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Many large-scale models use the Louis approximate equations to parametrise
boundary-layer transfer processes. In this paper a simple, efficient technique is
described to derive screen temperatures and humidities and anemometer-height
winds from model variables at the surface and the lowest model level. The method
uses Dyer-Businger profile relationships to predict the wind, potential temperature
and specific humidity at screen or anemometer height. The bulk Richardson number
is then calculated and corrected values of the wind, potential temperature and
specific humidity are calculated using the Louis profile equations. This ensures
consistency in the estimates, since the fluxes were obtained from the Louis scheme.
The same methodology could be used directly for other boundary-layer schemes
based on Richardson number. For very stable conditions the Dyer-Businger scheme
may give poor estimates, but the method still works, provided an upper bound is
placed on the Richardson number used in the Louis correction. Convergence to less
than five per cent for wind, 0.25 per cent for temperature and five per cent for
humidity occurs within two corrections.

Introduction

The Louis scheme (Louis, 1979, 1983; Louis et al.
1982) is widely used in land surface parametrisa-
tion schemes (Henderson-Sellers et al. 1994) in
large-scale models of the atmosphere. Its purpose
is to determine the bulk transfer coeflicients, and
thus the surface fluxes, as a function of thermal
stability. In general, large-scale models employing
this scheme have coarse vertical resolution near
the surface, and the computed winds, tempera-
tures and humidities are not usually available at
standard heights (for example, temperatures and
humidities are routinely measured at screen
height (~1.5 m) and horizontal winds at anem-
ometer height (usually taken as 10 m)). Because of
this, published results are often difficult to com-
pare and interpret. For example, published model
output for temperature may be at the lowest
model level, the surface skin or the first subsoil
layer. To solve this problem a number of methods
of interpolation have been suggested to obtain
values at standard heights (e.g. Louis 1983; Gel-
eyn 1988; Draxler 1990; McIntosh and Hubbert
1992; McGregor et al. 1993), but these methods
are sometimes biased. In this paper we develop a
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simple technique that is efficient and consistent
with the Louis formulation. For the wind, we con-
sider only the magnitude of the horizontal wind
speed. Turning of the wind below the lowest
model level can be estimated from a simple
Ekman model (Holtslag and van Westrhenen
1989).

Methodology

The Monin-Obukhov similarity theory provides
the basic framework of our understanding of the
atmospheric surface layer. Non-dimensional ver-
tical gradients of horizontal wind, U, potential
temperature, ©, and specific humidity, Q, are
assumed to be universal functions of a stability
parameter, z/L, where z is the height and L is the
Obukhov length:
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where u. is the friction velocity (us? = 1y/p, where
1, is the surface shearing stress and p the air den-
sity), ©. the temperature scale (8« = —Hgy/pc,us,
where Hy is the surface heat flux and c, the
specific heat of air at constant pressure), Q-
the humidity scale (Q«= —Ey/pu., where E,
is the surface evaporative flux), L =u.%/
{(kg/8)[O«1 + 0.61Q) + 0.618,Q.]}, g the
acceleration due to gravity, k the von Kdrman
constant and ©,, the surface virtual potential
temperature (G, = To(Pr/Pe)P(1 +0.61Qy),
where T, is the surface air temperature, Py the
surface pressure, Pg the reference pressure
(1000 hPa) and R the gas constant for air).

Equations 1 to 3 can be integrated with respect
to height to obtain the profile relationships:
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where the gradients ¢y, ¢ in Eqn 1 to 3 and thus
their integrated counterparts in Eqns 4 to 6, the
profile stability functions Wy, ¥y and ¥, have
been determined empirically (e.g. Dyer (1974);
the Dyer-Businger profile relations). The exper-
imental limits of the validity of the Dyer-Businger
relationships are —2<z/L<1 (Kaimal and
Finnigan 1994, pp. 15-21). The parameters zy, zy
and z, are the surface roughness lengths for
momentum, heat and moisture, respectively. The
subscript O in Eqns 5 and 6 indicates a surface
variable. Since L, zg, 2y, Zq, U, O« are defined at
the surface and therefore independent of height,
once they are known, Eqns 4 to 6 can be evaluated
at any height z.

The flux evaluation technique developed by
Louis (1979) and revised by Louis et al. (1982)
and Holislag and Beljaars (1989) attempts to
approximate Eqns 1 to 6, but it is based on the
stability parameter known as the bulk Richardson
number Ri, instead of z/L, where Ri, is defined
by:
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where A8, and AU are the differences in virtual
potential temperature and horizontal wind vel-
ocity over the layer considered. The use of Riy, as
the stability parameter is advantageous because
the model equations can be solved directly,
whereas the use of z/L requires (expensive) iter-
ation.

In Louis’s equations the roughness lengths for
heat and moisture are assumed to be equal to that
for momentum (zy = zy = zg); this approximation
was introduced for simplicity. He defines the bulk
transfer coefficients as:
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Note that Eqns 8 to 10 depend on both the height z
and the stability Riy (which is height dependent),
where U, 8 and Q are defined at the lowest model
level.

Equations 8 to 10 can be rewritten as integrated
profile equations in the same form as Eqns 4
to 6. If we do this we obtain the Louis profile
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We plan to evaluate Eqns 11 to 13 at standard
heights. To do this we proceed in two steps. First
we estimate U, © and Q using the Dyer-Businger
formulation (the predictor step) and then we
determine U, © and Q using the Louis formu-
lation (Eqns 11 to 13) (the corrector step). The
procedure is as follows:

1. Evaluate the scaling parameters ux, O and Q«
from Louis’s profile Eqns 11 to 13 using the model
output at the lowest model level (indicated below
by a subscript ¢, where o is the vertical coordi-
nate (=P/P;) and P, the surface pressure) and
output at the surface (indicated by a subscript 0).
For humidity the relationship (Qg— Qg1)=
D,(Qq0 — Qs1) is employed (as in the BMRC
GCM; this is the so-called B-formulation), where
D, is an efficiency factor and the subscript ‘sat’
indicates the saturated value (an alternative pro-
cedure could be employed, the so-called a-formu-
lation; see e.g. Kondo et al. (1990) and Mahfouf
and Noilhan (1991)). We used the F\, function as
specified in Holtslag and Beljaars (1989) and Fy
and Fg, as given in Miller et al. (1992), but other
versions could be used.
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2. Determine the Obukhov length L from the
scaling parameters.

3. Use Eqns 4 to 6 and the Dyer-Businger profile
functions given below to predict the approximate
values of U at screen height (1.5 m) and the dif-
ferences in potential temperature and humidity
(A® and AQ) for the layer between the screen
height and the surface. In unstable conditions
Yu@=2In(I+x)+In(l+x*)—2tan ! x and
V() =Yo(0)=2 In (1+x%; in stable con-
ditions Wy(§) = ¥i(§) = V(0= — 5¢ where x =
(1 — 160" and {=z/L. The expressions for Wy,
¥y, and W, are also evaluated at zy/L.

4. Compute the value of Riy at the screen height,
using Eqn 7 and the information from step 3.

5. Calculate the corrected values of U, A® and
AQ for the layer between the surface and the
screen height by employing the Louis profile
relationships Eqns 11 to 13.

6. Steps 4 and 5 could be repeated if necessary,
using the Louis profile variables just computed.
The process is completed when the convergence
criteria are satisfied. We used convergence
criteria of five per cent for wind, 0.25 per cent for
temperature and 5 per cent for humidity.

7. A similar procedure is used to determine the
horizontal wind speed at 10 m height.

Accuracy and efficiency

The accuracy of the Louis scheme has been dem-
onstrated in two ways. Louis (1979) compared his
analytical results with those for Dyer-Businger for
the bulk transfer coefficients for a range of stab-
ility and roughness lengths. In unstable conditions
the agreement is generally good for all roughness
lengths, but for Ri,>0.2 the two methods
diverge. The failure of the Dyer-Businger method
at high stabilities will be discussed further below.

In a second test Louis (1979) simulated the
diurnal variation of boundary-layer structure for
O’Neill, Nebraska, 24-25 August 1953, and com-
pared his predictions with measurements. The
overall agreement was quite favourable, in spite of
the simplifications he introduced such as main-
taining a constant geostrophic wind.

Geleyn (1988, Figs 1-3) gives a comparison of
the iterative solution of the Louis equations with
an interpolation solution (Louis 1983) and an
analytical solution to approximate the Louis
equations (Geleyn 1988). What he calls ‘ground
truth’ is the result found using the same formalism
as described above, employing a large number of
iterations. Louis’s interpolation solution is
systematically biased. Geleyn’s approximate
solution is more efficient than ours since it is
analytical, but our method is an efficient way to
obtain the ‘exact’ solution because the predictor is
based on the Dyer-Businger formulation. In

general we found convergence within two cor-
rections. Qur method is directly and simply
applicable to other stability functions with Ri
dependence, whereas Geleyn’s method may
require adjustment of his approximate ¢ functions
to retain good agreement with the ‘exact’ solution.

Implementation of the scheme in the
BMRC general circulation model

In order to investigate the behaviour of the
scheme with general circulation model (GCM)
output, additional code was inserted into the
Bureau of Meteorology Research Centre (BMRC)
GCM. This code calculated predicted values of ©,
Qand U at 1.5 m and 10 m (hereafter subscripted
as ‘1.5> and °10°) before every model output
archive. It also calculated two ‘corrected’ values of
these variables. Note that in stable conditions the
factor z/L was restricted to be no greater than one
in the predictor calculation. Note also that care
was taken that variables such as O, were calcu-
lated in a manner consistent with the diagnosed
values of all boundary-layer variables during both
predictor and corrector phases. The predictor and
each of the correctors were then archived in the
model history of state as specially available fields.
Of course these calculations could also have been
performed ‘off line’ (i.e. from archived model
history of State files) after the GCM run was
completed, provided that all required fields were
present in the archive.

Model and experiments

Details of the BMRC spectral GCM are not
important here, save that the surface eddy fluxes
are determined by stability-dependent drag and
exchange coefficients determined by a Louis
scheme, with a ‘low-wind’ modification for
unstable conditions following the formulation of
Miller et al. (1992). Description of the model is
given by Bourke et al. (1977) and McAvaney et al.
(1978). Details of other parametrisations used in
the experiments are given in Hart et al. (1990) and
McAvaney and Colman (1993). In the present
experiments spectral truncation was set at rhom-
boidal wave 21, and there were nine vertical
levels, defined in ‘sigma’ coordinates, with the
lowest located at o = 0.991 (approximately 70 m).

Two experiments, each of 45 days duration,
were run, with initial model conditions set at
1 January and 1 July, respectively. A further set of
shorter (eight day) experiments was also per-
formed. During all runs model outputs were
archived every three hours (at the same time as the






