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ABSTRACT

The investigalions on the dynamics of (he PBL have been developed in recent years. Some authors emphasized
macro-dynamics and others emphasized micro—structure of the PBL. In this paper. we study and review some main
characteristics of the wind field in the PBL fram the view ponl connecting the magro—dynamics and micro-stuclure
of the PBL, thus providing the physical basis far the further research of the dynamics and the parameterization of the
PBL.

[ INTRODLUCTION

Different methods are used in the studies of the PBL dynamics. [n the surface layer, some
authors emphasized to research the characteristics of the micro—structure on account of the
plentitul observation data. As 1o the Ekman layer or whole PBL. less achievements have been
made than that for the surface layer because the data are not enough. The researches for the
whole PBL are mainly about the macro—dynamics and the parameterization of the PBL, these
studies are promoled by researches of the numerical weather prediction and the numerical ex-
periment of Lhe general circulation.

Connecting these two kinds of researches is a significant work. which can build the dy-
pamics of the PBL on the basis of the micro—structure and support the research of
micro—siructure of the PBL on the background of large—scale dynamics. This work may not
only understand the dynamics characteristics of the PBL in detail, but also provide the physi-
cal basis for the parameterization research and the numerical modelling of the circulation.

In this paper, we shall describe and review our recent work based on the previous
viewpoint. For the micro—structure of the PBL. we mainly consider the accurate treatment for
the eddy coefficient and the effect of thermal stratification which are the main factors affecl-
ing the distribution of wind and temperature in the PBL.

I. THE BOUNDARY LAYER FLOW WITH THE EQUILIBRIUM OF FOUR FORCES

The classical Ekman theary was based on the equilibrium of three forces, pressure gra-
dient force, Coriolis force and turbulent friction force, from which the wind spiral in the PBL
was derived. It was found from the further investigation on the meso—scale system that the
inertial force can not be neglected in some systems. Wu and Blumen (1982) applied
geostrophic momentum approximation {o study the characteristics of the wind distribution in
the PBL under the assumption of the equilibrium between the four forces including the
inertial force. Because the advected parts of the advection terms in the inertial force were sub-
stituted by geostrophic wind and the advecting parts still contained the ageostrophic conmpo-
nents, hence, Lhe flow across isobar could cause frontogenesis or the development of system,
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this was the superiority of the geostrophic momentum approximation, at the same time, the
geostrophic momentum approximation might simplify the problem in the condition of given
pressure field or the geostrophic wind field.

With the geostrophic momentum approximation, the nondimensionalized motion equa-
tion can be written as:
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where Ro. E are the Rossby number and Ekman number respectively.
The boundary conditions are:
w=v=w=0, where n=0: (3)
u,v.v are limited, where n— o,
with condition (3) and given pressure field. not considering the temperature difference in the
PBL, we may abtain the solution of Eq.(1) as:
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{, is geostrophic vorticitg, #,.v, are the wind speeds at the top of the PBL:
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when Ro-~0, D—1, Eq.(4) becomes the classical Ekman spiral. When Ro=0, the wind
structure will change because of the inhomogeneity of the geostrophic wind field. In order to
show this phenomenon, we assume that the pressure field is ( » is nondimensional radius, ¢
the nondimensional geopotential deviation):

p=x(1-2") 2", %!

where % is a constant. The pressure field (7} is an axisymmetric high or low, the plus sign is
for the high and the minus is for the low. The geostrophic wind speed is 8¢ / ér . The wind
distribution at r=1 in case of a=1/2 is shown in Fig.1. It can be seen that when
Ro=0, the curve is just the classical Ekman spiral which does not include the effect of the
geostrophic momentum. The distributions are different when the geostrophic momentum is
taken into account. The wind approaches its value at the top of the PBL faster in cyclone than
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that for the Ekman spiral and vice verse in anticyclone. This reflects the effects of the inertial
force and this conciusion improves the Ekman theory,
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Fig.1. The traces of the velocity vector end of the PBL wind al » =1 incase of x =05 | the figures on the

curves ure the Ko number, the sohd line represents antweyelone. dashed line represents eyelone. the X anisis alang

the isobar,
. THETHREESECTIGONS K MODEL AND N-SECTIONS K MODEL

The above—mentioned PBL model with the geostrophic momentum approximation
shows the important role played by the mertial force and simplifies the calculation for
nonlinear terms, hence. it is an improvement to the PBL model. But the treatment of
K =const is not rigorous on account of this ireatment, the wind speed near the surface is too
small and the angle z between the wind near the surface and the geostrophic wind is too
great (45 7, and constant} to be compared with the realistic wind. The reason is that near the
surface, the magnitude of canstant K which represents the mean K throughout the whole PBL
is much larger than the realistic one there, which results in too small a &v 7 dz  near the sur-
fuce because the stress is constant in the surface layer, Consequently, the wind speed near the
surface will be too low, the constant =45 s also a result of K =const. We apply differ-
ent treatments to overcome this shortcoming. one of them is to assign different values for K in
different height ranges. Xu et at. (1988) devided the PBL into three sections, different values
of K were taken in these three sections to express the realistic K distribution approximately,

The first section is the surface layer, the well-known linear distribution for K is taken.
which expresses the K distribution in the neutral surface layer precisely; the different constant
values are taken for K in the second and third sections. i.e..

JKI: (z, €<k}
K= I\.”jzi(,‘h1 UJ|<:<Ir1) s (3}
IK; (K, <K,){h, <=

where the mégnilude of K corresponds to the K value at Im, = is the roughness. Accord:

ing to {8), the logarithmic distribution for the wind speed in the surface layer is thus obtained
which is in agreement with the general law. We then try to find the solutions under the as-
sumption of the equilibrium between the four forces in the second and third sections. some
concerned constants are determined from the continuity conditions for the wind speed and the
stress at the boundaries between different sections. The derived wind distributions in the three

sections are:
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where iy, v, ure expressed by (6). The complex constants r,. r,. E.. 4, Cl. .0

and D, are determined from the geostrophic wind and its first order derivatives. Applying

the pressure field (7). taking =10 s the length scale 10° m. velocity scale 30 m /s
{corresponds to  Ru=0.3), we obtain the traces of the wind vectorend at r=1 asin Fig.2.
It is shown that the speeds near the surface are much greater than that obtained from constant
K (i.e. the results in Wu and Blumen 1982), at the same time, the angle between the wind near
the surface and the geostrophic wind is smaller than the [atter, all of these are more in agree-
ment with reality. This is because K has been improved. Meanwhile. the wind differences in
different pressure fields deduced from the geostrophic momentum approximation are still re-
tained which characteristics are the same as in Fig.1. '
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Fip.2 The wind distribution in the PBL with the geostraphic mementum approximation and three sections K. the
X wus points ferward 10 owside along the radies 2, =0.1m, &, = S0m, A =250 m. (A} is the classical EK man
salutson: (B). {B’) are the solutions in cyclone and anticyclone respectively with the geostrophic momentum approsi-
mation and constant K: (€ 4C’) are the solutions in cvelone and anticvelane respectively with the peostraphic mo-

mentum approximation and three sections K.

From mixing length theory, we have: .
oy

K, =kv,. v, =lko (10)
where & is Karman constant, and 0.4 is taken for its value, v, the friction velocity. Sub-

stituting the derived wind distribution into (10), we have an implicii equation lo determine
K, and which can easily be found by iteration method. It is found that the derived K, de-
pends on the geostrophic wind, therefore, K; isa function of x, ¥, z. ¢, this treatment is an
improvement to the classical solution which can not determine K objectively.

The sbove—mentioned three sections K model is suitable for the barotropic and neutral
conditions. Introducing thermal wind and Busingers universal function, the analytic solu-
tions for baroclinic and non—neutral conditions have already been obtained.
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Because the K value in the third section is difficull to be determined objectively and to
divide the PBL into three sections is too rough after all. Xu {1989a) extended the three sec-
tions K model to N—sections K model (N is an arbitrary positive integer). The first section is
identical to the three sections K model, the Ekman lavers are devided into N-I
secttons.defferent constant K values are lzken for those N-1 sections. these constants K are
determined from Q'Brien formula (Q'Brien. 1970) which is an appropriate cubic polynomial
expressing the realistic K distribution in the PBL and be widely used in the numerical model-
ling for the PBL. The method for sclving the wind distribution in the N—sections K model is
similar to the three sections K model.

We may also utilize the small parameter expansion method which is usually applied in
the nenlinear technique Lo study the molion with the equilibrium between the four forces ex-
cepl the geostrophic momentum approximation. Wu (1984) derived the salution for the prob-
lem of the equilibrium between the four forces by use of the constant K, after that. Xu (1989b}
extended that work to the baroclinic and non—neutral conditions and three sections K model.
The wind distributions caleulated from these works also reflects the. effects of the temporal
and spatial variations of the pressvre field and the results are reasonable. These works both
have theoretical and applied significance.

IV, THE WIND FIELD IN THE PBL WITH NON-LINEAR EDDY COEFFICIENT

In order to precisely simulate the wind distribution in the PBL, the eddy coefficient K de-
rived from the turbulence theory is usually applied in modern PBL dynamics. Le., K is as-
sumed to be connected with the vertical distribution of wind speed and the mixing length. K is
treated as an unknown function to be solved from motion equations with wind field
simultaneously. This treatment not only can obtain the reatistic wind distribution. but also
the realistic objective K distribution and other boundary layer parameters. The characteristics
of ihe PBL are shown more perfectly. The published works utilizing the nonlinear K are usu-
ally based on the equilibrium between three forces. Zhao (1988a) applied the above—men-
tioned K in the equation of the equilibuium between four forces with the geostraphic momen-
tum approximation, i.e.. the following K was chosen (Bhumralkar, 1975)
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where | was the mixing length. By use of this K expression, the dimensional PBL equation
with the geostrophic momenium approximation can be solved:
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and the wind distribution in the neutral, barotropic PBL is thus obtained under the assump-

tion of the equilibrium of four forces and the nonlinear K. The upper boundary condition for
Eq. (12} is the dimensional farm corresponding to Eq. (6):
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The lower boundary condition is {aken as the non—slip condition. The following { is taken
according to modern PBL model:

. 04(z +z,) 4
T GaG Fz,) {4
e
A
; :0.0063%;_. (s

w, isthe friction velocily. Because z, is contained in the ! expression, so that the solution
of Eq.(12) reflects the effects of z; . Figs.3 and 4 depict the wind distributions in the cyclone
and anticyclone (7) at r=1 when L=10"m. U=30m/ s, f= 10 s™'{corresponding
geostrophic wind speed is 20.44 m ./ s}, it is shown that the wind speed near the surface and
the angle between the surface wind and the geostrophic wind both approach the realistic data.
The derived geostrophic drag coefficient C,=u, /G { G is the geostrophic wind speed)

is 0.028 in the cyclone and 0.036 in the anticyclone. These values are in agreement with the
observational data C, = 0.03 in the case of the boundary layer Rossby number
Ro=G /7 f-,=2% 107 Because ur=0 in this example, vy is larger in the anticyclone than
that in the cyclone, hence the w. s larger in the anticycolne.
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Fig.3. The numerical solution for the trace of the wind vector end in the cyclone {represented by.» and the resulls

of Wu and Blumen {1982}, z,=1 em.

In order to coincide the realistic atmospheric condition further, Zhao (1988b) extended
Eq.(12} te the baroclinic and non—neutral atmosphere. the effects of thermal stratification
were expressed by its effects on the K (Bhumralkar, 1975}
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Fig.4. The numerical solution for the trace of the wind vector end in the anticyclane, the legend 15 identical (o
Fig 1.

the potential temperature ¢ in (16) might be found by solving the thermedynamics equation
in the PBL simultaneously
0 s

‘:{,—f:(.%(xg—f_jws. (7
S was radiation term. We can get the solution in the baroclinic condition if 17“ in Eq.12)
is taken a known function of height. The numericat solutions for different strarnifications and
baroclinities are in agreement with the characteristics of the wind in the baroclinic and
non—neutral PBL. We try to combine this model with large—scale model and atiempt to pre-
dict the PBL wind. the primary results show that this is usable.

In modern PBL dynamics, when the K in (11) is used to solve the PBL equation. the sur-
face usually is land, the z, is treated as a constant, even on water surface. the =z, is usually
assumed as a small constant. Zhao (1987a) studied Lhe structure of the wind field on water
surface wilh varying roughness, the following -, was taken (Garratt, 1977y

w, .

4= a? : (18)

where « was an experimental constant. by use of Eq.(11), the steady, neutral PBL equation

with the equilibrium between three forces was solved numerically, the lower boundary was set
a very low height near the mean water level, the condition at the lower boundary was:

(—‘ = —u—“ (19)
» =~y + v _ The derived wind field was in agreement with some characteristics of the
wind over sea surface, Because the varying roughtness is used, so that the dependence of z,
on the wind speed can be reflected in the derived wind field. When the wind speed is low. the
flow can be treated as smooth, in the case. instead of {18}, )

T, =vs S, (20}
where v is molecular viscosity coefficient. Numerical modelling proves that the geostrophic
wind speed G 25 m s may be taken as the criterion distinguish the rough and smooth
flows. Therefore, the PBL wind can be solved as long as the geostrophic wind and latitude are
known, the work has its practical significance. Fig.5 depicls the wind speed  » and wind di-
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rection (expressed in terms of the angle between the geostrophic wind and the wind at a cer-
tain heightYat @=40" in the cases of different geostrophic wind speeds.
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Fig.5. The PBL wind distribution at q=40"_ F=vu’ ++v~ | is the angle between the geostrophic wind
and the wind st a certain height, 1< G 1w therighl. ¢ in the left, dotted line represents the parts ¥ 7 G > f and

p<t ], G=3m Y G=10m 53 G=15m/ /4 =20 m:s.

Zhao (1988¢c) studied the PBL over sea in the non—neutral condition. and oblained the
wind field in the PBL when the geostrophic wind\and the air—sea temperarure difterence were
known, the K satisfied the following relation: '

. 13
K=(A’f;—;f’+€f—f}) ", 21
where v is a constant, # the eddy heat flux which can be incorporated into the closed
equation set through the formuta of the surface layer in terms of the air—sea temperature dif-
ference. The results of the modef are also in agreement w@h the characteristics of the PBL
wind field over sea surface. The equations and the boundaky conditions are identical to the
neutral conditions. '

In the Zhao (1988b)’s work, the above—mentioned varving lower boundary condition
was applied in the equilibrium equation between the four forces with the geostrophic momen-
tum approximation, and might be vsed to diagnose the wind field in the PBL over sea.

So far, the study of the PBL dynamics is mainly restricted in the case of straight isobars
when K in Eq.(11) is taken, Zhao (1983.1987b) solved the perfect PBL equations including the
advection terms to calculate the wind field in the circular vortexes, the wind distribution in the
PBL which was commonly determined by the advection and the cuzvature of the isobars was
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obiained. The main characteristics of the wind field in the cyclone and anticyclone were in
agreement with the results of the geosirophic momentum approximation, bul more detailed
restills were evaluated. These works are profitable for the diagnosis and prediction of the PBL
wind in the circular pressure systems.

¥. THE VERTICAL YELOCITY AT THE TOP OF PBL IN DIFFERENT MODELS

The vertical velocity at the top of the PBL is a channel of the interaction belween the
PBL uand free atmosphere, its research has its important significance to understund the
interaction between the upper and lewer atmosphere.

When we apply the geostrophic momentum approximation and the nonlinear technique
to study the flow under the equilibrirm amang the four forces, the vertical velocity at the Lop
of the PBL is derived at the same time. Wu and Blumen (1982) approximately obtained the
nondimensional verlical velocity at the top of the PBL by use of the PBL wind in (4) and the
continuity equation as the following equation when the expansion was truncated up o the
first order of Ro:

Wzt el dpor v v ). 22
ST T2 47T 8y 4 R o

; . T . l.
¥ Re=0, i.e. the geostrophic momentum approximation is not included. w, =3¢

which is the Charney—Eliassen’s classical result. It is seen from Eq.(22), under the assumpltion
of the geastrophic momentum approximation. the vertical velocity at the top of the PBL nat
only depends on the pressure field, but also the temporal and spatial variations of the
" geostrophic vorticity. This result should be more reasonable than the classical one because
more physical conditions are included.

The vertical velocity at the top of the PBL in the pressure field (7) is shown in Fig.6. We
can see from Fig.6. that there exists rise movement in the cyclone and sink in the anticyclone,
the intensities are greatest in the centers. When Re=0. the magnitudes of the vertical veloc-
ity are identical for the cyclone and anticyclone with the sume intensities. But for Ro=
0. i.c.. the geostrophic momentum approximation is included, the vertical velocities in the cy-
clone are weaker than that for Re=170, and vice versa for the anticyclone. This phenomenon
is caused by centrifugal force, the role of the centrifugal force enhances the divergence in the
. anticyclone and offsets the convergence in the cyclone. and results in the change of the vertical
velocity at the top of the PBL.

Fig.7 shows the vertical velocities at the top of PBL derived from Xu et al. (1988)'s three
sactions ¥ model with the geostrophic momentum approximation in the pressure field {7)
when f=10"" s the length scale £=10° mand Ro=0.3. Itis shown that the character-
istics of the difference between the cyclone and anticyclone are similar by use of the three sec-
tions K model and the constant K model. both include the efffects of the inertial force. The
difference between these two models is shown in the values in thesc two maodels, for the three
sections K model, the geostrophic wind speed approaches zero and hence. K approahes zero
" at the center, this resulls in very small vertical velocity; for the constant K model, the effect of
varying K does not appear.

Zhao (1987c) suggested a paramelerized expression for the vertical velocity at top of the
PBL on the basis of 2 PBL model in which a kind of realistic K was chosen. According to
modern PBL numerical model (Nieuwstadi. [983), the nondimensional K may be expressed
by a cubic polynomial:
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g6 The vertival veloctiies al the 1op of the PBL at different radn, the upper parl is for the cyclene, the lower

parl Tor the anticyclone, the figures on the curves are Ro numbers. W, =1 carrespandsio w10 " m. s

when E= 1077

_ K=Cnll =), (23)
where ¢ Is an experimatal constant, #=-:/h h is the PBL height. The K in (23} is
nondimensionalized by &, 4, depends on the geostrophic wind speed. therefore. K isa
function of the geostrophic wind, the wind field in the PBL may be obtained by solving
one—dimensional PBL equation with the K in (23):

_ -1 _ " _
W= Wz|:| o q)r : Flz—la~+ 1221 —n} ' (24)
(I1=n,) Fla—la+12xl—y,)
W=u~iv. W =u, ~iv s complex geostrophic wind speed. 1=% +% 1+4ig.
Q= fh/en , F is hypergeometric series, 4, the nondimensional roughness. By use of
the continuity equation and the method which is similar 1o that classial one used by
Churney—Eliassen. the dimensional vertical velocity at the top of the PBL is derived:
0.007G

S = il
H 7 'f;zj]n(h /’:0)' (=3
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Eq.(25) shows thal not only €, . bul also the geostrophic wind speed G affects the o,

this is because & influences the wind speed in the PBL. thus also influences K and ;

Eq.(25) also shows the effect of the roughness. the greater the =, | the greaterthe w i will

- . - J
be. this is also reasonable. Because more factors are included in Eq. (25}, obviously it im-
proves the classical C—E formula.

WTUO'Z mis )

Fig.7. The dimensional vertical velacities at the top of the PBL for three solutions. |. classical C—E selution (A)
cyclone 1A'y anticyclone: 2.1he geostrophic momentum approximation with constant K: (B) cyclane (B} anticyclone:

3. the geostrophic momentum approximation with three sections of K. {C) cyclone [C") anticyelone
V], CONCLUDING REMARKS

The investigation of the wind field in the PBL is profitable not only for the prediction of
the PBL., but also for the parameterization of the PBL in the large—scale models and other
dynamics problems. The Characteristic of our work is the combination of the large—scale
background field and the modern PBL model. the derived PBL wind field not only precisely
reflects the characteristics of the realistic PBL, but also reflects the effect of the large scale
background field, therefore, the results may embody the objective reality appropriaiely. our
work not only can be used in the practical prediction. but also can provide the basis for the
parameterization of the PBL and other atmospheric dynamics prablems.

Thus paper introduces some works ¢f ours it recent years, some problems shovld be sindied further, especially.

the dynamics problems concerned with the wind fiedd in the PBL.
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