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ABSTRACT

A new water mass analysis technique is used to analyze the BCTS data set
in the Bhavnagar city of ten years for changes in Water properties. The
technique is based on a sequential quadratic programming method and
reguires careful definition of constraintsto produce reliable results. Varia-
tionsinwater propertiesviz., temperature and salinity observed in the water
are used to define the constraints. It is shown that to minimize theresiduals
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while matching the observed temperature and salinity changesin the source
region the nitrate concentration in the water has to be allowed to vary as
well. It is concluded that during the period of investigation nitrate under-

went significant variations in the city water properties.
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INTRODUCTION

TheBhavnagar city Time-seriesStudy (BCTS), a
project of the Department of Ocean Devel opment
(DOD), Govt. of Indiaand Gujarat Science Founda-
tion Chair (GSFC), Govt. of Gujarat, has been pro-
ducing high quality hydrographic dataand now repre-
sentsoneof thebest long-term water time seriesavail-
able. Thestudy wasprimarily set upto investigatethe
biogeochemistry of the Bhavnagar city anditsrelation
to climate variationsWork at the BCTSsite has con-
tributed greatly to our understanding of nutrient pro-
cessesin theupper levelsof the ocean. In particular,
our understanding of nutrient behavior under different
atmospheric conditions has been greatly improved.

Interannual fluctuationsin N, fixationmight belinkedto
climatefluctuations, in particular tolink with thedirec-
tion of the prevailing windsover the Sed®.

Therehasbeen somework performedontheBCTS
dataset looking at the deeper water propertiesand the
hydrographic history. Coolingin thedeep layers of the
water propertiesdatamight belinked to earlier cooling
inthecity and oceanic properties, thisscenarioand gave
atrangttimg?7,

In this paper we concentrate on the depth range
and investigate the question whether itispossibleto
link variationsin hydrographic properties observed at
the BCT Slocation to variations of hydrographic prop-
ertiesinwater massformationregionsat significant dis-
tancefrom the observation sitein aquantitative man-
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ner. Weuseanew water massanays stechnique, caled
TimeResolving Optimum Multi-Parameter (TROMP)
analysis, for that purpose. The method requires obser-
vations of temperature, salinity, oxygen and nutrients.
Samplecollection for nutrient analysiswasonly taken
up at theBCTSsite.

DATAAND METHOD

TROMP analysiswasdevel oped as an extension
of classical OMP analysig*® when aprevious appli-
cation of OMP analysisto the BCTS dataset’® indi-
cated the disappearance of water properties at the
BCTSlocations. Theapparent disappearancewas ac-
companied by asignificant increase of theresidual er-
ror. Thisled Leffanue and Tomczak to suggest that
the disappearance of water propertieswas an arte-
fact of the method, produced by changes of water
properties sourcethat cannot be accounted for inthe
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OMP analysis. A detailed description of TROMP
analysisisgivenin Henry-Edwards and Tomczak!“.
To apply TROMPanalysisto the BCTSdata, thedata
set had to be fitted to a uniform grid in space and
time. Outliersinthe BCT Stime serieswereremoved,
and the measurementswere averaged into five verti-
cal binsof 100m thickness, starting from the upper-
most layer to for thelowest layer. Thetime step was
defined by the sampling interval (1 month). A five-
month running mean was applied to thetime seriesin
order tofilter short-term variationsfromthe BCTS
data. Testsof the TROMPanalysisduring itsdevel -
opment and theoretical considerationswith regardto
the sequentia programming technique used suggested
that the method achievesthe most reliableresultsif
any changesof sourcewater masspropertiesaresmall
and evolve slowly intime. To meet that requirement
the datasampling rate wasincreased from monthly to
weekly by linear interpolation.
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Figure1 showstheresulting BCTSdataasusedin
theTROMPandyss Itisworthnotingtheleve of varia-
tioninthenutrient data; nitrate concentrationsin par-
ticular decreaseat all depthsduring the period 1999-
2008 whenwater propertiesdisgppeared intheanaly-
sisof Leffanueand Tomczak®. At the sametime, the
sdinity concentrationisincreasing,and smilar though
smaler variationsin theother water propertiesaretak-
ing place. Theinvestigation followed the conclus onsof
Henry-Edwards and Tomczak!®, who suggested the
following sequenceof steps.

Sep 1: A series of TROMP analyses in which one
sourcewater property isallowed property isallowed

tovary acrossall sourcewater types simultaneously,
whileall other source water properties arekept con-
Sant.

Sep 2: Ingpecting of theresulting error fieldsand andy-
sisoutput, to identify source water propertieswhich
may havevaried during theanaysis period.

Sep 3: atargeted TROMPanaysisinwhichvariation
arerestricted to the sourcewater propertiesand SWTs
identified aslikely to havevaried.

The constrai ned minimized method that underlines
TROMP andysishasan unlimited number of solutions,
and additional sourcesof information arerequiredto
provide guidancetowardsthe most acceptablescenario.
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We used thetemperature and sdinity asaguidefor the
timeevolutionsof timeseriesmeasurement. Water prop-
ertiescontributionsof approximately 40% inthedepth
ranges 1100to 1300m at timeseries®8. Assuming water
nutrient quality with different source water properties,
it seemsreasonableto except that volumetric contribu-
tion of water samplescollected a theBCTSsiteshould
remain closeto 40% throughout theentiretime period.
Any TROMP anaysisresult that did not satisfy thisre-
quirement wasthusdeemed unredistic.

Four sourcewater typeswereincludedinthisandy-
sis: (1) TheNorthwest-North-Northeast Zone [NW-
N-NE], (2) The Northeast-East-Southeast Zone [ NE-
E-SE] (3) The Southeast-South-Southwest [ SE-S-SW]
(4) The Southwest-West-Northwest [ SW-W-NW].
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RESULT

A largenumber of TROMP andysisrunswere per-
formed for step 1 of theanalysis. Ineachrunasingle
source property wasdefined asavariablefor theanay-
ssanddlowedtovaryinal sourcewater masses. The
error fieldsgenerated in thisway werenot asclear as
those generated for the simulated data setsin Henry-
Edwards and Tomczak!.

Through our experiencewiththe TROMP analy-
sis, we havefound that if awater mass contributes
lessthan athird of the measured sample, theresults
areusudly unreliable. Wethereforeexcluded datafrom
the 900m and 1000m levelsfrom further consider-
aionintheanaysis.
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Figure2: Water propertiespotential temperature® (°C), salinity S, Organic C (gm% ), phosphate Ph (umol/L) and nitrate
Ni (umol/L) if one source water property is varied in all sour cewater types.

Thevariationsof LSW potentia temperatureand
sdinity aremuch larger than observed and are certainly
unrealistic. Comparison of showsthat the quantitative
result isquite dependent on theweightsused. Leffanue
and Tomczak!® derived their weightsin the standard
manner for OMP anaysisto reflect the measurement
accuracy and spread between water masses of each
parameter. InaTROMPanaysisweightsplay quitea
different role; they influencethe search direction of the
line search procedurein the quadratic optimization',
and there is no objective rule that determines their
choice. We performed the analysis with numerous
weightings, rangingfromthoseof Leffaneand Tomczak®
touniformweights.

Theingght gained fromtherunsshowninaswell as

many other runsdetermined the conditionsfor step 3 of
theanalysis. LSW temperature and salinity were se-
lected as variables, based on our knowledge from
Dickson et a®. It wasalso noted that the nitrate con-
centration showed aconsistent decrease over timein
al runsregardlessof the chosen weights, whiletheother
nutrients and oxygen behaved erratically and did not
show clear trends. Nitratewasthereforeincluded asa
variableintheanaysis, while oxygen, phosphate and
silicate concentrationswere kept asconstants. Anin-
teresting consequenceof thisistheimplicit assumption
that theRedfield ratio varied significantly inthe Labra-
dor Seaduring theinvestigation period.

Transit times of the order of 6-10yearsplacethe
observed potentid temperatureintherange27.5-31°C,
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dightly higher than derived by TROMPanalyss. Sdin-
ity intherangefor the periodis0.35-10.23, somewhat
lower than derived by TROMP andysis.

DISCUSSION

Itispossibleto achieve reasonabl e agreement be-
tween observed and cal cul ated time changes of poten-
tia temperatureand salinity by restrictingtheselection
of variablesto three properties, namely potentia tem-
perature, salinity and nitrate. Thisdoesof course not
imply that the source propertiesof al other water masses
remained unchanged during theperiod. But theanaysis
suggeststhat of al possiblevariationsin sourcewater
mass properties, the onesthat had the greatest impact
at the BCT Slocation werethethree propertiesidenti-
fied through TROMP analysis. Many combinations of
sourcewater property changes can beimagined to ex-
plain the remaining difference between observed and
cal culated potentia temperaturesand sdinities. With-
out additional information they would remain pure
speculation. Identifying themost appropriate solution
to anonlinear underdetermined system of equationsis
a complex task, and more work will be required to
develop TROM P andysisinto astandard technique of
water massanaysis. The present paper hasto be seen
asapilot project in that process. Future efforts will
probably haveto concentrate on methodsto find the
best wel ghting procedure, sincethewel ghtsdetermine
thesearch directionin parameter spacefor theminimi-
zation schemeand therefore have alargeinfluenceon
thesolution.

TROMP analysishasseveral other potential appli-
cations. Tomczak and Liefrink™ recently completed
an OMP analysis of WOCE section SRO3 between
Tasmaniaand Antarctica, which produced five oceano-
graphic sections acrossthe Circumpolar Current be-
tween 1991 and 1996. They found asignificant increase
of thevolumeof Lower Circumpolar DeepWeater at the
expense of Upper Circumpolar Deep Water over the
fiveyear period and raised the question whether this
could at least partly be an artefact produced by varia-
tionsinthesourcewater properties of thewater masses
foundinthesection. A repeet andyssusngtheTROMP
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techniqueindicatesthat for the datacollected in 1999
2008 theresidual error cannot bereduced any further
by changingthe sourcewater typedefinitions, confirm-
ingthecorrect choiceof sourcewater typesintheOMP
andyss. Significant reductionsof theresidud error are
possiblefor theyears 1999 and 2008. TROMP analy-
ssiscurrently being used to determinethe most appro-
priatewater typedefinitionsfor theseyearsand to con-
struct atime history of Antarctic water mass proper-
tied*. Another possibleapplication of TROMPandy-
sisisthedetermination of variationsintheRedfidd ra-
tios. Historically it was assumed that theseratios are
constant. During thelast two decadesit becameevi-
dent that theratiosarefunctionsof space'61-%, There
iIsnow evidenceto suggest that they can vary not only
fromregiontoregionbutdsointimg?. TROMPandyss
could proveauseful tool for theidentification of varia-
tionsin Redfiddratiosin spaceor time.

REFERENCES

[1] L.A.Anderson, J.L.Sarmiento; Global Biogeochem.
Cycles, 8, 65-80 (1994).

[2] R.Curry, M.McCartney; Oceanus, 39(2), 24-29
(1996).

[3] R.Dickson, J.Lazier, JMeincke, PRhines, J.Swift;
Prog.Oceanogr., 38, 241-295 (1996).

[4] A.Henry-Edwards, M.Tomczak; Ocean Sci., 2, 11-
18 (2006).

[5] R.Hood, N.Bates, D.Capone, D.Olson; Deep-Sea
Res,, 11, 48, 1609-1648 (2001).

[6] A.Hupe, JKarstensen; Global Biogeochem.Cycles,
14, 357-372 (2000).

[7] T.Joyce, PRobbins; J.Climate, 9(3), 3121-3131
(1996).

[8] H.Leffanue, M.Tomczak; J.Mar.Syst., 48, 3-14
(2004).

[9] M.Pahlow, U.Riebesell; Science, 287, 831-833
(2000).

[10] K.Pearson; Philosophica Magazine, 6, 559-572
(1901).

[11] GShaffer; J.Geophys.Res., 101, 3723-3745 (1996).

[12] T.Takahashi, W.S.Broecker, S.Langer; J.Geophys.
Res., 90, 6907-6924 (1985).

[13] M.Tomczak; Prog.Oceanogr., 10, 147-171 (1981).

[14] M. Tomczak, S.Liefrink; J.Atmos.Ocean Sci., 10,
31-42 (2005).

Snoivonmental Science
A Jndian W



