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Abstract A number of large-eddy simulations (LES) are performed for the calculation of
the airflow over a horizontally homogeneous forest canopy for a wide range of thermal
stability classes. For the first time, results from LES of a stably stratified canopy are also
presented. Simulation results compare favourably to recent field measurements over a pine
forest in south-eastern Sweden. The simple heat source model was found to perform ade-
quately and to yield within-canopy heat-flux profiles typically observed for stable conditions
in the field. Evidence was found for a layer of unstably stratified air in the canopy trunk space
under stable stratification. The importance of a secondary wind-speed maximum is empha-
sized in stable conditions. Examination of the budget equation of turbulent kinetic energy
(TKE) revealed, that during stable stratification, pressure transport plays an increasingly
important role in supplying the canopy region with TKE.

Keywords Atmospheric boundary layer - Forest canopy - Forest turbulence - Large-eddy
simulation - Thermal stratification - Turbulent kinetic energy budget

1 Introduction

Knowledge about the flow field, the turbulence structure and the exchange processes in and
above forest canopies is of interest for a wide range of applications, such as, for example, the
exchange of greenhouse gases between forests and the atmosphere, possible wind damage
and wind throw at forest edges, the spreading of wild fires, and the dispersion of pollen and
pollutants. Moreover, the implications of forest turbulence on the fatigue loads of wind tur-
bines have recently prompted significant research activity (Bergstrom et al. 2013; Nebenfiihr
and Davidson 2014; Arnqvist et al. 2014; Nebenfiihr et al. 2014).

Turbulence in and above canopies has been characterized in field measurements (e.g.
Allen Jr 1968; Cionco 1972; Finnigan 1979; Baldocchi and Meyers 1988; Hogstrom et al.
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1989; Amiro 1990; Kruijt et al. 2000; Launiainen et al. 2007; Dupont and Patton 2012)
and in wind-tunnel models and observations (e.g. Raupach et al. 1986; Brunet et al. 1994,
Novak et al. 2000; Poggi et al. 2004b; Segalini et al. 2013). Lately, numerical simulations,
and in particular large-eddy simulations (LES), have become increasingly applied to canopy
flows. Disregarding the effects of the flexibility of trees and neglecting the individual canopy
elements, it is possible to describe a forest canopy in terms of the leaf-area density; in such
an approach, the forest is simply represented as the drag force exerted by the trees on the
airflow. This makes it possible to integrate forest canopies explicitly into the simulation
domain of a LES and therefore to simulate the flows both above and within the canopy,
together with their interactions.

Shaw and Schumann (1992) performed LES explicitly with a forest canopy, and they
simulated a 20 m-high forest under neutral and weakly unstable conditions using a fairly
fine grid on a very limited domain, stretching only up to three canopy heights above the
ground. Later, Shaw and Patton (2003) attempted to refine the forest model by also taking
into account skin friction of the canopy elements. They further included a passive trans-
port equation for wake scale turbulence, which was found to not significantly influence the
simulations.

The effect of the vertical leaf-area density profile in horizontally homogeneous forests
has been explored by Dupont and Brunet (2008b) and Huang et al. (2009). Raupach et al.
(1996) established the widely accepted mixing-layer analogy for canopy flows, and pro-
posed that canopy flows behave similarly to a plane mixing layer at the canopy top. This
analogy is only valid for sufficiently dense canopies as indicated by, for example, Novak
et al. (2000) and Dupont and Brunet (2008b). Sparse canopies have been shown to behave
similarly to a rough wall turbulent boundary layer, and Huang et al. (2009) investigated the
transition between the two regimes by gradually increasing the vertical canopy density in
their simulations.

Also horizontally heterogeneous forests, such as those with a clearing—forest—clearing
type of pattern (Dupont and Brunet 2008a; Dupont et al. 2011) or with flow passing over a
canopy edge (e.g. Yang et al. 2006b; Cassiani et al. 2008; Dupont and Brunet 2009), have
gained much attention. Canopies organized in rows were recently investigated in association
with the flow through a vineyard (Bailey and Stoll 2013; Chahine et al. 2014), while results
for the simulation and recognition of coherent turbulent structures above canopies can be
found in Kanda and Hino (1994), Watanabe (2004), Dupont and Brunet (2009), Finnigan
et al. (2009).

Recently, realistic features have been considered in the simulation of canopy flow, such
as the representation of actual plants (Yue et al. 2007a,b; Bailey and Stoll 2013), arbitrary
canopy heterogeneity (Bohrer et al. 2009) and canopy densities determined from terrestrial
laser scanning data (Schlegel et al. 2012). Detailed inclusion of a number of single trees
has been the focus of Endalew et al. (2009) and Schréttle and Dornbrack (2013), who used
two and 16 trees, respectively. As opposed to the common approach of simply representing
the forest in terms of a drag force, Chatziefstratiou et al. (2014) explicitly also included the
effect of flow restriction due to plants taking up some part of the computational cell.

Most research to date has been focused on neutrally stratified conditions, although un-
stable stratification was considered by Shaw and Schumann (1992), Dwyer et al. (1997),
Shen and Leclerc (1997) and Bohrer et al. (2009). To our knowledge, stable atmospheric
conditions over a forest have not yet been subject to investigation. Hu et al. (2002) used a
two-dimensional simulation technique to capture wave-like motions during nighttime, treat-
ing the temperature field as a passive scalar.
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In contrast, the atmosphere is rarely neutral and therefore most experiments include
stratification effects. Shaw et al. (1988) concentrated on the influence of stability on ba-
sic turbulence properties, and found a considerable decrease of the canopy drag coefficient
with the onset of stable stratification. Moreover, they found that under stable stratification,
momentum transfer deep into the canopy is less efficient than under neutral or unstable
stratification. Baldocchi and Meyers (1988) investigated flow over and through a deciduous
forest and found considerable differences between night and day for the turbulence statistics.
Second- and third-order turbulence statistics were studied in Leclerc et al. (1990, 1991) in
a deciduous forest, while Kruijt et al. (2000) examined turbulence statistics in two Amazon
rain forests. The influence of stratification on length scales was examined by Brunet and
Irvine (2000) for several different sites. Villani et al. (2003) presented measurements over a
northern hardwood forest and Launiainen et al. (2007) used measurements in a pine forest
for a range of four stability classes. The effect of thermal stability on the mean flow and
the turbulence statistics inside a hardwood forest was explored by Su et al. (2008). Most
recently Dupont and Patton (2012) summarized results from the CHATS experiment related
to flow over an orchard.

Here, LES is used to investigate the flow over a horizontally homogeneous forest, and
comparison is made with recent field measurements in a pine forest in the south-east of Swe-
den (Bergstrom et al. 2013; Arnqvist et al. 2014). Six atmospheric stability classes, ranging
from unstable through neutral to very stable conditions, were covered in the field measure-
ments. Here, LES are carried out for each of the six stability classes. Firstly, simulations
are tested for all stability classes against the measurements, then the influence of thermal
stratification on the flow inside and above the canopy is investigated. For that purpose, we
use common turbulence parameters, first-, second- and higher-order moments of turbulence
and the budget of turbulent kinetic energy (TKE).

2 Material and methods

2.1 Governing equations

In LES, the turbulent eddies include the large, resolvable scales and small, subgrid scales
(SGS), the latter needing some kind of parametrization. This distinction is done implicitly

by the grid and is usually referred to as grid filtering. Here, the incompressible, grid-filtered
Navier-Stokes equations and a transport equation for the potential temperature are solved,
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where #; is the velocity component in the x;-direction (i7; = i, it = v, i3 = w), p is the
air density, j is the pressure, g is the acceleration due to gravity, @ and ) are the potential
and the reference temperature, respectively, v is the kinematic viscosity, Pr = 0.72 is the
Prandtl number, ;3 is the Kronecker delta and the double primes indicate a deviation from
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the horizontal mean. Grid-filtered quantities are denoted by overbars. In Eq. 1b, F¢; and F;.;
are the forces caused by the forest drag and the Coriolis effect, respectively, while the term
Sy in Eq. Lc denotes the vertically distributed forest heat source. The terms Fy; and F,.; are,

Ff,,' = —CDanlZ,', 2)

Fo; =2Qsin()(it; —ujz)€ij3, 3

where Cp denotes the forest drag coefficient equal to 0.15 (Shaw et al. 1988), ay is the
vertical leaf-area density of the forest, U is the local wind speed, Q is the Earth’s rotation
rate, ¢ is the latitude (here taken as 57°N, which corresponds to the latitude of the field
measurement site in Ryningsnés), u; is the geostrophic wind component and &;;3 is the
alternating unit tensor. Even though Shaw et al. (1988) demonstrated that Cp decreases in
stable conditions, a constant value is used here for simplicity.

The effect of stratification is modelled following Shaw and Schumann (1992), where
we assume that the forest is heated through solar radiation and that the air in contact with
the leaves in turn is heated through heat conduction. For the sake of simplicity, we neglect
the effect of heat radiation from the forest. Furthermore, the ground surface is taken to be
an adiabatic wall, which implies that there is no heat to warm the ground. The strength
of the source is proportional to the amount of solar radiation absorbed by the vegetation.
Consequently, the heat source is strongest in the upper region of the forest and diminishes
with increasing depth into the canopy. The canopy heat source term reads,

900

Si dz
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where ¥ = 0.6 is the extinction coefficient of light (Shaw and Schumann 1992), Q(z) and
Qy, are the heat-flux profile and the canopy-top heat flux value, respectively, and A, is the
downward cumulative leaf-area index (LAI), defined as

h
Ac= [ agaz 5)
z

with & being the canopy height. The heat flux is modelled in the same way for unstable
and stable conditions (with opposing signs, due to opposite signs on Q). Note that it is
not obvious that the forest heat source should be modelled in the same way in stable and
unstable conditions, since during nighttime, when the stable boundary layer evolves, heat
transfer is mostly governed by longwave radiation as pointed out, for example, by Garratt
(1992). Measurements, however, indicate that indeed the heat flux inside the canopy shows
the largest magnitude at the canopy top in both stable and unstable stratification (Kaimal
and Finnigan 1994; Cava et al. 2006; Dupont and Patton 2012).

The effect of humidity is neglected in the present study, since we consider an idealized
situation due to the use of a horizontally homogeneous forest and periodic boundary condi-
tions. It is, however, acknowledged that the influence of humidity may not be negligible on
the flow above a transpiring forest canopy.

It should be noted that Eq. 1c is only solved for non-neutral conditions, i.e. if Oy, # 0. In
(1b) and (Ic), 7;; and 7, are the subgrid-scale stress and heat flux, respectively, where these
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are modelled as,
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A SGS model solving the transport equation for subgrid-scale TKE, k, similar to that pro-
posed by Deardorff (1980), is used to compute the eddy viscosity, v;, and the eddy diffusiv-
ity of heat, vj. In the following, this model is referred to as the k-equation model. Several
previous studies have employed that SGS model for numerical studies of the atmospheric
boundary layer (ABL) (e.g. Moeng 1984; Kanda and Hino 1994; Jiménez and Cuxart 2005)
and canopy flows (e.g. Dwyer et al. 1997; Shaw and Patton 2003; Bohrer et al. 2009). The
transport equation for k is given by,
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where ¢ is the dissipation rate of SGS turbulent kinetic energy and oy = 1. We account for
the destruction of TKE through forest drag with the help of the last term on the right-hand
side (Shaw and Patton 2003).

The eddy viscosity, necessary for the parametrization of the SGS stress in Eq. 6, is
computed as the product of a length scale, /, and a velocity scale, \/I;, Viz.

v, = 0.1Vkl. ©)

To allow for a reduction in the turbulent length scale in stable conditions, the length scale is

computed as
S\ —1/2
/= min [ 076vE [ £2° A (10)
90 aZ

whenever 90/9z > 0. In Eq. 10, Ay = (AA,A,)'/3 is the cubic root of the grid volume and
the classical length scale used in LES. The SGS heat flux from Eq. 7 is then parametrized
by defining v, as

vy = (1421/Ag)vr. an

Finally, the dissipation rate, €, is modelled as (Deardorff 1980),

k3/2
£ = (0.19+0511/4)—. (12)

2.2 Experimental data

In the framework of the Swedish project ”Vindforsk” (Bergstrom et al. 2013), extensive
measurements were carried out in a forested region near Ryningsnis in the south-east of
Sweden. A 138-m tall meteorological mast, placed on the north-western corner of a roughly
200 x 250 m? clearing, was used for the measurements. The measurement campaign took
place from November 2010 until February 2012. As reported in Bergstrom et al. (2013), Arn-
qvist et al. (2014) and Chougule et al. (2015), the average forest height near the mast was
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approximately 20 m and the forest consisted predominantly of Scots pine (Pinus silvestris).
The mast was equipped with measurement booms at heights z/h ~ 2,3,4,5,6,7. As the
measurement mast is placed on the edge of a clearing, no measurement was possible inside
the canopy and thus the lowest measurements were taken at z/h ~ 2. Only data from the
western sector are considered here, since in that direction, the landscape is mainly covered
with forest. Additionally, the influence of two wind turbines to the south and north-east of
the measurement mast was mitigated.

In the experiments, six different stability classes ranging from unstable to very stable
atmospheric conditions were identified based on the stability parameter 4/L, with L being
the Obukhov length, defined as

3 6

kg0’
where u. is the friction velocity, that is defined later and k¥ = 0.41 denotes the von Kdrman
constant.

Table 1 gives an overview over the stability classes and the range of the stability param-
eter used for distinction. All the experimental data represent mean values of a number of
datasets, which were averaged upon identification for a certain stability class. One dataset
corresponds to the temporal average of a 30-min time history. The number, N, of datasets
used in each stability class are also given in Table 1, where it can be seen that the majority
of the datasets are in the neutral or stable regimes. Detailed information and analysis of the
measurements can be found in the final project report (Bergstrom et al. 2013) and in the
study of Arnqvist et al. (2014).

L=

13)

Table 1: The different stability classes. Also the range of the stability parameter /L appli-
cable for each class and the total number of datasets are indicated. Qj, is the canopy-top heat
flux used in the simulation of the respective stability class.

Class Description h/L range N 0n[Kms 1]
K1 Unstable —0.2<L<—-0.05 53 0.015

K2 Unstable, near-neutral —0.05 <L < —-0.02 94 0.01

K3 Neutral 0<|L] <0.02 861 0.0

K4 Stable, near-neutral 0.02 <L <0.05 367 -0.0035
K5 Stable 0.05<L<0.2 369 -0.005
K6 Very stable 02<L 206 -0.0075

2.3 Simulation set-up

The simulations are performed on a rectangular domain with a vertical height of H = 400
m. A right-handed coordinate system is used, where coordinates x, y and z relate to the
streamwise, lateral and vertical directions, respectively, and the computational domain has
dimensions (Xmay, Ymax: Zmax) = (4H,2H,H). A grid with (ny, ny,n;) = (192,96,48) cells is
used to discretize the computational domain, with the grid spacing constant in the horizon-
tal directions (x and y). The forest density varies with height, as depicted in Fig. 1, but is
assumed to be homogeneous in the horizontal directions. As in the experiments, a canopy
height of 4 = 20 m is used in the simulations throughout. 10 grid cells are used to discretize
the canopy in the vertical direction, yielding a constant grid spacing of A, = 2 m inside the
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forest. Above the forest, the cells are geometrically stretched by 7.5%. The geostrophic wind
is set to (ug,vg) = (5,0) m s~ ! in all cases, and a potential temperature profile with constant
temperature 300 K is initially prescribed. A constant timestep of A, = 0.4 s is used in all
simulations in order to ensure that the Courant number is below 0.25 in the entire domain.

All simulations have an initial ”start-up phase”, in which the temperature profile adjusts
to the applied heating/cooling and the wind turning with height can adapt to its fully devel-
oped state. The length of the start-up is highly dependent on the thermal stratification, and
while the flow develops rather quickly in unstable or neutral conditions, a large number of
timesteps is necessary in stable conditions. In all cases, the start-up phase is long enough
to ensure fully-developed flow. All quantities shown below are averaged both in time and
space (in the horizontal direction), with temporal averaging carried out for 30000 timesteps.

At the ground, the momentum flux is specified from standard similarity theory; the hori-
zontally averaged local wind speed, U, = (Vii? 4 72), at the first vertical grid point, A;/2,
is used for evaluation of the surface momentum flux, viz

. _ UPWK ? ﬁi(xvyv Az/z)
i [lnmz/z)/mﬂ Upar

where zo = 0.001/ is the roughness length according to Shaw and Schumann (1992). The
top of the domain is treated as a rigid, frictionless lid. Periodic boundary conditions are
employed in the x- and y-directions. The use of periodic boundary conditions and the addi-
tion (subtraction) of heat through the forest leads to an ever increasing (decreasing) absolute
temperature in the simulation. We are not interested in the absolute temperature here, and
none of our equations depends on the absolute temperature; hence, the absence of a balance
in the heat equation is not expected to have any effect on the outcome of our simulation.

As mentioned above, at Ryningsnis, the forest mainly consists of Scots pine, which we
model with the help of the empirical model of Lalic and Mihailovic (2004). Figure 1 shows
the resulting leaf-area density profile, resembling a tree with a more dense crown region and
a rather sparse trunk space. The profile has a leaf-area index of A = j(fl agdz ~ 4.3, where,
according to the review of Breuer et al. (2003), the leaf-area index of Scots pine trees varies
between 1.1 and 7.2, with a mean value of 3.8.

7(i:172)7 (14

0.5

z/h

0 01 02 03 04
ar

Fig. 1: Leaf-area density profile of the modelled forest, as defined in Eq. 2.

A coordinate transformation to a local coordinate system is applied for all of the quan-
tities presented in this study. This is done in order to account for the wind turning induced
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by the Coriolis effect. In line with common meteorological practice, the x-axis of the local
coordinate system is aligned with the mean wind direction at every height and the z-axis
is vertically upwards. Quantities defined in the local coordinate system are denoted with
subscript (.

3 Validation against measurements

In order to validate our simulations, a comparison is made with measurements. In all the
plots, the upper end of the canopy is marked by the horizontal dashed line. The variability
of the measurements is given as +0 (standard deviation), where available. Figure 2 displays
the horizontal wind speed, Uy = (ﬂ2 + \72)1/ 2 for all six stability classes. In accordance with
the measurements, the wind-speed profiles are normalized with the friction velocity u, =
[(u'W')2 + (Vw)2]1/* evaluated at z/h = 2. At first glance, a good agreement of simulations
with measurements can be observed for all six cases. For all numerical cases, the typical
features of the wind-speed profile for a canopy flow are obtained. The strong reduction in
wind speed inside the canopy and the inflection point at the top of the canopy are clearly
visible. Cases K1 and K2 do not capture the correct curvature of the of the wind-speed
profile, which indicates overly strong mixing due to buoyancy.

Since no measurement is available for the levels inside the canopy, we cannot validate
our simulations for that region. However, our simulations show behaviour in line with re-
sults commonly available from numerical studies (e.g. Shaw and Schumann 1992; Dupont
and Brunet 2008b; Bohrer et al. 2009) and measurements (e.g. Baldocchi and Meyers 1988;
Finnigan 2000; Dupont and Patton 2012), which gives confidence that our model also per-
forms satisfactory inside the canopy.

Wind turning with height can be considerable and is shown in Fig. 3. To be consistent
with the measurements, the change at each height relative to the wind direction at z/h =2
is depicted. For the unstable cases, LES predicts the wind turning to be smaller than the
measurements. In the simulations, this is caused by the enhanced mixing due to buoyancy.
Consequently, the turbulence intensity increases and the wind speed is reduced, making the
Coriolis effect less significant for these two cases. Both under neutral and stable conditions,
the simulated turning is in better agreement with measurements. It should be noted that
(Bergstrom et al. 2013) have argued that the measurements may show wind turning that is
too high, and is caused by internal twisting of the measurement tower. Furthermore, it can be
observed that the predicted wind turning is considerable inside the forest. Dupont and Brunet
(2008b) also found strong wind turning inside the canopy, regardless of the leaf-area density
distribution, in their numerical study. The wind turning inside the forest is only indirectly
due to the Coriolis force. As will become clear from Fig. 4, the vertical momentum flux
diminishes due to the presence of the forest and the wind direction is determined by the
large-scale pressure gradient, and hence, the geostrophic wind (Dupont and Brunet 2008b).

The vertical momentum flux in the streamwise direction is examined, where good agree-
ment with the measurements is achieved (see Fig. 4). For all six stability classes, the peak in
the momentum flux is located at the top of the canopy, where the largest wind shear can be
found (compare with Fig. 2). From the peak at the canopy top, the momentum flux decreases
linearly with height to zero. It should be noted that no constant stress layer is visible here
due to the scale of the vertical axis in the presented plots. A close-up of the canopy and the
roughness sublayer would reveal the near-constant behaviour of the momentum flux (not
shown). In the first four cases, the height of the boundary layer is greater than the height of
the computational domain, and the momentum flux is forced to be zero at the top of the do-
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main by the rigid boundary condition used. It would be interesting to explore the influence
of the location of the upper boundary on the simulation results, in particular for the two
unstable cases. However, this issue is left to future studies. For the stable and very stable
cases, the momentum flux goes to zero well below the top of the domain, implying that the
entire ABL is simulated in the LES.

The variances in the wind-speed components, normalized by uZ, are presented in Fig. 5.
In general, the streamwise variances are the largest and the vertical variances are the smallest
with the lateral variance lying between the two. However, for the very stable and unstable
cases, the measurements suggest that the streamwise and lateral variances are of roughly the
same magnitude. Since the presence of the ground dampens vertical turbulence motions, the
vertical variance assumes the smallest values. The streamwise variance seems well predicted
for the neutral and the slightly stable case, however, the variance near the forest appears
overpredicted in those cases. In contrast, the variances of the lateral and the vertical velocity
components are underpredicted in all simulations. In the vertical direction this underpredic-
tion is most pronounced in the roughness sublayer, indicating that the simulations do not
predict sufficiently high values of resolved turbulent kinetic energy. The effect proves to be
most severe in the unstably stratified cases. Increasing the domain height in order to capture
more large-scale, energy-containing turbulent motions may help to mitigate this deficiency.
Other possible solutions may be to increase the grid resolution in the horizontal directions
or to include the effect of energy backscatter (e.g. Bhushan and Warsi 2005; Bhushan et al.
2006; Davidson 2009) in the SGS model. It is noteworty that in the very stable case, the
variances show a sudden increase at z ~ 8. This happens at heights above the ABL height,
where the flow is laminar, and consequently, the k-equation model yields very small val-
ues of eddy viscosity, leading to numerical oscillations. Hence, the k-equation SGS model
does not perform well in increasingly stable conditions. However, recently, a new tuning-
free scale-dependent dynamic SGS models has emerged (Porté-Agel et al. 2000), and good
performance in simulations of the stable ABL has been reported by Basu and Porté-Agel
(2006), Kleissl et al. (2006) and Stoll and Porté-Agel (2008). Recently, the scale-dependent
dynamics SGS model has been used for the simulation of a model canopy in a wind tun-
nel (Yue et al. 2008) and for the simulation of a vineyard canopy (Bailey and Stoll 2013).

The resolved skewness of the streamwise and vertical velocity components in the local
coordinate system, Sk, ¢ and Sk, , are depicted in Figs. 6 and 7, respectively. The mea-
surements show streamwise skewnesses of nearly zero already from the first measurement
point above the forest in all cases. One can observe that the measured behaviour is captured
well, only for the two most stable simulations. Otherwise, the simulations predict the sign
to change from positive to negative values at heights of z/h ~ 2—z/h = 7, depending on the
thermal stability. This is probably a consequence of the rigid upper boundary condition. As
no measurements are available inside the canopy, we rely on the body of literature for val-
idation. Positive Sk, ¢ inside the forest with decreasing values above have been frequently
reported for LES (e.g. Shaw and Schumann 1992; Dupont and Brunet 2008b; Dupont et al.
2011) and observations (e.g. Baldocchi and Meyers 1988; Raupach et al. 1996; Dupont and
Patton 2012; Segalini et al. 2013), which is in agreement with our results. The skewness of
the vertical velocity is generally negative inside the forest and changes to positive values or
vanishes above the forest as can be observed in Fig. 7. Here, our LES is able to capture the
trends well in all cases.
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Fig. 2: Horizontal wind speed profiles for the different stability classes. ——: LES, [J: Ryn-
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Fig. 4: Resolved vertical momentum flux in the streamwise direction for the different stabil-
ity classes. ——: LES, [J: Ryningsnids measurements

4 Effect of thermal stratification

In the following, the effect of thermal stratification on the canopy flow is studied for several
typical quantities. Note, that from here on, the results from the very stable case (K6) are
excluded, since the k-equation SGS model failed for this case and the results are therefore
not to be trusted.

4.1 Turbulence parameters

One characteristic of canopy flow is the inflection point in the velocity profile at the canopy
top, marking the location of the strongest wind shear. Often the so-called shear length scale,
Ly =Uy(h)/(dU;/9dz); is used to describe the wind shear (Raupach et al. 1996). The values
calculated here range from L; = 0.36/ to Ly = 0.33% in unstable and stable conditions,
respectively (see Table 2). Brunet and Irvine (2000) investigated the impact of stability on
Ly /h for six different measurement sites and found the shear length scale to decrease in
stable conditions, while no clear trend was noticeable for unstable stratification. Consistent
with our simulations, also Dupont and Patton (2012) report Ly /h to gradually decrease in a
deciduous orchard with increasingly stable conditions.

Buoyancy forces typically act to suppress turbulence in the stably stratified ABL, while
for the unstable ABL turbulence is enhanced due to buoyant mixing. Table 2 gives the fric-
tion velocity obtained in the simulations for the different simulations, and as expected, com-
pared to neutral conditions, the friction velocity increases and decreases for unstable and
stable stratification, indicating enhanced and suppressed turbulence, respectively.
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Fig. 5: Resolved normalized variances of wind speed for the different stability classes.
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The displacement height, d, of the forest was calculated using (Su et al. 2008)

4 29w/ 92)dz (15)
Jo (2w /dz)dz
with values for the simulations given in Table 2. Only a minor increase in displacement
height with increasing stability (from case K1 to K5) from values of d = 0.85h to values
of d = 0.86h was found for the simulations. In the field measurements, the displacement
height was estimated to be slightly lower with values of 0.75h (Bergstrom et al. 2013),
indicating that the simulated forest is more dense than the forest at the measurement site.
An increasing displacement height under stable stratification suggests that the penetration
depth of momentum into the canopy is reduced in these conditions. Even though thermal
stratification has only a weak influence on d, the findings here indicate that the penetration
depth of momentum into the canopy is reduced from unstable or neutral to stable conditions,
which is in agreement with Su et al. (2008).

4.2 First-order statistics

In Fig. 8, the influence of thermal stratification on the wind speed is shown, where the wind
speed is normalized with its value at the canopy top, Uy ;. It can be seen that the normalized
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Table 2: Shear length scale (L /h), friction velocity (u.), stability parameter (h/L) and dis-
placement height (d /h) for the simulations.

Case Lg/h uy [ms 1] h/L d/h
K1 0.361 0.415 -0.056 0.853
K2 0.357 0.405 -0.040 0.854
K3 0.353 0.344 N/A 0.854
K4 0.342 0.271 0.047 0.858
K5 0.330 0.224 0.120 0.863
K62 0.302 0.158 0.510 0.875

4 Values for the very stable case (K6) should be interpreted with caution and are excluded from the analysis
hereafter.

wind speed increases with increasing stability, which is in line with observations in and
above an orchard canopy (Dupont and Patton 2012).

Moreover, one can observe that for the unstably stratified simulations the normalized
wind speed is not much influenced by the degree of instability. As will become clear later,
these cases are completely dominated by thermal convection. For the stable case, a maxi-
mum in normalized wind speed can be seen at z/h & 14, often referred to as a low-level jet
and being a phenomenon typically observed in the shallow nighttime boundary layer. Fig-
ure 8b provides a closer view of the canopy region, where a secondary maximum in the wind
speed close to the ground, caused by the relatively lower forest density in that region (see
Fig. 1), can be identified (Shaw 1977). It is more pronounced in stable conditions, which is
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consistent with the observations of Baldocchi and Meyers (1988), Launiainen et al. (2007)
and Su et al. (2008).

4.3 Second-order statistics

The influence of thermal stratification on second-order statistical quantities is illustrated in
Fig. 9. In stable conditions, the largest values of o, ¢/u. for all simulations are obtained
above the canopy, corresponding well with the measurements of Launiainen et al. (2007)
in a homogeneous pine forest. Similarly to Arnqvist et al. (2014), we find that, above the
forest, the streamwise component of turbulence is the weakest in unstable conditions. This
can be explained by the increased importance of buoyancy fluctuations, acting in the vertical
direction. Small, but not negligible, amounts of streamwise turbulence are found in the lower
canopy at around z ~ 0.15h (see secondary maximum in Fig. 9a) with the vertical momentum
flux being virtually zero at the same height, meaning that the turbulence at these levels is
inactive in terms of vertical momentum transport (Finnigan 2000). This phenomenon has
been observed in a number of field and wind-tunnel measurements (Finnigan 2000). We
find this phenomenon to be most pronounced in unstable conditions, agreeing well with
Launiainen et al. (2007), who found the inactive turbulence to increase slightly with unstable
conditions. However, these authors found the largest amount of inactive turbulence for very
stable conditions (h/L > 0.8).

The vertical momentum flux, depicted in Fig. 9c, normalized with u2, does not change
significantly for the unstable, neutral and near-neutral cases, which is in agreement with the
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findings of Dupont and Patton (2012), who report that the normalized momentum flux is not
affected much by thermal stratification up to z/h = 3. Inside the canopy, the momentum flux
drops rapidly to very small values, indicating that the forest is quite efficient in absorbing the
momentum flux. Regardless of stability, the magnitude of (u'w’), is reduced by more than
98 % deep inside the forest (z/h = 0.25) from its value at z/h = 2. Dupont et al. (2011) report
a momentum flux reduction of more than 96 % for their LES of a maritime pine forest, where
the differences may be explained by the relatively less dense trunk space in their leaf-area
density profile. Shaw et al. (1988) and Su et al. (2008) found that in stable conditions, the
momentum flux is diminished more rapidly with depth into the canopy, implying a reduced
penetration depth of momentum into the canopy under stable stratification, and the same
trend can be observed here for the two stable cases.

Figure 9d shows the correlation coefficient, R, = (W'w');/ 0, 10, ¢, which is commonly
understood as a measure of the efficiency of turbulent transport. Measurements presented in
Shaw et al. (1988), Raupach et al. (1996) and Dupont and Patton (2012) indicate peak values
of R,,, =~ —0.5, while LES of neutrally stratified forest flow has been reported to produce
values of R,,, = —0.6 (Su et al. 1998). Our simulations predict the peak value at z/h = 0.85
with magnitudes reaching up to R,,, =~ —0.65 in unstable conditions. A slight reduction
in magnitude to R,,, =~ —0.64 can be seen for increasingly stable stratification, indicating
slightly less efficient vertical momentum transfer in stable conditions. Inside the canopy,
the influence of stable stratification becomes more obvious. While in neutral and unstable
conditions, R, shows a small magnitude near the ground, the onset of stability reduces this
magnitude. In case K5, even a reversal of the sign of R, is obtained at the height of the
secondary wind maximum (z/h =~ 0.2), which is associated with slightly positive values of
(u/w') . Also Su et al. (2008) showed that Ry, changed sign in the lower part of the canopy
for their stable measurements.

The normalized vertical heat flux is analyzed in Fig. 9e for the within-canopy region. In
order to preserve the sign of the heat flux, we use the magnitude of its canopy-top value for
normalization. It can be seen that the heat flux reaches its largest magnitude shortly above
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the canopy, which is in good agreement with Dupont and Patton (2012). Above the forest, the
heat flux remains almost constant as expected for the roughness sublayer. As demonstrated
by Kaimal and Finnigan (1994), a positive heat flux may be encountered near the ground in
stable stratification. Here, we find slightly positive heat fluxes in the lower canopy for the
stable simulations, as shown in Fig. 9f, indicating the existence of a weak unstably stratified
layer below the crowns of the trees. This unstably stratified layer is expected to become
more significant with increasing overall stability.

4.4 Higher-order statistics

Here, the influence of thermal stratification on higher order statistics is presented. Launi-
ainen et al. (2007) concluded from their measurements that the within-canopy skewness and
kurtosis are rather insensitive to changes in stability. Contrasting results were obtained by
Dupont and Patton (2012), who showed that both skewness and kurtosis decrease with sta-
bility inside the forest. Dupont and Patton (2012) stated moreover that under increasingly
stable conditions, the flow changes from resembling a mixing layer to being similar to a reg-
ular rough-wall surface layer. It has also been found that the vertical skewness can become
positive inside the forest in very stable conditions (Leclerc et al. 1991; Dupont and Patton
2012).

Figure 10 shows the skewness and kurtosis of the streamwise and vertical velocity com-
ponents, respectively, and as mentioned in Sect. 3, the velocity components are skewed pos-
itively (streamwise component) and negatively (vertical component) inside the forest. Such
a behaviour is consistent with measurements (Baldocchi and Meyers 1988; Amiro 1990;
Lee and Black 1993; Raupach et al. 1996; Novak et al. 2000; Kruijt et al. 2000; Villani
et al. 2003; Segalini et al. 2013) and simulations (Shaw and Schumann 1992; Su et al. 1998;
Watanabe 2004; Dupont and Brunet 2008b) and suggests that mainly downward moving
energetic gusts, the so-called sweeps, penetrate into the forest.

Above the canopy, Sk, gradually reduces to zero, except for the unstable cases. For
K1 and K2, Sk, ¢ assumes rather large negative values at heights > z/h ~ 2, suggesting a
dominance of upward transport of low-momentum air. Inside the canopy, the streamwise
skewness is positive near the crown and becomes negative with increasing depth, which is
in agreement with the measurements of Amiro (1990) for a pine forest. The largest peak
is obtained with neutral stratification and decreases with the onset of thermal stratification.
Field measurements commonly also report such a behaviour (e.g. Baldocchi and Meyers
1988; Leclerc et al. 1991; Launiainen et al. 2007; Dupont and Patton 2012). We can deduce
from Fig. 10a that Sk, ; becomes increasingly negative in the lower canopy with increasing
stable stratification, consistent with Leclerc et al. (1991). As Leclerc et al. (1991) point out,
negative values of streamwise skewness in the lower canopy usually are connected with an
upward transport of momentum, possibly caused by a secondary wind maximum or a layer
of unstably stratified air in the trunk space. Since negative streamwise skewness is present
in all simulations in the lower canopy with increasingly negative values for increasing stable
stratification, this reversal of sign seems to be related to the importance of the secondary
wind maximum in our simulations (see Fig. 8b).

The skewness of the vertical velocity component is shown in Fig. 10b and takes positive
values above the forest in unstable stratification, which is confirmed by the measurements
of Dupont and Patton (2012) and Arnqvist et al. (2014). As pointed out by Dupont and
Patton (2012), positive values of Sk, above the forest indicate that updrafts are narrower
than the surrounding downdrafts, which is a typical feature of thermal plumes. All other
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stability classes show values of Sk, , near zero above the forest. Within the canopy, the
largest magnitudes of vertical skewness are found near the ground for neutral conditions,
with smaller magnitudes for both unstable and stable stratification. Leclerc et al. (1991) and
Dupont and Patton (2012) report positive vertical skewness inside the forest for very stable
stratification (h/L > 0.5). Even though we find the least negative values in the most stable
simulation (KS5) considered, the vertical skewness never changes sign within the forest. It is
possible that this is due to too weak stability (2/L = 0.12) in case K5.

The kurtosis of the streamwise and vertical velocities is shown in Figs. 10c and 10d.
Kaurtosis values close to the Gaussian value of K, ; ~ 3 are found above the canopy, except
for the two unstable cases, showing smaller values up to z ~ 4h. This behaviour is probably
due to the overly strong buoyant mixing in these simulations and is not usually observed
in the field (Dupont and Patton 2012). The kurtosis of both the streamwise and the vertical
components shows that the amplitudes increase slightly with the onset of stable conditions,
indicating increasingly intermittent turbulent fluctuations.

Inside the canopy, however, the kurtosis of the streamwise and vertical velocity compo-
nents decreases with the onset of non-neutral conditions, consistent with Dupont and Patton
(2012). Regardless of the thermal stability, the streamwise kurtosis shows a distinct peak in
the upper canopy, while in contrast the vertical kurtosis shows the highest values towards
the ground.

4.5 Turbulent kinetic energy budget

A valuable method for the investigation of the different mechanism involved in generation,
dissipation and transport of resolved TKE is to calculate the terms involved in the budget
equation for TKE. Budgets of TKE have been subject to extensive investigation, includ-
ing field measurements (e.g. Leclerc et al. 1990; Meyers and Baldocchi 1991; Zhuang and
Amiro 1994), wind-tunnel studies (e.g. Raupach et al. 1986; Brunet et al. 1994; Poggi et al.
2004a; Yue et al. 2008) and numerical studies (e.g. Dwyer et al. 1997; Shen and Leclerc
1997; Yang et al. 2006a; Yue et al. 2008).

Assuming horizontal homogeneity and quasi-steady flow, the TKE budget equation
reads (Stull 1988),

_8<K>_7//M7//M 8 g s
0= ot - <MW> az <VW> az +60< 6>6I3
I I
Lowp) —2CpasU(K) (16)
p 07 —
il v
d(WK) 9°K ou; du
-=3, +<(v+v,)a—zz>—<(v+v,)axj ij>’
v VI

where K = %u;uf is the resolved-scale TKE and the angular brackets denote horizontal and
time averaging. Note that the overbars denoting spatial filtering are omitted now for clar-
ity. The time averaging, is performed by averaging over 20 datasets that were obtained
with a temporal separation of 250 timesteps (100 s). The terms involved in Eq. 16 are, I)

the shear production (), II) the buoyancy production or destruction (F), III) the pressure
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transport term (7},), IV) a term accounting for the work done against the canopy drag (D),
V) the turbulent transport term (77) and VI) the viscous and SGS dissipation €. However,
since V; > Vv, the contribution of the viscous dissipation is negligible and the term can
be interpreted as the SGS dissipation. According to Dwyer et al. (1997), we include both
resolved-scale and SGS turbulent transport in 77. In the following, all quantities are made
non-dimensional by multiplication with //u3.

Firstly, we broadly examine the TKE budget for the unstable (K1), neutral (K3) and
stable (K5) simulations in Fig. 1 1. Above the roughness sublayer (z/h > 2), an equilibrium
of shear production and SGS dissipation (Ps =~ €) is usually expected (Townsend 1976). It
can be seen that this is roughly true for neutral and stable conditions, but not for unstable
stratification, where also turbulent transport plays a significant role. Since shear production
vanishes due to small velocity gradients above z = 6h, turbulent transport becomes the main
contributor of TKE (Garratt 1992, p. 33). Inside the roughness sublayer, the equilibrium as-
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sumption does not hold and the TKE budget is a balance of five different terms. At the top
of the canopy, Ps exhibits a strong peak associated with the inflection point in the velocity
profile (see Fig. 8). The shear production increases with increasing stability, agreeing well
with Leclerc et al. (1990). However, these authors further found that in very stable stratifi-
cation, P can behave like a weak sink term for TKE in the lower part of the canopy, which
is not reproduced here, possibly due to not stable enough stratification. As a result of dimin-
ished momentum flux, P rapidly decreases with depth into the canopy. Dissipation due to
canopy drag, Dy, is the largest sink term throughout the canopy, regardless of the thermal
stability, implying that inside the forest, the turbulent motions are predominantly suppressed
by canopy drag. All of the above is in general agreement with previously published stud-
ies (e.g. Dwyer et al. 1997; Shen and Leclerc 1997; Yang et al. 2006a; Yue et al. 2008).
The turbulent transport term is shown in Fig. 12a, and exhibits the behaviour well known
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Fig. 11: Normalized TKE budget for the unstable (a), neutral (b) and stable simulation (c).
—: shear production (F;), = =: buoyancy production (P,), =+ =: turbulent transport (77),
—: canopy drag (D), = =: SGS dissipation (&), = - =: pressure transport (1,)

from previous simulations (e.g. Dwyer et al. 1997; Shen and Leclerc 1997), field measure-
ments (Meyers and Baldocchi 1991) and wind-tunnel studies (Raupach et al. 1986; Brunet
et al. 1994). Right above the canopy, the turbulent transport shows a strong negative peak
and is in fact the most important sink term at z ~ 1.14, while inside the canopy, 77 quickly
changes sign and acts as a source term for TKE in the upper two thirds of the canopy. Ther-
mal stratification appears to have only a minor effect on the peak magnitudes of 77, where
the strongest above-canopy sink and in-canopy source are encountered in stable and neutral
conditions, respectively. Raupach et al. (1991) pointed out that the importance of turbulent
transport inside the canopy should be related to the dominance of sweeps. Thus, the lower
magnitude of 77 in the forest in stable conditions underlines that sweeps are getting less im-
portant in stable conditions. Close to the ground, at z/h ~ 0.15, turbulent transport acts as a
weak sink for TKE, possibly explained by the lower canopy density in that region, providing
for increased turbulence levels near the ground (see Fig. 9a).

Figure 12b displays the pressure transport term, and it can be seen that 7}, acts similar
to T with a negative and a positive peak right above and inside the canopy (z = 0.75h), re-
spectively. In field measurements, T}, is particularly difficult to measure and therefore, there
is some debate about its nature. Brunet et al. (1994) derived T, from the difference of other
terms and concluded that the pressure transport counteracts the turbulent transport. How-
ever, all LES studies agree on pressure transport acting similar to turbulent transport (e.g.
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Dwyer et al. 1997; Shen and Leclerc 1997; Yang et al. 2006a; Yue et al. 2008). A clear
dependence on atmospheric stability can be seen for T),, suggesting that pressure transport
becomes a more important means of TKE transfer inside the canopy for increasingly sta-
ble conditions, probably due to the diminished importance of turbulence. This finding is in
line with Shaw and Zhang (1992), who provided evidence for the importance of pressure-
induced flow within the canopy. Moreover, it is interesting to note that most of the TKE deep
inside the canopy is not locally generated, but rather transferred down with the help of the
turbulent transport and pressure transport terms (Raupach et al. 1996).

5 Summary and conclusions

A number of large-eddy simulations were performed for the flow over a horizontally ho-
mogeneous forest canopy. Six different classes of thermal stability, identified from field
measurements and ranging from unstable to very stable conditions, were reproduced numer-
ically. For the first time, also stable stratification was considered in simulations of canopy
flows. The simulations were validated against recent field measurements of a pine forest
in the south-east of Sweden. Good agreement between measurements and simulations was
achieved for the wind speed profile in all, but the most stable case. In particular in unsta-
ble and neutral stratification, the simulations showed a large underprediction of the wind
turning angle above the canopy. While the vertical momentum flux was generally well pre-
dicted, only the streamwise velocity variances agreed with the measurements. The lateral
and vertical variances appeared underpredicted for most stability regimes, caused by a gen-
eral underprediction of resolved turbulent kinetic energy. Using a greater domain size, as
well as a finer grid resolution may help to improve that situation. Moreover, the unstable
simulations showed clear signs of overmixing due to buoyancy. However, most turbulence
features are in, at least, qualitative agreement with published field measurements.
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The k-equation SGS model failed for the very stable case, where numerical oscillations
appeared in the laminar region above the shallow boundary layer, as a consequence of van-
ishing turbulent viscosity. In future studies, SGS models more suitable for the stable ABL
should be employed. Especially, the so-called scale-dependent dynamic SGS model showed
promising performance in stably stratified flow (Kleissl et al. 2006; Stoll and Porté-Agel
2008).

In LES of the unstably stratified ABL, a positive heat flux is applied as a vertically
distributed source term in the forest (Shaw and Zhang 1992), motivated by the heating of
the forest due to solar radiation. For the sake of simplicity, this situation is reversed in stable
stratification. Even though the underlying assumption is violated, this model is able to retain
the heat-flux distribution typically observed in forests.

A gradual decrease of the shear length scale, Ly /A, with increasingly stable stratification
(from K1 to K6) showed that stable conditions exhibit stronger wind shear than unstable
or neutral conditions. Moreover, the penetration depth of momentum into the canopy is
reduced in stable conditions, compared to neutral or unstable stratification, as indicated by
an increased displacement height and more rapid momentum flux attenuation with depth into
the canopy. Inactive turbulence, in a sense that it does not contribute to vertical momentum
transfer, could be observed deep inside the canopy, and was found to be most prominent in
unstable conditions. Evidence was found for a layer of unstably stratified air in the canopy
trunk space under stable stratification. A secondary wind speed maximum was observed near
the ground, probably due to the relatively lower forest density in that region. The importance
of the secondary wind speed maximum was increased in stable stratification.

Generally speaking, the simulated skewness profiles exhibited the features typical of
canopy flows. The highest in-canopy skewness magnitudes was observed for neutral con-
ditions, while both stable and unstable stratification lead to slightly smaller magnitudes.
Negative values of streamwise skewness were found deep inside the canopy and are likely
connected to the observed secondary wind maximum. For unstable stratification, strong neg-
ative streamwise and positive vertical skewnesses imply that these cases are entirely gov-
erned by thermal updrafts due to buoyancy. Strongly positive vertical skewness in these cases
implies that updrafts are narrower than the surrounding downdrafts. With the onset of stable
conditions, the kurtosis values suggested increasingly intermittent turbulent fluctuations.

In general, the TKE budget shows the features typically observed for canopy flows. It
was found that the local equilibrium assumption holds for heights greater than the roughness
sublayer in neutral and stable conditions. In unstable stratification, the pressure transport
term takes over the role as the dominant source term at greater heights, due to vanishing
velocity gradients and thus vanishing shear production. Within the roughness sublayer and
inside the canopy, the local equilibrium assumption does not hold. Shear production in-
creases with increasing stability, simply as a consequence of the increased wind shear. No
clear influence of stability on the turbulent transport was found, while the pressure transport
was more influenced by thermal stratification. With increasingly stable conditions, pressure
transport seems to play an increasingly important role in supplying the canopy region with
TKE.
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