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Abstract. In contrast to atmospheric surface-layer (ASL) turbulence, a linear relationship
between turbulent heat fluxes (FT) and vertical gradients of mean air temperature within
canopies is frustrated by numerous factors, including local variation in heat sources and
sinks and large-scale eddy motion whose signature is often linked with the ejection-sweep
cycle. Furthermore, how atmospheric stability modifies such a relationship remains poorly
understood, especially in stable canopy flows. To date, no explicit model exists for relat-
ing FT to the mean air temperature gradient, buoyancy, and the statistical properties of the
ejection-sweep cycle within the canopy volume. Using third-order cumulant expansion meth-
ods (CEM) and the heat flux budget equation, a “diagnostic” analytical relationship that
links ejections and sweeps and the sensible heat flux for a wide range of atmospheric sta-
bility classes is derived. Closure model assumptions that relate scalar dissipation rates with
sensible heat flux, and the validity of CEM in linking ejections and sweeps with the triple
scalar-velocity correlations, were tested for a mixed hardwood forest in Lavarone, Italy. We
showed that when the heat sources (ST) and FT have the same sign (i.e. the canopy is heating
and sensible heat flux is positive), sweeps dominate the sensible heat flux. Conversely, if ST

and FT are opposite in sign, standard gradient-diffusion closure model predict that ejections
must dominate the sensible heat flux.

Keywords: Buoyancy, Canopy turbulence, Cumulant expansions, Ejections and sweeps, Heat
flux budget, Nonlocal transport, Organized eddy motion, Second-order closure models.

1. Introduction

Over the past two decades, substantial progress was made in studying
large-scale organized eddy motion and in linking them to countergradient
(or zero-gradient) flows within canopies (Wilson and Shaw, 1977; Finnigan,
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1979; Raupach, 1981, 1989a, b; Gao et al., 1989; Shaw et al., 1989; Wilson,
1989; Leclerc et al., 1990, 1991; Kaimal and Finnigan, 1994; Finnigan,
2000). Unequivocal experimental evidence for the failure of the so-called K
theory (or gradient-diffusion theory) in canopies came about from detailed
scalar concentration and flux profile measurements within the Uriarra for-
est in Australia by Denmead and Bradley (1985). These measurements
revealed that co-gradient flow of heat, water vapour, and CO2 do exist
near the canopy top but zero or countergradient flow can exist in the
mid to lower canopy levels. Later studies (e.g. see the review in Thurtell,
1989; Wilson, 1989; Kaimal and Finnigan, 1994) also revealed that zero or
countergradient flows primarily occur because (1) the variable scalar source
distribution (S) within the canopy strongly affects the apparent diffusiv-
ity (i.e. the ratio of the local flux to the local gradient), as discussed in
Raupach (1983, 1987, 1989a, b), Raupach et al. (1986) and Wilson (1989);
(2) much of the vertical transport is influenced by eddy motion whose
scale is comparable to the canopy height (hc) rather than height from the
ground surface (z) (e.g. Corrsin, 1974; Finnigan, 1979; Wilson, 1989); and
(3) canopy turbulence lacks any local equilibrium (i.e. a region in which
local production of turbulent kinetic energy (TKE) is balanced by local vis-
cous dissipation) as discussed in Shaw (1977) and later by Maitani and Seo
(1985). The lack of local equilibrium often necessitates the use of higher-
order closure models for linking fluxes to gradients.

While this emerging picture appeals to near-neutral canopy flows, much
less is known about the role of thermal stratification in modifying the rela-
tionship between scalar fluxes and mean gradients, especially for mildly
stable and stable canopy flows (Mahrt, 1998). How the interplay between
ejections and sweeps, often used as signatures of large-scale organized
motion, and local thermal stability affects the onset of zero or countergra-
dient flows remains an active research subject with broad implications for
numerous practical problems, such as developing and testing higher-order
closure models for canopy scalar transport, or inferring S from mean scalar
concentration profiles (e.g., see Raupach, 1989a, b; Katul et al., 1997a;
Katul and Albertson, 1999; Leuning et al., 2000; Siqueira et al., 2002,
2003). What is clearly lacking is an analytical framework that diagnoses the
onset of zero and countergradient flows based on the relative importance
of ejections and sweeps (i.e. effects of organized eddy motion) and for a
wide range of atmospheric stability conditions. Also, such a framework can
offer rich diagnostic tools for testing higher-order closure principles within
canopies in ways not previously attempted.

Here, a simplified analytical “diagnostic” model that connects the local
density gradients and the relative importance of ejections and sweeps to
the flux-gradient relationship of air temperature (T ) within canopies for
unstable, mildly stable, and stable flows is derived. Our choice of T as a
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“reference” scalar is attributed to the fact that temperature is not passive
since it affects the TKE budget; hence, atmospheric stability is likely to have
more impact on temperature fluctuations when compared to other scalars
(e.g. Katul and Parlange, 1994). The analytical model derived here makes
use of two principles: (1) the turbulent flux budget equation modified to
account for thermally stratified flows (e.g. Meyers and Paw U, 1987; Wilson,
1989; Siqueira et al., 2002), (2) an incomplete cumulant expansion formu-
lation proposed by Katul et al. (1997b) and tested by Poggi et al. (2004)
that links the flux transport term to the ejection-sweep cycle. The coupling
between the momentum flux transport term and the ejection-sweep cycle was
successfully established using cumulant expansion methods (CEM) in open
channel and wind-tunnel boundary-layer flows (e.g. Nakagawa and Nezu,
1977; Raupach, 1981) though its application to scalar transport inside can-
opies received much less attention. The connection between the “bursting”
phenomena and heat transport via CEM in open channel flows has already
been formulated by Nagano and Tagawa (1995) and their success serves as a
logical starting point to the study objectives here.

The main theoretical novelty is the analytical linkage between gradi-
ent-diffusion closure schemes applied to the turbulent flux transport term
of the heat flux budget equation via CEM and the ejection-sweep eddy
motion. These linkages are established using two inter-related formulations
– the first being a prognostic formulation (e.g. gradient-diffusion closure for
higher-order terms) that predicts sensible heat fluxes from measured mean
temperature gradients, while the second is a diagnostic formulation that
shows how the relative importance of ejections and sweeps can modify the
relationship between sensible heat and mean temperature gradients.

We show that second-order closure models employing gradient-diffusion
closure for the triple velocity temperature correlation can reproduce the
relative importance of ejections and sweeps within the canopy for unsta-
ble and stable flows despite local closure approximations. The assumptions
used in the proposed approach are independently verified using detailed
multilevel heat flux experiments conducted within a mixed hardwood for-
est in Lavarone, Italy, described next.

2. Experimental Facilities

While much of the experimental set-up is already presented in Marcol-
la et al. (2003), a brief review is provided for completeness. The site is
an uneven-aged mixed coniferous forest on an alpine plateau (Lavarone,
Italian Alps; 45.96◦ N, 11.28◦ E; 1300 m asl). This site is part of a long-term
CO2 flux monitoring initiative known as CarboEuroflux (Valentini et al.,
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2000). The canopy is primarily composed of Abies alba (70%), Fagus sylv-
atica (15%), and Picea abies (15%). The mean canopy height (hc) is about
28–30 m and the lower limit of tree crowns is at about 10–12 m. The max-
imum leaf area index (LAI) is 9.6, expressed as half of the total leaf area
per unit ground area (Chen and Black, 1992). The observations analysed
here were collected as part of a summertime intensive measurement cam-
paign performed in 2000 (Julian Days 222–251).

The turbulent statistics and mean temperature gradients were collected
at a micrometeorological tower situated on a gently rolling plateau and sur-
rounded by homogeneous vegetation for radial distances exceeding 1 km
(except for a 45◦ section in the south and south-west directions for which
vegetation uniformity is only 300 m). The tower was equipped with five
flux instruments situated at 33, 25, 17.5, 11 and 4 m from the forest floor.
The flux instrument at the tower top (= 33 m) is about 3–5 m above the
canopy, the lowest (= 4 m) is in the trunk space, while the intermediate
three anemometers (25, 17.5, and 11 m) are at the top, in the middle and
at the bottom of the crown layer, respectively. The turbulent wind veloc-
ity components and sonic anemometry temperature were sampled at 20 Hz
for the highest and the lowest levels by a Gill R3 ultrasonic anemometers
(Gill Instrument, Lymington, U.K.). At the remaining levels, only turbulent
wind velocity components and sonic anemometer temperature were each
sampled by Gill R2 ultrasonic anemometers (Gill Instrument, Lymington,
U.K.) at 20.8 Hz. Finally, the half-hourly averaged temperature was sam-
pled by thermocouple sensors at seven measurement heights (28, 24, 20,
16, 12, 8 and 4 m). Half-hourly mean values of the main turbulence sta-
tistics were computed for each level following two coordinate rotations
to ensure the mean lateral and vertical velocities were zero. Data were
grouped according to three atmospheric stability classes using the measured
hc/L (where L is the Obukhov length measured at the canopy top). These
classes are labelled as class A for unstable atmospheric conditions (hc/L<

0); class B for near neutral or weakly stable atmospheric conditions (0 <

hc/L<0.5); and class C for strongly stable conditions (hc/L>0.5).
Before computing the “ensemble” statistics for each stability class, runs

exhibiting clear nonstationarity were discarded. Overall, the experiment
resulted in 50 runs for class A, 46 runs for class B, and 41 runs for
class C. These data were used to test assumptions employed in the model
development.

3. Theory

To address the study objective, a model that links sensible heat flux, mean
air temperature gradient, atmospheric stability, and the ejection-sweep cycle
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(a signature of large-scale eddy motion) is developed here. Our starting
point is the time and horizontally averaged sensible heat flux (= 〈w′T ′〉)
budget equation, described next.

3.1. Heat flux budget model

For a planar homogeneous, stationary, high Reynolds number, and high
Peclet number flow (neglecting molecular diffusion), the heat flux budget
reduces to (Wilson, 1989):

∂〈w′T ′〉
∂t

=0=−〈w′2〉∂〈T 〉
∂z

− ∂〈w′w′T ′〉
∂z

− 1
ρ

〈
T ′ ∂p′

∂z

〉
+ g

〈T 〉〈T
′2〉. (1)

The overbar and 〈·〉 indicate, respectively, time and horizontal averaging
(Raupach and Shaw, 1982); a prime denotes a fluctuation from the time
average; w is the vertical velocity, p is the pressure and ρ is the mean
air density. We use both σ 2

c and 〈c′c′〉 to indicate the variance of any
turbulent flow variable c′. The terms on the right-hand side of Equation
(1) represent, respectively, the production of turbulent heat flux due to
the interaction between turbulence and the mean air temperature gradient
(PR), the heat transport by turbulent motion (T R), the decorrelation due
to the pressure–temperature interaction (D), and the buoyant production
or destruction (B). For simplicity, we neglected the effect of water vapour
concentration fluctuations on B. The terms PR, T R, and B can be esti-
mated at a single tower from standard instrumentation (e.g. see Section 2).
On the other hand, the D is unknown, difficult to measure, and requires
closure approximations. Finnigan (1985) used the following model for D,
originally proposed by Wyngaard (1982) for boundary-layer turbulence:

1
ρ

〈
T ′ ∂p′

∂z

〉
=C4

〈w′T ′〉
τ

− 1
3

g

〈T 〉〈T
′2〉. (2)

In Equation (2), C4 is a closure constant (2.5–3.0) and τ is a Eulerian
relaxation time scale. Within the literature, two (inconsistent) estimates of
τ have been proposed. The first is based on a constant Lagrangian time
within the canopy (e.g. Raupach, 1989a, b), along with a proportional rela-
tionship between this Lagrangian time scale and τ derived by relating the
Eulerian and Lagrangian spectra within the inertial subrange. The second
assumes that the mixing length scale is constant within the canopy, which
logically leads to a height-dependent τ (Massman and Weil, 1999; Poggi
et al., 2004, 2005). Detailed laser-doppler anemometery measurements of
TKE and its dissipation within a dense canopy in a flume suggested that τ

is best approximated from a constant mixing length scale argument, which
leads to (Poggi et al., 2005):
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τ =

⎧⎪⎨
⎪⎩

β
hc

σw

for z/hc <0.75, (3a)

k(z−d)u∗
σ 2

w

for z/hc >0.75, (3b)

where k = 0.4 is the von Karman constant, d is the zero-plane displace-
ment height (≈ (2/3)hc) ) and β = 0.1 as suggested by Poggi et al. (2005)
for dense canopies (as is the case here).

Upon combining Equations (1) and (2), the sensible heat flux can be
written as (Wilson, 1989):

〈w′T ′〉= τ

C4

[
−〈w′2〉∂〈T 〉

∂z
− ∂〈w′w′T ′〉

∂z
+ 4

3
g

〈T 〉〈T
′2〉

]
. (4)

The above equation establishes the well-known conditions for the failure
of gradient-diffusion theory in modelling w′T ′. Only when both flux trans-
port and buoyant production terms are negligible, the usual flux-gradient
relationship is recovered. We examine next the use of classical second-order
closure models for parameterizing 〈w′w′T ′〉, and proceed to explicitly show
the connections between sensible heat flux, and ejections and sweeps via a
new model for 〈w′w′T ′〉.

3.2. Triple velocity–temperature correlations and their gradient-
diffusion Closure

Consider the simplest gradient-diffusion closure model for 〈w′w′T ′〉 given
by

〈w′w′T ′〉=−C5τσ 2
w

d〈w′T ′〉
dz

, (5)

where C5 is a closure constant with reported values ranging from 1.5 to
8.0. A value of 1.5 was reported for a rice canopy by Katul et al. (2001),
3.0 reported for a pine canopy by Siqueira and Katul (2002), and 8.0
reported in Meyers and Paw U (1987) based on an optimization conducted
by André et al. (1979) for a convective tank experiment. The reason why
C5 appears widely variable across studies is perhaps due to τ estimates
not being consistent (especially in how the mean TKE dissipation rate
is computed or modelled). The mean air temperature continuity equation
can be used to link the heat flux profile to the mean heat source (ST)
using

d〈w′T ′〉
dz

=ST(z), (6)
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which, when combined with Equations (5) and (4), results in

〈w′T ′〉= τ

C4

[
−〈w′2〉∂〈T 〉

∂z
+C5

∂τ(z)σ 2
wST(z)

∂z
+ 4

3
g

〈T 〉〈T
′2〉

]
. (7)

Equation (7) is the Eulerian version of the Lagrangian localized near field
(LNF) theory put forth by Raupach (1988, 1989a, b) and it explicitly dem-
onstrates how local variations in ST and atmospheric stability affect the
classical flux-gradient relationship (i.e. analogous to the near-field effects in
LNF). Equation (7) accounts for the large-scale eddy motion because the
canonical length scale of τ is hc (not z). In short, Equation (7) appears to
account for all three arguments stated in the introduction as to why zero
and countergradient flows occur. Nevertheless, the connection between the
gradient-diffusion closure scheme in Equation (5) and the ejection-sweep
cycle remains implicit (except through the length scale). Its explicit form is
explored next.

3.3. Connecting the ejection-sweep cycle with turbulent flux
transport

The flux transport, 〈w′w′T ′〉, can be linked to large-scale organized eddy
motion following the approach pioneered by Nakagawa and Nezu (1977)
for momentum in which −∂〈w′w′T ′〉/∂z varies according to the relative
importance of ejections and sweeps. The relative importance of ejections
and sweeps on the turbulent heat flux is commonly quantified via quad-
rant analysis. Quadrant analysis refers to the joint scatter of two turbulent
quantities (e.g. u′ and w′ for momentum flux, or T ′ and w′ for heat flux)
and is used to assess which two quadrants primarily contribute to the tur-
bulent flux. By defining the four quadrants by the Cartesian axes (abscissa
u′ or T ′ and ordinate w′) events in quadrants 2 and 4 define, respectively,
ejections and sweeps for momentum flux. For scalars (in particular for tem-
perature) ejections and sweeps structures are defined by odd or even quad-
rants depending on the atmospheric stability: for unstable stratification,
ejections and sweeps reside in quadrants 3 and 1, while for stable stratifi-
cation they reside in quadrants 2 and 4, respectively.

One popular measure of the relative importance of ejections and sweeps
is the difference in the stress function, defined as (Raupach, 1981):

�So = 〈c′w′〉|sweeps −〈c′w′〉|ejections

〈c′w′〉 , (8)

where c′ may be u′ or T ′ for momentum flux or heat flux, respectively.
Moreover, the indices defining ejections and sweeps can change with atmo-
spheric stability. To connect these definitions to Equation (1), we follow
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Nakagawa and Nezu (1977) and Raupach (1981) who proposed a third-
order CEM to link �So with T R (for quadrants 2 and 4). In particular,
Raupach (1981) showed that

�So = Rcw +1

Rcw

√
2π

[
2C1

(1+Rcw)2
+ C2

1+Rcw

]
(9)

reproduces measured �So for momentum reasonably well in a wind-tunnel
boundary-layer flow, where

Rcw = 〈c′w′〉
σcσw

is the correlation coefficient; moreover:

C1 = (1+Rcw)

[
1
6
(M03 −M30)+ 1

2
(M21 −M12)

]
,

C2 =−
[

1
6
(2−Rcw)(M03 −M30)+ 1

2
(M21 −M12)

]
,

and

Mji = 〈c′jw′i〉
σ

j
c σ i

w

, σs =
√

〈s ′2〉.

Katul et al. (1997b) obtained a further simplification to Equation (9) by
demonstrating that the mixed moments M12 and M21 contribute to �So

much more than the combination of M03 and M30 leading to

�So ≈ 1

2Rcw

√
2π

[(M21 −M12)] . (10)

We refer to the expansion in Equation (10) as an incomplete CEM or
ICEM. Again, the above derivation holds for quadrants 2 and 4 (or when
Rwc < 0); to use this result for quadrants 1 and 3 (or when Rwc > 0), an
axis transformation can be employed. This axis transformation amounts to
reversing the sign of T ′ that leads to M12 and RwT also reversing signs.
Moreover, Katul et al. (1997b) reported a proportionality between the mea-
sured mixed moments at the canopy top, with M21 =±|C |×M12 (where the
sign is positive when Rwc >0 and it is negative when Rwc <0). Hence, with
these revisions, the model reduces to

�So ≈ 1

Rcw2
√

2π
[γ M12] , (11)

where γ = −(1+ | C |) and with all other variables computed in the orig-
inal (or untransformed) axes. In Section 4, we discuss the validity of
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CEM and the approximation leading to Equation (11) for a wide range
of atmospheric stability conditions. With this approximation, we obtain the
following relationship for the triple moment 〈w′w′T ′〉:

〈w′w′T ′〉= 2
√

2π�So〈w′T ′〉
γ

σw. (12)

This is an alternative parametrization for the triple moment 〈w′w′T ′〉
that explicitly reveals the role of ejections and sweeps in the heat flux bud-
get equation though it serves no predictive (or prognostic) purpose. That is,
Equation (12) cannot be used for any prognostic calculations of FT because
the profile of �So is unknown. Nevertheless, it serves as a diagnostic equa-
tion both to assess the failure of the mean gradient-diffusion model and
to elucidate the role of large-scale organized motion on the sensible heat
flux budget equation via their ejection-sweep signature. Upon combining
Equations (4) and (12) we obtain a first-order ordinary differential equa-
tion (ODE) given by

A1(z)
∂〈w′T ′〉

∂z
+A2(z)〈w′T ′〉=A3(z), (13)

where

A1(z)= �So2
√

2πσw

γ
,

A2(z)= C4

τ
+ ∂A1(z)

∂z
,

A3(z)=−σw

∂〈T 〉
∂z

+ 4
3

g

〈T 〉σ
2
T .

Using the integrating factor method, the general solution of this ODE is:

〈w′T ′(z)〉=
∫ z

0 Q(z)e
∫ z

0 P(z)dzdz+CI

e
∫ z

0 P(z)dz
, (14)

where P(z)= A2(z)

A1(z)
and Q(z)= A3(z)

A1(z)
, and CI is an integration constant that

depends on the boundary condition (i.e. the flux at the forest floor or the
canopy top). The solution in Equation (14) addresses the study objectives
as it explicitly relates 〈w′T ′〉 to 〈dT /dz〉, z, velocity statistics through σ 2

w,
ejections and sweeps through �So, and atmospheric stability through σ 2

T .
Equation (14) also highlights several important attributes about the role

of ejections and sweeps on scalar transport for vertically homogeneous
flows. For a constant but nonzero P and Q, and for a zero sensible heat
flux at the ground surface, the solution reduces to:

〈w′T ′(z)〉= Q

P
(1− e(−Pz)), (15)
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where P =C4γ /(2
√

2πτσw�So). With γ < 0 and z −→∞, 〈w′T ′〉 becomes
unbounded if �So > 0 or when sweeps dominate (i.e. physically impossi-
ble), and approaches a constant value (= Q/P ) if �So < 0 or ejections
dominate (i.e. physically realizable). Hence, with height independent σw,
τ , and �So, ejections only appear to yield “realizable” solutions to the
analytical solution. This finding appears consistent with momentum trans-
port observations for rough-wall boundary layers where σw is nearly
constant. When the production of TKE is not entirely balanced by its dissi-
pation (i.e. the flux transport term is finite) in the atmospheric surface layer
(ASL), it is well documented that ejections dominate momentum transport
(Poggi et al., 2004). Given that, for a vertically homogeneous flow, ejections
appear to be the preferred mode of heat transport as in Equation (15), it
is logical to attribute the existence of sweeps to large vertical inhomogene-
ity in the flow statistics, particularly �So and σw. Naturally, P(z) and Q(z)

are both nonlinear functions of z given that almost all the terms in A1, A2,
and A3 vary in a nonlinear manner within the canopy.

Up to this point, we explored two possible formulations for 〈w′w′T ′〉,
one is prognostic and is based on gradient-diffusion closure, the other is
diagnostic and is based on �So. Hence, linking these two formulations
together permits us to further assess what classical closure models predict
for �So, and whether their failure may be connected with its magnitude
(and sign). We repeat that the addition of �So cannot serve any prognostic
purpose: simply stated, we are adding to the closure model one more equa-
tion (ICEM) and one more unknown �So. However, the ability of closure
models to predict �So offers new ways to diagnose closure models.

3.4. Connecting the ejection-sweep cycle with the gradient-diffusion
closure

If Equation (5) is valid, it must be consistent with Equation (12). Upon
replacing Equations (5) and (6) in Equation (11), we obtain the following
relationship between �So and 〈w′T ′〉:

�So = −γ ×C5

2
√

2π
× (τσw)× 1

〈w′T ′〉ST . (16)

Again, Equation (16) highlights several important relationships between
ejections and sweeps, the local heat sources and sinks, and heat fluxes
within the canopy not previously explored. According to Equation (16),
sweeps dominate the heat flux when ST /〈w′T ′〉 > 0 for unstable flows.
Note, −γ is positive irrespective of the quadrants being considered. In
short, when the ground heat flux is negligible (〈w′T ′(0)〉 = 0) and the
ST (z)>0 profile does not change sign, sweeps must dominate the heat flux
according to Equation (16) (see Figure 1).
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Figure 1. Typical sensible heat flux profiles inside and above the canopy for daytime and
nightime conditions, from Kaimal and Finnigan (1994). The flux-gradient closure model for
the triple correlation between velocity and temperature predicts a positive �So (i.e. sweeps)
throughout the canopy except at nighttime near the forest floor when the flux and its gradi-
ent do not share the same sign. These predictions can be compared to measured �So from
quadrant analysis.

Before proceeding, we use the overbar hereafter to indicate both time
and spatial averaging for notational simplicity. We also note that from
tower-based field experiments, only temporal averages at a point can be
measured. The conditions for which the temporal averages, the ensemble
averages, and the spatio-temporal averages converge are discussed elsewhere
(see Katul et al., 2004).

4. Results

To address the study objectives, we first show that the assumptions and
simplifications leading to w′T ′ = f(dT /dz, z, σ 2

w,�So, σ
2
T ) are consistent

with the measurements here, where f(.) is given by Equation (14). In par-
ticular, the closure parameterizations in Equation (2), the validity of the
ICEM approximation in Equation (10), the linkage between w′w′T ′ and
�So in Equation (12), and the linearity between M12 and M21 are all
explored for the three atmospheric stability classes. The predicted �So

from the second-order closure model is also compared with measured �So

obtained from quadrant analysis for each stability class, a comparison
rarely carried out when testing higher-order closure principles for scalar
transport. However, before we proceed with these discussions, the effects of
atmospheric stability on the heat flux budget components of Equation (1)
are explored first to assess their relative magnitudes.
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Figure 2. Variation of normalized flow statistics with normalized height (z/hc) for (a)

vertical velocity standard deviation (σw/u∗), (b) mean air temperature difference (
T −T hc

T∗ ), (c)

sensible heat flux ( w′T ′
|w′T ′

hc | ), and (d) heat flux transport w′w′T ′
|T∗|u∗2 , where Thc is the mean air tem-

perature, T∗ = w′T ′
hc

u∗ is a normalizing turbulent temperature scale, and u∗ = (−u′w′
hc )

1/2 is the
friction velocity all defined at the canopy height hc. The 30-min data runs are ensemble aver-
aged in three stability classes: unstable (∗), weakly stable (♦), and strongly stable (o).

4.1. Stability effects on the heat flux budget components

In Figure 2, the effects of atmospheric stability on the profiles of the ver-
tical velocity variance, mean air temperature, sensible heat flux, and flux
transport are shown. These profiles are first presented because they are
needed for estimating PR, T R, and B, and they qualitatively illustrate the
effects of buoyancy and z on the onset of zero and countergradient flows
(see Figure 2b and c) both existing in this forest.

From Figure 2, there is no shortage of examples on zero and counter-
gradient flows within each stability class. Notice how for stable conditions
and for z/hc ≈ 0.3, a clear countergradient flow exists. Equally noticeable
is the zero-gradient flow for stable and slightly stable conditions for z/hc ≈
0.6. Another example is the zero heat flux appearing in the trunk space for
unstable stability despite the large mean air temperature gradient and the
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significant σw/u∗. For the same stability class, a clear countergradient flow
also exists around z/hc ≈0.8.

Using the profiles in Figure 2, we explore the effects of atmospheric sta-
bility on the individual components of the sensible heat flux budget equa-
tion in Figure 3. Here, PR, T R, and B are either directly measured or
independently estimated from the data. Linear interpolation was used to
compute gradients of all state variables. The dissipation term D was not
measured but was computed as a residual from the budget equation (also
shown in Figure 3). Figure 3 suggests that none of these terms can be
readily neglected across the entire canopy height irrespective of the stability
class. For example, while neglecting B is a common assumption (e.g. Katul
and Albertson, 1999; Raupach, 1989a, b), the data here suggest that B can
exceed PR at several levels within the canopy even for the near-neutral and
mildly stable flows.

Figure 3 also demonstrates that B can be the primary term balancing D

within the trunk space of the canopy for stable flows. Hence, Figure 3 con-
firms that any prognostic or diagnostic relationship between the heat flux
and temperature gradient must retain all these terms.

4.2. Testing the dissipation closure model

As discussed in Section 3, given that D cannot be readily measured, it is
necessary to link D to “observable” terms. We tested how well the dissipa-
tions closure model, proposed by Wyngaard (1982) for boundary-layer tur-
bulence and used by Finnigan (1985) in a similar context, reproduces the
ensemble measured w′T ′ within the canopy for all three stability classes, see
Figure 4. The vertical variation of the relaxation time scale τ , also needed
in this closure model, is shown in Figure 4. The variation of τ remains
a subject of debate and clearly is an important source of uncertainty in
this closure parameterizations. Nonetheless, the closure model reproduces
reasonably well the measured sensible heat flux for a wide range of atmo-
spheric stability conditions when the closure constant C4 is set to a value
of 2.9, a value comparable to C4 values (= 2.5 − 3.0) already reported in
Katul et al. (2001) and Siqueira and Katul (2002). Having verified the heat
flux dissipation closure model in Figure 4, the next logical step is testing
the linkages between �So and w′w′T ′ via the ICEM.

4.3. Turbulent flux transport, ejections and sweeps, and cem

In Section 3, third-order CEM was used to link the ejection-sweep cycle
with the heat flux transport term in Equation (11). Hence, it is necessary
to explore how well third-order CEM and ICEM expansions in Equations
(9) and (10) reproduce the measured �So computed from Equation (8). In
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Figure 3. Variation of the normalized components of the sensible heat flux budget equa-
tion with normalized height (z/hc) for (a) the production term (PR =−w′w′ dT

dz
), (b) the flux

transport term T R = dw′w′T ′
dz

, (c) the Buoyancy term B = g

T
σT

2, and (d) the scalar dissipa-

tion term D=T ′ dp′
dz

estimated as a residual from Equation (1). All temperature, velocity, and
length scales are normalized by T∗, u∗, and hc, respectively. The three stability classes are as
in Figure 2.

Figures 5 and 6, the comparison between measured and CEM modelled
�So for both momentum and sensible heat fluxes are shown for all three
stability cases. It is clear that both CEM and ICEM reproduce the mea-
sured �So profiles reasonably well for both momentum and sensible heat
fluxes and for all stability conditions, thereby lending further confidence to
third-order ICEM expansions within canopies (Katul et al., 1997b; Poggi
et al., 2004). Interestingly, Fer et al. (2004) also demonstrated that the
ICEM well reproduces measured �So in the under-ice boundary layer
below drifting pack-ice.

While the ICEM formulation provided the desirable link between M12 =
w′w′T ′/(σ 2

wσT ) and �So, it also introduced a new quantity, M21 =w′T ′T ′/
(σwσ 2

T ). Whether M21 can be related to M12 theoretically remains a chal-
lenge, though empirically, few experiments already suggested linearities in
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sible heat flux is based on modelled (τ ) and the dissipation closure scheme in Equation (2).
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momentum fluxes change signs within the canopy, the �So obtained from quadrants (3, 1)
and quadrants (2, 4) are shown for completeness.

momentum (Raupach, 1981) and scalars (Katul et al., 1997b). We tested
in Figure 7 whether such a linear relationship also holds for the Lavarone
canopy for heat and momentum and for the three stability classes using
all the runs. Figure 7 shows that M12 is linearly related to M21 for unsta-
ble, slightly stable, and stable flows consistent with earlier studies on heat
and momentum. Interestingly, the value of | C | (= 0.6) for both heat and
momentum and for all three stability classes is the same as evidenced by
Figure 7.

We compared modelled �So from Equation (16) with measured �So

determined by quadrant analysis in Figure 8 using C5 =2.4 for all stability
classes. Recall that Equation (16) assumes, (1) a linear relationship between
M12 and M21 with a |C |= 0.6; (2) a gradient-diffusion closure for w′w′T ′;
and (3) a τ determined from a constant mixing length scale (with a β =
0.1). Despite these simplifications and assumptions, the agreement between
measured and modelled �So is rather encouraging (correlation coefficient
R =0.65–0.76).
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Figure 7. Comparisons between measured M12 and M21 for momentum and sensible heat for
all three stability classes and for all half-hour runs. The three stability classes are: unstable
(∗), weakly stable (♦), and strongly stable ((o) for the levels where RwT < 0 and (·) for the
levels where RwT > 0 ). The continuous line is M21 = 0.6M12 and the dashed line is M21 =
−0.6M12. The linear correlation coefficients of the data range between |R|=0.70−0.88.

4.4. Relative importance of ejections, sweeps, and atmospheric stability
on the sensible heat flux profile

Re-writing Equation (4) as a second-order ODE for the sensible heat flux
yields

Kt

d2w′T ′

dz
+ dKt

dz

dw′T ′

dz
− C4

τ
w′T ′ =

[
w′2 ∂T

∂z
− 4

3
g

T
T ′2

]
, (17)

where Kt = C5τσ 2
w. Using measured σw(z), T (z), and σT (z), and estimat-

ing τ from Equation (3), the vertical variation of w′T ′(z) was computed
numerically (see Katul and Albertson, 1999; Siqueira and Katul, 2002 for
numerical scheme and details). To investigate the relative importance of
ejections and sweeps and atmospheric stability on the profiles of sensible
heat flux, three solutions to Equation (17) were analysed. The first retains
all the terms in Equation (17) and is hereafter labelled as the “full solu-
tion”, the second neglects atmospheric stability by setting T ′2 = 0 and is
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and strongly stable (o). For reference, the 1:1 line is also shown. The linear correlation coeffi-
cient of the data is R =0.7.

labelled the “neutral solution”, and the third is a K theory calculation
obtained by setting both T ′2 =0 and Kt =0. The resulting sensible heat flux
profiles from these three cases are shown in Figure 9.

It is clear that by accounting for all the terms in Equation (17) (i.e. the
full model), the agreement between measured and modelled w′T ′ is supe-
rior to predictions made from K theory. In fact, the zero and countergra-
dient flows noted in Section 4.1 are all reasonably reproduced by the full
model.

Furthermore, the model intercomparisons suggest that the effect of
atmospheric stability on the computed sensible heat flux profiles are com-
parable to the flux-transport term for unstable and extremely stable con-
ditions. Interestingly, however, accounting for atmospheric stability tended
to worsen the agreement between measured and modelled sensible heat flux
for mildly stable conditions. One possible explanation is that the mildly sta-
ble runs included many near-neutral cases (i.e. stability is not important);
furthermore, the measured σT within canopies is never zero and may be
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Figure 9. Comparison between measured (symbols) and modelled (line) turbulent statis-
tics within the canopy for, (1) sensible heat flux determined from Equation (17) for
unstable (a), weakly stable (d), and strongly stable (g) atmospheric stability; (2) triple
velocity-temperature correlations for unstable (b), weakly stable (e), and strongly stable
(h) atmospheric stability; (3) w′T ′

sweeps − w′T ′
ejections for unstable (c), weakly stable (f), and

strongly stable (i) atmospheric stability. For the model comparisons, the solid line is the full
model, the dashed line neglects atmospheric stability (neutral model), and the dotted line is
the sensible heat flux estimated from K theory.

contaminated by high frequency noise and unsteadiness for this stability
class thereby overestimating the computed value of 4

3
g

T
T ′2 from the data.

It appears from Figure 9 that neglecting stability for slightly stable flows is
even preferred over the full model.

Figure 9 also shows the agreement between measured and modelled
w′w′T ′ and �So × w′T ′ = w′T ′

sweeps − w′T ′
ejections. To our knowledge, test-

ing the skills of second-order closure models using quadrant analysis (i.e.
measured w′T ′

sweeps − w′T ′
ejections) was not conducted before for sensible

heat. Again, despite theoretical objections to closing w′w′T ′ via Equation
(5) (e.g. Wilson, 1989), the reasonable agreement between measured and
modelled w′w′T ′ and �So × w′T ′ for unstable and stable stability classes
is rather encouraging. However, the (unexpected) disagreements for slightly
stable conditions is rather disappointing.
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5. Conclusions

Over the past three decades, experimental and computational developments
have led to an extensive understanding of momentum and scalar transfer
within uniform canopies. Despite this progress, several unresolved issues
remain. The combined effects of buoyancy and ejection-sweep statistics
(often signatures of large-scale coherent motion) on scalar transfer is one
such issue. To date, no explicit diagnostic model relating the local turbulent
heat flux to the mean air temperature gradient, buoyancy, and the statisti-
cal properties of the ejection-sweep cycle within the canopy volume exists.
To begin progress on this issue, we combined CEM and higher-order clo-
sure models and derived explicit linkages between the sensible heat flux,
mean temperature profiles, ejection-sweep statistics, and buoyancy. The lat-
ter linkages were successfully tested on a dataset collected in a mixed hard-
wood forest at Lavarone, Italy. Particularly, our analysis and comparisons
demonstrated the following:

(1) Second-order closure models for the heat flux budget equation repro-
duce reasonably well the eddy-covariance measured profiles of w′T ′ and
w′w′T ′ for unstable and stable flows. For slightly stable flows, neglect-
ing the buoyancy contribution (i.e. σ 2

T ) is preferred (given that σ 2
T will

always be finite inside canopies even for strictly neutral flows).
(2) The CEM and the incomplete CEM (ICEM) proposed by Katul et al.

(1997b) are sufficient to link the triple velocity-temperature correla-
tion (w′w′T ′) to �So. We note that for momentum transfer, Raupach
(1981) empirically found a linear relationship between �So and M12

when variations in u2
∗/(σuσw) are small (in a wind tunnel). Here, we

showed that this linkage depends on the correlation between vertical
velocity and scalar concentration.

(3) The ICEM, when combined with the heat flux budget equation, leads
to an explicit relationship between w′T ′ and dT /dz, z, σ 2

w, �So, and
σ 2

T . This relationship must be viewed as diagnostic because the �So

profile is not known a priori. Nonetheless, the relationship can be used
to estimate dT /dz for which zero-gradient (and countergradient) flow
occurs if the ejection-sweep cycle properties are a priori specified.

(4) Second-order closure models that utilize gradient-diffusion approxima-
tion for w′w′T ′, when combined with the ICEM, can estimate �So.
The fact that closure models can estimate �So offers novel ways of
diagnosing closure schemes from quadrant analysis and invites new
interpretations to their successes and failures.

(5) The resulting closure model formulation for �So suggests that sweeps
dominate the heat flux when the ratio of the local heat source (ST)
to w′T ′ is positive irrespective of atmospheric stability. Conversely,
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ejections dominate the sensible heat flux when ST/w′T ′ < 0. The
dominant role of sweeps for unstable and stable atmospheric conditions
predicted by the model is consistent with a wide range of field experi-
ments, including the present forest experiment.

From a broader perspective, this study is a necessary first step towards
progressing on the general problem of how the ejection-sweep cycle, ther-
mal stratification, dispersive fluxes, and planar inhomogeneous transport
(e.g. resulting from topographic or planar canopy density variation) alter
flux-gradient relationships at different levels within canopies.
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