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SUMMARY

All terms in the flux equations for heat and water vapour were either measured directly, or, if suffic-

iently small, estimated, except the term containing fluctuating pressure, which was obtained by difference. The

experimental site was a flooded rice field, which was bounded to windward by a semi-arid region.

Local conditions

over the rice were always stable, but the downward flux of heat and the upward flux of water vapour were large.
Current parameterizations of the pressure covariance terms sometimes gave values which differed by factors of five
or ten from the experimental results, and the interrelationships depended upon the stability.

1 INTRODUCTION

Where surfaces of our planet are homogeneous in the
horizontal, there is no net horizontal transport of
scalars, such as heat and water vapour, by the
atmosphere. There one dimensional analyses of the
temperature, humidity and velocity fields are appropri-
ate, effective and useful. Where surfaces are hetero-
geneous, horizontal transport occurs, leading to local
advection.

Here we use as an example an irrigated crop bounded up-
wind by a dry region. Heat is transported horizomtally
from the dry to the wet area and increases the evapo-
transpiration there. For extreme cases the evapotran-
spiration from the crop is about 1.75 times that from a
crop that is infinite in extent (Lang et al., 1974).

Early analyses of local advection used two dimensions
and eddy diffusion formulations (Suttom, 1943; Philip,
1959). These suffer from the dependence on similarity,
which is inappropriate at least for extreme local
advection (Lang et al., 1983a).

Rao, Wyngaard and Cote (1974) presented a second order
closure analysis of the problem. It was based upon 16
simultaneous partial differential equations with 38
terms, which must be expressed as functions of the
variables to be solved. The equations express the
conservation of variances u, v, and w, and the scalars
temperature 8 and humidity q, together with four equa-
tions for the mean fields of these variables and an
equation describing the energy dissipation rate. Some
of these equations have been studied previocusly for
the planetary surface layer (e.g., Wyngaard et al.,
1971; Bradley et al., 1982).

We focus here on the two equations for the balance of
vertical fluxes represented by:
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where c may be either 6 or q, x and z are distances
along streamwise and vertical axes, and capitals denote
mean values and lower case fluctuations from the means.

Rao et al. (1974) assumed steady state for their second
order closure analysis and obtained solutions for all
terms in these two equations except Jcuw/9x, Jcww/dz
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and cap/ez. To proceed, these last three terms must be
expressed as more or less arbitrary functioms of the
variables solved in the system of 16 equatioms. That
is, they must be parameterized; searches for suitable
functions continue.

It is the purpose of this paper to compare some
suggested functions (Launder, 1978; Warhaft, 1976) with
empirical evidence.

We have evaluated all the terms in the flux equations
experimentally except the pressure term, which was
obtained by difference (Lang et al., 1983b).

2 EXPERIMENTS

Complete details of the site and instruments are given
elsewhere (Lang et al., 1983a). Briefly, we studied a
flooded rice field of size 500 x 600 m, which was in a
semi-arid region and bounded on the northerm, southern
and western sides by dry fields. Thus, the crop was
subjected to extreme local advection when the wind blew
from the westerly quarter. The measured ratio of the
vertical semsible heat flux to the latent heat flux
(Bowen's ratio) for the arid region, during the course
of the experiments, was about 18, while for the rice
field it was about -0.3. The negative sign arises
because the direction of the sensible heat flux in the
region of local advection is towards the surface. The
water in the rice field was 140 mm deep, and the crop
height above the water was 600 mm.

Mean wind speeds using miniature cup anemometers at 7
levels between 0.5 and 6 m, and wet and dry bulb temp-
eratures using aspirated psychrometers at 4 levels,
were measured in the dry field and 310 m downwind from
the edge of the rice field. Available energy at both
sites was measured with net radiometers, heat flux
plates and from the change in water temperature with
time. Eddy covariances between the vertical component
of the wind vector, temperature and humidity were
obtained at a height of 1.5 m above the water surface
with a single, vertical path, sonic anemometer, fine-
wire thermocouple and Lyman-u hygrometer.

Variables were sampled at 10 Hz and signals destined
for eddy covariance analyses were passed through low-
pass, 2-pole Bessel filters with a half power point of
5 Hz,

At another site 130 m from the western boundary of the
rice field, measurements were made using two, 3-compon-
ent, sonic anemometers, associated with fast response
resistance thermometers and usually one, but sometimes
two, Lyman-o hygrometers. The instruments were set at
2 and 5.5 m abgve the water and were periodically
interchanged.



3 RESULTS

Measured terms in the flux equation, in descending
magnitude, were the production w23C/ 9z, buoyancy
(g/T)(fc + 0.61Tcq) and the transport dcww/dz. Data
for the last term was quite scattered but averaged
about 10% of the production term. The remaining terms
were each less than 1% of the largest term. The
residual, pressure covariance cdp/3z, was found almost

to balance the production term, as shown in Figure 1.
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Figure 1 Nondimensionalized production, buoyancy and
residual (pressure) terms in vertical heat
flux equation.
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4 DISCUSSION

The pressure term is the largest requiring parameteriz-
ation to close the system of equations to the second
order, We now examine how well current predictions of
it match our experimental values.

The pressure term is commonly written as
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(Launder, 1978; Warhaft, 1976). The term aEEYaxi in
Equation (2) is reasonably taken as zero (e.g., Launder,
1978, p. 260), although there is no direct evidence to
support or refute this assumption. The term pac/3xj

has been expanded using the Poisson equation for p,
which gives three terms,
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(e.g., Launder, 1978), where ¢;,; represents the return
to isotropy and ¢jc, and ¢ic3 are rapid terms. In
general, ¢joj are functions of the wind and temperature
fields; writing them as functions of the space variable
strictly implies homogeneity of the turbulence, but is
a necessary step in any practical parameterizatiom.
Useful forms for these three terms continue to emerge,
but for the present purpose we selected the set given
by Launder (1978), namely
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where a;, and a,. are constants, € is the turbulence
digsipation rate, e is the turbulence kinetic energy
(ujuy/2), gy is gravitational acceleration (note that
g3 = -g), and 8, is the virtual temperature (8 +0.61q).

The value of 1/3 for a, .is exact for isotropic turbul-
ence (Lumley, 1975, ci%&d in Launder, 1978), but a
value of 0.5 provided a better fit to wind tunnel data
(Launder, 1978). Several values have been proposed for
the constant a,., scattered about 3.4 (Launder, 1978).
Accordingly, we have taken a g = a;q, = 3.4, and

a,g = a4 = 0.5. The empirical comstants incorporate
any non-zero values of 3§373xi, so that we could more
legitimately rewrite Equation (3) as
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The dissipation € was estimated by assuming a local
balance between shear production and dissipationm,
namely,

€= uy o (Taylor, 1952). . (8)
Since
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Values of u, were obtained from profiles of windspeed,
temperature and humidity above the rice field, and

from comparisons with values determined with the
3-component sonic anemometers were probably accurate to
10%4. The turbulence kinetic energy was taken as

e = 6.25 oy,; the factor 6.25 was established from 19
runs using the 3~component sonic anemometers and is
close to a value inferred from variances of wind
components given by Lumley and Panofsky (1964, pp. 133,
155), for a one dimensional surface layer. The remain-
ing variables in Equations (4) and (6) were measured
for i = 3.

Figures 2a and 2b show comparisons of ¢, from Equation
(7) and the minor component ¢;.; from Equation (6),
with pressure covariances obtained as residuals in the
flux equation. With the chosen comstants, Equation (7)
usually gave lower values than the residuals for both
heat and vapour terms, suggesting that Equatiom (10)
underestimated e, or that a;. should be greater than
3.4; however, the apparent curvilinearity showm
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Figure 2 Comparison of parameterized pressure terms

$3. (Launder, 1978) with estimate from
residual of terms in flux equatioms.

(a) heat: W, ¢3g3; O, $35. (b) water vapour:
A, $3q, L&, #3qa-

Figures 3a and 3b show that the ratios of ¢3¢ to the
residual approached 1 at neutral stability, but
declined with increasing stability.

The selection of a;q = a;q = 9.7 and a5 = 2,4 = 0 by
Rao et al. (1974), for their unique model of ?ocal
advection using a second order closure, would only
appear to give a good estimate of cop/oz at stabilities
of about z/L = 0.03. Assessment of the effect of
errors in cop/oz upon predictions from the model would
require modifying and re-running the computer program.

These results show once again the importance of
pressure covariance terms and the difficulty of modell-
ing them; until they can be determined by direct
experiment, the validity of their parameterization must
remain in doubt.
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Figure 3 Ratio of parameterized pressure term to
estimate from residual, as function of
stability.

(a) heat: Y1 = ¢ /6(ap/02)
(b) water vapour: Y2 = ¢3Q/(l/cp)q(ap/az).

5 REFERENCES

BRADLEY, E.F., ANTONIA, R.A. and CHAMBERS, A.J. (1982)
Streamwise Heat Flux Budget in the Atmospheric Surface
Layer. Boundary-Layer Meteorol. 23, 3-15.

LANG, A.R.G., EVANS, B.N. and HO, P.Y. (1974) The
Influence of Local Advection on Evapotranspiration from
Irrigated Rice in a Semi-arid Region. Agric. Meteorcl.
13, 5-13.

LANG, A.R.G., McNAUGHTON, K.G., CHEN FAZU, BRADLEY, E.E
and OHTAKI, EIJI (1983a) Inequality of Eddy Transfer
Coefficients for Vertical Transport of Sensible and
Latent Heats during Advective Inversions. Boundary-
Layer Meteorol. 25, 25-41.

LANG, A.R.G., McNAUGHTON, K.G., CHEN FAZU, BRADLEY, EF.
and OHTAKI, E. (1983b) An Experimental Appraisal of
the Terms in the Heat and Moisture Flux Equations for
Local Advection. Boundary-Layer Meteorol. 25, 89-102.

LAUNDER, B.E. (1978), Heat and Mass Transport. In
Turbulence (ed. P. Bradshaw), 2nd edn, Springer-Verlag,
New York.

LUMLEY, J.L. and PANOFSKY, H.A. (1964)
of Atmospheric Turbulence.

The Structure
Interscience, New York,



PHILIP, J.R. (1959) The Theory of Local Advection. I.
J. Meteorol. 16, 535-547.

RAO, K.S., WYNGAARD, J.C. and COTE, O.R. (1974) Local
Advection of Momentum, Heat and Moisture in Micro-
meteorology. Boundary-Layer Meteorol. 7, 331-348,

SUTTON, W.G.L. (1943)
a Turbulent Medium.

On the Equation of Diffusion in
Proc. Roy. Soc. A 182, 48-75,

TAYLOR, R.J. (1952) The Dissipation of Kinetic Energy
in the Lowest Layers of the Atmosphere. Q.J.R.
Meteorol. Soc., 78, 179-185.

WARHAFT, Z. (1976) Heat and Moisture Flux in the
Stratified Boundary Layer. Q.J.R. Meteorol. Soc. 102,
703-707.-

WYNGAARD, J.C., COTE, O.R. and IZUMI, Y. (1971) Local
Free Convection Similarity, and the Budgets of Shear
Stress and Heat Flux. J. Atmos. Sci. 28, 1171-1182.



