). Perhaps the best known, subthermocline, bio-
chemical phenomenon in the 10 is the oxygen minimum
zone (OMZ) in the Arabian Sea. It is one of the most intense
OMZs in the present-day oceans, with near-total depletion
of oxygen at depths from 200 to 1000 m [de Sousa et al.,
1996; Morrison et al., 1999]. OMZs typically occur below
regions of high productivity, where oxygen is utilized in the
remineralization of sinking detritus by bacteria. A striking
aspect of the Arabian Sea OMZ (ASOMZ), however, is that
it is located in the eastern/central basin (65—70°W and 15—
20°N), not in the western part where biological production
is highest. Various hypotheses have been put forward to ex-
plain the maintenance of OMZs. On the physical side, they
include the slow advection of mid-depth waters [Sverdrup
et al., 1942; Olson et al., 1993; Sarma, 2002] and influx of
low-oxygen deep waters from the south [Swallow, 1984];
on the biological side, one hypothesis is that the local eco-
system has an unusually high-oxygen demand [Ryther and
Menzel, 1965]. The cause of the eastern shift of the ASOMZ
is even less clear.

A possible explanation for the eastward shift is the pres-
ence of two prominent, subthermocline and intermedi-
ate, water masses that enter the basin from marginal seas,
namely, Red Sea Water (RSW) and Persian Gulf Water
(PGW). PGW spreads into the Arabian Sea just below the
thermocline (250-300 m) with a core depth of 6y = 26.6 kg/
m?, whereas RSW leaves the Gulf of Aden at intermediate
depths (300-1000 m) with a core density of 6y = 27.1-27.3
kg/m? [Schott et al., 2002]. Both water masses are too dense
to upwell within the Arabian Sea.

Neither the pathways by which PGW and RSW circulate
about, and eventually leave, the Arabian Sea nor their bio-
geochemical signatures and impacts on the IO ecosystem
are well understood. Pathways of PGW inferred from hydro-
graphic (7/S) data suggest that PGW flows both southward
along the Omani coast as well as around the perimeter of
the basin [Shenoi et al., 1993; Prasad et al., 2001], but it is
difficult to trace PGW water into the southern Arabian Sea
[Schott and McCreary, 2001]. Pathways of RSW based on
hydrographic data suggest that RSW is present all across the



basin [Shenoi et al., 1993]. Both of these newly ventilated,
water masses have high-oxygen content, and they may act to
weaken the ASOMZ in the western basin.

3. CLIMATOLOGICAL PROCESSES
3.1. Arabian Sea

The Arabian Sea varies from calm, stratified, oligotrophic
conditions during the intermonsoon periods (March—April
and October—November) to strongly forced, eutrophic con-
ditions during the SWM and NEM [Smith et al., 1998]. Fur-
thermore, the two monsoons themselves generate distinctly
different biological responses. Because of its extreme vari-
ations, Arabian Sea physics and biology have captured the
interest of researchers for decades, and a number of inter-
national programs have been undertaken in the region. One
of the most influential programs was the U.S. Joint Global
Ocean Flux Study (U.S. JGOFS) Arabian Sea Process Study
(ASPS), which studied Arabian Sea biology, chemistry, and
upper ocean physics during 1994-1996 [Smith, 2001]. In
addition to enhancing the region’s database, the ASPS pro-
gram spurred a number of modeling studies using a variety
of model types [McCreary et al., 1996b, 2001; Ryabchenko
et al., 1998; Murtugudde et al., 1999; Wiggert et al., 2002,
2006; Kawamiya and Oschlies, 2003; Hood et al., 2002].
Here, we summarize results concerning biophysical interac-
tions from these studies, with most of the discussion focused
on the blooms that occur in the central basin [see also the
recent review of Arabian Sea bloom dynamics by Wiggert
et al., [2005]).

3.1.1. Somalia and Oman. During the SWM, the intense
southwesterly winds in the western Arabian Sea (Findlater
Jet; Figure 1, right) drive upwelling along the Somali and
Omani coasts (In contrast, during the NEM downwelling-
favorable alongshore winds inhibit coastal production.).
The alongshore winds are so strong off Somalia that the up-
welling circulation is “distorted” by advection into a series
of upwelling wedges located between large-scale (~500 km)
gyres, the most prominent of which is the Great Whirl [see,
for example, Schott and McCreary, 2001]. Blooms, generat-
ed in the upwelling wedges, are subsequently advected well
offshore around the perimeter of the gyres.

The alongshore winds are weaker off Oman, and the
coastal response is more typical, with upwelling occurring
everywhere along the coast and chlorophyll-rich filaments
(squirts and jets) extending several hundred kilometers off
the coast [Gundersen et al., 1998; Manghnani et al., 1998;
Lee et al., 2000]. Only now are models being developed
with enough spatial resolution to represent the filaments ad-
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equately. Nevertheless, the potential importance of filaments
in advecting biological variables offshore has been demon-
strated in several modeling studies [ Young and Kindle, 1994;
Keen et al., 1997, Kindle et al., 2002].

3.1.2. Central Arabian Sea. During both monsoons, the
mixed layer in the central Arabian Sea thickens to 50-150
m, thereby increasing nutrient concentrations but also de-
creasing the depth-averaged light intensity experienced by
phytoplankton. At these times, primary production can be
either light or nutrient limited, and so is particularly sensi-
tive to fluctuations in mixed-layer thickness [Marra et al.,
1998; Murtugudde et al., 2007].

McCreary et al. [2001] explored the biophysics of the off-
shore blooms, using a 4% -layer physical model coupled to a
nutrient, photoplankton, zooplankton, and detritus (NPZD)
biological model. Figure 4 plots time series of layer thick-
nesses and upper layer biological variables at (61.5°E,
15.5°N) in the central Arabian Sea, the location of the WHOI
mooring during the ASPS experiment. The figure contrasts
two solutions that differ only in the nature of the forcing: So-
lution 1 driven by climatological forcing fields (Figures 4a
and 4b) and Solution 2 driven by diurnal heating and daily
winds (Figures 4c and 4d).

In Solution 1, the upper layer thickness /) increases at the
beginning of the SWM due to entrainment caused primarily
by wind stirring (thick curve in Figure 4b). It continues to
thicken until the end of August, when detrainment due to
weaker winds and warming at the end of the SWM rapidly
thins /;. During the NEM, there is another cycle of thicker
hy, in this case, due to entrainment is forced primarily by
surface cooling. The cycle ends in the spring when /; thins
due to surface heating.

The entrainment mixes high, subsurface (thermocline) nu-
trient concentrations into the upper layer during both mon-
soons, and as a result, N; increases continuously throughout
the winter and summer (thin curve, top). In response to the
initial entrainment, P; develops blooms that peak in early No-
vember and June (thick curve, top). Despite the high-nutrient
levels, these “entrainment” blooms are short-lived because
the entrainment continues to increase 4, thereby reducing the
depth-averaged light intensity sensed by the phytoplankton.
Consequently, strong blooms do not occur until /; detrains at
the end of the monsoons. These spring and fall “detrainment”
blooms are intense because of the buildup of high-V, levels
during summer, but short-lived because of the rapid depletion
of N and grazing by zooplankton Z; (dashed curve). Similar
processes associated with the typical seasonal bloom dynam-
ics of the Arabian Sea have been described in several recent
ecosystem model studies; these have recently been reviewed
and contrasted by Wiggert et al. [2005].
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Figure 4. Time plots of layer thicknesses and upper layer biological variables in the central Arabian Sea (61.5°E, 15.5°N)
from solutions to the McCreary et al. [2001] model forced by (a, b) climatological fields and (c, d) when the forcing also
includes diurnal and intraseasonal variability. In the bottom, there are two curves for 4, indicating its maximum (iz B
thick line) and minimum (/Vzl; thin line) values on any given day. Curves 1> and /o3 are the maximum daily values of
+ hy and hy + hy + hs, respectively. Curves for the biological variables are their daily averaged values. Shading indicates
typical times of the monsoon periods. From McCreary et al. [2001].



In Solution 2, the overall annual structure of /; (the daily
maximum of /) is similar to that of /; in Solution 1. One ap-
parent difference is the existence of pulses of thinner /2, during
the monsoons, particularly the NEM, associated with break
periods in the wind forcing (thick curve, bottom). There are
times when &, thickens more rapidly associated with strong
wind events; they are also accompanied by a thickening of &,
(the daily minimum of /), except during the intermonsoons.
The spring bloom is now divided into three prominent peaks
(P1, lower middle), each of which is a “detrainment” bloom
corresponding to periods when /; thins for a week or more
(thick curve, lower middle). As a consequence, the overall
spring bloom lasts much longer than in Solution 1, extending
from February throughout March. Note that the individual
bloom events rapidly deplete the nutrient supply N, but that
N is quickly replenished by subsequent entrainment (thin
curve, lower middle). The fall bloom is also broadened in
time, but by several “entrainment” blooms corresponding to
periods when /; thickens more rapidly. In addition to the ini-
tial entrainment bloom in June, there is a second one in July/
August, which results from intensified winds in mid-July
that deepen /2; by about 10 m. Remarkably, there is observa-
tional support for intraseasonal detrainment and entrainment
blooms in satellite ocean-color data (section 4.1).

There has been considerable discussion about the impact
of forcing by the strong positive Ekman pumping wey north-
west of the axis of the Findlater Jet during the SWM (Fig-
ure 1, right) on thermocline depth and bloom dynamics. The
positive wex has been noted as a possible source of upwelling
just offshore from Oman [Smith and Bottero, 1977; Brock
et al., 1991; Bauer et al., 1991]. Based on their model so-
lutions, however, McCreary et al. [1996b] concluded that
upwelling driven by wex was not significant off Oman (in
comparison to the coastal upwelling there), likely because
the system had adjusted toward a state of Sverdrup balance
in which Ekman pumping no longer drives upwelling (see
parenthetical discussion in section 1.1, paragraph 8).

Similarly, there has been discussion about the relative
importance of negative Ekman pumping in deepening the
offshore thermocline. Whether surface convergence (nega-
tive wex) or entrainment is the process that thickens 4 is
biologically important, since the former does not bring ad-
ditional nutrients into the upper layer; furthermore, negative
wex may deepen the thermocline so much that it is difficult
for entrainment to mix nutrients from the nutricline into the
mixed layer (profiles 1—4 in Figure 2, bottom) [Murtugudde
et al., 2007]. During the SWM, there is negative we south-
cast of the axis of the Findlater Jet. McCreary et al. [1996D]
noted that /; in their solution (very similar to /; in Plate 1,
bottom right) attained relative maxima near the zero line of
Wek, indicating the importance (dominance) of entrainment.
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Murtugudde et al. [2007] concluded that both processes are
active.

Another issue is the relative importance of local entrain-
ment vs. advection from coastal upwelling regions as nutri-
ent sources for the central Arabian Sea during the SWM. To
explore this issue, McCreary et al. [1996b] obtained a test
solution without advection in the equation for mixed-layer
nutrients. The resulting nutrient buildup in the central Ara-
bian Sea was considerably less but not zero, pointing toward
significant contributions from both sources. Murtugudde et
al. [1999] and Wiggert et al. [2002] also invoke offshore
advection of nutrients from the coast in order to explain the
high levels of primary production in the central Arabian Sea.
A more complete assessment and inclusive discussion of the
various mechanisms proposed in the literature is by Wiggert
and Murtugudde [2007].

3.1.3. West coast of India. Biological activity is very differ-
ent between the northern and southern parts of the Indian west
coast [Levy et al., 2007]. Along the southern coast, blooms
occur only during the SWM. At that time, the local winds
do have an upwelling-favorable (northwesterly) component
there (Figure 1, right), but they are too weak in themselves
to drive the upwelling [McCreary et al., 1993; Shankar and
Shetye, 1997; Shankar et al., 2002]. The major forcing for
the upwelling, as well as for the southward-flowing West In-
dia Coastal Current (WICC), comes from the much stronger,
upwelling-favorable winds in the Bay of Bengal, which lift
the thermocline along the west coast via the propagation of
coastal Kelvin waves (section 1) [McCreary et al., 1993;
Shankar and Shetye, 1997). A related bloom in the Lakshad-
weep Sea, which lags the coastal bloom by about 2 months,
has also been observed [Lierheimer and Banse, 2002; Levy
et al., 2007]; it appears to be driven by upwelling caused
by the offshore radiation of Rossby waves from the Indian
coast. (The Lakshadweep Sea lies between the southwest
coast of India and the Chagos-Laccadive ridge (~72°E), the
same ridge that contains the Maldive islands farther south.
The southern limit of the Lakshadweep Sea coincides with
the southern tip of India at 8°N and its northern limit is at
13°N.)

Along the northern coast, there are blooms during both
monsoons. During the NEM, they are driven by entrain-
ment caused by winter cooling and the associated convec-
tive mixing (section 3.1.2) [Banse, 1984; Shetye et al., 1992;
Madhupratap et al., 1996). During the SWM, they are also
driven by entrainment, in this case due to strong winds that
promote mechanical mixing (Figure 1, right); note that the
SWM winds blow almost directly onshore there, so that up-
welling (which is driven by alongshore winds) is not likely
to be significant. They are also likely to be partly remotely
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forced by Kelvin waves propagating from the south, which
act to shallow the northern coastal thermocline (Shankar et
al., 2002).

3.2. Bay of Bengal and Sri Lanka

Blooms and productivity in the Bay of Bengal and near
Sri Lanka, although weaker than those in the Arabian Sea,
are noteworthy in a number of aspects. Here, we comment
on two examples. See Vinayachandran [this volume] for a
detailed overview.

Biological productivity in the Bay is weaker because the
Bay lacks a strong upwelling system. As noted in the intro-
duction, one reason for the weaker upwelling is that the winds
along the east coast of India are weaker than along Somalia
and Oman, and another is the remotely forced deepening of
the thermocline around the perimeter of the Bay (Plate 1,
bottom right). A third cause is the large freshwater flux into
the Bay, which stratifies the near-surface ocean and, hence,
acts to inhibit upwelling of nutrient-rich, thermocline water.

Nevertheless, there are blooms of lesser intensity in the
Bay. A significant example occurs in the southwestern Bay
during the NEM [Vinayachandran and Mathew, 2003].
Vinayachandran et al. [2005] used a coupled, biophysical
model to investigate its dynamics. In early November, the
thermocline and nutricline are shallow, under the influence
of positive we earlier in the year, and the mixed layer is thin
[McCreary et al., 1996b; Vinayachandran and Yamagata,
1998]. Under these conditions, a subsurface bloom devel-
ops initially. Subsequently, this chlorophyll-rich, subsur-
face water can be entrained into the mixed layer, especially
during strong upwelling-favorable wind events in the open
ocean, thereby contributing significantly to surface blooms.
Indeed, in the Vinayachandran et al. [2005] model, a surface
bloom does not develop at all when the supply of phyto-
plankton from the subsurface maximum is not permitted into
the mixed layer (see the discussion of their Figure 7). Other
blooms in the Bay are related to the passage of cold-core
eddies and cyclones, the former raising the thermocline and
nutricline (section 4.2) [Prasanna Kumar et al., 2004] and
the latter thickening the mixed layer by entrainment.

As noted in the introduction, the bloom near Sri Lanka dur-
ing the SWM (Plate 1, right) is partly caused by upwelling
forced by Ekman suction, but other processes are important
as well [Vinayachandran et al., 2004]. Plate 2 illustrates the
complexity of the bloom, showing its structure on 29 July
1999. There are upwelling blooms along the southwest coast
of India (section 3.1.3) and the southern coast of Sri Lanka.
Chlorophyll-rich water from both regions is transported by
the eastward-flowing Southwest Monsoon Current (SMC)
around Sri Lanka and into the Bay of Bengal [Vinayachan-

dran et al., 1999; Shankar et al., 2002; Levy et al., 2007].
East of Sri Lanka, open-ocean Ekman pumping within the
Sri Lanka dome (a region just east of Sri Lanka where the
thermocline is particularly shallow) also caused a bloom.

3.3. Southern Hemisphere

In the MKM model, the thermocline rises to its minimum
thickness of 35 m over much of the thermocline ridge (Plate
1, bottom), allowing upwelling to occur, albeit with weak
upward velocities. In other ocean models and observations,
the ridge approaches but does not reach the surface, an indi-
cation that the ocean may adjust to a state of Sverdrup bal-
ance without upwelling (see the parenthetical discussion in
section 1.1, paragraph 8). These conditions (shallow ther-
mocline, weak or no upwelling) favor the development of
a DCM. Indeed, model results suggest that DCMs prevail
throughout the region. For example, Kawamiya and Os-
chlies [2001] and Wiggert et al. [2006] report prominent
DCMs in their solutions in the southern tropical 10, which
in the latter study exists throughout the year except during
August—October. Unfortunately, in situ observations are too
limited to confirm these modeling results. During an ocea-
nographic cruise of the Cirene program (January—February
2007), however, a DCM was observed to be present along
the ridge from 55 to 70°E with an average depth of 80 m and
concentration of 0.3 mg/m®; in contrast, average concentra-
tions at the surface and in the mixed layer were only 0.05
mg/m® [Vialard et al., 2009; Wiggert et al., this volume]. It
should be noted, however, that the 5-10°S ridge region had
a deeper than usual thermocline during Cirene as a result of
the 2006 IOZDM event and that the subsurface P maxima
was most likely deeper and weaker than usual as a result
[Vialard et al., 2009].

Given the presence of the DCM, two processes might
explain the existence of surface blooms from 5 to 20°S
during austral winter: entrainment of either nutrients or
phytoplankton from the DCM into the mixed layer. Based
on their modeling study, Resplandy et al. [2009] suggest
that the former process dominates. Interestingly, there is a
wintertime decrease in DCM strength in their solution; it
does not result from entrainment loss to the surface layer,
but rather from wintertime reduction in photosynthetically
active radiation (PAR) and from subsurface shading by
the surface bloom. Both Kawamiya and Oschlies [2001]
and Resplandy et al. [2009] concluded that surface blooms
in the region are weaker during the austral summer (Plate
1, top) because the mixed layer is thinner in response to
weaker winds, and the thermocline is deeper; as a result, it
is rare for typical mixing events to extend to the depth of the
nutricline.
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Plate 3a. Maps of anomalous rainfall for 13 summer MJOs from 1998 to 2004, illustrating the time development of typi-
cal MJO events. The patterns originate in the western 10, propagate eastward and northward across the basin, and weaken
in the Pacific Ocean. Their arrival time in the eastern 1O is defined to be ¢t = 0. From Waliser et al. [2005].

4. INTRASEASONAL VARIABILITY

Ecosystem variability at intraseasonal (and higher) fre-
quencies remains largely unexplored. Several recent studies,
though, have shown that biological activity is linked to phys-
ical variability even at these shorter timescales. The physical
variability is both externally forced by intraseasonal winds,
notably by Madden-Julian Oscillations (MJOs) [Madden and
Julian, 1971, 1972, 1994, 2005] and internally generated by
the passage of oceanic Rossby waves and eddies [Kawamiya
and Oschlies, 2001; Jochum and Murtugudde, 2005; Zhou et
al., 2008]; see Kessler [2005] for a recent review of oceanic
intraseasonal variability.

4.1. Response to MJOs

The MJOs, arguably the most prominent intraseasonal
oscillations in the tropical atmosphere, are eastward-propa-
gating, convective disturbances with periods of 40-60 days.
Their impacts on rainfall, oceanic surface fluxes, and SST
are well documented [e.g., Waliser et al., 2005]. Plate 3a
presents maps of anomalous precipitation composited for 13
boreal summer MJOs from 1998-2004 and clearly illustrates
their large-scale nature. The panels correspond to phases of
the composite MJO separated by 10 days, with £ = 0 being
the time that convection arrives in the eastern ocean. Dur-
ing summer, MJOs propagate northward as well as eastward,



