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SUMMARY 

Analysis of profiles measured over irrigated cotton in the Sudan Gezira showed that the crop boundary 
layer remained stable throughout most of the day. The shape of wind profiles measured within the canopy 
suggested that momentum was absorbed mostly in the upper layers of the canopy, with the lower regions 
remaining isolated from the microclimate above. A similarity analysis based on dynamic scaling factors 
yielded a generalized wind profile from which momentum diffusivities and mixing lengths were calculated. 
The analysis showed that aerodynamic features of the upper layers of the canopy were characterized by the 
friction velocity and the height of the zero-plane displacement. 

1. INTRODUCTION 

A better understanding of the turbulent transfer processes within and above crop 
canopies depends on providing an accurate description of canopy aerodynamics. This is not 
a simple task since aerodynamic features, linked with canopy structure and temperature 
gradients, reflect many aspects of crop physiology and crop environment. For adiabatic 
flow much useful progress has been made toward rationalizing crop aerodynamics in studies 
by Inoue (1963), Cionco (1965), Isobe (1964), Cowan (1968) and Thom (1971). 

In a recent review of cotton and its environment, Stanhill (1976) noted that much less 
was known about wind flow within the canopy than about other aspects of its microclimate, 
e.g. Davenport and Hudson (1967), Rijks (1968), Stanhill and Fuchs (1968). The present 
studies, related to crop spraying (Bache 1975), were conducted in the Gezira region of 
Sudan and concerned the Barakat variety, Gossypium barbadense, of cotton. The broad 
features of canopy aerodynamics are emphasized rather than the characteristics of individual 
elements. 

(a) The G e z i r a ;  aApects of climate 

The Gezira irrigation scheme, adjoining the Blue Nile and centred on 14"N 33"E, is 
situated on a plain with average slope 0027,', to the north. It covers an area of one million 
hectares, of which 40-45y" is normally under crop. General features of the scheme were 
described by Allan and Smith (1948), and the climate was described by Ireland (1948), and 
Thompson ( 1  965). 

An important feature of the climate during the period of measurement (7 October to 
5 November 1973) was the relatively sudden change in wind direction from southerly to 
northerly in late October, due to the southern movement of the intertropical convergence. 
The hot, dry and dusty air in the northerly winds influences the short and long wave radia- 
tion budgets (Rijks 1968) and during the ensuing months, crops in the Gezira are subject to 
considerable large scale and local advection of heat (Davenport and Hudson 1967). Wind- 
speeds from the north are generally greater than from the south. The windspeed usually has a 
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relatively strong peak around mid-morning and a weaker peak during the late afternoon, 
related to diurnal pressure variation (Geiger 1965). 

2. EXPERIMENTAL 
Instruments were placed centrally in an irrigated cotton field surrounded by unirrigated 

fallow; the fetch over cotton varied between I30m and 500m. Profiles of mean windspeed 
and temperature gradient were measured within and above the cotton canopy and a simpli- 
fied analysis of crop structure was attempted to interpret ‘in canopy’ airflow. 

(a) Windsgeed measurement 

(i) Above-canopy. Windspeeds above the crop were measured using six miniature cup 
anemometers (Rimco, CSIRO) mounted on a mast with the top anemometer 4-8m above 
the ground and the bottom anemometer approximately 0.1 m above the crop. The anemo- 
meters were calibrated against a standard cup anemometer in a wind tunnel at speeds of 
0.7-7-0 m s -  I .  In non-turbulent flow windspeeds were accurate to within 1 yo. Wind profiles 
were generally based on an averaging time of 24min. 

(ii) Within-canopy. Within the crop, windspeeds were measured at  five levels using sets 
of heated thermocouple anemometers (Baines 1968). A further set of anemometers was 
positioned at the level of the lowest cup anemometer. Small corrections for drift in heater 
current were determined from comparison of cup and thermocouple anemometers at this 
level. Each set consisted of four sensors spaced horizontally at 0.1 5 m intervals, with heater 
input and voltage outputs linked in series. The output signal from each level was integrated 
over four 30 s periods equally spaced over a total sampling time of 24 min. Probes, calibrated 
in streamline flow in a wind tunnel, had a working range of 0.05440 m s-’. Inspection 
of results suggests that, within the canopy, windspeed could usually be assessed to within 
0.05 m s- 

(b) Temperature measurement 

Temperature measurements were necessary for evaluating the effects of stability. 
Because of the remoteness of the experimental site, a portable and easily maintained 
temperature measurement system was used. 

Temperature differences were measured at eight levels, four within the crop and four 
above the crop using fine wire thermocouples. 

A mast was constructed to support a single vertical constantan wire (0.155 mm diameter) 
with copper wires of similar dimension soldered to it to form thermocouple junctions. Using 
the top junction as a reference level, the voltage between it and any other level could be 
selected with a manual switching unit. The measured output signal from any individual 
level was amplified and integrated. The integrator sent pulses to a mechanical counter at a 
rate proportional to the temperature difference measured. 

Temperature differences between each level and the top thermocouple were sampled 
sequentially for periods of 45 s: 30s for integration and 15 s for switching, etc. The cycle of 
sampling all levels (including a zero check) took 6min and the process was repeated to 
build up a mean profile over 24min. Using this procedure, gradients could be measured to 
within 0.03 degC/m on the most sensitive amplification range. Radiation errors, typically 
0.03 degC, did not influence stability corrections. 

Inspection of data showed that additional errors were introduced when measuring 
profiles under non-steady conditions. At dawn, when the above-crop temperature gradient 
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was changing most rapidly ( M  1 degcrn-lh-'), the error in the mean gradient between 
consecutive measurements (45 s apart) was 0.01 degC m- l. This over the total sampling 
period leads to a maximum systematic error of 0.04degCm-'. 

Examples of some wind profiles at high and low windspeeds are shown in Fig. 1. An 
example of the daily trend in temperature distribution is shown in Fig. 2. 

3. ANALYSIS 

(a) Crop characteristics 

During the period of measurement, the average crop height increased from 1-0 to 
1.46m with a maximum height variation of +0*2m. Foliage distribution was analysed as 
described in Bache and Uk (1975). A stratified clip showed that within the upper 0.6 m of the 
canopy, foliage density was evenly distributed with height. Over the observed period of 
growth, the leaf area index increased from approximately 4.5 to 6.5. Further detail of growth 
and structure is given in Munro and Farbrother (1969). 

(b)  Aerodynamic crop height 

For this analysis, the canopy height h is defined in aerodynamic terms as the height of 
the point of inflexion (see Fig. 1) between the 'in-canopy' and 'above-canopy' wind profiles. 
The value of h was generally within 15 cm of the average crop height. Using this reference 
level considerably reduced the amount of scatter in subsequent analysis. 

i 
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Figure 1 .  (a) Examples of the variation of windspeed I I  with height z above the ground at high and low 
windspeed. h' is the approximate crop height. (b)  h qchematic wind profile defining the aerodynamic crop 

height h at a point of inflexion and the coordinates z,,, and uo at a turning point. 

(c) Charucteristics above the crop 

With stable conditions prevailing throughout most of the day, the majority of profiles 

(1) 

above the crop were analysed using the log-linear profile (Webb 1970) 

u = (u  * / k ) {  In[(z - d ) / z O ]  - (a /L)  ( z  - d - zo ) }  . 
where u is the windspeed at height z, ug the friction velocity, d the zero-plane displacement, 
zo the roughness length, L the Obukhov length, c( the Monin-Obukhov coefficient (taken as 
5.2) and k von Karman's constant (taken as 0.40). 

The zero-plane displacement was found by choosing an initial value, calculating an 
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Figure 2. A typical variation of temperature with height z above the ground at different times of the day. 
h' is the approximate crop height. 

estimate of L from wind and temperature gradients and examining the curvature of a 
graph of u against {ln(z-d)-cc(z-d-z,)/L}. An initial estimate of zo was made from 
Thom's (1971) expression for a bean crop: zo = 0.36(h-d). The optimum value of d, 
corresponding to least curvature, was found and then the slope and intercept of the graph 
gave u* and zo. 

Figs. 3 and 4 show the variation of d/h and zo/h with u* and with the interface Richard- 
son number Ri(h).* For near-neutral conditions, JRi(h)f c 0.01, d/h and zo/h vary as dis- 
cussed by Monteith (1973). The trend shown in Fig. 3 represents a join of the average values 
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Figure 3. Variation of d/h with friction velocity u* and stability. d is the mro-plane displacement and h the 
aerodynamic crop height (Fig. 1). Stability classes are represented by the interface Richardson number Ri(h). 

Calculations o f L  were based on an approximated Richardson number Ri  = g(dT/dz)/(T(du/dz)') which neglects the buoyancy 
forces arising from the water vapour flux. Order of magnitude calculations based on a likely humidity gradient (- 1 mbm-') over 
cotton (Rijks 1971) show that the true Richardson number is underestimated by approximately 0.005 at average windspeed 
(u,-0.25ms-')and by approximately0.05 in the most stable conditions (generally with u* 5 0.1 ms-l). Errors in Ri influence the 
authors'evaluation of d. Sample calculations indicate that d is overestimated by 1 % in average conditions and by approximately 5 % 
in very stable conditions. 
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Figure 4. Variation of zo/h with friction velocity ut and stability. zo is the roughness length and h the 
aerodynamic crop height (Fig. 1). Stability classes are represented by the interface Richardson number Ri(h). 

of d/h in the intervals of 0.2 < u* < 0-3, 0.3 < u* < 0.4 m s-' etc. Averaging the values 
independent of u* yields d/h = 0.79+_0.10 for IRi(h)I < 0.01 which compares with d 7  = 
0-89+0.08 for Xi(/?) > 0.01 and 0.5850-04 for unstable conditions above the crop. The 
effect of stability on the penetration of the wind into the canopy is evident; relatively little 
penetration occurs in very stable conditions and at low windspeeds, but enhanced penetra- 
tion occurs in unstable conditions. Values of d/h are generally larger than those reviewed by 
Stanhill and Fuchs (1968) and Stanhill (1975), probably because this crop had a large foliage 
density. 

(i) Variations in boundary layer stability. Fig. 5 shows the typical trend of stability 
during days in the middle of the irrigation cycle when the soil was relatively dry. At sunrise, 
the night-time inversion was quickly destroyed and conditions were temporarily unstable 
between 0645 and 0830h. Thereafter, stability increased gradually throughout the day and 
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Figure 5 .  Hourly trend in stability over a cotton field in relatively dry conditions. The degree of stability is 
represented by a reference Richardson number (RQIrn,  calculated from measured wind and temperature 
profiles at 1 m above the zero-plane displacement level. Windspeed categories are represented by the symbols 

L, M, S corresponding to low (< 1.5ms-'), medium (1.5-3.0ms-') and strong (> 3 ms-I)  winds. 
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Figure 6. Trends in stability during the course of the irrigation cycle at selected periods during the day. The 
degree of stability is represented by a reference Richardson number (Ri ) l ,  taken at 1 m above the zero-plane 
displacement. Windspeed categories are as defined in Fig. 5.  Components of two irrigation periods appear, 

the first ending 16 October and the second taking place between 24 October and 2 November. 

very stable conditions prevailed by sunset. Windspeed categories included in Fig. 5 show 
that light winds were associated with very stable conditions, particularly at dawn and in the 
afternoon and evening. When the soil was drier, the unstable period extended into the early 
afternoon. 

The degree of stability depended on the stage in the irrigation cycle, particularly during 
the late afternoon when stable conditions were generally well developed. Fig. 6 illustrates 
this behaviour and shows that strongly stable conditions occurred toward the end of the 
second irrigation period. In the morning, however, conditions were never far from neutral. 

( d )  Windspeed within the canopy 

(i) Canopy partition. With few exceptions, internal wind profiles followed the general 
shape seen in Fig. l(a) and shown schematically in Fig. l(b). The profile shape shows two 
regimes of behaviour: an upper region with zmin < z < h where most of the momentum was 
absorbed; and a lower region, z c zmin, which appeared to be virtually isolated from airflow 
above. 

(ii) Aerodynamic ,features of the lower canopy. The interpretation of windspeeds in the 
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lower canopy (z < zmiJ is difficult since observed changes in windspeed were of the same 
order as the experimental error. The general variation of windspeed followed the behaviour 
of uo (discussed later) and it was evident that, as the crop grew denser, the lower canopy 
microclimate became increasingly isolated from the microclimate above. Gradients of 
windspeed, (duldzl, averaged between z = 0.2m and zmin, showed consistent increases 
whenever the atmosphere in the lower canopy became unstable ; this often occurred around 
dusk (see Fig. 2). 

(iii) Aerodynamics of the upper canopy. Airflow within the upper part of the canopy is 
generally represented, e.g. Inoue (1963), Thom (1 97 I) ,  by the one-dimensional vertical 
transfer equations 

dzldz = pcDa(z)u2(z) (2) 

z = plZ(dU/dz)2 . (3) 

K ,  = 12du/dz (4) 

where dzldz is the stress divergence, u(z) is the windspeed at height z ,  p is air density, cD is 
the drag coefficient of plant elements with effective aerodynamic surface area of vegetation 
a(z) per unit volume, 1 is a mixing length and K,,, the diflusivity of momentum. Combination 
of Eqs. (2)-(4) leads to 

h 

= {z (h) -JpcDau2 d z ) / { p ( d u / d z ) z )  * ( 5 )  
2 

This scheme of analysis has been successful for predicting momentum transfer in the upper 
canopy, but fails in the domain dujdz ,< 0. It suggests that vertical transfer must be treated 
on a two-dimensional basis with the inclusion of pressure gradient terms as discussed in 
Bergen (1975) and by Businger (1975). A consideration of the equations involved, e.g. 
Bergen, shows that these are not easily resolved without comprehensive experimental data. 

A key problem is the representation of the effective drag exerted by foliar elements. It 
has been found, e.g. Thom (1971), that the effective drag of an element within a canopy is less 
than the value when measured in isolation. This feature led Thom and others to introduce a 
shelter factor which allows for the behavioural difference. An alternative scheme was 
developed by Bergen, who derived the transfer equations in terms of an effective porosity; 
this takes account of the fraction of space occupied by the flow which contributes to the 
large-scale mass flux. 

Another approach, which helps circumvent the problem of the turning point in the 
wind profile, is to make the working hypothesis that dzldz=O when duldz = 0. 

To satisfy the hypothesis, the measured velocity is interpreted as comprising two 
components; first, an effective drag-velocity u, (for inclusion in Eq. (2)) and second, a 
component uo defined so that u, = 0 at z = zmin. A feasible choice of u, is 

u, = u-uo  . (6) 
where u is the measured windspeed, taking value uo at z = zmin. Although the choice of 
Eq. (6) is somewhat arbitrary, it represents a simple approximation and recognizes several 
features which cannot easily be specified. 

First, it should be noted that not all the measured velocity contributes to stress diver- 
gence as represented by Eq. (2). den Hartog and Shaw (1975) calculated leaf drag by defining 
the effective velocity as the mean value of the total instantaneous velocity resolved in the 
direction of the mean wind. Their approach breaks away from the usual approach of defining 
drag characteristics in terms of the mean flow. It may be valid for low-frequency turbuIent 
components, but is unlikely to be an accurate description for the high-frequency components, 
since these are likely to interact u ith the fluctuations associated with the boundary layer 
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pressure fields of the foliar elements. The approach also lacks discrimination between 
motion whose energy is derived through vertical transfer, and motions resulting from ther- 
mal instabilities. Evidence (discussed later) suggests that thermally-driven windspeed may 
attain 0.1 ms-' within a cotton canopy. The measured windspeed also includes a small 
contribution (-0.02m s-') arising from the synoptic pressure gradient; again this con- 
tributes to uo. A second feature recognized by Eq. (6) is that any drift in the anemometer 
heater current manifests itself as a shift in the origin of the velocity coordinate. Third, it 
should be noted that Eq. (6) modifies only the integrated drag term leaving the magnitude 
of velocity gradient unaltered. 

With this scheme, a dimensionless height Z can be defined by 

Z = (2 - Zmin>/(h - Zmin) 

u = (u-uo)/(uh-uo) 

and a dimensionless velocity U by 

where u, is the velocity at z = h. 

t 
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Figure 7. Variation of the ratio zm,,,/h with friction velocity u*. zmi, is the height of a turning point in the 
in-canopy wind profile and h the aerodynamic crop height (Fig. 1). 
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Figure 8. Variation of the velocity minimum uo with friction velocity u,.uo is the velocity at the turning 
point in the in-canopy wind profile (Fig. 1). Stability categories are represented by the interface Richardson 

number Ri(h) where h is the aerodynamic crop height (Fig. 1). 



AERODYNAMIC FEATURES OF A COTTON CANOPY 129 

U$$ I m& 

Figure 9. Variation of the windspeed uh (Fig. 1) with the friction velocity u* .  Stability categories are 
represented by the interface Richardson number Ri(h) where h is the aerodynamic crop height (Fig. 1). 

The responses of zmin, uo and u,, to external conditions are shown in Figs. 7-9. Fig. 7 
shows that zmin/h behaves in much the same way as d/h (Fig. 3) to changes in u* (i.e. decreases 
with increasing u*), though the response to interface stability is not consistent. Figs. 3 and 7 
both show that as u* increases, the depth of penetration of wind into the canopy increases at  
first, but with u* exceeding 0.3 m/s, further penetration becomes difficult. However, Fig. 8 
shows that uo increases systematically with u*. Of interest is the extrapolated value uo - 
0-12 m s- at u* = 0 m s- The magnitude of uo cannot be explained by experimental error. 
If u* = Oms-' is interpreted as absence of mechanical stirring, it suggests that the air 
movements have derived their energy from thermal instabilities. This view is consistent with 
the stability behaviour noted in section 3(d)(ii). A similar feature was observed by Oliver( 1975) 
within a forest canopy. In Fig. 9 the relationship between ii,, and u* is fairly well fitted by the 
relationship uh = Au!& with A = 1.69fO.12 and n = 0.56$-0.04, which indicates that u,, 
becomes gradually less sensitive (n < 1) to increase in u*. This suggests that mechanical 
energy is being dissipated over a greater depth of the canopy as windspeeds increase - again 
illustrating the penetration behaviour seen in Figs. 3 and 7. 

(e )  A generalized wind projile 

Fig. 10 shows 28 wind profiles measured throughout the period of observation, with u* 
in the range 0.07 to 0.63 m/s. Velocities and corresponding heights were scaled using Eqs. (7) 
and (8). The points correspond to windspeeds read off at 0.1 m intervals in the region 
z,,,~,, < z < I7 from smoothed curves through the original measured values. This procedure 
was adopted to isolate variations in profile shape, and it introduced only minor distortions 
in the discrete gradients existing between adjacent measured points. Subsequent analysis 
showed that over four weeks of observation, the average scaled profile was independent of 
crop height and was insensitive to Richardson numbers at  h. Fig. 10 shows that, to a good 
approximation, windspeed was a unique function of Z,  i.e. U = 4(Z),  which for convenience 
is referred to as the 'generalized' velocity profile. Several authors, Inoue (1963), Saito (1964), 
Uchijima and Wright (1964), have found that the variation of wind speed within crops may 
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Figure 10. A generalized wind profile within the upper layers of the canopy based on 28 measured profiles. 
The coordinates Z and U represent a dimensionless height defined by Z = (z  -zmIn)/(h -zmln) and a dimen- 
sionless velocity U = (u -uo)/(uh -uo) with parameters z, z,,,, h, UO, u,, as defined in Fig. 1. The solid line is 

.the line of best fit and the dashed line an exponential fit U = exp(-4.3(1 -Z)) .  

be represented by an exponential function of height. The relationship U = exp( - B( 1 -Z)) ,  
plotted in Fig. 10 with B = 4.3, fits the measurements fairly well. 

(f) Eddy diffuJivity for momentum 

Recognizing the uniformity of foliage density in the upper canopy and assuming that 
the drag coefficient was independent of windspeed and therefore of height within this 
region (Wright and Brown 1967; den Hartog and Shaw 1975), Eqs. (2)-(4) and (6) lead to 

7. 

Km(z) = (cDa J U Z  dz)/(due/dz)z 4 (9) 
Zmln 

Application of the boundary conditions z = pu: at z = h and T = 0 at z = zmin gives 
h 

C D  = u:/(a U,‘ dz)  (10) 
Zmln 

Combining Eqs. (9) and (10) and writing them in dimensionless form using Eqs. (7) and (8) 
yields 

7. 

u: h-zmin U’ d Z ,  
(1 1) 

0 K,(z) = -.-.- . 
8’ uh-’O l dU/dZIz  

1 
where 8’ = U2 d Z .  From Eq. (1 1) the shape of the diffusivity profile can be conveniently 

expressed by taking the ratio 

f U’ dZ IdU/dZI 

Km(h) j U2 dZ (dU/dZI, 
.- -=- Km(z) o 

0 

which is shown in Fig. 11. Fig. 11 shows that Eq. (12) is well represented by the exponential 
form 

K,(z) = K,(h)exp{-C(1-2)) . (13) 
with C = 5-5. 
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Figure 11. A dimensionless diffusivity profile calculated from the generalized wind profile (Fig. 10) using 
Eq. (12) K,,(Z) is the momentum diffusivity at dimensionless height Z as defined in Fig. 10 and KJI) the 
corresponding diffusivity at the interface. The solid line is a line of best fit and the dashed line an exponential 

fit K,,,(Z)/K,,,(I) = exp( -5 .31  -Z)).  

To examine the behaviour of the interface diffusivity, K,(h), it is useful to write Eq. (1 1) 
in the form 

where 

In Eq. (14) the denominator representing the slope of the generalized wind profile at 2 = 1 
is (from Fig. 10) 

IdU/dZI, = 3.5+0*50 (16) 
In Eq. (15) Y contains terms which depend on u* and stability (see Figs, 3,7,8).  Fig. 12 

I 
0 R i [ h ) > O . O l  

+ IRi Ih)J < 0.01 - - - - -  AVERAGE VALUE 

0 0.2 0. L 0.6 

u;. I mi-') 

Figure 12. Variation of the parameter Y = u, (h  -zmtn)/((u,, -uo) (h 4)) with friction velocity u* and 
interface Richardson number Ri(h). Parameters h, zmlnr u,,, uo, are as defined in Fig. 1 and d is the zero- 

plane displacement. The dashed line refers to which is seen to be independent of Ri(h). 
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shows*, however, that within the limits of experimental scatter, Y - ' does not correlate with 
u* or stability. Estimates of Y for any u* can be obtained using the average value Y-l. 
Excluding the point Y-' > 2 (Fig. 12) the data yield 

- 

- 
Y-' = 0.78+0-32 (17) 

K,(h)/u*(h-d) = 0*37+0*16. . (18) 

K,(h) = ku*(h-d)  (19) 

Combining Eqs. (14), (16) and (17) gives 

It is common practice to assume that 

and it is seen, within the limits of experimental error, that Eq. (18) is consistent with that 
assumption. 

(g)  Momentum mixing length 

From the basic definition the momentum mixing-length may be written 

Km(z) Krn(z)IKrn(h) Krn(h) p=-- .- Elz - E l z / E l h  E l h  

Writing the gradient terms in dimensionless form 

and noting that 

leads to 

1.0 

Z 

0 

[ / ( k (  h-d 1 )  

Figure 13. The variation of the mixing length ratio I/k(h 4) with dimensionless height Z as defined in 
Fig. 10. 1 is the momentum mixinglengthcalculated from Eqs. (23), (24) using the generalized wind profile 
(Fig. 10) and the momentum diffusivity profile (Fig. 11). k is von KftrmBn's constant (taken as 0.40), /I is the 

aerodynamic crop height (Fig. I )  and d the zero-plane displacement. 

Large values of Y occur when h-d i s  small and Yissensitive to thisdifference. To minimize theapparent influence of errors in 
h-d, Fig. 12 has been drawn to show Y-' against u,. 
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where 

Fig. 13 shows thatf(2) is a linear function of Z for the generalized wind profile. Whether the 
intercept lo = 0.1 k(h -d), at 2 = 0 carries any physical meaning is questionable. 

4. DISCUSSION 

The analysis of windflow above and in the upper levels of an irrigated cotton crop 
shows that there are strong links between the above- and within-crop microclimates. 

In the 3 m above the cotton crop with fetch 150-500 m, the boundary layer was stable 
for almost the whole day; the degree of stability varied diurnally and with the irrigation 
cycle. Within the crop there were two distinct regions. In the upper region windspeed 
profiles were determined by momentum absorption. In the lower region windspeeds were 
partially determined by large scale pressure gradients and by thermal effects. 

In the upper levels of the canopy the assumption of a restricted region of stress diver- 
gence led to dimensionless forms for representing a scaleable component of windspeed 
(Eq. (8)) and the corresponding height (Eq. (7)). From a sample of profiles, representative of 
a broad range of conditions, the consistency of shape seen in Fig. 10 combined with Eqs. (7) 
and (8) showed that the dimensionless expressions accurately reflect a scaleable component 
of the wind. Analysis showed that the diffusivity at the top of the crop corresponded to that 
predicted from the classical mixing length approach, with the apparent sink of momentum 
situated at height z = dfz,. 

The apparent constancy of the expressions Y and (dU/dZ), in Eqs. (16) and (17) implies 
a redundancy of variables, i.e. each expression contains at  least one variable dependent on 
others. Eliminating from these expressions (dU/dZ) and h - z,,,~” as dependent variables, 
leaves (h -d), (u,, - uo) and u* as possible independent variables. Detailed examination (not 
shown) of Figs. 8 and 9 suggests that (u,, - uo) may be a function of u* alone with no apparent 
dependence on (h-d)  other than implicit in u*. Thus it is suggested that the aerodynamic 
features of the upper levels of the cotton canopy can be scaled by u* and (11 -d) and such 
scaling factors automatically carry information about crop density and stability as well as 
windspeed. For example, Fig. 3 implies that (h -d )  depends on stability whereas Eqs. (12) 
and (19) show that momentum diffusivity depends on (h  - d) and is apparently independent 
of stability. This is because ( h - d )  automatically accounts for the influence of stability on 
momentum diffusivities within the crop. 

A further conclusion is that mixing length, scaled by (h-d)  (Eq. (23)), is a dynamic 
variable tied closely to the above-crop microclimate. The decrease of mixing length with 
height and the dependence of 1 on windspeed may be due to changes in the mobility and 
flexibility of foliage with height. 

The similarity between velocity and diffusivity profiles (Figs. 10 and 11) which both 
show approximately exponential forms, support Cowan’s ( 1968) suggestion that the ratio 
K,/u is independent of windspeed. 

The aerodynamic features of cotton are therefore consistent with those of other crops, 
provided account is taken of the relatively dense foliage which restricts the region of stress 
divergence. The microclimates above and in the upper layers of the canopy are closely 
linked, and the friction velocity and height of zero-plane displacement play a strong unifying 
role. 
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