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ABSTRACT

This puper gives the outline of a “*meteorological preprocessor™ for air poltution modeling. It is shown how
significantly more nformation can be extracied from routinely available measurements than the traditional
Pasquill stability classes and power law wind speed profiles. Also it is shown how additional special measure-
ments—if available—can br accommodated. The methods are primanly intended for application in generally
level, bul not necessanly homogeneous terrain. The improved characterization of the state of the planetary
boundary layer allows 2 more modern and probably more accurate description of diffusron. The paper is an
entended version of an introduclory paper presented during the “Workshop on Updating Applied Diffusion

Models™ in Clearwater, Florida, January 1984.

1. Introduction

The quality of a dispersion model is strongly influ-

enced by its meteorological input. Therefore the me--

teorological input has to comprise the meteorological
factors that have a direct effect on the dispersion of a
pollutant that is emitted in the atmosphere. These fac-
tors are the vertical profiles of

1} wind: determines where the pollutant goes and
how fast; )

2) atmospheric turbulence: determines turbulent
dispersion; .

3) temperature: affects the rise of a buoyant plume.

Since these meteorological factors are not usually mea-
sured at the location and time where we want to apply
the dispersion model, a “meteorological preprocessor”
is needed to estimale the required meteorological input
from available measurements.

Current regulatory models normally use very sim-
plified meteorological input. They use Pasquill-Gif-
ford-Turner stability classes, which are only valid over
land with small roughness and which only crudely
charactenize the state of the atmospheric surface layer.
Therefore these classes are strongly biased toward neu-
tra! stability while higher up the boundary layer can
be significantly stable or unstable.

They also use power-law representations of the wind
profile with powers 1hat are only a function of the sta-
bility class. Turmning of the wind with height is neglected.
There is overwhelming evidence that the wind speed
profile is not properly described by a power law and
that significant turning of the wind with height occurs,
mainly in stable conditions.

They do not accqunt explicitly for the effect of tem-
peralure stratification on plume rise.
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There is clear evidence that improvement of the me-
teorological input can also improve the quality of dis-
persion calculations. Examples are the use of convective
scaling in the unstable boundary layer (Dcardordl, 1970,
Nieuwstadt, 1980; Bnggs, 1983; Baerentsen and Ber-
kowicz, 1981), the use of local scaling in the stable
boundary layer (Hunt, 1982; Nicuwstadt, 1984ab;
Venkatram ¢f af., 1984) and the use of surface layer
similanity for dispersion from surface releases (van Ul-
den, 1978; Horst, 1979; Gryning e al, 1983).

There is also evidence that the meteorological input
can be improved by the use pf better metecrological
preprocessors. It is the purpose of this paper to sum-
marize recent developments of “preprocessors™ and to
provide guidance to those who want {o obtain better
meteorological input from existing routine measure-
ments.

In this paper we limit ourselves to dry boundary
layers, i.e. 10 boundary layers in which no significant
amounts of clouds or fog are present.

2. Atmospheric boundary layer parameters

The physical basis for the meteorological prepro-
cessors that we will describe in this paper is provided
‘by parameterizations of the structure of the atmo-
spheric boundary layer {ABL) including its interaction
with the ground. General discussions on this subject
can be found in McBean (1979), Nieuwstadt and van
Dop (1982), and Pasquill and Smith {1983). Here we

_restrict ourselves to a brief listing of the main charac-

teristic parameters, their definition and their physical
meaning. We will use three primary ABL parameters:
i.e. the ABL depth 4, the surface heat flux 2, and the
surface momentum flux 7¢. These paramelers deter-

e ™
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mine a number of secondary parameters which will be
given below,

® /1. The ABL depth # is defined as the depth of the
fully turbuleat boundary layer near the ground. In this
layer mixing is much more rapid than above it. There-
fore it is oficn called the mising laver.

* My The susface heat Aux is the vertical Nlux of
scnsible heat that is transferred by turbulence (o or
from the surface. The paramcier /7, determines the
heating or cooling of the ABRI _ directly affects the tem.
peratute prohie and indirectly the depb of the ABL.
Also, duc to the action of gravity, the heat flua gives
ris¢ 16 buoyant production or destruction of turbulent
kincuc energy. This production is given by

By = gHyfpC,pTY, (h

where g is the acceleration of gravity. p the air density,
(% the speaific heat of air and 7 the absolute temper-
sture. When £, is positive. turhulence is created by
buoyancy. In thes case By and # define a convective
velociy scale

we = (B, (2)

This is the turhulent velocity scale in the unstable ABL
and forms the hasis for convective scaling of dispersion.

® 75: The surface momentum flux or shear stress
defimes the friction velocity

e = (10/0)'2, (3

where 14, determines the shear production of turbulence
kinetic energy at the surface. This is given by

S0 = 16 ko), 4

where k = 0.4 is the van Karméan constant and =, the
surface roughness length, Furthermore 1, is the velocity
scale for turbulence in the near-neutral and siabfe
boundary layer. The heat Alux and u, topether define
a lemperature scale:

By = = Ho/(pCrity), (5)

where fl¢ is a temperature scale for turbulent heat
transfer, while g8, /T is a scale for turbulent buoyancy
transfer.

The last important ABL parameter is the Obukhov
length which is defined by

L = 1 f{hphe/T). (6)
From (1), {4}, (5) and (6} it loliows that
ol = BalSy. (N

Thus —z,/L 15 a stabitity measure that gives the relative
impenance of the surface production of turbulence by
bhuovancy and by shear.

In all we have now intreduced three length scales
te. In Loand M two velocity scales, e, vy and 1wy,
and one temperature scale. i.e., fly. These scales form
the hasis for the main existing similzrity theonies lor
the ABL.

Y
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3. Estimation of u, and #, with the profite method
a  I'rofile method

In the absence of turbukence measurements we have
10 derive 1oy, fy and 1. from other available data, This
can be done with use of the Monin-Obukhov theory
for the atmospheric surface faver.

The basic equations arg the following. According to
surface-layer similanity theory, 1wy and #, can be written
as functiens of the vertical profiles of windspeed £7(2)
and potential temperalure 87) (McBean. 1979);

te = AUCYING f20) = aelz /L) + Y ylzo/ D) (R

and

e = K1B(Z3) = B2/ [In(zy /20)
— (/) + iz /D)) (9

In these equations ¢4y and ¢, are stability functions
and z -2+ are arbitrary heights in the surfuce layer, The
function ., is discussed in Section 6. The term i, is
given by {Dyer, 1974; Yaglom. 1977, Businger of al,
1971; Wicringa, 1980a.b):

L+ 7
¢1f=21n( 2}*)\

where ey
r=(1 =16zl for L <0, (9a)

and
¥u = —5z/L, for L=>0. (9b)

The similanty profifes {8) and {9) are valid typically
for oy < = < I (e.p.. Businger er of . 1971 Dyer, 1974;
Yaglom, 1977).

When measurements are available of a single wind
speed at = and a single temperature difference between
zy and z;, we can solve for w,, 8, and L by eration.
This is called the profile method (Nieuwstadt, 1978;
McBean, 1979; Berkowicz and Prahm. 1982a).

Also, estimates of 7 and z; are needed: T need not
be known accurately (say within 10 K} and estimation
procedures for z are described in the nexd section. Since
the similarity profiles arc only vahid for o, < - < /. and
Lis regularly as small as 10 m, it is advisahle to restrict
the applicaton of the profile method 1o measurements
over terrain with a low roughness at heights less than
10 m. The profile method is a rehable mcthod for es-
timating the surface parameters, provided the temper-
ature difference ts measured accurately and prelerably

over a greal height interval (e.g, 2 m- 10 m)

b Estimution of the surface-roughmess length 2,

The surface-roughness length 5, i< an imporant pa-
rameier in the wtegral flux-profile refation of the al-
mospheric surface layer given by (8} and (9). Moreaver
2o forms the lower boundary in diffusion models (...
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Paxquill and Smith, 1983), The length z, represents,
in principle, the roughness characteristics of a homo-
peneous terrain or landscape. Very often, however, we
have relatively smooth terrain disturbed by occasional
obstructions or by large perturbations. In such cases
an effective roughness length was found appropriate
for wse in the flux-profile relations (e.g., Nieuwstadt,
1978, Beljaars, 1982).

When an eflective roughness length is used, surface
fluxes can be derived that are representative for a larger
arca than local derived fluxes. This is important, for
instance, for the estimaticon of the wind profile at greater
heights from surlace fluxes and single wind speed. This
18 demonstrated by Korretl ¢ af. (1982) for the Boubder
tower and by Beljaars {1982) and Holtslag (1984) for
the Cabauw tower. Furthermore the horizonta! velocity
fluctuations scale on a [riction velocity scale are rep-
rescntative for a larger arca (Beljaars ¢r af . 1983).

The value of the effective roughness length can be
obtained from a method descrnibed by Wieringa (1976,
1980a.b, 1983}, This method relates the surface rough-
ness length 1o the normalized standard deviat - of
wind speed (o, /L"), Alternatively, we can use the nor-
malized maxsmum gust. The latter method is suitable
for routine station applications. when gust records are
available. The value of -, with Wieringa's method is
representative for an area of about 5 km? (Bcljaars,
1982).

When no gust records are available we can obtain a
crude value for the effective roughness length from a
visual terrain description. In Table | we have adopted
the Davenport classes as given by Wieringa (1980), For
the applicaton of Table 1 we can define wind direction
sectors as necded to distinguish between major varia.
tions in upwind terrain conditions. Sectors less than
207 in wadth are not expecied 40 be suitable in practice.

TaBLE {. Terrain classification by Davenport (1960} and Wieringa
(1980 in termy of eflective surface roughness length z,.

Bnef terrain description Ip (m)

1 Open sea, feich at least § km 0.0002

2 Mud flats, snow; no vegetation, 0.005
no obstacles

3 Onen flat terrain; grass, few 00
isolated ohstacles

4 Low crops: occasional large 010
obstacles, x/H* > 20

5 High crops; scatiered obstacles, 0.25
15 < a/li* <20

& Parkland. bushcs; numerous 05
ohstacles, A/H* ~ 10

7 Regular targe obstacle coverage (1.0)
(suburh. forest)

3 Cuy venter with high- ahd baw- -1

nse buildings

* Here ais typical upwind obstacle distance and # the height of
the corresponding major obstacles. Class ® is theoretically intractable
within the framework of boundany layer metcorology and cun betier
he madeled in 2 wind tunnel. Tor simplk modeling applications i
may be sufhcient 10 use only classes 1, 3, 4, " and perhaps &
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In practice the roughness length often is estimated
from wind profiles observed in neutral stability con-
ditions. However, as discussed hy Wicringa (1981) and
Beljaars (1982) for a rough to smooth transition, the
turbulence adjusts more slowly to the underlying sur-
face (han the wind profile. For that reason the upwind
roughness averages over jarger distances coi. be better
evaluated from o,/L or gustiness than from profiles.
Conversely, this means that only above a certain height
can the wind profile be desceibed with the effective
roughness length. Beljaars (1982) estimates this height
as 24, where § is the height of the major cusiscles. Closer
1o the surface the flux-profile relations differ from those
over uniform terrain (Beljaars er al, 1983).

4. Estimation of uy and 8, with the energy hudget
method

In the profile method we have usced that #, can be
written as an implicit function of a vertical temperature
difference Af and uy, i€.. By = Ji{AB, tix). When no
vertical temperature difference is availab!s for the ap-
plication of (9}, this information can he replaced by
information oh the surface encrgy budget:

Ho+ AE= Q" — G, {10}

where AFE is the latent heat flux (A is the st2nt heat of
water vaponization and £'is the evaporation), (* is the
net radiation and G the soil heat ftux. An example for
a clear day is shown in Fig. 1. Hg + AE is the encrgy
flux that is supplied 10 or extracied from the air. while
@* — s the source or sink for this energy. Using I,
= —pCotigfy . (10) can be wrilten as

M-+ G

&
* pCota

(11}
In this equation AE, * and G can be parametenized
(as we will see later) in terms of the total cloud cover
N, the solar elevation ¢, the air temperature 7T, the
friction velocity i, and A, itself. The ideaisto use (F1)
to write 8, as 2 function of the variables N, ¢. T and
My!

ba = (N, ¢, T, tha). (12)

This equation then replaces (9). The further procedure
of finding 8, and u, from (8) and (12} by iteration is
similar to that used in the profile method. In the fol-
lowing scctions we will discuss the modeling of \E. Q7
and {7 as well as the resulting functions of the type {12).

a. Modeling of the evaporation

The evapuoration i5 formally given by the Penman-
Monteith equation (Monteith, 1981), which can be
wrillen as

- Ay . dpAlg
A~ o - - T i
l+6S( (,)-‘11455)1},‘ (-

Inthts equation 4 = r,/(r, 4 1, }. 1, s the acrodynamic
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resistance for the transfer of heat and water vapor from
the surface 1o the air and r, the surface resistance for
the transfer of water from soil and vegetation to the
surface; formally r, = (T — T,)/(B4try), where T and
To are the temperatures of the air and of the surface
respectively. The slope of the saturation enthalpy curve
i5 8 = &(Ag,)/HC,T) and g, the saturation specific hu-
midity; the humidity deficit of the air is &g = g(T)
— g, where g is the specific humidity of the air.

The first term at the right-hand side of (13) may be
called the thermodynamic evaporation, since it is di-
recily related 10 the exiternal energy source O* — G.
The last term in (13) we call the agrodynamic evapo-
ration, since it is the additional evaporation due to the
action of wind. In practice the two terms are of the
same order of magnitude. For a direct evaluation of
(13) a measurement of Ag s needed as well as estimates
of r, and r.. Atiempis to do so in a practical manner
have been made by, e.g., Smith and Blackall (1979},
Deheer-Amissah ¢r af. (1981) and Berkowicz and
Prahm (1982a). These attempts show that such an
evaluation ts quite complicated. There js however, a
simple alternative: the modified Priestley-Taylor
{1972y model (de Bruin and Keijman, 1979; van Ulden
and Holislag, 1983). This model is based on the ex-
perience that both the thermodynamic and the acro-

dynamic evaporation are strongly correlated with the
so-called equilibrium evaporation:

_ S
1+ 5

This is the evaporation that would occur when the
surface is wet (r. = 0, 6 = 1) and the air saturated
(Ag = 0).

The correlation between the thermodynumic evap-
oration and MAE, is directly clear. The correlation of the
aerodynamic term and AE, is caused by the fact that
AE, and Agq have a similar diurnal cycle (de Bruin and
Holislag, 1982). Therefore it is useful to split Ag into
a part Ag, that is correlated with AE, and a part Agy
that is not correlated. Using this, we may parameterize
the evaporation as {de¢ Bruin and Holtslag, 1982; van
Ulden and Holtslag, 1983):

AE, (g - G). (14)

- kY
AE = a[m @ -G+ ﬁpmadu.] . 4s)

where o and g are empirical coefficients. In the first
term between brackets we have absorbed that part of
the acrodynamic evaporation that is due to Ag,.. The
usefulness of {15) for predicting the evaporation has
been shown by de Bruin and Holtslag {1982) for day-
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time applications and indivectly by van Ulden and
Holtslag ([983) for nighttime applications. The dis-
cussion on the vatues of a, 8 and Ag, is postponed ull
later.

b Modeling the net radiation

The net radiation consists of the nct shortwave ra-
diation K* that originates from the sun and the nct
luagwave radiation L*, i.e., the diflerence between the
oulgoing radiation L (rom the carth surface and the
incoming radiation L* from the atmosphere. Thus

NN (RN AR {16
The net shertwave radiation can be parameterized as:
K* = (4, sing + X1 — BN - 1. (1)

Here g, sing + &, is the incoming solar radiation with
clear shies and a, and 4. are empirical cocficients.
Typical valuesare g = 990 W m~ and a; = =30 W
m * (Haurwitz, 1945; L umb, 1964 Collier and Lock-
wood. 1975: Kasten and Czeplak, 1980; Holtslag and
van Ulden, 1983). The reduction factor 1 - b N * gives
the interception of solar radiation by clouds with b,
and b; empirical coefficients. Typical values are &,
0.75 and by = 3.4 (Kasien and Czeplak, 1980). The
reduction factor (1 — £} is due 10 the reflection of in-
coming solar radiation by the surface, where r is the

. reflection factor or albedo. A typical value for a vege-

tated surface is r = 0.23 (Monteith and Szeicz, 1961).

The application of {17) is limited 10 ¢ > 1.7°, For
smaller values K* = 0 should be used. The accuracy
of (17) ranges from about 50 W m™2 with clear skies
1o about 90 W m™? for cloudy skies {Hollslag and van
Ulden. 1983). If more accurate results are needed,
measurements of the solar radiation are recommended.

The incoming longwave radiation can be parame-
terized as (Swinbank, 1963; Arnfield, 1979; Paliridge
and Platt, 1976); '

L= ¢aTf + N (18)

where 6 = 5.67 X 107* W m™2 K™ is the Siefan-Boltz-
mann constant, T, is the air temperature at a reference
height 2, ¢ = 935 X 10* K2 and ; = 60 W m2
are empirical coeficients. The first term at he right-
hand side gives the contribution of the gaseous atmo-
sphere {mainly water vapor and carbon dioxide). The
second 1erm gives the contribution of clouds (N is the
fraction of the sky that is covered with clouds). Ac-
cording 1o Swinbank (1964} the reference height z,
should be taken above the layer in which strong tem-
perature gradients occur. Van Ulden and Holtslag
(1983) found z, = 50 m a suitable choice.

The outgoing longwave radiation is given by the Ste-
fan-Bolzmann law;

L™= oT", (19)

whre the earth’s surface is assumed 10 be a black body
(Sellers, 1965) and Ty is the radiation temperature of
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the surface, Since we are only interesied in the
longwave radiation we decompose (19 as L7 = o
— 451,31, - 7). which with (18) yiclds

L' — L = L* + 46T T, — To). {
where
LY = o7 — 1)+ aN - (

1s called the isothermal net longwave radiation. T
is the net longwave radiation that would occur wh
the atmospheric surface layer was isothermal (ie.,
=Ty =0 "

The last term in (20) #s a correction factor that i
counts lor the temperature differences that norma &
occur over the atmosphene surface Yayer. Since ty
cally 4a7, = S W m P K™ and |7, — Tl can be
large as 10 K, the correction factor can be as large
+ 50 W m™, In comparison with {typically) LF = -
W m™? this correction is quite significant.

The correction factor is nol normally measured,
it should be parameterized. During daytime it
strongly correlated with @* (Monteith and Szei
1961). Holtslag and van Ulden {1983) found

4aTAT, ~ Ty} = —Cu(™, 2

where Oy is an empirical heating cocfficient that ¢
be approaimated by:

(1 — )8+ l] :
Cp = 038 ———— Z
" [ S+ ( 8
During the nighttime T, — 7T, is strongly affected *
wind speed. In this case surface layer similarity can
used o eliminate 7, — Ty

8 z, 2,
T,— To= —A'i [m(_—) +5 I] =Tz, (2
~ 4, .

where I'y = 0.01 K m™! is the dry adiabalic lapse ra
and where the surface reference height for heat 2,
used instead of =y because near the surface the resistan
for heat transfer differs from that for momentu
transfer (Garratt and Hicks, 1973). For short gra:
typically, (1K) In(z, /24) = 30 (van Ulden and Holisk:
19833

e Modeling the soil heat flux :
[

The soil heat flux is the downward heat flux thi
leaves the rudiation level, passes through a layer of 5
and vegetation and goes into the greund. Because 1
layer of air and vegetation has a high resistance anc
low heat capacity the soil heat flux should be strong
correlated with the temperature diflerence over tl
layer. Furthermore this temperature difference shou
be strongly correlated with the temperature differen
{T, — 7)) in the air, because both differences va
mainly with the diurnal cycle of T,. For these reasoy
a plausible parameterization for G is

G = AT, ~ Tod (Z
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where A is an empirical coefficient for the soil heat
transfer. For a grass surface. van Ulden and Holtslag
(1983) propose 4, = 5 W m 2 K™ ', With this value
they obtained a satisfactory simutation of the nightlime
energy balance. The same value muy be retrieved from
the work of de Bruin and Holislag (1982} for davtime
applications. So (25)is a useful approximation for prass,
both for nighttime and for daytime. The temperature
difference in (25) is eliminated as in Section 4b. For
davtime this leads o

G = C.0, (26)
where
Co = (47801, . 27}

d Dcfinition of daytime and mightiime

The resulis of the preceding sections may now be
combined togive the desired equations for #,. The first
step in the procedure is the estimation of the isathermal
net radiation

Qr=K*+1r. (28)

where K'* and L.* arc estimated with (17) and (213 1n
this equation L} is only a weak function of the 1em-
perature 7, and for practical applications we may as
well use estimations with a typical mean nighttime 50
m temperature, perhaps 7, = 283 K. For this temper-
ature {28) reduces 1o

OF = K* - 91 + 60N, (29)

This equation is used in the fint place 1o discriminate
between daytime cases when F > 0 and nighttime
cases when F < 0,

e. Practical equations for 0, during daytime

For daytime the A4 equation is ohained from (11),
€15), (16), (200, (22). {26} and (28). The result can be
writlen as

L= ST - G
(54 141+ Cy)pCprry

8, = oy, (30)

where Cyy and Cy; are given by (23) and (27) and
s = AXAg/ Gy, (31}

15 an empirical temperature scale. This temperature
scile can be estimated from the data by de Bruin and
Huoltslag (1982} These authors found that BnAAgGie
= 20 W m™? With a typical value of try = 0.5 m 5~
{during daytime) and p = 1.2 kg m * this leads 10 N
= 0.033. From the same data it followed that for normal
wet grass in a moderate climate the maoisture parameter
a = |. For “Prairie Grass™ conditions {Barad, 1958)
with rather dry vegetation, Holtslag and van Ulden
(1983) found that typically o = 0.5, In this case the
same estrmate for 6, can be used as belore. For dry
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bare soil o vanishes. We further need an estimalte for
slope S of the saturation enthalpy curve. For 270 < T,
< 310 K this stbope can be guite well approximated by:

§ = explLO5S5(T, - 270y, {32y

£ Practical equations for #i, diring nighittime

For nighttime, A, is obtained from (11), (15). {16},
(20).424) (25 and (28). The rexult is a quadratic equa-
tion in A, The solution of this equation can be written
as:

Oy = Tt + ff:[': )'1 + g

1 dd]'? - de odird . (3

where
Ve = "‘/(Sg:r)h’!‘ 34y
) = L In & %)
L " (4

dy ~ 1' (b + S)3pCuSez Y a0 4 4,0, (36)

di= =P/l 4 AT + Ty, /T, a7
do = (F+ $)pCisez) P8040 T 4 AT, (38)

and where @ = | has been wsed. In these equations we
further use as typical values: z, = 50 m, oy 7 15, Ay
=5Wm K and ;= 0.033 K. With these values
the coefficients dy, oy and ¢ still depend on the ref
crenee temperature T, while oy also depends on N
and K",

For practical apphications we again ncglect the 7,
dependence and approaimate the constan(s by their
values for 7, = 283 K. We then obluin {using =, = 50
m, (1K) In(z,/zy) = 30, 6; = 0.033) the values
(Sez Y7 =50ms™", d, = 15, d, = 6600, d, = 1.55 and

dy = (—K™ 4 96 - 60NY2R70, (39)

where the dry-adiabatic comrection 1erm has heen ab-
sorbed in O, The relation between f, and u, for these
constants is compared with data for K* = 0 in Fig. 2.
It is seen that the general behavior of (33) is satisfac-
tory. Also, the present resulis agree with the mean value
8¢ = 0.08 found hy Venkatram (1980) for predomi-
nantly clear sky conditions, The advantage of the pres-
ent approach is that solutions for £, and 1, ate also
ohtained for low wind speed. provided the wind profile
described in Section 6 is used. Thus, in principle. the
present method also gives 3 practical solution for very
stable conditions, That such practical solutions are
useful has been shown by Holtslag, (1984),

Another advantage of the present method is that no
special provisions have to be made for transition hours
between day and night.
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The curves L+ 10 m and H = - 60 W m™? are given

for teference. The measurements were made at Cabauw.

5. Mixing height and (cmperature profile
a. The nentral 4BL
The depth of the fully neutral stationary ABL follows

from asymptotic similanity theory {Blackadar and
Tennckes, |968):

e = Catia /S, (40) -

where fis the Coriolis parameter and ¢, = 0.2 an em-
pirical constant. This relation indicates that in neutral
conditions the mixing depth varies only with wind
speed. In practice, however, ofien elevated inversion
layers exist even when a major part of the ABL can be
considered neutral. In that case the ABL depth is lim-
ited by the height of the elevated inversion. When ob-
scrvations are available that indicate the presence of
an inversion at a height less than that given by {40),
the inversion height should be taken as ABL depth
instead of (40). Further the use of (40} should be limited
Lo atmosphenc conditions that are sufficiently neutral.
A practical rule of thumb is the requirement [n, /( £1)|
< 4. This corresponds crudely with Jh/L| < 1.

b The stable AR,

The structure of the stable ABL is best ilustrated by
sorne typical examples of measured temperature pro-

files as are shown in Figs. 3 and 4 (Cabauw measure-
ments taken from van Ulden and Wessels, 1973). Fig-
ure 3 shows the development of the temperature profile

Z

{m)
200 19T3.JUNE 14.15 T

160

Y204
80

40
3130 500 20 00 18 30

6 8 © : wg ()

Fici. 3. The temperature profile measured in Cahauw on a clear
night with a low wind speed: £ (200 m) = 1 m s~ for indicated
times (11T}
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FIG. 4. Asin Fig. 3, but with £ (200 m) = 10 ms~". Al time
=505 UT. Hy = 0.

for a clear night with a low wind speed [U/ (200 m}
== 1 ms~']. In such nights no fully developed turbulent
boundary layer is present and cooling occurs due to
radiation divergence and some weak intermitient tur-
bulence. The vertical potential temperature gradient is
seen 1o decrease monotonously with height. The profile
resembles strongly the exponential profile proposed by
Stull (1983} or the cubic profile by Yamada (1979).
Figure 4 shows a clear night with a moderate wind
speed [U (200 m) = 10 m s7']. In this case a fully
turbulent boundary Jayer is maintained by wind shear.
The early development of the shape of the temperature
profile is similar as in the light wind case. However,
afler a few hours a triple structure develops. Near the
surface a Jayer is present in which the temperature gra-
diem decreases with height (up 1o about 40 m). Then
a bulk layer follows in which the temperature gradient
increuses with height. On top of this Jayer an interfacial
layer is present in which again the temperature gradient
decreases with height. The atter layer marks the 1ran-

sition from fully turbulent to laminar flow. The max-

imum wind speed is usually observed at the top of the
bulk layer, i.e., near the height with the greatest tem-
perature gradient, This observed triple structure re-
sembles somewhat the structure of the model by Wetzel
(1982}, He, however, assumed a linear bulk layer. Al-
theugh this is an oversimplification, Wetzel's model
seems adequate for practical applications when only
crude temperature profiles are needed.

Wetzel's model requires an independent estimate of
the depth of the turbulent layer. For this, two main
types of diagnostic equations have been proposed. The
first is a bulk Richardson expression (Hanna, 1969;
Wetzel, 1982). '

YOouume 24

H t2
L, = _RI_&_ 41
£l6, — ty)
Here Riy, =~ {1.33 is a Richardson number to be assumed
constant, LY, is the wind speed ot the top of the ABL .
8, — 0y is the powential temperature difference over the
ABL. Although (41) has proven to be an acceptable
estimate for /1, 1t has the disadvantage that #, - #, and
especially U, is not normally available. Therefore (41)
is less suitable for practical applications.
More suitable is Zilitinkevich's (1972) expression:

hyo= cdug LIy, (42)

where ¢, = 0.4 is an empirical cocthicient. Recently
Nicuwstadt (1984a.b) provided some theorctical sup-
port for this expression and also showed that it gives
an acceptable fit 1o data. An example of the use of (42)
is given in Fig. 5.

Equation (42) offers problems at high wind speeds
and low f, values. because £ may become quite large.
Therclore in practice it is advisable 10 limit & by its
neutral value (40) in cases for which (42} gives higher
values than (40). This correspands with the require-
ment earlier mentioned that the neutral estimate should
be laken when [u, /(L) < 4.

¢. The unstable ABI

Also the unstable ABL has a triple structure. In this
case the surface tayer has a negative temperature gra-
dient. ki is again described by surface layer similarity.
In the bulk layer the potential temperature is approx-
imately constant with height, The interfacial layer has
a positive tlemperaturc gradient. i can be characterized
by a temperature jump Af and a layer thickness Ah.

For the depth of the unstable ABL no adequate di-
agnostic equations exist; instead, rate equations are
needed {(e.g., Carson, 1972, Tennekes, 1973; Stull,
1983; Deardorff er af., 1974). The practical applicabitity
of such models is discussed, e.g., in Tennekes and van
Ulden, 1974, Driedonks, 1982; Reiff o1 /., 1984: Drie-
donks and Tennckes, 1984. The main equations may
be summarized as follows:

The rate equation for A is

SNfar = wy, + w,, {43)
where wy, is the mean vertical velocity of the air at the
height A and w, the entrainment velociy, While wy, can

be estimated {from convergence calculations, it is ofien
neglected; w, follows from

W Wiy = cfc, + Rin), {44)
where
W = (we + il )" (45)

is a velocity scale,

Riy = ghA8/(Tw,?) (46)

*
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FiG. 5. The depth of the boundary layer in Cabauw on 3| May 1978, Circles pive
solar measurements (Nieuwstadi, 1984). Squares give values derived from radiosound-
ings. Sohd line is computed from Eq. (41} for the stable penod and from Fqs. (42)
(47) for the unstable period. The method of Sectiun 4 has been used for estimating ty

and #,.

is a bulk Richardson number and ¢,= 0.2, ¢, = 1.5 and
¢, = 25 are empinical coefficients.
The temperature jump at the top of the ABL is cal-
culated with ~
HNARY/Or = yw,. — db/ar, ) (47)

where y = 86/8c is the temperature gradient above the
ABL. and # ithe mean potential temperature of the ABL;
¥ i1s obtained from measurements at the beginning of
the day and 08/ is given by

a3t = (L + ¢¥H pCoh. (48)

The set equations (43)-(48) can be solved numerically
to provide the development of A and Af. An example
is shown in Fig. 5.

The thickness Ah of the interfacial layer has been
discussed by Deardorfl e af. {1980) for convective
conditions{c,ul € wl). The result for A% can be writien
in the present notation as:

Ah / (h -1 a;;) = o+ o/Rim,  (49)

where ¢o = 0.21 and ¢, = 1.31 are empirical coefficients,
The use of (49) in cases with nonzere ue is only ten-
tative, From (47) and (49) a crude estimate for the
temperature gradient in the interfacial layer is obtained
as:

(80/8z), =~ AB/Ah. (50}

This estimate can be used for the estimation of buoyan
plume penctration in the interfacial layer (Willis am
Deardorft, 1984; Manins, 1979).

6. The wind profile : )

Normally the wind speed in the boundary layer in-
creases with height. while at the same time a clockwise
turning occurs in the Northern Hemisphere, In this
section we will describe methods for estimating these
effects from surfisce observations and an estimated ABL
depth. Other information like the geostrophic wind o1
upper air wind observations are not dealt with.

a. The turning of the wind with height

The turning of the wind with height is an important
feature for air pollution modeling, because it affecis
both the direction in which the pollution goes, and the:
lateral dispersion. Unfortunately little is known about
directional wind shear. Some information can be ex-
tracied from a paper by Holislag (1984). In Table ﬁ
observed data on the turning of the wind with height*
are given. In unstable and near-ncutral conditions the
turning is small below 200 m. In stable conditions a
mean turning angle up 1o 40° is observed. The data
from the table can be ordered by using a scaled height
z/k. where i is computed as described in Section 5. 11
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‘TAIILE 2 ) Turmng_of!he wind with hcigh! The mean difference /) and the rms difference o, are correcied Tor the hias 17 of the ohserved
wind dircetion at height 2 and the 20 m height. Observed Cabaww data aken from Holeslag {19R4). A distinclion is made in 9 classes of

stability. ranging from very unstable a to neutral & and very stable i For cach class the mean Obukhoy length Lo, = 147/} is given. Also
fur the neutral and s1able classes d-h the mean ABL depth h - LAT7E) is given, where 4 is compuied as described in Section 5.7

Class
Parameter a ] I d ' ! 4 h ¥
L. {m) - - 100 -370 350 130 60 20 [£43
A, (m) 1000 an 220 160 120 [H1LH]
z= 40m
D 0 ¢ 0 1 2 4 h] 7 12
L) 2 2 2 2 2 4 3 4 5
o= &0m
D 4 3 3 7 1 16 21 24
on ] 6 5 7 9 10 £2 12
2=120m
n R 6 5 10 17 4 n
an t3 12 7 ] 1 14 14
z=J60m
D 10 8 T 14 2 M k) 36
en 17 16 tr 12 10 16 18 17 17
I=20m
D 12 n 9 12 IR 28 35 38 kL
o 1?7 18 14 12 11 17 21 18 20

* The valpﬂ uf.l'__, and A, for class + are 1emative values obtained by Rtiing profilc functions to observed wind profiles up 10 200 m. The
valur. of h,, 45 not given for the un<iable classes, because of the high vanability of & within each class tymeal values range from 500 m-2000
m. Note that a positive vatue of D refer to a clockwise change 1n wind direction wilh increasing height Data are prven in degrees.

appears that all data on the mcan turning angle are
described within a few degrees by

IXZyDKhy = d\[)1 - expl{~daz/, 5n

where IX2) is the turning angle at the height =, (/) at
the height #and 4 = 1.58. d; = 1.0 are cmpirical
coefficients. From the data for the stable plasses a turn-
ing angle I(h) = 35° can be derived. This corresponds
with D{h) — D{z = 10 m) = 32°.

Since {51) has been derived from observations be-
tween 20 and 200 m the use of it close to the surface
should be avoided. The scatter around the mean turn-
ing angle as given hy (51) is quite large. At 200 m the
rms error ranges from about 12° in near neutral con-
dittons 10 about 19° in stable and unstable cases. Nev-
ertheless, the mean correction (51) is significant espe-
cially in stable conditions.

b The wind speed profile

The basis for wind speed profile calcutations is the
Monin-Obukhov simitarity theory for the surface laver
as given formally by (8). For the present purpose we
rewnte (K ag:

I

¥}

o5)-od0)]
[ of L
o(5) - 5]
[ . ¥ 1
where 1y is the height at which a wind obscrvation is
available and where we have omitted the small terms
Yar(zp/L). The most commonly used f, stability func-

tions are {Dyer, 1974; Yaglom, 1977; Businger ¢f af.,
1971; Wicninga, 1980a.b; Paulson, 1970}

Uiy = Uz (51

14 1+ x7
Ga =2 ln( 5 ?) + In(— . X )7 2 an”0) + =2,
{42a)
where
x=(1 - 16700 for L <0, (520
and
¥ = —52/L, for L>0. (52

Strictly speaking. these functions are valid for 2, < z
< |L{. Ivappears, however, that in unstable conditions
(52} in combhination with (52a), (52b) can be used at
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heights o & |LL maybe even up to - = h (Garratt of af.,
1982: Holtslag. 1984). Equations (52a) and {52b) can
also be replaced by a more simple function (Jensen ef
ol 1984y,

Yar = (1 = 162/0)" — I, {53)

This function has the same performance as (52a. b) for

0« ~z/L < 30. When applied 1o the Cabauw data as

described by Holtslag {1984), starting from a measured
wind a1 tO m, total cloud cover M and solar clevation
¢ and using the energy budget method described in
Section 4 for estimating 1w and 6, (52) and (53) appear
o predict the wind spred at 200 m with an accuracy
ranging from 20% in near-neutral conditions to 30%
in very unstable conditions. At 80 m the errors are
ahout half this large.

I stable conditiomns, (52) in combination with (52¢)
fails for = > 1 {Wcbb, 1970 Hicks, 1976; Carson and
Richards. 1978; Holtslag, 1984). Tguation {52¢) can,
howeser, be reptaced by another empiricil function
that has the same performance for = < L. but a much
beiter performance for - > £ This function is:

Yar = = 1701 — exp(—0.292/L)]. (54)

For smalf =//. this function reduces to the lincar sta-
bility function {52¢) while at large /L it has the same
behavsor as the moditied stahility functions proposed
by Hultslag {1983) and Carson and Richards (1978).
A function similar to {54) has becn proposed by Pe-
tersen of al. (1984). The performance of (54) even in
very stable conditions is remarkable. When applied to
the Cabauw data set {Holtslag, 1984) and using Section
4 for estimating g and A, it appears to predict the
wind speed up 1o 200 m without significant syslematic
errofs even in cases in which 77 is well below 20{ m.
The scatter, however, is not insignificant. The rms error
at 200 m ranges from 20% in near neutral conditions
10 30% in very stable conditions. At 80 m 1he errors
are about half this large.

7. Conclusions

We have described methods for estimating, from lo-

cal routine measurements, the boundary layer param-’

eters that are relevant for air pollution modeling. For
the surface parameters a comprehensive synthesis is
made of existing parameicrizations, with an emphasis
on the surface energy balance. For the wind speed pro-
file recent empirical similarity functions are proposed
that are both simple and effective. A new similarity
function for the turning of the wind with height is pro-
posed. For the dastime mixing height, widely accepted
rate equations are adopted. For the temperature gra-
dicnt of the capping inversion a tentative procedure is
given. Crude methods for the depth and temperature
profife of the stable houndary layer are taken from the
literature. which arc probably an advancement over
current practice in air polhetion modeling,

A. P, VAN ULDEN AND A. A. M. HOLTSLAG 1206

RETERENCES

André, . C.. 1983 On the variahifity of the nocturnal boundary
taver depth. J. Atmos. Sci, 40, 23092311,

Arnficld. A, J.. 1979 Evaluation of empincal expressions for the
cstimation of hourly and dashy totals of atmosphenc longwave
emissions under atl sky condinons Quare. J. Rov. Mecor. Soc,
165, 1045-1052.

Baerentsen, J. H., and R. Berkowice. 1984; Monte Carlo simulation
of plume dispersion (h the conveetive boundary layer. Atmoy
Invieon, 18, 701-112

Rarad. M. L. (Ed.) 1958 Projeet Prairic grass, a field program in
diffusion. Geophys. Res. Rep. No. 59, Vols. 1 and 2, Geophysics
Rescarch Dhirectorate. 489 pp.

Befjaars, A, C. M. 19R2: The denvation of fluxes from profites in
perturbed arcas. Bosndany-Laver Afejeorod | 24, 35-53,

—==_. P. Schotanus and ¥, T. M. Nicuwstadt, 1983 Surface laver

its under non-uniform lewch conditions. J. Climate Appl

or., 21, TROO-1R L

Berkowicz, R, and L. P, Prahm. 1982a: Frvaluation of the profiie
method for estimation of surface fluxes of momentum and heat.
ttmes. Fnviron., 16, J809-2819,

——. and ——, 192k Sensible heat flux estimated from toutine
meteorological data by the resistance method. J. 4ppt Meieor,
H, 18451804,

Blackudar, A K., and H. Tennekes. 1968 Asymptotic simifaniy in
neutral harotropic planctany boundary lavers. J. Anmea. Sea., 25,
1015 16320,

Briggs, G. A., 1983 Diffusion modcling with convective scaling and
effeets of surface inhomogencitics. Speciality Conf on Air Quality
Aodeling of the Urban Boundary Laver, Baltimore, Amer, Me-
teor. Sod., (unpublished).

Businger. . A ). C. Wypgaurd. Y. lzumi and F. F. Bradlcy, 1971:
Flux-profile relationships in 1he atmospherie surface laver. J.
Atmos. Sep, 8, 181-1R9,

Carson, I ), 1973 The development of a dry inversion-capped
convectively unstahle houndary laver. Quart F. Roy Metver.
Ko, 99, 450487,

——. and J. R. Richards, 1978: Modelling surface turbulent flunes
in stable conditions. Boundary-Layer Meweorol.. 14, 67-R1.

Collier, L. R, and ). G. 1Lockwood, 1974; The estimation of solar
radiation under cloudless skies with atmosphens dust. Quart
4 Roy. Mereor. Soc.. 1R, 67TR-681,

de Bruin, H A, R, and A. A. M, Holislag. 1982: A simple param-
eterization of the surface fluxes ol sensible and Tater heat during
davtime compared with the Penman-Momeith concept. . 4pp!
Meteor, 21, E610-1621

= and 1. Q. Kcijman, 1979: The Priestley-Taylor cvaporation
model applicd to a larpe shallow lake in the Netherlands, f.
Appl Metcor 18, RY8-903,

Dicardorff, 3. W., 197(k Consvective velocity and temnerature scakes
for the unsishle planetary boundary layer and for Rayleigh con-
vertion. J drmes. Sei, 27, 120121213,

e G E.Wills and B. H. Stockton, 1980 Lahoratory studies of
the entrainment zone of a convectively mixed Jayer. S Fhiid
Mech., W, 41 -46.

Dehter-Amissah. A, L. Hogstrém and A. S, Smedman-Htigsirdm,
1981 Calculation of sensible and latent heat fluxes and surface
resistance from profile data. Soundury-Layer Meirorol, 20,
35-49.

Driedonks, A, G M., 1982: Modcls and observations of the growih
al the aimospheric houndan laver. Boundary-Laver Meicor.,
23, 283- 3.

—— . and H. Tennekes, 1984 Entrainment eflects in the well-mixed
atmospheny boundary laver. Boundur Laver Meteorol . 30, 75~
105,

Dyer. AL . 1974 A review of flux-profile refationships. Houndury-
Laver Meteorol, 7, 303-372 :

Garmatt, J. R, and B, B Hicks, [973; Momenipm, heat and water
vapour transler 16 and from natural und antificia sunaces. (heart
J Row. Meteor Soc, 99, 680-687,

— 1 € Wyppaard and R. J. Francey, 1982 Winds in the at-




1207 JOURNAL OF CLIMATE AND APPLIED METEQROLOGY VOoLUME 24

mosphenie boundary layer—Prediction and observation. J At-
maos. Sci, 39, 1307-1316.

Gryning, S. E., A. P. van Ulden and S. Larsen, 1983 Dispersion
from a continuous ground-level source investigation by a K
maodel. Quart 4. Roy. Metcor. Soc., 109, 355-364,

Hanna, 8. R.. 1969: The thickness of the planciary boundary layer,
Atrnos. Euviron, 3, 519-536.

Huurwitz, B., 1945 Insolation in relation to cloudiness and cloud
density. J. Mereor., 2, 154-166.

Hicks, B. B., 1976: Wind profile relationships from the “Wangara®
experiment. Quari. J. Roy. Meieor. Soe., 102, 535-551.

Holtslag, A. A. M., 1984: Estimates of diabatic wind sperd profiles

from near surface weather observations. Baundary-Layer M-

teorol , 29, 225-250.

, and A. P. van Ulden, 1983: A simple scheme for daylime

estimates of the surfuce fluxey from routing weather data. J

Climate Appl. Meteor., 22, 567-529.

Horst, T. W., 1979: Lagrangian similarity modcling of vertical dif-
fusion from a ground-tevel source. J. Appl. Meteor., 18, 733-
740.

Hung, . C. R, 1982: Diffusion in the stable boundary layer. Afnu-
spheric Turbulence and Air Poltwtion Modelling, F. T. M,
Nieuwstadt and H. van Dop, Eds., Reidel, 231-274.

Jensen, N. O, E. L. Petersen and 1. Troen, 1984: Eatrapofation of
mean wind statistics with special regard to wind energy appli-
cations. WAMO World Climare Programme. Rep. WCP-86, 85

PP.

Kasten, F., and G. Czeplak, 1980: Solar and terresinal radiation de-
pendent on the amount and 1ype of cloud. Solar Encrey. 24,
177-189.

Korrell, A., H. A. Panofsky and R. ). Rossi, 1982 Wind profiles at
the Boulder tower. Boundury-Layer Metearol,, 22, 295-312.

Lumb, F. E., 1964: The influence of cloud on hourly amounts of
todal solar radiation at the sea surface. Quart. J. Ray. Meteor.
Soc., 9, 43-56.

Manins, P. C., 1979 Partial penctration of an elevated inversion
layer by chimney plumes. Armwos. Environ., 13, 733-741.
McBean, G. A. Ed., 1979 The plunctary boundary fayer. Tech. Note

No. 165, WMO 530, 201 pp.

Monteith, J. L., 1981: Evaporation and surface temperalure. Quart.
J. Ray. Meteor. Soc., 107, 1-2).

—, and G. Szeicz, 1961: The radiztion balance of bare soil and
vegetation. Quarl. 1. Roy. Meteor Soc.. 87, 159-170.

Niewwstadt, F. T. M., 1978: The computation of the friction velocity
uy and the temperature scale Ty from temperature and wind
velocity profiles by least-square methods. Bowndury- Layer Me-
teorol., 19, 235-246,

—, 1980: Application of mixed layer similarity 10 the observed
dispersion from a ground-level source. J Appl. Meteor., 19, 157-
162.

——, 1984a: The turbulent structure of the stable, noclurnal boundary
layer. J. Atmuoy. Sci, 41, 2202-2216.

—, 1984b: Some aspects of the turbulent stable boundary luyer.
Buoundary-Layer Meteorol., 30, 31-55.

-, and H. van Dop, 1982: Atmospheric Turbulence and Air Pol-
lution Modelling Reidel, 358 pp.

Obukhov, A. M., 1971: Turbulence in an atmosphere with a non-
uniform temperature. Boundary-Layer Meteorol, 2, 1-29.
Paltridge, G. W., and C. M. R. Plalt. 1976: Rudiative Processes in
Meteorology and Climatology. Development in Atmospheric

Science, Vol. 5. Elsevier, 318 pp.

Pasquill, F., and F. B. Smith, 1983 Atmuspheric Diffusion. Third
ed., Wiley, 437 pp.

Paulson, C, A., 1970: The mathematical representation of wind speed
and temperature profiles in 1he unstable atmosphenic surface

- layer. J Appl Meteor., 9, 856-861.

Petersen, E. L., ). Troen and ). W. Wieringa, 1984: Development of
a method for wind climate analysis for non-mountainous terrain
in Europe. European Wind Energy Conf, Hamburg,

Priestly, C. H. B, and R. ). Taylor, 1972: On the assessmenl of
surface heat Mux and evaporation wsing large scale paramelers.
Afon. Wea. Rev, 106, 81-92.

Reiff, J., D. Blaauboer, H. A. R. De Bruin, A. P. van Ulden and G.
Cals, t984: An atr-mass transformation model for short-range
weather forecasting. Mon. Hea. Rev., 112, 393412,

Sellers, WD, 1963 Piypsical Clunatology, The University of Chicago
Press, 272 pp. i

Smith, F. B., and R. M. Blackall, 1979: The application of ficld ex-
periment data 1o the parameterization of the dispersion of plumes
from pround level and tlevated sources. Marhematical Modelling
of Turbulent Diffiesion in the Environment, ). Harris, Ed., Ac-
ademic Press, 2p1-238.

Swll. R, B, 1973 Inversion-rise model based on penetrative con-
vection, J. Atmes. Sei. 30, 1092-1059, '
——. I983. A hear-flus history length scale for the noctumal bound-

ary layer. Teflus, 35A, 219-230.

Swinbank, W. C.. 1963: Longwave radiation from clear skies. Quarr.
J. Roy. Motear. Soc., 89, 339-3438.

——. 1964, Discussion on the 1963 article. Quart. J. Roy. Meivor.
Soc, 90, 488-493,

Tennekes, H., 1973: A model for the dynamics of the inversion above
a convective boundary layer. J. Ammos. Sci, 39, 558-567,
-—, and A. P. van Ulden, 1974: Short term forecasts of iemperature
and mixing height on sunny days. Froprints 2nd Symp. on Atmos.
Turbwdence, Diffision and Air Quality, Santa Barbara, Amer.

Mcteor. Soc., 35-40.

van Ulden, A. P., 1978: Simple estimates of venical diffusion from

sources near the ground. Afmos. Environ., 12, 2121-2129.

,and H. R. A. Wesscls, 1973: Profiles of temperature and hor-

itontal visibility measured on a 200 m meteorological mast.

Paper presented at Symp. on the Aimospheric Boundary Layer,

Mainz, (unpublished).

——, and A. A. M. Holislag, 1983 The stabitity of the atmosphenc
surface layer during mighttime. Preprints Sixth Symp. on Tur-
butence and Diffusion, Boston, Amer, Meteor. Soc., 257-260.

Venkatram, A., 1980: Estimating the Monin-Obukhov length in the
stable boundary layer for dispersion calculations. Boundary-
Layer Meotearol, 19, 481-485.

——, D Strimaitis and D). Discristofaro, 1984: A semiempirical mode)
10 estimale verlical dispersion of elevated releases in the stable
boundary layer, Aimos. Environ, 18, 923-928,

Webb, E. K.. 1970 Profile relationships: The log-linear range and
extension 1o strong stability. Quart. J. Roy. Meteor. Soc., 96,
67-90.

Wetrel, P., 1982: Toward parameterization of the stable boundary
layer. J. Appl. Meteor., 21, 7-13.

Wieringa, J., 1976: An objective exposure correction method for av.

erage wind speeds measured ai a sheltered location. Quart. J.

Roy. Moreor. Soc., 102, 241-253,

, 1980a: A tevaiuation of the Kansas mast influence on mea-

surements of stress and cup-anemometer overspeeding. Bound-

ary-Laver Mateural,, 18, 411430,

——, 1980b: Representativeness of wind observations at airports.
Hull. Amer. Meteor. Soc., 51, 962-971,

——, 1981: Estimation of mesoscale and locai-scale roughness for
atmospheric transport modelling. 71t Int. Tech. Meeting on
Air Pollution Modclling and its Application, Pienum, 279-293

PR .

——, 1983: Description requirements of non-ideal wind stations—
for example, Aachen. J. Wind Engin. Indusir. Aerodyn., 11,
121-131.

Willis, G. E., and J. W. Deardorfl. 1983 On plume rise within the
convective boundary layer, Atmes. Environ., 17, 2435-2447.

Yaglom, A. M., 1977: Comments on wind and temperature flux-
profile relationships. Boundary-Layer Mereorol,, 11, 89-102,

Yamada, T., 1979: Prediction of the noclurnal surface inversion
height. J. Appl. Meteor., 18, 526-531.

Zilitinkevich, 8. 8., 1972; On the determination of the height of the
Ekman boundary layer. Boundary-Layer Meteorol., 3, 141145,

™




