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In this study, large-eddy simulation combined with a turbine model is used to investigate
the effect of vertical wind veer associated with the Coriolis force on the structure and
evolution of wind turbine wakes. In order to isolate the Coriolis effect on the wake, two
cases are considered. In the first case, atmospheric boundary-layer flow is driven by a
geostrophic wind, including the effect of Earth’s rotation and the Coriolis force. In the
second case, the boundary-layer flow is unidirectional and is forced by an imposed pressure
gradient. Both cases have the same mean horizontal velocity and turbulence intensity at
the hub height. The simulation results show that the Coriolis force significantly affects the
aerodynamics of the wake including the mean velocity deficit, turbulence statistics, and
wake-meandering characteristics downwind of the turbine. In particular, when the flow is
forced by a geostrophic wind, vertical wind veer causes a skewed spatial structure in the
wake. Moreover, the presence of lateral wind shear, in addition to the vertical one, enhances
the shear production of turbulent kinetic energy and the turbulent momentum flux. This
leads to a larger flow entrainment and, thus, a faster wake recovery compared to the case
forced by unidirectional pressure gradient. Consistent with this result, wake meandering
is also stronger in both lateral and vertical directions in the case of geostrophic forcing
compared to the case with pressure-gradient forcing.
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I. INTRODUCTION

Wind turbines operate in the lowest part of the atmospheric boundary layer (ABL), where they
are exposed to different levels of wind shear, thermal stratification, and turbulence. As reported in
several studies [1-5], these ABL characteristics, which in fact vary on daily and seasonal cycles
[6], have significant impacts on the structure and evolution of wind turbine wakes and their mutual
interactions within a wind farm. Because wind turbine wakes are the main cause of power losses
inside a wind farm [7-12], detailed understanding and accurate prediction of wind turbine wakes
under different incoming ABL flow conditions are needed in order to design more efficient and more
reliable wind farms.

Much work, including laboratory experiments, field-scale measurements, and numerical simu-
lations, has been done recently to study the effects of different incoming flow conditions on the
aerodynamics of wind turbine wakes. Some studies have addressed the effect of mean wind shear
in the incoming wind on the structure of wind turbine wakes. One of the main outcomes of these
studies is that, in the absence of mean wind shear in the incoming wind (uniform inflow condition),
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mean velocity and turbulence statistics are nearly axisymmetric [13—15]. However, for a wind
turbine sited in a boundary layer, nonaxisymmetric behavior of the wake has been observed in
response to the nonuniform incoming flow and the effect of the ground. In particular, the shear
production of turbulent kinetic energy is higher in the upper edge of the wake, due to the higher
wind shear and turbulent fluxes in that region [16-23]. In addition, it has been shown that the
presence of the ground, combined with the vertical gradient of velocity in the ABL, limits wake
meandering in the vertical direction compared to the horizontal one [24-26]. Some other studies
have investigated the impact of atmospheric turbulence, created by either different land-surface
covers or different thermal stratifications, on wind turbine wakes. Specifically, both numerical
simulations [13,18,26-34] and experimental studies [16,35—45] have shown that stand-alone turbine
wakes recover faster in conditions with higher turbulence levels in the incoming flows. This is mainly
related to the fact that the higher turbulence levels, associated with either higher aerodynamic surface
roughnesses or positive buoyancy under convective conditions, lead to a larger flow entrainment and,
thus, a faster wake recovery. In addition, it has been found that the meandering of the wake, in both
lateral and vertical directions, is also enhanced by increasing the turbulence level of the incoming
wind [25,26,46].

Among the aforementioned studies, the ones that are based on wind tunnel experiments or
numerical simulations using pressure-gradient forcing are limited to the unidirectional incoming
wind condition and cannot account for vertical wind veer associated with the Coriolis effect. As
a result of the Coriolis force associated with planetary rotation, the wind direction changes with
height, resulting in a lateral shear in addition to the vertical shear. This effect is much stronger at
night, under stably stratified conditions, where the boundary layer is very shallow [47]. The effect
of this phenomenon on wind turbine wakes was first shown by Magnusson and Smedman [37] in a
field-scale experiment. They showed that under the stable conditions, the velocity deficit downwind
of the turbine is skewed and tilted to one side with height. Later, Zahle et al. [48] performed one of
the first numerical investigations to study the influence of lateral shear on wind turbine wakes using
the Reynolds-averaged Navier-Stokes (RANS) technique. They showed that for the incoming flow
with large lateral shear, the wake is skewed strongly, and it develops in a highly three-dimensional
manner (highly asymmetric). Lu and Porté-Agel [49] employed large-eddy simulation (LES) to
study wind turbine wakes inside an infinite wind farm in a stable boundary layer. They also showed
that lateral shear induced by the Coriolis force causes a skewed spatial structure and drives a part
of the turbulence energy away from the center of the wake. The skewed spatial structure of the
wake due to directionally sheared inflow was further reported in some other studies using numerical
simulations and field experiments [31-34,50-52].

All these studies specifically showed that for wind turbines, whose rotor diameters are on the
order of 100 m, the effects of the lateral shear can be far from negligible. Since all turbine wakes
in the ABL are subjected to the Coriolis force, it is of great importance to quantify the impact of
veering incoming wind, compared to a unidirectional one, on wake characteristics such as wake
recovery and wake meandering. In this regard, we use a recently developed LES framework to
address the Coriolis effect on the development of turbine wakes. Note that this study can also serve
as an assessment of the ability of wind tunnel studies, in which the Coriolis forcing cannot yet be
included, to adequately represent important atmospheric effects on wind turbine wakes.

This paper is organized as follows. A short introduction of the LES framework is given in Sec. II.
Section IIT presents the numerical setup and the LES results for the precursor simulations in the
absence of wind turbines. The results obtained from the LES of wind turbine wakes are shown and
discussed in Sec. I'V. Finally, a summary and conclusions are provided in Sec. V.

II. LES FRAMEWORK

In this study, we use a modified version of the LES code which has been validated and used in
previous wind energy studies (e.g., [49,51,53-56]). The code solves the filtered continuity equation,
the filtered momentum conservation equations, and the filtered transport equation for the potential
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temperature, derived based on the Boussinesq approximation [57]:
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where the tilde represents spatial filtering operation at scale A; t is the time; and x; is the ith axis
in Cartesian coordinates [with i = 1,2,3 corresponding to the streamwise (x), spanwise (y), and
vertical (z) directions, respectively]. (iiy,#,3) = (&,7,W) are the components of the velocity field,
and 4 is the filtered potential temperature. 6, is the reference temperature. The angle brackets denote
a horizontal average, and §;; is the Kronecker delta tensor. g is the gravitational acceleration, and p is
the fluid density. rl.‘j. is the deviatoric part of the subgrid-scale (SGS) stress tensor (7;; = u’,\i, — f;fi ),

and g; = LZ@ — ii ;0 is the SGS heat-flux vector. p* = p/p + %‘L’kk is the modified pressure, where
p is the deviation of the pressure from the mean imposed pressure field, and i is the isotropic part
of the SGS stress tensor. f; is a body force (per unit volume of air) for modeling the effect of wind
turbines on the flow, and F; is a forcing term.

Since the Reynolds number of the ABL is very high, no near-ground viscous processes are
resolved, and the viscous term is neglected in the momentum equation. In the simulations, the
SGS turbulent fluxes are parametrized using Lagrangian scale-dependent dynamic models [58].
The turbine-induced forces are modeled using the rotating actuator-disk approach [53,55,59].
Unlike the standard actuator-disk approach, the rotating actuator-disk model takes into account
the effects of turbine-induced flow rotation and nonuniform distribution of forces [60]. Through this
model, the turbine blades are divided into N blade elements in the radial direction. The aerodynamic
forces acting on each blade element are determined using the lift and drag characteristics of the
airfoil type, as well as the local flow conditions. More details on the numerical method of the LES
code is provided in the Appendix.

III. PRECURSOR SIMULATION

To generate the inflow conditions for the wind turbine wake simulations, two sets of simulations
of the stable boundary layer without wind turbines are performed. The domain size is 1600 m
x400 m x400 m, discretized into 160 x 80 x 80 grid points. For the first set of simulations, we
chose the standard Gewex Atmospheric Boundary Layer Study (GABLS) case, which has been well
established and tested with LES [61]. This case represents a typical quasiequilibrium moderately
stable boundary layer, similar to those commonly observed over polar regions and equilibrium
nighttime conditions over land in midlatitudes.

In summary, the ABL flow is driven by geostrophic wind and includes the effect of Earth’s rotation
and the Coriolis force. In this case, the forcing term in Eq. (1) is defined as F; = feg;;3(; — G ),
where f, is the Coriolis parameter and is set to f. = 1.39 x 10* rad/s (corresponding to latitude
73°N), €;jx is the alternating unit tensor, and G is the geostrophic wind with a magnitude of 8 m/s.
The simulations are initialized with a constant streamwise velocity of 8 m/s and zero velocity
for the spanwise and vertical components. The initial potential temperature profile consists of a
mixed layer (with potential temperature 265 K) up to 100 m with an overlying inversion of strength
10 K/km, and the surface (ground level) potential temperature is reduced at a prescribed surface
cooling rate of 0.25 K/h. The surface roughness length for momentum and heat is set to 0.1 m,
and the reference potential temperature is 6y = 263.5 K. The simulation attains a quasisteady state
in 8-9 h [61]. Therefore, the instantaneous velocity and potential temperature fields during the last
hour of simulation are saved and then used as inflows to the wind turbine wake simulations. It should
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FIG. 1. Vertical profiles of (a) horizontally averaged velocity magnitude (m s~'), (b) wind direction (degree),
(c) total shear stress (m?s~2), and (d) TKE (m?s~2) of the incoming ABL flows. The horizontal dotted lines
show the top-tip, hub, and bottom-tip heights.

be noted that as a result of the Coriolis force in the momentum equations, wind direction inside
the ABL changes with height in a way that is not known a priori. Hence, it should be ensured that
the mean velocity direction is always aligned with the turbine axes at the hub-height level. To do
S0, a control algorithm is used, in which a gradual adjustment of the geostrophic wind is applied
by adding a source term in the momentum equations. A similar algorithm has been used recently
[51,62-64] in the simulation of ABL flows through wind farms under different atmospheric stability
regimes.

In this study, in order to isolate the effect of wind veer on the evolution of wind turbine wakes,
another simulation is performed in which the flow is unidirectional and driven by an imposed pressure
gradient. In this case, we specify the forcing term (F;), the surface heat flux (g3, ), and the boundary
layer height (§) (i.e., the height at which the total momentum flux reaches 5% of the surface value
[65]) such that both simulations have the same mean horizontal velocity and turbulence intensity
at the hub height. In particular, the forcing term is defined as F; = %ui/é(l —z/8)1/28;1, and is
obtained from Nieuwstadt’s steady-state one-dimensional model for prediction of the total shear
stress in the stable boundary layer [66,67]. This model assumes the momentum flux normalized by
its respective surface value follows z /6 to the 3/2 power. For the second set of simulations, u.., g3/,
and § are set equal to the ones obtained from the GABLS case.

The main characteristics of the simulated ABLs with different forcing terms are shown in Fig. 1.
Vertical profiles of the horizontally averaged velocity magnitude and wind direction are shown in
Figs. 1(a) and 1(b). As seen in these figures, both cases have the same mean horizontal velocity
at the hub height. However, in the case of flow forced by geostrophic wind, the direction of the
wind changes with height due to the effect of the Coriolis force in the momentum equations. For
the particular case considered in this study, the change of wind direction from the surface to the
top of the boundary layer is around 33°, which is in good agreement with most real conditions and
with the simulation results of many stable boundary layers, including the GABLS case [61,68-71].
Figures 1(c) and 1(d) show the vertical profiles of the total shear stress and turbulent kinetic energy
(TKE) for both cases. The prediction of the total shear stress using the model proposed by Nieuwstadt
[66,67] is also plotted in Fig. 1(c) for comparison. As observed in these figures, both cases have
almost the same turbulent momentum flux and TKE throughout the boundary layer.

IV. WIND TURBINE WAKE SIMULATION

The simulated ABL flows using the two different forcing terms in the absence of wind turbines
are used as inflows to investigate the effects of vertical wind veer on wind turbine wakes. In the
simulations, Vestas V80-2MW wind turbines with a rotor diameter (D) of 80 m and a hub height
(zp) of 70 m are immersed in the flow. More details on the turbine characteristics can be found in
[59]. In should be noted that, to avoid the downwind flow affecting the flow upwind of the turbine
due to the periodic boundary conditions, a buffer zone is applied to smoothly adjust the flow from
the very-far-wake downwind condition to that of the precursor simulation [60,72-74].

063701-4



INFLUENCE OF THE CORIOLIS FORCE ON THE ...

x/D=1 x/D=3 x/D=6

ylb y/iD y/D

x/D=1

z/D

-1 0 1 -1 0 1 -1 0 1 -1 0 1
y/D y/D y/D y/D
FIG. 2. Contour plots of the normalized velocity deficit in the vertical y-z planes atx/D =1, 3, 6, and 10
downwind of the turbine for (top) geostrophic forcing and (bottom) pressure-gradient forcing. The white circle
shows the location of the turbine.

A. General characteristics of the wake: Mean velocity deficit and turbulence intensity

Figure 2 shows two-dimensional fields of the normalized velocity deficit (AU / Unyp) in the lateral
cross-sectional planes at x/D = 1, 3, 6, and 10 downwind of the turbines, where AU = Ujygiow — U
is the mean velocity deficit, and Ujygew 1S the mean streamwise inflow velocity. As seen in this
figure, when the incoming wind is unidirectional, the wake is almost symmetric with respect to the
vertical axis. However, in the case of geostrophic forcing, the wake is strongly skewed owing to the
strong cross flow component in the incoming wind. Similar behavior in the wake structure has been
reported in previous numerical simulations and field-scale experiments of wind turbine wakes under
stably stratified conditions [31-34,37,49-51].

Figure 3 shows the maximum velocity deficit with downwind distance for both cases. As seen in
this figure, under veering incoming wind, not only is the wake skewed, but also it recovers faster
compared to the case with unidirectional incoming flow. To better quantify the recovery of the wake
downwind of the turbine, the following procedure is applied: for each distance downwind of the
turbine, a multivariate Gaussian function is fitted to the normalized velocity deficit field. By using this
method, we can compute the standard deviations of the Gaussian function along the principle axes
of the wake (i.e., oy and o), and consequently, the equivalent standard deviation oeq = /0,07,
the ratio between them (o, /0./), and the rotation of the wake relative to the vertical axis () [see
Fig. 4(a)]. Figures 4(b)-4(d) show the variation of the above-mentioned quantities with downwind
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FIG. 3. Maximum velocity deficit with downwind distance.
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FIG. 4. (a) Schematic of the skewed wake, (b) normalized standard deviation of the velocity deficit (o.q/ D),
(c) oy /o, and (d) the rotation of the wake (o) with downwind distance.

Z

distance. As shown in Fig. 4(b), although the turbulence level of the incoming wind, shown in
Fig. 1(d), is almost the same for both cases, the recovery of the wake is much faster in the case of
flow forced by geostrophic wind. It is also observed that under geostrophic forcing condition, the
ratio of oy to o and the rotation of the wake («) increase with downwind distance. The underlying
reason is that, as a result of lateral shear in the incoming wind, the wake is stretched continually
as it is transported downstream, which leads to an increase in the magnitude of oy /0, and «. In
contrast, in the case of unidirectional incoming wind, the ratio between o and o is almost constant
regardless of the downwind distance with a larger value for the lateral expansion of the wake (o).
Faster wake recovery in the lateral direction compared to the vertical one has been also reported in
previous numerical studies of stand-alone wind turbine wakes [26,75].

Besides the velocity deficit, the enhancement of turbulence intensity is the other critical
aerodynamic factor in wind turbine wakes that is highly related to failure of wind turbine components
[76]. Figure 5 displays contour plots of the turbulence intensity in the lateral cross-sectional planes
at x/D =1, 3, 6, and 10 downwind of the turbine. The turbulence intensity (/7) is computed as
Ir = /2k /3/ Unwp, Where k is the resolved turbulent kinetic energy. As seen in this figure, and
in agreement with previous studies of wind turbine wakes in shear flows (e.g., [16,20,26,53]), the
turbulence intensity is larger in the upper half of the wake, which is related to the intense production
of TKE associated with the strong shear in that region. However, in the case of flow forced by
geostrophic wind, large amount of turbulence is transported away from the center of the wake due to
the lateral wind shear induced by the Coriolis force. It is also observed that, although the turbulence
intensity of the incoming wind is similar for both cases, the turbulence intensity in the wake region
is larger under geostrophic wind forcing. This higher turbulence level in the wake region contributes
to larger flow entrainment and, consequently, a faster recovery of the wake than under unidirectional
pressure-gradient forcing [Figs. 3 and 4(b)].
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FIG. 5. Contour plots of turbulence intensity (TI) in the vertical y-z planes at x/D =1, 3, 6, and 10
downwind of the turbine for (top) geostrophic forcing and (bottom) pressure-gradient forcing. The black circle
shows the location of the turbine.

B. Kinetic energy budgets of the mean flow

To better understand the role of vertical wind veer on energy exchanges between the incoming
ABL flow and wind turbine wakes, we carried out a detailed analysis of the mean kinetic energy
budgets inside the wake. By performing time averaging on Eq. (1), one can write

du; - o (T + ;') 0-0) . -

iy = e S 2

ar ' x; ox, 8T T, T @
where the overbar denotes temporal averaging. An equation for the kinetic energy of the mean flow
can be obtained by the product of Eq. (2) with #; as follows:
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where K = %ﬁ ;11; is the mean kinetic energy, 7, denotes the transport of the mean kinetic energy by
turbulence, P is the shear production, Py is the buoyancy production or suppression, W; is the work
done by the turbine, and Wg; is the work done on the boundary layer by the forcing term [77,78].
In this study, we focus on the first two terms on the right-hand side of Eq. (3) in order to
investigate the effect of vertical wind veer on turbulence production and the transport of mean
kinetic energy into the wake. Figure 6 displays contour plots of the total turbulence production
(P, = Py + Py) in the lateral cross-sectional plane at x/D =1, 3, 6, and 10 downwind of the
turbine. As seen in this figure, the turbulence production is larger under geostrophic wind forcing
than under pressure-gradient forcing. This is mainly related to the fact that the presence of lateral
shear, in addition to the vertical shear in the incoming ABL wind, enhances the shear production
of turbulent kinetic energy. The contribution of lateral wind shear in the total TKE production [i.e.,
Py; = —(fg3 + 11’2123)(8172 /0x3)] is also shown in Fig. 7. As clearly observed in this figure, when the
flow is unidirectional, the contribution of lateral shear on TKE production is almost zero. However,
in the case of veering incoming wind, the lateral wind shear significantly contributes to the total shear
production and enhances the turbulence downwind of the turbine. The enhancement of turbulence
due to the lateral wind shear under veering incoming wind leads to a larger mean kinetic energy
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FIG. 6. Contours of total TKE production, P,, in the vertical y-z planes at x/D = 1, 3, 6, and 10 downwind
of the turbine for (top) geostrophic forcing and (bottom) pressure-gradient forcing. The white circle shows the
location of the turbine.

entrainment and, thus, a faster wake recovery compared to the case under unidirectional incoming
flow. This result is displayed in Fig. 8.

Regarding the other terms in Eq. (3), it should be noted that downwind of the turbine in the wake
region, W, is zero, since the local turbine-induced forces are zero at that location. Also, W is very
small compared to the transport and production terms (not shown here). Hence, the advection term
would be approximately balanced by the sum of the transport and production terms.

C. Wake-meandering characteristics

In this section, the LES data is used to study the effect of vertical wind veer in the incoming wind
on wake meandering. The magnitude of wake meandering downwind of the turbine is determined
as the standard deviation of the wake-center position in the lateral and vertical directions. In this
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FIG. 7. Contours of the contribution of lateral shear on TKE production, P,3, in the vertical y-z planes at
x/D =1, 3, 6, and 10 downwind of the turbine for (top) geostrophic forcing and (bottom) pressure-gradient
forcing. The white circle shows the location of the turbine.
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FIG. 8. Contours of mean kinetic energy transport into the wake, T, in the vertical y-z planes at x/D = 1,
3, 6, and 10 downwind of the turbine for (top) geostrophic forcing and (bottom) pressure-gradient forcing. The
white circle shows the location of the turbine.

study, the instantaneous wake center at each lateral cross-sectional plane is defined as the center of
momentum deficit, and it is computed as follows:

[ AdP(t,y,z)ydydz
[ Ad2(t,y,z)dydz’

where Aﬁ(t,y,Z) = Uinﬂow(y’z) - ﬁ(t’y’z)'

Figure 9(a) shows the normalized standard deviation of the instantaneous wake center in the
lateral and vertical directions as a function of downstream position. As seen in this figure, for both
cases, wake meandering is weaker in the vertical direction than in the lateral one. This is mainly
related to the fact that the presence of the ground together with the vertical gradient of the velocity
in the ABL limit the wake meandering in the vertical direction. In addition, in these simulations,
the stable stratification also reduces the vertical motions and, consequently, constrains the vertical
movement of the wake. It is also observed that the wake meandering in both lateral and vertical
directions is larger under the geostrophic forcing condition. This is despite the fact that, as shown in
Figs. 9(b) and 1(d), the integral length scale and the turbulence level of the incoming ABL flows are
nearly the same in both cases. It is worth mentioning that the integral length scales were calculated

_ [ Ad*(t,y,z)zdydz
[ A#At,y,z)dydz’

Yelt) = 2e(1) “)

by applying the autocorrelation method on the time series of the velocity field at x /D = —2 upwind
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FIG. 9. (a) Standard deviation of the wake center normalized with the rotor diameter D in the lateral and
vertical directions and (b) vertical profile of the integral length scale (m) at x/D = —2 upwind of the turbine
for both cases.
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of the turbine [24,79]. These results indicate that vertical wind veer should be taken into account, in
addition to mean wind shear and turbulence levels, to describe the wake-meandering characteristics
downwind of the turbine.

V. CONCLUSION

In this study, LES combined with the actuator-disk model is used to study the effect of vertical wind
veer associated with the Coriolis force on the aerodynamics of wind turbine wakes. In the simulations,
tuning-free Lagrangian scale-dependent dynamic models are used to model the SGS fluxes, while the
turbine-induced forces (e.g., lift and drag) are parametrized with the rotating actuator-disk model.
To isolate the Coriolis effect on the wake characteristics, two cases are simulated. In the first case,
the ABL flow is driven by a geostrophic forcing that includes the effect of the Earth’s rotation, while
the second case considers the ABL flow as unidirectional, forced by an imposed pressure gradient.
Both cases have the same mean horizontal velocity and turbulence level at the hub height.

The simulation results show that the Coriolis force has a significant effect on the structure
and evolution of wind turbine wakes. In particular, the wind veer produced by the Coriolis force
causes a strong skewed spatial structure in the wake. Moreover, the presence of the lateral wind
shear in addition to the vertical one, enhances the shear production and turbulent kinetic energy in
the wake region, leading to a larger flow entrainment and, thus, a faster wake recovery compared
to the case with unidirectional incoming wind. It also found that, although the integral length scale
of the incoming wind is almost the same for both cases, the enhancement of turbulence inside the wake
due to the lateral wind shear under geostrophic wind conditions leads to a stronger wake meandering
downwind of the turbine. These results show that, besides the mean wind shear and turbulence levels,
vertical wind veer should be also taken into account to describe the dynamic of the wakes, specially
in lower-order models such as analytical models. In addition, these simulation data indicate that the
interpretation of the results obtained solely from thermally stratified wind tunnel boundary layers
is not enough to guide actual wind farm design, since some atmospheric effects such as Coriolis
forcing cannot yet be included.
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APPENDIX: NUMERICAL METHOD

A numerical solution of Eq. (1) is obtained by discretizing the computational domain into
Ny, Ny, and N, uniformly spaced grid points with the resolution of Ay, A,, and A; in the
streamwise, spanwise, and wall-normal directions, respectively. A staggered grid is used in the
vertical direction, with the first vertical velocity plane on the surface, and the first horizontal
velocity and potential temperature plane A, /2 from the surface. The vertical derivatives are
approximated with second-order central differences, while the horizontal directions are discretized
pseudospectrally. Full dealiasing of the nonlinear terms is performed in Fourier space according to
the 3/2 rule [80]. The LES equations are integrated in time using a second-order Adams-Bashforth
method [81]. In the horizontal directions, the periodic boundary conditions are implicitly imposed.
The upper boundary condition for the momentum conservation equations consists of a stress-free
condition, besides a zero vertical velocity. The temperature gradient at the top of the domain is
set to a constant lapse rate I', which is prescribed in the initial conditions. At the bottom surface,
the instantaneous wall stress and heat flux are related to the velocity and potential temperature,
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respectively, at the first vertical node through the application of the Monin-Obukhov similarity
theory as follows [82]:

Tisly = —up— = (A1)
iy

i ( i, K >2fti = Uk (s —0)
InG/z) — ) @ P T Gz — Y
where t;3|,, and g3/, are the instantaneous local wall stress and heat flux, respectively; u, is the
friction velocity; z, and z,,; are the surface roughness for momentum and potential temperature,
respectively; « is the von Karman constant, i, is the local filtered horizontal velocity at the first
level z = A,/2, and 6, is the surface (ground level) potential temperature. Wy, = —4.8z/L and
Wy = —7.8z/L are the stability corrections for momentum and heat under the stably stratified
condition, respectively, where L = —(ui@o)/ (kgq3|w) is the local Obukhov length [83,84].
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