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ABSTRACT

Recent developments in surface boundary layer and planetary boundary layer
meteorology are combined to evaluate the height dependency of the dispersion
parameters o and o of the familiar Gaussian plume relationships.

YRecommendati$ns are based on analyses of surface boundary layer data, such
as are collected at industrial sites under existing NRC guidelines.
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-ON THE VARIATION OF PBL DISPERSION PROPERTIES WITH HEIGHT IN UNSTABLE CONDITIONS

EXECUTIVE SUMMARY

Modern experiments on boundary layer meteorology are used as a basis for
examining the variation of turbulence velocity statistics with height,
stability, and surface roughness. Special attention is given to the
possibility of spurious results arising from the use of inappropriate
scaling methods.

Surface boundary layer behrvior is studied using the data of the 1968
Kansas field experiment, which are interpreted in the light of the many
other micrometeorological investigations conducted during the 1960's..
These results are extended to above the surface.. boundary layer using the
data of the 1973 Minnesota boundary layer experiment. The generality of
conclusions drawn from these two land-based experiments is tested by
comparing the results with observations of turbulence in the oceanic.
boundary layer, obtained over the Coral Sea.

In unsta6le conditions, the height variation of all velocity statistics
is largely confined to the. surface boundary layer, which constitutes the
lowest 5 to 10% of the planetary boundary layer. Throughout most of the
well-mixed layer,.therefore, velocity component standard deviations'can
be expressed adequately in. terms of external variables that scale the
appropriate driving forces. In the case of the vertical. velocity _ standard
deviation, the controlling factors are the sensible heat flux and the depth
of the mixed layer, which can be combined to define a convective scaling.
velocity that plays a role somewhat analogous to that of the friction
velocity.in surface boundary layer scaling. In the case of the horizontal
velocity components, surface stress and stability appear to play the major:
roles. Values of the lateral and longitudinal velocity standard deviations
are relatively constant above levels quite near the surface, corresponding
to Ri (=z/L) approximately -0.3.

.

When converted to dispersion' statistics suitable for initializing plume
diffusion calculations, the role of surface stress .is adequately incorporated
by using conventional friction velocity scaling, with. extrapolation through
the mixed layer based on a height-varying friction coefficient. This
friction coefficient is necessarily a-function of both height and surface
roughness, although both dependencies are rather slow. For. horizontal
dispersion, the stability variability of the friction coefficient is the
sole stability influence of importance above the' height z = 3L. For-
vertical dispersion, a further (multiplicative) dependence on the' planetary
boundary -layer ' stability parameter -z /L is :' indicated by the. field data,

g
in agreement with conventional meteorological wisdom,

"

o
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.1. INTHODUCTION
i

l The questions most frequently asked by those who are interested in the fate.

and effect of emissions are (i) where are the emissions going, (ii) when are
they going to arrive, (iii) how much are they being spread, and (iv) will

i concentrations at important downwind locations exceed some predetermined
i limit? For residents in areas likely to be affected, a similar set of ques-

-tions arises: (i) what is the probability that air concentrations will be
excessive, (ii) under what circumstances will the greatest air concentrations'

occur, and (iii) what remedial steps can be taken? A common thread running'

through all such discussions is the rate of atmospheric dispersion. A greatly
;

dispersed plume will affect larger areas with somewhat smaller average concen-
trations than will a narrow " pencil" plume held in contact with the surface.
On the other hand, increased vertical mixing;eauses greater coupling between;

! plumes aloft and the surface. Thus the conse pences of increasing dispersion
; rates are not trivial, but involve the intbraction of several competing
; factors, any of which might be important in some specific instance.

All of these matters are discussed in the lit'erature on atmospheric
' dispersion. Subjects such as fumigation, surfhee deposition, and effects .

of surface roughness are dealt with at length.' The'present purpose is not
to compete with these discussions, but to consider in detail the role of,

altitude as a modifier of dispersion coefficients. Even this narrow subject
,

has received considerable attention, both by dispersion meteorologists and
by specialists on the structure and dynamics of the planetary boundary :

layer. Specialists in both areas are convinced that height variations
; can be important, but they differ as to the magnitude and formulation of
|- the effect. The matter is not straightforward, since the usual method of
|

analysis using nondimensionalized variables can lead to grossly misleading
results, as will be seen later.

!

The present state of knowledge on turbulence statistics and dispersion'

coefficients in the atmospheric mixed layer is e consequence both of4

intensive case studies of PBL' structure,-and comprehensive investigations
~

of the dispersion of tracer plumes. The former, reductionist studies are
|. designed to provide basic.information on the dynamic' characteristics of the

lower atmosphere, and to relate turbulence quantities to external properties; i

such as, synoptic-scale pressure fields, surface heating, and terrain roughness.f

i In concept, the results of these studies permit a synthesis .of the dispersion
j' relationships provided by plume' studies, and the plui4 studies provide oppor-

''
4 tunities to test what has been learned. ,,
! .1
i An excellent summation of the results of dispersion 1 experiments has4

recently been presented by Horst et al. (1979). ;Likewise, Wyngaard ,

| (1980) has compiled papers describing the " state-of-the-art" regarding-
) PBL parameterization. The material that follows draws heavily on'these
; (and similar) compilations. j# o
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2. BACKGROUND

It is obviously impractical to develop a model to predict concentratic.'s
of airborne pollutants at every point in space and time. Rather, the
plume can be described in a marner that mimics the probability density
functions of Gaussian statistics. For a continuous emission at constant
rate Q, the familiar near-iield relationship describing plume behavior
is

X=(Q/2nuoo).exp[-(y!/20y ) - (z-h)2
2 /20 2]. (2.1)yz z

The exponential term is a shape fat. tor that tends to unity at y = 0,
z : h, f.he locatfoa of the source with an effective stack height h. The
pollutant concentration modifier (Q/2nuo o ) is' included to satisfy the
requireme.it for conservation of pollutanE Eass at the source. In situations
in whhn the plume intersects'the ground, it is usual to assume a complete
reflection at the surface, accounted for by a " mirror-source" term in Eq. 2.1:

X=(Q/2nuop,).exp|-(y/2ay ) - (z-h) /2c - (z+h)2/2c 2] (2.2)2
g g

Equations 2.1 and 2.2 describe thh cr$ss-sectional geometry of an average
plume. Several fundamental questions arise immediately: what constitutes
an appropriate averaging time, and how to allow for the af fects of downwind
distance, atmospheric stability, and surface roughness; Similarly, the
influeace of plume altitude must be examined. These vari.ous concerns
interact in rather complicated ways. For example, it is lifficult to
separate the issue of altitude from that of stability, had neither can be
considered independently of surface roughness. A related source of
confusion arises from the frequent misapplicati.on of surface boundary
layer formulations to planetary boundary llyer' phenot .na, and vice versa.

Studies of the dynamics of the lower atmosphere have progressed to the
stage where stability parameterizatiori is an accepted tool., Whereas
much of the fokative work in micromJtrorology employed t te grtdienth

Richardson numbqr, Rt, as a stability index, mostgrecent work has used the
quantity z/L. 'lhis dimensionless parameter orig,nated from dimensional
analysis; it is the ucn-dimensional grouping that result.s from combining
the effects of the sensible heat flux H, surface f-iction velocity u,,
the height, and the bucyancy propirty g/0 (where g is the
duetogravityandinthiscontext0isabsolutepotentiaf(c,celerationt.empe ratu re) ,
into one parameter. *In unstable (i.e. convective) conditions, z/L is

.

negative and the re k tionships between fluxes and' local gradients are such
that z/L is numerically simifar'co Bi. In stratified flow, however, z/L
and Ri are numerically quite dissimilar, althcugh beth take positive
values. ,/- ', i,

s
The familiar " stability category" schemes for evaluating' dispersion
coefficients are the result of observation of plume be'iavior at heights
in the range 10 to 200 m over grassland. Thus it must be expected that

. they might need some modifie tion in order to represcrit dispersion at
' other altitudes, or over very rough (or very smooth) surfaces.

.
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ITypical Gaussian plume dispersion models consider the plume cross-section
'

characteristics o and a to be stability-dependent but invariant with
height. Ilowever,Ymicrom$teorological research provides convincing evidence
that stability varies strongly with altitude z. The conoon acceptance of
the quantity z/L (where L is the Monin-Obukhov scale length of turbulence)
as a favored micrometeorological stability index emphasizes the certainty
associated with the height variability of stability itself and, by inference,
of all quantities that are functions of stability. If the resulting height

dependency extende to above the surface boundary layer, or if low-altitude
sources are being considered, then this factor ought to be included in
dispersion models.

In many simulations, stability is classified in a manner that does not
permit easy quantification, as in the familiar " stability classes." The
utility of this approach is evidenced by its popularity, yet its drawbacks
are just as obvious. The question arises as to whether there is some
height variability of the dispersion quantities t hat should be considered
in models, but cannot now be readily included because of the limitations
of the stability classification schemes.

Several authors have attempted to modify the usual dispersion modeling
techniques to make use of micrometeorological stability parameters, usually,

z/L. Golder (1972), for example, related the A - F stability classes to'

surface rcughness and z/L. More recently, Irwin, (1979) has extended this
philosophy further by employing formulations derived for the planetary
boundary layer (PBL) in a generalization of the usual dispersion schemes.
Irwin's emphasis is on the application of relations developed between
stability indices and other dimensionless properties of the unstable
atmosphere, using L as a basic indicator of stability, but scaling according
to the depth of the mixed layer, z , instead of z.i

Some recent analyses of PBL turbulence data have tended to support arguments
1 for including height-varying dispersion in daytime plume models. Iloweve r,

there is concern that analyses relating dimensionless turbulence
characteristics to dimensionless stability indices (involving height)
might be misleading, because of the manner in which the observed quantities
are combined to produce the compound variables (q.v. height-variations
of quantities like e and o or alternatively a and o ) that outwardly
appear to be fairly Eell su|ip,orted by analysis 09 dimenkionless PBL
quantities.

3. TIIE PilYSICS OF TIIE LOWER ATHOSPIIERE

A basic characteristic of most of the earth's atmosphere is that it is
stably stratified. Dynamic instability is a relative rarity, confined to
the lowest part of the troposphere over much of the oceans and over land
during most of the daylight hours. It is appropriate, therefore, to
consider the evolution of the PBL (the planetary boundary layer, defined
as that part of the lower atmosphere which responds directly to changes
in surface roughness and heating), starting with its characteristic stable
stratification at night. '

,
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Consider the case over land. As'the stmosphere settles'down overnight,
i> ~ the lowest few hundred meters stabilize most strongly. Wat is, the

coldest, densest air is confined to layers nearest,the surface. The
potential temperature' gradient de/dz<is positive, and roughly constant,

: over a considerable depth. Thus, in sufficiently stable stratification
4

the temperatuie profile'tends to line'rity, on the average. The wind-a1

| profile in such strongh stable conditions also approaches 'linearity, ast

can be argued on dimensional grounds, as follows. Stability is sufficient
that air at some height is free to move without strong coupling to thes~

.

surface. Thus, height can be eliminated from the list' of parameters
'

. influencing the local wind gradient du/dz, Integration then leads directly.
'

to the prediction of a linear wind profile.. In near-neutral conditiong
profiles'of both wind and potential temperature must approach a logarithmic'

| form, so that a combination log-linear profile is usually assumed forz

| intermediate, stabilities. .

'

The 90iescenL' nature of the nocturnal stale atmosphere is disrupted at
dawn; -when insolation starts h3at'ing the surface. Heat'prov.ided by the suni

is utilized in three major ways,1to slowly heat' the ground.and its vegetative
~

; cover, to drive evaporation of? liquid water available at*the surface.(via
transpiration, usually), and to heat surface air. When surface air is.1

sufficiently heated, convect.tve cells start " bubbling" from the surface..
These start eroding the stable temperature inve'rsion.near; the surface.

| This convective activity generates a-well-mixed layer whose depth is a
result of the amount of sensible heat injected into it and the strength,4

i of the nocturnal inversion that the heat flux has:to erode. All properties
; of the PBL are. mixed by this process. . Fine scale vertical wind structure
; is also destroyed. Figure'l illustrates the. general ~ features of this .
] behavior, using data obtained in' the- 1975 "Sangamen" study. of PBL evolu* tion

(Hicks et al., 1981),
i

As tihe sun sets, radiative heating of the surface slowly decreases and '
surface cooling sets in. ' Sensible heat;iis drawn from the air, and a. ,

] temperature inve'rsion-develops. As the' inversion strengthens,1 turbulence ;

levels decay until nearly-laminar flow develops. The increasing stabilityf ;

: and decreasing turbulence intensities serve to reduce'the surface momentum -
flux to a level at which air aloft is essentially free to move independently.,'

'of surface frictional constraints. ' Winds in the PBL are then free to~,

accelerate in, response to large-scale inertial forces, but in the. SBL -
periods'of near.-calm are typical. PlumesJabove the SBL'will be carriedc 3;

i . for long distan'ces; with relatively little dispersion. However, the.
decoupling7and;the(resulting. acceleration of Trin'ds' aloft causes wind .*

,

gradier;ts to's[owly intrease, forcing atmospher,ic stability to; reduce-
] until; shear production of', turbulence overcomes' i.he stabilizing' influence

of the f temperature' gradient. 'A perSd of! rapidly increashd:verti' cal 3
~

'

i: : mixing then occurs. (a turbulent " burst"), Uhich decreases (wind and; tempera-
' .-ture-gradients uhtil the process'co'amences:again. .This.is,an exampJe of; j

classical; Kelvin-Helmholz < instability. :The:cottsequences.arefevident in the-

turbulence,~often referred:
- surface boundary -layer as _ infrequent outbreaks of;f,

toas* turbulent: intermittency.}d,y.,_
"
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The strong diurnal variability of mixed layer behavior that is associated |
with the heating and cooling cycle of land surfaces is not usually evident i

'

at sea. In essence, the thermal inertia of the oceans smoothes the daily
cycle. There is no easily discernible daily variation in water surface
temperature, and so the convective heating and radiative cooling cycles 1

Ithat drive much of the PBL evolution over land are missing, or at least
are greatly moderated. On the average, heat is provided to the oceans
by insolation, and hence the average condition is one of atmospheric
instability in the lower troposphere. In this regard, the oceanic case
of the PBL is an exception to the general rule that the atmosphere is
stably stratified.

However, heat fluxes at sea are generally small, rarely exceeding 10%
of values typical for daytime over land. It is sometimes claimed that,

* the lower atmosphere should be near neutral stability, as a result. In
reality, momentum fluxes are also often very small, and evaporating water
tends to enhance instability (water vapor is buoyant). Near-neutrality
is a rare occurrence at sea, as indeed is also the ca~ over land.

The physical picture of convection leading to strong vertical mixing is
of considerable relevance to questions concerning pollutant dispersion.
Many reports have discussed the organized nature of convective cells in

i the mixed layer, with hexagonal patterns being evident in some near perfect
circumstances. These organized patterns develop above the surface boundary
layer (or " constant-flux" layer), and the transfer mechanisms linking
deep convection aloft with small-scale, random convection in the SBL are
not yet clear. Several effects are obvious, however. Firstly, parts of
plumes encountering the infrequent convective " chimneys" will be swept
upwards, causing the familiar " looping plume" phenomenon. Secondly,
parts of plumes not affected directly by convective updrafts will be
subjected to the large-scale sinking motions imposed by continuity. Thus,
the behavior of a plume in the convective mixed layer is not such that its'

meandering motions can be readily described in a simple, straightforward,
Gaussian fashion, except as a description of the time-average. A non-buoyant
plume should steadily sink, with intermittent updrafts forcing parts of it_ i
upwards to near the top of the. mixed layer. .As estimates, we can visualize
updraft velocities of several meters per second,. typically active over less
than 10%' of the area of interest, with a settling speed 'of many centimeters
per second acting over the remaining area. A non-buoyant plume released
at several-hundred meters height in such circumstances might be expected-
to intersect the ground with maximum' concentration about 20 to 60 minutes
downwind, with complications arising because of the. effects of infrequent
updra f ts .

The role of turbulence intermittency-at. night is difficult to-assess.
,

j There have been few studies of plume dispersion at night, and those that
have been conducted have been over'.sufficiently small distances that the
infrequent but strong vertical mixing anticipated on the basis of. Kelvin-

- Helmholz instability has'not been well documented. . It is' accepted,-
however, that near-field plume dispersion coefficients are much less
than in daytime, mixed conditions.

6
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4. THE SURFACE BOUNDARY LAYER

4.1 SBL Relationships

The . relationship between Gaussian dispersion statistics and turbulence
quantities can be written as

-(x/U)*f(z, z., x, L, etc.) (4.1)a =0
and Y # *

* "w*(*/")*8(*' *i, x, L. etc.) (4.2)a
z

(q.v. Hanna et al., 1977) where f and g are functions of the controlling
variables. These functions are meant to represent relatively minor
variations, after the first-order influences of x, u, and turbulence are
accounted for by the preceding terms of the right hand side of Eqs. 4.1
and 4.2.

Initial dispersion is governed by local turbulence whose effect can be
expressed in terms of the angular diffusion coefficients 0 and 0 :

0 9

0 = 0 /ua v
and (4.3) ;

o = 0 /u

It is this initial phase of plume development that is the major freus
i of this report.

It is convenient to consider the simple case f = g = 1, and to introduce
stability effects for the surface boundary layer in the manner suggested
by recent micrometeorological analyses. A few basic relations form the
foundation. First, the logarithmic wind profile can be generalized as

u = (u,/k)*[1n((z-d)/z ) - 1 (z/L)] (4.4)~o m .

where 9 is a correction function that depends only on the stability
parameter z/L (or Ri). In unstable conditions, 7, can be approximated
by

2
In(7,) = 0.032 + 0.448Y - 0.132Y (4.5)

.

where Y = In(-z/L). In stable conditions, T takes the form of a simple
"

proportionality:

f,=-5z/L; O.< z/L < 1 (4.6)

.The precise form of f in very stable conditions is not known; however,
a linear wind profile"is expected-in the limit (see Hicks,-1976).

Equations 4.1,-4.2 and 4.3 relate dispersion statistics to turbulence.
~

_ properties; 4.4, 4.5 and 4.6 enable turbulence to be evaluated.from
external properties such as_the velocity and surface characteristics, |
with a stability. correction.that is specified. To combine these various
relations, it is usual to c ploy some form for the normalized turbulence
statistics,

7'
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l
;

!
i

o /u,= F(z/L) (4.7)y

o /u, = G(z/L) (4.8) |y

3 - where F and G are functions that remain to be specified. It is then simple
to eliminate the friction velocity from the above equations and to express
the plume spreading quantities as

a = kx [In(z-d)/z - 9 ]~I *F(z/L) (4.9)
and Y * *

;

a = kx [In(z-d)/z - 9 ]~I G(z/L) (4.10)z o m
i

i So far, the mathematics is well-founded, and follows much the same lines as
! many similar treatments (e.g. Chaudry and Meroney,1973). Difficulties first
'

arise when we attempt to determine the functions F(z/L) and G(z/L). Since-
4 the friction velocity is common to the expressions for both a and z/L, highly

misleading results can easily be obtained. Figure 2 (from HiEks, 1981)-illus-
trates the difficulties-that can arist. The " data" used to generate the dia-
gram are all random numbers (listed in Table 1) selected only to fall into the,

_

expected overall ranges of values observed during the Kansas field experimenti

reported by Izumi (1971). The order that seems outwardly. evident is.in fact a
! misrepresentation of the true situation, since the original numbers used to

create the figure were random. However, the curves drawn through the " data"
averages are not adjusted to fit the " data"; the curves represent relationships
extracted from the open literature. Thus, it s'eems that we should be careful
about using many of the published and generally-accepted formulations describ-
ing turbulence statistics.

Figure 3 (also from Hicks,1981)' presents the results' of an analysis of
Kansas turbulence data, conducted in ' .nner designed to avoid the
problems referred to above. The method ut analysis makes use of independenti

measures of stability and normalized turbulence, in order to sidestep the:
problem of having the friction velocity appear on-both axes of the plot,
as in-Figure 2. Figure 3 shows that the quantities q /u,and c /ug are-

.

not continuously increasing functions of atmospheric , instability, as impliedy '

- by the (random number) analysis of Figure 2 and by.many common parameterizations .
: of these terms. In reality, each of'these normalized turbulence statistics

s

increases rapidly from neutral through moderate instabilities ~, and ~ attains.
a maximum value of about 2.0 at (and beyond) Ri = -0.4. ' Between neutral.'

and Ri = -0.4, the dependence of c l"* and a /uf on Ri ap' pears to be linear,
'

urather than the power law relationship prediEted by:most other analyses
based on z/L as a stability index. For. unstable conditions, the behavior . '

evident in Figure 3 can be-summarized as

o,/u,~= 2.5'- 1.6Ri ; -RiJ<'O.3
~

o /ug = 1.9 -'3.5Ri1; -Ri <.0.-3y
.

and a /u,=-c /ue = 3.0.; -Ri'g 0.3. (4.11).y .

. .
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TABLE 1
'

Simulated turbulence data generated from random number tables. Values
were constrained to lie in the ranges 10 to 30 C cm/s for sensible heat,
15 to 45 cm/s for friction' velocity, 25 to 75 cm/s for vertical standard
deviation, 60 to 180 cm/s for lateral, and 75 to 225 cm/s for longitudinal.

H uf o - o a,y y

i

29.3 30.1 56.9 108 183
10.9 27.3 53.4 131 1464

'
13.2 20.2 54.9' 166- 89

j 23.3 35.3 28.3 88- 180

|- 16.5 40.9 68.4 95 150
27.2 18.3 32.5. 66 1094

21.3 32. 8 44~.0 178 158
25.2 15.2 69.5 89 128

'

17.6 31.0 .49.4 82 85
15.2 43.4 72.0' 162 159
26.1 33.7 66.6 64 110
27.5 30.7 28.6 -121 224
18.4 23.7 26.5. 118 188

3 26.1 19.1 35.9 97. 215
.

: 19.2 16.7 34.3 61 81
27.4 41.1 39.9 79- 80,

21.5 24.9 ~ 69. 8.- 79 3158
19.5 40.3 44.4 '157 198
21.5 26.0- 62.5; .98 119

} .- 28.3 41.2 38.0 179 196
14.8 41.4' :55.3 192 :173
22.8 15.8 63.'1 67 .214-

: 18.2 15.1 30.8 155- .216 -

' 20.2 37~2 50.1 151' 75-.

; 17.8 38.2 .72.6 ~152 - .146
~

-13.5 36.5 58.6 126 -206'4

-24.9 24'.6 73.8 90 -196- .

27.5 44.6 38.8 . 80 . 196
-27.8' ' 24.6- - 4 6 ~. 0 ' 91 -214:
24.0 - 22.9- 51'.3 113 '~ 1138,,

16.0 34.2- 71.0 145 .148
i .12. 5 - 42.3 -26.9' - -70: -136' :

1 27.8 _19.2 45.3 ~
-100 129

- 74 - .191
13.0' ' 25.9 -42.9'

15.9 24.8 62.9; 170 115'-
_ -

21.0 28.5 ~ 35.1 168; ~83: j
22.9' ~22.9 56.5- :146 183 H

913.0- 133.94 61.3 :143'- 200 -

18.1 23.6 138 ~.5 -84 190. H

t 12.5 35. 4 :-' '45.5. -122. 143
i.
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Table 1 (con't)'

i

T

H u, a o a,y y

;

23.0 43.8 56.1 61 119 f
. _

19.6 42.5 57.0 166 210' ' '
;

23.9 24.'4 36.5 149 184
<

27.1 24.1 25.6 66' 210>

13.2 44.8 54.8 77 193
17.8 26.8 25.6 125' 108
11.5 28.0 26.4 124 198
24.0 23.6 36.9 164 121

14.6 37.2 64.3 80 180
23.1 22.2 29.3 94 155

i
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It is concluded that the familiar relationships that predict a monotonically
increasing value for the quantities o and a with increasing instability
are strongly influenced by the manner"in whiEh observations are combined
to construct dimensionless quantities. Analysis of the Kansas data in a
manner chosen specifically to avoid the cross-contamination problem fails
to support the behavior usually associated with these same data, as
represented by the curves drawn in Figure 2.

The lowest set of values plotted in Figure 3 represents the Kansas c /u,,,y
data. The dashed line is taken from the open literature, and is the same
relationship drawn through the surrogate random data set of Figure 2.
The line fails to fit the Kansas observations when the possibility of
complex-variable contamination is avoided, even though the relationship
that the line shows was originally derived from the same data (but using
z/L as a stability index and hence introducing the sources of error that
we are trying to avoid). However, it is obvious that the vertical velocity
turbulence data behave quite differently from the horizontal data plotted
in Figure 3 and discussed above; they do seem to increase monotonically in
the manner expected by conventional micrometeorological thinking. Indeed,
the form of the relationship is close to that which is frequently assumed:

o /u,.,= 1.1(1 - 2Ri)1/3 (4.12).y

It should be emphasized here that the present analysis assumes numerical equality
between the indices Ri and z/L in unstable conditions, even though some
workers question the accuracy of this assumption. The matter is not critical to
this discussion.

4.2 Effects of Surface Roughness on SBL Dispersion

It is clear that surface roughness z plays a considerable part in
determining diffusion rates and coefiicients in the surface boundary
layer. Equations 4.9 and 4.10, for example, illustrate the role of the
micrometeorological roughness length as a factc. for normalizing the
height of observation near the surface. Later, the depth of the mixed
layer, z. will be seen to play a similar part in the layers above the
surface $o,undary layer. Table 2 lists roughness lengths and displacement
heights d (q.v. Eqs. 4.9 and 4.10, once again) for a variety of fairly
typical surfaces. Depending on the nature of the surface, roughness lengths
can vary over more than three orders of magnitude,

llanna et al. (1977) have suggested that the influence of roughness length
can be incorporated in standard diffusion calculations by applying the
simple correction

A = o(z )/o(10 cm) = (z,/10 cm)0.2 (4.13)-

g

to both vertical and transverse (lateral) components. The origin of this
recommendation is evident in Figure 4, where the ratio A of the standard

were 0.1 m il plotle)d again c the surface roughness.deviation (o or o to the value appropriate if the surface roughness
The data are evaluated

from relations Eqs. 4.9 and 4.10, assuming neutral stability and negligible
zero plane displacement. The line drawn represents Eq. 4.13. The

11
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" TABLE 2

Roughness lengths typical of range of natural surfaces, and'

_

standard deviations of vertical velocity expected ~ in 5 m/s
winds. (From Kanemasu et al., 1979).

Approx. Rough-
canopy ness Neutral
height length o,

; Surface (m) (cm) (cm/s)

Smooth
ice 0.003 22

Ocean 0.005 23

.

Sandy.
desert 0.03 27

Tilled
soil '0 .1 31 -

,

Thin
grass 0.1 0.7 39

Thick
49grass 0.1 R2. 3

Tall thin
' grass 0.5 5 57

Tall thick
grass '0.5 10 67-

Shrubs 1.5 20 82

Corn- 2.3- 30- '92
;

!
'

Forest 10.0 150' .113:'

Forest 20.0 100 162 ;

.

-
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-
,

~
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| fit seems acceptable; however, one might note that application of Eq.
| - 4.13 to very smooth surfaces such as ocean or snow is likely to introduce
| some. error. In such circumstances, it seems better to derive more accurate
' - estimates of the correction factor A directly from the equations which

led to the values plotted in Figure 4. Note also that the relations used
to construct Figure 4 apply .very near the surface; stability effects are

|- ignored and will quickly become important as height increases above a
[ few meters, especially at night. Moreover, the formulae only apply within
: the surface constant flux layer, which might not be more than a few tens
i of meters thick on some occasions. Thus, 'the recommended power law behavior

with an exponent of 0.2 is an approximation that should be applied with
some caution, even though gross errors appear unlikely if the relationships,

are used within the SBL.

5 ~. THE PLANETARY BOUNDARY LAYER

5.1 PBL Relationships-

.
The discussion given above is. intended to demonstrate three major features
of surface boundary layer turbulence data.'

'(1) .The normalized vertical velocity standard deviation appears
| to increase continuously as instability inersases, starting
; off with a neutral value of about 1.1 (rather than 1.3 or 1.35

proposed in earlier-analyses).

| .(2) The normalized transverse velocity standard deviation
increases rapidly with increasing. instability over the range,

0 > Ri > -0.3, starting from about 1.7 at neutral and reaching
a constant value of about 3.0 in strong instability.

,

[ (3) 'Although not discussed in detail here, the longitu'dinal
; velocity turbulence statistics appear to follow the behavior
'

of the transverse, attaining much the same value in strong-
instability, although starting from a somewhat greater neutral
value (about 2.5; see Figure 3).

It is known that stability increases with height. It remains to be seen-
! how the various turbulence quantities: relate to data obtained in the-

mixed layer, above the relatively shallow surface boundary layer.
1

Figure 5 shows the variation of velocity turbulence statistics with
= height alone through the~ depth of the mixed layer. The: data are:from-,.

l- the' Minnesota turbulence experiment reported by Caughey et-al; (1976).
; -Following present-day convention,-the altitude scale ~is normalized ~by.the

depth of the mixed layer at the time'of the experiment. -The quantifications
of o , o , and o are derived in as objective a' manner as possible using,

theSvaiYableob5ervations. .In every case,fthe. values plotted are derived'

; .from the. ratios of velocity standard ~ deviations measured using a tethered
sounding system to simultaneous tower-mounted observations of 'the same
quantity,-at 4_m height. . Data were selected to lie'in-the altitude range-

. between 10% and'90% of the depth'of the mixed layer, :so as:to be above. .

| the effects of the surface, constant-fluxLwhile also being below the' level

,

.
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at which effects of free air entrainment at the top of the mixed layer
become obvious. Throughout this rather deep layer of the lower atmosphere
there is no marked increase in either o or o , both remaining close to
the values observed at 4 m height. The" vertical velocity statistic seems
to be similarly constant with altitude, but it takes this constant value at
some yet-undetermined level in the lowest 10% of the mixed layer.

A purist could easily point to the evidence in Figure 5 of a slight but
consistent height variation of all three statistics, with maxima and minima
at about z/z. = 0.4. This is similar to the behavior found for a by
Warner (1972)forhisCoralSeadata(yieldingamaximumatz/z.E0.3),
and is much as predicted by laboratory modeling studies (maximu$ at z/z = 3.5;

g
Deardorff, 1970), but the variation is too small and the statistics are
too uncertain for this to divert the present analysis.

Modern analyses of mixed layer evolution emphasize that the surface friction
velocityisalessappropriatescalingquantityjntheunstablePBLthan
the convective scaling velocity w, (defined by w, = gliz./pc 0; q.v.

PDeardorff, 1970: Tennekes, 1970). The matter appears to be of little
relevance to the scaling of the horizontal velocity fluctuations, since
these attain fairly constant values at moderate instabilities easily
achieved very near the surface (see Figure 3) and then retain these values
throughout the mixed layer (see Figure 5). The vertical component behaves
quite differently, as would be expected on physical grounds. The major
effect of additional buoyant energy would be expected to appear in the
vertical velocity field. Inspection of Figure 3 shows this feature rather
nicely; in fact, the diagram implies that eddies which are elongated along
the wind near the surface in unstable conditions quickly become more
circular in horizontal cross-section as height increases.

5.2 Effects of Surface Roughness on PBL Turbulence

The expressions given above for the relationships between velocity
statistics in the surface boundary layer and micrometeorological
variables identify a role for the surface roughness length z , as
approximated by Eq. 4.13. The question arises as to whether any
associated effects propagate into the PBL above the surface boundary
layer. To investigate this matter, it is instructive to compare the
Minnesota data used to construct Figure 5 with the Coral Sea observations
reported by Warner (1972, 1973). Table 3 lists relevant data from the two
experiments. As in the derivation of Figure 5, observations are confined
to the height intervol 0.1.< z/z. < 0.9, so as to be above the surface

l
boundary layer while at the same time below the level of direct influence
of the top of the mixed layer.

Table 4 summarizes the average conditions of the Minnesota and Coral Sea
data sets, and presents the geometric mean values of turbulence statistics
(and related quantities) derived from the observations. Even though the
surface conditions of the two experiments were markedly different (summer
continental grassland versus tropical ocean), there is no strong difference
between the mean values of a /w , this being the preferred form indicated
by the considerations above." It should also be noted that the use of the
friction velocity as a normalizing factor for vertical velocity variances

14

|



TABLE 3

Observations of oT ( C), o (cm/s) and o (cm/a) reported by Warnery

(1972, 1973) and by Izumi and Caughey (1976), with corresponding values

of z (m), z; (m),11 ( C cm/s) and u, (cm/s). Data are selected so that

0.1 < z/z; < 0.9. Note that there are substantial differences between
the data sets. For the Coral Sea data, o and 11 are calculated from

T
virtual temperature information. No o data are available for the

Coral Sea, hence for the present purposes only the transverse velocity
statistic o will be considered.y

Date and o "W "v * *i II "*T
Identification

_

Coral Sea

26 June .137 71 85 90 600 4.26 36

.132 67 96 250 600 4.26 36

28 June .136 65 92 90 650 3.61 36

.127 66 84 250 650 3.61 36

29 June .149 61 122 90 450 4.34 38

.109 63 85 230 450 4.34 38

1 July .136 51 90 90 570 3.36 32

.132 58 81 250 570 3.36 32

.127 54 75 400 570 3.36 32

3 July .162 47 87 30 210 3.52 28

.179 50 44 90 210 3.52 28

5 July .088 58 64 90 490 2.30 18

.099 51 65 250 490 2.30 18

6 July .109 51 68 90 640 2.21 20

.103 56 129 250 640 2.21 20

8 July .139 70 112 90 830 5.08 32

.133 88 132 250 830 5.08 32

.132 87 112 400 830 5.08 32

.129 85 159 550 830 5.08 32

11 July .112 57 78 250 1100 2.87 32

.123 55 83 400 1100 2.87 32

13 July .094 45 54 90 670 1.80 24

.083 49 55 250 670 1.80 24

15
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Date and - z z H. u,
T s- s. g

Identification

' .'linne so ta

2A1 .17' 124 139 914 1250 19.6 45

.15 106 160 610 '1250 19.6 45

.18: 93 143 305 1250 19.6 45

2A2 .19 110 188 1219 1615 20.9 45

.15 129 192 914 1615 20.9 45

.14 125- 213 610 1615 20.9 45

.20 103 166 305 1615 20.9 45

3Al .11 140 229 610 .2310 -18.6 37

.12 144 208 457 2310 18.6 37

.13 127 190 305 2310 18.6 37

3A2 .10 124 184 610 -2300 11.6' 32

.10 112 165 457 2300 11.6 : 32

.11 99 148 305 2300 11.6 32

5A1 .06 67 108 610 1085 6.9 18

.06 67 83: 457 1085 6.9 18

.07 71 90 305 1085 6.9 18

.11 73- 81 152 1085 6.9 18

6Al .15 157 167 1219 2095. -21.0 .24

.14 163- 130 914' 2095 21.0 24

.15 - 145- 158 610 '2095 21.0~ 24

.19 .123' 134- 305. 2095 -21.0 c24

6A2 .13 151 176 -= 1219 2035 16.2- -23

.141 156 137 914- 12035 16.2 23-

.14 '125 157 '610- 2035. 16.2. 23

.18- 116 128: 305 2035 .16.2 '23J

6B1 .16 112 126: 1219: .2360 '7 . 2 . 26:,

.15. 1141 :106- 914: 2360. 7.2 .26

.131 103 117 610 2360 7.2: :246

.14 101- -111- f305 12360- 7.2 26-

*
-

6
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Date and a o o z z. H u-I w v 1

Identification

7Cl .11 134 101 610 1020 22.1 28.

.12 133 92 457 1020 22.1 28

.15 117 93 305 1020 22.1 28

.26 115 101 152 1020 22.1 28

7C2 .10 121 103 610 1140 18.1 30

12 129 94 457 1140 18.1 30

.14 113 83 305 1140 18.1 30

.25 123 102 152 1140 18.1 30

7D1 .09 122 59 610 1225 9.9 25

.10 131 93 457 1225 9.9 25

.11 110 88 305 1225 9.9 25

.16 125 97 152 1225 9.9 25
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TABLE 4

Comparisons between geometric mean results obtained in the Coral Sea
(C) and flinnesota (!!) experiments.

C !! Ratio ?!/C

Number of Values 23 41

( C) 0.1227 0.1316 1.07
T

/T, 1.0789 0.2621 0.24
T

T .

3.2124 1.7834 0.56/0

o, (cm/s) 60.27 115.96 1.92

o,,/ u 2.065 4.050 1.96

o,./ w . 0.694 0.595 0.86

o (cm/s) 87.65 126.21 1.44
v 3.003 4.408 1.47

a /u .
o",/ w.': 1.009 0.648 0.64

z (m) 168.2 476.5

z. (m) 594.4 1573.0
1

H ( C cm/s) 3.32 14.37

u. (cm/s) 29.18 28.63
-5

f (s-I) 4.14 x 10 1.09 x 10~

w ., (cm/s) 86.89 194.81
.

-z/L 3.06 39.12

-z./L 10.83 129.1
1

-u,,,/ f L 120.5 215.6

18
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in the PBL appears to be far less satisfactory. The matter is less clear
in the case of the transverse component. For the ratios involving o
the data of Table 4 are less convincing; however, we should note thal,the
ratio observed over the ocean for o . was the same as is indicated by
Figure 3, and that the flinnesota daEa/u.. differ by 47% on the average.
Scaling by w, in this instance does not decrease the apparent difference
between the two experiments. It should be pointed out that experimental
difficulties add to the uncertainty associated with these considerations;
the flinnesota data were obtained using a tethered balloon system that may
not have provided a sufficiently stable platform, and the Coral Sea data
were obtained using an aircraft with potentially similar problems.

Temperature variances are also tabulated in Tables 3 and 4. In this case,
_

scaling by the PBL quantity 0, = li/(pc v ) is far more appropriate than3
Pscaling according to the more familiar SBL quantity T, = II/(pc u ). Onceg

again, it is clear that buoyancy plays a dominant role in deteEmining the
-

variance in the convective PBL, much as was seen earlier for the case
of the vertical velocity.

When considered in the light of the Kansas data of Figure 3, it appears
that

(1) o /u can be taken to be constant at 3.0 at all heights -y
in the mixed layer above the level at which Ri = -0.3. (The
Kansas and Coral Sea data agree well; the t!innesota experiment
seems to be the odd man out.)

(2) a /u, increases monotonically with increasing instability
through the surface boundary layer until it reaches a value such
that a /w. is about 0.65 (the average of the two PBL results of
Table "4)',' which value determines a throughout the remaining"depth of the unstable PBL.

(3) Once formulated in terms of the friction velocity and the
convective scaling velocity, with appropriate stability
dependencies in the surface boundary layer, there is no evidence -

of any further intluence of surface roughness.

6. SPECTRA 0F TURBULENCE

In the daytime, mixing in the lower atmosphere is strongly influenced
by convection, especially in the vertical direction. ?!echanically-
generated mixing continues at all times, at rates that are controlled
by wind gradients. Thus the stability-related differences between horizontal _

and vertical velocity variances (as evident in Figure 2, for example) are
not unexpected; convection helps promote vertical mixing far more efficiently

_than horizontal mixing.

Low-frequency horizontal meandering is yet another cause of differences
between vertical and horizontal mixing coefficients. The effect is
clearly evident in velocity power spectra. Figure 6 summarizes the work
of Kaimal et al. (1972), based on the exhaustive study of SBL turbulence
conducted in Kansas in 1968 (Izumi, 1971). The dominance of low frequencies
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in the lateral and longitudinal components in unstable conditions is
obvious. In stable conditions, however, the velocity spectra seem to
collapse back into a common shape, with similar peak frequencies for each
of the lateral, longitudinal, and vertical components. Once again, this
is as expected from the physics of the processes involved; the convective
mechanism that enhances vertical motions rather than horizontal in unstable
conditions is not present in stable. Figure 7 (also from Kaimal et al.,
1972) shows the stability variation of the spectral peak frequencies,
extracted from Figure 6. In stable conditions, the curves follow each
other, with roughly a factor of two increase in peak frequency as we move
from longitudinal (the slowest) to lateral, and then to vertical (the
fastest) spectral components.

Peak frequencies for horizontal fluctuaticos are not illustrated for
unstable conditions in Figure 7. Figure 6 shows these to be quite
indeterminate. Examination of records af turbulence demonstrate the
fundamental uniqueness of vertical velo ity. In practice, convective
activity is organized into irregular but relatively intense periods of
updraft, separated by much longer quiescent periods of slow downdraf t.
Time series records (as in Figure 8) show that there are two time scales
involved, corresponding to the characteristic length of each period of
convective activity and to the characteristic spacing between them. When
analyzed as in Figure 6, these two time scales combine to produce the
appearance of a broad spectrum, stretching over a range of nondimensional
frequencies extending from less than 0.001 to at least 10, and centered at
about 0.1. The breadth of this spectrum is sometimes misinterpreted as
implying that accurate data can only be obtained (and accurate predictions
produced) if sensors and models can accommodate all frequencies over this
range. In practice, this is not the case since very slow fluctuations in
vertical velocity are essentially prohibited by the constraint of continuity
and the appearance of important contributions by very slow fluctuations is
little more than a consequence of an irregular " pulse repetition frequencv"
between convective cells.

On the other hand, the horizontal components are affected by no such
constraint, and large-scale fluctuations in wind direction are indeed
important. As a " rule-of-thumb," it.has been suggested (Gifford, 1976)
that the role of sampling time on evaluations of horizontal wind variance
can be simplified to a relation much like Eq. 4.13:

o (t)/o (10 minutes) = (t/10 minutes)0.2 (6.1)

(see also llanna, 1982). The arguments presented above are summarized
simply by llanna: "The vertical component . . . does not need correction
for averaging time, since large eddies are much less likely to occur in
the vertical direction than in the horizontal direction."

llowever, it is unwise to dismiss the role of spectral differences too
quickly. In the case of the vertical component, a much greater proportion
of the variance is associated with high frequencies that will be completely
ignored by any mechanical sensing device. Thus, the output of any sensor
deployed for the purpose of obtaining vertical velocity and/or dispersion
information cannot be applied directly in predictive models without correction
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for high-frequency loss. The magnitude of the error will vary with the
height of exposure, stability, and the characteristics of the sensor used.
In neutral conditions, a sensor with a response length of the order of 2 m
will frequently cause an underestimation of vertical dispersion coefficients
by about 30% (see Tsvang et al.,1978, for an exhaustive examination of
the effects of sensor characteristics on spectra). Horizontal characteristics
are less affected in unstable conditions; however, it must be expected
that data obtained at night will be substantially influenced for all wind
components.

7. PBL DISPERSION

We have discussed how velocity standard deviations are related to
dispersion coefficients in the lower atmosphere, and we have investigated
selected alternative descriptions of the relationships with external
variables such as surface fluxes and atmospheric stability. The
presentation has been designed to show the extent of existing knowledge
concerning the height and stability dependencies of PBL turbulence, and
to emphasize the dangers that exist in the use of poorly selected
dimensionless properties. In particular, the data show that daytime vertical
dispersion in the mixed layer is almost entirely controlled by convection,
so that scaling by the PBL convective scaling velocity w is especially
appropriate. Above the SBL, there is no detectable role of surface friction
in this particular instance. The limits normally associated with free
convection appear to be readily attainable, and a can be scaled accordingly.
However, horizontal velocity fluctuations retain 5 memory of their tight link
with the downward momentum flux.

This is in agreement with an attractively simple physical picture of mixed
layer behavior. The convective lower troposphere behaves as a well-mixed
slab of air, moving at a mean velocity determined by its two boundary
constraints: large-scale flow aloft and surface friction below. Within
this " slab," vertical mixing is a consequence of buoyancy which acts
without much influence of the texture of the underlying surface.
Momentum is easily transferred through this well-mixed layer; the concept
of free convection carries with it no requirement for velocities to be
very low, but only for convection to proceed without awareness of the mean
flow of the fluid in which it is occurring.

The simple limit expressed by Eq. 4.11 for strongly unstable conditions
leads to an equivalently simple relationship for the near-field crosswind
dispersion coefficient 0

0 (*}0 * f'

where C is the friction coefficient (u,.ju; the square root of the more
7familiar drag coefficient) that relates the surface friction velocity to

the wind speed at the height of interest above the SBL. Likewise, the
relationship between the vertical velocity standard deviation and the
PBL convective scaling velocity (as evident in Table 4) can be re-arranged
to show that the vertical dispersion coefficient o also depends on the
friction coefficient, and on the PBL stability z /gL as well:

g
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_= 0.65 C . (-z /L)I (7.2)" o g g

Thus, in order to evaluate near-field Gaussian plume dispersion
coefficients in any of their various forms, it is necessary to determine

- the friction coefficient appropriate for the height of interest, and to
evaluate the stability parameter z./L. Note that the height dependence
3 contained solely within C , whereas the stability affects both Cg and

g
(-z./L). Note also that the height variability of C largely occurs withing
the*SBL, the lowest 5 to 10% of the mixed layer. Evaluation of the
dispersion coefficients therefore reverts to an analysis of SBL observations "

in order to evaluate L,' estimation of the depth o.' the mixed layer z. ,
and determination of the mixed layer friction coefficient C from theg
knowledge of surface roughness and stability.

8. INTERPRETATION OF TOWER DATA

8.1 Evaluating L from Surface Tower Data

Three factors impose severe limits on our ability to deduce accurate values
of the Monin-Obukhov length scale from tower observations of wind and
temperature. gradients. First, the flux- gradient relationships that must
be utilized in any such procedure are applicable only in steady-state,
horizontally homogenous conditions, with negligible local variation in
vertical fluxes or in any of the properties that might influence them.
The magnitude of errors introduced as a consequence of departures from
these ideal circumstances are largely unknown. Second, all data must
be obtained at heights sufficiently far above the surface to be above
the level of influence of individual surface roughness elements, while
below a height typically 0.5% of the uniform upwind " fetch." (The size
and effect of errors arising from poor site selection have not yet been
addressed here.) Third, the uppermost level of tower measurement must
be within the surface boundary layer, which is. typically the lowest 5 to

~

10% of the convectively mixed layet.

These arguments suggest that it is wise to select observation' sites with
great care, and .to make gradient measurements (for example) over as small'
a vertical interval as can be accomplished with the required accuracy.
using available equipment. -However, a competing desire for data ~ indicative
of a_ wide area rather that some selected surface that may not-be represent-
ative of the area as a whole must also be acknowledged. For this last
reason, gradients are sometimes measured to_ heights well above the levels

. typical of careful micrometeorological work. It is required,'therefore,"

to use these less-than perfect data to deduce the meteorological-fluxes
that lead directly to a determination'of-L. In this case, there is.no.

alternative but to apply micrometeorological flux gradient. relations-
(e.g. as recommended by Irwin and Binkowski,t1981), even though it must
be-anticipated that the basic data will rarely.be obtained in.the manner
that is essential for' accurate calculations. In part, this is a' blessing,-

~

since it means that we need not be.too concerned with the details of-
differences between alternative sets of flux-gradient relations, or similar
fine points that'are likely to be-of great interest in other circumstances.
We proceed, therefore,; on the assumption that. a. limited set ~of perfect-

'

'
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data is available. As a minimum, this set will include observations of
velocity and temperature at 10 m height, and velocity.and temperature
differences between 10 m and some greater height,.often 30 or 60 m.
Wherever possible, however, the analysis procedures will be selected to
minimize the magnitude of possible' errors associated with data inadequacies.

Dyer (1965) presents a conveniently simple.yet well-founded method for
evaluating sensible heat fluxes (H) from potential temperature gradients

~(de/dz), without the need for extensive application of flux-gradient
relations. The method is an application of surface boundary layer free
convection theory, which results in a direct relationship between H,
(dO/dz), the buoyancy paramenter..(g/0), and the height above the surface
z, in conditions in which convection is unaffected by the friction
velocity:

H/(pc ) = H,(g/0)l/2 (de/dz)3/2 2 (8.1)7
p

The dimensionless empirical constant H,is 1.32 1 0.06. Substitution of

finite-difference values z1 = 10 m, z = 30 m (or alternatively 60 m),2
withtheeffectivegvelofapplicationtakentobethegeometricmean
height z = (z .z ) , Eq. 8.1 simplifies to the convenient formy 2

H/(pc ) = 0.86(0(10) --0(30))3/2

or alternatively

H/(pe ) = 0.49(0(10)' - 0(60))3/2 (8.2)p

Eqs. 8.2 were tested by Dyer, using data obtained in the surface
boundary layer (of constant flux with height), for potential temperatures
measured between 1 and 4 m, in which case the numerical constant was about-
0.19. The relationship was found to provide an excellent determination
of the sensible heat flux provided z/L < -0.2, with somewhat worse performance _
nearer neutral. In the application of main interest here, daytime
instabilities at geometric mean heights above 20 m will almost.always
permit Eq. 8.2 to be applied'with confidence that thelstability;
constraint is satisfied. In the-stability range _-0.2:< z/L < 0,
conditions are sufficiently near neutral that errors arising from the
inappropriate application of Eqs.'8.2 are likelyLto have little
practical consequence,

j- Determination of the Monin-Obukhov length scale.L also_ requires knowledge
of the friction velocity,;u . 'The usual method of evaluating this quantity-g
from wind and. temperature gradient' data is to! apply micrometeorological.
flux-gradient relations such as those listed earlier |(see'Eq. 4.4 and

'4.5) and to iterate on L'if necessary. The assumption is made~that-
~

both-tower levels.of_ velocity.and temperature measurement are within a
- constant . flux layer -in-equilibrium with the surface. ' Basing the analysis
on velocity and temperture differences maximizes the sensitivity to_ errors
arising from site imperfections: and surface irregularities. 'Thus it is

.preferablF jo avoid this technique whenever the nicrometeorological quality-
of-the site or theJdata is not assured.-- In the-case of the temperature-
data considered above,~the matter is sidestepped ~by using free: convection

,
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relationships that require no velocity information. In the case of the
friction velocity, the sensitivity to errors can be minimized by using
friction coefficient relationships applied to single velocity measurement
at the lowest level. In this way, the sensitivity to errors in evaluating
stability is considerably reduced, and the possibility of propagating
errors arising from incorrect gradient data is completely avoided.

~

Table 2 lists the roughness lengths associated with a wide range of
natural surfaces. Since this quantitsj appears in a logarithmic term in
the determination of Cg (see Eq. 4.4) finer resolution and greater
accuracy are probably not required. Care should be taken, however, to
use a value of the roughness length that is appropriate for the height
of the wind data being interpreted. The value should be an average over
an upwind distance extending out to about 100 times the height of
observation.

The recommended procedure is as follows:

(1) Evaluate 11 from the potential temperature gradient data,
using Eqs. 8.1 or 8.2.

(2) Estimate u, from the wind speed measured at 10 m (or
below), using a friction coefficient derived as u.,,/u from
Eq. 4.4 by assuming some likely value for u. (say 10%g
of the wind speed) to make a first estimate of L.

(3) Iterate on u. until satisfactory convergence is achieved.g
In practice, it has been found that any of the usual schemes
for guiding the iteration procedure will produce rapid
convergence.

Since the sensible heat flux and the friction velocity are uniquely
determined by the temperature gradient and the wind speed, it is
possible (and very convenient) to produce graphs or tables relating the
two sets of quantities. For any given roughness length and height of
observation, the stability property z/L is determined by the bulk
Richardson number

2
Ri = (zg/0)-(0(z ) - 0(z ))/u (8.3)

b 2 y

(see Irwin and Binkowski, 1981). Once z/L is known, subsequent steps
are relatively straightforward.

At alternative procedure relates z/L directly to the unstable gradient
Richardson number, evaluated at

~ *l)-(0(z ) - 0(z ))/(u(z ) ~ "(*1)) (8.4)Ri = (g/0)-(z
2 y 22

In this way, the need for estimating the surface roughness length is>>

avoided, but much greater importance is associated with the meteorological
quality of the site because of the need to employ velocity differences
rather than the velocities themse.lvch.
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8.2 Estimating C for the Mixed Layerg

Considerable attention has been paid by experimentalists and modelers
alike to the question of turbulence and turbulent fluxes in the planetary
boundary layer. The matter of mean flow conditions remains less well
understood. To a considerable extent, this relatively poor understanding
is a consequence of the lack of suitable instrumentation by which wind
speeds aloft can be monitored over extensive periods. Most available
data comes from analyses of balloon ascents, which are essentially
" snapshots" of a highly turbulent layer of the atmosphere in which
relatively small mean gradients might be embedded.

One of the most extensive bodies of high quality PBL data is the "Wangara"
experiment reported by Clarke et al. (1971). This data _ set provides_an
extensive set of hourly balloon ascent data, extending over approximately
forty days. Analyses of these data have been limited somewhat by the lack
of a companion set of SBL data, especially on sensible heat and momentum
fluxes. Recently, a compilation of such data has been completed (Hicks,
1981). By combining the two sets of information, some improved information
on the variation of C with height and stability in the mixed layer can begobtained.

Figure 9 shows the stability dependence of the residual friction coefficient
derived directly from observations of wind speed at altitudes of.50,100,
500, and 1000 meters, and from friction coefficients obtained from completely
independent surface boundary layer data. Values of friction coefficients have
been grouped according to stability, expressed (for reasons of convenience in
showing the results)'as -1/L. Friction coefficients have'been. corrected for
the simple variation predicted by an extension of the neut ral-stability loga-
rithmic wind profile, so that the quantities that are plotted can.be viewed as
increments that would be appropriate if SBL' formulations were applicable through-
out the mixed layer in neutral stability. In fact, this procedure provides a
simple method for collapsing data at.the different heights into a single straight
line. To a first approximation, it seems adequate to assess the height variation
of the average mixed layer friction coefficient by means- of a simple logarithmic
form, 'and to impose an additive stability correction that is independent of height.
It must be emphasized that this procedure cannot be expected to apply well in the
surface boundary layer, where the accuracy _ and relevance of alternative relatiocs

.

is well known. The result is, intended to apply through'the bulk of the mixed
layer, above the SBL. It must also be noted that the value-of the'. roughness-
length used in deriving Figure 9 is-1 cm, which.is indicative of:the general--

area of-the Wangara central-site but not of the immediate vicinity of the
SBL tower's. These. considerations lead to a conveniently simple relationship ~.
for the friction coefficient as a function of altitude and stability:

Cg = k/ln((z-d)/z,):-'O.085/L- (8.5)

for L in meters. Several points about this. relationship'need to be
emphasized further. _ In particular, ~ it is an empirical expression-whose
relationships with theoretical and modeling'results; remains'to be
explored. Further, it omits z as a major controlling factor;,while this-
omission is likely-to be erroneous, the significance of the. assumption is
yet to be ascertained. ' Finally, the expression'is derived from'only one set--

- of: observations, and tests 'against other sets- of data must;be carried out.
-
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9. SUt1FIARY AND RECOMFtENDATIONS

tlany of the relationships advocated in published examinations of the roles
of stability and mixed-layer properties on turbulence in the PBL have
been adversely influenced by statistical interactions between variables.
An analysis of data structured to avoid such problems confirms that the
convective scaling velocity w,,, is an appropriate factor to consider in
formulations of vertical dispersion, but is less relevant in the case of
horizontal dispersion. In the surface boundary layer, which is the lower
5 to 10% of the mixed layer, conventional relationships appear to work
quite well, provided appropriate corrections are made for the effects of
statistical " contamination" referred to above.

The surface boundary layer properties H and u , are critical intermediatesg
in any evaluation of mixed layer dispersion. These terms can be derived
from tower observations, but considerable care must be taken with the
exposiire of the instruments, the quality of the site, and the interpretation
of gradient data. In general, vertical differences of any micrometeorological
quantity are greatest nearest the surface, and values obtained become
increasingly difficult to measure and interpret as height above the surface
increases.

Once H and ut. are known, mixed layer dispersion quantities can be estimated
by using relatively simple formulae involving the friction coefficient

Values of the friction coefficient can be derived f~m knowledge of [/L.
appropriate for the height of interest and the PBL stability index z.

he
surface roughness length and the Monin-Obukhov scale length, L. At
present, however, such methods remain fairly poorly understood, and the
simple relationships presented here should be used with some caution.

The step-by-step procedure that is recommended for unstable conditions
is as follows:

(1) Determine the roughness length by inspection of the
site and comparison with Table 2. The value used should
be appropriate for the surface that influences the observed
wind, and may be a function of wind direction if the site is
not horizontally uniform. The roughness length can be determined
in advance; it is not a rapidly varying quantity. All other
steps in this sequence require the use of time-evolving data.

(2) Determine the depth of the mixed layer, z., using either
some direct-measurement technique (sodar, lidar, radiosondes,
tethersondes, etc.) or some alternative parameterization scheme.
This quantity does not need to be evaluated with precision unless
it. is feared that plume rise might bring emissions into immediate
contact with the upper boundary of the mixed layer.

(3) Estimate the surface heat flux from tower potential
temperature gradients, using the free-convection approximation.

H/(pc ) = C(0(z ) - 0(z )) !
p 3 2
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where the constant C is about 0.86 for temperatures measured
at zy = 10 and z2 = 30 m, and 0.49 for measurements at 10 and
60 m (see Eqs. 8 1 and 8.2).

(4) Estimate the friction velocity from the wind speed measured
at 10 m height, using the roughness length evaluated in step
1 and assuming the applicability of the simplified friction
coefficient formulation given as Eq. 8.5:

u,= (ku)/In((z-d)/z ) - 0.085 u/L.g

Note that the Obukhov length scale L (in meters) is defined as

L = - u,30/kg(H/pc )
p

-2where the heat uux H is in W m , and where (H/pc ) is in
C m/s. P

Once an estimate of u, is obtained, it can be refined by iteration
or by application of the more precise micrometeorological
formulation expressed by Eq. 4.4, with stability corrections
introduced using Eq. 4.5. It should be emphasized that evaluation
of the friction velocity by interpretation of wind gradient data
obtained between typical levels (10 and 30 m, or 10 and 60 m)
is specifically not recommended, since this kind of analysis
requires site uniformity and data quality that are exceedingly
ra re . However, methods making use of the bulk Richardson number
(q.v. Eq. 8.3) have the special attraction that they permit
a direct evaluation of stability without the need for iteration.
The necessary relationships can be summarized in advance, in
tabular or graphical form, once the roughness characteristics
of the site are known.

1 After the sensible heat flux, the friction velocity, and the depth of the
mixed layer are evaluated, estimates of dispersion quantities can be
derived easily.

(5) Evaluate velocity standard deviations on the assumption
that SBL formulations apply at the altitude of interest, z.
Equations 4.11 and 4.12 provide the basis for evaluation.

* "*(2.5 - 1.6z/L) ; -z/L < 0.3u

o = u,(1.9 - 3.5z/L) ; -z/L < 0.3y

= 3.0u, ; -z/L > 0.3o =
u v

= 1.lu,(1 - 2z/L)1/3o
y

Here, the stability indices z/L and Ri have been assumed to be
equal in unstable stratification.
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(6) If z is greater than .:./10, then the estimate of the vertical
lv_elocity standard deviation derived -above should be replaced

by the PBL estimate based on convective scaling:

= 0.65(gHz /pe 0)l/3o g py

Note that o is a slowly-varying function of height and that
uncertainti5s about which formulation is best to apply near
the hand-over height between u,- and w,- scaling is unlikely

to have severe practical consequences.

(7) If angular dispersion' coefficients are required, then these
can be evaluated directly from estimates of the friction coefficient
appropriate for the altitude z:

Cf = k/in((z-d)/z,) - 0.085/L

0 = 3.Cf0

0 = (C /u,). o
4 g y

All of these relationships are derived _as empirical approximations to' -
boundary layer relationships that are still under development. .It must ,

be expected that considerable improvements will take' place as the quantity-
of high quality data expands. There are several circumstances in which
the approximations given here will probably prove to be inadequate. In
particular, over water the specification of roughness , length is known to -
be velocity dependent, and the stability index should then include an
evaporative component. In so-called complex _ terrain.(e.g. coastlines,

.

mountains, lakes, etc.), the present formulations are almost certainly_
deficient because they omit consideration of gross streamline modification-
due to the presence of individual surface features.

.

,b
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