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Abstract Progress on practical problems such as quantifying gene flow and seed
dispersal by wind or turbulent fluxes over nonflat terrain now demands fundamental
understanding of how topography modulates the basic properties of turbulence. In
particular, the modulation by hilly terrain of the ejection-sweep cycle, which is the
main coherent motion responsible for much of the turbulent transport, remains a
problem that has received surprisingly little theoretical and experimental attention.
Here, we investigate how boundary conditions, including canopy and gentle topog-
raphy, alter the properties of the ejection-sweep cycle and whether it is possible to
quantify their combined impact using simplified models. Towards this goal, we con-
ducted two new flume experiments that explore the higher-order turbulence statistics
above a train of gentle hills. The first set of experiments was conducted over a bare
surface while the second set of experiments was conducted over a modelled vege-
tated surface composed of densely arrayed rods. Using these data, the connections
between the ejection-sweep cycle and the higher-order turbulence statistics across
various positions above the hill surface were investigated. We showed that ejections
dominate momentum transfer for both surface covers at the top of the inner layer.
However, within the canopy and near the canopy top, sweeps dominate momen-
tum transfer irrespective of the longitudinal position; ejections remain the dominant
momentum transfer mode in the whole inner region over the bare surface. These
findings were well reproduced using an incomplete cumulant expansion and the mea-
sured profiles of the second moments of the flow. This result was possible because
the variability in the flux-transport terms, needed in the incomplete cumulant expan-
sion, was shown to be well modelled using “local” gradient-diffusion principles. This
result suggests that, in the inner layer, the higher-order turbulence statistics appear
to be much more impacted by their relaxation history towards equilibrium rather
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than the advection-distortion history from the mean flow. Hence, we showed that it is
possible to explore how various boundary conditions, including canopy and topogra-
phy, alter the properties of the ejection-sweep cycle by quantifying their impact on the
gradients of the second moments only. Implications for modelling turbulence using
Reynolds-averaged Navier Stokes equations and plausible definitions for the canopy
sublayer depth are briefly discussed.

Keywords Canopy turbulence · Closure models · Cumulant expansion ·
Ejections and sweeps · Flow over gentle hills · Nonlocal transport

1 Introduction

Understanding the modulation of organized motion by complex terrain near bound-
aries, bare or vegetated, remains a central research topic- now stimulated by a diverse
set of applications. These applications include numerical models for wind engineer-
ing and urban pollution that employ Reynolds-averaged Navier–Stokes equations
(RANS) (e.g. see the recent review in Bitsuamlak et al. 2004), the proliferating num-
ber of studies on CO2 scalar fluxes near the land surface in complex terrain (e.g.
Baldocchi et al. 2000, 2001; Aubinet et al. 2003; Staebler and Fitzjarrald 2004; Fei-
genwinter et al. 2004; Finnigan and Belcher 2004; Katul et al. 2006a; Aubinet et al.
2005; Foken et al. 2005), or estimating gene flow and dispersal patterns of pollen and
seeds from nonflat ecosystems (Nathan et al. 2002; Soons et al. 2004; Nathan and
Katul 2005; Katul et al. 2005, 2006b). Particularly, how complex terrain modulates
the ejection-sweep cycle, which is the main coherent motion responsible for the bulk
turbulent transport, remains a problem that has received surprisingly little attention.
In contrast, studies on how hills modify the mean flow properties have received signifi-
cant theoretical and experimental attention (e.g. see reviews in Finnigan 1988; Kaimal
and Finnigan 1994; Finnigan and Brunet 1995; Belcher and Hunt 1998; Finnigan and
belcher 2004). While the mean flow properties are strongly forced by the topography
and can be plagued by ‘discontinuities’ such as separation or recirculation regions, it is
not yet clear how the turbulence is affected by complex terrain. Early studies on flows
above gentle hills suggest that such mean-flow discontinuities do not lead to concomi-
tant discontinuities in the higher-order turbulence moments, at least in the absence of
tall canopies (Finnigan 1988; Finnigan et al. 1990b). However, the main problem lies
in the fact that turbulence ‘remembers’ a significant portion of the strain rate history
injected by the mean flow, and the energy-containing eddies remember a significant
portion of their relaxation history towards equilibrium. The relative importance of
these two ’memories’ can profoundly affect higher-order statistics across the hill and
quantifying their interplay remains a vexing problem.

Progress on this problem is hindered by the absence of detailed experiments on
the ejection-sweep cycle and higher-order statistics for flows inside (and above) can-
opies on gentle hills, and by the absence of simplified theories that readily connect
the impact of these organized events to terms in the turbulent kinetic energy (TKE)
budget equation. Another complication stems from the fact that surface roughness
does play a significant role in the ejection-sweep cycle. Numerous experiments on flat
terrain have already shown that while ejections dominate momentum transfer above
a bare terrain, inside and just above dense canopies, sweeps dominate (Raupach 1981;
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Shaw et al. 1983; Katul et al. 1997a; Finnigan 2000; Poggi et al. 2004b). Hence, the
modulation of organized motion by topography cannot be studied in isolation from
the surface cover. For vegetated surfaces, such modulations are likely to impose sig-
nificant variability in the canopy sublayer thickness and perhaps even blur its basic
definition.

Here, we present two new flume experiments that explore the higher-order turbu-
lence statistics on a train of hills above a bare (almost smooth) surface and a vegetated
surface composed of densely arrayed rods. Other processes such as unsteadiness in the
mean flow conditions, density gradients, variability in canopy morphology (both hor-
izontal and vertical), steep slopes and multiple modes of terrain variability can limit
the immediate extrapolation of these flume experiments to field conditions; however,
exploring all of these effects simultaneously is well beyond the scope of a single study.

Hence, the compass of this work is restricted to the connection between the ejec-
tion-sweep cycle and the higher-order statistics across various positions above a train
of gentle hills with a ‘lens’ on the flux-transporting terms, the terms most affected
by ejections and sweeps in the TKE budget. The tall forested experiment is designed
such that the topographic variations remain comparable to the canopy height so that
the interplay between organized eddy motion dominating canopy turbulence and the
terrain variability is amplified (Finnigan and Belcher 2004).

2 Experimental set-up

The experiments were conducted in the OMTIT recirculating channel at the Giorgio
Bidone hydraulics laboratory, DITIC Politecnico di Torino, Torino, Italy. The flume
has a 18 m long, 0.9 m wide, and 1 m deep working section (see Fig. 1), and a recircu-
lating flow rate up to 360 l s−1. Two test sections were used to simulate the bare and
the forested surfaces on a hill. In both test sections, the hill topography was repro-
duced using a removable wavy stainless steel wall composed of four modules, each
representing a sinusoidal hill with a shape function given by

f̃ (X) = (Hh/2) cos(kX + π), (1)

where X is the longitudinal distance, Hh = 0.08 m is the hill height, k = π/(2L) is
the hill wavelength with L = 0.8 m being the half length shown in Fig. 2. The forest
canopy is composed of an array of vertical stainless steel cylinders having a diameter
of 4 mm (= dr) and a height of 100 ± 2 mm (= Hc). The rods were firmly arc-welded
into the stainless steel sheets at equal spacing along the 12.8 m long and 0.9 m wide test
section. The rod density, 675 rods m−2, was shown to be sufficiently dense to resemble
dense forested canopies (Poggi et al. 2004b). The vertical distribution of the rods’
frontal area is not constant with height but is designed to resemble a tall hardwood
canopy with its foliage concentrated in the top third and almost constant in the bottom
two-thirds (see Fig. 1).

The velocity measurements were acquired along a predefined grid following a
streamline coordinate system. Although several coordinate systems are possible (e.g.
rectangular Cartesian or terrain following), a streamline coordinate system in which
the coordinates are allowed to adjust according to the hypothetical flow dynamics are
preferred. This system has the advantage of a displaced coordinate system because it
reduces to a terrain-following system near the ground, and to a rectangular Cartesian
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Fig. 1 The experimental set-up: Plan and side views of the flume and test sections (top and bottom
right), the train of hills with the bare surface (top left), the model canopy composed of densely arrayed
rods (bottom left), and the measured frontal area density (FAD) profile (analogous to a leaf area
density profile in canopy turbulence)

system well above the hill. Hence, it retains the advantages of both coordinate systems
in the appropriate regions (Finnigan and Belcher 2004). With respect to a rectangular
coordinate system (X and Z) and for the hill shape function in Eq. 1, the displaced
coordinates, to a leading order in the terrain slope, are given by

x = X + (Hh/2) sin (kX)e−k(Z+Hc), (2)

z = Z − (Hh/2) cos (kX)e−k(Z+Hc), (3)

where Hc = 0 for the bare surface. Note that the physical ground of the sinusoidal hill
covered with the canopy is described by Zg = (1/2)Hh cos(kX)−Hc in the rectangular
coordinate system and, to a leading order, by zg = −Hc in the displaced coordinate
system (Fig. 2).

The velocity time series were acquired using two-component laser Doppler ane-
mometry (LDA). The velocity measurements were performed at 10 positions to lon-
gitudinally cover one hill module, and at 0.40 m from the lateral wall in the spanwise
direction. These measurements were performed along 35 vertical positions in the
streamlines coordinate system covering about 0.35 m of the 0.6 m water level. Here,
we concentrated the vertical measurements near the surface to zoom onto the inner
layer and canopy layer dynamics (Fig. 2).

The longitudinal (u) and vertical (w) velocity time series were measured above
the third hill module. To check whether the turbulence was completely developed,
preliminary measurements were conducted on the second, third, and fourth sections.
These preliminary measurements showed that the velocity statistics acquired at four
locations (and 10 vertical positions) around the crest of the second and the fourth
hills do not significantly differ from their analogous statistics at the crest of the third
hill. During the experimental planning phase, we conducted model calculations using
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Fig. 2 The definition of the displaced coordinate (x, z) system for bare (top panel) and vegetated
surfaces (bottom panel) in relation to the canopy height (Hc) and hill dimensions (Hh, L). The inner
region depth (hi) and the canopy sublayer region are also shown for reference

first-order closure principles and found that the mean velocity statistics above the
third hill do not differ from their counterpart above the fourth hill as well.

The velocity measurements were conducted at a bulk Reynolds number Reb >

1.5 × 105, where Reb is defined using the depth-averaged velocity and the water level
(= 0.6 m). The sampling duration and frequency for each sampling position were 300 s
and 2500–3000 Hz, respectively. Further details about the data acquisition, process-
ing, and quality checks (including lateral homogeneity in the flow statistics around
the sampling locations) can be found in Poggi et al. (2002).

At this Reb, the bare surface case is not completely rough. In fact, for the bare sur-
face case, the roughness Reynolds number z+

o = u∗zo/ν = 36 where u∗ = 0.018 m s−1

is the friction velocity (u∗ = 0.044 m s−1 for the vegetated case), ν is the kinematic
viscosity, and zo = 2 mm is the momentum roughness length of the hill surface.
Here u∗ is defined as the time-spatially averaged Reynolds stress at z = 0 (i.e.
u2∗ = − < u′w′ > |z=0) for both the bare and the vegetated cases. The region in which
4 < z+

o < 60 is classically referred to as dynamically slightly rough (Monin and
Yaglom 1971); however, it is important to point out that z+

o = 36 is not significantly
far from the fully rough region. Unless otherwise stated, < c > is the time and planar
averaging of any flow variable c and c′ = c− < c > (Raupach and Shaw 1982). While
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planar averaging is only required in the canopy sublayer, we retain this notation for
completeness in the theoretical development below.

3 Theory

The ejection-sweep cycle is often analyzed using conditional sampling methods and
quadrant analysis applied to time series measurements of u′ and w′ (see review in
Antonia (1981)). Quadrant analysis clusters each w′ and u′ event, collected at time t,
into one of the four quadrants defined by the Cartesian plane whose abscissa and ordi-
nate are u′ and w′, respectively. The quadrants reflect different modes of momentum
transfer with quadrants II (u′ < 0 and w′ > 0) and IV (u′ > 0 and w′ < 0) repre-
senting ejections and sweeps respectively, and quadrants I (u′ > 0 and w′ > 0) and
III (u′ < 0 and w′ < 0) representing outward and inward interactions, respectively.
The latter two quadrants have no discernable contributions to the mean momentum
flux < u′w′ >, at least when evaluating contributions originating from organized eddy
motion. For such a quadrant representation, Nakagawa and Nezu (1977) and Raup-
ach (1981) showed that the imbalance in momentum transfer between sweeps and
ejections can be expressed as

�So = 〈w′u′〉|IV − 〈w′u′〉|II

〈u′w′〉 , (4)

where 〈w′u′〉|IV/〈u′w′〉 and 〈w′u′〉|II/〈u′w′〉 are the stress fractions in quadrants IV and
II, respectively.

To link �So and quadrant analysis with the TKE budgets and RANS models, we
build on the pioneering work of Nakagawa and Nezu (1977) and Raupach (1981) in
which the third-order cumulant expansion method (CEM) was successfully employed.
Using a third-order CEM, Raupach (1981) showed that:

�So = Ruw + 1

Ruw
√

2π

[
2C1

(1 + Ruw)2 + C2

1 + Ruw

]
, (5)

where Ruw, C1, and C2 are given by

Ruw = 〈w′u′〉
σuσw

,

C1 =
(

1 + Ruw

)[
1
6
(M03 − M30) + 1

2
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]
,

C2 = −
[

1
6
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2
(M21 − M12)

]
,

Mij = 〈w′i u′j〉
σ i

wσ
j
u

; σc =
√

〈c′c′〉,

and where σc is the time and horizontally averaged standard deviation of any flow
variable c. Using the above formulation, Katul et al. (1997a) conducted a sensitivity
analysis on the relative importance of the mixed moments and the velocity skewness
on �So. They demonstrated that the mixed moments M12 and M21 contribute much
more to �So than M03 and M30. Hence, based on this finding, Katul et al. (1997a)
suggested a further simplification given by
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�So ≈ 1

2Ruw
√

2π

[
M21 − M12

]
, (6)

and hereafter is referred to as an incomplete CEM (ICEM). Poggi et al. (2004b), Cava
et al. (2005), and Fer et al. (2004) all reported excellent agreement between ICEM
modelled and measured �So for boundary-layer and canopy flows on flat terrain.
How well CEM and ICEM reproduce �S0 on gentle hills remains largely unexplored.

To determine M12 and M21 within the context of RANS, closure models for 〈w′u′w′〉
and 〈w′u′u′〉 are needed. In general, RANS uses standard gradient-diffusion approxi-
mations for the momentum transport terms 〈u′

iu
′
ju

′
k〉 given by

〈u′
iu

′
ju

′
k〉 = qλ1

[
∂〈u′

iu
′
j〉

∂xk
+ ∂〈u′

ku′
j〉

∂xi
+ ∂〈u′

iu
′
k〉

∂xj

]
, (7)

where q2 = 〈u′
iu′

i〉 is twice the TKE, and λ1 is a typical mixing length (Wilson and
Shaw 1977). The two transport terms needed in Eq. 6 can then be expressed as

〈w′u′w′〉 = qλ1

[
2
∂〈u′w′〉

∂z
+ ∂〈w′w′〉

∂x

]
, (8)

〈w′u′u′〉 = qλ1

[
∂〈u′u′〉

∂z
+ 2

∂〈u′w′〉
∂x

]
. (9)

Belcher and Hunt (1998) argued that for the inner layer above a gentle hill, hor-
izontal derivatives of turbulent quantities play a minor role in the closure of the
momentum transport terms when compared with their vertical counterparts. More-
over, Finnigan and Belcher (2004) showed that, within a tall canopy covering a gentle
hill, the horizontal derivatives scale with L while the vertical derivatives scale with
the vortex size that is proportional to the mixing length l imposed by the canopy.
Because l is a fraction of Hc, which is much smaller than L for gentle hills, hori-
zontal derivatives of turbulent quantities can also be neglected inside the canopy.
Extending the Belcher–Hunt and the Finnigan–Belcher inner-layer scaling arguments
to higher-order turbulent quantities, the second-order closure model for �So reduces
to

�So = −1

2
√

2π

qλ1

〈w′u′〉
[

1
σu

∂〈u′u′〉
∂z

− 2
σw

∂〈w′u′〉
∂z

]
. (10)

A comparison between measured and modelled �So using Eq. 10, forced by mea-
sured < u′u′ >, < w′w′ >, and < u′w′ >, provides an explicit evaluation of whether
the ejection-sweep cycle is in local equilibrium with the vertical gradients of the second
moments. However, to use Eq. 10, the characteristic length scale λ1 must be defined.
Poggi et al. (2004a, 2006) showed that for a dense canopy, λ1 can be parameterized as

λ1 =




αHc; z
Hc

< d + αHc
kv

kv(z − d); z
Hc

> d + αHc
kv

where kv = 0.4 is the von Karman constant, d is the zero-plane displacement height,
and α is a constant that depends on the drag and canopy leaf area density. In Poggi
et al. (2004a), it was shown that this mixing length model does have some theoretical
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basis inside canopies and outperforms models that use a constant Lagrangian time
scale. Furthermore, Katul et al. (2004) demonstrated that closure approaches that use
this λ1 model even predict the TKE dissipation rate better than standard K–ε models.
In Poggi et al. (2004a) and Katul et al. (2004), an α = 0.2 was derived for flat terrain
(and is adopted here). For the bare surface case, λ1 = kvz is assumed for the entire
inner layer. We note that Eq. 10 may be more robust to the gradient-diffusion approx-
imation than Eq. 7, which is known to fail even for idealized atmospheric conditions
(see Appendix for further discussion).

Equation 10 suggests that the adjustment of the second-order moments to the hill
surface is intimately connected with the relative importance of ejections and sweeps
across the hill, which can be explored via standard time scale arguments. In particular,
Belcher and Hunt (1993) proposed the mean distortion (TD) and the Lagrangian
integral (TL) time scales as tools to explore how the mean flow and turbulence adjust
to changes in topography. TD characterizes the distortion of turbulent eddies due to
the straining motion associated with spatial variability in the mean flow caused by the
hill, and it represents the characteristic time that the mean flow field needs to stretch
and destroy large eddies through work done by advection against the mean spatial
velocity gradients. TL characterizes the time scale of the classical vortex stretching
(or relaxation) of large eddies due to the action of a local mean-flow velocity gradient.
Stated differently, TL is the time that turbulent fluctuations need to reach equilibrium
with the local mean velocity gradient (Tennekes and Lumley 1972). This turbulence
memory also represents the characteristic eddy turnover time contributing most to
the magnitude of w′u′, w′w′, and u′u′.

When TD/TL << 1, the local stretching of large eddies is fast enough to com-
pete with the distortion by the mean flow. This region is called the local-equilibrium
region (or inner region) because the local eddies relax to equilibrium with the local
mean velocity gradient before spatial advection can transport and stretch them. In this
region, the turbulent time scale can be derived based on a local balance between the
production and dissipation mechanisms. Hence, in a first-order analysis, the memory
(or the relaxation time scale) of w′u′, w′w′, and u′u′ may be estimated from the ratio
of the magnitude of the flow variable to its dissipation rate. Moreover, the dissipation
rate should be comparable to the production (P) term, given by

Puu = w′w′ ∂u/∂z, (11a)

Pww = w′w′ ∂w/∂z, (11b)

Pwu = w′u′ ∂u/∂z. (11c)

From the continuity equation, |∂w/∂z| ∼ |∂u/∂x|; hence, the relaxation time I of w′u′,
w′w′, and u′u′ are

Iuw = w′u′

w′w′
∂u
∂z

−1
, (12a)

Iww = w′w′

w′w′
∂u
∂x

−1
, (12b)

Iuu = u′u′

w′u′
∂u
∂z

−1
. (12c)

While Iuw and Iuu are proportional to ∂u/∂z−1, Iww scales with ∂u/∂x−1. This
time scale argument may suggest that u′u′ and w′u′ adjust rapidly to changes in local
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boundary conditions (and hence vary significantly across the hill) while w′w′ might
require much longer time to adjust to changes in topography. When these scale argu-
ments are taken in the context of Eq. 10, the equilibration time scale of �So with
topography is likely to be comparable to Iuw or Iuu rather than Iww. The data collected
here will permit us to explore these scaling arguments.

4 Results

We first show the longitudinal and vertical variations of both lower and higher-order
flow statistics for the two surfaces and then proceed to show the model comparisons
of the flux-transport terms, the skill of CEM and ICEM in reproducing �So, and the
adequacy of Eq. 10 for the inner layer. Our main objective for presenting both lower-
and higher-order velocity statistics here are twofold: (1) to provide a bench-mark
dataset on the fundamental statistics of canopy and boundary-layer flows on gentle
hills, and (2) to investigate the joint effects of topography and surface cover on the
basic variables known to influence the ejection-sweep cycle in the inner layer. For-
mally, the inner layer depth (hi) can be estimated by solving the nonlinear equation
(e.g. Finnigan and Belchen 2004; Belcher and Hunt 1998)

hi

L
= 2k2

v

ln(hi/z0)
, (13)

where zo is the aerodynamic roughness length of the hill surface, and L is, as before,
the hill half-length. The inner layer region is defined as the region for which z/hi < 1,
and the canopy sublayer is the region immediately impacted by the canopy and spans
about −Hc < z < 0.

4.1 Lower-order statistical moments

4.1.1 Mean velocity distribution

In Fig. 3, we show the mean velocity profiles for both smooth and vegetated cases.
While the left panels (3a, c) show the measured spatial patterns of u across the hill
surface along with the inner region, the right panels (3b, d) show the velocity profiles
measured at the 10 sections marked in Figs. 3a, c (s1–s10). Note that here the overbar
indicates temporal averaging, and the brackets indicates spatial averaging over the 10
profiles.

From Figs. 3a, c, a well-defined feature inside the canopy on the lee side of the
hill is an apparent recirculation region, a region where u < 0 and is delineated with
a continuous line in panel 3a; it is also noticeable in panel 3b. This region, predicted
to occur because of the interplay between the mean longitudinal pressure gradient
and the nonlinear drag force (Finnigan and 2004; hereafter referred to as FB04), has
no analogue for the bare surface case despite the similarity in topographic variability
and mean flow conditions. However, the spatial extent of this region is smaller than
that reported in FB04 (see also Katul et al. 2006a).

To compare the spatial patterns of the mean flow field for bare and vegetated
surfaces, we redefine the inner region depth in a new and spatially explicit manner.
This is needed because the standard definition of hi does not account for any spatial
variability in the flow field. Here, we define the dynamical inner region depth as the
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Fig. 3 (Left panels) The measured spatial variation of longitudinal velocity u for the vegetated surface
(top panel) and the bare surface (bottom panel) along the hill. The colours represent the variation of
the actual (or non normalized) values of u (in m s−1). The longitudinal distance x is normalized by
the hill half-length L and the vertical distance z is normalized by the inner layer height hi. The mean
inner layer depth (dotted line) and canopy top (dash-dotted line) are also shown for reference with
respected to the ground. The recirculation region, defined as the region for which the mean velocity
< 0, inside the canopy near the bottom on the lee-side of the hill is also highlighted for clarity. The
dynamical inner region and ground, defined as the height at which the measured u matches the mean
u at z = hi and z = 0.05hi, are also shown (blue and red continuous line respectively). (Right Panels):
The measured profiles of normalized u for the vegetated surface (top panel) and bare surface (bottom
panel); the sampling positions of the 10 profiles are marked in the left panels as s1–s10 . These u
profiles for the vegetated and bare surfaces are normalized by their background state defined at the
canopy top and at the inner layer height, respectively

distance from the ground where the measured local velocity is identical to the spatially
averaged velocity at hi (i.e. u =< u > |z=hi ). This region is delineated in Figs. 3a, c
by a continuous line. The longitudinal variability of this dynamical inner region for
both surfaces shows a common asymmetric pattern with respect to the hill surface.
Likewise, when this analysis is repeated for the canopy top and in the region close to
the ground for the bare surface case, a new and dynamically based virtual ground can
be defined. The canonical pattern of this virtual ground is shared by the flows over
the bare and vegetated surfaces (continuous line in Figs. 3a, c). In particular, the flow
accelerates in the upwind side and decelerates on the lee side for both surface covers
in an asymmetric manner. While a recirculation region does not exist in the case of
a bare surface on the lee side of the hill, the region below this virtual ground region
exhibits very low velocity values that can affect the higher-order statistics.

From Figs. 3b, d, it can be noted that in the upper part of the inner layer, the mean
velocity profiles above both surfaces approach a logarithmic shape. However, in the
lower levels of the inner layer, the u for the forested surface is strongly sheared near
the canopy top and is almost invariant with z well inside the canopy (though varying
significantly with x), not entirely consistent with the assumptions in FB04.
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4.1.2 Shear stress distribution

In Fig. 4, the shear stress profiles, τ = −u′w′, for both forested and bare surfaces, are
shown together. In the inner layer, the variations of τ for the bare surface case when
normalized by u∗ are close to the vegetated surface only for the first four profiles
(s1–s4) but they diverge at the bottom of the hill and for the upwind side (s5–s9).
In fact, when comparing the longitudinal variation of normalized τ from these two
experiments, the overall spatial variation is much larger for the bare surface case.
The peak of τ occurs at heights even exceeding the inner layer depth for the upwind
sections (s6–s8) for the bare surface case.

Inside the canopy, the drag dampens |du′w′/dx| but amplifies |du′w′/dz|. Note that
the apparent recirculation region (Fig. 3, s4–s5) has little ‘signature’ in the u′w′ spa-
tial distribution of the forested surface. This is an important and surprising finding.
While the apparent recirculation region strongly affects the mean flow field, it does
not dramatically alter the canonical profiles of the Reynolds stress and, as we demon-
strate later, other higher- order moments. Although this result seems counterintuitive,
further analysis carried out using a special visualization technique (Laser Induced Flo-
rescence or LIF, see Poggi et al. 2006) revealed that the apparent recirculation is not
due to a continuous ’rotor’ but to an alternating flow that switches asymmetrically
between positive and negative velocity. This asymmetry in the switching, when time-
averaged, leads to a negative velocity and an apparent recirculation region. Because
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a persistent vortex does not exist in this region, the turbulent statistics appear less
affected by the alternating motion when compared to the mean flow.

4.1.3 Velocity variances distribution

Figure 5 shows the normalized longitudinal (σ+
u = (u′u′)0.5/u∗) and vertical standard

deviation profiles (σ+
w = (w′w′)0.5/u∗) for the vegetated surface. Likewise, Fig. 6 shows

the vertical profiles of σ+
u and σ+

w for the bare surface (s1–s9). When comparing Figs.
5 and 6, the first-order effect to explain the difference between the two experiments
remains the attenuation of the flow statistics within the canopy volume irrespective
of the position on the hill. In particular, it is evident that, while the magnitude of
σ+

w for the bare and vegetated cases are close, σ+
u is strongly affected by the canopy.

In fact, the maximum values of σ+
u for the vegetated surface are smaller than their

counterpart for the bare surface. As with the shear stress, the apparent recirculation
region has no discernable fingerprints (Fig. 3) in these two moments.

Well inside the canopy (except very close to the ground), the ratio of σ+
u to σ+

w for
the vegetated case tends to unity suggesting that the flow approaches an ‘sisotropic’
state. This tendency towards isotropy seems to be mildly sensitive to topographic
variation. Note that the isotropy for the vegetated case is not a surprising result. Sim-
ilar results have been reported for flat surfaces (e.g. Poggi et al. 2004b) and within
a uniform pine forest (e.g., see Katul and Chang 1999). These studies attributed the
approach to isotropy to the weakening of the mechanical production of TKE in these
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deeper layers (one of the main sources of anisotropy production) and the increased
role of the pressure-transport terms that have a return-to-isotropy component.

From Figs. 4, 5, and 6, we find that σ+
w does not vary appreciably across the hill

when compared to σ+
u , which is consistent with the time-scale arguments presented in

the theory section. In fact, this time-scale argument correctly predicted that w′w′ may
require a much longer time to adjust to changes in topography when compared to u′u′
within the inner layer. Recall that Eq. 10 suggests that the equilibration time scale of
�So is likely to resemble Iuu rather than Iww. However, before exploring the spatial
variations in �So based on the second-order closure models, we consider the spatial
variations of the triple moments first for three reasons: (1) the velocity skewnesses
are often used as indicators of the imbalance between ejections and sweeps, and (2)
the CEM and ICEM expansions of �So require these triple moments, and (3) the
predictive skills of the gradient-diffusion closure at various positions across the hill
can be tested.

4.2 Triple moments and gradient-diffusion closure

Because the degree of asymmetry in the probability density function is an elementary
indicator of the strength of the ejection-sweep cycle, we show the variation in the
skewness of u (Sku) and w (Skw) along the hill for both surfaces in Figs. 7 and 8.

In the upper part of the inner layer, the Sku and Skw are comparable in both mag-
nitude and sign above both surfaces confirming the results derived from lower-order
moments. However, in the lower part of the inner region, the magnitudes of Sku and
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Skw are much larger for the forested surface (Fig. 7) when compared to their bare
surface counterpart (Fig. 8) suggesting that the ejection-sweep cycle is more intense
for the forested surface. We use the term more intense (in Sk) to imply that the degree
of asymmetry in the probability density function, as measured by the magnitude of
the skewness, is larger. As shown by Poggi et al. (2004a,b), the magnitudes of both
Sku and Skw within the canopy increase with increasing canopy density. The positive
Sku and the negative Skw in Figs. 7 and 8 also suggest an extensive region within and
just above the canopy that is dominated by sweeps along the hill. While the thickness
of this ‘sweep’ dominated region is longitudinally variable (Fig. 7), it is always larger
than the canopy height, perhaps suggesting a new method to define or identify the
vertical extent of the canopy sublayer. This region is generally deeper on the lee side
of the hill and shallower near the hill top. This effect is largely linked with the virtual
ground presented in Fig. 3. In fact, as shown in Fig. 3a, the dynamical ground is much
thinner at the top of the hill but becomes deeper above the bottom of the hill. We will
check whether these results are consistent with the spatial variations of �So in the
following section.

The analysis in Figs. 7 and 8 are repeated for the triple moments w′u′u′ and w′u′w′
for both vegetated (Fig. 9) and bare surfaces (Fig. 10). For both surfaces, the mag-
nitude and sign of these flux transport terms are similar near the top of the inner
layer consistent with the skewness comparisons. The largest difference is observed in
the lower layers of the inner region, where the sign of both mixed moments reverse
and the magnitudes rapidly increase with decreasing distance from the ground. The
fact that the largest flux-transport terms are measured above and within the forested
surface and agrees with the skewness analysis (Fig. 7) further confirms the intensifi-
cation of the ejection-sweep cycle. Note that, while these results are not qualitatively
different from their flat-terrain counterpart, there is a clear topographic signature on
the flux transport terms for both surface covers.

Figures 9 and 10 also show the transport terms modelled using the vertical-gradient
diffusion closure (i.e. Eq. 10). For both surfaces, the agreement between measured
and modelled quantities is surprisingly good (see Table 1 for regression statistics)
despite the simplicity and one-dimensionality of this model. Using the data directly,
we also verified that the longitudinal gradients in Eq. 9 and 10 are small when com-
pared to their vertical counterparts at all positions within the inner layer. When taken
together, these results hint that the argument put forth by Belcher and Hunt FB04 can
be extended to the mixed moments. In fact, even within the apparent recirculation
region identified in Fig. 3, the mixed moments are well-reproduced by a gradient-
diffusion formulation (i.e. an equilibrium model).

Up to this point, we have qualitatively shown how the signature of the ejection-
sweep cycle is modulated across the hill and surface cover. Next, a quantitative analysis
is carried out using quadrant analysis and conditional sampling, CEM and ICEM, and
gradient-diffusion arguments.

4.3 Measurements and models for �So

Figures 11 and 12 show how �So, derived from quadrant analysis for the forested
and the bare surfaces, varies across the hill. For the forested surface (Fig. 11), sweeps
dominate inside the canopy and the lower region of the inner layer while ejections
dominate near the top of the inner layer. For the bare surface case (Fig. 12), ejections
dominate across the entire inner layer, except for a thin region near the ground on
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Fig. 9 The comparison between measured (symbols) and modelled (line) dimensionless turbulent
transport terms M12 = w′u′u′/(σwσ 2

u ) (square), and M21 = w′u′w′/(σ 2
wσu) (triangle), at each position

on the hill covered with the vegetated surface. The sampling positions are labeled as s1–s10 and their
locations with respect to the hill are presented in the two middle panels. These panels show the spatial
patterns of M21 (top) and M21 (bottom). The dashed and dash-dot lines are the inner layer depth and
the canopy height respectively

the lee side of the hill. Also, the magnitudes of �So are much bigger in the lower part
of the inner region for the forested case when compared to the bare surface case, in
agreement with the skewness analysis (Figs. 5, 6). Another important feature is the
similarity in the spatial patterns of �So and the flux transport terms in the lower layers
of the inner region. This similarity demonstrates the intimate links between �So and
the flux transport terms across the hill, especially in the inner layer (as expected from
the ICEM approach). Figure 11 also shows the intensification of sweeps on the lee
side of the hill as alluded to in the flux-transport term analysis for the forested surface.

The spatial variations in �So offer a new possibility to define a dynamic canopy
sublayer analogous to the virtual ground. Given that a defining feature of the canopy
sublayer is the predominance of sweeps, the boundary line marking the transition
from sweeps to ejections can be a logical choice in defining the local thickness of the
canopy sublayer. From Fig. 11, it can be seen that this boundary line is not in phase with
the topography in agreement with the virtual ground shown in Fig. 3. Whether there
exists a connection between the virtual ground (or the canopy sublayer thickness) and
the local pressure gradients needs to be explored using large-eddy simulations (Ross
and Vosper 2005).
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Fig. 10 Same as Fig. 9 but for the hill covered with the bare surface

Table 1 Comparison between measured (abscissa) and modelled (ordinate) flow variables across the
entire hill in the inner layer. For �So, the models include CEM, ICEM, and the gradient-diffusion
closure coupled with ICEM. The regression slope (α) and the correlation coefficient (R) are shown

Variable Bare surface Canopy Surface

α R α R
M21 0.71 0.68 0.79 0.86
M12 0.74 0.63 0.82 0.87
CEM 0.98 0.97 1.13 0.96
ICEM 1.01 0.98 0.93 0.94
Gradient- Diffusion 1.14 0.64 0.85 0.82

Figures 11 and 12 compare �So derived from quadrant analysis with �So com-
puted using the CEM and the ICEM formulations (driven by measured M03, M30,
M12, and M21). It is clear from this comparison that the CEM approach reproduces
well the measured �So for both surfaces while the ICEM approach reproduced well
(see Table 1 for regression statistics) the measured �So for the bare surface but mar-
ginally overpredicts the maximum magnitudes for the forested surface. It is obvious
that this overprediction must be connected with the large M03 and M30 contribu-
tions (see Figs. 7 and 8) that are neglected in the ICEM formulation. Despite this



510 Boundary-Layer Meteorol (2007) 122:493–515

Fig. 11 Comparison between measured and modelled �So at each position on the hill covered with
the vegetated surface. The symbols are for measurements via quadrant analysis, the solid line is for
the complete CEM, and the dashed lines are the incomplete CEM or ICEM. The sampling positions
are labelled as s1–s10 and their location with respect to the hill are presented in the middle panels.
As in Fig. 9, these panels show the spatial pattern of the measured �So. Note that the middle panel
(colour plot) represents �So = 〈w′u′〉|IV − 〈w′u′〉|II (i.e. in m2 s−2) to contrast with the bare the
surface. The dashed and dash-dot lines are the inner layer depth and the canopy height respectively

marginal overprediction, all the main features in the measured �So profiles were well
reproduced by the ICEM approach.

Figures 11 and 12 also present the comparison between measured and modelled
�So from the ICEM approach but using gradient-diffusion closure instead of the mea-
sured M12 and M21. That is, �So is entirely computed from the assumed mixing length
model and the local vertical gradients in the measured second-order moments shown
in Figs. 4, 5, and 6. By and large, the comparison between measured and modelled
�So is surprisingly good (see Table 1 for regression statistics) for the forested surface
(in some regions, the agreement is even better than the original ICEM). For the bare
surface case, the agreement between measured and modelled �So is degraded at least
with respect to the ICEM or the CEM methods. Specifically, the model failure was
rather significant near the top of the hill where the model predicted an unrealisti-
cally small �So. This failure is clearly attributed to the closure model not being able
to reproduce the imbalance among the two flux transport terms in this region (see
Fig. 10). A possible explanation is that as the mean flow switches from an accelerating
to a decelerating phase, the advection should be taken into account in modelling the
flux transport terms. With the exception of this region for the bare surface case, it is
safe to say that the model does reproduce the impact of the hill on both the sign and
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Fig. 12 Same as Fig. 11 but for the hill covered with the bare surface

the magnitude of �So (see Table 1). This agreement implies that the flux transport
properties of the ejection-sweep cycle can be reproduced from the local gradients of
the second moments via a one-dimensional model, at least for gentle hills irrespective
of the surface cover.

5 Summary and conclusions

We presented the main turbulent flow statistics for forested and bare surfaces on a
train of gentle hills in a large flume. This dataset is the first to explore the combined
effects of hills and surface cover on higher-order statistics and the ejection-sweep cycle
within the inner layer using �So, a measure of the relative contribution of ejections
and sweeps to momentum transfer.

We showed that it is possible to infer the local variations of �So from standard flow
statistics. Specifically, we found that the incomplete third-order cumulant expansion
(ICEM) approach reproduced both the sign and magnitude of �So surprisingly well
for the inner layer. When this finding is combined with standard gradient-diffusion
closure principles, we showed that �So can be analytically linked to the gradients of
(u′w′), σ 2

u and σ 2
w. Using both measured and modelled �So from vertical gradients of

the second-order statistics, we showed that ejections dominate momentum transfer
for both surface covers at the top of the inner layer. However, inside the canopy,
sweeps dominate momentum transfer at all positions across the hill while ejections
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remain the dominant momentum transfer mode over the bare surface. Moreover,
sweeps also dominate momentum transfer above the canopy top though the thickness
of this sweep-dominated region is longitudinally variable and is not in phase with the
hill surface.

The broader impact of this study can be summarized as follows: if gradient-diffu-
sion closure schemes for the triple moments do capture the statistical properties of
the ejection-sweep cycle as shown by the �So comparisons here, then these ejec-
tion-sweep properties must be in local equilibrium with the local gradients of the
second moments (even within the apparent recirculation region). Given that advec-
tion remains significant in the mean momentum equation, the only way this local
equilibrium can be maintained here is when the time scales responsible for the pro-
duction of ejections and sweeps are sufficiently shorter than the advection-distortion
time scale by the mean velocity within the inner layer. This argument generalizes the
time-scale argument for the mean momentum balance earlier put forth by Belcher
and Hunt (1998). A practical consequence of this argument is that it is now possible to
explore how various boundary conditions alter the properties of the ejection-sweep
cycle by quantifying their impact on the gradients of the second moments.

While the proposed combination of gradient-diffusion and ICEM approaches was
successful in predicting the sign and magnitude of �So for gentle hills and uniform
canopies under steady-state neutral conditions, several limitations still remain. For
example, whether this model can predict �So in the presence of large mean pressure
gradients (e.g. steep topography), flows with a large stable density stratification, or
when the horizontal heterogeneity length scale (e.g. forest edges) dominates the
advective transport over short distances remains to be investigated. Nonetheless, this
approach provides a simplified framework for beginning to confront these complex
scenarios.

Finally, we showed that the sign of �So can be used as a logical indicator for
‘marking’ the region more affected by the canopy in complex terrain. Based on this
assumption, we showed that the thickness of this region is not constant along the hill
and not in phase with the topography. Recent large-eddy simulations suggest that the
pressure is not in phase with topography perhaps hinting that a connection between
the thickness of this region and the mean pressure may exist. If so, then �So can
be used to define a virtual ground that replaces the topography in boundary-layer
models. The canopy sublayer thickness (or virtual ground) is also useful in the design
of experiments aimed at measuring biosphere-atmosphere exchange over complex
terrain, and in the development of simplified models that aim at predicting the role
of advection from prescribed pressure assumed to be in phase with topography.
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Appendix: Robustness of the gradient-diffusion approximation for modelling �So

For flat and uniform terrain, several field experiments for the near-neutral atmospheric
surface layer already reported a finite w′w′u′ despite a near-constant u′w′ (Kader and
Yaglom 1990). A finite w′w′u′ cannot be consistent with gradient-diffusion closure
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predictions if du′w′/dz = 0. We explore in this Appendix how this inconsistency may
propagate to �So predictions in Eq. 10. Katul et al. (1997b) found that M12 � 0.12
rather than zero in the dynamic sublayer above a flat uniform bare soil surface and a
tall grass surface consistent with the long-term surface-layer data reported in Kader
and Yaglom (1990). Interestingly, Katul et al. (1997b) also found for the same exper-
iments that (i) M12 = M21 and (ii) �So = 0 (via quadrant analysis). Hence, while
a gradient-diffusion model erroneously predicts M12 = M21 = 0 (rather than 0.12),
Eq. 10 correctly predicts �So = 0.

Another check on Eq. 10 for rough and smooth-walled boundary layers comes from
the wind-tunnel experiments of Raupach (1981). In these experiments, it was reported
that M21 ≈ 0.73�So, Ruw = −0.3, and M21 � −M12 across the entire boundary layer
(i.e. surface layer and outer layer). Using Eq. 10 and assuming M12 � −M21, we obtain
2M21 = −2Ruw(2π)1/2�So, which results in M21 = 0.75�So for Ruw = −0.3. The pre-
dicted coefficient (= 0.75) from Eq. 10 is remarkably close to the value (= 0.73)
reported by Raupach (1981). Note that these wind-tunnel experiments exhibited sig-
nificant vertical gradients in the second moments, especially in the outer layer. When
these two results are taken together, it is clear that �So predictions are not sensi-
tive to the precise magnitudes of M12 and M21 but to the imbalance between them.
When the gradients in the second moments are small, the imbalance is small, and
Eq. 10 still captures the correct �So. When the gradients in the second moments
amplify, gradient-diffusion estimates of the mixed moments improve, and Eq. 10 may
still be a good predictor of �So.

We also show that Eq. 10 correctly predicts the ‘intensification’ of sweeps over
ejections as canopy density increases (but for the same flow statistics) by noting that
in a planar homogeneous flow, Eq. 10 can be expressed as

�So = −1

2
√

2π

qλ1

〈w′u′〉
[

1
σu

∂〈u′u′〉
∂z

+ 2
σw

Cda(z)u2
]

, (14)

where Cd is the drag coefficient and a(z) is the leaf area density. Hence, for the same
flow statistics, when (Cd a) increases, �So also increases (positively) indicating that
the role of sweeps is to intensify momentum transfer consistent with the flat-terrain
measurements reported in Poggi et al. (2004b).
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