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Authors’ reply to comments

We sincerely thank the reviewer for taking the time to evaluate our work and for recognizing its
contributions. After carefully reading and discussing the remarks, we have thoroughly revised the
manuscript and made substantial changes to it. Please find our responses (blue) and revised text
blocks (blue, italic) below the quoted reviewer comments (black). Please note that, in the
meantime, we have revised the data, added new equations and generated new figures to improve
the manuscript based on the reviewer’s comments. Moreover, we included a few minor changes
that might not refer directly to specific reviewer comments but are meant to enhance the readability
and hence understanding of our approach and findings according to a native speaker.

Referee # 2
Dear Prof. Bachynski-Poli¢,

1. It has been a pleasure to review this manuscript. The authors present a comprehensive analysis
of scour around OWFs. From a large data set of scour and environmental parameters at OWFs in
British waters, they identify the main drivers of scour phenomena around the structures. They do
so at three levels: (i) considering the overall dataset, (ii) chopping it up into median grain size
clusters, (iii) zooming in on specific OWFs to see whether the overall correlations hold locally.
The work is novel, interesting (a bit lengthy | must say) and in my opinion highly suitable for WES-
audience. Also, the figures are helpful.

My specific concerns are on (i) the choice of a mix of dimensionless and dimensional parameters
as the set of explaining parameters, (ii) the use of wave height instead of near-bed wave-induced
orbital velocities, (iii) the background and limitations of the flow parameter (Uc,99) and (iv) the
implication of the word “understanding” in the title. Please see my explanation below.

Please also see my other points further below. | think the manuscript benefit from a more precise
and consistent presentation of the content, perhaps some restructuring, and even shortening.
Particularly, using the structure of the conclusions (which I think is clear) to present the goals in
the Introduction would be helpful. Overall, based on my review, I recommend “minor revision”.
Depending on your editorial decision, | would be happy to receive a revised version of the
manuscript.

1. We would like to thank the reviewer for the valuable and insightful comments. After reading the
reviewer’s comments, the manuscript was revised to provide more precision and clarity.



Q) The choice of a mix of dimensionless and dimensional parameters as the set of explaining
parameters: The reviewer has indeed highlighted an important issue regarding the methodology.
We agree that using a mix of dimensional and non-dimensional parameters can lead to ambiguous
interpretations and limit the generalizability of the findings.

In response, we have made a new Principal Component Analysis (PCA) analysis that only
considers dimensionless parameters. Dimensional parameters such as wave height (H,) and current
velocity (U) were removed from the direct PCA input. Additionally, median grain size (ds,) was

transformed into a dimensionless relative roughness parameter (D/dso)’ where D is the monopile

diameter. Adiditionally, we have included the mobility parameter MOB (999/9 ) and the
cr
Keulegan-Carpenter number (KCqq) into our PCA. Accordingly, Figure 4, in page 18 has been
updated:
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Figure 4: a) PCA biplot, illustrating the correlation between dimensionless variables and relative scour depths. b)
The table details the angles between S/D and the other variables (in degrees), along with the magnitude cosine-
based correlation (values from 0 to 1), where values closer to 1 indicate stronger correlation.

Lines 3368-410 (Page 18 -19), which describe the results from the PCA, have been modified:
“As shown in the biplot, PC1 and PC2 account for 74.03% of the variation in the data set. This high

percentage indicates that these two components capture most of the significant patterns in the data, allowing
for a meaningful interpretation of the relationships among the variables. In the biplot, each vector stands
for a variable, with the direction and magnitude of the vector reflecting its contribution to the principal

components. The variables that contribute the most to the variance in PC1 are the mobility parameter, the



Froude number, and Keulegan Carpenter number, with shares of 0.4898, 0.4419, and 0.4114, respectively.
In contrast, the variance in PC2 is primarily explained by the pile Reynolds number (, the relative grain
size and the Froude number, with shares of 0.628, -0.489, and 0.3168, respectively. This significant
contribution of the mobility parameter, the Froude number, and the Keulegan Carpenter number to PC1
suggests that variations in these hydrodynamic parameters are critical in shaping the principal dynamics

of the dataset.

The table (Fig. 4b) next to the biplot provides further insight by showing the angular distances between the
S/D vector and each of the other variables, as well as their respective correlation coefficients. One of the
key observations is that the relative scour depth has the strongest negative correlation of 0.96 with the
relative water depth, which underscores the critical role of water depth in governing scour intensity.
Shallower relative depths concentrate flow energy at the bed, intensifying near-bed velocities and shear
stresses that promote deeper scour holes (Smith & McLean, 1977; Whitehouse, 2010). The next strongest
correlation is with the relative grain size with a correlation factor of 0.81. This suggests that as the relative
grain size increases, relative scour depth also tends to increase. This trend is in line with the functional
dependence of relative scour depth on relative grain size as observed by Sheppard et al. (1995, 1999). This
positive trend may be due to increased turbulence caused by larger bed roughness elements or the initiation

of larger-scale scour processes around coarser particles under certain flow conditions (Whitehouse, 2010).

Furthermore, a significant positive correlation was found with the Keulegan-Carpenter number with a
correlation factor of 0.81, indicating the importance of oscillatory flow conditions in scour development.
Higher Keulegan Carpenter numbers directly lead to higher relative scour depths (Sumer and Fredsoe,
2002). This is driven by the onset of the horseshoe vortex and lee-wake eddy shedding (Sumer et al., 1992b;
Zanke et al., 2011), with increased permanence of the horseshoe vortex and amplification of bed shear
stresses at higher KC values (Sumer et al., 1997). In addition, the mobility parameter exhibits a strong
positive correlation (0.71) with the relative scour depth. The mobility parameter quantifies the
instantaneous capacity of the flow to exceed the entrainment threshold, driving rapid sediment entrainment
when significantly above unity (Soulsby, 1997; van Rijn, 1993). Variables such as the pile Reynolds number,
the flow intensity , and the Froude number, although less correlated with relative scour depths, contribute
more to the total variance. This suggests that these flow-related variables influence relative scour depths
through more complex or non-linear interactions with other hydrodynamic conditions and sediment

characteristics.

Since seabed sediment characteristics play a significant role in local scour (Qi et al., 2016), the PCA was
applied again to the same dataset but pre-clustered into different soil classes (Annad et al. 2021). By
reducing the uncertainties related to the grain size (dso), this analysis should provide a better estimation of

the local scour. This classification also facilitates the identification of parameters that are more influential



in estimating scour for specific soil classes rather than uniformly across different types. After the clustering,
six soil classes were obtained: cohesive sediment (ds, <63 pm) with 5 data points, fine sand (63 < ds, <
200 pm) with 203 data points, medium sand (200 < ds, < 630 wm) with 249 data points, coarse sand (630
< dso < 2000 um) with 170 data points, fine gravel (2000 < dg, < 6300 um) with 18 data points, and medium
gravel (ds, = 6300 um) with 49 data points.

Fgure 5 on page 21 has also been updated due to the exclusion of dimensional parameters in the new PCA

for soil classes:
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Figure 5: PCA correlation by clustered soil classes based on the grain size (ds,), remaining parameters that are shown
in the biplots are explain in data description (section 2.2). a) Cohesive sediment (ds, < 63 um). b) Fine sand (63 <
dsy < 200 um). ¢) Medium sand (200 < dg, < 630 um). d) Coarse sand (630 < ds, < 2000 um). e) Fine gravel
(2000 < ds, < 6300 um). f) Medium gravel (ds, = 6300 um). Clustering of the grain size (ds,) was based on Annad
et. al. (2021).

Lines 445-481 (page 21-22), which describe the results from the PCA, have been modified:

Figure 5 shows PCA biplots for each soil class illustrating the relationships between the relative scour

depths, the relative water depth, the Keulegan-Carpenter number, the mobility parameter, the pile Reynolds



number, the flow intensity and the Froude number. The first two principal components (PC1 and PC2)
explain between 82.15 % and 99.91% of the variance within each class, thus describing more of the variance
in comparison to when the PCA was applied to all data. Data complexity seems to be greatly reduced by
just removing the effect of sediment. In the cohesive sediment soil class (Figure 5a), relative scour depth is
positively correlated with the mobility parameter. However, the calculation of the mobility parameter might

contain larger uncertainties for cohesive soils (Soulsby, 1997), so the results should be treated with caution.

In contrast, relative water depth has a strong negative correlation with relative scour depth in fine sand
(Figure 5b) and medium sand (Figure 5c). This indicates that as relative water depth increases, relative
scour depth tends to decrease in these finer soil classes. From a physical view, Melling (2015) found out
that in similar substrates, relative scour depths agree well between different geographic locations and
showed that turbines located in sandy sediments exhibit a strong influence of relative water depth on scour,
suggesting geotechnical factors are less influential in coarser sediments. Although the observation that
relative scour depth decreases as relative water depth increases might initially seem counterintuitive. This
behavior is best explained through the transition between shallow-water and deep-water flow regimes. As
flow approaches a pile, stagnation pressure develops on its upstream face, causing the flow to separate into
an up-flow and a down-flow component. The down-flow is directed toward the bed and promotes the
formation of a horseshoe vortex. Flow separation occurs at the stagnation point, defined as the location of
maximum energy from the approaching flow at the pile face. The energy of the approach flow consists of
hydrostatic and kinetic components, whose vertical distribution is governed by the boundary layer. In
shallow water, the kinetic component dominates over hydrostatic pressure, resulting in a stagnation point
located higher up the pile, near the water surface. This enhances down-flow and vortex activity, intensifying
scour processes (Melville, 2008). Additionally, shallower water often features thinner boundary layers with
higher velocity gradients near the seabed, potentially leading to greater bed shear stresses and increased
sediment mobility. In contrast, in deeper water, hydrostatic pressure becomes more influential, leading to
a more uniform pressure field across the pile face and shifting the stagnation point closer to the bed. This
results in weaker down-flow and reduced vortex strength, thereby diminishing the scour depth (FHWA,
2012; Harris & Whitehouse, 2014). Furthermore, Link and Zanke (2004) observed that maximum relative
scour depths tend to develop more slowly and reach lower values in deeper water depths, even under
constant average flow velocity, due to reduced shear velocity over the undisturbed bed. This highlights that

the relationship between relative water depth and scour is not necessarily linear.

The dynamics observed in coarse sand (Figure 5d) and fine gravel (Figure 5e) are different from the finer
sediments. In these classes, the flow intensity and the Froude number show significant negative correlations

with relative scour depths, indicating that higher values of these parameters correspond to reduced relative



scour depths. However, these soil classes are also characterized by comparatively small relative scour depth

(S/D), which makes the relationship less prominent.

Figure 6 (page 24), has also been updated to include only dimensionless parameters in the PCA for different

soil classes:
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Figure 6: Pearson correlation of representative variables obtained by PCA analysis with relative scour depths
across different soil classes. a) Cohesive sediment (ds, < 63 um). b) Fine sand (63 < ds, < 200 um). ¢) Medium
sand (200 < dgq < 630 pm). d) Coarse sand (630 < ds, < 2000 um). e) Fine gravel (2000 < ds, < 6300 um). f)
Medium gravel (ds, = 6300 um). Clustering of the grain size (ds,) was based on Annad et. al. (2021).

Additionally, lines 5231-565 (Page 24 — 26) have been modified based on the new correlation results:

Considering the small number of data points in this sediment cluster, relative scour depths (S/D) at
locations with cohesive sediments (Fig. 6a) show a moderate positive correlation with the mobility
parameter. For the fine and medium sand clusters, the PCA revealed a similarly strong dependence of scour

depth on relative water depth. Plotting scour depths against relative water depths now shows a clearer



trend and hence dependence for the fine sand sites (Fig. 6b) than for the medium sand sites (Fig. 6¢). The
Pearson coefficients of -0.57 and -0.86 confirm this difference in the dependence of scour depth on relative
water depth. The correlations of the fine and medium sand clusters are supported by a larger number of

data points, increasing the reliability of the findings.

For the coarse sand (Fig. 6d), the PCA analysis revealed a negative correlation between relative scour

depth and flow intensity . This result directly aligns with the established understanding of live-bed scour

behavior in coarse-grained sediments. Once flow intensity surpasses the critical threshold ((U /U )og >1),
cr

the sediment mobilizes, establishing live-bed conditions. In such scenarios, the development of large, well-
defined scour holes is consistently observed to be suppressed. This suppression occurs because the
continuous transport and replenishment of sediment into the scour region actively works against deep
erosion. This dynamic equilibrium of the seabed results in shallower, or inherently more unstable, scour
holes when compared to clear-water conditions. In clear-water, where sediment remains immobile,
scouring is driven purely by flow-induced vortex action around the structure (Sumer & Fredsge, 2002;
Whitehouse et al., 2011). Consequently, the negative correlation observed in this soil class accurately
reflects the inherent limitation of scour growth under the highly mobile conditions characteristic of coarse
sandy beds.

For fine gravel (Figure 6e), the PCA suggests a correlation between relative scour depth and the Froude
number, but this is difficult to confirm visually due to the small sample size and narrow Froude number
range. Since relative scour depth is comparatively small in this class, relationships are less clear, and
parameters like Froude number come to the foreground that were not as prominent in finer sediments. A

broader distribution of Froude number values would be necessary to confirm this more conclusively

Following the updated PCA, where relative scour depth S/D correlates the most with relative the water
depth (h/D), the relative grain size (D/ds,), the Keulegan-Carpenter number (KCqo), and the mobility
parameter (649/6,,-), Figures 7 and 8 have been updated, and in addition a new figure (Fig 9) was added to
the manuscript. Figure 7 shows the correlation between S/D and h/D. Figure 8 shows the correlation
between S/D and D/ds, (figure 8a) but also the direct correlation between S/D with dg,(figure 8b), to
provide a baseline to understand the influence of grain size independent of the pile diameter. Finally, Figure
9 shows the correlation between S/D with KCqq (Figure 9a) and 699/6., (Figure 9b). Accordingly, lines
593 - 694 have been updated and restructured (page 27 — 33)
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Figure 7: Relationship between relative scour depths and relative water depths. Symbols indicate the
various soil classes that were used for clustering. The red rational polynomial line represents a trend based
on the course of the 99th percentile. Data points for London Array and Thanet OWFs are included from
Melling (2015).

Figure 7 summarizes the findings from the PCA analysis (Figure 4) by plotting the relationship between the
relative scour depth and the relative water depth. Relative water depth has shown to be the parameter with
the largest correlation influencing relative scour depths. However, it should be noted that relative water
depth has a direct effect on other hydrodynamic parameters. For example, not only is the Froude number
formed with the water depth (h), but relative water depths also significantly determine the potential
influence of waves on the development of scour, which in this study has also been considered by the
Keulegan—Carpenter numbe . Therefore, it remains unclear whether the influence of relative water depth
on relative scour depth is a direct causal factor or an indicator of broader changes in hydrodynamic
conditions. Nevertheless, Figure 7 illustrates the comprehensive correlation between the relative scour

depth and the relative water depth with the differently colored points representing the studied soils classes.



The trend observed in Figures 6b and 6c¢ is reaffirmed in Figure 7. A distinct relationship exists between
the relative scour depth and relative water depth in these two sediment types, i.e. both fine sand (63 < ds, <
200 um) and medium sand (200 < ds, < 630 wm) show that the relative scour depth decreases with
increasing relative water depth. This trend appearing throughout the bigger dataset emphasizes a strong
negative correlation between relative water depth and relative scour depth for those soil classes. This
behavior is consistent with findings from previous analyses that identified relative water depth as a critical
factor in shaping scour dynamics (Whitehouse et al., 2010 and Melling, 2015).

In contrast, for sediments with median grain diameters above coarse sands (dsy, > 630 um) the relative
scour depth remains relatively constant and shows little variability. Figure 7 suggests a generally stable
relationship between relative scour depth and relative water depth for these soil classes, where changes in
relative water depth do not significantly alter relative scour depth. However, there are a few exceptions.
For example, some locations with coarse sand located in deeper water exhibit unexpectedly large relative
scour depths. These outliers might stem from site-specific conditions such as dynamic sandbanks and highly
variable bathymetry, as seen at the London Array OWF (Sturt et al., 2009). These unigue environments,
characterized by flow recirculation and sediment mobility, can lead to deviations from expected scour
behavior (Melling, 2015). The results for fine and medium sands suggest a potential influence of relative
water depth in reducing relative scour depth. Although these results are preliminary, they provide a first
step in understanding how offshore wind OWES could affect sediment redistribution in regions dominated

by these sediment types and small relative water depth.
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Figure 8: Relative scour depths against (a) the relative grain size, and (b) grain size . The red rational
polynomial line gives the approximate upper limit of S/D, based on the course of the 99th percentile, for
various ds,. Data points for London Array and Thanet OWFs are included from Melling (2015).

Figure 8a summarizes the findings from the PCA analysis (Figure 4) by plotting the relationship between
the relative scour depth and relative grain size across all the sampled locations. Figure 8b is also shown
here to support figure 8a by representing the data in terms of the grain size, allowing the comparison of
dimensional and non-dimensional ds,. Figure 8a, reveals no clear trend between relative scour depth and
relative grain size, indicating that the dimensionless grain size ratio alone does not adequately capture the

relationship between sediment properties and scour depth in field data. Sheppard et al. (2004) observed a

clear trend of S/D decreasing for D/d50 > 50 in laboratory experiments, which is not consistent with our

results. However, field data show much weaker dependence due to natural variability in sediment structure

and hydrodynamic forcing.



On the other hand, Figure 8b illustrates a discernible trend where the largest relative scour depths S/D
occur predominantly in fine to medium sands (R2= 0.8407), as indicated by the rational polynomial line
which approximates the upper limit of relative scour depth for various grain size. The trend shown in Fig.
8b is well explained. In general, the mobility potential of the sediments decreases with increasing grain size,
which leads to lower relative scour depths for coarser sediments. Very fine sediments, on the other hand,
are subject to the influence of cohesion forces that reduce their erodibility, which also leads to lower relative
scour depths. Therefore, fine and medium sandy sediments have the largest scour potential, which is
reflected in the data of Fig. 8b. The different symbols represent the OWF, highlighting the geographic
spread and variability within the dataset. However, it is important to note that most of the data points fall

within the range of fine to medium sands, potentially skewing the interpretation.
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Figure 9: a) Relative scour depth against the Keulegan-Carpenter number. b) Relative scour depth against
the mobility parameter. Red line gives the power fit line based on the 99th quantile of the data of relative
scour depth for various dg,. Data points for London Array and Thanet OWFs are included from Melling
(2015).

The third and fourth parameters, that correlate with the relative scour depth, are the Keulegan-Carpenter
number and the mobility parameter as identified by the PCA. Figure 9a shows the correlation between
relative scour depth and KCyq, revealing a distinct increase of relative scour depth with increasing KCyq
up to KCee = 0.5. Above this value, S/D shows little variation with further increase of KCqq, Which reaches
a maximum value of 2.5 in this field dataset. Those results are generally consistent with findings from
previous studies (e.g., Qu et al., 2024; Sumer & Fredsge, 2002), which indicate that scour development is
strongly dependent on KCy at lower values, but becomes less sensitive as KCqq increases. However,
experimental studies often focus on wave regimes with KC numbers greater than 6, since it has been
established that this is the threshold for generating a horseshoe vortex. Despite considering the 99"
percentile of KC numbers over the time period in question, the KC numbers are much smaller for the field
conditions presented herein. This strengthens the argument for further scour research to focus on boundary

conditions with low KC values.

Figure 9b shows the correlation between relative scour depth and mobility parameter, comparing the
Shields parameter with its critical threshold for sediment motion, and revealing a distinct increase of
relative scour depth with increasing mobility parameter up to approximately 8499/6.,.= 5. At higher mobility
values (typically above 5-10), the increase in scour depth tends to stabilize. This trend aligns with
experimental observations from Sumer et al. (2013), Chiew (1984), and others, which describe similar
stabilization of scour depth under fully mobile conditions. Notably, the response also varies with sediment
type: coarser sediments exhibit low S/D values even at high mobility ratios, likely due to their higher
resistance to entrainment and potential armoring effects. In contrast, finer sediments (e.g., ds, < 200 um)

show a steeper increase in scour depth, reflecting their greater susceptibility to hydrodynamic conditions.

Overall, Figure 9a and 9b emphasize the nonlinear and sediment-dependent nature of scour formation. The
separation of trends by soil class supports the need for sediment-specific scour prediction models, as also
suggested in previous studies (e.g., Whitehouse et al., 2011; Sumer & Fredsge, 2002). The results provide
empirical evidence of this dependency using field-scale data, bridging a critical gap between controlled

experiments and real-world conditions.

(if) The use of wave height instead of near-bed wave-induced orbital velocities:

This observation is in line with a key point raised by Reviewer #1. We acknowledge the critical role of near-

bed, wave-induced orbital velocities in scour processes. For this reason, the Keulegan-Carpenter number



K Cqq has been calculated with the equation that was added in Table 2 on page 9. Furthermore, this parameter
has been considered in the new PCA and can be found in the updated PCA in Figure 4 (page 18) as well as

in Figure 9a (page 32).

(iv) The background and limitations of the flow parameter (Uc,99):

Thanks to the reviewer for clarifying the issue of U,. First, U, has been changed to U and with our transition
to an exclusively dimensionless PCA, dimensional current velocity (U and, thus, Ugg) is no longer a direct
input parameter to the PCA. Instead, its influence is incorporated into the calculation of dimensionless

hydrodynamic parameters, such as the 099/0 , which accounts for bed shear stress derived from current
cr

and wave induced velocities. This approach ensures that the physical effects of the currents are still
represented within our dimensionless framework. The background of the obtention of U is answered in the
response to comment 4.

(iv) The implication of the word “understanding” in the title.
We agree with the reviewers' reservations about the term “understanding” in the title and suggest to
substitute it with the term “identifying”.

“Scour variability across offshore wind farms (OWFs): Identifying site-specific scour drivers as a step
towards assessing potential impacts on the marine environment”

SPECIFIC CONCERNS

2. Choice of parameters: It strikes me that many but not all (five out of eight) variables are
dimensionless. There seems to be some arbitrariness involved, which makes me wonder about the
implications of that for the overall results and conclusions. Why did you decide not to scale the
other three: wave height, current velocity and sediment size? From physics-based scaling
arguments, | would always expect that dimensionless parameters provide the most meaningful way
of explaining dependencies. Please clarify.

2. Thanks to the reviewer for bringing this point up. Initially we included dimensionless and non-
dimensional parameters together to provide a broad and comprehensive view from the engineering and
physical perspective. When including dimensionless parameters such as wave height (H), current velocity
(U) and sediment diameter (dsg), it allowed us to reflect the actual range and scale of the environmental
conditions observed across the studied OWFs and thus offering a relevance of our analysis for engineering
applications. Furthermore, combining dimensional and dimensionless parameters in the initial PCA helped

us to identify potential dependencies between related variables, such as U, Reqgq, OF ds.

On the other hand, we agree with the reviewer’s observation, that bringing dimensionless parameters
together offers a more robust physical framework. As mentioned in previous comments, the new analysis

has been updated to only include dimensionless parameters. The calculation of the new dimensionless



parameters such as the Keulegan-Carpenter number (KCq9) and the mobility parameter have been added in
Table 2 (page 10-11). Furthermore, the new PCA that contains eight dimensionless parameters can be found

in Figure 4 (page 16).

Additionally, the reviewer may find an overview of the dimensionless parameters in lines 299-302 (Page
14):

“Those dimensionless variables were the relative water depths (h/D), the Keulegan-Carpenter humber
(KCy9), the mobility parameter (699/6,,), the pile Reynolds number (Reqo), the Froude number (Fryg), the

relative sediment size (D /ds), the flow intensity ((U/U ) ) and the relative scour depths (S/D).”
cr/ 99

3. To me, it would seem logical to convert wave height (along with wave period, which is now
overlooked) into near-bed wave-induced orbital velocities (using linear wave theory). This quantity
is more directly related to scour. Please comment.

3. We value the reviewer’s focus on the significance of near-bed wave-induced orbital velocities
for comprehending scour. As we outlined in our response to the reviewer’s general comment (ii)
and the previous specific point regarding parameter choices, we have incorporated this suggestion.
Using linear wave theory, we considered wave height and, importantly, wave period as well as
water depth, to estimate near-bed velocities. We then used these velocities to calculate the
Keulegan-Carpenter number (KCq9), @ more physically relevant parameter for characterizing wave-
induced scour potential. The KC number is now included in our dimensionless PCA. The
calculation of the KCyq Nnumber can be seen in Table 2, equation 9, and is described in lines 228 —
235 (page 11-12):

“In equation 18, the maximum bed shear stress value (T4,) Was calculated following Roulund et al.
(2016), which builds upon Soulsby (1997) by combining current- and wave-induced shear stress through a
directional correction. The Shields parameter (64¢) is derived by using equation 19, based on the maximum
bed shear stress (t,,4,) Under combined wave and current conditions. The Keulegan—Carpenter number

(KCyo) is defined in equation 10, where T, is the peak wave period and D the monopile diameter. Equation

20 provides the calculation of the mobility parameter (999/6 ) to assess sediment mobility, providing a
cr

dimensionless indicator of whether the hydrodynamic forcing was sufficient to initiate sediment motion. All

relevant equations are summarized in Table 2.”

4. What does the current speed Uc really represent? Is it depth-averaged, or near bed? And would
this affect the results? And, furthermore, how is the tidal contribution extracted, by filtering out the



wave contributions? Also, I do not see the need to add a subscript "c" for currents, as | do not see
another type of velocity-related quantity such as wave current (and it also looks a lot like “cr” used
for critical velocity).

4. The current velocity (U) used in our study was calculated as the magnitude from the depth-
averaged eastward u, and northward v, velocity components obtained from the hindcast data
provided by the Copernicus Marine Service (CMEMS).While near-bed velocity would be more
relevant for understanding local scour processes, depth-averaged currents offer a consistent
representation of large-scale hydrodynamic forcing across all study sites.

Finally, the subscript “c” was removed and the parameter now is denoted simply as U. Changes
based on this comment have been applied in lines 187 — 189 (Page 6):

“The 99th percentile of the current velocity magnitude (U) indicates the resultant of eastward (u,) and
northward (v,) tidal flow components, which represent the depth-averaged velocity magnitude, whereas

U, depicts the critical flow velocity for sediment entrainment. Their ratio is the flow intensity ((U/U ) )"
cro99

5. Thirdly, I wonder whether “Understanding” (used in the title) is really the right term to use here,
since the PCA-method does not involve a process-oriented analysis or process-based modelling. In
my opinion, when adopting PCA as method, this is more about “Identifying” than “Understanding”.
Please reconsider.

5. We agree with the reviewers' reservations about the term “understanding” in the title and suggest to
substitute it with the term “identifying”.

“Scour variability across offshore wind farms (OWFs): Identifying site-specific scour drivers as a step
towards assessing potential impacts on the marine environment”

OTHER POINTS (PAPER STRUCTURE, GRAMMAR, SPELLING, MATH, FIGURES)

GENERAL Regarding writing structure, | find it contusing to see different types of paragraph
breaks: (i) with vertical white-spacing. (which seems regular); (ii) with a hard return (which I think
are unintended), (iii) with or without a horizontal indent (e.g., lines 120, 125). | expect this to be
resolved in the final formatting.

We appreciate the reviewer’s comment. The inconsistent breaks and indentations were not
intentional and likely resulted from merging sections and editing across different versions. The
manuscript was carefully revise to ensure consistency in paragraph breaks throughout the
manuscript. We also trust the final typesetting process to proper paragraph alignment and
consistency in the final layout.

GENERAL At many instances, the authors refer to a parameter (water depth, scour depth) when
they actually mean the scaled version of that parameter (h/D and S/D). Please avoid such loose
phrasing, since regarding dependencies this cannot be interchanged.

The word “relative” has been added to the water depth and scour depth throughout the whole
manuscript to keep consistency.



L19 sure you want to put symbols in abstract? This leaves me guessing. e.g., that D is pile diameter,
which I think is undesirable. Please reconsider.

We appreciate the reviewer’s comment and understand the concern regarding the use of parameter
symbols in the abstract. However, we believe that the referenced parameters are broadly recognized
by the intended readership. Including the symbols allows for a more concise and precise
presentation of key results and helps maintain a clear connection between the abstract and the main
findings of the study. For these reasons, we kindly propose to retain the symbols in the abstract.

L39 Here you introduce OWES, but later you use the term turbine. Are these intended as
synonyms? Please clarify/reconsider terminology.

The terminology was standardized and changed from “turbines” to “OWES” in the whole
manuscript.

L52 “but”: should be “and” (don't see the contradiction here)
L55, the word “but” has been changed to “and”

L58 “the superposition of”: I would rather say "the combined effects of" (superposition suggests
adding the separate influences)

L61, “the superposition of”” has been changed to the combined effect of”

L75 Curious what you mean with sediment mobility. What about the interaction between structures
and seabed patterns such as tidal sand waves?

L80 — 82, the text was updated to include a clarification on sediment mobility and a reference to
sand waves:

“..and sediment mobility, resulting in changes to suspended sediment concentrations and wave-induced
turbidity plumes (Vanhellemont & Ruddick, 2014). This can also lead to dynamic interactions with
migrating seabed features, such as sand waves (Matthieu & Raaijmakers, 2021).”

L78 remove one full stop dot
L85, the full stop has been removed.

L96 (and further) “99 quantile”: I think what you mean is what I know as the 99th percentile. To
my knowledge, quantile is a more general way of chopping up distributions.

Thanks for pointing this out. We agree that percentile is the more suitable term. The term "quantile™
has been changed to "percentile” throughout the manuscript

L97 um should be um and | find the grain size values a bit odd (why so many digits, which suggests
an unrealistic precision). And to my knowledge, the large value (19872 um) is coarse gravel.

L104, the um was replaced to wm. In this study and for continuity, the values of the ds, are being
used in um. On the other hand, the ds, clustering was based on Annad et al. (2014), and medium
gravel is considered between 6300 wm to 20000 pm.

L99 Please add a sentence to prepare for and justify the OWF-site specific analyses in Section 3.5.



L107-L111 a sentence was added to justify section 3.5:

“This analysis aims to identify universal drivers of scour across all sites, assess sediment specific
correlations by grain size (ds, ) clustering (soil classes), and evaluate site specific variability at the level
of three selected OWFs (Robin Rigg, Lynn and Inner Dowsing and London Array). The analysis at the
individual OWFs is conducted in Section 3.5 to examine whether the identified correlations are held under
site-specific conditions, and to better understand how local conditions influence scour behavior.”

L104 “PCA (Principal Component Analysis)”’: No need to explain this abbreviation twice (already
done on line 99).

L116, the repetition of Principal Component Analysis was deleted.

L113 Really necessary to repeat OWFs here? | think it is not needed and also inconsistent.
In L125, the word OWFs was deleted.

L114 (and further) current velocity magnitudes is also known as current speeds

L126 current velocity magnitudes (Ugo) reflect the fact that the parameter is based on vector

components (y/u3 + v2), thus being derived from eastward and northward tidal velocities, while
current speeds are often used in a general context. The distinction is important, as speeds typically
refer only to scalar values, whereas velocity magnitude in our study results from combining two
directional components. “Current velocity magnitude” have been kept throughout the manuscript.

L117 (and further) EMODET should be EMODNET

L130, the word EMODET has been changed to EMODNET
L122 omit “the quantile of”

L135, the word “the quantile of” was omitted

L127 “Teeside” should be “Teesside”

L 140, the word “Teeside” has been changed to “Teesside”

P5, Figure 1: For consistency and clarity, why not add symbol h to both caption and figure denote
water depth also here? (similar to how Hs and Uc are presented)

In PS5, Figure 1 was updated, “h” reflects water depth and Ucwas changed to U.
L175 Use of bot Ucr and Ucrit: please maintain notational consistency
L189 Ui was updated to U,

L181 Upon introducing Fr and Re, please either immediately define them in the text below or
immediately refer to the expressions where they are defined.

L194-195 The definitions for Fregsand Regs can be found in Table 2, equations 2 and 3:

“The Froude number (Frqo9) and pile Reynolds number (Reg) are used to characterize the flow conditions
around the pile and their calculations are shown in Table 2, Equations 2 and 3.”



P7, Table 1: Why um in boldface? Spelling: Gunfleet Sands
P8, Table 1, um was changed to the normal format. The spelling error was also corrected.

P8, Table 2, Eq.(1): I do not understand why there is 99 on the left-hand side and no 99 around the
quantity on the right-hand side. In my opinion, this should be U_c,99 =[ sqrt(u0"2+v0°2) ]_99

We agree with the reviewer’s concern; but we get the 99" percentile of the variable itself Uqg. In
P10, table 2, equation 1 has been modified as the “c” was removed:

Ugg = ’u(z) + vg

P8, Table 2, Eq.(2): Uc should be Uc,99. [In Re-expression this is indeed done but not here in Fr
expression]

We agree with the reviewer's concern, but in this equation we do not need the 99th percentile of U.
Instead, we are calculating the 99th percentile of Reg and Frg,. In other words: The 99th percentile
is calculated from the derived variables and not from the input variables such as U. The Equations
2 and 3 from Table 2 (page 10) are:

U

Fng = \/ﬁ (2)
UubD

Regg = 7 (3)

P8, Table 2, Eq.(4): Substituting this relationship straight into Eq.(7) saves you one unnecessary
intermediate quantity (s), equation (Eq.4) and text (line 200) to explain it.

We agree with the reviewer's point of view, P11, Table 2, Eq.(4) was deleted and added in L226:

“Equation 5 is taken from Soulsby and Whitehouse (1997), where s (s = ps/pw) represents the specific
gravity of sediment grains. ”

L197-199: Please use equations instead of sentences to present parameter values, for example:
\rho_s= 2650 kg/m”3.

We agree with the reviewer's point of view, L220 — 227 were modified:

“The values assumed for all OWFs sites are:

ps = 2650 kg/m3, p,, = 1027 kg/m3,v = 1.3x107°m? /s, g= 9.8 m/s?
Where pg is the sediment density, based on Soulsby (1997). p,, is the water density, v is the kinematic
viscosity and g the gravitational acceleration. Equation 4 was calculated based on van Rijn (1984), where
D, is the non-dimensional grain diameter, and this is first calculated to calculate the critical Shields
parameter (8.-), which represents the initiation of motion at the bed, as proposed by Soulsby and
Whitehouse (1997).



Equation 5 is taken from Soulsby and Whitehouse (1997), where s (s = Ps/pw) represents the specific

gravity of sediment grains. The dg, represents the median sediment grain size.

L198: 1.3E-6 m/s"2: please correct units (should be m”2/s) and avoid computer notation

L221 has been updated to:

“ps = 2650 kg/m3, p,, = 1027 kg/m3, v = 1.3x107°m?/s, g= 9.8 m/s?“

L200: Please also introduce D50

L227 Ds, has been changed to ds, and it was introduced:
“The ds, represents the median sediment grain size.”’

L212 (and further): Keulegan-Carpenter? wave velocities? Please give explanation, not just
symbols.

L204-208 the Keulegan—Carpenter number (KCy,) and the mobility parameter (999/9 ) were
introduced:

“Additionally, the Keulegan—Carpenter number (KCqy) Was calculated, which is used to determine the

relative influence of drag and inertia forces, the formation of vortices, and the potential for sediment

transport (Sumer & Fredsge, 2002). The mobility parameter (999/9 ) is considered a key controlling factor
cr

for scour, as it reflects the onset of sediment motion under given flow conditions (Soulsby, 1997; Whitehouse
et al., 2000). The calculations of those two parameters are shown in Table 2, equation 9 and 20.”

L217: There seems to be a change of terminology: Turbine or OWES? It seems that in this piece
of text you are using a different name than before. Or am | missing something?

We thank the reviewer for pointing this out. The inconsistency in terminology has been addressed.
To ensure clarity and consistency, we have adopted the standardized term “OWEs” throughout the
manuscript.

L224: “analyzed in more detail”: This is a bit puzzling to me. Do you mean: "were included in our
analysis"? What did you with the other 220: analyse them "in less detail" or simply discard them?

L265 to avoid confusion the sentence was changed and specifically mentioned that 460 OWEs
were analyzed in this study:

“As a result, 460 OWES across the nine OWFs were analyzed in this study. ”

L227: “the next chapter” should be section 2.4? (please be specific, papers do not really have
chapters)

L269 was modified to:



“A detailed description of this part of the workflow is provided in section 2.4.”
P10, Figure 2: This figure is very clear and helpful. Typo in figure: should be "Acquisition™

P13, Figure 2 was updated, the word “acquisition” has been corrected and Uc has been rewritten
as U.

L234: Here I welcome the use of “percentile” (rather than quantile). Please check everywhere.

We agree that percentile is the more suitable term. The term "quantile” has been changed to
"percentile™ throughout the manuscript.

L239: “foodprint” should be “footprint”
L282 “foodprint” was modified to “footprint”
L246: In the spirit of PCA, I think it is most clear to speak of “linear combinations”.

L289 to give more clarity, linear combinations was added to the sentence:

L253: 1 am confused by the number of 692, as | thought that you earlier had only 460 OWES left
(see line 224). Or am | missing something here?

L296-297, we have clarified the reason of 692 turbines used in this analysis, we have 460 OWES
analyzed from this study and an additional 232 OWES were included from Melling (2015). This
makes a total of 692 OWES:

“In this study, the PCA was applied to a dataset of 692 OWES, including 460 from our analysis and an
additional 232 OWES from London Array and Thanet OWF, based on Melling’s (2015) data”

L273 (as pointed out earlier): “scour depths” should be “relative scour depths”

Throughout the manuscript, we have revised the terminology to consistently use “relative scour
depth” wherever this was the intended meaning, replacing the more general term “scour depth” to
improve clarity and precision.

L274: This is an incorrect way of present S/D-values: “0.29 S/D” should be “S/D = 0.29” or an
“S/D value 0f 0.29”.

L337-339 the values were presented in the way the reviewer has suggested:

“....the values range from S /D=0.29 to §/D=2.49. This OWF is characterized by fine and medium sands.
In contrast, the smallest relative scour depth occurred at the OWF of Lynn and Inner Dowsing (Figure 3
3.F), with values from S/D=0.12 to S/D=0.92, which....”

L277: “influence” should be “influenced”
L342 the word was corrected to “influenced”

P13. Figure 3: | see letters A-I rather than numbered markers 1-9. Please adjust/clarify. Also, I
think “colormap” should be “colorbar”.



P13, Figure 3, the caption was corrected to “Lettered markers (A-1), and colormap was changed to
colorbar.

P14, Figure 4: Please state that these angles are presented in degrees and | do not see the added
value of presenting so many digits. Suggest rounding off to degrees. I don’t think this really is a
percentage (number between 0 and 100) but a number between 0 and 1. To my knowledge the
value in the right column is the absolute value of the cosine of the angle in the middle column. And
why some printed in boldface and others in regular typeface?

Thanks to the reviewer for pointing this out. We have clarified in the caption that the angles are
given in degrees. Furthermore, the column label "Correlation” has been specified as the cosine-
based correlation with S/D. This metric reflects the strength of the correlation (ranging from 0 to
1), with values closer to 1 indicating stronger correlations. On the other hand, the boldface indicates
the variables that have the strongest correlations with S/D. The caption of Figure 4, in page 18 has
been modified:

“Figure 4: a) PCA biplot, illustrating the correlation between variables and relative scour depth. b) The
table detailing the angles between the relative scour depth and the other variables (in degrees), along with
the magnitude cosine-based correlation (values from 0 to 1), where values closer to 1 indicate stronger
correlation.”

L318 space missing, L321 “flow-related”, L323 “in-depth”
L318, L321 and L323 do not longer exist, as the corresponding section was fully rewritten.
L326: why not more directly phrase as “sediment classes” instead of “soil classes”?

Thanks to the reviewer for the suggestion. Our study is following the terminology used by Annad
et al. (2021), where the classification based on ds, was named as “soil classes”, and we want to
maintain consistency with the terminology. As a result, the term “soil classes” is being used in the
manuscript.

L336: This adds up to a total of 727 data points. How does this relate to the numbers mentioned
earlier?

Thanks to the reviewer for pointing this out. Upon revisiting the dataset, we identified a misleading
count in the number of data points. The initial total mistakenly included all turbine grain size
values, regardless of whether corresponding relative scour depth data was available. We have
corrected this by considering only the dso values for OWEs with available S/D data. As a result, the
total number of data points used in the analysis is now 692. This correction has been reflected in
the revised manuscript, specifically in L407-410:

“After clustering, six soil classes were obtained: cohesive sediment ( dgo<63 wm) with 5 data points, fine
sand (63 <dso < 200 um) with 203 data points, medium sand (200 <dso< 630 um) with 249 data points,
coarse sand (630 <dgo< 2000 um) with 170 data points, fine gravel (2000 <dso< 6300 um) with 18 data

points, and medium gravel ( dso> 6300 um) with 49 data points.”

L350 another example of “relative scour depths™?



Please refer to the comment above. This has been revised throughout the manuscript.
L359 “depth” (should be singular)
Thank you. The revised word can now be found in L456

P19, Figure 6: Please be consistent in terminology: replace “normalised scour depth” with “relative
scour depth”

Figure 6, page 25 has been updated in the manuscript, and the terminology was simply established
ash/D

L413: change “relatively minor” into “small”?

L573 minor has been changed into “small”

L416: change “trends” into “correlations” (the word trend suggests something evolving over time)
L577 the word trend has been changed into “correlation”

L424-425: can be shortened into “disagree”

L586 has been shortened to “disagree”

L426 “depth” (should be singular)

L588 depth has been written as singular

L457-460: you mention the influence of water depth on the way wave height impacts the system.
What about the correlation between water depth and current speeds?

L473-476 the correlation between flow velocity and water depths has been mentioned:

“Furthermore, Link and Zanke (2004) observed that maximum relative scour depths tend to develop more
slowly and reach lower values in deeper water depths, even under constant average flow velocity, due to
reduced shear velocity over the undisturbed bed. This highlights that the relationship between relative water
depth and scour is not necessarily linear.”

L482, start of Section 3.5: This comes a bit as a surprise since it is not really prepared for in the

Introduction. How does Section 3.5 contribute to the goal set out in Section 1? Please also see my
earlier suggestion to add a sentence to the Introduction (L99).

L107-109 the introduction for section 3.5 has been included to improve the logical flow and to
better prepare the reader to this section:

“This analysis aims to identify universal drivers of scour across all sites, assess sediment specific
correlations by grain size (ds) clustering (soil classes), and evaluate site specific variability at the level of
three selected OWFs (Robin Rigg, Lynn and Inner Dowsing and London Array). The analysis at the
individual OWFs is conducted in Section 3.5 to examine whether the identified correlations are held under

site-specific conditions, and to better understand how local conditions influence scour behavior”

L552-554: again confusing presentation of S/D-values. Please see my remark on L274.



L803-804 the values were presented in the way the reviewer has suggested:

“..from §/D=0.2 to S/D=2.1. This variability differs markedly from the consistently larger relative scour
depth observed at Robin Rigg and the limited maximum depth of up to S/D=1.0...”

L606, Section 4 in its entirety: | am a bit puzzled as to the role/meaning of this section. Is it a
discussion, part of it, or rather a summary of all results so far. And how does it then relate to
sections 5 and 6 that are still to come? Please reconsider merging the content of sections 4 and 5 -
and consider the header "Discussion” as a title? This would avoid unnecessary doubling with the
conclusion, which would certainly help me as a reader.

Thanks to the reviewer for this observation. We totally understand the reviewers concerns
regarding the role for section 4. To clarify, we have done section 4 to highlight the broader
implications of the identified correlations between relative scour depth and site conditions for scour
predictions frameworks, rather than summarizing the results. On the other hand, the header of this
section has been called “4. Discussion” organized as follows:

“4. Discussion
4.1 Discussion of implications for scour predictions for OWFs
4.2 Discussion of limitations and future research”

L629 Why emphasis on nonlinear?

L904 we emphasize nonlinear, because scour development often shows threshold-like responses
and complex interaction among variables, and those complex interactions are not well captured by
linear models.

L648, again please make sure that Keulegan-Carpenter is properly introduced/explained in the
manuscript.

L204-205 the Keulegan-Carpenter number (K Cy9) has been introduced/explained:

“Additionally, the Keulegan—Carpenter number (KCqq ) was calculated, which is used to determine the
relative influence of drag and inertia forces, the formation of vortices, and the potential for sediment
transport (Sumer & Fredsoe, 2002).”

L665: |1 welcome the structure of the conclusion. Please see how you can incorporate this also in
the aim set out in the Introduction, so as to help the reader in what to expect.

L107-109 the structure from the conclusion has been included in the introduction:

“This analysis aims to identify universal drivers of scour across all sites, assess sediment specific
correlations by grain size (ds, ) clustering (soil classes), and evaluate site specific variability at the level
of three selected OWFs (Robin Rigg, Lynn and Inner Dowsing and London Array).”
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