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Introduction
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The global fluid dynamic system: a non-equilibrium open system
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Global radiation balance
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Heat transport by the general circulation
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Energy dissipation due to heat transport
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Part 2. %%%*%;ﬁﬁéﬂz%ﬁ Natural Structure Formation
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Periodic patterns in nature
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Dissipative structures of fluid systems
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Pattern formation in granular flows
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Periodic patterns of cracks
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Fractal and dissipative structures
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Summary. and eXerciSes
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|_ecture materials (PDE): Moodle
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The global fluid system: a non-equilibrium open system
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Closed and open system, equilibrium and non-equilibrium
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Closed system: a system without exchanges of energy or matter with its surroundings
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(isolated systems, physically closed systems)
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Open system: a system with exchanges of energy or matter with its surroundings
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(physically open systems)

Hisash Ozawa, Hiroshima Univ.




FACT=%

Closed system
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Equilibrium system
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The final steady state after long time:

SR IN R

Thermodynamic equilibrium state
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A homogeneous state without temperature or velocity
or concentration differences (maximum entropy)
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A state without energy or material fluxes: “heat death”
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An open system can maintain energy. or
material fluxes even in its steady state.
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non-equiliorium state

= Dapa L’ DINEE

A moving “living” state

heating
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Non-equilibritim systems E.g. thermal convection, living systems, the
Earth system
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Development of convective motion
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The global fluid system: a non-equilibrium open system

Space 3K
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Solar heating
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Radiative cooling into space
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g =0 dp D “E” DIKEE Circulatioln olf the atmosphere and oceans

Moving “living” state £ fns&edl living activities
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Characteristics of non-equilibrium open systems
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large non-equilibrium  ordered structure formation
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dissipative structure [lya Prigogine
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heat conduction thermal convection
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linear nonlinear.
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Examples of dissipative structures
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Bénard convection

Velarde and Normand (1980)
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Examples of dissipative structures
BénardM %15t (EmE & FEAEIKR) Bénard convection
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Examples of dissipative structures
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Atmospheric general circulation
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polar circulation

Ferrel &=

Ferrel circulation
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Hadley circulation
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3-cell circulation structure
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Examples of dissipative structures
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Total heat transport in the Earth
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The most efficient heat
transport from the equator
to the polar regions.
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The Earth is heated by solar radiation
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shortwave radiation (sunlight)

_, FH 3K
K2 RS space

shortwave radiation ol (270 °C)
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TJ)LF— “extremely cold”
energy

53800 K
ek 250~300 K
= Earth

“extremely hot” e
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[non-equilibrium open system]
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All heated materials emit radiant energy according to the absolute temperature
of the materials. 4=  thermal motion
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Radiant energy flux (absolute temperature)?

[Stefan—Boltzmann®;E Bl (FExmE D43 )]

the forth power law
F=ol*? o=5.67 x 1078
(Wim2)  (K) Stefan—Boltzmann constant
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Viean wavelength:  1/(absolute temperature)
A= 2.9/ [Wien's law] , Y
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Global radiation balance
(5~40 um)

(0.4~0.8 um) IR (TR 1) it

R R st longwave radiation
shortwave radiation .
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lar constant 2
Solar consta JT I upper atmosphere

(1360 W/m=) 250~300 K temperature (effective
radiation temperature)
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Absorption of shortwave radiation.  Emission of longwave radiation

5800 K
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Planetary albedo (mean reflectance) Hisashi @Ozawa, Hiroshima Uniy.




Effective radiation temperature

T. = [(1—a) Rl4c]"

~255K (—18 °C)
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planetary albedo

R : AK5EZL = 1360 W/m?

solar constant

o : Stefan—BoltzmannE X (5.67 x 108 W m=2K%)
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The radiation balance determines the mean temperature of the upper. atmosphere.
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No atmosphere With an atmosphere (1 layer)
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No greenhouse effect
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vacuum upper surface B
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radiation
temp.
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urrace
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mean surface temperature Ihe “greenhouse” effect
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“extreme cold” Earth surface temp. >> efiective sadiation emp.
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Real atmosphere: 3-layer greenhouse effect

AE(DR S

2-layer case

A=ziE 1=255K
layer 1 A

A=E 2= 303 K
layer 2 A
R m/E = 385 K
surface temp. EE EEHALE

lihe leweris therhigher temp:
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I'he real atmosphere Is continuous with shortwave absorption and convection.
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A continuous atmosphere (3-layer greenhouse effect and SW absorption)
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Absorption of ultraviolet radiation and heating due to the ozone layer

K
stratosphere
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radlatlon balance troposhere
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radiation + convection
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> convectlon
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Iihe surface Is cooled by convective heat transporit. Hisasin Oz Hiroshima Un,
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Vertical temperature distribution (observation
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Absorption of ultraviolet
radiation and heating in

" R E B : : the ozone layer
stratosphere

— —

P R RE R E X it
')'l:j'};l*}. troposphe.r?f‘ (f‘ convection

Hisash Ozawa, Hiroshima Univ.




1-4. RIgIREF) (K ASEEH EET )L F—a0%E

Heat transport and energy dissipation by the general circulation
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Latitudinal distribution of radiation
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Seasonal variation of radiation
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Absorbed shortwave radiation
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Latitudinal distribution of radiation balance
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Excess and deficit of radiation energy
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Northward heat transport by the general circulation
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Heat transport and climate conditions

Hl, T &YBEE=EE (F) /<
IFDE, FhiE AR R EEHEN,

If the heat transport becomes less than
present, the temperature contrast between o -
the tropics and poles becomes larger. F =23

two times

B, S &Y EEEENRELTE
AHE, FriE B mEZE=ND B

If the heat transport becomes more than

present, the temperature contrast becomes 00 02 04 05
FriE

Sma”el’ tropics Sin (IatItUde) pc:Ies
North et al. (1981)

— ElmgE = DN= Y, Bk RIS SR D 7 m (RUERIKEE) 2

}i&)fl,\%)o The heat transport determines the global distribution of
temperature (climate distribution) of the Earth.
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Estimation of the heat transport

o BT RN EIRENIC K S FE Budyko (1969), North (1975) ...

Effective heat transfer coefficient method

al
FENER  F~— D —— D : B h I ZhEgE %2

heat flux 0)¢
effective heat transfer coefficinet

LATITUDE (°N)

30 40 50 6070 (D =0 C Veddy)

ﬁiﬂ“ ﬂE N RL o~
Ny, Observation Veddy T L R ﬂfﬂ

“eddy’ diffusivity
D =0.65 (EAV))
(W/m2K)

North et al. (1981)
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D =~ 0.650 =k

meaning

ZVE K 2R I IE E B mE 2

heat transport equator-to-pole temperature contrast

0 2XAT,
0

HIE: 0.65 ATp = =N maximum

present

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

HNEIFRILF—DHERE (L) —DIEE

—r
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Generation rate of available energy (Carnot working rate)

NI )L F—DEREE (= R D e AN DK EE

Maximum generation rate (= dissipation rate) of available energy.
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Carnot working rate
7 mm N b KR IS E SIS, Y
S AN
Maximum working rate that can be converted

from heat while transporting heat from a hot to
cold place.

Carnot efficiency.

= W, =~oc FAT
= D B

Dissipation
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Carnot working rate
4 ) ﬁﬂj&ﬁ/{ﬂlh\ bi&/ﬂn(» lb\ﬁlu, Y

Maximum working rate that can be converted
from heat while transporting heat from a hot to
cold place.
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10-box earth model
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Present state: maximum generation and dissipation of; available energy. Hisashi Ozawa, Hiroshima Uiy




Part 1 0)765&&) Summary
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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.

» WBKNEROEE 73 Anldk, TS O T =)L = — Uz DS A,
NERC DS =D A< SO THRAZ DT 5 T 5.

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

o I7E DR 75 eaik DARREIS, X (S5 5 =i I 7~ L+
— DA & BN AN DAREEISm DV EDY, EEEISEl 5N
€ LV% (Lorenz 1960, Paltridge 1975),
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