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The significance of air flowwithin dense canopies situated
on hilly terrain is not in dispute given its relevance to a
plethora of applications in meteorology, wind energy, air
pollution, atmospheric chemistry and ecology. While the
mathematical description of such flows is complex, progress
has proceeded through an interplay between experiments,
mathematical modeling, andmore recently large eddy sim-
ulations (LES). In this contribution, LES is used to investi-
gate the topography-induced changes in the flow field and
how these changes propagate to scalar transport within the
canopy. The LES runs are conducted for a neutral atmo-
spheric boundary layer (ABL) above a tall dense forested
canopy situated on a train of 2-dimensional sinusoidal hills.
The foliage distribution is specified using leaf area density
measurements collected in an Amazon rain forest. A series
of LES runs with increasing hill amplitude are conducted
to disturb the flow from its flat-terrain state. The LES runs
successfully reproduce the recirculation region and theflow-
separation on the lee-side of the hill within the canopy re-
gion in agreement with prior laboratory and LES studies.
Simulation results show that air parcels released inside the
canopyhave twopreferential pathways toescape the canopy
region: a “local” pathway similar to that encountered in flat
terrain and an “advective” pathway near the flow separation
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2 CHEN ET AL.

region. Further analysis shows that the preferential escape
location over theflow-separation region leads to a “chimney”
like effect that becomes amplified for air parcels releases
near the forest floor. The work here demonstrates that
shear-layer turbulence is the main mechanism exporting
air parcels out the canopy for both pathways. However, com-
pared toflat terrain, themeanupdraft at theflow-separation
induced by topography significantly shorten the in-canopy
residence time for air parcels released in the lower canopy,
thus, enhancing the export fraction of reactive gases.
K E YWORD S
Amazon forest, canopy air parcel escape, complex topography,
Large Eddy Simulation, residence time

1 | INTRODUCTION

The exchange of scalars (e.g., water vapor, carbon dioxide, ammonia, methane, ozone, aerosols, volatile organic com-
pounds, pheromones) between forests and the overlying atmospheric boundary layer (ABL) continues to draw significant
attention given its relevance to a plethora of applications in Earth systems science, biogeochemical cycling, atmospheric
chemistry and air pollution, agriculture, pest control and gene flow, ecosystem health, among others. This significance is
partly exemplified by the creation of the FLUXNET program – a global network of long-term single-point scalar flux
measurements based on the eddy-covariance technique (Baldocchi et al., 2001) aiming to sample various biomes and
climatic conditions. The key assumption in the interpretation and upscaling of FLUXNETmeasurements is that momen-
tum and scalar fluxes collected above the canopy top are constant with height (Wang and Rotach, 2010; Xu and Yi, 2013;
Grant et al., 2015). For more than two decades now, it has been recognized that the presence of gentle topography can
have a large impact on biosphere-atmosphere exchanges of scalars andmomentumeven ifmeasurements are conducted
over reasonably homogeneous forests as illustrated by early model calculations discussed elsewhere (Wilson et al.,
1998). Moreover, those impacts are not random and can lead to significant biases in the interpretation of FLUXNET
data (Belcher et al., 2012). The problem appears more serious in the case of reactive gases as the residence time of
gases inside forests can have appreciable effects on the amounts transported out of the forest (Gerken et al., 2017).

The presence of topography is particularly problematic for dense canopies, as the large momentum absorption
by the vegetation enhances the impact of the topography on the flow field and even gentle topography leads to flow
separation (Finnigan and Belcher, 2004; Ross and Vosper, 2005; Poggi et al., 2008; Patton and Katul, 2009; Dupont
et al., 2008; Wang and Yi, 2012). The potential impact of flow separation and the consequent recirculation zone
within the canopy on the transport of gases and even particles such as seeds, pollen, or aerosols has been discussed by
many authors (e.g., see Finnigan and Belcher, 2004; Katul et al., 2006; Katul and Poggi, 2010, 2012; Xu and Yi, 2013;
Trakhtenbrot et al., 2014; Ross andHarman, 2015; Liu et al., 2016). However, a limited number of studies have been
devoted to scalar exchanges and how they may be impacted by such recirculation zone. Using a 2Dmodel based on
first-order closure, Katul et al. (2006) found that gentle topography (sinusoidal ridges) led to significant spatial variability
in fluxes of CO2 at the canopy top when photosynthetic sinks and soil respiration sources are considered together.
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Two-dimensional model runs reported by Ross (2011) using a uniform gas source within the entire canopy volume
confirms the existence of enhanced fluxes in the separation region. Their results also showed that the efficiency of gas
transport out of the canopy is enhanced by topography, leading to lower in-canopy concentrations when compared
to flat terrain. Similar 2D simulations with several source distributions over an isolated ridge performed by Ross and
Harman (2015) show that the spatial variability is larger for scalars emitted near the ground than for those emitted
in the upper canopy, and that there is qualitative similarity between periodic and isolated hills. Flume experiments
performed by Poggi and Katul (2007) showed that the themean recirculation region is characterized by an intermittent
flow regime with alternating positive and negative velocity in the lower canopy layer. These alternations result in
a vertical scalar transport at the canopy top that follows periodic cycles of accumulation and ejection. Note that a
similar effect of enhanced concentrations and fluxes are observed near forest edges over flat terrain, where the flow
deceleration due to the canopy drag also produces a region of mean flow convergence (Cassiani et al., 2008; Sogachev
et al., 2008; Kanani-Sühring and Raasch, 2014).

Building on these prior results, the work here further explores the effects of gentle topography on the flow and
transport of gases within tall and dense forests, where the leaf area density is vertically variable. The first objective was
to explore whether the statistics of turbulent velocity fluctuations reasonably follow themoving equilibrium hypothesis
(Yaglom, 1979), where the local turbulent shear stress at the canopy top collapses the turbulent statistics within the
canopy for all positions across the hill. A second objective is to characterize the export of these gases from the forest as
the hill becomes steeper. The LES is used to characterize the flow field within and above a dense forest canopy over a
train of sinusoidal hills and trajectories of air parcels moving within the canopy are recorded and used to analyze the
effects of topography on gas transport. A brief description of the numerical model and simulation setup are presented
in Section 2. Results of the flow adjustment and the scalar transport are presented in Section 3 and the conclusions are
presented in Section 4.

2 | METHODS

The LESwith an immersed boundary (IB) method is used to represent the topography, and a drag force representation
is used to represent the canopy effects on the flow. The implementation of the IBmethod for topography is based on
the approach used by Chester et al. (2007). The canopy drag force representation is based on prior work of Shaw and
Schumann (1992) and utilizes the implementation proposed by Pan et al. (2014). This implementation has been shown
to produce results in agreement with observations across a wide range of canopy types (e.g. Pan et al., 2015; Gerken
et al., 2017; Lin et al., 2018). The resulting flow field is then used to determine Lagrangian trajectories of air parcels
inside the canopy, permitting unambiguous assessment of residence times and export locations of air parcels released
from sources inside the canopy. A brief description of the numerical approaches and the simulation setup are provided
below.

2.1 | Large eddy simulation
The LESmodel solves the filtered Navier-Stokes equations:

∂ũ

∂t
+ ũ · ∇ũ = −

1

ρ
∇p̃ − ∇ · τ + Fd + Fr , (1)
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where ũ is the filtered velocity, p̃ is the filteredmodified pressure field, τ is the subgrid-scale (SGS) momentum flux,
Fd represents the drag force exerted by vegetation elements, andFr represents the immersed boundary force. The
SGSmomentum flux τ is parameterized using the Smagorinsky-Lilly model (Smagorinsky, 1963; Lilly, 1967), with the
Smagorinsky coefficient determined dynamically using the Lagrangian scale-dependent dynamic model (Bou-Zeid et al.,
2005). The spatial discretization of the equations combine a pseudo-spectral method in the horizontal directions and a
second-order centered finite difference in the vertical direction. The horizontal boundary conditions for velocity and
pressure are periodic, and the entire equation system is solved using second-order Adams-Bashforth time integration
scheme.

The vegetation drag forceFd is modeled as (Pan et al., 2014)

Fd = −Cd (aP ) · (`ũ`ũ) , (2)

where Cd is a constant drag coefficient andP = Pxexex + Pyeyey + Pzezez is the projection coefficient tensor to
project the leaf area density in each direction (x refers to the streamwise direction, y refers to the spanwise direction
and z refers to the vertical direction).

The topography is represented using an IBmethod (Peskin, 1972) following the discrete direct forcing approach
(Mittal and Iaccarino, 2005). A signed-distance function φ is used to separate grid points inside the fluid (φ > 0)
from those inside the solid (φ < 0), with φ = 0 being points at the fluid-ground interface. The immersed boundary
forceFr only acts on the ground and interface points (φ ≤ 0), driving the fluid velocity to zerowhile maintaining the
incompressibility condition. Details about the calculation ofFr are reviewed elsewhere (Chester et al., 2007).

Because the LES is notwall-resolving, awallmodel is applied toparameterize theSGS stressτ at points in the vicinity
of the IB. The application of thewall model followsmostly Chester et al. (2007), but without the linear extrapolation
of SGS stress inside the IB. The application of the IBmethod creates a discontinuity in the computed variables at the
fluid-ground interface, causing unphysical oscillations in physical variables near the discontinuity point (the Gibbs
phenomenon). This degrades the spectral accuracy and can not be eliminated by increasing the number of modes in the
truncated series. To reduce the Gibbs phenomenon, a smoothingmethod proposed by Li et al. (2016) is applied. This
method uses a cubic polynomial function to interpolate values inside the IBwhile maintaining second-order accuracy.

The trajectories of air parcels are determined “offline” by integrating
dxp,i

d t
= ũi + usgs,i , (3)

wherexp,i is the position of the i -th parcel, ũi is the resolved flow velocity at the location of the i -th parcel, andusgs,i is
the SGS velocity. FollowingWeil et al. (2004), the SGS velocity is modeled using a Langevin equation. However, the
numerical integration scheme proposed by Bailey (2016) is used, which is computationally efficient and numerically
stable. This scheme was shown to eliminate occurrences of unphysical trajectories that can contaminate the scalar
statistics. Because the focus is on the in-canopy transport, air parcels are only tracked inside the canopy. The release of
air parcels is uniform in the horizontal directions and the residence time τ as well as the escape positionxe of each air
parcel is recordedwhen it crosses the canopy top for the first time.

2.2 | Simulation setup
The numerical experiment is based onmeasurements obtained during the GoAmazon field campaign in the Brazilian
Amazon rainforest (Fuentes et al., 2016). The field campaignwas conducted fromApril 2014 to January 2015 at the
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Cuieiras Biological Reserve (−2.6019◦ latitude, −60.2093◦ longitude), which is located approximately 60 km north-north-
west of the city of Manaus, Brazil (Fuentes et al., 2016). The research tower is located on a plateau covered by a
dense primary forest with canopy height between 30 and 40m (Tóta et al., 2012). A 50m-tall tower (known as K34)
was instrumentedwith nine triaxial sonic anemometers to investigate atmospheric turbulence and chemistry within
and above the forest canopy layer. The sketch of simulation setup is shown in Figure 1 and the key parameters are
summarized in Table 1.

F IGURE 1 A sketch of the simulation setup. The sketch is stretched in the vertical direction from the real aspect
ratio for clarity. Z is a displaced coordinate tomeasure vertical distance with respect to the topography.

The forest canopy is assumed to be homogeneous and continuous across the entire topography and the leaf area
density profile a(z ) (shown as an inset in Figure 1) was based on data from Tóta et al. (2012) reported in Fuentes
et al. (2016). The total leaf area index is LAI = 7.0m2/m2 and the canopy height hc = 39m is defined based on the
locationwhere the leaf area density a(z ) first becomes zero. The average leaf area density throughout the entire canopy
a = LAI /hc is 0.18m−1 . The canopy drag coefficientCd and projection tensorP follow the setup in Gerken et al. (2017),
whereCd = 0.4 and Px = Py = Pz = 1/2, resulting in an effective drag coefficientCd Pi = 0.2 (i = x , y , z ). This estimate
is in agreement with the frequently used range of 0.1 ∼ 0.4 for forests (Katul et al., 2004; Queck et al., 2011). With this
value ofCd , the so-called adjustment or drag length scale can be defined as Lc = (Cd a)

−1 = 13.93m.
To permit qualitative comparisons with scalar experiments in a flume (Poggi and Katul, 2007), idealized 2D topogra-

phy with shape zt described by a cosine function is used. The topographic surface is given by

zt (x ) =
H

2
cos
(
π

2L
x + π

)
+
H

2
, (4)

where H is the topography height, and L is the hill half length, defined as one fourth of the topography wavelength
(Finnigan and Belcher, 2004). For the main simulation, labeled S0.2, the length L = 250m and height H = 50m are
adopted as typical topography scales found in the region where the K34 tower is located (Tóta et al., 2012). The
corresponding average slope isH /L = 0.2, and hereafter simulations are labeled based on their slope (thus, S0.2). For
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TABLE 1 Key parameters of simulation setup.

CasesVariables Symbols S0.0 S0.1 S0.2 S0.4
Horizontal domain size (m) Lx × Ly 2000 × 1000

Domain height (m) Lz 520 528 540 580

Mean air thickness (m) Hv 515

Grid resolution (m) dx × dy × dz 6.25 × 6.25 × 2

Pressure gradient acceleration (m/s2) 1
ρ
dp0dx 3.11 × 10−4

Time step (s) dt 0.1

Leaf area index (m/m2) LAI 7.0

Canopy depth (m) hc 39

Canopy drag length (m) Lc 13.93

Ratio between canopy height
and canopy drag length

hc/Lc 2.80

Topography height (m) H 0 25 50 100

Topography half length (m) L 0 250 250 250

Topography slope H /L 0 0.1 0.2 0.4

Ratio between topography length
and canopy drag length

L/Lc 17.95

comparison, a flat terrain case labeled S0.0 is conducted. Two additional topography cases withH = 25m (S0.1 with
average slope 0.1) andH = 100m (S0.4 with average slope 0.4) are also performed to provide a systematic investigation
of the effects of hill amplitude.

Using the classification scheme proposed by Poggi et al. (2008), all the topography simulations here correspond
to a deep canopy (hc/Lc = 2.8 > 1) over a long hill (L/Lc = 17.95 � 1). In the deep-canopy regime, the momentum
absorption by the canopy leads to flow separation and the development of a recirculation region on the lee side of the
topography. In the long-hill regime, turbulence is expected to be in local equilibrium and the general framework of
moving equilibrium for flowswith favorable and adverse pressure gradient (Yaglom, 1979) is valid. Finally, only the S0.1
case is considered a gentle topography (H /L = 0.1 << 1), in the sense that the leading-order pressure perturbation is
approximately fixed throughout the vertical direction so that the shape of the pressure gradients can be predicted from
the topography and the outer-layer scaling (Finnigan and Belcher, 2004). The other two cases have largerH /L and fall
outside the classification scheme proposed by Poggi et al. (2008).

The horizontal size of the LES domain is Lx = 2000m in the streamwise direction and Ly = 1000m in the spanwise
direction, containing two full periods of the topography. The domain height Lz varies from 520 m to 580 m as the
topography increases, while themean thickness of the air layer (between the ground surface anddomain top)Hv = 515m
is kept the same for all cases. The entire domain is discretized with a grid resolution of dx = dy = 6.25m in horizontal
directions and dz = 2m in the vertical direction. With this resolution, the canopy is resolved by the first 20 layers above
the ground (dz/hc = 0.05). This domain size is considered large enough to represent the flow within and above the
canopy under neutral conditions. Specifically, the domain height Lz > 10hc guarantees negligible effects of the top
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boundary condition on turbulence statistics in the region where Z /hc < 2 (Pan et al., 2014). In addition, Lz ≈ 5hm ,
where hm = 107.77m is themiddle layer height implicitly defined via (hm/L) ln1/2(hm/z0) = 1, where z0 is the roughness
length associated with the canopy (Hunt et al., 1988; Finnigan and Belcher, 2004). This guarantees that the upper
portion of the domain is in the outer layer and the vertical velocity perturbation induced by the topography is close to
zero.

The flow is driven by a mean pressure gradient force ρ−1dp0/dx = 3.11 × 10−4 m/s2 in the streamwise direction.
The integration of this pressure gradient force in the vertical direction is balanced by amean frictional force associated
with a friction velocity u∗ = 0.4m/s for the flat terrain case (hereafter termed as equivalent friction velocity). The
simulations are runwith neutral conditions, and the Coriolis acceleration is neglected due to the limited domain size.
The integration timestep is set to d t = 0.1 s. The simulations are run for 4 hours of spin-up and then another 3 hours
to produce flow statistics. Statistics of the flow are obtained by averaging results in space and time. Time averaging
is performed over the final 3-hour period, while space averaging is performed over the y -direction and at the two x
locations with the same topography phase.

Lagrangian parcels are released at 19 heights between 1mand 37mabove the groundwith 2m interval. Their initial
horizontal positions are randomly chosen from a uniform distribution. A large number of parcels (5.13 × 107) is evenly
released during the 3-hour simulation. The velocity output from the LES is linearly interpolatedwhen integrating the
parcel trajectories.

3 | RESULTS
3.1 | Flow field and themoving equilibrium hypothesis
For comparisonwith the fieldmeasurements, LES results have been transformed into a local coordinate systemwith
streamwise component along the topography and the vertical component perpendicular to the topography. This
coordinate system is appropriate becausewe are only interested in the flow inside and just above the canopy. In the
context of this work, we interpret the moving equilibrium hypothesis first proposed by Yaglom (1979) according to
Katul et al. (1999): if we assume that the non-homogeneity imposed by the local pressure gradients produced by the
topography are a slow varying function of x and y , then the local friction velocity at the canopy top u∗,L (x , y ) can be
considered as a local scaling velocity, and the local turbulence statistics scaled by the u∗,L (x , y ) become independent
of horizontal position. To assess themoving equilibrium hypothesis, the local friction velocity at the canopy top u∗,L is
used as a normalizing variable. It is to be noted that the local friction velocity varies by about 17%within the domain
for the S0.2 case. The velocity profiles from the LES results are shown in Figure 2 and provide support for themoving
equilibrium hypothesis: within the canopy layer, even though themean flow is changing considerably across the hill, the
second and third order moments are reasonably collapsed when normalized by the local (or positional) friction velocity
(with exception of Sku in the lower half of the canopy, which does seem to vary with position along the topography).
Gerken et al. (2017) used the height at which Sku = 0 as an estimate of the penetration depth of the shear-layer eddies.
This criterion suggests that the topography enhances/reduces penetration depths of shear layer eddies on the lee/wind
side of the ridge. These turbulent flow statistics profiles agree with the field measurements and, surprisingly, with their
flat terrain counterpart and as well. Likewise, the relative significances of ejections and sweeps onmomentum transfer
from this simulation agreewith those over flat terrain and fieldmeasurements. We note that these conclusions also
hold for the S0.1 case, but deviations are quite significant for the S0.4 (not shown). Flume experiments for flow over
hilly terrain in the presence and absence of canopies suggest that themoving equilibrium hypothesis appears to be valid
in the presence of a canopy but not for the bare surface case (Poggi et al., 2007).
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F IGURE 2 Profiles of (a) themean streamwise velocity , (b) themean vertical Reynolds stress, (c) the ratio of sweep
to ejections for momentum fluxes, (d) the standard deviation of the streamwise velocity, (e) the standard deviation of
the vertical velocity, (f) the skewness of the streamwise velocity, (g) the skewness of the vertical velocity, and (h) the
ratio of themean velocity to the standard deviation of vertical velocity. The black squares with error bars represent the
K34 tower 30-min averagedmeasurements selected for neutrally stratified flow conditions; the solid lines represent
the flat LES case and the dashed lines represent the S0.2 case. Z denotes the elevation above the ground surface and
u∗,L is the local friction velocity at the canopy top.
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The mean flow streamlines and the turbulence intensity in w σw /u are shown in Figure 3. In the flat case, the
mean flow streamlines are parallel to the ground and the flow is homogeneous in streamwise direction. For the cases
with topography, themean flow separates at about x/L = 2.5 (hereafter termed as flow-separation point) for all three
cases and a recirculation zone is formed on the lee-side of the ridge. The vertical extension of this recirculation region
increases as the topography height increases and finally the reversed flow extends to the top of the canopy in the S0.4
case (H /L = 0.4). This finding is consistent with the conclusion from Belcher et al. (2012), which reported that for
small Lc/L the theory for hills with rough surfaces developed byWood (1995) is applicable and predicts large-scale
separation extending into the free air forH /L > 0.25.

F IGURE 3 Mean flow streamlines (left) and the turbulence intensity inw (right) displayed on an x–z plane. The
topography height increases from top to bottom. The black dashed lines mark the position of canopy top and the gray
dashed-dotted lines are isolines where σw /u = 1.

The turbulence intensity inw is routinely used for diagnosing competition betweenmean advection and vertical
turbulent transport within the canopy. For the flat case used as a reference here, the turbulence intensity inw exhibits a
maximum in the lower canopy. This maximum can be understood by inspection of the profiles of σw and u in Figure 2.
Themean velocity decays fast in the upper canopy due to the largemomentum absorption resulting in a decrease of
momentum transport from above, but it reaches a region of little variation with z in the lower canopywhere the flow
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is produced by a balance between the pressure gradient force and the canopy drag. In the upper canopymost of the
turbulence is produced by shear, while in the lower canopy turbulence driven by pressure perturbations above the
canopy becomes dominant (Shaw and Zhang, 1992). These features lead to amaximum in the turbulence intensity inw
in the lower canopy. For cases with topography, the pattern of turbulence intensity inw is more complicated. Because
the profiles of vertical velocity variance within the canopy do not changemuchwith location (Figure 2e; note that u∗,L
only varies by 17%), most of the variation seen in Figure 3fgh is caused by changes in themean velocity. In particular,
regions with lowmean streamwise velocity such as the separation region, the reattachment region, and the center of
the recirculation zone have very large turbulence intensity inw . These results aid in the interpretation of air parcel
trajectories discussed next.

3.2 | The two pathways for in-canopy scalar transport
When each Lagrangian parcel first cross the canopy top, its position xe along the topography direction is recorded
(the escape location). Figure 4 shows the probability density function (PDF) of xe for the three topography cases as a
function of release height inside the canopy. Parcel release is uniformly distributed in the direction along the topography.
A clear preferential escape location near the flow separation point (x/L ∼ 2.5) is evident for all three topography cases.
Theflow separation region appears to behave as a “forest chimney”. This effect is present for sources at all heightswithin
the canopy, becoming more dominant for sources near the canopy bottom. For parcel release near the ground, the
peak of the PDF at the chimney can bemore than an order of magnitude larger than that for flat terrain. The existence
of these chimneys has been suggested by the analytical model of Finnigan and Belcher (2004) and later confirmed
by flume experiments (Poggi and Katul, 2007, 2008), LES studies (Dupont et al., 2008; Patton and Katul, 2009) and
Reynolds-averaged closuremodel runs (Katul et al., 2006; Ross, 2011).

F IGURE 4 Probability density function (PDF) of escape location for sources set at several release heights within the
canopy. Results shown for (a) S0.1, (b) S0.2, and (c) S0.4 cases. Here Zsr c is the source height above the topography. All
PDFs are normalized by the uniform PDF corresponding to the flat terrain simulation S0.0 (indicated as PDF0). The
thick black dashed line at PDF /PDF0 = 1.0 indicates no deviations from the flat terrain case (S0.0).

To explore how parcels released at different locations contribute to the chimney effect, the canopy layer was
divided into a 2m× 2mcartesian grid on the x–z plane. The PDF of escape locations of parcels releasedwithin each grid
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box were then calculated. Themodes of these PDFs (themaximal values of the PDFs) for all four simulations are shown
in Figure 5. In this figure, the position of preferential escape for parcels released at any location within the canopy can
be inferred by following the different colored areas. The interpretation for the flat case is straightforward: parcels are
transported vertically by turbulence and advected downwind (to the right) by themean flow. Thus, parcels escape the
canopy to the right of their release position, with the streamwise distance increasing as the source approaches the
ground. This leads to the tilted patterns seen in Figure 5(a). Themode of the PDF for parcels released near the ground
can be displaced approximately 0.5L = 125m ≈ 3hc from their release location (obviously individual parcels may travel
much farther). In this case, a horizontally uniform release implies a horizontally uniform escape, as already shown in
Figure 4.

F IGURE 5 Mode of the probability distribution of escape location at the canopy top for (a) S0.0, (b) S0.1, (c) S0.2 and
(d) S0.4 topographies. The dashed lines are isocontours with interval of 0.2 in xe/L.

In the presence of topography, the emerging picture for scalar transport is quite different. Not only theflow reversal
in the recirculation zone changes the direction of the advection, but also a clear separation between different escape
locations emerge in the deep canopy. The juxtaposition of distant colors (e.g. dark blue and yellow) suggests that a small
displacement in the source location can be enough to switch themode of the PDF from escaping the canopy “near” the
source location to escaping the canopy at the chimney location (i.e. near the separation point). The overall area within



12 CHEN ET AL.

the canopywith themode escaping through the chimney is also amplified as the topography height increases, due to
an increase in the size and strength of the recirculation. Perhapsmore importantly, this result shows that a significant
portion of the parcels that escape through the chimney are actually released far from the chimney location.

The sharp transition between these twomodes can be explained by inspecting the entire PDFs of escape location
(and not just themode, as shown in Figure 5). For this analysis, we select onewindward source position (x/L = 1) and
one leeward source position (x/L = 3.5) as examples, and display the PDFs of escape location for several release heights
in the simulations S0.4 and S0.0 in Figure 6 (for flat we only display PDFs for x/L = 1, since the flow is horizontally
homogeneous). For the flat case, all the PDFs have one single mode followed by an exponential decay (note the
logarithmic scale on the y-axis). Themode is typically located close to the source. Only releases close to the bottom
layers of the canopy display a significant downwind shift in themode (of about 0.5L, as previously noted). The horizontal
proximity between source and peak in the PDF of the escape locations is indicative that parcels are transported out of
the canopy fairly quickly, suggesting the dominance of large coherent eddies capable of exporting parcels in few eddy
turnover times (i.e. a dominance of transport by strong ejection events). This finding appears to be reasonable for the
upper 2/3 of the canopy, when a shift in behavior becomes noticeable (this is also visible in the slopes of the isocontours
in Figure 5(a)).

The PDFs for the S0.4 case are quite different and revealing: all release heights at both locations display a bimodal
distribution of escape position confirming the existence of two distinct pathways for parcel escape: (1) the “local
pathway” represented by the peak near the source corresponding to air parcels that are transported out of the canopy
by strongejectionevents, and (2) the “advectionpathway” representedby thepeakat the separationpoint corresponding
to air parcels that travel with the recirculating flow until they reach the separation point before being transported out
of the canopy. The position of the two peaks does not changemuchwith release height, and the predominance of one
peak over the other is determined by the competition between vertical turbulent transport and horizontal advection.
Most air parcels released near the canopy top are quickly transported out of the canopy by vertical turbulent eddies,
as clearly seen by the strong predominance of the local pathway in the PDFs in Figure 6(c). As the source is moved
deeper into the canopy, the time needed for turbulent transport increases and the likelihood of air parcel to follow the
advection pathway increases. The smooth transition between the dominance of one pathway over the other appears as
a sharp transition in Figure 5. The dominance of the advection pathway, which is illustrated by the yellow and orange
areas near the ground in Figure 5(b)-(d), corresponds approximately to the area of small σw /`u ` in Figure 3(f)-(h). The
parcels that follow this pathway are initially transported along the topography direction until they reach the location of
the separation point where, due to flow convergence, nomean horizontal advection takes place. Except at the bottom
of the canopy, themean vertical velocity caused by the flow convergence is quite small compared to the vertical velocity
fluctuations produced by the passage of large eddies (see brown line in Figure 2(h)). Thus, the parcels that arrive at
the flow separation point are slowly transport upwards by theweakmean vertical velocity, until they are caught by a
strong ejection event that quickly transports them out of the canopy. Thus, most of the transport is still performed by
turbulentmotions, even though themean vertical velocity adds an important positive vertical drift that lifts parcels from
aweak turbulent zone to an elevated and energetic turbulent zone. This predominance of transport by ejectionmotions
at the separation point is consistent with the flume observations by Poggi and Katul (2007) showing a sequence of
accumulation-ejection cycles for scalar transport at this location. The existence of these two pathways and the dynamics
of the transport described here are clearly seen in the flow visualization included in the Supporting Information (see
Video S1).

To gain further insight into the PDFs described above, we build an idealizedmodel to represent the escape of parcels
from the canopy. Consider a cloud ofmarked air parcels that is “released” at a source locationwith a parcel concentration
C0 . This cloud is transportedhorizontally by themeanflowwithin the canopy,while interactingwith eddies that removea
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F IGURE 6 Probability density function (PDF) of escape locations for air parcels released at xe/L = 1 (solid lines for
S0.4 and dotted lines for S0.0) and xe/L = 3.5 (dashed lines for S0.4) at (a) Zsr c/hc ≤ 0.23, (b) 0.33 ≤ Zsr c/hc ≤ 0.54

and (c) Zsr c/hc ≥ 0.64.
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fraction of the total remaining parcelsC (t ) (with some efficiency time scale f −1e ). These parcels are instantly transported
out of the canopy. In this model, the escape as a function of time is proportional toC (t ) = C0 exp (−fe t ). By considering
themean advection velocityU , one can infer that the distribution of escape fraction as a function of distance from the
source is proportional to C (x ) = C0 exp [−(fe/U )x ]. Thus, the length scale `e = (fe/U )

−1 in the exponential decay of
the escape fraction as a function of distance form the source is proportional to the advection velocity (i.e. largemean
velocity implies a slower decay of the distribution with distance from the source). This behavior is depicted as a red line
in the conceptual model for the PDF of parcel escape depicted in Figure 7.
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F IGURE 7 Conceptual model illustrating the bimodal PDF of parcel escape produced by the existence of two
pathways: the local pathway representing escape near the source and the advection pathway representing escape near
the separation point.

The modification of the PDF due to the presence of topography is caused by two distinct processes. Firstly, the
presence of topographymodifies themean advection velocities within the canopy. As seen in the streamlines in Figure 3,
velocities near the ground tend tobe larger in the casewith topography. Asnoted above, this implies a slower exponential
decay of the PDFwith distance from the source, as depicted by the blue line in Figure 7. The secondmodification is
that now the advection distance is bounded by the separation point. Once the plume reaches the separation point,
advection along the topography ceases and all remaining parcels eventually escape at the separation location, generating
the second peak illustrated in Figure 7. The distance between the two peaks is approximately the distance between
the source and the separation point. These two changes (corresponding to areas 1 and 2 in the figure, respectively)
determine the proportion of the air parcels that escape via the advection pathway.

3.3 | In-canopy residence time and export fraction
To assess the effects of the in-canopy transport on potential chemical loss of reactive compounds emitted from forests,
the residence times of the air parcels is now calculated. The median residence times for all LES runs are shown in
Figure 8a. As expected from the results in the previous section, only air parcels released in the bottom 1/3 of the canopy
have their residence times significantly impacted by topography. Despite the longer transport distance traveled by air
parcels near the ground in the presence of topography, residence times are significantly reduced compared to the flat
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case. Moreover, little difference between the three topography cases are observed in the calculations here (S0.1 has
slightly larger residence times in the lower canopywhen compared to S0.2 and S0.3). Given that most of the vertical
transport is carried by the turbulent fluctuations and that turbulence does not change much between the different
cases, the only possible explanation for the large reduction observed from the flat case to any of the topography cases
is the mean vertical advection at the flow separation point (see brown line in Figure 2(h)). Note that for air parcels
close to the ground in the flat terrain (either released near the ground or transported near the ground by sweeping
motions), vertical turbulent transport is slow due to a weak vertical velocity fluctuations. In the cases with topography,
these air parcels are quickly transported to the flow separation point where they are lifted by themean vertical velocity
to heights where turbulence is muchmore energetic. Thus, themean vertical advectionwithin the chimney reduces
significantly the residence time for these air parcels by simply lifting the parcels from zones of weak turbulence.

To further investigate the potential impacts of these changes in residence time on export fraction of reactive
compounds, we used the approach employed by Gerken et al. (2017) assuming first-order kinetics. For an air parcel that
spends a residence time τ inside the canopy, the export fraction of a reactive compoundwith chemical lifetime τchem is
given by EF = exp (−τ/τchem). The total export fraction for a compound released at a fixed height inside the canopy can
be obtained by integrating the PDF of residence timesmultiplied by the exponential decay (see Gerken et al., 2017, for
details). The results are shown in terms of a Damköhler numberDa = τturb/τchem in Figure 8b, where the turbulence
time scale is simply defined as τturb = hc/u∗ . Topography increases the total export fractions of reactive gases emitted in
the lower canopy, and this increase can be large for specific cases (e.g. forDa = 10−1, topography increases the export
fraction from about 10% to 30% of the total emission).

4 | CONCLUSIONS

Previous studies have identified several important features of scalar transport within vegetated topography, with the
most important ones being: (i) the spatial heterogeneity of fluxes out of the canopy even in the presence of uniform
scalar sources within the canopy (Katul et al., 2006; Ross, 2011; Ross andHarman, 2015) and (ii) the increased efficiency
of out-of-canopy scalar transport in comparison to flat terrain (Ross, 2011). In this work, large eddy simulations of flow
over periodic sinusoidal hills covered by dense vegetationwere used to investigate the transport of air parcels inside the
canopy. By tracking themotion of Lagrangian parcels, wewere able to explain the differences between gas transport
within forests over flat and complex terrain.

Results show the existence of two main pathways for parcels to be transported out of the canopy. The “local
pathway” corresponding tonearly vertical transport out of the canopybyejection events (with some lateral displacement
associatedwithmean flow advection), and the “advection pathway” corresponding to parcels that travel horizontally
towards the recirculation zone in the lee of the hill and sit at the separation point until they are transported out of the
canopy by turbulence. The former is the only pathway for canopies over flat terrain. In the presence of topography, both
pathways exist as evidenced by the bimodal PDFs of parcel escape location. The dominance of one pathway over the
other is determined by the relative time scales for vertical transport by turbulence andmean-wind advection. For the
cases studied here, this dominance is determinedmostly by depth of release within the canopy, with the local pathway
being dominant in the upper canopy and the advection pathway being dominant in the lower canopy.

A major consequence of the advection pathway is that almost all source locations contribute air parcels to the
total escape at the separation point, resulting in the “chimney” effect. Sources near the groundwill contributemore
than sources in the upper canopy, but the collection of parcels from all source locations leads to large total escape
at the separation point. This results in the PDFs of escape locations displaying a strong peak at the separation point,
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F IGURE 8 (a) Median in-canopy residence times for air parcels released at different heights from the ground.
Errorbars indicate 10th and 90th percentiles. The black squares mark themedian values obtained from the theoretical
model proposed by Gerken et al. (2017) for flat terrain and is shown as reference only. (b) Export fraction of reactive
gases as a function of Damköhler numberDa = hc/(u∗τchem) for simulations S0.0 (solid lines) and S0.2 (dashed lines).
For reference, the value (hc/u∗) = 97.5 s was used in all normalizations, and τ/(hc/u∗) = 10 in (a) corresponds to
τ ≈ 16.3min for the present simulations.
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which explains the observations of elevated concentrations and fluxes (Katul et al., 2006; Ross, 2011; Ross and Harman,
2015). One important consequence of our findings is that the canopy “volume” footprint for fluxesmeasured near the
separation point is much larger than anywhere else. For gases emitted near the ground, the footprint in this idealized
topography is actually the entire domain. Moving forward, it is important to assess these effects in realistic (more
complex) topography. If the results observed for periodic sinusoidal ridges hold for realistic topography, interpretation
and upscaling of gas fluxes obtained from eddy covariance measurements over complex topography may be more
challenging than previously thought.

Vertical transport at the separation point is performed predominantly by turbulence, giving rise to the intermittent
accumulation-ejection cycles observed in the flume experiments of Poggi and Katul (2007). However, near the ground
where vertical velocity fluctuations are damped, mean vertical advection contributes significantly to transporting
air parcels upward to levels of more intense turbulence (where they can be readily transported out of the canopy by
ejections). This vertical advection is responsible for a reduction in residence times for gases emitted in the bottom part
of the canopy (when compared to flat terrain conditions), which in turn result in a larger escape fraction for reactive
compounds. Thus, we conclude that the increased out-of-canopy transport efficiency observed over topography (Ross,
2011) is caused by the small but important effect of mean vertical advection near the ground in the vicinity of the
separation point.

Despite the complexity of the flow field and parcel transport studied here, we can envision a path forward towards
reduced complexity models of this phenomenon. The leading order effects of the competition between local and
advection pathways can be represented by the turbulence intensity σw /u . At least for gentle topographies, the existing
theoretical framework (Finnigan and Belcher, 2004; Ross and Vosper, 2005; Poggi et al., 2008) can deliver reasonable
predictions of themean velocity field. The applicability of themoving equilibrium hypothesis (Yaglom, 1979) to dense
canopies over topography, confirmed by LES runs here, suggest that a parameterization of the vertical velocity variance
may be possible from the local stress. In particular, the LES results show that vertical velocity variance profiles inside
the canopy across the topography are similar to their flat terrain counterpart. Consequently, it is possible to separate
longitudinal variability in the stress above the canopy from the quasi-one dimensional vertical variability in the flow
statistics within the canopy. Once the stress at the canopy top is predicted from two-dimensional simplifiedmodels,
one-dimensional turbulent statistics inside canopies can be reasonably described from second-order closuremodels
using numerical schemes (Meyers and Tha PawU, 1986; Katul and Chang, 1999; Ayotte et al., 1999; Poggi et al., 2004;
Juang et al., 2008) or analytical models (Massman and Weil, 1999). This scale separation framework was already
employed tomodel seed dispersal kernels over complex terrain covered by uniform canopies (Trakhtenbrot et al., 2014).
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