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ABSTRACT

Practically oriented parameterization schemes: bulk Richardson number (Rb-
method), resistance law (Rl-method) and combined (Rb-RI) method, based on their
joint and coordinated use are presented. In this schemes are incorporated not only
traditional factors, but and new non-local effects caused by the free- flow stability,
baroclinicity and rise of capping inversion at long lived PBL regimes ( see
Zilitinkevich and Esau, 2005).

Using that it is developed flux- calculating techniques, it is established relationships
and coordination between a series of surface, PBL and free atmosphere turbulent and
stability parameters. It is also given some estimation for pollutant characteristics.

The approaches can be used (considering traditional and non-local effects) as a
practical tool in the environmental and weather/climatic modeling applications.

Key Words: non-local effects, capping inversion, turbulent fluxes, resistance law,
dispersion parameters.

1. INTRODUCTION

According to Zilitinkevich and Galanca (2000), it has to differ two types of stably
stratified boundary layers (SBL) which exhibit essentially different physical nature.
The first type involves nocturnal SBL in the middle latitudes, disconnected from the
stably stratified free atmosphere by a thick neutrally stratified residual layer (this is
traditional short-lived nocturnal SBL). At high latitudes and coastal zones, another
type of boundary layers are often observed (King 1990) namely, long-lived SBL
immediately adjusting to the stably stratified free atmosphere. Here the two stably
stratified layers are essentially interconnected due to the propagation of internal
gravity waves and atmospheric surface layer is essentially affected by the static
stability of the free atmosphere. This is a striking demonstration on non-local nature
of turbulence (Kitaigorodskii and Joffre 1988), (King and Turner 1997), (Mahrt
1999). The key parameter characterizing this mechanism is the Brundt-Vaisala
frequency N in the free atmosphere, and also the baroclinicity and the parameters of
rise capping inversion over SBL (Zilitinkevich 2005). Accounting the mentioned
above effects in the present work it is realized a parameterization method for
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determination of the main characteristics of the turbulent regime of neutral and long-
lived SBL, based on the joint and coordinated use of the following components:
bulk-Richardson number method, resistance and heat transfer laws and its universal
functions A, B,C . It is also given some application to the dispersion models.

2. PARAMETERIZATION METHODS, REGIMES AND SOME
APPLICATION

It is considered three parameterization schemes and some of their applications, which
we consecutively introducing.

2.1. Bulk- Richardson number method with accounting of the non-local effects

A starting point for practical calculation of turbulent fluxes in the surface layer is the
Monin-Obukhov similarity theory. Zilitinkevich and Galanca, (2000), Zilitinkevich,
(2002), developed a theoretical model of the non-local turbulent transport
(accounting the internal- wave interaction between the long-lived SBL and the free
atmosphere). In stable stratification its results is dependence of the universal
functions in surface layerg, = (NXz/U.)(dU /dz),py = (X72/6:)(d6/dz), on the

Brundt-Vaisala frequency N = (4(dé@/ dz)|z>h)1/ 2 above the top h of the SBL
(Zilitinkevich and Esau, 2005):

0, =1+C, %(HC,%M Fi2)"2, o, =1+cgf(1+c,iH Fi2))2

e ] where Fi=NL/U. is the inverse Froude
0.4 — number, L = NLyo, Lyo =-U2 /AN is the
Roe 1 Monin-Obukhov length scale 6« =—q/U+« is

>z 7] the von Karman constant, U and € are wind

component and potential temperature, z is
the height,U. and g are the dynamic friction

0-0 ' I ' |

0.0 0.5 1.0
Fo velocity and flux of potential
Figure 1.Dependence of Rbcon Fyj temperature,C, =Cy =2,Cyy =0.06,

Cny =0.6. With considering the above
expressions for g, ,¢y, (Syrakov, 2004), (Syrakov and Cholakov, 2005) developed

practical orientated flux calculation techniques, based on the bulk Richardson
number:

1/2
Ay +C {5%02 lF-Z}/
(7 17 NH cd i0

AG N2
lB P 7 = Rb(ﬁ“u 920989Fi0) = < S (1)
1 T
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where F;, = Nz, /U, is non-local parameter, z, is a fixed reference height in surface
layer (accepted in this study at 10m), U, =U(z=12)), AO0=0(z;)-06,,
0y=0(z=1247), Zgyandzgrare the roughness lengths, 4, =1In(z;/zy,),
Ag =In(z,/z47), S=17,/L, B is the buoyancy parameter, N1 ~ 0.42. At S — o0
from (1) we define the critical bulk-Richardson number:

RbC(Flo): A=— Nz i (2)

| 1/2
N’Cy 1+ CRuFAAD? 1_Cim 202 /

NrCl (1+CimFoA™?) — Cy o
AtFjy =0 from (2) follows the classical result: Rbc(0) = NzCe /N7 Cu2 (see Byun,
1990).

Figurel present the dependence of Rbcon F,. It is seen that in the case of non-local

effects, the critical number Rbc is significantly greater then the corresponding
number in the classical caseRbc(Fj; =0)=0.19. This means that

atRbc(F;y #0) > 0.19, it can be generated the non-local exchange effects. The

proposed method allows determining the drag -coefficientCd V2 _u,/ U, and
potential temperature transfer coefficientCt = 6. /A, from the input conventional
Au»>2g,Rband non-local F;, parameters:

cd"? =cd"? (4,44, Rb,Fyy),Ct = Ct (4,44, Rb, Fig) 3)
Compared with the traditional case (Fj, =0), the non-local effects (F;; =0.4,0.8)

are significant and generate an extended range of the exchange processes of impulse
and heat in the surface layer ( Figure 2).

0.06 — 0.06 —
0.04 — 0.04 —
cd'? _ Ct -
0.02 — 0.02 —
1 r- 0.4 0.8 ] 0.8
000 T 1T T 000 T
0.0 0.1 0.2 0.3 0.4 05 000102030405
Rb Rb

Figure 2. Dependence of drag Cd Y2 and heat-transfer coefficient C; on Rbat different

values of non-local parameter Fj.
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2.2 Resistance and heat transfer law’s functions A, B, C.
On the basis of simple two-layer model of PBL (surface layer (SL) at z < hg and the

Ekman layer above, where hg is the height of SL) it is determined the form of the

universal functions A, B,C, in neutral and stable SBL considering the mutual effects

of stratification, baroclinicity, and non-local factors connected with N and capping
inversion (Syrakov, 1990, 2004, 2005):

A =-In(NHg)+ CyHg iy — By : /iy —(ﬂ +Clm 4R “)
B, = &/Hq )

)1/2

~ N N ~ 1/2
Ck =—In(NHgs)+ CoHg iy —2IBy ; 11y —(ﬂ +CNH/UN) (6)
for basic barotropic case with non-local N effect and:
1
A=A +B[1-(F + FZ)]+_[F1(77y 1)~ Faly —m M ©)
k
B=B,(F -F,) +—[F1( )+ F2(77y +77x)]+77yHS (8)

~2
C = Cy +ACqp, ACep =[(Ty — Ty /2)1= A4, +r9Ah]9§ NS % H, :| )

~ ) 2
Heap = (UN = HN, /2= HAO) + lpp

for the general case with baroclinic- capping inversion effects, where F; and F, are
weight functions:

sh(2l) Fo_ —sin(2l)
ch2)—cos(2l)” % ch(2l)—cos(2l)”

| = =(H; —Hs)By, (10)

with asymptotes at | > 7, F, =1, F, =0 (very high inversions-practical non-
inversion effect in (4)-(6)) and at | - 0 (maximal inversion effects at very low
inversions). Here H, =h, /(NU./f) is dimensionless inversion parameter, h, is the

down limit of inversion coinciding in this case with the upper limit hof SBL, i.e.
h=h,, Hg =hg/(NU./f) is the dimensionless height of SL. i, and [ are

SBL composite stratification parameters, gy =N/ f and g =(RU«/f)/Lyo are
non-local and conventional internal stratification parameters, N = (,BF 9 )1/ 2 [yis
potential temperature gradient in the free atmosphere above capping inversion, cg,

is new capping (over SBL) inversion composite stratification parameter
characterizing its thermal

structure; oy, =Ny / F, 009 =Npg /o400 =Npn / £,N, :(,BF|)1/2,

Nag, = (Bl g, )1/ 2 Np = (BTan )1/ 2 are corresponding Brundt-Vaisala frequencies,

Iy =A6, /Ah is capping inversions temperature gradient, I'yy =A0, /hy,
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Can =TpAh/hy, AG) =6 ,an — 6, is the potential temperature increment across
the capping inversion (see Zilitinkevich, 2005), Ah is capping inversion depth,
above h, n, = (N?/ f)duy /dz =M cos¢ and 7, = (N?/ f)dvy /dz=Msing are
non dimensional internal baroclinic parameters (see Yordanov and Wippermann,
1972),M = (77)% +77§ )1/2 , ¢ is the angle between surface and thermal wind. We will
note that from the relationH, = g, / i, instead of H, it can be introduced the
equivalent parameter g, =h; /L (in present work we will use H,). The quantity
Hs is determined on the basis of analyze of the dynamic equations of SBL, using

the limit- method, we force the change of the moment fluxes in SL, with the height to
10% (& =0.1). In barotropic case:

2
Hy = 2¢ (1)

1++/1+82Cy, iy

Substituting (11) in (4)-(6), we determine the explicit form of A.,B,,Cy. In the

general case for Hg it is received a more complex equation, which together with (7)-

(9); (10) 1s a system of transcendental equations and after its numerical decision we
determine the dependence of A,B,C on the parameters (it is listed the different

stratification parameters, which includes in the composite parameters iy, , iy and
ﬁcap ):

ps s MG H s pag, s Han s (12)

describing a wide range series conventional and non-local (long-lived PBL) turbulent
regimes.

a 25 —
] H; =0.05
[0} 20 —
i =0.05 7
A 4 ! B 15 — C
| 0.1
8 0.1 10 —
5 s ] s
12
17 771 71 L
o] 20 40 60 o] 20 40 60
Pl Hm

Figure 3. Dependence of A,B,C on composite stratification parameters fiy; , iy by
different values of inversion parameter H,
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On the Figure (3) is demonstrated the
joint effect of the non-local parameter
Ly and 7 , and inversion parameter H
onA,B,C. With decreasing ofH,,
increases this effect. We will notice that
this is “clean lid effect” (atACq,, =0). At

H, =5 we have classical non-inversion

60.00 —

40.00 —

A Ceap
20.00 —

case. Taking into account also the thermal
structure of the capping inversion (in the

0.0 layer Ah overh;), atACcy, #0, it is

0.00 500.00 1000.00 . .. .
considered second additional “capping

inversion effect”, relatedto the thermal
Figure 4. Dependence of AC,, from interaction  between  Ah-  capping

(13) on uy at different values of x and inversion layer on py by different values
of mand H,. the correction function
ACcqp from (9). In the capping inversion layer with significantly bigger gradient I’y

and not very big thickness Ah (i.e. I'| significantly exceeds I'y and Ah<h);

1
ACcqp = NS(ﬁczap [iIH Y, ﬁcap = _(,Ul%l, /2+ﬂ§6, )A (13)

A o — -~ - B 5 —
L— ~ P /, MN:O
- S~ -0 -
~ ‘_/
~ U L L L © U L L L
O 90 180 270 360 (o] 90 180 270 360
D D

Figure 5. Dependence of A,B functions on baroclinicity parameter ¢ at M =10 and

different values of 1z .

It is seen at Figure 4 that AC,, effect can be quite significant and comparable with
the basic thermal function Cy from (9). The joint influence of non-local effect at

traditionally neutral SBL, (at ¢ =0, i.e. g = uy, (see Zilitinkevich and Esau, 2005)

and the baroclinicity on the resistance law’s function A and B is demonstrated on
Figure 5

2.3 Combined Resistance law’s--bulk Richardson method

This method which we will note as (Rb-R1) method is developed by Syrakov (1990)
on the basis of combined parameterization scheme considering the joint and
coordinated use of bulk Richardson number method and Resistance laws, for
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traditional regime of SBL. Here we will generalize the method considering the above
studied non-local effects. After some transformation of the resistance and heat
transfer laws, considering (1)-(3), we receive the following general relations between

1
the surface (in layerO—z;): UI,AG,CdA,Ct and SBL: G,00,a, parameters
(Syrakov (2004), Syrakov, Cholakov (2005)):

I/ o
Go/U, =F,, 60/A0=F,, a:arctg{B/[ln(CdéRo)—A]}, (14)

g 9

1 1 1/ /-
where, f, =|3ch, f, =Cdé{ln(CdARo)—A}, F =%{ln(CdéRo)—C}, G,

is modulus of the surface geostrophic wind, 66 =6, —6, (at inversion h=h,), «

is the angle of full turning of the wind in SBL, Ro =U,/fzy is a local Rossby
number in layer 0—z,; A,B,C functions are gived according to (7)-(9).

5 — 3 — 50 —
- 0.8
4 | 4 rpo, 04
- 40 —]
3 p—
Ft - o 1
2 —_ 30 —
1 h— .B —
0 TTTTTTT 1] 0 T 77777 7] 20 T 1T
000102030405 000102030405 000102030405
Rb Rp Rb

Figure 6. Dependence of Fy,F, from Rb by different values of non-local parameter F;,
and A =7,R0=3.10°.

45 — Taking into account the relations between the
| parameters (12) and these in (3):

L 2Rocd /2
40 — /JZN RoCd 2§ CXp(—/iu),

o 35 ] 0.3 HN, = RoFjo; exp(—4,).
- “ s Hap = ROFjgg, exp(=4y),
30 T T 1 7] H, =1/N Cé/z Ro, , it’s easy to see that the right
0 120 240 360 parts of (14) i.e. the explored unknown function
D Fg,Ft,a depend of the following parameters:

Fig.7. Dependence of & on the
baroclinicity parameter ¢ at

different Rb and Fj, = 0.8

1459



Ay A, Rb; M, ¢: R0, Fig: ROy : Figy, Figag, - (15)

where Ro; =U;/fh; is mutual (SL-SBL) Rossby inversion number,
Fior =Nyz;/Ujand Figpg = Nyg, 2, /Uy, are parameters describing the thermal

structure of the capping inversion layer with thickness Ah over h,. Obviously

parameters (15) are input for the realization of (Rb-Rl) method. For example on
Figure 6 it is shown the joint influence of stratification ( Rb) and non-local effects
(Fip #0) onFy,Fanda .For comparison it is also given the conventional case

(Fijp =0). Influence of baroclinicity at Fj, =0.8 (strong non-local effect) at

different Rb is demonstrated on Figure 7. As it seen in both cases the non-local
effects are significant.

2.4. Application to determination of pollutant characteristics
The proposed parameterization schemes allow different procedures for practical
application.

For example, using standard surface input data (at z;=10m), on basis of Rb- method,
are calculated turbulent fluxes, Monin-Obukhov length scale and other main
turbulent characteristics.

Generalized variant of Rb method with incorporated non-local effects extending the
applicability of parameterization also for the cases of surface layer within long- lived
SBL.

Using for parameterization, of resistance laws (Rl-method), as input parameters are
used external aerologic-synoptic (diagnostic or prognostic) data. On the basis of
combined (Rb-Rl)-method and the proposed practically oriented flux-calculation
techniques it is calculated relationships and correspondences between a series of
main BL, PBL, PBL-free atmosphere turbulent and stability parameters for
conventional and non-local turbulent regimes. Here as input parameters it can be
used surface, aerologic-synoptic or from mixed format data.

These approaches are connected with accounting the influence of different above
commented conventional and non-local effects, on the dynamical turbulent
characteristics. As we have seen above, their dynamical influence is significant. It is
natural to be expected, that their influence will take effect over the pollution
characteristics.

Here we will consider these dynamical effects on the main pollution characteristics,
for example: trajectory, dispersion, skewness of an instantly released cloud in SBL,
described with pollutant dispersion model (Syrakov and Ganev, 2003, 2004). This
model is based on splitting the diffusion to horizontal and vertical components,
taking into account turning of wind in PBL and the other discussed above effects,
and incorporating the method of moments ( Safman, 1962), (Smith, 1965).Differing
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from the often met procedures, which a’ priory give the dispersion, at this approach
they are determined in the frames of the solution of the diffusion problem.

. 100 —
0.030 7 kgm0 04
75 — 0.8
0.025 — —
Cd LL 50 —
0.020 — o5 |
0.015 0 Illlllllll
000102030405 000102030405
Rb Rb

Figure 8. Dependence of geostrophic drag coefficient éd =U. /G and internal
stratification parameter g on bulk Richardson number Rb at different values of the non-local

parameter Fj .
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Figure 9. Dependence of dispersion parameters oy (t), o (t),0, (t) and skewness Sk(t) on

non-local parameter Fj: F;, = O(thick line) (conventional case) and Fj; =0.4 (dotted

line) by different values of Rbat 4, =4y =7 and RO = 3. 10°.

The necessary for the pollutant model, dynamical parameters: velocity
components U,V , vertical turbulent coefficientK, , are calculated by one dimensional
(z,t)- SBL model with formula for mixing length of Blackadar- Delage type. The

model has different options for realization. Here we will limit to studying the steady
state regime and variance in which as input parameters for the PBL model are used
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Cd =U. / Gy , a, i, Gy which are calculated by the (Rb-Rl) method. With the PBL

model it is determined the dynamical parametersU,V, K, , after which on the basis of

pollutant dispersion model it is calculated different pollutant characteristics, The
algorithm of this procedure is shown in table 1. So for example at input parameters

(15): 4, =2y =7, Iso =3.10%and Fio =0, 0.4, 0.8 for barotropic( M =¢ =0) and
without inversion (Fjo; = Fjppg ) case. Using (Rb-RI) it is calculated the
quantities: ¢ ( see Figure 6);6d , # ( see Figure 8), and using the function Fg ( see

Figure 6)it is easy to determine G .

With the same parameters A,,45,Rpand Fip =0,2 in an identical way it is
calculated and some cases with consideration of the inversion effect: case B (only
“clean lid” inversion effect: Ry =500, Fjy = Fiorg, = ACcqp =0), case C (
combined “lid” and AC,, effect, Fig; = 0,135, Figrg =0,07). For comparison with
cases B and C it is calculated also and the respective to them non-inversion case A (
at F;, =0,2). According to the procedure of table 1 it is calculated, for example, the
respective pollutant characteristics: dispersion parameters oy (t),ay(t), o,(t) and

skewness SK(t)

On Figure 9 is demonstrated the influence of the non-local parameters on the counted
parameters. These effects cause folding of the depth of PBL and fast inclining of the
skewness Sk(t) to zero. The counted effects increase more in the inversion case,

particular in case C when it is counted the joint effects of “lid” and AC.,, (Figure
10).
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Figure 10. Dependence of dispersion parameters oy (t), 0 (t),0,(t), skewness Sk(t) by

non-local parameter Fjj = 0.2, Rb=0.12, on inversion regimes: without inversion (A),

only (“clean 1id”) inversion effect (B) and generalized case with additional (“clean lid”)
effect” plus thermal structure rise inversion effect (C).

Tablel. Procedure for calculation of pollutant characteristics.
Input parameters (15)
(Rb-Rl)-method: determination of Cd,, 11,G,,
SBL model: determination of u(z),v(z),K,(z)
Pollutant dispersion model and determination of pollutant characteristics

3. CONCLUSION

The most popular (traditional) parameterization schemes from type of Rb-method,
Rl-method, etc. are connected with traditional turbulent regimes. The present paper
suggests a more general approach including the new non-local and capping inversion
effects at long-lived PBL (Zilitinkevich and Esau, 2005), and also suggests combined
(Rb-RI) variant for connection between surface, SBL and free- atmosphere
parameters.

In long- lived SBL, the surface layer is strongly affected from free flow stability
(parameter N). As difference from the traditional formulation generalized bulk
Richardson number Rb and its critical values Rbc are significantly depended on non-
local effects. It leads, to incorporating these effects also in turbulent fluxes and other
turbulent and stability parameter.
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In these conditions the resistance and heat transfer law’s functions A, B, C, are
advanced accounted with free flow stability, baroclinicity and capping inversion
effects. These effects are accounted through corresponding composition stratification
parameters (L , £y > Heap )- It is shown, that capping inversion influence, is formed

from two effects: “clean 1id” effect and additional connected with thermal structure
of capping layer over lower boundary of inversionh, .

Combined (Rb-R1) method allows finding coordinated relationships between surface,
aerologic-synoptic and free atmosphere entrainment parameter and to use
meteorological pre-processors using different input data.

Proposed parameterization schemes and calculated techniques are given in format
analogical to conventional, which makes them easy accessible and applicable to
determine wide range of dynamical and environmental tasks considering the above
mentioned new effects.
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