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1. Armosrieric Bournnary LAYER

Atmospheric planetary boundary layer (APBL) is defined as the layer formed in
fluid environment (gas or liquid) of rotating planets as a result of the
combined action of the pressure gradient, Coriolis and turbulent friction
forces. This condilions are usually realized in the immediate vicinity of a
materinl surface where significant exchange of momentum, heat, or mass takes
place between the surface and the fluid. Our attention will be focused on the
atmospheric boundary layer in regions away from the equator (where the
Coriolis force is negligibly small) which is usuaily called Ekman layer. Some
of the approaches and results are , however, applicable for the ocean bottom
layer as well for the boundary layers of other planets. The vertical scale of
the APBL, which depends on the turbulent friction expressed by the frictional
velocity u_  and the Ceoriolis parameter, can be estimated using similarity
arguments as a proportional to the ratio u*/|f|. More precise evaluations
saow, Lhat the height h of the APBIL ic approximately ten times less than this
ratio, which is about t km away from the equatorial region. This value is
considerably less than the effective height of the atmosphere (= 10 km) and
the processes taking place in the APBL are of micrometeorological interest.
The height of the APBL varies, however, over a wide range (several tens of
meters to few kilomeoters) and depends on the rate of heating/cooling,
strength of winds, the orography and roughness, large scale weather and other
factor. Most oflen in the air pollution applications the APBL height is

agnociated with the mixing height.

2. Exrermeritar Dara

The regime of the meleorological elements in APBL is characterized with
relatively stou changes and specific diurnal variationg of their wvertical

gradients. In Figs 1, 2, 3, and 4 the diurnally averaged profiles of the



wind, temperature and humidity are shown. The magnitude of the arrows is a
measure of the nonstaionarity - the differences between 13 and 01 hours at
different heights i.e. they present some characteristic amplitude of the
diurnal variation. The commen feature is that the amplitude is bigger close

to the earth surface with the exception of the wind velocity which is zero.
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FIG.1 NDiurnal wind profile.

The diurnal wind variatien is caused by the turbulent regime which has
maximum during the day and minimum during the night. This is reflected in the
two maximums in the vertical distribution of the amplitude of wind velocity.
The wind velocity increases with the height and during periods of intensive
turbulence the wind speed at the layers close to the earth surface may be
bigger than at the altitudes close to the APBL height. The reverse picture is
true in periods of weak Lurbulence which fact requires at certain level the
wind speed to show little variation. It can be seen from Fig.1 that this
height is about 200 m. The wind velocity follouws a loparithmic law to about
200 m and than slowly inereases to the pgeostrophic wind speed at the height

of APBI.. Typical variations of the monthly wind averages is shown in Fig.2.

The influence of the underlying surface on the average temperature profiles
iz not =o clearly pronounced (Fig.3). This can be explained with the
difference in the interaction between the surface and air masses with

different properties (cold or hotl}.
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FIG.2 Vertical profile of the monthly mean wind velocity (the arrows show
the height of APBL).
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FIG.3 Diurnal profile of the temperature,

The influence of Lthe earth surface as a source of humidity explains

its monotonic decrease with altitude {see Fig.4).

In Fig.5 the distribution of Lwo commonly expleoited turbulent characteristics
Km (turbulent. coefficient for momentum) and K19 (turbulent coefficient of heat
exchange). The considerable variations of bthese quantilties is apparent which
sends a clear message to the modelers for the inherent difficulties when

using K approach for the APBL system of equaltions closure.

The experimental! dnta for the turbulent energy dissipation ¢ are presented in
-1

Fig.6. It can be noled that ¢ changes generally as =z and that the

dissipation decrenases quicker with height during stable condition, than in

unsitable APRI.



FIG. A Diurnal humidity profile

Th> data presented, even averaged diurnally or monthly, exhibits the

complicated structure and considerable variability of conditiens which can be

realized in the APBL. This is an apparent challenge to the theoretical

investigations and modelling attempts.
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FIG.6 Empirical data on the vertical distribution of energy dissipation

3. SMiLArRIFY TreEory ror APBL

The turbulent regime in the APBL is not universal and deponds essentially on
the weather conditions and the properties of the underlying surface. This is
reflected in the considerable variations of the basic turbulent statistical
characterisiics. There is, however, a hope that using relatively simple and
physically sound hypothesis, may explain considerable part of these
variations with the wvariation of properly chosen scales. Using these scales
the nondimensionilized turbulent characteristics, hopefully, will not exhibit
congiderable changes for the different conditions in the APBL. This is the

basic philesophy of the similarity approach.

2.1. Basic S arity Criteria (THEORY OF KAZANSKI AND MORIN)

The two authors extend further the approach taken in the development of the
already famous and well proven Obukhov-Monin similarity theory for the
atmaspheric surfare layer for the case of the APBL. There are two essential
complications connected with nonstationarity of the meteorological elements

and the eoffect of the Coriolis parameter which plays a major reole in the APBL

dynamics.

Assuming stalionary conditions, ignoring the radiative heat exchanges (which
are usnally small) one ean accept that the turbulent heat flux in the APBL is

conastanl. with allitode. Firther if the basic idea of the automodelity is



used, i.e. the independence of the turbulent regime on the molecular
coanstants and the characteristics of the earth surface, one can use the
Kazanskii and Monin hypothesis which reads: the statistical characteristics
of the APBI. are fully determined by the values of the physical parameters
u ~turbulent friction velocity, fi=buoyancy parameter, c¢ -constant of heat
capacity at constant pressure, p-density of the air and f—goriolis parameter.

Form these parameters one can devise two independent length scales:

300 u’
I (r/7p) "7 _ e (1)
ST Vo B -
K e pp K.AI?T.
which is bthe Obukhov-Monin length scale and
N = Vu./f {2)

which is usually referred to as height scale of the APBL. Therefore, all
nondimensionnl statisticnl characteristics of the hydrodynamical fields,
which are normalized by using the u as a velocity scale, T, as a temperature
scale  and v as . length  scale, mustk  be universal functions of the

nondimersionnl heipht
o= 7y (3)
and the stratification parameter

o= ALl (37)

Thus, the penernl expressions for the vertical profiles of horizontal wind
components and the potential temperature will be
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' i I v A N A |
llt . ?.’) Z! 1
»‘1(7.:‘) - "1{7,‘] - V'Jf!,?{’-\ ) V’T,}( 'T\"”)' v

where 7 and 7 nre architrary levels; w”.wv,wﬂ are nondimensional universal
functiong, which nre determined with accuracy to an additive constant. The
signf multiplier in the secend of the formulae in Fguation (4} tnkes into
accounl the difference in the wind rotation with height in the Neoerth and

South hemisphera,



3.2 EXTERNAL PARAMETERS

The similarity approach requires to study the automodelity region thereby the
boundary conditions for the wind components and temperature at its lower
boundary will be

u = 0, v = 0}, M= %90 = @ + 48 at z = z0

where ? is the mean potential air temperature at the real surface, ﬂo is the

extrapolated 0 at the level z, using the logarithmic temperature profile.

He can now formulate the similarity conditions for the turbulent regime using
the external to APBL parameters. Those are the wind velocity sbove the height
of APBL. ,i.e. the geostrophic wind velocity 3, the difference betuween
potential temperature at the height of APBL and at z, 89 = ﬁh - ﬁo (where ﬂh
= 0]2"h) and the 7, B = ﬂn. Moreover in the number of the external parameters
are included the Coriolis parameter and the buoyancy parameter, which are
part of the dynamic equations and practically do not change from case to
case, The main hypothesis will be that the turbulent regime in temperature
stratified APBL is uniquely defined by this five paramcters. From these one

can construct two nondimensional combinations, namely, the Rosby number

Ro = G/|f]= (5}
0
and temperature stratification parameter

S = (aas| |G (6)

In accordance with the similarityhypothesis, the nondimensional statistical
characteristics of the wind and temperature fields, obtained using: the

length scale A = G/|f

. the velocity scale G and the temperature scale §9,
can depend on the external conditions only through the nondimensional
parameters Ro and S. In particular, this means, that the "internal” AFPBL
turbulent characteristics, for example, the turbulent friction wvelocity u_,
the angle hetween the isobars and the direction of the turbulent stress at
the earth surface « (nepgative in the Northern and positive in the Southern
hemisphere) and temperature scale T, (propertional to the vertical turbulent

heat Flux) must ohey the fnllowing relationships:



t T
g 7 n(Ro,S), o= n,(Ro,S)signf, 55 = nT[RO,S), (7)

where MMy, Are universal  functions of two arguments, u /G is the
"
peostrophic  drug  ceefficient, and tLhe ratio T, 769 is an integral

characleristic of the heat exchange.

In many cases in Lhe f-:mulae of this type instead using the S stratification
parameter one can use the 1 parameter since they are functionally dependant
4 T, /60
e (8)

2.3 Dyvriaric AMn HEAT RESISTAMCE LAwS (ZIITINKEVICH APPROACH)

The dependence of Lhe variables u, o« and T, on the external parameters is
expressed by the gpeneral FEquation (4). Zilitinkevich (1967) proposes the
following way to find aal more concrete form of these equations. Consider
APBL with finitr height and boundary conditions

N = Gy, v i = Guitne, il =
s h 7 h s h h

then formular (A4} can be uritbten in the form:

nf =) - vy o u’y
I "

(;'.u}.

viz) - Goine = “ wv(;.u)m;znf‘, (9)

z
Mz) - g 'I‘_*/rﬂ(’-\.u).
The additive constants, which are part of u"”.!!rv and 1/1”, are determined in
such a way that they have Timit zero at z + h. These equation are valid for
every 7 incloding omalb 7. We shall make use of the fact Lhat at small > the
sbratification 1= atunys neubral and Lhe following asymptotic relationships
hald

i T
u(=z) = ) Fy j | viz) = 0, 27y - T'JU = in ; (10)
.- .

0" e "
The Fquations (2} and (10} should be bolh satisfied at small z which gives
the fallowing relntionahips
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which are valid only asymptotically in the logarithmic boundary layer. Now
the left-hand sides of the above equations do not depend on z and we should
assume that the right hand sides do not also depend on z and therefore they
are functions of jr only. Furthermore if we denote

lim [y (F,pn) — In€]
u

B(yt) + 1lnk,

£ 0
lim ¢ (£,p} = Alp)
£ v
lim [a:wﬁ(ﬁ,u) - Inf] = Clp) + 1nk

where A, B and C are nondimensional universal function of the argument u,
after simple derivation one gets

u ————

. . TS
In Ro = B{p} - In G + /? - A,

’ (u,/G)"
sin o = - A(“{ ?.vifnf (11)
K ¢ " ¢ I

+
tY

. o0 i __' e
r,/8n = . /l_ln(RoG ) f,(fl)]‘

These relationships (first of which at ;1=0 had been derived by Kazanskii and
Monin in 1961) are the laws of resistance and heat exchange for APBl, which
physical meaning is analogous to the laws derived by Prandt]l and Karman for

flows in pipes.

Equations (11) ., if the apnalytical form of the universal functions A, B and C

iz knoun, give the opportimmity to establish the dependence between u*/G, o

and T /670 and Ro, W ().

3.4 Urnvenrsal Furicnons vor 11HE REsISTANCE AND HEAT EXCHANGE LAWS

The empirical determination of the universal functions A, B, C and I} requires
data for the micrometeorological characteristics u , o, 'l'., g, as well as for
the externat <haracteristics G, &9, §q, z”. The determination of the
parameteras £, g and (3 does nobt require measuremenis. The experimental
material should have heen obtained under conditions which satisfy the major

assumptions of the similarity theory - horizontal homogeneity and stationarity

of the wind and temperature fields.

Fig 7 shows systemalization of the experimental data. They exhibit in general
the universnl character of the investigated functional dependence. Later
investigations confirmed these results and made the use of the universal
functions A, B, € and 1Y more reliiable.

- 9 -~
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43. A Baroiroric APBL Mopy

The application of the similarity theory will be demonstrated on the example
of a simple but relinble barotropic APBL. The air pollution meteorology needs

the wind velocity and turbulent exchange coefficients for the calculation of

the concentrabtion fiesld.

The model presented here uses the contemporary understanding for the double
structure of the APRBL. layer namely near surface boundary layer (which

structure is elegantly described by the “bukhov-Monin similarity theory) and

- 10 -



underlying Ekman layer . The use of the similarity theory in its development
is two folded. First, the dynamics of the APBL is studied as a function of
the ‘external’ parameters and second the similarity theory results are

utilized for some necded meteorological variables

The following meteorological variables are taken as known:
{a) the geostrophic wind vector ¥ at the top of the APBL,
9
(b) the potential temperature ﬂ}at the same level
1

(c) the surface temperature ﬁ”, which can be taken from the observations or

calculated from the energy balance equation.

From these 'external’' to APBL parameter together with the Coriolis parameter

f, the roughness 7. and the buoyancy parameter [3=g/9 the following external

paramefers can be formed:

the Rosby numher and

By -0 )
h 0

£V |
1

S_

the external stratification parameter,

As we have already noted in the previous sections they uniquely determine the

turbulent regime in stationary horizontally homogeneous APBL.

The determination of the wind velocity and vertical turbulent exchange
distribution in APBl. uill be based npon Lhe laws of conservation of momentum
and cnerpgy. The clasure of bthe sgystem of equation will be at K level, where

the re=sitlls of the similority theory can be readily exploited.

The nondimensionnalized system of equations of molion is:

NUE
! "2 l{'m fi/,
(12)
d dp
0= 4z K@
where P = k{u-u)/u_ is the velocity defect of the u wind component, Q =
- " 5
k(v-v )/ u is the defect of v wind component, K = k f/K'u. is the vertical
B A m m

turbulent exchange coefficient, Z=z/M is the height and H = xy/f the height

scale,



The nondimensional equation of heat transfer for the surface boundary layer

where there is a approximate constancy of the heat flux is:
A= 0 <7 <h (13)

In the Fkman layer the heat Fflux gradually decrease Lo zero at the top of
APBL this equation is assumed to have the form:
din : ?Fhﬁ
o A7 [‘ T hoch ] (14)
In Equations (13) and (14) Kf) = k19f/K211f is the nondimensional turbulent heat
exchange coefficient, no= ﬂ/ﬁ~ the nondimensional temperature, 9, =
..qo/cppr:kuuz j[ll‘f/K?[‘? is the heat flux, hﬂ is the thermal APBL upper

boundary, n is properly chosen constant.

The closure of the asystem of equation is at K level which allows they to be
solved separately. Tn accordance with the double structure of APBL in the

surface layer with height I, the similarity model of Zilitinkevich-Chalikov

is used:
Z01 ku}"]. Zn % Z = h TR
B
vo= {7 ] 7.)ﬁ2*.-“" (15)
m (
f? D ”,, o<
l LA = 7 = h
L I
where 1 = H/LL ig  the internal stratification parameter, L is the
Obukhov-Monin length, h = h,/H is the nondimensional height of the surface

layer, ”1 = 10 and 3 = -0.07.

In the Fkman layer (72 > h )} the vertical turbulenl coefficient is assumed to

be constant with the altifode and equal to the value K at the top of the
m

surface layer h:

hot1 + 12 b} im0
K o= oy o Z ™ h {16)
mh 2 10

[ l h i< 0

L

directed nlong the surface layer stress the nondimensional



velocity defects in the surface layer will have the form:

ln(?/h)+ﬁlu(2—h) - "ii“” . ZO = 2 = , =0
V2K
II%U{ 1/[1;1\ 1
P=x - 7= {in(pasg }-3{1-3 {ph) " - . , 2o s Z= T, p<o
u 2 2 _— 0 i
. V2K [ 3
mh
S LI R (P77 Y ) R - sz <H , M<o
» 2 VIR ,~ j
V-V
g =« u 7= 1
. VK
mh
where u, v are the velocity components, u = j? |coso, v = |V |sinoe are the
g a a 9

peostrophic wind components, o« is the angle betueen the surface and

geostrophic wind.

In the Fkman Iayer the equations for the velocity defects ‘ake simpler form:

',‘(
b= K' ! g
mly A
a7
{18}
£
0 = K d i
inh (12r
which are subject Lo the following boundary conditions:
72 3 h | R _1 e . Q == 1..__..___
Vexmh VéKmh (19)
72y om P -0 .G =0
The molutions are:
M- - on 1 (,H-;‘Iff - f:i;])]};}/\/ ?[-_(:1
mn
0 = e g v s oV BE N (20)
where
7
dz’ 2 -1
u‘l = L[‘ S = ___l
nv 2K v PK
inh mh

Fquations (17) and {20) show that the calculation of the temperature profile
requires the internal APBL paramebers u,, « and p as well as the heights of

the surface nnd ADRI,

The inlternnlt  APRE poramelers may be  determined through the external

13 -



nondimensional parameters Ro and S using the similarity tbheory by solving the

relevant resistance laws Equations ( ) which in this case will be written in

slightly different form

k U S Inte Ro) - B(j)
o ]
g
o Sl AGD (21)
[
7
r"q
o " = 1Inle Ro) - C(p)
[ o] 1 3]
1
where ¢ = u./;\? | is the geostrophic resistance coefficient A, B, C are
] 1

universal functions of pn. These functions are determined on the basis of
experimental data and similarity considerations for their dependence on p.

The following universal functions are used in the model:

NW“!/:) =0
A - .
7 ”,,i“l o jt<n
tnp - MHIW:‘ - M1 TRt
{
Blip)y - (22)
Ty = M fye] v M, e 0
Inpe - M ;r]/;' + M o= 0
: 1 5
Clyp) =
T - + <
ni M, I H o< 0

The corstants in Lthe above equations have the following values:

1
-
N
=

I
LS
)

N =10 Ha = 3.9 M =1.3 M(\ )

The Fquatioons (21) wilh universal functions Equation (22) form a nonlinear

algebraic system of equations for the internal parameters ¢ , o and jL as a
q

function of Lhe exlernal  parameters. Tts solution is approximated with

polynomials, in order Lo facilitate its praclical use, for the following

range of values of the external parameters Roe(10",10'") and S<(-700,700).



3 2 -y -
c =5 %akRe.§ k= 3j+ 1
K IBGREL
S Yy -
o= )y hkllo K3 (23)
}0i-0
0.1475 S >0
jo= ¥ .
yic Ro ).S § <0
poo
where Ro = 1gRo, S = 0.001S. The coefficient in Fquations (23) are presented

in the table,

Table

it > 0 >0 <o it <0

3 b a b
0 0.5999E-01 0.1065E+01 0.1302E+00 0.1068E+01
1 -0.7083E-02 -0.1514E+00 ~(. 2333FE-01 -0.1534E+00
2 0.2882E-03 0.6932E-02 0.1249E-02 0.7101E~-02
3 -0.2601E+00 0. 2608E+00 -0.9890E-00 0.5619E+01
q 0.4128E-01 0.3622E+00 0.1909E+00 -0.9635E+00
5 -0.1896E-02 -0.2396E-01 -0.9519E-02 0.5210E-01
6 0.5102E+00 -0.1260E+01 -0, 2245E401 0.1290E+02
7 -0.8635E-01 -0.5169E+00 0.4467E+00 ~0., 2305E+01
8 0.41093E-02 0.3911E-01 -0.2281E-01 0.127BE+00
9 -0.3389E+00 0.1049E+01 -0.1799E+01 0.9734E+01
10 0.5BR7E-01 0.2844E+00 0. 368BE+00 ~0.1789E+01
11 ~(), 2RA5E-02 -0.2326E-01 ~0.1930E-01 0.1002E+00
c(i) 0.1057FE+01 ~0.2300E+00 0.2100E-M 0.6660E-03

One essential advantape of the model is thal the height of the surface layer

h and the thermal h,P AVBI. are dependent on the stratification. The functions
1

are:
' d‘/u > 0
h{n) = d’1 it =20 {21)
12
< 0
_d1|u| n
and
nogt te e > 0
noG - (25)
! a ] <0



1ne values of the constants in Equations ( )] and ) are d1 = .28,

d? = 0.03, df* = 0.01, s\t = 0,55, a? = 0.11 and n = 0.92 are determined in

such a way that at limit of 7 > 20 = (ke Ro)_1 the use of Equations { ) and
T

( } in the resistance law to secure coincidence with the constants in the

universal functions.
Tre scquence of Lhe calculatior - of Lthe wind profile wh.ch is realized for a

personal computer is presented in the following table.

Table

2!

’ Fxternal nondimensional parameters Ro, S ]

]

Calculation of the internal parameters c | o, t
3}

Fxternal parameters \7 . f)", 1?0. f, Zn' 1 J

Faunlions (23) and H = wu /f

E

‘ . . .
‘f Matealation oh h and h 5 Fq.(24) and (25} l
1

W
l . e - . e
Calculation of K Eq.(f&) and 72 = z/H, 2 = z /H J
mh ) T S
> 7 - h o= '
I
|
' Calealation of P oand ‘ ’ Calculation of P and Q ’
i 1 . e
]
[ . )
b= a2 P ). ou sk
! 1 *
RV TR 0n ). u /K
3

The model allows also to calculate the vertical wind component at the top of

APBL wltich in needed for Lhe large scale weather forecast as well as for the

- 15 -



air pollution models. The divergence of the flow as a result of the turbulent
friction may be expressed as

w = 1 g— Vﬂc sine - g_ vﬂc cCoso
f AX a9 g9 Ay 9 9

All necessary parameters in the above equation are included in the cutlined

algorithm and therefore w is also calculated.

For the performance of the propesed APBL model many comparisons with the’
available experimental data have been performed. Here only the Leipzig

universal profiles are presented together with the model results.
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FIG.8 Universal profiles P(z) and Q(z) and Leipzig data points.
5. A Barocirne APBL Mouer

The variation of the geostrophic wind the height due to the horizontal
temperature inhomogeneities is usually referred to as a baroclinic APBL. To
take into account the baroclinic effects on the distribution of the
metecrological elements il is necessary to include a new parameters to the
already used in the case of barotropic APRL and alse to check their
aplicability in the baroclinic cenditions. For example it is not possible to
use V¥ as an external parameter since it will be varying with the height.
Instead the surface value Vq” of the geostrophic wind may be included in the

list of the external parameters. It can be easily calculated form the surface



pressure distributiom by the formula:

I
g0 = bf K xV P (26)

In addition to this new parameter it is necessary to include parameters
which represent the effcet of baroclinicity on the turbulent regime in APBL.
The mean horizontal temperature ~r-adients are the natural choise : aE/ax_ and
Hﬁ/ﬁy‘. Thhey are determined in a coordinate system which Ox _axis is ditected

along the vector of the surface peostrophic wind.

Now, the external  parameters which determine the turbulent state of
stationary baroclinic APBL are:

IV |, a0, 8q, ads0%.. a9sdy. ., F. = (27)
aqn ¥ v 8]

In the above list Aq represents the humidity difference between the top and

surface level aof AIPI,

From these paramelters the following nondimensional parameters can be formed

& "55
ko . n - 'ng, LE ( 28]
. ; :ix_

~pl o ar
! f?. dy. v

K.

Ro = |V |/t7 s = paase|V [, g
g0 n, 18]

where in addition te Ro and S two new external baroclinicity parameters nx‘
and n o, are included. 1f 9 does not depend on the height, or wvertically
averaéed temperature is used, it can be shown that the geostrophic wind
changes linearly with altitude, which is commonly used assumption and well
supported by the experimental data. Therefore, we can write for the
geostrophic wind components:

3 ,’? a0 v (2) = [t

uqf?) = ‘an £ iye 7 . Foaxs

The similarity theory allows the turbulent regime in APBL to be uniquely
determined either by Lhe exlerpnal or by the internal parameters. If one uses

the internal parameters they should include

e kT 0w _ oK W
R S R

(29)

it should be nnoted here that the inlernal parameters are determined in a
coordinate system wilh axis Ox directed along the surface turbulent stress.
Ther » is, however, a very simple geometric relationship between the external
and internal bareclinicily parameters expressed by:

- R/ -



A =1y cosa + 1 sine, A = -1 sine + n cosox (30)
X x¥ v* y x* y*

where o is the angle belween the coordinate systems (x,,y,} and (x,y) i.e the
angle betueen the surface turblent stress and the surface geostrophic wind

directions.

The basic similarity hypothesis allows, when using the scales : -rgo | for
velocity, A = |qu|/f for length, &8¢ for temperature and &q for humidity, the
nondimensional statistical characteristics of the velocity, temperature amd
humidity fields, to be expressed as a functions of the nondimensional

external parameters Ro, S, n . and n .-
x Y

These relationships, which are usually called resistance laws, may be found
in a similar way as in the case of barcotropic APBL. The resistance laws for

momentum, heat and humidity exchange for baroclinic APBL are

k ST < nle Ro) - B A LA )
o q ® ¥
q
o T Alpr, A LA )
- ¥ v
! (31)
o
yt
. = Infe Mo) - Clp,A LA )
l,' 9 X Y
0w
7= tnle Ro) - DOLA LA )
I q x y
a
where the stratification parameter ;1 is equal to
KT N T /89
IR T RS GV
. aql
and orm = KI /K ia the ratio of the turbulent exchange coefficients for heat

K‘ and momentum Ko at 7.\2” {or inverse Prandtl number), o
1 m

= K/K 1is the
+10] q m

ratio bhetween the turbulent exchange coefficients for humidity K] and

momentum K , ¢ = u /]\) '

m 1 . a0

the Stenton number, C = q_/8q is the Dalton number, A, B, C and are
1

ic the geostrophic drag coefficient, CE = T*/aa is
1

universal functions of the internal parameters p, A, A , wWhich can be
® y

determined from experimental data or from a proper APBL model.

The solution of Lhe system of equations (31) can be simplified if the

hypothesis for the similarity of the temperature and humidity profiles is
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assumed i.e. C(u) = D{u) or o, = aqo from which the equality of the Stenton
and Dalton numbers follows. This condition still allows one to calculate the
humidity profiles if the modified internal and external stratifications

parameters are used:

S =S (1 + 0.61T5q/89)
(32)

o= (1 +0.€.q,/T))

This approach allows the resistance laws obtained for dry atmosphere to be
applied for moist APRL by using the modified stratification parameters as
expressed by Fquation (32).

The solution of the system of Equations ( ), which is nen-linear , requires
the analytical form of the universal functions A, B, C, D. We shall determine
them with the aid of two-layer baroclinic APBL model presented in the next
paragraph. This requires this model to be developed in accordance of the
bagsic requirements of the similarity theory. If one uses more or less the
same philosophy in the model develonment as this presented for the theory of
the barotropic APBIL, then the solutions for the baroclinic APBL should
contain as a limiting case the barotropic case when Lhe internal and external

barcclinicily paramcters are set equal to zero.

The baroclinic APBIL. is again considered to consist of two layers - surface
layer and underlying Fkman layer. The system of equations which is
nondimensionalized by the scales u /k for velocity, h (the surface layer

height) and H = «u /F fnr length, K?U?/f for turbulent exchange, has the

form:
= K 4.0 P=u-~u =3 {2Z-h)
el d?" i ¥
' (3
1
0 - K. ‘ 3} Q= - v 5 -A (Z-h)
" B ¥
This system is subject Lo the following boundary conditions
P=PFP = u - u 0 = (Jl = v' - v o at Z2 = h
h h at} 3 1 3 (34)
P 0O Q>0 at 2 = H
The turbutent exchange coefficient K is taken constant with values equal to

mh

the value of K at the height of the surface layer:
n
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iv
]

h 7/ (1 + B,uh) T

Koh = /3,473 (35)
o (Rp/ﬂ) “h =0

The solution of Equation (33) with boundary conditions Equation (34) and

turbulent exchange coefficient Equation (35) is

p

P -a2aK P + aK
b X mh b y thh 1
ol {f’ .

Q

1l

Qb h A'meth - AyKi‘nhPh

where Pt. Q] are the velocity deffects for the case of barotropic APBL (see

]

Equation (20)}),

In the surface layer the velocity deffects are

K
mh

i ( ’\., ta), Q= Ql o (A - A} (37)
T e v
mh mh

where again P! and O, are the velocity deffect for the barotropic case and
2] )

are given by the Fgquations (17).

The analytical form of the universal functions in the resistance laws for
momentum, heat snd humidity exchange can be obtained by realizing the limit Z
BN 20 ~ ke Ro)j1 formula (20) and comparing the result with formula (31). The
q
result is:
A (pyx , 0 ) = A + (A + 2 ) 7/ 2B(p)
® Y B x Y
(38)
B (p,A ,A ) =B i) - (A - a) / 2B(p)
¥ v h x ¥
vhere A?Ut} and Bthl) are the umiversal functions valid for the barotropic
case (A =\ =0) and are represented by Equations (22).
vy
The temperature profile in the baroclinic model c¢an be obtained from the

equation of energy conservation:

q = ¢ pK dn

Ko ds (49)
oY .

where ¢ is the vertical turbulent heat flux, ¢ is the specific heat capacity
P

at constant pressure, p is the air density, Kﬂ is the turbulent exchange

coefficient for heat, 9 is potential temperature.

In surface layer the turbulent heat flux is constant with altitude and
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Equation (39) in nondimensional form is

d

Ko a7

N2

2o 3 s
where K =K f/k u,, »n=i/7 , 0 ~-q /¢ ku =pu /'3, q =w'"™ is the surface value
o 13 - L] L 0 p L] L] (§]

of the turbulent heat flux.

In the integration of Eqmation (40) the relationship

= o K
o] ¢ m

» where oy = K /7K 1, is also used.

m

The formulae for the lemperature deffets in the surface layer are

h_-h
_ln(Z/h)+B1“(h_2)+(£115E Zoﬁzsh >0
mh
h_-h
] 1,3, 9 (41)
CoT 0= —In{?f)'ln([?:"/u)+3(1—,@2/_uh] +i3n‘i'1)‘ﬁt 20<2<B?_/u w
_ mh ¥}

W 42) - /;h)”“hh"? " H“«?«-h
’ 2 . (n+1}K ' T

mi:

In the Fkman layer the turbulent heat flux gradually decreases with the

height to zero at the top of APBL. The nondimensional heat transfer equatien

which satisfirs this condition is

: 7 -t
Iy 7 ' h=7=<h

aods h. - h (42)

where n = .92 is properly chosen constant,

The height of the thermal  APRE is calculabed using the results of the

simil-ority theonry:

A ; jeoEo9.2
h,}(;l) = iy (13)
' T g ~9.2

“
-

where a = 0.%5, n = 0.11.
1 el

The solution for the Lemperature deffcets in the Fkman layer is:

il
, (hﬂ 2)
oy =

(n+1)K  (h_-n)"
mh 1}

Applying the same procedure as in the case of the resistance for momentum one

can find the reqnired analytical expression for the universal function for
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heat:

Tryr - clul/2 + c? = 9.2
C(u.hx.h ) = ) {44)

v Injp| - cq|u|_t/2 veo o p<-9.2

The solutions for the resistance laws is presented in the form:

dc
= .
Cq(no_s_ 7)x,ny) = CQ(RO,S] + 50n KT .) (nx'+ny*)
¥ y
da
- [ - n
o (Ro,S,nx,uvl o (Ro,S) + 00 =n ) (ny_ nx‘) (4.\)
% x
1t (Ro,S,n ,n ) =yt (Ro,S) + S (n +n )
TV Yy ' a{n_ +n ) x*  y
x y

i.e. as a sum of a barolropic part and baroclinic addition.

The practical use of the model is again fascilitated hy approximating the
solutions with appropriate polynomials which are function of Ro and S. The
barotropic parts are expressed by Equations (23) and the baroclinic terms by

the following approximating polynomials

ac 32 1 j
q _ AR SR = ~ .

Aty +n )~ ) akno -5 k=3)+1

% J- 01 -0

32

o - -4
R . = Ro .S 46
il U Jd ?“ ?‘7bk © (46)

¥ ~ j-0i-0

30

P TR = St

:o= Y Yo' Ro .S]
in ) wda by
v e -0

Ayt

1

RIEY

X

where Ro = 1#Ro, S = 0.015 in formulae (23) and S = 0.001S in formulae (46).

In the following Figure one randomly chosen result from the comparison of the
model calculations with the available experimental data is presented (it
should be pointed out the data is not as abandend as in the case of

bareotropic APBIL).
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F:5.9 Comparison of baroclinic model results with the Meppen data.

The model presentd here can be applied for APBL over land and sea. In the
latter case some appropriate formula for 20 should be used and the roughness
can not be considered any more as independent external parameter. In the case
of APBL over sea surface the Roghy parameter can be changed with the Letau

number: :

where g is the gravily acceleralion

6. ConcLusION

The examples of the application of similarity theory in obtaining the
necessary mecteorological parametrs necessary for the solution of the air
pellution problem reveal its applicabilty. The root of the theory with the
experimental data and the simplicity of the calculation secure good results
in the practical applications. It also allows a better systematization of the
concentration fields obtained in field experiments or by air poliution

models.
_24_






