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Responses to Reviewer 2

Review of “Bidirectional wakes over complex terrain using SCADA data and wake models” by N.
Sasanuma and co-authors.

This paper describes observations made using SCADA data over roughly two years of operation of
two wind turbines sited on complex terrain in northern Japan. The orientation of the two turbines is
roughly southwest-northeast. WT2 is slightly elevated compared to WT1. WT2 is upstream for
southwesterly wind (225°) and WT1 is upstream when the wind is northeasterly (45°). Analysis of the
wind speed ratio (wind speed at downstream turbine divided by wind speed at upstream turbine)
and turbulence intensity shows that wake effects of the upstream turbine are felt on the downstream
turbine only for southwesterly wind (i.e. when WT2 is upstream). Wake effects are not felt on the
downstream turbine for the northeasterly wind (when WT1 is upstream). This is attributed to the
effect of topography and because WT2 is at a higher elevation as compared to WT1. Twelve analytical
or semi-analytical wake models available in PyWake are evaluated for their ability to predict the wake
effects and show mixed results with errors ranging from under 1 % to 66 %.

Overall, the paper is well-written and easy to read. Real-field data are always scarce, and hence
valuable, and this paper fills this gap. The presentation and interpretation of the results could be
improved a bit. The effect of stability, which can have a non-trivial impact, is completely ignored in
the paper. The section on evaluation of analytical models is quite superficial and should be improved

substantially. Specific comments that the authors should address are given below.

Author response: We appreciate your time and effort in reviewing our manuscript and providing
supportive and valuable comments. We have incorporated your suggestions into the revised
manuscript. The revised parts are highlighted in the manuscript. The authors' responses to the
reviewer’s comments are described below. The symbol “Author response” means the author’s

reésponses.



Major Points:

1. The major takeaway from this study seems to be that if an upstream turbine is at a higher
elevation than the downstream turbine, its wake affects the downstream turbine. If the upstream
turbine is at a lower elevation than the downstream turbine, its wake does not affect the

downstream turbine.

If this above understanding is correct, the authors should try to find evidence as to whether this
is supported by other observations/experiments/simulations. One possible explanation is likely
in recent wind-tunnel experiments on complex terrain (Chen et al., Applied Energy, 2025.
10.1016/j.apenergy.2024.125044). This study shows that the wake of a turbine sited on a hilltop
follows the terrain and bends down along with the surface. However, the wake of a turbine sited

upstream of the hill does not bend upwards and follow the terrain in a similar manner.

The authors should consider whether this aligns with their observations and include a discussion
on this. Other similar observations/experiments/simulation results would also strengthen the

main argument of this paper.

Author response: Thank you for your comments. Following your suggestion, we first added the
figures of wind speed reduction for northeasterly wind (Fig. 14b) and southwesterly wind (Fig. 14d).
Then, we added the description on the results of Fig. 14 and the discussion as below in the 3rd
paragraph of Section 3.2. In addition, we cited the following papers to strengthen the main results of

this study (Berg et al., 2017; Dar et al., 2019; Wenz et al., 2022).

“To investigate the different wake effects between northeasterly and southwesterly winds, we show
vertical cross sections of wind computed by WAsP CFD and PyWake along the connection the wind
turbines (Figure 14). We computed wind flows with and without the effects of the wind turbines and
derived the reduction in horizontal wind speed. In Figs. 14b and 14d, the TurboGaussian wake model
is used. We can consider the path of the wake generated by the upstream wind turbine because the
streamline is assumed to pass through the center of the wind turbine wake (Sesarego et al., 2020). For
northeasterly wind, the wind reaches the hub height of WT2 from the hub height of WT1 due to the
wind ascending the hill (Fig. 14a). Moreover, the flow accelerates on the top of the hill around the
location of WT2, and the accelerated wind blows through the rotor surface of WT2. When the wind
turbines exist, the Gaussian-shaped wake generated by WT1 rises slightly upward along the terrain
and reaches the center of the rotor of the downstream wind turbine (Fig. 14b). However, the wake
weakens at WT2 because the flow accelerates on top of the hill. Thus, the wind speed ratios are

generally higher than 1.0 in no-wake conditions (Fig. 7a). For southwesterly wind, the weak winds in



the lee of the hill of WT2 cover the location of WT1 below the hub height and extend through the
height of the lower part of the WT1 rotor (Fig. 14c¢). In contrast, the strong winds on the top of the hill
reach the hub height of WT1. The resulting strong vertical wind shear at the height of the rotor of WT1
contributes to the increase in turbulence. No acceleration occurs in the lee of the hill between WT1
and WT2, and the flow separation is created by the hill. When the wind turbines exist, the wake
generated by WT2 extends horizontally through the upper part of the rotor of WT1 (Fig. 14d). The
wake doesn’t follow the terrain line in the lee of the hill (Berg et al., 2017; Dar et al., 2019; Wenz et

al., 2022). Thus, the wind speed ratios are generally lower than 1.0 in no-wake conditions (Fig. 7c).”
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Figure 14. Vertical cross sections along the blue dashed line in Fig. 1 for (a) (b) northeasterly wind
and (c¢) (d) southwesterly wind. In (a) and (c), we show horizontal wind speed (color shading) and
wind vectors on the cross section with no wake effects of the wind turbines, although we show the
positions of the rotors of the wind turbines by gray dashed line. In (b) and (d), we show a reduction in
horizontal wind speed (color shading) due to the wind turbine wake. The data from WAsP CFD are

available from 5 m.
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2. Are atmospheric stability effects important at this site? Hypothetically, it is possible that the
southwesterly wind is always accompanied by stable atmospheric conditions, under which the wake
is known to persist longer, and northeasterly wind is always accompanied by unstable conditions,
under which the wake recovers faster. Thus, the significant wake effects observed (not observed) for
southwesterly (northeasterly) wind could hypothetically be simply due to thermal stratification. Can

this explanation be ruled out using some data, or is this a valid explanation for the observations?

Author response: Thank you for your comments. We understand the importance of considering the
atmospheric stability for wind turbine wakes. For example, the following studies have investigated
stability effects on wakes using numerical simulations (Uchida and Takakuwa, 2019; Yamaguchi et al.,
2024) and observations (Oqaily, 2025). Thus, we revised the discussion on stability in the last
paragraph of Section 4 as below. We recognize that the effects of atmospheric stability on wakes are

our next challenges.

“In the study area, northeasterly wind dominates in summer and southwesterly wind dominates in
winter (Sasanuma and Honda, 2020). That is, dominant winds and stability conditions might typically
be fixed to the seasons. The studies have investigated stability effects on wakes using numerical
simulations (Uchida and Takakuwa, 2019; Yamaguchi et al., 2024) and observations (Oqaily, 2025).
Uchida and Takakuwa (2019) show that the turbine wake on the top of the hill follows the terrain under
stable atmospheric conditions; however, the wake rises on the lee side under neutral atmospheric
stability conditions. Therefore, the magnitude of the wake effect depends not only on the terrain but
also on the atmospheric stability. Further research on the impact of atmospheric stability on turbine

wake is necessary.”

Oqaily, D. A., Giani, P., & Crippa, P.: Evaluating WRF Multiscale Wind Simulations in Complex
Terrain: Insights from the Perdig@o Field Campaign. Journal of Geophysical Research: Atmospheres,
130(15), €2025JD044055. https://doi.org/10.1029/2025JD044055, 2025.

Sasanuma, N., Honda, A.: Wind analyzing of wind turbines and lighthouse in Tappi with relative point
of view, Wind Engineering Symposium, 26, 19-24,
https://doi.org/10.14887/matsympwindengproc.26.0_19, 2020.

Uchida, T., and Takakuwa, S.: Numerical Investigation of Stable Stratification Effects on Wind
Resource Assessment in Complex Terrain. Energies, 13(24), 6638.
https://doi.org/10.3390/en13246638, 2019.

Yamaguchi, A. Tavana, A. and Ishihara, T.: Assessment of Wind over Complex Terrain Considering
the Effects of Topography, Atmospheric Stability and Turbine Wakes. Atmosphere, 15, 723. https://
doi.org/10.3390/atmos 15060723, 2024.



3. The section on wake model evaluation lacks many details. For example,

(a) what is the inflow provided to the models? Is it a uniform in the vertical, or a sheared profile?

Author response: We set the inflow wind speed for far upwind. In this case, the wind speed is 10 m
s''at 100m height, and roughness length zo is 0.0032m. Therefore, the inflow wind speed has a slightly
sheared profile. We added these descriptions to Section 2.6.

(b) Line 91 mentions ‘bush trees’ on the terrain. Is the effect of these trees incorporated into the
wake models through, e.g., a canopy displacement height, or through an aerodynamic roughness

length?

Author response: WAsP CFD sets the roughness length depending on landscape type. The roughness
length in the study area ranges from 0.1 to 1.0 m. We added these descriptions to Section 2.6.

(c) Each of the 12 wake models have at least one (probably more) tunable parameters which can
drastically change their predictions. The authors have not mentioned what values were assigned to
these parameters. If some ‘default’ values were used, those should be mentioned. Also, it is crucial

to mention sensitivity of the predictions to these parameters.

Author response: Thank you for your suggestions.

e  We use the “default” values of the parameters, and tuning the parameters is not scope of this
study. We mentioned this in Section 1.

e  Asyouindicated, the sensitivity of the parameters of the wake model is important. We agree with
this point. However, the sensitivity analysis is beyond the scope of this study. Sensitivity analysis

of the parameters of the 12 wake models is a subject for further study.

(d) Is there any particular reason that the ‘Bastankhah’ and ‘TurboGaussian’ models are more

accurate than the others?

Author response: For ‘Bastankhah’ and ‘TurboGaussian” wake models, thrust coefficient (Ct) and
wake width (o) mainly affect the reduction in wind speed. The maximum reduction in wind speed for

both wake models can be expressed by the following equation.

C(x) = 1-1—Cr/8(a(x)/do)? (1)

where C(x) is a maximum decrease in wind speed at the downwind distance (X), C; is the thrust



coefficient, g(x) is wake width at the downwind distance (x), and d is the diameter of the wind
turbine. Other wake models, except Fuga and GCL wake models, use equation (1) generally. For wake
width, Bastankhah wake model uses equation (2) and TurboGaussian wake model uses equation (3)
respectively. ‘Bastankhah’ and ‘TurboGaussian’ wake models commonly use € using equation (4) and

Ct effects for both reduction in wind speed and wake width.
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where D is the rotor diameter of the downstream wind turbine, a=c,l, (c1=1.5), I, is the free stream

turbulence intensity.

Thus, we speculate that "Bastankhah” and “TurboGaussian” wake models have a large sensitivity to
the thrust coefficient compared with the other wake models. We understand that it is our next challenge

to investigate the reason why these two models show the results consistent with the observations.

Bastankhah, M., and Porté-Agel, F.: A new analytical model for wind-turbine wakes. Renewable
Energy, 70, 116-123. https://doi.org/10.1016/j.renene.2014.01.002, 2014.

Pedersen, M. M., van der Laan, P., Friis-Mgller, M., Forsting, A. M., Riva, R., Roman, L. A. A., Risco,
J., C., Quick, J., Christiansen, J. P. S., Olsen B. T., Rodrigues, R. V., and Réthoré, P. E., DTU
WindEnergy/PyWake: PyWake (v2.5.0), https://doi.org/10.5281/zenodo0.6806136, 2023.

(e) The two models seem to be performing better when the wind speed is set to a certain value.
However, wake models are generally agnostic to wind speed since they predict normalized velocity
deficits. The only way wind speed enters into a wake model is through the thrust coefficient that gets
modulated with wind speed. Is this the reason for the two models to be performing better in certain

wind regimes than others?

In view of the above points, perhaps it would be better to focus on a smaller number of models more

thoroughly than to superficially show results of a dozen models.



Author response: As we described the answer in (d), “Bastankhah” and “TurboGaussian” wake
models have a large sensitivity to the thrust coefficient. We recognize that this point merits further
study, as you indicated. However, the purpose of this study is to compare the reproducibility of wake
models over complex terrain between wake models and to show the terrain effects systematically

modify the simulated wakes.



Minor Points:

1.

Is Fig 1a really needed? It should be sufficient to mention latitude and longitude of the site

of study. Is there anything specific that is being conveyed by map at this scale?

Author response: Thank you for your suggestion. Following your suggestion, we have
deleted Figure 1a, as Figure 1b is sufficient to show the locations of wind turbines and the

surrounding terrain.

Similarly, | am not sure if the photograph in Fig. 2a is really necessary.

Author response: We believe that Figure 2a is important for easily understanding the
problem setting of this study and the surrounding environment of the wind turbines and is

supportive of Figure 2b. Therefore, we keep Figure 2a.

The difference in the elevations between the two turbines seems to be 0.44D ((169-
132)/83.3) rather than 0.5D. This should be mentioned precisely rather than rounding off to
0.5D.

Author response: We corrected the difference in elevation between the two turbines to 0.44D

from 0.5D.

Appendix A used to correct wind direction and wind speed due to turbine rotation is not
clear. Lines 385-395 should be expanded and the method should be explained in more detail.

Are there any previous references that can be cited for this?

Author response: After consideration, we decided not to correct the deviations of wind
direction and wind speed due to the wind turbine rotation. Therefore, we deleted Appendix A.
(In this study, we discuss the maximum wake effects from the minimum wind speed ratio in
Figure 6, 7, 11, and 12 without correcting the systematic offset in wind direction (Mittelmeier

et al. (2017)).

Mittelmeier, N., Blodau, T., and Kiihn, M.: Monitoring offshore wind farm power
performance with SCADA data and an advanced wake model, Wind Energ. Sci., 2, 175—
187, https://doi.org/10.5194/wes-2-175-2017, 2017.



Since the ‘Bastankhah’ and ‘TurboGaussian’ models seem to be performing the best, they
should be explained at least briefly, maybe in an appendix. Also, please provide a reference

on line 164.

Author response: Thank you for your comments. We added an explanation and references

of the two wake models to Section 2.6.

The paragraph around line 150 is inconsistent. North-easterly wind implies WT1 is upstream
and WT2 is downstream, and wind speed ratio is defined as WS2/WS1. This means the wind
speed ratio is defined as the ratio of wind at downstream turbine to that at upstream turbine.

The first sentence of this paragraph states the opposite. Please clarify this.

Author response: Thank you for pointing that out. Your suggestion is correct, and we
corrected the first sentence below.

“To analyse mutual wake effects between the two wind turbines, we define a wind speed ratio
of wind speed at the downstream wind turbine to that at the upstream wind turbine.”
Additionally, we have included Table 1 to clearly define the wind speed ratio based on the

combination of wind direction and wake condition.

Line 155: It is slightly awkward to say that computational models are used to validate the
observations. It should be the other way around. Perhaps ‘consistency check’ or something

similar would be a better phrase here.

Author response: We have corrected the first sentence of section 2.6 as below. “We utilized
Wind Atlas Analysis and Application Program Computational Fluid Dynamics (WAsP CFD;
Bechmann, 2015) in combination with PyWake (Pedersen et al., 2018) to closely examine the

the observed wind and wakes over complex terrain.”

Line 165: Is the power curve of the actual turbine model not available, and can’t it be
implemented into the PyWake code? How do the power curves of the J82-2.0 and Vestas

V80 turbines compare with each other?

Author response: Due to confidentiality concerns, we are not able to show the absolute
power curve here. However, we confirmed that the power curves from V80 and the power
output from the SCADA data are consistent with each other below the rated wind speed

(Figure R1).



10.
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Figure R1. Power curve of V80 wind turbine (blue curve). Black, gray, and white dots are the
power output from the SCADA data of the wind turbine in the study site. The power output
is divided by the rated power output.

5 can be augmented with Cp of the V80 turbine for completeness.

Author response: Unfortunately, PyWake does not disclose the power coefficient of V80.

PyWake computes power output directly from the power curve table.

7(a) and 7(c) deal with no-wake conditions. Here, there is an average ratio of 1.2 in 7(a) and
of a little below 1 in 7(c). This speedup/slowdown is entirely because of terrain effects. Can

this be explained using, say, the WAsP simulation described later?

Author response: Thank you for pointing this out. We added the sentence to show the
consistent wind speed ratio under no-wake conditions between SCADA data and WAsP CFD

to Section 3.2 as below.

“For northeasterly wind, the wind reaches the hub height of WT2 from the hub height of WT1
due to the wind ascending the hill (Fig. 14a). Moreover, the flow accelerates on the top of the
hill or around the location of WT2 and the accelerated wind blows through the rotor surface
of WT2. .... Thus, the wind speed ratios are generally higher than 1.0 in no-wake conditions
(Fig. 7a).

“For southwesterly wind, the weak winds in the lee of the hill of WT2 cover the location of
WT1 below the hub height and extend through the height of the lower part of WTT1 rotor (Fig.
14c). In contrast, the strong winds on the top of the hill reach the hub height of WT1. The
resulting strong vertical wind shear at the height of the rotor of WT1 contributes to the

increase in turbulence. No acceleration occurs in the lee of the hill between WT1 and WT2,



11.

12.

13.

14.

and the flow separation is created by the hill. ....Thus, the wind speed ratios are generally

lower than 1.0 (Fig. 7c).”

Labels (a), (b) etc can be reduced in size in almost all figures.

Author response: We adjusted the size and thickness of the labels (a), (b) etc.

7: How are ‘no-wake’ and ‘wake’ conditions identified? Why is there no wake at certain time
instants? Is it because the upstream turbine is not operating, and measurements at such
time instants are called ‘no-wake’? Or is the ‘no-wake’ condition due to other effects such as
lateral deflection of the wake due to yaw misalignment? Where does the wake ‘go’ under

‘no-wake’ conditions?

Author response: We identify “no-wake conditions” and “wake conditions” only by the
operating state of the upstream wind turbine. The wake in this study means a wake induced
by the rotor rotation of the upstream wind turbine. Therefore, “No-wake conditions” mean

that the upstream wind turbine is not operating. We mentioned this method in Section 2.4.

Line 213: Minor typo: “To exam the maximum wake effects...”

Author response: Corrected “To examine the maximum wake effects, .......

Are the lines corresponding to turbulence levels A and A+ (Fig. 9) described by an analytical

expression? If so, can these expressions be provided?

Author response: We added the following equations to 4th paragraph of Section 3.1 to show
the turbulence intensity (TI) defined by International Electrotechnical Commission: IEC

61400-1 (IEC, 2019). WS is wind speed.

TI category A+=0.18 (0.75+ 5.6 / WS) (1)
TI category A=0.16 (0.75 + 5.6/ WS) (2)

IEC — International Electrotechnical Commission: IEC 61400-1: Wind energy generation

systems — Part 1: Design requirements, 4th Edn., Geneva, Switzerland, 2019.



15.

16.

17.

18.

19.

9(a) and 10(a) are both for northeasterly wind, when WT1 is upstream and WT2 is
downstream. The wind speed at WT2 (i.e. x axis) in Fig. 9(a) goes till 18 m/s while in Fig. 10(a)

it goes till only 6 m/s. Are these plots consistent with each other?

Author response: We use the different wind speeds for the x-axis in Fig. 9 and the x-axis in
Fig. 10. In Figure. 9, we use the wind speed of the downstream wind turbine on the x-axis to
examine the wake effects due to the rotation of the upstream wind turbine. In Figure 10, we
use the wind speed of the upstream wind turbine on the x-axis to examine the reduced output
at the downstream wind turbine compared with the output at the upstream wind turbine. We

mentioned these points in the captions of Figures 9 and 10.

10: what is the power normalized with?

Author response: The normalized power output in Figure 10 is the power output divided by

the rated power output. We added an explanation to the caption of Figure 10.

In Appendix B or Table 1, references for the 12 models should be provided.

Author response: We added the reference papers for each wake model in Table Al in

Appendix A.

Why is the WaSP simulation not performed along the same line joining the turbines?

Author response: We derived WAsP CFD simulation along the line joining the two wind

turbines to remake Figure 14.

Line 358: “Additional effects of topography to the wake effects cause opposite changes in the
simulated wakes.” It is unclear what this line means. Where has this been shown in the

paper?

Author response: We revised the description as below.
“In other words, topographic effects cause opposite changes in the simulated wakes compared

to the SCADA data.”



