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Abstract. A new solution is presented to the problem of relating source strength and concentration
profiles within a plant canopy. The solution is based on the Lagrangian dispersion theory developed
by G. I. Taylor in 1921. A dispersion matrix is derived that relates the source and concentration
profiles based on profiles of the turbulent length and velocity scales. The matrix translates the effects
of persistence (a temporal effect) into spatial coordinates and represents the change from near-field to
far-field in a continuous fashion, successfully accounting for both regimes. A test of the new model
using wind-tunnel data showed excellent quantitative agreement between model and measurements.
A comparison was also made with M. R. Raupach’s localized near-field theory, which underestimated
the near-field effect in the wind-tunnel data and relative to the new model.
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1. Introduction

The relationship between a scalar source and its concentration profile within and
just above a plant canopy has been an important problem of micrometeorology
for many years. Its solution is important both for plant canopy modelling and
for improved trace gas flux measurement. Micrometeorological flux measurement
methods traditionally require large fetches and instrumentation well above a can-
opy. This limits micrometeorologists to flat, uniform terrain, and imposes large
costs for working in tall canopies such as forests. Additionally, in areas of work
with a vegetation component, such as land surface processes and crop growth
modelling, knowledge of the in-canopy concentrations of water vapour and carbon
dioxide is often important. To predict this one needs to know something of how the
source strengths and concentration profiles are related. Therefore a solution to the
in-canopy flux-profile problem would be very useful for a variety of applications
ranging from improved trace gas exchange measurements to crop modelling.

Early theories of atmospheric dispersion developed the notion of an ‘eddy dif-
fusivity’ (e.g., Taylor, 1915; Richardson, 1920). These theories postulated that
turbulence acts on atmospheric scalars to disperse them in a diffusive manner.
Attempts to apply this theory to plant canopies found, among other difficulties,
the problem of counter-gradient fluxes, implying negative eddy diffusivities within
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canopies. It is now commonly acknowledged that the failure of eddy diffusion
theory within canopies is due to the effects of persistence caused by the correlated
nature of turbulent movements (Raupach, 1987). In other words, when considering
the ensemble-averaged dispersion of particles in a Lagrangian frame from the ini-
tial time when the particles are ‘marked’, the cloud initially disperses in a linear
fashion, and at large travel times the cloud becomes diffusive. The initial dispersion
regime is called the ‘near-field’ and the diffusive regime the ‘far-field’.

The most common approach to solving this problem in the last two decades
has been particle trajectory simulations based on random-walk modelling. Many
of these models now exist, and have been summarized by Rodean (1996). How-
ever, successful application (e.g., Leclerc and Thurtell, 1990) relies on extensive
calculations that are very demanding of computer time. Therefore, they are less
than practical for daily use or for coupling with models of related processes. An
alternative approach is to find an analytical model that captures the Lagrangian
nature of turbulent dispersion. A noteworthy attempt at this is localized near-
field theory (LNF) (Raupach, 1989). In LNF, however, the near-field calculation
assumes homogeneous dispersion; we believe that better results can be attained by
accounting for the inhomogeneity of the dispersion when considering near-field
effects.

Other investigations have focused on developing better insight into the physical
structure of turbulence (e.g., Raupach et al., 1986, 1996; Collineau and Brunet,
1993a,b; Shaw et al., 1995). These studies are not only fascinating in their own
right, but have provided valuable insight into the underlying physics of canopy
transport processes. Of note in this work is the mixing-layer analogy put forward
by Raupach and colleagues (Raupach et al., 1989, 1996), who showed that canopy
flows bear much more resemblance to classic mixing-layer flows (see Wygnanski
and Fiedler, 1970) than to surface-layer flows. However, this knowledge is not
sufficient to predict canopy transport processes, since to do so also involves a
description of the dissipation process itself.

Our paper reports on a new method of relating scalar concentration profiles
to source distributions through a ‘dispersion matrix’. The matrix is derived from
Lagrangian dispersion theory and uses profiles of turbulence statistics to determine
the dispersion. The matrix translates the effects of persistence (a temporal effect)
into spatial coordinates and represents the change from near-field to far-field in
a continuous fashion, successfully accounting for both regimes. The derivation,
described first qualitatively and then mathematically in Section 2, is based on a
homogeneous scenario and then assumes that dispersion in inhomogeneous tur-
bulence behaves in a similar fashion. Tests of the model with wind-tunnel data,
Section 4, indicate that these assumptions provide a very reasonable approxima-
tion. Section 5 provides a quantitative comparison of the present model and LNF
through the use of a ‘near-field resistance’ (Van Den Hurk and McNaughton,
1995; McNaughton and Van Den Hurk, 1995). This resistance term also offers
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one possible simplification of the model for use in models requiring a one-layer
canopy description.

2. Derivation of the Dispersion Matrix

To visualize the derivation in a qualitative manner before developing the math-
ematics, consider a thin horizontal layer within a plant canopy. We can imagine
this thin layer as a plane source of a scalar quantity, such as water vapour. The
material released at any instant of time (which we will call a ‘puff’) will disperse
up and down from the source in a Gaussian fashion (assuming homogeneous turbu-
lence for simplicity), with a time-dependent concentration profile. At each instant,
another puff is released, which also spreads in a similar fashion. Over time, the
concentration profile that develops will be the sum of all the puffs released, each
of which has a different travel time, and therefore a different distribution. This is
illustrated in Figure 1, which shows several puffs released at various times from a
plane at some height, along with their summed concentration profile. Over a long
time, the concentration continues to increase, reaching infinity at infinite time.
However, the gradient of concentration becomes constant and finite. Therefore,
if we can determine the limiting value of the gradient of concentration, we then
know the shape of the profile. Further, if we assume that the canopy is composed
of several of these layers stacked on top of each other, we can then find the gradient
at any height by taking the sum of the gradients produced by each layer. It is this
conception that we will now proceed to develop mathematically. In order to do so,
we begin with a Lagrangian analysis of turbulent dispersion, which describes the
dispersion as a function of time. We then manipulate the equations to transform
the temporal description of dispersion into spatial coordinates. This enables us to
calculate the gradient created by the source layers, which allows us to draw the
resulting profile.

Taylor (1921) found that the standard deviation of particle position for an
ensemble average of marked particles dispersing in homogeneous, stationary
turbulence was described for a given timet by

σ 2
z = 2σ 2

w τL
[
t − τL + τL exp(−t/τL)

]
(1)

and assuming a correlation coefficientR = exp(−t/τL). Here,σw is the velocity
scale of the particles (described by the standard deviation of vertical velocity for
the one-dimensional case) andτL is the time scale of the motions of the particles
– the time over which a particle’s motion remains correlated with its previous
movements.

Equation (1) has limits

lim
t/τL→0

σ 2
z = σ 2

wt
2 (2a)
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Figure 1. Illustration of continuous plane source. The source is at some heightzs and the puffs that
have dispersed for timet add up to the total concentration profile labelled ‘sum’.

lim
t/τL→∞

σ 2
z = 2σ 2

wτLt, (2b)

known respectively as the near-field and far-field. For later discussion purposes
we also define the regiont ∼ τ as the mid-field. These limits show that dispersion
proceeds first as a linear function of time, independent of the time scale, and later as
the square root of time and dependent on the time scale. Note that in this homogen-
eous, stationary scenario the time scale is constant in both space and time. These
near-field and far-field regimes were shown graphically by Richardson (1920) in
long-exposure photographs of smoke plumes.

To derive the present model, we first consider dispersion in homogeneous, sta-
tionary turbulence from an instantaneous plane sourceQ. A plane source is chosen
as a simple idealization of an extensive canopy. This is described by the Gaussian
distribution (Csanady, 1973)

C = Q√
2πσ 2

z

exp

[−(z− zs)2
2σ 2

z

]
(3)

wherezs is the height of the sourceQ [M L −2] (or J m−2 for the case of an energy,
as opposed to mass, source).σz in this equation is described by Equation (1) for
the correlated condition specified above. Equation (3) requiresC = ∞ at t = 0,
which is due to the fact thatQ occupies zero volume att = 0.

For a continuous sourceq [M L −2 T−1] (or W m−2 for an energy source)
each intervaldt will produce sourceq dt , which will change the concentration
by amountdc. This allows us to re-write Equation (3) as

∂c

∂t
= q√

2πσ 2
z

exp

[−(z− zs)2
2σ 2

z

]
. (4)
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This equation integrates to infinity, however the gradient of concentration with
respect toz becomes constant at larget , representing the one-dimensional equi-
librium state of the idealized canopy. Taking the derivative of Equation (4) with
respect to space gives

∂

∂z

(
∂c

∂t

)
= −q√

2πσ 2
z

(z − zs)
σ 2
z

exp

(−(z − zs)2
2σ 2

z

)
. (5)

This can be interpreted physically as the contribution to the gradient atz andt of
puff q dt . Using the generally valid assumption that

∂

∂z

(
∂c

∂t

)
= ∂

∂t

(
∂c

∂z

)
the gradient is

∂c

∂z
=
∫ ∞

0

−q√
2πσ 2

z

(z − zs)
σ 2
z

exp

(−(z − zs)2
2σ 2

z

)
∂t. (6)

Equation (6) can be integrated with the near- and far-field limits ofσz (Equations
2) to give

∂c

∂z

∣∣∣∣
NF

= −q√
2πσw|z − zs|

asz/LL→ 0 (7a)

∂c

∂z

∣∣∣∣
FF

= −q
2σwLL

asz/LL→∞, (7b)

where we have substituted the Lagrangian length scaleLL = σwτL. The integration
removes the time dependence, and the substitution of the length scale for the time
scale completes the transformation to purely spatial coordinates. Note thatq is still
a plane source (finite substance produced in zero volume), and so Equation (7a)
states that an infinite gradient exists atz = zs. This will be discussed in more
detail below. Also note that the sign convention in Equations (7) implies that the
gradient of interest is above the source; for gradients beneath the source Equations
(7) must be multiplied by−1. This also explains the need for the absolute value in
the near-field limit.

Using Equation (7a) we define near- and far-field dispersion coefficients from
the general relationship∂c/∂z = Mq as

MNF =


−1√

2πσw(z− zs)
for z > zs

1√
2πσw(zs − z)

for z < zs,

(8a)
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Figure 2a.Normalized inverse dispersion factor from the numerical integration of Equation (5) using
full σz from Equation (1) (circles) with normalizedM−1 from Equation (9) (line).

MFF =


−1

2σwLL
for z > zs

1

2σwLL
for z < zs,

(8b)

where the sign convention accounts for the relative position of source and gradient
heights and we have left the dispersion coefficient undefined atz = zs for the
moment. To describe dispersion continuously from near- to far-field we propose
the dispersion coefficient

M =


−1

2σwLL
[
1− exp

(
−√π

2
(z−zs)
LL

)] for z > zs

1

2σwLL
[
1− exp

(
−√π

2
(zs−z)
LL

)] for z < zs,

(9)

which is equal to Equations (8) in the near- and far-field limits. To test the mid-field
of this expression the inverse dispersion factor was calculated from a numerical
integration performed on Equation (5) using the completeσz expression from
Equation (1). The normalized results are illustrated in Figures 2a and 2b, which
show(2σwLLM)−1 as a function of(z − zs)/LL. From these graphs it can readily
be seen that Equation (9) is indeed a close approximation of the continuous near-
field/far-field dispersion described by Equation (1). The maximum error is 3.6% at
(z− zs)/LL = 0.5.

The dispersion coefficient defined by Equation (9) is a continuous function for
all z 6= zs describing the relationship between the gradient of concentration at
every z 6= zs in relation to a continuous plane sourceq. In reality, we do not
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Figure 2b.Mid-field detail of inverse dispersion factor from numerical integration of Equation (5)
using fullσz from Equation (1) (circles) with normalizedM−1 from Equation (9) (line).

experience plane sources and infinite concentrations. Further, we generally express
concentrations and gradients at points that we assume to be representative of layers.
Therefore, we wish to re-write the dispersion coefficient in terms of layers, as
shown in Figure 3. Each layer is a slab of air of thickness1z, at height specified
by its mid-pointzi with mean concentrationci and mean gradient across the layer
dc/dz|i. The sourceq is assumed (for the moment) to be distributed evenly across
layerzs, and so should be writtenq 1z (whereq now has dimensions [M L−3 T−1]).
We can now write the dispersion coefficient as

M =



−1

2σwLL
[
1− exp

(
−√π

2
(zi−zs)
LL

)] for zi > zs

0 for zi = zs
1

2σwLL
[
1− exp

(
−√π

2
(zs−zi)
LL

)] for zi < zs,

(10)

wheredc/dz|i = Miq and we have setM = 0 at zi = zs for the time being in
order to prevent a physically impossible infinite gradient. This problem of infinite
gradients aszi → zs will be discussed below. To calculate the concentration profile,
the concentration must be specified at one height, and the other points in the profile
are given by

ci+1 = ci + 1

2

(
dc

dz

∣∣∣∣
i

+ dc
dz

∣∣∣∣
i+1

)
(zi+1− zi). (11)

To apply this model to ‘real-world’ scenarios, a boundary condition for the
surface (z = 0) is required. For this we follow traditional dispersion modelling and
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Figure 3.Schematic diagram of layers, where each layer has mean concentrationci and mean gradi-
entdc/dz|i with height specified by mid-pointzi . The source layer contains the distributed source
q.

specify an image source to create a reflecting boundary (e.g., Csanady, 1973). This
does not preclude a source term at the surface, corresponding to a surface source.
The image source can be thought of as the probability of a parcel dispersing from
the source to the surface and back up to the height of interest. The image source
is added to the original source, and its dispersion coefficient is specified by the
distancez+ zs rather than the differencez− zs. Thus the dispersion coefficient can
now be re-written to include the reflecting boundary condition as

M =



−1

2σwLL
[
1− exp

(
−√π

2
(zi−zs)
LL

)]−
1

2σwLL
[
1− exp

(
−√π

2
(zi+zs )
LL

)] for zi > zs

−1

2σwLL
[
1− exp

(
−√π

2
(zi+zs)
LL

)] for zi = zs

1

2σwLL
[
1− exp

(
−√π

2
(zs−zi)
LL

)]−
1

2σwLL
[
1− exp

(
−√π

2
(zi+zs )
LL

)] for zi < zs.

(12)

The contribution to the gradient in the source layer due to the source is still 0,
however the reflecting boundary implies that there will be a non-zero mean gradient
in that layer.
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A distributed source is required to realistically model a canopy, necessitating
sources specified in multiple layers. The gradient in one layer is now equal to the
sum of the gradients created by each source layer. Mathematically,

dc

dz

∣∣∣∣
i

= M ij qj (13)

where the indicated matrix operation is a summation over the repeated index and
the dispersion coefficient is now a matrix of the form

M ij =



−1

2σwLL
[
1− exp

(
−√π

2
(zi−zj )
LL

)]−
1

2σwLL
[
1− exp

(
−√π

2
(zi+zj )
LL

)] for zi > zj

−1

2σwLL
[
1− exp

(
−√π

2
(zi+zj )
LL

)] for zi = zj

1

2σwLL
[
1− exp

(
−√π

2
(zj−zi )
LL

)]−
1

2σwLL
[
1− exp

(
−√π

2
(zi+zj )
LL

)] for zi < zj .

(14)

The dispersion coefficient is now written in bold face as a reminder that it is a
matrix quantity.

In the preceding, we made the assumption that the contribution to the gradient
at a heightzj from the source at that heightqj was zero. This is a valid assumption,
and avoids a dispersion coefficient of infinity, however we still face the theoretical
problem that this model calculates very large gradients near the source when the
grid spacing is made very small. This can be seen in the homogeneous dispersion
coefficient, which suffers the limit

lim
(z−zs)→0

1

2σwLL
[
1− exp

(
−√π

2
z−zs
LL

)] = ∞. (15)

This happens because the near-field gradient has the same limit, i.e.

lim
(z−zs)→0

−q√
2πσw|z− zs|

= ∞. (16)

This is due to the assumption of a plane source att = 0, which, when translated
to spatial terms, becomes a plane source atz = zs . As we consider smaller and
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smaller grids, or points very close to a source, we are in effect ‘squeezing’ the
source into a plane source.

If we specify that the source must have an initial spatial distribution, we avoid
forcing it into a plane. We can do this by assuming some initial distribution by
specifying an ‘offset’ timet0 so that

lim
t/tL→0

σ 2
z = σ 2

w(t + t0)2. (17)

This, in effect, specifies that the source is distributed aboutzs in Gaussian fashion
with standard deviationσs = σwt0. When we now integrate Equation (5) in the
near-field (integrating still from 0 to∞, but with the variable of integration now
(t + t0)), the gradient becomes

∂c

∂z

∣∣∣∣
NF

= q√
2πσw|z− zs|

[
1− exp

(−(z − zs)2
2σ 2

wt
2
0

)]
. (18)

The limiting value of this expression is

lim
(z−zs)→0

∂c

∂z

∣∣∣∣
NF

= q(z − zs)√
8πσ 2

wt
2
0

. (19)

We now must ask what the appropriate value ofσs is. By making it arbitrarily
small relative toz − zs the exponential disappears. However, this is not satisfying
because the original question was what happens whenz − zs becomes arbitrarily
small. For the case when our source is contained within one layer of the model, as
in the wind-tunnel example discussed below,σs should be specified so as to contain
all the sourceq. For the case of 99.9% ofq within a source layer of thickness1z,
σs ≈ 0.161z and the exponential term in Equation (18) is of the order 10−9 in the
adjacent grid.
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On the other hand we can describe each layer withσs = 1z so that the integral
of the source layers equals the expected smooth profile ofq. This proposition
means that the dispersion matrix must be re-written as,

M ij =



−
[
1− exp

(
−(zi−zj )2

21z2
j

)]
2σwLL

[
1− exp

(
−√π

2
(zi−zj )
LL

)]−[
1− exp

(
−(zi+zj )2

21z2
j

)]
2σwLL

[
1− exp

(
−√π

2
(zi+zj )
LL

)] for zi > zj

−
[
1− exp

(
−(zi+zj )2

21z2
j

)]
2σwLL

[
1− exp

(
−√π

2
(zi+zj )
LL

)] for zi = zj

[
1− exp

(
−(zi−zj )2

21z2
j

)]
2σwLL

[
1− exp

(
−√π

2
(zj−zi )
LL

)]−[
1− exp

(
−(zi+zj )2

21z2
j

)]
2σwLL

[
1− exp

(
−√π

2
(zi+zj )
LL

)] for zi < zj,

(20)

where1zj is the thickness of the source layerj . Normalized results with and
without this correction, along with LNF results, are shown in Figure 4 using the
idealized profiles described below by Equations (27). As can be seen, the correction
is small, but nonetheless important for avoiding physically absurd gradients near
the source.

The final step in developing a realistic model is to apply it to the inhomogen-
eous turbulence found in the ‘real-world’. Raupach (1987) has shown that canopy
dispersion can be reasonably approximated using a homogeneous description of
the turbulence. If, following this logic, we assume that inhomogeneous turbulence
behaves similarly to homogeneous turbulence, then we can postulate that Equations
(13) and (14) apply to the inhomogeneous case withσw andLL replaced by their
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Figure 4. Normalized concentration profiles calculated using idealized profiles of Equation (27a)
with c0 = 0.25,p = 4 andq = 2. The present model shown with and without the correction for
infinite plane sources. Results from LNF are also shown.

values for each layer, i.e.,σwi andLLi . This leads to the final form of the dispersion
matrix

M ij =



−
[
1− exp

(
−(zi−zj )2

21z2
j

)]
2σwiLLi

[
1− exp

(
−√π

2
(zi−zj )

(LLi+LLj )/2
)]−[

1− exp

(
−(zi+zj )2

21z2
j

)]
2σwiLLi

[
1− exp

(
−√π

2
(zi+zj )

(LLi+LLj )/2
)] for zi > zj

−
[
1− exp

(
−(zi+zj )2

21z2
j

)]
2σwiLLi

[
1− exp

(
−√π

2
(zi+zj )

(LLi+LLj )/2
)] for zi = zj

[
1− exp

(
−(zi−zj )2

21z2
j

)]
2σwiLLi

[
1− exp

(
−√π

2
(zj−zi )

(LLi+LLj )/2
)]−[

1− exp

(
−(zi+zj )2

21z2
j

)]
2σwiLLi

[
1− exp

(
−√π

2
(zi+zj )

(LLi+LLj )/2
)] for zi < zj ,

(21)

where the mean value of the two length scales is used in the exponent because
dispersion occurs through exchange between the two layers, thus requiring the use
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Figure 5.Comparison of alternative formulationsM andMa . Equation (9) (solid line) and a numer-
ical integration of Equation (5) usingσz from Equation (1) (circles). Equation (23) (dashed line) and

a numerical integration of Equation (5) usingσz derived fromR = exp(−π4 t2

τ2 ) (triangles).

of both length scales in determining the extent of the near-field effect. Therefore,
the final form of this model consists of Equations (11), (13) and (21).

3. Alternative Formulations of R(t)

To test the dependence of this model on the formulation of the correlation coef-
ficient R(t), the above derivation was repeated using an alternative suggested by
Frenkiel (1953)

R = exp

(
−π

4

t2

τ 2

)
. (22)

Equation (22) was proposed to ensure a continuous tangent at the origin, thereby
avoiding the implied infinite acceleration att = 0 with R = exp(−t/τ ), while
maintaining the same area under the curve.

Following the steps outlined above leads to

Ma = 1

2σwLL
[
1− exp

(
−√π z−zs

LL

)] , (23)

analogous to Equation (9) with the only difference being a factor of
√

2 in the
exponent. Comparison ofM andMa is shown in Figure 5.

From Figure 5 it can be seen that the two correlation coefficients lead to very
similar dispersion factors, although the alternative near-field slope is steeper and
the far-field is reached sooner. This reduces the effect of the near-field in the model
output. Tests of the model, discussed below, showed better agreement between
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data and the model with the original correlation function. This is indicative of
the importance of the near-field effects, and commends the continued use of
R = exp(−t/τ ) despite the discontinuity at the origin of the correlation curve.

4. Comparison of the Model with Data

Coppin et al. (1986) (hereafter CRL86) provide one of the few studies with detailed
profiles of turbulence measurements within a canopy with a known source strength.
This experiment used the Pye Laboratory wind tunnel at CSIRO, Australia to ob-
serve turbulence and turbulent transport within and above an artificial canopy. The
canopy consisted of metal strips 6 cm tall and an elevated plane-equivalent source
of heat at 4.8 cm served as a passive scalar. The source strength was 275 W m−2,
and the insulated floor provided an almost ideal reflecting surface, as seen in
CRL86’s flux measurements. Turbulence measurements for the artificial canopy
were reported by Raupach et al. (1986).

Since no known technique exists for the direct determination of the Lagrangian
length scale, the measured Eulerian vertical length scale

LEw = u

σ 2
w

∫ τ0

0
w′(t)w′(t + τ) dτ (24)

was substituted. This assumption follows from Corrsin (1963) and Kraichnan
(1964) who provided theoretical evidence thatLL/LE ∼ 1. Values ofσw andLEw
were taken from Raupach et al. (1986) and input into the model along with the
source strength. These same data were also used as input for the LNF calculations.
The model produces a profile of gradients so the measured temperature nearest the
surface was used to calculate the temperature profile. The results of this are plotted
in Figure 6, along with CRL86’s measured temperature profile.

For comparison, Figure 6 also shows the same calculation using LNF. Both
models have the same far-field limit so the two model slopes agree above the
canopy where the far-field regime dominates. However, within the canopy, where
near-field effects are prominent due to the proximity of the source, LNF achieves
less agreement with the data. This is due to LNF underestimating the near-field
effect in this scenario, leading to an underestimation of the heat concentration near
the source.

The present model shows excellent overall agreement with the wind-tunnel
measurements, particularly within the canopy. There is some disagreement in the
region aroundz/h ≈ 2, which could be due to a number of factors. The far-field,
as discussed above, is more dependent on the length scale than the near-field. Thus
errors may be introduced by using the Eulerian length scale. Because each point
is calculated as the cumulative sum of the gradients below it, an error in one point
could affect all the points above it. To examine this, Figure 7 shows finite difference
gradients from the model along with the measured gradients. Excellent agreement
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Figure 6.Comparison of CRL86’s wind-tunnel data and the present model using Eulerian scales in
place of the Lagrangian. Results from localized near-field theory also shown. Data are shown as the
difference from the highest measured pointTtop at z/h ≈ 6.3.

Figure 7.Gradients calculated by the model shown with gradients measured by CRL86. Results from
localized near-field theory also shown.

is shown everywhere except aroundz/h = 1.3. It is above here that the measured
and modelled profiles disagree, though the modelled gradients abovez/h = 1.3
agree again with the measured. The measured points here, atz/h = 1.25 and
1.4, indicate an increasing gradient with height above the source, which is not
physically likely, suggesting that the discrepancy between model and measurement
may be due to errors in the data.

Results from LNF are also shown in Figure 7. The two models coincide where
far-field effects dominate, but again the near-field is not fully captured by LNF.
This confirms the objection to LNF that it underestimates the near-field effect in
this canopy.
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5. The Near-Field Resistance

In two recent papers Van Den Hurk and McNaughton (1995) and McNaughton and
Van Den Hurk (1995) derived a ‘near-field resistance’rn to account for near-field
effects within a simple two-layer canopy model. Their work was based on LNF
using the near-field concentration term. The near-field resistance is defined as

rn ≡ Cn

Fh
(25)

whereFh is the scalar flux density from the canopy andCn is a mean near-field
concentration calculated as

Cn =
∫ h

0
φ(z)Cn(z)dz (26)

whereφ(z) is a normalized source distribution (S(z)/Fh) andCn is the portion of
the concentration profile due to near-field effects.

The near-field resistancern is not a measurable quantity, but rather a parameter-
ization of the magnitude of the near-field effect on concentration-flux relationships.
We mention it here because it is possible to determine it for the present model
thus allowing a simple quantitative comparison of LNF and the present theory.
Following Van Den Hurk and McNaughton (1995) and Raupach (1989), we cre-
ated a range of ideal normalized source distributionsφ(z) using a beta distribution
function and profiles of normalizedσw andLL from the equations

φ(z) = 1

β(p, q)
z(p−1)(1− z)(q−1) (27a)

σw

u∗
=
{

c1 for z/h > 1
c0+ (c1 − c0)z/h for z/h 6 1

(27b)

τLu∗
h
= max

[
c2,

k(z− d)
c2

1h

]
. (27c)

From this we calculated the normalized resistancernu∗ for the present model by
determining the concentration profiles and subtracting the far-field component (cal-
culated by setting the exponential term in Equation (21) to 0) to determineCn. The
results are presented in Table I, which also includes the results from Van Den Hurk
and McNaughton’s (1995) Table I.

The present model is clearly much more sensitive to changes in the source dis-
tribution and turbulence profiles. Table I shows that, in general, the near-field effect
is much stronger in the present model, in agreement with the previous assessment
that LNF underestimates the near-field component. However, when theσw profile
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TABLE I

Values of the normalised assistancernu∗ based on LNF and the present model. Results
are shown for various values ofσw within the canopy, expressed by the parameterc0
and for different source distributions, as controlled by thep andq parameters of the
beta distribution function.

Beta function parameters (p, q) c0 = 0 c0 = 0.25 c0 = 0.5 c0 = 1.25

LNF: 2,4 0.43 0.42 0.41 0.38

2,2 0.32 0.31 0.31 0.30

4,2 0.36 0.36 0.35 0.33

6,2 0.41 0.41 0.40 0.38

Present model: 2,4 2.20 0.49 0.24 0.05

2,2 1.36 0.49 0.30 0.11

4,2 0.92 0.59 0.46 0.27

6,2 0.88 0.64 0.53 0.35

is constant through the canopy (c0 = 1.25), the near-field effect is much smaller
than in LNF. The greater sensitivity ofrn to changes in the parameters using our
model is due to the near-field effect being a factor of the length scales at both
source and gradient height, whereas LNF uses only the statistics at source height
in determining theCn profile. Thoughrn is generally a relatively small term relative
to the other resistances in a canopy, this analysis shows the importance of correctly
determining the extent of the near-field effect before using thern parameterization
in a two-layer model.

6. Discussion and Conclusions

The preceding has shown the possibility of analytically relating scalar fluxes and
profiles within a plant canopy. The model is able to do so by accounting for the
Lagrangian nature of turbulent dispersion. Note that this model is independent of
the turbulence structure, and is only a function of the Lagrangian nature of turbu-
lent dispersion. In other words, what is significant is not the effect of the canopy
on the air flow, but rather the proximity to the source that creates the persistence
effects that this model accounts for. Therefore, as it stands, this model applies to
any one-dimensional situation where the concentration profile near to the source is
of concern.

In the case of a surface source the model reduces to

F luxi = −σwiLLi dc
dz

∣∣∣∣
i

, (28)
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implying that the flux from a surface source can be determined from measurements
of the gradient,σw andLL at any height. As shown in Section 4 it is possible
to substituteLE for LL, though further investigation of the relationship between
the two under field conditions is necessary. This is a significant result because it
means that for gases such as N2O and CH4, which are emitted from soils but do
not interact with foliage, flux measurements using gradients are possible within
a canopy near the surface. In addition to the benefit of increased resolution due
to the much steeper gradients found near the surface, this also means that smaller
areas will be incorporated into the flux calculation. This opens the way for more
precise micrometeorological measurements of the spatial variability of emissions.
This might also be applied to studies of fluxes from complex terrain, where long
uniform fetches are not available.

Field tests of this model are still required. The authors are presently unaware
of any field data sets with the requisite measurements for careful testing of our
model. The success with the wind-tunnel data is encouraging, and previous studies
have shown that wind-tunnel experiments do provide an accurate portrait of field
situations (e.g., Novak et al., 2000).

The success of the model depends largely on the validity of applying a homo-
geneous solution to the inhomogeneity of canopy turbulence. Evidence that this
is possible was provided by Raupach (1987). How far this can be extended to
other inhomogeneous flows is not known, nor do we know if this assumption is
applicable in all canopies. It seems likely that sparser canopies, such as the wind-
tunnel canopy discussed above (frontal area index = 0.23), will be suitable, but it
is possible that very dense canopies would prove too inhomogeneous. It may also
be that very stable or unstable conditions create prohibitive inhomogeneity. Further
investigation of these questions under field conditions is again necessary.
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