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ABSTRACT

Argete, J.C. and Wilson, J.D., 1989. The microclimate in the centre of small square sheltered plots.
Agric. For. Meteorol., 48: 185-199.

The difference in microclimate between the centre of a small square sheltered field and the
undisturbed flow was examined experimentally as a function of atmospheric stability for two plot
sizes D/H =8, 16 (where D is the plot side length and H is the windbreak height) and two values
of the height to roughness length ratio H/z,= 25, 200. Following McNaughton {1988), we isolated
the short-term aerodynamically induced microclimate change by measuring the short-term changes
in the mean equivalent temperature T, (a measure of the total heat content of the air). In the
small plot, T, exceeded the undisturbed value by as much as ~5 T'%, (where T'%, is the equivalent
temperature scaling parameter, determined essentially by the net radiation and friction velocity)
during the day, with a converse effect of comparable magnitude occurring at night (i.e., reduction
of the equivalent temperature in the small plot at night by an amount of order 5 T'%, ). In contrast,
the effect in the centre of the large plot was opposite in sign (by day and by night) to the changes
observed in the small plot and smaller in magnitude. Hence, it is concluded that one may obtain
a microclimatic benefit (increased temperature over most of the plot area) only by using a small
plot size (D/H $10).

INTRODUCTION

Figure 1 is a photograph of a small (10X 10 m) plot surrounded by a porous
windbreak. This paper will address the question: How does the microclimate
within such a plot differ from that of the undisturbed flow? In particular, is it
warmer or cooler in the plot? Drier or more humid? The mean wind in the plot
will be reduced (see van Eimern et al., 1964), but is there an increase in the
turbulence of the wind?

Why might one be interested in answering these questions? It is not uncom-
mon to see the use of windbreak networks in agriculture, either in the context
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Fig. 1. A square plot of size 10 X 10 m enclosed by a windbreak of height H=1.25 m and porosity
0=45%.

of research to examine the potential benefits of shelter (e.g., Ogbuehi and
Brandle, 1981) or in actual operation. Leaving aside the question of whether
there may be a benefit (say, in increased yield or reduced time to harvest), the
authors’ impression is that there is confusion as to whether a benefit, if at-
tained, is due to wind reduction, altered plot temperature, altered humidity
and/or evapotranspiration rate, or some combination of these effects.

The questions posed above are incomplete when examined from the mete-
orologist’s perspective. By asking if it is warmer in the plot, do we mean warmer
on a seasonal, daily or an hourly basis and do we wish to include or exclude the
(potential) effects of a response of a sheltered crop? For example, over a period
of a month from establishing the shelter, the sheltered crop might develop a
larger leaf area which may then feed back to result in a microclimate different
from what we would observe under the same meteorological conditions with a
uniform crop.

In this paper, we concentrate on short-term (of the order of 30 min average)
changes which are entirely aerodynamic in origin (i.e., at least approximately
independent of the nature of the sheltered crop). On the basis of field experi-
ments, we will provide a partial answer to the questions posed above. The the-
ory and background section outlines a dimensionless formulation for the de-
scription of changes in the mean equivalent temperature, T, which has been
chosen as an unambiguous indicator of short-term microclimatic change. The
experiments and analysis procedure section describes the experiments, and the
results and discussion section gives and interprets our findings.
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THEORY AND BACKGROUND

The adoption of equivalent temperature as a useful indicator of the windbreak
aerodynamic effect

Following McNaughton (1988), who has carried out experiments along the
lines of ours, but using long straight fences, we make the assumption that if we
erect a porous fence around a plot and immediately measure (over say 30 min)
the surrounding microclimate, the sum

Q*—'QG=QH0+QE0 (1)

(where the symbols represent the surface values of the net radiation and the
soil, sensible and latent heat flux densities, respectively) is spatially uniform
at a suitably uniform site, i.e., unaffected by the introduction of the windbreak.
This is a reasonable assumption, at least if the shadow cast by the fence is not
long, since the incoming short- and long-wave fluxes will be essentially unaf-
fected by the fence*, as will the surface albedo and emissivity, and since the
surface temperature changes will be small (a few degrees at most), the long-
wave loss will be little altered by the presence of the fence. Again, it is worth
stressing the short-term period under consideration, whereby we exclude the
possibility of longer term crop response.

Now, if @*— @ is spatially uniform, then so is the surface source strength
for total thermodynamic energy, Quo-+ Qgo, the sum of the rates of influx to
the atmosphere of sensible and latent heat. This implies that any alteration in
the concentration of thermodynamic energy in the air stream, which is mea-
sured by the equivalent temperature

Teq=T+§ (2)

(where T is the temperature, e is the vapour pressure, y is the psychrometric
constant and T, is the temperature the air would attain if all its latent heat
was converted to sensible heat), must be entirely due to aerodynamic effects
caused by the windbreak. Perhaps this statement will be clearer if we write
down the K-theory model for the vertical transport of thermodynamic energy
(which we will adopt as accurate in the upstream equilibrium flow, but as hav-
ing only interpretative value in the disturbed region of the flow)

*One of the reviewers suggested that we comment on the likely effect of the presence of the fence
upon the incoming long-wave radiation. A simple calculation for the location x/H=1 using the
appropriate view factors (Sparrow and Cess, 1978) indicates that the effect on incoming long-
wave L| is unlikely to exceed 10%. Then, provided L| is itself a relatively small component of the
radiation balance (i.e., given a strong solar component ) the radiative influence of the fence should
be unimportant. However, for nocturnal conditions, the radiative influence of the fence could be
important.
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0T

0z (3)
where K is the eddy diffusivity, which we assume to take the same value for
heat transport and vapour transport over the entire range of stability [this
assumption is supported by the findings of Dyer and Bradley (1982) for un-
stable stratification and of Webb (1970) for stable stratification ]. The impli-
cation of eq. 3 is that the distribution of T,, is controlled by aerodynamic fac-
tors (accounted for by K in this model) and by the surface rate of input of
thermodynamic energy. This remains true even though eq. 3 does not rigor-
ously describe disturbed flow about the windbreak.

What would a knowledge of changes in T, tell us about changes in T and &?
In a dry system (Qgo=0) 4T, =4T, while in a (perhaps unattainable) system
in which @* — Q¢ = Qxe, the change in equivalent temperature is entirely due
to altered vapour density. Under intermediate conditions, the proportions of
AT, made up by AT and 4é/y are related to the value of the surface Bowen
ratio, B =Qy/@go. For practical purposes, values of shelter-induced changes
in the equivalent temperature give an upper limit to the short-term tempera-
ture change which might be obtained.

QH +QE = _pcpK

Review of key features of flow about a straight porous windbreak

Reviews of the main features of the mean and turbulent velocity fields are
given by van Eimern et al. (1964), Plate (1971) and Heisler and deWalle
(1988). McNaughton (1988) reviews knowledge of the windbreak effect on
both wind and microclimate.

Momentum is removed from the flow at the windbreak. This causes a mean
velocity deficit both downstream and for a shorter range upstream. The degree
and areal extent of wind reduction depend on many factors; however, the max-
imum value of the fractional mean velocity reduction is about

A /i, =1.0/(1.0+2.0k,)%8 (4)

where k. is the pressure loss or resistance coefficient of the windbreak. This
coefficient is defined as the ratio of the pressure drop across a section of the
material set up to block a wind tunnel to the dynamic pressure scale, pu®. The
estimation or measurement of k&, is straightforward.

Immediately above the fence is a sharp and shallow zone of increased veloc-
ity (necessary to ensure an invariant lateral mass flux ). The ratio 1/ is small.
Between the speed up and the velocity deficit region is a region of very strong
wind shear, du/dz, relative to the same height in the approach flow. The action
of the shear stress, u'w’, itself increased in this region, upon this augmented
wind shear leads to an increased rate of conversion of mean flow kinetic energy
to turbulent kinetic energy. The consequence is a spreading zone of increased
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turbulence (relative to the approach flow). The turbulent convection of hori-
zontal momentum back from the speed up region to the decelerated region
causes a fairly prompt recovery of the mean velocity field.

The fluctuating drag on the windbreak converts mean kinetic energy (MKE)
to turbulent kinetic energy (TKE) and also takes kinetic energy from the rel-
atively large scale eddies and passes this to very small (wake) scales of tur-
bulence. In spite of the strong production of TKE at the windbreak, observa-
tions in the lee of straight porous fences (Raine and Stevenson, 1977; Wilson,
1987) show a zone of reduced TKE in the near lee, bounded from above by the
zone of increased turbulence created by advection and diffusion of turbulence
away from the region of increased shear production. It is likely that the exis-
tence of this quiet zone is a consequence of very rapid dissipation of the energy
of the very small scales of motion and the strong extraction at the fence of
energy from the larger scales of motion.

Dimensionless formulation

For clarity, let us begin by discussing the situation of an extensive spatially
uniform ground-level source (of strength Q.) of a passive tracer whose mean
concentration is ¢(x,y,2). Assume neutral stratification. Then it is intuitively
reasonable to expect that, all other things being held constant, if the source
strength @, is doubled, all values of ¢(x,y,z) (and therefore differences in ¢
between the undisturbed flow and a location in a sheltered plot) will also be
doubled. Similarly, if we were to keep everything constant except for the fric-
tion velocity, u, , which we (for argument’s sake) halve, all values of ¢ will
again double since all emitted tracer now goes into half the volume of air, all
wind speeds & (being proportional to u,) having been halved. Thus, the di-
mensionless quantity u,¢/ Q. should be insensitive to changes in u, and g, but
not necessarily other variables such as the surface roughness length z,, the plot
dimensions, fence height, etc.

For these reasons, it is convenient to define a dimensionless measure of the
change in equivalent temperature

u*ATeq _ ATeq (6)

—pc, (Quo + Qo) Te
where ATeq is the difference (undisturbed —plot) in equivalent temperature
and T'%, is the equivalent temperature scale

Qo+ Gro
Plolly
A full dimensional analysis allowing arbitrary surface and crop type, micro-

meteorological conditions, plot geometry, fence type and height would indicate
the functional dependence of X to be

T* = (7)
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x ¥y 2z L 2 D
X_F(H’H’H’H’H’H’q)’ﬁ) (@)
where H is the height of the fence of uniform porosity ¢, L is the Monin~
Obukhov length, z, is the roughness length, D/H is the fence side length to
height ratio (or the aspect ratio ) and #is the wind direction. We have assumed
the Reynolds number Z(h)d/ v to be so large as to render the flow insensitive
to changes in that number.

There are several approaches to the determination of the actual dependency
of X upon the controlling variables — field experimentation, wind tunnel ex-
perimentation and numerical simulation. In the experiments to be described
in the following section, we have examined the dependence of X upon some
members of the set of controlling variables. Our interpretation of the experi-
mental data is necessarily primitive; this is a strongly disturbed, three-dimen-
sional, stratified flow.

EXPERIMENTS AND ANALYSIS PROCEDURE
Equipment

Horizontal wind speed was measured with lightweight cup anemometers.
Temperature and vapour pressure were measured with a set of eight shielded
and ventilated electronic wet- and dry-bulb psychrometers built for the exper-
iments. The sensing element was a 1N270 germanium diode operating in con-
stant current mode.

The diode sensors were mounted in a PVC tube (internal diameter 2.54 cm)
in a layout similar to that described by Black and McNaughton (1971). A
single shield composed of a cylinder of polyurethane foam (wall thickness 0.7
cm) wrapped with reflectorized sheet was placed over the sensing head, which
was ventilated at a rate slightly exceeding 5 m s~. The diode sensors were
individually calibrated in a temperature-controlled water bath. In operation in
the laboratory, eight psychrometers exhibited a range in dry- and wet-bulb
temperature of *0.05°C and agreed satisfactorily with a standard
psychrometer.,

In the field, frequent comparisons were made by placing all psychrometers
together at z=1 m with intakes all within a cross-stream distance of 0.5 m and
facing into the wind. Uniformity was not as good as in the laboratory, presum-
ably due to variable radiation errors. On the basis of these comparisons, cor-
rections were applied to the measured data, but undoubtedly some of the scat-
ter in our experimental results is due to measurement error.
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Site and experimental set-up

A series of experiments was conducted at two sites at the University of Al-
berta Farm, Ellerslie, Alberta. The first experiment (E1 hereafter) was carried
out on 2-21 August 1986, over a large tract of land ( ~ 500 m radius), uniformly
covered with alfalfa ~ 25 cm tall. The second experiment (E2) was carried out
on 25 April-26 May 1987, over a field (~1 km southwest of the first site)
covered with 5-cm alfalfa stubble. The University Farm is relatively flat, with
an estimated slope of <1%.

A 5.5-m lattice-type tower was instrumented with five cup anemometers
[z(m)=0.61,1.10, 2.10, 3.55, 5.50] and four diode psychrometers [z(m) =0.61,
1.10, 2.10, 5.50]. These provided values of ti(z), T(z), and T, (z) to be used in
determining the wind and temperature profiles of the approach flow.

The plot was ~ 20 m distant from the tower. A plastic fence with a height
H=1.25m, a porosity [manufacturer’s (The Tensar Corporation, 2489 North
Sheridan Way, ¢/o Guif Canada Research Centre, Mississauga, Ontario, Can-
ada) specification] ¢=45% and a resistance coefficient k,=Ap/pu’® (deter-
mined by wind tunnel trial) was put up around a 10x10-m plot to give
D/H =8. The plot dimensions were occasionally doubled to give D/H=16. The
plot centre was instrumented with a cup anemometer and a psychrometer
mounted on tripods at z/H=0.5 or 0.25, equivalent to the level of the lowest
anemometer and psychrometer on the tower. A wind vane was set up on an
upwind post supporting the fence.

Turbulence measurements were taken during the second experiment using
two single-axis sonic anemometers (Campbell Scientific Inc., Logan, UT,
U.S.A.): one upwind and the other at the plot centre, both at z/H=0.25.

Signals were routed to a small trailer and sampled continuously by a CR-7
(Campbell Scientific Inc., Logan, UT, U.S.A.) data logger. Digitized signals
were transmitted to an IBM-PC. A compiled BASIC program calculated in-
stantaneous vapour pressures and equivalent temperatures from sampled wet-
and dry-bulb temperatures and stored averages. Each run lasted 15 min.

Using the displacement heights dg; =15 ¢m and dg, = 0, values of the surface
roughness lengths 2y ;) =0.05 m and 2 5, =0.0063 m were determined graph-
ically from the wind profiles of near-neutral runs.

Methods of analysis

From the measured profiles of windspeed, temperature and humidity, we
calculated profiles of the mean virtual temperature, T,, and the mean equiva-
lent temperature, T.,. By comparing the shapes of these profiles with standard
profiles for uniform terrain, we deduced the values of the fluxes and the related
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scaling variables. Our procedure is similar to that described by Nieuwstadt
(1978).

Determination of u,, T*, T%,
We adopted the standard profile formulation (Paulson, 1970)

d(z):%[lnzi—y/M<%>:| (9)
0

— = T* P z
T(z)—— 0=7[IHZ_WH<E>] (10)
— — T F4 z
Teq(z)_Teq0=Tq|:1n£_l//H<z>j| (11)
where k is von Karman’s constant (we used k=0.4) and
THe _ Qu

pe U,

is the scaling temperature analogous to T'%,. The diabatic correction factors
were chosen to be
(1) Unstable stratification (Dyer and Bradley, 1982)

z//M=2ln[%(1+x)]+ln[%(1+x2)]—2arctanx+—72E (13)

x=¢{41=<1—28%> (14)

ya=2In[1(1+y)] (15)
3

y=(1§gl=<1—14%> (16)

{2) Stable stratification (Webb, 1970)

2—2y

2 (17)

YmM=WYu=—>5

To allow for the influence of moisture upon buoyancy, we used a definition
of the Monin-Obukhov length using the virtual temperature scale T'¥ rather
than T*

L=ulT,/kgT* (18)

The standard virtual temperature profile was taken to be analogous to eq. 10,
namely
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Tv(z)—Tw:%l:lnzi——l//H(%)} (19)
0

The parameter determination was carried out by fitting the measured pro-
files to the empirical profile relationships using the minimum residual proce-
dure. One of the measured velocities (virtual temperatures) is designated the
reference value, say at height z,(zy), from which measured differences are
formed

Ay, j =Upy (7)) — U (2,) j=1l..n,-1 (20)
ATvm,k =Tvm,k(zk) '—'Tvm(zT) k= lnT— 1

where n,(ny) is the number of velocity (temperature) measurement levels.
Corresponding theoretical differences 41, ;,4T.:,k were also formed over the
same height intervals from eqs. 9 and 19. An iterative procedure was used to
systematically scan through possible pairs of u, ,T'%, with the optimal values
formed from the condition that the function ¢ reaches a minimum

o(u,,T7) =8.9. +87.971. (21)
where
ne—1
¢u= 'Zl (Adm,j_AlIt,j)2 (22)
J=
nr—1 o _
¢Tv = kzl (ATvm,k _—ATvt,k)2 (23)

and g, and g, are weight factors chosen to properly reflect the relative size of
the measurement errors in temperature and humidity. The value of L is fixed
from the u, and T’} values found from the loop. Similar iterations for egs. 10
and 11 determine the values of T'*,T¢, associated with the minima of ¢1,¢r,,
as in eqgs. 22 and 23.

Criteria for selection of acceptable runs

Any run for which (a) the wind blew from plot to tower and/or (b) the
theoretical and measured profiles disagreed very markedly was discarded. The
remaining runs were accepted if (i) |T'%, | >0.15°C; (ii) #(2;) >0.6 ms~*; and
(iii) |T*|>0.08°C. Criterion (ii) ensures that runs subject to cup stoppages
are rejected, and (i) and (iii) ensure that temperature differences are large
enough to be measurable.

Comparison of profile-derived and directly-measured Qy+ Qg
The flux of total energy (@* —Qs) [W m~?] was obtained from independent
measurements of @* using a net radiometer and Q¢ with a soil heat flux plate.
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Fig. 2. Comparison of the total energy flux, @u+ Qg (W m~2), determined by the gradient method
and @* — @ directly measured. The diagonal is the 1:1 line.

The corresponding profile-derived flux (@ + &r) GrapENT WaS calculated based
on eq. 7 using the scaling variables as determined in this section. Figure 2
shows reasonably good agreement between the fluxes determined from the two
methods.

RESULTS AND DISCUSSION
Identification of quiet and turbulent zones

It is useful to show the existence of the quiet and turbulent zones for the two
square plots. A convenient measurement of the turbulence is o, the standard
deviation of the vertical velocity fluctuation. Figure 3 shows the observed frac-
tional change in 6., 40,/0w. (Where g,, is the upstream value and a positive
value implies decreased turbulence in the plot). There is a strong contrast of
values between the small and large plots. For the entire range of atmospheric
stability shown, the middle of the large plot (D/H=16, x/H=8) was consis-
tently in the turbulent zone. The centre of the small plot (D JH=8,x/H=4)
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Fig. 3. Observed changes in the standard deviation of the vertical velocity for unstable stratifica-
tion with 2/H=0.25 and H/z,=200. O, D/H=28; [1, D/H=16. Here and elsewhere, a symbol &
(etc.) represents the mean of a group of observations falling within a narrow stability range *
the standard error of that mean. Single observations appear without an error bar.

was in the quiet zone most of the time, except in cases when the mean wind
direction, B, was far from normal ($=90) to the fence. This is probably a
manifestation of the corner effect observed by Gandemer (1979) which exac-
erbates turbulence generation by the fence and in effect shortens the horizon-
tal extent of the quiet zone.

Modification of the equivalent temperature

It will be noted that for daytime runs when conditions are generally lapse
(unstable stratification) and the total energy flux (Qy+ Qrg) 1s positive,
T¥ <0 and H/L<O0. At night when stable stratification prevails so that the
fluxes of sensible and latent heat are both directed downwards, T'%, turns pos-
itive with H/L. Positive values of X are therefore indicative of warming in
T, in the plot during the day and cooling at night.

Figures 4 and 5 present the observed changes in equivalent temperature in
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Fig. 4. Observed modification of the equivalent temperature for unstable stratification with
2/H=0., H/2z,=25. Modification is plotted as X=4T,,/T%, with positive values in this case
meaning increased T, within the plot. O, D/H=8; [J, D/H=16.

unstable stratification. Two points are immediately clear: (i) there is daytime
warming in T,, in the centre of the small plot; (ii) there is daytime cooling in
the centre of the large plot.

It is also clear that the magnitude of the increase in T, within the small plot
is much larger for the case [2/H=0.25, H/2,=200] than for the case [2/H=0.5,
H/z,=25].

H
As lfl — 00, the shelter effect diminishes (observed, at fixed x/H).

McNaughton (1988; Fig. 5) presents a streamwise profile of X=4T,,/T%,
measured at z/H=0.15 behind a straight 50% porous fence erected in a field
of grazed pasture. The height to roughness length ratio (H/z,=150) and the
height to stability length ratio (H/L= --0.05) for McNaughton’s data allow
comparison with the data given in our Fig. 5. At x/H =4, corresponding (at
least for flow normal to the plot sides) to the centre of our small plot, Mc-
Naughton reports X = 3.8. The close similarity between this value and our mea-
surements suggests that perhaps the same mechanisms dominate both of these
flows and that the difference in geometry (straight fence versus square plot)
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Fig. 5. Observed modification of the equivalent temperature for unstable stratification with
2/H=0.25,H/2z,=200.O,D/H=8; 1, D/H=16. The * values are data from McNaughton (1988)

at distances x/H =4 (upper star) and x/H=8 (lower star) behind a straight fence; values of
(2/H, H/z,) for the McNaughton data were 0.15, 150.

is of secondary importance. However, it should be borne in mind that there are
several differences in the relevant non-dimensional ratios pertaining to the
two experiments. At x/H =8, corresponding to the centre of our large plot,
McNaughton reports X ~ 0, while we have measured X ~ — 1. Again, there seems
to be consistency as to the range of the modification of microclimate behind
the different types of shelter flow.

We can give only a qualitative explanation for the existence of the warm and
cool zones (which coincide with the quiet and turbulent zones). The surface
energy flux is by assumption uniform. The effective eddy diffusivity is de-
creased (increased) in the quiet (turbulent) zone in the middle of the small
(large) plot. Hence, to transfer the necessary flux, the gradient d7T,,/dz must
be more negative in the small plot. Since the windbreak can have no effect far
aloft, the increased gradient must come about by an increase in the equivalent
temperature near the ground.

Measurements under stable stratification (H/L> 0) are shown in Fig. 6. As
stated earlier, the assumption of a spatially uniform thermodynamic energy
flux at ground is less reasonable for nocturnal conditions. As in all experimen-
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Fig. 6. Observed modification of the equivalent temperature in stable stratification. @, B D/H=
8,16 (2/H=0.25, H/2,=200); O, 0 D/H=8, 16 (2/H=0.5, H/z,=25).

tal studies of stably stratified layers, aside from the difficulty of dealing with a
process involving intermittency, the major constraint is instrumentation, hence
the scarcity of acceptable runs. Nevertheless, the figure indicates that the centre
of the small plot is in the quiet zone (cooling in T,,) and that of the large plot
is in the turbulent zone (warming in Teq). The observation for the large plot
proved to be contrary to our expectation that under stable conditions the quiet
zone would extend to the centre of the big plot at x/H~8. Apparently, the
fence-generated turbulence, although small in magnitude, becomes significant
given the relative calm prevailing upwind. The dependence of X on H/L, z/H
and H/z, cannot be inferred from the available data.

SUMMARY

Observations have shown that at the centre of a small square plot (D/H=8)
there is daytime warming and night-time cooling in the mean equivalent tem-
perature T, relative to the same height upstream. This might represent a ben-
efit for crop growth (in some circumstances). However, the opposite effect is
noted in plots of size D/H =16, implying that the (possible) benefit may be
obtained only by using very small plots. The existence of warming/cooling is
linked to the existence of increased or reduced turbulence of the vertical wind.
The magnitude of the effect, besides depending on plot size, depends on many
other factors (including fence height, atmospheric stability, surface roughness
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length, measurement height). The largest alterations observed were
AT ~5T .

REFERENCES

Black, T.A. and McNaughton, K.G., 1971. Psychrometric apparatus for Bowen-ratio determina-
tion over forests. Boundary-Layer Meteorol., 2: 246-254.

Dyer, A.J. and Bradley, E.F., 1982. An alternative analysis of flux-gradient relationships at the
1976 ITCE. Boundary-Layer Meteorol., 22: 3-19.

Gandemer, J., 1979. Wind shelters. J. Ind. Aerodyn., 4: 371-389.

Heisler, G.M. and deWalle, D.R., 1988. Effects of windbreak structure on windflow. Agric. Eco-
systems Environ., 22/23: 41-69.

McNaughton, K.G., 1988. Effects of windbreaks on turbulent transport and microclimate. Agric.
Ecosystems Environ., 22/23: 17-39. Also published in: J.R. Brandle, D.L. Hintz and J.W.
Sturrock (Editors), Windbreak Technology. Elsevier, Amsterdam.

Nieuwstadt, F., 1978. The computation of the friction velocity u, and the temperature scale T,
from temperature and wind velocity profiles by least-square methods. Boundary-Layer Mete-
orol., 14: 235-246.

Ogbuehi, S.N. and Brandle, J.R., 1981. Influence of windbreak-shelter on soybean production
under rainfed conditions. Agron. J., 73: 625-628.

Paulson, C.A., 1970. The mathematical representation of wind speed and temperature profiles in
the unstable atmospheric surface layer. J. Appl. Meteorol., 9: 857-861.

Plate, E.J., 1971. The aerodynamics of shelterbelts. Agric. Meteorol., 8: 203-222.

Raine, J.K. and Stevenson, D.C., 1977. Wind protection by model fences in a simulated atmos-
pheric boundary layer. J. Ind. Aerodyn., 2: 159~180.

Sparrow, E.M. and Cess, R.D., 1978. Radiation Heat Transfer. McGraw Hill, New York.

Van Eimern, J., Karschon, R., Razumova, L..A. and Robertson, G.W., 1964. Windbreaks and shel-
terbelts. WMO Tech. Note No. 59.

Webb, E.K., 1970. Profile relationships: the log-linear range and extension to strong stability. Q.
J. R. Meteorol. Soc., 96: 67-90.

Wilson, J.D., 1987, On the choice of a windbreak porosity profile. Boundary-Layer Meteorol., 38:
37-49.



