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Abstract

An acoustic sounder system can be configured to providé estimates of the
vertical profile of veleccity and the dissipation rates of kinetic énd potential
energy} A method based on the concepts of boundary-layer similarity theory is
outlined by which the characteristic velocity in a freely convective boundary
layer ‘is deduced from the inversion height and a combination of any two of the
mean wind in the layer, the dissipation rate of turbulent kinetic energy, and
that of turbulent potential energy near the inversion. These values, in con-
junction with the mean velocity, are used to establish the normalized heights,
downwind and cross-wind distances,.aﬁd cross-wind integrated concentrations.
The normalized lateral and Qerticai standard deviations are then deduced from
empirically established laboratory relationships for nonbuoyant particulates.

-Preliminary analysis indicates arsimilar methodology may be applicable to the

stable boundary layer.



1. Introduction

.The same atmospheric process that scrambles acoustic waves diffuses
pollutants. Therefore, it is natural that measurements of acoustic scattering
near the ground should be directly applicable to estimating fhe diffusion of
passive contaminants introduced into the planetary boﬁhdary layer. In this
paper a method is proposed for utilizing the variables directly sensed by a
bistatic Doppler equipped écoustic soundihg system for estimating some of the
statistical properties of the downwind concentration field. The analysis will
be limited to a discussion of the estimation of the concentration field in a
freely convective boundary layer, because of the current status of experimental
results. However, as will be séen, the method appears to have a somewhat
broader applicability.

IOriginai efforts‘af implementiﬁg acouétié echo ééundiné in air poliution
related studies prima;ily used the height of the lowest inversion as a ‘
brincipal controlling variable (see for example, Beran and Hall, 1974) and
the classification of the scattering pattern relative to thermal stability
(Russell et al., 1974). This methodology was followed by preliminary analysés
of the thermal stability structure in terms of koundary layer simiiarity_(Brown
.et al., 1975; Kerman, 1976) using directly measured‘values of the scattering,

" the so-called velocity and thermal structure ‘'constants’ Cv2 and CT2 where

C 2 = a 52/3
v
and CT2= B )(E—l/3

where ‘e and x are the destruction rates of turbulent kinetic and potential
.energy and the coefficients a and B, are universal constants for a turbulent
flow with a sufficiently large Reynolds number. .Measurements of Cv2 and CT2

are being discussed at this session and will not be reviewed here.
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The meteorological analysis technique of this paper is a particularization
of the methods of Brown and Kerman for a distinct stability regime, the so-
called free convection regime. However, the thrust here is towards a fuller co-

ordination of the results of free convection theory and measured values of

‘Cvz' CTZ,_the inversion height, h, and wind speed 6} with the estimation of the

statistics of concentrations of nohabuoyant pollutants. Next, some of the

theoretical and experimental results of a freely convective atmospheric boundary

“layer are reviewed.

2. Structure of a Freely Convective Atmospheric Boundary Layer

In considering a steady, horizontally homogeneous planetary boundary layei,
it is assumed that the vertical structure of mean and turbulent parameters can
be reduced to similar form with the use of an appropriate scaling length,
velocity and temperature. A boundary layer which has its dynamics dominated
by a large upward surface hcat flux g/T Qb' and an upper stable layer with a
base at a height, h, has éertain naturél velocity, time, and temperature scales -

associated with it, which are

W, = (g/fli o h)l/s
t, = h/w*
1/3
R Q02 /
6, = (2

However,'in the presence of a non-zero wind velocity through the boundary layer,

it is necessary to consider a possible modification of the basic control

mechanism by the downward fluﬁ of momentum linking the outer geostrophic layer

to the surface. This introduces another set of characteristics for velocity and

time
v, = (_;;21/2
o
t, = £}

where f is the Coriolis parameter associated with geostrophic flow and z is the

- anm
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surface roughness height. Tennekes (1970) argues that there exists a region of
free convection where
: R o Y
*
“such that the buoyant eddies are sufficiently detuned from the mechanical

eddies that there is an insignificant momentum transfer, i.e.,

u*

— << 1

W*
Wyngaard, Arya and Cote (1974) argue that there exists an alternative mechanism
for comparable time scales for energy and momentum transfer involving a self-
adjusting process to the mean velocity field to minimize the shear and the
momentum transfer. In any case the ratio, u,/w,, represents the relative

rates of mechanical and buoyant energy generation in a convective regime.

Some results of a recent field experiment (Kaimal et al., 1976) are dis-
played in Figs. 1 to 3 as examples of the apparent similarity of some turbulent

parameters in a convective boundary layer.

Figs. 1 and 2 show the variation of the vertical velocity variance and
the energy containing scale with height up to the inversion. If one defines

an eddy diffusivity in terms of these values given by

e ~ as is often done, it is implied that K also increases monotonically up to h.

Accordingly the eddy diffusivity does not have the local maximum within the

layer and the zero diffusivity near h often utilized in modelling the boundary
~layer. This result should be kept in mind in the later discussion of measured

concentration profiles with height.

Fig. 3 shows the structure of €, normalized by the surface heat flux, g/T
Qo. As can be seen, within the limits of the-lbgarithmic coordinates, € approaches
a fixed ratio of the surface heat flux. This result is even more apparent in

terms of unscaled variables as demonstrated by Kaimal et al. In order to see



some reason for this result, it is necessaryv to consider the loéal balance
of the production of kinetic energy with height. Results of Lenschbw (1974)
(Fig. 4) indicate that at a height of about 0.1 h the vertical heat flux
decreases linearily with height, the convergence of the vertical flux of
kinetic energy increases linearily with height, the shear contribution is
negligible and the dissipation fate is approzimately constant with height.
Lenschow states, that within the limits of his instrumentation, the kinetic

- energy balance is

3 ——r
we ~ oz "¢

4]
!—3]@

€ is essentially a local residual between the production term g/T w0 and
the vertical energy flux convergence term, which is a loss near the ground, up
to about 0.5 h and a gain above. In order to examine this balance further,

we represent the dissipation in a'Taylor series about h,

32¢, (z-h)2
9z« 2 +

£
€ —B——l (z-h) +
|h ‘ th

ahd the heat and energy fluxes as Taylor series about z = zo; the surface

* roughness length.

— . — v -4
wl = + — + -— +
Wl, Y5 | *tez| 3
o |2 z_
o o
a2 = 3wezl z + 92we? z2 +
dz 3272 2
|z : z
o o
where we2'z = 0 necessarily at a solid surface.
o _ _ v .
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From the basic balance implied by the kinetiec energy equatibn_and the

respective Taylor series

’ e Ry LM~
®h T 9z| Bt TV Iz "%z V¢ [z
. h : l o | o
de 52, d — —y
and 3z 327 B T 3z (T W - 5z ve )z-
h h o]

In the first of these results; using the observation that théfe is an ingignificant
variation of S‘When weightedvby the depth of the inversion, the dissipation '
rate in the outer boundary layer can be described in termslof.the production-loss
imbalance near the surface. Additionally the lack of variation in € with height,
ignored in the first equation, is itself associated with a lack of variation in
the fluxes of heat and energy flux near the ground. That is, the same‘rélation—
ship of time scales that defines the characteristicslof fhe surface constant flux
layer (Lumley and Panofsky, 1964, b 99) also controls the constancy of e-near”

" the inversion.

The pbint of analysing the asymptotic behaviour of € near h is simple.
If such a behaviour is dynamically realistic and if‘such a vertical structure
is not too sensitive to the constraint of the boundary layer being in a steady

state, the asymptotic value of €, denoted ¢ represents a basic boundary layer

'
variable.. As such it shares an ecqually impgrtant place with classical noimalizing
variables such as u,, w, and T, in a similarity analysis. Of added significance
to the field of acoustic sounding it is a directly measured variable.
Additionally, it is suggested that any struqture that 'is obsérved in the outer
‘boundary layer intuitively represents an areal weighting.of surface effects.
Thérefore,_where it is difficult to estimate a realistic surface stress or heat
flux in a region of mixgd surface roughness and heat capacity, values such as

€ necessarily represent naturally horizontally-averaged parametefs.

hl
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As a demonstration of these remarks, consider an alternatiye scaling of

the freely convective boundary layer in terms of eh and h, The characteristic
velocity is

v, = (e, n)1/3

and the characteristic temperature

‘ 6 - eh/‘(g_ Vh] = e}'l21/3/(%_'h1/.3):

v

h _ (=)

W C 9T Q)
is implied to be a constant (2'0.89) in the observations of Kaimal et al. so
that V. and w*fafe interchangable. Fig. 5.demonstrates the similarity form of
;zyvhz with height. = Apparently Vh-reduces-the Minnesota data to similarity

form equally well as the original w, scaling. .

However, rather than have two sets of similarity functions which are more

or less'equivalent it is more reasonable to simply derive g/T-Q0 and w, in terms

of Eh and Vh given measurements of h and €h. The question that arises next is
to what accuracy such a reduction is possible. 1In addition to the sampling
problem associated with the wide dynamic range of the acoustic sounder system,
there is a problem in accounting for the experimental scatter with non-ideal
meteorological'conditions; Towards this latter problem, let us consider the

scatter in the relationship eh/fg/T Qé] drawn-from the Minnesota experiment more

closely. The most likely cause of the: experimental scatter arises from

differing shear production rates which should scale with u*/w*. In Fig. 6

eh/(g/T Qé) is examined as a function of_u*/w*. Apparently thé ratio of disgsipation
aloft and surface heat flux monotonically decreases with .increasing shear
preduction.: One would not have expected this'resuit intuitively. Apparently,

the increased inversion height with shearing must also be considered. The

circled pointé in Fig. 6 represent late afternoon transition cases when the

assumption of a steady, free convective state may not be valid.
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Apparently if g/T QO is to be accurately estimated from Ch we require
prior knowledge of u,/w,. Such information is available from the second
variable measured by the acoustic sounder, namely CTZ, or Xe-l/3. Free

convection theory predicts that .
i - -
CTz " Qo./a (g/7) 2/3,~4/3

a result which is well supported by the Minnesota data (Fig. 7). Obviously if

a new parameter,f, is formed by substitution of Eh for g/T Q0 in the above

equation, it must necessarily carty a u*/w* variation. We define accordingly
z =871 (g/7c2) (z e "1)¥/3
T h
where B = CTZ/(xeﬁ1(3) ~o3.2

Fig. 8 shows the variation of ah/(g/T Qo) with 7, which is similar to its
variation with u,/w,. Accordingly it is possible from Fig. 8 to more accurately”

estimate g/T Qo from € _using the parameter . Additionally having g/T QO

h .
(and h) and so w,, it is possible to also estimate u, from the interrelationship of

_u*/w* to L.

Alternatively w, (or u,) could be estimated from the nearly constant mean
wind velocity, ﬁ£, in the‘convective boundary layer. Fig. 9 dembnstrates
the similarity of Eh/w* te the parameter . A corresponding organized structure
would be expected to hold for ak/u* in terms 5f . If both Eh and ah are
available from a Doppler. bistatic acoustic soundér system, then there exists

several ways to estimate the surface heat flux and stress from measurements

made in the outer boundary layer.

In summary, thére exists an organized structure in termg of Cvz, CT2 and E
in free convection, which can be measufed by an acoustic sounder, and which can
be utilized either to define an alternative form of free convection boundary
layer similarity or to derive the scaling variable of the classical theory. The
latter method is preferred at this time as it allows immediate application with

some well-known results of diffusion in a convective boundary layer.

R T g AT



3. Diffusion in a Freely Convective Boundary Laye{

Deardorff and Willis (1975) have described a water tank experiment in
which they have attempted to simulate the diffusion of non-buoyant, chemically
inertpmllutahts within the atmosphere's convective boundary layer. Their
results are exceptional in their completeness. Deardorff and Willis have
extended free convection similarity to the diffusion variables. Time after

release, t, has been normalized
t = (w*/h)t

(essentially the. number of large eddy turnovers), the lateral distance, y, and

the vertical height, zr by,
-; = y/h ; ?‘z/h .
and'the‘horizontalgdistanCe‘downstream.from‘the release point, %, by
; = x/(ﬁh/w*)

_ .The concentration, ¢, arising from a continuous point, at a rate, s, is normalized

by
c = (h2 675) c

The standard deviations in the lateral and vertical dimensions are also normalized

by h, i.e.

It

and o] o /h



The lateral spreading both in the water tank and the atmosphere (Pasquill,

P 227) has been observed to be Gaussian and describable by a form

. ~ ~
~ A ~ ~ A

y ~ ~
c (x, y, 2) = E—~-—-—(i(—'——§i-exp (—y2/20y2)

(zlﬂjl/z o
, Y
where

A ~ A ~

&Y = c (x, y, z) dy

" is the cross-wind integrated concentration. Deardorff and Willis have shown

that'cy is adequately described by

oy= 0.26 x2/(1+091 X)_l

which agrees with the theoretical limits

o +x x << 1°
y .
and UY -> x3/2 x > 1

"The cross;wind integrated concentraﬁion & ¥ as tabulated by Deardorfﬁ and
Willis and reproduced in Fig. 10 shows an interesting max imum concentration
centered near ; = 0.8 and-; = 1.5. This maximum indicates that the pollutants
released near the surface are sWept up into the upper reaches of the boundary
layer - within 1 to 2 turnovers of the large energy containing eddies. Such
a maximum'could'not be predicted on the basis of a scalar eddy diffusivity
relationship because there had to have been a counter-gradient transfer by

the convectlve plumes to establlsh the elevated max1mum

i s e I e AT (v L . - . T 4 et R P 3 gt e AP e 1m o
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The results of Deardorff and Willis for the vertical spreading have been
fitted for a Gaussian plume formulation although it is not clear, based on the

results of Lamb, Chen and Seinfeld (1975) and Pasquill and Smith (1974) that

" such a model is appropriate. Their parameterization is a complicated function
of x, u*/w*, and the normalized release height, zs, = zs/h, and will not be
v _ reproduced here. Suffice it to say that their results approach-the theoretical
limits '
OZ >u, t (zs <<'1 , w*/u* << 1)
and o, %372 (x >> 1 roZg << 1)

It has been carefully pointed out by Deardorff and Willis that tﬁese results
can dnly be generalized so far. It is recognized that mesoscale meandering
‘cannot be included in a non-rotational tank of fixed dimensions. The results
_.apply only. for a fixed release height; they assume a single point release of
a'neutraily buoyant, inert contaminant and they require the boundary layer to
be sufficiently well-developed convectively. Also, the Gaussian assumption- is
.recognized as not being a good approxiﬁation for the vertical spreading for
'; > 0.5. Clearly these limitations can be approached singly and an extended

parameterization is possible.

"It is interesting to compare the water tank results and parameterization
with atmospheric experiments. - Willis and Deardorff (1976) have done an inter-
> comparison with some results of Islitzér (1961) and Islitzer and Dumbauld

(1973). A summary of the respective results is given in Fig.'ll. The results

of Islitzer (1961l) refer to downstream distances of 150 to 1800 m, an elevated

~

release point, zgz .023, whereas those of Islitzer and pumbauld extend to 3200 m

and a surface release point. ' As shown, the water‘tank tends to slightly over-
estimate the short range atmospheric results. As pointed out by Willis and
Deardorff, this may be due to the atmospheric boundary layer having not been

fully convective, or the atmospheric variances having been excessively filtered.
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There.has been no attempt to validate the existence oflthe elevated
'maximum concentration in the atmosphere. _Houever, there are reportS'Edinger,

' 1973) of .locally large oxidant concentrations at the base of and in thin layers
within an inversion over Los Angeles. A direct comparison with the laboratory
results is not warranted because of the areal source nature of the Situation
and the 1nfluence of mountains downstream. - Another dlfqulon experiment

~ (Crabbe, 1976) in a convective regime was analysed and the results are

‘presented in Table 1.
Table 1

(Units MKS)-

Experiﬁent E: Tk h L EE_ é_ - é_ e Y
1 .45 2.4 790 ~15 6 15  .038 .033
.190  .030

N .670  .021

3 .49 1.2 1400 -520 11 2.3 0.64 .371

| - ' .393  .281

.893 .096

In Crabbe's,Experiment_l,‘a free convection regime appears to be approeched

(u, /w, = .19; a./w‘ = 2.5) but comparison with.the water tank results is not
possible (; = 15) except to note that the assumptlon of uniform m1x1ng far
downstream seems to be borne out. .In Experlment 3, a free convection reglme_
definitely does not efist (u, /w, = .49;: Uh/w*r= 9.2) although the normalized-
. downstream distance (x = 2.3) is within the laboratory range. The vertical
‘distribution of & ¥ in this case of forced convertion differs significantly
from the laboratory results at the.same velue of‘;. These inclusive: results,

if nothing else, indicate some of the dlfflcultles that will be encountered 1n

- staging controlled dlffu51on experiments to ‘validate the results of Deardorff
~and Willis.
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4. Extension to Other Stability Regimes

- In Section 2 it was pointed out that the gradient of € near the base of
the inversion was controlled by the gradients of certain fluxes near the
surface. This may sound like a contradiction to refer to significant gradients
in the so-called constant flux iayer, but this is not realiy'thé case_ The
constant flux layer (Blackadar and Tennekes, 1968) refers to a depth large '
compared to the rough elements. If an alternative scaling by the depth of the
entire mixed layer is employed, the largest grédients in the new coordinate
system will occur near the surface. Accordingly when discussing depth compar-
able to the mixing layer height itself, it is reasonable to find a relationship
between the rate of destruction of turbulent kinetic energy in the outer

boundary layer and the gradients of production near the surface.-

The obvious question td'ask is whethér such a relatiénship éould be expected
to hold for other steédy state situations with different stratifications.
To study this question we draw heavily on some experimental results from a tall
tower. Fig. 12 is a replotting of the unstable results of Volkovitskaya and
Ivanov (1970) using the Minnesota relationships discussed in Section 2 to
_estimate w, and h. The scatter is somewhat larger than 'in these authors'
original paper but not incompatible with the Minnesota expeiiment., Most of
the scatter seems to be associated with the'rescaling itself as manyr -
individual runs indicate the asymptotic structure in €. Another illustration
drawn from Volkovitskaya and Ivanov's work, for neutral stratification, is
presented in Fig. 13. The scaling for this figure is based on a new scaling

"length, z defined by the apparent constant value of € aloft, denoted Eh'

hl
seen- in individual runs and the only significant velocity for neutral stratifica-

tion, u,. z is given by z = u*a/e Intuitively the length, z , corresponds

* h h- h’
to a region of overlap of the scaling influence of €

h’
. and u, which will be near
a height where the gradient of surface fluxes becomes insignificant. This
premise is borne out in Fig. 13 as there is no perceivable trend to e/sh above

znN oz The stable tower results as normalized by Volkovitskaya and Ivanov

h
utilizing u, as a characteristic velocity and u, f7l as a scaling length also
imply a potentially constant value of € aloft. Their results are not reproduced
here because they do not scale by a more obvious choice length choice, L, the

Monin-Oboukov length where
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< 9/T O

On the basis of the Kansas experiment results (Wyngaard and Cote, 1971),
€ appears also to approach a constant for sufficiently large values of z/L.
Wyngaard and Cote results imply ‘ '

3
= 2.5 AN
€= 2 XZ (E)

for z/L > 0.4 approximately, which varies only weaklyiin Z. However,_their'
results are limited to z/L ¢ 0.6 .so that there is no direct confirmation of
the apparent asymptotic structure of €. Thefe is evidence from the companion -
paper of Businger et al. (l97l)rthat the shear in a stable regioh scales as
u-/L up to z/L > 1. Therefore, we ﬁentatively conclude that € will appear to
be constant at heights comparable to L, and will scale as u, /L or equlvalently
g/T Q Notwithstanding the analysis of Volkovitskaya and Ivanov, there is

no evidence presently to support extending our conclusion, say to a height

range, z/L "~ 10.

5. Summary

There exists a natural linkage between varlables, o 2, C 2,'h and 5;; measured
by an acoustic sounder, the structure of the freely convectlve boundary layer
and the. diffusion from a nearground source. 2 meLhod has been presented for

utilizing these variables to imply the areally averaged surface heat and momentum-

fluxes which in turn can be used to estimate certain statistics of the downwind

concentration field.

Certain steps in the development need future consideration. The entire

1

questionqof experimental accuracy in determining Cv2 and CT2 need s to be
studied. There is a need for additional boundary layer data to corroborate

the Minnesota data set. There is also an obvious recuirement to conduct a
controlled atmospheric diffpsion study to validate the results of the Iaboratory.
results of Deardorff and Willis. Finally; more and better data are reguired

in order tovquantify the structure of Cv2 aﬁd CT2 aloft and to relate it to a

dynamical f.ramework.in other stability regimes.
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