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Biosphere-Atmosphere 

Interaction

Studying and understanding the Biosphere-Atmosphere interactions is a core activity 
within the discipline of Earth System Sciences. Many of the most pressing 
environmental challenges that our society faces together with their remedies, can be 
traced to the Biosphere-Atmosphere interactions within the Earth System.

Even if the role played by Atmospheric sciences in the history of Natural Philosophy is 
often underscored, our Atmosphere is crucial for keeping the Earth surface in a 
Goldilocks position for carbon based life forms (among which… human beings).

The Biosphere-Atmosphere interactions mainly happen inside the Planetary 
Boundary Layer through biogeochemical fluxes, where a (turbulent) flux is a  
unifying principle in the transport of mass and energy.
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FIG. 4. Turbulence intensities as a
function of outer coordinate y/�.

continued for 30 periods of time (T = Lx

U1
, where Lx is the

length of computational domain in streamwise direction), and
the statistics discussed in the following are based on the latter
24 periods.

Fig. 5 depicts the instantaneous fluid-vortex structures
colored by streamwise velocity and real-size particles in
the computational domain when the boundary layer is fully

FIG. 5. Vortex structure of the boundary layer in the particle-laden case (white
dots are the finite-sized particles and the vortex structure is colored with
normalized streamwise velocity).

developed. Typical structures, such as hairpin vortexes or
horseshoe vortexes, can be observed along with finite-sized
particles. It is also well illustrated that the present parti-
cle diameter approximates to the scale of the fluid structure,
especially near the wall region.

To better visualize the influence of the presence of the par-
ticles on the flow structures, the contours of fluctuating velocity
streaks and dissipation rate of turbulent kinetic energy near the
wall region (y+ = 22) are plotted in Fig. 6, where the particles
are, respectively, colored in black and white. The dissipation
rate of turbulent kinetic energy is calculated as follows:

2= 2⌫s0
ij
s
0
ij
, (15)

where the strain-rate tensor s
0
ij
= (u0

i,j + u
0
j,i)/2.

Since the solid volume fraction is low, particles are dis-
persed in the fluid and no particle clusters are observed in
the figure. As is well known, particle size is a key factor in
influencing the interaction between turbulent flow and particle
motion.7–9 The visualization results based on the particle-
resolved show a different result compared with previous simu-
lation study15 based on point-particle assumption. The results
shown in Figs. 6(a) and 6(b) demonstrate that, the tendency of
particles to accumulate in the low-speed streak, which has been
observed in previous experimental and simulation work,6,15,16

does not appear in the present simulation. It is on probably
account of the large particle inertia investigated in the present
study which was also revealed by Hetsroni and Rozenblit.36

However, as shown in Figs. 6(c) and 6(d), an increased level of
turbulent kinetic energy dissipation rate can be observed due
to the interaction between the particle surface and fluid.37

C. Fluid statistics

The wall drag exerted by the fluid is usually expressed
with non-dimensionalized wall friction coefficients,
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Figure 4.11 (a) Schematic of a turbulent boundary layer. (b) Side view of the large eddies in a
turbulent boundary layer using laser-induced fluorescence. (c) Oblique, transverse section of a
boundary layer visualized by smoke.
(b) Courtesy of efluids.com. Picture by M. Gad-el-Hak. (c) Courtesy of R.E. Britter.

You might ask, why do we define the turbulence to be restricted to that part of the flow field
in which ω is non-zero? This is an interesting question. In fact, if we make velocity or pressure
measurements in the irrotational region (outside the boundary layer) then we do indeed detect
random fluctuations in u and p. Actually, we know this must be true because (2.23) tells us that
a fluctuation in velocity at any one point sends out pressure waves (which travel infinitely fast in
an incompressible fluid) and these pressure waves induce irrotational motion. Thus, as an eddy
rolls along the boundary layer, it induces pressure fluctuations (which fall off as y–3)7 and hence
pressure forces and velocity fluctuations in the fluid outside the boundary layer. However, we do
not choose to call the fluctuating, irrotational motion turbulent. Rather, we think of it as a passive
response to the nearby turbulent vorticity field. This is a little arbitrary, but it reflects the fact
that there can be no intensification of velocity fluctuations by vortex stretching, and hence no
energy cascade, in an irrotational flow. Moreover, it is readily confirmed that the y-derivative of
the Reynolds stress τxy is zero in the irrotational fluid and so the point at which ūx reaches the
free-stream value of ū∞ is effectively the same as the time-averaged edge of the vortical region.

7 The fact that pressure fluctuations due to an eddy fall off as y–3 is established in Chapter 6.
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upwind rural-urban border, until it fills the whole
ABL – this is the urban boundary layer (UBL,
Figure 2.12b), that part of the ABL influenced by
the presence of a city.

At the downwind urban–rural border a new rural
boundary layer forms; so the layer of urban-modified
air becomes isolated aloft, forming what Clarke
(1969) dubbed the urban plume (since it seems to
spew forth as from a giant chimney, Figure 2.12b).
The plume contains the thermal, moisture and kin-
ematic effects of the city for tens of kilometres, and it
carries air pollutants for hundreds of kilometres
downwind. If the background wind happens to align
plumes of several cities together they can combine to
form a megalopolitan plume. These include the so
called ‘brown clouds’ originating from the eastern
seaboard of North America, south Asia and east
Asia, which are detectable thousands of kilometres
downstream.

A summary of the internal structure of the UBL by
day and by night and its scaling variables is given in
Figure 2.13a,b, respectively and Table 2.3.
In daytime, heating at the urban surface is stronger

in most cities compared to the rural surrounding. This
creates more vigorous mixing in the ML and entrain-
ment at the top of the UBL which makes it deeper
than the equivalent rural ABL; hence, the height of
the capping inversion zi is elevated over cities (see
Section 4.4). The strong mixing in the urban ML is
responsible for the commonly uniform murkiness of
the polluted atmosphere over cities during daytime.
Figure 2.14 helps to make the shape, dimensions

and even the internal structure of a daytime boundary
layer visible. The image comes from a downward-
facing lidar system mounted in an aircraft as it flies
across the coast and the city of Vancouver, Canada,
early in the afternoon of a fine day in August. This
lidar emits a laser beam towards the surface and it is
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Figure 2.13 Schematic of typical
layering of the atmosphere over a
city (a) by day, and (b) at night.
Note the height scale is
logarithmic, except near the
surface.
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The Roughness Sublayer

The RSL significance to a plethora of physical, chemical, and biological processes is not in dispute. It 
suffices to note that Earth Systems and Numerical Weather Predictions models require a handshake 
between the land surface and the atmosphere. 

Oke et al. (2017), Akinlabi et al. (2022)

(Figure 4.18, Figure 4.19a). We call this region of the
RSL in dense arrays the shear zone, which is charac-
terized by an inflection point (at height ze) in the
average wind profile, typically located around zH (ze
can be higher or lower than zH , depending on vari-
ability of building heights and packing density). At ze
curvature of the wind profile changes from concave to
convex.
Below the inflexion point, each layer of the canopy

imposes some drag on the flow i.e. it is a momentum
sink. Momentum is absorbed first by the tallest roofs,
then progressively by walls and in less densely packed
districts, also by the canyon floor. Therefore, the aver-
age momentum flux decays with distance into the
urban canopy, i.e. each layer removes a certain frac-
tion of the momentum flux injected from the level
above. Figure 4.19b shows measured momentum
fluxes (precisely measured Reynold stress hτi) from
different field studies. hτi at any height is normalized
by the maximum measured value of τ above the
canopy. All the sites included in Figure 4.19b are
relatively densely packed (λb > 0.25) and below about
0.5zH no significant hτi is registered. Also note that hτi
starts to decrease above zH probably because zH is the
average height of buildings. Some structures are taller

than zH , and they are disproportionally more signifi-
cant in terms of the drag they impose on the flow
(Rotach, 2001).
Figure 4.19c shows how effectively momentum is

transferred by turbulence at different heights in the
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96 Airflow

In spite of its crucial role in land-Atmosphere exchange processes, even for homogeneous canopies 
there are still unanswered questions at a fundamental level that prevent the understanding and the 
modelling of turbulent flows in the RSL.

118 E. Akinlabi et al.

Fig. 17 Quadrant map for a w′′u′′ and b w′′s′′ showing ejection E (w′′ > 0, u′′ < 0 or s′′ > 0), inward
interaction I (w′′ < 0, u′′ < 0 or s′′ > 0), sweep S (w′′ < 0, u′′ > 0 or s′′ < 0) and outward interaction O
(w′′ > 0, u′′ > 0 or s′′ < 0) persistent structures at y/H = 116. The x- axis are defined in terms of the child
domain

pressure gradients introduced by the buildings (Nepf and Koch 1999). At the leeward side of
the canopy, the inward interaction is dominant below z/H = 12 as result of negativew′′ and
u′′. However, in Poggi and Katul (2008), this quadrant was dominant near the top of the rod
forming a vertical secondary circulation with the positivew′′ near the ground. The variability
of the building height in real urban canopy may have prevented the formation of such vertical
secondary circulations at lower altitudes. The quadrant map for w′′s′′ is similar to that for
w′′u′′, except that the vertical extent of the outward interaction (w′′ > 0 and s′′ < 0) at the
interface between the smooth surface and rough urban surface extends higher than that in
w′′u′′. The dominant quadrant within the urban canopy is also ejection (w′′ > 0 and s′′ > 0).
Sweep (w′′ < 0 and s′′ < 0) is the dominant quadrant at the leeward end of the canopy for
z/H < 5 while the inward interaction (w′′ < 0 and s′′ > 0) is dominant for z/H > 5.

The quadrant map in Fig. 17 only gives information about the quadrant to which each
point in space belongs. In comparison, the absolute value of the dispersive flux fraction
Fi,Th normalized by

∑
i |Fi,Th | (hereafter the magnitude of dispersive flux fraction) and the

corresponding space fraction for different thresholds Th are presented in Figs. 18 and 19,
respectively, for w′′u′′. The results for w′′s′′ are presented in Appendix.

The magnitude of dispersive flux fractions decreases with increasing threshold Th . At
z/H = 1 and z/H = 4, |Fi,6| values decrease to half or less of |Fi,0| and only |F4,10|
values exceeded 0.2, which gives evidence that ejections are the largest structures involved
inmomentum transport at these two heights. At z/H = 12, only |F3,10| values exceeded 0.35,
which shows that the inward interaction has the largest contribution to momentum transport
at this height. The dominance of ejection at z/H = 1 and z/H = 4 and inward interactions
at z/H = 12 shows that strong negative values of u′′ are present at these heights. In the
inertial sublayer (at z/H = 30), both |F2,0| and |F4,0| values exceed 0.4. This implies that
the ejections (dominant above the interface between the smooth surface and the rough urban
canopy) and sweeps (dominant above the rough urban canopy) are the dominant structures
at this height, which is consistent with the previous study by Shaw et al. (1983).
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structures present in the ABL and their evolution with thermal stability. This was made pos-
sible thanks to field observations (e.g., Lemone 1973; Wilczak and Tillman 1980; Atkinson
and Zhang 1996; Weckwerth et al. 1997) and LES performed from neutral to free convection
regimes over rough and vegetated surfaces (e.g., Deardorff 1972; Moeng and Sullivan 1994;
Brasseur and Wei 1994; Finnigan et al. 2009; Bailey and Stoll 2016; Patton et al. 2016;
Salesky et al. 2017; Salesky and Anderson 2018; Jayaraman and Brasseur 2021; Perret and
Patton 2021).

In neutrally-stratified channel flows, the elementary coherent structures populating the
surface-shear flow are downstream head-up hairpin vortices resulting from the upward
stretching of spanwise vortices. These hairpin vortices occur in streamwise succession,

Fig. 1 Idealized schematic of the main coherent motions present in the ABL according to the thermal strat-
ification. a The diurnal near-neutral condition is characterized by longitudinal high- and low-speed streaks
(VLSMs) in the ASL, combined with convective rolls within the mixed-layer above. Near the surface (right
figures), head-up head-down hairpin vortices dominate the turbulence at canopy top (RSL flow) while head-up
hairpin vortex packets (LSMs) dominate above rough surfaces (ESL flow). b Forced convection is intermedi-
ate between diurnal near-neutral (a) and free convection (c) conditions, with an increasing inclination of the
ASL hairpin vortices toward the vertical before ultimately forming plumes that disturb the convective rolls.
c Free convection conditions are characterized near the surface by rising plumes of warm air that merge into
large-scale thermals (updrafts), compensated by large-scale downdrafts of cool air. Near the surface, patches
of local wind shear form between the convergence/divergence regions induced by these large-scale updrafts
and downdrafts. d The nocturnal near-neutral to stable condition is characterized by a progressive decou-
pling with increasing stability between the near-surface turbulence and the above residual layer, reducing the
influence of ABL-scale motions on near-surface turbulence, and thus reducing the size of the longitudinal
streaks (VLSMs). e The stable condition is characterized by a decoupling between the near-surface layer and
the above decaying residual layer. Near the surface the turbulence is intermittently missing, perpetuated by
sporadic bursts from, for example, residual-layer motions, a low-level jet, or gravity waves. See Sect. 2.4 for
more details
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ification. a The diurnal near-neutral condition is characterized by longitudinal high- and low-speed streaks
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hairpin vortex packets (LSMs) dominate above rough surfaces (ESL flow). b Forced convection is intermedi-
ate between diurnal near-neutral (a) and free convection (c) conditions, with an increasing inclination of the
ASL hairpin vortices toward the vertical before ultimately forming plumes that disturb the convective rolls.
c Free convection conditions are characterized near the surface by rising plumes of warm air that merge into
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streaks (VLSMs). e The stable condition is characterized by a decoupling between the near-surface layer and
the above decaying residual layer. Near the surface the turbulence is intermittently missing, perpetuated by
sporadic bursts from, for example, residual-layer motions, a low-level jet, or gravity waves. See Sect. 2.4 for
more details

123

U(z)

M
ix

in
g 

La
ye

r

V

an
 D

yk
e 

(1
98

2) Young eddies
Coherent Structure

LS = U(h)/
dU
dz



S. Dupont, E. G. Patton

structures present in the ABL and their evolution with thermal stability. This was made pos-
sible thanks to field observations (e.g., Lemone 1973; Wilczak and Tillman 1980; Atkinson
and Zhang 1996; Weckwerth et al. 1997) and LES performed from neutral to free convection
regimes over rough and vegetated surfaces (e.g., Deardorff 1972; Moeng and Sullivan 1994;
Brasseur and Wei 1994; Finnigan et al. 2009; Bailey and Stoll 2016; Patton et al. 2016;
Salesky et al. 2017; Salesky and Anderson 2018; Jayaraman and Brasseur 2021; Perret and
Patton 2021).

In neutrally-stratified channel flows, the elementary coherent structures populating the
surface-shear flow are downstream head-up hairpin vortices resulting from the upward
stretching of spanwise vortices. These hairpin vortices occur in streamwise succession,

Fig. 1 Idealized schematic of the main coherent motions present in the ABL according to the thermal strat-
ification. a The diurnal near-neutral condition is characterized by longitudinal high- and low-speed streaks
(VLSMs) in the ASL, combined with convective rolls within the mixed-layer above. Near the surface (right
figures), head-up head-down hairpin vortices dominate the turbulence at canopy top (RSL flow) while head-up
hairpin vortex packets (LSMs) dominate above rough surfaces (ESL flow). b Forced convection is intermedi-
ate between diurnal near-neutral (a) and free convection (c) conditions, with an increasing inclination of the
ASL hairpin vortices toward the vertical before ultimately forming plumes that disturb the convective rolls.
c Free convection conditions are characterized near the surface by rising plumes of warm air that merge into
large-scale thermals (updrafts), compensated by large-scale downdrafts of cool air. Near the surface, patches
of local wind shear form between the convergence/divergence regions induced by these large-scale updrafts
and downdrafts. d The nocturnal near-neutral to stable condition is characterized by a progressive decou-
pling with increasing stability between the near-surface turbulence and the above residual layer, reducing the
influence of ABL-scale motions on near-surface turbulence, and thus reducing the size of the longitudinal
streaks (VLSMs). e The stable condition is characterized by a decoupling between the near-surface layer and
the above decaying residual layer. Near the surface the turbulence is intermittently missing, perpetuated by
sporadic bursts from, for example, residual-layer motions, a low-level jet, or gravity waves. See Sect. 2.4 for
more details

123

Mixing Layer Analogy

Raupach, Finnigan and Brunet (1996)

U(z)

Bo
un

da
ry

 L
ay

er

Old eddies with 
longer straining 
time

Fully developed turbulence
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length scales become relatively small at the canopy top and are not dominated by 
large scale eddies generated by shear instabilities at the inflection point of the 
wind profile.
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A new perspective for the Roughness Sublayer: 

the Cospectral Budget Model

The idea is to describe the Roughness Sublayer starting from the 
energetics of turbulence whereby all eddy sizes contribute to 
momentum transport. 


As a matter of facts, while conventional mixing length theories attribute a single 
mixing length to momentum transport, Roughness sublayer turbulence involves 
multiple length scales prompting interest in how to accommodate all of them in the 
estimation of appropriate stability functions.



The law-of-the wall. 

Departures from the logarithmic profile

Assuming that the law-of-the wall (i.e. a 
logarithmic profile) holds in the Inertial 
Sublayer, the RSL effects can be 
accommodated through a correction 
function:

κv(z − d)
u*

dU
dz

= ϕRSL (z /z*, d /h, . . . )

κv(z − d)
u*

dU
dz

= 1 U(z) =
u*

κv
log

z − d
z0

By virtue of this definition, the log-law is recovered when  though more 
significant is its independence of . For this reason, phenomenological theories describing 

 assume that  when .

ϕRSL( . ) = 1
z

ϕRSL( . ) ϕRSL( . ) → 1 z → ∞

Thus, is a dimensionless roughness sublayer modification function yet to be 
determined and frames the scope of the work here for near-neutral conditions.

ϕRSL( . )



The law-of-the wall. 

Departures from the logarithmic profile

Laboratory and field studies suggest enhancement in momentum transport in the RSL 
when compared to ISL predictions, thereby requiring that:

ϕRSL = 1 − exp [−a1 ( z − d
z* )]
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δω )

Empirical form

ϕRSL ≤ 1

Mixing Layer Analogy 

(Raupach et al., 1996; Harman and Finnigan, 2007)

empirical

 These descriptions associate a single (and fastest) growing mode 
of instability (Kelvin-Helmholtz type) leading to coherent structures 
to be the dominant effective mixing-length ignoring all other 
energetic modes in the spectrum of turbulence that contribute to 
momentum fluxes.
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RSL turbulence involves multiple length scales prompting interest in how to accommodate 
all of them in the estimation of . The work here seeks to arrive at a description of 

 starting from the energetics of turbulence whereby all eddy sizes contribute to 
momentum transport.
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Provided these modifications to  are not too large to introduce mean advective 
terms, the assumptions of stationary and planar homogeneous flow conditions in the 
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A stress budget model

In stationary and planar homogeneous high Reynolds number flow and in the absence of 
subsidence, the turbulent stress budget reduces to


∂u′￼w′￼

∂t
= 0 = − σ2

w
dU
dz

−
∂w′￼w′￼u′￼

∂z
+ Ru,w − 2ϵuw,



Model 1: 

A stress budget model

In stationary and planar homogeneous high Reynolds number flow and in the absence of 
subsidence, the turbulent stress budget reduces to


∂u′￼w′￼

∂t
= 0 = − σ2

w
dU
dz

−
∂w′￼w′￼u′￼

∂z
+ Ru,w − 2ϵuw,

mechanical production

flux transport

pressure rate of strain

de-correlation

viscous de-correlation



Model 1: 

A stress budget model

In stationary and planar homogeneous high Reynolds number flow and in the absence of 
subsidence, the turbulent stress budget reduces to


∂u′￼w′￼

∂t
= 0 = − σ2

w
dU
dz

−
∂w′￼w′￼u′￼

∂z
+ Ru,w − 2ϵuw,

mechanical production

flux transport

pressure rate of strain

de-correlation

viscous de-correlation



Model 1: 

A stress budget model

In stationary and planar homogeneous high Reynolds number flow and in the absence of 
subsidence, the turbulent stress budget reduces to


∂u′￼w′￼

∂t
= 0 = − σ2

w
dU
dz

−
∂w′￼w′￼u′￼

∂z
+ Ru,w − 2ϵuw,

mechanical production

flux transport

pressure rate of strain

de-correlation

viscous de-correlation

 can be parameterised using the LRR-PI model (Rotta return-to-isotropy closure scheme 
corrected for the isotropization of the production):

Ru,w

−(1 − CI)σ2
w

dU
dz

− CR
w′￼u′￼

τ
= 0



Model 1: 

A stress budget model

In stationary and planar homogeneous high Reynolds number flow and in the absence of 
subsidence, the turbulent stress budget reduces to


∂u′￼w′￼

∂t
= 0 = − σ2

w
dU
dz

−
∂w′￼w′￼u′￼

∂z
+ Ru,w − 2ϵuw,

mechanical production

flux transport

pressure rate of strain

de-correlation

viscous de-correlation

 can be parameterised using the LRR-PI model (Rotta return-to-isotropy closure scheme 
corrected for the isotropization of the production):

Ru,w

−(1 − CI)σ2
w

dU
dz

− CR
w′￼u′￼

τ
= 0

de-correlation timescale τ =
2σ2

w

ϵ


CR = 1.8, CI = 0.6

A =
CR

1 − CI
= 4.5



Model 1: 

A stress budget model

In stationary and planar homogeneous high Reynolds number flow and in the absence of 
subsidence, the turbulent stress budget reduces to


∂u′￼w′￼

∂t
= 0 = − σ2

w
dU
dz

−
∂w′￼w′￼u′￼

∂z
+ Ru,w − 2ϵuw,

mechanical production

flux transport

pressure rate of strain

de-correlation

viscous de-correlation

 can be parameterised using the LRR-PI model (Rotta return-to-isotropy closure scheme 
corrected for the isotropization of the production):

Ru,w

−(1 − CI)σ2
w

dU
dz

− CR
w′￼u′￼

τ
= 0

de-correlation timescale τ =
2σ2

w

ϵ


CR = 1.8, CI = 0.6

A =
CR

1 − CI
= 4.5

−
1
A

τσ2
w

u′￼w′￼

dU
dz

= 1



Model 1: 

A stress budget model

In stationary and planar homogeneous high Reynolds number flow and in the absence of 
subsidence, the turbulent stress budget reduces to


∂u′￼w′￼

∂t
= 0 = − σ2

w
dU
dz

−
∂w′￼w′￼u′￼

∂z
+ Ru,w − 2ϵuw,

mechanical production

flux transport

pressure rate of strain

de-correlation

viscous de-correlation

 can be parameterised using the LRR-PI model (Rotta return-to-isotropy closure scheme 
corrected for the isotropization of the production):

Ru,w

−(1 − CI)σ2
w

dU
dz

− CR
w′￼u′￼

τ
= 0

de-correlation timescale τ =
2σ2

w

ϵ


CR = 1.8, CI = 0.6

A =
CR

1 − CI
= 4.5

−
1
A

τσ2
w

u′￼w′￼

dU
dz

= 1 ϕRSL = − A
u′￼w′￼

u2
*

u*

σw

LBL

τσw



Model 1: 

A stress budget model

Model 1 shows that suggests that the RSL introduces deviations from  through 2 
key mechanisms: 


- an and dependency on  presumably due to presence of complex 
topography distorting  from its idealized ISL budget expectations


- a that no longer scales with .
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 is the dissipation length scale (an integral scale much larger than the 

Kolmogorov microscale: 
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Model 2: 

A Cospectral Budget Model

Model 2 is a scale wise extension of Model 1.

The presence of an RSL is expected to distort the vertical velocity spectrum, , from its 
'canonical' shape in the ISL. Since
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A scale-wise closure a scale-wise isotropization of the production term that corrects the 
original Rotta scheme is used for  to give:
π(k)

(1 − CI)
dU
dz

Eww(k) −
CR

τ(k)
Fwu(k) = 2νk2Fwu(k) .



Model 2: 

A Cospectral Budget Model

Model 2 is a scale wise extension of Model 1.

The presence of an RSL is expected to distort the vertical velocity spectrum, , from its 
'canonical' shape in the ISL. Since
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As a side result, The CSB model unambiguously shows that the appropriate eddy viscosity, 
, that applies simultaneously in the RSL and ISL is given by
νt
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∞
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The Amazon Tall Tower Observatory
The ATTO site is situated in the central Amazon rainforest of Brazil, in a pristine area, 
up till now mostly unaffected by deforestation or other human interference. In fact, it 
is situated within the Uatumã Sustainable Development Reserve. This ensures that it 
will remain undisturbed for some years to come.
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Results: bulk flow statistics
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Results: Spectral and Cospectral Properties

 exhibits an extended ISR scaling at all levels for smaller eddies ( ). As  increases and the 
influence of RSL turbulence weakens, the onset of a scaling becomes evident at low wavenumbers 
( ) suggestive of dominance of attached eddies.


 also exhibits an extended ISR scaling for  at all .  At , the emerging picture is rather 
different.  Near the canopy top, the measured  is well approximated by the idealized shape. With 
increasing , deviations from a flat energy-splashing region at  become noticeable. 

Euu(k) kz > 1 z /h
k−1

kz < 1
Eww(k) kz > 1 z kz < 1

Eww(k)
z /h kz < 1



a) b) c)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

10−2
10−1
100
101
102
103

kz

E u
u(

k)
/σ

u2

e) f) g)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

10−2

10−1

100

101

102

kz

E w
w
(k
)/σ

w2

i) j) k)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103
10−4
10−3
10−2
10−1
100
101
102
103

kz

F u
w
(k
)/|

<u
w

>|

data
Eq. (20)

k0

Results: Spectral and Cospectral Properties

 exhibits an extended ISR scaling at all levels for smaller eddies ( ). As  increases and the 
influence of RSL turbulence weakens, the onset of a scaling becomes evident at low wavenumbers 
( ) suggestive of dominance of attached eddies.


 also exhibits an extended ISR scaling for  at all .  At , the emerging picture is rather 
different.  Near the canopy top, the measured  is well approximated by the idealized shape. With 
increasing , deviations from a flat energy-splashing region at  become noticeable. 

Euu(k) kz > 1 z /h
k−1

kz < 1
Eww(k) kz > 1 z kz < 1

Eww(k)
z /h kz < 1

k0

k0

k0



a) b) c)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

10−2
10−1
100
101
102
103

kz

E u
u(

k)
/σ

u2

e) f) g)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

10−2

10−1

100

101

102

kz

E w
w
(k
)/σ

w2

i) j) k)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103
10−4
10−3
10−2
10−1
100
101
102
103

kz

F u
w
(k
)/|

<u
w

>|

data
Eq. (20)

k0

k− 5
3

Results: Spectral and Cospectral Properties

 exhibits an extended ISR scaling at all levels for smaller eddies ( ). As  increases and the 
influence of RSL turbulence weakens, the onset of a scaling becomes evident at low wavenumbers 
( ) suggestive of dominance of attached eddies.


 also exhibits an extended ISR scaling for  at all .  At , the emerging picture is rather 
different.  Near the canopy top, the measured  is well approximated by the idealized shape. With 
increasing , deviations from a flat energy-splashing region at  become noticeable. 

Euu(k) kz > 1 z /h
k−1

kz < 1
Eww(k) kz > 1 z kz < 1

Eww(k)
z /h kz < 1

k0

k0

k0

k− 5
3

k− 5
3

k− 5
3

k− 5
3 k− 5

3



a) b) c)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

10−2
10−1
100
101
102
103

kz

E u
u(

k)
/σ

u2

e) f) g)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

10−2

10−1

100

101

102

kz

E w
w
(k
)/σ

w2

i) j) k)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103
10−4
10−3
10−2
10−1
100
101
102
103

kz

F u
w
(k
)/|

<u
w

>|

data
Eq. (20)

k0

k− 5
3

Results: Spectral and Cospectral Properties

 exhibits an extended ISR scaling at all levels for smaller eddies ( ). As  increases and the 
influence of RSL turbulence weakens, the onset of a scaling becomes evident at low wavenumbers 
( ) suggestive of dominance of attached eddies.


 also exhibits an extended ISR scaling for  at all .  At , the emerging picture is rather 
different.  Near the canopy top, the measured  is well approximated by the idealized shape. With 
increasing , deviations from a flat energy-splashing region at  become noticeable. 

Euu(k) kz > 1 z /h
k−1

kz < 1
Eww(k) kz > 1 z kz < 1

Eww(k)
z /h kz < 1

k−1 k−1
k−1

k0

k0

k0

k− 5
3

k− 5
3

k− 5
3

k− 5
3 k− 5

3



Results: the relaxation time scale

τ(k) = αϵ−1/3k−2/3

For  and , the agreement indicates that  is independent of  (i.e. measured  
scales as  instead of ).  This independence at  from  may be hinting that canopy scale 
processes are restricting  at large scales for . Clearly, these restrictions become weaker with 
increasing .
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Results: CSB model assessment

a) b) c)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

10−2
10−1
100
101
102
103

kz

E u
u(

k)
/σ

u2

e) f) g)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

10−2

10−1

100

101

102

kz

E w
w
(k
)/σ

w2

i) j) k)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103
10−4
10−3
10−2
10−1
100
101
102
103

kz

F u
w
(k
)/|

<u
w

>|

data
Eq. (20)

data

Fwu(k) = −
1
A

dU
dz

τ(k)Eww(k)

a) b) c)

40 55 81

10−3 10−2 10−1 100 101 10−3 10−2 10−1 100 101 10−3 10−2 10−1 100 101

100

101

102

103

k

τ(
k)

data
ε−1 3 k−2 3

10
3

C0ε
−1 3 k−2 3

d) e) f)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

100

kz

−
A Γ

 F u
w

E k
k ε

1
3  k

2
3

data
α = 1

α = 
10
3

C0

α = α



Results: CSB model assessment

a) b) c)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

10−2
10−1
100
101
102
103

kz

E u
u(

k)
/σ

u2

e) f) g)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

10−2

10−1

100

101

102

kz

E w
w
(k
)/σ

w2

i) j) k)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103
10−4
10−3
10−2
10−1
100
101
102
103

kz

F u
w
(k
)/|

<u
w

>|

data
Eq. (20)

data

Fwu(k) = −
1
A

dU
dz

τ(k)Eww(k)

a) b) c)

40 55 81

10−3 10−2 10−1 100 101 10−3 10−2 10−1 100 101 10−3 10−2 10−1 100 101

100

101

102

103

k

τ(
k)

data
ε−1 3 k−2 3

10
3

C0ε
−1 3 k−2 3

d) e) f)

40 55 81

10−1 100 101 102 103 10−1 100 101 102 103 10−1 100 101 102 103

100

kz

−
A Γ

 F u
w

E k
k ε

1
3  k

2
3

data
α = 1

α = 
10
3

C0

α = α



Results: Spectral and Cospectral Properties

The notable difference between measured and modeled  is at .  Because , a 
 scaling is expected in modeled  when  experiences a  regime. However, the measured 

 does not support a  scaling near the canopy top at .  Nonetheless, with increasing , the 
measured and predicted  do agree better at the low wavenumber end.   Not withstanding this issue at 
low , the overall agreement between measured and modeled  are acceptable for linking  to 

.
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Results: Spectral Peaks and the dissipation length scale, Ld

At all , a  that can be reasonably identified from the maximum of .

This analysis provides experimental support to the finding .
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•The third adopts idealized shapes for the spectrum of vertical velocity in the RSL 
thereby enabling an analytical link between  and the dissipation length scale, 

.
ϕRSL
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The  behaviour is shown to be partly connected to the fact that moving away from the canopy  
begins to exhibit a scaling law with an exponent that becomes more negative with increasing  but remains 
larger than .
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Within the moving equilibrium hypothesis, the derivation for  showed that the macro-scale dissipation 
length scale  emerges naturally from a co-spectral budget model. The derivation presumed that  is 
the quantity that is 'conserved' across the energy cascade of  thereby enabling 'generic' description 
for its shape.  The derivation made explicit how  can be related to deviations in  from unity 
using a co-spectral budget model.
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A spectral budget at low wavenumbers for  with standard spectral closure schemes shows thatEww(k)

Low wavenumber effect on :ϕRSL


