
Ðåñßëçøç

Ç åêôßìçóç ôùí êáôåõèõíôéêþí öáóìÜôùí èáëÜóóéùí êõìáôéóìþí

ãßíåôáé ìå äéÜöïñåò ôå÷íéêÝò, ïé êõñéüôåñåò ôùí ïðïßùí åßíáé ïé ìÝèï-

äïé ôçò ìåãßóôçò ðéèáíïöÜíåéáò. Óå áõôÞ ôçí åñãáóßá ãßíåôáé óýíôï-

ìç ðáñïõóßáóç ôùí íÝùí ìåèüäùí ôçò ìåãßóôçò ðéèáíïöÜíåéáò êáé

ðáñïõóéÜæïíôáé áðïôåëÝóìáôá åêôéìÞóåùí êáôåõèõíôéêþí öáóìÜôùí

áðü èåùñçôéêÜ ðåéñÜìáôá ìå öÜóìáôá ìßáò êïñõöÞò êáé öÜóìáôá

äýï êïñõöþí êáèþò êáé áðü ìåôñÞóåéò ðåäßïõ óå ëßìíç ôïõ ÊáíáäÜ

êáèþò êáé óå ðåñéï÷Þ ôïõ Áôëáíôéêïý Ùêåáíïý. 

1. ÅÉÓÁÃÙÃÇ

Ç êáôáíïìÞ ôçò ðõêíüôçôáò åíÝñãåéáò ôùí êõìáôéóìþí

óõíÞèùò ðåñéãñÜöåôáé ùò óõíÜñôçóç ôçò óõ÷íüôçôÜò ôïõò.

Ç áðüêôçóç ôïõ ìïíïäéÜóôáôïõ öÜóìáôïò óõ÷íüôçôáò åßíáé

áñêåôÜ åýêïëç, äåäïìÝíïõ üôé ç êáôáãñáöÞ ôçò áíýøùóçò

ôçò èáëÜóóéáò åðéöÜíåéáò óå Ýíá óçìåßï åßíáé åðáñêÞò. Ãéá

ôçí ðëÞñç ðåñéãñáöÞ, üìùò, ôùí èáëÜóóéùí êõìáôéóìþí

÷ñåéáæüìáóôå ôçí ðëçñïöïñßá ôçò êáôåýèõíóçò ôùí êõìáôé-

óìþí [22]. Ç áðüêôçóç ôïõ äéäéÜóôáôïõ êáôåõèõíôéêïý

öÜóìáôïò åßíáé óçìáíôéêÞ óå ðïëëÝò ùêåÜíåéåò êáé ðáñÜ-

êôéåò åöáñìïãÝò ôïõ ìç÷áíéêïý, üðùò ç ðñüãíùóç ôùí

êõìáôéóìþí, ç ðñïóôáóßá ôùí áêôþí, ç äõíáìéêÞ áíÜìåéîçò

ôçò áíþôåñçò èáëÜóóéáò óôñþóçò, ç ìåëÝôç ðåñéâáëëïíôé-

êþí êéíäýíùí êáé ï ó÷åäéáóìüò ôùí èáëÜóóéùí êáôáóêåõþí

êáé ðëùôþí ìÝóùí. Ç áðüêôçóç ôçò ðëçñïöïñßáò ôçò êáôåý-

èõíóçò ôùí êõìáôéóìþí ìðïñåß íá ãßíåé åßôå ìå ìïíïðáñá-

ìåôñéêïýò êõìáôïãñÜöïõò óå ïñéóìÝíç äéÜôáîç (ìÝôñçóç

ôçò áíýøùóçò, ôçò ðßåóçò ê.ëð.) [19] åßôå ìå êáôåõèõíôéêïýò

êõìáôïãñÜöïõò (ðëùôÞñáò êëßóåùí - heave, pitch & roll

buoy) [2].

ÐïëëÝò ìÝèïäïé Ý÷ïõí áíáðôõ÷èåß ãéá ôçí áðüêôçóç ôùí

êáôåõèõíôéêþí öáóìÜôùí, ïé ïðïßåò ôáîéíïìïýíôáé óå ôñåéò

êáôçãïñßåò: ïé ìÝèïäïé ìå Üìåóï ìåôáó÷çìáôéóìü Fourier [4,

13, 16, 19, 23], ïé ìÝèïäïé ìåãßóôçò ðéèáíïöÜíåéáò [3, 6, 7,

9, 15, 17, 18, 19] êáé ç ìÝèïäïò ìåãßóôçò åíôñïðßáò [14].

Óå áõôÞí ôçí åñãáóßá, áöïý ðáñïõóéáóèïýí ç êëáóéêÞ,

ç åðáíáëçðôéêÞ êáé ç óõíåëéêôéêÞ ìÝèïäïò ìåãßóôçò ðéèáíï-

öÜíåéáò (äåýôåñï êåöÜëáéï), äßíïíôáé óôïé÷åßá ôùí íÝùí

ìåèüäùí ìåãßóôçò ðéèáíïöÜíåéáò (ôñßôï êåöÜëáéï). Óôï

ôÝôáñôï êåöÜëáéï ðáñïõóéÜæïíôáé óõãêñéôéêÜ áðïôåëÝóìáôá

áðü èåùñçôéêÜ ðåéñÜìáôá êáé áðü ìåôñÞóåéò ðåäßïõ.

Óõìâïëéóìïß

á) ÅëëçíéêÜ ãñÜììáôá

á ðáñÜãïíôáò ðåñéïñéóìïý (åêôßìçóç NMLM)

â ðáñÜìåôñïò äéáóðïñÜò

ås ðáñÜãïíôáò âáèìïíüìçóçò ôïõ êáôåõèõíôéêïý

öÜóìáôïò ìå ôï öÜóìá óõ÷íïôÞôùí

æ ðáñÜãïíôáò êáíïíéêïðïßçóçò (åêôßìçóç NMLM)

ç áíýøùóç èáëÜóóéáò åðéöÜíåéáò

è êáôåýèõíóç êõìáôéóìïý

Î ðßíáêáò ôùí óõíáñôÞóåùí ìåôáöïñÜò (Ç(ù,è))

ñ2 óôáôéóôéêÞ ðáñÜìåôñïò ôïõ Long (1980)

õ ðáñÜìåôñïò ÷áëÜñùóçò

ù,ùk ãùíéáêÞ óõ÷íüôçôá êõìáôéóìïý

â) ËáôéíéêÜ ãñÜììáôá

A(ù,è) ìéãáäéêüò ðßíáêáò ðïõ ÷ñçóéìïðïéåßôáé óôïõò

ôýðïõò ôçò MLM

Cij ðñáãìáôéêü ìÝñïò ôïõ äéáóôáõñïýìåíïõ öÜóìáôïò

C(ù) ðßíáêáò ðõêíüôçôáò åíÝñãåéáò ôïõ äéáóôáõñïýìå-

íïõ öÜóìáôïò

f óõ÷íüôçôá

H(ù,è) óõíÜñôçóç ìåôáöïñÜò ðïõ óõó÷åôßæåé ìßá ìÝôñçóç

êõìáôéóìïý ìå ôçí áíýøùóç ôçò èáëÜóóéáò óôÜèìçò

i = 

k êõìáôáñéèìüò

Qij öáíôáóôéêü ìÝñïò ôïõ äéáóôáõñïýìåíïõ öÜóìáôïò

S(ù,è) êáôåõèõíôéêü öÜóìá

S(è) öÜóìá êáôåõèýíóåùí (ãéá ìéá äïóìÝíç óõ÷íüôçôá)

SR êáôåõèõíôéêü öÜóìá ìå ÷ñÞóç ôïõ áíáêáôáóêåõá-

óìÝíïõ ðßíáêá ôïõ äéáóôáõñïýìåíïõ öÜóìáôïò

t ÷ñüíïò
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óõíôåôáãìÝíåò ÷þñïõ (x,y)

X (ù,è) ðßíáêáò ìéãáäéêÞò äéáöïñÜò öÜóçò

ã) ÅêèÝôåò

Ç ÁíáóôñïöÞ ðßíáêá

* óõæõãÞò

-1 áíôßóôñïöïò

åêôéìþìåíç ôéìÞ

ä) Óõíôïìïãñáößåò

IMLM Iterative Maximum Likelihood Method

INMLM Iterative Normalized Maximum Likelihood Method

CMLM Convolutive Maximum Likelihood Method

MLM Maximum Likelihood Method

NMLM Normalized Maximum Likelihood Method

NWRI National Water Research Institute

SWADE Surface Wave Dynamics Experiment

MLMC Maximum Likelihood Method Corrected

2. ÌÅÈÏÄÏÉ ÌÅÃÉÓÔÇÓ 
ÐÉÈÁÍÏÖÁÍÅÉÁÓ

Áðü ôéò ÷ñçóéìïðïéïýìåíåò ìÝ÷ñé óÞìåñá ìåèüäïõò ìåãß-

óôçò ðéèáíïöÜíåéáò ãéá ôçí åêôßìçóç ôùí êáôåõèõíôéêþí

öáóìÜôùí ðáñïõóéÜæåôáé áíáëõôéêÜ ç êëáóéêÞ ìÝèïäïò

ìåãßóôçò ðéèáíïöÜíåéáò (MLM) êáé óõíïðôéêÜ ç åðáíáëç-

ðôéêÞ (IMLM) êáé ç óõíåëéêôéêÞ (CMLM). ÕðÜñ÷åé áêüìá

êáé ç ìÝèïäïò ìå éäéïäéáíýóìáôá (EVMLM) [15], ç ïðïßá

üìùò Ý÷åé ðñïâëÞìáôá åöáñìïãÞò óå ðåñßðôùóç ìåôñÞóåùí

êõìáôéóìþí ìå ïìÜäá ìïíïðáñáìåôñéêþí êõìáôïãñÜöùí.

2.1. ÌÝèïäïò ìåãßóôçò ðéèáíïöÜíåéáò (MLM)

Áñ÷éêÜ ç ìÝèïäïò áõôÞ äçìéïõñãÞèçêå ãéá ôçí åîáãùãÞ

ôïõ äéäéÜóôáôïõ êáôåõèõíôéêïý öÜóìáôïò êõìáôéóìþí áðü

êáôáãñáöÝò ïìÜäáò ìïíïðáñáìåôñéêþí êõìáôïãñÜöùí óå

ïñéóìÝíç äéÜôáîç [3].

Ç ìïñöÞ ôçò åðéöÜíåéáò ôçò èÜëáóóáò áðïôåëåßôáé áðü

åðáëëçëßá êõìáôéóìþí ìå äéáöïñåôéêÝò óõ÷íüôçôåò ùk ðïõ

Ý÷ïõí ðõêíüôçôá åíÝñãåéáò S(ùk, èj) êáé ðñïÝñ÷ïíôáé áðü

äéáöïñåôéêÝò êáôåõèýíóåéò èj, üðïõ j=1,2,...,P êáé P ï óõíï-

ëéêüò áñéèìüò êáôåõèýíóåùí. Ï ðßíáêáò ôçò ðõêíüôçôáò

åíÝñãåéáò ôïõ äéáóôáõñïýìåíïõ öÜóìáôïò éó÷ýïò ãéá ìéá

óõ÷íüôçôá ùk ìðïñåß íá åêöñáóèåß áðü ôç ó÷Ýóç:

(2.1)

üðïõ X(ùk,èj) åßíáé ï ðßíáêáò ôçò ìéãáäéêÞò äéáöïñÜò öÜóçò

ìåôáîý ôïõ áéóèçôçñßïõ ïñãÜíïõ êÜèå êõìáôïãñÜöïõ êáé

ôçò áñ÷Þò ôïõ óõóôÞìáôïò áíáöïñÜò ôùí áîüíùí. Ï ðßíáêáò

ôçò ðõêíüôçôáò åíÝñãåéáò ôïõ äéáóôáõñïýìåíïõ öÜóìáôïò

ìðïñåß íá åêôéìçèåß áðü ôçí ïìÜäá ôùí ìïíïðáñáìåôñéêþí

êõìáôïãñÜöùí ùò:

(2.2)

üðïõ fi(ùk) êáé fj(ùk) åßíáé ïé ìåôáó÷çìáôéóìïß Fourier ôùí

óçìÜôùí ðïõ ðñïÝñ÷ïíôáé áðü ôï i-ïóôü êáé ôï j-ïóôü

áéóèçôÞñéï üñãáíï áíôßóôïé÷á óôç óõ÷íüôçôá ùk.

Ìå ÷ñÞóç ôçò èåùñßáò ôùí ðïëëáðëáóéáóôþí Lagrange

[8, 11] ç åêôßìçóç ôïõ êáôåõèõíôéêïý öÜóìáôïò äßíåôáé áðü

ôç ó÷åóç:

(2.3)

üðïõ ås åßíáé Ýíáò ðáñÜãïíôáò âáèìïíüìçóçò ðïõ åîéóþíåé

ôçí ïëéêÞ åíÝñãåéá óôç óõ÷íüôçôá ùk ìå ôçí éó÷ý ôïõ ìïíï-

äéÜóôáôïõ öÜóìáôïò êáôåõèýíóåùí.

Ìå âÜóç ôá äéáèÝóéìá äåäïìÝíá áðü ôéò êáôáãñáöÝò ôùí

áéóèçôÞñùí êáé ìå ÷ñÞóç ôçò ó÷. (2.2) õðïëïãßæïíôáé ïé

ðßíáêåò C(ùk) êáé ìåôÜ ìå ÷ñÞóç ôçò ó÷. (2.3) ãßíåôáé ç åêôß-

ìçóç ôïõ êáôåõèõíôéêïý öÜóìáôïò (ùk, èj).

Ç åðÝêôáóç ôçò ìåèüäïõ áõôÞò óå ìåôñÞóåéò êáôåõèõíôé-

êþí êõìáôïãñÜöùí Ýãéíå áðü ôïõò Isobe et al. [7] ìå ôïí

ôýðï:

(2.4)

üðïõ Çm,n(ùk,èj) ç óõíÜñôçóç ìåôáöïñÜò ðïõ óõó÷åôßæåé

êÜèå ìÝôñçóç ôïõ êáôåõèõíôéêïý êõìáôïãñÜöïõ ìå ôçí áíý-

øùóç ôçò èáëÜóóéáò óôÜèìçò, xm, xn ïé ÷ùñéêÝò óõíôåôáã-

ìÝíåò ôùí äéáöïñåôéêþí óçìÜôùí êáé m, n ßóïé ìå 3 (ìåôñÞ-

óåéò ðëùôÞñá êëßóåùí).

Óôçí ðåñßðôùóç ôçò ïìÜäáò ìïíïðáñáìåôñéêþí êõìáôï-

ãñÜöùí ïé óõíáñôÞóåéò ìåôáöïñÜò éóïýíôáé ìå ôç ìïíÜäá

êáé ç ó÷. (2.4) ìåôáó÷çìáôßæåôáé óôç ó÷. (2.3). Óôçí ðåñß-

ðôùóç ôïõ ðëùôÞñá êëßóåùí ïé óõíôåôáãìÝíåò xm, xn åßíáé

ßäéåò êáé ç ó÷. (2.4) ðáßñíåé ôç ìïñöÞ: 

(2.5)

üðïõ ïé óõíáñôÞóåéò ìåôáöïñÜò äßíïíôáé áðü ôç ó÷Ýóç:

(2.6)Ξ( , ) cos
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Ãéá êáôåõèõíôéêü êõìáôïãñÜöï ôýðïõ ðëùôÞñá êëßóåùí

ï ðáñÜãïíôáò âáèìïíüìçóçò ås åßíáé âáèìùôü ìÝãåèïò, ï

ðßíáêáò ôçò ðõêíüôçôáò åíÝñãåéáò ôïõ äéáóôáõñïýìåíïõ

öÜóìáôïò C Ý÷åé äéáóôÜóåéò 3x3 ãéá êÜèå óõ÷íüôçôá ùk êáé

ïé åîéóþóåéò ìåôáöïñÜò äßíïíôáé áðü ôç ó÷. (2.6), üðïõ ï

êõìáôáñéèìüò k õðïëïãßæåôáé áðü ôç ó÷Ýóç:

(2.7)

ìå ôïõò äåßêôåò 11, 22 êáé 33 íá áíôéðñïóùðåýïõí ôá óÞìá-

ôá ôçò áíýøùóçò (heave) êáé ôùí êëßóåùí ðñïò áíáôïëÜò

(pitch) êáé âïññÜ (roll). 

Ï õðïëïãéóìüò ôïõ êõìáôáñéèìïý ìå ÷ñÞóç ôçò ãñáììé-

êÞò èåùñßáò êõìáôéóìþí ìðïñåß íá ïäçãÞóåé óå áñíçôéêÝò

ôéìÝò ôïõ êáôåõèõíôéêïý öÜóìáôïò. Ãéá ôçí Üñóç áõôïý ôïõ

ðñïâëÞìáôïò ðñïôÜèçêå ç ÷ñÞóç ôñïðïðïéçìÝíùí åêôéìÞ-

óåùí ìåãßóôçò ðéèáíïöÜíåéáò ìå ôçí õðüèåóç êáëýôåñùí

åêôéìÞóåùí ìå åîáíáãêáóìÝíç ÷ñÞóç ôçò ãñáììéêÞò ó÷Ýóçò

äéáóðïñÜò ôùí êõìáôéóìþí [6]. Ôá áðïôåëÝóìáôá Ýäåé÷íáí

ïñéáêÞ âåëôßùóç óå ôüóï ëßãï âáèìü, ðïõ ôá óõìðåñÜóìáôá

Þôáí ëåêôéêÜ ÷ùñßò ãñáöéêÝò ðáñáóôÜóåéò.

2.2. ÅðáíáëçðôéêÞ ìÝèïäïò ìåãßóôçò ðéèáíïöÜíåéáò

(IMLM)

ÃåíéêÜ ï ðßíáêáò ôïõ äéáóôáõñïýìåíïõ öÜóìáôïò C, ðïõ

ðñïêýðôåé áðü ôéò åêôéìÞóåéò ôùí êáôåõèõíôéêþí öáóìÜôùí

S(ùk, èj) ìå ÷ñÞóç ôçò ó÷. (2.1), äåí óõìðßðôåé ôéò ðåñéóóü-

ôåñåò öïñÝò ìå ôïí áñ÷éêü ðßíáêá C(ùk). Ãéá ôçí Üñóç áõôÞò

ôçò áóõíÝðåéáò ðñïôÜèçêå ç ÷ñÞóç åíüò ó÷Þìáôïò åðáíáëÞ-

øåùí, þóôå ç åêôßìçóç ôçò ìåèüäïõ ìåãßóôçò ðéèáíïöÜíåé-

áò íá óõãêëßíåé óå ìéá óõíåðÞ ìïñöÞ ìå ôá äåäïìÝíá ôùí

ìåôñÞóåùí [17, 18]. Ìåôáîý ôùí ó÷çìÜôùí ðïõ ÷ñçóéìïðïé-

ïýíôáé, ç ðéï áðëÞ ìïñöÞ åßíáé [9]:

(2.8)

üðïõ SMLM ç åêôßìçóç ôçò ìåèüäïõ ìåãßóôçò ðéèáíïöÜ-

íåéáò, SR
MLM ç åêôßìçóç ôçò ìåèüäïõ ìåãßóôçò ðéèáíïöÜ-

íåéáò ôïõ áíáêáôáóêåõáóìÝíïõ ðßíáêá ôïõ äéáóôáõñïýìå-

íïõ öÜóìáôïò CR(ùk) ÷ñçóéìïðïéþíôáò ôï n-ïóôü öÜóìá Sn

(So=SMLM), S ôï êáôåõèõíôéêü öÜóìá S(ùk, èj) êáé õ ç

ðáñÜìåôñïò ÷áëÜñùóçò ìå ôéìÞ 1.2 ðïõ åîáóöáëßæåé ôç

óýãêëéóç êáé äßíåé éêáíïðïéçôéêÜ áðïôåëÝóìáôá ãéá ðÝíôå

åðáíáëÞøåéò ðåñßðïõ.

2.3. ÓõíåëéêôéêÞ ìÝèïäïò ìåãßóôçò ðéèáíïöÜíåéáò

(CMLM)

ÊáôÜ ôçí åöáñìïãÞ ôçò ìåèüäïõ ìåãßóôçò ðéèáíïöÜíåéáò

ðáñáôçñÞèçêå üôé ç åêôßìçóç ôïõ öÜóìáôïò åß÷å ìéá êáôåõ-

èõíôéêÞ êáôáíïìÞ åîáñôþìåíç áðü ôç óõ÷íüôçôá [20]. Ãéá

ôç äéüñèùóç áõôÞò ôçò åðßäñáóçò ðñïôÜèçêå ç óõíÝëéîç ôçò

åêôßìçóçò ôçò ìåèüäïõ ìåãßóôçò ðéèáíïöÜíåéáò ìå ìßá

óõíÜñôçóç ìåôáöïñÜò [19]. Áí õðïèÝóïõìå üôé S(ùk, è)

åßíáé ôï êáôåõèõíôéêü öÜóìá ðïõ ðñïêýðôåé áðü ôç ìÝèïäï

ìåãßóôçò ðéèáíïöÜíåéáò óå ìéá äïóìÝíç óõ÷íüôçôá ùê êáé

üôé R(ùk, è) åßíáé ôï ðñáãìáôéêü öÜóìá ðïõ åíõðÜñ÷åé óôçí

åêôßìçóç ôïõ öÜóìáôïò, ôüôå:

(2.9)

üðïõ W(è) åßíáé ìéá óõíÜñôçóç ìåôáöïñÜò ôïõ ðßíáêá êáé 

(2.10)

3. ÍÅÅÓ ÌÅÈÏÄÏÉ ÌÅÃÉÓÔÇÓ
ÐÉÈÁÍÏÖÁÍÅÉÁÓ

Ïé åêôéìÞóåéò ôùí êáôåõèõíôéêþí öáóìÜôùí ìå ôéò

ðåñéóóüôåñåò áðü ôéò ÷ñçóéìïðïéïýìåíåò ìåèüäïõò õðïëïãé-

óìïý ôïõò Ý÷ïõí ÷áñáêôçñéóôéêÜ ðïõ åßíáé óõíÜñôçóç ôçò

èåùñïýìåíçò óõ÷íüôçôáò ôùí êõìáôéóìþí êáèþò êáé ôçò

èåùñïýìåíçò êáôåõèõíôéêÞò ôïõò êáôáíïìÞò. Ïé åêôéìÞóåéò

ìå ôç ìÝèïäï ôçò ìåãßóôçò ðéèáíïöÜíåéáò ïõóéáóôéêÜ åßíáé

áíåîÜñôçôåò ôçò êáôåõèõíôéêÞò êáôáíïìÞò ôùí êõìáôéóìþí.

3.1. ÊáíïíéêïðïéçìÝíç ìÝèïäïò ìåãßóôçò ðéèáíïöÜíåéáò

(NMLM)

ÊÜíïíôáò ÷ñÞóç ôçò êáôåõèõíôéêÞò êáôáíïìÞò ðïõ äßíå-

ôáé áðü ôïí ôýðï:

(3.1)

åñåõíÞèçêå ç áðüêñéóç ôùí äéáöüñùí ìåèüäùí ìåãßóôçò

ðéèáíïöÜíåéáò [1] ìå äéáöïñåôéêÝò ôéìÝò ôçò ðáñáìÝôñïõ

äéáóðïñÜò â (ôéìÝò 1-6), ðïõ óõìðåñéëáìâÜíïõí ôéò ôéìÝò

1.24 Ýùò 2.62, ðïõ åßíáé ç ôõðéêÞ ôÜîç ìåãÝèïõò ôùí áíåìï-

ãåíþí êõìáôéóìþí [5]. Ìå ÷ñÞóç êÜèå êáôåõèõíôéêÞò êáôá-

íïìÞò ï ðßíáêáò ôçò ðõêíüôçôáò åíÝñãåéáò ôïõ äéáóôáõñïý-

ìåíïõ öÜóìáôïò éó÷ýïò áíáêáôáóêåõÜæåôáé êáé ðñïêýðôåé

ìéá íÝá åêôßìçóç ìå ôç ìÝèïäï ôçò ìåãßóôçò ðéèáíïöÜíåéáò.

Ç õðåñåêôßìçóç ôçò ìåèüäïõ ìåãßóôçò ðéèáíïöÜíåéáò Þôáí

óôáèåñÞ ãéá üëåò ôéò ôéìÝò ôçò ðáñáìÝôñïõ äéáóðïñÜò â

(ó÷Þìá 1). Áõôü ïäÞãçóå óôçí åéóáãùãÞ ôå÷íçôÞò äéáóðï-

ñÜò, þóôå ôï åêôéìþìåíï öÜóìá íá ôåßíåé óå ìéá �óôåíüôå-

ñç� ìïñöÞ. Ç êáíïíéêïðïßçóç ôçò åíÝñãåéáò óå êÜèå êáôåý-

èõíóç ãßíåôáé óýìöùíá ìå Ýíáí ðáñÜãïíôá æ, ðïõ ïñßæåôáé

ùò: 

{ }S h( ) sec ( )θ β β θ= 1

2

2

W dk( , )ω θ θ
π

π

=
−
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(3.2)

üðïõ â åßíáé ç ðáñÜìåôñïò äéáóðïñÜò ôçò êáôåõèõíôéêÞò

êáôáíïìÞò sech2 êáé á åßíáé Ýíáò ðåñéïñéóôéêüò ðáñÜãïíôáò

ðïõ éóïýôáé ìå 0.82 [1].

Ï ðáñÜãïíôáò êáíïíéêïðïßçóçò æ áíáêáôáíÝìåé ôçí

åíÝñãåéá óå êÜèå êáôåýèõíóç óýìöùíá ìå ôï ëüãï ôùí

êáôåõèõíôéêþí êáôáíïìþí sech2 Ýôóé, þóôå íá õðïëïãßæåôáé

ìå áêñßâåéá ç óõíÜñôçóç êáôåõèõíôéêÞò êáôáíïìÞò ðïõ

ðáñÜãåôáé áðü ôç ìÝèïäï ìåãßóôçò ðéèáíïöÜíåéáò.

3.2. ÅðáíáëçðôéêÞ êáíïíéêïðïéçìÝíç ìÝèïäïò ìåãßóôçò

ðéèáíïöÜíåéáò (INMLM)

Ç êáíïíéêïðïéçìÝíç ìÝèïäïò ìåãßóôçò ðéèáíïöÜíåéáò

óôï÷åýåé óôç äéüñèùóç ôçò ôå÷íçôÜ åéóáãüìåíçò åîÜðëùóçò

ôçò êáôåõèõíôéêÞò êáôáíïìÞò ôçò åêôßìçóçò ôçò ìåèüäïõ

ìåãßóôçò ðéèáíïöÜíåéáò. Ùò åê ôïýôïõ, ç åêôßìçóç ìå ôç

ìÝèïäï áõôÞ äåí åßíáé óõíåðÞò ìå ôá åéóáãüìåíá áñ÷éêÜ

äåäïìÝíá. Ðáñüìïéá ìå ôç ìÝèïäï ìåãßóôçò ðéèáíïöÜíåéáò

åßíáé äõíáôÞ ç ÷ñÞóç åíüò ó÷Þìáôïò åðáíáëÞøåùí ãéá ôçí

Üñóç áõôÞò ôçò áóõíÝðåéáò [1], óýìöùíá ìå ôç ó÷. (2.8),

üðïõ ùò óçìåßï åêêßíçóçò ëáìâÜíåôáé ç S0=SNMLM.

Ç óýãêëéóç ôçò åðáíáëçðôéêÞò êáíïíéêïðïéçìÝíçò

ìåèüäïõ ìåãßóôçò ðéèáíïöÜíåéáò ãßíåôáé ìå ÷ñÞóç ôçò åêôß-

ìçóçò ôçò ìåèüäïõ ìåãßóôçò ðéèáíïöÜíåéáò êáé ü÷é ìå ôçí

ζ α
αβθ
βθi

i

i

h

h
=
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2

2
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Ó÷Þìá 1: Óýãêñéóç ôéìþí â ìåôáîý äåäïìÝíùí êáé ðñïóáñìïóìÝíùí

ðëçèõóìþí.

Figure 1: Comparison of â values between input and fitted popu-

lations.

åêôßìçóç ôçò êáíïíéêïðïéçìÝíçò ìåèüäïõ ìåãßóôçò ðéèáíï-

öÜíåéáò. Áõôü ãßíåôáé ãéá ëüãïõò ãñçãïñüôåñçò óýãêëéóçò

êáé äõíáôüôçôáò åöáñìïãÞò ôçò ìåèüäïõ óå üëåò ôéò ðåñé-

ðôþóåéò.

3.3. ÄéïñèùìÝíç ìÝèïäïò ìåãßóôçò ðéèáíïöÜíåéáò

(MLMC)

Ç êáíïíéêïðïéçìÝíç ìïñöÞ ôçò ìåèüäïõ ìåãßóôçò ðéèá-

íïöÜíåéáò åßíáé åìðåéñéêÞ ìÝèïäïò, äéüôé åöáñìüæåôáé Ýíá

äéïñèùôéêü ó÷Þìá ôçò ìåèüäïõ ìåãßóôçò ðéèáíïöÜíåéáò ðïõ

âáóßæåôáé óôéò ìåôñÞóåéò ðåäßïõ.

Óýìöùíá ìå ôç ó÷. (2.1) ç åêôßìçóç ôïõ êáôåõèõíôéêïý

öÜóìáôïò åßíáé ìéá ãñáììéêÞ åðáëëçëßá üëùí ôùí äéáèÝóé-

ìùí äåäïìÝíùí (ùk):

(3.3)

üðïõ Á åßíáé Ýíá ìéãáäéêü äéÜíõóìá óôÞëçò äéáóôÜóåùò Ì

(áñéèìüò ôùí áéóèçôçñßùí ïñãÜíùí).

Ç ó÷. (3.3) áðëïðïéåßôáé ãéá êÜèå óõ÷íüôçôá óå:

(3.4)

Ç ó÷. (3.4) äçëþíåé üôé ç êõìáôéêÞ åíÝñãåéá óå ìéá

äïóìÝíç êáôåýèõíóç äéÜäïóçò èj åßíáé ßóç ìå ôï Üèñïéóìá

ôçò åíÝñãåéáò óå êÜèå êáôåýèõíóç èi ðïëëáðëáóéáóìÝíçò ìå

Ýíáí ðáñÜãïíôá âÜñïõò, ðïõ åßíáé óõíÜñôçóç ôçò êáôåý-

èõíóçò ðïõ ìáò åíäéáöÝñåé èj êáé üëùí ôùí Üëëùí êáôåõ-

èýíóåùí èi.

Ãéá êÜèå óõ÷íüôçôá ç åêôßìçóç (èj) ìðïñåß íá ãñáöåß

ãéá ìßá áðü ôéò Í êáôåõèýíóåéò óôçí áðëÞ ìïñöÞ:

(3.5)

üðïõ ï åêèÝôçò �.2� äçëþíåé õðïëïãéóìü óôïé÷åßïõ ìå óôïé-

÷åßï, ïé ðßíáêåò A êáé X åßíáé äéáóôÜóåùí ÍxÌ, üðïõ Ì

åßíáé ï áñéèìüò ôùí áéóèçôçñßùí Þ ôùí ìåôñïýìåíùí ðáñá-

ìÝôñùí êýìáôïò, êáé åßíáé äéáíýóìáôá óôÞëçò äéáóôÜ-

óåùò Í.

×ñçóéìïðïéþíôáò ôïí ðåñéïñéóìü åëá÷éóôïðïßçóçò

X(èi)
HA(èi)=1 [1] êáé ìåôÜ áðü äéÜöïñïõò õðïëïãéóôéêïýò

ìåôáó÷çìáôéóìïýò ïé óõíáñôÞóåéò A(èi) äßíïíôáé áðü ôç

ó÷Ýóç:

(3.6)

Ìå ÷ñÞóç ôçò ó÷Ýóçò:

(3.7)C X X Ci
H

i
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êáé ìå óõíäõáóìü ôùí ó÷. (3.6) êáé (3.4) åßíáé äõíáôü íá

åêôéìçèåß ôï êáôåõèõíôéêü öÜóìá áðü ó÷Ýóç áíÜëïãçò ìïñ-

öÞò ìå ôç ó÷ (2.3):

(3.8)

Ïðüôå ç ó÷. (3.5) ìðïñåß íá ãñáöåß îáíÜ ìå ôç ìïñöÞ

(3.9)

ðïõ áðïôåëåß ôçí áêñéâÞ ëýóç õðïëïãéóìïý ôïõ êáôåõèõíôé-

êïý öÜóìáôïò ìå ÷ñÞóç ôçò ìåèüäïõ ìåãßóôçò ðéèáíïöÜíåéáò.

ÁõôÞ ç ëýóç åßíáé áðüëõôá óõíåðÞò ìå ôïí ðßíáêá öáóìáôé-

êÞò ðõêíüôçôáò ôïõ äéáóôáõñïýìåíïõ öÜóìáôïò ôùí äåäï-

ìÝíùí êáé áðïôåëåß ôçí ðñáãìáôéêÞ åêôßìçóç ôïõ êáôåõèõ-

íôéêïý öÜóìáôïò [1].

4. ÁÎÉÏËÏÃÇÓÇ ÍÅÙÍ ÌÅÈÏÄÙÍ

Ç áîéïëüãçóç ôùí íÝùí ìåèüäùí ìåãßóôçò ðéèáíïöÜíåéáò

ãßíåôáé ìå âÜóç èåùñçôéêÜ ðåéñÜìáôá ãéá öÜóìáôá ìßáò

êïñõöÞò (áíåìïãåíåßò êõìáôéóìïß) êáé äýï êïñõöþí (ôïðé-

êïß áíåìïãåíåßò êõìáôéóìïß êáé áðïèÜëáóóá) êáèþò êáé

êõìáôéêÜ äåäïìÝíá ðåäßïõ, ðïõ óõëëÝ÷ôçêáí ôüóï áðü

êáôåõèõíôéêïýò êõìáôïãñÜöïõò üóï êáé áðü ìïíïðáñáìå-

ôñéêïýò êõìáôïãñÜöïõò óå ïñéóìÝíç äéÜôáîç.

Ãéá ôç äéåñåýíçóç ôçò áðüêñéóçò ôùí äéáöüñùí ìåèüäùí

óå öÜóìáôá ìßáò êïñõöÞò ìðïñåß íá ÷ñçóéìïðïéçèåß åßôå ç

êáôåõèõíôéêÞ êáôáíïìÞ sech2 [5]:

(4.1)

ìå ðáñáìÝôñïõò äéáóðïñÜò â ðïõ êõìáßíïíôáé áðü 1 Ýùò 4.5,

åßôå ç cos2 [13]:

(4.2)

ìå ôçí ðáñÜìåôñï s íá êõìáßíåôáé áðü 2 Ýùò 35.

Ìå ÷ñÞóç áõôþí ôùí èåùñçôéêþí êáôáíïìþí êáôáóêåõ-

Üæïíôáé ðñüôõðá öÜóìáôá ãéá ìéá óõãêåêñéìÝíç óõ÷íüôçôá.

Õðïëïãßæåôáé ï ðßíáêáò ôéìþí ôçò ðõêíüôçôáò åíÝñãåéáò ôïõ

äéáóôáõñïýìåíïõ öÜóìáôïò éó÷ýïò êáé ìåôÜ ãßíåôáé åêôßìç-

óç ôïõ êáôåõèõíôéêïý öÜóìáôïò ìå ìßá áðü ôéò åîåôáæüìåíåò

ìåèüäïõò, þóôå íá óõãêñéèåß ìå ôï ðñüôõðï öÜóìá.

Ãéá ôç äéåñåýíçóç ôçò áðüêñéóçò ôùí äéáöüñùí ìåèüäùí

óå öÜóìáôá äýï êïñõöþí ÷ñçóéìïðïéåßôáé ç sech2 êáôåõèõ-

íôéêÞ êáôáíïìÞ ìå ôéìÝò ôçò ðáñáìÝôñïõ äéáóðïñÜò â = 1, 3

êáé 5. ¼ëïé ïé ðéèáíïß óõíäõáóìïß ìåôáîý ôùí ôñéþí êáôåõ-

èõíôéêþí êáôáíïìþí ÷ñçóéìïðïéïýíôáé ãéá ôï ðåßñáìá áõôü

ìå äéáöïñåôéêÞ áðüóôáóç ôùí êïñõöþí ôïõ öÜóìáôïò -30ï,

90ï êáé 150ï - êáèþò êáé ôéìÝò ôïõ ëüãïõ åíåñãåéþí ìåôáîý

ôùí äýï êïñõöþí ðïõ êõìáßíïíôáé áðü 1 Ýùò 4. Óå ïñéóìÝ-

íá ðåéñÜìáôá äéåñåõíÜôáé ç åîÝëéîç ôçò óôáôéóôéêÞò ðáñá-

ìÝôñïõ ñ2 óõíáñôÞóåé ôçò óõ÷íüôçôáò. Ç ðáñÜìåôñïò áõôÞ

åîåôÜæåé ôçí áñíçôéêÞ óôáôéóôéêÞ áîéïðéóôßá êÜèå ìåèüäïõ

[12]. ÕøçëÝò ôéìÝò ôçò ðáñáìÝôñïõ ñ2 äçëþíïõí êáêÞ åêôß-

ìçóç, åíþ ÷áìçëÝò ôéìÝò ôçò ñ2 äçëþíïõí óõíåðÞ åêôßìçóç

ìå ôá äåäïìÝíá. Ãéá åðôÜ âáèìïýò åëåõèåñßáò êÜèå ôéìÞ ôçò

ðáñáìÝôñïõ ñ2 ìéêñüôåñç áðü 9.8 éêáíïðïéåß ôï äéÜóôçìá

åìðéóôïóýíçò åðéðÝäïõ 80%. 

4.1. ÌåôñÞóåéò ìå êáôåõèõíôéêïýò êõìáôïãñÜöïõò

4.1.1. ÈåùñçôéêÜ ðåéñÜìáôá ìå öÜóìáôá ìßáò êïñõöÞò

Ç óõìðåñéöïñÜ ôùí äéáöüñùí ìåèüäùí óå êáôáíïìÝò

åíÝñãåéáò ìå ìßá êïñõöÞ ðáñïõóéÜæåôáé ãéá ôçí ðåñßðôùóç

ôçò sech2 êáôåõèõíôéêÞò êáôáíïìÞò ìå â=1.5 (ó÷Þìá 2). Ç

åêôßìçóç ìå ôçí êëáóéêÞ ìÝèïäï ìåãßóôçò ðéèáíïöÜíåéáò

åßíáé áñêåôÜ åõñåßá. Ç êáíïíéêïðïéçìÝíç (NMLM) êáé ç

åðáíáëçðôéêÞ êáíïíéêïðïéçìÝíç (INMLM) áíáðáñéóôïýí

áñêåôÜ êáëÜ ôï öÜóìá, ç åðáíáëçðôéêÞ (IMLM) êáé ç óõíå-

ëéêôéêÞ (CMLM) õóôåñïýí óôçí åêôßìçóç ôçò êïñõöÞò, åíþ

ç äéïñèùìÝíç ìÝèïäïò ðñïóåããßæåé ðïëý êáëÜ ôï öÜóìá

åêôüò ôçò ðåñéï÷Þò ôçò êïñõöÞò ôïõ.

4.1.2. ÈåùñçôéêÜ ðåéñÜìáôá ìå öÜóìáôá äýï êïñõöþí

Óôçí ðåñßðôùóç ôùí öáóìÜôùí ìå äýï êïñõöÝò ç óõìðå-

ñéöïñÜ ôùí äéáöüñùí ìåèüäùí öáßíåôáé óôï ó÷Þìá 3.

Ç êëáóéêÞ ìÝèïäïò ðñïóåããßæåé ôï ðåßñáìá óå üëåò ôéò

äïêéìÝò, áëëÜ óõóôçìáôéêÜ Ý÷åé ìåãáëýôåñç äéáóðïñÜ ôùí

êáôåõèýíóåùí. Ç êáíïíéêïðïéçìÝíç (NMLM) Ý÷åé áóõíåðÞ

óõìðåñéöïñÜ, êáèþò óå ïñéóìÝíåò äïêéìÝò ðñïóåããßæåé

áñêåôÜ êáëÜ ôï ðñüôõðï-öÜóìá, åíþ óå ïñéóìÝíåò Üëëåò

êáèüëïõ. ÃåíéêÜ õðåñåêôéìÜ ôçí åíÝñãåéá óôéò êïñõöÝò ôïõ

öÜóìáôïò. Ç óõíåëéêôéêÞ (CMLM) âåëôéþíåé ôçí åêôßìçóç

ôçò êëáóéêÞò óå ðåñéðôþóåéò óôåíþí êáôåõèõíôéêþí êáôáíï-

ìþí. Ç åêôßìçóç ôçò åðáíáëçðôéêÞò (IMLM) åßíáé áñêåôÜ

êáëÞ. Ç åðáíáëçðôéêÞ êáíïíéêïðïéçìÝíç (INMLM), áí êáé

ðñïóåããßæåé áñêåôÜ êáëÜ ôï ðñüôõðï-öÜóìá, Ý÷åé ðïëý õøç-

ëÝò ôéìÝò ôçò óôáôéóôéêÞò ðáñáìÝôñïõ ñ2 (áñêåôÝò ðåñéï÷Ýò

ìå ôéìÝò ðÜíù áðü 50). ÔÝëïò, ç äéïñèùìÝíç ìÝèïäïò äßíåé

áñêåôÜ áîéüðéóôåò åêôéìÞóåéò óôéò ðåñéóóüôåñåò äïêéìÝò. Ïé

ôÝóóåñéò áñéèìïß, ðïõ åìöáíßæïíôáé óôçí êïñõöÞ ôïõ ãñá-

öÞìáôïò, åßíáé ïé ôéìÝò ôçò ðáñáìÝôñïõ äéáóðïñÜò â ãéá ôéò

äýï êïñõöÝò, ç áðüóôáóç ôùí äýï êïñõöþí óå ìïßñåò êáé ï

ëüãïò ôùí åíåñãåéþí óôéò êïñõöÝò ôïõ öÜóìáôïò.

4.1.3. ÄåäïìÝíá ðåäßïõ

Ïé íÝåò ìÝèïäïé åêôßìçóçò êáôåõèõíôéêþí öáóìÜôùí

óõãêñßíïíôáé ìå ðñáãìáôéêÜ êõìáôéêÜ äåäïìÝíá ðïõ ðñïÝñ-

÷ïíôáé áðü ôïí Áôëáíôéêü êáé ðéï óõãêåêñéìÝíá áðü ôï Ðåß-

ñáìá ÄõíáìéêÞò ôùí Åðéöáíåéáêþí Êõìáôéóìþí [21].
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Ôá áðïôåëÝóìáôá åìöáíßæïíôáé óôï ó÷Þìá 4 êáé áíáðá-

ñéóôïýí ôá âáóéêÜ ÷áñáêôçñéóôéêÜ ôùí ìåèüäùí, üðùò

ðáñáôçñÞèçêáí êáé óôá èåùñçôéêÜ ðåéñÜìáôá. Ç ôÜîç

ìåãÝèïõò ôçò óõ÷íüôçôáò ôùí êõìáôéóìþí åßíáé áðü 0 Ýùò

0.35 Hz.

Ç êëáóéêÞ ìÝèïäïò ìüëéò êáé áíáãíùñßæåé ôï äéäéÜóôáôï

öÜóìá êáé ôéò äýï êïñõöÝò. Ç óõíåëéêôéêÞ áðïôåëåß ìéá âåë-

ôßùóç ôçò êëáóéêÞò ìåèüäïõ óå ðåñéðôþóåéò óôåíþí êáôåõ-

èõíôéêþí êáôáíïìþí. Ç åðáíáëçðôéêÞ åßíáé ó÷åôéêÜ óõíå-

ðÞò ìå ôá äåäïìÝíá. Ç êáíïíéêïðïéçìÝíç êáé ç åðáíáëçðôé-

êÞ êáíïíéêïðïéçìÝíç Ý÷ïõí áóõíåðÞ óõìðåñéöïñÜ áðü

óõ÷íüôçôá óå óõ÷íüôçôá, äåß÷íïíôáò üôé ïé ìéêñÝò áëëáãÝò

ðáñÜãïõí óçìáíôéêÝò äéáöïñÝò óôçí åêôßìçóç ôïõ öÜóìá-

ôïò. ÔÝëïò, ç äéïñèùìÝíç ìÝèïäïò äåß÷íåé íá áíáðáñéóôÜ

áñêåôÜ êáëÜ ôï öÜóìá.

4.2. ÌåôñÞóåéò ìå ìïíïðáñáìåôñéêïýò êõìáôïãñÜöïõò

Ãéá ôá ðåéñÜìáôá áõôÞò ôçò ðåñßðôùóçò ÷ñçóéìïðïéåßôáé

ç äéÜôáîç ìïíïðáñáìåôñéêþí êõìáôïãñÜöùí óå ó÷Þìá åîá-

ãþíïõ, äåäïìÝíïõ üôé õðåñÝ÷åé ôçò äéÜôáîçò ôïõ ôñéãþíïõ

êáé åðßóçò äéüôé õðÜñ÷ïõí ðñáãìáôéêÜ äåäïìÝíá áðü áíÜëï-

ãç äéÜôáîç, ðïõ åßíáé åãêáôåóôçìÝíç óôç ëßìíç ÏíôÜñéï ôïõ

ÊáíáäÜ. Ç áíÜëõóç ôùí ìåôñÞóåùí ãßíåôáé ôüóï ìå ôéò Üìå-

óåò ìåèüäïõò üóï êáé ìå ôéò éóïäýíáìåò ìåèüäïõò ìå äåäï-

ìÝíá áðü êáôåõèõíôéêïýò êõìáôïãñÜöïõò. Óôéò �Üìåóåò

ìåèüäïõò� ÷ñçóéìïðïéïýíôáé ïé ÷ñïíïóåéñÝò áíýøùóçò ôùí

Ýîé êõìáôïãñÜöùí ùò äåäïìÝíá åéóüäïõ óôçí áíÜëõóç, åíþ

óôéò �éóïäýíáìåò ìåèüäïõò ìå êáôåõèõíôéêÜ äåäïìÝíá� õðï-

ëïãßæïíôáé ïé ÷ñïíïóåéñÝò êëßóåùí áðü ôá ðñùôïãåíÞ äåäï-

ìÝíá êáé ÷ñçóéìïðïéïýíôáé áõôÝò ùò äåäïìÝíá åéóüäïõ óôçí

áíÜëõóç.

Ãéá ôá èåùñçôéêÜ ðåéñÜìáôá éó÷ýïõí ïé ðáñáäï÷Ýò êáé ôá

äåäïìÝíá ôçò ðñïçãïýìåíçò ðåñßðôùóçò.

4.2.1. ÈåùñçôéêÜ ðåéñÜìáôá öáóìÜôùí ìå ìßá êïñõöÞ

Ôá áðïôåëÝóìáôá ôùí ìåèüäùí ðáñïõóéÜæïíôáé ìå ôç

ìïñöÞ ôçò óôáôéóôéêÞò ðáñáìÝôñïõ ñ2 (ó÷Þìá 5) ôüóï ãéá

ôéò �Üìåóåò� ìåèüäïõò üóï êáé ãéá ôéò �éóïäýíáìåò� ìåèü-

äïõò ìå ôá êáôåõèõíôéêÜ äåäïìÝíá, üðïõ ìå ðëÞñç ãñáììÞ

ó÷åäéÜæåôáé ç åêôßìçóç ôçò ìåèüäïõ ðïõ áíáãñÜöåôáé áñé-

óôåñÜ åðÜíù êáé ìå äéáêåêïììÝíç ãñáììÞ ç äåîéüôåñá áíá-

ãñáöïìÝíç ìÝèïäïò. Áðü ôï ó÷Þìá 5 öáßíåôáé üôé üëåò ïé

åêôéìÞóåéò ìå ôéò Üìåóåò ìåèüäïõò, åêôüò áðü ôçí êëáóéêÞ

ìÝèïäï ìåãßóôçò ðéèáíïöÜíåéáò, éêáíïðïéïýí ôï ðáñáäåêôü

åðßðåäï óôáôéóôéêÞò áîéïðéóôßáò 80% (ñ2<9.8), åíþ ìå

÷ñÞóç ôùí éóïäõíÜìùí ìåèüäùí (óõìâïëßæïíôáé áðü ôá

ïíüìáôá ôùí ìåèüäùí êáé ôïí áñéèìü 2) áõôü éêáíïðïéåßôáé

ìüíï áðü ôç äéïñèùìÝíç ìÝèïäï (MLMC2) êáé ôçí åðáíá-

ëçðôéêÞ êáíïíéêïðïéçìÝíç (INMLM2).

4.2.2. ÈåùñçôéêÜ ðåéñÜìáôá öáóìÜôùí ìå äýï êïñõöÝò

Åäþ ðáñïõóéÜæïíôáé ôõðéêÜ áðïôåëÝóìáôá ôùí äéáöü-

ñùí óõíäõáóìþí ãéá ôéò åêôéìÞóåéò ìå ÷ñÞóç Üìåóùí ìåèü-

äùí (ó÷Þìá 6).

Ó÷Þìá 2: ÅêôéìÞóåéò êáôåõèõíôéêïý öÜóìáôïò ìå ìßá êïñõöÞ. 

(-:ðñüôõðï öÜóìá, ---:MLM, NMLM, MLMC, -.-:IMLM, INMLM,

CMLM).

Figure 2: Directional spectrum estimates for unimodal distri-

bution.(-:target spectrum, ---:MLM, NMLM, MLMC, -.-:IMLM,

INMLM, CMLM).
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Ó÷Þìá 3: ÅêôéìÞóåéò êáôåõèõíôéêïý öÜóìáôïò ìå äýï êïñõöÝò. Êáôåõèõíôéêïß êõìáôïãñÜöïé(-:ðñüôõðï öÜóìá, ---: åêôßìçóç öÜóìáôïò).

Figure 3: Directional spectrum estimates for bimodal distribution. Directional buoys(-:target spectrum, ---:spectrum estimation).

Ç êëáóéêÞ ìÝèïäïò öáßíåôáé âåëôéùìÝíç óå ó÷Ýóç ìå

ôïõò êáôåõèõíôéêïýò êõìáôïãñÜöïõò, áëëÜ åîáêïëïõèåß íá

Ý÷åé åõñåßá êáôåõèõíôéêÞ êáôáíïìÞ.

Ç êáíïíéêïðïéçìÝíç ìÝèïäïò (NMLM) åßíáé áñêåôÜ

êáëÞ, åíþ öáßíåôáé üôé ôï ó÷Þìá äéïñèþóåùí áíôáðïêñßíå-

ôáé êáëýôåñá óõãêñéôéêÜ ìå ôçí ðåñßðôùóç ôùí êáôåõèõíôé-

êþí êõìáôïãñÜöùí.

Ç åðáíáëçðôéêÞ êáíïíéêïðïéçìÝíç (INMLM), åíþ äåß-

÷íåé üôé ðñïóåããßæåé áñêåôÜ êáëÜ ôï öÜóìá, Ý÷åé ÷áìçëÞ

óôáôéóôéêÞ áîéïðéóôßá ìå ìåãÜëåò ôéìÝò ñ2 (ñ2=50). ÔÝëïò, ç

äéïñèùìÝíç ìÝèïäïò (MLMC) äßíåé ðïëý êáëÜ áðïôåëÝóìáôá.

4.2.3. ÄåäïìÝíá ðåäßïõ

Ôá äåäïìÝíá ðñïÝñ÷ïíôáé áðü ìåôñÞóåéò óôç ëßìíç
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Ó÷Þìá 4: ÓõãêñéôéêÜ áðïôåëÝóìáôá ìåôñÞóåùí ðåäßïõ óôïí Áôëáíôéêü Ùêåáíü (êáôåõèõíôéêïß êõìáôïãñÜöïé).

Figure 4: Comparative results for Atlantic Ocean Field data (directional buoys).
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Ó÷Þìá 5: ÓôáôéóôéêÞ ñ2 ãéá ôçí ðåñßðôùóç ôùí öáóìÜôùí ìå ìßá êïñõöÞ.

Figure 5: ñ2 statistics for the unimodal distribution test case.

ÏíôÜñéï [20] êáé áíáëýåôáé ìßá ðåñßðôùóç öÜóìáôïò ìå äýï

êïñõöÝò (áíåìïãåíåßò êõìáôéóìïß êáé áðïèÜëáóóá). Ç

óõ÷íüôçôá êïñõöÞò ôçò áðïèÜëáóóáò åßíáé 0.11 Hz êáé ç

áíôßóôïé÷ç ôùí áíåìïãåíþí êõìáôéóìþí åßíáé 0.46 Hz.

Ïé åêôéìÞóåéò ôùí êáôåõèõíôéêþí öáóìÜôùí ãéá ôéò

ìåèüäïõò MLM, MLMC, MLM2 êáé MLMC2 ðáñïõóéÜæï-

íôáé óôï ó÷Þìá 7. Ïé åêôéìÞóåéò ìå ÷ñÞóç ôùí �éóïäýíáìùí�

ìåèüäùí äßíïõí ïîýôåñåò êáé ìåãáëýôåñåò êïñõöÝò óõãêñé-

ôéêÜ ìå ôéò Üìåóåò ìåèüäïõò.

5. ÓÕÌÐÅÑÁÓÌÁÔÁ

Ç åêôßìçóç ôùí êáôåõèõíôéêþí öáóìÜôùí èáëáóóßùí

êõìáôéóìþí áîéïëïãÞèçêå ãéá Ýîé äéáöïñåôéêÝò ìåèüäïõò

ìåãßóôçò ðéèáíïöÜíåéáò. 

Óýìöùíá ìå ôá áðïôåëÝóìáôá ôùí èåùñçôéêþí ðåéñáìÜ-

ôùí êáé ôùí óõãêñßóåùí ìå äåäïìÝíá ðåäßïõ ôüóï áðü

êáôåõèõíôéêïýò êõìáôïãñÜöïõò üóï êáé áðü ìïíïðáñáìå-

ôñéêïýò êõìáôïãñÜöïõò ôïðïèåôçìÝíïõò óå ó÷Þìá åîáãþ-

íïõ, ðñïêýðôïõí ôá åîÞò óõìðåñÜóìáôá:

Ç êëáóéêÞ ìÝèïäïò ìåãßóôçò ðéèáíïöÜíåéáò áíáðáñé-

óôÜ êáëÜ êõñßùò ôá öÜóìáôá ìßáò êïñõöÞò, åíþ, áí êáé áíá-

ãíùñßæåé ôéò êïñõöÝò óôá öÜóìáôá äýï êïñõöþí, õðïåêôéìÜ

ôçí åíÝñãåéÜ ôïõò. Áõôü Ý÷åé ùò áðïôÝëåóìá ç êáôåõèõíôéêÞ

ôïõò êáôáíïìÞ íá åßíáé åõñýôåñç.

Ç åðáíáëçðôéêÞ ìÝèïäïò äßíåé áñêåôÜ êáëÝò åêôéìÞ-

óåéò, áí êáé õðïëïãéóôéêÜ åßíáé ðéï áêñéâÞ ìÝèïäïò.

Ç óõíåëéêôéêÞ ìÝèïäïò áðïôåëåß ìéá âåëôßùóç ôçò êëá-

óéêÞò ìåèüäïõ óå ðåñéðôþóåéò óôåíüôåñùí êáôåõèõíôéêþí

êáôáíïìþí.

Ç êáíïíéêïðïéçìÝíç ìÝèïäïò õðåñåêôéìÜ ôçí åíÝñãåéá

ôïõ öÜóìáôïò óôéò êïñõöÝò êáé ðáñïõóéÜæåé áóõíÝðåéá óôçí

åêôßìçóç ôïõ öÜóìáôïò. Ôá áðïôåëÝóìáôÜ ôçò âåëôéþíïíôáé

óôçí ðåñßðôùóç ôùí ìïíïðáñáìåôñéêþí êõìáôïãñÜöùí óå

ïñéóìÝíç äéÜôáîç.

Ç åðáíáëçðôéêÞ êáíïíéêïðïéçìÝíç ìÝèïäïò, áí êáé

ðñïóåããßæåé ðåñéóóüôåñï ôç ìïñöÞ ôùí öáóìÜôùí, Ý÷åé

÷áìçëÞ óôáôéóôéêÞ áîéïðéóôßá ðáñÜãïíôáò õøçëÝò ôéìÝò ôçò

óôáôéóôéêÞò ðáñáìÝôñïõ ñ2.
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Ó÷Þìá 7: ÓõãêñéôéêÜ áðïôåëÝóìáôá ìåôñÞóåùí ðåäßïõ óôç ëßìíç Ontario (ìïíïðáñáìåôñéêïß êõìáôïãñÜöïé).

Figure 7: Comparative results for Ontario Lake Field data (wave-staff buoys).

Ó÷Þìá 6: ÅêôéìÞóåéò êáôåõèõíôéêïý öÜóìáôïò ìå äýï êïñõöÝò - ÌÝèïäïé MLM, INMLM, NMLM êáé MLMC.

Ìïíïðáñáìåôñéêïß êõìáôïãñÜöïé(-:ðñüôõðï öÜóìá, ---: åêôßìçóç öÜóìáôïò).

Figure 6: Directional spectrum estimates for bimodal distribution - Methods MLM, INMLM, NMLM and MLMC. 

Wave-staff buoys (-:target spectrum, ---:spectrum estimation).



19Tå÷í. ×ñïí. Åðéóô. ¸êä. ÔÅÅ, É, ôåý÷. 3  2000  Tech. Chron. Sci. J. TCG, I, No 3

ÔÝëïò, ç äéïñèùìÝíç ìÝèïäïò äßíåé ðïëý êáëÜ áðïôåëÝ-

óìáôá ãéá ôá öÜóìáôá ðïõ áðïêôÞèçêáí êáé ìå ôïõò äýï

äõíáôïýò ôñüðïõò ìÝôñçóçò êáôåõèõíôéêþí öáóìÜôùí.
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Abstract

Wave directional spectra can be obtained using various techniques,

the most significant being the maximum likelihood methods. In this

paper a synoptic presentation of new maximum likelihood methods

is given and results of wave directional spectra estimations from test

cases of unimodal and bimodal spectra as well as from field

measurements in a Canadian lake and a region of the Atlantic

Ocean are presented.

1. INTRODUCTION

Various techniques have been developed to estimate wave

directional spectra, which can be classified as direct Fourier

transform methods [4, 13, 16, 19, 23], maximum likelihood

methods [3, 6, 7, 9, 15, 17, 18, 19] and the maximum entropy

method [12].

In this paper the classical, the Iterative and the Convo-

lutive maximum likelihood methods, as well as new maxi-

mum likelihood methods, are presented and evaluated

through theoretical tests and comparisons with field data.

2. MAXIMUM LIKELIHOOD METHODS
2.1. Maximum Likelihood Method (MLM)

The classical maximum likelihood method was developed

initially to obtain the directional spectrum from measure-

ments taken from an array of wave staff gauges [3]. Cross

power spectral density matrices C(ùk) are calculated for each

frequency, and then through them the directional spectrum

(ùk,èj) is estimated. The method has been extended to the

estimation of heave-roll-pitch data by Isobe et al. [7].

2.2. Iterative Maximum Likelihood Method (IMLM)

Usually the estimate of the cross power spectral density

(CPSD) matrix is different from the original one. In order to

resolve this discrepancy an iterative scheme is used to force

the directional estimate to be consistent with measured CPSD

[9].

2.3. Convolutive Maximum Likelihood Method (CMLM)

From the implementation of the MLM, it was observed

that the estimate had a frequency dependent induced sprea-

ding. For the correction of this effect the MLM estimate is

convolved by a window function [19].

3. NEW MAXIMUM LIKELIHOOD
METHODS

The estimations of the directional spectra using the usual

methods have characteristics that are dependent on the con-

sidered frequency of the spectum as well as on the considered

directional distribution.

3.1. Normalized Maximum Likelihood Method (NMLM)

Various MLM methods have been investigated for diffe-

rent values of the spreading parameter â (range 1.24-2.62).

The constant overestimation of the MLM (fig. 1) over the

entire range of values of the spreading parameter, â, makes it

possible to account for it, so that the estimated spectrum

tends to a narrower distribution. This is implemented with the

normalization of the energy in each direction, according to a

normalizing factor æ.

3.2. Iterative Normalized Maximum Likelihood Method

(INMLM)

The NMLM aims to correct the artificially induced

spreading of the MLM. This results in inconsistency with the

initial input data. This inconsistency can be resolved using an

iterative scheme, where as starting point the NMLM esti-

mation is taken. This scheme forces the convergence of the

INMLM using the estimation of the MLM and not the

NMLM estimate.

3.3. Maximum Likelihood Method Corrected (MLMC)

The NMLM is an empirical one, because it uses a correc-

tive scheme of the MLM. Using a minimization constraint for
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20 Tå÷í. ×ñïí. Åðéóô. ¸êä. ÔÅÅ, É, ôåý÷. 3  2000  Tech. Chron. Sci. J. TCG, I, No 3

Extended summary

New Maximum Likelihood Methods for Estimating 

Wave Directional Spectra

S. CHRISTOPOULOS

Dr Civil Engineer

I. TSANIS

Professor, Mc Master Univ.

F. BRISSETTE

Assoc. Professor Quebec Un.

Submitted: Aug. 29, 1995 Accepted: Jan. 23, 2001



21Tå÷í. ×ñïí. Åðéóô. ¸êä. ÔÅÅ, É, ôåý÷. 3  2000  Tech. Chron. Sci. J. TCG, I, No 3

S. Christopoulos,

Dr civil engineer, HYDROMARE, Ethnikis Antistasis 3A, 551 34 Thessaloniki.

I. Tsanis,

Professor, Department of Civil Engineering, Mc Master University, 1280 Main Street West, Hamilton, Ontario L8S 4L7.

F. Brissette,

Associate professor, Department of Construction Engineering, Ecole de Technologie Supérieure, University of Quebec, 1100 Notre-Dame

West, H3C 1K3.

the functions A(èi) and the complex phase lag matrices X(èi)

the spectrum can be estimated through eq. (3.10), which is

absolutely consistent with the cross spectrum matrix of the

data [1]. 

4. EVALUATION OF THE NEW METHODS

The new methods are evaluated on the basis of synthetic

test cases involving both unimodal and bimodal distribution

and on comparisons with field data collected either by arrays

of wavestaff or from heave-pitch-roll buoys.

For the synthetic test cases target spectra are constructed

using the theoretical spreading function sech2. Then the cross

power spectral density matrix is calculated and the directio-

nal spectrum is estimated with one of the new methods in

order to be compared with the target spectrum. In some cases

the value of statistical parameter ñ2 [12] is calculated. High

values of ñ2 (less than 9.8) indicate consisent estimation.

4.1. Heave-Pitch-Roll data

The behaviour of the different methods in unimodal test

cases is presented in fig. 2, where the MLM estimate is too

wide, NMLM and INMLM are quite close to the spectrum,

IMLM and CMLM underestimate the spectrum, while the

MLMC is close to the spectrum, except for the peak region.

In bimodal test cases (fig. 3) the MLM estimate syste-

matically has a wider spreading distribution. The NMLM

estimate is unstable, as in some test cases it is close to the tar-

get spectrum, while in others it is far away. The CMLM

improves the MLM estimate. The IMLM estimate is quite

good. The INMLM fits the target spectrum well, but has high

values of ñ2 (even larger than so). Finally the MLMC has

conistent estimates in the most test cases.

The new methods were compared with field data from the

SWADE experiment [21]. The main features of the methods

are similar to those produced in the theoretical tests (fig. 4).

4.2. Wave Staff data

For this category an array with six wave staff was used,

as for the data collected in Lake Ontario. The analysis was

done both for the direct methods and the pitch-roll equivalent

methods. In the direct methods the six signals were the input

data, while in the equivalent methods the heave-pitch-roll

timeseries were calculated from the raw data and these were

then used as input data.

The results from the unimodal test cases are presented

through the estimation of values of statistical parameter ñ2

(fig. 5).

The direct methods, except the MLM, gave satisfactory

statistical reliability, whereas in the equivalent methods this

criterion was fulfilled only by the INMLM and the MLMC.

In the bimodal test cases (fig. 6) the MLM estimate,

although seeming better than the pitch-roll data, still pro-

duced a wider distribution. The performance of NMLM was

quite good, indicating that the corrective scheme is much

more accurate for the six wavestaff data. The performance of

INMLM was similar to that of NMLM, having low statistical

reliability. The MLMC performed very well, as it reproduced

all the model tests almost exactly.

The methods were also compared with field data col-

lected in Lake Ontario for a real bimodal case with windsea

and swell. The estimations of MLM and MLMC for both

direct and equivalent methods are presented in fig. 7. The

equivalent methods� estimates are sharper and give higher

peaks compared with the direct methods.

5. CONCLUSIONS

Wave directional spectra estimates were evaluated using

six different MLM methods. According to the results of the

unimodal and bimodal synthetic test cases, as well as the

comparison with field data, the following features of each

method have been demonstrated:

The MLM reproduces well mainly the unimodal spectra,

while in bimodal cases it underestimates the energy at the

peaks, having a wider directional spreading.

The IMLM gives quite good estimates, although it is a

time consuming method.

The CMLM is an improvement over MLM especially, in

cases of narrow spreading functions.

The NMLM overestimates energy at peaks and is unsta-

ble, having different behaviour from case to case. The over-

all performance is better for wavestaff data.

The INMLM, although closer to the spectra, has low

statistical reliability with high values of ñ2.

Finally, the MLMC gives very good results for both uni-

modal cases with data obtained from both measuring devices

(wavestaff and heave-pitch-roll).


