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Abstract

In this paper, a model is presented for scalar advection inside canopies. A key result is an advection/diffusion equation that
captures the persistence effect of the diffusion plume from elevated sources through a near-field modifier. The model is
applicable to various source configurations including line source, plane and canopy sources with finite fetch, and horizontally
extensive canopy source. Model prediction agrees reasonably well with the observations of a line and a plane heat source in a
wind tunnel canopy.

The two-dimensional flux footprint in the x—z plane in homogeneous turbulence is expressed in analytical form and that in
canopy turbulence is computed from the numerical solution of the advection/diffusion equation. The footprint calculations
suggest that inclusion of flow inhomogeneity leads to a stronger near-field effect than in homogeneous turbulence, resulting in a
maximum contribution to the observed flux to come from sources further away from the measurement tower. The flux measured
within the roughness sublayer is weighted more heavily by contributions from sources in the lower canopy in unstable conditions
and from the upper canopy in stable conditions. The flux footprint is less sensitive to source height in neutral air than in stratified
air. The cross-wind integrated footprint reported in the literature is a special case of the present model.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The objective of this paper is to investigate the
two-dimensional flux footprint function in the x—z
plane for elevated sources inside a canopy, where x is
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the streamwise direction and z is height above
the ground. Such a footprint function is useful for
the interpretation of eddy flux measurement where
the source density S (dimension ML3TL, where M
is the mass, L the length and T the time) varies both
with x and z. As in all previous studies of flux
footprint, the flow is assumed to be homogeneous in
the x direction.

Mathematically, the vertical flux, F (dimension
ML 2T~ 1), of a scalar measured at position, (X, zm),
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is a weighted average of contributions from all upwind
sources distributed in the x—z plane,

min (h,z,)
xm>Zm / / x Z)g

(Xm — x,2,2m) dzdx €))

where  is canopy height, and g the footprint function
(dimension L™1). In the convolution calculation, the
footprint is dependent upon horizontal separation
distance between the measurement point and the
source location, x,, — x, because of horizontal homo-
geneity of the flow, but is a function of both the
measurement height z, and the source height z
because of vertical heterogeneity of the flow.

The footprint function must be positive, and is
meaningful only if z < A,

g(x,2,zm) >0, 0<z<hx>0 )

Here it is assumed that horizontal diffusion is negli-
gible [models that include this yield a small contribu-
tion from the ‘downwind’ area (e.g. Kljun et al.,
2002)]. Also g is a property of the flow and is
independent of source configuration. This feature
allows us to set up certain source configuration that
is convenient for its numerical solution and for inves-
tigation of its general behavior. In the special case that
S varies with z only, Eq. (1) becomes

min (h,z,)
F(xmyzm) = / Sdz
0

X [/ ' 8(xm —x,2,2m) dx (3)

Conservation of mass for a horizontally extensive
canopy requires

min (h,z,,)
F(xm,zm) :/ Sdz 4)
0

A comparison of Egs. (3) and (4) leads to another
important property that the footprint function obeys

/ g(x,z,zm)dx: 1 (5)
0

The first generation of footprint models is
concerned with scalar diffusion from a ground-level
plane source [(Leclerc and Thurtell, 1990; Schmid,
1994; Horst and Weil, 1992)]. Later studies have
extended the investigation to canopy sources, relying
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Fig. 1. Comparison of the numerical solution (dashed line) of the
non-dimensional footprint function, g(x,Z;,zy,) X h, for homoge-
neous turbulence and the analytical solution (solid line, Eq. (27)),
with z;/h=08, z, =16, tu./h =04, o,/u, =125 and
u/u, = 3. Also given is a numerical solution with the near-field
effect turned off (dash-dotted line).

on either random flight simulations [(Baldocchi, 1997;
Rannik et al., 2002; Strong et al., 2004)] or numerical
solutions of the deterministic advection/diffusion
equation (Lee, 2003). Each approach has its unique
advantages and weaknesses, and both are subject to
the same kind of uncertainties inherent to the
parameterization of canopy turbulence. The random
flight technique uses fewer simplifying assumptions,
while the deterministic approach can sometimes bring
out certain physical processes (e.g., the role of the
near-field effect, Fig. 1) more clearly.

In a companion paper, Lee (2003) combined
Raupach et al. (1986) theory with parameterizations
of the turbulence inside a canopy to investigate how air
stability and source configuration influence the flux
footprint and flux adjustment with fetch in the
roughness sublayer. The footprint function investi-
gated by Lee (2003) was essentially a source-weighted
average of the two-dimensional version

h
/ Sgdz (6)
0

Following Raupach (1989), the source term in the
advection—diffusion equation was adjusted to account
for the fact that the near-field concentration is advec-
tive but not diffusive. It must be recognized that the
source-adjustment approach has not been verified

gs(x, zm) =
S m féLSdZ
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experimentally. While it appears adequate for the
study of gs, the approach is too crude for the study
of the 2D footprint function, particularly its behavior
in the near field.

In this study, a system of equations is established
for scalar advection inside canopies. The point of
departure is the problem of diffusion in homoge-
neous turbulence, which is reviewed in Section 2 to
highlight mechanisms relevant to the process of
advection/diffusion from elevated sources. Unlike
Raupach (1989) whose theory targets primarily at
horizontally homogeneous and extensive sources, the
present study focuses on the advection/diffusion
problem from line sources and plane sources with a
finite fetch. The principal result is a conservation
equation that incorporates the persistence of the
diffusion plume in the near-field via a near-field
modifier. The near-field modifier is assumed to take
the same form in canopy turbulence, thus over-
coming a closure problem (Section 3). The model is
evaluated against observations of heat diffusion from
a line source and a plane source in a wind tunnel
canopy (Section 4). In Section 5, the basic equations
for canopy turbulence are solved numerically to
determinate the two-dimensional flux footprint,
using a numerical procedure and canopy turbulence
parameterization described by Lee (2003), for
various stability conditions and measurement
heights.

2. Scalar advection in homogeneous turbulence
2.1. Basic equations for a line source

2.1.1. Expressions for concentration and flux

Let us first consider an elemental line source,
located at a height z; above the ground and horizontal
position x = 0, in homogeneous turbulence specified
by a horizontal velocity u, a standard deviation of the
vertical velocity o, and a Lagrangian time scale T.
The line source is infinitely long in the cross-wind
direction. The line source function and the resulting
concentration and flux fields are denoted by lower-
case symbols, to distinguish from those for plane and
canopy sources. The source function is

s = 8:(21)8:(0) O

where 6, and 8, are the Dirac delta functions. The
analytical solution of concentration downwind of the
source is given by

PP e
! \/_()'Z P 20'%

_(z+z1)2 } ®)

20‘%
(e.g., Csanady, 1973). The vertical flux, f(x,z;0,z;),
is given by integrating the conservation equation, as

<0
/ 4z )
Substitution of Eq. (8) into Eq. (9) yields
1 do, (z—2z1)*
Sl 5
(z421)
202 (10)

z
where the plume depth o, is a function of x only and is
obtained from

(r? = 2(73\,1'{E —T+ Texp (f i)} (11D
u TU

+ exp

f(x,z;0,z1)

f(x,2:0,21)=

+ (z+z1)exp |—

and its derivative with respect to x is given by

2

do;, o7 by
— = 1-— (— —) } 12
dx O'Zu{ P\ (12)

Note that the solution of f does not invoke the gra-
dient—diffusion relationship.

2.1.2. The far- and near-field concentrations

Following Raupach (1989), the concentration field
c is separated into a diffusive far-field component c¢
and a non-diffusive near-field component ¢,

c=cph+ct (13)

The far-field component satisfies the gradient—diffu-
sion relationship

ac
f=—Kim” (14)
Z
with the far-field diffusivity
Ky =021 (15)
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Eq. (14) can be rearranged to give

1 o0
CfZE/ fdz (16)

Substitution of Eq. (10) into Eq. (16) yields

2
_doz/dx{exp l_ (z—2z1)
a7

_\/ 2wKs 20'%

It can be shown from Eqs. (8) and (17) that the
near-field component is related to the far-field
component as

(z+ z1)2
20?

Cf +exp|—

exp (—x/Tiup)

Cf
1 —exp (—x/Tiuj)
where u; = u(z;) and 7; = 7(z;1). This equation has
the desired property that as x increases the near-field
concentration decreases rapidly. The reader should be
aware that local values of wind speed and the Lagran-
gian time scale are used in Eq. (18). In the case of
homogeneous turbulence discussed here, these values
are constant with height. In the later treatment of
inhomogeneous turbulence, this ensures that the
boundary condition that the near-field effect, hence
the near-field concentration, vanishes for a ground-
level source, is satisfied.

(18)

ch=c—cf=

2.2. Extension to a plane source

The above result can be easily extended to an
elemental plane source. The source function in this
case is given by

— Sz(zl)a )C>O,
S= {07 £ <0 (19)

The corresponding concentration fields (total concen-
tration C, far-field concentration Cy and near-field
concentration C,) are obtained by the principle of
superposition, as

X
C(x,z;a):/ cdx,
0
X
Calr,z321) = / ca d, 20)
0

X
Cr(x,2;21) :/ cr dx,
0

It can be shown that substitution of Eqs. (17) and
(18) into Eq. (20) gives C, that is identical to that
of Raupach (1989) in homogeneous turbulence in
the limit x — oo. In canopy flow where the turbulence
is vertically heterogeneous, the present treatment
predicts a stronger near-field effect than Raupach
(1989).

Eq. (20) is useful only if solutions for the elemental
line source are known (as is the case for homogeneous
turbulence). More generally, a solution for the plane
source should be sought from the mass conservation
equation

aC OF
=S 21
u8x+8z @b

and the gradient—diffusion relation

F(x,z;21) = —Kg—— (22)
0z

where F is the vertical flux from the plane source. In
Eq. (21), both the near- and far-field concentrations are
advective, but only the far-field concentration is dif-
fusive. A closure problem now exists because there are
three unknowns (F, C and Cy) with only two equations.
This problem is overcome by first taking the derivative
of Eq. (20) with respect to x

aC 3G,

c=— Cn
ox’ ox’

_ 0C
o

ct (23)

Next Eqgs. (17), (18), (20), (21) and (23), and
are manipulated to eliminate C. The final result is

eXp (7X/T1u1) 8Cf d 3Cf
| S kSt 4+
[ + 1 —exp(—x/nul)}u ax oz\ " *

(25)

Eq. (25), which is exact in homogeneous turbulence,
captures the near-field effect by including the group

]

called here as near-field modifier, in the advection
term.
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2.3. An analytical solution of flux footprint

An exact solution of the flux footprint function
exists under the assumption of homogeneous turbu-
lence, noting that substitution of Eq. (7) into Eq. (1)
gives

f(xm,Zm;O,Zl) = g(xm,ZI,Zm) (26)

Thus the exact solution is

g(x,z1,2m) I do (zm—2z1)exp (Zm_zl)z
125 Zm) =————— % (@m—21 ——
\/211'0'% dx 20‘%

2
L;i‘) } 27

This function satisfies the conditions specified by Egs.
(2) and (5).

Eq. (27) is useful in two ways. First, it is used to
check the accuracy of the numerical procedure
described below (Section (3.3)). Second, an apprecia-
tion of the impact of flow inhomogeneity on the
footprint function is gained by comparing the
analytical solution with numerical calculations for
inhomogeneous turbulence (Section (5.1)).

+ (zm + z1)exp [

3. Scalar advection in canopy turbulence
3.1. Basic equations

Let us consider the same source configuration
given by Eq. (19). In an idealized canopy flow, the
turbulence is homogenous horizontally but not
vertically. To overcome the closure problem, we
assume that the near-field modifier has the same form
of that pertaining to homogeneous turbulence so that
Eq. (25) can be used to achieve a numerical solution
of Ct. It is worth mentioning that while Eq. (25) is
now an approximation, Eq. (20) and its derivative
form, Eq. (23), are exact as long as the turbulence is
horizontally homogeneous. Therefore, once the
plane source solution is known, it can be manipulated
to give the line source solution. This is a useful
feature for model validation because line sources are
used much more frequently than plane sources in
diffusion experiments.

Once Cy is known, the vertical flux F is obtained
from Eq. (22) with the far-field eddy diffusivity given

by Eq. (15), and C;, and C are given by

X —
Cn:/ exp (—x/Tiup) %dx 28)
o 1 —exp(—x/Tiu1) ox

and Eq. (24).

To determine the footprint function, we take
advantage of the fact that for the source configuration
specified by Eq. (19), Eq. (1) can be written as

xﬂl
F(Xm,zm;21) = /0 8(xm —x,21,2m)dx (29

Therefore, the footprint function is obtained by differ-
entiating F with respect to x,,,

OF (X, Zm; 21
g(Xm, 215 2m) = M (30)

0Xpm

The present treatment differs from Raupach (1989),
who overcomes the closure problem via a slight
modification of the source term

aCt 9  oCt .
— =K — 31
“ox 8z<faz)+s Gl

where S* is related to the real source strength S as

<
S*:{O forx < ur, (32)

S forx>ut

The source-adjustment approach appears adequate for
the source-weighted footprint function (Eq. (6)) but is
too crude for the determination of the two-dimen-
sional footprint, in part because of the discontinuity at
x = ut. Eq. (25) does not suffer this shortcoming.

3.2. Parameterization of canopy turbulence

In the investigation of the effects of air stability and
measurement height on the footprint function, the
parameterizations in Lee (2003) are used for profiles
of the horizontal velocity u, the standard deviation of
the vertical velocity oy, and the Lagrangian time scale
7. Briefly, T is parameterized according to Legg et al.
(1986) for neutral air and Leuning (2000) for stratified
air. All the parameters are made non-dimensional by
canopy height, A, and friction velocity, u,, and are
functions of non-dimensional height z/h and a
stability parameter { (= h/L, where L is the Monin—
Obukhov length). In the model validation against wind
tunnel observations (Section 4), the same parameter-
ization of 7 for neutral air is used together with the
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observed profiles of u and g, reported by Raupach et
al. (1986).

3.3. Numerical method

To establish the footprint function, we begin by
specifying z; (source height), z,,, (measurement height)
and the stability parameter {. Eq. (25) is discretized
according to Patankar (1980) and the solution for C is
sought with a line-by-line method in the forward wind
direction. The procedure is repeated for a number of
preset z; values covering the range 0— h.

The boundary conditions are

aCs

-0, z=0 and 401 (33)

Cr=0
f ) 9z

x =0;

The same numerical scheme is used in the model
validation against the observation by Coppin (1986) of
heat advection from a plane source in a wind tunnel
canopy. For comparison with the observation by Legg
et al. (1986) of heat advection from a line source in the
same wind tunnel canopy, a solution is first sought for
an elemental plane source placed at the same height as
the line source (z;/h = 0.85). Next a solution of the
concentration fields for an elemental line source is
obtained by differentiating the plane source solution
with respect to x (Eq. (23)). After that, the vertical flux
is obtained from Eq. (14). Finally, the elemental line
source solution is scaled by the heat release rate and is
compared with the actual observation.

Fig. 1 shows that the numerical solution of g
for homogeneous turbulence is virtually identical to
the analytical solution (Eq. (27)), indicating that
the numerical procedure is sufficiently accurate for
footprint investigation. Also shown in Fig. 1 is a
solution with the near-field modifier set to unity, which
is equivalent to turning off the near-field effect. Without
the near-field effect, the footprint function displays a
much higher peak at a position much closer to
the observational point than the actual footprint
function.

4. Comparison with experimental data

Figs. 2 and 3 compare the model predictions of
temperature and vertical heat flux with actual
observations downwind of a line source in a wind
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45,
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Fig. 2. Profiles of normalized temperature downwind of a heat line
source in a wind tunnel canopy. Source height is z/h = 0.85.
Symbols are observations at various distances from the source
(circles, x/h = 0.38; crosses, 1.32; triangles, 2.78; asterisks, 5.72;
upside down triangles, 11.6). Lines represent numerical solution at
the same distances.

tunnel canopy (Legg et al., 1986). The temperature
scale is defined as

Os

* T pcphity

where Qy is the line source strength (in W m~ 1), pand
cp are the air density and specific heat of air at constant
pressure, respectively, and u, the friction velocity. In
the air layer in the upper canopy and higher, there is
very good agreement between the calculated and
observed temperature both in the near and far fields.
The model underestimates temperature in the lower
canopy in the near-field (x/h = 0.38 and 1.32). Legg
et al. (1986) and Flesch and Wilson (1992) also
reported similar underestimation by their random
flight simulation models. It appears that either para-
meterization of the turbulence in the lower canopy is
inaccurate in all these modeling studies or the mea-
surement was in error.

Fig. 3 provides a direct experimental test of the
footprint prediction, keeping in mind that the vertical
flux field resulting from a line source is equivalent to
the footprint function (Eq. (26)). Overall, the shape of
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Fig. 3. As in Fig. 2 but for normalized vertical heat flux.

the predicted profile curves looks quite similar to the
observed shape. The model prediction misses a few
quantitative details, the most noticeable one being a
large flux peak predicted by the model very close to
the source (x/h = 0.38).

Fig. 4 compares the temperature and vertical flux
profiles at a distance of x/h = 33.8 from the leading
edge of a plane source in the same wind tunnel canopy
(Coppin, 1986). This is the longest fetch distance at
which the observation was made. Profiles at other
shorter fetch distances are deemed less suitable for the
comparison because the flow field was not fully
adjusted with fetch. The temperature scale is defined as

H.
0, = —
PCplhs

where Hj is the plane source strength (in W m~?). The
agreement is excellent for the heat flux up to a height
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Fig. 4. Comparison of modeled profiles of temperature (dashed
line) and vertical heat flux (solid line) with those observed in a wind
tunnel canopy with a plane heat source (circles, temperature;
triangles, heat flux). Dash-dotted line is the modeled far-field
concentration profile. Source height is z/h = 0.8.

of z/h = 4.5 and for temperature up to a height of
z/h = 1.5. Warland and Thurtell (2000) also reported
similar disagreement with their model and suggested
that it was caused by measurement errors. According
to their calculations, Raupach (1989) theory appeared
to underestimate the near-field effect in this canopy. In
comparison, the near-field effect (the difference
between the dashed and dash-dotted lines, Fig. 4) of
this model is more pronounced, which improves the
model prediction.

5. Results for flux footprint
5.1. Behavior of the 2D footprint function

Fig. 5 is a contour plot of the footprint function
based on Eq. (27) for a measurement height of
Zm/h = 1.6, with the u, T and o, values taken at the
source height from those specified for canopy
turbulence in neutral air. The actual numerical
solution for the canopy flow is presented in Fig. 6.
The solution for homogeneous turbulence predicts that
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log(x/h)

Fig. 5. Contour plot of the normalized footprint function, gh, from
the analytical solution for homogeneous turbulence. Measurement
height is z,,/h = 1.6. The maximum value of gh is 0.142. Contour
interval is 0.014.

the maximum contribution to the observed flux comes
from sources at a distance of x/h = 1 upwind whereas
the numerical solution suggests the maximum at
x/h = 2. The persistence of the diffusion plume (or
the near-field effect) is stronger in the vertically
inhomogeneous turbulence, causing the position of the
maximum contribution to locate further upwind.
The effect of measurement height on the footprint
function is illustrated in Fig. 7 for neutral air. At a
measurement height close to the canopy top
(zm/h = 1.2), the flux is weighted more heavily by
contributions from the sources in the upper canopy. In
the upper roughness sublayer (Fig. 6) and inertial
sublayer (Fig. 7, top panel), the flux footprint is not
very sensitive to z. The vertical extent of the roughness
sublayer is set at z/h =2.16. At this height the

-1 05 0 05 1 15
leg(x/h)
Fig. 6. As in Fig. 5 but from the numerical solution of canopy

turbulence in neutral stability. The maximum value of gh is 0.159.
Contour interval is 0.016.

-1 -0.5 0 0.5 1 15
log(x/h)

Fig. 7. Contour plot of the normalized footprint function, gh, in
neutral stability. Bottom: measurement height z,/h = 1.2, max-
imum 0.44, contour interval 0.044; top: measurement height
Zm/h = 3.0, maximum 0.027, contour interval 0.0027.

Lagrangian time scale of the roughness sublayer
matches its inertial sublayer form (Lee, 2003).

The insensitivity to z is, however, limited to near-
neutral stability. In moderately unstable air ({ = —1,
Fig. 8, bottom panel), the eddy time scale becomes
relatively large, particularly in the upper canopy. The
persistence of the diffusion plume emanating from the
upper canopy is much stronger than that from the
lower canopy. Consequently, the footprint contour
shows an upwind tilt, The maximum contributions
come from the lower canopy at x/h = 0.3.

In stable air, the tilt structure reverses direction and
is much more pronounced than in unstable air ({ = 1,
Fig. 8, top panel). The near-field effect is far out-
weighted by the fact that diffusion is very slow in
stable air and thus it takes the diffusion plume a long
time to influence the measurement if the vertical
separation distance between z,, and the source height
is large. These patterns are broadly consistent with the
model calculations made by Baldocchi (1997).
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Fig. 8. Contour plot of the normalized footprint function, gh, for a
measurement height z,, /A = 1.6. Bottom: unstable ({ = —1), max-
imum 0.85, contour interval 0.085; top: stable (¢ = 1), maximum
0.0094, contour interval 0.00094.

5.2. Comparison with published models

The cross-wind integrated footprint function
studied by Leclerc and Thurtell (1990) and Horst
and Weil (1992) and others can be considered as a
special case of the present model. These studies imply
that the source distribution is a function of x only. If we
express

So(x) = hS(x) (34)

as the total surface source strength (dimension
ML~2T-!), we can rewrite Eq. (1) as

X h

Plaman) = [ 5005 [ et~ 05,2000 a0
—00 0

(5)

where z, > h. Thus, the cross-wind integrated foot-
print function is essentially the algebraic average of

0.2
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Fig. 9. Comparison of three estimates of the cross-wind integrated
footprint function for a measurement height z,, /2 = 1.6 and neutral
stability: solid line, numerical solution; dashed line, analytical
solution; dash-dotted line, solution based on the Monin—Obukhov
similarity.

the two-dimensional function along the vertical direc-
tion, g, (dimension L_l),

1

h
) =3 [ stz 36)

Fig. 9 compares three estimates of the cross-wind
integrated footprint function for a measurement height
of z/h = 1.6 and neutral stability. In method 1, the
numerical solution of g is integrated according to Eq.
(36) (solid line). In method two, a solution is
computed from the homogeneous turbulence solution
(Eq. (27)), using values of u, o, and T taken from
those specified from canopy flow at various depths
inside the canopy, and is integrated according to Eq.
(36) (dashed line). In method three, the cross-wind
integrated footprint function is solved numerically
using the advection—diffusion equation for the atmo-
spheric surface layer and the Monin—Obukhov
similarity functions of the diffusivity and the wind
profiles [Model Il in Lee, 2003, dash-dotted line]. The
first two methods account for the near-field effect.
Even with the crude assumption of homogeneous
turbulence, method two does a better job than method
three. The poor performance of method three is caused
by the lack of the near-field effect and its poor
representation of the turbulence in the roughness
sublayer. The solution based on the Monin—Obukhov
similarity is clearly inadequate in the roughness
sublayer.
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6. Conclusions

In this paper, a model is presented for scalar
advection inside canopies. The core equations are the
mass conservation equation involving the far-field
concentration (Eq. (25)), the flux—gradient relation-
ship (Eq. (22)) and an expression for the near-field
concentration (Eq. (28)). The persistence of the
diffusion plume in the near-field is captured by a
near-field modifier in the conservation equation. The
near-field concentration is identical to that of Raupach
(1989) in homogeneous turbulence and is stronger
than the latter in vertically inhomogeneous turbulence.
The model prediction of temperature and heat flux
agrees reasonably well with the observations of a line
and a plane heat source in a wind tunnel canopy.

Although the present study emphasizes an ele-
mental plane source with a step change at the leading
edge (Eq. (19)), by principle of superposition these
equations should be applicable in the more general
case of a canopy source whose source density S is an
arbitrary function of both x and z, as long as the flow is
horizontally homogeneous. The classic case of
advection-free, horizontally extensive and homoge-
neous canopy, which is of interest to some modelers, is
further discussed in Appendix A.

The numerical scheme developed for the plane
source is a convenient intermediate step for canopy
source as well as line source problems. The two-
dimensional footprint function covering the full
vertical extent of a canopy is constructed from the
plane source solution by adjusting successively the
plane source height. The solution for a line source is
obtained by differentiating the solution for a plane
source placed at the height of the line source (Eq.
(23)). The ability to obtain a line source solution is a
useful feature for model validation because line
sources are used much more frequently in diffusion
experiments than plane sources.

An analytical solution is derived for the footprint
function in homogeneous turbulence. Flux footprint
in canopy turbulence is computed from the numerical
solution of the governing equations discussed above.
According to the footprint calculations, the flux
measured within the roughness sublayer is weighted
more heavily by contributions from sources in
the lower canopy in unstable conditions and from
the upper canopy in stable conditions. The flux

footprint is less sensitive to source height in
neutral air.

The cross-wind integrated footprint reported in the
literature is a special case of the present model. Model
intercomparison (Fig. 9) and numerical experiments
(Fig. 1) show that accounting for the persistence of the
diffusion plume in the near-field is crucial for the
determination of the flux footprint of elevated sources.

Acknowledgements

This work was supported by the U.S. National
Science Foundation through grant ATM-0072864 and
by the Biological and Environmental Research
Program (BER), U.S. Department of Energy, through
the northeast regional center of the National Institute
for Global Environmental Change (NIGEC) under
Cooperative Agreement No. DE-FC03-90ER61010.

Appendix A. The case of an advection-free,
horizontally homogeneous canopy

The above theory can be extended to an extensive
canopy whose source strength is a function of height
only. In this case, horizontal advection vanishes. The
far-field concentration reaches the equilibrium value

given by
Z
J

(Raupach, 1989), where z; is a reference height.

The solution for Cy, is found numerically in a two-
step process. First, a non-equilibrium Cy is solved
from Eq. (25) with the boundary conditions specified
by Eq. (33) and

/

1

Ci(z) — Ci(z) = /Zm

S dz"] d7

(A.1)

g_ 0 forx <0,
| S(z) forx>0

Next, the non-equilibrium Ct is put into Eq. (28) to
give a solution for Cy. Theoretically, to reach the
equilibrium solution for C,, the integration limit in
Eq. (28) should be infinitely large. But because the
near-field modifier decays exponentially with x, it is
found that an integration limit of 5/ is sufficient.

(A.2)
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The present theory appears to improve the
prediction of the concentration profile in comparison
to Raupach’s original theory which is shown to
underestimates the near-field effect (Warland and
Thurtell, 2000). The improvement comes at the cost of
a numerical approach that is somewhat cumbersome,
although this is not a serious limitation given the
computing power offered by today’s desktop compu-
ters.
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