
I first like to thank the reviewer for taking the time and review my manuscript. Please find my 
answers to the comments below. The reviewers comments are marked in black and my answers in 
blue.

The manuscript presents LES simulations of a small and a very large wind farm extending 
hundreds of kilometers. The PALM code is employed for the large scale simulations involving 
billions of grid points. The numerical predictions are compared and discussed in detail.

It is well written and has a potential to contribute to the state of the art in wind farm simulations and 
flow physics. However some predictions and the related discussions need further clarification and 
verification prior to publication:

• It is not stated that the x-direction is pointing south.

The x-direction is not pointing south. Since this is an idealized study, the model domain orientation 
is not of importance. 

• The change in the horizontal mean flow direction observed in Fig 2, especially the CCW and 
the following CW deflections of the mean flow for the large WF needs further verification. It 
is also interesting that there is no visible deflection of the upstream flow in the first 60-70km 
range (Figs 2&3). A simulation without Coriolis force is suggested.

I think these effects are very well described in lines 205-216 and Figure 5 (crosswise tendencies):

"At the inflow all forces sum to zero and the mean flow is in a steady state. Due to the wind speed 
reduction upstream and inside the wind farms, the Coriolis force is reduced, so that the geostrophic 
pressure gradient force predominates and tends to deflect the flow counterclockwise. The vertical 
momentum flux divergence, however, tends to deflect the flow clockwise but this force is weaker, 
so that the sum of these forces is still positive. Because the wind farms are infinite in the y-
direction, the perturbation pressure gradient force is parallel to the x-axis and has thus no effect on 
the wind direction at first. However, due to the change in wind direction further downstream inside 
the large wind farm, the perturbation pressure gradient force has a component perpendicular to the 
streamlines that tends to deflect the flow clockwise. At the end of the large wind farm the sum of all 
forces becomes negative, so that the flow begins to turn clockwise. Because the wind speed 
increases to super-geostrophic values in the wake, the Coriolis force becomes greater than the 
geostrophic pressure gradient force so that the flow is deflected clockwise. The most significant
difference between the small and the large wind farm is that the speed deficit in the large wind farm 
is greater and lasts longer. This results in a greater wind direction change and thus a greater inertial 
wave amplitude compared to the small wind farm."

The crosswise tendencies, shown in Fig. 5, clearly prove that the cause for the deflection is the 
change in Coriolis force. The magnitude of the tendencies (0.0001 m/s²) also corresponds well to 
the change in the v-component (~1 (m/s)/(100 km)). Performing an extra simulation as an additional 
proof is not necessary in my opinion.



• In Fig 3, the reduced wind speed within the WF due to blockage and its correlation with the 
farm size are expected. However, the increased wind speed by about 12% 150km down in 
the large WF wake similarly need further verification. 

It is not completely clear, what is meant by "further verification". The text (l. 187 - 200) and Fig.~4 
clearly state that the speedup is related to the inertial oscillation that is triggered by the wind farm 
and that the amplitude is larger for the larger wind farm. Please give more specific hints about 
which information shall be added.

In addition to the hub height, the vertical variation of the wind speed should also be 
presented.

The vertical variation of wind speed and wind direction is given in Fig. 8 and is described in lines 
271-295.

In addition, a simulation without the gravitational force is suggested to identify the cause 
and to validate the numerical implementation.



Unfortunately this comment is not clear to me. Please clarify what is meant by "without 
gravitational force". Does it mean without the buoyancy term, i.e. pure neutral stratified? Which 
cause shall be identified with this additional simulation? The speedup in the wind farm wake is 
related to the inertial oscillation and not to gravity.
A simulation without gravity/buoyancy is very unrealistic. Additionally, there will be no gravity 
waves, which is one of the main results of this paper. Thus, I do not see the necessity to do such an 
extra simulation.

• Similarly, in Fig.8 the BL profile at TE+120km shows that the BL flow is energized 
significantly up to the BL height. Such an unexpected behavior is attributed to the drop in 
the perturbation pressure. 

This is true for the flow at the BL top. Inside the BL, however, the increase in wind speed is related 
to the inertial oscillation. I have added this information in line 286:
" In the far wake, one quarter of the inertial wave length (λI /4 = 120 km) downstream of the wind 
farm TEs, the wind speed in the bulk of the BL is supergeostrophic. At 300 m height the wind speed
has increased to 9.2 ms−1 and 10.1 ms−1 for the small and large wind farm, respectively. This 
corresponds to a wind speed increase of 0.2 and 1.1 ms−1 relative to the inflow wind speed. 
These values approximately correspond the amplitude of the inertial wave (see Fig.~4)."

The velocity profile should be extended further up to see any momentum deficiency and the 
discussion should be extended to include what causes such a the perturbation pressure drop.

The discussion in section 3.3 (Boundary layer modification) focuses on and is limited to 
modifications inside the BL. A vertical extension of the profiles is thus not appropriate. The 
velocity-, pressure and temperature fields in the free atmosphere are determined by gravity waves, 
which are discussed in detail in section 3.4 (Gravity waves).

In addition, the momentum deficiency ocaused by WTs should be presented in a plot at the 
center plane or averaged only across the turbine (not averaged in the full y range)

Including such a plot would certainly provide more details of the flow near the wind turbines. 
However, the aim of this study is to focus on effects that are on the wind farm scale or larger. Thus, 
adding such a figure is not relevant to the outcome and conclusion and I would like to avoid it.

• The energy budget analysis is performed by integrating the quantities over the control 
volume of a WT. It is also not clear if the presented values in Fig 11 are averaged over all 
the CVs. Such an analysis gives the distribution of energy components within the CV, but 
not the relations between them. For a better understanding, the integrations should be 
performed at the control surfaces (inflow, top, outflow) of individual CVs and they should 
be presented as a series for a turbine row. (inflow of a downstream WT would be the outflow 
of the upstream WT)



The values in Figure 11 are obtained by integrating over the entire wind farm, as it is stated in the 
caption:
"Figure 11. Energy budgets inside control volume Ωwf , that envelops the entire small/large wind 
farm. [...]"
The focus of section 3.5 (Energy budget analysis) is on the energy budgets in the control volumes, 
i.e. the net inflow/outflow or source/sink of energy in a control volume. In- and outflow values (e.g. 
of the advection term A) can be much larger than their sum (budget), so that presenting them in the 
same figure is not possible. Thus, such an analysis would require at least two more figures. Since it 
is only the net energy inflow (i.e. the budget) that can be extracted by the wind turbines, I think it is 
reasonable to focus only on the budgets. However, the data and the scripts for the requested 
calculations are freely available in the cited data repository and can be used for this purpose by any 
interested reader.

• It is quite counter intuitive that the pressure force contributes more to the energy production 
than the kinetic energy of the wind as suggested in Fig 12. It even acts as a sink for 
downstream turbines. It definitely needs further validation and explanation.

I agree that this is a counter intuitive result. But this behavior has already been observed by Allaerts 
and Meyers (2017), which validates the result. I added this citation and I have now also stated more 
clearly that this is caused by the negative perturbation pressure gradient near the end of the farm:

"The flow acceleration at the end of the wind farms is mainly caused by the negative perturbation 
pressure gradient that has the highest magnitude at the wind farm TE (see Fig. 3). The energy input 
by the pressure gradient P thus increases towards the TE of the large wind farm and reaches 5 MW 
per turbine at the TE. The pressure distribution inside the wind farm is determined by wave type 
two of the gravity waves (see Sec. 3.4 and Fig. 9). The flow acceleration near the TE of the wind 
farm and the related negative net advection of KE has also been reported by Allaerts and Meyers 
(2017) for a 15 km long wind farm in a conventionally neutral BL."


