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FOREWORD

The representative of the World Health Organization to the first session of the Commission for Aerology (Toronto, September 1953) expressed the
interest of his Organization in the meteorological aspects of atmospheric pollution. In the same year, the Commission for Agricultural Meteorology, at its
first session (Paris, November 1953) requested the president of the Commission
for Aerology to undertake a study of the diffusion mwater vapour in the lower
layers of the atmosphere (Recommendation 8 (CAgM-I)). This request was endorsed
by the Executive Committee of the World Meteorological Organization in Resolution 21 (EC-V).
To satisfy the needs of both the World Health Organization and the
Commission for Agricultural Meteorology, the then president of the Commission
for Aerology, Mr. J. Van Mieghem, established a working group composed of
Mr. C.H.B. Priestley (Australia - chairman), Mr. R.A. McCormick (U.S.A.) and
Mr. F. Pasquill (U.K.). The terms of reference of the working group called for
the preparation of a report comprising the following three chapters :
1.

A concise review of theoretical results on turbulent diffusion;

2.

A study of research to date on the diffusion
lower layers of the atmosphere;

3.

A study of atmospheric pollution in industrial regions.

of water vapour in the

At its second session (Paris, June-July 1957), the Commission for Aerology noted with satisfaction a report by Mr. Priestley on the progress achieved
by his group; the commission decided to re-establish the working group to enable it to complete the work it had undertaken (Resolution 7 (CAe-II)).
The present Technical Note represents the final report of the working
group. In presenting it to the reader, I have pleasure in expressing to the
authors the deep appreciation of the World Meteorological Organization for the
time and effort which they devoted to the preparation of this important document.

(D.A. Davies)
Secretary-General
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B Hli~HliX O~ORX aTMocwepH, TaK li E AliWWYSlili sarpRSHeHliR BOSAyxa
B npOMbllII~eHHbIX pallOHax.
paOO~ell

Bce r~aBH Ae~RTCR Ha paSAe~I TaKliM oopaSOM, yTOOH E~
HOBHll nOAXOA E perneHliID 3TOll npOO~eMbI paCOMaTpliB~OR OTAe~bHO. B
OOHOBHbIX pasAe~ax E~Oll r~aBH aBTOp llbITaeTOR 0Ae~aTb EB~liWli~li
pOBaHHbM OOSop COBpeMeHHOMY COOTORHliID tlaY~HbIX SHaHlill.
B r~aBax
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HanpaB~eHliR, B EOTOpOM paccMaTpliBaeMble sAecb SHaHliR MoryT
OHTb npliMeHeHH OnliObrnaIDTOR B npeA~oo~eAHeM pas~e~e E~Oll r~aBH.
nOc~eAHrrll pasAe~ E~Oll r~aBH nooBRilleH onrrcaHliID oOBpeMeHHbIX TpeooBaHlill li 0YAYillliX licc~eAOBaHlill; TaEliM oopaSOM Boe BMeOTe OHli KaE OH
COCTaB~JJIOT peEOMeHA~lili Ao~a,n;a. B paMEax Tex rpa~li~, EOTopble YCTaHOB~eHH CaMOll nprrpOAOll 3Toro npeAMeTa, noo~eAHlie paSAenbI MoryT
~liTaT:OCR KaK oTAe=HHe AOEYMeHTbI.
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TURBULENT DIFFUSION IN THE ATMOSPHERE

C HAP T E R

1

A CONCISE REVIEW OF THE THEORETICAL RESULTS
ON TURBULENT DIFFUSION

1.1

GENERAL DESIGN AND SCOPE

The interest in diffusion in a turbulent fluid is concerned with the
redistribution of the momentum, heat content and material content of the fluid,
and in the atmosphere these interests form into specific requirements such as
calculating the evaporation from a meadow or estimating the probability that a
"cloud seeding" agent will reach a suitable cloud layer in adequate concentration.

In this opening chapter to the report our object is to survey the general principles which have been established, or are undergoing development.
The subject of turbulence in a fluid and its effect on diffusion is very complex, and in the atmosphere the complexity is increased by the enormous range
in the geometrical scales of the motion, and by the frequently dominating effects of buoyancy variations. At this point we may note that any transport
process operating on greater "than the molecular scale requires to be embraced
by our title, though it may be appropriate to recognize the distinction between turbulence proper, which is essentially a random property, and "natural"
convection, which can exhibit a much more organized quality. Whatever the form
of the motion, the obscurity still surrounding its mechanics, and the statistical variations in its properties, are such that the general framework of
knowledge still leans heavily on observation.
The first steps toward the provision of a coherent system of understanding the effects of diffusion were made along classical lines, in the
sense of using a relation between the flux and gradient of a property. Despite
an early pioneering departure in G.I. Taylor's now famous paper on "Diffusion
by continuous movements", the "transfer theories" as they are commonly called,
have provided a mainstay for the treatment of atmospheric diffusion over the
last forty years. Accordingly the first major section of this chapter is devoted to an outline of the basis and limitations of the approach, and of the
important results which have been derived therefrom. However, with increasing
recognition of the shortcomings of the method, an alternative approach, stemming partly from Taylor's paper, has advanced rapidly over the last ten years,
though not as yet to the stage of replacing transfer theories in the ultimate
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practical applications. This alternative approach, which is the subject of the
third section of the chapter, is concerned with the statistical properties of
the turbulent (rather than the mean) motion, and in one of its latest branches
involves considerations of the distribution and transfer of turbulent energy.
However, the limitations still existing in exploiting the ideas of the statistical theories in the presence of atmospheric complexities are very considerable, and this is reflected in the restricted number of working formulae which
have so far sprung from the method.
Before leaving the introduction it is appropriate to recall that obvious practical limitations in length necessitate some selection of features
for emphasis in our review. There are a number of reference works now available, notably Sutton's book on micrometeorology (1953), Priestley and Sheppard's
contribution to the Royal Meteorological Society's "Reviews of Modern Meteorology" (1952) and more recently the chapter on atmospheric diffusion theories
in the booklet on Meteorology and Atomic Energy prepared by the United States
Weather Bureau. With this material available the major task of the present
chapter is to highlight the features which are of established value and the
issues on which vigorous progress is both desirable and practicable.

1.2

TRANSFER THEORIES
General features

The term "transfer theory" is here applied to all treatments which use
the simple linear relation between the flux, F, across a fixed surface, and
the gradient along the normal in the direction of the flux, in the form
F=_A dS =_pK{)s
In
In

In this expression s is the quantity per unit mass of the property undergoing
diffusion. The simplest possible intuitive justification for (1.1) in turbulent transfer is provided by analogy with molecular processes, such as conduction of heat in a solid with temperature inequalities, the usual "molecular"
transfer coefficients being replaced by the "Austausch" coefficient A or "eddy
diffusivi ty" K. In a more formal way the classical "model" treatments of Taylor
(1915) and Schmidt (1925), expressing the eddy flux in the form
( 1.2)
where v' and s' are anomalies in v (the velocity along the normal)
to (1.1) with

-

A
p

K = v'l ""-

and s, led
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The quantity, 1, with the dimensions of length, is the so-called "mixinglength" which in Prandtl's (1934) and vo n Karman's (1930) subsequent developments of the treatment is related to the geometry or mean properties of the
flow.
1.2.2

Physical limitations

There is no precise physical basis for the use of (1.1) as a description of the rate of turbulent transfer, though limited justification may be
found from statistical treatments of diffusion (see paragraph 1.3,1), and the
validity is normally judged from the degree of success achieved in understanding or predicting particular diffusion phenomena; Some of the outstanding
features and dlfficulties encountered in the development of the method are reviewed below.
Questions of scale have complicated matters from the beginning, when
work by Richardson (1926) and others revealed a wide variation in K according
as the geometrical dimensions and time scale of the diffusion process varied
from those of the local dispersion of smoke to those of the hemispheric distribution of disturbances in the general circulation of the atmosphere. This
led to the abandoning of the general idea of "Fickian" diffusion (constant K)
at an early stage, and to speculation on the variation of K in space and time,
but these extensions have not progressed greatly beyond the empirical stage,
apart from the well-known implications of the' quasi-constancy of vertical flux
(e.g. of momentum, heat, water vapour) over a limited depth of the atmosphere.
With this principle the form of the variation of K with hei~ht is immediately
given by observations of the corresponding vertical profile (of wind, temperature, humidity). Thus, in adiabatic condition, with the evidence overwhelmingly in favour of a logarithmic wind profile, K varies linearly with height above
ground. A notable explicit application of the latter result has been made by
Calder (1949), by adopting for the atmosphere the laboratory law for the drag,
To, of a plane surface, in the form

- tin z-d
U

=

- 1]
- oge-p k
Zo

Here u is the mean wind speed at height z, "d" is a zero-plane-displacement
which allows for the finite dimensions of the roughness elements above the
basic surface, and Zo is a length parameter characterizing the roughness of
the surface. The quantity, k, is von Karman's constant, which from laboratory
and field studies (for the latter see Sheppard (1947), Pasquill (1950) and
Rider (1954)) is approximately 0.4. Over a limited range of height in the atmosphere (probably of the order of 100 metres) the variation of the horizontal
shearing stress from the surface value may be neglected and from (1.3) and
(1.1) it then follows that the vertical component of eddy diffusivity for momentum is explicitly determined in the form
(K m ), = k

.rr:
VI'

Z

4

A CONCISE REVIEW OF THE THEORETICAL RESULTS ON TURBULENT DIFFUSION

It is implicit in the early development of the transfer theories that in the
atmosphere the eddy diffusivities are essentially the same for different properties, as long as these are sUfficiently conserved, and this has led to much
preoccupation with deducing Km from the known wind structure (as, for example,
through (1.4) and (1.3)) and using this as Kw or Kh (eddy diffusivities for
water vapour or other material, or for heat, respectively). Ertel (1942) and
Priestley and Swinbank (1947) have since re-examined the classical basis of
the "mixing-length" derivation, with recognition of an additional selective
transfer process due to buoyancy. Comprehensive evidence has yet to be accumulated but there is already enough (see Chapter 2) to show that equality of
Kh with either Kw or Km cannot generally be assumed.
Quite apart from the relative magnitudes of the eddy diffusivity, the
variation of the absolute magnitude of Km with the thermal stability in the
atmosphere is imperfectly understood. A notable empirically-based attempt to
make headway in this connexion has been made by Deacon (1949), who put forward
the following wind profile and corresponding diffusivity for the layer of constant horizontal shearing stress,

_ .Vrr:P k(1.-~) [(Z)'-~
]
Z;;
U

=

1.

. . rr:

Km=kv"p

1.

Zo

(Z)~
~

(1.6 )

where ~ > i for unstable conditions and < 1. for stable conditions. Experimental
support for the validity of (1.5) over grassland in moderately unstable conditions has been provided by Rider (1954), whereas in moderately stable conditions the earlier empirical expression for Km by Rossby and Montgomery (1935)
and Holzman (1943) appear more appropriate. In extreme stability, with turbulence strongly suppressed, formulations may be required which recognize molecular constraints. Correspondingly, with light winds and superadiabatic temperature gradients, mOre organized motions come to dominate the upward "diffusion" of heat (Priestley, 1954, 1957). The temperature profile and heat flux
relations then appear fairly well established, but uncertainty remains about
the laws of upward diffusion of water vapour and momentum if, indeed, the
latter has any significance.
Finally, applications of the "K treatments" are made with the implicit
assumption that, the near surface wind and diffusivity profiles apart, the
mean properties of flow are uniform in time and space. However, the diurnal
variations in particular are such that the use of mean values of diffusivities
and gradients requires caution. Moreover, in the problem of diffusion from
isolated sources in Which vertical spread is extensive, the effects of large
scale variations of wind velocity with height need to be considered. This issue has been treated formally by Lettau (1952) who demonstrates that the description of diffusion in terms of the usual differential equation (see equation (1.7)) requires an additional term for shear in the direction of the wind,
and the same principle is no doubt relevant in the G~ 5e of the crosswise shear,
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i.e. variation of wind direction with height, which occurs commonly in the atmosphere.
1.2.3

Results obtained by transfer theory

A brief account will now be given of the main cases which have been
treated, and of the more important solutions obtained, using the equation of
diffusion. In its general form this is written

ds = ~ (Kx iJS)
dt

Jx

Jx

+ ~ ('K y
Jy

(75)

Jy

+ ~ (K"
tlz

(7S)
Jz

where x, y, z are co-ordinates respectively along and across the mean wind
direction and vertically upward, and the subscripts identify the corresponding
components of K. A comprehensive account of solutions of the above equation
has been given by Sutton (1953), and no further reference seems necessary at
this point to problems of "Fickian" diffusion (~= Kv = Kz = constant) or to
those of the vertical transfer of heat and momentum with Kz varying as a power
of the height. In the case of the momentum problem - the approach to the geostrophic wind - a recent discussion has been given by Ellison (1956), using
the form in (1.4) for Km, and leading to a complete wind profile necessarily
reducing to the form in (1.3) near the ground. The very important cases of
evaporation from a plane surface are discussed in detail in Chapter 2, and
therefore need not be considered here.
In two-dimensional treatment the main focus of interest (apart from
evaporation) has been on the infinite crosswind line source continuously*
emitting airborne material at a rate Q g.cm- l sec-I. For this case, with the
source along the y-axis, equation (1.7) becomes with sufficient accuracy,
( 1.S)

where X is the concentration of suspended material in g.cm- 3 • An exact solution of this, for a source at ground level, was found by O.F.T. Roberts when

_ _ (z)m
Uz=Ul

~

n=1-m

where {Kz}l and ul refer to a fixed reference height zl.
for m - n + 2 > 0 (see Sutton, 1953, p. 281), is
X(x,z)

*

=

_~ [_

UI_ _

UII(S) (m-n+2)2Kl x

The solution,

valid

JS exp [_ (m-n+2)2K
ul zm-ll +_2-J
x
l

Instantaneous sources have been treated, but only for "Fickian" diffusion (see Sutton, 1953, p. 134), which is probably inapplicable to
most atmospheric problems. In any case it is in this sort of problem
that the description of diffusion by equations (l.l) and (1.7) is most
questionable.
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where
s

=

(m

+ l)/(m - n + 2).

A more general solution of (1.8), with the same wind and diffusivity
laws, but referring to an elevated infinite crosswind line source, has recently been obtained by Smith (1957a).
Equation (1.9) has been given explicit form by Calder (1949), by writing (1.4) for K and an approximate power law version of (1.3) for D, and shown
to give good agreement with the observed properties of the cloud from an infinite crosswind line source in adiabatic conditions at distances up to 1,000
metres from the source. For non-adiabatic conditions, Deacon (1949) applied
equations (1.5) and (1.6) and found reasonable agreement with available data
on short range diffusion in conditions of moderate instability. However, the
limited data in very unstable conditions did not support tne expression derived, and, as remarked in the previous section, (1.5) is in any case inadequate
in stable conditions. As well as being applicable only to a restricted range
of stability, it should also be remembered that the treatments imply level
ground with uniform surface roughness and absence of major obstacles over a
considerable area. It is to such ideal conditions that the agreement to within
a few per cent demonstrated by Calder in fact applies. In many circumstances
of practical interest the conditions will be far from ideal and calculated
concentrations· may easily be in error by a factor of two or more. Finally, it
is noteworthy that practical interest in these solutions is often actually in
relation to point source problems, since the expression for the concentration
from a point source of Q g.sec- l , integrated along the normal to the wind, is
identical with that for the concentration at the same distance from qn infinite crosswind line source of Q g.sec- l em-I. Hence, in many cases, the line
source solution is valuable in estimating the average distribution downwind of
a point source.
In the treatment of the 3-dimensional problem the classical developments are due to Roberts (1923), who derived a solution for"Fickian"diffusion
from an instantaneous point source in the form
X(x,y,z,t)

Q
= 8(TrKt)3"

exp

(-r')
4Kt

(1. 9a)

°

and r is the
where Q is the quantity of matter generated at a point at t =
distance from the centre of the ensuing spherical cloud. Roberts integrated
this solution to give formulae for continuous oint and line sources and generalized it for anisotropic diffusion
Kx
K
Kz ). More recently equation
(1.9a) has been integrated by Kellogg (1956) to give a formula for an instantaneous volume source having initially a uniform distribution of material.
Bearing in mind the generally "non-Fickian" nature of atmospheric diffusion the formulae based on (1.9a) should not be regarded as anything more
than working formulae, to be used cautiously in the absence of more realistic
solutions •. The core of the 3-dimensional problem is the solution of equation
(1.7) with the K's appropriate functions of position. For the continuous point

A CONCISE REVIEW OF THE THEORETICAL RESULTS ON TURBULENT DIFFUSION
source it is permissible to neglect the first term
to simplify

the term

on the left-hand s ide to u:
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on the right-hand side and

;~. Even then the treatment

has been fraught with great complexity in two respects, firstly in the purely
mathematical difficulty of obtaining the solution for general forms of Kz and
Ky (see Sutton, 1953, p. 283) and secondly in the problem of defining Ky with
some physical relevance to flow in the atmosphere. These difficulties are
evaded in Sutton's applications of the statistical theory (see paragraph 1.3.2),
and in Calder's (1952) empirical extension of the foregoing two-dimensional
treatment, by assuming that the solution is of the same functional form and
differs merely in containing the appropriate eddy component. However with regard to the first difficulty significant progress has recently been made by
Smith (1957a) in obtaining an exact solution for the standard deviation in the
crosswind distribution, from a ground level point source, with !(. as above and
K y varying as zn+u. In its general form this solution is expressed as a rapidly convergent series which usually requires no more than eight terms for high
accuracy in the evaluation. Furthermore, the solution can be simplified for
special values of nand Il. Smith has also generalized the solution to the
case of the elevated point source, for the distribution of concentration at
ground level, and is able to give a complete solution (distribution at all
heights) on the assumption that the crosswind distribution always hm a Gaussian
form. As regards the specification of Ky in a physically satisfying fashion
there is as yet no corresponding improvement in the situation. The "statistical
theories" of turbulence, which form the subject of the next section of this
chapter, all point firmly to the idea that if diffusion must be described by
the flux equation (1.1), then in general Ky will have to be regarded as a function of the distance from the point source. Moreover, these fundamental difficulties are increased when, at larger distances, the vertical diffusion extends
through a layer in which there may be substantial crosswind shear.

1.3

STATISTICAL THEORIES

1.3.1

Taylor's approach - the "one particle" analysis
The foundation of one of the two main branches of the statistical type
of treatment is in a pioneering analysis made by G.I. Taylor in 1921. If particles are considered to be introduced at a fixed point in a turbulent fluid,
Taylor's result states that the mean square deviation X' of particles from the
centre of gravity in the direction of the eddy motion, at a time t after release, is given by

-r
t

dX' = 2 (u')'
._.
dt

•

R~dE

( 1.20)

o

In this expression u' is the turbulent component of velocity in the direction
involved and R~ is the correlation coefficient between the velocities of a
typical particle at instants E apart. R~ is thus a Lagrangian coefficient of
correlation. The correctness of this relation has been physically demonstrated
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by Edinger (1952), in a short series of measurements of the scattering of soap
bubbles by small-scale atmospheric turbulence in an isothermal layer at a
height of 1,000 feet.
In general, however, the application of (1.20) to the atmosphere must
be made with great care on account of the basic assumption that (U')2 is constant. This is clearly not true in the case of the lower atmosphere where the
turbulent components vary systematically with height above the ground. A relevant treatment of diffusion in shear flow has been given by Batchelor and
Townsend (1956) but this is restricted to the simpler case of small diffusion
times, and even here the application to atmospheric flow has yet to be properly considered. A more subtle difficulty lies in the systematic variation of
the properties of the flow with the time or space interval over which they are
sampled, a variation which arises from the wide frequency range in the spectrum of atmospheric turbulence. The effect on such quantities as (U')2 has long
been recognized; Deacon (see Priestley, 1951) and others have shown that the
correlation and spectrum functions are also dependent on the duration of the
record and a formal analysis has been given by Ogura (1957).
It is noteworthy that Taylor's original treatment has been extended by
Batchelor (1949), and this later analysis gives emphasis to a number of features which are very relevant to the atmospheric problem. Firstly, Batchelor
draws attention to the two distinct aspects of diffusion, that relevant to
axes which are fixed independently of the particle distribution, and that relative to axes which move with the (centre of mass of the) particles. The analysis considered in this section is applicable to the first (e.g. the fixed
continuous point source) but only to the second aspect (e.g. the diffusing
cluster) in the special case when the scale of turbulence is small compared
with the dimensions over which the particles are spread. Secondly the applicability of the transfer relation in equation (1.1) is clarified for homogeneous turbulence, in that it is shown to be valid, with K initially increasing
with t (or x) and eventually becoming constant, if the probability distribution of the particles is normal. The essential point here is that with the
latter condition we may write
K

= •

dX

, dt

t

2
=

(u')2!R dE
'

( 1.21)

o

As the atmosphere may have a reasonable approach to homogeneity

in its turbulence away from the boundary and air-mass or thermal discontinuities, the result has an obvious practical bearing and revives interest in the application
of the classical "Fickian" treatment. Finally, the dispersion of the particles
is written in terms of the spectrum of kinetic energy of the particles (the
Lagrangian spectrum) and the increasing dominance of the effect of the slower
oscillations as the diffusion time increases is demonstrated.
1.3.2

The application of Taylor's approach in working formulae
In equation (1.20) the quantity (U')2 can be measured or estimated,
proper attention being required as regard averaging time, and the fixed continuous source type of problem is completely specified by a knowledge of

R,.
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In limiting cases when R~ is unity and zero, i.e. at very short and very long
times (or distances from the source), it follows from (1.20) that

x' =

(u'f t'

for small t

cons t.

for large t

( 1.22)

t

X' = (u'J't

J R~dE +
o

These simple linear and parabolic laws for the dispersion would obviously be
of great practical interest if the ranges of applicability could be more closely defined than hitherto (see later). However, as remarked by Batchelor (1949)
it may be that in those aspects of atmospheric turbulence which have a wide
range of frequencies (the horizontal components are specially relevant here)
the approach of R~ to zero will not be effective within practical intervals of
time.

Apart from the limiting cases above, the full exploitation of (1.20)
requires a knowledge of R~ as a function of time and the difficulties of measuring R< have resulted in much conjecture about its form. The most productive
treatment in the latter respect~ that due to O.G. Sutton (1932), who put forward the form R~ = (auE)-n where a is a constant and a dimensionless parameter
of turbulence. In a subsequent paper (1934) he replaced the above form with
the more elaborate
R

(
v
<= v + (u'J'E

)n

(1.24)

v being the kinematic viscosity, which from (1.21) led to a form for Kz which
was justified by deriving through (1.1) an explicitly correct expression for
the drag of a smooth surface. The derivation can be extended to the more relevant case for the atmosphere, in which the flow is almost always of the "aerodynamically

rough"

type,

by writing

F; for v,.
Vr;

Zo'

where

Tn

and zo

have the

meaning used in (1.3). These absolute forms for Kz may be used in the solutions for the infinite crosswind line source in equation (1.9), and form the
basis of the two-dimensional treatment of evaporation discussed in the following chapter.
However, a more widely used development from (1.24) follows from substitution in (1.20) to give expressions of the form

where Cx is a so-called virtual diffusion coefficient of dimensions (length)n/~
with corresponding expressions for the other components of spread involving
coefficients Cy, Cz •
The assumption of Gaussian distributions and the satisfying of appropriate boundary and continuity conditions leads (Sutton, 1947a,p. 266 and 1953,
p. 287) to well-known diffusion formulae listed below :
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Instantaneous point source of Q g.

Continuous point Source of Q g.sec- l at ground level.
(1.26)

Continuous infinite line source,
ground level.

x(x,z) ~ TI2C
, 2Ql
UX
z

along y-axis,

'n expo [C 2x
2

(The factor 2 in the numerators of (1.26)
at the ground.)

z

of Q g.sec- l cm- l

r-.]

and (1.27)

at

( 1.27)

allows for "reflection"

The quantities Cy and Cz are given explicit form by Sutton in terms of
measurable or known properties, including v, or more properly for the atmo-

spheric cases zo~ (Sutton, 1949). However, in view of the difficulties involved in measurements or estimations for individual cases, and in view of the
implicit restriction to vertical diffusion in adiabatic conditions, the tendency has been to use "standard" values of C which have been given the extra
support of empirical confirmation. Alternatively, in many recent applications
observations of diffusion have been expressed, through (1.26) and (1.27), in
terms of the parameters C and n, which thus take on the form of adjustable
constants. For the distribution at hundreds of metres downwind of sources in
near-adiabatic conditions, when averaged over periods of a
minutes, Cy and
Cz may confidently be taken as approximately 0.21 and 0.12 ml 8 respectively,
with n = 1/4. However, quite apart from the variations of C with atmospheric
stability, for a discussion of which see Sutton (1947b) and "Meteorology and
Atomic Energy", Chapter 4, there is increasing recognition that for widely
different averaging times Cy in particular may change appreciably, while when
heights of more than a few tens of feet are involved in the diffusion process,
for example in the extension (Sutton, 1947b) to the elevated source problem,
different values may be required for the parameters (e.g. see Stewart et al.,
1954, and Meade and Pasquill, 1957).
-----

fei

It is noteworthy that Frenkiel (1952a) has proposed an equation corresponding to equation \1.25a), but written directly in terms of the variance
of the particle spread (X2 in our notation), and has integrated the expression
to give formulae for a continuous point source in the limiting conditions represented in equations (1.22) and (1.23). Frenkiel (1952b) has also integrated
the same expression to give a formula for the instantaneous volume source.
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Other recent considerations of R,

Various other statements and developments relevant to the foregoing
type of statistical treatment have been made in recent years, notably by
Frenkiel, Inoue, Ogura and Brier. Frenkiel (1952a) has restated the essential
results and demonstrated the effects of various analytical forms of R,. In one
of several papers by Inoue (1950) the important problem of deducing the
Lagrangian correlation coefficient is tackled and the relation
( 1.28)
deduced for intermediate values of E, To being the life-time of the effectively largest "tourbillon" (eddy). The derivation is involved, and is essentially
restricted to the effects of the small scale structure of the motion (see remarks in next paragraph on "similarity theory"), and its application to atmospheric diffusion phenomena requires careful consideration.
In Ogura1s (1952a and b) discussion of the problem the vital point is
the statistical relationship between the velocities of the particles (the
Lagangrian properties) and the measurable special distribution of fluid velocity (the Eulerian properties). Since the development~ essentially intuitive,
and its convenient application involves the simplifying assumptions which can
be made about the small scale structure, the relevance to the atmospheric problems is a matter for clarification; nevertheless some of the ideas contained
here and in Inoue's work command attention and are undoubtedly pointers in the
right direction.
Brier's (1950) treatment represents a remarkable essay on the generalization of Taylor's approach. The analysis is in terms of discrete movements
(as compared with the continuous movements of the original treatment) but it
is notable in allowing for an initial separation of the particles and in replacing the original Lagrangian correlation coefficient by a generalized
Eulerian coefficient involving both space and time. The approach is difficult
theoretically, and at the present stages of experimental techniques in measuring correlations appears rather complex to apply in practice.
The relative motion of particles - the general problem and the special
application of "similarity theory"
The Taylor approach is concerned only with the statistica.l behaviour
of a single particle in the fluid, and is generally applicable to the fixed
continuous source type of problem. In this case the diffusion is initially determined by all "sizes" of eddies in proportion to their velocities, in practice up to a limit which is determined only by the period for which the source
is operated. A careful distinction has to be drawn between this type of problem and that involving the relative spread of the particles initially contained in a given volume of fluid (e.g. a spherical puff of smoke). In this
case it is clear that at any stage the growth of the cluster of particles will
be controlled by the components of turbulence with a length scale comparable
with the size of the cluster, while the larger scale features of the turbulence
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will merely affect the trajectory of the cluster as a whole. Thus, during the
life history of a diffusing cluster the rate of growth will be progressively
determined by an increasing scale of turbulence. This vital importance of the
scale effect in the relative diffusion of particles was realized in the remarkable pioneering paper by Richardson (1926).
Richardson's treatment was not directly in terms of concentration, but
involved a separation parameter, and brought into prominence a quantity
(IT--Jo)' where 10 and IT are an initial and subsequent (time T) separation of
a pair of particles when an average is taken over many pairs. The problem has
since been considered on similar terms, and more completely, by Batchelor
(1952)*. In this case the formal development of the treatment has proceeded
beyond the point reached by Richardson, in that functional forms for the rate
of change of the mean-square separation of a pair of particles have been deduced from the "similarity" hypotheses put forward by Kolmogoroff and others.
These consist of simplifying universal assumptions about the small scale structure of any turbulent motion, from which, merely by dimensional consideration,
certain properties of the turbulent motion can be predicted. For a detailed
discussion of the predictions which are relevant to diffusion problems and of
the restrictions in their application, reference should be made to the paper
previously cited or to a paper by Batchelor (1950) in which the applications
to atmospheric diffusion are specifically discussed. The essential result is
that for clusters which are much smaller than the energy-containing eddies the
rate of change of mean-square separation, y' say, is given by

dy '

cit

ex: t •

t» I"oiEa

( 1.30)

where 10 is the initial (vector) separation and E is the average rate of dissipation of energy per unit mass of fluid. A re-examination of data on the
spreading of smoke puffs has just been presented by Gifford (1957) and this
seems to provide the first real support for laws of the above functional form
in the atmosphere.
The existence of other treatments by Weizacker and Heisenberg (for a
summary of which see Priestley and Sheppard, 1952, p. 525) should be noted, in
that these take the first steps in quantitatively relating the "eddy viscosity"
of the motion to the form of the energy spectrum for the small scale structure.
The modern statistical treatments, especially those employing the simplifying
assumption of the "similarity theories" have also attracted much effort from
the Japanese school, of which the work by Inoue and Ogura has already been
mentioned.

*

A useful summary of this and other relevant aspects
work has been given by Batchelor and Townsend (1956).

of Batchelor's
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APPLICATIONS

It is implicit in the framework specified for our report that the present chapter, as is indicated in its title, is concerned primarily with the
general fundamental aspects of diffusion processes in the atmosphere. In the
succeeding Chapters 2 and 3 these general considerations are brought to bear
on the features of evaporation and atmospheric pollution, and the two most important directions of application are therein automatically covered. Apart
from what might be termed the "applications" to pure meteorology, namely in
problems of momentum, heat and vapour transfer on scales ranging from those of
showers to those of the general circulation, there are also one or two isolated and specialized lines which require to be noted in this chapter.
The need to keep the length of our report to reasonable limits, and
the desirability of highlighting those features which are not dealt with as a
matter of course in the standard meteorological literature, compels some discrimination at this point in regard to the meteorological aspects mentioned
above, and of these we will mention only two in particular. Firstly, there is
the direct application by several workers of the flux expression (1.2) in discussions of horizontal transfer on a global or continental scale. This is a
tool which tends to be somewhat laborious in use, but one which is capable of
providing useful insight into the mechanism of large scale transport. Then,
the Whole process of air-mass modification, being dependent on vertical transport of heat and water vapour from the surface through deep layers of the
atmosphere, offers scope for the quantitative application of transfer theories,
and indeed G.I. Taylor's pioneering paper of 1915 was inspired by one aspect
of this problem, namely the distribution of temperature set up in a warm air
current passing over a cold sea. Since then a number of contributions have
been made (see Priestley and Sheppard, 1952, p. 514) on related subjects.
Of the few miscellaneous aspects of application which are not otherwise dealt with in this report, probably that which is of most current interest
is the diffusion of cloud-seeding agents. Here the issue is essentially whether
or not seeding particles released conveniently from ground-level generators
can reach the cloud layers of interest in effective concentration, and at convenient and predictable distances from the generator sites. As the distances
and height involved are respectively of the order of 100 miles and 10,000 feet
the problem thus involves a knowledge of diffusion on a scale which has so far
been quite inadequately surveyed, and results of a general nature have yet to
be provided.
A second general process which clearly demands the application of
knowledge of diffusion is the transport of airborne solids over distances
ranging from miles to continental dimensions. Here we have botanical interests
(seeds and pollens), soil erosion problems and the large scale transport of
sea salt into arid regions. For the latter case the problem has been underlined in a recent comprehensive survey by Eriksson (1956) and probably constitutes one of the most important economic aspects of large scale atmospheric
transport.
Finally, no short list of applications would be complete without mentioning the problems of hazard arising from effluent and debris from atomic
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energy processes involved either in plants or in the testing of atomic devices.
In the former category the concern is with the local distribution of possibly
harmful concentrations of radioactive gases and a notable investigation aimed
at clarifying such features for a particular site is contained in the work of
Stewart et al., already mentioned. In the latter category diffusion processes
on a tropospheric-stratospheric scale control the world-wide distribution and
fall-out of radioactive particles. Some indication of the variety and complexity of the issues involved has been given in the summary report of a United
States committee on meteorological aspects of the effects of atomic radiation
(Anon 1956).

1.5

CURRENT NEEDS AND FUTURE INVESTIGATIONS

As seen in the earlier parts of this chapter the present theoretical
understanding of atmospheric diffusion phenomena depends on two separate but
frequently interwoven approaches. On the one hand there are the "working"
theories, which until recently have stemmed from transfer models plus experimental data, and which are an essential tool in all sorts of applied problems.
On the other hand there are the theories of a fundamental character Which, although not immediately useful in a practical sense, attempt to develop physical understanding and generality and in doing so can at least exercise a critical restraint on the employment of the "working" theories. Both approaches
stand in need of development at a number of points, and this final and in many
ways most important section of the present chapter is aimed at focussing attention on those points which seem more or less immediately amenable to treatment. For obvious reasons the discussion is divided into separate items, though
in many respects a close inter-relation will be evident.
The "transfer theory" approach to problems of vertical diffusion
Problems of vertical diffusion in the lowest few metres of the atmosphere may be handled satisfactorily on the whole by using a solution of the
classical two-dimensional equation of diffusion, with an eddy diffusivity, K,
proportional to zn, where z ~ height and the exponent n is usually near unity.
When deeper layers of the atmosphere are of interest, the foregoing variation
of K is unlikely to be generally valid with a single value of n, and the assumption of K constant with height is probably equally unacceptable. In practice, above the surface region in which K increases approximately linearly
with height, we may expect K to change with height in a variety of ways, according to the stability and dynamical conditions in the deeper layer involved.
Thus, in the absence of convection, or turbulence due to marked shear, we may
expect the effective K to falloff more or less rapidly in the first few
thousand feet. Alternatively, the stirring action of penetrative convection
might be equivalent to a K increasing or remaining constant with height, up to
the top of the convective layer, beyond which there would then be a decrease.
From the point of view of mathematical treatment the possible situations might
be generally specified by the idealized conditions
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(z <Z,)

(ii) K "" (Z2 - z)m
(iii) K = 0

(z

> Z2)

Solutions for the two-layer case represented by (i) and (iii), with
zl = z2' have been obtained by Rounds (1955), while Smith (1957b) has obtained
solutions for the case represented by (ii) and (iii) with zl = O. Smith has
also separately given a solution for the (i), (iii) case with zl = z2 and
n = 0, and has also made progress in the three-layer problem by obtaining a
solution for the case n = m = 1, z2 = 2z 1 • Further advance is required along
two lines, firstly in the consolidation and generalization of the mathematical
treatments and secondly in confirming or obtaining estimates of the height
limits zl and z2 and the exponents nand m.
1.5.2

Diffusion of matter in the absence of a definable transfer of momentum

The most satisfying applications of the 'K' treatment rely upon assuming identity in the eddy diffusivities for matter and momentum, and using a K
derived from theoretical or empirical knowledge of the transfer of momentum.
This device cannot be used when there is no easily definable transfer of momentum, as in the horizontal plane near the ground, or in any direction in the
atmosphere well away from the ground. In these cases it has been necessary
hitherto either to use crude empirical values of K, or to appeal to an analogy
with diffusion in the presence of a describable momentum transfer, a procedure
which is followed in the three-dimensional (point source) treatments enumerated previously, where simple relations between the vertical and horizontal diffusion parameters are implied. Neither basis can be regarded as generally acceptable, and the second device becomes particularly suspect, for example, in
the light of accumulating evidence on the differences between the energy spectra of the vertical and horizontal components (Panofsky and McCormick, 1954,
Webb, 1955). One obvious line of improvement would be to attempt to extract
more from the basic statistical approach initiated by G.I. Taylor, and two
suggestions as to how this might be done are offered below.
For values of time, t, over which the Lagrangian correlation coefficient, R"may be assumed not to depart greatly from unity, the spread of airborne particles released continuously from a fixed point is determined simply
by the intensity of the appropriate component of turbulence at the point of
release (see equation (1.22)). This has been recognized for a long time, but
the feature which has never been really clarified is the magnitude of t (or of
corresponding distance of travel) for which this most convenient assumption
can be made. There seems to have been an intuitive assumption that in all
cases of interest the limiting value of t will be substantially exceeded. However there is an indication from current work by Hay and Pasquill (1957) on
the diffusion from an elevated source of particles, that in processes controlled by the larger eddies R, ~ 1 might be an acceptable approximation for
longer times than has been thought hitherto. The position in this respect
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could be clarified by further studies of diffusive spread from a point, in relation to the magnitude of the turbulent components.
At greater values of t, for which R, becomes substantially less than
unity, it is possible that progress can be made by empirically relating R,
(either inferred from diffusion measurements, or measured from no-lift balloon
studies of the type recently conducted by Gifford (1955)), to the more easily
measurable Eulerian correlation coefficients. The process has been applied
with some success in wind tunnel studies of turbulent diffusion (Mickelsen,
1955).
Effect of stability on mixing processes
It is noteworthy that investigations on the lines mentioned in paragraph 1.5.2 above do not suffer from any original restrictions as regards
stability, and in this sense may provide enlightenment on this important feature of atmospheric flow. There are, in addition, two particular aspects of
stability influence for which it is suggested further' investigation might profitably be stimulated.
In problems of diffusion of momentum, heat and water vapour near the
ground, for which treatment by transfer theory has such a practical appeal,
there is considerable need for a more comprehensive description of the effect
of stability on the coefficients of transfer. The absence at present of any
usable formal treatment, based on the energy equations of eddying motion, emphasizes the continued dependence on careful experimental determinations of
the coefficients of transfer in various conditions of stability and roughness.
Experimental methods have reached a reasonable degree of perfection for measuring the drag, heat loss or water loss at the ground surface or the corresponding eddy fluxes at some height above ground (see Chapter 2), and these
should now be exploited as widely as possible.
With increasing interest in larger scale processes, both from the
point of view of diffusion of airborne material and the transport of momentum
and heat on a synoptic scale, it is important to put into perspective the r81e
of penetrative convection - the extreme result of instability. There has been
a tendency, which we have already attempted to counter in paragraph 1.5.1, to
regard vertical mixing as increasing, or at least remaining constant, indefinitely with increasing height. It is a more reasonable hypothesis, and one
that is certainly not easily refutable by available observational data, that
the maintenance of vertical mixing with increasing height in the troposphere
must be primarily dependent on penetrative convection, and that in the absence
of the latter process vertical mixing will tend to diminish with height. This
underlines the need for assembling data on the vertical extent of convection
(in this respect much is immediately available from routine upper-air data)
and for studies on the mechanism and form of the process. Analyses such as
those by Priestley and Ball (1955) on the ascent of buoyant masses, and by
Priestley (1955, 1957) on the properties of natural convection, are particularly relevant here. Moreover, although for some practical purposes it may still
be necessary to specify the rate of mixing in terms of a K, this is probably
the field of motion in which the classical concepts of transfer are the most
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artificial and misleading. The idea of a recognizable layer of gradually increasing depth (of diffused material) is probably quite unrealistic, and the
practical interest will be in the time taken for the material to be spread
uniformly over the depth of the convective layer - prior to this it is likely
to be distributed in a chaotic and virtually indescribable manner. There is
undoubtedly need to discriminate between the transfer produced by "diffusion"
and "convection" processes and an attempt to do so has recently been made by
Smith (1957b) in a "model" treatment which, although greatly idealized, shows
sufficient promise to warrant further development.
1.5.4

Effects of geometrical and time scales on diffusion

The idea that diffusion depends in an important way on the relation
between the volume occupied by the diffusing entity, and the "size" of the
eddies which are causing the diffusion, dates back to the earliest work by
LoF. Richardson. The provision of a description of this dependence on "scale"
has undoubtedly progressed in a formal way with the work of Batchelor (1952),
Heisenberg (1948a and b) and others, but some effective application to eddy
motion as it is in the atmosphere has yet to be made. Then again, the significance of the times over which the diffusion effect is averaged, though realized at an early stage (see Sutton, 1947) and given increased attention recently by a number of workers, has yet to be properly recognized in the formulae
for a point source.
For both of the above issues the problem reduces to the relation between diffusion and the shape of the energy spectrum of the turbulent motion,
and it is important here to reiterate the point that the rale of the spectrum
will differ according to the type of diffusion involved. Thus the diffusion of
a continuous release of airborne material will depend primarily on the low
wave-numbers. but for the diffusion of a single cluster or cloud, or for the
modification of the permanent fields of temperature and water vapour, a wider
range of relatively high wave-numbers must certainly be vitally concerned.
Development of the work along the lines of relating diffusion and
transport processes to the detailed structure of the motion is not only generally desirable as a long-term policy, but is essential for giving direction
and impetus to the medium scale applications already mentioned in the previous
section.

One hope for immediate progress in physical understanding lies with
the increasing interest in studying the "scale" of turbulence and the spectral
distribution of turbulent energy in atmospheric flow. Work such as that reported by Panofsky and McCormick (1954) on the properties of the spectra of
the horizontal and vertical components of turbulence at a height of 300 feet,
or by Webb (1955) on the relation between scale and spectrum and Richardson
number at lower heights, points the direction for further useful advance. For
completeness these studies require to be extended to several thousands of feet,
and the development and use of suitable balloon-borne measurements such as
those initiated recently by Jones and Butler (1957), and the exploitation of
the detail of pilot balloon measurements along lines recently used by Charnock
~. (1956) would appear to be very important issues.
Such measurements, if

18

A CONCISE REVIEW OF THE THEORETICAL RESULTS ON TURBULENT DIFFUSION

carried out sufficiently systematically, would soon provide an invaluable
background of statistical data on the variations with height of the turbulent
and convective motions. This would stimulate progress on fundamental problems
such as those stated in the latter part of paragraph 1.5.3, and provide a more
realistic guide than is at present available in making the applications of
paragraph 1.4.
With regard to observations of diffusion, there have yet to be obtained some good observations on the separation of two Or more "particles". These
are not easy .to obtain, but more might be achieved in this direction with "nolift" balloons, and the investigation might be combined with the "Lagrangian"
experiments recommended in paragraph 1.5.2. On the purely analytical side,
"similarity" theory has so far been considered to be applicable to this aspect
of diffusion, and crucial data would be of considerable value in assessing the
validity or otherwise of the application. The exclusion of diffusion from a
fixed source from treatment by similarity theory, on the grounds that such
diffusion is dominated by the low wave-numbers, is perhaps worthy of some reexamination. Certainly the "instantaneous" concentration in the plume from a
fixed source must be strongly dependent on eddies smaller than the plume itself
in effect a short section of the plume is a diffusing cluster in the
direction normal to the plume axis
and a knowledge of this instantaneous
concentration will no doubt be of some importance. This point was in effect
made by Batchelor (1950) with the suggestion that a limited averaging time
might be used, but the proper mathematical investigation then recognized as
necessary has yet to be carried out. The same considerations probably also apply, even to long time averages, in the case of the vertical diffusion from a
continuously emitting source at ground level, for it is a matter of general
experience that the vertical spread of such a plume is frequently not greatly
dependent on the time of averaging.

CHAPTER

2

AN ACCOUNT OF RESEARCH TO DATE ON THE DIFFUSION OF WATER VAPOUR
IN THE LOWER LAYERS

2.1

GENERAL INTRODUCTION AND SCOPE

The interest in the diffusion of water vapour in the lower layers lies
in its application to transfer problems, i.e. evaporation and dew. But though
these latter processes are in nature diffusive, the methods of diffusion do not
provide the only means of approach to them. From some points of view at least
they are more suitably treated from the principles of energy balance, or
through the techniques of actual measurement of water content of soil or directly through measurement of weight changes of small specimens.
However it lies outside our terms of reference to attempt a comprehensive report on evaporation and dew, which would be a major task in itself. Attention will here be centred on those treatments which are mechanistic and
which relate directly to the atmosphere rather than to the plant or soil, and
which accordingly deal, either implicitly or explicitly, with two factors :
(i)

The specific humidity,

q,

as a function

particular its vertical gradient

of space

and time,

and in

~~ (at times it is more convenient to

deal in terms of the absolute humidity or vapour concentration, X
p being the density).

~

pq,

The eddy diffusivity for water vapour, Kw• This is to some degree turbulent in character in nearly all instances of practical importance.

(ii)

The rate of upward transport

of water vapour

per unit area

is then given by

__ pKwJ}q of which the limit, as the surface is approached, must equal the eva'z

poration E. In most cases of practical concern
vapour between the surface and any low layer
ground) which we are considering is so small,

the rate of accumulation of
(up to several metres above

compared with E, that

_ pK wJq
dz

can be identified with E (Pasquill, 1949a). The scope of this chapter is therefore to report on those works, both theoretical and experimental, designed to
increase our knowledge of the properties and behaviour of q and Kw.
As noted in the first chapter of this report, some quite general treatments of atmospheric diffusion phenomena (Richardson, 1926; Batchelor and
Townsend, 1956) tend to point away from the simple concept of transport as a
product between a humidity gradient and a transfer coefficient dependent only
on position. However it may be some time before these reach the stage at which
they can usefUlly be applied to the special problem of this chapter.
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The most recent standard work on the subject is that of Sutton (1953).
In addition, a very detailed review has been given by Anderson, Anderson and
Marciano (1950), and some subsequent developments have been described in a review (Deacon, Priestley and Swinbank, 1956) prepared on a somewhat broader
basis £Or the UNESCO-Australia Symposium on Arid Zone Climatology. Little would
be achieved here by covering the same ground systematically, and we will be
content to pick out certain facets which illustrate the relative importance of
the different directions which are open for further effort at the present
time.

Methods of estimating the annual cycle of evaporation have recently
been reviewed by Budyko (1955). Here as elsewhere it becomes evident that the
evaporation over longer periods (more than a day or so) is more suitably approached through other than diffusion methods and so may be held to belong to
the field of interest of other working groups, on which we have no desire to
trespass. The diffusion methods attain their greatest value for the shortest
periods (fractions of a day), and the present report will be concerned with
this aspect, with rather brief comment as to the nature of the limitations
which are encountered as the time-scale is extended.

2.2

SOLUTION OF THE DIFFUSION EQUATION
The most general form of the diffusion equation is
dX =

dt

~ (Kx ddXX) + Jy
~

dX

as in equation (1.7) of Chapter 1.
solutions of this equation in one of
solute humidity, as a function of x,
evaporation can generally be derived
2.2.1

(KY

Jx) + ~dz (K' dX)
oy

{)z

(2.1)

Much effort has been concerned to find
its simplified forms yielding X, the aby, z and t; conclusions about the rate of
therefrom.

Evaporation into still air
In the steady-state, in still air, equation (2.1) reduces to
'V'X = 0

a familiar equation whose solutions relevant to the present problem have been
discussed by Jeffreys (1918). They are, however, of only slight importance in
the meteorological application. Conditions of no mean wind are rare and, during
daytime, would often be characterized by a regime of free convection for which
K , in particular, will increase with height. It would then be more appropriate
t; consider solutions of

~

oz

(K' ddzX) 0
=

the one-dimensional problem of evaporation to be discussed below.

(2.2)
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The one-dimensional problem

In the case just discussed, and also that of evaporation into a steady
wind where the nature of the surface can be regarded as uniform in all directions, so that lateral and advective influences can be ignored, the diffusion
equation reduces to (2.2). To solve the equation in terms of X one then requires to know the distribution of Kz with height, appropriate to the prevailing wind and stability conditions. A considerable body of knowledge as to the
behaviour of Kz is now available, but the approach by this route is rather
sterile because the X (z) distribution is in principle as easily determinable
(e.g. by direct measurement) as the Kz(z) distribution on which solutions of
(2.2) must be based. Nor does the approach, without further assumptions, yield
information about the rate of evaporation E, for (2.2) provides only that the
rate of vertical transfer is constant with height without indicating its absolute value.
In short, the one-dimensional problem is more suitably treated by
starting from the point where X (z) is supposed known, by direct measurement
or aerodynamic principles, rather than deduced from the diffusion equation.
This approach is fully discussed in paragraph 2.3 below.
2.2.3

The two-dimensional problem
The equation

for two-dimensional evaporation

into a steady wind U(z)

becomes
iJX

dt

+ U(z) dx
dX = ~ (Kx d X) + ~ (K' dJ)
,Ix
dx
dZ
dz

In the practical examples to which this equation is to be applied, the first
term on each side is smaller than the second, and the problem reduces to that
of the solution of
dX
i) (
dX)
U(z) dx = dz K, J~

(2.3)

Of the many attacks on this equation, some of great mathematical complexity, the most significant and widely applied are those of O.G. Sutton
(1934, 1953). Sutton employed the power-law wind profile
n

U(z) = U 1 (

),-n
Z;
z

(2.4)

and the conjugate power law
2(1-n)

I C( z ) oc z

2- ..

(2.5 )

which were derived, together with the constant of proportionality in (2.5),
from his postulated form of the Taylor correlation function R, (see Chapter 1),
together with the assumptions of constancy of shear stress with height and the
identity of the K's for matter and momentum.
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Boundary conditions, designed to represent a free liquid surface with
upwind edge at x ~ 0, were then introduced in the form
lim7...-+o X = XS for 0 L. x .L.. X o
lirnx-+o X = 0 for z
limz~<>o

>0

(2.6)

X = 0 for 0 L. x L.. X o

and the equation (2.3) solved for X. The total rate of evaporation, per unit
width of surface of length Xo downwind, was then deduced from the equation of
continuity
Xo

fEdx = fUxdz
o

0

2-n

=

A ui+ n

2

x~+n

(2.7)

where A is proportional to X,, the saturation concentration, and to a known
function of n. To maintain uniformity of notation in the present report, E is
here everywhere used to denote local rate of evaporation per unit area.
Under neutral conditions the value of n is 1/4 as follows from the approximation to the 1/7 power law wind profile observed over relatively smooth
surfaces and (2.7) then reduces to
'0

J E dx =

A

U~·78 X~·89

o

This special solution has been subjected to intensive wind tunnel
tests, notably by Lettau and Dorffel (1936) and Pasquill (1943) with satisfactory results with respect to both indices and of absolute values. On the small
scale in the open, measurements by Rohwer (1931), Ramdas (1947), and Penman
(1948) have shown that evaporation is proportional to a + bUl' where a and b
are constants. This covers all wind regimes and largely reflects the fact that,
in the lightest winds, there will still be appreciable evaporation resulting
from the vertical instability which accompanies this condition in the daytime.
Sutton's treatment was not designed for this condition. In moderate to strong
winds these field tests have not been sufficient in themselves to decide between (2.8) and a linear dependence on Dl; the same may be said of the dependence on x O •

The chief limitations of this treatment are then seen to reside in the
lack of generality and the present uncertainty concerning the scale factor,
here represented as x oO. 89 , under natural conditions. The basic theory can
only be held to apply to near-neutral conditions and to flow over smooth surfaces. Calder (1949) has generalized the theory to flow over rough surfaces,
and finds that the index of Ul should then become unity while that of Xo is
little affected. When the scale becomes sufficiently large, however, a discrepancy between theory and practice certainly arises because the former predicts a local rate of evaporation which diminishes steadily to zero whereas,
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e.g. over large lakes and oceans, it steadies off to a value which is far from
zero. The fundamental limitation is that the treatments are in essence nonenergetic. Far downwind from the upwind edge conditions steady off to those in
which insolation is, in general, providing daytime energy of which a major
fraction must inevitably go in evaporation. It is seen that these theories,
which satisfactorily allow for the progressive moistening of the air as it
moves over the water surface, will remain incomplete until they also take into
account the simultaneous temperature modification which is, in part, a consequence of the evaporation, and possibly also the modification to the wind profile which is likely to accompany such changes. The final state can be satisfactorily studied by the alternative methods of paragraph 2.3 but the transitionary problem still presents a major theoretical task.
For completeness, two other limitations should be noted. The method is
not suited to a natural, drying surface where conditions of saturation at z = 0
cannot be assumed; here, again, the methods of later sections are available.
Finally, the formulation assumes that the surroundings of the water are dry.
To overcome this point Sutton has proposed that the second and third of the
boundary conditions (2.6) be modified by replacing 0 by xo ' the (uniform) concentration in the air before it reaches the strip. This still implies that no
evaporation is in progress upwind of the leading edge, which will not generally be the case in nature. Here again we encounter the formidable problem of
treating the state which is transitionary between one evaporation regime and
another.
2.2.4

The three-dimensional problem

Where the evaporating area is limited in lateral extent,
be replaced by
U(z)

(}x
= ~ (K
dX
dy

Y

'h)
+() (K, (}x)
,ly
(}z

(}z

(2.3) should

(2.9)

The relations (2.4) and (2.5) could properly again be adopted, but little is
known about the proper form for Ky. Formal treatments have been given by
Davies (1947) assuming Ky to be represented as a power of z with the same index
as U(z), and by Tranter \1952) with I<y and Kz constant. Neither of these however can be considered to be realistlc, but progress recently made by F.B.
Smith (see Chapter 1) in an associated problem may also provide an opening
here.
Such work can therefore amount to little more than an interesting
mathematical exercise until factual knowledge about Ky is gained and set in an
-acceptable framework. Furthermore while noting the existence of the latter
need, in the limited context of evaporation it can be accorded, on grounds of
importance and the likelihood of useful advance, only rather a low place among
those to which present attention should be directed. The meteorologically important changes in evaporation are those which occur on a front which is wide
enough for sideways effects to play only a secondary role. The chief exception
is the problem of extrapolating from a small area, such as an evaporation tank,
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to a much larger one; but the attempt to do this purely from solutions of the
diffusion equation along the present lines of attack will suffer, and suffer
more seriously, from the same inadequacies as noted at the end of paragraph 2.2.3. More certain progress could be made by the experimental approach.
Ramdas (to be published) has studied the effect of surrounding a tank by a
ring of wet soil, and comparing with a similar tank without the ring. The ratio
of evaporation in the former to the latter case decreases at first as the
width of the ring increases, but becomes steadier at about 0.70 for rings of
20 ft or greater width. The validity of this result for other locations remains to be more widely tested, but it is significant that 0.70 is also advocated as the most suitable general factor for conversion from the standard
American Class A pan evaporation to the evaporation from lakes (Kohler et al.,
1955) •

2.3

THE AERODYNAMIC PROFILE APPROACH

Whereas the foregoing treatments leave the X-distribution to be inferred, an alternative approach is available in the special case where conditions are horizontally uniform. This assumes not only that Kw is governed by
the wind profile but that the humidity profile is likewise so governed, the
form of the relations being deduced from aerodynamic principles. The forms include certain variable parameters relating both to U and q which require to be
measured on the individual occasion, so that the approach represents a compromise between theory and experiment. Within this common pattern lie a considerable number of formulations which differ in points of detail, and whose relative merits on a priori grounds have been discussed by Anderson, Anderson
and Marciano (1950) and more briefly by Sutton (1953).
Starting from the wind profile for aerodynamically rough flow
1
0=-

k

yT Z
-log-p
Zo

(2.10)

where T is surface stress, k von Karman's constant, and Zo roughness length,
Thornthwaite and Holzman (1939) derived the expression
E

=

]{2

(Xl - X2) (0 2 -

0 1)

(2.11)

(loge ~)2
allowing the evaporation to be computed from measurements of humidity and wind
at two heights zl and 22' Equation (2.10) is applicable only to neutral stability, and the application of (2.11) to other conditions gives results which
actually vary in the wrong sense. An empirical correction proposed by Holzman
(1943) has given concordant results in other contexts (Deacon, 1955) in conditions ranging from slight inversion to moderate lapse. Recent work on heat
transfer under unstable conditions (Priestley, 1955, 1947) suggests that for
practical purposes the effect of stability may be ignored for 0.02 "'- -Ri;;", 0,
but beyond this a radically different regime prevails : the full implications
of this concerning the wind and humidity profiles have yet to be examined.
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Pending resolution of the full consequences of stability variations it
has appeared profitable to develop methods of use of (2.11) which minimize the
effects of stability variations. Since the effects of stability on the profile
are reduced as the surface is approached, Pasquill (1949b) advocates that zl
and z2 be measured as near to the surface as possible, whence in

( 2.12)

the term in large brackets is virtually constant for a site of fixed roughness.
This procedure, however, involves particularly accurate measurements of the
heights zl and z2 and correction for the zero-plane displacement, which in
turn requires more accurate and elaborate determination of the wind profile.
Furthermore, with a small height interval, the humidity differences are not
easy to measure. For a surface as rough as an oatfield, these requirements become almost prohibitive except for very elaborate and specialized studies
(Rider, 1954a), but under the less severe conditions of a clover field the accuracy of the method has been verified by Pasquill.
The difficulties have been relieved
Swinbank (1956) who reduce the formula to

to a great extent

E=csU~ Xl-~-!
U,- U ,

by Deacon

and

(2.13 )

where c s is the drag coefficient at height zs and is obtained from a series of
wind profile measurements in neutral conditions. If z can be made sufficiently low to be independent of stability effects, (2.13) will then apply under
all stabilities. For convenience zs and zl can then be identified, and z2
chosen sufficiently high to allow the quotient

a'
,

Xu'

to be obtained with ac-

1

curacy : this form of use does not require the heights to be measured.
The formulae of this section rely on the assumption that Kw is identical with Km, the eddy-viscosity. This has commonly been assumed because the
profiles of wind and humidity behave in closely similar fashion, but this has
been shown to be a highly treacherous argument (Priestley, 1952). However by
inferring Km from the wind profile and Kw from measured evaporation from small
pots, Pasquill (1949a) found that the two were in fact equal in neutral conditions, and also in unstable conditions provided the Deacon (1949, 1953) wind
profile was used in place of (2.10) as the basis for inferring Km• As described in paragraph 2.4, a number of direct measurements of Km and Kw have recently become available (Swinbank, 1955), again mainly in neutral and unstable
conditions. These fully support the assumption m equality (Deacon and Swinbank,
1956).
The formulae so far discussed are the most general and easiest to apply, but a number of variants have been put forward for the special case of an
open water surface. Here advantage may be taken of the fact that the value of
X at the surface may be supposed known from the surface temperature; on the
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other hand there arise difficulties connected with the precise character of
the flow very close indeed to the surface and the validity of the massmomentum exchange analogy in this region. Some of the formulae are highly complex and they are capable of widely diverging results. It appears that the
confusion which undoubtedly exists can only be resolved by experiment, and in
this respect the measurements of daily evaporation from Lake Hefner constitute
the most valuable body of data (Marciano and Harbeck, 1954). Only an early
formula by Sverdrup (1937) yielded results of comparable accuracy to Sutton's
formulae, though the Thornthwaite-Holzman formula was comparable on the average
but with greater individual scatter. Formulae by Millar (1937), Norris (1948),
and a later one by Sverdrup (1946) yielded values on the average more than
twice too large.
It is at wind speeds above about 5 mVsec, when the water surface becomes aerodynamically rough, that the divergence is most serious, formulae of
Norris and Sverdrup differing from that of Montgomery (1940) by a two to fourfold factor. The question has been fully discussed by Sverdrup (1951) but it
remains open, and must await further experimental evidence from the Lake Mead
project and perhaps the open oceans.

2.4

DIRECT MEASUREMENTS OF DIFFUSIVE TRANSFER. THE EDDY FLUCTUATION METHOD

If at a fixed point near the ground we use the symbols p , w, q to denote density, vertical velocity and specific humidity as functions of time,
the rate of evaporation per unit area is given by
( 2.14)
where the bar denotes the average over the time interval considered. Thus the
evaporation can be directly determined, free from the assumptions invoked in
the previous approaches, by the multiplication of simultaneous records of the
two quantities pw and q.
The principle of the method and the instrumentation necessary to measure pwand q with sufficient sensitivity have been described by Swinbank
(1951a and b); there are certain practical considerations which require to be
stressed. Using dashed symbols for departures from the average, we may separate
the evaporation into a "mass" flux and an "eddy" flux by

Because of difficulties associated with terrain and levelling, the first term
on the right may be spuriously measured. But the true value of the mass flux
has been shown in general to be small in the parallel problem of heat transfer
(Swinbank, 1955), from numerical considerations which apply with even greater
force to the vapour flux. Thus the need reduces to that of measurement of the
eddy flux. Apparatus must be of sufficient speed of response to register all
fluctuations contributing materially to the transfer and the evidence suggests
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that, at heights of about 2 metres under daytime conditions, instruments responding to eddies of period 1 second will be adequate; rather greater sensitivity is likely to be required at night, or in very strong winds, or at all
times at lower heights. At such heights as above, the period of averaging
should be at least five or ten minutes.
The demonstration that this approach is a practicable one seems certain
to open up a number of Rromising new avenues of vapour diffusion and evaporation study. So far its main exploitation (Swinbank, 1955) has been to build up
a considerable body of data concerning
Km and Kh , the corresponding coefficient for sensible heat. It has been shown that Kh substantially exceeds Km
at large (negative) Richardson numbers, whereas no significant difference between Km and Kw has emerged (Deacon and Swinbank, 1956). The usefulness of the
technique in a wider field of study depends on reducing the amount of labour
and the high element of specialized skill and care which are at present necessary both in the field measurements and the subsequent analysis. Taylor (1956)
reports good progress towards an automatic instrument giving evaporation over
periods of 10 to 30 minutes, extending to periods of several hours when external conditions are reasonably steady.

Kw,

Associated with its freedom from assumptions, the outstanding merit of
the eddy-fluctuation approach is that it permits a direct means of measurement
of evaporation from natural surfaces, without restriction in principle as to
type of terrain, height and nature of vegetative cover, etc.* The profile approaches described in paragraph 2.3 leave much room for speculation when applied to rough surfaces and over water they have proved capable of giving widely discrepant results. In the latter instance there has been a lack of experimental data capable of discriminating between them, for even the excellent information embodied in the Lake Hefner report was restricted to total daily
rates, so leaving the possible effect of stability in the diurnal cycle unresolved. One of the main services which the eddy fluctuation method should perform is to provide a tool capable of resolving questions of this type. We
should note here that, although the results so far are confined to land surfaces, current work offers promise that the technique may be extended to large
open water bodies in the foreseeable future.

ENERGY BALANCE APPROACH TO EVAPORATION

2.5

A precise determination of evaporation from any type of surface, wet
or partially dry, could be made if accurate knowledge were available of all
other factors contributing to the heat balance at the evaporating surface. This
method does not rest primarily on considerations of diffusion and we shall not
therefore attempt here to cover the evolution of this approach to evaporation;
*

In common with all other methods it does of course require that the
flow at the point of measurement be characteristic of the type of surface cover; this means that the same type of cover must extend upwind
for a certain distance, dependent on the height of the measurements.
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for this, reference may be made to text books (Sutton, 1953; Sverdrup ~.,
1946) or to the reviews referred to in paragraph 2.1. We shall be concerned
here with one particular aspect which is governed by diffusion and has come
prominently to the fore in recent years.
Knowledge of those factors in the energy balance which are most easily
measured provides, as the residual in the balance, the value not of the evaporation but of the sum of the heat used in evaporation and sensible heat transfer, H, or
--LE+H=LE(l+~)

where L is the latent heat of evaporation, and ~ is the ratio HVLE commonly
known as the Bowen ratio (Bowen, 1926). The direct measurement of H encounters
difficulties similar to the direct measurement of E itself, so that the energy
method leads to a value of E only when the total represented by (2.16) is known
from energy balance considerations and the value of the ratio ~ is also known.
In the last respect the problem relates back to that of diffusion of water
vapour and heat in the lower layers. We can write with assurance
{}S

H

Cp

Kb

{}z
L~=-=--oE
K {}q
w
{}z

where S is potential temperature and cp specific heat at constant pressure.
We may then, for practical purposes, replace the gradients by finite differences. Assuming that the gradients or differences are measured, the accuracy
. Kh
of the determination then rests on the knowledge of the ratlo y-.
'w
For many years it was assumed that the ratio must be unity. This view
was first seriously challenged by Ertel (1942) and by Priestley and Swinbank
(1947), who put forward reasons that the ratio should be substantially greater
under unstable conditions; and these are the conditions when evaporation tends
to be strongest. Pasquill (1949a) found evidence in support of this suggestion
but it remained for Swinbank (1955) to make a more conclusive test by direct
measurement and this established the inequality, at heights of 1 t metres and
upward, beyond reasonable doubt. Moreover a special analysis of Swinbank's heat
flux measurements (Priestley, 1955) and an elaboration of the theoretical background (Priestley, 1957) opens up the prospect of finding explicit, and relatively simple, expressions for the ratio ~~' and hence
gradients of potential temperature and wind speed.

~:'

in terms of the

Pending the consolidation of this latter work, there are circumstances
which allow the uncertainties about the Bowen ratio to be minimized in practical application.

~~

must certainly approach unity with decreasing height, so

that advantage is gained by measuring the gradient or differences in (2.17) as
close to the surface as practical considerations allow. Moreover so long as ~
is considerably less than unity, as is generally the case over water and over
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land in temperate climates, the derivation of E from the known total (2.16) is
subject to much smaller relative error than that of ~ itself. This virtue,
however, may be lost in contexts where accurate knowledge of E may be most
vital, for example in daytime evaporation in semi-arid regions.
The application of (2.17), or of the corresponding expression in terms
of finite differences, requires measurements of temperature and humidity at
two heights at least. One of these may be the surface itself and, in the case
of evaporation from a free water or saturated surface the relationship between
temperature and humidity may then be supposed known. The surface value of
humidity also appears in the constant multiplier of the alternative expression
(2.8), and of the corresponding linear expressions noted thereunder. By combining these two approaches Penman (1948) and Ferguson (1952) were able to
eliminate the surface values, and so estimate the evaporation in terms of variables measured at a single height. The estimates so obtained agree well with
the measurements from evaporation tanks and, with empirical correction factors
(Penman), from wet bare soil and turf areas of comparable size in Southern
England. The chief merit of this work is that it allows estimates to be made
from climatic data, which normally consists of values of the elements at screen
level only. However it is not applicable under dry conditions, since there is
then no unique relation between temperature and humidity at the surface; and
in general the method involves a number of approximations so that it does not
replace the more elaborate formulae or remove the need for more detailed measurements of the elements wherever possible.
It is clear that the energy balance represents the most fundamental
and secure of all the principles on which the estimation of evaporation may be
based, but care must be taken to allow for advection and for changes in storage in applications where these are significant. Fuller exploitation of the
Kh
approach rests on the final resolution, in exact terms, of the K ratio and,
w
secondly, on the wider availability of measurements of the quantities other
than E and H which enter into the balance equation. These may most conveniently be reduced to two, the net incoming (or outgoing) radiation and the heat
flux into the ground. Methods of measuring both these quantities directly and
relatively simply are available; their more widespread emplo~nent on a routine
basis would be a step towards the eventual preparation of representative maps
of regional evaporation.

2.6

APPLICATIONS

The whole of this chapter represents in essence an application. We
have been concerned about the extent of our knowledge of turbulence characteristics and diffusion processes in the lowest air layers, and have here applied
this knowledge to the problem of evaporation from natural surfaces. The further
application to problems in climatology, agriculture, water conservation and
irrigation, represents in general a relatively straightforward emplo~ent of
the most appropriate formula or approach from among those described above. The
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question which most commonly arises in practice is the choice as to which of
the alternatives is most appropriate, in view of limitations of data, and of
the amount of effort and accuracy justified by the application in hand, and
thus frequently devolves on considerations of expedience rather than science.
We shall review these applications, necessarily rather briefly, but it
is appropriate here to emphasize one which represents an application to meteorology itself. An air mass can undergo changes of total water content
through two processes only, precipitation and evaporation from the surface.
Evaporation becomes a prime factor in air mass modification, and progress in
t~e study of this last subject must rest on better knowledge of the total rate
of gain of moisture by the air from its interaction with the ground, and the
subsequent distribution of this moisture through the different air layers; the
first question has been the prime concern of this chapter, while the second
relates back to the problems of Chapter 1. Again the general and justified belief that the energy of atmospheric motions derives largely from phase changes
in the water constituent serves to underline the fundamental importance of
evaporation study.
Here we should note that many of the aerodynamic formulae to which reference was made in paragraph 2.3 involve derivatives of the profile which, on
the individual occasion in the field, are difficult to determine with sufficient accuracy. Since the use to which the meteorologist will put this information is itself only approximate, or is even only just entering the quantitative
stage, there is much to be said in favour of the simpler formulations of
Thornthwaite-Holzman or Pasquill, or the even simpler forms (Jacobs, Penman)
to which reference will be made below.
But aside from any question as to choice between alternative formulae,
the meteorologist concerned with synoptic problems is today aware of the need
to estimate rates of air mass modification (evaporation and heat exchange with
the ground) more quantitatively than hitherto. The research work described in
this chapter, together with parallel work on heat exchange, is very close to
achieving the position that these rates can be determined, with sufficient accuracy far the purpose here under discussion, provided only that data on gradients of wind, humidity and temperature near the surface are available. It is
the fact that these data are not generally available which at present represents a main barrier to the testing of these research results on the synoptic
scale and their introduction into synoptic practice.
Climatology
Evaporation has long held a place as an element in climatology, and
present trends towards a more physical approach to climatology have added prominence to its position. For maximum usefulness climatic formulae require to
be mechanistically sound, so that the discussion of previous sections has relevance to this application.
We are not here concerned with horizontal differences on small scales,
and the methods of paragraph 2.2 will accordingly have less relevance than
those of later sections. These latter are of ample accuracy for climatic purposes, but in this context they suffer from two severe practical limitations.
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The first and most serious is that the data on the elements incorporated in
the final formulae are available, at best, from only a very small number of
places. This represents a barrier to the working up of past data, but it need
not remain as a barrier for the future, and an acceptance of the recommendations of paragraph 2.7 would remove it. The second limitation is that the formulae are for the most part non-linear combinations of elements which are
themselves often inter-related; mean values of the elements inserted in the
formulae do not therefore in general provide the mean evaporation. The error
can be mitigated in the case of the diurnal cycle by giving very strong weight
to the values of the elements around midday, when most of the evaporation occurs, but it reappears when periods of a number of days are considered particularly where the climate is fickle.
Evaporation rate is dependent on water availability and soil and plant
factors and is not in itself a unique function or indicator of climate. This
has led Thornthwaite (1948) to the concept of potential evapotranspiration,
which may be most suitably defined (Anon., 1955) as the "rate of evaporation
from an extended surface of short green crop, actively growing, completely
shading the ground, of uniform height and not short of water". It is known
that in such conditions evaporation consumes the major part of the net radiation income. Variations in such other factors as heat flux into ground and air,
due for example to soil characteristics, can therefore affect the evaporation
but little. Subject therefore to no change in net radiation income, such as
might occur through changes in albedo, the potential evapotranspiration represents an element which is dependent on climate and climate alone. The concept
has been incorporated in world climatic maps (Meigs, 1953) and other more detailed maps on the world scale are in preparation (Thornthwaite). The technique
of measurement of potential evapotranspiration has been described in detail
(Mather, 1954) but it has not yet been converted to a formula of the mechanistic type of paragraph 2.3.
Because of the limitations of the formulae discussed above, and which
arise with potential as well as with actual evaporation, a number of workers
(de Martonne, 1926; Thornthwaite, 1948; Prescott, 1949) have been led to adopt
quite empiric relationships for evaporation in terms of the elements commonly
available in climatic summaries. A detailed discussion of their merits would
here be out of place; though they and other climatic indices undoubtedly have
uses in the regions for which they were des igned, their lack of principle makes
them prone to failure when transposed.
As a reasonable compromise between formula of the fully mechanistic
type and the simplest empirical relations we should note Penman's (1956) most
recent formula for tank evaporation,
E = 0.35 (co - ed) (0.5

+ U,f:100)

(2.18)

with experimental conversion factors for potential evapotranspiration (ibid,
Table 2). Here E is in mm/day, eo and ed are vapour pressures at the water
surface and at screen level in mm Hg, and U2 is wind speed at 2 metres in
miles per day. This type of formula has been applied to a wide range of problems, and follows a similar formula by Jacobs (1942) based on Sverdrup (1937)
for evaporation from the oceans. Jacobs form of the expression is :
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~

0.143 (eo-ca) Do

where e is here in millibars, U in metres/sec, and subscript ~ refers to a
height of 6 metres. Jacobs (1943) maps have proved of the utmost value in
identifying regions where energy exchanges and air mass modification are most
active.

2.6.2

Agriculture

Both actual and potential evaporation, and both the mechanistic and
the climatic aspects of the problem, are of relevance in application to agriculture. Transpiration is here the main concern, though there will still be
secondary interest in evaporation from bare soil and open water, e.g. in respect of irrigation. Penman (1956) has provided a recent review which it here
seems unnecessary to reiterate in detail, but it is a mark of importance that
even some of the coarser meteorological estimates of evaporation from land
surfaces appear to be more accurate than any available field method of measuring changes in soil water content. It is essential that there should be close
collaboration between research workers in physics, hydrology, biology and agronomy since the problem now becomes that of the diffusion of water through the
soil-pIa nt-atmosphere continuum. But the role of meteorology, as such, must
continue to lie in the consolidation of the methods outlined in foregoing paragraphs, with some emphasis on the development of the eddy-fluctuation method
of paragraph 2.4 since this alone is in principle free of limitations as to
soil, plant and atmospheric stability conditions.
More than in the climatic applications, the agricultural problem will
frequently be concerned with evaporation regimes which undergo considerable
changes in relatively short horizontal distances - neighbouring plots or fields
having different crops or water treatments. Here the transition problem is encountered in a practical form, and one might single out as of paramount importance the question how far downwind of a surface change one can obtain, within
known limits, a representative value of actual or of potential evaporation.
Sutton's approach, paragraph 2.2.3, here provides the only guide but several
objections to this have been noted and there has been no experimental test of
the distance factor, such as occurs in (2.8), on the appropriate scale. In semiarid areas this problem arises in a particularly acute form, both in assessing
the potentialities of irrigation and in planning the introduction of exotic
plant species.
The limitations of the concept of potential evaporation have yet to be
tested, and there is little knowledge of the evaporation regime with taller
crops or with row crops where a large fraction of the intervening soil area is
exposed.
Dew, the inverse process to evaporation, has received rather little
attention in the meteorological literature, presumably because it involves
only small amounts of energy and is of doubtful economic importance in the
more favoured climates. In the semi-arid regions it is possible that dewfall
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can constitute a significant contribution to the precipitation. Most methods
of measuring dew embody weighing or sampling devices (Duvdevani (1947);Hofmann
(1953); Jennings and Monteith (1954) and others reviewed by Masson (1956)),
and so do not primarily concern us here, except to note that any significant
distortion of the microstructure (temperature, humidity, or wind) due to the
device itself will reduce the observation from a quantitative to a purely comparative status. Further~it appears (Monteith, 1957) that copious deposits on
vegetation often result not from dewfall but from risen dew, or a process of
distillation from the soil to the leaf, and so represent no net gain of moisture to the plant-soil system. A theoretical framework based on the energy balance principle is now available (Drimmel, 1956) : this provides a formula for
dewfall from which vapour gradient has been eliminated, but which still requires knowledge of K, among other quantities. Satisfactory measurement of dewfall still presents a largely unsolved problem. The eddy-fluctuation method of
paragraph 2.4 is valid in principle, but will require greater sensitivity than
has so far been practised in order to register the reduced level of fluctuations. Many of the aerodynamic formulae of other sections may here break down
insofar as they are based on the assumption of fully rough flow which may become invalid in the light winds and strongly stable stratifications favourable
to dew formation. From dew deposits measured on short grass Angus (1956) infers
a Kw of 2.5 to 32 cm2/sec- l , compared with values some tenfold or more greater
under daytime light wind conditions and a molecular value of 0.2. These are
averages for the layer between the surface and screen level, and the molecular
value is very closely approached at the level of the plants themselves
(Monteith, 1955).

2.6.3

Other applications
Since the development and well-being of large areas of the world depend on their water balance, the practical importance of evaporation requires
no emphasis. Little further detail is required since the applications in general involve the straightforward use of methods discussed above rather than
the diversion of effort towards fresh problems. Among the problems arising in
water conservation for power and irrigation we shall list that of drawing up
the water balance for catchment areas, the estimation of evaporation from
existing reservoirs or from reservoirs planned but not yet in existence. Techniques for restricting evaporation by surface films have in recent years shown
encouraging results (Mansfield, 1955, 1956); the energy balance principle has
figured prominently in this development and imposes an ultimate limit to the
benefit, caused by the rise in surface temperature as evaporation is reduced.
Attention should also be drawn to the successful application of the PenmanFerguson approach to the lowering of evaporation from saline waters (Bonython,
1956): it is a symptom of the practical importance of evaporation studies
that this, one of the most promising approaches to the subject, has received
its impetus from workers in agriculture and chemical industry respectively.
The accumulation of salts in ground waters, and in particular the relation of
chloride content to that in precipitation, which have been recently reviewed
by Eriksson (1956) represent further applications of evaporation.
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CURRENT NEEDS AND FUTURE INVESTIGATIONS

On the theoretical side we have noted in passing particularly in paragraph 2.2, one or two respects in which there is scope for development and in
which more detailed treatments and solutions would be useful. The general picture of the subject however is one in which the formal side has been well and
soundly developed, to the extent in some contexts of running ahead of the
factual knowledge on which it requires to be based. We must stress in particular the shortage of sufficient sound experimental data on evaporation under
natural conditions, except at the smallest scale and under a still rather
limited range of conditions of stability. The last represents a special case
of the general lack of factual knowledge about the effects of stability on diffusion phenomena in general, which has been discussed in Chapter I andm which
attention must again be drawn in the present context.
The extension of experimental work on evaporation to the large scale,
retaining a proper measure of control, represents a major and expensive project
which can only be undertaken in rare instances. The results and the continuation of the Lake Mead-Lake Hefner studies are to be noted with satisfaction,
but there remains much scope for useful work on a smaller and more modest
scale. For example, on the question of the size of guard ring necessary to ensure, within known limits, a representative measure of "potential evapotranspiration" there still remains only one set of experiments, not fully reported,
from a single place (Ramdas, in press). As stressed in paragraph 2.5, this is
a question of the most urgent importance to the future of the semi-arid
regions.
In urging the need for present effort on the experimental side, particular attention must be drawn to the prospects opened up by the development of
the eddy-fluctuation technique of measurement. For the first time appears the
promise of obtaining reliable values of evaporation from natural surfaces, with
little restriction as to scale (except at the smallest, and least important,
scales) or to type of surface cover. It is to be hoped that every effort will
be brought to the further improvement of this tool, and to its exploitation
both in range of problems and extensively.
The eddy fluctuation method has in principle the same advantages for
measurement of evaporation from sea as from land. No results have been obtained as yet but successful measurements of momentum exchange by essentially the
same technique (Deacon, in preparation) offer promise for the future. This
would afford scope for consolidating the laws of transfer over the open ocean
and for examining coastal problems such as variations with fetch and depth.
While the above represent the directions in which effort could most
profitably be devoted towards improving our fundamental knowledge and understanding of the mechanics of the process, we should also bring to notice here
a number of respects in which the full exploitation of existing knowledge is
prevented because either
(i)

relatively simple information which is vital to the proper assessment
of evaporation is scarce or totally lacking; or
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existing data are not always available in the form in which they would
be most useful.

We have already noted the need for net radiation, which can be recorded where circumstances warrant, and otherwise should be measured by an inexpensive instrument (Suomi and Kuhn, 1958). Tre energy balance method also requires
a knowledge of the hydro lapse, or vertical gradient of specific humidity, and
the same element occupies a central place in the approaches of paragraphs 2.2
and 2.3. Only the measurement of evaporation by the eddy-fluctuation method is
independent of the hydrolapse in principle, and this method must inevitably
depend on knowledge of the hydrolapse for its full extensive exploitation. The
need for widespread factual information about the hydro lapse has in principle
been recognized (IMO Conference of Directors, Washington 1947, Resolution
No.7) but we would urge that the context of this resolution was too limited,
and that the amount of information available and becoming available is too
meagre. This is a real need in evaporation work at the present time. The problem of designing a recording instrument for wider use should not now be prohibitive.
As a special case we recommend that the present programme of collection
of data on surface temperature in evaporation tanks and larger bodies of open
water be expanded. In conjunction with the normal observations at screen level,
a measure of hydrolapse would thereby be provided. Among other uses, these
would be valuable in predicting evaporation prior to the establishment of a
new reservoir or irrigation project, and in interpreting existing methods of
tank evaporation in terms of lake evaporation.
In common with other aspects of diffusion, evaporation is strongly dependent on near-surface wind. Available data on this element is often of extremely localized interest. It would be of great value if climatic statistics
were available on the "free wind", i.e. the wind at a level above the influence
of local topography and site factors but below that at which the effect of
thermal wind becomes important. These could be prepared from balloon measurements or otherwise from estimates based on pressure maps, and so extended over
regions where at present wind statistics in prepared form are ~acking. Extensive applications (e.g. evaporation surveys) could then be based on more representative values at the appropriate lower heights derived by the use of
"standard" reduction formulae.
The word "standard" is placed in inverted commas to draw attention to
the absence at present of any generally accepted formulae. Ellison (1956) has
recently provided a theoretical treatment for the neutral condition but,
though there have been intensive studies of wind profiles in micrometeorology,
little effort has gone towards experimental data linking the profiles with the
simultaneous macro-condition of surface pressure gradient or free wind. The
provision of frameworks to relate these latter quaRtities with the wind at
some standard low height (2 m or 30 ft) for various types of terrain, sky
cover, and times of day, would do much to extend the applicability of the laws
of transfer discovered by purely micrometeorological studies. In turn, reports
of micrometeorological data studies should include data on the macro-condition.
Unless these steps are taken, the link between micro- and synoptic meteorology
will not be successfully forged.
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Finally attention has been drawn to the fact that monthly mean values
of the elements are of very limited relevance in the evaporation context. Now
that mechanical handling of data is becoming commonplace, the use of a shorter
period and of more informative statistics than straight averages should be,
and doubtless is, receiving attention. While appreciating that this is a major
problem and that it belongs elsewhere in the structure of the commissions of
the World Meteorological Organization, we feel the responsibility to urge
that the special requirenlents of evaporation be given prominence when this
matter comes under consideration.

C HAP T E R

3

THE DIFFUSION OF AIR POLLUTION IN INDUSTRIAL REGIONS

3.1

INTRODUCTION

Among the many attributes of the atmosphere which contribute to the
habitability of our planet is the ability to disperse and dispose of innumerable waste products which arise as the result of man's activities. The sources
and physical characteristics of man-made pollutants are virtually as varied as
is the range of his activities, although by-and-large the energy-conversion
processes necessary for the maintenance and extension of his established culture and civilization provide the major contributions. However, those factors
which are ultimately responsible for the atmospheric motions providing efficient diffusion are not constant in time or space, so that under certain meteorological conditions the local air pollution levels may become serious
social, economic, or health problems, particularly in industrialized urban
regions.
From the meteorological point of view, the air could be said to be
"polluted" when there exists a concentration of gaseous or partiCUlate matter,
excluding water in any of its phases, in excess of the level accepted as contributing to the composition of dry air. In this sense, "clean" air probably
never exists in any appreciable quantity in the lower layers of the atmosphere.
To the sanitary engineer, polluted air might mean the presence of a particular
gas or particulate matter in a concentration greater than some pre-determined
value, while to the average man-in-the-street it may be judged by a sensory
response such as reduced visibility, offensive odour, or by respiratory discomfort, etc. In this chapter, "air pollution" will be used in its meteorological context with certain restrictions relative to the physical characteristics of the matter, as will be noted below.
3.1.1

Ihe nature and

phy~ical

characteristics of atmospheric

poll~

In recent years a voluminous array of literature has grown up on this
subject which is quite beyond the scope of our report to review or even summarize in comprehensive fashion. Many existing publications do this already and
survey the entire field of air pollution including some of the meteorological
aspects. Among these, which contain good to excellent bibliographies are:
Gosline (ed.), 1952; Kay, 1952; Meetham, 1956; Magill, Holden, and Ackley
(eds.), 1956; Interdepartmental Committee on Air Pollution, 1952; U,S. Atomic
Energy Commission, 1950. A comprehensive bibliography covering primarily the
meteorological aspects of air pollution has been prepared by Kramer and Rigby
(1950). For convenient reference, a general classification of atmospheric
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impurities by particle size-range and other properties, the."Frank Chart", is
given (see page opposite) through the courtesy of the American Air Filter Company, Louisville, Ky., U.S.A. In this chapter, concern will be limited to the
"diffusion" or "dispersion" of pollutants by the free movement of the wind and
shall not include the behaviour of particulate matter. These restrictions imply a size-range limitation to that of true "atmospheric aerosols", roughly
between 0.5 and 10 microns diameter, and excludes consideration of the effects
of individual forces which may act on the aerosols from electrostatic, thermal,
or photo-chemical processes, etc., or wash-out by precipitation. It is further
assumed that the rate of produ~ of the pollutants is independent of the
prevailing meteorological conditions,
3.1.2

Statement of the problem

Frenkiel (1956) has delineated the airborne cycle for atmospheric pollutants, following their production, as
1.

Emission into the atmosphere.

2.

Transfer through the atmosphere.

3.

Contact with people, livestock, vegetation, etc.

At stage 3 the pollutants may either be eliminated from the atmosphere or take
part in the repetition of a similar cycle. Although we shall be primarily concerned with the processes involved in stage 2 of this cycle, the transfer can
be affected, at least locally, by the conditions of emission, and this aspect
will be dealt with in paragraph 3.2.3.
The transfer and diffusion of pollutants through the atmosphere is
caused by (i) the large-scale "mean" motion, and (ii) the small-scale "turbulent" motions or "eddy winds". Except in special cases, molecular motions as a
diffusing agent are usually neglected in comparison with (i) and (ii). Although
it depends to some extent upon the geometry and volume of the pollutant mass,
a steady mean wind is capable of effective dispersion in only one dimension,
while the degree of radial spreading is a function of the magnitude and
spectral distribution of the energy of the transverse turbulent motions. As all
observational evidence indicates that the spectrum of atmospheric eddy motions
is continuous from the smallest to the largest scales, the distinction between
mean and turbulent motions is usually one of arbitrary definition guided by
sensible experience or convenience. It is generally considered that a quantitative distinction is virtually impossible outside of a wind tunnel, although
the recent work of Panofsky and Van der Hoven (1955) gives some reason to believe that under some conditions a physical basis for a convenient delineation
may be found in atmospheric flow. In those cases when an effective mean wind
can be said to exist, wind direction and its variations are also important in
diffusion in specifying the general area into which the pollutants will be
carried.
As the turbulent motions are the primary agents effecting efficient
atmospheric diffusion, the degree of dispersion existent in time and space must
be a direct function of the energy of those motions. Energy is supplied to the
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turbulent motions chiefly from the mean, or larger-scale, motions by way of
the Reynold's stresses, and by bouyancy forces; the latter may be either positive or negative depending on the vertical gradient of air density. As this
gradient can be essentially measured by the vertical gradient of air temperature, qualitative relationships between temperature gradient and diffusion
manifestations are not difficult to establish (e.g. Church, 1949). Singer and
Smith (1953) have also related wind-trace types to smoke plume dispersion
patterns at Brookhaven, New York with a considerable degree of success. Direct
energy-supply concepts, however, have not been incorporated quantitatively into any theoretical or mathematical formulation of atmospheric diffusion.
As summarized by Neuberger, Panofsky, and Sekera (1956), the tentative
statistical results regarding the properties of turbulence are :
(a)

Turbulent energy is greatest in unstable air, smallest in stable air.
As a consequence, turbulent energy is small near the ground at night,
large in the daytime.

(b)

Vertical turbUlent energy is somewhat smaller than horizontal turbulent
energy. Furthermore, vertical turbulent energy decreases relative to
horizontal energy as the scale is increased, that is, when averages
over larger periods or over greater distances are considered.
When the atmosphere is stable, the turbulent variations are almost
entirely a high-frequency phenomenon, with fluctuations of the order
of a few seconds or fractions of seconds. When the atmosphere is unstable, longer periods (of the order of minutes) become important.
This long-period turbulence is produced by surface heating (convection) rather than by mechanical means, such as wind blowing over rough
ground.
The scale of vertical turbulence increases with height. In other words,
the higher the level at which the turbulent eddies are found, the less
effective is the damping influence of the ground. Therefore, fluctuations of longer periods become increasingly important at higher levels.

(c)

(d)

(e)

(f)

The turbulent energy increases with increasing wind speed as well as
with increasing vertical variation of the wind. Since large variations
of wind with height are generally associated with high wind speeds,
the observations do not permit a decision on whether the absolute
value of the wind or the wind variation is responsible for the turbulence. Theory suggests that the variation of the wind speed is the important factor.

The turbulent energy is greater over rough ground than over smooth
ground.
Strong turbulence caused by intense convection or high winds blowing
over rough ground causes vertical mixing of the air which will in turn cause
any pre-existing vertical gradient of air temperature to approach the adiabatic. Hence, inversion conditions which suppress the vertical motions are
usually associated with calm or light winds, and it is clear that the thermal
properties of the air and its motion cannot be separated in considering problems of atmospheric diffusion.
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It has been shown in Chapter 1 that the basic theoretical problem is
to relate turbulent diffusion in the atmosphere to the processes and conditions governing those phenomena in terms of ultimate parameters which can be
readily measured. The practical problem, as Sutton (1953) states "••• is to
find means of estimating the rate of diffusion from simultaneous measurements
of purely meteorological entities such as wind, temperature, and humidity".

3.2

DIFFUSION FROM A SINGLE SOURCE

Theoretical reasoning and empirical deductions have led to the development of many types of diffusion formulae, some of which have been adapted into
working formulae for field or experimental use. A comprehensive outline of the
development of these formulae has been presented (United States Weather Bureau
1955) and this discussion will rather closely follow that material. As is
pointed out, there is no general agreement on the best theory among those now
available, rather it appears that each formulation has its own optimum utility
under a partiCUlar set of conditions.
Most earlier formulations had the common feature that the starting
point was the "Fickian" differential equation (Fick, 1855) for the time rateof-change of the concentration, x, of a quantity of matter, Q, instantaneously generated at a point, which subsequently diffuses with spherical symmetry
into an infinite medium.

~~ = ~ Sr (r ~)
2

2

2

2

(3.1)

2

Here, r
x + y + z, relative to the centre of the cloud, and K is the
diffusivity. While the form of the solutions reached by the several investigators is the same, they differ in the definition of the variables involved in
accordance with the specific applications or assumptions they have in mind.
Relative diffusion
This type of diffusion is concerned with the relative separation or
simultaneous scatter of a cloud of particles about an origin not fixed in
space, such as the centre of gravity of the array, which may be moving with
the wind. In Chapter 1 the general problem and theoretical developments of
this concept have already been outlined. However, their particular utility for
the solution of problems which arise in atmospheric pollution of industrial
regions has yet to be clearly demonstrated, although Frenkiel (see below) has
brought up an interesting possibility.
Diffusion from a stack source
The mathematical formulations which are put to greatest use in problems of atmospheric pollution in industrial regions, are those expressing the
ground-level concentrations (z = 0) of contaminants emitted from an elevated
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source such as a chimney or tall stack. These expressions are obtained by integrating an equation for an instantaneous point source distribution with respect to time. The most commonly used formulae are those derived by Sutton
(1932 et seq.),
_ _2Q
_ [ n-Z (yZ
X (x,y) - T{CyCzUx2~n exp
x

hZ)J
t1 + ~

which evolves directly from (1.26), and Bosanquet and Pearson (1936),
X(x,y)

Q
~-----ex
(21t)1/ZpquxZ

p

-

(hpx-+-yZ)
2q Zx Z

where h is the height of emission of the effluents into the atmosphere; x is
the horizontal distance from the source along the centre-line of the plume
(y = 0); p and q are vertical and horizontal diffusion coefficients, respectively; Q is now the mass rate of emission, and the other variables are as previously defined. The factor of 2 in the numerator of (3.2) is to express the
reflection of the pollutants by the ground. An important point to keep in mind
is that both (3.2) and (3.3) give mean values of the X over time intervals
which are not explicitly specified.
By differentiating
ground-level concentration
From (3.2),

and maXlmlzlng the above equations, the maximum
and its distance from the source can be obtained.
2Q C,
xmax

=

TTeuh 2 Cy

(3.4)

at
X
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and from (3.3),
X

m"

4Q
P
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at
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Lowry (1951) has also presented formulae
determined empirically,
-

Xmax

2Q

=
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for the above quantities

[am]
U

which were
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at
Xmsx =

h cSC(J'

In the above, Xm . . is a one-hour mean concentration, am the frequency of the
most frequent wind direction, an~ is the standard deviation of the horizontal wind direction in degrees over a 10- or 15-minute period.
A quite complete listing of additional diffusion formulae and parameters has been compiled by the U.S. Weather Bureau (1955). The special case
of high surface concentrations ("fumigation") resulting from the break-up of
nocturnal inversions by solar heating of the surface a few hours after sunrise
has been dealt with by Hewson (1945, 1951, 1955), who has proposed an "approxirna te" express ion,
(3.10)

for the mean ground concentration, X, between distances Xl and x2 downwind
from the source in parts per million-(ppm) by volume for the half-hour period
of highest concentration. a is a conversion factor for changing from concentrations in mass per unit volume to concentrations in ppm; u is mean wind speed;
He is the "effective stack height" (Beers, 1949), defined as the height above
the surface of the centr'e line of the plume after it has become horizontal,
and Q is again the mass rate of pollutant emission. Another special case is
that of the diffusion of stack gases in very stable atmospheres, a problem
which has not proved particularly amenable to solution via the approach of
Sutton's or Bosanquet and Pearson's formulae (Smith, 1951a). By means of modifications of Robert's (1923) work, Barad (1951) has derived an equation for
plume concentrations in such situations, but its validity awaits experimental
verification.
It should be noted that the general applications of the diffusion formulae listed in this section frequently depend more on empirical than fundamental determinations of the diffusion parameters, in many cases to such an
extent that the parameters become little more than adjustable constants. The
possibilities of a more attractive method, that of specifying the spread of
pollution from a source directly in terms of practical measurement of the
turbulence, have already been qualitatively indicated by Hewson's (1945) employment of the "bridled-cup turbulence integrator" and by Singer and Smith
(1953) in their classification according to wind-trace types. A quantitative
application of this principle, requiring only suitable measurements of wind
fluctuation, seems now to be offered, at least for average local distribution
in those conditions involving important low frequency turbulence (i.e. excluding very stable conditions), by the simple linear diffusion law expressed in
(1.22). Direct supporting evidence has already been provided from measurements
of the vertical distribution at distances up to 500 m from an ideal source at
a height of about 150 m (Hay and Pasquill, 1956). Although the practicability
of the method has yet to be assessed for a real source its potentialities are
further supported by the recent analysis of the surface distribution of pollution from a power-station stack (Meade and Pasquill, 1957).
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The heated plume and problem of effective stack height

It is apparent from the diffusion formulae for dispersion from a fixed,
continuous source, e.g. (3.4), (3.6), etc., as well as by common observation,
that the height at which the pollutants are emitted into the atmosphere has an
important bearing on their subsequent behaviour and the ground-level concentrations which will result (see Scorer, 1955, for an excellent qualitative discussion on the diffusion of plumes from tall chimneys). If at the time of emission, the effluents have an appreciable upward velocity, or their temperature
is higher than that of the ambient air, they may rise as much as several
hundred metres (Hewson, 1951) before their initial vertical momentum is dissipatAd or the temperature differential diminished to the extent that subsequent dispersion in the atmosphere is sensibly independent of the circumstances
of emission. The level at which this occurs has come to be known as the effective stack height, generally defined as stated in paragraph 3.2.2. Therefore, in the application of diffusion formulae, the actual height of the source
above the ground, h, should be replaced by the effective height, (h + l>h) ~ He'
if the independent rise of effluents by jet and buoyancy forces cannot be neglected. The complete analytical description of the behaviour of a plume of
buoyant gas or smoke into an environment of fully developed turbulence, which
may be thermally stratified and with a strong vertical wind shear, is a problem whose solution is not yet in sight (Priestley, 1956). Several empirical
formulae or working theories bearing on one or more aspects of the total problem are available and a survey of existing theories is included in the work
of F.H. Schmidt (1957). Some examples of these formulations follow, and their
salient limitations pointed out. For details of derivation, reference should
be made to the original papers.

Following a treatment attributed to W. Schmidt (1941), Sutton (1950)
studied the behaviour of a stream of hot gases rising in a calm, neutral atmosphere because of buoyancy forces only. He assumed that the induced horizontal
mixing or entrainment of ambient air at the edge of the stream involved only
dynamical eddies caused by shear and that the temperature differences between
the jet and the air were sufficiently small so that the spread of the stream
closely resembled a 01 • • • cloud of cold smoke in the atmosphere n • An equation
was derived for the upward velocity of the effluent,

~

the continuous SOurce of heat (i.e. cal/sec)

~

acceleration of gravity

cp

~

specific heat of air at constant pressure

p

~

the density of the ambient air

T
a
C

~

the mean temperature of the ambient air

~

the isotropic diffusion coefficient

l>h

~

height above the source.

where
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Unfortunately, (3.11) cannot be interpreted in terms of volume rates of emission or temperature of the stack effluents. A "more approximate solution" was
also obtained for elements of the geometry of a plume of heated gases in the
presence of a horizontal wind which led to the result that
(3.12)
In terms of the maximum ground-level concentration, equation (3.4), the effect
of adding a heat source in the effluents is to reduce that concentration by a
factor which is proportional to QH/u3h, but as Sutton states, it is an advantage which is quickly nullified by high winds. It is not clear, even in principle, how these results are to be extended to a thermally stratified atmosphere.
In a very well-known study, Bosanquet, Carey, and Halton (1950) have
derived more general formulations which attempt to include the effects of temperature gradient and wind speed on the plume behaviour, but take no account
of the diffusive properties of the atmosphere as such. For the maximum rise
due to the stack-draft velocity, they give
"'h

ill
V"

4.77

=.

1

+ 0.43

u

( ;, )

The maximum rise due to the combined effects of buoyancy and stack-draft velocity is
"'hillOX = "'hv max

where
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V

(3.14)

+1

= ambient air temperature (ec)
= To - Tl (ec)
=

gradient of potential temperature (eC/ft).

The rise of the plume due to the stack-draft velocity as a function of
x, the downwind distance is
"'hv(x) = "'h Vill" (1 __. 0.8

"'h~ill"')
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when x > about 2Ll.h rnox • In an adiabatic atmosphere, the comparable thermal rise
as a function of x is
Qh
Ll.ht(x) = 6.37g --'----T Z
u

1

at
x = 3.57 vQV, X
u

(3.17)

where Z and X are given diagrammatically in the original paper.

An analysis of the behaviour of a heated plume in still air which extends to arbitrary conditions of thermal stability has been made by Priestley
and Ball (1955). The analysis is based on the assumption that the rising air
is in turbulent motion generated by the motion of the column itself. Account
is taken of the buoyancy of the plume, its spreading and entrainment of ambient
air, the loss of momentum and heat by lateral diffusion, and the influence of
an initial jet velocity. With the horizontal distribution of velocity and temperature in the plume Gaussian, their general solution for the variation of
axial velocity of the plume in neutral conditions is
(3.18)

where

A

=

eo

Q,,/cpTrP, and represents the strength of the heat source

environmental potential temperature

c

=

h

= height of source above the ground
= vertical velocity at the source
= height above a virtual point source,

wh

a lateral " ••• spreading coefficient ••• supplied by aerodynamic
theory ••• (or determined from) ••• observations of the rate of
spreading of the jet", taken to be ~ 0.1

obtained by extrapolating
the outlines of the plume to the point where they meet below
the real source.
No general analytical solution was found for other than neutral conditions,
but it was pointed out that solutions for any given thermal stratification
could be found numerically and they were presented diagrammatically for stable,
unstable, and neutral conditions for the situation in which wh = 0 and other
curves can be drawn for wh J O. An eqUation was also given to express the concentration, X, on the axis above a source of pollution Qp as

z

Qp

x=--TIR2 W '
where R is a measure of the lateral extent or spreading of the plume, and
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(3.20)

More recently, Priestley (1956) has extended the analysis to develop a
working theory of the behaviour of a plume of hot gas in the presence of a mean
wind, although detailed attention was limited to the case of neutral stratification of the atmosphere. Three diffusion phases of the plume are postulated.
The first phase is essentially that described above in which the spreading and
diffusion of the jet is due to eddies induced by its own motion. The vertical
velocities are described by equation (3.13) and allowance is made for the effect of the horizontal wind, u, by taking
C OCu l/2

(3.21 )

for other than very light winds. In the second phase the diffusion mechanisms
are dominated by the free atmospheric motions but the plume still retains some
of its buoyancy and upward momentum. The equation comparable to (3.18) for
this phase is

where e' is the excess potential temperature of the plume over its environment
(e' = e - e,) , and k is a mixing rate which, in terms of effective plume radius
in the direction of the wind, Rx ' and the environmental eddy viscosity, K, is
given as
K=8K
R~

(3.23)

As a working law, equivalent to (3.21), it was assumed
koc u

(3.24)

In (3.22) the suffix 1 denotes values of the variables at the transition between the first and second phases, and t is the time after transition. The
transition point is found, once numerical values of c and k are determined, by
plotting solutions on a diagram of w vs. z (or t) and finding the point at
which the curves representing (3.18) and (3.22) have equal slope. In the third
phase, the plume has effectively lost all independent buoyancy and momentum
and is a stage of pure atmospheric diffusion.
Equation (3.22) is integrated to give height as a function of time and
the theoretical ceiling height Zc is given by

Comparison of observed rises with those calculated by the theories of Priestley,
Sutton, and Bosanquet (et al.) indicated that the Priestley theory gave the
best solution, but furth~dependent testing was called for.
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Of the several more empirical formulations to express the plume rise
in the presence of a mean wind, the more widely used appear to be those derived by Davidson (1949) and 3.Z. Holland (1953). Davidson's equation, better
known as the Bryant-Davidson formula, was based on wind-tunnel experiments and
does not take into account effects of the vertical temperature gradient in the
ambient air. The formula for L'.h, the height of rise of the plume above the
source, is

where d is the stack diameter, Vs the stack draft velocity, and L'. T and Ts are
the excess over ambient and absolute temperatures of the effluents, respective1y.
From the study of the behaviour of the plumes from three stacks, ranging in height from 49 to 61 metres, at Oak Ridge, Tennessee, Holland found as
a "first approximation" formula for L'.h in "average" (i.e. near neutral) conditions,
L'.h ~ 1.5V,d + 0.1,08 x
u

10--4B n

(3.27)

where L'.h is given in metres when Vs and u are in m sec-I, d in metres, and
Bn , the heat source in cal/sec. Holland had found that the Bosanquet (et al.)
formula gave values which were nearly all too high to fit his observatIOns,
while the Bryant-Davidson values fit only the lowest points.
Except for effects which might be attributed to the diminution of sun~
light by an elevated layer of polluted air, the situation to be avoided primarily is the occurrence of air pollution at the ground level in sufficient
concentrations as to be harmful. With calm or very light winds it is seen from
the above that the effective stack height of emission can be increased appreciably by increasing stack-gas temperatures and stack-draft velocities. However, it is also seen that as the wind speed increases, the effective stack
height progressively lowers. At moderate to high wind speeds another factor,
aerodynamic downwash or downdraft may set in. Depending on the wind speed and
the geometry of the stack and the local building or structure complex, the effect of downdraft to the ground may be very pronounced. Also, the practice of
gas washing, undertaken at some power stations for example, may lead to further
detrimental local ground concentrations due to the cooling of the plume by the
evaporation of contained moisture which can cause a premature subsidence of
the effluent. "To wash or not to wash" is thus a moot question (Sheppard 1955)
and cannot be answered by the engineer or meteorologist without a knowledge of
all of the facts and circumstances.
Wind tunnel studies of the effects of "stack parameters" on the subsequent diffusion of smoke plumes have been made by several investigators (e.g.
McElroy, et al., 1944; Bryant, 1955; Davidson, 1951). A recent study, intended
to reduce the problem of the design control of aerodynamic downwash to a standard basis which would be adequate for most situations, has been made by
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Sherlock and Lesher (1955). Their approach was to utilize wind tunnel experiments in evaluating the critical conditions of downwash of a "basic plume"
pattern, one which is presumed to occur over level terrain in a neutral or
stable atmosphere. The surface boundary conditions, stack, topography, etc.,
were scaled for the shape and proportions of an hypothetical plant or factory,
and modifications are suggested for other sites or boundary conditions by means
of numerical scaling from the hypothetical plant. Account was taken of differing wind directions by rotation of the model relative to the axis of flow in
the tunnel. Although there are many uncertainties in the Sherlock-Lesher treatment of the problem, the limitation of wind tunnel techniques to investigation
of problems of local aerodynamics is probably much more reasonable at the
present time than the extension of those techniques to more general problems
of atmospheric diffusion. The preservation of scale and relative effects of
all influences at work in the atmosphere has not yet been announced in connexion with any wind tunnel project. The extent to which boundary similitude
and thermodynamic similarity may ever become possible must still be decided in
the future (Rouse 1951).

3.3

DIFFUSION FROM MULTIPLE SOURCES

The quantitative assessment of diffusion from multiple SOUrces does
not necessarily involve the consideration of physical processes over and above
those which control the dispersion from a single source. However, the boundary
conditions which playa large part in determining the diffusion patterns over
an industrial region (which is presumably urbanized), are exceedingly complex
so that no generalized theoretical or empirical working model has yet been developed within whose framework can be solved all of the multitude of problems
which can arise. The complexities lie primarily in the great variability of
many of the parameters involved; strength, height and relative proximity of
sources, conditions of emission, influence of topographic features which affect
flow patterns and turbulence characteristics, surface roughness, relative distribution of industrial and residential areas, etc. The time variabilities may
also be considerable; normal cycles of pollution emission rate may range in
scale from periods of a few hours to an annual cycle, or the pollution "pro_
blem" may be a short-period one involving maximum peak or "instantaneous"
ground-level concentrations, or the cumulative effects of long-period exposure
to light or moderate concentrations of a particular pollutant or combination
of pollutants from many sources.
3.3.1

Effects of meteorological parameters and boundary conditions

The main conclusions of general studies of air pollution in urban
areas have been summarized by Hewson (1951). It seems clear from that review,
and subsequent published reports, that except in the matter of individual details (which are certainly of immediate local importance), information of effects of wind speed and direction, atmospheric stability and its diurnal
variation, and topography on air pollution has been extended little beyond the

50

THE DIFFUSION OF AIR POLLUTION IN INDUSTRIAL REGIONS

obvious. It is agreed that pollution generally decreases with increasing wind
speed although there is no agreement on the exact relationship between the
two. This may well be due, at least in part, to the fact that there are no
universal definitions of "pollution" or "wind speed" or prescribed methods and
conditions for measuring either. Reasoning from first principles tempered by
observation, with a steady wind direction and constant emission rate from each
source,
(O<a<l)

where C is the mass of pollutants per unit volume, k is a parameter of wind
direction and observation site, u is wind speed, and a is a constant. Some
studies in the U.K. and U.S.A. indicate a = 1, while Davidson (1942) finds
that for New York City a = 1/4. On the other hand, Fletcher and Manos (1950)
using Davidson's pollution data but wind speed at a different site found by a
statistica 1 ana lysis
C~k-mu

to give the best over-all agreement. In (3.29) m "••• is a station constant
••• ". However, as pointed out in the preceding section, high winds are not always beneficial as local incidences of high pollution can result from aerodynamic downwash of stack effluents.
Deleterious ground concentrations of air pollution can OCCUr under any
circumstance of atmospheric stability. In unstable conditions, while generally
favourable to rapid dispersion over an industrial region as a whole, plume
trails are generally characterized by the phenomenon known as "looping"
(Church, 1949) in which the body of the plume is brought to the ground sporadically by thermally driven or convective motions. High short-period local concentrations can occur within the first few hundred metres of the source. As is
evident from equations (3.4) through (3.9), the magnitude and distance of the
maximum ground concentrations depend on meteorological parameters and the
height of emission of the pollutants. A longer-period problem can also ensue
if the proper conditions persist and a particUlar area is repeatedly subjected
to high dosages so that the time-mean concentration becomes appreciable.
The more general spatial problems of low dispersion which may affect
an entire industrial region or city unquestionably arise at times when there
exists a stable stratified layer in the atmosphere. The immediate effect at
the surface depends on whether the stable layer is at the surface or aloft. If
aloft, the pollulants may rise and be trapped within the stable layer. In the
daytime there can then be a diminution in the solar radiation reaching the
ground, so that if the stable layer is sufficiently thick the normal lowerlayer convective processes due to surface heating may not be sufficiently intense to build up through and destroy the inversion. The overhead layer of
polluted air can then become qUite persistent, other things being equal.
Hewson (1951) suggests that the forenoon peak in the surface concentrations in
a number of large cities in the U.K. and U.S.A. results from the pollutants
accumulated aloft at night being carried down to the surface by convection resulting from the solar heating of the ground during the early morning daylight
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hours (i.e., the "fumigation" process). If the stable layer extends from the
ground upward, the usual situation in nocturnal inversions, potential diffusion of pollutants is small, remembering that this is also a typically calm or
light-wind situation. Extensive experiments at Brookhaven National Laboratory
(Smith, 1951b)of oil-fog dispersion from a 125-m stack in inversion conditions
showed that the plume invariably widens horizontally, but not vertically, downwind of the source. No concentrations of oil fog at the ground were ever found.
However, these experiments were carried out over reasonably level terrain with
no other sources or artificial thermal influences nearby. In an industrialized
rag ion the boundary parameters may be quite different. Sources of pollution
can be located at all levels; at the ground from automobile exhausts, home incinerators, burning refuse heaps, etc., proceeding upward to chimney heights
of residential buildings to tall stacks of industrial plants or works. Factors
are also present which can promote some degree of vertical mixing in addition
to the slight amount provided by molecular motions. Heat sources such as heated buildings, automobile motors, etc. (Gold, 1954) can provide energy for convective mixing. Even a light wind could cause further vertical mixing by the
induced mechanical turbulence set up by the flow over buildings and terrain
irregularities. Hence, marked vertical stratification of polluted layers, implied from a literal interpretation of the Brookhaven experience, is not always the common feature of pollution behaviour in industrialized regions during periods of a ground-based inversion.
The influence of topographic features on the diffusion characteristics
of the lower layers of the atmosphere, particularly during inversion conditions, is well recognized, but so far intractable to analytical expression in
diffusion models. The effect of valley sides acting as physical barriers to
lateral diffusion with an inversion acting as the upper lid was particularly
underlined by the tragedies in the Meuse Valley, Belgium, December 1-5, 1930
(Firket, 1936, Jalu, 1955), and at Donora, Pennsylvania, U.S.A. in the valley
of the Monongahela, October 27-31, -1948 (Schrenk, Wexler, et aI., 1949). Local
wind systems generally induced by differential solar heating of hill or valley
slopes, or contiguous land and water masses, will cause vagaries in local diffusion patterns, the exact nature of which must be the subject of individual
inquiry. Excellent examples of meteorological investigations of diffusion problems in regions strongly influenced by topography are those of Hewson and
Gill (1944), J.Z. Holland (1953), and Neiburger and Edinger (1954).
The effects of air pollution in the presence of fog, producing a phenomenon commonly known as "smog", has been the subject of several excellent
discussions including those of Dobson (1948), Neuberger (1952), and Absalom
(1954). The r8le of fog, as such, in the diffusion of air pollution appears to
be very indirect as the meteorological circumstances which lead to poor diffusion are just those which are favourable to the formation of radiation fog.
The presence of polluted air, by providing a plentiful supply of condensation
nuclei, can cause the formation of a fog of small and numerous water droplets
(Douglas and Stewart, 1953). Thus the fog in an industrial region may be more
dense and less easily cleared than one in the open country. The presence of
fog is then an inhibiting factor to the efficient diffusion of atmospheric
pollution to the extent that the fog attenuates the solar radiation reaching
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the surface during the daytime hours and the normal convective mixing processes
are diminished in intensity.
The stagnant build-up of air pollution
Although relatively short-duration diffusion anomalies associated with
fumigation, looping, etc., can become insidious community problems, they are
not usually the most dramatic. The build-up of high concentrations of pollution near the ground in prolonged calm, inversion conditions during periods of
large-scale atmospheric stagnation is responsible for most of the well-known
disastrous episodes. The notable incidences of the Meuse Valley and Donora
have already been mentioned, while those of Greater London, exemplified by the
great smog of December 5-9, 1952 (see e.g., Douglas and Stewart), give evidence
that marked topographic influences are not necessary in order for such episodes
to occur.
It is common experience in many regions that the simultaneous occurrence of light and variable winds, great stability in the lower atmosphere,
and often fog, is not unusual. However, the persistence of such conditions
over a period of several consecutive days is uncommon. Douglas and Stewart,
for example, mention only one fog in the London area (November 27 - December 1,
1948) closely comparable to the December 1952 event "in recent decades". In
his discussion of the Meuse Valley episode, Firket states that "••• during the
last thirty years, fogs lasting more than three days have only occurred five
times ••• (in this district)".
In their development of a forecasting service for use in air pollution
control for the East Tennessee Area (U.S.A.), Kleinsasser and Wanta (1957)
conclude that the meteorological model most likely to produce the prolong~d
stagnant conditions necessary for the extreme pollution event is the polar
anticyclone undergoing transformation to the deep warm-type anticyclone (see
also Schrenk, Wexler, et al.). They point out that the episodes mentioned
above were associated with this model. In the East Tennessee Area they find
that periods of stagnation are characterized by the presence of an intense
low-pressure system over the western or central Atlantic at middle latitudes.
The development of a stagnant anticyclone over the eastern United States is
then likely if the low-pressure system is "blocked" in turn by a very extensive
anticyclone still further to the east and/or north. However, as Kleinsasser
and Wanta appreciate, the above model may not be the only one in which the required stagnation conditions are realized. The situation in the Los Angeles
basin is a case in point. According to Neiburger and Edinger (1954), long periods of stagnation of the air over the Los Angeles basin results from the appropriate opposition of diurnal local winds and the seasonal patterns, particularly in the warm months but also during the rest of the year. It is then
clear that while the Kleinsasser and Wanta model may have considerable generality in principle, there will be many areas where the delineation of an appropriate model can be made only by local study.
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APPLICATIONS

Because of complexities of detail, meteorological studies of atmospheric diffusion in industrial regions have usually been limited to investigations of :
(i)

generalized relationships between meteorological elements or processes
and air pollution levels for a particular city (e.g., the "Leicester
Report", Department of Scientific and Industrial Research, 1945);

(ii)

the sources of pollution and areas over which the pollutants have travelled by computation of wind trajectories (e.g., Neiburger, Renzette,
and Tice, 1956);

(iii)

whether observed changes in pollution concentrations are due to the
effectiveness of control measures or to variations in weather conditions (e.g., Neiburger and Edinger, 1954).

A few studies have been directed toward the development of a forecasting scheme
or service based upon meteorological data for use in air pollution control of
the effluent from a single stack or industrial complex (e.g., Smith, 1951b).
For a service covering a large area, one of the more comprehensive developments
reported is that of Kleinsasser and Wanta (1957).
The study of probable pollution patterns over an entire urban area by
means of a mathematical.model has been attempted, so far as is known, only by
Frenkiel (1956) for the Los Angeles area and Lettau (1931) for Koenigsburg.
Although their efforts met with limited success, they nevertheless would appear to be a step forward in the right direction toward the quantitative determination of air pollution levels over a whole industrial region by analytical methods.
3.4.1

Use of mathematical models

FrenkielTs approach was from the simple and straightforward point of
view that the mean concentration pattern over an urban region represents the
integrated contributions from all individual or local sources. Hence, his
model includes the description of a) the distribution of pollution sources,
b) their emission condition, and c) the micrometeorological characteristics
that directly affect the dispersion of pollutants. The concentration distributions from each source can be added and' the mean concentration over the urban
area obtained as a function of time. Evaluation of neighbourhood sources which
may give rise to local problems is achieved as an integral step in the delineation of the mean concentration patterns. Inversions, irregularities in topography, and geographical distributions of sources which may vary with time
(e.g., home incinerators) or space and time (e.g., automobile traffic) are said
to be "taken into account" in the model Or "described" by appropriate mathematical equations.
In the event a constant mean wind, necessary for the application of
most of the equations describing diffusion from a continuous single source in
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paragraphs 3.2.2 and 3.2.3, cannot be defined, Frenkiel suggests the problem
may be considered that of the diffusion of individual smoke puffs, i.e., relative diffusion. If an accumulation of effluents or "puffs" emitted at successive times can be traced across an area by means of wind-trajectory analysis, the ground concentrations from each puff can be computed. Then, "••• by
adding the effects of a large number of similar smoke puffs ••• one can find
the mean concentration pattern produced by a continuous point source". However,
this technique has apparently not yet been tried in practice.
Frenkiel further suggests that sources of pollution distributed over
large areas such as motor vehicles, house chimneys, etc. (which might be too
numerous to treat computationally as individual sources) can be represented as
an area source "••• by an appropriate mathematical equation corresponding sufficiently closely to the real area source". This treatment is illustrated by a
graph of the mean concentration, at a particular location in Los Angeles as a
function of hour of the day, from three principle sources (incinerators, cars,
and industry) with a given geographical distribution of relative strength over
the Los Angeles area. Further simplification should also be possible in some
circumstances by use of line-source formulae such as have been derived by
Sutton (1947)(by integration of continuous point source equations, i.e. (3.2),
with respect to an appropriate direction) or by Calder (1952). The line-source
situation might be approximated by a row of stacks or a line of automobile
traffic.
The application of theoretical formulae of single-source diffusion, in
the manner Frenkiel suggests, calls for some examination of the field verifications which have been made and the inherent limitations involved. There are at
least two primary difficulties in using most of those formulae. First, the
values of the diffusion coefficients vary with:
(i)

the stability of the air, which itself may be a function of time
space over an industrial region;

and

(ii)

the nature of the underlying terrain, i.e., surface roughness, also
variable in space in the form of industrial works, parks, tall office
buildings, houses, etc.;

( iii)

the height of the source;

(iv)

the time period
to apply.

over which the diffusion coefficients can be presumed

Second, the theoretical equations for continuous sources describe an "average"
smoke plume or time-mean concentration; they do not predict the concentration
that will be found at a particular point in space at a particular instant of
time or take into account time-variable sources. Thus, in their present form
they offer no information to answer such important questions as how often will
a particular "target" receive concentrations equal to or greater than some
arbitrary (possibly harmful) level, or what duration of such concentrations
can be expected.
In spite of the above,
retical formulations have been

it is clear from the literature that the theoof great usefulness to applied investigations
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in many classes of problems where the boundary conditions were relatively uncomplicated and the estimation of time-mean concentrations was adequate for
the immediate purposes. There are many published works available describing
the utilization or particular validity of theoretical formulae; in addition to
the original papers, of the more recent studies those of D.J. Holland (1953),
Falk, et al. (1953), and J.2. Holland (1953) are of particular interest. A discussion of parameters and coefficients of the diffusion theories has been prepared by the U.S. Weather Bureau (1955), and the conclusions reached in five
independent verifications of the theoretical equations have been summarized by
Gosline,~. (1956).
Three methods
retical formulae :

can be used

for testing

or verification

of the theo-

(a)

Correlation of observed concentrations with those computed from the
formulae using the coefficients suggested by the respective authors.

(b)

Substitution of observed concentration data into the theoretical equations and computing the diffusion coefficients which may then be correlated with more easily measured meteorological data.

(c)

Correlation of observed concentrations with those computed from the
formulae using coefficients evaluated from meteorological data.

The last method has not been used to any considerable extent because of the
special instrumentations required to measure all of the meteorological parameters, but J.2. Holland has used it for the simplified case of isotropic diffusion. Conclusions reached by the various investigators are not all compatible
in detail, but the discrepancies can probably be accounted for in large measure by differences in boundary conditions, instrumentation, and periods of
averaging. Some of the more general points which have been brought out are :
(a)

The theoretical equations of Sutton, and of Bosanquet and Pearson have
been most generally applied with reasonable success for diffusion estimates on scales which would seem to be of greatest interest in industrial regions, i.e., from hundreds of metres to kilometres. However,
their equations are not considered suitable for estimating diffusion
from an elevated source in inversion conditions as the vertical diffusion is then greatly overestimated. Except for limited field verifications of Hewson's treatment of the fumigation situation, no verification of theoretical formulations of diffusion in inversion conditions
has been reported.

(b)

The time average used in sampling of pollution concentrations should
be consistent with the time average implicitly expressed in the diffusion coefficients used in the theoretical equations. Sutton's original
coefficients, for example, represented 3-minute averages, and when
used in his equations give ground concentrations from an elevated
source in lapse conditions which are 5 to 10 times higher than observed I-hour concentrations.

(c)

In estimating ground concentrations from an elevated source, it is
quite doubtful that an assumption of isotropic diffusion is ever valid.
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Even though the source of the plume or puff is at a sufficient height
so that the turbulence is sensibly isotropic, the tendency toward anisotropic diffusion will increase as the effluents approach the ground,
and extends to smaller and smaller scales of motion.
(d)

Wind-velocity variability would appear to be the best single meteorological parameter that can be easily measured to characterize diffusion regimes or even diffusion coefficients. This might be expected in
view of the fact that it is directly related to the energy of the turbulent motions.

(e)

Values of the diffusion coefficients suggested by the authors of the
respective diffusion formulae are recommended for general usage if
none have been determined independently which are specifically applicable to the location and conditions under study.

(f)

The Report, Committee on Air Pollution (London 1954), considers that
the formula derivedfromJ.Z. Holland (1953) should be used for computing the maximum ground concentration of a hot gas in near-neutral conditions, I.e.,
C_

- h(14vd

where

6

9 X 10 Q

/

+ H) mg m

3

(3.30)

Q

=

strength of source (lb/sec)

h

=

height of stack ( ft)

v

=

speed of efflux ( ft/sec)

d
H

=

stack diameter (ft)

=

rate of heat output relative to air temperature (BTU/sec).

"The distance from the chimney at which the maximum concentration occurs is about 25 to 35 times the height of the chimney." Best (1955)
also indicates a preference for this equation for the purpose intended.
(g)

The effective stack height computed from the theoretical formula may
not always be used for the height of emission of the pollutants. The
calculated rise may occur at a greater distance downwind of the source
than the position for which ground-level concentrations are to be estimated. In that case the path of the plume should be computed and its
height at some distance from the plume appropriated to the conditions
of the problem used in the diffusion equations.

(h)

Diffusion patterns set up by aerodynamic effects of flow about stacks,
buildings, hills, etc., appear to be most easily studied by means of
wind tunnel tests of appropriate models.

As previously mentioned, present theories cannot predict recurrence intervals
of selected concentrations (nor were they so intended), and there are but few
empirical data published which have a bearing on the subject. Smith and Singer
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(1955), in their study of sampling periods in air pollution evaluations, have
computed variance spectra of smoke concentrations, observed at ground level,
of oil fog emitted from a 100-metre stack during typical (unstable) daytime
conditions at Brookhaven National Laboratory, New York. While their work has
not progressed to the definitive stage, it is an interesting line of approach
to provide guidance in selection of sampling periods and quantitative information on the frequency distributions of relative smoke concentrations. Wanta
and Stern (1957) have suggested a methodology for introducing a concentration,
averaging-time, recurrency triad analysis in air pollution by constructing
concentration-recurrency diagrams of observed pollution for various periods of
averaging. They believe that the technique should be useful in predicting
various manifestations of air pollution from existing pollution records, but
application to real data must be awaited.

3.4.2

Air pollution surveys

Surveys of entire industrial regions or afflicted sub-areas are becoming increasingly in demand by both public and private agencies for purposes of
evaluating existing levels of pollution, air-zoning regulation, identification
of obnoxious sources, and many others including those listed at the beginning
of this section. However, no matter what the purpose of those surveys may be,
weather effects generally play an important role, and the proper appreciation
of that factor is paramount for an intelligent analysis and evaluation of pollution phenomena. Consideration of meteorological influences should enter, to
the greatest extent appropriate, at the design stage of any air pollution survey. For example, if the purpose of the survey is to determine the general
level of pollution at the ground over a region, the representativeness of the
sampling points becomes a critical issue. Locations should be avoided which
would be overly influenced by nearby sources of pollution, anomalous local
wind eddies around buildings or other obstructions, heat sources, exhaust systems, etc. In sampling the ground concentration from a particular source, an
elementary precaution might be to do the job both up- and downwind from the
source to eliminate background "noise", but this has not always been done.
Precise rules for making air pollution surveys cannot be set down because all industrial regions do not have exactly similar problems and there
are no set standards of instrumentation, observation, or analytical techniques.
However, Gosline, Falk, and Helmers (1956) have enumerated general principles
of planning and interpreting surveys and the analysis and interpretation of
data which can serve as a useful guide. An analysis of the regional and local
weather conditions and the role of local topography which must be taken into
account in a survey of weather factors and their evaluation has been given by
Willett (1950). The important point (which is seldom spelled out) is that while
studies or surveys which include the effects of we~ther factors can contribute
to our basic knowledge of atmospheric diffusion in industrial regions, they
are but futile gestures toward the alleviation of an existing pollution situation unless implemented by appropriate control measures, the most direct and
effective of which is not meteorological control.
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CURRENT NEEDS AND FUTURE INVESTIGATIONS

The general topographic and meteorological conditions which are favourable for the accumulation of atmospheric pollution over industrial regions are
quite well.understood, and have been for a long time. Considering that the
over-all pollution level is made up by contributions from individual sources,
there is no paucity of theoretical equations which reasonably describe certain
manifestations of .atmospheric diffusion from single sources as a function of
the statistical characteristics of turbulence .and mean wind when the boundary
conditions are relatively simple. Although the immediate or ultimate requirements may vary from providing a meteorological warning service to evaluation
of the effectiveness of control measures, the degree to which existing or
potential pollution over an industrial region can be described in detail circumscribes the validity of any such effort. That this ability~ unsatisfactory
at the present time is not due so much to a lack of working theory (although
there are certainly some obvious deficiencies), but rather that our knowledge
of the statistical characteristics of turbulence as a function of meteorological and boundary conditions is woefully inadequate for the purpose.
It seems clear that we are faced with a problem of extreme complexity,
in which it must be recognized that general treatments can achieve only limited success; but this success will lie in the most important area of consideration, i.e. the average or "steady-state" behaviour. Here we have noted theoretical frameworks for the problem of diffusion in general and for the buoyant
rise of individual plumes. The prospects of further advance are governed not
so much by any limitation in these frameworks as by the present paucity of experimental data, notably under inversion conditions in the first problem, and
in the second on the actual relationship between height of rise and meteorological factors (environmental turbulence, thermal stratification, and wind
speed); in no case have simultaneous measurements of these quantities been reported. Furthermore, as regards the diffusion aspect, we would emphasize the
attractiveness of direct relations between diffusion and practical measurements
of turbulence on lines indicated at the end of paragraph 3.2.2 of this chapter.

Superimposed on the average behaviour are the several factors involving space and time variability, and these may be associated either with the
conditions of emission, locality, or atmospheric behaviour. Apart from the
difficulties noted in Chapter 1 concerning lateral diffusion from a point
source, the variability of conditions of emission (e.g. a time-variable source
or a multiplicity of sources) may add to the mathematical intricacy but should
not present any fundamental difficulty. There may be a need for certain mathematical extensions appropriate to any particUlar problem in hand, but this
should be along quite orthodox lines.
On variability due to locality, which can be on a relatively large
scale (orographic effects) or small scale (geometrical or thermal irregularities of urban sites), there appears by contrast rather little scope for generalizations or other theoretical avenues of approach. Definite progress can
only come from full-scale ad hoc experimental work, and this should always be
supported by skilled meteorological measurement and appraisal. In this context,
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more than any other, important knowledge can be gained from model studies in
wind tunnels, particularly with reference to aerodynamic effects.
The most promising method of dealing with variations due to the atmospheric fluctuations must depend on the scale involved. The larger-scale applications, e.g. pollution which is subject to different diffusion regimes at
different stages of its life (through movement from one place to another or
through time-changes imposed by the diurnal cycle or a changing weather situation), can best be tackled step by step, using successive steady state treatments. Here again there is an increase in complexity, but no fresh problem in
principle.
The more serious difficulties appear to be connected with the middleperiod variations, and stem from the present ignorance about the turbulence
spectrum in this intermediate range. This refers back to one of the problems
emphasized in Chapter 1 and to which the recommendations of paragraphs 1.5.3
and 1.5.4 therein are specially relevant. As examples we should note the matter
of recurrence intervals of high concentrations at a particular point, and also
the process of fumigation whereby high concentrations may quite suddenly be
brought to the surface through thermally generated motions.
The scale of fluctuations which are thermal in origin takes on major
importance in more than one aspect of the diffusion problem, and provides an
area in which there is present hope of advance from both the theoretical and
the experimental angle. The influence in inversion conditions of a localized
heat source, which mayor may not be itself a source of pollution, is an important case in point. For mechanically generated fluctuations of equivalent
scale we may draw some analogy with the large eddies of the wind tunnel and,
judging by recent work in the study of the latter, and essentially simpler,
problem the empiric or semi-empiric approaches should offer the best prospect
of success at the present time.
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