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Abstract

For describing the surface fluxes in the atmospheric dispersion models, the commonly used linear universal similarity
functions fm and fh for nondimensional wind and temperature profiles (J. Atmos. Sci. 28 (1971) 181; Boundary-Layer
Meteorol. 7 (1974) 363) are analyzed under weak wind stable conditions. The stability parameter z=L (z is the height
above the ground and L is the Obukhov length) is not known a priori. On the other hand, the bulk Richardson number
(RiB) is readily available from profile measurements. Thus, a systematic mathematical analysis is carried out to analyze
the applicability of the linear functions in terms of RiB: These linear functions are found to be valid as long as RiB is
smaller than Prt g=b2 where Prt is the turbulent Prandtl number and b and g are constants appearing in the linear
functions of fm and fh: The linear functional forms for fm and fh underestimate the Obukhov length resulting in the
large value of the stability parameter when RiBXPrt g=b2 occurring in weak wind stable conditions.

Using the data from plume validation field experiment conducted by Electric Power Research Institute at Kincaid, it
is found that in 70% of the weak wind cases, the RiB is larger than Prt y/p. The similarity functions proposed by
Beljaars and Holtslag (J. Appl. Meteorol. 30 (1991) 327) are shown to perform well in weak wind stable conditions for
all the values of RiB: The computed surface fluxes are also compared with those based on turbulence measurements
taken in Cooperative Atmospheric Surface Exchange Study.

Keywords: Flux-profile relationships; Weak and strong winds; Bulk Richardson number; Stability functions; Atmospheric surface
layer; Weak wind dispersion

1. Introduction

A large number of theories and formulations describ-
ing the surface fluxes have been in use in atmospheric
dispersion modelling. In all these formulations for
nondimensional wind and temperature profiles in a
surface layer, the most commonly used universal
similarity functions are those of Businger et al. (1971)
and Dyer (1974). However, these profiles are not valid
for large Richardson numbers (Lee, 1997), which are

found in a number of observational studies (e.g.,
Aggarwal et al., 1995; Yadav et al., 1996), specially in
weak wind stable conditions. New formulations for the
nondimensional wind and temperature profiles applic-
able at large Richardson numbers in stable conditions
have been proposed (Carson and Richards, 1978;
Holtslag and De Bruin, 1988; Beljaars and Holtslag,
1991; Lee, 1997). Byun (1990) has given an analytical
solution for the nondimensional stability parameter z=L
(z is the vertical coordinate and L is the Obukhov
length) as a function of the bulk Richardson number
(RiB) under stable conditions which is restricted to a
value of RiB o0 :2 : However, no proper justification is
given for choosing this value. The surface fluxes become
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insignificant or zero as turbulence becomes negligible
and the flow becomes strongly stable beyond this limit.
However, the limit 0.2 of RiB could be higher (Stull,
1988) under weak wind conditions. Carson and
Richards (1978) have found that the surface fluxes are
finite but not zero beyond this limit and have reported a
critical value of RiB as 1.33 up to which the fluxes at the
surface are nonzero. Beljaars and Holtslag (1991) have
improved the formulation of Holtslag and De Bruin
(1988) by using a slightly different form of the similarity
function for heat (ch) under stable conditions, which
can be used for large RiB values. However, they did not
look into the implications with respect to RiB:

In many of the low wind dispersion studies (Aggarwal
et al., 1995; Arya, 1995; Sharan and Yadav, 1998;
Sharan et al., 2002) and modelling studies on nocturnal
boundary layer (Estournel and Guedalia, 1985, 1987;
Sharan et al., 1995, 1996a; Sharan and Gopalakrishnan,
1997; Gopalakrishnan et al., 1998; Sharan et al., 1999) in
weak wind conditions, the surface layer parameters such
as L; surface friction velocity (w»), etc., are based on the
linear universal similarity functions of Businger et al.
(1971) and Dyer (1974). Many of the well-known
mesoscale models (e.g., Pielke's model) are based on
these profiles. Louis (1979) noted that Dyer's profiles
produced unrealistic results within a weather forecast
model, because the surface tended to become thermally
disconnected from the atmosphere in stable conditions.
This resulted in far more surface cooling than actually
observed. This unrealistic model behavior was attributed
to the limited applicability (Hicks, 1976; Carson and
Richards, 1978; Holtslag, 1984) of linear functions of
Businger et al. (1971) and Dyer (1974). Delage (1997)
modified the Louis scheme for stable conditions and
found the results are similar to those obtained using the
similarity functions proposed by Beljaars and Holtslag
(1991). Launiainen (1995) has derived analytically a
relationship between z=L and RiB: Hogstrom (1996) has
discussed various functional forms for the universal
similarity functions in unstable and stable conditions.
Howell and Sun (1999) have calculated the surface fluxes
in stable conditions using Microfronts experimental
tower data. Derbyshire (1999) and Mahrt (1999) have
described the various aspects in a very stable nocturnal
boundary layer. Zilitinkevich and Calanca (2000) have
proposed an extended similarity theory for the stably
stratified atmospheric surface layer. Most of these
studies are restricted to strong or moderate wind
conditions. However, the linear profiles of Businger
et al. (1971) and Dyer (1974) work fairly well under
moderate to strong wind conditions and may result in
underestimation of surface fluxes under weak wind
stable conditions and in turn influence the dispersion of
air pollutants.

The commonly used similarity functions fm and fh

are linear in z=L (Webb, 1970; Businger et al., 1971;

Dyer, 1974). Webb (1970) has analyzed these linear
functions and concluded that these are applicable for
z=L p 1: This conclusion was based on the criterion when
transition takes place from the log-linear profile to log
profile. However, this was an ad hoc assumption and no
systematic analysis was carried out to support this
conclusion. In the analysis, a majority of the data points
used are with RiB o0 :2 : Further, z=L is not known a
priori. Instead, the stability parameter RiB can be easily
computed from the meteorological measurements.

The use of RiB for determining the gradient Richard-
son number (Ri) and z=L was advocated by Golder
(1972). However, since RiB is only a crude approxima-
tion of Ri; it requires nomograms (Golder, 1972;
Panofsky and Dutton, 1984) relating it to Ri and
lnðz=z0Þ: A good estimate of Z0 is essential. The
nomograms proposed by Golder (1972) are based on
the linear functions (Webb, 1970) having the limitations
in weak wind stable conditions.

The objective of the present study is to examine the
extent of applicability of the linear universal similarity
functions under weak wind stable conditions, for which
an upper limit for RiB is derived. The mathematical
analysis is given in the next section. Section 3 describes
briefly the data used from the plume validation
experiment conducted by the Electric Power Research
Institute (EPRI) at Kincaid, USA. Section 4 presents the
results. The implications of this analysis are discussed in
Section 5.

2. Methodology

2.1. Surface layer

Based on Monin-Obukhov similarity theory for the
horizontally homogenous and stationary surface layer,
the profiles of wind (U) and potential temperature (y)
are given by

(2)

where Y0 is the potential temperature at z0; k is the von
Karman constant, and 6* is the friction temperature
scale expressed as the ratio of the surface heat flux
-(w'8')\s to M».

The functions cm and ch depending on the atmo-
spheric stability are defined by

(3)
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z0=L

(4)

where z0 — z0=L: The stability parameter z=L is defined
as (Stull, 1988)

z _ kzgO,

6 i£'
(5)

where g is the acceleration due to gravity and 8 is the
mean potential temperature.

2.2. The bulk Richardson number

The stability parameter z=L is difficult to measure and
it is required for computing u* and 6* from Eqs. (1) and
(2). In a layer close to the ground, another stability
parameter for the atmospheric surface layer is the bulk
Richardson number (RiB):

g_(O-Oo)(z-zo)
6 U2 (6)

where the wind speed at z0 is taken to be zero. The
potential temperature at z0 may be obtained by
extrapolating y from tower observations. Eq. (6)
expresses RiB in terms of known variables U; y; Y0 and z:

The meteorological data collected by the EPRI at
Kincaid during the plume validation experiment in
1980-81 are used in the present study (see details in
Section 3). The variation of RiB computed from the
observations using Eq. (6) with the wind speed is shown
in Fig. 1. In 70% of the cases under weak wind
conditions, RiB is found to be larger than 0.2. In the
earlier studies, the weak wind conditions are character-
ized based on: (i) geostrophic wind (Ug) (Estournel and
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Guedalia, 1987; Tjemkes and Duynkerke, 1989; Sharan
et al., 1995) and (ii) wind speed (Us) measured at 10m
height (Segendorf and Dickson, 1974; Arya, 1995;
Sharan et al., 1996b). In the present study, both the
approaches were considered for selecting the weak wind
conditions. The detailed classification of the weak wind
conditions is given in Section 3.

RiB in terms of stability parameter z=L is obtained
from the Eqs. (1), (2) and (5) as

RIB = z — z0

This can be put in the functional form F as

RiB=F(z/L,z0/L).

(7)

(8)

The inverse of F in Eq. (8) can be used to determine
z=L for given values of Z=Z0 and RIB:

2.3. Similarity functions cm and ch

For computing z=L from Eq. (7), one requires the
expressions for cm and ch: In principle, these can be
calculated from Eqs. (3) and (4) for any functional form
of fm and fh: For stable conditions (z=L > 0), Businger
et al. (1971) have suggested the following forms for fm

and fh:

fm = 1 þ bz=L; ð9Þ

= Prt ð1 þ gz=LÞ; ð10Þ

where b and g are constants and Prt is the turbulent
Prandtl number, which may be defined as the ratio
fh=fm: The turbulent Prandtl number characterizes the
difference in turbulent mixing of momentum and heat.
The momentum transfer is more efficient for Prt > 1
(Howell and Sun, 1999). Webb (1970) has analyzed the
linear functions using the observations from John
Hopkins and Australian experiments and concluded
that these are applicable for z=Lp1: Hicks (1976) has
found that their applicability is restricted for z=L p 0:5:

Hogstrom (1996) has reviewed several linear functional
forms and found their applicability is limited to
z=L p 0:5:

Using Eqs. (9) and (10) in Eqs. (3) and (4), we find

and

ðz - z0Þ
1 L :

ð11Þ

ð12Þ

Fig. 1. Scattered diagram of bulk Richardson number
obtained using the observed temperature and wind speed
(which is designated as observed RiB) as a function of wind
speed (Us).

2.4. Analytical expression for stability parameter z/L

Substituting cm and ch from Eqs. (11) and (12), in
Eq. (7), we get
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l nzþ ð13Þ

in which z — ðz — Z0Þ=L: Eq. (13) becomes a quadratic in
x = z=lnðz=z0Þ:

x2ðPrt g - b2 Riv) + xðPrt - 2b RiB) - RiB = 0: ð14Þ

In Eq. (14), when x is zero in neutral conditions, RiB is
also zero. Further, as x becomes infinity, RiB approaches
a limiting value, denoted as the upper value of RiB (RiBu)
given by

Rh*=^. (15)

Note that the product of the roots of the quadratic
Eq. (14) is RiB=ðb2 RiB — Prt gÞ; which has the negative
sign as ðb2 RiB — Prt gÞ o 0; for RiB o RiBu in stable
conditions. This implies that the roots of Eq. (14) have
the opposite signs. Here, we are primarily interested in a
positive root that is given by

-(Prt - 2b RiBÞ þ ðPrt - 2b RiBf + 4RiBðPrtg - b2RiBÞ

ð16Þ

2ðPrt g - f RiBÞ

Expressing Eq. (16) in terms of RiBu:

2y(I-RiB/RiBu)

ð17Þ

The values of b and g are related as b — gPrt in

Eq. (17). The stability parameter is given by

root of Eq. (14) for the values of RiB > RiBu: This implies

that a positive value of z=L corresponding to stable

conditions does not exist for the Businger et al. (1971)

and Dyer (1974) similarity functions for RiB > RiBu: In

other words, these linear functions cannot be used in

the surface layer Mon in -Obukhov similarity theory

for RiB X RiBu; normally found in weak wind stable

conditions.

Eq. (15) provides the upper limit of RiB for which the

linear similarity functions fm and fh (Businger et al.,

1971; Dyer, 1974) can be used for describing the fluxes in

the surface layer in weak wind stable conditions.

However, this upper limit need not necessarily be the

critical value of the bulk RiB (Stull, 1988).

We conclude that the applicability of linear forms of

fm and fh in terms of z=L (Eqs. (9) and (10)) in the

surface layer under weak wind stable conditions is

limited to RiBoPrtg=b2: The range of applicability

increases with increase in the value of Prt g=b2 : For Dyer

(1974) relations b = g and Prt = 1; Eq. (17) reduces to

ð19Þ

This expression is the same as that given by Arya

(1988). For the Businger's relationships

0 = 4 :7 ; g = 6 :35 ; PrtE0:74 ð20Þ

are taken. RiBu becomes 1=b:

The values of RiBu in Table 1 are based on the values

of the constants used by various investigators in the

linear functions for fm and fh: The value of RiBu in each

case indicates the applicability of the corresponding

linear functions fm and fh for calculating the surface

z
L

In (z/z0)
- 1 -

2 RiB

Prt Rhv Prt

4 RIB

Prt
1 -

RiBu

ð18Þ

In the experiments, the values of RiB are observed to
be larger than RiBu especially in weak wind conditions
(Fig. 1) and the corresponding critical value of the RiB

could be higher than that of RiBu (Carson and Richards,
1978; Stull, 1988). Thus, we examine the case when

The condition RiB > RiBu implies that the term
ðPrt g — b2 RiB Þ 0 and the product of the roots of
Eq. (14) become positive. Thus, both the roots of
Eq. (14) will have the same sign. Both are either positive
or negative. The sum of the roots of Eq. (14) is ðPrt —
2b RiBÞ=ðb2 Rh - Prt gÞ: Now ðb2 RiB - Prt gÞ > 0 and
ðPrt - 2bRiBÞo0 for RiB > RiBu implying that both the
roots of Eq. (14) are negative. Hence, there is no positive

fluxes in weak wind stable conditions. The values
of the constants b and g are based on different k values
with Prt equals to 1 in the original relations except
those for Businger et al. (1971) profiles. Yaglom (1977)
recalculated all these formulae for fm and fh using a
common value of k as 0.4 and found large differences
between these formulations. Hogstrom (1988, 1996)
modified the values of the coefficients corresponding
to k — 0:4 and showed that Prt — 0:95 is ideal in
stable conditions. It may be seen that the RiBu

obtained from the modified functions for fm and fh

(Hogstrom, 1988, 1996) are not significantly different
from the RiBu obtained from the corresponding original
relations.
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Table 1
Values of upper limit of bulk Richardson number (RIBU) for
various linear functions fm = 1 þ bz=L and fh = Prt þ ð1 þ
yz/L)

where

Reference P Prt RiBu

Businger et al. (1971)
Original
Modified (Hogstrom, 1996)

Dyer (1974)
Original
Modified (Hogstrom, 1996)

0.35 4.7 6.35
0.40 6.0 8.42

0.41 5.0 5.0
0.40 4.8 4.74

Zilitinkevich and Chailikov (1968)
Original 0.43 9.9 9.9
Modified (Hogstrom, 1996) 0.40 9.4 9.4

Webb (1970)
Original
Modified (Hogstrom, 1996)

Hicks (1976)

0.41 5.2 5.2
0.40 4.2 7.4

0.74 0.21
0.95 0.22

1.00 0.20
0.95 0.20

1.00 0.10
0.95 0.10

1.00 0.19
0.95 0.20

0.41 5.0 5.0 1.00 0.20

Z0 C\ ( Z0

T - - expi-cf-
L d V L

ð23Þ

ð24Þ

in which a=\,b = 0:667; c = 5 and d = 0:35:

Substitution of cm and ch from Eqs. (21) and (22) in
Eq. (7) leads to an equation involving the exponential
function of z=L: From the resulting equation, z=L
cannot be expressed explicitly in terms of i?/B. In fact,
this can be solved numerically (Press et al., 1986) to
obtain z=L for a given RiB: Note that z=L is, also,
obtained by solving Eqs. (1) and (2) using cm and ch

from Eqs. (21) and (22) after substituting for w» and 6*
in Eq. (5). The values of z=L obtained from these
alternative ways are found to be the same. However, the
computation of z=L from observed RiB using the former
approach has numerical advantages for calculating the
surface fluxes in atmospheric models.

3. Data

2.5. Estimation of z/L for all RiB

The validity of the formulation of z=L (Eq. 18) based
on similarity functions proposed by Businger et al.
(1971) and Dyer (1974) in stable conditions is limited to
RIBORIBU — 1 =b: As the large values of RiB are

observed in weak wind stable conditions, we require a
procedure for computing z=L when RiBXRiBu: Various
functional forms available in the literature for fm and
fh are examined here for this purpose. Carson and
Richards (1978) have summarized the limits of applic-
ability of linear and nonlinear functions proposed by
Businger et al. (1971), Webb (1970), Clarke (1970) and
Hicks (1976) in the range of z=L from 0 to 10. Some of
these are the combination of functions valid in different
ranges of z=L: However, due to nonavailability of z=L a
priori, it is difficult to decide about the range of z=L and
an appropriate choice of functional forms for fm and
fh: On the other hand, Beljaars and Holtslag (1991)
have proposed a single expression for each fm and fh

applicable in the range 0oz=Lo 10: We adopt these here
and accordingly, the stability functions cm and ch are
given by

z0
y0;

ð21Þ

3=2 3=2

— V

ð22Þ

The EPRI conducted a plume validation field experi-
ment in 1980 and 1981 at Kincaid (39°35'N; 89°25'W),
Illinois. During the experiment, extensive meteorological
observations were taken along with the stack character-
istics and tracer data (Bowne et al., 1983). A total of
104h during 20 nights are taken for the analysis out of
the total data of 250 days based on the selection criteria
described in Sharan et al. (2003). The screened data are
further classified into weak and strong winds based on
the surface wind measured at 10 m level (Us) from the
tower and the geostrophic wind (Ug) observed from
tethered balloon (TSONDE). The wind at 850hPa level
from TSONDE is considered as the geostrophic wind.
The wind is considered as weak wind when (i) the wind
speed is < 4 m s " 1 within 100m from the tower, (ii)
f / s <2ms" 1 and (iii) [ /g<4ms^1 , otherwise it is
considered as strong wind. The weak winds at the
surface are strongly correlated with winds aloft (Sharan
et al., 2003).

The nondimensional stability parameters RiB and z=L
are calculated using the tower observations. The
stability parameter z=L is computed in two alternative
ways: (i) from Eqs. (1)-(5) based on similarity theory for
given functional forms of fm and fh using an iterative
procedure and (ii) from Eq. (7) for an observed RiB: The
hourly surface temperature was obtained by extrapolat-
ing the temperature profile from the tower. The hourly
temperatures at the surface and at 10 m level and the
hourly wind speed measured at 10 m from the tower are
used in the calculations of RiB and z=L with a roughness
length of Z0 — 0 :1m (Sharan and Gopalakrishnan,
1997).
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RiB is obtained from Eq. (6) using the observed
temperature and wind speed and it is denoted as the
observed RiB: z=L is computed from Eqs. (1), (2) and (5)
with fm and fh from Eqs. (9) and (10) of Businger et al.
(1971) and Dyer (1974) using an iterative procedure. The
computed value of z=L is used in Eq. (13) to calculate
RiB: This is designated as the computed RiB: Further,
z=L is also computed from Eq. (18) using the observed
values of RiB:

The value of RiBu obtained from Eq. (15) is 0.21 for
Businger et al. (1971) and 0.2 for Dyer (1974) profiles. In
70% of the selected cases, RiB is found to be larger than
its upper limit (Fig. 1). In all these cases, the value of z=L
obtained from Eqs. (1)-(5) is very large (Fig. 2a). Thus,
the surface layer theory with Businger's profiles under-
estimates the value of L resulting in a large value of z=L
implying negligible magnitude of surface fluxes for
RiBXRiBu: Fig. 2b reveals that the calculated value of
RiB is equal to RiBu for all observed values of RiB XRiBu
This confirms the result obtained analytically in Section
2 that the similarity functions of Businger et al. (1971)
and Dyer (1974) are valid for RiBoRiBu and are not
applicable for RiBXRiBu: We wish to point out that a
positive root of z=L cannot be obtained (Eq. (18)) for
linear functions when RiBXRiBu: On the other hand, the
iterative procedure using Eqs. (1)-(5) gives rise to a
positive large value of z=L for RiBXRiBu because this
procedure does not involve the information on RiB: The
computed large value of z=L in fact corresponds to an
asymptotic value of RiB (E0.21) as shown in Fig. 2b
rather than the observed RiB:

To analyze further, we have used cm and ch from
Beljaars and Holtslag (1991) in Eqs. (1), (2) and (7) for
computing RiB and z=L: A linear relationship is found
(Fig. 3a) between the observed and calculated values of
RiB: This shows that the relationships for cm and ch

proposed by Beljaars and Holtslag (1991) perform well
for all values of RiB: It is not possible at this juncture to
prove it mathematically as Eq. (13) is not reducible into
a functional form in z=L; which can be treated
analytically. The relationship between RiB and z=L
computed using profiles of cm and ch from Beljaars and
Holtslag (1991) is almost the same to the one obtained
from Businger et al. (1971) and Dyer (1974) similarity
functions for z=Lo1: Thus, Businger et al. (1971) and
Dyer (1974) functions can be used in the surface
similarity theory when z=L is less than 1 (Webb, 1970;
Hogstrom, 1996; Howell and Sun, 1999). Fig. 3b reveals
that the Obukhov length is underpredicted with
Businger et al. (1971) and Dyer (1974) similarity
functions for z=L X 1 resulting in large z=L: On the
other hand, z=L computed using cm and ch from
Beljaars and Holtslag (1991) appears to be reasonable
implying a higher value of critical RiB than the RiB
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Fig. 2. (a) Scattered diagram of observed RiB as a function of
the stability parameter z=L obtained from similarity theory
using Businger et al. (1971) profiles. (b) Observed RiB and the
corresponding calculated RiB using Businger et al. (1971)
profiles. The calculated RiB is obtained from Eq. (7) for the
computed value of z=L from Eqs. (1)-(5).

Unfortunately turbulence data were not available in
the EPRI data set for calculating the surface fluxes.
However, we have taken a different data set (Coopera-
tive Atmospheric Surface Exchange Study in October
1999 (CASES99) conducted at Leon (37°38'N;
96°14'W), Kansas, USA) consisting of turbulence data
for validation of fluxes. The turbulence data were
measured at 1.5/2.5, 10, 20, 30, 40, 50 and 55 m levels
on a 55 m micro-meteorological tower. The turbulence
data consisting of wind components (u;v;w) and
temperature were measured with hot-film anemometers
at 1.5/2.5 m level and from sonic anemometer at other
levels (Mahrt et al., 2001). The data set considered here
is obtained after preliminary analysis of turbulence data
enabling the stable conditions during nighttime (Sharan
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Fig. 3. (a) Observed RiB and the corresponding calculated RiB

using Beljaars and Holtslag (1991) functions. The calculated
RiB is obtained from Eq. (7) for the computed value of z=L
from Eqs. (1)-(5). The continuous curve is obtained by joining
the points. (b) Observed RiB vs. z=L: The continuous curve is
obtained by joining the points at which data are available. The
curve ( - n - n - n - n - ) corresponds to the z=L obtained from
Beljaars and Holtslag (1991) where as the curve (—E—E—E —
• -) denotes z=L obtained from Businger et al. (1971).

et al., 2003). About 14 h of data in weak wind stable
conditions during the period 4-30 October are obtained.
The turbulence fluxes are obtained at 10 m level using
the eddy correlation method (Arya, 1999). The surface
layer parameters such as u», 8* and L; and thus, fluxes
are computed with the hourly averaged temperatures at
the surface and 10 m level and wind speed at 10 m level
using the similarity theory with Businger et al. (1971)
and Beljaars and Holtslag (1991) profiles. The hourly
averaged surface temperatures are obtained by extra-
polating the temperature profile from the tower.

Fig. 4 represents a comparison of w» and heat flux
computed using similarity functions of Businger et al.
(1971) and Beljaars and Holtslag (1991) with those
observed on the nights of 10-11 October 1999 (RiB o0 :2)

and 10 and 19 October 1999 (RiBX 0:2). As the data in
weak wind stable conditions is sparse and not contin-
uous, the hourly variation is shown for two different
nights (10 and 19 October). For RiB o0 :2 ; the calculated
M» from both profiles are close to each other as well as to
those based on observations (Fig. 4a). However for
R I B X 0 : 2 ; the values of w» based on observations lies in
the range 0.03-0.14ms"1 whereas the computed values
from Beljaars and Holtslag (1991) profiles are in the
range 0.01-0.04ms"1 (Fig. 4b). The computed values of
M» from the profiles of Businger et al. (1971) are found to
be in the range 5.0 x 10~O8-7.3 x 10~06 and thus, not
included in Fig. 4b. A similar trend is observed in the
hourly variation of surface heat flux for RiB o0 :2 (Fig.
4c) and for RiBX 0:2 (Fig. 4d). For RiBX0:2; the
magnitude of the heat flux based on the observations
lies in the range 1.2-8.7 WrrT2 whereas the correspond-
ing computed fluxes using Beljaars and Holtslag (1991)
profiles are in the range 0.5-2.8 Wm^2 . We wish to point
out the magnitude of the heat fluxes obtained using
Businger et al. (1971) profiles are found to be in the
range 6.55 x 10 12 9.11 x 10~08. However, the fluxes are
finite (Figs. 4b and d) but not negligible for RiBX0:2
which correspond to the weak wind stable conditions.

The whole data set considered here is divided into two
groups corresponding to RiB o 0:2 and RiB X 0:2: The
points with RiBX0:2 correspond to weak wind stable
conditions. Figs. 5a-d give the overall picture of the u*
and the heat flux as a function of RiB: For RiB o0 :2 ;

there is a good agreement between the observed and
computed fluxes (Figs. 5a and c) obtained using the
profiles of Beljaars and Holtslag (1991). The observed
(computed) values of u* lies in the range 0.03-0.6 m s " 1

(0.05-0.65 m f 1 ) and the magnitude of heat flux lies in
the range 1.5-63 WrrT2 (3.9-54 WrrT2). The magnitude
of u* ranges from 0.037 to 0.14ms"1 in the observations
and from 0.015 to 0.055ms"1 in the computations for
RiB X 0:2: Similarly, the magnitude of the heat flux varies
from 1.2 to 8.7 WrrT2 in observations and from 0.35 to
3.13Wm"2 in computations for RiBX0:2: Thus, the
fluxes are finite, but not negligible in the weak wind
stable conditions. This is in conformity with the findings
of Carson and Richards (1978). A large scatter in both
observed and calculated heat fluxes (Figs. 5c and d) may
be attributed to the hourly variations in the differences
in temperatures at the surface and at 10 m level from
tower and the averaging period used to compute surface
fluxes from turbulence data (Howell and Sun, 1999).

In general, the effective momentum (z0m) and heat
(z0h) roughness lengths are assumed to be the same and
equal to z0: This is normally accepted in the atmospheric
modelling for a homogenous surface layer. However,
under extreme conditions the ratio of z0m and Z0H may be
different from unity (Beljaars and Holtslag, 1991). A
similar analysis may be carried out by taking z0maz0h
(Blumel, 2000). It is unlikely that the surface layer
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similarity theory breaks down for very stable conditions
and upside-down boundary layers (Mahrt, 1999), which
normally occur during the light wind conditions at
night. Surface layer and local similarity theory may lead
to self-correlations where the predicted variables and the
predictors are functions of the same input quantities.
The weak wind nocturnal boundary layer structure can
be very complex and the assumption that it can be
described in terms of the flux-profile similarity relations
determined in a well-behaved slightly stable surface layer
requires a further investigation.

5. Conclusions

In general, the linear functions of fm and fh are used
to prescribe the surface fluxes of momentum and heat in

the atmospheric dispersion modelling in strong as well as
weak wind conditions. The stability parameter z=L is
calculated, in general, from turbulence flux measure-
ments. In the absence of such measurements, z=L is not
known a priori. On the other hand, the bulk Richardson
number (RiB) can be readily calculated using routinely
available meteorological (tower) observations. RiB can
be utilized to compute z=L and in turn the fluxes. Thus,
a systematic mathematical analysis has been presented
to analyze the extent of applicability of the linear
functions in terms of RiB:

Large values of RiB are often encountered in
observational studies especially in weak wind stable
conditions. We have analyzed the applicability of the
formulae for nondimensional wind and temperature
profiles based on similarity functions of Businger et al.
(1971) and Dyer (1974) in the surface layer in terms of
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RIB: These linear functions are found to be valid as long
as the value of RiB is less than Prtg=b2: The linear
functional forms for fm and fh lead to underestimation
of the Obukhov length resulting in excessively large
values of z=L when RiB X Prt g=b2 occurring in weak
wind stable conditions.

The EPRI data have been used for the purpose of
testing the above in this study. It is found that in 70% of
the weak wind cases, RiB is larger than Prt g=b2: The
formulation proposed by Beljaars and Holtslag (1991) is
found to perform well in stable conditions for all RiB:

The observed values of RiB are in close agreement with
those calculated using Beljaars and Holtslag (1991)
formulations. The computation of z=L from observed
RiB from Eq. (7) using Eqs. (21) and (22) has advantages
for calculating the surface fluxes.

The surface layer parameters such as w», 6* and L; and
thus, fluxes are computed from the turbulence data
collected during the CASES99. The observed fluxes are

compared with those computed using the Beljaars and
Holtslag (1991) profiles for the similarity functions. In
general, very limited data are available in the stable
conditions, especially in the weak wind conditions. The
performance of the cm and ch relations proposed by
Beljaars and Holtslag (1991) need to be further verified
as and when extensive observations in weak wind stable
conditions become available.

In most of the atmospheric dispersion modelling
studies, the fluxes in the surface layer in stable
conditions are computed from the linear functional
forms of fm and fh in terms of z=L (Businger et al.,
1971; Dyer, 1974). The stability parameter z=L is not
known initially and instead the stability parameter RiB

can be calculated from the profile measurements. Thus,
the analysis presented here will help in describing the
surface fluxes accurately for modelling atmospheric
dispersion and boundary layer processes, especially in
weak wind stable conditions.
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