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Part 1. �çÓa=>BMĖ�Global Fluid Dynamic System 
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Part 2.  ô¥Äģ§¬Ė� Natural Structure Formation�

• čàì$ĉÆÅ
    Periodic patterns in nature

• Óaü$²ĦÄģ!�$ã©
   Dissipative structures of fluid systems 

• ûaÓ$ô¥Äģ�
   Pattern formation in granular flows 

• p2ï$�ÀÄģ�
   Periodic patterns of cracks 
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• (!+!ĕĺ�(�OLSD)  
    Summary and exercises 
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1. �8{�Ft´¬²·"i]�ÊËÌÔ  
      The global fluid system: a non-equilibrium open system�

İ��ü!ı
�ü, ¢ď!ĸ¢ď
Closed and open system, equilibrium and non-equilibrium�

İ��ü: �ì!8FP;S-âĚ$-0!0$"
âĚü
Closed system: a system without exchanges of energy or matter with its surroundings �

ı
�ü: �ì!8FP;S-âĚ$-0!0$�1âĚü
Open system: a system with exchanges of energy or matter with its surroundings�

(�ùü, âèî"İĮü)
(isolated systems, physically closed systems)

(âèî"ı±ü)
(physically open systems)
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�­°t 
Closed system� wn#¹Ĳ����¾ÿî"�¡ä«:

The final steady state after long time: 

��á¢ďä«

       Thermodynamic equilibrium state

Ù¦�ŁĢ¦�ŁÝ¦�$"
�Ě"�

ä« (8RDQJS¾�)
A homogeneous state without temperature or velocity 
or concentration differences  (maximum entropy)

8FP;S-âĚ$Ó2$"
 “áÈ” 
$ä«

A state without energy or material fluxes: “heat death”�

á¢ďü

Equilibrium system�
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�¤°t 
Open system� ��/8FP;S-âĚ4{0ğ

*Z Ł�¡ä« IŁ8FP;

S-âĚ$Ó24ą¯ �1	

An open system can maintain energy or 
material fluxes even in its steady state.

���ĸ¢ďä«

           non-equilibrium state

�t�$�1�“ê” $ä«
�A moving “living” state

kx�cooling�

ĸ¢ďı±ü

Non-equilibrium systems�

b: á�ÓŁêâŁ�ç=>BM
E.g. thermal convection, living systems, the 
Earth system

rá�
heating�

á�Ó

thermal 
convection�
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�Óħt$íĪ$Å� [�ļtë] 
Development of convective motion�
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"i]�ÊËÌÔ: �8{�Ft 
The global fluid system: a non-equilibrium open system�

�Ê-ÔÑ$�¨éħt
Circulation of the atmosphere and oceans

ê�Òt�living activities �

t�$�1 “ê” $ä«
Moving “living” state�

�Ĵ�/$rá
Solar heating

��'$±�kx
Radiative cooling into space �



Hisashi Ozawa, Hiroshima Univ. 

�8{�Ft¶��®Âe=  
Characteristics of non-equilibrium open systems�

ĸ¢ď¦����  ô¥Äģ�§¬�(č�ĀĊu)
large non-equilibrium      ordered structure formation

á^�
heat conduction

ΔT = Th – Tc < ΔT*
Th

Tc

F

áĞġå: F � ΔT
heat flux 

ć§
linear�

á�Ó�
thermal convection�

ΔT > ΔT*

  F � ΔT 1.3   �  V��4
��������ĔÕ�ĸć§�

nonlinear�

	lya Prigogine
 (1917–2003)

“ķÇ”
stationary�

²ĦÄģ: Prigogine (1955)
dissipative structure�
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G�X�·
 
Examples of dissipative structures

Bénard$á�Ó (TĹ�øÊ)
Bénard convection

Velarde and Normand (1980)
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G�X�·
 
Examples of dissipative structures
Bénard$á�Ó (TĹ!UĹ��a)  Bénard convection

      Ù¦����������������Ù¦��
small temperature difference                    large temperature difference�

Morris et al. (1993)
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G�X�·
 
Examples of dissipative structures 

�ç�Ê$�¨éÄģ
Atmospheric general circulation�

ěĩ!WĈ¦!Ã$Ń�$

�Ó?P�/"1¨éÄģ
3-cell circulation structure�

Hadley ¨é
Hadley circulation��

© Australian Meteorological Bureau 

Ã¨é
polar circulation�

Ferrel ¨é
Ferrel circulation�
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G�X�·
 
Examples of dissipative structures�
ÔÑĐ�$¨éħt��oceanic general circulation �

Brown et al. (1989) 
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"i��·c��·fA 
Total heat transport in the Earth�

by K. Masuda 

O¾�¤�h³cÃ

�`·��$¦ÀÜ


`·V$º�¹f

A£�

The most efficient heat 
transport from the equator 
to the polar regions.

(ÆÐØÉÚO)G�
fA�¡ Part 1-4.)
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1-2. "i·F2�E�Global radiation balance �

ñÏ±� (�Ĵi) 
shortwave radiation (sunlight) 

5800 K 
250~300 K 

��   3 K 
space 

  (K = °C +273) “Þá” 
“extremely hot”�

�Ĵ 
 Sun�

�ç 
Earth    

“Ã�”

“extremely cold”�

ñÏ±� 
shortwave radiation�

8FP;S 
    energy�

(–270 °C) 

�ç%Ł�Ĵ±�#.��º+/2�
1	 
The Earth is heated by solar radiation�

  ņĸ¢ďı±üŇ 
[non-equilibrium open system]�
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®»²·d�¸Ü�N¦«·9�¤ �¶>­°�·F2·�

�

ÆÐØÉÚÃ(�¨¶F�®Â£�⬅︎�c���
All heated materials emit radiant energy according to the absolute temperature 
of the materials.     ⬅︎�����thermal motion�

• ±�$8FP;SÓ�∝ (ă�Ù¦)4

   Radiant energy flux                  (absolute temperature)4

ņStefan–Boltzmann$Îo (ă�Ù¦$4Yo)Ň
                                                          the forth power law�

F  ≈ σ T 4                            σ = 5.67 × 10–8

(W/m2) Stefan–Boltzmann constant�(K)

ă�Ù¦�(�a, Öa, Êa ...)

• ±�$Ïį�∝ 1/(ă�Ù¦)
   Mean wavelength     1/(absolute temperature)

λm ≈  2.9/T                        [Wien's law]
(mm) (K)

|Ēi�
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"i·F2�E 
Global radiation balance�

   	�

�Ĵ�³: R
solar constant 
(1360 W/m2)

• �Ĵ$ñÏ±�$�zå ≈ �ç�/$įÏ±�$±må
  Absorption of shortwave radiation      Emission of longwave radiation�

Sun�

R × π r 2 (1–α)�= σ Te
4  × 4 π r 2

α : ª¸6PISE (ñÏ±�#��1¢�y�å)
        Planetary albedo (mean reflectance)

Te : �ÊT�$Ù¦ 
      (¿s±�Ù¦)

upper atmosphere 
temperature (effective 
radiation temperature)

įÏ(ě�)±�
longwave radiation�

π r 2

σ Te
4

ñÏ±�
shortwave radiation�

(0.4~0.8 µm)
(5~40 µm)

5800 K
250~300 K
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Q�F2`9ÝTe  
Effective radiation temperature

Te = [(1–α)R/4σ]1/4

       ≈ 255 K    (–18 °C)

αńª¸6PISEľy�åĿ ≈ 0.30
       planetary albedo

Rń�Ĵ�³ ≈ 1360 W/m2
        solar constant

σńStefan–Boltzmann�³ (5.67 × 10–8 W m–2 K–4)

ŀ�ç$�ÊT�$¢�Ù¦%Ł±�$8FP;S$HNR>�/

Ì(��
1	
The radiation balance determines the mean temperature of the upper atmosphere.�
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2. �Ê��1�}�(1�) 
    With an atmosphere (1 layer)

¢��ĐÙ¦ ≈ 255 K 
mean surface temperature

(¿s±�Ù¦) 

1-3. `9·�9�7�Vertical temperature distribution�

1.  �Ê�"
�} 
       No atmosphere 

“Ã�” $�ç 
“extreme cold” Earth�

įÏ±��
longwave 

np  
vacuum�

o[F2�
shortwave 

( –18 °C) 

�ÊTĹ 

1 

1 

1 2 

�Ê$�“Ù�” sÂ�(H2O, CO2) 
The “greenhouse” effect 
�ĐÙ¦�>> ¿s±�Ù¦��
surface temp. >> effective radiation temp.

¿s±
�Ù¦ 
effective 
radiation 
temp.�

1 

1 

1 2 

[`/�T = 0] 
No greenhouse effect�

�ÊTĹ 
upper surface 

surface 

atmosphere 
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`9·�9�7��Vertical temperature distribution�

1

1 2

2 3 

3. �ĵ$�Ê: ý3�n$Ù�sÂ 
     Real atmosphere: 3-layer greenhouse effect�

�ĐÙ¦ ≈ 335 K 
surface temp. 

�Ê� 1 ≈ 255 K 
    layer 1 

�Ê� 2 ≈ 303 K 
   layer 2 

• �ĵ$�Ê%ĤĄîŁñÏ±�I�z + �Ó	 
   The real atmosphere is continuous with shortwave absorption and convection. 

�

< 
< 

U�öŁÙ¦�T· 
The lower is the higher temp.�

2�$�} 
2-layer case�

1

ρ�

z�

0�

2�

5�

10�
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�umµ)Y (35�·`/�T+o[F2·��) 
A continuous atmosphere (3-layer greenhouse effect and SW absorption)

B5! 
stratosphere�

Ù¦ (K)  temperature 

�±��� �Ó��
radiation + convection

9@R�#.1þ�ć$�z!rá�
Absorption of ultraviolet radiation and heating due to the ozone layer

200 315�287 

10 
±�$) 
radiation balance �

(ÛáŁĻá) 

Ľ¦ 
height 
(km) 

0 

(ķÇ���Ê) 

1]! 
troposhere�

1]c�� 
convection�“V��” unstable�

Ĭ 
heavy�

ĝ�light�

• �Ó#.1áĞġ#.0Ł�Đ�k-�2�
1	 
   The surface is cooled by convective heat transport.�

Ďí 
evaporation �

lĂ 
condensation �
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)Y·`9·�9�7 (�a) 
 Vertical temperature distribution (observation)

9@R�#.1þ

�ć$�z!rá�
Absorption of ultraviolet 
radiation and heating in 
the ozone layer�
�

255 K 

¿s±�Ù¦
effective radiation temp.�

�Ó�
convection�

thermosphere�

mesosphere�

stratosphere�

troposphere�

Ozone partial pressure �

Temperature�
He

ig
ht
�

Pr
es

su
re
�

14�
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1-4. )<j��¶¿Âc��´ÆÐØÉÚG�h  
           Heat transport and energy dissipation by the general circulation

±�z°$Ĉ¦n �
Latitudinal distribution of radiation�

238 (W/m2) 

±
�
ĭ

  (
W

 m
–2

) 

Shortwave�

Longwave�

Latitude�

Ra
di

at
io

n�
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F2·+s'� 
Seasonal variation of radiation�
ñÏ±�$�zå�
Absorbed shortwave radiation

įÏ±�$±må�
Emitted longwave radiation

ERBEēÚCSA1985�by K. Masuda 

La
tit

ud
e�
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"i·ÆÐØÉÚ�E (v9�7) 
Latitudinal distribution of radiation balance 

8FP;S$ĨVĜ�
Excess and deficit of radiation energy�

kx�
cooling 

kx�
cooling�

rá�heating�

±
�
ĭ

  (
W

 m
–2

) 

Latitude�
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)Y´^\·��¶¿ÂV�¨·c��  
Northward heat transport by the general circulation�

�¨é�

v
�
�
á
Ğ
ġ
å

 (1
01

5 
W

) 

Latitude�

No
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wa
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 h
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t t
ra
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)Y´^\·0�  
Atmospheric and oceanic transports�

by K. Masuda 
Latitude�

Northward heat transport�

Total�
Atm.�

Ocean�
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c��h´Y�fA  
Heat transport and climate conditions�

��c��h·)¨«§Ü"i·8#mµY`·�7��Y�fA��Ã

Z½²¤Â£�The heat transport determines the global distribution of 
temperature (climate distribution) of the Earth. �

�¶Ü�¿Á¾c��h§)¨©µ

Â´Ü��´V·`96§_4£�
If the heat transport becomes more than 
present, the temperature contrast becomes 
smaller.

¾¬Ü�¿Á¾c��h��	��§3«©
µÂ´Ü��´V·`96§&�£�
If the heat transport becomes less than 
present, the temperature contrast between 
the tropics and poles becomes larger.

F = 0 

æ�  
present�

sin (latitude) 

Ê�
Ù 

(�) F ≈ 2d 
   two times�

North et al. (1981) 

ěĩ 
tropics�

 Ã 
poles�
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c��h·D- 
Estimation of the heat transport�
• đ��áĞġc³#.1µÎ�������Budyko (1969), North (1975) ...  
 �Effective heat transfer coefficient method 
                               dT 
áĞġå : F ≈ – D ––– 
heat flux                     dx D : ~¦ªc���H�

effective heat transfer coefficinet

� (D = ρ c νeddy)  

νeddy : “Ø”®²c³ 
             “eddy” diffusivity 

��       ( ≈ λ vλ )�

ēÚf 
observation�

D = 0.65  
(W/m2 K) 

North et al. (1981) 
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D ≈ 0.65·@� 
                           meaning 

0     0      ������ 2×ΔTp  

∞         2×Fp       0  

D            ���áĞġå�������ěĩ!Ã$Ù¦� 
                             heat transport           equator-to-pole temperature contrast  

                                            
     Fp����×          ΔTp  =�¾�� maximum 
                                           

q�8FP;S$ê¬å (:PGS$[Zå) 
Generation rate of available energy (Carnot working rate) 

Lorenz (1960), Paltridge (1975) ... 

�
 

q�8FP;S$ê¬å (≈ ²Ħå) �¾�$ä« 
Maximum generation rate (≈ dissipation rate) of available energy 

æ�: 0.65 
present     
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ÇØÑÚ·��h�������Sadi Carnot (1824)  
Carnot working rate

��
  hot�

��
  cold �

Th

Tc

F

Wm 
              Th – Tc            Wm = F  –––––– 
                  Th 

á4ĽÙ�/`Ù#ħ&¹#Ł{0
m�1¾�$[Zå�
Maximum working rate that can be converted 
from heat while transporting heat from a hot to 
cold place.

= 

:PGS$så: ηC 
Carnot efficiency 

�  Wm ≈ � F ∆T 
           ≈ D : ²Ħå 
                ��Dissipation  �

D 
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ÇØÑÚ·��h�������Sadi Carnot (1824)  
Carnot working rate

��
  hot�

��
  cold �

Th

Tc

F

Wm 
              Th – Tc            Wm = F  –––––– 
                  Th 

á4ĽÙ�/`Ù#ħ&¹#Ł{0
m�1¾�$[Zå�
Maximum working rate that can be converted 
from heat while transporting heat from a hot to 
cold place.

Wm  �  �Ê$ħt: KE � F $�r 

D áĞġ#.0ê¬�1q�î8F

P;S4{0ğ)"�/íĪ�1�

"č��Éî""ħtŅ�

KE 
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2r·"iÕÍØ�

ěĩ� Ã�

Te Tp

F

Ozawa et al. (2003)

Te

Tp Wm

D

                ΔTWm = F –––              Te�

F = D(v) ΔT/Δx

0.65

v
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10r·"iÕÍØ¢¢¢¢�Paltridge (1975)  
 10-box earth model

          10          Ti–1–Ti   Wm ≈ Σ Fm, i ––––– = ����maximum          i =1         Ti–1 �

  ÊÙ 
temperature�

Ķĭ 
cloud�

áĞġå 
heat transport�

i 

(S ≈ Wm/Tr) 
• 

 • æ�$�¡ä«ńq�î8FP;S$ê¬å!²Ħå�¾I��
ä« 
    Present state: maximum generation and dissipation of available energy 
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Part 1 ·¼´½�Summary �

• �ç$Êe=>BM%Ł�Ĵ�/$ñÏ±�#.1rá!Ł�
�'$įÏ±�#.1kx#.0Łjī#t�$�1ä«4ą

¯��
1ĸ¢ďı±ü$ł�!Č�1Z� �1	 
  The climate system of the Earth is considered to be a non-equilibrium open system 

that maintains its dynamics by solar shortwave heating and longwave radiative 
cooling into space. 

• �çjī$Ù¦n %Ł±�$8FP;Sz°$Á]#r�Ł
jī $áĞġå$n #}3��ã©��/�
1	 

   The temperature distribution of the Earth is determined by the radiation balance 
condition and internal �eat transport processes.  

• æ�$¢�î"áĞġ$ä«%ŁáĞġ#_+q�î8FP;
S$ê¬å!²Ħå�¾�$ä«#Ġ
Z�Łāļî#ð/2

�
1 (Lorenz 1960, Paltridge 1975)	���

� \$ĸ¢ďı±ü$ä«#I"0���Ņ�Part 2 ĘĖ 
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