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Application of Linear Thermodynamics to the Atmospheric System.
Part 1I: Exemplification of Linear Phenomenological
Relations in the Atmospheric System
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ABSTRACT

The linear phenomenological relations in the atmospheric boundary layer are proved indirectly using
abservational fucts 10 combine linear thermodynamic theory and similurity theory in the boundary layer.
Furthermore, il is proved that the turbulent Lransport coeflicients are in proportion 10 the corresponding
fincar phenomenological coefTicients, But the experimental facts shaw that the linear phenomenological rela-
lions are not tenable 1n Lhe atmospheric mixing layer because the turbulent Lransporl process is an inlense
non—lincir provess in the mixing layer, Hence the convection boundary layer is u thermodynamic state in a
non=linear region tar from the equilibrium statc, The geostrophic wind is a special cross—coupling phenom-
enon hetween the dynamic process and the thermodynamic process in Lthe atmospheric system. Tt is o practi-
cal exemplification of o cross—coupling phenomenoen in the aimospheric system,
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1. Introduction

The establishment of Onsager’s reciprocal refation and Prigogine’s principle of minimum
entropy production marks the maturity of the theory of linear thermodynamics of the
non—equilibrium state, The major results of the theory have important applicatlions to many
transportation phenomena (Li 1986). Hu (2002) studied the application of the linear
thermodynamics of the non—equilibrium stale to the atmospheric system (o gel a series of im-
portant results that are rarely realized. The relations between the turbulent transportation
coefTicient in the K turbulence closure theory and the linear phenomenological coefficient are
deduced: it is proved in the theory that there exists a cross—coupling between the turbulent
transportation of heat and vapor. The turbulence intensity theorem is alsc demonstrated. It
shows that the heterogeneily of the spatial distribution of velocily and potential temperature
is the cause of turbulence; the turbulence intensity is in proportion to the scalar product of the
velocity and the potential iemperature in an atmosphere of incompressible gas and isotropic
turbulence. Furthermore, the atmospheric vortex theorem is proved: the velocity vorticity
equals the veclor product of the velocily and the potential temperature gradient.
Consequently, the shear of the potential temperature will lead to a vortex movement or
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sundry circulation movements. These theoretic results guide and inspire the applicution of
linear thermodynamics at 4 non—equilibriun: state 1o the atmospheric system.

The linear phenomenological coefficients must be obtained from the experiments of the
lincar thermodynamics of the non—equilibrium state. Moreover, the propertics of the lincar
phenomenological coeflicients decide the properties of the linear thermodynamic system, But
up 10 now we have not referred (o experimental study about the lincar phenomenological rela-
tions and the linear phenomenological coefficients of the atmospheric system. It is obviously
important to develop experimentul studies of the atmospheric lineur thermodynamics of the
non—equilibrium state, Bul such experiments often require a specially scheme und demand a
higher degree of accuracy for the observations. It is possible at present to prove the lincur
phenomenological relations ol the almospheric thermodynamics system and 1o obtain the
linear phenomenological cocelficients by using results already obtained from current atmos-
pheric study: this is even a convenient way. This study will contribule o the experimentit
study of the lincar thermodynamic phenomena of the atmosphere by studying the linear
phenomenalogicul relations and determining the linear phenomenological coellicients of the
almospheric system using obscrvational experiment results in the atmospheric boundary
layer. Also, the relation between geostrophic wind and thermal wind is studied from the point
of view that the linear thermodynamics of the non—equilibrium stale is u widening of the
cross—coupling concepl.

The entropy equilibrium equation ol the atmospheric system can be deduced, using the
thermodynamic principle of the non-—cquilibrium state and the atmospheric physical
behaviour (Hu [999], as follows:

D [
a(px)——ax—’_J‘f+ ot o, . (1)

in which the entropy flow, the entropy production, and the dynamic entropy production are,
respectively,
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According to the hypothesis of the following section, this paper discusses the transporti-
tion ol heat, vapor, and momentum,which are respectively,
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Here 0, ¢, U, T and p are the potential temperature, specilic humidity, wind velocity in the
ith dircetion, and absolute temperature, and stmospheric pressure respectively: o, .,
and 1, the atmospheric turbulent trunsportation flux of heat, vapor. and momentunt; p, ¢,
and R, the atmospheric density. specific heat at isopiestic pressure, and the gas constant of
vapor: and Ag= p, — p, the chemical potential difference between dry air und moist air. The
entropy equilibrium equation (1), the entropy production o (3), the dynamic entropy produc-
tion o, (4), as well as the thermodynamic flow and the thermodynamic force, {(5)-(7), are the
base equations in the study of atmospheric lingar thermodynamics,

2. The thermodynamic properties of the linear phenomenological coefficient and the
linear turbulent transport coefficient in the atmospheric boundary layer

A series of similarity relutions have been determined from (he many results of
observational experiments in the almospheric boundary luyer. We can obtain the relations be-
tween the linear phenomenological coefficient and the linear turbulent transport coefficient
using these similarity refations and can analyze their thermodynamic properties. In the foillow-
ing discussions, il is supposed that the one and only fuctor driving the heat transportation is
the potential lemperature gradient, driving the vapor transportation is the vapor gradient,
and driving the momentum {ransportation is the velocity gradient. This hypothesis should be
ucceplable in the precision range of the aimospheric observations. Consequently, lrom the re
lationships (3) and (5)~(7) we can get the lineur phenomenological relations
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Here L,. L. and L, arc defined as the linear phenomenological cocfficient of heat, vapor,
and momentum, respectively, Inserting the potting thermodynamic force (5)—(7) inte the
above formulas gives the turbulent transportation flux of heat, vapor, and momentum
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These are just the turbulent transport relations of the X closure, In them, the relationship be-
tween the lincar phenomenological coefficient and the linear turbulent transporiation
cocfTicient of heat, vapor, and momentum, respectively, is
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So the lincar turbulent transport coefficient is in proportion to the linear phenomenological
coefTicient; the properties of the turbulent transport coefficient are decided entirely by the
lincar phenomenological coefficient. The relations of K turbulent closure in (9) are an approx-
imation relation to be proved by a great deal of experimental evidence in the atmospheric sys-
tem. These relations are very well known, and are used extensively in the atmosphere, The ex-
perimental facts demonstrate indirectly that the linear phenomenological relations exists in
the atmospheric thermodynamics system and the linear phenomenological coefficients can be
obluained by the turbulent transport coefficient from formula (10),
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2.0 The linear turbwlent transport cocificienr und the linear phenonicnological cocfficient in the

surface luver

In the surface layer, there are the following relations between the turbulent flux and the
gradient of the corresponding meteorological element (Stull 1988),
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similarity Tunctions of velocily, potential temperature, and vapor respectively; their corre-
sponding characteristic scalars are w, , U, , and ¢, respectively; the Monin—Obukhov length
is
1
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here, k is the Karman constant; z,,,a,.4, and §,.f,, B, are experience constants deler-
mined from experiment; g is the acceleration due 1o gravity, 0 is the average lemperature.

Deducting the gradient of velocity, temperature, humidity, and turbulent transport flux
from formulas (12)~(14), besides considering refation (10), we can obtain the relations of the
linear turbulent transport coefficient and the corresponding linear phenomenological
coefficient which are respectively
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The above relations show that the linear turbulent transport ceefficient [K,, K., K, | and
the corresponding linear phenomenological coefficient [ £,,. L, . L, | are all functions of the
almospheric stability. By ail appearances, the Iineur phenomenological coefficient is not a
constant in the atmospheric surface layer. Even though the neutral stratification =/ .= 0, it
is yel a function of the height z,

2.2 The linear turbulent transport coefficient und the linear phenomenological coefficient in the
planetary boundury layer

In the planetary boundary fayer of the atmosphere, the following similarity relations are
summarized from a great amount of observational data, The similarity relations of momen-
tum flux and heat flux are (Stull [98¥)
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Here, = is the experience constant, ('w’), and (w%”), are the momentum flux and the heal
flux in the surface layer, but the momentum flux and the heat flux at the top of the planetary
boundary layer are (u'w’),,, and (w0, the height of the top of the planetary boundary
layer is =, , and the stability of the planetary boundary layer is z / z;. For the stable and neu-
tral boundary layer, the profile similarity relations of velocily and temperature are
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inwhich L, . u.,,and ), are the local Monin—Obukhov length, the local friction velocity,
und the characteristic temperature scale respectively, The constants €, and ', have differ-
ent experience values for the stable boundary layer, but all equal unily when the
Monin—Obukhov length is replaced by z for the ncutrat boundary layer, Deducing them to be
simthar 1o formulas (16} and (17}, we can obtain the turbulent transport coefficients as

K,= Ky=—+— (20)
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for the stable boundary layer, and
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for the neutral boundary layer, Hence the corresponding linear phenomenological coefficients
are

K, wxu,, KKyu .
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for the stable boundary layer, but they are
L.=«kzu,, T, L,= Kzu,_,_()2 (23)

for the neutral boundary layer. Formula (23) shows the linear phenomenological coefficients
are only a function of height for the neutral boundary layer,
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For the convection boundary layer, i.e., the mixing layer, there are the foillowing profile
similarity relations
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Here the characteristic scale of velocity, temperature, and humidity ure respectively
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Now we can only deduce by analogy with (20)—(23} from (26) to get the turbulent trunsport
coefficient and the linear phenomenological coefficient
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These are functions of the stability (z,, w, ).
The relations (24) and (25) indicate that the velocity and the potential temperature are
uniformly distributed in the mixing fayer, resulting from the uniform mixing of convection

development. So
U_g Yoy Dy, (29)
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On the other hand, if the characteristic scale {w, , 0, | of the mixing luyer replaces the cor-
responding characteristic scale in formula (18), then
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The heat and momentum flux in relation (30) have a linear distribution with height; they are a
non—zero limited value, Relation (29} causes the t(urbulent transport coefficients
1K,, K, } in (30) to go to infinily, and thus lose their physical significance, Therefore there is
not the local turbulent transportation of momentum and heal in the mixing layer. But the
turbulent transportation still exists in the entire mixing layer Lo transport heat from the sur-
face layer 1o the top of the boundary layer and 1o transport momentum from the lop of the
boundary layer to the surface layer, It is a holistic turbulent transportation in the mixing
layer, i.e. a large eddy turbulent transportation. It is not a linear transport process, but an in-
tense non-linear transportation process. The above facts show that the linear
phenomenclogical relation and the linear transport processes do not exist in the mixing layer,
and of course, there is no linear phenomenological coefficient, On the other hand, the strong
and helistic non—linear turbulent transport process exits from the top of the boundary layer
to the surface layer. Consequently we can conclude that the convection boundary layer is a
non—linear thermodynamic state far from the equilibrium state.
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3. Cross—coupling between the dynamic process and the thermal process—the relation
between geostrophic wind and thermal wind

The relution between the geostrophic wind and the thermal wind is very well known.
That is, it is well studied in dynamic meteorology. The geostrophic wind is ¢ dynamic process,
but the thermal wind which is caused by the atmospheric thermal stratification is a
thermodynamic process. The relation between the geostrophic wind and the thermal wind is a
cross—coupling phenomenon between a dynamic process and a thermal process in the atmos-
pheric systenm: from the point of view of linear thermodynamics in a non—equilibrium state,
The following section concretely demonstrates this cross—coupling phencmencn in the at-
mospheric system,

A dynamic entropy production (4), which is work done by the Newton force that drives
the airflow. is added into the entropy equation, The dynamic equilibrium is a basic state of
the atmosphere, as the work done by the Newton force equals zero, ¢, = 0. Motionlessness in
the atmosphere is an impossibility; this means that the airflow pU, cannol be zero, Hence the
Newton force must be zero, — F, = 0, during the time the atmosphere is in dynamic equilibri-
um, ie. static equilibrium and geostrophic equilibrium. The equilibrium equation of the static
equilibrium and the geostrophic equilibrium are respectively

1op s v =0 125 v, U=
p7x, dut W= 0 el dy = Lo, U= 0. G1)

We know Irom (31) there is no airflow in the vertical direction in static equilibrium, In addi-
tion, to define that the airflow caused by the velocity U, is the geostrophic airflow pll, in
the geostrophic equilibrium equation, and to define that the airflow caused by the baric gra-

-

dient force ﬁ—‘?—;’\’ 48, Is the baric gradient airflow pU ;. gives
i
I ép
pU = pU,, pU, = —/ T d, . (32)
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The atmospheric baroclinicity leads to the thermal airflow pU,, in an air layer of unit height
in the vertical direction, which is defined as

S,
pUﬂl ,f;.U Gxi 0” *’t,ﬂ.‘! . (33)
From relation (31) we know the geostrophic wind is exactly the baric gradient wind at

geostrophic equilibrium,

Ugj = siﬁ Um = I51‘]3 i ‘;xj (34)

The Newton force is non—zero if the atmosphere is in non—geostrophic equilibrium and
non—static equifibrium, The airflow pU/; caused by the atmospheric dynamic deviation can be
determined approximately from the linear thermodynamic method if the geostrophic devia-
tion and the static deviation are not too large, ie, the atmosphere is near the dynamic equilib-
rium state. The entropy production (3) and the dynamic entropy production (4) indicate the
airflow pU, along with the heat flux J,; and the vapor flux J,; are veclors, According to the

Curie principle, a thermodynamic cross—coupling effect may exist among them (Hu 2002).
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For brevity. we consider only the cross—coupling between the geostrophic deviation airflow
and the static deviation airflow under the condition of dynamic equilibrium deviation, We
therefore write the entropy production and the dynamic entropy production in the following
form

_ < (1 1 /1 ip . . -
ot o= u&(ﬂ* '”U’T(;C.r, st W= fonl, ) 3s)

Considering the cross—coupling between the static deviation and the geostrophic deviation
airflow, and the reciprocal relation, then the linear phenomenological relations are as follows;
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Here L,,L,, L., and L, are defined as the thermodynamic phenomenological coefficient
and the dynamic phenomenological coefficient along with the cross—coupling coefficient. Re-
lation (36} shows that any dynamic equilibrium deviation and the potential temperature gra-
dient will all cause the heat transport (tux. This means that the heat transport flux is relative
not only to the potential temperature gradient but also to the dynamic equilibrium deviation,
due to the cross—coupling between the dynamic process and the thermal process, Relation
(37) shows that any dynamic equilibrium deviation and the polential temperature gradient all
will cause the airflow, The left—hand side of formula (37) is the airflow caused by the static
deviation and the geostrophic deviation. After considering the definition of (31) and (32), they
can be written in the vertical and horizontal component form as,

14 1 &0
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Relation (38) indicates that it will generate a vertical movement so that the atmosphere devi-
ates from the static equilibrium state and neutral stratification, i.e. the existing atmospheric
stratification. But relationship (39) indicates that any geostrophic deviation and horizontal
gradient of potential temperature will all generate the horizontal airflow {the geostrophic de-
viation wind) at a dynamic nen—equilibrium state. Moreover, their value is the linear combi-
nation of the baric gradient wind, the geostrophic wind, and the thermal wind, If the
phenomenological coefficients are taken as

s

L= fLT and L,,= f; (40)

B

then the dynamic non—equilibrium wind (geostrophic deviation wind) is the vector sum of (he
baric wind, the peostrophic wind, and the thermal wind,

= (Upj+ Uu_,)a ifig T U, vt - 41)

This is the relation between the geostrophic wind and the thermal wind deduced from the
cross—coupling of linear thermodynamics, This relation is in full accord with the one that is
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deduced by atmospheric dynamics (Yang et al. 1983). The relation between the geostrophic
wind and the thermal wind predicates the existence of the cross—coupling between the airflow
transportation and the heat transportation.

4. Discussion

Combining the similarity relations which are obtained using a great deal of observational
results in the atmospheric boundary layer with linear thermodynamics theory, proves the ex-
istence of the linear phenomenological relations. The linear turbulent transport coefficients
are in proportion to the corresponding phenomenclogical coefficients, This result demon-
strates that the atmospheric phenomenological coefficients are a function of stratification sta-
bility, which cannot be constant in general. The research results prove that the linear
phenomenological relations do not exist in the mixing layer with the large eddy convection
because the turbulent transport process of large eddy convection is a strong non—linear pro-
cess, So the convection boundary layer is a thermodynamic state in the non—linear range far
from the equilibrium state, From the point of view of the linear thermodynamics of the
non—equilibrium state, the relation between the geostrophic wind and the thermal wind is a
special cross—coupling phenomenon between the dynamic process and the thermal process in
the atmospheric system. It is a known practical illustration of a cross—coupling phenomenon
in the atmospheric system,

It must be emphasized that the phenomenological coefTicient is often supposed as a con-
stant by way of analytic convenience in theoretical thermodynamics to prove a series of im-
portant theorems, such as the minimum principle of entropy production (de Groot and
Mazur 1962). By all appearances, this hypothesis is limited for the atmosphere. The above
observational facts in the atmospheric boundary layer show that the linear phenomenological
coefficient is not a constant, but a function of the atmospheric stratification stability and the
space, The hypothesis that the phenomenological coefficient is constant should be applied
cautiously and some important theorems in theoretical thermodynamics must also be applied
carefully to the atmospheric system,

We can obtain the conclusion from the above facts and observational results that Hu
(2002) demonstrates indirectly not only the authenticity of the theoretical conclusions, but al-
so increases the understanding of the physical essence of the atmospheri¢c phenomena, For ex-
ample, large eddy convection and the relation between the geostrophic wind and the thermal
wind are all phenomena of non—equilibrium state thermodynamics, understood from this
point of view,
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