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ABSTRACT

This paper gives the outline of a “meteorological preprocessor™” for air pollution modeling. It s shown how
significantly more information can be extracted from routinelv 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 be accommodated. The methods are primanly intended for application in generally
level, but not necessarily homogeneous terrain. The improved characterization of the state of the planetary
boundary layer allows a more modern and probably more accurate description of diffusion. The paper is an
extended version of an introductory paper presented during the “Workshop on Updating Appiied Diffusion

Models” 1n Clearwater. Florida. January 1984,

1. Introduction

The quality of a dispersion model 1s 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 1o apply
the dispersion model, a “meteorological preprocessor™
is needed 1o estimate 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
characterize the state of the atmospheric surface layer.
Therefore these classes are strongly biased toward neu-
tral 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 that are only a function of the sta-
bility class. Turning 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 account explicitly for the effect of tem-
perature 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-
perston calculations. Examples are the use of convective
scaling in the unstable boundary layer (Deardorff, 1970:
Nieuwstadt, 1980; Briggs, 1983; Baerentsen and Ber-
kowicz, 1981), the use of local scaling in the stable
boundary layer (Hunt, 1982, Nieuwstadt, 1984a.b;
Venkatram er al., 1984) and the use of surface layer
similarity for dispersion from surface releases (van Ul-
den, 1978; Horst, 1979; Gryning ef al., 1983).

There is also evidence that the meteorological input
can be improved by the use of better meteorological
preprocessors. [t is the purpose of this paper to sum-
marize recent developments of “preprocessors’ and to
provide guidance to those who want to obtain better
meteorological input from existing routine measure-
ments.

In this paper we limit ourselves to dry boundary
layers, 1.e. to 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 A, the surface heat flux Hg and the
surface momentum flux 7,. These parameters deter-
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mine a number of secondary parameters which will be
given below.

e /: The ABL depth 4 is defined as the depth of the
fulty turbulent boundary layer near the ground. In this
layer mixing is much more rapid than above it. There-
fore it is often called the mixing layer.

¢ Hy: The surface heat flux is the vertical flux of
sensible heat that is transferred by turbulence 1o or
from the surface. The parameter Hy determines the
heating or cooling of the ABL, directly affects the tem-
perature profile and indirectly the depth of the ABL.
Also, due to the action of gravity, the heat flux gives
rise to buoyant production or destruction of turbulent
kinetic energy. This production is given by

BU = gHo/(pCpT). (l)

where g is the acceleration of gravity. p the air density,
C, the specific heat of air and T the absolute temper-
ature. When B, is positive, turbulence is created by
buoyancy. In this case B, and # define a convective
velocity scale

wa = (Boh)'". (2)

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

¢ 7¢: The surface momentum flux or shear stress
defines the friction velocity

(3)

where 11, determines the shear production of turbulence
kinetic energy at the surface. This is given by

So = uz/tkzo), (4)

where k = 0.4 is the van Karman constant and z, the
surface roughness length. Furthermore wu, is the velocity
scale for turbulence in the near-neutral and stabie
boundary layer. The heat flux and u, together define
a temperature scale:

ba = —Hp/(pCpus), (5}

where 84 is a temperature scale for turbulent heat
transfer, while gf, /T is a scale for turbulent buovancy
transfer.

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

L = 14/(kgbse/T).
From (1), (4), (5) and {6} it follows that
—p/L = By/S). (")

Thus —z4/1. is a stability measure that gives the relative
importance of the surface production of turbulence by
buoyancy and by shear.

In all we have now introduced three length scaies
i.e., Zo, L and h; two velocity scales, i.e., 1y and W
and one temperature scale, i.e.. 8,. These scales form
the basis for the main existing similarity theories for
the ABL..

Up = (TO/P)UZ»

{6)
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3. Estimation of u, and 6, with the profile method

a. Profile method

In the absence of turbulence measurements we have
to derive u,, 8, and L from other available data. This
can be done with use of the Monin-Obukhov theory
for the atmospheric surface layer.

The basic equations are the following, According to
surface-fayer similarity theory, 1y and 8, can be written
as functions of the vertical profiles of windspeed U/(z)
and potential temperature #(z) {McBean, 1979):

e = KU)/[IN(20/20) = (21 /L) + Yar(z0/L)],  (8)
and
Be = K[8(z3) — B{z2)]/[In(z5/23)

= ¥ulzs/L) + Yu(z2/0)]. (D)

In these equations ¥, and ¢ are stability functions
and z,~z; are arbitrary heights in the surface layer. The
function ., is discussed in Section 6. The term  is

given by (Dyer, 1974; Yaglom, 1977; Businger er al.,
1971; Wieringa. 1980a,b):

|+ p?
l,LH = 2 11’1( 5 4 ) \
where
y=1(-16z/L)"* for L <0, (9a)
and
¥u = —5z/L, for L>0. {9b)

The similarity profiles (8) and (9) are valid typically
for zy € = < L (e.g., Businger er al., 1971; Dver, 1974
Yaglom. 1977).

When measurements are available of a single wind
speed at -, and a single temperature difference between
2y and zp, we can solve for uy, ., and L by iteration.
This is called the profile method (Nieuwstadt, 1978;
McBean, 1979; Berkowicz and Prahm, 1982a).

Also, estimates of T and z; are needed:; T need not
be known accurately (say within 10 K) and estimation
procedures for z are described in the next section. Since
the similarity profiles are only valid for z, < z € [ and
L is regularly as smali as 10 m, it is advisable to restrjct
the application of the profile method to measurements
over terrain with a low roughness at heights less than
10 m. The profile method is a reliable method for es-
timating the surface parameters, provided the temper-
ature difference is measured accurately and preferably
over a great height interval (e.g., 2 m-10 m).

b. Estimation of the surface-roughness length z,

The surface-roughness length z; is an important pa-
rameler in the integral flux-profile retation of the at-
mospheric surface layer given by (8) and (9). Moreaver
=p forms the lower boundary in diffusion models (¢.g.,
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Pasquill and Smith, 1983). The length zp represents,
in principle, the roughness characteristics of a homo-
geneous 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 appropnate
for use in the flux-profile relations (e.g., Nieuwstadt,
1978: Beljaars, 1982).

When an effective roughness length is used, surface
fluxes can be derived that are representative for a larger
area than local derived fluxes. This is important, for
instance, for the estimation of the wind profile at greater
heights from surface fluxes and single wind speed. This
is demonstrated by Korrell et a/. (1982) for the Boulder
tower and by Beljaars (1982) and Holtslag (1984) for
the Cabauw tower, Furthermore the horizontal velocity
fluctuations scale on a friction velocity scale are rep-
resentative for a larger area (Beljaars et al., 1983).

The value of the effective roughness length can be
obtained from a method described by Wieringa (1976,
1980a,b, 1983). This method relates the surface rough-
ness length to the normalized standard deviation of
wind speed (a,/U). Alternatively, we can use the nor-
malized maximum gust. The latter method is suitable
for routine station applications, when gust records are
available. The value of z, with Wieringa's method is
representative for an area of about 5 km? (Beljaars,
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 application of Table | we can define wind direction
sectors as needed to distinguish between major varia-
tions in upwind terrain conditions. Sectors less than
20° in width are not expected to be suitable in practice.

TaBLE 1. Terrain classification by Davenport (1960) and Wieringa
(1980) in terms of effective surface roughness length z;.

Class Brief terrain descniption 2p (m)
1 Open sea. feich at least 5 km 0.0002
2 Mud flats, snow; no vegetation, 0.0035
no obstacles

3 Open flat terrain; grass, few 0.03
isolated obstacles

4 Low crops: occasional large 0.10
obstacles, x/H* > 20

5 High crops; scattered obstacles, 0.25
15 < x/H* <20

6 Parkland, bushes; numerous 0.5
obstacles, x/H* ~ 10

7 Regular large obstacle coverage (1.0)
{suburb, forest)

8 City center with high- and low- -7
rise buildings

* Here x is typical upwind obstacle distance and H the height of
the corresponding major obstacles. Class 8 is theoretically intractable
within the framework of boundary layer meteorology and can better
be modeled in a wind tunnel. For simple modeling applications it
may be sufficient to use only classes I, 3, 5, 7 and perhaps 8.
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In practice the roughness length often is estimated
from wind profiles observed in neutral stability con.
ditions. However, as discussed by Wieringa (1981) and
Beljaars (1982) for a rough to smooth transition, the
turbulence adjusts more slowly to the underlying sur-
face than the wind profile. For that reason the upwind
roughness averages over larger distances can be better
evaluated from o,/ or gustiness than from profiles,
Conversely, this means that only above a certain height
can the wind profile be described with the effective
roughness length. Beljaars (1982) estimates this height
as 25, where § is the height of the major obstactes. Closer
to the surface the flux-profile relations differ from those
over uniform terrain (Beljaars er a/., 1983),

4. Estimation of u, and &, with the energy budget
method

In the profile method we have used that 8, can be
written as an implicit function of a vertical temperature
difference Af and uy, ie., . = [{AS, us). When no
vertical temperature difference is available for the ap-
plication of (9), this information can be replaced by
information on the surface energy budget:

Hy+ AE=(Q* — G, {10

where AE is the latent heat flux (X is the latent heat of
water vaporization and E is the evaporation), Q* 1s the
net radiation and G the soil heat flux. An exampie for
a clear day is shown in Fig. 1. Hg + AE is the energy
flux that is supplied to or extracted from the air, while
0* — G is the source or sink for this energy. Using H,
= —pC,itabe, (10) can be written as

AE-Q*+G

6
* P Cput

(i
In this equation AE, Q* and G can be parameterized
(as we will see later) in terms of the total cloud cover
N, the solar elevation ¢, the air temperature T, the
friction velocity us and 8y itself. The idea is to use (1 1)
to write #, as a function of the variables N, ¢, T and
T

8! = fé(N’ ¢1 Ty u‘)‘ (12)

This equation then replaces (9). The further procedur'e
of finding 64 and u, from (8) and (12) by iteration 15
similar to that used in the profile method. In the fol-
lowing sections we will discuss the modeling of AE, O
and G as well as the resulting functions of the type (12).

a. Modeling of the evaporation

The evaporation is formally given by the Penmarn-
Monteith equation (Monteith, 1981), which can be
written as

88 dpAAg

— G+ .
1+ BS(Q- ) (1 + 885)r,

In this equation & = r,/(r, + r.), 74 is the aerodynamic

AE = (13)

T
3 4
H
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FIiG. 1. Components of the surface enengy budget measured at Cabauw, the Netherlands
on 31 May 1978,

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 1o the
surface; formally r, = (T — To)/(Bxlte), where T and
Ty are the temperatures of the air and of the surface
respectively. The slope of the saturation enthalpy curve
155 = &(Ag,;)/XC,T) and g, the saturation specific hu-
midity; the humidity deficit of the air is Ag = q(T)
— ¢, 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-
rectly related to the external energy source O* — G.
The last term in (13) we call the aerodynamic 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 Aq is needed as well as estimates
of r, and r.. Attempts to do so in a practical manner
have been made by, e.g., Smith and Blackall (1979,
Deheer-Amissah et al (1981) and Berkowicz and
Prahm (1982a). These attempts show that such an
evaluation is quite complicated. There is however, a
simple alternative: the modified Priestley-Taylor
{1972) model (de Bruin and Ketjman, 1979; van Ulden
and Holtslag, 1983). This model is based on the ex-
perience that both the thermodynamic and the aero-

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

S . .
1+ S(Q ©)
This is the evaporation that would occur when the
surface is wet {r. = 0, § = !} and the air saturated
(Ag = 0). _

The correlation betweer. the thermodynamic evap-
oration and AE, is directly clear. The correlation of the
aerodynamic term and AE, is caused by the fag:t that
AE, and Ag have a similar diurnal cycle (de Bmln pnd
Holtslag, 1982). Therefore it is useful to split Ag into
a part Ag, that is correlated with AF, and a part qu
that is not correlated. Using this, we may parameterize
the evaporation as (de Bruin and Holtslag, 1982; van
Ulden and Holtslag, 1983):

AE, (14)

AE = a[ (e*-G)+ ﬂp?\Aqdu.] , {19)

S+

where o and 3 are empirical coefficients. In the first
term between brackets we have absorbed that part of
the aerodynamic evaporation that is due to A._q‘,. 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 indirectly by van Ulden and
Holtslag (1983) for nighttime applications. The dis-
cussion on the values of @, 3 and Agy is postponed till
later.

b. Modeling the net radiation

The net radiation consists of the net shortwave ra-
diation K* that originates from the sun and the net
longwave radiation L*, i.e., the difference between the
outgoing radiation L~ from the earth surface and the
incoming radiation L* from the atmosphere. Thus

gfr=K*+L"—- L. (16)
The net shortwave radiation can be parameterized as:
K* ={(a,sing + a1 — BN — 1) (17)

Here a, sing + a is the incoming solar radiation with
clear skies and a, and g, are empirical coefficients.
Typical values are ¢, = 990 W m™?and a; = -30 W
m~? {Haurwitz, 1945; Lumb, 1964; Collier and Lock-
wood, 1975; Kasten and Czeplak, 1980; Holtslag and
van Ulden, 1983). The reduction factor | — b, N % gives
the interception of solar radiation by clouds with &,
and b, empirical coefficients. Typical values are b,
0.75 and b, = 3.4 (Kasten and Czeplak, 1980). The
reduction factor (1 — r) is due to 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 to ¢ > 1.7°. For
smaller values K* = 0 should be used. The accuracy
of (17) ranges from about 30 W m™? with clear skies
to about 90 W m~* for cloudy skies {Holtslag 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; Paltridge
and Platt. 1976):

L = ¢ceT + N (18)

where ¢ = 5.67 X 107 W m™? K™' is the Stefan-Boltz-
mann constant, 7, is the air temperature at a reference
height =,; ¢, = 9.35 X 107 K2 and ¢; = 60 W m™*
are empirical coefficients. The first term at the right-
hand side gives the contribution of the gaseous atmo-
sphere (mainly water vapor and carbon dioxide). The
second term gives the contribution of clouds (N is the
fraction of the sky that is covered with clouds). Ac-
cording to 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 ocutgoing longwave radiation is given by the Ste-
fan-Boltzmann law:

L~ =eTd", (19

where the earth’s surface is assumed to be a black body
(Sellers, 1965) and T, is the radiation temperature of
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the surface. Since we are only interested in the neg
longwave radiation we decompose (19) as L™ = ¢T¢
— 4gTHT, — Ty), which with (18) vields

LY — L™ =L* + 4aTT, ~ Ty), (20
where
LY = —oTH1 - aTH+aN Qu

is called the isothermal net longwave radiation, Thig
is the net longwave radiation that would occur wheg
the atmospheric surface layer was isothermat (ie.. T,
- To = 0)

The last term in {20) is a correction factor that ac.
counts for the temperature differences that normaily
occur over the atmospheric surface layer, Since lvpi'-
cally 46T = 5 Wm 2 K" and |7, — Ty can be as
large as 10 K, the correction factor can be as large as
+ 50 W m™2. In comparison with (typically) L? = -90
W m™? this correction is quite significant.

The correction factor is not normally measured, so
it should be parameterized. During daytime it is
strongly correlated with * (Monteith and Szeicz,
1961). Holtslag and van Ulden (1983) found

46Tr3(Tr_ TO) = "'"‘C}JQ', (22)
where Cy is an empirical heating coeffictent that can
be approximated by:

(23)

Cy = 0_33[“__0_)Sf_|:l )

S+ 1

During the nighttime T, — T, is strongly affected by
wind speed. In this case surface layer similarity can be
used to eliminate T, — Ty:

8 z, .
T,— Ty = f [ln(;{) +5 %] — Tz, (24

where ['; = 0.01 K m™! is the dry adiabatic lapse rate
and where the surface reference height for heat z is
used instead of z, because near the surface the resistance
for heat transfer differs from that for momentum
transfer {(Garratt and Hicks, 1973). For short grass.
typically, (1/k) In{z,/z;) = 30 (van Ulden and Holtslag.
1983).

¢. Modeling the soil h-at flux

The soil heat flux is the downward heat flux that
leaves the radiation level, passes through a layer of air
and vegetation and goes into the ground. Because the
layer of air and vegetation has a high resistance and a
low heat capacity the soil heat flux should be strongly
correlated with the temperature difference over this
layer. Furthermore this temperature difference should
be strongly correlated with the temperature difference
(T, — Ty) in the air, because both differences vary
mainly with the diurnal cycle of T;. For these reasons
a plausible parameterization for G is

G = —Ag(T, — To). (25)
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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 simulation of the nighttime
energy balance. The same value may be retrieved from
the work of de Bruin and Holtslag (1982) for daytime
applications. So (25) is a useful approximation for grass,
both for nighttime and for daytime. The temperature
difference in (25) is eliminated as in Section 4b. For
daytime this leads to

G = CeQ*, (26}
where
Co = (Ag/4aTHCyy. (27)

d. Definition of dayume and nighitime

The results of the preceding sections mav now be
combined to give the desired equations for fs. The first
step in the procedure is the estimation of the isothermal
net radiation

OF = K* + L*, (28)

where K* and L¥ are estimated with (17yand (21). In
this equation L* is only a weak function of the tem-
perature T, and for practical applications we may as
well use estimations with a typical mean nighttime 50
m lemperature, perhaps 7, = 283 K. For this temper-
ature (28) reduces to

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

This equation is used in the first place to discriminate
between daytime cases when QF > 0 and nighttime
cases when OF < 0.

e. Practical equations for 84 during dayvtime

For daytime the 6, equation is obtained from (11,
(15}, (16), (20}, (22), (26} and (28). The result can be
written as

g = 1= a)S+ 10 — Co)or
* (S+ 1)1 + Cy)pCoutx

+ aﬂd‘ (30)

where Cy and Cg; are given by (23) and (27) and
8 = BAAGL/C,, 31)

is an empirical temperature scale. This temperature
scale can be estimated from the data by de Bruin and
Holtslag (1982). These authors found that BohAg ity
=~ 20 W m™2 With a typical value of 14, = 0.5 m 5~
(during daytime) and p = 1.2 kg m~* this leads to 6,
= 0.033. From the same data it followed that for normai
wel grass in a moderate climate the moisture parameter
a = |. For “Prairic Grass” conditions (Barad, 1958)
with rather dry vegetation, Hoitslag and van Ulden
(1983) found that typically « = 0.5. In this case the
same estimate for 8, can be used as before. For dry
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bare soil « vanishes. We further need an estimate for
stope .S of the saturation enthalpy curve. For 270 < T,
< 310 K this slope can be qQuite well approximated by:

5 = exp[0.055(T, — 279)]. (32)

I Practical equations for 6, during nighttime

For nighttime, 8, is obtained from (11), (15), (16),
(20}, (24).(25)and (28). The result is a quadratic equa-
tion in #,. The solution of this equation can be written
as:

e = T{l{dvx + dovd ) + dyvi

+ davg«]m - d\vi — dau o33

where
Ue = tig/(5gz,)'", (34)
4=~ 35
! 2;( n Zh ' ( )

dy =30+ S)C,i582) daT, + dg),  (36)

dy = ~QF (4aT* + AgT,) + Tuz,/T,, (37)
ds = (1 + $)pCi582.) 04/(45T,* + AcT,), (38)

and where o = | has been used. In these equattons we
further use as typical values: zZ,=50m, d =15, Ag
=5Wm 2K and 6, = 0.033 K. With these values
the coefficients d,, 4, and d, still depend on the ref-
erence temperature T,, while o, also depends on N
and K*.

For practical applications we again neglect the 7,
dependence and approximate the constants by their
values for 7, = 283 K. We then obtain (using z, = 50
m, (1/k) In(z,/zy4) = 30, 8, = 0.033) the values
(5gz)"* =50ms ! g, = 15, dy = 6600, d, = 1.55 and

dy = (—K* + 96 — 60N)/2870, (39)

where the dry-adiabatic correction term has been ab-
sorbed in QF . The relation between 8, and uy for these
constants is compared with data for X* = 0 in Fig. 2.
It is seen that the general behavior of (33) is satisfac-
tory. Also, the present results agree with the mean value
f+ = 0.08 found by Venkatram (1980) for predomi-
nantly clear sky conditions. The advantage of the pres-
€nt approach is that solutions for 8, and #, are also
obtained for low wind speed, provided the wind profile
described in Section 6 is used. Thus, in principle, the
present method also gives a 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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FIG. 2. The variation of 8,(K) with 1y (m s7') for two classes of total cloud cover N. Dots refer to profile
measurements with clear skies, triangles to measurements with cloudy skies, Plus signs refer to sonic ane-
mometer measurements. Each data point represents the average of at least 15 half-hourly runs. The solid
lines are computed with Egs. (32)-(38) with K* = 0. The curves L = 10 mand H = —60 W m™? are given
for reference. The measurements were made at Cabauw.
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. Mixing height and temperature profile
a. The newtral ABL

The depth of the fully neutral stationary ABL follows
from asymptotic similarity theory (Blackadar and
Tennekes, 1968):

hp = Calixf. (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, often 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-
servations 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
to atmospheric conditions that are sufficiently neutral.
A practical rule of thumb is the requirement |e/(f L)}
< 4. This corresponds crudely with |A/L| < 1.

b. The stable ABL

The structure of the stable ABL is best illustrated by
some 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

cn o TN

Z
(m)

200.. m'JUNE 1'4-15 3

160 b 4

120 4

80 -

L0 r

3.30 oo 2000 [18.30
v T T
6 8 PR Y (o
FiG. 3. The temperature profile measured in Cabauw on & cles!

night with a low wind speed: U (200 m) =~ Il m s~ for i
times (U.T.).
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Ri,TU,
Z hy = —t— (41)
(m) gy — o)
200 4 1973, MAY 26-27 o e Here Ri, = 0.33 is a Richardson number to be assumed
constant, U, is the wind speed at the top of the ABL,
8, — 6, is the potential temperature difference over the
6C } ABL. Although (41) has proven to be an acceptable
estimate for A, it has the disadvantage that 8, — 8, and
especially U, is not normally available. Therefore (41)
120 ) is less suitable for practical applications.
More suitable is Zilitinkevich's (1972) expression:
‘ hy = o (ue LI, (42
80 l . ; «Lif) )
f" where ¢, = 0.4 is an empirical coefficient. Recently
‘ Nieuwstadt { 1984a,b) provided some theoretical sup-
L0 1 ' port for this expression and also showed that it gives
330505 2200/ /2130 1830 41700 an acceptable fit to data. An example of the use of (42)
! is given in Fig. 5.

12 1% 16 18

29 (C)
FIG. 4. As in Fig. 3, but with I/ (200 m) = 10 m s~'. At time
1=505UT. Hy=0.

for a clear night with a low wind speed [U (200 m)
=~ I ms™*]. In such nights no fully developed turbulent
houndary layer is present and cooling occurs due to
radiation divergence and some weak intermittent 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 s ']. In this case a fully
turbulent boundary layer is maintained by wind shear.
The early development of the shape of the temperature
profile is similar as in the light wind case. However,
after a few hours a triple structure develops. Near the
surface a layer is present in which the lemperature gra-
dient decreases with height (up to about 40 m}. Then
a bulk layer follows in which the temperature gradient
increases with height. On top of this layer an interfacial
layer is present in which again the temperature gradient
decreases with height. The latter layer marks the tran-
sition from fully turbulent to faminar flow. The max-
imum wind speed is usually observed at the top of the
bulk layer, i.c., near the height with the preatest 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-
though 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).

Equation (42) offers problems at high wind speeds
and low 6 values, because L may become quite large.
Therefore in practice it is advisable to limit 4 by its
neutral value (40) in cases for which (42) gives higher
values than (40). This corresponds with the require-
ment earlier mentioned that the neutral estimate should
be taken when | /(fL)| < 4.

¢. The unstable ABL

Also the unstable ABL has a triple structure. In this
case the surface layer has a negative temperature gra-
dient. It 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 temperature gradient. It can be charactenzed
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; Sull,
1983: DeardorfT et al., 1974). The practical applicability
of such models is discussed, e.g., in Tennekes and van
Ulden, 1974 Driedonks, 1982; Reiff et al., 1984; Drie-
donks and Tennekes, 1984. The main equations may
be summarized as follows:

The rate equation for A is

IOt = wy + W, (43)

where w, is the mean vertical velocity of the air at the
height 4 and w, the entrainment velocity. While wj can
be estimated from convergence calculations, it is often
neglected; w, follows from

We/Wm = Crlc; + Rip), (44)
where
W = (Wi + i)'’ (45)

is a velocity scale,

Ri,, = ghAB/(Tw ") (46)
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FIG. 5. The depth of the boundary layer in Cabauw on 31 May 1978. Circles give
solar measurements {Nieuwstadt, |984). Squares give values derived from radiosound-
ings. Solid line is computed from Eq. (41) for the stable period and from Eqs. (42)-
(47) for the unstable period. The method of Sectiob 4 has been used for estimating e

and .

is a bulk Richardson number and ¢, = 0.2, ¢, = 1.5 and
¢, = 25 are empirical coefficients.
The temperature jump at the top of the ABL is cal-
culated with _
Had)ot = yw, — 08/91, {47)

where ¥ = 30/3z is the temperature gradient above the
ABL and 8 the mean potential temperature of the ABL;
7 is obtained from measurements at the beginning of
the day and 96/d¢ is given by

86/01 = (t + ¢ )Hy/pCoh. (48)

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

The thickness Ah of the interfacial layer has been
discussed by Deardorfl’ er a/. (1980) for convective
conditions (c,u3 <€ w3 ). The result for A/ can be written
in the present notation as:

Ak / (h - ; Ah) = ¢ + ¢;/Riy, (49)

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

(80/82); =~ A8/Ah. (20)

This estimate can be used for the estimation of buoyant
plume penetration in the interfacial layer (Willis and
Deardorff, 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 surface observations and an estimated ABL
depth. Other information like the geostrophic wind or
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 affects
both the direction in which the poliution goes, and th:
lateral dispersion. Unfortunately little is known about
directional wind shear. Some information can be ex-
tracted from a paper by Holtslag (1984). In Table 2
observed data on the turning of the wind with height
are given. In unstable and near-neutral conditions the
turning is small below 200 m. In stable conditions &
mean turning angle up to 40° is observed. The data
from the table can be ordered by using a scaled height
z/h, where h is computed as described in Section 5. It
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TABLE 2. Turning of the wind with height. The mean difference D and the rms difference oy, are corrected for the bias D of the observed
wind direction at height z and the 20 m height. Observed Cabauw data taken from Holtslag {1984). A distinction is made in 9 classes of
sability, ranging from very unstable g to neutral 4 and very stable /. For cach class the mean Obukhov tength L, = 1/(1/L) is given. Also
for the neutral and siable classes d-A the mean ABL depth b = 1/(1/R) is given, where A is computed as described in Section 5.*

Class
Parameter a b ¢ d 3 I I'4 h i
L (1) -30 -100 —370 10* 350 130 60 20 &)
b () 1000 330 220 160 120 (100}
r=40m
D 0 0 0 1 2 4 5 7 2
Tn 2 2 2 2 4 3 4 5
=8 m
D 4 3 3 4 i 11 16 21 24
. 8 6 5 6 7 9 10 12 12
c=1Xm
D 8 6 5 6 10 V7 24 29 31
ap 13 12 7 8 8 11 14 14 i4
z=160m
D 10 B 7 9 14 22 30 34 36
gp 17 16 il 12 10 16 18 17 17
z=200m
D 12 10 9 12 18 28 35 38 19
Tp 17 18 14 12 11 17 21 18 20

* The values of L, and . for class / are tentative values obtained by fitting profile functions to observed wind profiles up to 200 m. The
value of A, is not given for the unstable classes, because of the high variability of 4 within each class; typical values range from 500 m-2000
m. Note that a positive value of D refers to a clockwise change in wind direction with increasing height. Data are given in degrees.

appears that all data on the mean turning angle are z z
described within a few degrees by in Z_o Vv T

Dy/D(h) = dill ~ exp(=daz/h)],  (51) Uiz = Utz = ek

where D(z) is the turning angle at the height =, D(#) at [ln(z{') "LM( L)]
the height # and d, = 1.58, 4, = 1.0 are empirical
coefficients. From the data for the stable classesaturn-  where z, is the height at which a wind observation is
ing angle D(k) = 35° can be derived. This corresponds  available and where we have omitted the small terms
with D(h) — DXz = 10 m) = 32°. ¥ ar(Zo/L). The most commonly used ¥y, stability func-

Since (51) has been derived from observations be-  tions are (Dyer, 1974: Yaglom, 1977, Businger ¢f al.,
tween 20 and 200 m the use of it close to the surface 1971, Wieringa, 1980a,b; Paulson, 1970):
should be avoided. The scatter around the mean turn- )
ing angle as given by (51) is quite large. At 200 m the Ia =2 ln(l + x) + ln(l + X ) 2 tan ') + 2,

rms error ranges from about 12° in near neutral con- 2 2
ditions to about 19° in stable and unstable cases. Nev- (52a)
ertheless, the mean correction (51) is significant espe-
cially in stable conditions. where

x=(1 — 16z/L)"%, for L <0, (52b)

il

b. The wind speed profile and
L>0. (52

The basis for wind speed profile calculations is the Yur 3z/L, for
Monin-Obukhov similarity theory for the surface layer  Strictly speaking, these functions are valid for zy < z
as given formally by (8). For the present purpose we < {L|. It appears, however, that in unstable conditions
rewrite (8) as: (52) in combination with (52a), (52b) can be used at
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heights z » |Li, maybe even up to z = h (Garratt et al.,
1982; Holtslag, 1984). Equations {52a) and (52b) can
also be replaced by a more simple function (Jensen ef
al., 1984):

Yar = (1 — 162/L)* — 1. (53)

This function has the same performance as (52a, b) for
0 < —z/L < 30. When applied to the Cabauw data as
described by Holtslag { 1984), starting from a measured
wind at 10 m, total cloud cover N and solar elevation
¢ and using the energy budget method described in
Section 4 for estimating 2, and 84, {52) and (53) appear
to predict the wind speed 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
about half this large.

In stable conditions, (52) in combination with (52¢)
fails for z > L (Webb, 1970; Hicks, 1976; Carson and
Richards, 1978; Holtslag, 1984). Equation (52¢) can,
however, be replaced by another empirical function
that has the same performance for z < L, but a much
better performance for z > L. This function is:

War = — 171 — exp(—0.29z/L)]. (54)

For small z/L this function reduces to the linear sta-
bility function (52c) while at large z/L it has the same
behavior as the modified stability functions proposed
by Holtslag (1984} and Carson and Richards (1978).
A function similar to {54) has been proposed by Pe-
tersen ef 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 uy and f,. it appears to predict the
wind speed up to 200 m without significant systematic
errors even in cases in which /& is well beiow 200 m.
The scatter, however, is not insignificant. The rms error
at 200 m ranges from 20% in near neutral conditions
to 30% in very stable conditions. At 80 m the 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 parameterizations, 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 daytime mixing height, widely accepted
rate equations are adopted. For the temperature gra-
dient of the capping inversion a tentative procedure is
given. Crude methods for the depth and temperature
profile of the stable boundary layer are taken from the
literature, which are probably an advancement over
current practice in air pollution modeling.
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