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The overall goal of this researphogram is to understand the irdetion between
physcal processes, nutrient fluxes, and biological and opticpbreses within the upper
ocean layers of both coastal and open ocean regions.

OBJECTIVES

The objectives of this research are to characterize the distributiphgsfal,
biological and optical variability within the Arabian Sea dsrection of the annual
monsoon cycle. In particular, we are examininggieEesses contributing to nutrient
fluxes into the upper layer, the indetion of the aphotic zone and surface mixed
layers, the spatial scales of variability within tigper layer, and the bio-tipal
responses to these processes. This research is supported by ONR#&8iolog
Oceanography.

APPROACH

Spatial variability of phyisal, bio-optical and bio-acoustic variables were sampled with
a SeaSoar (Brink aricee, WHOI) carying sensors foremperature, anductivity,
chlorophyll fluorescence, photosyetically available radiation (FR), beam

transmission ((;), DOM fluorescence (P. Coble, USF), dissolved oxygen (C. Langdon,
LDEO), and acoustic back-scatter (Holliday, Togc The SeaSoar was used to map 2-D
and 3-D distributions of these variables using long #retssand radiator patterns,
respectively. During SeaSoar mapping nutrients were measuredumrgly from the
ship’s underway seaater system. fdrographic sctions were obtainedalig the

southern JGOFS line, on a cross-shelf ieahat &out 19° 20’N, just north of Ras al
Madraka, and a high resolution transect associated with a SeaSoar radiator Q#ter
sections were addexpportunisically. Hydrographic variables included T, S, dissolved
oxygen, nutrients, exdrcted chbrophyll (Yentsch and Phinney) and chlorophyli
fluorescence, &, and PAR.
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Analysis of the data set includes three major ponents. The first component is to
examine the processes and scales of variability that are apparent in the Seasoar and
underway dta sets. The send component is to examine the bio-optical variability
within the SeaSoar data set, including the examination of basic relationships between
beam attenuation, chlorophyll fluorescence, andattenuation of PAR, the spatial
interaction of the gphotic zone depth and mixed layer depth, and modeling of the
spatial distribution of primary productivity based on beam attenuation, chlorophyll
fluorescence, and PAR. The third component of analysis isaimier the relationships
between water mass and nutrient variability, the implications of this variability to
vertical nutrient fluxes, and the impact of thubexic layer and denitidation on upper
oceanprocesses.

WORK COMPLETED

During the past year, we have been working on three fronts. One is the analysis of the
hydrographic varialtity along the JGOFS southern line. Thisrwfocuses on the

variability of the zone of denitrification and its influence on nutrient fluxes into the

upper layer. The second area of effort has been on tlwalopariability within the

Seasoar data set, the depth of theh®tic zone, and the interaction with the mixed layer
and stratification processes in the Arabian Sea. The third area has been modeling of the
upper layer during the NE monsoon to understand theactien of nutrient fluxes,

convective mixing, and diurnal atification and destratificain. This work has retied

in a manuscript which is being submitted to Deep-Sea Research.

RESULTS

During the SW monsoon ugNing filaments contributed to seaward fluxes of nutrients
and phytoplankton biomass. Thiaments were observed near thearing (~550 km
offshore). Highammonium concentrations in the filament indicated significant nutrient
regeneration activity andiggest gazing activity. $ibduction was evident as the

filament advectedffshore. Phyigal analysis of the Seasoar data set by Lee and Brink
(WHOI) suggesttittle evidence for wind stress curl driven ughing during either July

or September-Octobd©95. Distributions of ater masses and nutrientgpport this
conclusion. This indicates that the broadlsproductivity occurring at the end of the

SW monsoon season is the result of horiabradvection from the coast, as suggested by
Young and Kindle (1994).

Multivariate analysis has been used ontipérographic dta set to further understand

the annual variability along the southé@OFS line in the Arabian Sea. Using data

from 10 cruises (our four Seasoar cruises andGRFS cruises ptaprovided by

Codispoti and Morrison]) and from the upper 500 m, we were able toaggahe major
regions of variability associated with the nutrient variables. Ammonium variability
indicative of nutrient regeneration over the 10 cruise series had its dominant variability
within the upper 100m along the JGOFS line. Thisponent was highest during both

the NE and SW monsoons apparently coupled with primary ptivtty and grazing in



the upper layer. Niite, in contrast, was most dominant betwé&2b and 325 m, but
with and offshore sgtial maximum in variability bgond 800 km from the coast in the
depth range of 125-225 m, perhapsaating the influence of the well documented
denitrifying region in the eastern half of the Arabian Sea (e.g. Naqvi, 1991).

We are in the process of analyzing the bitiegh data set from the Seasoar cruises.
During the SW monsoon there were distinct papans that were apparent in the bio-
optical relationships between beam attenuatid@éatnm (G, chlorophyll

fluorescence and the apparentiogl property Kpar. In the upglling filament that
extended seaward from the coast the slope of the Kpgrwa3s low compared with the
slopes further offshore where mixing was deepeicati/e of both photoadagtion and
perhaps species changes. The Kpar ys(@ chlorophyll) elationship has been used to
estimate the euphotic zone depftisthe entire Seasoaath set, including the night-
time data. In the filament newe the mixed layer depth wasaibwer than the
euphotic zone depth and thime the vater column wasanducive to high produtivity
resulting from the upelled nutrients. Fartheffshore, high wind stress caused deep
mixing of up to 65m but the mixing did not penetrate the pycnocline. The mixed layer
was generally shallower than thephotic zone depth due to very little phytoplankton
biomass in the mixed layer due to the lack of nutrient availability. During the late NE
monsoon in February, mixed layer depths were often deeper than théieaphe

depth and deeper than during the SW monsoon, contributing to timalautrient
supply, and the inability of theghytoplankton to tilize all of the available nutrients.

Modeling analysis by J. Wiggert of the upper layer during the NE monsoon suggests that
primary prodetivity and accumulation of biomass may be limited by the ighys
dynamics of the system. While deep convective mixing prams nutrients into the

surface layeduring this period, the mixing at tharae time prevents a large
accumulation of biomagsom occurring. Wihle daytime stratification contributes to
productivity in theupper layer, nightime convection deepens the mixed layer, diluting
the phytoplankton and transporting a part of the biomass below theteuptite. A

result of this process is that the phytoplankton pagpan remains tightly coupled with
grazing and nutrient regeneration processes, further impeding development of a larger
phytoplankton populatn, and probably adicting the phytoplankton species

composition.

IMPACT

The results from the Arabian Seaiicate that while the r@snses to the NE and SW
monsoons are prexable at a gross level, the region is highly complex as evidenced by
water mass variability, small spatial scales, and spatial an temporal variability of the
forcing processes. Traditional shipboard hydrograpitlysmder sample the varigity
because of the verhert spatial scales.

TRANSITIONS



During the last year, the bulk of the initial data processing was completed and the
hydrographic dta base was submitted to tHeOFS dta base. Dr. Jerome Wiggert
completed his postdoctoral position with myself anoféssor Tommy Dickey (now at
UC Santa Barbara) from which one paper has alreadited{\Viggert et al.1997).

RELATED PROJECTS

This research effort is highly Baborative with investigators in both the @Nunded
Forced Upper Ocean DynamicoBram FUOD) and NSHundedJGOFS Program. Our
major collaboration is with Drs. Brink and Lee of the WHOI Seasoaut: We are
complementing their analysis of tpaydcal data sefrom the Seasoar with analysis of
the bio-optical data set. We are also dmdhating with the JGOFS hydrographéeam

(L. Codispoti and J. Morrison) to integge thehydrographic observations from the entire
Arabian Sea data set. This has already resulted in one major overview papgeaii

et al., 1997).

In addition, we are collaborating with Drs. Dickey (UCSB) and Marra (LDEO) to
compare Seasoar biotogs with noored bio-ofical observations from the central
mooring (e.g. Wiggert et al., 1997). We alsdaoorating with other FUOD
investigators including Dr. Michelle @6d who is analyzing phytoplankton taxonomy,
and Dr. Robert Arnone who is analyziAYHRR imagery and nearsurface optical
observations.
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