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Part 1. ³ŋĳ|FHM[ƕ�Global Fluid Dynamic System 

• (�/&
   Introduction 

• ǁÞƌƶĀŰ#�!'³ŋĳ|FHM[�
   The global fluid dynamic system: a non-equilibrium open system 

• ³ŋ'ĀÎ£ÿ�
   Global radiation balance  

• ¿Ĩļâ'ǉâ�Ý�
    Vertical temperature distribution�

• ¿éōƨ�&25ńƠƣ�
   Heat transport by the general circulation 

• ńƠƣ&w�>RbAfŎñŊ#āƧŊ�
   Generation and dissipation of available energy due to heat transport�

¨ą1  Outline 1�



Hisashi Ozawa, Hiroshima Univ. 

Part 2.  Šáğƥåñƕ� Natural Structure Formation�

• ƃŃœ'ŹġĠ
    Periodic patterns in nature

• ĳ|Ű'āƧğƥ#:'ňê
   Dissipative structures of fluid systems 

• ŭ|ĳ'Šáğƥ�
   Pattern formation in granular flows 

• �6Ř'¬Ĕğƥ�
   Periodic patterns of cracks 

• V`BJb#āƧğƥ�
    Fractal and dissipative structures�

• ,#/#Ɠǃ�(ÐaYfN)  
    Summary and exercises 

• ƖŽƘĆ'Œ�V9<b (PDF)ǔMoodle
   Lecture materials (PDF): Moodle
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Part 2. ßq©ģv�ĎŎNatural Structure Formation �
2-1. ƃŃœ'ŹġĠ  
          Periodic patterns in nature  

ÌŐÉæ'şÄƻŪ�(1933)   
Scientific essay by T. Terada�

�`Ð_w�
  Torahiko Terada�

(1875–1935) 

• ĳ|Ű'āƧğƥ#:'ňê
   Dissipative structures of fluid systems 
 ǍWPfb'ńÍĳǏƿĨÍĳ'ğƥ½�ǎ
   Bénard convection, electronic convection

• ŭ|ĳ'Šáğƥ�
   Pattern formation in granular flows 
 Ǎĳi�5ŭ|ĳ'ĻğƥǏŝ'ƍǂ'Ǆűǎ 
    Vortex formation in granular flows, sand ripples  

• �6Ř'¬Ĕğƥ�
   Periodic patterns of cracks 
ǍpŅ�6ŘǏĪĭBcTHǏ@`H'�6Řǎ 
    Dried cracks, glacier crevasses, cracks in glass 
    ...�
� >RbAfƕŗ%ƐƯ1¥Ɓ�Ǖ
      Is energetic interpretation possible?
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• ơƚưƬůÄa¸ņ Bénard convection�

Tc

Th

ńvÏ� ńÍĳ�

“ǀĦ”�

ΔT ≥ ΔT *

ļâÛ�ΔT���

ÅÆ�ń
Ơ
ƣ
Ŋ�

F

ńÍĳ�

ńvÏ�
ĽÅÆ�•

ΔT *
Silveston (1958)

ļâÛ ΔT = Th – Tc : Ð�

F

ńƠƣŊ'¿��ŉð124ÅÆ�

>RbAfāƧŊ�∝ 

         dS     F      F      Th –Tc D ∝ ––– = –– – –– = ––––– F  ∝ F          dt      Tc     Th     Th Tc 

� >RbAfāƧŊ (≈ �Äŗs
qŊ) '¿��ŉð124ÅÆǕ���
Sawada (1981)

gÆ 

  dS  –– : >eNdUf� dt              
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ơƚưƬůÄa¸ůÔĨ�

Velarde and Normand (1980)
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• ľ¯a¸ů©ģR/  
ŎŎPattern formation in electric convection�
ƿĨÍĳ'Ă�FZ]cfF^e��Ƴĕ, ĬŐ (1983) 
Numerical simulation of electric convection        Suzuki, Sawada 

  ƿzÛ (V) : ¿ 
electric potential   large�

+V 

0 
I 

Íĳ1ŖŎ 
convection occurs 

ƿĳ (I) 1¼� 
electric current increases�

  ÿƮćŢã: 
   Governing equations: 

• ¸�ůĦ.�ás 
   Fluid dynamic equation 

• ĿJóůĤðůs 
   Continuity equation for fluid 
• ľüů�Wůs 
   Conservation equation for charges�

• <Šľ�jŪƲ( £�ƀRŖ
ũ��ƎƥƨƭưƎƩƯ�

   Numerical simulations under the same 
electric potential (BC) but with different 
initial conditions 
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Ą�ů¾[\ŭ\lÈ�  
Multiple steady states�

$'ŉð1đ0ÅÆ�Ǖ 
Which state is the most stable?�

n : Ļ'Ă 
    number of cells 

»œ&þo (ƿƇ'S<
I) 7��5Ă�FZ]
cfF^e 
Numerical simulations with 
perturbations at the boundary�

©�»œĘu (ƿzÛ) 
Same boundary condition (V)  
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�	ŮźŽa¸©ģůR/ 
Transitions of convection patterns by perturbations�

jÅÆ� 
��������   ÅÆ�                    jÅÆ 
unstable                                stable                              unstable �

đ¿�
       ƿĳ 
electric current�

Ļ'Ă�

�U�
maximum 

¼ů��
number of cells�

Suzuki and 
Sawada (1983) 

     
      dS  

	 –– 
    dt  

            D = V ×I           
gÆ 

constant 

∝ I 

(>RbAfāƧŊđ¿) 
maximum energy dissipation�

>RbAf�
āƧŊ:  

energy dissipation:�
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• ¸�šŽè�¸ŮËžŽ¼©ģ  
    Vortex structure formation in granular flows 

[http://www.avalanche.org/pictures/
avalanche3.jpg]

Brad White (2000)

0�0����ğƥ�

   "smoky" structure 
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�YhůCÃūÁÛ¸    2000n8�29� 

�ƈƪƫ�8ûç: http://www.geo.chs.nihon-u.ac.jp/tchiba/miyake/0829/index.htm
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ĝŔéVů¸�]Ņņņņņņņņņņņņņņņì7, d¿ (2009) 
Flow experiments on lightweight granular particles     Nohguchi, Ozawa 

 1.9         4.2            7.4 mm

�         ���������������
 S                      M                   L  �

1.6 m

45 ˚

[Physica D, 34, 20–26, 2009] 

ƞ�ŖıHKdfb'ŮÃ�(Êâ: 0.02 g/cm3) 
Polystyrene foam particles                 density 

?�

https://home.hiroshima-u.ac.jp/hozawa/PhysicaD-2009.pdf 
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¸�]Ņ   
Flow experiments�
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éVĹGřŨśŽ©ģ  
Structure formation in granular flows�

Ð







����m






���   ¿
 S                                                  M                                                L�

�¡ÃĻ� 
  twin vortices �
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ƆƛƬƉưĎÕĈį  
Energetical interpretation�

ťĨôó7ĺ3�Ġ%Ļƨ�1ŖŎ�Ǐzż>RbAf7�Ŋ

2�Ļƨ�&½ù�ń&āƧ��!�5�
Vortex motion that reduces air drag force emerges, thereby converting potential 
energy into vortex kinetic energy and dissipating it into heat energy.�

zż>RbAf7ƃ3¤4Ƣ.�Ġ&Ŗƪ�5Ļğƥ
Vortex structure that “extracts” potential energy.

�
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¡ÃĻ'Ŗƪ'��-�
Formation process of twin vortices�

ĳiƤâ1¼�
Increase of flow velocity�

ůƞƃưƙƜƕƊ�
positive feedback�

ťĨôó7ĺ3�Ġ%¡ÃĻ1ŖŎ
Formation of twin vortices that reduces air drag

Ļƨ�1�Ƥ
Increase of vortex motion  

vm

vm + Δv

(zż��Ħ.ƆƛƬƉư) 
  Potential to kinetic energy 

           ≈ M g sinθ v           
gÆ�constant 

∝ v
>RbAfāƧŊ: D ≈ zż>RbAf'ĺÑŊ 
Energy dissipation rate �
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ĳiƤâ'½��
Evolution of front velocity�

Nohguchi and Ozawa (2009) 

Small
Middle
Large

0                   0.5                   1                   1.5

1

2

3

0

Distance  (m) 

¡ÃĻ'åñ   
twin vortex formation�

Ļğƥ1>RbAf
āƧ7�Ƥ�!�5 
vortex formation enhances 
energy dissipation�
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Ļ'E<I 
Vortex size

 
Ƥâ»œÓ'��: δ
velocity boundary layer thickness 

S� M� L� TTB* 

�\�: 2δ (mm) 56 120  220 5100 

]Ņ�: r (mm) 49 ± 8  83 ± 10  304 ± 23 5800 

55h�' 
UeYeŋ 
550,000 table 
tennis balls 

Nohguchi and Ozawa (2009) 

 
ťĨôó� × δ  ≈ 1 ŮÃ'ƨ�>RbAf 
air drag force                     kinetic energy of a single particle 
   

δ  ≈ (ρp /ρair) × Ůè   
                                particle diameter
�

*McElwaine and Nishimura (2001) 
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• ÚůĂŀŮłŮźŧũŪŚŽłëņSand ripple formation by wind�

W. Wiedlich (1993)

³ƍ'ǄƤ�(v) 1�5ăÒ�7
ƙ�5#Ǆű1Ŗƪ� 

        v  ≥ v*      (v* ≈ 5 m/s)

Ǆű (��) 1"�5#Ǐƍǂ
'úýôó�1¼��5� 
(Ǆ'ƨ�>RbAf7ĸſ�
�5ğƥ) 
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ƆƛƬƉưĎÕĈįņņEnergetical interpretation�

Ǆ�3³ƍ*'sqŊ: W = úýôó� × v 

v : Ð  v : ¿  

łë ($%) ůÔÎ�

Ō KĂů����+řP,�

Ō ��Ê (W) řP,�

ƆƛƬƉưƀ5żĠŶƲ�ĥŞŢŽźŕŮÔĨšŽ©ģ�

 (v  ≥ v*)      �
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• í�ů«¦È�ĳ�

�rakawa (1955)

ģĝğƥ1ŖŎ�

[�Ŵ&25ƃő>RbAfĺÑ 
≥ ƍǂ>RbAf¼�] 

2 mm 

Ʃ��ŉð'ĩ'm"'Ī'

ñƵ�(ĩļ: –0.1 ~ –0.5 °C) 

Ʃ��â�ΔT : ¿�� ��ŖŎ�
ƃő>RbAf¿ : jÅÆ�

Ʃ��â�ΔT : Ð�� �Ěŉ�

�Ěŉ'Ī� ��ŖŎ�

Mullins–Sekerka (1963) 'Ęu�
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í�ů�ĳ�=ůR/�

ƩǇ®â (σ) '¿��&2
�!ǏñƵć«#å1½���

σ < 0.21              σ > 0.21

[110] [111] 

Honjo et al. (1985) 

º�:e\Q=[(NH4Cl) 
'ƩǇ®ĩľĹ�3ŴČ7

ñƵ��

“Čŕ½�”�
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í�ů�ĳ�=ůĩ��

ƩǇ®â σ

Hill (1990)  Nature 438, 426.  
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ļůí�ņ(ħńAÈ�ů°þ¯ŘŻ�ĳ)

K. G. Libbrecht [http://www.its.caltech.edu/~atomic/snowcrystals/] 

ō»'ļâ1ƩǇ®

â&ë�!Ġ�%å

&½� 

(ƏĞǏƏĚǏģĝŉǏ
ƲǏǌǏ...) 



Hisashi Ozawa, Hiroshima Univ. 

ļí�ůvū�ĳ£�	�ĐƔƄƧƋƪƦņņ�

–Ƴ� –22 

0.3 

0.2 

0.1 

σ

½r�

ħ
ń
A
r�

Nakaya et al. (1938), Nakaya (1954) 

«¦È�ĳů£� 
σs ≥ σ*(L)   L: í�ƍƄƑ�

Yokoyama and Kuroda (1990) 

�ĐZ;ĪŎ(1900–62)�

V. Tanusheva (CalTech. USA) 

ÍĎÕŭČ�: Kuroda and Lacmann  (1982) 
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Å*žÖņDried clacks�

Wunderlich (1995) 
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±µůƊƭƜƐņGlacier crevasses�

Morteratchgletscher (H<H) 
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• ƈƪƐů*žÖů? ©ģ� Hirata (1931) 

ÄşŤƈƪƐ¤ƀ°Ů´ŷũ~#šŽūƲ? ÕŮÿĀšŽ*žÖř 
(ųŴæĴĸ) ŮÔÎŏ�

• ´ŷŽĢrņ(#1Ê) ƀRŖŽūƲ*žÖůĴĸŹÿĀů·ĳřR/ŏ�

�ĩ�

v 
ń�� 
@`HĚ�
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ĊşŔ]Ņņ      Yuse and Sano (1993)    Nature 362, 329.

�6Ř'�Ũ&��5ńħ-ë�: σth ∝ dT/dz⏐tip  ∝  ΔT, v

σth :   
Ð



→

��
�¿ 

řŷ    →
��ƊƋ����→   � ��Õ�+ ƊƋ 

�Õ + ƊƋ 

ƊƋ 

řŷ 

Ō ®ŶĈ�ů�-ėĻ (δ ) řć\ƴ�

σth ¿�

σth Ð�
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*žÖůÔĨ (ÿĀŹ'fů£�)�
>RbAfƕŗƐƯ�

�6Ř&25ńħ->RbAf'ƐĀư: ΔEσ

�6Ř&25ƍǂ>RbAf'¼�ư: ΔEƍǂ�

σth  < σth* σth  ≥ σth*

ē��
ƚƼ: δ 

• �6Ř'ŖƪĘu: ΔEσ ≥ ΔEƍǂ�Ǖ�

σth : ńħ-ë� 

2δ Ǖ 
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ø.ěůäƈƪƐůÜQ (æĴĸů*žÖů�)�

2006ß11Ē�
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• ê�� (viscous fingering)
ǉůì'ĳ| (ĩ or Į) &{ůì'ĳ| (ťĨū) 7Ĳ���ċ&Ǐ
ǐ 'ĳ|'»œǂ&"�5��'å��

{²�

m²�

ǉ²�

•�²�'{�¾�&«��!÷1x)�5��

{²�

ǉ²�

Fast and Shelley 
(2006) 
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ê��ůŘŤŦ�

ůì

Ð






�����m



�


�
��¿�

Nordmeier (1998) 
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ê��ů�ĳūvůØ���

ċƷ�

ƃÜŚyì (ö¿ŻÐÍšì) : V`BJb�
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ê��ůƆƛƬƉưĎÕĈį�
                                                             dV 
ĳ|'õ�Ƣ-&25sqŊ : W = P –––  
                                                              dt 

÷1x)�5�#">Rb

Af'~ŵŊ1¼��5��

� ÷1x)�5ƂœĘu(ƒĉ"�5��

���Ǐƍǂ>RbAf(
¼���

÷1�5q&25sqŊ'¼� ≥ ƍǂ>RbAf'¼�Ŋ�

ŷåÅÆìƐě: Martyushev and Birzina (2008)�
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ţů�ů�ņOther examples�

• Nů� (salt fingering) 

Huppert and Turner (1981) 

İŔŃN°ƀŪŚŽťŜ�ś¸�Ş
ŢŽªŭƝƓưƯƀv�ŏ�

• Lichtenbergů�ľI (ïòÜQ)�

Ball (1999) 

ïò�ůĂŀŪƲŪŚŽťŜ�ś�
ľšŽªŭƝƓưƯƀv�ŏ�
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ŵūŷņ(Part 2-1)  Summary�

• øÂÓŮŗŜŽßqv�ËđůTśŰƲ+XÕŭƆƛƬƉư (or 
øÑƆƛƬƉư) ƀ-Êźś5żĠŶƲÄŮ�ĥŞŢŽźŕŮÔĨš
ŽūŔŕöŖŪƲ\�ÕŮŰÍĈšŽ�řŪŚŽŏ 

 

• şŘşƲ�Őů©ģůvŹĳŞņ(“Ĵĸ”) ƀ³ŷũŔŽąFŰƲŵť
úśſŘŧũŔŭŔŏ�

Ō ővŒøĚůBŁņ(ƞƪƊƓƪƬ�ƴ)�
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2-2ŇņƞƪƊƓƬū�ĥ©ģņFractal and dissipative structures

Clouds are not spheres, 
mountains are not cones,  
coastlines are not circles, 
and bark is not smooth,  
nor does lightning travel in 
a straight line.      
         Mandelbrot (1982)    

øÂůvŰƲEuclid o�XÕŪŰŭŔŏ�

ŝůøÂůvƀĂËšŽúŔ�¶ŰŭŔŘƴ�

� Mandelbrot ůőƞƪƊƓƬo�XŒ�

Benoît Mandelbrot 
     (1924–2010) 
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øÂů�ůaà� (ßq)

• ¯ƜÍšì (ŁÍšì) –– ƽ'�ƏÍšì 

• ƴĊÍšì (Ú¦Íšì) –– rǏǊǏǅƋĤǏ... 

• lƦÍšì (¬Ĕì) –– ŴČƮ�ǏWPfb'ńÍĳ�

• ö¿ (ŻÐ) Íšì�(ƃÜŚyì): V`BJb�(fractal)�

Ð��Ƭ�7ö¿�5#Ǐ�|#

gƄ�5� 

�|7ŻÐ�5#Ǐ�|7ğñ�

5�!'Ð��Ƭ�#gƄ�5� 
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ƞƪƊƓƬů�  1
• Koch' (ÁÂ%) Ďŷ�

·ėü} (3ū��!mÀ
&Ô7 �5) 

2¯�

3¯�
 ... 

n¯ Ln = (4/3)n 	

 łƹ¯: n � ∞					Ln →	∞	

1¯� Ƶ�: L1 = 4/3 

L2 = (4/3)2 

L3 = (4/3)3 

�Ĕ±å�

Ŏñ±å�
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økØ�ů�@�

Ƭ�&�|1µ/Ƣ,6!�5��

ö¿ (ŻÐ) Íšì�
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ƞƪƊƓƬů�  2
• Sierpinski'@HCLN�

·ėü} (§ơ'mŁ7Ŵ)ǏŜ8m'
ǑƏ7¤4ƺ�) 

... 

n¯ 

łƹ¯: n →  ∞	

�

ǂţ: An = (3/4)n 

An →	0	

1¯�
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ƞƪƊƓƬů�  3
• Sierpinski'?fXLN�

·ėü} (ǒƏå7Ǔū��ǏŜ8m'
ǒƏ7¤4ƺ�) 

... 

n¯ 

łƹ¯:�

ǂţ: An = (8/9)n 

n →	∞																An →	0	

1¯�
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ƞƪƊƓƬů�  4
• Sierpinski (Menger) 'HYeG�

|ţ(Ǖ�

n →	∞					Vn→ 0	

·ėü}(Ǖ�

å��ƀ 27 æ'şũƲ9
ŀůŵƁ�ůå��ƀ5ż

Ķśŏ�

Vn = (21/27)n 

ƍǂţ(Ǖ� An = ? 
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• ƞƪƊƓƬ¬ : vůĄĺŞ (“İĄr”)�
ĥ�#(Ǖ�

Ł :  0 ĥ�  Ł 	  X 0 = 1  (gÆ) 

ŷ :  1 ĥ�  Ƶ� 	 X 1 = X 

ǂ :  2 ĥ�  ǂţ 	 X 2  

Ŧ| :  3 ĥ�  |ţ 	 X 3  

·Ľ'Ƶ�7�X ���ċ'å'½�â�

� ·Ľ'Ƶ�7 X ���ċ&Ǐ:6&Íë�5å'½�Ŋ1��
X d &%5ċǏ:'å'V`BJbĥ�(�d��

gƆ'å :  d ĥ�  å'½�Ŋ = X d  
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Kochů�ñůƞƪƊƓƬ¬ �

·Ľ'Ƶ�7Ǒ�&��ċǏKoch'Ďŷ'Ƶ�(ǒ�&%5��

4 = 3d d = (log 4)/(log 3) ≈ 1.262 … 

� řŷ'ĥ�24¿��Ǐǂ'ĥ�24Ð����

å'½�Ŋ��·Ľ'Ƶ�'�Ŋ�
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SierpinskiůƈƐƌƕƘůƞƪƊƓƬ¬ �

·Ľ'Ƶ�7ǐ�&��ċ&Sierpinski
'@HCLN'ǂţ�(Ǒ�&%5��

3 = 2d d = (log 3)/(log 2) ≈ 1.585 … 

� Koch'Ďŷ'ĥ�24¿��1Ǐǂ'ĥ�24Ð����

å'½�Ŋ��·Ľ'Ƶ�'�Ŋ�
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dčŁ

• SierpinskiůƇưƢƕƘūƐƣƯƏůƞƪƊƓƬ¬ ƀ²ŷũśť
ŞŔŏ�

• øÂů�ŮƞƪƊƓƬÕŭvƀ�ş&şƲţůÇzŎ(Ŭůī'ř
ƞƪƊƓƬÕŘ)ņƀČ�şũśťŞŔŏ�
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|ÙŎ(µ2ŞƁƲ2022n)� ƎƔůýŎ(ÀÐŞƁƲ2022n)�
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øÂÓů�ĥ©ģūƞƪƊƓƬ¬ �

• ĶÖŷ'å 

• Ø'ĳƛ 

• ƾ'Ɵƭ 

• ůì÷ 

  ... 
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ºgñůƞƪƊƓƬņņņņņMandelbrot (1967)   Science 156, 636.  �

<AaH'ĶÖŷ'Ƶ�($'z

�Ǖ� 

� Ƶ�(ÆŽ"�%�� 

ų��Ǝ5ŢƵ�%5� 

V`BJbŗ (fractal-like) 

• ĶÖŷ'V`BJbĥ�7ī/5ćİ7ž�5��

Richardson (1961) 
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ºgñůƞƪƊƓƬ¬ ů²ŷ� (ƇƜư¶)
L¾ůĳŞůƐƌưƬƀņX �şŤ�ŮƲa}šŽvůR/ÊřņX d 
ŮŭŽ�Ʋţůvů¬ Űņdŏ 

 ŎvůR/Ê = X d 

L ε

×ñėĻņL ůºgñƀ×xņε ů
d"ŪĆŕūƲN �ů"ř{ąŭ
M:ŏ�

L¾ůĳŞ: ε Ŋ L  (X = L/ε) 
ºgñůR/Ê: N  

N = (L/ε)d 
�

N ��

A B

�) ºgñ�

d = (log N)/(log L/ε) :  ε ůƐƌưƬŪůƞƪƊƓƬ¬ �
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d"ů×xƀR/ŞŢŽ: ε = ε1, ε2, … εi�

ε1 N1 = (L/ε1)�1 
�

N2 = (L/ε2)d2 
�
ε2

ŸşƲ��ņdi řƲεi ůpŔçHņ(εk ≤ εi ≤ εl) Ū	\ŭŻƲţův 
(ºgñ) ŰƲţůçHŪƞƪƊƓƬÕŪœŽŏ�

N1 ��

N2 ��

Ni = (L/εi)di 
�Ni ��
εi
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log Ni =  – di  log εi  +  di log L  

y�ņ�ĢƝ: x źƝ: y 

Ni = (L/εi)di  'kơ'ÍĂ7#5�

log εi 

��: – di  � V`BJbĥ�: d = di 
log Ni 

“V`BJbŗ” %Ŭ°�

(y = a x + b )

x

	

���

÷Ă�di #:'Þ´�7ī/5ćİ: �
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ºgñůƞƪƊƓƬ¬   1

Ç¶śŇǋ�×� d ≈ 1.3 

N 

ęi (2002) 

N 
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ºgñůƞƪƊƓƬ¬   2
>fDĶįÖ�

d ≈ 1.3 

a:HãĶÖ  ≈ 1.3 
V;_bOĶÖ  ≈ 1.5 

gƆ'ŝĴ   ≈ 1.0~1.2 

N 

d '¿��ĶÖŷ(ǏĭØ1
Īĭ'ķǆ}ŏ'¢ĊǕ�

ęi (2002) 

Ø'ĳƛ(Ǖ�
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iů¸ęůƞƪƊƓƬ¬ �

Ō iů¸ę (°ů�ôƆƛƬƉưƀ»ĒšŽƎƐƖƦ) ŸƞƪƊƓ
Ƭ�ƀÝšŏŎ(ĵ°ıŋ Ō dŋ ƴ) 

��i�

d ≈ 1.22 d ≈ 1.26~1.38 

D�0i� ƂƤƒƯi�

d ≈ 1.85 
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âĽůĞĬůƞƪƊƓƬ¬ �

d = 1.35 

Lovejoy (1982)  Science 216, 185.  

Ğ
Ĭ
ů
ĳ
Ş�

ĽůƍƄƑ�Ă100 m 

Ō âĽůƞƪƊƓƬ�ŸƲâĽa¸ůņ
(�ĥ) ©ģƀ3�ƴ�

500 km 

ĞĬĳ: LŎ 
L/L0 ≈ (R/R0)d  
L ≈ (L0/R0

d) Rd  

   ō Rd  
 R: ĽůƍƄƑ 
 R0: �dƍƄƑ 
(≈δv: ê�OÓe?)�
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ê��ůĞĬůƞƪƊƓƬ¬ �

Ō ê�� (J+jŮźŽ��ƀ5żĠŶ�ĥšŽ©ģ) ŸƞƪƊƓƬ
�ƀşŷšŏ 

• ƞƪƊƓƬ�: �ĥ©ģů	ùÕ�ĕƴ�

d ≈ 1.0              1.1                 1.2             1.65               1.7 

Nordmeier (1998) 
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ŵūŷ (Part 2-2) Summary�

• ƆƛƬƉưƀ5żĠŶ�ĥšŽ©ģ (�ĥ©ģ) ůTśŮƞƪƊƓ

Ƭ�řŶŻžŽŏ 

  şŘşƲƞƪƊƓƬ¬ ůÆÍÕŭ�@ŰŵťúśſŘŧũŔŭŔŏ 

 

• ƆƛƬƉưƀ5żĠŶ�ĥšŽÊř�UŮŭŽ£�ŘŻƲ�Őů

ƞƪƊƓƬ¬ ƀcś�řŪŚžűƲƞƪƊƓƬů¢ĕřÍĈŪŚŽ

8÷�řœŽŏ�
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ÞůöŖņ(�Č) : ƞƪƊƓƬ¬ ů�@�
ƆƛƬƉưů�îůħáūƆƛƬƉưů�ĥůħáƀíŲ©ģƴ 

¹+Ʋİ+ 
S�ůĿmā�

Ăŀ��+Ʋê�+ 
Ăŀu+ƲĂŀ�� 

1�=Õŭ+*� 2¬ ÕŭĂŀ+ (�=�ŭş)�
d ≈ 1� �UŪ�d ≤ 2  (2¬ ŀ!) 

           d ≤ 3  (3¬ ãĴ!) Ĳż:Ŕ�

Ăŀâņ(d) ƀPŹşũƲê���+ƀP,ƴ�

ĵ�Ð� ĵ�¿�

*) �=�ůŭŔƟƪƅƯĦ.ůéVůĜĘ: d ≈ 2. �

�)ņâĽa¸�
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ƞƪƊƓƬ¬ ů³ŵż� (Þů��)�

ƆƛƬƉư�î

řyĢ�

V 
 
W  
 

 Dt�

d* �

Ăŀ (�ĥ) ħá
řyĢ�

d Uņ�

��

d dņ�

 ≈
�

	
�

d Ð� d ¿�

ĞĬĳ: LŎĂŀâ: A 

L ≈ L0 (x/δ0)d ō (x/δ0)d  

A ≈ A0 (x/δ0)d ō (x/δ0)d  
  x: vůƍƄƑ 
  δ0: �dƐƌưƬ 
   (L0 ≈ δ0,  A0 ≈ δ0

2
 )�

x >> δ0 ŭŻƲdŋ ︎ Ō L, A ŋ ︎ŋ ︎�
↘︎︎             ↘︎↘︎�
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ƤƯƗƬƟƮưřĔēşŤ�¢�Ò^�

Mandelbrot (1982) 

The Fractal Geometry of Nature, 
Plate C16.  

Ɖǈ�ą 
(1760–1849) 
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ƞƪƊƓƬƀ)ÏşŤő�ĶŜŒ�

Į�� (2012)   �ĭUXůƋƬưƠ�

«¡ův (D ≈ 2) Ű�bƀ-Êźś>4şŨŨƲ¦ýŘŻů	¸Äğġƀ
�U/ŞŢũŔŽƴŎŌŎ-ÊůúŔň�ĶŜŉ�

ň¡ķů-¥ŉ�

࡞ࡁ㸪ᐇ㉁ⓗࡵࡓ࠸࡞ࡀ㛫✵࡞ 1 ᯛࡢᖹ㠃㏆࠸≉ᛶ

 㸬ࡿࢀࢃᛮࡢࡶࡘᣢࢆ
ᅗ 8 ࣝࢱࢡࣛࣇ㸬ࡍ♧ࢆቃ⎔⇕ࡢୗࡅ᪥㝖ࣝࢱࢡࣛࣇ

᪥㝖ࡢࡅୗࡢ㊰㠃ࡣ㸪ⱝᖸࡢᮌ₃ࢀ᪥㢼ࡢගࡀᕪࡀࡍ㸪

⾲㠃 ᗘࡾ࡞ࡣపࡃᢚࢀࡽ࠼㸪ࣝࢱࢡࣛࣇ᪥㝖ࡅ⮬యࡶ

㧗 ࡵࡓ࠸࡞ࡽ࡞㸪ࡢࡇ᪥㝖ࡢࡅୗࡢ⇕⎔ቃࡢ↛⮬ࡣ᳃

ᩓ࡚ࡗ㐪≀᳜ࡣࡅ᪥㝖ࣝࢱࢡࣛࣇ㸬ࡿ࡞ែ≦࠸㏆

ຠᯝࢆᣢ࡛ࡢ࠸࡞ࡓ㸪⾲㠃 ᗘࡀẼ ࡾࡼపࡣࡇࡿ࡞ࡃ

㏆ Ẽࢆ㸪⾲㠃 ᗘ࡛ࡅࡔࡿࡍఝ┿ࢆᙧࡢ㸪ᶞᮌࡀ࠸࡞

 㸬ࡿࢃࡀࡇࡿࢀࡽࡆୗ࡛ࡲ್࠸
 
㸶㸬ࡾࢃ࠾�

 
ᮏゎㄝ࡛ࡣ㸪ୡ㛫ࡢᖖ㆑ࡿ࡞␗ࡾ࡞ㄝ᫂ࡀከࡵࡓ࠸㸪

ᡞᝨࢆ࠸ឤࡓࡌㄞ⪅ࡶከ࠸ᛮ࠺㸬ࡋࡋ㸪࡛ࡇࡇ㏙ࡓ

୰࡛㸪ᶞᮌࣝࢱࢡࣛࣇࡢḟඖࡀ 2 ࡅ㝖ࢆࡇ࠺࠸ࡿ࠶࡛

ࡀࠎ㸬ᡃࡿ࠶ᐇ࡛ࡓ࠸࡚ࢀࡽ▱ࡽ௨๓࡚ࡍࡣ㸪ࡤ

ࡘࡃ࠸ࢆࡽࢀࡑ㸪ࡋㄆ☜ࢆᡂᯝ✲◊ࡢ㸪㐣ཤࡣࡇࡓࡗ⾜

  㸬ࡿ࠶࡛ࡅࡔࡓࡏࢃྜࡂ࡞ࡘ
୍ぢ㸪」㞧ぢࢻࣥࣛࢺ࣮ࣄࡿ࠼ၥ㢟ࡶ㸪෭㟼⪃

࡞㸬㔜せ࠸࡞ࡣၥ㢟࡛࡞㞧「ࢀࡑ࡚ࡋ㇟⌧㸪ࡤࢀ࠼

࡚ࡋ㇟⌧ࡢูࡣࢻࣥࣛࢺ࣮ࣄࡢኪ㛫㸪㛫ࡣࡇ

༊ูࡇࡿࡍ㸪Ẽ ⇕㍽ᑕࡢᙳ㡪ࡾࡁࡗࡣࢆศ࡚ࡅ⪃

㸪ࡀࡇࡓࡁ࡚ࡋΰྠࢆࡽࢀࡇ㸪࡛ࡲࢀࡇ㸬ࡿ࠶࡛ࡇࡿ࠼

ၥ㢟ࢆᴟ࡚ࡵ」㞧ぢࡿ࠸࡚ࡗࡲࡋ࡚ࡏ㸬 
⇕㍽ᑕࡢᙳ㡪࠺ࡼ࠸࡞ࡅཷࢆὀព࡚ࡋẼ ࡤࢀ ࢆ㸪

㛫ࡢ㒔ᕷ㒊ࡢẼ ࡣ㑹እኚ࠸࡞ࡽࢃ㸬ࡣࢀࡇ㸪᫇ࡶ

㸪ࡣཎᅉࡢ᭱ࡿࡌឤࡃᬬࡀ㒔ᕷ㒊ࡶ࡛ࢀࡑ㸬࠸࡞ࡽࢃኚࡶ

㧗 ࡢ㐨㊰ࡸᘓ≀ࡽⓎࡿࢀࡽࡏ⇕㍽ᑕ࡛ࡿ࠶㸬ᒇእ࡛ᬑ

㐢ⓗࡿ࠼ ⇕ឤࡢᣦᶆࡵࡓ࠸࡞ࡀ㸪ཝᐦ࡞㆟ㄽࡣ㞴ࡋ

㸪ᗈࡿࡍ⪄ཧࢆᶆ‽᭷ຠ ᗘࡓࢀࡽࡵ㸪ᒇෆ࡛Ỵࡀ࠸

ࡀ㊰㠃 ᗘ࠸ 10Υୗࡤࢀࡀ㸪ࡘ❧ୖࡢࡑேࡢయឤ ᗘࡣ

2-3Υୗࡿࡀᛮࡿࢀࢃ㸬࡚ࡗࡀࡓࡋ㸪㛫ࣛࢺ࣮ࣄࡢ

㸪ࡀࡇࡿࡆୗࢆ㠃 ᗘ⾲ࡢ≀ᘓࡸ㸪㊰㠃ࡣ࡚ࡋ⟇ᑐࢻࣥ

ᐇ⌧ྍ⬟ࡶ᭱࡞᭷ຠ࡞ᑐ⟇ࡿ࠼⪄㸬 
ኪ㛫ࢻࣥࣛࢺ࣮ࣄࡢᑐ⟇ࡣ㛫ศࡿ࠼⪄࡚ࡅᚲせ

㸪ࡣࡇࡿࡆୗࢆᆅ⾲㠃 ᗘࡢ㛫ࡶࡃ࡞㸪ᑡࡀࡿ࠶ࡀ

㛫ᆅ⾲㠃✚ࢆ⇕ࡿࡍῶࡋࡽ㸪ኪ㛫ࡢ⇕ᨺฟࢆᢚ࠼

ࣄࡢኪ㛫ࡣࡅ᪥㝖ࣝࢱࢡࣛࣇ㸪࡚ࡗࡀࡓࡋ㸬ࡿ࡞ࡇࡿ

 㸬ࡿ࠶᭷ຠ࡛ࡶ࡚ࡋ⟇ᑐࢻࣥࣛࢺ࣮
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ᅗ  ቃ㸬⎔⇕ࡢୗࡢࡅ᪥㝖ࣝࢱࢡࣛࣇ 8

࡚ࡋ㛗⏕ఝᙧ┦ࡀ 2 ಸࡢࡓࡗ࡞ࡉࡁ㸪ⴥᩘࡢࡥࡗ

ࡣ 22=4 ಸࢆࡇ࠺࠸࠸࡞ࡽ࡞ࡋពࡿࡍ㸬 ௬ᶞ

ᮌࣝࢱࢡࣛࣇࡢḟඖࡀ 3 ḟඖ࡛ࡤࡽ࡞ࡿ࠶㸪2 ಸࡢࡉࡁ

ࡣᩘࡢࡥࡗⴥࡓࡗ⫱ 23=8 ಸࡿ࡞ࡇࡿ࡞㸬 
ᶞᮌࡣኴ㝧ࡢගࢆ྾࡛ࡢ࠸࡞ࡽ࡞ࡤࢀࡅ࡞ࡋ㸪2 ḟඖ

ⓗ࡞㠃✚ࡀᚲせ࡛ࡾ࠶㸪᭱ࡣࡵࡓࡢࡑప 2 ḟඖࢆᣢ࡞ࡓ

ᡂ㛗ࡶ࡚ࡗᣢࢆḟඖࡢ௨ୖࢀࡑ㸪ࡋࡋ㸬࠸࡞ࡽ࡞ࡤࢀࡅ

ࡢ࠺ࡲࡋ࡚࠼ቑࡀⴥࡿ࡞㸪㝜ࡶ࡚࠼ቑࡀᩘࡢࡥࡗⴥ࡚ࡋ

࡛㸪2 ḟඖ௨ୖࡢᵓ㐀ࢆᣢࡢࡶ࠸࡞ࡀࢺࢵ࣓ࣜࡘᛮࢀࢃ

 㸬ࡿ࠼
ḟඖࣝࢱࢡࣛࣇ࡞࠺ࡼࡢࡇ 2 ࢙ࢩ㸪ࡣ࡚ࡋᵓ㐀ࡘᣢࢆ

ᅄ㠃య(ᅗ࣮࢟ࢫࣥࣆࣝ ࡉ㸪ᑠࡣࢀࡇ㸬ࡿ࠸࡚ࢀࡽ▱ࡀ (5

ࢆᅄ㠃య࡞ ࡚ࡏࢃྜࡳ⤌ࡘ(22)4 2ಸࡢࡢࡉࡁᅄ㠃యࢆᵓ

ᡂࡋ㸪࡚ࡏࢃྜࡳ⤌ࡽࡉࢆࢀࡑ࡞ࡁᅄ㠃యࢆస࠸࡚ࡗ

ࡀ✚యࡣᴟ㝈࡛ࡣᅄ㠃యࡢࡇ㸬ࡿ࠸࡚ࡗᣢࢆᵓ㐀ࡃ 0 ࡞

ࡕᣢࢆ✚㠃ࡢ㸪᭷㝈ࡀࡿ࠸࡚ࡋࢆᵓ㐀ࡢ࢝ࢫ࢝ࢫ㸪ࡵࡓࡿ

≉ᐃࡢ᪉ྥࡽぢࡿ㸪ࡢࡇ❧య࠺ࡇྥࡢഃࡀ㞃ࢀ

ࢆ᪥ᑕࡣ࡚ࡋᑐ᪉ྥࡢ㸪≉ᐃࡿ࠼⪄࡚ࡋࡅ㸬᪥㝖ࡿ

100%㐽ࡀࡿࡁ࡛ࡀࡇࡿ㸪ࢀࡑ௨እࡢ᪉ྥᑐࡣ࡚ࡋ㸪࠶

 㸬ࡿ࡞ࡇࡿࡍ㏱㐣ࢆᗘ᪥ᑕ⛬ࡿ
ࡀḟඖࣝࢱࢡࣛࣇ 2 ࡿࡍᏑᅾࡶࡣయ❧࡞࠺ࡼࡿ࠶࡛

㸪ᡃࡀ ༢⣧࡛㸪ࡶ᭱ࡀᅄ㠃య࣮࢟ࢫࣥࣆ࢙ࣝࢩࡾ㝈ࡿ▱ࡀࠎ

ࡍࡸࡕಖࢆᙉᗘࡶຊᏛⓗࡵࡓࡿ࠸࡛ࢇྵࢆᵓ㐀ࢫࣛࢺ

ḟඖࣝࢱࢡࣛࣇ㸪ࡃ 2 ᙧ࠸ࡍࡸࡾసᐇ⌧ࡣ୰࡛ࡢయ❧ࡢ

 㸬ࡿ࠸࡚ࡋࢆ
ࣥࣆ࢙ࣝࢩࢆ∦ᑠ࡞࠺ࡼࡢࡥࡗⴥ࡞ࡉ㸪ᑠࡣࡇ࠺࠸

ே࠸㏆ᛶ≉ࡢ㸪ᶞᮌ࡛ࡇࡿࡍ⨨㓄ᅄ㠃యᵓ㐀࣮࢟ࢫ

ᕤ≀ࡀసྍࡿࢀ⬟ᛶࡿ࠶ࡀ㸬 
 

㸴㸬ࣝࢱࢡࣛࣇ᪥㝖ࡅᐇドᐇ㦂�

 
ୖグࡢⓎᇶ࡙ࡁ㸪2009 ᖺ 6 ᭶ 23 ᪥ࡾࡼ 9 ᭶ 1 ᪥ࡲ

࡛㸪᪥ᮏ⛉Ꮫᮍ᮶㤋ࢫࣥࣛࢺ࢚ࣥ๓ࣝࢱࢡࣛࣇ᪥㝖ࢆࡅ

ᐇ㦂ⓗタ⨨ࡓࡋ(ᅗ 6)㸬࣮࢟ࢫࣥࣆ࢙ࣝࢩᅄ㠃యࣘࢺࢵࢽ

⣙ࢆ 300 ಶ୪࡚᪥ࢆࡅࡼᵓᡂࡋ㸪୍㒊ࡣẚ㍑ࡵࡓࡢᖹ

⣙ࡣ✚㸬⥲㠃ࡓࡗసࢆᯈ࡛ᒇ᰿࡞ࡽ 250m2࡛ࡿ࠶㸬୍ࡢࡘ

ࡣࢺࢵࢽᅄ㠃య࣮ࣘ࢟ࢫࣥࣆ࢙ࣝࢩ 1㎶ࡢ㛗ࡀࡉ⣙ 3cm ࡢ

ⴥࠕ 64=8�8ࡽࡉࠊࢆࢺࢵࢽᇶᮏࣘࡓࡏࢃྜࡳ⤌16ᯛࠖࢆ
ಶ⤌࡚ࡏࢃྜࡳసࡿ࠶࡛ࡢࡶࡓࡗ㸬ᇶᮏࣘࡣࢺࢵࢽሷࣅ

ࡳ㸪ኟఇࡣࡅ᪥㝖ࡢࡇ㸬ࡓࡗస࡚ࡋᑕฟᡂᆺࢆ⬡ᶞ࣮ࣝࢽ

ࡓࡓࡋⓗ┠ࢆࡇࡿࡃࡘࢆ㝜ิࡢࡕ༗๓୰㸪ධ㤋ᚅࡢ

㸪༗๓ࡵ 11 ᭱ࢁࡈ㐽ග⋡ࢆᣢ࡞࠺ࡼࡘ᪉ゅタ⨨ࡋ

 㸬ࡿ࠶࡚
ᅗ 7 どྍࡢࡅ᪥㝖ࣝࢱࢡࣛࣇࡓぢࡽ᪉ゅ࠸㏆ኴ㝧

⏬ീ㸪⇕㉥እ⏬ീࡍ♧ࢆ㸬㐨㊰ࡸᖹᒇ᰿㒊ศẚ࡚㸪

ࢃࡀࡇ࠸పࡀᗘ ࡽ᫂ࡣ㒊ศࡢࡅ᪥㝖ࣝࢱࢡࣛࣇ

ẚ㍑ࡇࡇ㸪ࡀࡿ࠶ࡀⰪᆅࡣᶓࡢࡅ᪥㝖ࣝࢱࢡࣛࣇ㸬ࡿ

࡚ࡗ࡞ࡃపࡀ㠃 ᗘ⾲ࡀ࠺ࡢࡅ᪥㝖ࣝࢱࢡࣛࣇ㸪ࡶ࡚ࡋ

࠺ࡼࡢ㸬Ⱚࡿ࠸ 2 ḟඖⓗ࡞ᆅ⾲㠃ୖᐦ⏕ࠊࡣ≀᳜ࡿࡍ

ⴥࡣࡢࡶࡢࡑࡥࡗᑠࡶ࡚ࡃࡉ㸪ࡢࡽࢀࡑ㛫㢼ࡀ㏻ࡿࡁ

 

ᅗ  㸬ࡿ࠶ᖹᒇ᰿ᵓ㐀࡛ࡣ㧗 㒊ศࡢീ㸬୰ኸ⏬⇕ど⏬ീྍࡢࡽ㠃ୖࡢࡅ᪥㝖ࣝࢱࢡࣛࣇ 7

 
ᅗ 6 ᪥ᮏ⛉Ꮫᮍ᮶㤋ࢫࣥࣛࢺ࢚ࣥ๓タ⨨ࣇࡓࢀࡉ

 ࡅ᪥㝖ࣝࢱࢡࣛ

ἣ≦ࡃ྿ࡀ㢼ࡢ↛⮬࠺ࡼࡢ㸬ᒇእ(5)ࡓࡁ࡚ࢀࡽㄪࡃࡼ

ᐇ㦂࡛ࡓࡗ⾜ᒇእ࡛ࡀࡽ⪅➹㸪ࡀ࠸࡞ࡽࡓぢᙜࡣ✲◊ࡢ࡛

ࡣᙜ࡚ࡃࡼࡃ㦫ࡶᒇእ࡛ࡀᐇ㦂⤖ᯝࡢ㸪ᐇ㦂ᐊෆ࡛ࡣ

ᑕ᪥┤ࡣࡉࡁࡢ㸪≀యࡀ࠸࡞࠸࡚ࢀࡉㄆ㆑ࡾࡲ࠶㸬ࡿࡲ

ගୗࡢ⾲㠃 ᗘࢆỴᐃࡿࡍᴟ࡚ࡵ㔜せ࡛ࡢ࡞ࢱ࣮࣓ࣛࣃ࡞

 㸬ࡿ࠶
ከࡢࡃᶞᮌࡢⴥ࡛ࢬࢧࡢ࠸ࡽࡃࡌྠ࣮࢝ࢽ࣑ࡶࡥࡗ

㔜せ࡛㸪 ᗘ㠀ᖖࡣᗘ ࡢࡥࡗⴥࡶ࡚ࡗ㸬ᶞᮌࡿ࠶

ࡽ࡞࠺ࡑ㸬(6)࠺ࡲࡋ࡚ࢀࡉศゎࡀ㓝⣲ࡿࡂࡍࡾ࡞ࡃ㧗ࡀ

ࡣࡿ࠸࡚ࡗᣢࢆព࡞ࡁࡣࡉࡁࡢࡥࡗ㸪ⴥࡵࡓ࠸࡞

 㸪⾲㠃ࡶ࡛࠸࡞ࡁᮇᚅ࡛ࡀᩓຠᯝࡣ㸬ᶞᮌࡿ࠶࡛ࡎ

ᗘࢆపࡃಖࡵࡓࡘ㸪ⴥࢆࡥࡗᑠࡿ࠶࡛ࡢࡿ࠸࡚ࡋࡃࡉ㸬 
 

㸳㸬ᶞᮌࣝࢱࢡࣛࣇࡢḟඖ�

 

≀యࡢ⾲㠃ࢆᑠࡃࡉศࡤࢀࡍ㸪⾲㠃 ᗘࡣపࡃᢚࡿ࠼

࠺ࡼࡢࣝࢱࢆ㠃⾲ࡓࡋ㸪ศࡋࡋ㸬ࡿࡁ࡛ࡀࡇ 2
ḟඖᖹ㠃୪ࡤ࠼ࡲࡋ࡚㸪ඖࡢᮌ㜿ᘺ࡛ࡿ࠶㸬ศࡓࡋ

ᑠ࡞ࡉ⾲㠃ࢆ㸪࠾࠸ᖸ΅࠺ࡼ࠸࡞ࡋ 3 ḟඖ✵㛫㐺

ษศᕸ࠸࡞ࡽ࡞ࡤࢀࡅ࡞ࡏࡉ㸬ð ᮌࠕࡢࡑࡣ㐺ษ࡞ศᕸࠖ

 㸬࠸࡞࠸㐪ࡿ࠸࡚ࡗ▱ࢆ
ࡣࠎ㸪ᡃ࡛ࡇࡑ 3 ḟඖ࣮࣮ࣞࢨィ ࡾࡼ㸪ᶞᮌࣛࣇࡢ

ィࡢ㸪ி㒔Ꮫࡣᶞᮌࡓࡋ㇟㸬ᑐࡓࡵồࢆḟඖࣝࢱࢡ

ྎ๓ࡢᴋࢫࣃࣥࣕ࢟ෆࡿ࠶࡛࢟ࣖࢣࡢ㸬ᴋࡣᶞ㱋 70 ᖺ௨

ୖ࡛ᙉ㢼࡛࡞ᢡࡓࢀᯞࢆఆ᥇ࡿࡍ௨እ≉ࡣᐃ࡚ࡋࡣ

ࡣ࢟ࣖࢣ㸬࠸࡞࠸ 10 ᖺ๓ⱝᮌ࡛ࡢࡶࡓࢀࡽ࠼᳜ࡀ㸪

ィ ௨๓ࡣᐃసᴗ࠸࡞࠸࡚ࢀࢃ⾜ࡣ㸬ィ ࡣ 3 ḟ

ඖ࣮ࢼࣕ࢟ࢫ (Nikon Trimble GS200) ࢆ⏝ࡋ㸪ศゎ⬟

10mm ⛬ᗘ࡛ᶞᮌࡢⴥࡸᯞࡢ⨨ࢆ ᐃࡓࡋ㸬1 ᪉ྥࡽ

ࡔࡽ㸪ᆅୖࡵࡓ࠺ࡲࡋ࡚ࢀ㞃ࡀ㒊ศࡢ㸪ഃࡣᐃ࡛ ࡢ

ࡣᴋ࡚ࡵྵࢆ࡞ᒇୖࡢ≀㸪ᘓࡃ࡞࡛ࡅ 8 ᪉ྥ㸪ࡣ࢟ࣖࢣ

5 ᪉ྥࡽ ᐃࡓࡗ⾜ࢆ㸬 
࠾ᶞᮌ㸦࡞ࡉ୰࡛ᑠࡢᐇ㦂ᐊ࡛ࡲࢀࡇࡣᐃ ࡞࠺ࡼࡢࡇ

㸪ᆅ᳜࡛ࡅࡔࡿ࠶ࡀ(7)ࡓࢀࢃ⾜࡚ࡋᑐ㸧࠼㖊᳜ࡃࡽࡑ

 㸬ࡿ࠶࡛࡚ࡵึࡀࢀࡇ㸪ࡣࡢࡓࡋᐃ ࢆᶞᮌయ࡞ࡁࡢ࠼
ࡿ࡞␗ࡀᶞᙧࡢ┠ࡓぢࡾ࡞ࡣ࡛࢟ࣖࢣᯝ㸪ᴋ⤖ࡢࡑ

ࡰࡣḟඖ(8)ࣝࢱࢡࣛࣇࡢࡑ㸪ࡎࡽࢃ㛵ࡶ 2 ࡇࡿ࠶࡛

ࡇࡇ㸪ࡀࡿ࠶ࡘࡃ࠸ࡣ⩏ᐃࡢḟඖࣝࢱࢡࣛࣇ㸬ࡓࡗุࡀ

 㸬ࡿ࠸࡚ࡋ⩏ḟඖ࡛ᐃ࠺࠸ḟඖࢫࢡࢵ࣎ࡣ࡛
3 ḟඖⓗ࡞ᵓ㐀ࢆᣢࡘᶞᮌࡀ 2 ḟඖࡣࡢ࠺࠸⌮ゎࡋ

㸬2࠸࡞ࢀࡋࡶ࠸ࡃ ḟඖࡢ⣬ࡣ 22=4 ᯛ୪ࡿ㸪1 ㎶ࡀ

2 ಸࡢ┦ఝᙧࡢ⣬ࡿࡁ࡛ࡀ㸬3 ḟඖࡣࣟࢥࢧࡢ㸪23=8 ಶ

㸪1ࡿࡏࢃྜࡳ⤌ࢆ ㎶ 2 ಸࡿ࡞ࣟࢥࢧࡢ㸬ࡢࡇᩘ

ࡀḟඖࡢ㸬ᶞᮌࡿ࠶ḟඖ࡛ࡀ 2 㸪ᶞᮌࡣࡇ࠺࠸ࡿ࠶࡛

 

� ᴫほ� ᩿㠃ᅗ�

ᴋ�

 
 

�࢟ࣖࢣ

  
 
ᅗ 4� 3 ḟඖィ ࡓࡗ⾜ࢆᴋ࢟ࣖࢣ㸬᩿㠃ᅗࡣ୰ᚰ㒊ࡢ༡᩿㠃࡛ࡿ࠶㸬 
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ἣ≦ࡃ྿ࡀ㢼ࡢ↛⮬࠺ࡼࡢ㸬ᒇእ(5)ࡓࡁ࡚ࢀࡽㄪࡃࡼ

ᐇ㦂࡛ࡓࡗ⾜ᒇእ࡛ࡀࡽ⪅➹㸪ࡀ࠸࡞ࡽࡓぢᙜࡣ✲◊ࡢ࡛

ࡣᙜ࡚ࡃࡼࡃ㦫ࡶᒇእ࡛ࡀᐇ㦂⤖ᯝࡢ㸪ᐇ㦂ᐊෆ࡛ࡣ

ᑕ᪥┤ࡣࡉࡁࡢ㸪≀యࡀ࠸࡞࠸࡚ࢀࡉㄆ㆑ࡾࡲ࠶㸬ࡿࡲ

ගୗࡢ⾲㠃 ᗘࢆỴᐃࡿࡍᴟ࡚ࡵ㔜せ࡛ࡢ࡞ࢱ࣮࣓ࣛࣃ࡞

 㸬ࡿ࠶
ከࡢࡃᶞᮌࡢⴥ࡛ࢬࢧࡢ࠸ࡽࡃࡌྠ࣮࢝ࢽ࣑ࡶࡥࡗ

㔜せ࡛㸪 ᗘ㠀ᖖࡣᗘ ࡢࡥࡗⴥࡶ࡚ࡗ㸬ᶞᮌࡿ࠶

ࡽ࡞࠺ࡑ㸬(6)࠺ࡲࡋ࡚ࢀࡉศゎࡀ㓝⣲ࡿࡂࡍࡾ࡞ࡃ㧗ࡀ

ࡣࡿ࠸࡚ࡗᣢࢆព࡞ࡁࡣࡉࡁࡢࡥࡗ㸪ⴥࡵࡓ࠸࡞

 㸪⾲㠃ࡶ࡛࠸࡞ࡁᮇᚅ࡛ࡀᩓຠᯝࡣ㸬ᶞᮌࡿ࠶࡛ࡎ

ᗘࢆపࡃಖࡵࡓࡘ㸪ⴥࢆࡥࡗᑠࡿ࠶࡛ࡢࡿ࠸࡚ࡋࡃࡉ㸬 
 

㸳㸬ᶞᮌࣝࢱࢡࣛࣇࡢḟඖ�

 

≀యࡢ⾲㠃ࢆᑠࡃࡉศࡤࢀࡍ㸪⾲㠃 ᗘࡣపࡃᢚࡿ࠼

࠺ࡼࡢࣝࢱࢆ㠃⾲ࡓࡋ㸪ศࡋࡋ㸬ࡿࡁ࡛ࡀࡇ 2
ḟඖᖹ㠃୪ࡤ࠼ࡲࡋ࡚㸪ඖࡢᮌ㜿ᘺ࡛ࡿ࠶㸬ศࡓࡋ

ᑠ࡞ࡉ⾲㠃ࢆ㸪࠾࠸ᖸ΅࠺ࡼ࠸࡞ࡋ 3 ḟඖ✵㛫㐺

ษศᕸ࠸࡞ࡽ࡞ࡤࢀࡅ࡞ࡏࡉ㸬ð ᮌࠕࡢࡑࡣ㐺ษ࡞ศᕸࠖ

 㸬࠸࡞࠸㐪ࡿ࠸࡚ࡗ▱ࢆ
ࡣࠎ㸪ᡃ࡛ࡇࡑ 3 ḟඖ࣮࣮ࣞࢨィ ࡾࡼ㸪ᶞᮌࣛࣇࡢ

ィࡢ㸪ி㒔Ꮫࡣᶞᮌࡓࡋ㇟㸬ᑐࡓࡵồࢆḟඖࣝࢱࢡ

ྎ๓ࡢᴋࢫࣃࣥࣕ࢟ෆࡿ࠶࡛࢟ࣖࢣࡢ㸬ᴋࡣᶞ㱋 70 ᖺ௨

ୖ࡛ᙉ㢼࡛࡞ᢡࡓࢀᯞࢆఆ᥇ࡿࡍ௨እ≉ࡣᐃ࡚ࡋࡣ

ࡣ࢟ࣖࢣ㸬࠸࡞࠸ 10 ᖺ๓ⱝᮌ࡛ࡢࡶࡓࢀࡽ࠼᳜ࡀ㸪

ィ ௨๓ࡣᐃసᴗ࠸࡞࠸࡚ࢀࢃ⾜ࡣ㸬ィ ࡣ 3 ḟ

ඖ࣮ࢼࣕ࢟ࢫ (Nikon Trimble GS200) ࢆ⏝ࡋ㸪ศゎ⬟

10mm ⛬ᗘ࡛ᶞᮌࡢⴥࡸᯞࡢ⨨ࢆ ᐃࡓࡋ㸬1 ᪉ྥࡽ

ࡔࡽ㸪ᆅୖࡵࡓ࠺ࡲࡋ࡚ࢀ㞃ࡀ㒊ศࡢ㸪ഃࡣᐃ࡛ ࡢ

ࡣᴋ࡚ࡵྵࢆ࡞ᒇୖࡢ≀㸪ᘓࡃ࡞࡛ࡅ 8 ᪉ྥ㸪ࡣ࢟ࣖࢣ

5 ᪉ྥࡽ ᐃࡓࡗ⾜ࢆ㸬 
࠾ᶞᮌ㸦࡞ࡉ୰࡛ᑠࡢᐇ㦂ᐊ࡛ࡲࢀࡇࡣᐃ ࡞࠺ࡼࡢࡇ

㸪ᆅ᳜࡛ࡅࡔࡿ࠶ࡀ(7)ࡓࢀࢃ⾜࡚ࡋᑐ㸧࠼㖊᳜ࡃࡽࡑ

 㸬ࡿ࠶࡛࡚ࡵึࡀࢀࡇ㸪ࡣࡢࡓࡋᐃ ࢆᶞᮌయ࡞ࡁࡢ࠼
ࡿ࡞␗ࡀᶞᙧࡢ┠ࡓぢࡾ࡞ࡣ࡛࢟ࣖࢣᯝ㸪ᴋ⤖ࡢࡑ

ࡰࡣḟඖ(8)ࣝࢱࢡࣛࣇࡢࡑ㸪ࡎࡽࢃ㛵ࡶ 2 ࡇࡿ࠶࡛

ࡇࡇ㸪ࡀࡿ࠶ࡘࡃ࠸ࡣ⩏ᐃࡢḟඖࣝࢱࢡࣛࣇ㸬ࡓࡗุࡀ

 㸬ࡿ࠸࡚ࡋ⩏ḟඖ࡛ᐃ࠺࠸ḟඖࢫࢡࢵ࣎ࡣ࡛
3 ḟඖⓗ࡞ᵓ㐀ࢆᣢࡘᶞᮌࡀ 2 ḟඖࡣࡢ࠺࠸⌮ゎࡋ

㸬2࠸࡞ࢀࡋࡶ࠸ࡃ ḟඖࡢ⣬ࡣ 22=4 ᯛ୪ࡿ㸪1 ㎶ࡀ

2 ಸࡢ┦ఝᙧࡢ⣬ࡿࡁ࡛ࡀ㸬3 ḟඖࡣࣟࢥࢧࡢ㸪23=8 ಶ

㸪1ࡿࡏࢃྜࡳ⤌ࢆ ㎶ 2 ಸࡿ࡞ࣟࢥࢧࡢ㸬ࡢࡇᩘ

ࡀḟඖࡢ㸬ᶞᮌࡿ࠶ḟඖ࡛ࡀ 2 㸪ᶞᮌࡣࡇ࠺࠸ࡿ࠶࡛

 

� ᴫほ� ᩿㠃ᅗ�

ᴋ�

 
 

�࢟ࣖࢣ

  
 
ᅗ 4� 3 ḟඖィ ࡓࡗ⾜ࢆᴋ࢟ࣖࢣ㸬᩿㠃ᅗࡣ୰ᚰ㒊ࡢ༡᩿㠃࡛ࡿ࠶㸬 
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D ≈ 2Ŏ(ƐƇƐƇŭå�)�

≈�
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