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RABMEICK2REFATR
Numerical Conformal Mappings by the Charge Simulation Method

PN

Kaname AmanNo **

Conformal mappings are familiar in science and engineering. However, exact mapping functions are not
known except for some special domains. Therefore, numerical conformal mappings have been studied for
decades, and those of multiply connected domains attract a renewed interest. This paper is an overview of the
method of numerical conformal mappins by the charge simulation method, which gives approximate mapping

functions of simple form and high accuracy.

Key words : numerical conformal mapping, charge simulation method, method of fundamental solution
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HABARIBEGROFEARNZMED—DTH D, FITEADIGHEIEN[1,16,18]. LML, ZTOEM4RE
Bz il TEDEBIEMOENTNT, MELFRK GILEIRET ST L &L THRIE TRV, Z
UK, BB SRS EERRT & R EART RO EEHEE U TELSWIEENTE 2 [13, 14, 15, 19, 27].

B A BBOER S Z b N MEEED 5 EHEESA DO GG 2R 5 151k L, WICEHETEE) 5
MEREI AN DA 7 R 6D % T71E L ITKBIE N, W NOLE & BRI REUE RHE & U TR TR
KRB ESND T ENEZV. —RIC, ATEEIET, Symm ORI /TRERE [24, 25, 26) WE4THS. %
FIERIE T, BUEEEIC IR B EED VSN S.

VAR, ZEEEEKOMEN S 52O THEHEN TV, S HEEEE TS A SR OFEE I O
ZHEEnE3In-6m23)HDEY 2T A EMEINZFEN BT 2HEMICES NS, 22T,
ORMERFICIRICER L, ZEELEY 2T AIKFE LaWIEEFERZHRET 5 L0 HiED e 5h
%. IFHEREIRIZ RV v R RES T EME L, Nehari [211 %D (a) ‘FATAY » MEEK, (b) FI50A Y v ~#E
B, (o) BEHAY v MEE, (d) FIEEAY w RPARGEE, (o) FIIA Y » M ERFEED LS SN TN 5.
W5 T, Koebe [17]1&TNEE2ET 39 D ERER Y v M HEZ 2P TN 5.

1980 FERDE, FHHIBUEFAEMRITKRT > v )VRREO B EUEREE L LTS ToizR
MEREZMEA Uiz [2]. 2055, FEEFHEMEH T, ZHEESEBROMEICERSICHEATE
T, —EDFEMN N TR THED WIS GRS Z BEARNIC G2 5. COWEIZBEEGERDBERNZ
DEFHHTES LWVH ERTEHEAGHROIGH L EETHS.

T T CIRHBEMEC X 3BUEFEABBRIC OV TR T . s X ORI RDEBD THS. FH2H
T, RASBEMMEDOFRM EFEEFEAEGSE OBHEZEIT [12]. 53 BT, &EFEARNZHLELEEEO
WHTIETH 2 ) —< U E%N S [2,3]. 54 31T, ARG S EmOVIRE L UTFET,
PO, R RV B EEANOFAERZEN S [9]. 555 ETIE, TNETORMEEHRZTL L THUE
5.
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Comparative Study of Explicit Solutions to
Wave Dispersion Relationship (2)

Masataka YAMAGUCHI*, Hirokazu NONAKA * *and Yoshio HATADA * * *

Yamaguchi and Nonakall clarified relative accuracy of several approximate and explicit solutions(AESs)
to the transcendental dispersion equation in the Airy wave theory with small amplitude, in cases where a
numerically exact solution is obtained by Newton’s iterative method. This paper reinforces the previous results
with new investigations for accuracy of 4 recently-proposed AESs!?B] (Beji-1, Beji-2, Vata-1, Vata-2) and some
of AESs“I"®! (from Cham-2 to Cham-7 etc.) non-discussed in Yamaguchi and Nonaka!'l, and their Newton
method-based solutions. The main findings are as follows: (1) The 4 AESs show higher accuracy than the
previous AESs, in cases where use of Beji-2 or Vata-1 is recommended from the view point of a balance
between accuracy and compactness (computational efficiency) of the equation; (2) The 4 AESs(Cham-4,
Cham-5, Cham-6, Cham-7) of the 7 AESs proposed by Chamberlain and Porter’®! have small maximum relative
errors ranging from 0.16 % to 0.0035 %, which show increasing accuracy with increased sophistication of the
formula; (3) The Padé approximation-based Hunt*! AES with the 9th order gives a high accuracy but less
accuracy compared to Vata-2 or Cham-7; (4) The 1st iteration solution by Newton’s method for an initial value
based on each of the AESs provides much higher accuracy than the original AES, in cases where any of the
Vata-2, Hunt-9 and Cham-7-based solutions corresponds to a numerically exact solution to the best degree; (5)
Each of the Youl®"®l-type Piecewise AESs(PAESs) applicable only to a shallow water area indicates reasonable
accuracy within its effective range, which means the usefulness within a limited condition in shallow water
from a point of compactness of the expression; (6) A modified version for the Combined Piecewise
AES(CPAES) proposed by Newman® which is applicable to a full range of water depth condition has the
highest accuracy among not only various CPAESs but also the investigated AESs.

Key Words ; dispersion relationship, Airy wave theory, recently-proposed/previously overlooked AESs, Newton

method-based AESs and exact solutions

1. Introduction

The dispersion relationship in shallow water based on the small amplitude wave theory constitutes a
transcendental equation with respect to wave length and this property makes it impossible to derive the
analytical solution. For this reason, many kinds of approximate and explicit solution(AES) have been proposed
and their error characteristics have been investigated through the comparison with a numerically exact solution.
In 2007, Yamaguchi and Nonakal!! classified most of previously-proposed 30 AESs including the
authors-modified versions and made clear an error range for each of the AESs. But concerted efforts for
developing new AESs are continuing.

By taking this situation into account, this paper enphances the previous results with new investigations for
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accuracy of 4 recently-proposed AESs?3) and some old AESs™~®] non-discussed in Yamaguchi and Nonakal!l,
and their Newton method-based solutions. The AESs investigated here are D2 expressions by Bejil?(Beji-1,
Beji-2), @2 expressions by Vatankhah and Aghashariatmadari®(Vata-1, Vata-2), ®4 expressions with several
orders of relative water to depth-deep water wave length parameter « by Hunt™(Hunt-4, Hunt-5, Hunt-6,
Hunt-9), @6 expressions by Chamberlain and Porter™)(Cham-2, Cham-3, Cham-4, Cham-5, Cham-6, Cham-7),
®a set of the 1st iteration solution(2-step AES) by Newton’s method associated with an initial value calculated
using each of the above-mentioned AESs. Also the Youl®®l-type PAESs applicable only to shallow water area
and the PAESs by Chamberlain and Porter!®! and Newman™ application-limited to either of shallow water area
or deeper water area are added to the candidates to be investigated. Then characteristics of 2 Combined

PAESs(CPAESs) consisting of the 2 types of PAES mentioned above are discussed.
2. Dispersion relationship and numerically exact solution

The dispersion relationship based on the small amplitude wave theory(the Airy wave theory) on the
constant water depth is expressed as

a=p-tanhf, a=kh, L=kh (1)
where h is the water depth, k, =27/L, the wave number in deep water, L, the wave length in deep water,
k =2x/L the wave number in shallow water and L the wave length in shallow water. Eq.(1) is a typical
transcendental equation with the unknown variable of /. Numerical computation of Eq.(1) is made using
Newton’s method and a numerical solution with the relative error less than 107" obtained through iterative
computations is regarded as a numerically exact solution of Eq.(1) in this study. An initial value in the

computation S, is due to either of the following expressions.

a>1 or h/Ly>12x : B, =a=2x(h/L,) }>

a<l or h/Ly<1/27 : B, =a" ={2x(h/L,)}"* ()

The number of iterations reaching a numerically exact solution is only from 2 to 4, because Newton’s method

has a property of quadratic convergence.

3. Approximate and explicit solutions (AESs) for computation of wave length and
their accuracy

3.1 Classification of AESs™

AESs published so far may be classified into 2 main groups, I : AESs applicable to a full range of relative
water depth A/L, of 0 to o and II : AESs valid for a limited range of A/L,. Each group may be
sub-classified into @ AESs with simple form but lower accuracy, @AESs with complicated or lengthy form
but higher accuracy and ®2-step AESs with high accuracy. AESs of group II-O may be separated into
(i)shallower water use and (ii)deeper water use.

Table 1 re-summarizes the above-mentioned description which has a slightly different form from Table 1
in Yamaguchi and Nonakal'l. AESs classified into I-® are the 1st and 2nd equations by Bejil?(Beji-1, Beji-2),
the 1st equation by Vatankhah and Aghashariatmadari®®(Vata-1), the Padé approximation-based Hunt 4th order
and 5th order solutions(Hunt-4, Hunt-5), and the 1st 4 equations by Chamberlain and Porter®)(Cham-2, Cham-3,
Cham-4, Cham-5). Then AESs classified into I- @ are the 2nd equation by Vatankhah and
Aghashariatmadari®)(Vata-2), the Hunt 6th order and 9th order solutions (Hunt-6, Hunt-9) and the last 2
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Table 1 Grouping of AESs.

Group Simple, low or moderate Complicated or lengthy, | 2-step AES
classification accuracy® high accuracy®@ high accuracy®
Beji-1, Beji-2, Vata-1,Hunt-4, B
Full range of Vata-2, Hunt-6, Hunt-9 | Beji-1N ~
Hunt-5, Cham-2, Cham-3,
water depth | Cham-6, Cham-7 Cham-7N
Cham-4, Cham-5
Shallower Deeper Shallower | Deeper
Limited range of | water(i) water(ii) | water(i) water(ii)
water depth II You-1, You-4,
CP-2, New-2,
Cham-6L, New-1
New-2S New-3

Cham-7L, CP-1

equations by Chamberlain and Porter®(Cham-6, Cham-7). A set of AESs classified into I-® is the Ist iteration
solution (2-step AES) by Newton’s method taking each of the AESs as an initial value, in cases where ' N ' is
added to each of the notations such as Beji-1N.

Moreover AESs classified into II-@(i) are the n-th order(n <3) equations given by Youl*"®(You-1,
You-2/WTI, You-3/Niel2, You-4, You-5/You), the modified versions(Cham-6L/Olson3, Cham-7L/YNH) and
the Chamberlain and Porter’ equation(CP-1) applicable only to a shallow water condition. An AES
sub-grouped into II- @ (i)(shallower water) is the Newman! 8th order equation(New-1) and an AES
sub-grouped into II-@(ii)(deeper water) is the Chamberlain and Porter!> equation(CP-2). Either the Newman!”!
5th order solution(New-2) or 4th order solution(New-3) belongs to II-@(ii)(deeper water). A simplified New-2
solution with the 2nd order(New-2S) is classified into II-@(ii)(deeper water). The other AESs grouped in
category II)-® or II-@ were discussed in Yamaguchi and Nonakal'l,

Numerical computations are conducted for a range of //L, =107 - 1 with an increment of A(h/ L,)=10".
The error of each AES relative to the exact solution ¢ is defined as :

&=Ly Loe —1)%100 % 3)
where the subscript 'app' means an approximated wave length and the subscript 'exac' means the exact wave

length computed with an relative error less than 107" using Newton’s method.

3.2 AESs applicable to a full range of relative water depth #/L,

Each of the 2 AESs proposed by Beji?, its classification, its abbreviated notation and the maximum

relative error &, indicated in his paper are written as :

B= a[l +aexp{-(1.1+ 2.0a)}]/(tanha)l/2 , [1-©, Beji-1, &, =0.187%] (4)

B =all+a Pexpl (1.55+1.30a +0.2160° )]/ (tanha)* , [1-D, Beji-2, &, =-0.044%] (5)
Also, those by Vatankhah and Aghashariatmadari® are similarly expressed as

B=all+a expl-(1.835+1.225¢'7)}|/(tanha)*, [1-D, Vata-1, &,, =0.019%] 6)
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B= a[l +a- e(:p{l: (351/22 + al‘65)}] " a{l _ exp(— PROES )}(5,0532+2,158a1‘505)’ [1-@, Vata-2, &, =0.001%]
anha

(7
Both Vata-1 and Vata-2 may correspond to improved versions of Beji-1 and Beji-2 respectively. But Vata-2 has
a rather sophisticated form compared to either Beji-1 or Beji-2.

Fig. 1 shows the relation between relative error & and relative water depth #/L, for not only Egs.
Beji-1, Beji-2, Vata-1 and Vata-2 but also the 5th equation by Carvlho (Carv5) given in Yamaguchi and
Nonakal'l. The characteristics of Carv5 is described as

B =aftanh(129a"?), [1-D, Carvs, &,,=0.27%] ®)
Relative error ¢ in any of the AESs yields a positive or negative behavior with respect to change of #/L, ,

which finally approaches zero with either infinitesimal decrease or infinite increase of /L .
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Fig. 1 Relation between relative error & and relative water depth h/L, for any of Beji-1, Beji-2, Vata-1,

Vata-2 and Carv5.

A range of the negative maximum and positive maximum relative error &

max

and its corresponding //L,
for any of Beji-1, Beji-2, Vata-1, Vata-2 and Carv5 are collectively written as :

23) Beji-1 : -0.15% (h/L, =0.385) ~0.19% (h/L,=0.010) 9)

24) Beji-2 : -0.044% (h/L,=0.048) ~0.042% (h/L,=0.006) (10)
25) Vata-1 : -0.019% (h/L,=0.064) ~0.019% (h/L,=0.011) (11)
26) Vata-2 : -0.0012% (h/L, =0.006) ~0.0012% (h/L,=0.149) (12)
9) Carvs : -0.21% (h/L,=0.278) ~0.27% (h/L,=0.063) (13)

The leading number such as 23) in Eq.(9) indicates the number connecting to the number provided in Table 2
by Yamaguchi and Nonakal'l and the same number such as 9) is given for the same case. Positive or negative
maximum value of & in Eq.(9) to Eq.(12) coincides with the one given in either of Beji®! or Vatankhah and

Aghashariatmadaril®’. In short, the maximum relative error &, is 0.2 % for Beji-1, (-)0.04 % for Beji-2,
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+0.02 % for Vata-1 and + 0.001 % for Vata-2 respectively, as shown in each paper. Comparing with Carv5

which yields the highest accuracy in the previous single expression-based AESs grouped in I-®, Beji-1 gives a
comparable accuracy and any of Beji-2, Vata-1 and Vata-2 produces a higher accuracy in this order. It should be
emphasized that Vata-2 consisting of 2 terms has too complicated a form. In addition, the reason why Beji-1 as
well as the below-mentioned Cham-3 leaves a significant relative error greater than the other AESs even in a

very small h/L, casesuchas h/L,=10"" is analytically and numerically investigated in the Appendix.
Next, the Padé-approximation-based Hunt!*! equation with the 6th order of relative water depth of

a(=27h/L,) is given as :

)2
B=a" {a + (1 +D,a+ D,a’ + D,a® + D,a* + D&’ +D6a(’) l} , [1-@, Hunt-6] (14)

D, =2/3~0.6666666666 , D, =16/45~0.3555555555,
D, =152/945 ~ 0.1608465608 , D, =896/14175 ~ 0.0632098765,
Dy =3392/155925 ~ 0.0217540484 , D, =9792/1497065 ~ 0.0065407982 (15)

The fraction-used expressions for the coefficients D, and D, in Eq.(14) are made in this study due to their
lack in the Hunt!*! paper. The numeric figure of D with 10 digits are in perfect agreement with the one by
Hunt™® and then it should be noted that the figure for D, is 107", which differs from the one by Hunt!¥
( Dy =0.0065407983 ). Although the cause is not clear, the effect of the difference on relative error is
substantially zero. In addition, the Hunt!¥ 4th order solution, its classification, the abbreviated notation and the
maximum relative error ¢, are as follows :

1 /2
ﬁ:a‘/2{a+(1+0.666a+0.445a2—0.105a3+0.272a4)1} , [1-©O, Hunt-4, ¢,,.=02%] (16)

Fig. 2 indicates the relation between ¢ and h/L, for not only Hunt-4 and Hunt-6 but also Hunt-5 and
Hunt-9 investigated in Yamaguchi and Nonakal'l. While Hunt-6 has a single negative peak of ¢ with h/L,,
the other 3 AESs yield 2 positive and negative peaks. Hunt-6 shows a different behavior of ¢ from any of the
other AESs.

Similar to the former cases, a range of the negative maximum and positive maximum relative error and its

04—
0.3f ]
0.2 Hunt—4 |

Hunt-9
0.1F \

—0.2F Hunt-5 / |
-0.3r Hunt-6 .
10 ° 107 102 % o, 107 7 10

Fig. 2 Relation between relative error ¢ and relative water depth 4/L, for any of Hunt-4, Hunt-5, Hunt-6

and Hunt-9.
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corresponding //L, for any of Hunt-4, Hunt-5, Hunt-6 and Hunt-9 are collected as

27) Hunt-4 : -0.15% (h/L, =0.488) ~0.14% (h/L,=0.242) (17)
12) Hunt-5 : -0.070% (#/L,=0.532) ~0.078% (h/L,=0.288) (18)
28) Hunt-6 : -0.19% (h/L, =0.395) ~0.0% (h/L, —0, °) (19)
13) Hunt-9 : -0.0082% (4/L, =0.603) ~0.0054% (h/L,=0.324) (20)

The results for Hunt-6 and Hunt-9 were provided by Yamaguchi and Nonakal'l. The maximum relative error
Epnax 18 (-)0.15 % for Hunt-4, 0.08 % for Hunt-5 and (-)0.008% for Hunt-9, which reveals decrease of the error
associated with a higher order approximation. The error of (-)0.19 % for Hunt-6 is greater in absolute value
than that for Hunt-4. Adjustment or tuning for the coefficients D, ~D, in Eq. (14) may be required in order to
make Hunt-6 more practical. Moreover, the accuracy of Hunt-9 with the maximum error of (-)0.008 % is lower
that that of Vata-2 with an error of 0.0012 %. Vata-2 uses both exponential function with argument of real
number power of « and hyperbolic function. This may correspond to making use of an infinite series with
integer number power terms of variable « . On the other hand, Hunt-9 is expressed by a polynomial of degree
9 in variable « . Although Hunt-9 appears to have a lengthy form, Hunt-9 may be regarded as an AES with
shorter and more compact form compared to AESs using exponential and hyperbolic functions such as Vata-1
and Vata-2.

Next, each of the 6 AESs proposed by Chamberlain and Porter’ but overlooked in Yamaguchi and
Nonakalll, its classification, its abbreviated notation and the maximum relative error ¢, indicated in their

paper are written in order as :

B =af{1-a/le"sinha)}*, [1-O, Cham-2, &, =0.747%] 1)

p= a{ (4cosh2a —sinh2a + 2a)/(sinh2a + 20{)}1/2 , [I-@©, Cham-3, ¢, =2.73%] (22)
B = a{ (sinh2a + 2a)/(4sinh’ — sinh2e + 2 )|'*, [1-D, Cham-4, &,,, =0.163%] (23)
B e \]7V4
—al1- 4| 1,_151; ‘j‘r); }} , [1-D, Cham-5, &, =0.0710%] 24)
SinZo 24
2{3-(3+6a+6a®—22°)e2} Y
B=all- 3[s{inh2£z :25 j4{(f— . +aa>)ee Za}“) , [1-®, Cham-6, &,, =0.0126%] (25)
5o 4115~ (15+ 300 +300 + 50 —10a* +2a° Je 2 )"
15[sinh2a + 2a - 4{1 - (1 + a)e " {| ’
[1-@, Cham-7, &, =0.00351%] (26)

Their 1st AES is neglected, because it coincides with the well-known Eckart equation described in Yamaguchi
and Nonakal'l,

Fig. 3 illustrates the relation between & and h/L, for each of the 6 equations from Eq.(21) to Eq.(26).
Eq.(26)-based & has a positive peak and a negative peak with 4/L, variation and the other equation-based
¢ takes a single negative peak respectively. The & in any of the equations approaches zero with either
decreasing or increasing h/L, . The positive maximum or negative maximum relative error and its

corresponding h/L, are given as follows :

29)Cham-2 : -0.742 % (h/L, =0.2496) ~0.0% (h/L, —0, o) (27)
30)Cham-3 : 2.805 % (h/L, =0.0642) ~0.0% (h/L, =0, o) (28)
31)Cham-4 : -0.162 % (h/L, =0.1343) ~0.0% (h/L, —0, o) (29)
32)Cham-5 : -0.0710 % (h/L,=0.1246) ~0.0% (h/L, —0, o) (30)
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Fig. 3 Relation between relative error & and relative water depth h/L0 for any of Cham-2, Cham-3,

Cham-4, Cham-5, Cham-6 and Cham-7.

33)Cham-6 : -0.0126 % (h/L,=0.2830) ~0.0% (h/L, —0, o) 31
34)Cham-7 : -0.00351 % (h/L, =0.2368) ~0.00132% (h/L, =0.4662) (32)
The maximum relative error (absolute value) ¢, in each equation is nearly identical with the value by
Chamberlain and Porter!® indicated in Eq.(21) to Eq.(26) respectively. A negligibly small deviation may be due

to some difference of the computation conditions. Looking at the accuracy of the equations in turn, the absolute
g, .. in Eq.(21)(Cham-2) is (-)0.74 %, which is almost equal to either 0.75 % in the Guo!'! equation as :

B=af{1-expl- )}, m=2.4901 (33)
or 0.73 % in the 2nd equation by Yamaguchi and Nonaka!' as :

p= (Dtcoth{()t(cothoﬂ”/2 )l/m }, m=1.378 (34)

The ¢,, in Eq.(22)(Cham-3) is 2.81 %, which means insufficiently low accuracy for a sophisticated
formulation of the equation. The ¢, in Eq.(23)(Cham-4) is (-)0.162 %, which is comparable to either 0.19 %
in Eq.(4)(Beji-1) or 0.15 % in Eq.(10) (Hunt-4). The ¢,, in Eq.(24)(Cham-5) is 0.071 %, which is close to
0.078 % in the Hunt-5 equation and greater than (-)0.044 % in Eq.(5)(Beji-2). The ¢, in Eq.(25)(Cham-6) is
(-)0.0126 %, which is slightly smaller than 0.019 % in Eq.(6)(Vata-1). The ¢,, in Eq.(26)(Cham-7) is
(-)0.0035 %, which is greater than 0.0012 % in Eq.(7)(Vata-2) and less than 0.0082 % in the Hunt-9 equation.

It should be noted that a numerical computation using either Eq.(25)(Cham-6) or Eq.(26)(Cham-7) may
require special consideration because of round-off error produced even in the double precision computations.
That is, « -related expansion of either Eq.(25) or Eq.(26) under the assumption of « <1 yields the following
equation to the order of «® with its classification and abbreviated notation including long wave

approximation-based 'L' respectively as :

B=a"{1-(/3)a +(1/45)a? + (1/189)e’ |2, [11-D(i), Cham-6L/Olson3] (35)
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B=a"{1-(2/3)a +(7/45)a - (4/945)* |*, [1-D(i), Cham-7L/YNH] (36)

in cases where the notation "YNH' in Eq.(36), which comes from the initials of the present authors (Yamaguchi,
Nonaka and Hatada). Eq.(25)(Cham-6)-based Eq.(35) coincides with either the Eq.(58)(You-5/You) mentioned
below or the 7th order Olson equation of « to the 3rd order. Eq.(36) was derived in this study. Use of Eq.(35)
for Eq.(25) and Eq.(36) for Eq.(26) is recommended in the case of A/L, <2 x 107°. In short, the Chamberlain
and Porter®! equation excluding Eq.(22) indicates more improved accuracy with increasing degree of

approximation. Eq.(22) is not good for practical use due to its relatively low accuracy.

3.3 2-step AESs with high accuracy applicable to a full range of relative water
depth /L,

Highly accurate AESs may be derived by making use of the 1st iteration solution for the dispersion

relationship Eq.(1) based on Newton’s method as :
o @ +flsech’,  a+ ﬂ;(l - tanhzﬂa)
~ tanhf, + Bsech’f, tanhg, + B, (1 - tanh®g, )
in cases where any of Eqs.(4), (5), (6) and (7) are given as an initial value g, . The furthest right side term is

(37

expressed as a function of tanhf, only, by taking computational efficiency into account. The 2-step solution is
denoted as Beji-1N, Beji-2N, Vata-1N and Vata-2N in order, by adding ' N ' to each notation. These solutions
are classified into I-®.

Fig. 4 describes the relation between relative error & and relative water depth 4/L, for any of Beji-1N,
Beji-2N, Vata-1N, Vata-2N and YNO9. The YNO is the result obtained under an initial value by use of a modified
version of the Carvlho 4th AES(Yamaguchi and Nonaka!!l. The absolute value of & associated with oscillating

change is quite small. A range of the relative error and the corresponding A/L, is collectively written as

35) Beji-IN : -1.6x10™* % (h/L, =0.009) ~2.1x10"% (h/L,=0.367) (38)
36) Beji-2N : -8.2x10°% (h/L, =0.006) ~1.1x10°% (h/L,=0.276) (39)
37) Vata-IN : -1.6x10° % (h/L, =0.011) ~3.7x107 % (h/L,=0.277) (40)
38) Vata-2N : -6.3x107 % (h/L, =0.006) ~8.1x107"°% (h/L,=0.436) (41)
11-8) YN9 : -1.1x107* % (h/L,=0.044) ~1.1x10"*% (h/L,=0.274) (42)

The relative error in this case takes a place corresponding to the accuracy of an initial value. In particular, the
solution by Vata-2 may be regarded as a numerically quasi-exact solution for the sake of extremely small
relative error of 107 to 107°. Also, YN-9 gives about 2 times higher accuracy than Beji-1N but more than 2
order magnitude-lower accuracy than the other 3 AESs. It may be said that use of an over-complicated AES for
an initial value does not yield an efficient estimate, because 2 to 4 times iteration of Eq.(37) under the initial
condition by Eq.(2) gives a numerically exact solution. In the very latest publication, Simarro and Orfilal'®
indicates that the Ist iteration solution of Newton’s method with use of an initial estimate by Beji-2 gives
the maximum relative error(absolute value) of 8.2 x107° %, the same value in Eq.(39), and that a higher
accuracy is attained by using an initial value based on Vata-2.

Next, the 1st iteration solution by Newton’s method using Eq.(37) under initial value by any of Hunt 4th,
5th, 6th and 9th order solutions is obtained in succession. These belong to the group classification of I-®. Fig.
5 shows the relation between & and A/L, for any of Hunt-4N, Hunt-5N, Hunt-6N and Hunt-9N, in cases

where ' N ' is added to each notation. Any solution provides asymptotically zero-approaching behavior with
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Fig. 5 Relation between relative error ¢ and relative water depth h/L0 for any of Hunt-4N, Hunt-5N,

Hunt-6N and Hunt-9N.

either infinitesimal h/L, (h/L, — 0) or infinite A/L, (h/L, — ) and positive/ negative change or change

with seemingly only one positive hump(Hunt-6N) in a middle range of #/L, . A range of respective relative

error and the corresponding //L, is written as follows :
39) Hunt-4N : -1.5x107 % (h/L, =0.042) ~2.1x107% (h/L,=0.249)
40) Hunt-5N : -6.2x10°% (h/L, =0.062) ~7.3x10°% (h/L,=0.289)
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41) Hunt-6N : -2.4x10° % (h/L, =0.144) ~3.4x107 % (h/L,=0.362)
42) Hunt9N : -1.8x107"° % (h/L, =0.095) ~3.4x10"% (h/L,=0.320)

(45)
(46)
Hunt-6N yields a positive value-biased change of & with #/L;, which reflects the error characteristics of
Hunt-6. The relative error & becomes smaller with increasing order in the Hunt equations except for Hunt-6N.
Hunt-9N yields a smaller relative error than Vata-2N and results in a closer estimate to the exact solution. It
may be concluded that for a practical use, Hunt-4N, the st iteration solution by eq.(37) under an initial value
by Hunt-4 produces a satisfactory estimate for wave length, with a relative error within +2x107° %.

In addition, Fig. 6 indicates the relation between & and h/L, for any of Cham-2N, Cham-3N,
Cham-4N, Cham-5N, Cham-6N and Cham-7N, each of which is obtained from the Ist iteration solution of
Eq.(37) under the initial value by any of Eq.(21) to Eq.(26). These are classified into I-®. Any & changes
with /L, , taking a positive peak and a negative peak, when the difference is prominent. The absolute value of
& is very small. A range of the relative error and the corresponding #4/L, for each solution are given in

succession as follows :

43) Cham-2N : -1.42x10™*% (h/L, =0.1130) ~6.31x107"*% (h/L,=0.2703) (47)
44) Cham-3N : -2.21x107 % (h/L, =0.0490) ~3.07x107* % (h/L,=0.1880) (48)
45) Cham-4N : -3.11x107* % (h/L, =0.00915) ~9.56x10°% (h/L,=0.2035) (49)
46) Cham-5N : -6.65x10°% (h/L,=0.0886) ~1.31x10°% (h/L,=0.1961) (50)
47) Cham-6N : -4.83x10° % (h/L, =0.1351) ~1.87x107 % (h/L,=0.2870) (51)
48) Cham-7N : -8.94x107"° % (h/L,=0.1332) ~1.28x10"% (h/L,=0.2500) (52)

decreases with more sophisticated AES-based initial value

is (-)6.7x107° % for Cham-5N, 1.9x107 % for Cham-6N

As indicated above, the absolute value of ¢,
except for the Cham-3N case. In particular, ¢,
and 1.3x107* % for Cham-7N. Any of these solutions corresponds to a numerically quasi-exact solution. In a

practical sense, Cham-2N vyields a satisfactory estimate and Cham-5N may be preferable for more accurate
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Fig. 6 Relation between relative error ¢ and relative water depth #/L, for any of Cham-2N, Cham-3N,

Cham-4N, Cham-5N, Cham-6N and Cham-7N.
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evaluation. Also, the accuracy of Cham-3N is relatively lower than the other cases, reflecting the accuracy of

Cham-3 used for the initial value computation.

3.4 Application—-limited PAESs to shallow water condition or deeper water
condition

In the first part of this section, characteristics of the relative errors associated with the 5 PAESs including
the Wu and Thornton™ PAES(WT1) introduced in You!®"® and the Chamberlain and Porter® PAES(CP-1), any

of which is applicable only to shallow water conditions, are discussed. These PAESs are respectively expressed

as .
B =a"{1+(1/6)a}, [I-D(@), You-1] (53)
B =a"{1+(1/6)a+(1/30)a?}, [1-D(), You-2/WT1U] (54)
B =a"{1+(1/6)x+(11/360)a?}, [I-D(), You-3/Niel2!'] (55)
B =a"{1+(/6)a +(13/360)a |, [1-D(), CP-116] (56)
B =a"{1+(1/6)a + (11/360)a” + (17/5040)’ }, [I-D(i), You-4] (57)
B=a"{1+(1/3)a+(4/45)a> + (16/945)a |, [I-D(), You-5/Youll] (58)

Eq.(54) is the Wu and Thornton PAES(WT1) proposed in 1986, Eq.(55) the Nielsen 2nd PAES(Niel2) in 1982
and Eq.(58) the You!® PAES in 2003. Eq.(58) is in agreement with Eq.(35) or the Olson!!! equation to O(a3).
Accuracy of these PAESs is given in Yamaguchi and Nonaka!'! and in the table mentioned below. Also Eq.(56)
is the Chamberlain and Porter® PAES in 1999. Eqgs.(53) to Eq.(58) are classified into 1I-©. Each equation

/2 and then zero with decreasing h/L, . Also,

asymptotically approaches a long wave theory-based o'
o -expanded equation of Eq.(58) to O(a3) is in complete agreement with Eq.(57), as described in You!”.
Moreover, Eq.(35) and Eq.(36) are added in the following investigation.

Fig. 7 illustrates the relation between ¢ and h/L, for any of the above-mentioned 8 PAESs. With
augmentation of A/L; , Eq.(53)(You-1)-based ¢ increasingly deviates from nearly zero to the positive side
and Eq.(34)(You-4)-based & from nearly zero to the negative side. Any of the remaining 3 PAESs,
Eq.(54)(You-2/WT1), Eq.(55)(You-3/Niel2) and Eq.(58)(You-5/You) has a peak of & with respect to h/L,
and then shows a rapid fall of & to the negative side. It should be added that Eq.(53)(You-1)-based ¢ takes a
peak value at a large #/L, of0.955.

Table 2 lists the peak value of relative error & with respect to #/L, and the corresponding

peak

(n/L, )pmk, and (h/L,), vyielding any of the reference relative errors &, of 1 %, 0.5 %, 0.1 %, 0.05 % and

0.01 % in cases where the notation +' is given for positive error in the parenthesis and the notation '-' for
negative error. A smaller (h/ L, )y is adopted in the multi- (h/ L, )r cases. Absolute value of relative error &
becomes smaller than the reference relative error &, in a range of A/L, less than an indicated (h/LO )y
value. The following description may be made from the table :

(1) An applicability region of each equation naturally becomes narrower with decrease of the reference relative
error &, .

(2) The applicability region of Eq.(53)(You-1) is too narrow to be available for a practical use.

(3) The applicability region of Eq.(54)(You-2/WT1) is somewhat wider than that of Eq.(58)(You-5/You) for
each of the reference relative errors except for ¢, =0.01 % case. The region of Eq.(57)(You-4) is relatively

narrow.

(4) The applicability region of Eq.(55)(You-3/Niel2) is wide in the case of a larger reference relative error, but
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Table 2 peak value ¢ corresponding (h/LO)pmk and reference value &, -based (i/L,) for the shallow

peak >

water case(1).

(h/Ly), (h/Ly), (L), (h/Ly), (h/Ly),
Name. e | G /D | (o | e Z0590) | (e =01%) | (e, ~0.05%) | (e, =0.012%)
You-1, (53) 22.48% - 0.955 | 0.093(+) 0.065(+) 0.029(+) 0.020(+) 0.009(+)
You2, (54) | -0.034% - 0.113 0.369(-) 0.327(-) 0.257(-) 0.233(-) 0.036(-)
You-3, (55) 0.44% * 0.268 0.434(-) 0.405(-) 0.118(+) 0.091(+) 0.051(+)
CP-1, (56) - — 0.303(-) 0.233(-) 0.084(-) 0.055(-) 0.023(-)
You-4, (57) - — 0.289(-) 0.245(-) 0.169(-) 0.144(-) 0.100(-)
You-5, (58) | 0.0054%-0.133 | 0.355(-) 0.310(-) 0.238(-) 0.217(-) 0.185(-)
Cham-6L(35) | -0.489% - 0.342 | 0.455(+) 0.438(+) 0.194(-) 0.163(-) 0.109(-)
Cham-7L(36) - - 0.249(+) 0.219(+) 0.160(+) 0.139(+) 0.099(+)

rapidly becomes narrower in case of a smaller reference relative error.

(5) The reference relative error of &, ==+ 0.01 % gives fairly small (h/LO )r for any of Eq.(53) to Eq.(56). But
in case of Eq.(58)(You-5/You), (h/ L, )u takes a relatively large value of 0.185. In short, within an applicability
region of each equation, Eq.(54)(You-2/WT1) may be applicable for a reasonable estimation of wave length and
use of Eq.(58)(You-5/You) may be recommended and for more accurate estimation.

(6) The applicability region of either Eq.(35)(Cham-6L) or Eq.(36)(Cham-7L) is narrower than that of
Eq.(58)(You-5/You).

In short, within an applicability region of each equation, Eq.(54)(You-2/WT1) may be available for a reasonable
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estimation of wave length and use of Eq.(58)(You-5/You) may be recommended for more accurate estimation.
A range of relative error and the corresponding A/L, for any of Eq.(53)(You-1), Eq.(56)(CP-1),
Eq.(57)(You-4), Eq.(35)(Cham-6L/Olson3) and Eq.(36)(Cham-7L/YNH) are written in order as :

49) You-1 : 1% (h/L,=0.093) ~0% (h/L, —0) (59)
50) CP-1: -0.1% (h/L,=0.084) ~0% (h/L, —0) (60)
51) You-4 : -0.01% (h/L, =0.100) ~0% (h/L, —0) (61)
52) Cham-6L/Olson3 : -0.01% (h/L,=0.109) ~0% (h/L, —0) (62)
53) Cham-7L/YNH : 0.01% (h/L, =0.099) ~0% (h/L, —0) (63)

A similar investigation is conducted for the Nielsen 1st PAES(Niell, group II-D(i)), the Venezian Ist
PAES(Venel, group II-@(i)), the Venezian 2nd PAES(Vene2, group II-@(i)) and the 7th order Olson
PAES(Olson7, group II-@(i)), in cases where the error characteristics were discussed in Yamaguchi and
Nonaka''l. Table 3 lists the peak value of relative error &, with respect to /L, and the corresponding
(h/L0 )pwk , and (h/LO )y yielding any of the reference relative errors ¢, of 1 %, 0.5 %, 0.1 %, 0.05 % and
0.01 % for the above-mentioned 4 PAESs as well as Table 2. Fig. 8 shows the relation between ¢ and
h/L, for each PAES. The following feature is indicated from the table and the figure :

(1) The critical value (i/L,) for & becomes naturally smaller with the decrease of &,. The degree of
decrease is greater in Nlell with low approximation. This tendency is also observed in Venel.

(2) The critical value (h/L,), for either Olson7 or Vene2 is relatively large and the reduction rate of (/L,),
value associated with the lowering of &, is moderate. This means a wider applicability of either Olson7 or
Vene2.

Next, the Nielsen™ 3rd PAES(Niel3) and the Wu and Thornton! 2nd PAES(WT2) applicable only to
deeper water cases are written with classification and abbreviated name respectively as :

B =afl+2exp(-2a)}, [1I-D(ii), Niel3] (64)

B=all+26(1+1)), t=expl-2a(1+126e"% )], [1-D(ii), WT2] (65)
Error characteristics of these PAESs were discussed in Yamaguchi and Nonakal'l. Also, the newly-investigated
2 PAESs in this study, that is the Chamberlain and Porter™ 2nd PAES(CP-2) and the simplified Newman!
PAES(New-2S) with classification and abbreviated name are given in order as :

B =all+2ae +20ba -5a)e ], [1I-®, CP-2] (66)

B =a+0.00005+1.9738ae* —5.26a’c ™, [1I-D(ii), New-28S] (67)

Fig. 9 describes the relation between & and h/L, for any of Niel3, WT2, CP-2 and New-2S.

Table 3 peak value & corresponding (4/L,) . and reference &, -based (h/L,) for shallow water

case(2).

peak > pea

/L), | (/L) (h/Ly), (h/Ly), (h/Ly),

N - (n/L
me | Eps * (/10 (6, =1%) | (6,=0.5%) | (6, =0.1%) | (¢, =0.05%) | (¢, =0.01%)

Niell -0.74% + 0.075 0.156(+) 0.032(-) 0.005(-) 0.0025(-) 0.0005(-)
Venel 0.048% * 0.104 0.258(-) 0.225(-) 0.177(-) 0.166(-) 0.033(+)
Vene2 - = 0.427(-) 0.393(-) 0.326(-) 0.302(-) 0.253(-)
Olson7 - = 0.401(-) 0.375(-) 0.323(-) 0.303(-) 0.264(-)
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CP-2-based ¢ rapidly decreases from a positive value toward zero with increasing A/L, . A similar behavior
seems to be observed for New-2S-based &. Exactly speaking, New-2S-based & approaches nearly zero
taking negative and positive peak with increasing /L, , as shown below in Fig. 11. The constant term

0.00005 in Eq.(67)(New-2S) is a kind of error-adjusting factor. As a matter of fact, removal of this constant
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term makes the maximum error twice and yields an improvement of accuracy in a larger region of /L, .
Relative error statistics for both CP-2 and New-2S are summarized as follows :
54) CP-2 : 0.686% (h/L,=0.2642) ~0% (h/L, —°) (68)
55) New-2S : 0.0020% (h/L,=0.3183) ~0% (h/L, —) (69)
Table 4 gives a list of the results for any of Niel3, WT2, CP-2 and New-2S as well as Table 3. In a deeper
water application case, a smaller (h/L0 )r signifies a wider application range of the PAES. In this sense, an
application range of WT2 is rather wide in &, >0.05 % case, while that of either Niel3 or CP-2 is narrower.

New-2S has a high accuracy of ¢,, =(-)0.002 %, but the application range is not so wide as that of WT2.

Youl”l states in his paper that Bagatur'l provides an approximate solution method based on the
Newton-Raphson method. Youl”M®! discusses characteristics of relative error with any of £ =a"? and the
above-mentioned Eq.(53) to Eq.(58) excluding Eq.(56). Also Youl’M®l investigates relative error with Newton’s
method-based solution giving each of them as an initial value and proposes a preferable use of Eq.(37)
associated with Eq.(55). But usage of this method may not be recommended, because the maximum relative

error of 7x 107 does not necessarily suggest a high accuracy for the application of Newton’s method.

Table 4 peak value ¢ corresponding (h/ LO) and reference value &, -based (h/ L, )r for deeper water cases.

peak > peak

/L), | (#/L,), (/1y), (h/Ly), (/1,),

(6, =1%) | (5, =0.5%) | (¢, =0.1%) | (&, =0.05%) | (&, =0.01%)

Name, eq. & peak " (h/ Lo )pea/f

Niel3, (64) - = 0.268(+) 0.304(+) 0.384(+) 0.416(+) 0.489(+)
WT2, (65) -0.025% + 0.252 0.171(+) 0.186(+) 0.321(-)
CP-2, (66) - = 0.300(+) 0.468(+) 0.445(+) 0.529(+)
New-2S, (67) | -0.002% - 0.349 0.260(+) 0.276(+) 0.303(+)

3.5 CPAESs applicable to a full range of relative water depth /L,

Combining a shallow water-limited PAES with a deeper water-limited PAES may yield a CPAES
applicable to a full range of water depth conditions. These trials were conducted by Wu and Thornton!', Youl®],
Chamberlain and Porter’® and Newman™. But the CPAES by Wu and Thornton'! yields discontinuity of
relative error at critical /4/L, corresponding to an application limit of each PAES, which may not be a
reasonable behavior. The CPAES by Chamberlain and Porter®! indicates the same property.

First, we investigated the error characteristics of 4 CPAESs such as Othe Chamberlain and Porter!*]
CPAES, @ CPAES consisting of You-3(Niel2) and WT-2(Eq.(55)+Eq.(65)), ® CPAES combining
YOU-3(Niel2) and Niel3(Eq.(55) +Eq.(64)), @CPAES combining You-5(You) and Niel3(Eq.(58)+Eq.(64)).
The 2nd CPAES of the 4 CPAESs is made in this study and the latter 2 CPAESs were proposed by Youl®l.

The CPAES by Chamberlain and Porter®], its classification, abbreviated name and maximum relative

error(absolute value) ¢,, are expressed as follows :
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{1+ (1/6)a +(13/360)a” | o <1.66(h/L, <0.264)

(- @), CP-1, ¢, =(-)0.683%) (70)
a+ Z(ae’za)+ 2(4 - Sa)(ae’z")z, a>1.66(h/L, >0.264)

(- (i), CP-2, &, =0.683%) (71)

B=

Eq.(70)(CP-1) is the same form as Eq.(56) and Eq.(71)(CP-2) is the same form as Eq.(66). Their error
characteristics have been discussed above. Relative errors by both PAESs at the connection point of
h/L, =0.264 have completely reversed positive and negative signs. Chamberlain and Porter™ says that
transformation into the PAESs from the original AES Eq.(24)(Cham-5) made a simplification of the formula
possible but yielded loss of the high accuracy. In fact, the accuracy of the CPAES becomes 10 times lower than
that of the original AES.

Fig. 10 shows the relation between & and h/L, for any of the above-mentioned 4 CPAESs. In the
Chamberlain and Porter™ CPAES, Eq.(70)(CP-1)-based & becomes greater toward the side with increase of
h/L, and takes -0.678 % at h/L,=0.2642. On the other hand, Eq.(71)(CP-2)-based ¢ gives 0.686 % at
h/L, =0.2642 and rapidly decreases toward zero from this point with an increase of A/L; . Accordingly, the
Chamberlain and Porter! CPAES yields the maximum relative error of &=+ 0.68 % at h/L, =0.2642, which
means a significant relative error on the periphery of this critical 4/L, value. As a final result, we may not be
able to say from this property that the Chamberlain and Porter!®! CPAES is a practically useful CPAES, although
it has a simplified formulation. In the cases of the remaining 3 CPAESs, the 2 relative error curves cross each
other at a certain value of h/L, respectively, as shown in Fig. 10. The relative error at a cross point is written
in succession as :

56) CPAES consisting of You-3(Niel2) and WT2
0.186% (h/L,=0.152) —0% (h/L, —0, o) (72)

1 T T L T T L T T L
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Fig. 10 Relation between relative error & and relative water depth #/L; for any of Niel3, WT2, CP-2 and
New-28S.
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57) CPAES consisting of You-3(Niel2) and Niel3

-0.118% (h/L,=0.376) —0% (h/L, —0, o) (73)
58) CPAES consisting of You-5(You) and Niel3
-0.476% (h/L,=0.307) —0% (h/L, =0, ) (74)

Eq.(73) yields the least relative error(-0.118 %) in the above 3 CPAESs, but as can be seen in Fig. 10 and
Table 2, You-3/Niel2 gives the peak relative error of 0.44 % at h/L, =0.268 situating in the applicability range
and then results in a large relative error throughout a full range of 4/L,. Eq.(72), CPAES consisting of
You-3/Niel2 and WT2 is the most proper CPAES of the 3 CPAESs. Remarks are added that the value of
h/L, =0.376 in Eq.(73) nearly corresponds to that of « =2.37 given in Youl® and that the value of
h/L, =0.307 in Eq.(74) to that of « =1.94 in Youl®..

Next, the Newman PAESs, its classification and abbreviated notation are expressed in order as follows :
a)a <2(h/L, <0.3183) ;

p=a"/ { 1.00000000 — 0.33333372(cz/2) - 0.01109668(cx/2 ) + 0.01726435(cr/2)’ +0.01325580(r/2)*
—0.00116594(cz/2)’ +0.00829006(ct/2)° —0.01252603(ct/2) + 0.00404923(0:/2)8}

(II-@(i), New-1) (75)
b) a>2(h/L,>0.3183) ; z=(1/2)ae* ™,

B =a+0.000000122 +0.073250017z — 0.009899981z* + 0.002640863z" —0.000829239z* —0.000176411z°

(II-@(ii), New-2) (76)
and New-3 is given by Eq.(76) to 0(24) as
B = a+0.000000122 +0.073250017z — 0.009899981z* + 0.002640863z" — 0.000829239z*
(I-@(ii), New-3) (77)
Fig. 11 illustrates the relation between relative error ¢ and relative wave depth h/L, for any of
Eq.(75)(New-1), Eq.(76)(New-2), Eq.(77)(New-3) and Eq.(67)(New-2S). The following features are indicated
from this figure.

(1) Eq.(75)(New-1)-based & is very small for h/L, <0.34 as indicated by Newman!), but rapidly increases
for h/L, >0.34. Looking into & with a steep rise indicates & =1.63 x10°% at h/L, =0.3183( a =2),
£=2.23x10"% at h/L,=0.3300, £=8.24x10"% at h/L, =0.3400, £=5.42x10"% at h/L, =0.3600 and
£=1.15x10" % at h/L, =0.3700.

(2) Eq.(76)(New-2)-based ¢ rapidly decreases for //L,>0.31 and approaches nearly zero( & =1.2 x 107 %)
with increasing A/L, . The behavior is represented by &=1.71 x107 % at the above-mentioned separation
point of h/L, =0.3183( & =2), & =2.06 x10~ % at h/L, =0.3600, & =7.33 x10™* % at h/L, =0.3800,
£=2.59x10" % at h/L,=0.400 and &=1.51x10"% at h/L, =0.4100.

(3) The h/L,-& curves based on both Eq.(75)(New-1) and Eq.(76)(New-2) cross at h/L, =0.3705, where
¢ 1is equal t0=0.0012%. Each equation gives a rather small relative error & within its effective range of
h/L, , but as both & curves intersect at //L, situating outside of their effective range of h/L, , the relative
error around the crossing point becomes somewhat greater in either case. For example, Eq.(75)(New-1)-based
relative error ranges from &=2.30x107"% at h/L, =0.35 to £=1.20x10" % and Eq.(76)(New-2)-based
relative error from &=1.20x10"% at h/L, =0.3705 to &=4.36x107" % at h/L,=0.3900. If an application
limit of Eq.(75)(New-1) and Eq.(76)(New-2) is taken at a =2(//L,=0.3183), as was done by Newman!),
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Fig. 11 Relation between relative error ¢ and relative water depth h/L, for any of New-1, New-2, New-3

and New-28S.

Eq.(75)(New-1) yields &=1.63x10"°% and Eq.(76)(New-2) &=1.71x10"* % respectively. The relative error
at the connection point of « =2(h/L,=0.3183) becomes discontinuous. Specifically Eq.(76)(New-2) gives
large relative error around the connection point and introduces significant decrease of accuracy in
Eq.(76)(New-2)-based CPAES with the connection point of & =2(h/L, =0.3183).

(4) The 4th order Eq.(77)(New-3)-based ¢ decreases more rapidly with increasing 4/L, than the 5th order
Eq.(76)(New-2)-based & and approaches nearly zero(&=1.2x10" %). Eq.(77)(New-3) has a little higher
accuracy compared to Eq.(76)(New-2). In this context, Eq.(77)(New-3) provides & =1.31 x10™* % at
h/L, =0.400( & =2.59x107* % for Eq.(76)(New-2)) and &£=7.75x10"% at h/L,=0.4100(&=1.51x10""%
for Eq.(76)(New-2)).

(5) Eq.(75)(New-1)-based relative error curve crosses the 4th order Eq.(77)(New-3)-based relative error curve
at the value of h/L,=0.3650, where & takes 8.0 x 10 %. That is, CPAES combining Eq.(75)(New-1) with
Eq.(77)(New-3)in place of Eq.(76)(New-2) yields better accuracy.

The summary of the above discussion is described as follows :

59) CPAES of New-1( /L, <0.3705) and New-2( 4/L, > 0.3705)

0% (h/L, —0) ~1.20x10"% (h/L,=0.3705) ~0% (h/L, —°) (78)
60) CPAES of New-1(//L, <0.3650) and New-3( 4/L, > 0.3605)
0% (h/L,—0) ~8.0x10™*% (h/L,=0.3650) ~0% (h/L,— =) (79)

It should be added that the effect of the constant term of 1.22 x107 in either Eq.(76)(New-2) or
Eq.(77)(New-3) on the relative error is extremely small and that its removal from each equation may be
possible. The PAES for either shallow water region or deeper water region proposed by Newman has very
high accuracy within each application range but its accuracy is lowered around an actual application limit for
h/L, which is situated outside of the recommended application range. Even in this case, the accuracy of the

above-mentioned CPAES with the maximum relative error of around 0.001% is rather high.
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Table 5 indicates a list of relative error range of the investigated solutions, in cases where Table 2 in
Yamaguchi and Nonaka!'! is reinforced by the results of this study such as No. 23) to 60) and the notations,
12)Huntl and 13) Hunt2 in Table 2 are rewritten as 12) Hunt-5 and 13) Hunt-9 respectively.

4. Conclusions

This study investigates accuracy of approximate and explicit equations (AESs) for the Airy wave theory
based-wave length presented after the publication of the Yamaguchi and Nonaka!'! report in 2007 and several
previous AESs non-discussed in the report, and draws out the following results :

(1) The 2 AESs by Bejil?(Beji-1, Beji-2) and those by Vatankhah and Aghashariatmadari®®/(Vata-1,Vata-2)
successively published in 2013 yield higher accuracy compared to the previous AESs respectively. In particular,
the accuracy of Vata-2 consisting of 2 terms is very high, with an absolute value of the maximum relative error
of 0.001 %. Practically, use of either Beji-2 with the maximum relative error of 0.04 % or Vata-1 with the
maximum relative error of 0.02 % may be recommended for the sake of its comparatively compact form.

(2) Any of the Padé approximation-based Hunt*) AESs expressed by a power series of //L, gives relatively
high accuracy, corresponding to the used order number. Respective maximum relative error(absolute value) is
0.15 % for Hunt-4, 0.08 % for Hunt-5, 0.19 % for Hunt-6 and 0.008 % for Hunt-9. Improvement of Hunt-6 is
required. The Hunt AESs have a more regular form compared to the AESs expressed by real number-powered
variables, exponential functions and/or hyperbolic functions, although they seem to be a lengthy expression
associated with the use of a polynomial. But, accuracy of Hunt-9(maximum relative error 0.008 %) does not
exceed that of Vata-2 with 2 complicated terms(0.001%).

(3) The maximum relative error(absolute value) associated with each of the Chamberlain and Porter®! AESs is
0.16 % for Cham-4, 0.07 % for Cham-5, 0.013 % for Cham-6 and 0.0035 % for Cham-7. Sophistication of the
AES gives rise to not only higher order accuracy but also more complicated formulation. As for the accuracy,
Cham-7 is higher than Hunt-9 but lower than Vata-2.

(4) Maximum relative error(absolute value) with Newton’s method-based 1st iteration solution which gives
any of Beji-1, Beji-2, Vata-1 and Vata-2 as an initial estimate is very small such as 2x107* %, 8 x10™° %,
2x107°% and 6x107 % in this order. In particular, a range of relative error in the Vata-2 case is from
-6x107 % 7 to 8x107'° % and the solution with Vata-2 corresponds to a numerically exact solution. This is
brought about by the high accuracy of Vata-2 used for an initial guess. The maximum relative error is more than
2 orders of magnitude smaller than that of the previous best estimate.

(5) Maximum relative error(absolute value) of Newton’s method-based 1st iteration solution which gives any of
Hunt-4, Hunt-5, Hunt-6 and Hunt-9 as an initial estimate is 2x107 %, 7x107° %, 3x10” % and 3 x10™* % in
this order. The magnitude is comparable to the result of (3) or slightly smaller.

(6) Maximum relative error(absolute value) of Newton’s method-based Ist iteration solution which gives any
of Cham-2, Cham-3, Cham-4, Cham-5, Cham-6 and Cham-7 as an initial estimate is 6 x10™ %, 3 x107™ %,
7x107°%, 2x107 % and 1x10™% in succession. The magnitude becomes smaller according to this order,
reflecting the accuracy of an initial estimate. Cham-5-based 1st iteration solution of Newton’s method gives a
fairly satisfactory evaluation with the maximum relative error of 7x107°%, even when a highly accurate

estimate would be requested.
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Table 5 Summary of error range of the investigated approximate solutions.

No. | formula | relative error (%) No. | formula | relative error (%)

1) | Eckart |0~524 11-6) | YN7 —0.0012~0.0012

2) | Iwagaki | —3.05~3.14 11-7) | YN8 —9 X 104~8x 104

3) | Carvld | —2.45~3.28 11-8) | YN9 —1.1X10%~1.1X10*
4) | FM —1.39~1.66 11-9) | YN10 —7x106~4x10"

5 | YNI —1.52~1.55 12) | Hunt-5 | —0.070~0.078

6) | Carv9 —1.12~0 13) | Hunt-9 | —0.0082~0.0054

7) | Guo —0.75~0.75 14) | Niell +0.74 (h/L;, £0.192)

8 | Yn2 —0.73~0.73 15) | Niel2 +0.44 (h/L, £0.401)

9) | Carvs —0.21~0.27 16) | Venel +0.048 (h/L; 0.165)
10) | Carv4 —0.12~0.20 17) | WT1 —0.034~0 (h/L; £0.219)
11-1) | Fenton | —0.051~0.0084 18) | Niel3 —0.55~0 (h/L; Z0.300)
11-2) | YN3 —0.0040~0.012 19) | WT2 +0.025 (h/L; Z0.195)
11-3) | YN4 —0.029~0.0067 20) | You +0.0054 (h/L; £0.179)
11-4) | YN5 —0.0049~0.0049 21) | Olson +3x10° (h/L; £0.186)
11-5) | YN6 —4X10%~1.4X10% |22) | Vene2 —2 % 104~6x 106 ( h/ Ly £0.159)
23) | Beji-1 —0.15~0.19 24) | Beji-2 —0.044~0.042

25) | Vata-1 —0.019~0.019 26) | Vata2 | —0.0012~0.0012

27) | Hunt-4 | —0.15~0.14 28) | Hunt-6 | —0.19~0

29) | Cham-2 | —0.742~0 30) | Cham-3 | 0.0~2.81

31) | Cham-4 | —0.162~0 32) | Cham-5 | —0.071~0

33) | Cham-6 | —0.013~0 34) | Cham-7 | —0.0035~0.0013

35) | Beji-IN | —1.6X104~2.1X10° |36) |Beji-2N | —8.2X10°~1.1X 10"

37) | Vata-IN | —1.6X106~3.7X107 |38) | Vata2N | —6.3X107~8.1 X100
39) | Hunt-4N | —1.5X10°~2.1X10° |40) | Hunt-5N | —6.2X10°~7.3X 10"

41) | Hunt-6N | —2.4X10%~3.4X10° |42) | Hunt-9N | —1.8X10"°~3.4X10*
43) | Cham-2N | —1.4X10*~63x10* | 44) | Cham-3N | —2.2X 102~3.1X 10*
45) | Cham-4N | —3.1X104~9.6 X 10° | 46) | Cham-5N | —6.7X 10°~1.3 X 10
47) | Cham-6N | —4.8X109~1.9x 107 | 48) | Cham-7N | —8.9X 10"9~1.3 x 108
49) | You-1 0~1 (h/L; £0.093) | 50) | CP-1 -0.68~0 (h/L; £0.264)
51) | You-4 —0.01~0(h/L; £0.100) | 52) | Cham-6L | -0.01~0 (h/L; =0.109)
53) | Cham-7L | 0~0.01 (h/L; £0.099) | 54) | CP-2 0.69 (h/L; =0.264)

55) | New-2S | 0.0020~0 (h/L, =03186) ;  (h/L,). =h/L,

56) | You-3 (Niel2) +WT2 |0 (h/L, —0) ~0.186 (h/L,=0.152) ~0 (h/L, —c°)
57) | You-3 (Niel2) +Niel3 | 0 (h/L, —0) ~0.118 (h/L,=0.376) ~0 (h/L, —o0)
58) | You-5 (You) +Niel3 |0 (h/L,—0) ~-0.476 (h/L,=0.307) ~0 (h/L, —o°)
59) | New-1+New-2 0 (h/L,—0) ~0.0012 (h/L,=0.3705) ~0 (h/L, —)
60) | Newl+New-3 0 (h/L,—0) ~0.0008 (h/L,=0.3650) ~0 (h/L, —)
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(7) The Youl®® equations with several orders applicable only to shallow water conditions and their
equivalences transformable to each other to O(a3) such as Cham-6L and Cham-7L, yield relatively high
accuracy within their limiting ranges. Compactness and accuracy of any of the Youl®"®) equations suggests an
efficiency for practical use within its application range. In the case of reference relative error of 0.05 %, the
limiting range of «” -based Eq.(54)(You-2/WT1) is h/L, <0.233 and that of « -based Eq.(58)(You-5/You) is
h/L, <0.217. Eq.(54)(You-2/WT1) has a wider application range than Eq.(58)(You-5/You), but in the 0.01 %
relative error case, the o -based Eq.(54)(You-2/WT1) does not have any application range.

(8) A limited accuracy and application range of the Chamberlain and Porter™ CP-2 PAES for deeper water
conditions are not beneficial to its use. The Newman!) New-2S PAES has a high accuracy but a narrow
application range of larger #/L, value. This suggests its incompatibility with CPAES.

(9) CPAES tends to yield a decrease of its accuracy at around a critical A/L, value connecting a PAES for
shallow water use with a PAES for deeper water use. For this reason, overall accuracy of CPAES is lowered,
even if each PAES gives high accuracy within the application range.

(10) CPAES consisting of You-3(Niel2) and WT2 with the maximum relative error of 0.118 % at the
connection of 4/L, =0.152 is available for a moderately accurate application and CPAES consisting of New-1
and New-3 with the maximum relative error of 0.0008 % at the connection point of h/L, =0.365 is
recommended for a highly accurate application. The latter CPAES with 0.0008 % error indicates a further
higher accuracy than a single expression-based Vata-2 with 0.0012 % error. On the other hand, both the Wu and
Thornton!!! CPAES composed of WT1 and WT2 and the Chamberlain and Porter> CPAES composed of CP-1
and CP-2 give unfavorable discontinuity of the relative error at the connection point of 4/L, respectively.

(11) In summary, it may be said that Vata-1 with the maximum relative error of 0.02 % makes it possible to
easily estimate the wave length with a satisfactory accuracy for a full range of 4/L; . Needless to say either any
single expression-based AES of Cham-7, Vata-2 and Hunt-9 or New-1 and New-3-composed CPAES is
available for more accurate estimation and thus, Newton’s method-based 1st iteration solution with an initial

guess based on one of these AESs is applicable for extremely high accuracy estimation.
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Appendix A
1. PAESs for wave length computation based on long wave approximation

Expanding the dispersion relationship based on the Airy wave theory by fixing the power number in the
total form of a polynomial under the assumption of « <1 yields each of the following PAESs to O(a3) in

succession :
= {1+ (1/6)a + (11/360)” + (17/5040)e” |, [You-4] (A-1)
= {1+ (1/3)a + (4/45)> + (16/945)” |, [You-5/You] (A-2)
= " {1-(1/3) + (1/45)a + (1/189)er’ }‘/2 [Cham-6L/Olson3] (A-3)
= " {1-(2/3)er + (7/45)a> - (4/945)* |, [Cham-7L/YNH] (A-4)

Eq.(A-l) is equal to the You-4 given in Eq.(57), Eq.(A-2) the You-5/You given in Eq.(58), Eq.(A-3) the
Cham-6L/Olson3 corresponding to the 3rd order Olson!!! PAES and Eq.(A-4) is a PAES derived newly in this
study. These PAESs are transformable to each other to O(a3). As shown in Fig. A-1, the accuracy obtained by
computation is ranked with very small difference from lowest Eq.(A-1)(You-4) to highest
Eq.(A-3)(Cham-6L/Olson3) throughout Eq.(A-4)(Cham-7L/YNH) and Eq.(A-2)(You-5/You) in its order, in
cases where the number enclosed in the parentheses of the notation in the figure indicates the order number of
the total polynomial. Each PAES provides high accuracy for a range of #/L, less than 0.02 and approaches
the exact solution with decreasing « . The relative error (absolute value) of each PAES at h/L,=0.02 is
125 x10™* % for Eq.(A-1)(You-4), 124 x10™* % for Eq.(A-2)(You-5/You), 1.00 x10™* % for
Eq.(A-3)(Cham-6L/Olson3) and 1.04 x10™* % for Eq.(A-4)(Cham-7L/YNH) respectively, that is around
10 %. When the level of the relative error(absolute value) is taken as either 0.01% or 0.1%, which is much
higher than the 107" % level, the corresponding h/L, is 0.100(0.169 in the 0.1% case) for Eq.(A-1) (You-4),
0.185(0.238) for Eq.(A-2)(You-5/You), 0.109(0.194) for Eq.(A-3)(Cham-6L/Olson3) and 0.099(0.160) for
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Cham—7L/YNH(-1/4)

0.01r You-5/You(1/2)

1

/'

@
-0.01F You—4(1)
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—0.03} Cham—-6L/Olson3(—1/2)

-0.04 : :
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Fig. A-1 Relation between relative error ¢ and relative water depth #/L, for any of You-4, You-5/You,
Cham-6L/Olson3 and Cham-7L/YNH.
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Eq.(A-4)(Cham-7L/YNH).

In the following sections, the error behavior of Beji-nL , Vata-nL, Hunt-nL and Cham-nL PAESs
respectively reduced to long wave conditions is investigated by taking Eq.(A-1)(You-4) with the simplest form
for a standard PAES in the long wave region, in cases where n is a specified number of each PAES and ' L' is

added to describe long wave conditions.
2. Long wave approximation to Beji-» and Vata-n AESs

Long wave approximation(LWA)-based PAES for any of Eq.(4)(Beji-1), Eq.(5)(Beji-2), Eq.(6)(Vata-1) and
Eq.(7)(Vata-2) f, and the residual expression from Eq.(A-1)(You-4) to O(aQ) Af  denoted by addition of

'R', as exemplified by Beji-1LR with underline in succession as :

B, =a"(1+03328711a" + (1/6)a” - 0.6657422a> +0.7212207a>* ), [Beji-1L] (A-5)
AB = a"*{ = (1/6)a + 03328710 + (49/360)a” |, [Beji-1LR] (A-6)
B, =" (1+0.2122480" + (1/6)a> — 0.27592240>® +0.1688787c*" ), [Beji-2L] (A7)
AB = a"{ = (1/6)a +0.2122480"" +(49/360)a |, [Beji-2LR] (A-8)
B, =a"(1+0.1596135¢ + (1/6)a” - 0.195526537a>* +0.02660225¢° ), [Vata-1L] (A-9)
AB = a"*{ - 0.007054c + (49/360)a> |, [Vata-1LR] (A-10)

B, = a"*(1+0.0407622a + (1/6)ar” — 0.04076221>% +0.00679370c )+ 4,
A= (1-2.526233z +3.3927942" —3.1330442° + 2.024330z* — 0.7059084z° ),

z=a""?*, [Vata-2L] (A-11)
Ap=a'? { —0.125904¢ + .00 = 2.526233a'*"" +3.392794a 1% - 3.1330444 "%
+2.0243300 % — 0.7059084a " + O ** )}, [Vata - 2LR] (A-12)

in cases where subscript ' /'is added to [ in order to distinguish the LWA-based PAES from the original AES.
The 1st term and 2nd term(A4 term) in Eq.(A-11) are called Vata-21L and Vata-22L respectively. As the

above-mentioned LWA-based PAESs include the «“ terms with a different real power number a, their mutual
relationship is not so clear in the derived form.

Also, the 2nd term in Eq.(7)(Vata-2) named Vata-22 is transformed into

( 1.505) 1.505 1—ex (_ Z) (5-0532+2-158a1'505)
Vata-22 = a x { 1- exp(-z)} 5.053242158a77) _ o Z(s,os3z+z,1sga 505) y {—p}
z

1.505
—ax a{o.132x(5.0532+2,158al'505)} % {1 - CXP(_ Z)}(5-0532+2_158a J
z

l—e ( ) (5.0532+2.158a]’505)
1.505 —expl—z
— g x 70224 028485605 { p }

z

(5.0532+2.158a‘-5°5)
= 6670224 028485600 {1 - exp(— Z)} —Dx@x® (A - 13)
z
The A term(Vata-22L) in the above-mentioned Eq.(A-11) valid for « < 0.01 is obtained by taking notice of @
o550 1 which ranges from 0.99872 for « =0.01 to nearly 1 for o =~0 such as 0.9999399 for
a =0.001 and by approximating ®the 3rd term with use of the 5th order polynomial of z. Accuracy of the
polynomial with an absolute error less than 0.001 is very high for a range of « < 0.01.
Fig. A-2 indicates the relation between any of various kinds of Vata-2-based wave number characteristics

and relative water depth /L, . These are D Vata-21- and Vata-22-based dimensionless wave numbers f3,
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Fig. A-2 Change of any of dimensionless wave numbers S, £,, B, B, B,

p> By and relative

difference of wave number &, associated with increase of relative water depth /4/L, in the case of Vata-2.

and f,, @Vata-21L- and Vata-22L-based dimensionless wave numbers S, and f,,, ®the sums such as
B (=4 +4,) and WL(: B+ B, ), and @percentage of relative difference between B and B,
defined by ¢, = (ﬂappL / B —1)><102. Since accuracy of Vata-2-based f,, is very high, 6, would be
nearly regarded as the exact solution( 5, . )-based (ﬂwL [ Bosae = l)>< 10* , that is a relative error of LWA-based
Bopr - 1t is observed from this figure that Vata-21-based f, is an order of magnitude greater than
Vata-22-based f, and that f, plays the role of correction term to S, . While the effect of LWA on S, or
/3, becomes slightly greater with increasing 4/L, , it may not be as significant within the range of #/L,
given in the figure. This results in a gross agreement between S, and /S, and between /S, + f, and
B+ B, respectively. But, Vata-2L-based relative difference of wave number J, rises gradually and then
rapidly with increasing h/L, for a range of h/L, >0.01. In this connection, &, takes 0.0095% at
h/L,=0.01, 0.30% at h/L,=0.05 and 1.08% at #/L,=0.1. If a critical value for relative wave number
difference is given as 0.1%, then an effective range of LWA for Vata-2 would be #/L, <0.03. Of course, the
effective range depends on a selected critical value. The critical value of /L, fora 1% relative wave number

difference becomes somewhat larger such as 0.0957~0.1.
Fig. A-3 illustrates the relation between relative difference of wave number &, and relative water depth

h/L, for any of Beji-1L/Beji-1, Beji-2L/Beji-2, Vata-1L/Vata-1 and Vata-2L/Vata-2, in cases where
LWA-based dimensionless wave number £, , and the original equation-based dimensionless wave number
B, are used. Each relative difference o, rapidly develops toward the positive or negative side with
augmentation of 4/L, in arange of h/L;,>0.005~0.01. If a reference level to &, is taken as either 1 % or
0.1%, the critical h/L, is 0.0281 (0.00974 in the case of 0.1 %) for Beji-1, 0.0980(0.0541) for Beji-2,
0.102(0.0496) for Vata-1 and 0.0957(0.0295) for Vata-2. For Beji-1, the critical /#/L, takes a smaller value.
For any of Beji-2, Vata-1 and Vata-2, it gives a comparable value of 0.01 for o0, =1% and nearly twice the
difference such as from 0.03 to 0.05 for o, =0.1%.
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Fig. A-3 Relation between relative difference of wave number &, and relative water depth 4/L, for any of
Beji-1L/Beji-1, Beji-2L/Beji-2, Vata-1L/Vata-1 and Vata-2L/Vata-2.
3. Long wave approximation to Hunt-» AESs

The LWA-based expression for Hunt-4 f,, B, to O(az) and residual of f, to O(az) from
Eq.(A-1)(You-4) Af are written as

B, = a"*(1+0.334a - 0.0014440> +0.40233* - 0.060924¢* |*, [Hunt-4L] (A-14)
B, =a"{1+0.167a - 0.0146650° | (A-15)
AB =o' x(-0.0452210°), [Hunt-4LR] (A-16)

in cases where f, is obtaied by inverting the denominator in Hunt-4 and its truncation to O(a4) ,and S is
derived by transformation of the whole polynomial with 1/2 power into a usual polynomial. For any of Hunt-5,

Hunt-6 and Hunt-9, f,, B, and Af are described as follows respectively :

B = al/z( 1+0.3478a - 0.036835a* +0.32547a° —0.28165a* + 0.022108a5)‘/ ) [Hunt-5L]  (A-17)

B, =a"*(1+0.1739a — 003353842 ) (A-18)
AB = a"*{0.00723¢ - 0.064094° |, [Hunt-SLR] (A-19)
1 4 16 16 320 64Y 106 153 "
B=a 14| = la+| —|a® +| — o’ + at - o’ —|— - a’t o,
3)° 45 945 14175 467775 5 \218295 299413
[Hunt-6L] (A-20)
B, =a"{1+(1/6)a + (11/360)a? | (A21)
AB=a"x0(a’), [Hunt-6LR] (A22)
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B, = a"*(1+0.33333 +0.0889490> + 0.016862a° +0.0011647a* — 0.0006938c°
~0.00032505¢° — 0.00007426" +0.00000458¢* — 0.00001823¢° )'* [Hunt - 9L] (A-23)

B, =a"(1+0.16667a +0.0305864°) (A-24)
AB = " x(0.000030¢), [Hunt-9LR] (A-25)

It is noted that the decimal equal to the fraction in the last term of Eq.(A-20) is 0.00032535.

Fig. A-4 shows the relation between relative difference of number &, and relative water depth h/L,
for any of Hunt-4L/Hunt-4, Hunt-5/Hunt-5, Hunt-6L/Hunt-6 and Hunt-7L/Hunt-7. The critical value of A/L,
for a reference level(absolute value) of &, with 1% or 0.1% is 0.081(0.042 in the case of 0.1%) for Hunt-4,
0.135(0.086) for Hunt-5, 0.449(0.276) for Hunt-6 and 0.367(0.279) for Hunt-9. The critical A/L, becomes
greater with the improved degree of the approximation in Hunt-n AESs. One exception is that the critical A/L,
for Hunt-6 is larger than that for Hunt-9 at the 1% level of &, . The critical h/L, for each of Hunt-n AESs
tends to take a generally larger value compared to that for any of the other AESs, because the number of terms

in the LWA-based Hunt-nL equation is greater than at least 4.

5 . T .
4t 4
3F Hunt-4L/Hunt-4 4
ot i
1+ i
S
o O
1t Hunt-5L/Hunt-5 -
2t 4
Hunt=9L/Hunt-9
-3t i
Hunt-6L/Hunt-6
_4 L .
_5 1 1 1

1 0—4 2 5 10—3 2 h/LO 5 1 0—2 2 5 10—1 2 5 100

Fig. A-4 Relation between relative difference of wave number &, and relative water depth #/L, for any of
Hunt-4L/Hunt-4, Hunt-5L/Hunt-5, Hunt-6L/Hunt-6 and Hunt-9L/Hunt-9.
4. Long wave approximation to Cham— AESs

For any of Cham-n AESs (n=2, 3, 4, 5), LWA-based f,, whole polynomial with usual form to O(a2>
B, andresidual of S, to O(oz2 ) from Eq.(A-1)(You-4) Af are written in succession as follows :

B, =a{1-(/3)a+(1/45)* >, [Cham-2L] (A-26)
B, =a"{1+(1/6)a + (1/24)a*} (A-27)
AB=a" x{(1/90)a’}, [Cham-2LR] (A-28)
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B, =a"{1+2/3)a> - (1/3)e* ", [Cham-3L] (A-29)

B, =a"{1+(1/3)a?} (A-30)
AB = a"{ = (1/6)a +(109/360)a? }, [Cham-3LR] (A-31)
B, =a"{1+(/3)a+(/9)e” - (1/135)e’ ">, [Cham-4L] (A-32)
B, =a"{1+(1/6)a + (1/24)a*} (A-33)
AB =a" x(1/90)a*, [Cham-4LR] (A-34)
B, =a{1-(2/3)a+(2/15)a” + (2/45)’ ", [Cham-5L] (A-35)
B, =a"*{1+(1/6)a - (7/360)a } (A-36)

AB =a" x(~1/20)a*, [Cham-5LR] (A-37)

It should be noted that Eq.(A-26) lacks the O(az) term and that Eq.(A-29) the O(a) term. In addition,
LWA-based PAES for Cham-6(Cham-6L) and LWA-based PAES for Cham-7(Cham-7L) are given by Eq.(35)

and Eq.(36) in this text respectively.
Fig. A-b indicates the relation between relative difference of wave number &, and relative water depth

h/L, for any of Cham-nL/Cham-n(n=2, 3, 4, 5, 6 and 7). In the case of reference absolute value of &, =1% or
0.1%, critical A/L; is 0.232(0.149 for 0.1% level) for Cham-2, 0.125(0.070) for Cham-3, 0.248(0.127) for
Cham-4, 0.145(0.084) for Cham-5, 0.455(0.198) for Cham-6 and 0.249(0.159) for Cham-7 in this order. The
critical A/L, for Cham-3 or Cham-5 is relatively small and the critical /L, is rather large for Cham-6. Any
of Cham-2, Cham-4 and Cham-7 takes middle value between the above-mentioned 2 h/L, values
respectively.

As a compendium of Sections 2., 3. and 4., Table A-1 indicates a list of %/L, yielding a relative

difference of wave number J, of either 0.1% or 1 % level for each of the investigated AESs. Critical value of

Cham-6L/Cham—-6

0
-1 Cham—3L/Cham—3 \ 1
Cham-5L/Cham-5

Cham-2L/Cham-2

N W A~ O
T

-_—
T
1

—3r Cham—4L/Cham—4 |
—4r Cham—7L/Cham~7. R\ .
_5 1 1 1

1 0—4 2 5 1 0—3 2 h/LO 5 10—2 2 5 1 0—1 2 5 1 00

Fig. A-b Relation between relative difference of wave number &, and relative water depth 4/L, for any of
Cham-2L/Cham-2, Cham-3L/Cham-3, Cham-4L/Cham-4, Cham-5L/Cham-5, Cham-6L/Cham-6 and
Cham-7L/Cham-7.
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Table A-1 List of critical A/L, yielding relative wave number difference of 0.1 % or 1 % level by long

wave approximation.

hiLy (5, %) h/ Ly (5, %) h/ Ly (5, %)
App- eq. 0.1% | 1% APP- €q. 01% | 1% App- eq. 01% | 1%
Beji-1 0.010 | 0.028 | Hunt-4 | 0.042 | 0.081 | Cham-2 | 0.149 | 0.232
Beji-2 0.054 | 0.098 | Hunt-5 | 0.086 | 0.135 | Cham-3 | 0.070 | 0.125
Vata-1 0.050 | 0.102 | Hunt-6 | 0.276 | 0.449 | Cham-4 | 0.127 | 0.248
Vata-2 | 0.030 | 0.096 | Hunt-9 | 0.279 | 0.367 | Cham-5 | 0.084 | 0.145
Cham-6 | 0.198 | 0.455

Cham-7 | 0.159 | 0.249

h/L, where the effect of LWA starts emerging in the approximate computation of wave number significantly
changes depending on the kind and the approximation order of AESs. The critical value of h/L, is greater in

the cases of higher order Hunt-n and Cham-n AESs and smaller in the cases of Beji-n and Vata-n AESs.

5. Comparison of residual terms in LWA solutions

Residual terms with a different power number of « in LWA solutions which were described in Sections
2, 3 and 4 make mutual comparison in analytical form difficult. In this section, the magnitude of residual in
each LWA-based PAES is investigated by taking Eq.(A-1)(You-4)-based S as a reference value, in cases
where B may be close to the exact solution with relative error less than 1.3x107™* % for a range of
h/L, <0.02.

Table A-2 summarizes the coefficients of the residual terms to O(az), percentage of relative residual
AB to Eq.(A-1)(You-4)-based B ; AB/B for any of h/L,=10",5x10"* and 10~ and its order placed
from the largest AB/f in the 12 LWA-based PAESs. Both Cham-6 and Cham-7 are excluded, because either
of their LWA-based PAESs, that is Eq.(35)(Cham-6L/Olson3) and Eq.(36)(Cham-7L/YNH) coincides with
Eq.(A-1)(You-4) to O(of). The order in any of the 3 //L, groups is the same except for the 4th, 5th and 6th
AB/B . The residual equations such as Cham-3LR, Beji-1LR and Beji-2LR give the 1st, 2nd and 3rd largest
residual in this order. Each residual equation keeps O(a) term with the coefficient of 1/6 in its expression of
O(oz2 ) Also, either Vata-11LR or Hunt-5LR keeps O(a) term. But, the contribution of the O(a) term to the
total residual is not significant within an indicated //L, range, because magnitude of the coefficient in O(a)
term is about 1/25 compared to that(1/6) in any of Cham-3LR, Beji-1LR and Beji-2LR. Since the residual
equation Vata-2LR consists of 7 a“ terms with a gradually increasing power number a between O(a) and
O(az), relative estimation of the contribution rate of each term is a hard task. All terms-based contribution,
which takes the 4th largest place for the h/L, =x 10 case and the 6th largest place for both the

h/L,=5x10"" and 107 cases is not classified into a group with the highest rank.
Fig. A-6 shows the relation between the relative residual of wave number AB/B and h/L, for the Ist

largest to the 6th largest residual case such as Cham-3LR, Beji-1LR, Beji-2LR, Vata-2LR, Hunt-5LR and
Vata-1LR. As indicated in Table A-2, the residuals computed by Cham-3LR and Beji-1LR increase toward the

negative side more rapidly compared to the residuals of the other expressions.
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Table A-2 Coefficients of residual terms and relative residual with its order.

) Percentage of residual to original eq.
Coeff. of residual terms
Name of AB/B(You-4)% and order
approx.
bp a a’ al h/L, =107 | h/L,=5x10" | h/L,=10"" |order
Beji-1LR -1/6 49/360 | 0.332871 ' -0.058 -0.034 -0.0082 2
Beji-2LR -1/6 49/360 | 0.212248 & -0.020 -0.013 -0.0036 3
Vata-1LR | -0.007054 | 49/360 -0.0039  *5 -0.0021 *5 -0.00044 6
Vata-2LR | -0.125905 sum of 6 terms | -0.0011 *6 | -0.00099 *6 -0.00064 4
Hunt-4LR -0.044522 -1.8x107* 45%107° -1.8x107° 8
Hunt-5LR | 0.00723 | -0.064094 0.0043 *4 0.0022 *4 0.00045 5
Hunt-6LR 0 0
Hunt-9LR 0.000030 1.2x1077 3.0x107° 1.2x107° 11
Cham-2LR 1/90 44%x107° 1.1x107° 4.4%x107 9
Cham-3LR -1/6 109/360 -0.10 -0.052 -0.010 1
Cham-4LR 1/90 4.4x107° 1.1x107 4.4x1077 9
Cham-5LR -1/20 2.0x107* 4.9%107° 2.0x107° 7
0.1 . .
0.08f -
0.06+ -
0.04+ 4
QD Hunt-5LR
X 0.02 X ]
N —
Q 7
N -0.02r Vata—-1LR
_0.04F Cham-3LR Beji—2LR
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—0.08} i
107° 107" % m,°® 10 ? ° 107

Fig. A-6 Relation between percentage of residual wave number against You-4 PAES-based wave number

AB/B and relative water depth 4/L, for any of Beji-1LR, Beji-2LR, Vata-1LR, Vata-2LR, Hunt-5LR and

Cham-3LR.
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6. Summary

The above discussion leads us to the following summary :

1) The critical value of %/L, where the effect of long wave approximation(LWA) appears in the AES-based
wave number computation depends significantly on the kind and degree of approximation of AES to be applied.
The critical value is comparatively larger in the case of any of the higher-order Hunt-n and Cham-n AESs, while
it is smaller in the case of any of Beji-n and Vata-n AESs.

2) Either Cham-3- or Beji-1-based wave number computation yields larger relative error compared to the other
AESs-based computations even in a range of h/L, <0.001 where long wave approximation valid for
h/L, <0.02 condition works with satisfactory accuracy. This is due to their basic characteristics that either of
the AESs deviates from long wave theory-based AES with a magnitude of O(a) in a long wave approximation

range.

Appendix B
Accuracy of Newton’ s method-based 2-step AES

Table B-1 shows the order descending from the largest absolute value of the maximum relative error

indicated with a bold-faced figure &) the AES name and a range of relative error &Y for each of 25 kinds

max

of single expression-based (1-step) AESs in the left column and the order of the maximum relative error in

bold-faced type e® | the name, the range of relative error e® for each of 25 kinds of Newton’s

max °

method-based 2-step AESs associated with an initial value estimated by the 1-step AES on the same line and the

the maximum relative error ratio y defined by e® /el in the right column. This table is made from Table

max max

5 in this text by re-arrangement of AESs on the basis of the magnitude of the maximum relative error gl

Each column in the list includes an AES(Vata-0 or Vata-ON) to be newly discussed in Appendix C. The 25 kinds
of 1-step AESs are classified into 7 groups according to the magnitude of the maximum relative error 82% at
the first stage to make the discussion easier.

In the table, the order of 2-step AES-based the maximum relative error g,(nztzx roughly corresponds to the
order of 1-step AES-based maximum relative error 5,(”1a)x- A range of the maximum relative error ratio y is
between 107 and 4x107°. The tendency is that the smaller the maximum relative error ‘9,(,112)( of the initial
estimate based on 1-step AES is, the smaller the maximum relative error ratio y becomes. In this context, the
) =15~5%, (2)107

for the case of &) =0.75~1.1%, (3)2x10™* for the case of &) =0.15~0.3%, (4)10* for the case of

max max

maximum relative error ratio y takes a rough value such as (1)107 for the case of &

e =0.07% and (5)4x10™° for the case of &) =0.01%. It can be said again that the smaller the maximum

max ma.

relative error of the initial estimate &) is, the greater the degree of improvement in the accuracy of 2-step

max

AES becomes. This reflects the characteristics of Newton’s method associated with a quadratic convergence.
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Table B-1 Order of maximum relative error, name and range of relative error for 1-step AES and 2-step AES and ratio of

maximum relative error.

group | order | formula rela{t;zl\;e( ’;)r)ror order | formula relif(‘f)e( ’;)r)ror 51(712(1)x / 8,(,11 ()u
1 Eckart!"] 0~5.24 1 Fenton!'! -0.051~0.0084 9.7X1073
D 2 Carv141 -2.45~3.28 3 YN4( -0.029~0.0067 8.8 103
3 Iwagakil'l | -3.05~3.14 2 YN3I -0.040~0.012 1.3X1072
4 Cham-3 0~2.81 5 Cham-3N | -0.022~3.1 X 10 7.8X1073
5 FMI! -1.39~1.66 4 FM-NI! -0.0085~0.023 1.4X1072
@) 6 YNI1M -1.52~1.55 6 YNS5I -0.0049~0.0049 3.2X1073
7 Carvoll -1.12~0 7 YNe6l! -4X104~1.4X103 1.3X1073
8 Guol!! -0.75~0.75 8 YN7I -0.0012~0.0012 1.6X107
©) 9 | Yn2l! -0.73~0.73 9 | YN8 -9X104~8x 10 1.2Xx107
10 Cham-2 -0.74~0 10 | Cham-2N | -1.4X10%~6.3X10* 8.5X10*
11 Carv5!! -0.21~0.27 13 | YNOII -1.1 X104~1.1 X 10 4.1X10*
@ 12 Carv4lll -0.12~0.20 14 | YN10M -7 X100~4 X105 2.0X104
13 Beji-1 -0.15~0.19 12 | Beji-IN -1.6 X104~2.1 X107 8.4X10*
14 Hunt-65! -0.19~0 15 | Hunt-6N -2.4X108~3.4 X107 1.8X10*
15 Cham-4 -0.16~0 11 Cham-4N | -3.1X10%#~9.6X10° 1.9%x103
® 16 Hunt-45] -0.15~0.14 16 | Hunt-4N -1.5X103~2.1 X107 1.4X10*
17 Hunt-5 -0.070~0.078 18 | Hunt-5N -6.2X10°~7.3X10¢ 9.4X107°
18 Cham-5 -0.071~0 19 | Cham-5N | -6.7X10%~1.3X 10 9.4x107°
19 Beji-2 -0.044~0.042 17 | Beji-2N -8.2X10~1.1X10°¢ 1.9X10*
® 20 Vata-0 -0.016~0.021 22 | Vata-ON -2.8X107~2.8 X107 1.3X107
21 Vata-1 -0.019~0.019 20 | Vata-IN -1.6 X10~3.7X 1077 8.4X107
22 Cham-6 -0.013~0 23 Cham-6N | -4.8X10°~1.9X107 1.5X107
@ 23 Hunt-911 -0.0082~0.0054 24 | Hunt-9N -1.8X101°~3.4X10% 4.1X10°
24 Cham-7 -0.0035~0.0013 25 Cham-7N | -8.9X1019~1.3X108 3.7X10°
25 Vata-2 -0.0012~0.0012 21 Vata-2N -6.3X107~8.1 X101 53X10*
Appendix C

Addition of a new AES to the filing list

After the completion of writing our text with two appendices A, B, we discovered that Vatankhah and

[13]

Aghashariatmadari had published a paper related to a new AES in an international journal by

Elsevier(Coastal Engineering). They proposed a Newton's method-based 2-step AES (named Vata-ON here)
with the maximum relative error &,, =2.8x107" % which exceeds the accuracy of 2-step AES (Beji-2N) of
&, =8.2x107° % associated with an initial estimate by 1-step AES (Beji-2) and gave the following equation to
1-step AES (Vata-0) to be used in an initial estimation.

B =alfl+a"exp — (1.863+1.198¢"* )}]/(tanha)'> , [Vata-0, &,,,=0.021%] (C-1)
The equation preceding to Eq.(C-1) named Vata-1 is expressed in Eq.(6) of the text as

B =all+a-exp{-(1.835+1225¢'%)}]/(tanha)* , [Vata-1, &,,=0.019%], (6) (C-2)
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Only a small difference in both equations is found in the constant terms and the power index of « term, but a
large alteration may occur with the increase of the number of free parameters as the power number of « term

preceding the exponential function term is changed from the integer number of 1 to a real number 0.986. Also,
Vata-0-based ¢, of 0.021% is slightly greater than Vata-1-based ¢,, of 0.019% and Eq.(C-1) may be
regarded as a modified or an extended version of Eq.(6) or Eq.(C-2).

Fig. C-1 shows the relation between the relative error ¢ and relative water depth h/L, for either
Vata-0 or Vata-1. Vata-0 yields an oscillating relative error around zero with increase of #/L, , as does Vata-1.
A range of the variation and the corresponding #/L, value are as follows.

61) Vata-0 : -0.016% (h/L,=0.268) ~0.021% (h/L,=0.493) (C-3)
Also, Vata-1-based result in Eq.(11) of the text is rewritten as

25) Vata-1 : -0.019% (#/L, =0.064) ~0.019% (h/L,=0.011) , (11) (C-4)
Vata-0-based maximum relative error(absolute value) ¢, 1is 0.021 %, which is indeed slightly greater than
0.019% associated with Vata-1, and then a range of relative error & is somewhat biased to the positive side in
comparison with that associated with Eq.(11) in the text, that is Eq.(C-4).

Fig. C-2 illustrates the relation between relative error & and relative water depth h/L, for either
Newton's method-based Vata-ON or Vata-1N, in cases where 1-step AES such Vata-0 or Vata-1 is used for an
initial estimation respectively. A very small relative error & associated with Vata-ON varies accompanying a
positive or negative peak with increase of #/L, . A range of the relative error ¢ including the corresponding

h/L, is indicated as

62) Vata-ON : -2.8x107  (h/L,=0.053) ~2.8x10"" (h/L,=0.271) (C-5)
As indicated in Eq.(40) of the text, Vata-1N-based result is rewritten as
37) Vata-IN : -1.6x10°% (h/L, =0.011) ~3.7x10" % (h/L,=0.277) , (40) (C-6)

A range of relative error related to Vata-ON keeps a balance between the positive and the negative maximum

value, while a range with Vata-IN shows some imbalance between the negative and the positive maximum

0.03————r——————

> 102 p, 107

~0.08 G-

10 ? 10°

Fig. C-1 Relation between relative error ¢ and relative water depth /L, for either Vata-0 or Vata-1.
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Fig. C-2 Relation between relative error ¢ and relative water depth /L, for either Vata-ON or Vata-1N.

value and the Vata-ON related maximum relative error of &, =2.8x107" % coincides with that given by
Vatankhah and Aghashariatmadaril'®l. This value signifies nearly one order of magnitude decrease of the error
compared to the maximum relative error of (-)1.6x107°% associated with Vata-IN. We can see a similar
relation between FM+FM-N and YN1+YNS5 for 1-step AES and 2-step AES in Yamaguchi and Nonakal!l, which
realizes a proper balance between the negative and positive maximum relative error associated with 2-step AES
and the resulting decrease of the maximum relative error by using 1-step AES with a modified power index for
an initial estimation.

Table B-1 reinforced by the results with Vata-0 and Vata-ON tells us that Vata-ON-related ¢,, of
2.8x107" % is smaller than Vata-2N-related ¢,, of (-)6.3x1077 % but greater than any of Cham-6N-related
Epae Of 1.9%x107 %, Hunt-9N-related &,, of 3.4x107°% and Cham-7N-related ¢,, of 1.3x107%. In any

max max

case, it might be said that Vata-ON associated with a proper balance between the positive and negative
maximum relative error of &, =+2.8x107" % yields a very highly accurate estimate.
Next, the long wave approximation(LWA)-based equation(PAES) to nearly O(of) for Vata-0 and that for
Vata-1 are written in order as
B, = {1 +0.1552063°%% + (1/6)a® - 0.1859372a>*% +0.02586772a>* + Ofar* ™)}, [Vata-OL]
(C-7)

B = a‘/2( 1+0.1596135a + (1/6)a® — 0.195526537a> + 0.02660225a3), [Vata-1L], (A-9) (C-8)

Eq.(C-8) is the same equation as Eq.(A-9) in the text. Also, the residual of Eq.(C-7) from Eq.(A-1)(You-4) in
Appendix A to O(az) Af named Vata-OLR and that corresponding to Eq.(C-8), that is Eq.(A-10) in

Appendix A named Vata-1LR are expressed as follows respectively:

AB = a"*{0.15520632°" — (1/6)er + (49/360) |, [Vata-OLR] (C-9)
AB = a"*{~0.007054 + (49/360)c” |, [Vata-ILR], (A-10) (C-10)
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Fig. C-3 illustrates the relation between relative difference of wave number &, , defined in Section 2 of
Appendix A and relative water depth A/L, for either Vata-OL/Vata-0 or Vata-1L/Vata-1.
Vata-0L/Vata-O-related &, falls rapidly from zero toward a negative large value with increase of 4/L, and
the behavior is very similar to that of Vata-1L/Vata-1-related &, . Table C-1 reinforces Table A-1 by adding
h/L, value yielding a relative difference of wave number &, of either 0.1% or 1% level for Vata-OL. The
h/L, value at each level is in close agreement with that for Vata-1L.

In addition, Table C-2 shows a list of the coefficients of the residual terms to O(a2>, percentage of
relative residual AfB to Eq.(A-1)(You-4)-based f; AB/B for any of h/L,=10", 5x107* and 10 and
its order placed from the largest AB/f in the 13 LWA-based PAESs including Vata-OL. The coefficient of
O(az) term in Eq.(C-9) coincides with that in Eq.(C-10). The sum of the Ist and 2nd terms in Eq.(C-9) is

N W Hh O
T
1

Vata—0L/ Vata—0 |

Vata—1L/ Vata—1

107"

10—4 2 5 10—3 2 h/LO 5 10—2

2 5 2 5

10°
Fig. C-3 Relation between relative difference of wave number &, and relative water depth #/L; for either

Vata-0L/Vata-0 or Vata-1L/Vata-1.

Table C-1 List of critical /L, yielding relative wave number difference of 0.1 % or 1 % level by long

wave approximation reinforced by addition of Vata-0-based results.

h/L, (5, %) h/L, (5, %) h/L, (5, %)
App- €q. 0.1% | 1% App- eq. 0.1% | 1% App- eq. 0.1% | 1%

Beji-1 0.010 | 0.028 | Hunt-4 | 0.042 | 0.081 | Cham-2 | 0.149 | 0.232
Beji-2 0.054 | 0.098 | Hunt-5 | 0.086 | 0.135 | Cham-3 | 0.070 | 0.125
Vata-0 | 0.051 | 0.102 | Hunt-6 | 0.276 | 0.449 | Cham-4 | 0.127 | 0.248
Vata-1 0.050 | 0.102 | Hunt-9 | 0.279 | 0.367 | Cham-5 | 0.084 | 0.145
Vata-2 | 0.030 | 0.096 Cham-6 | 0.198 | 0.455

Cham-7 | 0.159 | 0.249
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Table C-2 Coefficients of residual terms and relative residual with its order reinforced by addition of

Vata-OLR-based results.

) Percentage of residual to original eq.

Name of Coeff. of residual terms 48] B(You - 4)% and order

APPTO- a a’ al h/L, =107 | h/L,=5x10"" | h/L,=10" |order
Beji-1LR -1/6 49/360 | 0.332871 '? -0.058 -0.034 -0.0082 2
Beji-2LR -1/6 49/360 | 0.212248 " -0.020 -0.013 -0.0036 3
Vata-0LR -1/6 49/360 | 0.155206 o***° 0.00051 0.00063 0.00035 7
Vata-1LR | -0.007054 | 49/360 -0.0039 *5 | -0.0021 *5 -0.00044 6
Vata-2LR | -0.125905 sum of 6 terms | -0.0011 *6 | -0.00099 *6 -0.00064 4
Hunt-4LR -0.044522 -1.8x10™* -4.5%x107° -1.8x10°° 9
Hunt-5LR | 0.00723 | -0.064094 0.0043  *4 0.0022 *4 0.00045 5
Hunt-6LR 0 0

Hunt-9LR 0.000030 1.2x107 3.0x107* 1.2x107° 12
Cham-2LR 1/90 4.4x107° 1.1x107° 4.4x107 10
Cham-3LR -1/6 109/360 -0.10 -0.052 -0.010 1
Cham-4LR 1/90 44x107 1.1x107° 44x107 10
Cham-5LR -1/20 2.0x107* -4.9x107° 2.0x10°° 8
approximated as

{0.1552060°%% — (1/6)er}~ (0.0157 ~ 0.0000025)er for @ =10"~5x10" (C-11)

because @’ ~a such as @ a®™® =1.1749x107 for o =107, @ " =1.1376x10"* for a =107,
® a®™® =1.1015x107 for =107 and @ o =53850x10" for a =5x10". Vata-OLR-based Ap
takes a positive value for « less than around 5x107° (to be accurate, around 2x107° asseeninFig. C-4)
and Vata-1LR-based A4f gives a negative value for the same range of « at least. Both Af s take opposite
sign, as indicated by AB/pB for any of h/L,=10", 5x10™* and 10 inTable C-2.

Fig. C-4 illustrates the relation between the relative residual of wave number A4S/ and relative water
depth h/L, for either Vata-OLR or Vata-1LR. With augmentation of 4/L, Vata-OLR-based residual A3/
increases from nearly zero, takes a positive and a small negative peak and then rapidly becomes greater. On the
other hand, Vata-1LR-based residual AB/f gives a negative value decreasing with augmentation of 4/L,
and turns into an increasing trend toward a positive value after reaching a negative peak. A smaller absolute
value of residual associated with Vata-OLR than that with Vata-1LR shows that Vata-OL is a closer approximate
solution to the long wave theory compared to Vata-1LR.

As discussed above, Vata-O-related relative error is similar to Vata-1-related relative error in a rough
estimate but availability of Vata-0 for 1-step AES estimator does not exceed that of Vata-1 and is somewhat
lower, because a balance between the positive and negative maximum relative error is slightly worse in Vata-0
than in Vata-1. However, accuracy of 2-step AES using Vata-0 for an initial estimation of wave length is nearly
one order of magnitude higher than that using Vata-1, in cases where the maximum relative error takes a

significantly small value such as 2.8 107’ %. Vata-0-based 2-step AES has a very high accuracy. Accordingly,
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Fig. C-4 Relation between percentage of residual wave number against You-4 PAES-based wave number

AB/ B and relative water depth 4/L, for either Vata-OLR or Vata-1LR.

it may be concluded that Vata-0 is a very efficient 1-step AES estimator for use in a Newton's method-based
2-step AES.
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Some Considerations on Long-Year Variation of Atmospheric Pressures,
Wind Speeds and Wave Heights in Inner Bay and Inland Sea Areas and
the Inter-relationship with Climate Change Indices

WL FTIERE™ « By —* - RS
Masataka YAMAGUCHT*, Hirokazu NONAKA * *and Yoshio HATADA * * *

As measurement data of atmospheric pressures at on-land stations have hardly received the effects of a change
of measurement conditions over a long-year period, data of wind speeds and wave heights hindcasted using the
pressure data may also be considered to be virtually free from an inhomogeneity problem of the data associated
with a long lapse of times, that is, a creeping data problem. In this paper, various statistical analyses are tried
using not only 45-year data of measured sea level-corrected pressures(p) at on-land meteorological stations,
pressure-based wind speeds(U) at sea and coastal stations and hindcast-based wave heights(H) at sea stations in
Kanto coastal sea area including Tokyo Bay, Ise Bay area and the Seto Inland Sea area, but also 9 types of climate
change indices(CCIs) with a global scale over the same year period. The data sets are made according to group
separation of any period unit of month, year, summer or winter. For each of the data sets, analyses of spectrum,
correlation, EOF(empirical orthogonal function), trend and jump are conducted and the results are discussed in
succession. The main findings are summarized as follows; 1)Spectrum of any of the season-separated
elements(py, p., U and H) data samples has peaks associated with 4 year period bands such as 2.3-2.7 year,
2.9-3.5 year, 4.5-7 year and 8-22 year in a rough sense, but in detail the magnitude of peak year period and its
order of the corresponding spectral value change according to individual seasons and elements. 2)Spectrum of
any of the CCI data samples in summer and winter has peak-related 4 year period bands substantially overlapping
those in the above-mentioned spectra. 3) Either pressure data or wind speed data indicates a statistically high site
to site correlation within several hundreds of kilometers’ range and wave height data yields significant site-site
correlation dependent on their geometrical conditions. 4) Significant correlation is more or less detected among
9 types of CClIs, but WP Index(WPI) may be relatively independent of the other CCls. 5) Each of the season-
separated element data samples gives a significant correlation with WPI to some extent, specifically in winter,
and each of the monthly element data samples is affected by NPI. 6) EOF analysis shows a high rate of explained
variance by the sum of the 1st and 2nd modes, particularly for pressure data samples. 7) Constant value-multiplied
time coefficient of the 1st mode a X C;(t) in the EOF analysis nearly coincides with all site-averaged
dimensionless deviation data samples p(t) irrespective of any kind of term(summer, winter, year, month)-
separated element data samples. Degree of agreement is extremely high in pressure data samples and becomes
slightly lower in wind speed and wave height data samples. 8) A statistically significant increasing trend is
detected in high pressure-related data samples in winter but is not detected in the other pressure-related data
samples. 9) Some of the various kinds of wind speed- and wave height-related data samples indicate a significant
increasing trend at more than half or about half of all the investigated stations, which are term-or site-dependent.

This supports previous results by the authors*5l. 10) A significant increasing(positive) trend is recognized in
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CCIs such as summer and annual PDOs and winter NAO and a moderate-level trend is in WPI in
summer(negative) and winter(positive). In the other CClIs, a significant trend is not detected. 11) Difference of
pressure-related mean value between two segmental year periods(1961-1986 and 1987-2005) indicates a
significant positive jump between the two year periods for p; data sample in winter, but does not indicate any
significant trend for the other pressure-related data samples. For wind speed data samples, a significant positive
jump is detected at around half or more of all the stations in summer and all seasons(year). Also, wave height
data samples in summer and winter show a significant jump at around half of the stations and yearly data sample
gives a jump at 80 % of the stations. These results are consistent with the results by the trend analysis. This means
that statistically significant trend in each data sample may be substantially replaced by jump putting a turning
year at around 1986-1987. 12) Statistical test results for difference of data variances between the two year periods
do not necessarily coincide with that for difference. Lepage jump test result considering both mean value
difference and variance difference may be different from either mean value difference-based result or variance-
based result, depending on relative strength of difference of both data. 13) Lepage test detects a statistically
significant jump in CCI such as any of NAO, WPI and PNA in winter, but more study may be required because

short year period variations riding on several decadal oscillations in CClIs records may yield apparent jumps.

Key Words ; atmospheric pressures, wind speeds, wave heights, inner sea areas, long-year variation, climate

change indices
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Fig. 4 Yearly variation of period(summer, winter, year)-separated py, p,, U, H data samples at

representative point Bl.
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Table 1 List of definition and role for any of climate change indices.

CCI remarks
OMEI | #EmE&JE (SLP), féaft - 8 7m o BGER Sy, WK (SST), MEKiR, MER&IC
543 4F | x4 % EOF,
EfnLExVr=—=35, HARTEMWN - M - BL, AEOLET=—=x,
@NPI | 30°N-65°N, 160°E-140°W D FEIIC 3\ CTHEEY L 72 E %JE (SLP) ZHEHE(R 74T
SLP Bk b L7z b 0, FEEDOLEE)TEL hPa T/,
EEDOEET Y a—v vy AMEKIE (AL) - REETS S BEA, A & E5fuvy, mA
PDO & ¥ D BIf%,
@AOI | 20°N Dbk -k A ¥ 5<UE (SLP) @z EOF £ 1 E— K, NAO & ff5—
84E 3 4E | i, BRI, JLEkERRE—F (NAM) & LIFENn %, EEOSHA, bl c&E
SLP | < HfEEEAHT TRy, SRR R, HE 10 428 HIZE ),
@PDO | ALAFFE 200N LUAE DMK (SST) {R720 EOF 55 1 & — FORFMRE, KFHEICE
SAE3AE | Bordly, BARMTOATKUEICEIMR, EME TIHAREREF REB O AL AL &R
SST PEJEGR < AKCEHEREC S JASRYV Y, warm  phase TT/L=—=13, cool phase T7 =—
=¥ Tk, ENSO 2 X < Bz 2~ 328, WEf] scale 1£ ENSO LV Ev, Z#ic
%f L CRPEEETIHH 20 AW CRA - WErsEdh 28, JLREEOWKIERZEZ v
TRkH7= AMO (Atlantic Multi-decadal Oscillation ; KFEES-HEE HHIEE)) 4%,
®WP | BV K T8I D 500hPa & R 2D EOF 5 1 — K, L K EComEESR
500hPa | 72D AL O PR T 1E CTREB ST DD 3% — 2 H D WX K FER RO ML T
500hPa M EMRANRKE S BipH /38— KVEFETEE T 45°N 25212 500hPa /22D
PFa iz 72 %, ENSO DT PNA /XX —2 (R THN /8% —>) & L H oA 89
%, ENSO : WP & PNA OFEH & iRWVFAB, H1%& 22— T o7 KEEIZE T DRSO
EESBR, MBI CORR & REAEIC EE,
@®PNA | 500hPa i (FE#H) 5,500~6,000m) TOEERAEDIA, 4 HAIZBIT S 500hPa D
500hPa | A RT T x VEmEORE ETEHEAE, EEO L& AL O LB RA~BE) - 5@k, W
PR ORI AL~BE), HARFIOKRKES E AR, %422 PDO & EOME,
@S0l | #EF (17°S, 150°W) LA —A KZ U7X —1v ¢ (12°8, 131°E) 2B HENZ
SLP oM FRERADZZFBEA LTS DT, ”5@®%é®ﬁﬁ@1002ﬂﬁ@ﬂ
JEfR T A OFE, AE OS5 AT RFEPE CIREIES <, BAEECHRULERY, %
HICED AR (BHE) 950 (mv=—=2), EHEOEFEENARKRS 7=—=+,
®NAO | 74 2T v NEKE (IL) &7V L 2#BEESTE (AH) OFfHE 0w <E (SLP)
FI3E | RAEDZEE 1964~1993 FEO PR RE(F A THI 5 2 & TEFHK. PDO (TR, EEDEE
SLP | IL & AH 9 <, RJEMEE (W) K&E720, FERE 2228817, 39— v EE -
&, 74 A7 MEKEOHEKITAT—Y ZilFmSEORIL A2 E, AARATHE,
AOI L FE 2B, WER O S &g S OBD RO FREE, KFEEE 10 45 WiE
(U
QONI | =—=g 34 fHik (5°N-5°S, 120°W-170°W) (23|} H#EHI/K{E (SST) @ 3 » HEH)
SST ¥ (NOAA DEFR, BERMEEE L O AR OfEFERERM ICB L TRBT & 272

%), WM AZE L TH05° M FOEfECco=—=3, AEiTI=—=,
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Fig. 5 Yearly variation of WP index in winter.
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Fig. 6 MEM spectra for yearly py data sample at Tokyo and for yearly H data sample at Tokyo to-hyou.

Fig. 6 1ZHFUCE T DERNOp, EFHS X OB IUTIZIZ IS 1T DERIOHE NI R 2 MEM A7
MVE(f)ZmL, MPICRE—2F252 %, pyA~7 MV TIE 2588 FEOF 1 B — 7 L,
(2 3.667 5L 14667 FICHE 28— LE 3 E—7, 489 FEIZHF 4~ NBhrbd, —J7, HAY
FLTIiE 6.286 & 3143 FEOHE 1 E—I7 BIOE 28 —7 DAY MUERHEHIL, 38 —2 T
BDHRETHLAXT MUEIZZENZEED LR, BT D2, A7 MBITEROY—7 29 b
DO, FRIZFHTH 5,

Fig. 1134 ZFDpy, po, U, HOKEEHIX L CTHHAIZISIT D MEM A7 MV N HA57255 1
E— I %9, ThbLEIE—74 (—@— No.l), H2E—74F (—*k— No2), H3t—
JH (—A— No3), H1E—27 A7 MUE E I T 2828 —27 A7 FMUE E Ol#E
Yi2(= E2/Ey), & 3 B =27 AT MVIE E3 (TR D ey 5(= Es/E) B L ORI LE R OIEMERZE (0,
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Fig. 7 MEM-based spectral analyses for py, p,, U and H data samples in winter at measurement sites in

inner sea areas (1).
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Fig. 7 MEM-based spectral analyses for py, p,, U and H data samples in winter at measurement sites in

inner sea areas (2).
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Table 2 List of peak year periods, the largest spectral value(E1), spectral ratio to £1(%) and its ranking in MEM-based

spectra for either py or p, data samples in winter.

F-T | M-T M @) (€) 4) ) (6) (7
year | year Py pL Py pL Py pL Pu pL Pu pL Pu pL Pu pL
44
225 |22 32 510
14.67 | 66 810 63@ | 490 | 52@ | 66@ | 43@ | 770 | 39Q | 91@ | — 392
1125 | 11
8.8
75 | 733
629 | 48@ | 20 | 59@ | 53Q | 47@ | 65@ | 38@ | 590 62 | 27@ | 43@ | 68@ | 38®
5.625 | 5.50 o)
4.89
45 | 440
4.00
375 367 | 820 | 250 | 9200
3.385 34@ | 199 | 36@ | 85@ 94© 55@ 100
3214 | 3.14 54@) 100 510 100
2.93
2.813 | 2.75 100 100 100 84@ 100
2.59 | 100 | 100 | 100 100 100 100 100 86@
250 | 244
Ei 5000 | 7167 | 3829 | 6187 | 4559 | 6027 | 4847 | 4917 | 4559 | 3777 | 6429 | 4357 | 4387 | 552¢

1)Mito—Mishima(10) 2)Irouzaki—Hamamatsu(6) 3)Irago—Owase(7) 4)Shionomisaki—Tokushima(10)
5)Takamatsu—Kure(11) 6)Tottori—Hagi(6) 7)Shimonoseki—Kagoshima(11)
E; : 100-multiplied spectral value

SEGEN RO ENTVWADT, E— 27 B HAIGEWEREY 525,

Table 3IZEFLAFOUERHIB T HE— 7 Al (FF) L8 1 AXT MVE (B) BLOE—2
AT RV (%) ENENO—E 2R, BZRUERFCIE Y — 7 45 MRS A 30 X [ 2> & P60 X~
22~114F, S54RIk, 34ERIR, 23 Frit%k, BLXOXAFEOUEECIL 22~114, 7~54, 4~34
F, 26~23 FETHLIN, KEITLHDLWIEEFLAFTTHENRALND, LTER-T, F1Ev—7
ERE 2 U— 7RIS KEMRFER A D, ST LH— B LiEmE R,

UUEIZR LT D1, pys v, U HOBEFOHIRIBIERHZ BT 5 ©— 7 FI13HEHR, MM B X
CXMORELZZTHZ LD, ZHNLRE D FLDOFNICESSEMITES TR,

TIT, MM (B, &%, F) oKESRE (py, p, U, H) OE—7AH (4) O & &5
AT S VAEDNENL AR £ L 7= D78 Table 4 TH 5, P OREIOF L e — 7 [EH 23 B H
IR BB OO AL BRGSO WE S PNYERER OO PE IR 1A TN 2 | AT T & (), W oHAIC Bl E (1),
FEIRHE CTHBT AT 258w omE 1) 2£T, £/, OHIO T OETFIIHEH OF D 2
X7 MUEDNERL 2737, KEZEIC6T LHR— DAL Z & & 7 WSS TEEE DN % 5 2.
TWb, ZORTEXEEHR (FOKRE, 20 EEEOHEALEOMETHThoy—2 A%z L5
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Table 3 List of peak year periods, the largest spectral value(E1), spectral ratio to E1(%) and its ranking in MEM-based

spectra for U data sample in either summer or winter.

M-T ey 2) 3) ) (5) (6) @ (®)
year Sum. | Win. | Sum. | Win. | Sum. | Win. | Sum. | Win. | Sum. | Win. | Sum. | Win. | Sum. | Win. | Sum. | Win.

44

22 76@ 59@ | 100 13@

14.67 37@ 22@ | 560 56@ 450

11 25@ | 862 712 59Q 520

8.8 390

7.33 5403

6.29 40@

5.50 14@ 50@

4.89 440 100 33@ 100 100 620 | 620 | 470

4.40

4.00 100 58@

3.67 100 100 64©@

3.385 100 | 83 73@

3.14 | 100 100 89 100 95@

2.93 38@ 100

2.75 90®

2.59 100 100

2.44 32@ | 84© 100

232 | 30@ | 550 610 63©@ 60 100

2.20 53@ 8413

E, 8037 | 3347 | 4889 | 3717 | 3257 | 4047 | 4830 | 3977 | 6129 | 4307 | 3307 | 4037 | 4770 | 7667 | 343D | 4377
1)Tokyo to-hyo—Umihotaru(6) 2)Dainikaiho—Sunosaki(5) 3)Nojimazaki—Irouzaki(4)

4)Ajiro—Omaezaki(4) 5)Jounan—Hii(15) 6)Shionomisaki—Eigashima(9) 7)Fukuyama—Nakatsu(8)
8)Musashi—Ashizurimisaki(9) E/ : 100-multiplied spectral value

MEV) ZE) ITRENTVZRWN, IE T % L, MBI OHERIZL ST, v— 7 FHHEIL4 2 (2.3
~2 TR, 29~3.54, 45~TH, 8~224) ML HLE I THLHN, MMIIBWTEHERI LHDH N
EHIRBNC R D Z D, AFEMARERITEL Y, ppB L0, TATHE—7 EH (8) 1T
Lo TEDELNEMZZEZ, E£lpytp,PEITHL ZNSNERAL D, HIZOWTIIE — 27 FEHHE & ERL
O ~OEKFHIZHETIN L D TH Y, E— 27 BN 23~2.7 4, 3.1~3.74F, 49~73 4, 11
~2D2ED A DTS, 30~3 T FEOEABIENE 1A & HHAICH D, UILHOWTHEBILE
B 2372 < 722V, JEHIHE OFEFHLNER 23 WM X > TZE Lgvy,

A 512, BHRIG R IR O WS N VE IS 2 5 T Dpy, py, U, HOMIERIEEHI %325 MEM
AR M BBLR4 OO E—7 B EZ Lo, B2 FHIESCE 2 TO AT VB [E#ZE
FIC BT DIERLITHIHIRCERIC L > TRk L, REMRFEL R Z L3 Ly, UL, HER
R L TIE, MM L oM ZEmIic e — 7 BMERHE I, LMAbE 1 E—27 8% 3.1~3.7
EEHEIND,
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Table 4 List of range of peak year period and ranking of spectral value at each peak year period in MEM-based
spectra for any of term-grouped py, p,, U and H data samples.

M-T Summer Winter Year
o vear | py | p | U | H | vy | m U | H P P U H
1 44
) 29 A A ® A D A A ® ® 3
3 | 14.67 ®) © ®|$-@O|-@||O ©) @® ©)
4 11 ® v \ 4 -® \ 4 -© v'® v @ v
5 | 88 @O
6 | 733 | ¢ 1 )
7 | 629 o | ea||lo |t |1 @ ©)
8 | 5.50 @ @ -® | ¢@ @ v ©|®
9 | 4.89 ORIEONNS v v
10 | 4.40 !
11 | 4.00 *
12 | 3.67 1 ® o || © ® 4
13 | 3.385 D |y @ ||-© -© OO |[ ©
14 3.14 i © @ @ A 4 \ 4 \ 4 -© \ 4 \ 4 \ 4
15 | 293 | ¢ @®
16 | 2.75 ' O) O | @00
17 | 2.59 Il @| @ 0|1 |oos
18 | 2.44 ®) @1 @ -0 @
19 | 232 | v v®D|yO
20 | 2.20
21 | 2.10

DX, RUEEBIRED AT MK Z G 5, Fig. 81X Fig. 5105 2 724ZFD WP EEHI XS
T 5 MEM A7 kv (N=45, m=10, Af =1/44(1/%)) ZmT, A7 MVIEE 1L — 7 T-4.89
i, Hefit—27 31444 GELIALE— 7 DAY FIVEICRS 2 A2 bvtby =0.57), 53—
71104 (y=035), FHANME—27 2204 (y=0.19) 0450 — 7 %525, ZOHEDANRY
MUHIER /NI NEDTO0.19 THDHN D, AT MVEIRITHEFFEHTH 5.

AR, 9FEEDKUREERFEIEN OAER L7 EFERHE LA FERHIT 5 MEM A7 FLZ
BWT, =27 () HE1MAXT FVE (100 £5) BEOE 1ALART FIVEIZRT 25 A~
7 bkt (%) EZDNEM %25 270 Table 5 TH D, FLRBELEEFREIIEETRL L OLFEIZHONT
TNENN A DOE =T R L ZDOIAM Z 5 2, FHRE =7 EZ RIS WA, FEEO Y — 7 1T
BEMS T 11~22 4E, 4.9~63 4, 3.1~3.7 4, 22~28 4D 45D — 7 QI S, # 1 AAE
1% 4.9~63 FEDOFHIHIC A D KIEEEBFRIEN L N L S TH D, 2O DOFEHIHITEREEGEHCIESL
JEAH LRSI W CEAR D,

9 PRI D KUEE B HEHE D H BIEEHI X5 MEM A7 kL (N=540, m=10, Af =1/539(1/H) =
1/44.92(4F)) %Kiz, A7 hBIRIZE OFEEMED S (()OMEI & @ONI & @SOI, (ii))@NPI & ®
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Fig. 8 MEM-based spectra for WP index data sample in winter.

Table 5 List of peak year periods, the largest spectral value(E1), spectral ratio to E1(%) and its ranking in MEM-based spectra

for any of climate change index data samples in either summer or winter.

M-T 1.MEI 2.NPI 3.A0I 4PDO 5.WP 6.PNA 7.801 8.NAO 9.0NI

year Sum. | Win. | Sum. Win. Sum. | Win. | Sum. | Win. | Sum. | Win. | Sum. | Win. | Sum. | Win. | Sum. | Win. | Sum. | Win.

44

2 100 18® | 982 | 26@

14.67 732 | 100 | 45@ 100 64(3) 90® | 30@

11 350

8.8 100 880

7.33

6.29 360 100 100

550 | 81@ 820 | 470 | 80@ 16 | 54@ 90Q

4.89 100 100 50@ 100 100 100

4.40 100

4.00 261

3.67 | 100 16@ 5502

3.385 55@ 100 100

3.14 100 510 | 560 582 602 66

2.93 44Q

wn
N
©

2.75 100 20

2.59 5713 290 952

244 | 560Q 610 | 480 44Q 100 520 85@ | 490

220 95@ 190

E, 390 | 6147 | 4559 | 54547 | 657 | 6537 | 213V | 2847 | 460¥ | 3547 | 2977 | 676" | 5047 | 465V | 2427 | 2677 | 2007 | 754"

E: : 100-multiolied spectral value
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Fig. 9 MEM-based spectra for any of monthly data samples of 9 climate change indices.

WP, (iii))@AOI & ®NAO & ®PNA, (ivAPDO D4 % A FIZKAlEN 5, Fig. 9 ixznbnA~2s K
NEEZD, DX A TITHEESNHDOMEL &EQONI DAY MVITKI4AFEEH 1 E—r L+ 5IEH
\CHERL U HEE M ED AT M ZR L, @DSOLIZZNEM LSS LA L D, (ii)ZE T 5 @NPI
A7 MVIE TR N E L EZH LR THY, OWPIZHZ DAL TA LD, (i)l
I ENDBA0L, @NAO, GPNA DAY kL CIIAEISAE & LT 1B 0.5 FFHIN0LHE AT
B, ZOE»2ELU EORSY TIEENZNIAIC 2.8 4, 2.6 4, 3.TEREICE—27 2D, (iVICET
H@PDO DAY R VIR (BWHEER) 20 @B GEWER) 120 TR 523, &F
DUHE 1T FJEH] (0.976 ) IZHLNE—7 2 5D, (()DOWP DAY hUiE 1B 30058 T
LH00, (i) DGAOL, @NAO, ®PNA DALY MUZEWERE LD X5, AT hLICE
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W 1S D WEHE TR A 2322 T 5 K[UEEBNEIEIZ@NPL (0.5 FAisr b REV), OWP, @
PDO, ®PNA, ®NAO, BAOI (7=72L, 0.55 FfmDHRREV) DIATH 5705, @NPI DARZ

FLE—ZENERIFNIC R E VW, 2% o Fig 16 (2779 NPI (IEfEICIE NPI-1013) D#%H 24k
IZBWTNPL A 1 AFEHICHRICELT 22 L0208 ATH D,

Table 6 (9 FIHDOKEEENEIEDOERIE L LA BIEEHIXT 5 MEM A7 ML v —7 [
M, BINLART hUE GERIEEIOSA 100 f5E) BEIOARZ b (%) & ZDIEMO—E%
R BAEMNTERERHIR T 2 A (), BT A BIEEHT R 2 5o A8 (FF - Bkt
E—J7 IS T Db ODR) KT, 12720, MOEZZE L TOONI OFRZHIFRL TWD, F
AERHZ B WTHHE L — 7 J# () IXRBEEEfREZ L&, —ELn, B—7 FHNx
AT MVEO R E S OIEIZDOMEL T 4.89 4 (RE - /NBUIC 5 4R), 22 4F, 33854 (3 4), BAOI
T2 (RE - /NREITTIE84), 2754 (34F), 4.004F, @PDO T 114, 4.894 (54), 3.14 4
(Mﬁ,ﬁwmfvﬁﬁﬂﬁaﬁ)smﬁf&éﬂg PN SN [BUIOF S S el e NP S
JSIRFHHID, ARERTIEE L e —2EAH () MIE1HEEZ L DHDITONPL, @WP, @PNA,
@M@T%W,@MMT@UL%Q%4¢%%1E%ﬁﬂﬁkﬁéffRCMEH%1€%7$4%3
), @PDO (4.996 =), (DSOI (4.492 ) (QONI T 4.083 ) TIXA4~5F%2H 1 E—TFEL L,
(OMEI £ @QONI TIEH 1 ©— 274 (4.0834) BT 5, KA4FEOFEMYILENSO (ml=—=3 -4
FHEE) IZxHET 2D THA D,

P bHTERI DT, MHNOAEREEREL X OKIEEIRIED A7 s g < 200 A Bl %
%@h%«ﬁ@L@WRCMMU.Mmﬁ&)T@IEH%®E~7#ﬁ%M5M%L,ﬁﬁ%ﬁ
Bt 2 5.2, B0 — 7 B2 T4 0B W GEE) # ()15 4/, (i) 5 481, mms
IR, (1v)2.5 4FRI1R) ICKBI SN HRREIC Lotk Sy, S EFRERS X ORBEABIC
5420 =Y EAMRIZIHHRERLD LV ERTIE, WEICEERS DD LRV,

Fig. 10 IZIAFOGWP & KIENO MT RIZE T 54 F08 & H) &R OFZE & W O 8 X5
T z2xXy b, T7xbbak—L & Coh LA (phase) 2 FNEND AT FIVE(T) &
EBITRT, FANT VTR TR S AB(T) & FE R LTS, MEMICHESL 7 B XA~
MLV OFBEIEIT R TIE L oo TWRWT, Z 2 TIREEM FFT I X 2 HEZHWT WS, =
DHFFE XL DAY S NRGEEITIENO T, FERIISBEE AL LGN EHRETH D, KPIzix A
7 MOE—2 [ (), HFv—2FAHToae—L A LMHALRHT D, £, WP LHOA
BRHIER L TZE L TWD K ) ICH 2 57, FHEREp=0.456 23 ~d X 51T, MEOMBILENIZ
Erm vy, DNWT, AT hMEZRDE, OWP A7 MO E—7 A 5.63 4 L 3.21 EDIF»
11.25 4, HAXZ hLOE—7 8T 5.63 4L 281 4FTH D, 5.63 4FHHNIT—F L, 34X
FHEIZEVME R & 5, ORI & SRR G RO AT MBI OB RIZB W THHADO E—
7 JEENIHE AT VDS, BT LB RS LRVMERNIZH D, 7 B AR MUZOWNWT, ak—L X
(FFIE R DRRERI 728 BBEER) 13X 3 4ERTZ O JE IR T 112 <, @WP & HEBHI I TiL 3 4FA(
%O WSy O TR e BIfR &2 RE T 223, 5.63 Far Tld= b — V/Xioakm%mmﬁm
WAEVME A 52 %, (EFEF (phase) 122V T 3R OEMIRL Y TIXHER T IZH VT WP By &
60~70° DENEET DA, 5.63 HH5y TIERINS D 34° %kéo;ﬂ@ﬂ@%%K%%Téklé
FHLEEFE CIXB D T, OIS ERZ DM EDOEIZOWVWTHERRD Z LN F R D,

3.2 EXMEDIER

MERR - BRER (KL - CRE) Bt R fE1EE

F (A%, AF) B, 5, H%lJ@pH, pu, Uy HOBEEHC W TBINUARHENE, (P85, Wi
PHED 4 BRI TR IR BE 2 B 7, Fig. 11 3y, . UDERIERHI SV THBIRE (o, 1o pu)
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Table 6 List of peak year periods, the largest spectral value(E}), spectral ratio to £1(%) and its ranking in MEM-

based spectra for any of yearly or monthly climate change index data samples.

M-T 1.MEI 2NPI 3.A01 4PDO 5.WP 6.PNA 7.501 8NAO M-data
(year) | Y M Y M Y M Y M Y M Y M Y M Y M| (year)
44
2 | 92 100 1925
14.67 100 26 | 14972
11 100 9@
8.8
7.33
6.29 260 6.417
5.50 100 74@)
489 | 100 84@) 88@ | 100 100 8@ 4991
4.40 100 4.492
4.00 100 45@) 4.083
3.67 042 | 650 3.743
3385 | 88 88Q
3.14 100 | 00 30 50@ 3.208
2.93
275 799 | 912 2.807
259 280 100 | 570 | 2.642
244 | 20 520 410 | 84 2.495
232 63® 14@ 4Q
630 2.042
51 1.604
1.497
160 | 1.449
4Q 780 1.045
100 || 1.021
100 100 0.998
63@ 100 0.976
100 0.554
802 | 0541
20 0.505
i i 113
Er || 278Y | 3437 | 4367 | 91907 | 719 | 6.237 | 2550 | 1467 | 880 | 2327 | 689 | 8950 | 2570 | 2187 | 477

E1 : 100-multiplied spectral value of vearly data.
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Fig. 10 Yearly variations of WP index and H data sample at MT station in Osaka Bay in winter, scatter

diagram, FFT-based spectra and cross spectra(coherence and phase difference angle).

& MR T EREE [ OBAtR A 3FHICTIXAI L CTHE R D, WINOS5E b R MEREOI & & &M%
Bixd U, o oERiiER (50 Tp =1 #i#@%p=1—b+bl¢) TEREIND,
BHERNCHD L, pylLFEHOWFIICB VT [<250km Tpy>0.9 & 720, EEMDOENHZELNIRND
WX LT, p 3 LWEEEAEMEZ R U, PN AL - 2 W5 PRVERESE & 0 dE RN AT B 5 B B
IR C/N SV, ZAVERELE R G O FE VE 2> B AL BN 231 T OIRKUE D38 & I TICBfR
HEHEHIEND, ZOREE, WHENTEER TlXp,>0.9 % 5 2 2 S B IEEEIE 1<200km, PBEHI 5 REHL
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Fig. 11 Change of correlation coefficient between site-dependent annual data samples for any of py, p,

and U associated with site to site distance /.

TIE <100km &< 722, LavL, (FENERHL CIIaxtgt s 4 5T <150km O#PH Tp,>0.93 &Ik

WICEWHEE 52 5,

—J5, UIZB L T hpyldp, %A & FERIC, BIRIA s C S R BERE =0 fHE Dpy =1 226 =30km
M Tpy 095 & o7=Dh, [OEINE L BIZEWT D, pp>09 & L 25 [ OHPHIL I<S0km & B\,
WHZ, CPEATE SRR TR R EEEE OB L py DI TR TH Y, py>0.9 OFIPHIT <130km &
PR RN W NVEREIK Cldpy 13 15T 2 s o i 028 4 & 0, Bl 1<70km Tpy>0.9 252 5,
pL & py® LIZET BB OERIMEDRRIZI 52> TS, B E BHISE G BHT 255 < 8B R 12
BLUARZ B S 7-MBEBREZEA L TREON TS Z EBRMEFRT 2000 Lt/
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Table 7 List of correlation coefficient between site-dependent H data samples grouped by any of

summer, winter, year and month(Kanto coastal sea area and Ise Bay area).

Location | Tokyo Ashika | Hira- Location | Buoy A | Hamada | Yokka-
to-hyo Isl. tsuka ichi
Tokyo 0.68(Y) | 0.65(Y) Buoy A 0.16(Y) | 0.58(Y)
to-hyo 0.51(W) | 0.51(W) 0.43(W) | 0.71(W)
0.62(S) | 0.58(S) 0.62(S) | 0.60(S)
Ashika | 0.59(M) 0.90(Y) Hamada | 0.50(M) 0.26(Y)
Isl. 0.86(W) 0.71(W)
0.87(S) 0.67(S)
Hira- 0.53(M) | 0.86(M) Yokka- | 0.57(M) | 0.51(M)
tsuka ichi

B 512, [UEEIRBBEA 7 — L ORKOFITEBRICERT 52 L6, BE km O CIIH
SRICHBEZMABEA RS, & AHUS R BREEA 1<200km Tldpy, p>0.9 & 1ICITVWVEEZ &5, EH
BEEHZ DWW TS LR HRICE Y, A TCOMMIcEWHEBIZ TFREIN R TH D, EFEER
RAFER, AREEHZOWT b RO EEN N AL 5,

B EGE D A e & 3R & D WOIXIRE EEECYGE R NICRIT T 5 2 L h, HUlRRrE OB L =
7%, Table T IZBAMINAEWEEA 3 A CREBRORGUTEE, BRoOT U0, HEEROE)
BEOFEENS S HIA GBnAMIOT A A, ENRIOER, BEROMATT) OB mIcBE 7 2 s
FBIfRE A (RFoRE Y), & (W), & (S), A M) OFEEHZSOWTRT, WTINO&EEHS
DWT HANEMIR R VBN NS OWIROEELEZ T 57 ¥ h & & FFE OB py (303720 1123
VMEZ ©ODIZxE LT, NIRRT 5 R AUTEE S ANEEIROE L 2T 57 U BB L OV
BEOMBBRKIIAERRESE2 L5000, MM/ EW, FEE TIEEERNC W CTHBIRE
74 A LTUAET, AFERE EFZERNCOWTIER L MUHAT T, EFEBHIOWT T A A &iEH
THERMEZ G250, FHEEHZOWTIXT A4 A EWEHOMZBRW CHBERET/ NS, £72,
ABERHZ L CHUR M OM BRIV T b H 0 REABEREZ L D,

WS NV C I R LRI 11 & 372 0 20T, ARIERHZ DWW COFHBILRELN 0.7 2% 55—
A% F L iz Table 8 IZHt» TREMRFFEA MK T 5, F 3 HBEEHZ OV THBIREN & <12k
VT — A TN TS NERIRA R 2 MT R (RIRIE) & =R (R AE RN E) o
?0.89, Xl (EP#EEFEM) &A1 (S N RIESREEE ) OO 0.78, Wi b ANEMEIR
DR Z T DI () QB PN v S B b)) & o &R GleftkE L) @ 0.85,
eI &/ GReOtAKEIETESR) 0 075728 TH D, ZHOOMEOM TIZES « £F « FERO%
EEHZOWT Y 0.8 L EOMBIREE 52 258035\, icb ABIEEHZ W CTHBIFREN 0.7 %
Wz 5 2 R OME Y LB FEIMNOER) 124576 —/IMak (0.75), STF—=41k (0.72),
ME—f@IL (0.71), Ro—=A&% (0.72), KHr—=418 (0.73), Ko—AilH (0.71) ThHo, Zhoo
A OHBE IR AE 2D &, S1E—/IMAEZRWVTWTROMAeDbEOMR S N EIURIE R —F
[ 2 W BV T NI AL BT 5 2 L h, BERIL- S ORMZ LA BT 2 L HEl SN D, Lz
R8T, FHR ARG RN DWW T b A S M BEREII B BT R 0.7 L EORABERKREIEZ 52 5.
S5\, eI L o BEF o X 9 IS HEE ST A 300km P _EEERL 72 #S T B ANEVEIRIR O BB A 52 )
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Table 8 List of correlation coefficient between site-dependent H data samples grouped by any of summer,

winter, year and month (Seto Inland Sea).

Komatsu- | Okino- Sanbon- | Fuku- ) ) Sada-
) ) MT st. Imabari | Kanda Oita o
shima shima matsu yama misaki
0.67(Y) 0.73(Y)
Komatsu-
] 0.82(W) 0.68(W)
shima
0.78(S) 0.89(S)
0.89(Y
Okino- (Y)
) 0.80(W)
shima
0.87(S)
0.80(Y
MT (Y)
0.88(W)
st.
0.84(S)
0.83(Y) 0.22(Y)
Sanbon-
0.89(M) 0.94(W) 0.60(W)
matsu
0.43(S) 0.53(S)
0.74(W)
Fuku-
0.88(W)
yama
0.77(S)
0.64(Y) | 0.34(Y)
Imabari 0.75(M) 0.72(M) 0.83(W) | 0.62(W)
0.80(S) | 0.63(S)
0.69(Y)
Kanda 0.71(M) | 0.78(M) 0.76(W)
0.74(S)
Oita 0.72(M) 0.73(M) | 0.71(M)
Sada-
o 0.75(M) | 0.85(M)
misaki

2 MR O TITMBIREII R E VIS H D, E7z, P - PIIBHEL T 510151 % B BREE D /3 AR Rt 2
P9 2 R R B WO T b MR FRAHBIER BT R EVMEZ R I &b, WAL 5 70 £ s C
BT %,

DRZR - BRER (R - B&E - KS) EHEOMEE
Table 9 (ZRE (py, p) « JBE (U) - i (H) ©OEF (S) - 2F (W) - 4 (Y) HOKERH

BERIE DS 5 B A EE (72 & 213,

1 A6 45 RO 1 1 45 BOEEIOFIME) 25107 7RI

72 (MR) & H (M) BIOFEEHT DWW Ty & p, OFERREp (py - p )3 £ U & HOEBREpU - H) D
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Table 9 List of correlation coefficient between either py and p, data samples or U and H data samples

grouped by any of summer, winter, year and month.

p(py " pL) p(U - H)
S w Y MR M S w Y MR M

p U H

Tokyo | To-hyo | To-hyo | 0.51 | 0.60 | 0.34 | 0.49 | 0.71 | 0.92 | 0.81 | 0.83 | 0.83 | 0.22
Yoko | Kaiho Ashika | 0.57 | 0.61 | 0.42 | 0.50 | 0.71 | 0.67 | 0.29 | 0.57 | 0.47 | 0.01
Ajiro | Hira Hira 0.55 | 0.57 | 0.36 | 0.49 | 0.70 | 0.67 | 0.26 | 0.43 | 0.47 | -0.04

Irago | Buoy A | Buoy A | 0.57 | 0.50 | -0.05 | 0.46 | 0.84 | 0.63 | 0.27 | 0.07 | 0.40 | -0.20

Tsu Hama Hama 0.52 | 0.53 | -0.09 | 0.45 | 0.86 | 0.75 | 0.93 | 0.88 | 0.88 | 0.96

Nago | Jounan | Yokka | 0.56 | 0.54 | -0.06 | 0.46 | 0.86 | 0.65 | 0.74 | 0.16 | 0.48 | -0.36

Toku | Koma Koma 0.55 1049 | -0.14 | 0.44 | 0.90 | 0.70 | 0.80 | 0.55 | 0.67 | 0.19
Waka | Oki Oki 0.55 1049 | -0.25 | 0.44 | 0.90 | 0.70 | 0.78 | 0.44 | 0.56 | 0.08
Sumo | MT MT 0.54 | 0.46 | -0.17 | 0.44 | 0.90 | 0.82 | 0.99 | 0.95 | 0.94 | 0.96

Taka Taka Sanbon || 0.47 | 0.52 | -0.24 | 0.44 | 0.91 | 0.60 | 0.87 | 0.78 | 0.77 | 0.84

Fuku | Fuku Fuku 0.52 | 0.53 | -0.19 | 0.44 | 0.92 | 0.80 | 0.90 | 0.72 | 0.73 | 0.57

Matsu | Matsu Ima 0.49 | 045 | -0.25 | 0.43 | 0.92 | 0.85 | 0.69 | 0.70 | 0.76 | 0.64

Matsu | Kucho | Naga 0.49 | 045 | -0.25 | 0.43 | 0.92 | 0.53 | 0.70 | 0.54 | 0.71 | 0.84

Kure | Kami Kami 0.51 | 0.50 | -0.30 | 0.44 | 0.92 | 0.84 | 0.45 | 0.44 | 0.72 | 0.75

lizu Kanda | Kanda | 0.45 | 0.46 | -0.31 | 0.44 | 0.94 | 0.85 | 0.81 | 0.86 | 0.88 | 0.81

Oita OitaL | OitaL | 0.49 | 0.47 | -0.27 | 0.43 | 0.93 | 0.65 | 0.76 | 0.60 | 0.74 | 0.81

Oita Sada SadaF | 0.49 | 047 | -0.27 | 0.43 | 0.93 | 0.77 | 0.11 | 0.38 | 0.56 | 0.05

— 8 % BASRD FEREIE ) & W NI N 0 17 M (M4 1B 5wl RE 72 PR C&EME, Fig. 1, Fig. 2,
Fig. 32MR) 2o\ TH 25, [RIEICET S TN 1/3 O Ep, & BAL 1/3 O SE31Ep, OFHEFR S % 7
L&, BZF (), 4% (W), HRIEZ (MR) OKEEHZOWTo(py -p )L 04~0.6 & & HFRERE
AR A B0, (YY) BIEEHZOWTIZ-03~04 SAHBIIEV, LavL, 14ERMoOEEzET
A M) BIEEFCIEp(py - p )X 0.70~0.94 & mWFER AR L, LAs B OB B F 62> & Wl
W NI IS D IR ER&E 0D,

JEGRU & mH DFHBREp (U -H) &2 H» 5 L, BZF (S) L4F (W) OFEHIOWTIE, AFD7T v
Tk, 5, T A A, Ve RIRREEZ BROCTHBIREp (U - D) ITAE A 5 %, & \CTHEFUTEE, B,
MT J&, XTHTHIZEVTVEZRT, F (Y) BIEERC A RIZEZ (MR) &EEHZOW T HHEEL L 72
Mz & 50, WATCHORERE, ERIFREO X2, ResHmzrdtaibds, A (M) o
JEGE - B EERHC W TIE, 1THERMOEESNEE L, MEHEOMEBENEL 251X Th o038, %
BpU-H)=0.96 & & HikWH AR, W/ B (RAOKER) 26 FU O BRI IZ 28 2 Hs & 42 H
W CHBRE U - DI/ S <, BHBIE W EHE R L EEEROBRE ™R T 5, 7772bb, K’
FUTEE L DU B 12 BR T, PR - NIBICALE S 2 S CHREBIREpU - DITFEREZ LD, L ICk
H, MT & CHBEFREpWU - H)=0.96 L IEFITEHWFEREEZ 5 2 50, IMNEND OWRIROEELZ T HT
UHE, FER, A A, MR, WO BT, fEH IR TR U - ) OIS <,
HWEREOH M) BIEENZITEMETH D Z ERMREIND, 29 LEEWT, ULHOH (M)
BIEEHIA AR O HBE R Z LKL TWD EF 25, 72720, HEUTHE, /IMABIZRIT AN
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Fig. 12 Scatter plots of correlation coefficients between term-separated U and H data samples.

MEEOBRIZA L TRWVWO T, MDDV NLETH B,

Fig. 12 134 (Y) B, ARlFEZ (MR), H (M) Bl RRIEEHT S < BGE & 5 & O FH BIfR 5 o
MOMBKZ 3R L, RPICIIMBEREpE 525, MPTAHRIEZE (MR) Bk%20, HERd, =
IC XD &, MBfREpIX AR (MR) EEtE A (M) BIEEIOM T 0.874, ARBIFEZ:E (MR) &E
EAE (YY) BIEEIORIT0.888 &, M7 @BWAHBEZ R T OIZx LT, 4 (Y) BIEEE 1B
it M) BIEROM TIL0.768 &0/ <, MARBITARWAEBI 2773, ZAUCBEEL T,
FATEEICRB T 2H (M) BIEBOMBAREITELINSWHEEZ LD Z LG, ZRIEXIET D
Fig.12(a) & Fig. 12(c) Tix 7 v v b (OFD) 2SMHBIEMRD DHXMICKRE BN D, 2, W
DplZ OV T Hp>0.6~0.7 TIiL 3 EEHIEE S BRI B B LR AISEWEE 5 2 5 DIZX LT,
p<0.6 TIXARBFEZAE (MR) &EHIA (M) BIEE LY, ARIFEZ (MR) EEHIFE (Y) BIEEED,
(YY) BIEEHIA (M) BIER L 0 Zh e K& WG E & D, 372bbp (HRIZEZE (MR))
>p (FF (YY) B >p (H (M) Bl ofHmzH 5,

Q) [UEZ ENE1ER D FEE
1961~2005 4F 45 FE[MICH 1T 5 9O FFHD B Z= - 475 - 51 » H BIKEZ B [ o BiFEBEtREp D 5
B, |p|>05 D —ADfE% Table 10 (25-%, &5 FE TS T HAE TIiE|p|<0.5 D7 —ADIE L

Table 10  Correlation coefficient between climate change indices for the cases greater than 0.5
Case num. | Case name S W Y M
1-4 MEI-PDO | 0.616 0.553 | 0.675 0.534
1-5 MEL-WP | (-0.062) | 0.520 | (0.175) | (0.127)
1-7 MEI-SOI -0.841 -0.920 | -0.940 | -0.760
1-9 MEI-ONI 0.841 0.963 | 0.880 -
2-4 NPI-PDO | (-0.213) | -0.656 | -0.681 | (-0.162)
2-6 NPI-PNA | (-0.391) | -0.907 | -0.775 | (-0.391)
3-8 AOI-NAO | 0.630 0.768 | 0.780 0.626
4-6 PDO-PNA | (0.289) | 0.665 | 0.580 | (0.365)
4-7 PDO-SOI | (-0.391) | -0.530 | -0.577 | (-0.349)
7-9 SOI-ONI -0.809 -0.879 | -0.916 -
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Fig. 13 Yearly variations of two kinds of climate change indices in winter and their scatter plot(1).
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IZEBWTRKREWHOHEMBEFRE ExtE) %5 2 2 KMBEEBEREOMAE L HMHEERKp0— &%
|pamax[>0.5 DFLET 7 —ANZDWTRT, Fiz, BEABRREL0gmax 23 EARBR S p DHfaxHiE % 0.1 LI E
FEEDLDL =R LT, 3 0DOEKMOBEAMBEMATHERD 5 BIEY O 2 SOMEEITHT 5 A
L 52 TW5b, &I, SHEBEMOBRELFEINTR T, XD L, BRI ma FHAR
BB p DRI L W YRR E 203, K Dr—ATphdhHED EEbbNWZ Lo, KEXE
ZENFEAR X R AT O KR EEIE & O CHAEEOBRIZH 57, &2 WIZOWP (B8 RS
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AR BRI P gmax DS EFARER S OHERHE A 0.1~0.15 EE bV, 2FAOHRALEKOELERH LN
%o TDOYE D pamax PHEIFAIL 0.618~0.803 TH LMD, —EREL EOMEFEELITRD HILE
9. F7z, HEDOONPI £@AOI 1L UVGNAO & O THEAMBIRE pimar=0.618 % 5% 57, @NPI
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Fig. 14 Schematic diagram on interrelation among climate change indices.
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Table 11 Multiple correlation coefficient pg ,, among climate change indices and simple correlation coefficient for the

case of |pgm[>0.5.

Summer Winter Year Month

CCI
caseA | pgm | case | p | caseA | pgm | case | p | caseA | pgm | case | p | caseA | pgm | case | p

1.MEI 1499 [ 091 | 19 | 084 | 1-79 [ 098 | 19 | 096 | 1-4-7 | 096 | 1-7 | -0.94 | 1-4-7 | 0.81 | 1-7 | -0.76

2.NPI 2-3-8 | 062 | 23 | 033 || 2-3-6 | 093 | 2-6 | -091 | 2-5-6 | 0.85 | 2-6 | -0.78

(3-8 0.63) | 2-8 | -0.20

3.A0I 382 | 078 | 3-8 | 0.63 | 3-2-8 | 083 | 3-8 | 0.77 | 3-2-8 | 0.81 | 3-8 | 0.78 | 3-6-8 | 0.68 | 3-8 | 0.63

28 -020) | 32 | 033

4PDO | 4-1-9 | 070 | 4-1 | 0.62 | 4-2-5 | 0.75 | 42 | -0.66 | 4-2-1 | 0.80 | 42 | -0.68 | 4-1-6 | 0.59 | 4-1 0.53

(-5 0.14) | 45 | 028 | (122 -045) | 41 | 0.68

5.WP - 5-1-2 | 0.64 | 5-1 0.52

(12 039 | 52 | 014

6.PNA - 6-2-5 | 092 | 62 | 091 | 6-2-5 | 0.84 | 6-2 | -0.78

7.501 7-1-5 | 087 | 7-1 | -0.84 | 7-1-5 | 093 | 7-1 | 092 | 7-1-9 | 0.96 | 7-1 | -094 | 7-5-4 | 0.76 | 7-1 | -0.76

8NAO | 8-2-3 | 0.76 | 83 | 0.63 | 834 | 080 | 83 | 0.77 | 83-7 | 0.79 | 83 | 0.78 | 8-6-3 | 0.66 | 83 | 0.63

23 033) | 82 | -0.20

9.0NI 9-1-4 | 087 | 9-1 | 0.84 | 9-1-8 | 097 | 9-1 | 096 | 9-7-8 | 092 | 9-7 | -0.92

CCI: Climate Change Index  1:MEI 2:NPI 3:AOl 4:PDO 5:WP 6:PNA 7:SOI 8:NAO 9:ONI

EEE L2, Fio, ERBEREIIAER L 'S XL 25 EER L ORI TR SN DT,
WICIEEZ LY, IEER L OAMEE & 01525 BB L 3Rz RICT D RICHETDLERH 5,

DHRR - BRER (RE - - KE) ERIEZHEEDEE

Table 12 X%t GeH i T & *@KWW%@W% WRER (KL - JBGE - &) & 9 RELEB R
&@W%%@@o%,1ﬁﬁi@ﬁ%%@w&@ﬁm#ﬁ%y<@%ﬁ?mk@h%&ém@EQE
L pOHEFH, 247 HIX 2 BAE (KUEEEEE) 12 X 2850 EABEMAT CTf b L7 B BEHREpy
DI KNP gmax DHEIFH &, FEINNIZ pgmax>0.5 DRGUMFREHE - BB — R 2B W THIRIIC R Z 0
Pamax & 5 2 DREM 2 ZELEBEREOMAE CORELZOANV T TER), 31THE41THIC
RIS FEfEi, BYEABREI, W YRR CZ T 0amax>0.6 3 £ Wpgmar>0.7 (&R OLEI
ILZ N E N Pamax>0.5 B L W pgmar>0.6) % & 2 Hu B/ iai | e mdi Az, £ 15 OKERL DT
R R R 5 2 5, RO BEMHBREZ 5 2 2 KEABFREOM AT TR MA T L IcRi s 2 &
D, EMHEENZ VAT ETRE LTV D

2 HH - %Eﬁ%6%ﬁ%%ﬁﬂow(%k@ﬁmﬁﬁﬁwkﬁi6%ﬁ%@%ﬁiﬁ&éﬁ e
EAZETIZIOWP BMIIEZOHNLE 58, ARITTIZONPI NE#T 5, #%ikd 5 X 5z, @NPI X
R 1ERIEB A D Z 0D, %%f&@%wm%m%ﬁéhéo@W%%ﬁ@@ﬁﬁ%ﬁéa
B Cldp, U, HIZX L TO0.6HD W EZNLL BICET D, FEHA TldpylZk L TOAOL 23, UIZxt
L COONI 28 0.5 B D E AL L 5, 728, ZXFDOpyllit L CHMBERE DK KIEIZEOWP & D 0.65
[Nz T, MMEI T 0.46, @AOI T 0.50, ®NAO T 0.47 Z, ZZF=DHTIIOWP & D 0.60 DIEH, @
NPI T-0.49, EDOUTIZ@ONI & ? 0.55 DIFH>, OMEI T 0.53, @AOI T-0.51, @PDO T 0.51, ®
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Table 12 Results of simple and multiple correlation analyses using any of py, p,, U, H data samples and

climate change indices.

elm. Summer Winter Year Month
py | ®WP p=0.11~030 | ®WP0.42~0.65 | @AOI0.26~0.48 | @NPI -0.68~-0.40
61) | Pima=0.24~0.39(-) 0.58~0.74(®-3) | 0.36~0.58(®-5) | 0.49~0.75(@-6)
(16/16, 7/7, 33/38) (116, 7/7, 36/36)
[16/16, 6/7, 2/38] [0/16, 0/7, 18/36]
p. | ®WPp=0.18~0.48 | ®WP-0.02~0.48 | @PDO -0.07~0.26 | @NPI -0.69~-0.17
(61) | Pamax=0.37~0.54(®-2) | 0.32~0.50(B-3) 0.17~0.35(-) 0.28~0.75(@-6)
(0/16, 5/7, 36/36)
[0/16, 0/7, 19/36]
U | ©@ONI p=0.15~0.46 | ®WP -0.24~0.49 | @PDO -0.37~0.51 | @NPI -0.70~-0.04
(60) | Pumax=0.24~0.51(D-5) | 0.28~0.54(B-6) 0.37~0.64(@D-8) 0.14~0.76(2-6)
(0/19, 3/15, 0/26) | (5/19, 15/15, 2/26)
[4/19, 1/15, 0/26]
H | ®WP p=-0.55~0.11 | ®WP0.03~0.60 | GAOI0.26~0.39 | @NPI-0.62~0.65
(17) | Pina=0.25~0.64(B-7) | 0.36~0.70(®-6) | 0.23~0.60(D-4) | 0.15~0.69(D-6)
{0/3, 0/3, 2/11} {1/3,2/3,5/11} {0/3, 1/3,2/11} {2/3,2/3,3/11}
(0/3,0/3, 1/11] (0/3,2/3, 2/11) (0/3,1/3, 0/11) (1/3,1/3, 1/11)

I:MEI 2:NPI 3:AOI 4:PDO 5:WP 6:PNA 7:SOI 8&NAO 9:ONI

{ }iPama>0.5,  ( ): Pamax>0.6, [ 1: Pamax>0.7

NAO T 043 &, HOREAEREL L D,

Fig. 15 [ ZHRIUEEHIR L T D RREAR ERMABAN A 15 Z1ZOMEL, @AOI, @PDO, ©
ONI & O HUHHBAGRE p o Hit U5 ME 2 BE AV 5 BBk oD BORCAT R 20> © W= PR A Ik oD 2 FE I b S L 1)
T 60 A TRLIEZBEDTH D, KpD RK/NBIFRITHERS TRtk = & 12 B 0, B A5 COMEI
LQONI, BRI T@AOL, G HEE T@PDO, W7 PIEFEE C@ONI & DR BIR I 6 11
REWV, ZDO LI, HbEWAREEZ 5 2 2 [UEEENFEE I EBK A ER HBLT 5 D DVFHE T o 5 73,
A HUEAZ T DR RO HEAMBRE GEHE) 1205/ THY, MBIZHEVEVEITE 2R,

1R OZEE %2 & de ARIEECIX, py, vy, U, HOWTHRDOEFEIZOWNWTE, @NPI & O HFHE
RENIIRKRAET 0.6 2 EEDY, 2720 @WHHBZRIET 5, 30°N~65°N, 160°E~140°W DFIKIC
BT 2 PR E RED O EDILZ@NPL 1T 1 FEM oL L#H 25T DT, & <Ipy, piloNT
T ORERIFITEINS,

Fig. 16 [ZREARIZI T 59, (=p,-1013) & [FH& % Witz L 72 NPI(=NPI-1013)D H B/ 5% 77, &L 1
RO AL 2R, FOoFEIMILILHFET 5,

Fig. 17 13p; (REA) ENPIOFIBEBEMRE 5% 5, FHBREIZp=-0.684 % LV, W& IL—/CEHRER
WD EaRET LN, lexDT7 —2OHBEEHREDLY DXL OENKRENI LD, XViEgZz
REBLL LTI AB DR RER & BREMRNORLTINMTELSIND L BFE XD,

DWT, HFABMNT OFERE 2D, py, pp, UEEHIEE U CHEMBRE pgmax P X R HAIZIB T 5
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Fig. 16 Monthly variations of P (= p,-1013) at Kumamoto, Kyushu and sign-inverted NPI(=NPI-1013).
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Fig. 18 Spatial variations of the maximum multiple correlation coefficient pgnq, among py data sample

and climate change indices in winter, multiple correlation coefficient p; and simple correlation

coefficient p.
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Fig. 19 Spatial variations of the maximum multiple correlation coefficient pgnq, among monthly py
data sample and monthly climate change indices, multiple correlation coefficient p; and simple

correlation coefficient p.
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Fig. 20 Spatial variations of the maximum multiple correlation coefficient pg,,q, among monthly p,
data sample and monthly climate change indices, multiple correlation coefficient p; and simple

correlation coefficient p.
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Fig. 21 Spatial variations of the maximum multiple correlation coefficient Py, among monthly U data
sample and monthly climate change indices, multiple correlation coefficient p,; and simple correlation

coefficient p.
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Fig. 22 Spatial variations of the maximum multiple correlation coefficient pg,q, among monthly H data
sample and monthly climate change indices, multiple correlation coefficient p,; and simple correlation

coefficient p.
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FEROpy BRI TLVFELL 2D,
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1ToT2s FRMTIZHISELN, (py »p, 61, U:60, H:17), WrS5N, (B £F < 4F 1 45, H :540)

ELTHLIT—A (N>N,) EFHE27—A (N<N) O 2380 THEi Lz, TOFEE, E— K n OFRFER
¥ (FfRED) #C,(t), T— K n OFEAREMe,(x) T 5L, FEFEIX
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LERIND, BEELOT T T AT, [F—7 =Xk LTC()E X Ve, (x) DitxHEITXZ N EIE
17r—ALHE2r—ATHEIETHDN, HAEIZEARKSO/EEEDHEAELVR RN, Ll
Co(t) & e, () DFEIXIE 7 — A CRMERIS % 52 5, ZOREOFEINIASHOFEL LT, ZI Tk
Ny ENDOKRNBERIZE DT EH 2 r—2ADfREREHND

Table 13 (IFE1E—FLEFE 2T FOFERL(=1,2)Z0MO—EZ2 BRG] - EHEHNZET,
Du, DK T HE 1 E— FOFERLIZ080LL L, H2E—RFEDRM (4, +4,) 1£0.93 2z 11231
W, DD, H1E— K Tpy, p,EEOSHIED 80%LL L%, 2 E— NETT 3% EEFHFATE

UICBE LTI 1 E— FOFGHRAIL 0.470~0.633, 52— KE TOF (4; +1,) 1% 0.686~0.829
ERRNC NS 250, ZNTHABUEICH T2 HERFNETHA D, HITOWTIE, B, 43,
FEROEETIHE 1 T— ROFHLELITZTNTN 0.660~0.721, 5 2 E— R E TORM (A, + 1,) 1X 0.775
~0837 &LV, FE1E—FELFE2E— NITLo THEROSHIED 80%HI# LM TE D, D
i3y, pERIOLEIZIZRIZRNE OO, e REW, LirL, HIEERHZOWTIE, 1 E—
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Table 13 Rates of variance explained by the 1st and 2nd modes in EOF analysis.

Summer Winter Year Month
A Ay A+ 24, A A2 A+ 4, A Ay A+ 4, M Ay A+ 4,
py | 0.877 | 0.090 | 0.967 | 0.931 | 0.052 | 0.983 | 0.861 | 0.094 | 0.955 | 0.905 | 0.071 | 0.976
py | 0.807 | 0.132 | 0.939 | 0.887 | 0.086 | 0.973 | 0.812 | 0.124 | 0.936 | 0.877 | 0.089 | 0.966
U | 0.633 | 0.196 | 0.829 | 0.495 | 0.269 | 0.764 | 0.470 | 0.216 | 0.686 | 0.524 | 0.187 | 0.711
0.721 | 0.116 | 0.837 | 0.686 | 0.109 | 0.795 | 0.660 | 0.115 | 0.775 | 0.328 | 0.217 | 0.545

elm.

RO%FEHHFA1L0.328, FH2E—RETOM (A +1;) 1£0.545 THIHIND, BitOFHRIFXHIC
BV, ZHUTHPMNER IR Z G0 @B L N - ISR & B2 &, RS O BRSO+
EILE > TEERREEFEE b oL ZAITERKT 5 LR S5,

Fig. 23 IXMFEERERC, (1), n =1, 2, 3 DRFEELE A FTDOp ERHT OV TRT, WTFADC,) b 1=
AOEE ZSAEME TV IETN, #1T— FOC,O)DIEENAERMICKE W, £/, E3ET—FOD
Cs(OITITEAH 10 FFRRE DOREL R BN A MEAEDOEE R Mb > T D, AFEOp, BRI T 5
MEM (5 —#$ N=45, 7 4V —OIHEE m=10) O L - TRO-HFRIREC, (), C,(t), Cs3(t)
DAY MBI DHEIMNE—7, F22ME—7BILOESMNE—7OFY (F) IHE1E— KD
C,() TIE 2.59 4F, 3.67 4, 14.674F, 5 2F— FDC,(t) TIiX 3.14 4F, 4.89 4F, 880 4F, #3F— KD
C3(t)TIX 338 4F, 11.00 4, 550 FFTH D, H IALOEMEH () 13V b SFIRICH D, &
B 10 FRi1E O AR NI 3MESH 5 VIEEH 2 EICHS T 588 & LTt s s », #E—F
R THBAMALT LS —E LRV,

Table 14 1MW (HF, 478, F) WOpy, py, U, HERHIIES EERIFREC (O 2 MEM A
Y NENT I DT E VAL O ERER Tp () EH 2 OB T, () BIOHEYET 5 A
7 MVOE 2N EF INAED EB/E, O—BE2ERT, kL, v©—7 BHITHHERZ T L
B2, HEV B LRWD, FEH 3FERIEROEEL L D57 —ANELL, 6 ~8FEORBEH AL
N5,
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Fig. 23  Yearly variations of time coefficients C,(t)(n =1, 2, 3) obtained by EOF analysis for py

data sample in winter.

83



Table 14 Year period Tp; with the largest peak value £, and year period T, with the second largest peak value E>
in MEM-based spectra of time coefficient C,(t) and spectral ratio E»/E; for each data sample.

Summer Winter Year
Tri | T | EJJE\ | Tpi | T | EJJEV | Tpi Trm | EY/E,
py | 7331293 ]0.747 | 2.59 | 3.67 | 0.670 | 3.38 | 2.59 | 0.996
p. | 3.14 | 8.80 | 0.864 | 2.75 | 6.29 | 0.527 | 8.80 | 2.93 | 0.996
U |3.14]220|0.897 | 3.14 | 2.44 | 0.847 | 5.50 | 14.67 | 0.641
H | 3.67 244 ]0.865 ]| 3.67 | 2.59 | 0.571 | 3.67 | 6.29 | 0.543

elm.

Table 15 Multiple correlation coefficient among one of time coefficients C,,(t) (n =1, 2, 3) for each data

sample and climate change indices.

Summer Winter Year
elm.
Ci (@) G C (@) Cs G G C3
Pam | 0.318 | 0.290 | 0.408 0.704 0.495 0.283 0.354 0.372 0.386
py | CCI | 4-5 7-9 4-8 3 -5 2-8 1-6 3-4 5-6 4-9
p 0.469 0.597
Pam | 0.484 | 0.279 | 0.469 0.396 0.621 0.372 0.232 0.360 0.468
p. | CCI | 2-5 1-7 3-8 4-5 I - 2 2-3 1-4 5-9 1-9
p 0.250 0.427
Pam | 0438 | 0.237 | 0.262 0.439 0.493 0.489 0.523 0.234 0.606
U |CCI| 12 1-7 5-9 2-4 2-5 1-9 8 - 9 1-4 1 -9
p 0.167 0.479 -0.320 -0.038
Pam || 0.427 | 0.431 | 0.253 0.622 0.556 0.364 0.300 0.469 0.351
H | CCI | 2-6 2-5 2-6 I - 2 2 -3 5-9 1-6 1-9 3-4
p 0.274 0.409 | 0.102 -0.470

CCI : Climate Change Index 1:MEI 2:NPI 3:AOI 4:PDO 5:WP 6:PNA 7:SOI 8:NAO 9:0ONI

Table 15 [T MR B OFERUREC, (), (n=1, 2, 3) & RAELBIEEE L O 2 ZBHEEFMBIREp, D
KM Pamax (= Pam), TAVEEL D 2 HOKEETEEE, B X Ppgmar>0.5 © 67— ATk LT LE
DRIEENERE L C,(0) & ODRAMBEFREpD—EE 525, ZIUTLED L, Pomex>0.6 D7 — A THE 1€
— FDC, (IO WTIEA T, BRI OBEIZ@AOL B L TOWP & D Toamex=0.704 (WP & DT
p=0.597, @AOI & D Tp=0.469), AFOHEEDC, ()2 TOMEI I L TVC@NPI & DT
Pamax=0.622 (@NPI & D[] Tp=0.409, OMEI & D] Tp=0.274, Z DIFHNGWP & D[] Tp=0.489) »
2/ —ATH D,

#2F— ROCMICOWTIEAFEOp, BEOHAICDOMEL X T@NPL & DI pgme=0.621 (@
NPI & D Tp=0.427, OMEI & O] Tp=0.250), % 3 E— FDOC3(OIZ OV TUIFERUEEIOLAIZO
MEI 35 X T@ONI & DIZ pgmax =0.606 (DMEI & D[] Tp=-0.320, @ONI & D Tp=-0.038) D% 1
r—=ATo b, &7 — ADEFBIMRILpgmax L HA BRI IZ LR T 0.1 L EREVOBRFHEHITH 5,

, FERNUEEHZX T2 C () DEHA T, plZX T 2 pamax PHEMMNE LU,
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Fig.24  Spatial variations of eigen functions e, (x)(n=1, 2, 3) obtained by EOF analysis for any of
Py, P, U and H data samples in winter.
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XNHONBes(x), e(x), eg(X)DNEIC/R->TEY, L<iles()IFBM, MITFiETE—2 % L 5,
UBEHZOWTH DB LR N A 5N 50, T D OZERZE T RH (b2 KT &8
Do T2DH, e COITMIRT, e,()IZPEBTEEO T A AT, e;(x)ITWINTZI LI ARER 221
eEEAELD, HERHZOW TS £ 0 RHA e 2 LIX A b 7e

Fig. 24 |28 L= & Fmp, RN S < e, (x)(n=1, 2, 3)Z%%[MET —% & LT MEM A7 Lz kK
DIFER (7 —% N=61, 7 4V —OHEEK m=10) 12 LIUL, e (x)cxf LT — 7 #if$ (M)
HIFER ST, eI ONT H BRI/ E W, ea(O)IZOWTITE 11— 27136 HiS, 55247
B =7 2.40 HUSIZH D,

Table 16 1dpy, p,, UERHIE S ETOEEBNS 25108 3F— FDes(0)IZHT 5 A7 bt
— WD~ EEET, TOBAICHLEHERE - AN LND Z LD, AT E R
TERWTNES, HFIE—7DAXT MARHEIIERT S L, 1 E— 27 HRIE 8 Himnifk,
12 #8052 WIS (RWEME) I0hd, ZoEh 2.7 MaBoFEBERIND,

SWT, #IM (BF, &%, F) MEEREE (py, p, U, H) T3 2 EOF fi#th TH bR
MREC,(H(n =1, 2, 3)B L OEAREKe, () (=1, 2, 3) &IV ER & DR EZTH~NS, =
ZCHIR - MR B HE A 2 oy (x) THEEHE(L L 72 VB BES; (x, t) O e AES, () 72 © O i 7 %
(556t = 5.00)/0100) = pyCe, ) & B 1M (M) $5E8, X (BRAR) JEEE, ° 7 IABFIAT
Bwfed, EEMERDCT D720, i I LTESx %z, jIoxt L TE S W5, bRz
EIZR~IE, 2XD L) ThD,

D% 1 E— FOREREC, () & pi;(x, ) & OHUTBIFRBIREp; () (= py) 36 K O F O FH B ELH D A) i
fiEa; () DR G SN DN T OFEEP & AR 2o (p,) 78 D N Y Ea% Table 17 1Z-d, 22

Table 16 Site number length P; with the largest peak value £}, site number length P, with the second largest
peak value E>, site number length Ps with the third largest peak value in MEM-based spectra of eigen function

e;(x) and spectral ratio E»/E, for each data sample.

Summer Winter Year
elm. P, P, P E»/E, P, P, Ps | EYE, P, P, Ps EY/E,
Py 7.50 | 3.75 | 2.50 | 0.264 6.0 2.40 - 0.858 | 2.61 | 4.29 - 0.968
pL 8.57 | 2.50 - 0431 | 2.73 | 4.62 - 0.873 | 7.50 | 2.50 | 3.75 | 0.355
U 2.73 - - - 12.0 | 2.86 - 0.120 | 12.0 | 3.00 - 0.181

Table 17 All sites-mean p and standard deviation o(p,) of site-dependent correlation coefficient p;(x)
between EOF analysis-based 1st mode time coefficient C;(t) and site-dependent p;;(x,t) and all sites-mean @

of site-dependent slope value a;(x) in regression line of C;(t) on p;;(x,t) for each data sample.

Summer Winter Year Month
p |olpy) | a p |alpy) | a p |olpy)| a p |alpy) | a
py | 0.9410.04 |0.1278 | 0.96 | 0.04 | 0.1262 | 0.93 | 0.05 | 0.1275 | 0.95 | 0.04 | 0.1279
p. | 090 | 0.07 | 0.1276 | 0.94 | 0.06 | 0.1262 | 0.90 | 0.07 | 0.1277 | 0.94 | 0.05 | 0.1279
0.80 | 0.06 | 0.1248 | 0.66 | 0.17 | 0.1178 | 0.65 | 0.14 | 0.1216 | 0.72 | 0.07 | 0.1285
H | 0.65|020 |0.1759 | 0.70 | 0.22 | 0.1937 | 0.57 | 0.29 | 0.1702 | 0.45 | 0.35 | 0.1911

elm.

x
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2T RHESES AR T, py, plCO W T OABUREAIIHIRIC X S5 1RV, UBEUHIZS
WTITHEXIIT N SV, 238, H2F— FB IO 3 F— FORERMREC, (0B LOC0) Lpijlx,t) &
O H SR BIFR L D A RS EE IR E A E AL 012 <, W OMBIEA vy, ZHiE@IZ SN T
LE 2D,

@WERIERERC, (1) & RHUFEYS Uz R e im 22 B B o p, (O (= mmb®M%M@pkioq@km@®
B E AR DO AEME a D—%& % Table 18 127”7, py, p X L CpliEE 1 TH Y, WEOFBEIXIES
WZEW, U, HIZOWThpy, pPBEICKIERNE D0, FHEY i7§>7‘£@mb\ C,(t), C;(®)&p;(H) &
DOFABAFRER p 1% A BIHE FH Lou\fcz(t)koﬁ"ﬂ@ -0.5058 (Table 18 2/ L 51T, C ()& DHITIX
p =0.8499) ZFRNT 0T, MFIRIFTEMEICRD, LnL, pj) &0 @) & DphEF/IhS L 72
e, O ECOHDLN ‘iCs(t)k@p@%%iﬂﬁ X ERROFOIFNHEKT 018 IZET 5,

Table 171285 2MEMREG L =5 L, Table 18 (/R34 M S Y L7 & EH 55 < MHBISE S
PIED T T IZIEWEE & 5, Z OMEEZEIEEREGOE /NS WUEEHCHE L, & ICHEE
DOEFAITE LV, T DI, C () ERZEEEE O B BIR S O FEHMEP I T, € (6) & A
EEIRZEE R OFIBIREp DT 3L D I 1 ISV, R O AlMEa & %% O Ak Eald—
T2

Fig. 25 134 FDOp, EEHIX L CARMEa=0.1262 % 3 U 7-0. 126261(t)}: i’@ﬁﬂzi’ﬂbfcﬁﬁﬁﬁ%
pi(ODERINZE G52 %, C(t) EP;()DHBRENE DD T LITEWZ LS D K5I, WH

1&#&?601@%%@%?%@#%1(Hg%)ﬁobf%ﬁ%%@ﬂ (LW Z EMNBE X
Do

WE, BERITIRAE B (x, O

pij(x,t) = e (x)C1(t) + ex(x)C5(t) + e5(x)C5(t) + -+ + e (x) G (t) ()
TERINLND, ThiExTEHTS L
D) = &,(x)C,(8) + &, (x)C(6) + E3(x)C5(0) + -+ + €, (x) Cr (0)

= a;,C,(8) + @G5 () + azC5(t) + -+ + a, Cr(0) (3)
272 %, Z2IZ, é(x)(= ap)lZEAFEe, (x) DxIZBET 5 B xR T, £ T,
a,C () » a,C,(t) > or = azC5(t) > or = -+ > or = a,C,(t) 4)
DA,
pi(t) = p(0) = a, G, (¢) ®)

INERALT %, Table 191252 726,(x)(= ar), 1Ck(®)lmax> Ex(x) X [Ci(O) linax P — TR T L 512, H]
MR DOFBEFERHZOW TG DOFRER BB D, Lich->7T, Fig. 25 °Fig. 26 [Zf/~

Table 18 Correlation coefficient p between EOF analysis-based 1st mode time coefficient .C; (t) and all
sites-averaged deviation data sample p,(t) and slope value a in regression line of C;(t) on p,(t) for

each data sample.

Summer Winter Year Month

elm.

py | 1.0000 | 0.1278 | 0.9992 | 0.1262 | 0.9997 | 0.1275 | 1.0000 | 0.1279
p. | 0.9999 | 0.1276 | 0.9986 | 0.1262 | 0.9999 | 0.1277 | 0.9999 | 0.1279
0.9980 | 0.1248 | 0.9824 | 0.1178 | 0.9908 | 0.1216 | 0.9990 | 0.1285
H | 0.9776 | 0.1759 | 0.9833 | 0.1937 | 0.9598 | 0.1702 | 0.8499 | 0.1911

=)
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Fig. 25 Yearly variations of constant value-multiplied 1st mode time coefficient 0.1262C, (t) obtained by
EOF analysis for py data sample in winter and all site-averaged dimensionless deviation data

sample p, (t).
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B p, & B R 0 (p,) D — 55 % Table 20 12773, F EIRE 0> 42 S K3 11 IE 0 m%m,
AR (p)ITIRE WV, e,(x), es()DBELFRETH 5,
@ 1E— FLHE2E— FOEAF e (x), e(x) & ERICHR AL Blp;; (x, ) O A BIEHER Zo; (x),
skewnessp; (x) & DFIRREp D —E % Table 21 (2525, £72, XZFDp,EEHZ DWW T, e,(x), e, (%),
0;,(x), B;)DIFEFMELE Fig. 2T 123, ZOHITide,(x), e,(x) &o;(x) & OFBNTIIEFR 125 <
e(x), e(X) LX) EDHEL N D E N LG, ZNENOEEIEN S M ibivsd, [F CEmE
XZFpp BRI b R Esh D, 7, BZE, 42, FEROHEE CTlde,(x) & o;(x) DFEBIIA B /2Bt
ZHON, Bi(x) L OBV, ZOMOr—2THREETICE WS RS2, %
DHBUIHIETH 5,
GHARIB » TR OB AR RYNEE D S S BNTR O 7 HER 20, (x) & skewnessp; (x) & D AHEIGR
Bpxh 270 Table 22 Th 5, AREBHENEFR LA FDpy, p BRI TALND, MAX THEE
IZ2OWT, £FE2R<ESE, £, HOFROHB T EREL FOFERMBBEARDOND, b
FIEEZFAOEBMEAZHES 3, ZORIZOVTHREFIRHNLETHA 9,
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Fig. 26 Yearly variations of either constant value-multiplied 1st mode time coefficient 0.1178C, (t)
obtained by EOF analysis for U data sample in winter or 0.1702C;(t) for annual H data sample and the

corresponding all site-averaged dimensionless deviation data sample p)(t).
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Table 19 Alist of &,(x), |Cx(t)|max and é;(x) X |Cy(t)|imar for any of season-separated py, p,, U and

H data samples.

Summer Winter Year
é1(x) | &,(x) | &(x) | é1(x) | &(x) | &3(x) | é1(x) | éx(x) | &3(x)
py | 0.128 | -0.003 | 0.006 | 0.126 | -0.021 | 0.0002 | 0.128 | -0.009 | 0.006
py | 0.128 | -0.003 | -0.005 | 0.126 | -0.021 | 0.002 | 0.128 | -0.002 | 0.008
U | 0.125 | -0.006 | -0.021 | 0.118 | 0.020 | -0.025 | 0.122 | 0.018 | 0.008
H | 0.176 | -0.047 | 0.041 | 0.194 | 0.022 | 0.067 | 0.170 | 0.076 | 0.069
é,(x), k=123

elm.

Summer Winter Year
$10) GO | GO $10) GO | GO | GO | GO | GO
py | 20.40134 | 5.81396 | 1.90793 | 24.32132 | 5.38477 | 1.98294 | 9.00190 | 3.11507 | 1.21789
py | 13.94541 | 6.01696 | 2.09577 | 31.22120 | 6.39597 | 2.13717 | 8.63619 | 3.86401 | 1.20820
11.66809 | 5.46149 | 3.29957 | 7.86962 | 5.72264 | 2.73756 | 4.63319 | 3.13974 | 2.53323
H 1.39510 | 0.43266 | 0.27252 | 0.73468 | 0.30300 | 0.24261 | 0.67014 | 0.17935 | 0.13886
|G (O linax, k = 1,2,3

elm..

=)

Summer Winter Year

elm.
€1 X Cimax | €2 X Comax | €3 X Camax || €1 X Cimax | €2 X Comax | €3 X Camax || €1 X Cimax | €2 X Comax | €3 X Capmax

py | 2.60743 | -0.01838 | 0.01105 | 3.06926 | -0.11513 | 0.00041 | 1.10245 | -0.00581 | 0.00912

pL 1.78005 | -0.01784 | -0.01150 | 3.93920 | -0.13676 | 0.00376 | 1.14775 | -0.02720 | 0.00708

U 1.45642 | -0.03377 | -0.06888 | 0.92688 | 0.11706 | -0.06823 | 0.56354 | 0.05717 | 0.01951

H 0.24536 | -0.02025 | 0.01119 | 0.14233 | 0.00676 | 0.01633 | 0.11404 | 0.01359 | 0.00964
€ (x) X |Cie () lmax, k = 1,2,3

Table 20 Time averaged p and standard deviation o(p,) of time-dependent correlation coefficient p;(t)
between the 1st mode eigen function e;(x) obtained by EOF analysis and site-dependent deviation data

sample p;;(x,t) for each data sample.

Summer Winter Year Month

elm.

p |alp)| P |aolp)| P |olp)| A |0(p)
puy | -0.04 | 045 | 004 | 0.79 |-0.03 | 0.57 | 0.02 | 0.33
p, | 0.02 | 043 | -0.01 | 0.77 | -0.01 [ 0.35 | 0.02 | 0.34
U |-0.01] 043 |-0.08 | 0.48 |-0.01 | 0.41 | 0.00 | 0.44
H | -0.05| 0.64 | -0.08 | 0.60 | -0.06 | 0.61 | -0.02 | 0.52
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Table 21 Correlation coefficient p between eigen function e, (x)(n=1,2) and site-dependent standard

deviation o0;(x) or skewness f;(x) of dimensionless deviation data sample p;;(x,t)) for each case.

p(en(x), 0;(x))
elm. |  Summer Winter Year Month
€1 €2 €1 €2 €1 €2 €1 €2
py [0.62 1070 | 0.98 | 0.99 | 0.81 | 0.82 | -0.04 | 0.80
p, | 045]0.12 094 | 094 ] 0.40 | -0.35 | -0.24 | 0.78
U [095]031]0.78 | 0.03 | 0.80 | -0.06 | 0.39 | -0.47
H | 099020095 |-0.08 090 | 0.01]-0.251|-0.11
p(en(x), (%))
elm. Summer Winter Year Month
e e, e e, e e, e e,
py | -0.54 | -0.50 | 0.77 | 0.81 | 0.22 | 0.60 | -0.23 | 0.26
p. | -0.78 | -0.54 | -0.70 | -0.64 | -0.16 | -0.84 | 0.37 | 0.92
U 031 | 0.05| 0.46|-0.01| 0.36 | -0.22 | 0.08 | -0.25
H 0.62 | 037 027 | 034 ] 0.74 | -0.25 | -0.46 | -0.32
A O o e e o B LS e o e L e
= RSN RRRD! I S S T D b PH 1
QJT 1.0r (;;.(X) J' ¢ il
= i eq(x) Winter
=00 ———————
E—1.0-‘ SR HOVON S R A L S 719 ef(X) Foro
| Kentoseaarea [ | fseBay [ ., ..., ., , ., ScOMEdSes, 0|

Mit% Tok{loMish{maOhfhi Iralio Uerzo Muco Surzro Higne Totfo Taf(a KL:I’e Oitf Kocihi Hi{a Kago

Cho Kuma Shizu Miya Tsu Owase Toku Osaka Oka Matsue Tado Hagi Uwa Izuhara Kuma
Katsu Koufu Irou lida Nagoya Hikone Waka Kobe Tsuya Saigo Matsuya Shimo Suku Fukuo Nobe
Yol{oha A{iro Omﬁe Hfma G;ifu Shi;)no N?ra Mai FukﬁuyaHarfnada H{ro Iifu Sh{mi Nfga Mi{a

Fig. 27 Spatial variations of EOF analysis-based eigen functions e;(x) and e,(x), site-dependent

standard deviation o;(x) and skewness B;(x) for py data sample in winter.

Table 22 Correlation coefficient row between site-dependent o;(x) and B;(x) for each data sample

case.
elm. | S W Y M
py | -0.51 | 0.77 |1 049 | 0.07
p. | -0.68 | -0.50 | 0.19 | 0.64
U 0.26 | 0.15 | 0.28 | -0.41
H 0.58 | 0.12 | 0.70 | 0.55
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3.3 {ERZEEDHFE

M SR KO O BB E Bk U7z 1961~2005 4F 45 M OKJE - JAHE - Imodm (25, &
7=, 4E) BIEBHCRT DA L OV v o TR 21T, TR, oo b,
WA OA I T A BHEORFHIA W EIIAEEKEZ 5%E Licha, "T7A2A R v
77k LToOORM ¢ BERPIC K BB M 2 898 R Sa(= a/ass, a: EAROARE,
Qs : AP ISUNEENH) L /) L XT XA MY v e HEE LTOQARPNZ X5 (%) b Ly KRk
L(=1/1.6449) T 5, ZZTlX, B/ /3T X b w7 72J7k & L T@Mann-Kendall 4 E 22123
AL, TOWMEREE L, CET, KEka, I, Ly (RELTD Wbl 210548168
KHE 5% CREGHNICAE B2 TEOHEMEEH Y |, 1 < -10FAIC TAOHEMEEHY |, |I| <1T A
A2 L), SHET S, MERES XML 0 6B Em A EN B L Cin 07 M o # R BI 22BN &
DIET AT o723, 2 2 CIIMEM A B R E R OB /A I D SIRIRI R B R 2 bIT T 5,

Table 23 (XMIM] (HZ, 47, F) hlpy, p,EE (61 M), UEEL (60 HisR), HEE (17
R SR B BT > DA FEEA, 1, Iy (BT AR RO B AR, SEROKEE
%, K (max), F/ME (min), |1 < LSBT D UGN, & OFEROEEE (my), 1= 18
T 5 HUREIN, & EEIEm,, [ < —UTET HHUEHN_ & EEMEMm_ LV 725, py, p ICBHLT, 1<
—UIHHEENTZr —RIEETHDHDT, Noyem_ (DIEEFIT TR, £, BELO I
WEAEG 25, 3THEOEEIC X 2EMEBOHRIFERDOAETLZ Dr—AT/hIn, &I, /v
NI ARNY o ZIEICE DL E Ly (ST H2EBEITLLSFET L2200, 250 HFEIXIZIER—
DFEELEHRIRIE I,

ET, pu, DLERHZOWTHD L, AFEOp, BRI ZRWT, 13& AL DM THREICH B
MBI vy, Fig. 28 13 EHICA B A BT &2 R T & D py EEHI X 2 HIBIRE R &
IO BPEIA LR LD TH Y, aSr PMEFEBRIERKE, 200 Neikd % 2y v TR
Thbd, ZHUTEDE, BEIBEICHE GWANEESIZIT Calk 15 % LEbY, LrbdbE
0 EIRIFEEZ S 720Dy, HOWIRETRDBEINICH D Z Enbhnd,

DNT, UBBHIOWTAHD &, AFITEMEE 2 b 722 VWHERBIKO A7V Bz, 7%
D D% < OHURITHIMER (4 S CReMER) 2R3, B AR TIHEM AT 2 b 72 70 MR
BREERO 13580 E D7, EOBEMESRZ R THUSAEEEES L 0, AL 2R3 HAD
SHIERER M EN D, EEEECILIEDMMAS) 2/~ HUsUXBE BN ik & R8BI @ L, W
FNHECTIRIOMEN R L, EOMEAEENILA L RNWEIE, KFREEHCERNEE T, 12T L%
o DA BRI E 5 2 2 MRS B SRR R I & RIS C, AUE 2 7= 9 HUR 23 MRS P VS 5 T 2
5“5[31,[510

HIE L AFOHER CIREEORE O HUS CREMZET 237 bW s, FRIEENCIEE O 4 #ixs
LRV IR 7 D T, IEOH A S B 2 on 3 LRI B 2R L AFRERNC T R L oo e <
FERIEENC 1 S L 2L 0 b, ADEMETZ 5 2 2R HZ - AFERC 1S, FERIEET2
MR D B BRSO B C I3 1) 28 B 5 B2 FE 45U O HUIBAR AF M 1T A 72 3, Wi g VG
TSRO NE L, & ISRy & EHIFCZ OE A58 -B]

Table 24 (T EE L2 (B, 4, 4) MEE (py, p, U, H) OEXRTRAGED )&
TCDERITTRAG RN 5 EOF fffr T2 1, 2, % 3 F— FRFEEREKCG W), G@0), CGOD
B M ZZ B FRHT O 5 B A Mann-Kendall £ 8 1235 <HMABREFR Sy D—F & LTHEX 5, 2D,
PO T B/ 5D L TOREMEZGL7-HIT, Table 18 (25 L7z AR EaNAMOHEIZ, 60L&
COWTH LT EZEHL TS, T2k DL, HIRBIOBRERIZOW T T Dy & C (DI
T DIy T L FET D, WHEOSIpy EEEp, BRI TE DD TR TH LN, UBEEHEET
RS 2D, £, p;()HDWVIECOWTKT DRFTHICAH BE/RIEDOMHMZAS) GEIMER) 28 EF
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Table 23 Alist of trend analyses for any of season-separated py, p,, U and H data samples.

elm. Index Summer Winter Year
stat.
Num. range a | @I | @lyk a | @I | @lyk a | @ | @lyk
max | full 1.10 | 0.94 088 | 2.13 | 1.89 1.88 | 1.18 | 1.26 1.21

min | full -0.11 | -0.34 | -0.36 | 1.20 | 0.85 0.78 | -0.29 | -0.07 | -0.13

Py | No -1~1 60 61 61 0 3 3 58 57 57
61 mo | -1~1 0.40 | 0.24 0.21 0.0 | 0.88 0.82 | 032 | 042 0.36
N =1 1 0 0 61 58 58 3 4 4
mi =1 1.1 0.0 0.0 1.60 | 1.46 143 | 1.14 | 1.16 1.12

max | full 1.30 | 1.26 1.26 | 1.29 | 1.02 1.00 | 0.77 | 0.74 0.79
min | full -0.20 | -0.33 | -036 | 0.32|-0.14 | -0.16 | -0.90 | -0.77 | -0.80

. | Mo -1~1 53 58 58 54 60 61 61 61 61
61 mo | -1~1 0.46 | 0.43 039 0.72 | 0.43 0.42 | -0.07 | -0.00 | -0.06
N =1 8 3 3 7 1 0 0 0 0
mi =1 1.14 | 1.23 1.19 | 1.13 | 1.02 0 0 0 0

max | full 2.60 | 2.11 211 | 1.50 | 1.48 146 | 3.00 | 2.58 2.57
min | full 0.19 | 0.06 0.06 | -2.01 | -1.73 | -1.73 | -1.65 | -1.33 | -1.37

No -1~1 22 27 27 38 46 46 24 23 23
U mo | -1~1 0.57 | 0.51 0.50 | 0.03 | 0.13 0.13 | -0.02 | 0.01 | -0.00
60 | N =1 38 33 33 18 10 10 31 29 29
mi =1 1.61 | 1.55 1.55| 131 | 1.27 1.26 | 2.05| 192 1.90
Ni | =-1 0 0 0 4 4 4 5 8 8
my | <-1 0.0 0.0 0.0 -1.58|-142| -1.43|-1.29|-1.20 | -1.21

max | full 2.67 | 2.24 224 | 251 | 2.34 234 | 2.89 | 2.66 2.66
min | full -1.57 | -149 | -1.50 | -1.99 | -2.10 | -2.10 | -4.85 | -3.73 | -3.74

No -1~1 9 11 11 9 9 9 4 4 4
H my | -1~1 0.55 | 0.50 0.50 | 030 | 0.30 0.30| 0.28 | 0.16 0.16
17 | Ni =1 7 5 5 7 7 7 11 11 11
mi =1 1.50 | 1.45 145 | 1.46 | 1.36 136 | 1.78 | 1.63 1.63
Ny | =-1 1 1 1 1 1 1 2 2 2

ma | <-1 -1.57 | -147 | -1.50 | -1.99 | -2.10 | -2.10 | -3.08 | -2.43 | -2.43

DUEE, AFEDp, &k, FMNOUEEREHERNIADND,

Table 23 125 2 7ol x OMIAIZ I T DREROEAIK MG E) LT 2 &, HEHICHE RN
BN EZEOUEEHIIZAED 12 LLEOHIE T, £FOp, BEHIIXIZIE MR T, FRIOUEEHIIX
12 OMUET, RO HERNTIT 2/3 HE TENZENRBO HILDH Z &b, W4 (Table 23 & Table 22)
DFERITEAETHLEEZ D, 2B, C), CGOITHOWTIICEH) EHA_NTEDEN/NS N &b, =
NHICEENHEMEBOEE IS EV EICRL VW EEBZ LD,
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Fig. 28 Spatial variations of trend intensity index a pr and jump intensity index EpH for py data

sample in winter B,

Table 24 Mann-Kendall test-based trend intensify index I, for all site-averaged dimensionless deviation
data sample p;(t) and time coefficients C;(t), C,(t), C3(t) inany case of season-grouped py, p, U,
H data samples.

Summer Winter Year
b; @) | @) | @) | @) D; @) | @) | @) | C@) b; @) | @) | @) | C@)
PH 023 | 020| 023 | 121 | 145| 145 | 030 | -093 | 052 | 054 | -0.19 | -0.67
PL 043 | 045 | 087 | -0.62 | 0.57 | 0.52 | -0.08 | 0.55| -0.13 | -0.14 | -0.06 | 1.70
U 130 | 1.27 | 086 | -0.71 | 056 | 042 | 058 | -2.44 | 1.23 | 1.46 | -0.56 | -2.84
0.74 | 0.65| 1.04| -042 | 084 | 090 | -236 | 2.03 | 1.27 | 1.62 | -290 | 1.50

elm.

DEIZ, Table 25 (X 9 DI (HZ, £F, 4) HIKEEBFEIEI R 2 i 22 &) O s R
D—EEET, ZORED STEHOWEMATRERI(=a, I, L) THEICE L EZ L 5, 3§
[ 28 Bh 58 R 2 DS T ) = 200 — AT E FE & FRIHEALO@PDO, 4ZFEDO®NAO O 3 7r—2,
(i) =1.5~2 O — A%, EELELZOOWP O 27 —2A, (i)l =1~1.5 D7 —AZEFE L FEHNMNO
(DMEI, 4EHALO@NPI, & Z LAEHNLD PNA, LAZEDBAOI, 4ZED@PDO, 4EHALDB®NAO d 8
F—=ATHY, FOO 14 r—AIEAEHE L2V, R L, FEEAO@AOL KT DT 11T
<, FEHEAO@SOL T3 A 1E-1 1TV,

Fig. 29 13 & <IZifvMEHMZAE 3 R S 415 EFD@PDO, AFEDONAO 1 L UCEFEDOGOWP, 45
DOWP (Fig.5 B OFER) DIED, DHIEOENKENWLZEDOOPNA O 57— RO T, ZDf
EEE B2 5, ICIHEREE 2 £ T ERE AidfEa 14F), HEAEBBRERLLL, B X OWE Cik
RHT X CTRHTICEE L CTEH T2 1961~1986 435 KUY 1987~2005 4F D KA A BRI D SR 2 &
TR EZNTNOEME (my, my), WHdE (0, 0f) brifiL W5, EEO@PDO, £ZFEDE®
PNA & ®NAO, AFDGWP IZF LT, ZDORAFEZCHITITR WAy D& 3 F W E IRy D%
Mo TWDH, 45 FE VI RONHIFN TIE—Hrm 2 mz oL 91 b Hx b,
Mz, BEZEOG@WP TN Z2 R,

¥, RAEEBIEEOMEMAEBRE T 21EROMEITIZE A ERNT 2, Lo L 51T, [EE
IR W ESIE S O EICEOW AR AR 2 TEE 2R IRTHEE Lo D, BN
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Table 25 Results of trend analyses for season-separated climate change indices.

Summer Winter Year
i | @1 | ®lyk i | @ | ®lyx a| @r | ®lyk
(OMEI 1.25 | 1.19 1.19 | 0.71 | 0.68 0.67 | 133 | 1.26 1.26
@NPI | -0.06 | -0.14 | -0.18 | -0.76 | -0.82 | -0.84 | -1.35 | -1.33 | -1.34
®AO0I 0.58 | 0.58 0.58 | 1.23 | 1.12 1.12 | 1.01 | 0.97 0.96
@PDO | 1.91 | 2.08 205 1.29 | 1.22 1.20 | 2.10 | 2.14 2.07
®WP | -1.98 | -1.62 | -1.65| 1.72 | 1.53 1.49 | -0.46 | -0.51 | -0.58
©®PNA | -0.02 | -0.01 | -0.05| 1.09 | 1.11 1.06 | 1.17 | 1.19 1.08
™SOl | -0.82 | -0.86 | -0.88 | -0.51 | -0.49 | -0.52 | -0.91 | -0.95 | -0.99
®NAO | -0.24 | -0.25 -027 | 2.29 | 2.00 2.00 | 1.10 | 1.22 1.19
©ONI 0.05| 043 | -0.12 | 0.06 | 0.20 | -0.08 | 0.09 | 0.15 0.13

CCI

=B OB NI IS W TN ZE), 372b 6 — g « BB 2 iEim 2 T IEmR N Z Y 0 E
BEBRLTCHDILENDDDNE LILRVY,

3.4 Dv T4

JHH SR 0 BT 1965~2005 4F 45 IO #IM (HZ, 42, 4) Blpy, p., U, HEFEHZ
1L 1986~1987 A 5EH &L TV v I HEEN A LD & LT, 1961~1986 4 (26 FFfH]) & 1987~
2005 4E (19 4EfE) OB MG R OFEBEIZSOWTY v o FORIA BB L-, @A L
T EIIABEKEE 5%ET5 /2 "T7 A Y v 7 iEE L TOOMann-Whitney O F UK EER), ©
HY, Vx THRERRAEU MEICET D2E & A EKYE 5%k D IER A DzesfED L & LT
Zyw = 2Z/Zos (= Juw) TE L7o, ERRO L DI, MHELPB XL A SN Y v o 7 & 545 W E R
DFELEDZTREFE S, ZOFFABEEEZHARNZEMIZ XY 527228, 2 2 Ty BIFE R
DNEEDZEDH I BT, o HMEROLE) (Rl OEZBRL TY ¥ 7V BERRORF M2
B R X O R TR O MR LK TR D, ZOB, UL AEKLEE 5%E L COEHHEOEIC
KFTHNRT AR v 7EE L TOQR t REPIB L v 3T 2 MY w7 ke L TO@Wilcoxon
DONENEFFRERICIG FEfE L, V% v T REEZZTNENBE WV, TET Juw, Jo JwEIn EiT
Ly Ul 21 THREMHIICHEER TIE () OV 7 H0 ], <1 T Iy 77eL), £T501F
SO2FETHRN, £, HoXKMERZENENOESE), T70bbAREICRT 5 NERINEL (Vv
V) ATKET BT DI, T A MY v VIETH H@F S VT E S B ORRE RS IO
T AN w71k TH D ®Ansari-Bradley MR EIEPHBIZ 5@ H L, BEREE ZNZE N8 L
Joap & 39, Wilcoxon f7E 143 & OY Ansari-Bradley # E1E TH W 2 FHEAEIEBRZ & D4 712880V T-0.5
DFENMZ BN, ZNEITH L ERERBBF LN ST-OT, 0.5 DFIEEITHRNT &
\Z L7z, F£72, Mann-Whitney fiEik L (-0.5 OMIEA I X 720N) Wilcoxon fEIEIZ I 1T HAEEAEIEH
EEIZIEABYORKRIZH Y, LHH Mann-Whitney BREENEE72ITADO Y ¥ 710k LTl E
HIBIFE R A B 25 Z 02D, Wilcoxon FREIEIZK T 2 IEEERLBEO/F A2 WIRT 5, ZOREE,
Mann-Whitney 1 &% & Wilcoxon IEIEIC K 5K (Vv 7 RERE) 13—8T 2, 618, ¥
EDFE L S DFETKT DE & [FIRFICAT 9 72012, EE DI 95 Wilcoxon fiEIERIESI L 45
BUE O Z2Z%F 9% Ansari-Bradley fEER B AGOET 2 /3T A Y v 7L E L TDOLepage
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Fig. 29 Yearly variation of any of climate change indices.
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Table 27 Jump intensify indices Jyw, Jyap, Jiep based on any of Mann-Whitney Ansari-Bradley and
Lepage statistical tests for all site-averaged dimensionless deviation data sample p;(t) and time coefficients

C,(t), Cy(t), C5(t) in any case of season-grouped py, p., U, H data samples.

(jump, Summer)

elm. p;(t) C.(t) C,(t) C;(t)

Sum. | Jyw | Joap | Jiep | Juw | Jvap | Jiep | Juw | Jvap | Jrep | Juw | Jvap | Jrep
py | 0.10 | 0.82|0.31]0.07| 0.88 |0.35|-0.06|-0.05|0.00| 1.26 | 0.85]| 1.04
p. [ 0.50 | -1.05 | 0.61 | 0.53 | -1.05 | 0.63 | 0.47 | -0.94 | 0.50 | -0.21 | -0.24 | 0.05
U 1.69 | 054|142 1.65| 0.62 | 1.40 | 0.81 | 0.79 | 0.58 | -1.02 | -0.24 | 0.50
H |088 | 043|043 0.75|-0.10 | 0.26 | 0.67 | -0.21 | 0.22 | -0.41 | 1.21 | 0.74

(jump, Winter)

elm. p;(t) C; () C,(t) C3(t)

Win. Juw | Jvas ]Lep Juw | Jvas ]Lep Juw | Jvas ]Lep Juw | Jvas ]Lev
py | 1.77 | -0.91 | 1.80 | 1.79 | -1.00 | 1.89 | 0.74 | -0.63 | 0.43 | -0.77 | 0.15 | 0.28
p. | 057 ]-097|0.57]0.52]|-09110.50| 0.03|-0.66|0.20]| 074 |-0.13 | 0.26
U 0.56 | 0.18 | 0.16 | 0.57 | -0.24 | 0.17 | 0.00 | 0.23 | 0.03 | -2.42 | 0.26 | 2.67
H 1.20 | 0.01 | 0.65 | 1.06 | -0.49 | 0.62 | -2.17 | 0.49 | 2.22 | 2.26 | 0.57 | 2.46

(jump, Year)
elm. p;() C1(®) C,(t) C5(t)
vear | Juw | Joap | Jrep | Juw | Jva | Jrep | Juw | Joag | Jiep | Juw | Jvag | Jiep
DPu 082 032035 0.87| 029]0.38| 0.00|-0.27 | 0.03 | -0.50 | -1.16 | 0.73
v, | -0.38|-0.52|0.19 | -0.38 | -0.63 | 0.25 | 0.00 | -0.27 | 0.03 | 091 | 0.49 | 0.48
155 021 | 1.11 | 1.84 | 040 | 1.61 | -0.22 | 1.07 | 0.54 | -2.17 | 032 | 2.16
H 155 0.04 | 1.09 | 1.62 | -0.21 | 1.21 | 226 | 040 | 239 | 1.84| 096 | 1.95

x

Unw> Joap> Jrep) WFFAHICE AT 52, Table 18 1ZH W CTHBIMRE S HXIINIC 1 L 0 L0k
UG E HEBLOGE, 5 HUEO 2T 2 Joap lZ BN TR B LD, F72, 9,(0)H D WL ()
B L TRFHICHER Y Y 7 Uuw, Jiep) WEFTIIUEE, AFTiIp, BB IOCHER (JLep
ZER<), R TIRUEREHERHZ RSN D, WBIEDZE (Jup) (L THEFOp &k, £FD
pr ERHC A (R BERICB T 2 EROEBIEOWRA) & LTHILDD, Lepage MiEDFERICITH E
DEEL TR, LL, AFOHERCldfyw =1.06, J,u =-0.49, Jo., =0.62 & 725 T, FEHED
ZIZAL TR ENTZIEDO Yy 703, SEEE L HAEOTE OZICEIT 2 Lepage E Tldkbil
TWAHZ &G, Lepage MEDFERICKITT HRUEDZDRENRL LN D,

Table 26 |ZFCfk L7=flHl # O HSIZI5 1T 2 WA ZERERHI X 2 ¥ v o 7B E O 43 HR
B EiX, WEHNICHEEBER Y ¥ IR EFEOUERFCII 2R A0 2/3 OIS T, £F0p, &
TIHZFEMA T, £FOHEETIE 1/3 MO T, FRIOUEET 12 DL EOHLET, FRIOHE
BT 3/4 MR (72720, Jiep TIE 12 OHIR) TR SHD Z &M 5, Table 26 DR LEET D,
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Fig 32 Mutual relationship among trend intensify index Iy, jump intensify indices [y and Jye, for any

of 1st mode time coefficient C;(t)
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Fig. 33 Mutual relationship among trend intensify index Iy, jump intensify indices Jyyand Ji., for any of

seasons-separated 9 climate change Indices(CCIs).
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Table 29 A list of all site-average of trend intensify index I, based on Mann-Kendall test for any of season-sepataed py,

pL, U and H, and corresponding trend intensify index for each of season-separated 9 CCls.

Summer Winter Year
CCI
Ink Pu pL U H Ink PH PL U H Ink PH PL U H
(OMEI 1.19 0.20 0.43 1.08 0.66 | 0.67 1.40 0.42 0.21 0.59 | 1.26 0.41 -0.06 0.76 0.81
0.29 0.37 0.59 0.79 0.23 0.25 0.78 0.94 0.31 0.37 1.28 1.47

ONPL | -0.18 | 0.20 | 0.43 1.08 | 0.66 | -0.84 | 140 | 042 | 021 | 059 | -134 | 041 | -0.06 | 0.76 | 0.81
029 | 037 | 059 | 0.79 023 | 025 | 078 | 0.94 0.31 037 | 1.28 1.47

®AO0I 0.58 | 0.20* | 0.45% | 1.27* | 0.65* | 1.12 | 1.45* | 0.52* | 0.42* | 0.90* | 0.96 | 0.54* | -0.14* | 1.46* | 1.62*

@PDO | 2.05 1.20 2.07
®WP | -1.65 1.49 -0.58
®PNA | -0.05 1.06 1.08
@sol | -0.88 -0.52 -0.99
®NAO | -027 2.00 1.19
©@ONI | -0.12 -0.08 0.13

Table 30 A list of all site-average of jump intensify index [, based on Mann-Whitney test for any of season-separated py,

pL, U and H, and corresponding jump intensify index for each of season-separated 9 CCls.

Summer Winter Year
CCI
Juw Pu pL U H Juw Pu pL U H Juw Py PL U H
(OMEI 0.92 0.13 0.51 1.37 0.79 | 0.70 1.68 0.44 0.27 0.76 | 1.05 0.72 | -0.37 1.01 1.09
0.23 0.28 0.57 0.82 0.25 0.20 0.67 0.91 0.30 0.32 1.05 1.24

@NPI | -0.25 | 0.13 | 0.51 137 079 | -036 | 1.68 | 044 | 027 | 0.76 | -0.79 | 0.72 | -0.37 | 1.01 1.09
023 | 028 | 057 | 0.82 025 | 020 | 0.67 | 091 0.30 | 0.32 1.05 1.24

®AO0I 0.56 | 0.07* | 0.53*% | 1.65* | 0.75* | 1.42 | 1.79* | 0.52* | 0.57* | 1.06* | 1.26 | 0.87* | 0.38* | 1.84* | 1.62*

@PDO | 1.42 0.63 1.24
®WP | -1.26 1.80 -0.07
®PNA | 0.39 0.75 0.92
@so1 | -0.77 -0.54 -0.87
®NAO | -0.32 1.83 1.02
@ONI | 0.47 0.43 0.39
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Fig. A-1 Comparison of yearly variations of time coefficient C;(t) and either simple- or multi-regression

equation-based estimates, and their scatter diagrams in case of py data samples in winter.
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Fig. A-2 Comparison of yearly variations of time coefficient C;(¢t) and either simple- or multi-regression

equation-based estimates, and their scatter diagrams in case of H data samples in winter.
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A Runoff Simulation Model with

Air Compression in Urban Storm Sewer Pipe System
ROIER® -0 BUR™ - OE SRR - fiaR KRR
Masafumi AZUMA*, Masahiro WATANABE**, Eiji TOMOCHIKA***, Yuhei SASAKI****

A runoff simulation model with an air compression in urban storm sewer pipe systems is proposed.

An urban storm water runoff phenomenon in which manhole covers in a storm sewer pipe system are blown away
has occurred frequently during heavy rain. This phenomenon occurs due to the compression of air in manholes and
sewer pipes, and the compression is caused by the rising storm water surface. In this paper, an urban storm water
runoff simulation model that can simulate the air movement and temporal and spatial variations of air pressure in the
pipe system is presented. At first, basic equations for air flow and storm water flow in the pipe system are derived.
Secondly, a numerical simulation method for the basic equations that is a characteristic grid method of specified time
intervals is proposed. Finally, the applicability of the simulation model is examined by applying the model to runoff
experiments. As a result, it is concluded that the model is a useful and practical simulation model, which can precisely

simulate the air movement in the sewer pipe system during a heavy rain.

Key words: Air pressure, air flow, lateral pipe, manhole, urban storm sewer pipe system
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Fig. 1 Control volume for basic flow equations of air in sewer pipe.

(2) = UR—IVIZEITEEIDFRNOERR

VURVTH, w AR VNZERE ERGUEORPBIRIC LY, ~ AR LIS DTV D ZER
LEm LT, WK, HERMThhs (Fig 2),

e DT

d
Fy E{ pM(hG _hM)} = Ay uPrtVau =40 aPuVaa =My ©)

W TR R

7-1

Yy

/4 /e -

— pMFA( poJ ;_71 2 1_[}1)%} (B0
M M

(6)

% %

4 4 —

m=-Camr (2] | 22204y (2 50
0 0

117



TS, my, o RN L OWHERERITE, p,, @ VR —VIBIT D EROBEE, hy, <k
—CBIT DK, py @ R —IBITD2ERDIET], A, A,y 0 FWRDPOWRAT DB, s
W D EIROZERDOFADOWIERE, V,,, V.4 @ FWPOIRAT HELE, T~k T 58 ROZE[D
WALDPEE, he w2 HR—VE, F, . VR —VEOESILOGKIEME, F, @~ ALK,

Atmosphere
my Do Do Manhole Cover
Ground Surface
Manhole
PuysPu
] N B
A, [T Fypceneneaeee” A, ,

——V.. —V,.  Air
\S
hy Water

- X

Sewer Pipe

Fig. 2 Control volume for continuity equation of air in manhole.

(3) T/KEEEMHITHRAKDTRNDEREK
ZERIEDNGHT, RIS AE S5 Z L 2 EE L, Fig. 31T K512, BUNKH Ax OFKDFIU
B EOEIHE L OVE &RFHIZEHT 5 &, ROMRKOTNOED A L Hio X455,
TAKGEERIZEB T B RKORALOEE R

l1ov, v,ov, oh 1 op, n’, .,
—— ettt =Sy +———=0 7)
g ot g o&x Oox p,g Ox RWA
TAGERERIZIT 2 KD OO :
2
ov,
%H’W@Jri—wﬂ) P P ®)
ot ox g Oox B
~ VIR BT D RIK O OERED K
0= ZQin _ZQOMZ (9)

118



Ground Surface

. oh
Lateral Pipe h+an
(¢, +0,2h) — A%l
ox
_ r, op' /
h h,A,  Air kaét ///V’+8K”Ax
L v Ox
> W
p / }—»Vw Water P \ p+a_PAx
P < S \\ Ox
# >
X / S, } x+Ax *
Sewer Pipe  Frictional Force p.84,Ax

Fig. 3 Control volume for basic flow equations of storm water in sewer pipe.

ZZig, CKOERE, o KR,

A, B KiEilE, R,
?Vﬂ“—/l/’\@?}:ﬁj\?)lugé@ it 200 -

v BADEROWHE, p,

DIEIZBNT, Wb b Saint-Venant DR & [T/ > T 5,

3. ERXOKIERENT

TRAVDOIEFER(D) ~Q)XOFAEAENTIZIL, BAEFHHE LR E
PTG, FrEliEEZ RS Z & LT 5,

w1 UOKIETERE, c,
B, pl o ERE (F—UE), &)rﬁﬁﬁm n~=27OMERE >0, :
< VIR O ED SR, g - EINEE,

EOMNA, ®)XERD L, (7NDOAENH 4 IR EOGITNAER) 2 R RMOENEENTEBY, 2

L B IMEEL DR

-

PRI, REEESWIITRERG DN D L5

7¥, MEHIROID, Z 2T, ZEROTNDOIEEAXDEAEIHTIEZ SN TDHIRRD,

3.1 HthehiR AR (RrithiRiE)

ZELR DTN D FERER (D)~ (6N A Rkt F o~ T2 &, kO EFR10), (12)20k L OHE A1)

X\

X, (13)Xz&H5,

dt  p, dt A\ ot 4R, 2
d

Tv,—a W

d

119

(10)

m———=0 (11)

(12)



dv d 0A 0A 11 V
a4 WPa Q1% DLalyr |V, —m a4 _ (13)
A p, di A\ o 3 4R, 2 oA
_ Pa s
ca=_y (FiH) (14)

22U, ADEB L OU3)ROLDE 3 HHIL, ZEROFHNOWHIEO R LR R OB (E17)
BILOEROMEICRIETHELR L TD,
3.2 MUBHER (GERAS TR
(10)K~(13)RDZESIT G T2 > T, 2 IROA—F =075 %175 (Fig.4), LLTFIZ, Frrkih(10)
KRR ESF TR ERT,

t
t=t+At-
At
t=t-
Fig. 4 Specified time interval method.
1
xp—xr=E{(Va,+a,)+(Vap+ap)}-At (15)

1| a, |04, 04,
— +Var_
2| 4,,| ot ox |,
a, [ o4, 04,
y {at o |, )| Q
ap rp
1 1 1
+ = — V
2(fDr4Ra’2‘ ar|"ar
1 1
po4Rap2‘ apVaijt
V,,—a, V, a
—l[m’, = +m', i p] At=0
2 parAur papAup

120



TZINT, At RHEEERE &, THRTIE, Fig.d O x—t Wil EDOS, p R EICBITAHETHI LR
KT, Fio, B p e LICBT HIRMEREROFHmIZIL, ROBIENTFZ VT,

- ' 17

6x| Ax (7
04 Aa _Aa

[ T T (18)
ox |rp Ax
0A 0A At 1 0A 04

4 =4 =— —= (Var+ar)+(Vap+ap) = —— (19)
ot . ot b Ax 2 ot b ot ;
04, _od,|  Aup—Aas
or|, ot |p - At (20)
aAa _ Aad _Aa S 21
ot |, a At 1)

728, BAREREEHETFIEC SOV T, 15K~ MITREL BiF 5720, 3 B0 K LA
EITHZEE LTS, 2720, MOELHED 1 FHIZBWTE, & d, p, e DEEZZNZILE 1, b,
c DIETHETHZLE LTINS,

4. RHEERIZEDETILOERMEORE

Fig. 5 3 X OV Fig. 6 (2779 2 DO FAGEFAEFIRIZEBW T, EREME 21 ) AT EREZIT>72, 20
THERICARET VEBHA L, RET /ML U 2 b— h SN BRTE N a7 T 7 23005 (2
KEN FurT7) ERHLT, AETILOmMAMEZH~Z,

2B, IXUOICHIR- X 91E, FAGERAVER CHIEL S B 7-RAKRHIE, FEEFHKERNTH D,
Fio, RETIELRDOWMNDTET IV ERKDTNDET VD BIERL I TN DD, RETI/LOMEAMED
BRhedh=v,  ([FAROFNOET VORI TEY) ZEROFNDET VORI %
TARDMEN D T2, HHY S 2 b—1a 0% - T, FROKEEB R ERE NEEERSEIEE L
ThHXATW5,

4.1 TKERBER

XU O, TAERBAEIE No. 1-1 3L ONo. 1-2 1%, Fig.51RT X H1S, BHT 7 Vg 7T, &
IHRIER TR 1Im, BIEEEIT 10em, AFLE 2/1,000, HEEREKIE 0.010m™? s TH D, ~ 2 Bm—/LE, W
£ 15em, BE 37.5cm OFERT 7 VoS A THREIC, 2 BAHZED FHTF oA L5127 >TnWb, £, v
R—/VEITIE, B Smm OZEXILNRKR, 8 IERITHND L HIZoTnd, BAHFIL, EAE lem, BS
1.2m OB T 7 VL3 TH]ITC, ek, 16 BPHCED AT Hivd X5 127e>Tind, 7k, FAGERRE
I No. 1-1 FEAHED 2 K, BRI b FARERREIRTH Y, No. 12 1T~ 2 AR—/L23 2 DN 417 5
N FAKERERTH D,

WIZ, FRKERARVERE No. 214, Fig. 6 (-9 X912, BT 27 U b 3 7T, BIRIERITH 22m,
BIEEAE 29em, AELIE 4.4/1,000, FLELRENE 0.010m™? s TH 5, v B—/E, WA 46cm, ES 1.35m
DFERT 7 VIR TRET, 2 AT M b Tnd, E£72, v Am—/L3HITE, B 1.3em OZEKIL
DR 4 L, RITOND LI ITR> TS, BUTEIL, B Sem, &S 1.50m OFEH T 7 VLA 7T,

121



R, 12 ENCEDAHTAEETH B, 7ods, ARTUEET, Mt G&U HfFIEE v % — (B KR
RN SET KR 732-157) IR E SN TWDLHLDTH D,

@ 1,000 10,900 700
ya Lateral Pipe Gatg

= No.%| No7  No.6 No5  No4 No3 No2 | No.1

. I [l 1 1 L1 1 L
| I T T T T T T T 2
- No§ No”'  No& NoS'  Nod' No3'No2' Nol’|\J
_\P
(b) No.6 Manbhole y, 3 Gate
) No§ No7 Nos  Nod ] No2 Nol I)
e 1 1

! 1 1
l T T T T T T T T =

- No.8’ No.7/ No.6’ No.5’ K\IOA’ No.3’ No.2’ No.l’

Pump Sewer Pipe Pressure Gauge  Unit : mm
$=100 S, =2/1000

Fig. 5 Experimental sewer pipe systems with lateral pipes and manholes

((a):Sewer system No. 1-1, (b) Sewer system No. 1-2).

Storage Storage
Tank 21,765 Tank
3,225 ‘ 14,000 ‘ 4,540
| |
No.2 No.6
Gate Manhole —~_ Gate
[ No.9 [ /
/No.l No.3 No.4 No.5 No.7 No.8 \' ”
Y | = L ..
No.I'  No.2’ /No.? No4’ ﬁ).y No6No.T Nog' No.o* |
Sewer Pipe Pressure Gauge Unit : mm |_
$=290
S, =4.4/1000

Fig. 6 Experimental sewer pipe system with lateral pipe and manholes

(Sewer system No. 2).

4.2 RHEEEREBERAMICRET 5B
(1) FRHEER

XU O, FAGERFREYE No. 1-1 3L UNo. 1-2 {128V, Fig. 7 B L OV Fig. 8 (TR & 9 7, 2% EA
0O AKHEH GEERBIKETN) OFEBREIT-7-, ERTIE (NE, &) 2T s, O#ofin
1%, LR CBOK &2 £E 5 OB 2 2 L QW B BIKEO RSN TH D, @Z 2, BRV AT
L0 FJitdE Tl Q=1.48s DY EN, 7 — M &1l U T W IRIETIA L T 5, @F4.2s (BRAVETR No. 1-1),
t=3.9s (HBHUEIE No. 1-2) (2B T Rt 7 — h &% B2l 35, @h—T iy s vr—X
=N, BRVAT ANOEZZEM LD EiA~ER L0 2035, EiiA~mITTERHF L TP, &2

122



i, Efg SNERY AT ANOZERIL, BTES~ R — L EHERALZE L TRRF A~ LR SN D,
O —T Ny 7 g —H—PERV AT AO ERHCERET D L E (FEE R No. 1-1 Tl t226.2s, No.
12 TIE 364s), 7 — MaQBl GERK 35, OFRY AT ANICIHE ST i /K it
o T LEET 5, ®@Z DM, FRY AT AN E S~ VR — 22505 8 U TREN e S
N, FIERVAT AO T CIIERNZZDRKEF~ LR END, @2k, BIRNZERE, MK
T E BICHIOKRGUE, EFRERTAUR S,

WIZ, TKERAETE No. 2 12388\ C, Fig. 917 & 97, ZERUIEMEZ 1L O KR O FEER AT -7z,
FBRFNE (NE, &) 1%, R U7 FARERIE R No. 1-1 3L UNo. 12128172 b0 LTI TH
%, 12121, Q=16.7s, 77— b & EP%E, ST A2RENIENEI =129s, =85.0s TH D,

() FHEEEBRLBERAMEICETIER

ZERTENA 7T 72O T, iy S 2 b—3 g URER & ERIRE R A6 L C, Fig. 10~Fig. 12 (C
Y

INBEDORED, I alb—FENnA e r T 70%, ZHENGIE, FERERICE 55 R4
BIORE () 2 LFHBRTETWD Z LMD,

BB, VIal—Ta URERICALNDKEREE) (RE), 85 1, WEERSEMEE L THWKI
TEOREFTFROREN Ty Tl oT2Z Ik D EEZ DD, ZORKRZMENO DT80, LoV ER
EFRRL LT KE AR & 5 2 T Bl ERR S R %, 3~5%DKIEREA 5 KEEAE & 5 2 7% & xfbt
L TR L7z & 24, Fig 131237 K912, KEABNESGRAENE £ 584, Fig. 10~Fig. 12
TROID X978 (RH), 5 BB WIS bz,

005 ~42 t=00s~39s t=0.0s~ 129s
t=00s 28 < Manhole Exhayst hole Manhole  Exhaust hole
- /Laleral pipe — = / =

Crown Crown rown

Bottom

Bottom

t=1265 ] t=169s o]  t=340s

t=403s 2 | t=559s o] t=120.0's
=] ﬁ ﬁ z
. e A

0 5 10 ¥ Dista 10 0o 11 2
Distance (m) istance (m) Distance (m)

Fig. 7 Temporal and spatial water Fig. 8 Temporal and spatial water Fig. 9 Temporal and spatial water
surface variations in a runoff surface variations in a runoff surface variations in a runoff
experiment in sewer system experiment in sewer system experiment in sewer system
No. 1-1. No. 1-2. No. 2.

123



1.004

[ 1.006
g 1.003 ! \ = 1.005
81002 (A = 1.004
g . 21.003
Z 3
g2 1.001 =S 183? |} ——Observed
) — .
< 1 Observed e Z === Calculated
=== Calculated \' 1 ' 1
0999 1 1 1 1 1 ] 0999 1 | 1 | 1 1 |' J
0 5 10 15 20 25 30 0 5 10 1520 25 30 35 40
Time (s) Time (s)
Fig. 10 Comparison of calculated and observed Fig.11 Comparison of calculated and observed
air-pressure hydrographs at station of air-pressure hydrographs at station of
sensor No. 6 in sewer system No. 1-1. sensor No. 6 in sewer system No. 1-2.
1.016 [ 1018 -
—_ | " 101 | ——without disturbances
E 1012 n oS with disturbances
31008 I /".' 81.012
I ; 2 1.009
$1.004 | 2 1.006
= j — Observed £1.003
< ! e Calculated 1

0.996 e E— 0.997

0 50 100
Time (s)

Fig. 12 Comparison of calculated and observed Fig. 13 Comparison of simulated air-pressure
air-pressure hydrographs at station of sensor hydrographs at station of sensor No. 6
No. 2 in sewer system No. 2. in sewer system No. 1-2.

5. F & &

AL TIE, ZEREM 2D TAREERONAKREET VERREL, ATTANEMLALZ L&, it
HFRAIT > THER LTz, 4%1E, TKEEROP—F v —V i ~bEHTE 5L ), ETVOURE
LWEDN D D,

Z F X @

[1] Wright S. J., Vasconcelos J. G, Creech C. T. and Lewis J. W.: Flow regime transition mechanisms in rapidly filling
stormwater storage tunnels, Environmental Fluid Mechanics, 8, pp. 605-616, 2008.

[2] Wright S. J., Lewis J. W. and Vasconcelos J. G.: Geysering in rapidly filling storm-water tunnels, J. Hydraulic
Engineering, ASCE, Vol. 137, No. 1, pp. 112-115, 2011.

[3] Oosthuizen P. H. and Carscallen W. E.: in “Compressible fluid flow” p. 230, McGraw-Hill, 1997.

[4] FAR—Z « JEREMIRIR I, pp. 142-149, BET524E, 1999.

[5] PEAEL, R L, EFER, MERR <~ RV ETRER O KERNTE T L & KB IR, KT
A, 55455, pp.907-912, 2001.

[6] Chaudhry M. H.: in “Applied hydraulic transients” pp. 389-394, Van Nostrand Reinhold Company, 1979.

124



BFRF LA L2 —F VR R AR

TR 1 94 H 1 H
K EE SR E

1. BRERFTEN LYYy — T AOFITHE

FIRRF T LR v — TS, BRERERFGE TANER (T5%) #E - T
B (UT ITFREE] Lo, ) RUIMBEMHEICL D, TEEMROMAINT, 2o, Eh
TR DR IR AETDHZEHANE LTHAITT 20D &35,

2. FRRFTERLFEY v — T Otk

ERRF THMLEY Y — T VOMRET, BRARTFERFHE TEUER (T55%R) JKHRER
2 (LT TEmEER] Lo, ) BINICHTS,

WEEIC Y 7o DINMEBRIL, WMXOZH, BEOWRE, RMEE1T.

3. W
LI, FEE B R S O R S & T D,
fREERmSE, kot L35,
(1) TFERBEDFHRNCLDFRHELZE LI RERE E L OZb0
(2) TERBENFHSOBBIRECTR L, Jeufoffseic B+ o, RalEoNE 2 F
WELELO (2720, EEHEICEL T, PEENFINCEHEOEREEDLZ &, )
Q) FAENFHROFREEEZE L LEEABEHEN T L Db
(4) Ka—ANHET Hm
(5) YHAEEROEFRE T EBEIC X DRI 553
(6) Zofh, [KREESTRDIZHD

(1)~ GV D FHRIE, AR ORGP ZE IR R D

(4) DF a2 —AHEER UL, Fa—A3WUNE L, FHROMBEGEICRELZNEFO L E 2
—HERL T, KT —ANEL D ET D,

— xRS, WA TT AT TICEORERO b O, EHESEOBAGEN, ENFERT
DO IEFHEE, PR E IS EEREY VAR A TO#ESEEE LD bD LT D,

4. FRSCHVE B OGR SC— PR

FOUIE,  [BIRRF T LY v — T VEERRE ) (TR EERT 5,

fRERRE G, (5) MUMFEROEFRM T EHEIC L 2 FEICBET 2533 TiE1 5
NR=Tk, TOMOGHLTIE1L OR_X=CEBR 2N E&2FAIET5, 2120, KEEESN
VELERDIZGEIXZOIRY TRy,

5. EVEHE
(1) BfEENT-HRTOEFEREL, KRREESICRBT S, -FL, EEHSPAEORESL
HE, FIER, BRZEOETHHT A Z LiFEL AR,
(2) RFEFH T, BRICEL, EEESEES O 1) Z2aBRES8~RHT 5,

125



6.

7.

FIRERF T T HY v — IV OERL

Ty —F L, MHEREZERLARWT, 2TOHRIE 1HOCD—ROME4% - TE
E‘Z‘j—éo

PERRRH R A

(1) #REHE, BREICHRED DEREZAHIELENTEDHLOT D,

72721, AHRE 3O MHEeEfmsr) B L X, BREEoal izt s,

Q) EfEILICD —ROMEOXLENEZINHEESICHET S, 728, CD—ROMZD

VBERHEN 1 OMEBZ D HDIZHONWTIE, BEENIRED AR E+AHET S,
. TRHER

HEHEREL, TV F L7740 Word%) MORPDF 77 ALET 5,
. ERE R

(1) HIAfKED) A SHI31H (FIEOHIAEICLY B LIAT, )

(2) JERaHE kY] HHE10H31H

(3) JEURE D HIA S Je O H G

INRE B
ZHEAEHH

10.

11.

SHEEH RIX, BRREERPERZZELICH LT 5,
A SO D PRI OWTE, INREBRA THRET 5,

Z OO IEF FIH

126



H H
B i
H H
B i
H H
B i ‘
H H
& i :
% w %waw&ﬁ¢xa (H =) % e WO | %o _ . N
m M o (B I BT * s
i = T AW By | R
T
v —o

F YOI — A T

127



(B 1)

PR E

TER L T LY v —F B G AFLOLL T DO LD
FAEMELS, BRI TR (L55R) INREE RIS
W= L FE9,

if SCeH H

RFEH KA

128



BIRRKF T LD ¥ — Fbam XM 7 128D D MR IZONT

IR NP T T Y — Vi SCRAMRBURRR 7 12 O 2 B R E IOV T, Thd

DEBY ETD,

AL

1. 70 (1) IZED DHHE

— AR SR D EREHE, RO LB &5,

1 _X—=H7- 0 ORRE O 900 M

ek, BRRPERFEHETEMEN (TFR) #HEB - THMBENUEES L 0D —fk

Fefmim CIFR D BFEHT, oo, AHIERVLD LT 5,

2. W7D (2) ITEDHCD—ROMEDOVLEKEN 1 OKMERBZDHH DITIRLBRE
BRI OB REHTOCD —ROMEDOER M EIZ1 0 L L, “hxiBx
HEBEVE LT HEAE, HREARL L, AREIROLEEBY LT 5,

i 120 oRfREAMH 20 0H

(REHkE : Frk1 841 2H20H, EKFEEBSIE SRk 1 944 A 1 HEFT)

129



BRI TR LH Y — Lt ST

1. — e EFH

(1) fEEHMmC, —MEfmmce b, FAE L TMCERITR G e+ 5,

Q) FflZZDOEECD—ROMENENDZDOT, FRIZAV P FLT7 740 (Wo r d%)
LOPDEF 77 A VTCiRETDHZ L,

(3) HEEEMmM Y, YRFEROEFIRE T EHEIC L 22 5CIcBT imsC ik, X
FEED15X—V%, TOMOHLTIE, 10—V EBARVWI ERFEAIET S, 7=
7L, EREESVVLELBDIHEIEL, ZORY TRV,

4) FfZA-4x MW, ~— 2 3MmL, #XEHICE2 0m, T3 0m, A4 2 5me T
%

(5) FNSCTIEIM SR & 72132 TS 35 T4, 930 Cld Times New Roman & 7213%
MUY T 5 0FeE 35,

6) XFHA X%, HIZ 148148 (T o 7K, BIBEIZ1I 2814 b (v 71K),
FEHERAITL2HFAbEL, WInbHRRIZ ET5, 5, BRLEEEEORHL (F
RKfiz) , WREREBICKLERAHL (F@mfiz) X1 2818 (T 7K &35,
R, ¥—U— 8, Kin, #E, SIHmC HEEnITnb 1 0RA 2 e 5,

(7) R, ¥—U—F, Kim, #FF, gIHE@wL, FETnFhd 1EMT, 1THRIEL 6
KAV RNET 5,

2. KLz DEX)

(1) EH, EHERA, B0, ¥—U— K, Kig, #HEE sIHGRL (FEolas 45,

(2) FROHE 1 _X—UIZEE, FEXA 2R IH 2 Ciid, BB RONEH (B , #igdk
FEEICEE T 2 &, BXLHEE TS 2 L

(3) EEIXfEE (2 OFRELN) T, TONEEZLLRTLOET L L, BCEAICE
D RKILT, NLFOENFIZONTIE, flzzBoz &,

(4) ZEHRKALOFNS, Tby,) £72%/12, TABSTRACT] ORI LZEZMITFRNI &,

(5) FEEEMMXTIE, TOMIDEERMRLTHL I 2R, Hiltk 7o
TR 1 XV OMEE LTHRET S Z &,

(6) ZEHY
PESCTHIFED B, FER, Rz 15 OFEREICE LD L,

(7) Kiw

D Rk, a5, £, BREER, L0, @, 2B, fEOIEET5, Zh
BRHLIEZ, FvvrkEl, XOBU X —IIMESTH I L, HBEZG UL LE
DFHZ L, MERBLL Iy 7KL L, CHEICMESIT S Z &,

2) P CIEHEM ALY AT Z AV, OBBRRE LY AGEL, MRIEHEnRSn
WwWeTanz Lk,

3) RMBUZREWERBUTRET, EHELZNBICRLRNVEICTHZ L, X, FHEEOK
FRIFIREZL BT L2 38T 5 2 L, BT, FEOGmE OREMICHNERFREIZ &
EDDHZl, BEXOKEOBIL, F@XXOM, ®X%R/MH7, HIZ Fig.l, Table 1 72
ELRT A7 TR, BXTHH G0 #2052 L, XH T, Figl, Table 1 72 &
LRTHZ L,

4) fxXoyEE, AEgealL, I, ) KO T, 1 L, ENER1IEZHNWSZ &,

130



5) RXHIZHATHRFICE, HTHBEEMTDZ L,
6) HALXEFDOTLEEHNWD Z &,
7) Bk EESEICTDH L,

(8) #EFEDOFLIR
B EOMB e &2 T 125A121F, KAXORKZIZTHTHZ L,

(9) SIHHk
1) MFRENFICEZEBERO S 2 EE R AR T2 &, 26 OEkIE, ACHCF
OFEBICES (1], [1] — [3] (L, ZNOEARLORBICELDDHZ L,
2) SIAXCROFANL U THEEDS AL, EFA, 58, M54, &, 5 (F738ITH,
HDHNEEROFITH) , -V~ TX—=V, %, FLHEITAROYLEE, FE
4, Th, =T, BITE, BITEERLRT L,

(10) fF&k
BAOFFE, FEBREE EOFEMRTANLERIGAEIIE, kT 5,

(11) Zofl

(REFtkiE : Y1841 2H20H, KHREZESIE Wk 1 944 A 1 A MifT)

131



T2V v — F VB R AR O JA
<UHRBIT 5o >

A Sample of Manuscript of Submitted Paper to Journal of Engineering
Lt HThH, >

I
<115 H\ T 5. >
Kougaku EHIME™
<115 H\ T 5, >
Abstract: All manuscripts must be produced clearly on good quality plain white A4-size(297mm X 210mm)
sheets, and accurately within the dimensions as shown on these pages. Manuscripts should be submitted in
camera-ready style for the screening and publication. The manuscript is accepted for publication after the
format check of the editorial board. Thus, the authors are asked to read these instructions carefully for
quicker acceptance of your manuscript. The printer should be a laser/jet,but dot -printers are unacceptable.
<115 H\F 5. >
Key words : Original paper, Guideline for manuscript
LT DHIT B >

1. #&

Jill]

<17 HT 5. >

LAY X —F Vi, LB B R ORI IS X 5, TABROMAIN T, OB 72T
FEDWRZINS AL T A L2 HWE LTHATI NS, BARRIZIE, 1RO T E 2 SEL, 2
(N3 N TE S aeg

<17 dHF 5. >

2. & s &

I, FE AR S O — kR S E T B o
2.1 fEERER
frE it ix, JHEHlE L TROWTRATRITE S S 420,
(1) THBEEVFHRICL2FREFLZHLMEEREZ I L2200
(2) TAAERECEAEM R OFFEEICEA L7z, Jumpiseic B3 2 M3, RIHFONEZMmILL 72
bo (72720, FFHICE LTI, HEEFFRNICEHROKREZ/TVL I L)

(3) AR RORG ROF LU &L LR RHED T L7 b 0
W) HERDHIET Bk

(5) WIAEHEDBMBLIT X 5 AT DI 2 5

6) Zof, WEERETRDLLO
2.2 —f 1t

— iR E, A TT A T T ICEORERO b O, EREHEOMA#E, ENEROLH

* OAZEATE BO0% HOO0OTF 2000)pp.AAN-O0  ITH#I Y —FVEREERI D 5IH
= ORINT SR 3 FIRRY TR OO%F
** Department of Mechanical Engineering, Ehime University, Matsuyama, Japan. E-mail

AU T O O A SO S I =

132



N, PR E IO ER Y VRV Y ATO#ESE 2T Db DET S,

3. RENHELDIE

FfsoEExHiE, BEBREBLOERAELOBKICHE). F1XR=VBIORREIARAR=VIC
RYRARZSHT 5, X—IJELAIZ 25mm, [ 20mm, F 30mm A~v—Ira2 e, 1BMET S,
W B L OEROGE, ROFHEF SN LT LT 5.

(DI EY (1481 2 b)

(2) Jescs (14 KA~ b)
B)fixFEES 1284 1)

(4) FExFEEHELY 12K4 2 1)

(5) L EE (10 KA~ M)

(6) EXF—7—F (10 KA~ )

TREBAGR S CRICIBR S N2 a5
RN LED D DY6, BiN—UBEBRT
5T,

ARL (10 KA~ ) iF, RAROLHICER
(1)~(6) Z itk L72f812, 147227 CEHEIRD
%o

X, £BIOGHEIZ, RAO XS I
ZOFE FUY AK, KO & HEN

600 ,

— | | | [ [

[ = .

o

= 500 _
Q o -
© 400 | —

£

> ol L 1
& 300 -
» - e .
©2200f ¢ -

5 Fi

s 1 e |
O 100 o — Average line (All data) —

m i 8 O | — — Average line (IC data) |

1 | | | | |

0
0 005 01 015 02 025 03 0.35
Thickness of interlayer ¢ (mm)

Fig.1. Relationship between interlayer thickness
and bending strength.

MEZH DTS, M- REIL, H2VIEN, REALIIFTULEHBEZD TS L)I1CT 5, 7T
—GHEEROYEE, WMEZHETTOLEEDPROONTLE IRV BRI EPTELN, <

MR D B IIEFAMTH 5,

4. 5|

(1] [HERE]

A X #

HEN, P, MR, &, 7, pp BIBR— Y~ T R=D, 4

[HATA
HFH, wH N—U, BT AT
21 Z%Hi

(1] B AHS  Ra g WESe

24
Ak,

40, 2, pp.120-125, 1955.

[2] R.P. Feynman : Slow Electrons in a Polar Crystal, Phys. Rev., 97, 3, pp. 660-665, 1955.

EQA B

[3] R.P.Feynman : Slow Electrons in a Polar Crystal, Phys. Rev., 97, pp. 660-665, Mar., 1955.

(4] HR—HB : @M, pp.123-135,

F— 4%k, 1966.

[5] J. A.Smith : in “Electricity and Magnetism” pp.300-305, Cambridge University Press.

London, 1950.

133



	愛媛大学工学部工学ジャ－ナル論文投稿規程
	工学ジャ－ナル論文申込書
	著作権委譲書
	愛媛大学工学部工学ジャ－ナル論文投稿規程第７に定める投稿料等経費について
	愛媛大学工学部工学ジャ－ナル論文執筆規程
	工学ジャーナル投稿原稿の見本

