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We thank all reviewers and commenters for their constructive comments that helped improve the quality 

of the manuscript and appreciate the time and effort they put into this. In the following pages, we reply 

to the comments on a point-by-point basis. An annotated version of the revised manuscript, including all 

changes suggested by the commenters as well as editorial changes by the authors, is attached at the end 

of the present document.  

On behalf of the authors, 

Vasilis Pettas 

 

Reply to RC-1  

The authors would like to thank the reviewer, Nicolai Gayle Nygaard, for his time and useful feedback. All 

the comments have been taken into consideration and have contributed to improving the manuscript. A 

list of point-by-point replies to the comments follows (reviewer comments in black, authors’ response in 

blue).  

 

General comment: 

As a general comment, I do not understand the inclusion of fitted shear exponents based on power law 

wind speed profile. In a waked flow the power law cannot be expected to apply, as the wind speed deficit 

in the wake modifies the wind speed profile. There are many examples of this in the literature. The authors 

even indicate this in line 274. Reporting a shear coefficient is meaningless if it results from a poor fit to 

power law profile. I therefore suggest that all discussions on shear are removed from the manuscript. 

Alternatively, the authors should add quantitative details on the quality of the fits along with the reported 

shear coefficients in Figure 9 and elsewhere. 

We agree with the reviewer that the characterization of vertical shear profile with a power law is not 

optimal for wake conditions as we have stated in the manuscript. Nevertheless, we believe that the 

information should stay in the manuscript as it gives an impression of the overall conditions on the site 

for the different periods. Moreover, we believe that it can be useful input for practiotioners  wanting to 

do aeroelastic simulations using these data as commonly the power law is used in these cases to describe 

the vertical shear. To our knowledge, there is no general method to characterize the vertical wind profile 

using height measurements in wake situations. We believe that this is a topic worthy of further 

investigation but is not in the scope of the current study. We have added the mean and std of coefficient 

of determination for the PL fitting and discuss this more in the relevant paragraph, according to the 

recommendations from the reviewer.  

Specific comments: 

Include a reference to Ortensi, Frühmann and Neumann, Long-term Effects of Wakes from Offshore Wind 

Farms on Wind Conditions at FINO1, UL white paper, 2020 



The reference has been added and discussed in the literature review.  

L9: wind turbine performance typically relates to the power production. Since the paper is investigating 

the loads and how they affected by the inter-farm effects using the term turbine performance is 

somewhat misleading. 

By the term performance, we referred to the generator and pitch metrics included in the study. We have 

changed the wording from turbine response to “generator and pitch activity” to make it more specific.  

L100: please include examples of the corrections applied to the FINO1 data (or a reference). This will 

increase the reproducibility of the analysis 

As the FINO1 database has been dynamically changing over the years with new correction and calibration 

values these changes have been added gradually to our internal database. The University of Stuttgart is 

part of the RAVE consortium since the beginning of the project and we have been applying these changes 

over time. Most of them are now incorporated directly into the RAVE database. The effects include mostly 

shadowing effects affecting wind speed measurements and wind direction results. We updated the text 

to give an example and also refer to some of the early publications explaining these effects.  

L123: please explain in further detail how the calibration of the nacelle yaw sensor was done.  

For the nacelle yaw position sensor, a slow drift over time was observed. This was corrected by using 

events where the turbine was not operating and the nacelle was rotated 360 degrees; by correlating the 

known locations of the strain gauges around the tower and the nacelle yaw signal corrections of the offset 

were derived and the drift compensated. We updated the text in the manuscript to explain this.  

L125: have the small corrections on the calibration factors been described elsewhere? Otherwise, please 

include further details 

Please refer to our clarification in the previous comment. We have submitted our corrections to the 

measurement data provider (DNV) so that the values can be included directly in the RAVE measurement 

database and future research can profit from it.  

L128: specify the appropriate thresholds, e.g. in an appendix 

We included the thresholds in the main text stating the exact values for wind speed, TI, and nacelle yaw. 

Regarding the turbine response (generator speed, power, loads, pitch) we did not include the values as 

they cannot be disclosed according to the agreement with the manufacturer.  

L130: is there a directional pattern in the difference between the met mast wind direction and the turbine 

yaw direction? See examples of this in Schepers et al, Wind Energy 2012; 15:575–591 

We could not identify a specific pattern on the difference between met mast direction and turbine sensor. 

The reason we did this filtering was to avoid loads been biased by the yaw misalignment of the nacelle. 

As the focus of the paper is on the effects of inter-farm wakes on loads we didn’t try to go deeper into the 

potential reasons for this misalignment.   

L178: I agree that the wake from AV itself is expected to lead to an underestimation in the FINO1 wind 

speeds. But why not confirm that by comparing wind speeds in the affected sector in the periods before 



and after the construction of AV? The FINO1 mast has several years of measurements before the 

construction of AV. 

As the focus of the paper is on the inter-farm wake effects we decided to focus on periods where AV is 

operating (alone or with surrounding farms). We used the FINO1 data from the sector influenced by AV 

only to show that the (although affected by AVs own wakes) measurements are consistent through the 

periods and not to investigate the shadowing effects of AV to FINO1. As the paper is already quite loaded 

with figures and information we decided not to include preconstruction data from FINO1 or a discussion 

on AVs shadow effects to the mast to keep the focus.  

L183: please be more specific when talking about significant data gaps. How large are they? 

We made sure each sensor analyzed on an annual basis has at least 80% (after filtering) availability in 

order to be accepted. On top of this criterion, we made sure that the missing gaps are not concentrated 

in one period (e.g. a year missing in total 60 days of data spread out in smaller periods over the year would 

be accepted but a year missing two consecutive months (e.g. Nov-Dec) would be rejected) to avoid 

seasonal bias on the results. In the case of the year 2018, we had no wind data for the last 4 months of 

the year (in total we had about 60% availability). In 2015 we had less data missing (15% in total) but in 

combination with the explanation given in the next sentence of the manuscript (BR1 and TB1 started 

operating during the year in dates we were not able to verify or deduct from the data), we decided to 

exclude this year from the annual results. We updated the text to make this more clear and added the 

numbers.   

L190: constant offset – this strictly speaking only applies if the wind speed deficit from AV is constant and 

the frequency of wind directions in the sector affected by AV is the same in all years 

We agree with the reviewer, we changed the phrasing to: “This is not expected to influence the relative 

differences over the years since it has a low probability of occurrence and can be seen as an offset 

influenced only by the inter-annual variability. “  

L193: the AEP is the convolution of the power curve with the Weibull distribution (or more generally the 

wind speed distribution), not the product. Typically, the convolution is replaced by a discrete 

approximation summing the product of the two curves over all wind speed bins 

We updated the text to explain the process more clearly as suggested by the reviewer. “The theoretical 

AEP is simply derived by summing the product of the discreet approximations of the theoretical power 

curve of the NREL 5MW reference wind turbine with the fitted Weibull distribution over all wind speed 

bins.”   

L230: please include a reference to theory supporting the statement relating TI in the wake to the thrust 

coefficient of the upstream turbine 

We added the following two references to back up the statements in this sentence: 

1. Frandsen, S. T.: Turbulence and turbulence- generated structural loading in wind turbine 

clusters, Ph.D. thesis, Risoe National Laboratory, 2007 

2. Quarton, D. C. and Ainslie, J. F.: Turbulence in Wind Turbine Wakes, Wind Engineering, 14, 15–23, 

1990.  



L236: what is a blizzard cage structure? Is it on FINO1? 

It is a metal structure for the weather protection equipment at the top of FINO1. This is explained also in 

Westerhellweg 2010. We repeated the citation here to assist the reader to look for more information on 

the topic.  

L247: why would the larger size of the wind farm MRK and its turbines be a factor? Make the argument 

clear to the reader 

We added further explanations to the argument to make it clearer for the reader. We also added a 

comment about further research required to identify the underlying mechanism for the higher sensitivity 

of wake-induced turbulence to wind speed for the different distances and farm sizes observed in the 

measurements.  

Figure 7: why is there no shading indicating the sector affected by wakes from MRK? 

As the overlapping shades were difficult to distinguish, we changed the way we indicate the sectors in 

both figures (7 and 13) to arrows and dashed lines to make the distinction clearer.  

L305: the sector influenced by wakes from AV is described as 30-170 degrees on pages 8 and 11, why is it 

different here? 

We corrected the typo.  

L320: consider a better word than usage of the generator. I think you mean increased wear due to 

increased fluctuations of the generator speed 

We updated the text to clarify according to the suggestion.  

L331: the authors state that yaw misalignment is common to a level of some degrees. Please be more 

quantitative: how common? How many degrees? Add references to support this statement 

This is an observation we have by working with different projects with operators and OEMs. In our 

experience when precise measurements are done correlating the mean wind direction upstream of a wind 

turbine with the yaw sensor there are is often an offset of some degrees (often in the range of 2-10 

degrees). Of course, this varies depending on factors like location, age of hardware and wind turbines, 

etc.   As we don’t have studies to back this statement quantitively, we changed the phrasing in the 

manuscript to “Moreover, this could also be influenced by a possible yaw misalignment of the upstream 

turbines.”  

L341: Monin-Obukhov theory is not a stability measure. Do you mean the Monin-Obukhov length? 

Nonetheless, I agree that similarity theory likely does not apply in the wake. 

We corrected the phrasing according to the suggestion. As the reviewer suggested the point of this 

sentence is to show that the effects we see are not stratification driven but wake driven.  

L356: the conclusion of coincidence between the direction of strongest inter-farm wakes and the pre-

dominant wind directions is particular to this site. It is not a general conclusion 

We agree with the comment. We updated the relevant text to clarify this.  



L358: the weighting/accounting for inter-farm wakes is done routinely in the industrial application of wake 

models. 

We agree with the reviewer the sentence aims to highlight the significance of this procedure. Since we 

don’t perform this weighting in the paper we mention this to make the reader aware that the impact can 

be even larger than what is reported in the unweighted measurements. We changed the phrasing 

including also the previous comment to avoid misinterpretations.    

Consider adding references to other papers analysing wakes between offshore wind farms, for example 

Hansen et al, Journal of Physics: Conference Series 625 (2015) 012008 and Schneemann et al Wind Energy 

Science 5, 29–49, 2020. 

The suggested references were added and discussed in the literature review part of the paper.   

 

 

Reply to RC-2  

We would like to thank the reviewer for the positive recommendation as well as the time and effort to 

review the manuscript.  

 

 

Reply to CC-1  

The authors would like to thank the commenter, Marcos Ortensi, for the time and effort he put into 

suggesting improvements to the manuscript. A list of point-by-point replies to the comments follows 

(comments in black, authors’ response in blue). 

 

L34 The review of relevant literature dealing with measurements of inter-farm wake turbulence and their 

load effect should be extended by previously published work, e.g. [2, 3]. 

Thanks for pointing out this literature. We have included and discussed the relevant reference in the 

literature review part of the paper.  

L35 When discussing the work of Wu and Porté-Agel (2017) the classification of the atmospheric stability 

rather than the "vertical temperature gradients (K/km)” should be mentioned. See for instance Sorbjan 

and Grachev (2010) for guidance. Thermal stratification is driven by the gradient of the potential 

temperature rather the gradient of the absolute temperature. In offshore, the difference between sea 

surface and air temperature is of particular importance. 

Sorbjan, Z. and Grachev, A. A.: An Evaluation of the Flux-Gradient Relationship in the Stable 

BoundaryLayer, Bound.-Lay. Meteo- rol., 135, 385–405, https://doi.org/10.1007/s10546-010-9482-3, 

2010. 



We agree on the definition of stratification, in the cited paper they used the gradients to characterize the 

different conditions. Hence, we used the term vertical temperature gradients (K/km) as it is used in the 

paper itself to describe the different cases examined so that the reader can be easier guided if looking 

through the reference.   

L123 The strain gauges in alpha ventus were installed in half-bridge configuration and because of that the 

measurements are influenced by temperature. How have the authors managed the temperature influence 

on the strain gauges outputs for the calibration of the sensors, i.e. the calculation of the offset? 

The authors have used 360° rotation of the nacelle to calibrate the strain gauges. The temperature on the 

tower base during this procedure can be very different from the mean temperature of the year (or the 

month), causing errors in the offset calculation. I would suggest a more detailed explanation of how the 

authors have worked with this uncertainty. We have done a very similar analysis for turbine AV07 [1]. We 

couldn’t define an offset for the strain gauges when considering full 360° rotations of the nacelle because 

the variation between the calibration trials was too high. We found a more consistent value when 

selecting many periods when the turbine was off and stationary. 

We are aware of the issue on AV7 (ADWEN machine) regarding the thermal compensation on the strain 

gauges measurements. In the case of AV4 (Senvion machine), thermal compensation is included in the 

strain gauges. This is verified by direct communication with the data providers from DNV but also looking 

at the data for fluctuations related to the temperature. The calibration of the data has also been verified 

for inconsistencies and used in other works (see e.g. [1]). Finally, the consistency of the load 

measurements can be verified by looking at the sectors unaffected by the farm wakes (10-170 degrees).   

More information for the AV7 measurements that might be useful can be found in reference [2].  

L127 We suppose that the availability of the turbine's data is lower than the one of FINO1's data. In order 

to avoid a bias in your results, the selected data should represent the normal atmospheric conditions, i.e. 

the ones shown by all available data from FINO1. One example is the relation between wind speed and 

turbulence intensity (TI). After applying the filtering on the data of AV04 and dividing them into sectors, 

the TI per wind speed was probably not the same as the one obtained from FINO1 data. How have the 

authors guaranteed that the selected data were representative? We would suggest a further filter to make 

the atmospheric conditions of the selected data more similar to the normal ones. 

As we mention in the manuscript, the availability of the different measurements varies depending on the 

combination of sensor(s) availability and the filtering approach. In the manuscript, we correlate wind 

speeds to turbine responses based on the cumulative filtering. E.g. the wind speed from FINO1 and the 

yaw direction, controller status, power output, load sensor(s) from AV4 are combined to determine the 

wind speed binning and loads shown. The fluctuation of availability of all sensors is expected to vary 

randomly across all years, periods, the combination of sensors, etc. and not to create a systematic bias on 

the results. Moreover, as it is shown from the validation sectors the values are consistent in terms of mean 

values and percentiles over the years, with only small fluctuations seen attributed to the inter-annual 

variability.  

L204 Annual meteorological trends, which can cause an increase or reduction of the yearly-mean wind 

speed, make it more complicated to analyze the wake effects on the wind speed in each year. It would be 

interesting to show if the annual variations of wind speed are not caused by annual meteorological trends. 

That could be done by analyzing long term data, e.g. from the New European Wind Atlas [4], as it was 



done in [1]. Averaging the years into periods would also reduce the effect of annual meteorological trends 

in the wake effect analysis. 

We cover the topic of inter-annual variability by analyzing the measurements on an annual basis and 

showing the differences between the years. Averaging multiple years and all speeds can blur the picture 

due to seasonal bias, availability, and other factors. We believe for the scope of our study classifying the 

years in data and binning all the quantities fits the purpose better. The use of the validation sectors (see 

e.g. figures 7 and 13) shows that the changes we see are not related to interannual variability but 

correlated to the presence of the upstream farms.  Finally, other studies (e.g. see [3]) have shown a long-

term inter-annual variability lower than 4.5% in wind speed magnitude for the north sea which is also our 

observation by comparing the years in the different periods (2011-2015 and 2016-2019). We have added 

the reference in the text and extended the discussion in the manuscript.  

L213 In the present analysis the wind farm Trianel WindPark Borkum I seems to not influence the wind 

speed at FINO1, however another analysis showed that the wind speed in the sector of this wind farm 

(255° - 310°) was indeed reduced after its commissioning [1-2]. The results were achieved by grouping the 

years into phases according to the commissioning date of the wind farms surrounding FINO1, as shown in 

Figure 1.  Could the author explain why a similar behavior is not seen in Figure 5 of their manuscript? 

The results in the plot posted here are an average of all wind speeds and all years. We don’t have more 

information on the procedure followed to comment further, as the sources are not public. Our approach 

was to systematically investigate the data on an annual basis and with wind speed bins. We believe that 

it gives a good insight into the inter-farm wake effects which is the main topic of this work.  To summarize 

we think that the discrepancy between figure 5 in the manuscript and the plot posted here is due to 

different approaches and they should not be directly compared as they have different assumptions, use 

different filtering approaches and show different quantities (fitted Weibull distributions per year and 

direction vs mean speed of all wind speeds and multiple years).  

L292 The authors claimed that the wind farm Trianel Windpark Borkum I doesn’t influence significantly 

the conditions at alpha ventus and its loads. Since an increase in turbulence intensity at FINO1 was caused 

by the wakes of TWB I, it is expected that they would also cause an increase in the 10-minute damage 

equivalent load per wind speed. One of the reasons that could explain the persistent DEL in AV04 after 

the commissioning of TWB I is the lack of representativeness of the selected data, as it was pointed out 

for line 127.  

Another option could be the change in the control strategy of alpha ventus that was implemented in 2015. 

The turbine AV07 had its rated power reduced from 5.3 MW to 5.1 MW [3]. In the analysis with AV07 

data, this change in the rated power seemed to affect only the wind speeds above rated wind speed, 

causing a reduction in the DEL of the tower base fore-aft bending moment, although the TI increased, see 

Figure 3.  

The section used for Figure 3 was 203° - 317°, i.e. it also includes the wake effects from Borkum Riffgrund 

1 wind farm. 

As mentioned in the manuscript we don’t see any changes in the sectors not influenced by the neighboring 

farms. We also believe that the data are representative, as explained in a previous comment. We don’t 

see significant changes in the controller behavior of the AV4 turbine affecting the loads. This is supported 



by the validation sectors showing no significant changes in the loads and the power curves we obtained 

from the data. Moreover, we have worked extensively with these data and turbine models and have only 

seen control changes for preventive maintenance purposes that had, as a result, to filter out the year 2013 

from the study due to an extensive period of curtailed operation (see e.g. [1] and [4]). Finally, we believe 

that the directional analysis in 20-degree sectors is better fitted for analyzing inter farm wake effects than 

large sector averaging,  as the neighboring farms have different sizes/turbines, and distances from AV and 

the results can get more blurred when the sectors are examined cumulatively.  

Technical comment 

We would suggest a general revision of the correct names of the wind farms, for example “Trianel 

Windpark Borkum I” instead of “Trianel Borkum 1”.  

The purpose of using the names of the surrounding farms is to orientate the user around the map and the 

relative directions. To avoid long repetitive mentions, we have used the farm names excluding the part 

Wind Farm or wind park from the name as we believe it is clear enough to the reader.  
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Abstract. The energy transition means that more and more wind farms are being built in favorable offshore sites like the North

Sea. The wind farms affect each other as they interact with the boundary layer flow. This phenomenon is a topic of current

research by the industry and academia as it can have significant technical and financial impacts. In this study
::
the

:::::::
present

:::::
study,

we use data from the Alpha Ventus wind farm site to investigate the effects of inter-farm interactions. Alpha Ventus is the

first offshore German wind farm located at the North Sea with a fully equipped measurement platform FINO1 in the near5

vicinity. We look at the effects on the wind conditions measured at FINO1 before and after the beginning of operation of the

neighboring farms. We show how measured quantities like turbulence intensity, wind speed distributions, and wind shear are

evolving from the period where the park was operating alone in the area to the period where farms were built and operate in

close proximity (1.4-15 km). Moreover, we show how the wind turbineperformance
:
’s

:::::::
response

::
in

:::::
terms

::
of

:::::
loads,

::::
and

::::::::
generator

:::
and

:::::
pitch

::::::
activity

:
is affected using data from a turbine that is in the vicinity of the mast. The results show the wake effects10

in the directions influenced by the wind farms according to their distance with increased turbulence intensity, reduced wind

speeds, and increased structural loading.

Copyright statement.

1 Introduction

The reduction of produced emissions and the transition to renewable energy sources require a large increase in the installed15

capacity of wind. This leads to more and larger wind farms being built with ever-increasing turbine sizes. Offshore sites have

a lot of benefits compared to onshore -i.e. higher wind speeds with lower turbulence, higher social acceptance, larger space

availability, and larger energy density due to the possibility to install larger machines. Thus, offshore sites with favorable wind

and soil/depth conditions, like the North Sea, are being populated with wind farms that have to be spaced as close as possible.

Similar to single wind turbine wakes, the wind farms as a whole interact with the atmospheric boundary layer and create20

wakes that are propagated downstream (Porté-Agel et al., 2020). This phenomenon is more prominent in offshore farms where

the machines used are larger, the ambient turbulence intensity is lower, and the surface roughness is lower than onshore sites.

These effects need to be modelled and considered when planning the siting of wind farms as they can have a large impact on

1



the operating conditions experienced by the neighboring wind farms. Neglecting such effects can lead to large deviations on

the annual energy production (AEP) estimates as well as the life time of the structural components (Lundquist et al., 2019).25

Therefore, understanding these inter-farm interactions has been a topic of interest for research as well as the industry.

Previous studies based on airborne measurements (Cañadillas et al., 2020; Platis et al., 2018), have identified wind speed

deficits and increases in turbulence downstream of offshore wind farms and clusters. They showed that these effects are visible

up to a level of 50 km downstream, especially in neutral atmospheric conditions. In Ahsbahs et al. (2020), measurements

with synthetic aperture radars (SAR) and Doppler radars were performed showing a speed deficit of 4% to 8% up to 10 km30

downstream of the farms. The work of Christiansen and Hasager (2005) used also SAR measurements to investigate wind

farm wakes at the North Sea and the Baltic sea. They reported a speed deficit in the near wake, with full recovery at distances

of 5-20 km depending on the free stream wind speed, the atmospheric stability, and the number of operating turbines. In

the study of Mittelmeier et al. (2017), turbine data were used to identify the magnitude of the wake effects. They reported

a detectable wind speed deficit and wake-induced turbulence due to neighboring farms at a distance of 4.2 km (38.8 D).
::
In35

:::::::::::::::::::::
Schneemann et al. (2020)

:::::::::
long-range

::::
lidar

:::
and

:::::::
satellite

:::::
SAR

::::::::::::
measurements

:::::
were

::::
used

::
to

:::::::::
investigate

:::::::::
inter-farm

:::::
wake

::::::
effects

::
for

:::::
wind

:::::
farms

::::::
spaced

::
at

::::::::
distances

::
of

::
24

::::
and

::
55

::::
km.

::::
They

::::::::
identified

:::::
wind

:::::
speed

::::::
deficits

:::
for

:::
the

::::::::::
downstream

:::::
farm

::
to

::
be

::::::
higher

::
in

:::::
stable

::::
and

::::::
weakly

::::::::
unstable

::::::::::
atmospheric

::::::::::
conditions,

::::
with

:::::
mean

::::::
levels

::
of

::::
20%

::::
and

:::::
25%

:::
for

::::::::
distances

::
of

:::
24

::::
and

::
55

::::
km

::::::::::
respectively.

::
In

:::::::::::::::::
Ortensi et al. (2020)

::::
data

::::
from

:::
the

::::::
FINO1

::::::::
platform

:::
are

:::::::
analyzed

:::::::::::
cumulatively

::
to
::::::::
examine

:::
the

::::
wind

:::::
speed

::::
and

::::::::
turbulence

::::::::
intensity

:::::::::::
distributions.

::::
The

:::::::
different

::::::
periods

:::
of

:::
the

:::::
Alpha

::::::
Ventus

:::::
wind

::::
farm

::::::
project

::
-
:::::::::::::
preconstruction,

:::::
single

:::::
farm40

::::::::
operation

::
of

:::::
Alpha

:::::::
Ventus,

:::
and

::::::
cluster

::::::::
operation

::::
with

:::
the

::::::::::
surrounding

:::::
farms

:
-
:::
are

::::::::
examined

::::::
based

::
on

:::::
mean

:::::::::
cumulative

::::::
values

:::
and

::::
time

::::::
series.

:::
The

::::::
results

:::::
show

:::
that

:::
the

:::::
mean

:::::
wind

:::::
speed

:::
has

::::::::
decreased

:::
by

::
1

:::
m/s

::::
over

:::
the

::::::
periods

::::
and

:::
the

:::::
mean

:::::::::
turbulence

:::::::
intensity

::
is

::::::::
increased

::::
from

:::::
5.5%

::
to

:::::
8.5%

:::
due

::
to

:::
the

::::
farm

::::::
wakes

::::
from

:::
the

::::::::::
neighboring

::::::
farms.

Moreover, numerical studies have been carried out to understand the underlying mechanisms of wind farm wakes. In Wu

and Porté-Agel (2017) LES simulations were performed to correlate atmospheric stratification, farm size, and layout with45

the flow inside and around a wind farm. They identified velocity deficits at a level of 3.5% compared to free stream values

at a 10 km distance for small vertical temperature gradients (1 K/km) with the wake-induced turbulence propagating up to

10 km. Moreover, for a higher gradient of 5 K/km, they report a full wake recovery at a distance of 5km. Lu and Porté-Agel

(2015) studied the effects of large wind farms on the atmospheric boundary layer, showing that it is affected due to the enhanced

mixing caused by the wakes.
::
In

:::::::::::::::::
Hansen et al. (2015)

:
a
::::::
variety

::
of

::::::::
numerical

:::::::
models,

::::
with

::::::
raging

::::::
fidelity,

::::
were

:::::::::
compared

::::::
against50

:::::::
SCADA

::::::::::::
measurements

::
for

:::::::::
predicting

:::
the

:::::
wake

:::::
effects

::
in

::
a

:::::
cluster

:::
of

:::
two

::::
wind

:::::
farms

:::::::::
separated

::::
with

:
a
:::::::
distance

::
of

:
3
::::
km

:::
(30

:::
D).

:::
The

::::::::::
operational

:::
and

:::::
wind

:::
data

:::::
used

::::
were

:::
not

::
of

::::::::
sufficient

::::::
quality

::::
and

:::::::
quantity

::
to

::::
draw

::::::::::
meaningful

::::::::::
conclusions.

::::::::::::
Nevertheless,

::
the

::::::::::
widespread

::::::
results

:::::::
between

:::
the

::::::::
numerical

::::::
models

:::::::
showed

:::
the

::::
need

::
to

::::::
further

:::::::::
investigate

::::::
evolve

:::
the

::::::
current

:::::::::
capabilities

::::
and

:::::
reduce

:::
the

:::::::
inherent

::::::::::
uncertainty.

:

The need to include these effects in practical engineering studies has led to the development of engineering wind farm wake55

models with varying fidelity and requirements. Emeis (2009) suggested a simple analytical model to calculate the speed deficit

accounting for atmospheric stability, surface roughness, the turbine’s thrust coefficient, and the Monin-Obukhov length. A

calibration
:::::::::
Calibration and evaluation of the model can be found in Platis et al. (2020). In Nygaard et al. (2020) an engineering
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model accounting for both speed deficits and wake-induced turbulence is suggested. It is based on the Jensen-Katic model

(Katic et al., 1987), extended to include wake-induced turbulence and validated against measurements for power production.60

In this context, the goal of the present work is to investigate the effects of inter-farm wakes by analyzing measurement data.

More specifically, metocean data from the FINO1 measurement platform along with SCADA and loads data from the closest

machine of Alpha Ventus (AV) to the mast are analyzed for the period 2010-2019. Until 2015, AV was the only wind farm

operating in the area. This setup allows us to observe how the metocean conditions - as measured by FINO1 - have changed

in relation to the surrounding wind farm construction and how these changes impact the turbine’s response at AV. The data65

are analyzed per direction and wind speed, on an annual basis. This will give insight to researchers working on modelling the

inter-farm interactions as well as to practitioners focusing on optimizing wind farm siting and planning. Furthermore, the data

presented here can be used by researchers doing research related to AV in order to represent the metocean conditions during

the different operational periods of the project.

The rest of the paper is structured as follows: in section 2 we describe the site and the locations of the farms and the met70

mast around the Alpha Ventus site. In section 3 the measurement equipment and the data processing methods are discussed.

Section 4 presents the results in terms of metocean conditions and turbine responses followed by a discussion on the findings

in section 5.

2 Site description

Alpha Ventus (AVh, 2020) is the first German offshore farm commissioned in 2010 and is located in the North Sea close75

to the island of Borkum. It consists of 12 fixed bottom wind turbines with a rated power of 5 MW. Half of the turbines are

manufactured by REpower (renamed to Senvion) having a jacket support structure and the rest are manufactured by Adwen

and use a tripod substructure. The research projects at AV are supported by the initiative Research at Alpha Ventus (RAVE)

(RAV, 2020) by coordinating the research activities and providing measurement data.

FINO1 (FIN, 2020) is a research measurement platform including a fully equipped met mast, erected in 2004 at the North80

Sea. It is located close to AV, at a 400 m (3.2D) distance from the AV4 turbine. The data from both FINO1 and AV are processed

and made available in one database (BSH, 2020) operated by the Federal Maritime and Hydrographic Agency (BSH). Data

have been collected since the pre-construction phase (2004-2010) of AV and also during the operational phase from 2010 to

today.

As it was initially planned, new wind farms have been built around AV over time, operating in different distances and85

directions. Today, AV can be seen as a part of a larger wind farm cluster consisting of 5 wind farms equipped with similarly

sized turbines. This allows us to observe how the site conditions have evolved during the years due to the inter-annual variability

but also due to the presence of the neighboring wind farms.

An overview with all the wind farm information, the distances, and the directions relative to FINO1 are given in table 1.

A sketch intended to give the reader an impression of the topology of the area is given in figure 1. In 2015, two new wind90

farms started operating in the area. The closer one, Borkum Riffgrund 1 (BR1) (Rif, 2020) is located south-west of AV in
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distances between 2.8 and 7.6 km from FINO1 and the relevant directions are 70 to 244 deg (considering FINO1 as the origin

of a clockwise system with north pointing up at 0 deg). BR1 consists of 78 turbines of 4 MW with a rotor diameter of 120 m.

The second, Trianel Borkum 1 (TB1) (Tri, 2020) is located north-east of AV in distances between 6 and 14 km and directions

253-315 deg relatively to FINO1. The total installed capacity is 200 MW consisting of 40 turbines with rotor diameters of 11695

m.

At the beginning of 2019, the Merkur (MRK) (Mer, 2020) wind farm was commissioned. Merkur is the closest farm to

FINO1 with relative distances between 1.4 and 8 km with a relevant azimuth sector of 235-45 deg. MRK consists of 66

turbines rated at 6 MW with 150 m rotor diameters and a total capacity of 396 MW. The second part of the Borkum Riffgrund

project, the Borkum Riffgrund 2 (BR2) wind farm started operating mid-2019. It is the largest wind farm in the area with 448100

MW capacity consisting of 8 MW machines with 164 m rotor diameters. The relevant directions to FINO1 are 80-250 degrees

in distances between 9 and 13 km. Finally, in 2020 the extension of the Trianel Borkum project, Trianel Borkum 2 wind farm

started operating but it is not in the scope of this study as we use data up to 2019.

Most of the information (e.g. construction/commissioning dates, geographic locations) shown here are gathered from pub-

licly available sources which could not be fully verified. As it is also explained in the following section regarding the data,105

some uncertainties exist due to imprecise information in dates, coordinates, maintenance logs, etc., which led us to be more

conservative on the data filtering and consider them in the interpretation of the results.

Table 1. Overview of the wind farms at the site and the relevant distances and azimuth directions to FINO1.

Wind Farm Name
WT nominal

power [MW]

Rotor

diam. [m]

Total

WT
OEM

Operation

begins

Min. distance

to FINO1 [km]

Azimuth

sector [deg]

Alpha Ventus [AV] 5 126/116 12 Senvion/Adwen 4/2010 0.4 30-170

Merkur [MRK] 6 150 66 GE 1/2019 1.4 230-40

Trianel Borkum 1 [TB1] 5 116 40 Adwen 8/2015 6.5 255-305

Trianel Borkum 2 [TB2] 6.25 152 32 Senvion 5/2020 6.7 260-325

Borkum Riffgrund 1 [BR1] 4 120 78 Siemens 10/2015 2.8 155-255

Borkum Riffgrund 2 [BR2] 8 164 56 Vestas 3/2019 9.2 170-260

3 Measurement equipment and data processing

In this section we present the measurement equipment used, the data filtering/calibration approaches used, and the post-

processing methods applied to obtain the results shown in the next section. All data were obtained through the RAVE database110

(BSH, 2020) which is publicly available under user agreements. The data used in this study were from the period 01.01.2011-

31.12.2019.

The metocean data were collected from the FINO1 platform. The data were provided as 10-minute statistics with correc-

tions and calibration values applied as instructed by the providers
:
to

::::::::::
compensate

:::
for

::::::
effects

::::
like

:::::
mast

:::::::::
shadowing

::::
(see

::::
also
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Figure 1. Layout of Alpha Ventus, FINO1 and the surrounding wind farms including relative directions and distances. Origin is the FINO1

platform. Background layer used with permission from 4COffshore

:::::::::::::::::::::::
Westerhellweg et al. (2010)

::
and

:::::::::::::::::::::::
Westerhellweg et al. (2011)

:
). As these data are commonly used in the research community, we115

do not discuss all the sensors available and the specifics of the setups here. A thorough overview of the database and data

quality considerations can be found in Quaeghebeur and Zaaijer (2020). In the study of Hübler et al. (2017), a comprehensive

database of aggregated fitted distributions for different quantities is presented for the period 2004-2016. These data have been

also used for examining the influence of stability on the loading spectrum of the Alpha Ventus turbines (Kretschmer et al.,

2019) as well as for validation of aeroelastic farm-wide simulation tools (Kretschmer et al., 2021).120

For the wind conditions, we used the cup anemometers mounted at heights from 30 to 100 m above sea level (a.s.l.) at

increments of 10 m. The wind speed and turbulence intensity (TI) measurements were taken from the top anemometer at

101.5 m. This is higher than the 92 m hub height of the Alpha Ventus turbines but was selected since there are fewer mast

shadowing effects in the directions of interest (more information on this can be found in Westerhellweg et al., 2011). The data

were corrected for shadow effects and calibration according to communication with the data providers and as explained in125

Westerhellweg et al. (2011). The wind shear was calculated from all available heights assuming a power law exponent. The

shear exponent α was fitted to the data by minimizing the least squares difference with the measured values. The wind direction

statistics were obtained by the wind vane at 90 m with the relevant corrections applied as discussed in Westerhellweg et al.

(2010). The temperature and pressure data were also obtained as 10-minute statistics. We used the thermometers on the mast
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at 34 and 52 m a.s.l. and the pressure was obtained by the barometer at 21 m a.s.l. The oceanographic data used here were also130

10-minute statistics and included sea surface temperature from the buoy and significant wave height (Hs) and peak period (Tp)

from the radar mounted at the platform.

The turbine data used come from the AV4 turbine which is manufactured by Senvion and has a rated power of 5 MW, a hub

height of 92 m, and a rotor diameter of 126 m. It is located at 92 degrees azimuth relative to FINO1 at a distance of 3.2 D. The

data were provided at a 50 Hz sampling rate. For the tower base loads, we used the strain gauges located above the transition135

piece and combined them with the nacelle yaw position signals to derive the fore-aft loads. Moreover, from the SCADA signals,

we obtained the nacelle yaw position, blade pitch angle, generator power, and generator speed. The calibration of the load and

nacelle yaw sensors was done according to the provided values as well as
:::
For

:::
the

::::::
nacelle

::::
yaw

:::::::
position

:::::::
sensor,

:
a
:::::
slow

::::
drift

:::
over

:::::
time

:::
was

:::::::::
observed.

::::
This

:::
was

::::::::
corrected

:::
by

:
using events where the turbine was not operating and the nacelle was rotated

360 degrees. Finally, small corrections on the calibrations factors were done to
:::
We

::::::::
correlated

:::
the

::::::
known

::::::::
locations

::
of

:::
the

:::::
strain140

::::::
gauges

::::::
around

:::
the

:::::
tower

::::
with

:::
the

::::::
nacelle

::::
yaw

:::::
signal

::
in

:::::
order

::
to

:::::
derive

::::::::::
corrections

::
of

:::
the

:::::
offset

:::
and

:
compensate for the sensor

driftobserved over time.

In order to filter the metocean statistics data we applied multiple criteria. The quality flags provided by the database were

used. Data blocks with availability
::
of less than 90% for the 10 min period were rejected. Appropriate thresholds for minimum,

maximum, and standard deviation values were implemented as an additional filtering criterion.
::::
More

::::::::::
specifically,

:::
for

:::
the

:::::
wind145

:::::
speed

:::
we

:::::::
accepted

::::::::::::
measurements

::::
with

:::::
mean

::::::
values

:::::::
between

::
1
::::
and

::
30

::::
m/s,

:::::::::
minimum

:::::
value

:::::
above

:::
0.5

::::
m/s,

:::::::::
maximum

:::::
value

:::::
below

::
40

::::
m/s,

::::
and

:::::::
standard

::::::::
deviation

::::::
below

:::::
40%.

::::::::
Similarly,

:::
for

::
TI

:::
we

::::::::
accepted

::::::
values

:::::::
between

:::
1%

::::
and

::::
40%.

:
For the high-

resolution turbine data, we applied the same filters for availability and statistics as before. Additionally, we only accepted events

where the nacelle yaw position and the met mast wind direction had a difference smaller than 3 degrees to avoid including

events where the turbine was misaligned with the mast. Similarly, we rejected events where the nacelle position signal’s150

standard deviation and
:::
was

:::::
higher

::::
than

::
5
::::::
degrees

::::
and

:::::
events

::::::
where the difference between

:::
the maximum and minimum value

were higher than specific thresholds
:::::
values

::::
was

::::::
higher

::::
than

:
5
:::::::
degrees to avoid including the effect of yawing in the calculated

loads. Furthermore, there were many periods where the turbine was operated with curtailed power which affects loads (see

e.g. Kretschmer et al. (2018)). We filtered out these periods by applying a filter involving combined thresholds for pitch angle,

generator speed and power, and wind speed to make sure that the machine is operated invariably in full power. Turbine data155

from 2019 were not available to us at the time of this study.

For the post-processing of the loads, we used the rainflow algorithm and Miner’s rule with a Wöhler exponent of 4 and

a reference cycle number of 600 to derive the 1 Hz Damage Equivalent Loads (DEL). Due to the non-disclosure agreement

with the turbine manufacturer, the DEL values shown are normalized with values close to the maximum. For the wind speed

distributions, we binned the data and fitted the Weibull parameters k and C using least squares. In all the plots that include160

bands, they represent the 15th and 85th percentiles. Finally, we don’t show the scatter but only the mean value and the band to

avoid congestion and improve clarity for the reader.

Regarding the periods of measurements, we decided to use full years for all the quantities. This was done to facilitate

the analysis of the wake effects which is the main objective of this study and also to avoid bias due to seasonal variability. To
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achieve this, we rejected measurements that had large continuous gaps in the year and also years with less than 80% availability165

in total. In other analyses that are based on binning (e.g. directional or wind speed bins) we accepted only bins that included

25 points or more to avoid statistical bias.

There are some known sources of uncertainty affecting the results shown here. We don’t have access to the service log of the

turbines, hence we are not aware of maintenance or replacement activities on the turbine components (or measurement devices)

that might have influenced the results. We tried to compensate for these with the filtering approaches mentioned earlier. We also170

don’t have access to operational information of the neighboring farms in order to know when the farms might have stopped

operating or when they were curtailed which is expected to have an impact on the wake effects. Finally, availability varies

significantly from sensor to sensor. Especially in turbine data where the filters required a combination of sensors, the resulting

availability was much lower.

Another known uncertainty comes from the measurements relevant to directions of 30-190 degrees. There, FINO1 is in the175

direct wake of Alpha Ventus. Thus, we shouldn’t consider them as free-stream directions and take into account that probably

wind speeds are underestimated and TI is overestimated compared to the real free-stream wind speeds seen by Alpha Ventus

in this sector. Nevertheless, this sector is useful for our analysis as there have been no changes in the surroundings since AV

started operating. Thus, this sector can be used as a validation sector influenced only by the inter-annual variability and the

measurement uncertainties but not by wake-related effects.180

4 Results

The results from FINO1 and the AV4 turbine will be presented in two sections. The first is dedicated to metocean conditions

and the second to the turbine’s response. We are going to analyze these in terms of azimuth directions, as shown in figure 2.

This figure can be used as a reference for the reader for the positioning of the farms and the azimuth sectors relative to FINO1,

which is used as the origin. Additionally, we use a color code with shades of blue for the years where Alpha Ventus was the185

only operating farm in the area (2011-2014) and shades of red for the years 2015-2018 where TB1 and BR1 farms were also

operating. The yellow color refers to the year 2019 when MRK and BR2 wind farms started operating too.

We will focus the analysis on the sector 200-320 degrees as its the relevant one for investigating the inter-farm wakes. In

the directions 30-170 degrees the mast measurements are directly influenced by the wakes of AV. The directions around 180 and

360 degrees are influenced by the mast’s own shadowing as previous studies have also shown (see e.g., Westerhellweg et al., 2010)190

:::::::::::::::::::::::::::::
(see e.g. Westerhellweg et al., 2010). Hence, we decided to exclude these sectors which also have a low probability of occur-

rence.

4.1 Metocean conditions

Initially, an overview of the probability of occurrence of wind directions and wind speeds at the site can be seen by looking at the

cumulative wind rose including all periods in figure 3. The dominant directions are in the sector 200-330 degrees with more than195

58% probability, while the highest wind speeds are observed at the south west sector.
::::::::
southwest

::::::
sector. This principal sector is
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Figure 2. Azimuth sectors of focus and wind farms orientation layout. Background layer used with permission from 4C Offshore

the one potentially affected by the neighboring farms and we are going to focus our analysis on it. The measurements on the

eastern directions (30-170 deg) are heavily influenced by the wake of Alpha Ventus itself and are expected to underestimate

the wind speed magnitude. The probability of occurrence for this sector is about 25%.

Figure 3. Wind rose from FINO1 cup anemometers and wind vane at 90 m. All periods are considered

We analysed the annual wind speed magnitude probability by looking at the fitted Weibull distributions. In figure 4 we show200

the annual distributions, considering all the wind directions, along with the relevant IEC standard (IEC, 2019) design class

of the AV4 turbine (class II). The years 2015 and 2018 were not used as there were significant data gaps that could cause
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seasonal bias . Also,
::::
(15%

:::
and

:::::
40%

:::::::
missing

::::
data

:::::::::::
respectively).

::::
The

:::::::
removal

:::
of 2015 was the

:::
also

:::::::
decided

:::::::
because

::::
this

::
is

year that TB1 and BR1 started operating
::
in

:::::::
different

:::::::
periods

:::
(we

:::::
could

:::
not

::::::
verify

:::
the

:::::
exact

:::::
dates),

:
leading to a change in the

measured conditions during the year. The differences between the years 2011-2014 are attributed to the inter-annual variability205

of the weather conditions. In
::
the

:
years 2016 and 2017, we observe a shift of the distributions towards lower wind speeds

due to the operation of TB1 and BR1. In 2019 there is a further reduction in the wind speeds due to the operation of MRK

and BR2. The expected deviations due to inter-annual variability (Pryor et al., 2018) are smaller compared to the deviations

due to the wakes and a pattern of shifting towards lower speeds is observed.
::::::::::
Additionally,

:::::
long

::::
term

::::::
studies

::
of

:::::::::::
inter-annual

::::::::
variability

::
at

:::
the

:::::
North

::::
Sea,

::::::::::
combining

::::::
several

:::::::
locations

::::
and

:::::::::::
measurement

::::::::::
campaigns,

::::
have

::::::
shown

:::
that

::
it
::
is

:::::
lower

::::
than

:::::
4.5%210

:::
(see

::::
e.g.

::::::::::::::::
(Ronda et al., 2017)

:
).
:

The IEC class II distribution suggests higher wind speeds compared to all measured periods.

As mentioned earlier, all the measured distributions are expected to be slightly underestimated due to the sector influenced by

the wake of AV (30-170 degrees). This is not expected to influence the relative differences over the years since it is a constant

offset
:::
has

:
a
::::
low

:::::::::
probability

::
of

:::::::::
occurrence

::::
and

:::
can

::
be

::::
seen

::
as
:::
an

:::::
offset

:::::::::
influenced

::::
only

::
by

:::
the

::::::::::
inter-annual

:::::::::
variability.
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Figure 4. Fitted Weibull distributions of wind speed magnitudes per year including all directions.

In table 2 we show the fitted Weibull coefficients and the calculated theoretical AEP for a single turbine operating in these215

conditions. The theoretical AEP is simply derived by multiplying the
:::::::
summing

:::
the

::::::
product

:::
of

::
the

:::::::
discreet

:::::::::::::
approximations

::
of

:::
the

theoretical power curve of the NREL 5MW reference wind turbine (Jonkman et al., 2009), with the fitted Weibull distribution

:::
over

:::
all

:::::
wind

:::::
speed

:::
bins. It is not derived by power measurements and it is only used to give an idea of what the reductions in

wind speed would mean in terms of power production.

Looking at the distribution’s scale parameter C, correlated to the characteristic wind speed, we see
:::::::
observe the reduction in220

years 2016-2019 compared to the earlier period. The mean value is reduced by 15% between the two periods. The reduction is

much larger than what is seen for the inter-annual variability (about 5%) and can be attributed to the inter-farm wake effects.

As a consequence, the mean theoretical AEP is reduced by 19% with the reduction being higher in 2019 when MRK and BR2

were also operating reaching a level of 25%. The standard deviation of the AEP is also slightly increased in the later period.
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The class II expected AEP is also shown as a reference for an expectation from the site, although pre-construction site specific225

values would be more realistic. These results show that there can be a significant financial impact due to wind speed reductions

from farm wakes and they should not be neglected.

Table 2. Weibull distribution coefficients and theoretical AEP calculations for the years measured. All directions are included.

Year/Class
Weibull

k parameter

Weibull

C parameter

Theoretical

AEP [GWh]

Mean

AEP [GWh]

STD

AEP [GWh]

Operating

Farm

2011 2.06 10.75 19.6

18.7 0.92

AV

2012 2.20 10.47 19.4 AV

2013 2.05 9.93 17.6 AV

2014 2.01 10.36 18.5 AV

2016 2.07 8.89 15.1

15.2 1.25

AV,TB1,BR1

2017 2.02 9.52 16.5 AV,TB1,BR1

2019 2.10 8.46 14.0 AV,TB1,BR1,BR2,MRK

IEC class II 2.00 11.30 19.5 - - -

To investigate directionally the effects of the neighboring farms on the annual wind speed distributions, we fitted the Weibull

distributions sector-wise and the results are shown in figure 5. The sector of 200-220 degrees shows the influence of BR1

leading to a high decrease in wind speeds. The distribution has not changed significantly in 2019 compared to the previous two230

years. This shows that the operation of BR2, directly upstream of BR1, does not contribute to further wind speed reductions

to the micro-climate of AV. This could be a result of the sparser layout of the farm but cannot be verified without more

relevant measurements or simulations. In the sector 220-240, we see similar trends with a less pronounced reduction. In 2019,

the wind speeds are slightly reduced further, which can be attributed to the small part of MRK operating in this sector. In

sectors 260-320, BR1 and BR2 don’t affect the wind distributions as they match with the earlier period. In the sector 240-235

260, which is influenced by the part of BR1 that is located in distances 3.5-8 km from FINO1, we see that the wind speeds

are not affected by looking at years 2011-2017. TB1 seems not to influence the wind speeds as the sector 260-320 shows no

significant deviations in the years 2011-2017. The influence of MRK, the closest farm, is seen in the sector 240-320 degrees

with significant reductions in the year 2019.

Next, we investigate how the TI perceived by FINO1 is influenced by the wake interactions. In figure 6 we show the mean240

TI per wind speed bin for the different years and azimuth directions. At the sector 200-220 degrees, the increase in TI due to

the presence of BR1 is observed. In wind speeds 6-14 m/s, an increase of 40% to 60% is seen. These results are constant in

all years for both periods suggesting that what we see is indeed attributed to wind farm wakes. The operation of BR2 in 2019

directly upstream of BR1, does not seem to lead to a further increase in TI at FINO1.

The sector 220-240 degrees shows similar trends and levels of increase in TI, with the effect of MRK in 2019 being visible245

as a further increase. Looking at the sector of 240-260 degrees for the years 2016 and 2017, the increase in TI due to BR1
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Figure 5. Fitted wind speed Weibull distributions per year and azimuth direction

reaches a level of 20-35%. This is smaller than the previous sector as a smaller part of the upstream farm in larger distance

influences this sector. In 2019, a significant increase in TI is observed in wind speeds 4-12 m/s to a level of 70-120% compared

to the period 2011-2014. In the sectors 260-320 degrees, for the period 2016-2017 we see that the effect of TB1 is small with

an increase of 2-5% in TI. In the same sectors looking at 2019, we observe a significant increase in TI due to the MRK farm.250

The TI is increased by 50% to 100% in wind speeds below 12 m/s. This shows that the proximity of MRK to AV (distances

1.4-7 km) has a very high impact on the wake-induced TI.

In all cases,
:
the wake-induced turbulence is wind speed dependent. The TI increase is higher in lower wind speeds since the

upstream turbines are operating with a higher thrust coefficient (below rated operation) and the wakes dissipate faster in higher

wind speeds
::::::::::::::::::::::::::::::::::::
(Frandsen, 2007; Quarton and Ainslie, 1990).255

In figure 7 we show the mean TI for all azimuth directions (binned in 10 degrees intervals) for two wind speed bins, 6-8

m/s and 13-15m/s, representing the below and above rated operating regions. The sector 30-170 degrees is affected by the AV

wakes and cannot be used to derive meaningful conclusions but shows the consistency of the measurements over the different

periods, confirming that what we see in the other sectors is attributed to inter-farm wakes. The peak observed around 270

degrees in all measurements is attributed to the shadow of the blizzard cage structure
:::
(see

::::
also

:::::::::::::::::::::::
Westerhellweg et al. (2010)).260

This also explains the more increased TI levels for all years in the sector 260-280 degrees (seen also in figure 6).

In the lower wind speed bin, we notice the directional influence of the wind farms with the effect of MRK in 2019 being the

most dominant. Its influence is observed already in the 220 degree direction. At 240 degrees we notice a drop where the 2019
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Figure 6. Measured turbulence intensity per wind speed for the different directions and years. Solid lines and markers represent the mean

values. The band represents the 15th and 85th percentiles

values match the 2016-2017 values which could be explained by the sparse placing of the turbines of MRK in this direction.

In the higher wind speed bin, we see a reduced effect on TI in all directions. The observed level of increase in TI is almost the265

same in the years 2017-2019. This suggests that even in close distances, as in the case of MRK, the wake effects in TI at higher

wind speeds are almost negligible.

Comparing the two wind speed bins, the wake effects in TI are much stronger in lower wind speeds as explained earlier.

Focusing on the years 2016-2019 we notice that the wake-induced TI from MRK is more sensitive to the wind speed compared

to the one from BR1. This could be attributed to the smaller distance of MRK from FINO1, where the near wake region is270

more sensitive to changes of the thrust. Additionally, the larger size of the farm and the turbines in MRK could be a factor

contributing to this observation .
:
as
:::

the
::::::

larger
::::::
overall

:::::
thrust

::::::::
variations

::::::::
between

::::
wind

::::::
speeds

:::
can

::::
lead

::
to
::::::
larger

:::::::
changes

::
in

:::
the

::::
wake

:::::::
induced

:::::::::
turbulence.

:::::
More

:::::::
research

::
is

::::::
needed

:::
on

:::
the

:::::
topic,

::::
both

::::::::::
numerically

:::
and

::::
with

::::::::::::
measurements,

::
to
:::::::
identify

:::
the

:::::
exact

::::::::::
mechanisms

:::
for

:::
this

::::::::::
observation.

:

In order to examine how the wake induced TI is distributed, we looked at the sector-wise probability of occurrence of the275

TI bins for a wind speed of 6-8 m/s (figure 8). In most cases, the probability distributions in the years 2016-2019 are shifted

towards higher TI levels while maintaining the distribution shape. This indicates that the overall levels of TI are increased and

the results shown previously are not statistical artifacts from using the mean value.
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Figure 7. Turbulence intensity mean values per direction for the different years. The upper plot shows data for the 6-8 m/s wind speed bin

and the lower for the 13-15 m/s bin. The shadowed areas indicate the azimuth sectors influenced by the denoted wind farms. The numbers in

the legend indicate the amount of measurements used for each year

For the sectors 215-235, we see an increase in 2019 which can be attributed to the small part at the edge of the MRK farm

influencing FINO1. In the 235-245 sector, no increase occurred in 2019 to the mean value or the probability distribution again280

due to the MRK layout. In sectors influenced by the MRK farm (sectors 245-325 degrees), the distributions are flatter with

a less sharp peak. This is more apparent, for instance, in the directions of 250 and 300 degrees. The reason for that is not

clear. A preliminary look at some of the 2020 data showed similar patterns. Thus, we believe that is not connected with some

measurement issue. A correlation with the distance and size of the MRK farm could be possible but more research is required.

The effect of the inter-farm interactions on the shear power law exponent (α) was investigated. By examining the shear per285

direction and wind speed we could not identify consistent patterns. We found a stronger correlation between α and TI. This

can be seen in figure 9 where the fitted α is plotted against wind speed and TI for the azimuth sector of 200-320 degrees. The

mean shear exponent in the presence of farm wakes (years 2016-2019) is lower for all wind speeds up to 16 m/s. Looking at

the band, we observe that the lower limit is constant over all periods while the upper is higher in the years 2011-2014 when AV

13
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Figure 8. Turbulence intensity probability of occurrence for different directions and years for wind speeds 6-8 m/s.

was the only operating farm. This is directly caused by TI, which in the earlier period was lower. We verified this by filtering290

with TI; when only values above 5% were kept the two curves and the bands matched (not shown here). The plot against TI,

which includes all wind speeds, shows that the mean value and the band limits are very close for all periods for TI values higher

than 4%. For lower TI levels, α is found lower for the later periods. Only a few measurements were available in this TI region,

as events with so low turbulence are rare in the period 2015-2019 due to the wake effects and the fitting quality was not good

as explained in the next paragraph. To conclude, the perceived wind shear as expressed by α was found to be decreased in the295

presence of farm wakes due to the increased turbulence without clear correlations to distances and directions.

The use of the power law exponent to describe the
::::::
vertical

:
wind shear is common practice in wind energy. Nevertheless,

especially in wake situations, this is difficult as the shear is not only driven by the stratification of the atmosphere (i.e. by

the temperature and pressure gradient) but also by the mechanical mixing introduced in the boundary layer due to the wakes.

Then, the vertical wind profile cannot be adequately described by the power law making the exponent fitting procedure quite300
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uncertain. This was the case also in our study, where especially in directions affected by the wake of MRK which is very close

to FINO1, the best fit did not match well the observed shape.
::::::::::
Indicatively,

:::
the

:::::
mean

:::::
value

::
of

:::
the

:::::::::
coefficient

::
of

::::::::::::
determination

::::
(R2)

::::::::
regarding

:::
the

::::::
quality

:::
of

:::::
fitness

::::::::
between

:::
the

::::::::
measured

::::::
heights

::::
and

:::
the

:::::
fitted

::
α,

::::::::::
considering

:::
all

:::::::::
directions,

::::
wind

:::::::
speeds,

:::
and

::
TI

::::::
levels,

::::
was

::
on

:::::::
average

:::::
0.698

:::
for

:::
the

::::
years

:::::::::
2011-2014

:::::
while

:::
for

:::
the

::::
later

::::::
period

::
it

:::
was

::::::
0.659.

:::
The

::::::::
standard

::::::::
deviation

::
of

::
R2

::::
was

:::::
close

::
to

:::
0.3

:::
for

::
all

:::::::
periods.

::::
The

:::::::::::::
characterization

:::
and

:::::::::
modelling

::
of

:::
the

:::::::
vertical

::::
wind

::::::
profile

::::::::::
downstream

::
of

:::::
wind

:::::
farms305

:::
and

::::::::
individual

:::::::
turbines

::
is
::
a

::::
topic

::::
that

:::
still

:::::::
requires

::::::
further

:::::::
research

::::
that

::::::
extends

:::
the

:::::
scope

::
of

:::
the

:::::::
present

:::::
study.

Figure 9. Fitted shear power law exponent at FINO1. Upper plot: Mean wind shear power law exponent versus wind speed, considering all

levels of turbulence intensity. Lower plot: Mean wind shear power law exponent versus turbulence intensity including all wind speeds. The

band represents the 15th and 85th percentiles. The numbers in the legend indicate the amount of measurements used
:
in

:::
the

:::::::::
parenthesis,

:::
and

::
the

:::::
mean

::::::::
coefficient

::
of

::::::::::
determination for

::
the

:::::
power

:::
law

:::::
fitting

::
for

:
each year

To examine whether the local climate has changed over the years, we looked at the temperature and pressure measurements.

The time series of temperature at different heights and pressure at 20 m a.s.l are shown in the appendix in figure A1. The

trends are very similar for all the years indicating that the local climate has not changed. This suggests that the changes we
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observed in the wind conditions are attributed to inter-farm interactions. In figure 10 we show the probability of occurrence310

of the temperature difference between the water surface and the measurement at 50 m for the different years. This is used as

an indicator of the temperature gradient distribution that drives atmospheric stratification. The distribution has not changed

noticeably over the years. Only one year (2011) shows lower-than-average values.
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Figure 10. Probability of occurrence for temperature difference between 50 m a.s.l and sea surface for the different years. The numbers in

the legend indicate the amount of measurements used for each year

The oceanic measurements of Hs and Tp were also analyzed to examine whether the conditions have changed over the years

and whether the inter-farm wakes have any effect on these values. In figure 11 we show the site’s wave characteristics in terms315

of Hs per wind speed and Tp per Hs along with their linear fits. No correlation was found between the direction of wind and

waves and Hs and Tp over the years. The measured time series are shown in the appendix in figure B1. Moreover, we couldn’t

identify any influence of the inter-farm interactions on these values in terms of magnitude, period,
:
or frequency of occurrence.
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4.2 Turbine response

After observing the changes in the metocean conditions of AV, we look at how these affect the turbine’s response. In figure 12320

we present the tower bottom DEL in the fore-aft direction for the AV4 turbine for the different years and azimuth directions.

As the data from 2019 are not included, the only relevant farms are TB1 and BR1. As discussed in section 4.1, the wakes of

TB1 don’t influence significantly the conditions at AV which is also seen in the loads. Hence, in the sector 260-320 degrees,

the load response is not changing which also validates the consistency of the measurements.

Figure 12. Mean value of damage equivalent loads at the tower bottom, in the fore-aft direction, against wind speeds for the different

directions and years. The band represents the 15th and 85th percentiles. The numbers in the legend indicate the amount of measurements

used for each year

In the rest of the sectors, the loads are increased in the below rated and the transition regions while at higher wind speeds325

the load level is similar (the rated speed of the machine is about 13 m/s). In the sector 200-220 degrees, we observe the larger

differences at wind speeds 7-11 m/s with an increase of 5-40 %. At very low wind speeds, close to cut-in (about 4 m/s for this

machine), the loads are driven by the controller’s behavior, hence we don’t see large deviations in the loads. At the transition

region, in speeds 11-14 m/s, we observe load increase at a level of 10-20 %. This effect is reduced with the increase of the wind

speed and for wind speeds about 16 m/s and higher the load levels converge. Similar behavior is seen at the sector 220-240330
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degrees with similar load increases as AV is still in the full wake of BR1. In the sector 240-260 degrees, which is less influenced

by BR1 we see a reduced effect in loads. The highest increases up to 30 % are found at wind speeds 8-11 m/s. At higher wind

speeds, above 16 m/s, the loads are not affected.

In figure 13 we present the mean DEL per direction for a wind speed bin of 6-8 m/s. As discussed for the similar plot for the

TI (see figure 7), the sector of 10-190
::::::
30-170

:
degrees is influenced by the wakes of AV. Hence, this sector can only be used335

to evaluate the consistency of the load measurements over the years as the wind speed perceived by the turbine is expected

to be higher than the measured value by FINO1. The influence of BR1 is seen at directions 200-250 degrees with the mean

value, along with the percentiles, being shifted towards higher values for the years 2016 and 2017. Furthermore, the effect of

the TB1 farm is minimal suggesting that at this distance and for this specific farm size and layout, the farm wakes don’t affect

the tower’s structural loading.340

Figure 13. Mean value of damage equivalent loads at the tower bottom, for the fore-aft direction, per wind direction for the different years.

Wind speed is 6-8 m/s. The band represents the 15th and 85th percentiles. The numbers in the legend indicate the amount of measurements

used for each year. The shadowed areas indicate the azimuth sectors influenced by the denoted wind farms.

The SCADA data were also examined to identify possible correlations of the farm effects to the turbine’s response. The

power production was not found to be significantly affected by the increased TI. As a measure of the impact on the pitch

system, we evaluated the standard deviation of the blade pitch angle from the SCADA data. In figure 14 we show these values

per direction and wind speed. This signal is highly affected by minor changes to the controller’s behavior and the condition of

the blades and pitch system. Nevertheless, a clear trend of increase is observed when the two periods (2011-2014 and 2015-345

2019) are compared. In the sectors 200-260 degrees, the effect of BR1 is seen with
::
an

:
increase up to levels of 30%-40%. In

the the sectors 260-300 degrees we see an increase in the pitch activity due to TB1. This shows that, although the tower loads

don’t seem to be affected by the small increase in TI in this sector, the pitch system is being more loaded.

We show the mean standard deviation of the generator speed signal over wind speeds in figure 15. Similar to the pitch signal,

this signal is also influenced by factors such as the controller settings and the condition of the drive train and generator systems350
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Figure 14. Mean standard deviation of the blade pitch angle per wind speed for different directions and years. The band represents the 15th

and 85th percentiles. The numbers in the legend indicate the amount of measurements used for each year

leading to increased uncertainty and scatter of the measurements. Still, as in the previous case, we observe increased usage

:::::::::
fluctuations

:
of the generator

::::
speed

:
due to the increased TI levels

:::::
which

:::::
could

::::
lead

::
to
:::::::::

increased
::::
wear

:::
of

:::
the

::::
drive

:::::
train. In

sectors 200-260 degrees
:
, we see an increase of the generator speed variation up to 40% in below rated operation, as in higher

wind speeds the regulation is handed to the pitch controller. To a smaller extent, although still visible, the effect of TB1 is seen

in directions 260-300 degrees.355

5 Discussion

Having a fully equipped offshore measuring platform, located near a farm and capturing data for long periods while the

surroundings are changing, is rare and very beneficial for assesing
:::::::
assessing

:
offshore wind farm wake effects. Nevertheless,

still a lot of uncertainties come into play as explained in section 3. The directional results are subject to uncertainty as the sectors

of influence of the neighboring farms are not strict. This is due to possible errors in the exact locations of the turbines and the360

measurement equipment but more significantly influenced from
::
by the wake expansion itself and the possible meandering of

the farm wake. Moreover, this could also be influenced by the turbine yaw misalignment , which is common to a level of

some degrees, during normal operation
:
a
:::::::
possible

::::
yaw

::::::::::::
misalignment

::
of

:::
the

::::::::
upstream

:::::::
turbines. Additionally, as offshore farms
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Figure 15. Mean standard deviation of the generator speed per wind speed for different directions and years. The band represents the 15th

and 85th percentiles. The numbers in the legend indicate the amount of measurements used for each year

are becoming larger reaching several kilometers and turbine wakes are not linear features, a single point of measurement is

probably not enough to fully characterize the inflow that could be varying across the wind farm.365

Another important aspect relevant to this study is the consideration of atmospheric stability classification. It is well estab-

lished by research that the wake effects (both at turbine and farm level) are directly correlated with stability. In this study, we

decided not to add this dimension to the data processing as we focused on the analysis of the results cumulatively per year.

The temperature difference results shown are an indicator that the annual stability distributions are similar over the different

years. Moreover, the boundary layer is more affected by the mixing taking place through the interaction with the upstream370

farms making it difficult to characterize atmospheric stability based on turbulence intensity or vertical shear. Common stabil-

ity measures like
:::
the

:
Monin–Obukhov

:::::
length

:::::
based

:::
on

::::::::
similarity

:
theory might not be applicable due to the wake (not ideal

free-stream) conditions. The chosen approach allows us to examine the cumulative effect of the inter-farm interactions on the

mean annual conditions experienced by the turbines. This is of practical interest when assessing or simulating the conditions

and performance of a turbine at the site.375
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The findings here show the dependency of the perceived wake effects to
::
on

:
the distance and size of the farms. We summarize

here some of the points we observed that need more investigation. The operation of the farm BR2, located directly upwind of

BR1 did not seem to affect further the measurements at FINO1 both in terms of wind speed and TI. Furthermore, the wake-

induced turbulence from the closest farm MRK was found to be more sensitive to wind speeds. This could be correlated to the

distance and also to the fact that the machines are larger than the other farms examined and operate with a larger variation on380

the thrust coefficient. Additionally, the characterization and modelling of the vertical wind shear, especially when the distances

between the farms are smaller, has to be evaluated. In general, more research is needed to understand the correlation between

-wind farm size and layout, turbine capacity and size- and the strength of the wake effects, the distance they can propagate,
:
and

their influence on the local micro-climate of the downstream farm.

Another factor to consider is the weighting, in terms of probability of occurrence, of wind speeds and directions when385

assessing the overall effect of the inter-farm interactions. As seen from the wind rose and the Weibull distributions, the wind

speed and directional bins where the wake effects are stronger are the most probable ones. This means that the impact they

have on lifetime loading and revenue is expected to be more significant when calculating the aggregated values. Considering

this
::::
This

:::::
holds

::::
true

::
for

:::
the

:::::::
specific

:::
site

:::::
used

::
in

:::
this

:::::
study

:::
but

::::::
shows

:::
that

::
in

:::::::
general

:::::::::
considering

::::
this weighting is important in

the cases where inter-farm wakes are accounted for in decision-making for processes like initial siting, maintenance planning,390

end-of-life strategies, operational and bidding strategies.

To facilitate further research on this topic, it could be very useful to have measurements from the inflow of both the upstream

and downstream farms, ideally in a distributed manner. Moreover, at least some information such as operational status or power

production from both interacting farms (upstream and downstream) would be very useful. Another aspect that could be worth

investigating in future scenarios, with higher wind farm density and even closer spacing in favorable sites, is the coordinated395

operation of wind farm clusters. It may be that, by adjusting sector-wise the operation of the upstream farms -according to their

size, layout and relative orientation-, one could increase the overall power production and even reduce the overall structural

loading.

6 Conclusions

In the present work we used metocean and turbine data to evaluate the effects of the inter-farm interactions at the offshore400

site Alpha Ventus. The nearby measurement platform FINO1 allowed us to examine how the local conditions have changed

from the period where AV was the only farm in the region to the later period where four larger wind farms started operating

in distances varying from 1.4 km to 9 km. The data were analyzed on an annual basis and with regards to directions and wind

speeds.

Systematic changes in the flow conditions and the turbine response were found that can be attributed to wind farm wakes.405

This was validated by the agreement of trends and magnitudes in the values examined for the two distinct periods as well

the directional results. Moreover, the general atmospheric conditions were found not to be changed over the years in terms of

temperature or pressure.
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The wind speeds were found to be reduced, with the shape parameter of the fitted Weibull distributions being reduced by 15

% on average. For a theoretical 5 MW wind turbine this translates to 15-20 % reductions in AEP. The increase of measured410

turbulence intensity was found to be highly correlated with the distances between the farms, reaching a maximum mean

increase of 120 % for the closest farms (1.5 km) in below rated conditions. The vertical wind shear as expressed by the fitted

power law exponent , was found to be reduced. Although, especially in the sectors related to the closest farms, it seemed to

deviate from the power law approximation. The oceanographic measurements suggested no correlation between the presence

of farm wakes and the values of significant wave height and wave period.415

Turbine measurements were used to investigate how the changed flow conditions are perceived by the turbine of Alpha

Ventus closest to FINO1. The tower bottom fore-aft loads were influenced by the closer wind farm reaching an increased level

of 30%-40% for below rated wind speeds. Both generator speed variation and blade pitch activity were found to be increased

as well, even at sectors where loads did not change. This suggests that inter-farm wake effects have to be considered for all the

systems and components of the turbine and not only for the structural loads.420

The measurement results presented here show the possible technical and financial impacts of inter-farm wakes which have

to be considered when planning the siting of wind farm clusters. Moreover, it shows the need for analytical and simulation

models that will be able to reproduce these effects taking into account the layout, sizing, and relative distances of neighboring

farms.

Code availability. The in-house codes used for processing the data are not publicly available but can be requested by direct communication425

from the authors.

Data availability. Data cannot be shared publicly as they are covered by a user agreement with the RAVE consortium for Alpha Ventus.

Data can be requested directly from the RAVE consortium and the BSH at https://www.bsh.de/EN/DATA/data_node.html.

Appendix A

A1 Temperature and pressure time series430

In figure A1 we show the time series of water surface temperature, temperatures at 30 and 50 m a.s.l., and pressure at 20 m

a.s.l. for the different years. A moving average of 2 days is used for the results shown to make the seasonal trends clearer.

A1 Oceanic data time series

In figure B1 we show the time series of the measured wave significant height and wave peak period for the different years. A

moving average of 2 days is used for the results shown to make the seasonal trends clearer.435
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Figure A1. Temperature measurements at sea surface, 30m and 50 m and pressure measurements at 20 m over time for the different years
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Figure B1. Peak period and significant wave height over time for the different years.
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