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Abstract. A Large Eddy Simulation (LES) model representing the air flow within and above a plant 
canopy layer has been completed. Using this model, the organized structures of turbulent flow in the 
early developmental stages of a crop are simulated and discussed in detail. 

The effect of the drag due to vegetation is expressed by a term added to the three-dimensional 
Navier-Stokes equation averaged over the grid scale. For the formulation of sub-grid turbulence 
processes, the equations for the time-dependent SGS (Sub-Grid-Scale) turbulence energy equation is 
used, which includes the effects of dissipation (both by viscosity and leaf drag), shear production and 
diffusion. 

The organized structure of turbulent flow at the air-plant interface, obtained numerically by the 
model, yields its contribution to momentum transfer. The three-dimensional large eddy structures, 
which are composed of spanwise vortices ('rolls') and streamwise vortices ('ribs'), are simulated near 
the air-plant interface. They are induced by the shear instability at inflection points of the velocity 
profile. The structure clearly has a life cycle. The instantaneous image of the structure is similar to 
those observed in the field observations of Gao et al. (1989) and in the laboratory flume experiments 
of Ikeda and Ota (1992). These organized structures also account for the well known fact that the 
sweep motion of turbulence dominates momentum transport within and just above a plant canopy, 
and the motion of ejection prevails in the higher regions. 

1. Introduction 

M u c h  ef for t  has  b e e n  e x p e n d e d  to a d v a n c e  u n d e r s t a n d i n g  o f  the  m e c h a n i s m  of  

m o m e n t u m  t rans fe r  b e t w e e n  the  a t m o s p h e r e  and  a p l a n t  canopy .  Since the  1960's, 

g r a d i e n t - t y p e  d i f fus ion  theo r i e s  on  flow ove r  a p l a n t  c a n o p y  have  b e e n  d e v e l o p e d  

by  m a n y  r e sea rche r s  ( e .g . ,  I n o u e ,  1955; K o n d o  and  A k a s h i ,  1976). T h e s e  theor ie s  

have  c o n t r i b u t e d  g rea t ly  to u n d e r s t a n d i n g  o f  m e a n - w i n d  ve loc i ty  prof i les  wi th in  

and  a b o v e  a p l a n t  canopy .  In  the  l a t t e r  ha l f  of  the  1970's, h i g h - o r d e r  c losure  

m o d e l s  were  app l i ed  to  the  t u r b u l e n t  flow within  and  a b o v e  a p l a n t  c a n o p y  (e .g . ,  

Wi l son  and  Shaw,  1977; I n o u e ,  1981; Y a m a d a ,  1982). T h e s e  m o d e l s  a c c o u n t e d  

for  no t  on ly  the  m e a n  ve loc i ty  prof i les  bu t  also the  s ta t is t ical  f ea tu res  of  t u rbu l ence  

much  b e t t e r  t han  d id  the  g r a d i e n t  d i f fus ion theory .  

In  r ecen t  years ,  the  con t r i bu t i ons  o f  c o h e r e n t  s t ruc tures  of  t u r b u l e n t  flow, such 

as sweeps  and  e jec t ions ,  to  m o m e n t u m  t rans fe r  have  b e e n  v igorous ly  s tud ied  by  
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quadrant analysis or probability analysis based on field measurements (Finnigan, 
1979; Shaw et al., 1983; Shaw and Seginer, 1987; Maitani and Shaw, 1990). These 
studies showed that, within and just above a plant canopy, sweeps are more 
efficient than ejections for the transfer of momentum. However, the spatial or 
temporal images of organized structures have not been studied in detail because 
of measurement difficulties. Gao et al. (1989) using seven sonic anemometers 
obtained ensemble-averages of the organized structure within and above a forest 
canopy, which corresponds to the ramp pattern of temperature variation. The 
eddy structure indicated by them is large; it extends down to a level near the 
ground and up to about twice the height of the plant canopy. The result is quite 
different from the organized structure, i.e., horseshoe eddy or pair-vortex as 
observed in the wall region or the low atmosphere. Bergstorm and Hrgstrom 
(1989) investigated the organized structure above a pine forest and showed that 
ramp-events constituted a large part of the total fluxes of momentum. These 
results suggest the importance and the need for an understanding of the organized 
structure itself. It is difficult to measure the instantaneous spatial motion and to 
obtain a three-dimensional image of turbulence structure near the canopy surface 
in the field or laboratory, but numerical methods can provide much spatial and 
temporal information about these organized structures. The Large Eddy Simul- 
ation method, which was developed by Deardorff (1970) and applied to turbulent 
flow between two parallel plates, is one of the most powerful means to investigate, 
(a) the instantaneous turbulent motion of air flow within and above the plant 
canopy; and (b) their effects on momentum transfer between air flow and plant 
canopy. This method allows one to calculate temporal fluctuations directly even 
though they are grid-averaged. Most recently, Shaw and Schumann (1992) per- 
formed an LES of turbulent flow above and within a forest. They presented a 
picture of an instantaneous vertical velocity field at a fully-developed turbulent 
stage. The purpose of this paper, as noted below, is rather to investigate the large 
eddy structures of turbulence and their temporal development in detail. 

Another difficulty is caused by 'plant waving' , that appears to be closely 
related to the organized structure within and above a plant canopy. Two kinds of 
mechanisms have been proposed for plant waving. One is the resonance between 
the air flow above the canopy and the waving of the plants. The turbulence in the 
velocity and pressure of the air flow have the same frequency as does the plant 
vibration. The other is the so-cailed 'Honami', which is the wave-like travelling 
disturbance in grassy canopies caused by a travelling gust (Inoue, 1955). The 
mechanism, which is supported by experimental evidence, is that the oscillation 
peaks in spectra and cospectra of u' and w' correspond to the frequency of gusts. 
A large turbulent eddy is advected with the velocity of the mean flow and forces 
the plant to oscillate. Even if the plant canopy were composed of nonelastic 
materials, wave-like fluctuations within plant canopies could occur in accordance 
with the latter mechanism. Though such 'sweep and ejection cycles' and 'wave- 
like fluctuations' are typical features of turbulence within and above plant can- 
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opies, they are analysed in a similar way and display the same images as do 'near 
wall turbulence' flows (for example, the quadrant analysis mentioned above). 
However, the velocity profile within and above the plant canopy has its inflection 
point near the canopy top. This fact suggests an analogy of canopy flow to the 
flow in the mixed layer rather than to that in the wall regions (Raupach et al. ,  

1989; Raupach et al. ,  1991). Ikeda et al. (1992) pointed out, by use of both a 
linearized theory and laboratory experiments, that the shear instability at an 
inflection point of the velocity profile near an air-plant interface gives rise to wave- 
like fluctuations of momentum. 

Our parameterization of turbulence within plant canopies is quite idealized 
because it does not include details about real plants like the shape of each leaf, 
branch and stem, and the consequences of waving. The purpose of the present 
work is rather to simulate the turbulent coherent structure within and above a 
plant canopy that is induced by shear-instability and to examine whether and to 
what degree these structures can explain the turbulent characteristics within a 
plant canopy presented in the previous studies. In this paper, the developing 
rather than the fully-developed stage of turbulence is discussed. One reason for 
this is that temporal changes of turbulent structures are more clearly seen and 
more easily discussed in the developing stages of a turbulent mixing shear layer. 
Another reason is that the computational domain size adopted in this paper is 
unfortunately not large enough to discuss the fully-developed stage of turbulence 
because of computational costs. 

2. Development of a Numerical Model of the Plant Canopy Layer 
Using the LES Method 

The structure of real plants is so complicated that one cannot readily express data 
for each leaf and stem of a plant in a finite-difference grid. Therefore a numerical 
model was constructed based on a virtual element that works more for the whole 
plant canopy. The model and results to be described is an extension of the paper 
by Hino et al. (1992) and Kanda et al. (1992a, b). 

The following assumptions and simplifications were made in the model: 

(1) The space occupied by leaves was neglected. The thickness of a leaf is about 
i mm and the leaf area density is 5.0 (m2/m3); thus the volume occupied by 
leaves is only 0.5% - a volume that can be neglected. 

(2) The distribution of the leaves was represented only by the leaf area density. 
(The shapes of leaves and stems were not taken into consideration.) 

(3) The waving motion of plant was neglected. 

a. GOVERNING EQUATIONS 

Air flow within and outside a plant canopy can be described by the law of 
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momentum conservation, i.e. by the Navier-Stokes equations with additional 
terms for the drag of plant leaves, 

Dui 1 019 + ORi,J _ C m S U  2 u i 

Dt pox Iul' (1) 

Here i , j  = 1, 2, 3 correspond to x , y ,  z, respectively; x is in the downstream di- 
rection, y is in the spanwise direction and z is upward. The quantities Ul(=U), 
u2( = v) and u3 (= w) are the grid-averaged velocity components in each direction, 
p is the mass density of air, U is the magnitude of the total velocity vector 
(uV-~/u~), p is the grid-averaged pressure, g is the gravitational acceleration, C,,, is 
the drag coefficient, S is the leaf area density, t is time and R 0 represents the SGS 
(Sub Grid Scale) Reynolds stress term (defined in Equation (4)). The continuity 
equation is given by 

OUi 
= o .  (2)  

Ox~ 

The MAC (Marker-And-Cell) method of numerical computation of fluid flow 
(Harlow and Welch, 1965) was used in solving for the pressure field. It yielded a 
Poisson-type equation for p from Equations (1) and (2), 

V Z p : - - p l - u ,  : + ' - C , . S U  _ [Oui 
Oxi L oxj Oxj ~LOxgj  ' (3) 

where the last term in the right hand side represents the correction term for the 
mass conservation introduced in the MAC method. To maintain the flow against 
the drag forces by the canopy and the walls, the pressure gradient in the x direction 
is modified at each time step of numerical integration so as to keep the mass flux 
at a constant value. 

b. THE SGS TURBULENCE MODEL 

The SGS Reynolds stress terms Ri,j in Equation (1) are as follows (Smagorinsky, 
1963): 

= Km[Ou, + OuJ] 2 
R~,j LOxj OxiJ - 3 8~~ 

(4) 

where K,n is the SGS eddy mixing coefficient, E = (u~u~/2) is the SGS kinetic 
energy and a prime ( ' )  indicates the deviation from the grid-averaged values. 
Once E is known, Km can be determined from the following equations, first 
derived by Schumann (1975), 

Km = C1EVZL, (5) 

where L is the appropriate sub-grid length scale L = (Ax Ay Az) 1/3 (where Ax, 
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A schematic of the kinetic energy transformation pathways included in the model. 

ny, AZ are grid intervals in the x, y, z directions, respectively), and C1 is a para- 
metric constant. 

The equation for SGS kinetic energy E can be written as follows: 

OE~ Ri'jOui q- O'-~'-[gmO~xj] - C2 OX] OX] Z 

- C,,,S(2E)[ U[ + aCnSl Up. (6) 

Here the terms on the right hand side of Equation (6) represent successively the 
effect of SGS shear production, SGS diffusion, SGS dissipation by viscosity, SGS 
energy loss by the drag force due to leaves, and SGS wake production by the drag 
of the leaves. The quantity a is the ratio of the transformation of energy loss in 
grid-scale flow by leaf drag to wake production in SGS flow. The value of a can 
vary from 0.0 to 1.0. Figure 1 is a schematic of the kinetic energy transformation 
pathways included in the model. The SGS turbulence energy loss due to the 
drag of the leaves was assumed to be directly transformed to internal energy 
(-C,,S(2E)IUI). This assumption is acceptable in SGS flow, but not in GS flow, 
because small-scale motions dissipate quickly. In contrast, grid scale energy loss 
due to leaf drag (C,,SIUI 3) transforms into both wake production in SGS (aC,nSIUI) 
and internal energy ((1 - a )CmSI U[ 3) by direct dissipation. For a = 1.0, the energy 
loss in grid-scale flow by drag is completely transformed to wake production in 
SGS flow. Though the sensitivity of the solution to a seems to be a very important 
problem, it is beyond our present purpose and should be investigated separately 
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An idealized schematic of the typical power spectrum of turbulence within plant canopies for 

a nearly neutral condition. 

(Kanda et al., 1992b). In this paper, the virtual leaf elements were assumed to be 
much smaller than the grid size, so that a was assumed to be relatively small, 0.1. 
The formulation of Equation (6), except for the last two terms, is similar to that 
used by Schumann (1975) and others. In accordance with Yoshizawa and Horiuchi 
(1985), constant values were assumed for the two parameters, C1 = 0.05, C2 = 1.0. 

C. DISCUSSION ON THE EFFECTS OF PLANTS 

Figure 2 shows an idealized schematic of a typical power spectrum of turbulence 
within a plant canopy for a nearly neutral condition. In comparison with results 
observed for surface layers, the spectrum within a plant canopy has the following 
features (see for example, Baldocchi et al., (1988), and Amiro and Davis (1988)): 
the spectral slope at low frequencies region I) is steeper than -2/3,  and that at 
high frequencies (region II) is about -2/3; as a result, a secondary peak exists 
between the two regions. For low frequencies (I), large eddies cascade down to 
small eddies as a result of both nonlinear effects and the leaf drag. At high 
frequencies (II), dominant eddies are smaller than leaf elements, and they cascade 
down to small eddies because of nonlinear effects. These steep spectral slopes 
indicate a high rate of energy loss, which results from work done by both the 
mean kinetic energy and the shear-produced kinetic energy against the leaf drag. 
These effects are accounted for by the last term in Equation (1), which represents 
a sink of both momentum and GS turbulence energy. 

Whether small eddies produced by each leaf should be included in a sink term 
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or a source term in Equation (6) depends on the size of the grid scale relative to 
that of a leaf. If the grid scale is smaller than that of eddies produced by a leaf 
(I), so that small eddies can be calculated directly, the source term for the drag 
is not used. If the grid scale is greater than the eddy size (II), the effect of leaves 
on SGS turbulent kinetic energy should be treated both as a sink and a source in 
Equation (6), as mentioned above. 

3. Method of Computation 

a .  F INITE DIFFERENCE METHOD 

Except for the advection terms, which are discretized by the fourth-order upwind 
difference (Kawamura and Kuwahara, 1984), the second-order center difference 
method was applied to perform the computation with a high degree of accuracy 
and to fulfil the stability condition. The temporal differences were approximated 
by a first-order implicit scheme of the Euler type. The time step was set at At = 
0.048 s. 

b. COMPUTATIONAL DOMAIN 

The height of the plant canopy, which has a uniform leaf area density, was set at 
0.33 m, and the total height of the computational domain was selected to be 1 m, 
or about three times canopy height. The horizontal length of the model was 1.5 m 
in the x-direction and 1 m in the y direction, as determined from a linear stability 
analysis of shear flow (Ho and Huerre, 1984, with reference to Equation (7)). The 
number of grid points is 32 x 20 x 30 in the x, y and z directions, respectively. 
The mesh spacing is taken to be uniform in the x and y directions, but non- 
uniform in the z direction, with finer resolutions near the walls and canopy top; 
mesh intervals vary in a geometric ratio with the ratio 1.1 in the z direction. 

C. INITIAL AND BOUNDARY C O N D I T I O N S  AND PARAMETRIC VALUES 

At the upper and lower boundaries, a non-slip condition was used. We decided 
not to use an open boundary condition because it has not been adequately investi- 
gated with a LES; in fact, a preliminary run using an open boundary condition 
gave unsatisfactory results. 

At the lateral boundaries, cyclic conditions were chosen because the turbulence 
eddies near the air-plant interface can be advected over the whole region by the 
mean flow before enough time has elapsed for complete flow development in the 
restricted domain. Ho and Huerre (1984) performed a linear stability analysis on 
a mixing shear layer, consisting of two layered laminar streams that have different 
mean velocities, to obtain the relationship between the amplification rate of a 
disturbance and the Strouhal number. According to them, the Strouhal number 
of an infinitesimally stable disturbance which has maximum amplification rate is 
given by 
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TABLE I 

Relevant information concerning the cases 
investigated 

Mass flux Q = 0.40 (m3/s) 
Leaf area density S = 2.5 (ma/m 3) 
Drag coefficient C,~ = 0.5 
LES constants C1 = 0.05 

C2 = 1.0 

St -- fGIUI+2 = 0.032, (7) 

where St is Strouhal number,  f i s  frequency of the disturbance, o- is initial momen- 
tum thickness of the shear layer, and /-/1+2 is the average of the velocities of the 
two parallel streams. Using the initial velocity distribution, we can determine f 
and a wavelength. The length of the computational domain in the x direction was 
chosen to be twice as large as the theoretical wavelength calculated from Equation 
(7). Because of this restriction of domain size, only the developing stages of a 
turbulent flow can be discussed in this paper. 

The initial velocity distributions were determined as follows. First, Equations 
(1) and (3) were solved using only u and p (that is, with v and w = 0) in such a 
way that mass flux in the x direction is kept constant, and then the mean-velocity 
profile of u was determined. Random noise was then superimposed on each 
velocity component with a maximum amplitude of 1% of the mean velocity. Table 
I gives relevant information concerning the cases investigated. 

4. Results and Discussion 

a. C Y c L i c  DEVELOPMENT OF ORGANIZED STRUCTURE -- WAVE-LIKE 

FLUCTUATIONS 

Figures 3 and 4 represent the temporal change of spanwise and streamwise vortices 
(-q, ~) in the x z  plane (y = 0). A layer (Figure 3a) with high-intensity vorticity is 
generated near the top of the plant canopy. Two large spanwise vortices (Figure 
3b) then develop as time passes; i.e., in the initial stage, the structure of the 
turbulent field is two-dimensional in the spanwise direction. At t = 14.3 s, stream- 
wise vortices appear (Figure 4b), even though no prior streamwise vortex existed 
initially. Such large-scale spanwise vortical structures (rolls) were first found by 
Brown and Roshko (1974) in a plane mixing layer, and the existence of streamwise 
vortices was confirmed by Bernal and Roshko (1986). At  t = 16.7 s, the two large 
eddies merge, and then they grow to form a bigger vortex (Figure 3c, d) whose 
wavelength is twice as large. As the spanwise vortex grows, the streamwise vortices 
intensify, and they can be clearly identified (Figure 4c, d). Figure 5 shows the 
seven stages of the evolution of streamwise vortices (~) in a y z  cross-section (the 
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Fig. 3. Spanwise vortices (r/) in the x z  cross-section (y = 0) at seven time stages; (a) 9.5 s, (b) 14.3 s, 
(c) 16.7 s, (d) 19.1 s, (e) 23.8 s, (f) 28.5 s, (g) 31.0 s. Contour  interval is 1.0s -1. Dot ted  line indicates 

a negative value. 
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Fig. 4. 
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3. Contour  interval is 0.5 s -z.  
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4) at seven time stages, same as Fig. 3. Contour interval is 0.5 s - I .  
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value of x for the cross-section is indicated by arrows in Figure 4). The streamwise 
vortices appear as a pair of counter-rotating vortices just like the 'ribs' observed 
in mixing layers (Hussain, 1986). At t = 23.8 s, a large eddy structure overhangs 
and breaks down (Figures 3e and 4e). In the case of a mixed layer, the life of the 
organized structure is complete at this time, and it then contributes to a new 
velocity profile in the mixed layer, i.e., the velocity difference between the two 
streams is eliminated by the momentum transfer within the eddy structures. How- 
ever, in the case of the flow within and above the plant canopy, the velocity 
profiles are the result of a balance of the pressure gradient and the leaf drag so 
that they can maintain continuously the inflexion point near the top of the canopy. 
Before long, 'rolls' are generated again near the canopy top and the cycle is 
repeated, as mentioned above (Figures 3 and 4f, g). However, the velocity fields 
are a little more disturbed and the organized structures, although they can be 
recognized, are not as clear as those in the initial cycle that begins from a non- 
disturbed flow. 

Figure 6 is a perspective view of the isosurface of spanwise vortices at time t = 
16.7 s. The existence of 'roll' and 'rib' structures can be clearly seen. 

Figure 7 shows the instantaneous velocity fields, with the mean velocity at the 
top of the plant canopy subtracted, at five time stages; these are the same as the 
images that would result from instantaneous velocity pictures taken with a camera 
moving with the mean velocity at the top of the plant canopy. The generation of 
two large eddies (Figure 7b, at t = 14.3 s) and their merging (Figure 7c, at t = 
16.7 s) is shown clearly, as mentioned above. Eddy structures are advected by the 
main stream. The advection of a turbulent vortex segment looks like a wave 
traveling over a plant canopy that induces plant waving, the phenomenon called 
'honami'. 

In addition, the eddies are elliptical rather than circular in a vertical cross- 
section, and their major axes are inclined in the upstream direction, which is 
important from the viewpoint of the mechanism of momentum transfer between 
the canopy layer and the atmosphere, as mentioned below. 

These numerical results suggest the possibility that wave-like fluctuations of 
plant canopies can be excited by and are in resonance with the periodic generation 
of the 3D eddy structure that is induced by the inflexion-point instability of vertical 
wind profiles at the air-plant interface and then advected by the mean velocity. 

b. S T A T I S T I C A L  C H A R A C T E R I S T I C S  O F  T U R B U L E N C E  

Figure 8 shows vertical profiles of the horizontally-averaged turbulent character- 
istics (Reynolds stress (u"w") and turbulent intensities (X/-~u 'a, v~ -~, ~ )  at the 
end of the first cycle (t = 14.3 s). A double prime (") indicates a deviation from 
a horizontally-averaged value. The maximum values of both the Reynolds stress 
and the turbulent intensities occur at a point slightly above the canopy top and 
decrease with distance upward or downward. These profiles are closely connected 
with the generation of disturbances (organized structures) at the air-plant interface 
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Fig. 6. Perspective view of the  isosurface of vortices at t ime t = 16.7 s. Light region: isosurface of 
spanwise vortices (~7 = 1.0 s - l ) .  Middle region: isosurface of streamwise vortices (~: = 1.0 s - l ) .  Dense  

region: isosurface of s treamwise vortices (~: = - i . 0  s - l ) .  Flow direction is left to right. 

and their diffusion to the upper or lower layers. Figure 9 shows time series of 
horizontally-averaged turbulent parameters at the top of the plant canopy. The 
wave-like fluctuations of the Reynolds stress vary in a similar way to the life cycle 
of the organized structure. The period of this cycle is about 10 s, a value compar- 
able to that observed for short grass (Maitani and Seo, 1984). 

C. .  RELATIONSHIP  BETWEEN THE ORGANIZED STRUCTURE AND *SWEEP' OR 

~EJECTION' MOTION 

Figure 10 shows the contour map of the Reynolds stress on three different horizon- 
tal planes (t = 14.3 s); (1) canopy top, (2) the plane where the horizontally-aver- 
aged Reynolds stress has a peak value (designated hereafter as the 'critical height') 
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Fig.7. Instantaneous velocity fields in the xz cross-section (y = 0), with the mean velocity at the top 
of the plant canopy subtracted everywhere, at five time stages; (a) 9.5 s, (b) 14.3 s, (c) 16.7 s, (d) 

19.1 s, (e) 21.5 s. 

and  (3) a l oca t ion  a b o v e  the  cri t ical  he igh t  which  is equa l  to tha t  f rom the  c a n o p y  

top  to  the  cri t ical  height .  F i g u r e  11 shows the  d i s t r ibu t ion  of  four  types  of  u"w" 

o b t a i n e d  by  q u a d r a n t  analysis  at  t h r e e  d i f fe ren t  ho r i zon ta l  p lanes ,  as in F igu re  10 

(t = 14.3 s). Jus t  at  the  top  of  the  p l a n t  c anopy ,  a s t rong  sweep  m o t i o n  is seen  to 

occur  in a n a r r o w  a rea ,  and  a s t rong  e jec t ion  is g e n e r a t e d  a b o v e  the  cr i t ical  height .  
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Fig. 8. Vertical profiles of the horizontally-averaged (a) mean velocity, turbulent intensities, ((b) 
.(-~z, (c) V7  2, (d) V--W -~z) (e) Reynolds stress (u"w") at the end of the first cycle (t = 14.3 s). Double 

prime (") indicates the deviation from the horizontally-averaged value. 

Fig. 9. 

Ws) 
0.1 
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0.01 
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Time series of horizontally-averaged turbulent parameters at the top of plant canopy. (a) 
Turbulent intensities and (b) the Reynolds stress. 

At  the critical height, 'sweep' and 'ejection' have nearly the same strength and 
width. Figure 12 shows the relative contributions of 'sweep' type fluctuations and 
those of 'ejection' type to the positive Reynolds stress (t = 14.3 s). The sweep 
motion of turbulence makes the larger contribution to the momentum transport 
within and just above the plant canopy, whereas the ejection motion prevails in 
the higher regions. In fact, these tendencies seem to be a common feature of flows 
within and above plant canopies irrespective of plant species. 

Figure 13 shows a vertical cross-section of the instantaneous fluctuating velocity 
at various heights. These results are similar to those observed in the field obser- 
vations by Gao et al. (1989, Figure 14) and in laboratory flume experiments by 
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Fig. 10. Contour map of the Reynolds stress at the three different horizontal planes at t = 14.3 s; (1) 
canopy top, (2) the plane where the horizontally-averaged Reynolds stress has a peak value ('critical 
height') and (3) a location above the critical height that is equal to that from the canopy top to critical 

height. Contour interval is 0.005 mZ/s 2. 

Ikeda  and Ota  (1992), although there are some differences among these studies 
in regard to canopy scale and some other  details. The major  axis of the elliptical 
eddy in these three studies seems to be inclined to the ups t ream direction (note 
the fluctuating velocity vector  near  the canopy top in Figures 13 and 14), which 
helps explain the spatial characteristics of  sweeps and ejections (Figure 10). Figure 

15 is a schematic of the relations of an elliptic eddy and the distribution of sweeps 
and ejections. H o  and Huer re  (1984) suggested in their study of a mixing layer 
that the inclination of the elliptical eddy, as shown in Figures 13 and 14, generates 
a positive value of Reynolds stress, whereas a circular eddy does not create a net 
Reynolds stress. Strictly speaking, this result seems to conflict with the zero lag 
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Fig. 11. Distribution of four types of u"w" at three different horizontal planes, same as in Fig. 10 at 
t = 14.3s.; 1st quadrant (u"> 0, v" >0); 2nd quadrant (identified as ejection, u"<0, v"> 0); 3rd 

quadrant (u" < 0, v" < 0) and; 4th quadrant (identified as sweep, u" > 0, v" < 0). 

for vertical cross-correlations of  vertical velocity observed in the field (Gao  et al . ,  

1989). E v e n  if the major axis is a little inclined, there are some possibilities that 
the significant vertical cross-correlations o f  vertical velocity  can not be observed.  

5. Conclusion 

This paper has focussed on coherent  vortical structures, and has treated them in 
s o m e  detail. In real situations, the canopy top is not  h o m o g e n e o u s ,  and the 
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Numerical result of instantaneous fluctuating velocity in the x z  cross-section (y = 0, t = 
14.3 s). 

organization of plant canopies is more complicated; hence, various types of or- 
ganized structures could occur. 

The LES model, which simulates air flow within and above the plant canopy 
layer, has been used to describe the organized structure at the air-plant interface. 
The following are the main results: 

(1) The organized structure of turbulence within and above a plant canopy is 
characterized by 'rolls' (spanwise vortices) and 'ribs' (streamwise vortices), 
which are similar to those observed in turbulent mixing layers. The structure 
has a life cycle. 
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Ensemble-averaged image of velocity field in the x z  cross-section obtained from field obser- 
vations by Gao et  al.  (1989). 
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Schematic of the relations of an elliptic eddy and the distribution of sweeps and ejections. 

(2) The advected structure looks like a traveling wave (Honami) and, in fact, 
wave-like fluctuations of Reynolds stress are produced. 

(3) The vertical profiles of Reynolds stress and turbulence intensity obtained by 
numerical simulation are similar to those observed in field experiments. The 
results can be explained on the basis of the organized structure of inclined 
elliptical vortices. 

(4) Large eddy structures simulated here agree with observations using quadrant 
analysis that, within and just above the plant canopy, sweep rather than 
ejection motion contribute to the momentum transport, while the ejection 
motion dominates at higher elevations. 
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