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Featured Application: This article analyzes the effect of topography truncation on wind charac-
teristics of flow over complex terrain in a wind tunnel simulation.

Abstract: Wind tunnel tests are a commonly used method for studying wind characteristics of
complex terrain; but truncation of the terrain model is usually unavoidable and affects the accuracy of
the test results. For this reason, the effects of truncated and original terrain models on the simulation
of wind characteristics for complex terrain were investigated by considering both nontruncated and
truncated models, with the truncated model considering the applicability of two types of transition
sections. The results show that the effect of topographic truncation on profiles of mean velocity and
turbulence intensity is different for regions and that inclination angle profiles are extremely sensitive
to the changing topographic features upwind. In those cases, the spectra of streamwise velocity
were overestimated in the low-frequency range but underestimated in the high-frequency range
due to topographic truncation. At the same time, the less negative value of the slope of the spectra
was found at the inertial subrange. Furthermore, the normalized bandwidth was also influenced by
topographic truncation, which was narrowed in windward and leeward regions and broadened in
the valley region. We should note that the performance of the transition sections used in this study
was quite limited and even resulted in inaccuracies in the simulation.

Keywords: wind characteristics; wind tunnel testing; complex terrain; model truncation; transi-
tion section

1. Introduction

Flow over complex terrain remains a formidable issue that plays an important role in
many practical applications, including wind power micrositing, pollution dispersion as well
as wind loading on bridges and transmission towers. Flow separation and reattachment
regions induced by topographies such as ridges, cliffs and escarpments not only lead
to misconceptions about flow characteristics but also cause difficulties in wind tunnel
testing and numerical simulation. Flow characteristics in a region close to a topographic
feature and to what extent the flow is influenced by the terrain geometry are not exactly
specific [1]. An in-depth understanding of complex turbulent flows is essential for greatly
improving simulation accuracy, especially for numerical simulations including the large
eddy simulation (LES) and the unsteady Reynolds-averaged Navier-Stokes (URANS).
Significant effort has been devoted in recent years to gaining a better understanding of flow
characteristics in complex terrains with wind tunnel testing [2–6]. Furthermore, numerical
simulation can be compared to validate results [7]. Kilpatrick et al. [8] investigated the
effect of inflow conditions on the characteristics of flow over Bolund Hill. Bolund Hill is
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a well-studied test case for wind power misting and numerical simulations, as its steep
geometry poses a challenge for numerical models to resolve [9]. Lange et al. [10] studied
the mean flow behavior and turbulence intensity when flowing over Bolund Hill under a
round or sharp escarpment leading edge; wind energy production was also analyzed. To
further study the unsteady flow behavior around Bolund Hill, a 1/115 scale model was
employed in the wind tunnel experiment by Yeow et al. [11]. Several field measurements
had also been carried out to verify the experimental and numerical models [12–14]. In
addition, early studies such as Askervein Hill [15] and Kettles Hill [16] are classic cases for
studying the characteristics of flow over complex terrain.

The above-mentioned studies primarily focused on terrains such as regular indepen-
dent hills, slopes and steep escarpments to reveal the mechanism of the flow over different
terrains. There was little attention devoted to real complex terrains where the topography
and geometry are more intricate. Due to the limitations of the wind tunnel test and of
the numerical computational domain, complex terrain models should be truncated. The
bottom of a terrain model is determined by the lowest elevation in the real terrain. Because
the elevation differences of real topography such as deep-cutting gorges and valleys are
often extreme, the edges of the model are higher than the bottom side of the wind tunnel
and computational domain. This phenomenon, named “artificial cliff” [17], leads to flow
separation and baffling flow at the leading edge, changing inflow conditions and inaccura-
cies in the test. Several methods have been proposed to address the “artificial cliff”[18–20].
For example, a transition section, which was used to connect the floor of the wind tunnel or
numerical computational domain and the terrain model edge, was proposed to avert flow
separation. There are various forms of transition sections, such as ramps, bicubic transition
curves, and Witoszynski transition curves. Jubayer and Hangan [21] implemented 3.2 mm
thick masonite sheets at the model front and sides to smoothen the height transition from
the wind tunnel floor to the model edge. Maurizi et al. [22] used a ramp transition section
with a slope of 5.7◦ to simulate the wind characteristics of a mountainous terrain by numer-
ical simulation. Although the form of the ramp transition section is simple and easy to use,
its applicability still needs to be verified. For topography with large elevation differences,
the length of the ramp transition section may be too long to be suitable for a wind tunnel
simulation because of the limitation of the test section. Moreover, the slope of the ramp
transition section should be small, otherwise flow separation and baffling flow will still
occur. Accordingly, the ramp transition section is not applicable for highly undulating
topography. In this case, Hu et al. [23] proposed a theoretical curve based on the potential
flow theory around the cylinder and then conducted a performance comparison between
the theoretical curve and ramp transition. For application convenience, Hu et al. [24]
simplified the expression of the theoretical curve based on the original. Huang et al. [17]
proposed a comprehensive method to evaluate the performance of several curve transitions
including the Hu et al. [24] improved theoretical curve. Chen et al. [25] considered different
weights of speed-up factors, wind attack angle, and turbulence intensity by combining a
weighted solution based on the correlation degree to ameliorate the evaluation method for
determining the optimal form of the transition section.

Although transition sections are widely implemented in experiments and numerical
simulations, the feasibility is still difficult to explain, because neither wind tunnel nor
numerical simulations can avoid “artificial cliff”. Additionally, comprehensively detailed
field measurement data of flow over complex terrain, which is time-consuming and highly
expensive, are also difficult to obtain. Hence, analyzing the effect of the transition section
on flow characteristics is not possible. Nevertheless, based on previous studies on wind
tunnel simulations of intricate topographic flows, the details of terrain models play an
important role [10,26,27]. In the study of Lange et al. [10], the variation in the escarpment
leading edge, which had round or sharp geometry, generated completely different flow
behavior on the rear. The difference in annual energy production estimated based on the
two scenarios differed from 20% to 51%. Furthermore, the structural dynamic response
and aerodynamic characteristics are highly sensitive to changes in the flow characteris-
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tics [28–31]. Accordingly, a systematic study is needed to evaluate the effect of topographic
truncation on flow over complex terrain.

Based on the above reasons, a wind tunnel simulation of flow over intricate terrain was
conducted to obtain wind characteristics and analyze the effect of topographic truncation.
The terrain model was scaled from an isolated island, which is the optimum simulation
object to avoid the “artificial cliff” because the transition between island topography and
sea level is smooth. Flow over complex terrain was investigated by assessing how changes
to the forms of transition sections, including the original topography, affect flow behavior at
different measurement locations. The flow parameters investigated included mean velocity,
inclination angle, turbulence intensity, and velocity spectra.

2. Experimental Method
2.1. Terrain Scale Model

The topography investigated herein is an island located in the coastal region of South
China. A view of this region is shown in Figure 1 along with the measurement locations for
this study. For the wind tunnel test, wind speeds were measured at a total of five locations
on the island, which are potential wind power sites. The center region of the island has the
highest elevation with a mountain running northwest to southeast. There is a valley to the
east of the mountain with another mountain stretching from the northeast to the southwest
to the east of the valley. Overall, the topography of the island can be characterized as high-
west and low-east. According to the topographic features of the island and the incoming
flow direction, measurement locations were divided into three regions: windward region,
leeward region, and valley region. As shown in Figure 1, location A1 was situated in the
windward region, which is the windward slope of the center mountain, while locations
A2 and A3 were situated at the leeward slope. The valley region representing the valley
terrain at the island center included measurement locations of A4 and A5.

Figure 1. Topography of island and measurement locations.

For the wind tunnel testing, a 1:1300 scale terrain model was made of polyethylene
foam and overlapped layer by layer according to the terrain contour line. The scale ratio
was much larger than the ratio of 1:5000 recommended by Bowen [32] to avoid the error
of turbulence viscous dissipation. The diameter of the test terrain model was 10 m for
the full island model and 5 m for the truncation model with a maximum height of 0.41 m.
The covered area of the terrain model was different according to the model diameter. The
large one covered an area of approximately 132.7 km2, and the small one covered an area
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approximately one-fourth the size of the larger one. The terrain of the full island is shown
in Figure 1, and two circles indicate the areas covered by the terrain model with diameters
of 10 m and 5 m. The blockage ratio was approximately 3.27% for the terrain model with
a diameter of 10 m, which is lower than the maximum allowable blockage ratio of 5%
recommended by Holmes [33].

2.2. Transition Sections

The transition section connecting the wind tunnel floor or the bottom of the numerical
computational domain was proposed to handle the “artificial cliff” generated by topo-
graphic truncation, as shown in Figure 2a. This idea was inspired by the contraction curve
of the wind tunnel, which can achieve good flow quality and avoid flow separation.

Figure 2. Transition section: (a) sketch of transition section; (b) sketch of transition curve.

Four cases conducted in this study are shown in Figure 3: original topography (OT),
without transition section (WTS), Witozinsky transition curve (WTC), and ramp transition
curve (RTC). According to previous studies [17,23–25], the performance of the transition
curve was evaluated by comparing the characteristics of the flow after the transition
section with incoming flow, and the less differences observed, the better. However, the
studies of Kilpatrick et al. [1] and Lange et al. [10] highlighted the significant effect of the
leading edge geometry of the terrain model on the flow behavior over the Bolund Hill.
The implementation of a transition section to smooth the altitude difference between the
model edge and the wind tunnel floor may change the leading-edge geometry, but the
degree to which the flow is influenced is not completely understood. Furthermore, when
transition sections were applied in the complex terrain, flow characteristics observed at
measurement locations were affected not only by transition sections but also by complex
terrain. Hence, it is not appropriate to evaluate the performance of transition sections by
comparing flow characteristics with incoming flow. For this purpose, the test case with
original topography was carried out as criterion instead of incoming flow, and the case
without transition sections and the one with two forms of transition sections were also
conducted in this study for comparison. Figure 2b shows a sketch of these two transition
curves. The first one is the WTC, which is widely applied in low-speed wind tunnels. The
formula of WTC can be described as follows:

y = H

1−

[
1− (x/L)2

]2

[
1 + α(x/L)2

]3

 (1)

where α = 50, H is the altitude difference between the model edge and the wind tunnel
floor, and L is the length of the transition curve at certain points corresponding to H to
maintain the equivalent slope H/L = 0.5774. The other is RTC with the same slope but a
straight line for the transition curve.
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Figure 3. The test model at wind tunnel: (a) OT; (b) WTS; (c) WTC; (d) RTC.

2.3. Experimential Set-Up

The testing facility was the wind tunnel laboratory of Central South University, which
is a closed-circuit atmospheric boundary layer wind tunnel with two test sections. The test
was carried out in the low-speed section with a width of 12 m and a height of 3.5 m. The test
wind speed was set to 10 m/s with a uniform profile. The incoming flow came from the west
to the island, which is the most critical wind direction based on the local meteorological
statistics. Furthermore, the altitude difference caused by topographic truncation is most
obvious on the west side due to the high-west and low-east topography of the island. The
Reynolds numbers based on model height h can be calculated as Re = U h/ν, where U
is the streamwise velocity and ν = 1.47 × 10−5 m2/s is the kinematic viscosity of air at
20 ◦C. The value of Reynolds numbers in this study was approximately 3.0 × 105, which
is in the range of 1.7 × 105–4.6 × 105 studied by Kilpatrick et al. [1]. According to their
research, the flow behavior is generally less affected by the Reynolds number. For the other
nondimensional numbers determining the flow similarity between the wind tunnel and
the real island, the Richardson number and the Eckert number similarities were satisfied
due to the consideration of the neutrally stratified boundary layer, and the Prandtl number
similarity was satisfied by the air working fluid. Depending on the early study of flow over
complex terrain [34], the Rossby similarity was relaxed because of the practical difficulties
of modeling the Coriolis force in the wind tunnel. The Froude similarity was also relaxed,
because no thermal stratification was reproduced in the wind tunnel.

A turbulence flow instrument cobra probe with a high-frequency up-to 10 kHz and
measurement accuracy within ±0.5 m/s was used to measure the velocity at different
locations on the terrain model. In this study, the data were sampled at 2 kHz. A minilaser
range finder with measurement accuracy within ±1 mm was used to measure the distance
above the ground.

3. Mean wind Characteristics
3.1. Mean Velocity

Profiles of streamwise velocity U, which were normalized by the mean velocity at the
top height of each location Ur to reduce the influence of variation in incoming flow velocity,
are shown in Figure 4 for four test cases with uniform inflow conditions but different
forms of the transition section. For the convenience of analysis and interpretation, Figure 5
provides east-west cutting planes of measurement locations.
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Figure 4 shows the normalized velocity profiles of location A1, where obvious differ-
ences in the four test cases are found near the ground. The influenced area is approximately
450 m above the ground in true magnitude, in which the profiles of WTC and RTC are
higher than the other two. Because A1 sits at the windward of the center mountain near
the edge of the terrain model, the speed-up effects generated by transition sections con-
trol this area. For OT and WTS, the mean velocity profiles are similar under a height of
approximately 400 m. However, it should be noted that the flow behaviors in these two
cases are completely different. In case OT, there is a side mountain range running northeast
to southwest at the front of location A1. As shown in Figure 5, the mountain peak lies
ahead of location A1 with a height of approximately 400 m, leading to a blockage effect
and flow separation. Hence, the mean velocity profile in the OT case shows a smaller
speed at the part below approximately 400 m. In addition, for the case WTS, the front
mountain peak was truncated and created an “artificial cliff” with a height of 287 m. Owing
to the larger height difference between the terrain model edge and the wind tunnel floor,
separation bubbles occurred, and flow separation controlled this region. However, this
does not mean that the WTS shows better performance than the WTC and RTC. It is just a
special case with a mountain peak at the front of location A1. Moreover, both the WTC and
RTC could accelerate the flow near the ground. When the transition section is implemented,
the speed-up effect should be considered, which may considerably affect the experimental
accuracy, especially for the locations close to the terrain model leading edge.

Figure 4. Profiles of mean velocity at measurement locations: (A1) location A1; (A2) location A2;
(A3) location A3; (A4) location A4; (A5) location A5.
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Figure 5. East-West cutting planes of measurement locations: (A1) location A1; (A2) location A2;
(A3) location A3; (A4) location A4; (A5) location A5.

The leeward region, which includes locations A2 and A3, is on the downhill slope to
the leeward of the peak. These locations are located north of the island with the location A2
at the slope and location A3 at the foot of the mountain. As shown in Figure 4, the velocity
profiles of location A2 in the four cases are similar, but WTS is slightly larger at heights
below approximately 600 m. From the cutting plane of location A2 in Figure 5, it shows that
the truncated part of topography is the windward slope of the mountain, and the geometry
is similar to the transition section of WTC and RTC. However, the case of WTS with a cliff
at the edge of the model may result in flow separation. Thus, differences in velocity profiles
were observed. For location A3, the results can almost be divided into two parts according
to profiles. One is OT and RTC. The other one is WTS and WTC. As shown in Figure 5,
there is a mountain peak in the front of location A3. When the terrain model is truncated,
the mountain peak has also been cut down, which may lead to disparate flow behavior
in the downwind region. Flow separation generated by the mountain peak controls the
wind velocity at location A3 to a great extent. However, the ramp transition section can
make up this difference instead of the mountain peak to a certain extent by generating
flow separation. Coincidentally, Conan [35] studied the wind characteristics in complex
terrain and successfully obtained analogous results by replacing the mountain peak with a
ramp of a specific slope. Therefore, these results indicate that the flow behavior in front
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of the target locations should be completely simulated to improve the accuracy in wind
tunnel simulation. The velocity profiles at the valley region, including the measurement
locations of A4, A5, and A6, at the bottom of the valley, show virtually no distinction
because these locations are considerably affected by recirculation flow in the enveloping
separation bubble. The cutting planes of these three locations are shown in Figure 5. From
the cutting planes, when the terrain model was truncated, most topographic features at the
front of the measurement locations were retained, and only the ridge ahead of location A6
was truncated. Thus, few differences can be found in the velocity profiles.

The velocity profiles at the valley region, including the measurement locations of A4
and A5 at the bottom of the valley, show virtually no distinction because these locations are
considerably affected by recirculation flow in the enveloping separation bubble. The cutting
planes of these two locations are shown in Figure 5. From the cutting planes, when the
terrain model has been truncated, most topography features at the front of measurement
locations are retained, particularly the mountain ridge. Thus, there are few differences in
the velocity profiles.

According to the above analysis, the velocity profiles of measurement locations at
windward and leeward regions are deeply influenced by topographic truncation. Imple-
mentation with transition sections could not solve the problem, but accelerated the flow
after it and brought inaccuracy to the location near the model edge. The measurement
locations in the valley region are slightly affected by truncated terrain because the upwind
flow behaviors are little changed. This means that the truncating the terrain causes a
change in topographic characteristics, leading to different flow behaviors upstream, which
influence the velocity characteristics downstream. Hence, repeating upwind flow behavior
is essential for simulating velocity characteristics.

3.2. Inclination Angle

The inclination angle means the vertical flow velocity is normalized by the horizontal
velocity, which is the most intractable issue in the application of the transition section.
Because of transition sections with nearly slope geometry, flow is accelerated through the
transition section. This could not be avoided due to the altitude difference between the
model edge and the wind tunnel floor, whichever type of transition curve was used. Addi-
tionally, this issue can only be minimized by keeping the distance between measurement
locations and the model edge long enough to reduce the adverse impact of the transition
section.

Figure 6 shows profiles of the inclination angle at the measurement locations. The
profiles are distinctly different from OT at almost every location, particularly in the region
near the ground. For location A1 in the windward region, the inclination angle profiles
corresponding to the terrain model with a transition section show analogous shapes to
OT compared to the completely different profile in the terrain model without a transition
section. The flow separation that occurred at the leading edge of the terrain model in the
case of WTS greatly changed the profile and resulted in a negative value of inclination
angle at the lower part.

At A2 and A3 in the leeward region, the profiles of the inclination angle in cases with
transition sections are quite different from OT with a negative value. Although the profiles
of WTS are not the same as those of OT, they are numerically closer, which indicates that
when better velocity profile results are obtained, the additional inclination angle induced
by the transition section cannot be ignored.
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Figure 6. Profiles of inclination angle at measurement locations: (A1) location A1; (A2) location A2;
(A3) location A3; (A4) location A4; (A5) location A5.

In the valley region, there are two measurement locations: A4 and A5. Due to the
influence of flow separation in the previous analysis of mean velocity, the profiles are almost
unchanged in different cases. However, it is entirely diverse in profiles of inclination angle.
The inclination angle profiles in the cases of WTS, WTC, and RTC are almost opposite that
of OT at heights below approximately 450 m for locations A4 and A5. Positive values have
been observed in the region near the ground in the case of OT, while negative values have
been found in the other cases. As shown in Figure 6, there is only a single peak ahead
of locations A4 and A5. According to previous studies, flow separation off a peak or the
edge of a bluff body creates a detached shear layer whose character depends strongly on
the separation location [36]. For the single peak topography, separation occurs over crests
and on the windward face, while the upwind topography of multiple peaks may advance
the separation location. Thus, when the terrain model has been truncated, the single peak
topography may be changed to multiple peaks by “artificial cliff”, and locations of the
valley region show opposite inclination angles with OT. For this reason, the values of the
inclination angle at locations A4 and A5 become negative in the cases with the truncated
terrain model. Additionally, the differences in the cases of WTS, WTC, and RTC indicate
that the separation location is determined not only by the slope of the peak but also by its
geometry.

Profiles of inclination angle show more sensitivity to upwind topography than mean
velocity. Although the same results of mean velocity were obtained, the opposing results
were observed in inclination angle such as at locations A4 and A5. Implementing transition
sections in the simulation reduces the adverse effect of flow separation at the leading edge
of the terrain model to a certain extent, but there is still a discrepancy compared with the
original terrain.
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4. Turbulence Characteristics
4.1. Turbulence Intensity

Turbulence intensity is given by the standard deviation of streamwise wind veloc-
ity normalized by mean velocity. The turbulence intensity profiles of the measurement
locations, shown in Figure 7, intensely change in the region near the ground. Location
A1 in the windward region shows higher turbulence intensities at the lower part of the
profile for WTS, which indicates that flow separation induced by topographic truncation
enhanced turbulence production in the region near the model edge to a greater extent,
leading to inaccurate experimental results. Combined with the analysis of the mean velocity
in Section 3.1, the study noted that flow separation in the case of WTS generated a similar
profile in mean velocity but a different profile in turbulence intensity with OT. This means
that flow separation induced by terrain truncation at the region near the terrain model
edge is a difficult issue in turbulence simulation. Moreover, the lower level of turbulence
intensity in cases with transition sections indicates that implementing transition sections
in the experiment can effectively avoid flow separation, but there is no avoidance of the
speed-up effects.

Figure 7. Profiles of turbulence intensity at measurement locations: (A1) location A1; (A2) location
A2; (A3) location A3; (A4) location A4; (A5) location A5.

In the leeward region, for locations A2 and A3, there is at least one case with transition
sections consistent with OT. Compared to WTS with lower turbulence intensity, both
WTC and RTC obtained similar results with OT at location A2. As the cutting plane of
location A2 is shown in Figure 5, the artificial cliff of WTS induced upwind flow separation,
which was surmounted in the WTC and RTC cases. For location A3, RTC is the only
case that obtained results approaching OT, which may be attributed to the fact that the
ramp transition section took the place of the mountain peak in the front with producing
flow separation. Coincidentally, Mcauliffe and Larose [26] used ramps to generate flow
separation instead of the original topography with a mountain peak, and they also obtained
acceptable results.
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For the valley region, although the mean velocity profiles of the two measurement lo-
cations showed similar trends, the turbulence profiles were quite different at the elevations
in the lowest 300 m above the ground. Compared with the case of OT, the other three show
higher turbulence levels with decreasing height, and the largest discrepancy is found at the
lower height, which is almost twice that of the OT. It seems that the increase in turbulence
level caused by topographic truncation is inevitable regardless of implementation with
transition sections when measurement locations are in the valley region.

4.2. Velocity Spectra

The spectra of streamwise velocity, normalized by nSu(n)/σ2, where Su is the stream-
wise velocity spectra, n is the frequency, and σ is the standard deviation of velocity, are
shown in Figure 8. The abscissa axis is the normalized frequency, expressed as f = nZ/U(Z),
where Z is the height above ground and U(Z) is the mean velocity at height Z. The height
of the spectrum shown in Figure 9 is 104 m, which is the hub height of most wind turbines.

At location A1 in the windward region, the spectra of cases with transition sections are
higher than those of the WTS case, which may be attributed to flow separation suppression
at the leading edge of the terrain model. Thus, large-scale vortices representing the energy
of the low-frequency range are preserved. As shown in Figure 5, the side mountain range at
the front of location A1 in the case of OT generated flow separation and broke up large-scale
eddies into small-scale eddies, leading to lower spectra in the low-frequency range, similar
to the case of WTS.

For the leeward region, spectra of four cases show little differences at location A2,
but at location A3, the spectra of OT are lower than the other three in the low-frequency
range. Despite the similarity in profiles of mean velocity and turbulence intensity obtained
between OT and RTC, the discrepancy remains, owing to the truncation of the mountain
peak ahead of location A3 in the RTC case.

Figure 8. Normalized streamwise spectra for measurement locations at a height of 104 m: (A1) loca-
tion A1; (A2) location A2; (A3) location A3; (A4) location A4; (A5) location A5.
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Figure 9. Special indexes at measurement locations: (a) mean velocity; (b) inclination angle; (c) turbu-
lence intensity.

According to spectra of measurement locations in the valley region, one of the distinct
differences is the shift of the spectra peak toward the high-frequency range and a reduction
in the low-frequency range in all cases. Strong flow separation in the valley region may
account for this difference, and another peak at high-frequency might support this expla-
nation, which is associated with a vortex-shedding process that was also measured in the
wake region of an escarpment by Alvaro et al. [37]. In the case of OT, owing to the strong
perturbation from complete terrain, spectra at high frequency are higher than those in the
other three cases.

As indicated in Figure 8, the inertial subrange of all cases corresponds roughly with
the asymptotic relation of the −2/3 slope derived by Kaimal et al. [38] in windward and
leeward regions, while the slopes of spectra for measurement locations in the valley region
are mismatched with less negative values, which is more significant in the case of OT. This
is similar to the research of Mcauliffe and Larose [26] in which the slope of spectra is less
negative in the flow separation region. In addition, experiments with the truncated terrain
model may underestimate spectra in the high-frequency range due to the incompleteness
of topography ahead, and the slope of spectra is also dramatically influenced with a less
negative value.

5. Quantitative Analyses on Effect of Topographic Truncation
5.1. Metrics on Profiles Differences

Based on the previous analysis, topographic truncation had significant effects on mean
wind characteristics and turbulence characteristics when simulating flow over an island in
the wind tunnel. Hence, to quantify the differences in mean velocity, inclination angle, and
turbulence intensity, the special indicators proposed by Huang et al. [17] were used, which
are defined as:

Ux =
N

∑
i=1

|Ui −Ui,OT |
Ui,OT

· ∆hi
Hw

(2)
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Ax =
N

∑
i=1

|Ai − Ai,OT |
|Ai,OT |

· ∆hi
Hw

(3)

Ix =
N

∑
i=1

|Ii − Ii,OT |
Ii,OT

· ∆hi
Hw

(4)

where N is the total number of measurement points along height at each measurement
location, Ui is the normalized streamwise mean velocity at i-th point above the ground,
Ui,OT is the normalized mean velocity at i-th point above the ground in the case of OT,
∆hi is the height difference between i-th point and (i-1)-th point, Hw is the total height
at the measurement location, Ai is the inclination angle at i-th point above the ground,
Ai,OT is the inclination angle at i-th point above the ground in the case of OT, Ii is the
turbulence intensity at i-th point above the ground, and Ii,OT is the turbulence intensity at
i-th point above the ground in the case of OT. It should be noted that in contrast to previous
work [17], the absolute value is applied to Equations (2), (3), and (4) to quantify the overall
differences. We also define a mean indicator (MI) to evaluate the topographic truncation
effect in different cases, which can be calculated as:

MI =
M

∑
j=1

ax ·
1
M

(5)

where M is the total number of measurement locations and ax means special indicators: Ux,
Ax, and Ix.

Special indicators of the mean velocity, inclination angle, and turbulence intensity at
each measurement location are plotted in Figure 9. The special indicator of the inclination
angle shows the largest magnitude compared with the other two, while the special indica-
tors of the mean velocity and turbulence intensity show similar magnitudes. This supports
the fact that the inclination angle is likely the characteristic most influenced by topographic
truncation. Hence, structures sensitive to the inclination angle should be emphasized when
obtaining wind characteristics by wind tunnel simulation. As illustrated in Figure 9, the
MIs of the cases with transition sections are much lower than that of the WTC in terms of
the mean velocity and inclination angle. However, in terms of the inclination angle, the
MIs of the cases with transition sections are slightly higher than that of the WTC. From the
point of view of mean velocity and turbulence intensity, installing the transition section at
the edge of the terrain model can improve the accuracy of a simulation to some extent, but
only to a very limited extent. In contrast, installing transition sections at the edges of the
terrain model could not improve the accuracy of the inclination angle in the wind tunnel
simulation but brought additional errors in the simulation.

5.2. Metrics on Spectra Shifts

To quantify the shift of energy for spectra in frequency, three normalized frequen-
cies [37]: fl, fm, and fu, which are the cut-off frequencies of the different energy intervals,
can be calculated from Equations (6) and (7):∫ nc

0
nsu(n)/σ2d[ln(n)]− ac = 0 (6)

fc = ncZ/U(Z) (7)

where n is the frequency, nSu(n)/σ2 is nonnegative and integrates to one in (−∞, +∞), and
c = l, m, u. The value of ac varies with c, and al = 0.05, am = 0.5, and au = 0.95. Hence, the
bandwidth between fl and fu, which means 90% energy interval bandwidth, is calculated
from Equation (8):

∆ f = log10( fu/ fl) (8)
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As illustrated in Figure 10, fm,OT and ∆fOT mean median of normalized frequency and
bandwidth of normalized frequency in the case of OT, respectively. As seen in Figure 10a,
the normalized median of all cases and measurement locations shows values lower than 1.
This indicates that the spectra obtained from the truncation terrain model show a higher
value than that from OT, which also supports our analysis in Sect. 4.2. In addition, it can be
concluded that energy shifts to a low-frequency range when using the truncation terrain
model to obtain spectra.

Figure 10. Metrics on spectra shifts at measurement locations: (a) median of the normalized frequency;
(b) the bandwidth of the normalized frequency.

As displayed in Figure 10b, a decrease in this bandwidth is found at the measurement
locations of the leeward region (A2 and A3) where the normalized bandwidth is lower
than 1. However, the trend of the measurement locations at the valley region (A4 and
A5) is markedly different with normalized bandwidth higher than 1. In addition, the
situation for the measurement location at the windward region (A1) can be divided into
two parts according to whether the transition section is applied. The value of the normalized
frequency bandwidth in the case with transition section is higher than 1, while the value is
lower than 1 in the case of WTS. This shows that topographic truncation brought inaccuracy
into spectral bandwidth, but its effect is not certain and seems to be related to the character
of the terrain where the measurement is located. Additionally, implementing transition
sections at the edge of the terrain model greatly influenced the normalized frequency
bandwidth, which may be attributed to the change in topography ahead leading to different
flow behaviors.

6. Conclusions

A wind tunnel test for simulating flow over complex terrain was conducted in the
wind tunnel laboratory of Central South University to investigate the effect of topographic
truncation on wind characteristics. The analysis was carried out in two perspectives:
mean wind characteristics, including mean velocity and inclination angle, and turbulence
characteristics, including turbulence intensity and velocity spectra, which are fundamen-
tal parameters for flow characteristic description and are also essential for engineering
applications. From the wind tunnel test, conclusions can be summarized as follows:

(1) Experimental results show that the effect of topographic truncation on profiles of
mean velocity and turbulence intensity is different for different regions. A greater
impact of the truncation was found in windward and leeward regions. The truncation
of the terrain leads to a change in topographic features, causing a change in flow
behavior upwind, and is the main reason for this difference. Accurate simulation of
flow behavior upwind is crucial for repeating mean velocity and turbulence intensity
profiles at target locations.

(2) By comparing the mean velocity and turbulence intensity, profiles of the inclination
angle are more sensitive to topographic changes upstream, or they are more sensitive
to changes in upstream flow behavior.
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(3) Overestimation of streamwise velocity spectra was found in cases with the truncated
terrain model in the low-frequency range but underestimated in the high-frequency
range. Meanwhile, the slope of the spectra is influenced by a less negative value at
the inertial subrange. Moreover, the normalized bandwidth representing the 90%
energy interval is influenced by the topographic truncation, but the effect relates to the
measurement locations. The bandwidth of windward and leeward regions narrows
down, while the bandwidth of the valley region broadens.

(4) Transition sections used in this study have only limited effectiveness. Transition
sections can only curb flow separation at the edge of the terrain model, but the change
in flow behavior caused by the absence of topographic features due to topographic
truncation cannot be resolved. In addition, the implementation of transition sections
at the model edge may introduce additional errors into the experiment.
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Nomenclature

LES Large Eddy Simulation
URANS Unsteady Reynolds-averaged Navier-Stokes
OT Original topography
WTS Without transition section
WTC Witozinsky transition curve
RTC Ramp transition curve
α A constant coefficient and equal to 50
H Altitude difference between model edge and wind tunnel floor
L Length of transition curve at the certain points corresponding to H
Re Reynolds number
h Model height
ν Kinematic viscosity
U Streamwise velocity
Ur Mean velocity at the top height of each location
Iu Turbulence intensity
Su Streamwise velocity spectra
n Frequency
σ Standard deviation of velocity
f Normalized frequency
Z Height above ground
U(Z) Mean velocity at height Z
Ux Special indicator for mean velocity profiles
Ax Special indicator for inclination angle profiles
Ix Special indicator for turbulence intensity profiles
N Total number of measurement points alone height at each measurement location
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Ui Normalized streamwise mean velocity at i-th point above the ground
Ui,OT Normalized mean velocity at i-th point above the ground in case OT
∆hi Height difference between i-th point and (i-1)-th point
Hw Total height at the measurement location
Ai Inclination angle at i-th point above the ground
Ai,OT Inclination angle at i-th point above the ground in case OT
Ii Turbulence intensity at i-th point above the ground
Ii,OT Turbulence intensity at i-th point above the ground in case OT
MI Mean indicators
fl Cutoff frequency of 0.05 energy interval
fm Cutoff frequency of 0.5 energy interval
fu Cutoff frequency of 0.95 energy interval
∆f 90% energy interval bandwidth
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