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ABSTRACT

To calculate the wingvaves in the Indian Ocean (IQhe wind fieldfor the periodfrom 1998 to
2009 was usedobtained from the NCEROAA archive[l], and numerical model WAM (Cyclé)
was appliedmodified by the new source function proposed in Bfsed on buoy data for the Indian
Ocean,the fitting of the modified model WAMwas done which providesthe winin accuracy of
calculationson 35% in comparisorwith the original model. Althe further calculation®f the wave
fieldsin 10 were made forhiese model settings.

At the first stagethe analysisof the simulation resultanvolves a) mapping the fills of the
significant wave heightH (x,T,R)> and the wave energyE, (X, T, R)>, calculated with different

scales of agragingin time T and spacéR; b) estimating thdields of seasonal, annual and letgm
variability; andc) determiningthe 12year trend othe annualy averagedields, as well The analysis
was carried out taking into account the previouslyoducedzoning the oceaarea, provided byhe
spatial inhomogeneity of the wind field [3].

Further analysis includes) creation of time series for the averdg®ver zones and across the
ocean) wave heighkH¢(R, t)> and wave energy<E, (R t)> b) construction of therequency

spectra of these serje® finding the extrema of wave fa: d) makinghistogramsf wave heightgin
the zones anthe whok ocearn)ande) calculatingthe first four statistical momentsfor the wawe-
height field(in the zones andhade 10).

The results obtained allow us to estimtte stored energy of the wave field in the Indian Ocean
and thescaleof its variability;to establish a positive iyear trend ofheaveragd waveheight(about
1% per yearpnd wave energ{2% per year)io determindeatures of th@robability distribution and
to describehe statistical properties the wave fieldn thezonesof thelndianocean.

Keywords: Indian Ocean, zone partitionind-wave modelthe wave field the wave energyfield,
variability of the wave field, the spectra of the sertestogramof wave heightsand their statistical
moments.



1. Introduction and statement of objectives

Thiswork is a continuation of implementationthd er nat i on al pr-0592 662 of
IND_a, devoted to study adn energy state of the wind awdvesfields; processes aheirinteracton;
and longterm variability onthe example the Indian Ocean (I0). In a previous papeit \Bhs carried
out acomprehensive analysis of variability of the wind field in tRe area for the period 1998
2008yy; andthe certainsystematic approach to complex statistical processing of global geophysical
fields was suggestedn this paper, this approach is used asathodological standard for statistical
analysis ad studyingvariability of the windwave field in IQ

For constructing the field of wind wavea wind field and a wind wave numerical modaie
required.The wind field used in this study wasbtainedfrom the site of NCEMOAA [1]. This field
is a reanalysis performed on adywiith resolution 0f1°=1.25 on latitudelongitude andh in time. A
it was established earlier [4], the accuracy of the field comporisrdsthe order of 12 m/s. Atthe
time of the work execution, thavailable to us dation ofthe reanalysisvas12 yearsfrom 1998 to
2009y. Such a detailed and lostgrm wind field, to our knowledge, hagver been usefr detailed
studyingthe wave field in the Indian Ocean (see refeedo alternative approaches[3]).

In addition, a significant differencef the present workrom similar studies is usg the well-
known numericalvind-wavemodel WAM (Cycle4), in which the physical part of the model (the so
called source futtion) is replaced by thene proposed earlier in Polnikg2]. As it was shown in
special studiesrothe example ofthe Atlantic ocean[4-6], the referred replacement of theource
function (bothin WAVEWATCH [4] andin WAM [5,6]) leads 6 a substantiallt-20% ) reducing the
simulation errors br the wave field. For more convincing, in section 2 we present similar results
obtained by comparingur simulation results witthe data for three buoys i@l It is these results
(found in terms of usingthe modfied model WAM) providea great novelty and validity of the
estimatesf the wavefield andits variability in 10, compared with the corresponding resufshe
globalwave fields, which have been considered earlier [7, 8, 9 ].

The goals of this wdrdo not relate tany detailed analysis of th@evious researchesultsof
wave field studies in anyregions of theworld Ocean as our project differs substantially from the
well-known studies. Infact, it focuses mainly on the styithg peculiarities ofthe spacetime structure
for thewind and wave energy fieldand in the future onthe studyof variability of their mechanical
interaction on thdong-term (limate scale. Analogs of such studies are not known. Therefore, the
abovementionedpapersare onlythe referringpoints, allowing to compare our resulgth those that
overlap with the results of our workEhis comparison is conducted at the conclusion of the article.

Additionally, it is essential to note the followirdistinctive feature oour studythat isa detailed
account of the spatial inhomogeneity of the wind field in the Indian Ocean, which is accomplished by



zoning the entire ocean to a number of areas that differ in dynamtics wind field. As the basisof
this zoning, we us the stable distributions of théocal extremafor the averaged wind fields (see
pictures below and in detdB]). The introduction of zoning allowss identifyingcharacteristics ahe
wind and waves fieldsariability with greater detasl(and credene) in comparison with the known
results of earlier works.
With using the modified model WAM, the basic set of tasks of this paper is as follows.
1. To huild and analyzethe four types of barts of averaged fieldgor significant wave height

<H(i,j,T)>, given by

o

a
<H(@i,j,T) >3 tB0,jt
(,j.T) ?ﬁJaT (. n)

The kind of charts are as follows

a t . (1.1)
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a) Chartsfor a winter (Janary) and a summer (July) monthade withaveraging over all years;

b) Theannuallyaveragd charts

c) Chartof the significanivave heightiveragedver the entire period;

d) Chartof thewhole-periodtrend for thewaveheightfield in whole 1Q
Hereafter, Dt, = Dt = 10800s ighe time step] is period of averagingH(i,j.t,) is the snificant
waveheight at the spatial node j) andat timet,, given by the integral of the current t@anensional

spectrum ofvaves,S(w, qi, j,t.) :

Hs(i i t,) = AFSw. gi.j 1,3 av , (1.2)
where w and g is the frequency and direction of the spectraingponents of the wave field

respectively

Purposs are the following: to get a mean waveeight field <H(i, j,T )> for the whole IO;to
determine the seasonal and iraenual variability of the meaield <H(i, j,T )>; to estimatethe 12
year trend othewave heighfield H(i, ] t,) (spatial distributiorof the trend)pasingon an analysis
of the spatial distribution of wave heights controlan extent ofcompliancethe IO zoning for the

waveand windfields.

2. To build and analyzthe charts for aneanfield of waveenergy densitydefined as

3 t, (1.3)

a
<E,(i.j,T) >&,g a t, B3, jt )/16
€T IT

¢
where r, = 1029 kg/ni is the sea watedensity , and g = 9.81n%/&s theacceleration due to gravity.

j_C,;)S-OZ

Variatiors of the argument correspond to the four types ofeaging mentioned in Problem 1.



Purposs: to determme the averaggeld of waveenergy density (hereaftehe wave energy field
for simplicity) in thelO area, in unitsJ/n?; its seasonal anahnual variabilityestimatinghe 12year
trend of thewave energyield and its spatial distribution.

3. To construct theéime-history serie®f thewaveheightaveragedn spaceand time:

o

a 0
H(RT)=%g B & Hdiit) § g at as (1.4)
T ijiRr SGIT iR

and thesame series dhewave mergy E, (R T) defined as

0 ~

(0]
Ey(RT)= aer ga 0 a 16(LJ,t) 8% 41 & s (1.5)

g LT §jiRr LT iR
where DS, is the area othe speciagrid cellin the 10 areatheleft bottomcornerof which isadjacent

to thei-th node of latitude anthe j-th node of longitudeArgumentR is the index of the spatial
averagingegion (ie., acertainpoint, a zone, or the whelocean), argumeritis the averaging period.
The following 12year series areonstruced: a)thetime historyfor the "instantaneous" (- ®iours

time step valuesof H(Zn,t) and E,(Zn t) atthe central points of the mes (denoted agn); b)
the seriesH¢(Zn, T, t) and E,(Zn T, § with the daily averaging T = 1day) for each zoneand c)
seriesof the dailyaverage valuesH (R, T,t) and E,(R T, 1), obtained with additional spatial

averaging both over the zornasdover the entire 10
The resulting time series are thigjects for aspectral analysis.
Purposs: to determine thescalesof temporal variabilityboth the "instantaneous” wavéeigh

seriesH (R, T, t) andtheenergyseriesg, (R T, 1), using dataat the selectegoints or data averaged

over the zonesandoverthewhole 10

4. To plot the timehistory of the annually averageawvave heightH (R, T,t) and wave energy
E, (R T, (for the whole periodorm 1998 to 2009or each zone anfr thewholelO.

Purposeto determine mean values and theygartrendsfor annuallyaveragedvave heights and
energy both foronesand for whold O.

5. To determine the extreme valuesf wave heights Hg (.. ,t,) and their spatial and

temporal locatiorcoordinates(i,., j ..t ) for each zone; towld a map of the extreme valuebwave

m’Jm’

heightsH . (i, ]) for the whole period



The aim to provide information ofhe modeledmaximum wae heightssalues (the most likely close
to real values)includingtheir spaceand timedistribution Thisis important, for exampldor the risk
assessment of shipping.

6. To oconstruct a histogram for the wave heigbtshe following types: a) ahe centralpoints of
each zongfor the whole period from 1998 to 20Q%; b) for achosenwinter (lnuary) and summer
(July) monthwith accumulatiorfor all the years (for each zon&) the total histogranfior the whole
period,with the spatial accumulan for each zone separatelgd for whole 10

The aim to get the actugbrobability distribution function (PDF) of wave heights demonstrate
their spatial ad temporal variability within 10

7. For all king of histogramsmentionedin item 6, to calculate thdirst four statistical moments
(mean, standard deviation, skewness and kurtosis) and estimate the parameters of thg Ridigel
parameterizetdy the Weibull distribution.

The aim to demonstrate the extent to which th&faF and gatistical characteristicare close to
those known from the literature-I71].

According tothe technigueproposed in3], the specificity of thepresentanalysis is to study the
statistics ofthe wave fields and their energy for the three typespattial scalesat each point of the
ocean (chajt the distribution of characteristics in the zo(&sries) and the integral characteristics of
the entire oceah.This approach can be roughly described as the principle lafgarg the scale
describing ageophysical fieldFarther,we will adhere to this principle. However, in view of the

limited textvolume thegraphic formatwill be givenhere forthe most importamesults, only

2. AssesBg the accuracy of the modified model WAM
In this sectio we briefly review the results of a comparative verification of the modified model
WAM, made on the basis of available todeafor three buoys located in th®(Fig. 1) In this casge
we will follow this process technology, developed and successédtgd previously [4].

Remind that the numerical model WAM is described by the transport equation [12]

Wﬂ:(SW,U):'n”\”' Dis , (2.1)

in which the left hand side is the total derivative of the frequamgpular spectrum in time and the
right handside is the saalled source function F depending both on the spectrum of waves and on the

local windW (x, t) and current) (x, t).

! As we know, such approach to the statistical features description for geophysical fields is used for the first time(at least
for the 10O case)



The left hand side of (2.1) is a mathematical part of the model. It is implemented in the WAM as a se
of programs calcutang the evolution of the wave spectrum in the spherical coordinates with using the
standardnitial and boundary conditions. In our calculations this part of the model remains unchanged.
N

30

20+

10

0
A
—10l"
40 50 60 70 80 90 100 110 E

Fig. 1. Thechart ofbuoy locations

Mathematical representatidor the terms of the source functiosF) deals withthe physical
content of the model. Séfescribes the mechanismswahd-wavefield evolution a) therate of energy
transkr from windto waves|Jn; b) therate ofnonlinear transfer of wave enertfyoughthe spectrum
NI; andc) therate of wave energglissipation Dis. In our work, justhese components of the original
modelhave been replaced by the othgrsposed in [2]

Detailed view of the modifiedSF, as well asthe technology ofperformng a comparative
verification are described previously-§4, and we will not dwell on this issue. Therefore, well
presentfather he final estimations of the@ootmeansquare(r.m.s) errors formodelng values of

significant wave heightgH, foundby comparing them with thossbtained athree buoys located in

the Arabian Seasée Fig. 1 andab 1) %

As seen from the Tab. 1, the win in accuracy of the modified modelthe decrease afH,

amounts, on average, about 35% , with respect to the errors of the original model. In the terminolog

2 A more detaileddescriptionof the verification procedure for the modified WAM, based on the buay idalO, will be
presented in a separate paper.



of paper|[6], this is an indication of thsignificant improvement athe model. In our calculations, the

mean valuedH for the modfied model is about 0.35m.

Table 1.

The coordinates of 3 buoys in 10 and r.m.s. errors of simulations for wind Wave
with two versions of WAM

Index of buoy dHg, m adHg, m
[ coordinates]  waAM-orig | WAM- modif
DS1 [15.5N, 69.3E] 0.75 0.47
DS2 [10.7N, 72.5E] 0.40 0.29
SW3 [15.4N, 73.7E] 0.45 0.28
Mean r.m.s. erro 0.533 0.347

The result of calculationsomparingon the example of buoy DSik, shownvisuallyin Fig. 2. It is

seenthat the main gain in accurafyr the modified model iprovided bymore adequate description

of the extreme valuesf wave heights (explanation of this fact can be found in [4,6]). This fact

suggests that the results of calculations of extreme Wwaights in 1Q obtainedoy using the modified

model, have higher relidiiy compared to those obtained with the original models WAMNWI4]).
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Fig. 2 Time history of the significantwaveheight H4(t) at the point of buoy DS1 locationfor the

period of observationsthe solid line is the buoy datg the line with opencircles is the result of
simulation with the original model WAM(C4); the lireith filled circles is the result of simulation

with the modifiedWAM .



3. Analysisof charts for the fields of waves and their energy
3.1. Chartof the averaged fields of wave height

From the variety ofcharts for the averagefields of wave heights (i, j,T )> , said inthe

statement of the problesithe three most important chaeee presentetbr demonstraon (Fig. 3a, b,
c). The general analysis of thehole variety of maps shows the following features @faveheight
fields<Hg(i,j,T)>.

Firstly, all the darts show a noticeable and sustainadpatialdistribution ofthe wave heightsas
shownonthe example ofltartfor wave heights averaged for the whaRyear period (Fig. 2a). As in
the wind fieldcase we can see siseparatedzones (designated as Zn), characterized by the local

extrema ofwave heightH: the Arabian Sea Z1, the Bay of Bengal Z2, the Equatorialpart of 1O -
Z3, thetradewind part of thesouthlO - Z4, the southern part of the subtropical-125, andthe South

Indian Ocean Z6. The reasowf this partitionis provided by the dynamics of the wind field, which
was discusseth details in [3]. That permits us dwt dwell on this issue. I importantto note that
the fact ofsustainable spatial inhomogeneitytbé wave height field takes plaf@ all the secondary

fields: seasonal, annual, and averaged for the whole period.

20 30 40 50 60 70 80 90 100 110 120 130 E
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Fig.3. Chartsof simulatedfields: a) the field of waveheight Hg averagedor the whole period of

19982009y, contoursaregivenin meters b) the field of seasonal difference (Jtullgnuary) for the
monthly fields averaged for the whole periggven in metersg) the field of r.m.s. trend for wave
fields Hg, given in sniyear Shading corresponds to regions with negative trends
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Note that because aferta of the wave fieldn comparison with the variability of the wind, the
zone boundries for thewavefield are somewhashiftedwith respect to those for wind fields, and in
the wave fields they are not alwagiearly identified (see Table 2). However, in ordecoftinuitythe
analysisestablished in [3]and taking into account thagignificarcein thezones boundaries changes
farther we will use the previously adopted zonipartition of IO, which is given in Tab2 for
completeness

The second feature of the wawénd field concerns determining the characteristic vabfate
fields. In the order of the primary analysischarts shown in Fig.,310te that the average for 12 years

valuesH are varying from the minimum value$ 1m, in the coastal areas of zones, to the maximum

value of the order of 5:6m, in the enter of zone Z6 (Fig3a). Herewith, the maximum wave is often
realized in the summer (Figb). Note that unlike the 1gearaveraged fields, the seascnahd
annualaveraged fields, saving the same zone structure, show a greater range of varigulitgsibn
of them and the exact value$ wave heights, averaged over all ocean zones, will be given later
(Section 5).

Table 2.

Partition of the wind field in 1O and itmanifesation in the wave field

Coordinates of the Central points of | Extent of the zone
zone boundaries for the wind field manifegation
Zone | thewind field zones in the wave field
Z1/40480 7 ;N-7N2 | 14N, 62,5E middling
Z2 | 80E - 100E; 25N - 7N 15N, 88,75E clearly (smartly)
Z3 | 35E- 105E; 7N - 9S OON, 80,0E middling
Z4 | 35E - 142E; 9S7 22S 17S, 80,0E clearly (smartly)
Z5 | 20E - 140E; 22S7 35S 29S, 80,0E poorly
Z6 | 20E - 147E; 35N -60N 49S, 80,0E clearly (smatrtly)

Third, it is important to note a very strong seasonal variability ofntiean field<H(i, j,T)>,

shown on the example of the differencessummerwinter” fields averaged for 1%eas (Fig. ).
Almost everywhergexceptthe eastern part of the zone Z1, the sumfiedd hasan increase irthe
average wave heights. Especially timsreases noticeablan the western part of zone Z2 aatthe
center of the borddretween zones Z5 and Z6. Tlssdifferent from thdocation of maxima for the
seasonal variability of winéield (Fig. 1b in [3]). Summer growth of wave heights may reae¢hn3
i.e, about 10% of the average winter values. In this ¢dbe negative seasonehanges of wave

heights in the 10 in the summer greacically not observed, except narrow region near the north

# Remind, that the most southernboundaryis provided by the commonly used boundary between Indian and Southern
oceans}], which is taken as a conventional meanhoendary in the case of winslave simulation
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western Australia coast Thus, themonsoonvariability of the wind, wich isa source othe seasonal
variations of the wave fields the most pronounced only in the nevtlestern part of the 10.

And finally, some words abouhe trend of wave heightayeragd for the whole period. As seen
from a comparison of Fgy 3a and3b, the regularity of th@veraged heightdistributionin zonesis
practically rgpeated in the field of its timtend, obtained by the method of least squares for each point
of the wave field with a resolution 3h ("instantaneous field"). Compaitddtine same trend of the
wind field, the trendield for wave heightsis characterized bya greater smoothness, what is
determined by thevave field inertia

Forthe wholel2-year periodthe averagevave heightias an increaswith therate of 1% peyear
(which exceeds the limits of the confidence in&rfor waveheight variability,qp , having a value of
about 0.30.5%). The tend is most pronounced in areas of high winds (zone Z2, Z4, Z6). It is
interesting to note that the magnitude of the mean trdndnetantaneous” wave fields d%

corresponds to the trend thie valuesH aveiaged across the ocean (see $ech). At the same time,

the charof Fig. 2chasalso a small region afegative trend, which is located on the western border of
zones Z1 and Z3. However, this negative trend does not exceed 0.1% per year, well below th
confidence intervalsfahese estimates. Interesting thatcontrast to the wind field, a negative trend

for the east coast of Australia is not detected. Obviously, for a more reliable determination of the
negative trends of wave heights (and their exgtians),it need a longer period oflata analysisand a
specialdiscussion.

3.2.Charts of wave energy

Charts ofwave energy <E,(i.j,T) > ae the obvious derivatives of thavaveheight fields
<Hg(,j.t,) : This means that the averagields of wave energyrepea the wave height fields

<Hg(i,j,T)>, emphasizinggreatlythe areas of extremwaves However, calculation and analysis of
variability in thewaveenergyfields has its own justification.

The importance of wave energy fields, as well as the fields of wiadyg,is determined by a large
physical content of thenergyconceptcompared with the concepts of wave height and wind speed.
For this reasomasthe kasis of our research, we piot studya spatialdistribution of wave and wind
energyand their variabity, taking into accounthat these fields determine the intensityregchanical
energytransfer from wind to waves, thdetailedanalysis which we plan to germ in subsequent
papers. The saithdicates a high degree sélf-sufficiencyandworth of andysis of thewave energy

field. To our knowledgethere are nanalogues of such calculations and their analysis in the literature.
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Fig. 4 The same as in Fig. 3 but for the wave energy.
Panels) andb) aregivenin KJ/m? panel c) $ given in Jn”.

The most important results of calculations of the energy fields of the waves am ishengs4a, b, c.
In comparison with the fields of wind energy, the results indicate the following featureswéviee
energyfields <E, (i.j,T) =

First of dl, note thatthe previously established zestucture of the fields is preserved under any
scale of averaging time (seasons, years, entire period), and their spatial distii@coone more
exaggeratedSq for the field <E,(i.j,T) >, averaged for the igear peiod, the range of variability
gets afactor 20, ie. 4-5 times higher that of a similar fieldHs(i,j,T)> (see Fig. 3a and 4). At the
peak the characteristic value afave energyverage for 12 yeargeaches a value of 20JKrt, while
theminimum valuesareof the order of unitef KJ/nf (in the coastal areasf 10 andin theopen ocean
of zone Z3). These valuagree well with those for the field$is(i,j, T)>, noted above.

The above consistency fgeometryof fields <Hs(i,j,T)> and < E,(i.j,T) >is sen for all scales of

time averaging. Therefore, in view of the foregoing detail description ofwidnee heightfields

<Hs(i,j, T)>, thefurther description of thenergyfields <E,(i.j,T) :requiressome elaboratigronly.






