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Abstract. Over the past two decades, several inverse methods have been proposed to estimate scalar
source and sink strengths from measured mean concentration profiles within the canopy volume
(hereafter termed the ‘inverse’ problem). These inverse methods commonly assumed neutral atmo-
spheric stability conditions for the entire canopy volume. For non-neutral conditions, atmospheric
stability corrections in inverse schemes were limited to adjusting the integral time scale or other flow
statistics to match well-established surface-layer similarity relations above the canopy. Such stability
corrections do not explicitly consider the local stability effects within the canopy volume. Currently,
there is no satisfactory inverse scheme that explicitly accounts for local atmospheric stability for
canopy turbulence. A Eulerian inverse method that explicitly accounts for local atmospheric stability
within the canopy is developed using second-order closure principles. Field testing the method is
conducted using temperature measurements from two field experiments collected in an even-aged
uniform loblolly pine forest. It is demonstrated that by accounting for local atmospheric stability in
the inversion scheme, the agreement between modelled sensible heat flux calculations and measure-
ments improve by 60% for stable conditions, 10% for near-neutral conditions and 20% for unstable
conditions
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1. Introduction

Estimating scalar source and sink (Sc) distribution and vertical fluxes (Fc) within
and above forested canopies continues to be a critical research problem in
biosphere-atmosphere exchange processes and plant ecology (Wofsy et al., 1993;
Gao et al., 1993; Vermetten et al., 1994; Baldocchi and Harley, 1995; Culf et al.,
1997; Baldocchi and Meyers, 1998; Simpson et al., 1998; Lee, 1998; Rannik, 1998;
Malhi et al., 1998; Potosnak et al., 1999; Gu et al., 1999; Anthoni et al., 1999; Law
et al., 1999). For many scalars, it is impractical to measure the vertical distribution
of Sc within the canopy beyond the leaf scale (e.g. using porometry). On the other
hand, mean scalar concentration (c̄) profiles are often readily measured within the
canopy volume. Since sources and fluxes are directly related by a scalar concen-
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tration budget equation, the problem is reduced to inferring Sc from the readily
measured c̄. This problem is commonly termed the ‘inverse problem’ (Raupach,
1988, 1989a,b) and is the subject of the present investigation.

Attempts to estimate scalar flux distribution inside canopies goes back to the
early 1960s (Begg et al., 1964; Wright and Brow, 1964; Brow and Covey, 1966).
These studies made use of first-order closure models or (K-theory) in order to
calculate a single diffusivity coefficient from measurements and estimations of
the energy budget components. With a modelled diffusivity, they inferred the
source/sink and flux distribution. It is now recognized that K-theory is not suitable
for source/sink calculation within a canopy because of its inability to reproduce
countergradient fluxes, a well-known phenomenon for canopy turbulence.

Over the past two decades, two basic approaches emerged to estimate Sc from c̄

without resorting to K-theory: Lagrangian dispersion models (e.g., the localized
near field theory of Raupach (1989a) and the more recent analytical model of
Warland and Thurtell (2000)), and higher-order Eulerian closure models. Both
approaches were successfully used to infer Sc and Fc from measured c̄ in several
field and laboratory experiments (Raupach et al., 1992; Denmead and Raupach,
1993; Denmead, 1995; Katul et al., 1997a, 2001; Massman and Weil, 1999; Katul
and Albertson, 1999; Leuning, 2000; Denmead et al., 2000; Siqueira et al., 2000;
Warland and Thurtell, 2000).

All inverse methods up to now assume that scalar transport within the canopy
volume is neutral (Katul et al., 2001). Leclerc et al (1987) suggests that stability
inside the canopy, which could differ from above the canopy, cannot be determ-
ined through corrections to boundary conditions only. Recent studies by Leuning
(2000) and Siqueira et al. (2000) demonstrate the important role of local stability
effects within the canopy volume for vegetation types ranging from an irrigated
rice canopy to a pine forest. The next logical step in inverse modelling is to
develop new methods that can explicitly account for local atmospheric stability
inside the canopy. The objective then is to develop and test a second-order closure
inverse model that accounts for local buoyancy effects on scalar transport within
the canopy volume when estimating Sc from c̄. The proposed inverse method builds
on an earlier approach by Katul and Albertson (1999) to include local thermal
stratification in the flux-budget equations. The proposed method, described next,
is tested using two heat dispersion experiments in a Loblolly pine stand at Duke
Forest near Durham, North Carolina.

2. Experiment

2.1. STUDY SITE

Two sets of experiments were conducted at the Blackwood Division of the Duke
Forest near Durham, North Carolina (36◦02′N, 79◦8′W, elevation 163 m) in the
U.S.A. The first set comprises a heat dispersion experiment aimed at assessing
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how well the model recovers vertical source and flux distribution within the can-
opy when atmospheric stability is included. The second set is a long-term heat
dispersion experiment aimed at assessing how well the model recovers temporal
patterns of sensible heat flux above the canopy for a wide range of non-neutral
atmospheric stability conditions.

Both experiments were conducted in a uniformly planted loblolly pine (Pinus
taeda L.) forest stand, extending 300–600 m in the east-west direction and 1000 m
in the north–south direction. The mean canopy height, h, was 14.0 m (±0.5 m)
in 1998. Topographic variations within the stand were small (terrain slope changes
<5%) such that the influence of topography on the turbulent fluxes can be neglected
(Kaimal and Finnigan, 1994).

2.2. THE HEAT DISPERSION EXPERIMENT

To assess the vertical distribution of scalar fluxes inside the canopy, simultaneous
mean temperature profiles and turbulence statistics were measured. The mean tem-
perature was collected at 8 levels (1.5 m, 3.5 m, 5.5 m, 7.5 m, 9.5 m, 11.5 m, 13.5 m
and 15.5 m) using shielded copper constantan thermocouples (20 gauge, diameter
= 0.812 mm). For this field setup, the thermocouples were sampled every 1 second
and averaged every 30 minutes. The thermocouples were calibrated in a water bath
prior to the experiment such that the maximum differences between them did not
exceed 0.1 ◦C. The water bath calibration spanned a temperature range from 5 ◦C
to 40 ◦C.

The velocity statistics and turbulent heat flux distribution were simultaneously
measured at 3.0 m, 4.9 m, 8.6 m, 10.9 m, 12.2 m, and 15.5 m above the forest floor
using six Campbell Scientific triaxial sonic anemometers (CSAT3, Campbell Sci-
entific, Logan, UT, U.S.A.). The sampling frequency was 10 Hz and the sampling
period was also 30 minutes per run. The experimental setup is detailed in Siqueira
et al. (2000). More than 150 runs were collected in year 2000 over two periods:
April 19 to 23 and October 20 to 27, and for a wide range of stability conditions.
The stability regime above the canopy was determined using the stability parameter
ζ = −(z − d)/L, where d is the zero-plane displacement (determined from the
centroid of the momentum sink profile), L is the Obukhov length determined from
the friction velocity (u∗) and sensible heat flux (H ) measured above the canopy.
Neutral conditions were assumed when |ζ | < 0.05.

2.3. THE LONG-TERM HEAT DISPERSION EXPERIMENT

To assess the applicability of the proposed method to long-term fluxes above the
canopy, a long-term record of sensible heat fluxes above the canopy and mean
temperature profiles within the canopy were used. This data set is being collected as
part of an ongoing long-term CO2 flux monitoring initiative at the Duke AmeriFlux
site (Katul et al., 1999; Lai et al., 2000).
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The sensible heat fluxes above the canopy were measured using an eddy-
covariance system comprising of a Campbell Scientific triaxial sonic anemometer.
The CSAT3 was positioned at 15.5 m above the forest floor, and was anchored on
a horizontal bar extending 1.5 m away from the top of the walkup tower.

The analog signals from these instruments were sampled at 5 Hz using a Camp-
bell Scientific 21X data logger with all digitized signals transferred to a computer
via an optically isolated RS232 interface for future processing. All the 5-Hz raw
measurements processing was performed using the procedures described in Katul
et al. (1997a, b).

The shoot silhouette area index, a value analogous to the leaf area index (LAI),
was measured in the vertical direction at increments of 1 m by a pair of Licor LAI
2000 plant canopy analyzers four times a year starting in 1996. A subset of this
data set was used to compute the velocity statistics. For modelling the flow stat-
istics within the canopy, it was assumed that the LAI 2000 plant canopy analyzer
measurements are analogous to the leaf area density a(z).

3. Theory

In this section, the Eulerian inverse model for canopy heat transport is presented.
Measured mean temperature gradients were used as the primary model input.

3.1. SCALAR TRANSPORT IN THE EULERIAN FRAME OF REFERENCE

Applying time and horizontal averaging, the steady state scalar conservation equa-
tion for planar homogeneous high Reynolds and Peclet numbers flow (neglecting
molecular diffusion) can be written as (Finnigan, 1985; Raupach, 1988):

∂〈T̄ 〉
∂t

= 0 = −∂〈w′T ′〉
∂z

+ ST . (1)

The overbar and 〈·〉 denote time and horizontal averaging respectively (Raupach
and Shaw, 1982) and primes denote fluctuations from time averages; T is the
air temperature, w is the vertical velocity, 〈w′T ′〉 = FT is the vertical kinematic
turbulent flux of sensible heat, and ST is the heat source and sink.

The corresponding time and horizontally averaged conservation equation for
〈w′T ′〉 as a function of 〈T̄ 〉 is:

∂〈w′T ′〉
∂t

= 0 = −〈w′2〉∂〈T̄ 〉
∂z

− ∂〈w′w′T ′〉
∂z

− 1

ρ

〈
T ′ ∂p

′

∂z

〉
+ g

〈T̄ 〉 〈T
′2
V 〉, (2)

where ρ is air density. In (2), scalar drag and waving source production were
neglected. The four terms on the right-hand-side of (2) represent respectively the
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production of turbulent flux due to interactions between turbulence and mean tem-
perature gradient (production term), transport of the turbulent flux (transport term),
destruction by pressure-temperature interaction (dissipation term), and buoyant
production. In fact, the buoyancy production term is a function of virtual tem-
perature. However, here we only consider its dependence on actual temperature, a
simplification that decouples sensible and latent heat allowing solution for sensible
heat flux alone, which is the scope of the study. Furthermore the optimization of
closure constants partially corrects for the simplification.

3.2. CLOSURE APPROXIMATIONS

The transport and dissipation terms on the right-hand-side of (2) are unknowns
requiring closure approximations or additional budgets. In this study, the transport
term derived by Meyers and Paw U (1987) and the dissipation term modelled after
Finnigan (1985) were adopted. These approximations are:

〈w′w′T ′〉 = τ

C8

[
−〈w′w′w′〉∂〈T̄ 〉

∂z
− 〈w′T ′〉∂〈w

′w′〉
∂z

− 2〈w′w′〉 ∂
∂z

〈w′T ′〉
]
,(3)

〈
T ′ ∂p

′

∂z

〉
= C4

〈w′T ′〉
τ

− 1

3

g

〈T̄ 〉〈T
′2〉. (4)

In (3) and (4), C4 and C8 are closure constants and τ is an Eulerian relaxation time
scale given by

τ = q2

〈ε〉 , (5)

where q (=
√

〈u′
iu

′
i〉) is a characteristic turbulent velocity, 〈ε〉 is the mean rate of

viscous dissipation, and ui are the velocity components in the x1 (or x), x2 (or y),
and x3 (or z) directions, respectively, with x1 aligned along the mean wind direction
so that u2 = 0.

Finally, to estimate 〈T ′2〉, the temperature variance budget is considered:

∂〈T ′2〉
∂t

= 0 = −2〈w′T ′〉∂〈T̄ 〉
∂z

− ∂〈w′T ′T ′〉
∂z

− 2〈εT T 〉, (6)

with the following closure models for the transport term 〈w′T ′T ′〉 and the
dissipation term 〈εT T 〉,

〈w′T ′T ′〉 = τ

C8

[
−2〈w′w′T ′〉 − w′2 ∂〈T ′2〉

∂t
− 2〈w′T ′〉∂〈w

′T ′〉
∂z

]
, (7)
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〈εT T 〉 = C5
〈T ′2〉
τ

, (8)

where C5 is a closure constant.
Upon combining (2) to (8), a set of second-order ordinary differential equations

(ODEs) can be derived for estimating 〈w′T ′〉 and 〈T ′2〉, but only if the flow stat-
istics 〈w′2〉 and 〈w′3〉, τ (measured or modelled), and temperature gradient, which
can be estimated from measured profiles, are known. The boundary conditions pro-
posed by Katul and Albertson (1999) and Meyers and Paw U (1987) were adopted
for Equations (2) and (6) respectively. The closure constants were optimized for
best statistics in 〈w′T ′〉 and the numeric values used were C4 = 2.5, C8 = 3.0 and
C5 = 0.5, which are within the range reported in the literature (Meyers and Paw U,
1987; Katul and Albertson, 1999; Siqueira et al., 2000; Katul et al., 2001). For the
purpose of this study, the second-order closure model of Wilson and Shaw (1977)
was used to estimate these variables. For completeness, the basic closure equations
are listed in Appendix A.

4. Results and Discussion

The inverse model calculations modified to include atmospheric stability were
compared to eddy-covariance sensible heat flux measurements. For reference, the
same comparisons were repeated but with atmospheric stability corrections neg-
lected. First, the vertical heat dispersion experiment is considered in order to assess
the ability of the model to reproduce the vertical attenuation of heat fluxes within
the canopy. Departures between model results and measurements are also discussed
in the context of the closure approximations used. Next, the applicability of such in-
verse calculations to long-term estimation of 〈w′T ′〉 is considered. However, prior
to presenting these comparisons, the generation of the flow statistics is discussed.
Comparisons with velocity measurements inside the canopy are also presented.

4.1. GENERATION OF THE FLOW STATISTICS

Using the measured leaf area density and the drag coefficient estimated by Katul
and Chang (1999), the second-order closure model of Wilson and Shaw (1977) was
used to generate the flow statistics inside the canopy. Here, we focus on two vari-
ables required for scalar transport calculations: σw and 〈w′3〉. Figure 1 demonstrates
that the second-order closure model of Wilson and Shaw (1977) can reasonably

reproduce the measured σw (=
√

〈w′2〉) and 〈w′3〉, at least for the purposes of
scalar transport.

In these calculations, the effects of local thermal stability on the velocity stat-
istics were neglected for simplicity. In order to evaluate if such a simplification is
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Figure 1. Panel (a) leaf area density interpolated from 14 measurements. Panels (b) and (c) compar-
ison between measured (dots) and modelled (solid line) ensemble velocity statistics for normalized
vertical velocity standard deviation and normalized vertical velocity skewness, respectively. Error
bars represent one standard deviation.

reasonable, the ensemble-averaged normalized production terms of turbulent kin-
etic energy (TKE) are compared in Figure 2 for the three stability conditions. The
measured streamwise velocity, shear stresses and heat fluxes were used to calculate
the shear and buoyant production terms (Kaimal and Finnigan, 1994, p. 86). The
wake production is computed from the Wilson and Shaw (1977) model formulation
but using the measured streamwise velocity.

It is evident from Figure 2 that the buoyancy term in the TKE budget is at least
one order of magnitude smaller than one of the other two production terms over
most of the flow domain. Wake production appears dominant inside the canopy
while the shear production is dominant above it. This demonstrates that the added
complexity in including local buoyancy effects on the velocity statistics need not
translate into increased model skill. Similar conclusions were also presented in
Hsieh et al. (Hsieh, C. I., Siqueira, M., Katul, G. and Chu, C. R.: 2001, ‘Predicting
Scalar Source-Sink and Flux Distributions within a Forest Canopy Using a Lag-
rangian Stochastic Dispersion Model’, submitted to: Boundary-Layer Meteorol.)
for the same forest stand. In the latter study, they compared the results of an inverse
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Figure 2. Comparison between ensemble averaged normalized production terms of turbulent kinetic
energy (TKE): Shear production (solid line), wake production (dashed line), and buoyant production
(dotted line) for three stability classes: Panel (a) stable stability condition; panel (b) neutral stability
condition; and panel (c) unstable stability condition.

model driven by measured run-to-run velocity statistics profiles, in which buoyancy
effects on the velocity statistics would be resolved, and ensemble averaged profiles,
in which the buoyancy effects would be averaged out. They found no significant
differences in the modelled scalar source distribution.

4.2. VERTICAL HEAT DISPERSION RESULTS

Measured and modelled 〈w′T ′〉 at all six levels are compared in Figure 3 for
three stability classes: stable, neutral, and unstable atmospheric conditions. For
reference, the model results when neglecting the 〈T ′2〉 correction to the 〈w′T ′〉
budget are displayed. Figure 3 also includes the results of a method that will be
further discussed in Section 4.3. Table I presents the overall regression results
for such comparisons and for the different stability classes. It is evident that root-
mean squared errors (RMSE) are significantly reduced when 〈T ′2〉 corrections are
applied, particularly for stable conditions.
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Figure 3. The 1-to-1 comparisons between measured (x-axis) and modelled (y-axis) heat flux. Panel
rows are for the three stability conditions: Top row, (a), (b) and (c), under stable stability condition;
middle row, (d), (e) and (f) under neutral stability condition; and bottom row, (g), (h) and (i), under
unstable stability condition. Panel columns are for different calculation procedures: Left column, (a),
(d) and (g), for calculation without the inclusion of the temperature variance budget; middle column,
(b), (e) and (h), calculation including the full temperature variance budget; and right column (c), (f)
and (i) calculation including the simplified temperature variance budget (neglecting the temperature
variance transport term). Different symbols stand for different heights above the forest floor.

To further investigate the role of local stability on the inversion scheme, a com-
parison between the measured and modelled 〈w′T ′〉 vertical attenuation within the
canopy volume is presented in Figure 4 for the three stability classes. The 〈T ′2〉
corrections on the normalized 〈w′T ′〉 attenuation are most pronounced for unstable
conditions. This is further investigated in Figure 5, which shows the modelled
components of the 〈w′T ′〉 budget for the three stability classes. From Figure 5,
the modelled contribution of the buoyancy term relative to other production terms
is most significant for unstable conditions.

Given that 〈T ′2〉 corrections significantly contribute to the 〈w′T ′〉 budget (and
hence inverse model calculations), it is logical to consider whether the attenuation
of 〈T ′2〉 is also reproduced by the closure model calculations. In Figure 6, the
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TABLE I

Comparison between measured and modelled sensible heat flux for the three calculation
procedures and the three stability conditions.

No stability Full stability σ 2
T transp. neglec.

Stable N 228 228 228

Slope 0.11 0.24 0.18

Intercept [W m−2] −25.40 −7.11 −10.60

RMSE [W m−2] 47.80 19.20 22.70

R 0.05 0.30 0.20

Neutral N 480 480 480

Slope 0.91 1.06 1.01

Intercept [W m−2] −8.97 −0.71 −2.63

RMSE [W m−2] 56.90 57.20 54.60

R 0.70 0.75 0.75

Unstable N 222 222 222

Slope 0.54 0.70 0.66

Intercept [W m−2] −23.70 −14.60 −15.90

RMSE [W m−2] 74.10 61.80 62.20

R 0.65 0.73 0.73

The regression model is of the form y = Ax + B, where y is the modelled heat flux
and x is the measured heat flux. In the table N stands for the number of runs under each
stability condition, the RMSE and the correlation coefficient R are also shown.

measured and modelled 〈T ′2〉 attenuations for the three stability classes are com-
pared. It was found that the closure model ‘over-attenuated’ 〈T ′2〉, which could be
a consequence of the optimization of constants done for 〈w′T ′〉 and not for 〈T ′2〉,
especially C5. Yet, despite this ‘over-attenuation’, it is clear that the inclusion of
〈T ′2〉 improves the local estimation of 〈w′T ′〉 within the canopy (e.g., Table I). The
errors in 〈T ′2〉 are more pronounced in the deeper layers in the canopy where the
heat flux is small, attenuating their impact.

One complication to the routine application of this approach is that the solution
to Equations (2)–(6) along with their closure approximations requires an iterative
approach not free from numerical convergence difficulties. This added complexity
in the numerical solution motivated the evaluation of an alternative and parsimoni-
ous approach that retains much of the 〈T ′2〉 effects on 〈w′T ′〉 but does not require
an iterative approach.
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Figure 4. Comparison between ensemble measured (dots) and calculated (lines) heat flux attenuation
profile for the three stability conditions: Panel (a) stable condition; panel (b) neutral condition, and
panel (c) unstable condition. Different lines stands for different calculation procedures labelled in
Figure 3.

4.3. PRACTICAL SIMPLIFICATIONS

From the previous analysis, the agreement between measured and modelled 〈w′T ′〉
is improved by considering 〈T ′2〉 despite the fact that the model does not adequately
reproduce the measured 〈T ′2〉. This agreement suggests that a simplified budget for
〈T ′2〉, of the form

〈T ′2〉 = −τ 〈w′T ′〉
C5

∂〈T̄ 〉
∂z

, (9)

may prove to be sufficiently adequate for sensible heat source and flux inferences.
That is, neglecting the flux-transport term in the temperature variance budget may
still permit an explicit estimation of 〈T ′2〉 without resorting to an iterative proced-



136 MARIO SIQUEIRA AND GABRIEL KATUL

Figure 5. Comparison between the normalized components of the heat flux budget equation for the
three stability classes. Solid line is the shear production term, dashed line is the turbulent transport
term, dot-dashed line is the dissipation term, and dotted line is for buoyant production term. Panel
(a) stable stability condition, panel (b) neutral stability condition and (c) unstable stability condition.

ure. Upon combining Equations (2) to (5) with (9) the method reduces in solving
one single ordinary differential equation for 〈w′T ′〉:

A1(z)
d2〈w′T ′〉

dz2
+ A2(z)

d〈w′T ′〉
dz

+ A3(z)〈w′T ′〉 = A4(z), (10)

where the coefficients A1, A2, A3 and A4 are given by

A1(z) = 2τ

C8
〈w′w′〉,

A2(z) = τ

C8

d〈w′w′〉
dz

+ 2
d

dz

(
τ

C8
〈w′w′〉

)
,

A3(z) = d

dz

(
τ

C8

d〈w′w′〉
dz

)
− C4

1

τ
− 4

3

g

〈T̄ 〉
τ

C5

d〈T̄ 〉
dz

,
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Figure 6. Comparison between ensemble measured (dots) and calculated (lines) temperature variance
attenuation profile for the three stability conditions: Panel (a) stable condition; Panel (b) neutral
condition, and panel (c) unstable condition. Different lines are for different calculation procedures
labelled in Figure 3.

A4(z) = 〈w′w′〉d〈T̄ 〉
dz

− d

dz

(
τ

C8
〈w′w′w′〉

)
d〈T̄ 〉

dz

−
(

τ

C8
〈w′w′w′〉

)
d2〈T̄ 〉

dz2
.

All the calculations shown in Figures 3, 4, and 6 were repeated and it was found
that indeed the flux comparisons between the two models are comparable (see, e.g.,
Figures 3 and 4). As expected, the agreement between measured and modelled
was substantially reduced (Figure 6). Interestingly, the degree of degradation in
modelled 〈T ′2〉 did not linearly translate into comparable degradation in modelled
〈w′T ′〉 (see Table I), again suggesting some robustness in the simplified scheme.
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Figure 7. Time variation of the time ensemble averaged heat flux at the canopy top measured (dots)
and calculated (lines). Solid line is for the heat flux calculated including the temperature variance
budget equation and dashed line without temperature variance budget.

4.4. LONG-TERM APPLICABILITY

To illustrate the applicability of this method for long-term data sets, we estimated
the sensible heat flux at the canopy top for a period of seven months with and
without a 〈T ′2〉 correction. The comparison between measured and modelled heat
flux, bin-averaged by time of day, is shown in Figure 7. During the nighttime
period, the inclusion of stability effects decreased the negative heat flux, which
was overestimated due to the very high temperature gradient inside the canopy. For
the transition periods, where conditions are mostly near-neutral (but unsteady), the
improvement is marginal, as expected. During the daylight period, when unstable
conditions prevail, a much better agreement is obtained when 〈T ′2〉 is included in
the calculation.

All in all it is clear that accounting for 〈T ′2〉 (vis-à-vis setting 〈T ′2〉 = 0) im-
proves the comparison between modelled and measured 〈w′T ′〉 by about 30% for
this forest stand.
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5. Conclusions

An inverse method that explicitly accounts for local atmospheric stability effects
within the canopy using Eulerian second-order closure principles has been de-
veloped. The proposed method was tested using temperature measurements from
two field experiments collected in an even-aged uniform pine forest. This study
demonstrated the following:

• The influence of atmospheric stability is primarily on the scalar-temperature
covariance. In contrast, the local stability effects on the local velocity statistics
such as variances are not as pronounced.

• By accounting for atmospheric stability via 〈T ′2〉, the ability to infer the 〈w′T ′〉
distribution within and above the canopy for stable, unstable, and near-neutral
conditions improved.

• A simplified version of this inversion scheme that models 〈T ′2〉 via a balance
between production and dissipation reproduced 〈w′T ′〉 variations within the
canopy volume reasonably well.

• The proposed method is sufficiently robust for use in long-term flux monitoring
initiatives.
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Appendix A: Wilson and Shaw’s (1977) Model

Upon time and horizontally averaging the mean momentum and Reynolds stress
equations for neutral conditions, the second-order closure model of Wilson and
Shaw (1977) reduces to

0 = −d〈u′w′〉
dz

− Cda(z)〈ū〉2,
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0 = −〈w′2〉d〈ū〉
dz

+ 2
d

dz

(
qλ1

d〈u′w′〉
dz

)
− q〈u′w′〉

3λ2
+ Cwq

2 d〈ū〉
dz

,

0 = −2〈u′w′〉d〈ū〉
dz

+ d

dz

(
qλ1

d〈u′2〉
dz

)
+ 2Cda(z)〈ū〉3

− q

3λ2

(
〈u′2〉 − q2

3

)
− 2

3

q3

λ3
,

(A1)

0 = d

dz

(
qλ1

d〈v′2〉
dz

)
− q

3λ2

(
〈v′2〉 − q2

3

)
− 2

3

q3

λ3
,

0 = d

dz

(
3qλ1

d〈w′2〉
dz

)
− q

3λ2

(
〈w′2〉 − q2

3

)
− 2

3

q3

λ3
.

In Equation (A1), ui (u1 = u, u2 = v, u3 = w) are the instantaneous velocity
components along xi , xi (x1 = x, x2 = y, x3 = z) are the longitudinal, lateral,
and vertical directions, respectively, λ1, λ2, and λ3 are characteristic length scales
for the triple-velocity correlation, the pressure-velocity gradient correlation, and
viscous dissipation, respectively, Cw is a constant, Cd is the foliage drag coefficient
and a(z) is the leaf area density.

With estimates of the characteristics length scales λ1, λ2, and λ3, and the con-
stant Cw the five ordinary differential equations in (A.1) can be solved for the five
flow variables 〈ū〉, 〈u′w′〉, 〈u′2〉, 〈v′2〉, and 〈w′2〉, if appropriate boundary condi-
tions are specified. The following neutral boundary conditions were used here: at

z/h = 1.1,
〈ū〉
u∗

= 5.5,
σu

u∗
= 2.4,

σv

u∗
= 1.95,

σw

u∗
= 1.1,

〈uw〉
u2∗

= −1.0, and at

z/h = 0,
〈ū〉
u∗

= 0,
σw

u∗
= 0,

σv

u∗
= 0,

σw

u∗
= 0,

〈uw〉
u2∗

= 0.

While more complex second-order closure schemes (e.g., Wilson, 1988) and
third-order closure schemes have been developed for vegetation flow, recent studies
by Katul and Albertson (1998) and Katul and Chang (1999) suggest that the Wilson
and Shaw (1977) model performance is comparable to Wilson’s (1988) and another
third-order closure model for this pine forest.
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