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ABSTRACT

A series of thermodynamic property of the atmospheric system can be deducted, in accordance with re
striction of the general thermodynamucs theory or other nature principle to saddle on the phenomenological
relation. The relationship between the turbulence transport coefficients of K ruebulence close theory und the
phenomenological coefficients are deduced using the linear thermodynamics of nonequilibrium state, A
cross coupling between the heat transportation and the vapor transportation in the atmospheric system 1
proved. Even a turbulence intensity theorem is demonstrated. The distributional heterogeneity of velocity
and potential temperature is the turbulence fountainhead and the turbulence intensity is proportional 1o the
scalar product of velocity and potential temperature gradient in the non—compressed and isotropy turbu
lence atmosphere, More about an atmospheric voriex thearem is demonstrated. The shear of potental tem-
perature leads to a vortex movement or sundry circumfluence movement and the veloctly vortcity equals ta
the vector product of velocity and potential femperature gradient. An applicalion foreground of the lincar
thermodynamics is exhibiled to the atmosphere system,

Key words: Atmospheric system, Linear thermodynamics, Linear phenomenological relation, Turbulent
transportation coefficient, Turbulence intensity

1. Introduction

The reciprocal relation established by Onsager (1931a,b) and the minimum principle of
entropy produclion established by Prigogine (1945, 1967) in the 1945 are the basis of the
linear thermodynamics. It indicates the mature of the linear thermodynamics of
nonequilibrium state, Its main resulls have important applications to many transportation
phenomena.

Although the linear phenomenological relation should be regarded as a hypothesis other
tnan the thermodynamics, the thermodynamic method can conveniently provide much know-
ledge about the characteristics of phenomenological coefficients once this hypothesis has been
made. Acquirement of these knowledge needs no special dynamic model. Many macroscopic
experiment facts, especially the transportation of matter and energy about the irreversible
process, prove thal it indeed satisfies those linear relations between the thermodynamic force
and the thermodynamic flow under certain conditions,

The restrictions that the thermodynamic principle saddles on the phenomenological
coefficients are in general: (i) The second thermodynamic law restricts the phenomenclogical
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coefficients, all being positive definite, with the result that the entropy production is the pos:-
tive definite. (ii) The spatial symmetry restriction—Curier—Prigogine principle indicates that
the thermodynamic forces cannot have more symmetry elements than the couplng
thermodynamic flows. The thermodynamic flows and the thermodynamic forces, which have
different symmetry characteristics, exist no coupling in the isotropic medium (Onsager
1931a,b; Katchalsky and Curran 1965). {iii) The time symmetry restriction— Onsager recipro-
cal relation, in practice is a restriction of the microscopic reversibility principle. This restric-
tion condition leads to an important conclusion that the phenomenological coefficients have
svmmetry, Hence it is called the symmetry principle of phenomenclogical coefficient, Above
restricts of the thermodynamic principle to the phenomenological coefficients have been
proved in the statistical thermodynamics (Groot et al. 1962),

Main results of the linear thermodynamics of nonequilibrium state deduced from the
thermodynamic principle are of universality. And they should be applicable to the atmos.
phere system, Also we should indicate that many special conditions must be considered for
the atmosphere system: (i) The main characteristics of atmospheric movement are the turbu-
lent flow, so far as to the turbulent transportation far greater than the molecule transporta-
tion. (ii) The dynamic processes cannot be neglected in the atmosphere system; therefore at-
mosphere linear thermodypamics must consider dynamic processes controlled by the gravity
field and the Coriolis force of earth rotation. In general, less consideration of these forces has
been taken in the system of theoretical physics or chemistry. The classic nonequilibrium state
thermodynamics we have analyzed indicate that the dynamic processes. controlled by the
gravity field and the Coriolis force of earth rotation are very important for the environment
fluid of atmosphere and marine (Hu 2002), Though the lingar thermodynamics theory has
maturated already, up to now the studies on the application of linear thermodynamics to at-
mospheric system are seldom conducted. This paper tends to apply the linear
thermodynamics theory to the atmosphere system, and to study linear thermodynamic prop-
erty of the atmosphere system.

2. The entropy equilibrium equation and the linear phenomenological relations of at-
mosphere system

Based on the above physic characteristics of the atmosphere system, the entropy equilib-
rium equation of atmospheric system can be deduced from the thermodynamics principle of
nonequilibriym state as follows (Hu 1999):

o
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in which the entropy flux J,; and the entropy production o as well as the dynamic entropy

production o, are respectively
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Moreover, Au= p,— p, is the remainder of chemical petential between the dry air and the
moist air, The remainder of chemical potential Au s function of the (T, p and ¢)
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where (. ¢, U, and T are the atmosphere potential temperature, the specific humidity. the
wind speed in / direction and the absolute temperature respectively: p is the atmospheric pres-
sure; o, . Jy;, 1, are the heat flux. the vapor flux and the momentum flux of the turbulent
Iransportation respectively; p, ¢, and R, the atmosphere density, the specific heat at the
isopiestic pressure and the vapor gas constant; Ac,, AR are the remainder of specific heat at
the isopiestic pressure and gas constant between the dry air and the meoist
air:w,. A, are the rate and the latent heat of phase change.

Each term in the entropy production (3) is the product of thermodynamic flow and
thermodynamic force. The thermodynamic forces are the function of macroscopic parameter
of the atmosphere system: the thermodynamic flows are turbulent transportation flux, if the
molecule viscosity is neglected, Therefore the thermodynamic flows J,, o, .. 7,
and the thermodynamic forces X, , X, X,

,, of heat transportation, vapor transportation
and momentum transportation are respectively
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The thermodynamic force is the driving force of irreversible process in the
nonequilibrium state thermodynamics; the thermodynamic flow is the develop rate of
irreversible process. The nonequilibriuvm state is the character related to the equilibrium state:
the thermodynamic force and the thermodynamic flow are the characterization of measure
deviating from the thermodynamic equilibrium state. The thermodynamic force is the reason
why the thermodynamic flow is produced: hence we consider that the thermodvnamic flow
J is certain function J(X) of the thermodynamic force X, Supposing this functional relation
exists and tends to be contineous, the thermodynamic flow J can be expanded as a Tavlor
function of the thermodynamic force X according 1o the reference state, which is the equilib-
rium state (ii is a state that the force and the flow are zero} (Li 1986), For a single process. we
have the Taylor function
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Because the force and the flow are zero at the equilibrium state X, = 0. J, = 0. we have
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in which L is the Taylor coefficient, As the thermodynamic force is very weak, it means the
systemalic state deviates equilibrium state a little, In the time. the terms of high power of X in
the formula (10) are far smaller than the first term. Hence the high power terms can be neg-
lected, and we have

J=LX {1}

We can summarize to get some analogous relations. similar 1o formula (11) through dircet
observation of the irreversible process phenomena, These relationships are called the
phenomenological relation between the thermodynamic force and the thermodynamic flow.
The coefficient L of proportion is called the linear phenomenological coefficient, If the linear
phenomenological coefficient is relatively smaller to the thermodynamic force, formula (11)
represents that the thermodynamic force and the thermodynamic flow satisfy linear relation.

3. Turbulent transportation of heat and vapor along with across coupling between them

Supposing only irreversible processes for the heat turbulent transportation and the vapor
turbulent transporiation exist in the atmosphere system, from formula (3) we can get the
entropy production
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If the turbulent fluxes, taken as the thermodynamic flow in the atmosphere system. are
expanded as the Taylor series for the thermodynamic force, then we can find the turbulent
transportation coefficient is the Taylor series of the gradient of systemic macroscopic
parameter. It is supposed that the thermodynamic flow oy, of heat and the thermodynamic
flow ., of vapor satisfy the linear phenomenological relation, even they are the cross coup-
ling, along with the coupling coefficients satisfying the reciprocal relation. The turbulent
fluxes as the thermodynamic flow are expanded as well as the Taylor series for the
thermodynamic force only keeping down linear term, we have

Iy = LyXy+ LXy 4= Ly Xyt Ly Xy (13)

Here L. Lyy. Ly = Lyy are respectively defined as the phenomenological coefficient and
the cross coupling phenomenclogical coefficient of heat and vapor. Put the thermodynamic
force (6) and (7) into the above two formulae to get the turbulent flux of heat and vapor as

follows:
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in which the turbulent transport coefficients of heat and vapor, K, and K, along with the
turbulence coupling coefficients of them, Ky, and Ky are respectively
K. = Ky = K'vi Dy _ Ky Dy
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The defines of the heat cross coupling coefficient D, and the vapor cross coupling
coefficient Dy, are respectively

DHV:I%VV_; V‘,=%. (19)
When there is no cross coupling effect between heat and vapor
Lp=10; Dp=2Dy,=0, (20)
we have
Ko = K=~ Ly. K,,=KVV=LQTLW, K.o=K\),. 1)

14

Consequently, formula (14) of the turbulent transport fluxes of heat and vapor has the follow-
ing form:
é0
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It means that the vapor gradient has no influence on the heat transportation, when the cross
coupling between the heat and the vapor does not exist. The heat turbulent flux (22) corre-
sponds with the K turbulence close; therefore the K turbulence close is a special case for for-
mula (14), But the vapor turbulent flux cannot be predigested to its brief form, similar to for-
mula (22), due to that the entropy production formula (12) is not the immediate action of va-
por specific humidity, but is the action of the gradient of chemical potential remainder Ap.
Formula (5) show that the remainder Ay of chemical potential is function of the atmospheric
temperature, the pressure and the specific humidity, Therefore the potential temperature gra-
dient still has influence on the vapor transportation, We call the coupling effect of the tem-
perature to the vapor flux "thermodynamic coupling”,

The cross coupling between the heat transportation and the matter diffuse has been
proved in the field of physics and chemistry, And the heat flow caused by the matter concen-
tration gradient is called Dufour effect; the matter flow caused by the temperature gradient is
called Sort effect (Li 1986). The coupling phenomenon between the heat turbulent transporta-
tion and the vapor turbulent transportation in the atmospheric system has been discussed in
research on the turbulent transportation in the surface layer. The literature (Zhang and Hu
1995) shows influence between the heat turbulent flux and the vapor turbulent flux in the at-
mospheric surface layer, Although some results have given rise Lo a few controversies (Zhang
and Hu 1995: Shashi et al, 1978), at present they mainly deal with the precision restriction of
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turbulence observations under the technical conditions. Considering Curia principle in the
lingar thermodynamics theory, the entropy production (12) of atmospheric system shows the
thermodynamic flow J, of heat transportation and the thermodynamic flows oJ,, of vapor
transportation is the vector, hence the cross coupling may exist between them.

4. Momentum turbulent transportation and vortex theorem
4.1 Linear phenomenological relation of the momentum transportation

According to Curier principle of restriction of the spatial symmetry in the linear
thermodynamics, the viscosity stress (consisting of the molecule viscosity and the turbulence
viscosity) is a tensor, It has no cross coupling with other thermodynamic flows (for instance
the heat flux ot the vapor flux) that are vector type, and with thermodynamic flows (for in-
stance the phase transition rate) that are scalar quantity type. Considering only the
irreversible process to be relative to the momentum transportation owing to the viscosity
stress, the entropy production is

= ¢ U" 243
Oy = Tijrm/_ - tijax? 7 ("'4

Supposing the stress tensor has the symmetry character as following:
=1, (# ) (25

Due to that the viscosity stress is a tensor, the linear phenomenological relation should have
the following form:
T, = LUk{ka, ([‘j,k_[= 1,2.3) (26)

Yy

Ly, in formula (26) is the linear phenomenological coefficients of momentum transpor-
tation, that is a tetradic tensor to have 3 x 33 x 3 =81 components. Because the atmospheric
turbulence is anisotropic, the phenomenological coefficient can not be reduced as two com-
ponents as molecule viscosity. We suppose the momentum transportation is independent in
each direction; even various directions are without the cross coupling effect, As a result the
phenomenological coefficient L,,, should be shrinked as the second—order tensor, which re-
mains only 3 X 3=9 components that is marked by L, . Putting the thermodynamic force (8)
into formula (26), we perform some calculations using the definition of potential temperature,
formula (26) changes as the following form:

eu, U, o L -
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Here the momentum turbulent coefficient is defined as K. Above formula shows the momen-
tum turbulent coefficient is a second—ocrder tensor, not a scalar quantity, because the turbu-
lence is non—isotropy. Atmospheric turbulent transportation can be supposed as a symmetri-
cal second—order tensor in general The turbulent transport coefficient can be just supposed
as a scalar quantity, only when the turbulence can be supposed as the isotropy in space, And
also above formula shows that the thermodynamic coupling effect exists in the momentum
turbulent transportation process, 1t means that the turbulent transport flux z, of momentum
is not only relative to the velocity gradient but also to the potential lemperature gradient, be-
cause the thermodynamic force (8) X, in the irreversible process of momentum turbulent
transportation is relative to temperature. I the atmospheric system satisfies the following
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it means the relative gradient of potential temperature is far smaller than the relative gradient
of velocity, as a result the thermodynamic coupling effect can be neglected. At this time. for-
mula (27) can be predigested as the following form:

cU

= — pK,— 2
ru p i (’:x’ . ( 9)

condition

It is what we have seen the form of the momentum (urbulent transportation to appear
customarily in the K close,

4.2 Turbulence intensity theorem and turbulent momentum flux

Neglecting the molecule viscosity action, the momentum transport flux is just the turbu-
lent flux, therefore formula (27) can be expanded as the following component form:

e
u uv ouw’

—

= P wn v’

wu' whv' ow

VoV vV v
= — _ = rF_ruw ar ket ;
P K“(c‘:x 0é ) KZZ(ay ga}.) Kza( Z 0;.2) : (30)

inwhich U, = (UV W), x;= (x,y,2).
Consequently the velocity variance should be

T U U = v
g K”(éx Hax) v Kﬂ(ﬁy A
It is obvious that the gradient of velocity and temperature is the physical reason to cause the
turbulence variant of velocity. It implies the space heterogeneity of the velocity and the tem-
perature is the fountainhead of turbulence. In gencral the atmosphere can be supposed
as incompressible EL— + (;Z + % = (; and the turbulence can be supposed as isotropic,
namely K|, = K,,= K= K, To sum up formulae in (31), we can deduce following impor-
tant property about the atmosphere velocity variant,
1. (/0
i 9

(u’2 + v’2 +w

=K, 7 L 0. (32}

If the left side of formula (32) is regarded as the turbulence intensity, then this formula
reveals a material fact that the turbulence intensity is in proportion to the scalar product of
velocity and relative gradient of potential temperature. It is called the turbulence intensity
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theorem in the isotropy atmosphere. We know from this theorem that the turbulence roots
in the potential temperature gradient in the isotropy and incompressible fluid.

Considering the symmetry condition (25} of stress tensor, we obtain the covariance,
namely the momentum flux is

e =~k (LW 31
wv'=vy K x_',( oy T Uar (33)
- AF ;g
wu'=suw'= - KX_(E;L—- E(qﬁ) (34)
N6z 0¢z
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Here K=Ky =K,. K;=Ky=K,... Kn=K;;= K,.. The relationships (33-33)

show the turbulent momentum fluxes are not only relative to the velocity gradient, but also to
the polential temperature gradient, When the relative gradient of atmospheric potential tem-
perature is far smaller than the relative velocity gradient, i.e. under the condition of telation-
ship {28). the momentum fluxes are form of the K turbulence close,

T L R S ST S (36)
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4.3 Vortex theorem

As the relative gradient of potential temperature is large enough, the second term in for-
mula (27) cannot be neglected. Using the canditions (25) of lensor symmetry and the symmet-
rv of turbulent transportation coefficient in (27}, an important atmosphere relationship can be
deduced from the momentum transportation flux (27)

U U g aus U g
.y = ] 37
(E.\'j 0 ix, éx, 0 &x, i G
It can be writlen as the lensor form or the intuitionistic vector form
e U, Ui = L
(= Ve, ix, = (- ey 0 ox, vx U= OL x 70, (38)

Formula (38) specifies that the velocity vorticity equals to the veclor product of velocity and
relative gradient of potential temperature, It is called the vortex theorem, The vortex theorem
mdicates that the potential temperature gradient forms vortex movement or citculation
movement in the atmospheric velocity field. It is a well-known fact that the heterogeneity of
atmospheric temperature and pressure causes the vortex movement in the atmospheric veloci-
ty field. The vortex theorem is an approximate description of the atmosphere vortex
movement in the thermodynamic linear region, To define the velocity vorticity

Q= vx U= (&ni (39)
three components of the velocity vorticity are respectively
_aw v _af w0
= &y éz 0 (W(“y v ("z) o

T o "
nii_?ﬂtl(y‘:‘l—w’;ﬂ) @l
X &z [ 4




456 Advances in Atmospheric Sciences Vol. 19

¥ o1

. a b
g=a ﬁ‘\'_E(Va_bE;) 142)
Two horizontal components (40 and 41) represent the vortex movement caused by the
vertical circulation in the atmosphere. The vertical circulation is a kind of important circula-
tion movement in the atmosphere, such as the land and sea breeze, the mountam and valley
winds, the lake and land breeze, etc.. The formulae (40) and (41) give a concision and intuitive
description of mathematics for this kind of vertical circulation. The vertical vorlicity (42} des-
cribes horizontal vortex movement. The formula shows that the horizontal gradient of poten-
tial temperature causes the horizontal vortex movement, It is a mathematical description
approximalely for the relation between the vertical vorticity and the horizomal gradient of
potential temperature in the thermodynamic linear region. The atmospheric cyclone or anti-
cyclone, the typhoon and tornado ete, belong to these movements.

5. Discussions

(1) Above results show that the thermodynamic forces and the thermodynamic flows -
deed satisfy the linear relation, These relationships characterize the thermodynamic property
of linar turbulent exchange coefficient. It proves in the theory that turbulence intensity 1s rel-
ative to the velocily and the potential temperature gradient, and the space heterogeneity of the
velocity and the potential temperature is the fountainhead of turbulence. And the turbulence
intensity theorem is proved. The turbulence intensity is in proportion o the scalar product of
the velocity and the potential temperature gradient in the atmosphere that is the
incompressible gas and the lurbulent isotropy. Moreover the atmosphere vertex theorem is
also proved. The potential temperature shear generates the vortex movement or sundry circu-
lation movements and the velocity vorticity equals to the vector product of the velocity and
the relative gradient of potential temperature,

{2) As is well—known, the K turbulent close theory makes an analogy of turbulence with
the molecule viscosity using Prandtl theory 1o get the turbulent exchange coefficient, The
linear thermodynamics makes the linear phenomenclogical coefficient L to expand
thermodynamic flow to the Taylor series of the thermodynamic force and 1o neglect the high-
er—order term. The linear turbulent relationships respectively representing relation between
the turbulent flux of the heat, vapor and momentum with the potential temperature, the spe-
cific humidity, and the velocity has been found using the linear phenomenological relation.
They are coincident with the K turbulence close theory. The K close theory uses Prandtl ap-
proximation, which is a half—experience theory and cannot indicate their scope of application
in the theory. But the linear phenomenological theory is a more rigorous theory of the lincar
thermodynamics of nonequilibrium state to have wider universality. It yet indicates that scope
of application is the linear region near the thermodynamic equilibrium state,

(3) The coupling relation between the heat transportation process and the vapor trans-
portation process cannot be generally found in the K theory. The linear phenomenological
theory not only indicates the cross coupling effect, that may generate in the atmosphere, be-
tween them in the theory, but also indicates the potential temperature gradient may affect the
vapor transportation due to the thermodynamic coupling effect caused by the potential em-
perature gradient, The linear phenomenological theory ¢ven proves the momentum turbulent
flux is in proportion to the gradient of velocity and potential temperature, As the relative gra-
dient of potential temperature is far smaller than the relative gradient of velocity, the momen-
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um turbulent flux can be predigested the form in the K turbulence close customarily.
Eurthermore. the momentum turbulent transport coefficient is a tensor. that is just a scalar
quantity only to suppose isotropy turbulence.

(4) No special dynamic models are needed for obtaining the ubove theoretical results.
The knowledge about the atmosphere thermodynamic property, that was rarely seen, has
been deduced from the general thermodynamic principle. These results have also the universal
character of thermodynamics. These theoretic results are easily understoad in the physics.
part of results need Lo be proved from the observation experiment. These studies exhibit the
application foreground of the linear thermodynamics to the atmosphere system; especially 1t
provides leads for further study of the thermal nonuniform atmosphere.

This paper s supported by the National Natural Science Foundation of China under Grant Nos, 49835010 and
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Notice

After eighteen years of effort, ADVANCES IN ATMOSPHERIC SCIENCES {AAS)
has become an international journal, playing a valvable role in promoting the exchange of
scientific views,

Beginning in the second half of 2002, we will create two new sections in A4S, The [irst is
“ Lerters” . which will allow for the quick publication of creative works, The published works
could be preliminary research or prototypes, such as scientific hypotheses, new diagnostic
tools, important findings or new atmospheric phenomena that have yet to be introduced in
the literature, In this respect, some new ideas— even controversial ones — may lead o the
stimulation of discussions, arguments and even critiques that are very much needed in today’s
research environment. More complete works could be submilted later for publication in AAS.
The second section is * Notes and Correspondence” . The aim of this section is to promote the
more active practice of scientific dialogue and to encourage scientific exchange through publi-
cations of comments and replies. This section will also serve as a forum for an avthor who has
found faults in his previously published work to tll ovr readers ol such mistakes made. The
page limits for both sections are 2—5 pages.

We welcome your contributions to our journal and thank you for your support in ad-
vance,
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