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Abstract
Forest edges have significant impacts on flow dynamics and mass exchange across the
forest–atmosphere interface. A better understanding of edge flows and scalar transport has
implications for locating and interpreting eddy-covariance flux measurements over finite-
size forests with edges. Here the large-eddy simulation module within the Weather Research
and Forecasting model is deployed to study the influence of forest edges on flow dynamics
and scalar transport for a range of vertical distributions of foliage and scalar sources/sinks.
For plant canopies with a relatively dense trunk space, a strong in-canopy flow convergence
develops near the leading edge, which dominates the flow dynamics and leads to distinct
scalar concentration and flux patterns not only across edges but also across the forest–atmo-
sphere interface for sources near the ground and lower part of the canopy. For plant canopies
with a deep, sparse trunk space, a strong and long sub-canopy jet develops, leading to simpler
features in flow dynamics and scalar transfer. A real case with scalar sources/sink distribu-
tions as simulated by a newly developed multiple-layer canopy module produces even more
complex scalar concentration and flux patterns. The budget equations for scalars are also
analyzed to quantify the contributions of different terms to scalar fluxes. Our results demon-
strate that both the scalar source distributions and canopy structures should be considered
when eddy-covariance flux measurements are made over finite-size forests with edges.
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1 Introduction

Forests cover about 30% of the land surface, playing an important role in biosphere–atmo-
sphere exchanges of energy, water vapour, and trace gases (Bonan 2008). A variety of natural
and human disturbances such as wildfires, logging, bark beetles, windthrow, and extreme
weather events (Yi et al. 2015) create highly heterogeneous forested landscapes with edges,
leading to highly spatially-heterogeneous flows (Yang et al. 2006; Dupont and Brunet 2008,
2009; Sogachev et al. 2008; Kanani-Sühring and Raasch 2015, 2017). It is well recognized
that forest-edge effects pose significant problems when interpreting eddy-covariance mea-
surements of the surface energy balance and carbon budgets over heterogeneous forested
landscapes (Oldroyd et al. 2014; Foken et al. 2017). A better understanding of forest-edge
flow dynamics and associated scalar transfer will offer insight into how to reduce uncertainty
in eddy-covariance measurements over highly heterogeneous forested areas.

Efforts have been made to study forest-edge flows using analytical models (Belcher et al.
2003; Kröniger et al. 2017), large-eddy simulations (Yang et al. 2006; Dupont and Brunet
2008; Cassiani et al. 2008;Kanani et al. 2014;Kanani-Sühring et al. 2017), and fieldmeasure-
ments (Klaassen et al. 2002; Schlegel et al. 2012; Foken et al. 2017). All studies demonstrate
that forest edges substantially influence mean and turbulent flow dynamics, scalar transport,
and the surface energy imbalance problem. Such forest-edge effects can be significant not
only around the upwind and downwind edges but also in a region extending from the edge
to a great downwind distance in both horizontal and vertical dimensions, depending on leaf
area index (LAI) and inflow dynamics (e.g., Klaassen et al. 2002; Dupont and Brunet 2008;
Belcher et al. 2012).

The vertical foliage distributions have a significant impact on the edge-flow features
(Cassiani et al. 2008;Dupont et al. 2012;Kanani-Sühring andRaasch 2015). Forest edgeswith
a relatively dense trunk space and LAI >5 m2 m−2 are likely to lead to the development of an
in-canopy recirculation at some distance from the leading edge (Kanani-Sühring and Raasch
2015). Such an in-canopy recirculation can also develop below canopy with a vertically
uniform foliage once LAI � 4m2 m−2. However, this in-canopy recirculation rarely develops
near a forest edge with most of its foliage distributed at the upper part of trees and a deep,
sparse trunk space at the lower part, such as maritime pine (Dupont et al. 2011). Nevertheless,
this deep, sparse trunk space allows a strong sub-canopy jet with high turbulence kinetic
energy (TKE) to develop across a great distance from the leading edge. In contrast, a sub-
canopy jet is less pronounced for forests with a relatively dense trunk space and uniformly
distributed foliage. Although these edge flow dynamics associated with the vertical foliage
distributions have been reported in the literature, their impacts on scalar transport remain less
studied.

In canopies with a relatively dense trunk space and with uniformly distributed foliage and
uniform sources, flow convergence downwind of the leading edge results in an increased
scalar concentration and enhanced fluxes (Sogachev et al. 2008; Yi 2008; Ross and Baker
2013; Kanani-Sühring and Raasch 2015, 2017). Dupont et al. (2011, 2012) found that the
flow patterns are remarkably different in the lower layers of a maritime pine forest with
a deep, sparse trunk space. Ross and Harman (2015) have demonstrated that the effect of
scalar source distribution on scalar transport is significant over a forested hill. However,
the scalar transport and distributions within a maritime pine forest remain less understood.
Also, the impacts of different source distributions on scalar transport over a forest edge are
less investigated. Another limitation is that the forest patch length is relatively short (e.g.,
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Influence of Forest-Edge Flows on Scalar Transport with… 101

about 30 times the canopy height), which remains unclear as to whether such conclusions
are applicable for forest-edge flows with long patch length.

Here we investigate (i) the influences of three different vertical foliage distributions on
upwind and downwind forest-edge flow dynamics and associated spatial variations in mean
concentration and fluxes under neutral atmospheric stability conditions; and (ii) the influences
of scalar source distributions on the scalar transport under forest-edge flows.We choose three
widely identified plant canopies with three types of vertical foliage distributions which are
represented in our model as uniformly distributed foliage, a canopy with a relatively dense
trunk space and a canopy with a deep and sparse trunk space (Fig. 1). To address these
two objectives, we deploy the Weather Research and Forecasting (WRF) model with the
large-eddy simulation module (the WRF–LES model; Skamarock et al. 2008) including a
new multiple-layer canopy module (hereafter the MCANOPY module) as described and
evaluated in Ma and Liu (2019). The MCANOPY module is largely based on the framework
of the Community LandModel version 4.5 (CLM4.5; Oleson et al. 2013), taking into account
all important physical and physiological canopy processes. The MCANOPY module and
the simulation configurations are described in Sect. 2. Section 3 introduces the edge flow
dynamics, while Sect. 4 discusses scalar transport with a horizontally uniformly distributed
constant-flux ground source with identical flows. Section 5 examines the linkages of spatial
variations in concentration and fluxes to scalar sources located in different canopy layers
with identical flows. In Sect. 6, a fully coupled run with the WRF–LES–MCANOPY model
is conducted to investigate the CO2 and water vapour transport over a forest edge with the
identical flows. The conclusions are provided in Sect. 7.

2 Numerical Methods

2.1 Model Description

The WRF–LES model version 3.9 is used (Skamarock et al. 2008). For the LES module,
a low-pass filter operates on flow field variables to separate large eddies from small ones,
where large eddies are explicitly resolved and small eddies are parametrized using a subgrid-
scale (SGS) scheme. In the WRF–LES code, the grid spacing acts as an implicit filter. The
WRF–LES model solves the filtered (space-averaged) momentum equation as

∂ ūi
∂t

+
∂ ūi · ū j

∂x j
� − 1

ρ

∂ p̄

∂xi
− ∂τi j

∂x j
+ Fu,i , (1)

where t is time, ūi is the filtered velocity in direction xi (x1 � x represents streamwise
direction, x2 � y represents spanwise direction, and x3 � z represents vertical direction), ρ
is air density, p̄ is the filtered pressure, and Fu,i is the forcing term (e.g., the canopy drag
force). In the LES model, τi j represents the sub-grid scale stresses, which are parametrized
using the SGS scheme. Here the Lagrangian-averaged scale-dependent Smagorinsky model
(Porté-Agel et al. 2000; Bou-Zeid et al. 2005) is chosen to parametrize the subgrid-scale
stresses since this turbulence model shows promising performance in complex terrain (Ma
and Liu 2017).

For the aerodynamic drag due to the canopy elements in theMCANOPYmodule, a porous
body assumption is adopted for consistency with previous studies (e.g., Shaw and Schumann
1992). The canopy drag force is modelled as

Fu,i � −cda|U |ūi , (2)
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Fig. 1 a The simulation domain setting. b The leaf area density (LAD) profiles for the three simulation cases.
The leaf area index (LAI), which is the height-integrated LAD, is identical for the three cases with a value of 4

where cd is the forest drag coefficient (0.25), a is the leaf area density for each canopy layer,
U is the local wind speed, ūi is the velocity component in the xi-direction, and Fu,i is the
drag force that is added to the momentum equations.

In addition to the drag effect in a momentum drag module, a full suite of canopy processes
is also parametrized in the MCANOPY module, including a two-stream radiative transfer
module, a leaf energy balancemodule, a photosynthesis module, and a ground-surface energy
balance module. The WRF–LES–MCANOPY model provides the within-canopy fluxes of
momentum, heat, water vapour, and CO2 thereby leading to changes in wind speed, air
temperature, specific humidity, and CO2 concentration in the canopy airspace, respectively.
A detailed description and validation of the MCANOPY module and the WRF–LES–M-
CANOPY model are summarized elsewhere (Ma and Liu 2019). These new features of the
MCANOPYmodule and its fully coupled operation with theWRF–LES–MCANOPYmodel
allow more realistic studies about the influence of canopy-edge flows on scalar transport.

2.2 Simulation Configurations

All the simulations presented here are performed over a rectangular domain in Cartesian
coordinates with u, v, and w representing the velocity components in the streamwise, span-
wise, and vertical directions, respectively. A domain size of 3.1 km×1.2 km×0.2 km in the
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x, y, and z directions is used, as shown in Fig. 1a, same as that of Dupont et al. (2012). The
horizontal grid resolution is 3 m, and the vertical resolution is 1 m within the canopy (below
20m) and stretched above with a 7.5 m grid spacing at the domain top. The surface roughness
length is set to be 0.1 m. At the top of the domain, a rigid boundary is used by setting the ver-
tical velocity to zero, and a free-slip boundary is used for horizontal velocities and stresses.
A Rayleigh damping layer is applied at the top with a height of 30 m. Fifth- and third-order
upwind-biased spatial-differencing methods are deployed for solving the horizontal and ver-
tical advection terms, respectively. For all the simulations, the flow is driven by a constant
pressure-gradient force in the streamwise (x) direction and the Coriolis effects are neglected.
To keep the same inflow conditions for all runs, the turbulent inflow field is generated with
the precursor simulation method in which simulations with the periodic boundary conditions
are made over the same domain but on a flat rough ground without forests. Once the flow
reaches a statistically-stationary state and the turbulence is fully developed, the velocity data
(u, v, and w) are extracted from a y–z plane and then stored at each timestep (0.03 s). The
turbulent inflow is enforced at the western lateral boundary and a zero-gradient boundary
at the eastern boundary. The northern and southern boundaries are treated by the periodic
boundary conditions, as in Ma and Liu (2017).

For all the runs, the canopy height (h) is set as 20 m, the plant canopy is divided into 20
sub-layers, and the canopy LAI � 4 m2 m−2. Three leaf area distributions are considered,
including the uniformly distributed (case 1), the one with a relatively dense trunk space
(case 2), and the one with dense crown layers and a sparse trunk space (case 3), as shown
in Fig. 1b. The forested patch covers the length of 80h in the middle of the domain in
the x-direction and the entire y-direction (Fig. 1a). Two treatments of the scalar source
distributions are adopted in our simulations. The first treatment considers the horizontally
uniformly distributed constant flux sources at the rate of 1 µmol m2 s−1 released at the
forested ground, the cleared cut ground, and the canopy sub-layers at the heights of 0.3h,
0.6h, and 0.9h, similar to the source treatment in Ross and Harman (2015). The background
scalar concentration is set to be 100 µmol m−3. The second set of treatment considers CO2

sources/sinks and specific humidity (H2O) sources calculated directly by the MCANOPY
module in WRF–LES–MCANOPY coupled runs, which is considered to be a more realistic
case.

After the flow reaches its steady state, the turbulence fluctuations are defined as the depar-
tures from the spanwise space-averaged values at each height, denoted by the symbol prime
(′). The statistical quantities shown in the figures are calculated using a space- (y-direction)
and time-averaging procedure, which is denoted by the symbol 〈 〉. The time–averaging is
performed over 160 instantaneous samples collected every 5 s during a 30-min period.

3 Edge Flow Dynamics Associated with Three Types of Leaf Area
Density Profiles

Major forest-edge flow features summarized in Dupont and Brunet (2008) and Belcher et al.
(2012) are reproduced well by our model system (Fig. 2). As the flow approaches the leading
edge, wind speeds are reduced in this impact region (x/h from 0 to 5) due to the increased
pressure induced by the forest. The flow penetrating into the forest creates a sub-canopy jet
extending from the leading edge to a certain distance downwind. As compared with case
1 and case 2, the sub-canopy jet is more pronounced in case 3 with the relatively sparse
foliage at the lower part of the canopy, suggesting that its intensity and persistence-length
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Fig. 2 Forest-edge flow dynamics associated with the three different vertical distributions of foliage as shown
in Fig. 1. The dashed black line denotes the forest. For each case, the panels from top to bottom show the
averaged streamwise velocity u, vertical velocity w, momentum flux u′w′, turbulence kinetic energy TKE,
and streamwise velocity skewness SKu. All quantities are spatially averaged in the y direction and then time-
averaged

are largely dependent on the foliage distribution (Cassiani et al. 2008). Note that an in-
canopy recirculation with a negative-velocity region in the mean streamwise velocity field
is observed in case 1 with the uniformly distributed foliage (i.e., the area encircled by the
white line in Fig. 2). Such an in-canopy recirculation seems absent in both case 2 and case
3 in Fig. 2. As discussed in previous studies (e.g. Cassiani et al. 2008; Kanani-Sühring and
Raasch 2017), the occurrence of an in-canopy recirculation is caused by the low-pressure
zone in this region due to the vertical mass transport out of the forest. Looking closely at
the occurrence frequencies of the negative streamwise velocity and streamlines of the flow
in Fig. 3, however, the negative u events occur at a frequency of about 40% at about x �
16h for case 2 and about 80% at about x � 12h for case 1. This suggests that the foliage
distributions regulate the locations and occurrence frequency of the in-canopy recirculation
and the in-canopy recirculation has an unsteady and intermittent nature (Cassiani et al. 2008).
For case 2, the time-averaged patterns shown in Fig. 2 smooth the in-canopy recirculation
out to some extent showing a small positive u value near the edge (i.e., about 0.5 m s−1

at x/h � 8). The fairly low occurrence frequency (less than 10%) of the negative velocity
downwind of the leading edge for case 3 suggests that the evidence is weak for an in-canopy
recirculation to develop, likely due to the influence of the strong sub-canopy jet, as supported
by the streamline pattern in Fig. 3b.

Besides these flow features, the influence of the vertical distributions of foliage on tur-
bulence quantities are also identified in Fig. 2. For case 1 and case 2 with the relatively
dense foliage in the lower-canopy part, all turbulence quantities (i.e., momentum flux, TKE,
velocity skewness) exhibit quite similar patterns in their spatial variations even though an
in-canopy recirculation does not appear in the mean-velocity field of case 2. Due to the much
denser crown layer in case 3, a zone of large positive momentum flux and high TKE values
develops below the crown layer immediately downwind of the edge as compared with case
1 and case 2, consistent with Dupont and Brunet (2008). Our analysis of the budget equation
for the momentum flux (Eq. 3 in the Appendix) indicates that the positive momentum flux
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Fig. 3 Contour plots of negative streamwise velocity frequency, as denoted by the coloured areas scaling from
0 to 1 for the three cases with the different foliage distributions. Streamlines (thin black lines with arrow) are
also plotted in this figure. The white lines represent the reversed flow region in the mean streamwise velocity
fields. The leeside part is zoomed into highlight the differences (right panels)

within the canopy is largely attributed to the mean shear production term (i.e., −w′w′ ∂u
∂z ),

which is associated with the influence of the sub-canopy jet. This jet also causes the high
in-canopy TKE zone downwind of the leading edge in case 3 (Dupont et al. 2012). This
highly turbulent flow in case 3 is transported upwards to the canopy top as indicated by the
positive vertical velocity in Fig. 2, and it then enhances turbulent mixing and reduces the
enhanced gust zone as reflected by the region with the u skewness (SKu)>2.5 (Dupont and
Brunet 2008).

In the leeside of the forest, these three foliage distributions lead to similar patterns in
both the mean-velocity fields and the second- and third-order moments (Fig. 2). A small
recirculation zone is detected in the mean streamwise velocity field for the three cases with
a comparable size (Fig. 3), suggesting that the recirculation downwind of the leeside edge is
insensitive to the foliage distributions, which differs from the in-canopy recirculation near
the leading edge. This difference is probably attributed to the cleared ground and thus no
drag forces exerted by canopy elements on flows. A small difference is observed in the TKE
and momentum flux fields, though all are enhanced in the leeside as a result of the turbulent
flux transport of these quantities down to this region. The influence of this leeside wake on
turbulence can extend to a distance of 100 times the canopy height (Markfort et al. 2014). Such
a leeside recirculation zone should have a great impact on scalar transport (Kanani-Sühring
and Raasch 2017).

4 Influences of Edge Flows on Scalar Concentrations and Fluxes
for Ground Sources

Two scalar source locations are designed to illustrate the influence of the three foliage distri-
butions on scalar transport: the scalar source at the forested ground (i.e., from x/h � 0 to 80)
and the cleared ground (i.e., x/h <0 and x/h >80). These two separate ground sources make
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it possible to distinguish their contributions to concentration and fluxes with the identical
flow fields. Both sources are set in a flux form rather than a concentration form and thus
their contributions are additive. Note that the ground source is chosen primarily because it
can illustrate the most pronounced features in the scalar field due to small wind speeds and
turbulence near the surface, as indicated by Ross and Harman (2015) and Kanani-Sühring
and Raasch (2015). For clarity, the scalar fields near the leading edge and in the leeside edge
are discussed separately.

4.1 Scalar Transport with the Scalar Source Uniformly Distributed at the Forested
Ground

Under the conditions with the horizontally uniform scalar source at the forested ground,
strong concentration accumulations and large fluxes occur at about x/h � 10 for case 1 with a
tall and narrow peak, and at about x/h � 14 for case 2 with a shallow and wide peak (Fig. 4).
Apparently, the concentration peaks are associated with the streamwise flow convergences
for these two cases. This statement is supported by case 3 without flow convergence and thus
no corresponding concentration peak. The turbulent inflows for the three cases with the dif-
ferent foliage distributions are identical. The different persistence-lengths of the sub-canopy
jets cause the different strengths of the streamwise flow convergences and thus different con-
centration peaks. Our analysis of the budget equation for scalar indicates that the advection
terms are much larger than the turbulent transport terms, consistent with Kanani-Sühring
and Raasch (2015). Note that the advection terms can be expressed in either the flux (i.e.,
−u ∂C

∂x , where C represents scalar concentration) or advective (i.e., − ∂uC
∂x ) forms (Xue and

Lin 2001), leading to different magnitudes although the net effect of advection as the sum of
horizontal and vertical advection terms is the same. Previous studies have adopted both the
flux (e.g., Ross and Harman 2015; Kanani-Sühring and Raasch 2015) and advective forms
(e.g., Katul et al. 2006; Sogachev et al. 2008). Generally, the magnitudes of the individual
terms in the flux form are smaller. Nevertheless, our results indicate that the horizontal and
vertical advection terms dominate the scalar transport across the leading edge for the three
cases nomatter which form is used. Despite their importance, however, these advection terms
cannot be captured by EC measurements.

The scalar flux field in Fig. 4 shows different features from the momentum flux field. It
appears that the in-canopy recirculation has a large impact on the scalar flux while its impact
on the momentum flux is minimal. As compared with the scalar concentration peaks, the
flux peaks reach a height of at least 2h. Our calculation with the scalar flux budget equation
(i.e., Eq. 4 in the Appendix) indicates that the shear production term −w′w′ ∂C

∂z primarily
contributes to the flux peaks, whereas the pressure term dominates the flux depletion, with the
patterns of these two terms nearly identical to those of the scalar flux (figure not shown). For
these three cases with a similar pattern in thew′w′ fields, the different scalar flux distributions
for the three cases are largely attributed to those in the concentration gradients which are
primarily determined by the mean flow advection. As a consequence, the stronger flow
convergence in case 1 leads to a high scalar flux peak with the position closer to the edge, as
compared with that in case 2. The flow convergence is absent in case 3 with a long, strong
sub-canopy jet which prevents the development of a flux peak.

These features can be illustrated in greater detail by comparing the scalar concentration
and scalar flux at 0.3h, 0.7h, 1.0h, and 1.5h (Fig. 5). Clearly, the foliage distributions lead
to substantial changes in both the concentration and fluxes as x/h increases downwind of the
leading edge. Abrupt jumps in both the concentration and fluxes occur at about x/h � 10
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Fig. 4 Scalar concentrations (left) and fluxes (right) for the three cases with different foliage distributions. The
scalar is released uniformly from the forest ground from x/h � 0 to 80

for case 1 and at about x/h � 14 for case 2 with the peaks associated with the in-canopy
recirculation, whereas the situations are different for case 3 where the gentle increases with
x/h are observed. In case 1 and case 2, the peak magnitudes for the concentration keep
decreasing with height, whereas those for the flux increase from the ground to some height
around 0.5h, become nearly constant with height from 0.5h to 1.0h (the crown layer), and
then decrease with height above 1.0h. Also noticed is that the adjustment length before
reaching an equilibrium and keeping constant with x/h for the concentration and flux both
within and above the canopy is approximately 55h, which is much longer than that for the
momentum flux (≈15h), in line with the scaling arguments in Belcher et al. (2012). In other
words, the edge effects are reduced to minimal at x/h >55 for these three cases. Note that
the equilibrium state of concentration/flux is defined as the same value that the three cases
tend to reach. By this definition, the edge effect becomes minimal beyond this equilibrium
distance. Considering the small fluctuations in the averaged results, the equilibrium distance
is defined as the location where the concentration/flux reaches 95% of the equilibrium state.

The leeside edge effects are also identified by the links between the sudden changes in flux
and concentration across the edge (Fig. 5). As discussed in the previous section, the nearly
identical recirculation behind the leeside edge for the three cases indicates the small impacts
of the different foliage distributions on the flows. Note that the leeside recirculation causes the
small difference in the concentration gradient with height. The scalar fluxes at the different
levels for the three cases, however, display large differences, with the highest peak value for
case 3, followed by case 2, and then case 1, opposite to the flux peaks downwind of the leading
edge. Overall, the small leeside recirculation mainly affects the near surface concentration,
and its impact distance is limited to a few canopy heights (≈3h). Our analysis indicates
that the shear production, −w′w′ ∂C

∂z , in the flux budget equation is largely responsible for
the flux difference downwind of the leeside edge (see Fig. 12 in the Appendix). The w′w′
shows similar magnitudes for the three cases, but the ∂C

∂z has small differences (i.e., the large
vertical scalar concentration gradient) above the leeside recirculation region due to the scalar
concentration differences at the canopy crown layers in the equilibrium region. This small
difference in the vertical concentration gradient is not evident in the concentration profiles
in Fig. 5 due to the scale in the plots, but is responsible for the flux difference in the leeside.
The largest flux as a result of the leeside edge effects is approximately located at the same
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Fig. 5 Scalar concentrations in µmol m−3 (left panels) and the turbulent scalar flux in µmol m−2 s−1 (right
panels) at 0.3h, 0.7h, 1.0h, and 1.5h. The scalar is released uniformly from the forested ground surface

height with the greatest leaf area density (LAD). The increased LAD value at the upper part
of the canopy enhances the scalar flux in the leeside edge, opposite to the leading edge effect
on the scalar flux (Fig. 5b). To study edge effects on fluxes peaks, measurements should be
made at some distance downwind of the leading edge (e.g., x/h � 10–20 in our cases) and
close to the leeside edge (e.g., x/h � 2 downwind of the leeside edge), depending on foliage
distributions.

4.2 Scalar Transport with the Scalar Source Uniformly Distributed at the Cleared
Ground

The scalar which is released uniformly from the cleared ground upwind of the leading edge
(i.e., x/h <0 in Fig. 6) provides a trace to illustrate how the scalar is transported by the edge
flow into the canopy, which is then transported to the above-canopy atmosphere through
the canopy crown layers, thereby contributing to the above-canopy flux. The scalar from the
cleared ground is also transported following the streamline above the edge top, which directly
contributes to the above-canopy flux. The relative contributions of these two processes to the
above-canopy flux remain unknown. The accumulation of the scalar in the impact region
before approaching the edge (x/h � − 1) leads to the increased scalar concentration there
(Fig. 6a). The distorted streamline and the elevated u and w zone above the canopy at x/h
� 0 (Fig. 2) transport the scalar directly from the cleared ground to the canopy top, leading
to the local flux maximum at about x/h � 1.5 despite the minimum concentration there
(Fig. 6a, b). As x/h increases, the scalar fluxes for all the three cases decrease substantially
until reaching its minimum at about x/h � 3 due to lack of the direct scalar transport from
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Fig. 6 a Scalar concentration at a height of 0.3h, and b turbulent scalar flux at a height of 1.5h under the scalar
which is released uniformly from the cleared ground surface. The additive efforts of the scalar sources at the
cleared ground and the forested ground on the flux at 1.5h is presented in panel c for comparison

the cleared ground. The buildup of the concentration downwind of the leading edge, which
leads to a peak at about x/h � 10, is attributed to the decelerated flows and the damped
turbulence due to the canopy elements (Dupont and Brunet 2009). As the distance from
the edge increases, the increased within-canopy turbulence, particularly for case 1 and case
2 with the in-canopy recirculation, enhances the transport of the within-canopy scalar-rich
air in the flow convergence zone out of the canopy, leading to the flux peaks above the
canopy. Note that the above-canopy flux peak locations for case 1 and case 2 correspond to
those of the strongest in-canopy recirculation. The much wider concentration peak for case
3 is primarily associated with the stronger sub-canopy jet that transfers the scalar farther
downwind from the leading edge, resulting in the wider above-canopy flux peak than case 1
and case 2. Despite the abrupt drops in both the concentration and flux for case 1 and case
2 with the increased x/h, the equilibrium length is about 40h where both the concentration
and flux reach their background values (Figs. 6a, b). However, the impact length of the scalar
flux for the cleared ground-surface source (approximately x/h � 40) is shorter than that for
the forested ground-surface source (approximately x/h � 55). Therefore, due to the additive
effect, the above-canopy flux does not reach its equilibrium until approximately x/h � 55
under the influence of both the cleared ground sources and forested ground sources (Fig. 6c).
However, it is found that the scalar source at the forested ground dominates the contribution
to the above-canopy flux (note the scale difference in Fig. 6b, c).

By examining the scalar flux budget, it is found again that the shear production −w′w′ ∂C
∂z

contributes most to the above-canopy flux. Caused by the streamwise flow convergence, case
1 has the largest scalar gradient ∂C

∂z , explaining the largest flux peak, followed by case 2 and
case 3. This peak appears roughly at the same location as that for the forested ground source
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(Fig. 6b). Our tests indicate that the scalar flux for the cleared ground source is independent
of wind speeds, consistent with Kanani-Sühring and Raasch (2015).

Both the concentration and flux downwind of the leeside edge have almost identical
variation patterns for all the three cases, indicating that the vertical foliage distributions have
minimal impacts on the scalar flux with the cleared ground source. Given the near-zero scalar
fluxes and the same background concentrations for the inflow from the forest (i.e., from x/h
� 60 to 80) for three cases, the fairly similar flow dynamics and the associated recirculation
behind the leeside edge result in a nearly identical above-canopy scalar flux.

5 Scalar Transport with the Scalar Sources in the Different Canopy
Layers

Figure 7 shows the scalar flux at a height of 1.5h for each case with identical flow dynamics
but with three different scalar sources located in the three heights of the canopy layers
(0.3h, 0.6h, and 0.9h). One noticeable feature for each case is that with decreasing source
height, variations in flux with x/h are more pronounced, consistent with Ross and Harman
(2015). This is primarily due to small wind speeds and thus less turbulent mixing within the
lower canopy layers thereby resulting in local accumulation of scalar concentration and large
gradients. As a consequence, the large concentration gradients yield the large scalar flux at
the canopy top given nearly the same w′w′ in the term −w′w′ ∂C

∂z . Note that since the flow
convergence is mainly located at the lower canopy part and the convergence is fairly weak
at the upper canopy layers, the small concentration gradients in the upper canopy layers lead
to the collapsed patterns in the scalar fluxes for the three cases when the sources are set at
the upper canopy layers. In case 3 without a flow convergence, the within-canopy flow is
primarily regulated by the strong sub-canopy jet, which is expected to have less impact on
the sources closer to the canopy top. Also noticed in Fig. 7 is that all the scalar fluxes reach
the equilibrium value approximately at x/h � 30 for all three cases with sources above the
ground. Our results suggest that to avoid the edge effects, measurements should be made at
least x/h >30 from the leading forest edge under the influence of canopy scalar sources.

Similar to the leading edge, the magnitudes of the flux peaks across the leeside edge
increase with decreasing source height, due to the influence of the small recirculation in
the lee. When the scalar sources are located in the upper layers of the canopy, the small
recirculation has relatively less impact on the fluxes and produces no flux peaks (i.e., 0.6h
and 0.9h for both case 1 and case 2). These results suggest that the leeside flux peaks do not
necessarily occur, largely depending on scalar source locations.

6 Simulations with Scalar Sources Generated from theMultiple-Layer
CanopyModel

In this section, CO2 and water vapour sources/sinks in the canopy are simulated using the
MCANOPY module (Ma and Liu 2019) to investigate the edge effects on the CO2 concen-
tration, specific humidity, and on the CO2 and water vapour fluxes. The soil respiration rate
is set to be 5.5µmol m−2 s−1 from both the cleared and forested ground surfaces, a rate close
to that from field measurements (Patton et al. 2011). The numerical configurations and the
three foliage distributions are identical to those in the previous sections. Neutral atmospheric
conditions are considered for this case study to exclude stability effects to highlight the influ-

123



Influence of Forest-Edge Flows on Scalar Transport with… 111

Fig. 7 Turbulent scalar flux at a height of 1.5h for case 1 (a), case 2 (b), and case 3 (c). Scalar sources are
located in the three different canopy layers of 0.3h, 0.6h, and 0.9h. The results for the scalar sources at the
forested ground are also plotted in this figure for comparison

ence of flow dynamics, although the MCANOPY module is capable of studying stability
effects (Ma and Liu 2019). The neutral stability condition is set by using a constant potential
temperature in the domain, where the water vapour thermodynamic effect is excluded. As
indicated in Figs. 8 and 9, the CO2 concentration and specific humidity and their fluxes show
remarkably different fields due to the different locations for their corresponding sources and
sinks. As shown in Figs. 8 and 9, the CO2 sources (respiration) are primarily located on
the soil surface, and the sinks (photosynthesis) in the upper canopy layer, while the water
vapour sources are primarily from evaporation located at the upper layers of the canopy and
from the cleared ground. It is expected that CO2 concentration is generally greater closer to
the ground surface. A high CO2 concentration zone is observed downwind of the leading
edge in case 1 and case 2 as a combined effect of the flow convergence associated with the
recirculation and the horizontal inflow with CO2-riched air masses from the upwind cleared
soil surface. Due to the deep, sparse trunk space in case 3 with the strong sub-canopy jet, such
a strong high concentration zone does not occur. The relatively strong turbulence associated
with the sub-canopy jet in the sparse trunk space in case 3 creates a large zone with high
CO2 concentration and thus large CO2 flux. Another noticeable feature is the triangle shaped
patterns of low CO2 concentration for the three cases; such low concentration regions start at
the leading edge and show a progressively decreased CO2 concentration centred in the crown
layer as a result of the elevated CO2 concentration near the surface, the low CO2 concentra-
tion in the upwind flow from the cleared ground, and the reduced CO2 concentration caused
by photosynthesis (the left panels in Fig. 8). Our results indicate that those spatial variations
in CO2 fluxes both above and within the canopy are primarily associated with those in CO2

concentration (the middle panels in Fig. 8). It should be mentioned that for the three cases,
the sink rate of CO2 is about − 26 µmol m−2 s−1, which is about five times the ground
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Fig. 8 Spatial variations in CO2 concentration (left), CO2 flux (middle), and the CO2 sources/sinks (right) as
simulated by the MCANOPY module

Fig. 9 Spatial variations in specific humidity concentration (left), water vapour flux (middle), and the water
vapour sources/sinks (right) as simulated by the MCANOPY module

source rate. However, the concentration accumulation is still observed for case 1 and case 2,
suggesting the influence of the source/sink distributions.

Both the canopy layer and the soil surface act as water vapour sources via transpiration and
evaporation, respectively. The spatial variations in the specific humidity and water vapour
flux in Fig. 9 show the substantially different patterns from those for CO2 in Fig. 8 with
the identical flow dynamics mainly due to the different source locations between specific
humidity and CO2. A noticeable feature is that a strong accumulation zone downwind of the
leading edge is observed for case 1 but not for case 2 and case 3, largely attributable to the
source differences. This accumulation also causes a high flux zone at the top of the canopy
for case 1 only. The low (or negative) flux zone downwind of the leading edge within the
canopy for case 2 and case 3 results from the intrusion of the air masses with low water
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Fig. 10 CO2 concentration (left panels) and CO2 fluxes (right panels) at 0.3h, 0.7h, 1.0h, and 1.5h for the three
cases. The CO2 and water vapour sources/sinks are produced by the MCANOPY module

vapour concentration from the upwind cleared ground. The above-canopy water vapour flux
also shows large spatial variations with height and distance from the leading edge. Another
noticeable feature is the small negative water vapour fluxes near the leading edge for case
2 and case 3 (the middle panels in Fig. 9), indicating a downward water vapour transport.
This unique feature is caused by the high specific humidity at the canopy top and the low
specific humidity at the lower layers as a result of the low specific humidity in the upwind
flow from the cleared ground and the large source near the canopy top. From Figs. 8 and
9, the scalar concentration and flux distributions are much more complicated near the forest
leading edge (i.e., x/h <20h), where the scalar concentration and flux patterns are greatly
influenced by a combination of the inflow concentration from the cleared ground, the forested
ground source/sink strength, and the canopy layer source/sink strength.

The influences of foliage distributions on both scalar concentration and fluxes are also
reflected by their variations with x/h at different heights for the three cases (Figs. 10, 11). The
largest differences in scalar concentrations among the three cases occur in the lower part of
the canopy (e.g., 0.3h followed by 0.7h) due to the low wind speeds and thus reduced mixing
deep in the canopy, whereas the largest differences in fluxes occur in the upper part of the
canopy (e.g., 0.7h followed by 0.3h) particularly for x/h <20 resulting from the horizontal
flux convergence. The smallest differences in both the concentration and flux are observed
above the canopy, and they become even negligibly small for x/h >20 for CO2 concentration,
x/h � 60–80 and x/h >90 for CO2 flux, x/h >20 for specific humidity, and x/h >30 for water
vapour flux. Under the given source conditions, both the CO2 concentration and specific
humidity above the canopy never reach an equilibrium as x/h increases, but the CO2 flux
reaches its equilibrium at a larger distance of about x/h � 60 compared to the water vapour
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Fig. 11 Specific humidity (left) and water vapour fluxes (right) at 0.3h, 0.7h, 1.0h, and 1.5h for the three cases.
The CO2 and water vapour sources/sinks are produced by the MCANOPY module

flux which reaches equilibrium at about x/h � 30. This result suggests that the CO2 flux
at z/h � 1.5 above the canopy requires a much longer distance from the leading edge to
reach an equilibrium than the water vapour flux (Figs. 10 vs. 11). This is caused by the
distribution difference in the concentration field, which then causes the difference in shear
production term that dominates in the flux budget (see Fig. 12 in the Appendix). To avoid
this edge effect, our “real” case simulations suggest that any CO2 flux measurements over
finite size forests with edges should be located further downwind from the leading edge than
previously estimated since most of the previous studies have used idealized distributions of
CO2 sources/sinks (e.g., Kanani-Sühring and Raasch 2015).

7 Conclusions

Forest-edge flows and associated scalar transferwere investigated using theWRF–LESmodel
and a newly developed multiple-layer canopy module (MCANOPY) by considering the
influence of the vertical distributions in foliage and scalar sources/sinks. The most noticeable
flow convergence, which develops within the canopy downwind of the leading edge for the
relatively uniformly distributed foliage, is not observed in the canopy with a deep, sparse
trunk space due to the presence of a strong sub-canopy jet. As expected, the sub-canopy layers
below the crown experience the most significant impacts from the leading edge, leading to
the distinct flow dynamics in this region and thus scalar transfer. This flow convergence
leads to the within-canopy concentration maximum and thus a large vertical concentration
gradient for case 1 and case 2. Due to the above-canopy TKE maximum which appears right
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above the within-canopy concentration maximum, an above-canopy flux peak occurs no
matter where the scalar sources are located. This feature does not occur for case 3, reflecting
the influence of the foliage distributions. Also attributed to these distinct flow dynamics in
the sub-canopy layer, the dynamical flows have more significant effects on scalar sources
located on the ground surface and in the lower parts of the canopy. The spatially-distributed
scalar sources/sinks on the forested ground surface, the cleared ground, and in the canopy
layers make the scalar concentration and flux fields more complicated as simulated by the
MCANOPY module in a more realistic case. Both the concentration and flux fields are
highly dynamical within and above the canopy. At the leeside edge, a small recirculation also
develops and has consistent features for the three foliage distributions.

Our results indicate that the scalar flux at a height of 1.5h requires much longer dis-
tance from the edge to reach its equilibrium (about x/h � 30) than previously thought. This
adjustment distance is even longer with real sources/sinks to avoid the edge effect for eddy-
covariance flux measurements over the canopy. Therefore, assessing source distribution and
canopy structures is necessary for locating flux towers over finite size forests with edges.
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Appendix: Flux Budget Equations Over a Forest Edge

Assuming neutral stratification, steady-state flow, homogeneity in the spanwise direction, and
ignoring the subgrid-scale contribution (Stull 2012), the budget equation for the resolved-
scale momentum flux u′w′ can be written as

∂u′w′

∂t
� 0 � −u

∂u′w′

∂x
− w

∂u′w′

∂z
(3a)

−u′w′ ∂w

∂z
− u′u′ ∂w

∂x
− u′w′ ∂u

∂x
− w′w′ ∂u

∂z
(3b)

−∂w′u′u′

∂x
− ∂w′w′u′

∂z
(3c)

− 1

ρ

(
w′ ∂p′

∂x
+ u

∂p′

∂z

)
. (3d)

The terms on the right-hand side of Eq. 3 represent, respectively, advection by the mean
flow (3a), shear production by the velocity gradient (3b), flux transported by turbulentmotions
(3c), and pressure re-distribution effect (3d).

Similarly, for any scalar c (e.g., CO2), the resolved-scale scalar flux w′c′ can be written
as

∂w′c′

∂t
� 0 � −u

∂w′c′

∂x
− w

∂w′c′

∂z
(4a)

−w′c′ ∂w
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− u′c′ ∂w

∂x
(4b)

−w′u′ ∂c
∂x

− w′w′ ∂c
∂z

(4c)

−∂w′u′c′

∂x
− ∂w′w′c′

∂z
(4d)
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Fig. 12 Spanwise- and time-averaged scalar flux balance terms for case 1, CO2 flux (left) and water vapour
fluxes (right). a and d advection by the mean flow, b and e flux transported by turbulent motions, c and f shear
production for CO2 and water vapour fluxes, respectively. All terms are normalized by h

u2∗C∗
for CO2 and

h
u2∗Q∗

for water vapour fluxes, where u∗ is the canopy-top friction velocity. Parameters C∗ and Q∗ are CO2

and specific humidity scales defined as the canopy-top fluxes divided by u∗. All the three parameters are
deduced at x/h � 60 and z/h � 1

− 1

ρ

(
∂p′c′

∂z
− p′ ∂c′

∂z

)
. (4e)

The terms on the right-hand side of Eq. 4 represent, respectively, advection by the mean
flow (4a), shear production by the velocity gradient (4b), shear production by the scalar
gradient (4c), flux transported by turbulent motions (4d), the pressure re-distribution effect
(4e).

Figure 12 shows the three terms in the CO2 and water vapour flux budget for case 1
(uniformly distributed LAI). All the terms are normalized in this figure.
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