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1. INTRODUCTION

Characterizing the turbulence associated with flow
over forested hills is of distinct interest for wind energy
applications Ayotte and Hughes (2004). In particular,
studies of turbulent flow associated with canopy-covered
hills will help turbine manufacturers design machines ca-
pable of operating in complex environments. In addition,
studies of this kind will help in the positioning of wind
farms since further quantification of turbulent character-
istics over canopy-covered hills will provide more con-
fidence to wind resource developers as they search for
ideal locations to harness wind power.

It is also widely recognized that when used over
forested hills, the aerodynamic (eddy covariance)
method of measuring surface exchange fails to accurately
capture night-time fluxes under stably stratified atmo-
spheric conditions (Baldocchi, 2003). A prime suspect
for this discrepancy is drainage flows away from towers
(Staebler, 2003), which in complex terrain are predomi-
nantly located on high ground.

Recent studies using analytic models (e.g., Finnigan
and Belcher, 2004; Ross and Vosper, 2005) show distinct
differences between turbulent flows over sinusoidal hills
with specified roughness and those with tall, porous veg-
etation. In particular, they show that: 1) with resolved
vegetation, above-canopy velocities are greatest on the
windward side of the hill, 2) overall speed-up above the
canopy at the crest of the hill is diminished compared
to hills with specified roughness, and 3) that due to this
upstream shift, within-canopy velocities on the leeward
side of the hill recirculate on hills that would otherwise
not separate. These findings have important implications
for both measurement interpretation and wind energy de-
ployment in undulating terrain. Here, we use our LES to
investigate these findings for isolated hills.
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Figure 1: Photo of the wind tunnel configuration in Ay-
otte and Hughes (2004). Here the hill shape is being mea-
sured. Sand covers the hill serving as roughness.

2. NUMERICAL METHODS

We have extend our canopy-resolving large-eddy sim-
ulation (LES) code, which has demonstrated high skill in
simulating three-dimensional canopy-resolving turbulent
flows in neutral and convective conditions (Patton, 1997;
Dwyer et al., 1997; Patton et al., 2003) and even with
chemical reaction Patton et al. (2001), to modestly com-
plex terrain. The LES code has recently been adapted
to a curvilinear coordinate system (Sullivan et al., 2000,
2004) allowing investigation of two-dimensional hilly
terrain.

For the with-canopy cases, we include a term in the
Navier-Stokes equations representing the drag imposed
by the forest canopy which is written as

Fi = −CdaUui . (1)

Where,Cd is an isotropic drag coefficient,a is leaf area
density (one-sided leaf area per unit volume), and U rep-
resents the current wind speed,(uiui)

1
2 , andui is the re-

solved velocity in thei-direction.



3. SIMULATIONS

In general, we model our cases after measurements
reported in Ayotte and Hughes (2004) (see Figure 1).
Four simulations are compared and contrasted. Each of
these cases use 800×200×144 grid points representing
a 4×1×1.8 km3 domain. The runs are driven by a spec-
ified large-scale normalized pressure gradient (1

ρ
∂P
∂x ) in

the x-direction of 1.225x10−4 ms−2. Buoyancy forces
are neglected such that we are considering only neutral
stratification. Lateral boundary conditions are periodic
and the upper boundary is a a frictionless rigid lid. The
lower boundary condition defines the four cases that we
will consider.

The first case mimics the 0.2S case presented by Ay-
otte and Hughes (2004). The bottom surface is of speci-
fied roughness (zo = 0.075 m) which comes directly from
scaling thezo estimated from the undisturbed velocity
profile measured in the wind tunnel. The lower surface
is is defined by a two-dimensional isolated hill (i.e.,there
is no terrain variation in the lateral (y) direction) with the
following specified shape:

z = a (1+cos(π
2

x
L )) −2L ≥ x≥ 2L

z = 0 otherwise
(2)

where, the hill half-lengthL = 250 m, and the ampli-
tudea = 31.831 which is chosen to give a maximum hill
slope of 0.2. This occurs at the midpoint of the wind-
ward/leeward hill faces. The ratio of the hill height to
half-length (H/L) is 0.25;H is 62.5 m. To ensure that the
hill remains isolated we extend our horizontal domain to
16L to allow ample time and distance for the flow to re-
cover before the flow encounters the hill again because
of the periodic boundary conditions.

Three more cases are considered. The first is flat but
throughout the lowest twenty meters of the domain (10
vertical grid points over allx andy) we distribute canopy
elements of equal density. The canopy’s plant area index
is about 10.6. We use this case to determine the effective
zo of the canopy in a horizontally homogeneous regime.
The last two cases are identical to the first in that the bot-
tom surface of both is described by Equation 2, although
one uses a specified surface roughness (the effectivezo

found for the canopy in the flat case) which we’ll call the
roughnesscase, and the other contains the vertically dis-
tributed canopy which we’ll call thecanopycase. Due to
the curvilinear coordinate system, the canopy is resolved
by eight grid points in the flat region of the domain, in-
creasing to 14 grid points at the top of the hill.

Due to the high cost of these neutrally-buoyant simu-
lations, the simulations were initiated using coarse res-
olution (200×50×144 grid points) and were run out to
equilibrium, about 60,000 time steps. The 3D fields were

then stored, spectrally interpolated to the fine resolution,
and then the simulations were restarted. Integration con-
tinued at this high-resolution for another 20,000 steps, or
about fifty minutes of simulated time. The results pre-
sented are averaged over the last 10,000 steps (approx-
imately thirty minutes) after the energy spectrum filled
out completely and the flow reached equilibrium again.

4. RESULTS

4.1 Comparison with measurements

To validate the LES results over an isolated ridge, we
compare our simulations with the wind tunnel measure-
ments reported in Ayotte and Hughes (2004). Laterally-
and time-averaged streamwise velocity profiles agree ex-
tremely well with the measurements shown in Figure 2,
however they deviate some from the measurements on
the lee side of the hill. Neither the flow in the tunnel
or that in the LES separate on average. Although great
efforts were made to minimize potential pressure reflec-
tions from the upper wall in the tunnel, it is possible that
the tunnel flow is being squeezed by that upper bound-
ary. As such, the flow in the tunnel is possibly being
forced back down the lee side of the hill, thereby reveal-
ing stronger velocities than the LES in this region since
it is not so constricted. In addition, due to the lengthy
integration times, the boundary layer in the LES has cy-
cled through the domain many times, while the boundary
layer in the tunnel was tripped only 65L upstream of the
hill.

Lateral- and time-averaged vertical turbulent momen-
tum fluxes also compare reasonably well with the tunnel
measurements upstream of the hill (Figure 3). In the lee
of the hill, the LES-derived momentum fluxes increase
compared to the tunnel in a manner which is consistent
with the LES’s increased velocity shear shown in Figure
2.

These comparisons show that both mean and first-
order turbulent quantities are well reproduced by the LES
for flows over isolated hills with specifiedzo. We now ex-
amine the relationship between isolated hills of specified
roughness and those with resolved tall vegetation.

4.2 Resolved vegetation vs. specified roughness

Compared to velocity profiles atx/L = 0, cases with
specified roughness and resolved vegetation both show
little modification to lateral- and time-averaged stream-
wise velocities at the base of the hill (x/L = -2, see Figure
4). Consistent with the theory for low hills by Finnigan
and Belcher (2004), the flow above the canopy speeds up
on the windward side of the hill (x/L = -1) compared to
the case with specified roughness length. At the hill crest
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Figure 2: A comparison of laterally- and time-averaged profiles of streamwise velocity atx/L = [-2, -1, -0.5, 0, 0.5,
1, and 2] from LES and wind tunnel measurements. The mean windis from left to right. Variables are normalized
by the height of the middle-layer depth (lm, see Hunt et al. 1988 for details) and the velocity at that depth from the
undisturbed velocity profile well upwind of the hill (um).
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Figure 3: A comparison of laterally- and time-averaged profiles of vertical momentum flux atx/L = [-2, -1, -0.5, 0,
0.5, 1, and 2] from LES and wind tunnel measurements. The meanwind is from left to right. Variables are normalized
by the height of the middle-layer depth (lm, see Hunt et al. 1988 for details) and the velocity at that depth from the
undisturbed velocity profile well upwind of the hill (um). The LES fluxes include both the resolved and sub-filter scale
components.
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Figure 4: Profiles comparing the relative speed up compared to the upwind-most profile of laterally- and time-averaged
streamwise velocity,i.e., ∆u(x/L,z/Hc) = u(x/L,z/Hc)−u(−8,z/Hc), at locationsx/L = [-2, -1, -0.5, 0, 0.5, 1, and
2] from theroughnessandcanopycases. The mean wind is from left to right. The vertical coordinate is normalized
by the canopy height (Hc) and the reference has been shifted such that the top of the vegetation now refers toz/Hc=0.
Velocity is normalized by the vertically integrated streamwise velocity atx/L=-8,USC.

and above the vegetation, thecanopycase is slightly re-
tarded compared to theroughnesscase. Both cases show
a dramatic wind speed reduction on the hill’s leeward
side, but consistent with theory (Finnigan and Belcher,
2004) the within-canopy flow for thecanopycase is on
average negative in sign, although only weakly recircu-
lating (not shown). This separation results because of the
increased canopy drag near the surface. In the momen-
tum equations valid for canopy flow, momentum flux di-
vergence serves to bring momentum to regions of deficit,
while drag acts as a momentum sink. Therefore in the lee
of the hill it appears that with the canopy-imposed drag,
the momentum flux divergence is unable to counter the
pressure gradient induced by the hill resulting in recircu-
lating flow. As shown in Figure 2, recirculation in the lee
of the hill is not present in theroughnesscase.

To elucidate this further, Figure 5 shows the horizontal
variation of normalized surface pressure (p/ρU2

SC) from
the two cases. Although the pressure gradients are not as
large in thecanopycase, it exhibits greater asymmetry of
the pressure field and thus larger total drag. Belcher et al.
(1993) showed that pressure drag induced by the hill,i.e.,
a downwind shift or asymmetry of the hill-induced pres-
sure minimum which results in a net windward force on
the hill, is the leading order term in extracting momen-
tum from turbulent flow over hills with specified rough-
ness. As suggested by Finnigan and Belcher (2004) and

Ross and Vosper (2005) for sinusoidal hills, our results
confirm that pressure drag associated with tall canopies
also increases the total drag for isolated hills. It is there-
fore worth noting that large-scale models attempting to
parameterize unresolved orography of this sort will need
to modify the parameterization to include vegetation ef-
fects.

For both wind energy applications and scalar trans-
port, it is prudent to establish the relative impor-
tance of the aforementioned wind speed accelera-
tions/decelerations on the turbulence. Therefore, we
present the relative turbulence intensities in Figure 6. At
almost all heights and horizontal locations, the fluctua-
tions in thecanopycase are larger than those in the case
with specifiedroughness. Before the hill, wind speeds
in the canopy case are small near the ground compared
to the streamwise velocity fluctuations. On the wind-
ward side of the hill, velocity fluctuations in both cases
remain at a similar relationship with respect to the lo-
cal scalar wind speed (U). For theroughnesscase, at
the crest where the speed-up over the hill is the great-
est, turbulence intensities diminish somewhat compared
to the windward side of the hill. The same is true for the
canopycase abovez/Hc=2, but below this height (within
the roughness sublayer), turbulence intensities begin to
increase. This increase largely results from a reduction
in the mean wind as the pressure gradient over the hill
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begins to relax (see Figure 5) and the pressure drag from
the canopy becomes more important. Aloft in the hill’s
lee, the velocity perturbations are comparable between
the two cases, although somewhat larger in the canopy
case. While at the canopy top, the mean winds become
extremely small, increasing the turbulence intensities at
this height. Deep within the canopy, the turbulence is
strong yet the mean winds can’t overcome the adverse
pressure gradient and return up the hill, which can be
seen by the somewhat diminished intensities deep within
the vegetation.

5. IMPACTS AND CONCLUSIONS

Mean and first-order turbulence statistics from LES of
flow over isolated hills of specified roughness compares
well with wind tunnel measurements. Turbulent flow
over tall vegetation on isolated hills is shown to have
similar impact as flow over canopy-covered sinusoidal
hills. Flows with resolved vegetation are shown to ex-
hibit nearly twice the turbulence intensity of that found
in cases with specified roughness.

These results suggest that when deploying wind tur-
bines at the crest of forested hills, wind turbines will
need to be able to handle this increased turbulence inten-
sity. They should also expect only a slight reduction in
productive capacity compared to hills without tall veg-
etation given the minimal speed-up reduction over the
hill compared to hills with short vegetation. With the
propensity for tall vegetation to grow in the presence of
orography, the added cost embedded in building sturdier
turbines will certainly be offset by the ability to expand
what would be considered a deployable regime.

With respect to tower observations in the vicinity of
isolated hills, our results suggest that these measure-
ments need to be interpreted cautiously. Scalar transport
could easily be occurring which would not be detectable
by an instrument located on a tower above the trees.
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