Dear Reviewer,

Thank you for your comments on the paper. We appreciate the time and effort that
you have dedicated to our manuscript. We have carefully reviewed the manuscript
and rephrased some sections to better communicate the main message. In the
introduction, the structure of the article is more emphasized. The sites and
earthquakes used for the calculations are presented in Figure 2. For interpretation
and justification of the results, we included more details on the methods and the
effect of the subsurface geology on amplification.

We have discussed your main scientific questions and summarized the outcome
below. The editorial suggestions will be also incorporated in the revised manuscript,
which will be uploaded in a later stage. We believe that with the incorporation of your
suggestions, the manuscript has improved.

Response to main scientific questions:

o L165: What is the justification for setting the reference bedrock at 200 m
depth? This hypothesis has been supported neither by the geological profile
nor by geophysical measurement. Is the geology at 200 m depth same
everywhere? Is there any shear-wave velocity profile that shows that the
formation at 200 m depth can be characterized as rock?

Thanks for pointing this out and it is a relevant thought. Indeed, in the
Netherlands at 200 m depth there is no real solid rock. Generally,
amplification is determined with respect to a reference bedrock, but such
reference site does not exist in the Netherlands. Studies by e.g., Poggi et al.
(2011) also derive a reference site that does not correspond to an actual
bedrock site. It is defined as an (average) S-wave velocity profile. We further
simplify the approach by taking the elastic conditions at 200 m depth in
Groningen as a reference, from which we define amplification. Similar
conditions can be found (at the same or other depths) in most of the
Netherlands.

We define reference conditions at depth with a shear-wave velocity of 500
m/s. These are the in-situ shear-wave velocity values that are found, on
average, at 200 m depth, based on studies on the Groningen borehole
network from Hofman et al. (2017) and Kruiver et al. (2017). Overall, the
subsurface composition throughout the country is quite uniform at 200 m
depth and consists of semi-consolidated clastics. The (relatively few) locations
with deviating subsurface conditions are evaluated separately and clustered in
class V. You raised a good point that the term ‘rock’ in line 169 is misleading
here. Section 4.1 is rephrased for more clarity.

e The authors mention that “This depth and corresponding average shear-wave
velocity forms the basis from which the site-response and corresponding
amplification factors (AFs) are estimated in the next sections.” Where is this
shear-wave velocity defined? If the bedrock is defined without any
justification, the estimation of amplification in the entire work becomes highly
questionable. The authors did mention something about Groningen network.



However, they do not show the location of this network with respect to their
data. It's also very unclear how the bedrock has been identified from the G-
network. How can a Vs 500 m/s be characterized as rock condition? How can
this be applicable to all sites, especially in the south where there are older
formations?

Some of these questions are already answered in the previous comment
about how we define the reference shear-wave velocity, using conditions as
found at 200 m depth at stations of n the Groningen borehole network. The
location of the Groningen network is shown in the updated version of Figure 2
(see figure next page).

Overall, the subsurface composition throughout the country is quite uniform at
200 m depth. At some locations similar conditions can be found at shallower
depths. The locations where the reference subsurface conditions do not occur
in the top few hundred meters are evaluated separately and clustered in Class
V. For example in the very south of the Netherlands, Class V can be found.

Figure 1: What does the geological map correspond to? Does it show the
geology at the surface or at any specific depth? The figure does not show
geographical coordinates.

It is the geological map for the surface geology, we added this remark to the
caption. Also, the coordinates have been added.

The description of the geology seems a bit incomplete. Even though this work
uses two 3D geological models, there is not enough discussion about the
geology at depths (e.g., at the base of the Quaternary or below).

Thanks for pointing this out. In Section 2, additional details of the geology at
larger depths are provided.

Figure 2: Lat/Lon should be shown at least for two points on both axes.
Indeed, thanks. More lat/long coordinates are added to the figure.

L 190: The AFs are calculated from the G-network but the location of this
network has not been shown. Do the boreholes with SCPT belong to this
network?

For more clarity, we added a subfigure to Figure 2 showing the Groningen
borehole network and the locations of the local earthquakes used for AF and
ETF computations. The purple triangles are the locations with SCPTs
available.

Find below the updated figure and caption:
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Figure 2: Map of the Netherlands depicting epicentres of all induced (Mw 0.5-3.6, orange) and tectonic (Mw 0.5-
5.8, yellow) earthquakes from 1910-2020. The diameter of the circles indicates the relative earthquake
magnitude. The triangles represent the surface location of the borehole stations (blue), borehole stations with
SCPT measurement (purple) and single surface seismometers (green). The triangles with red outlines depict the
locations of example HVSR curves presented in Figure 9. The inset in the north-east depicts the location of the
Groningen borehole network (G-network). The 19 (Mw >2) induced earthquakes in this panel are used for the AF
and ETF computations. Coordinates are shown within the Dutch National Triangulation Grid (Rijksdriehoekstelsel
or RD) and lat/long coordinates are added in the corners for international referencing.

e The calculation of AFs need to be elaborated in mathematical terms and the
signal processing aspects need to be explained better. The calculation of AFs
for the event shown in Figure 3 can be presented as an example. The 1D
geology and Vs profile at that location could also be presented to show if the
AF could be explained/interpreted.

It is a good suggestion to add the G24 velocity profile and corresponding
lithology. Figure 3 is updated accordingly. The calculations of AFs are also
explained in more detail in the updated manuscript. We decided not to show
the equation since the procedure is easily conveyed in words.

o Which M>2 earthquakes have been used for the AF calculation — the induced
or tectonic ones? How many earthquakes are there? What are their
magnitude-distance distributions? Have they been selected based on good
signal-to-noise ratio?



Thanks for pointing this out since this is important information to add. We
used 19 M> 2 local induced earthquakes, added this number to the text. In
Groningen, all earthquakes are induced (see Figure 2). We deliberately used
the M>2 earthquakes since lower magnitudes are not recorded across the
entire network. By using 19 earthquakes with different magnitudes and
distances, the magnitude-distance relationship (if present) is averaged out.
Furthermore, we also included a signal-to-noise threshold to obtain reliable
results.

Why are the AFs calculated in such large frequency bands? Such results
provide very little resolution for the interpretation of the amplification. Is there
an estimate of the Vs of the sedimentary layer? Is it possible to verify if the
fundamental resonance of amplification is captured within 1-5 Hz band?

You have raised a good point here. The 1-10 Hz band captures the full range
of possible resonance frequencies of most structures in the Netherlands and
is the interval of interest for earthquake engineering purposes. By division into
multiple spectra ordinates, we should design also multiple site-response
zonation maps. This detailed revision is a good suggestion for future work.

Vs30 profiles are available from the SCPT’s obtained next to the Groningen
boreholes. From the relationship between Vs, and sediment thickness of the
Holocene infill (f0O=Vs/4*h) we can conclude that the resonance frequencies
are mostly in the band of 1-5Hz. Van Ginkel et al. (2019) explains the
relationship between the amplification and Holocene infill.

The authors mention that the high AFs in 1-5Hz band is due to fundamental
resonances but they do not provide any evidence to support that.

We refer to the paper Van Ginkel et al. (2019) to show that the fundamental
resonances occur in this band.

L205: Once again, which earthquakes have been used to compute the ETFs?
The computation of the ETFs need to be elaborated with appropriate
examples. This reviewer is not convinced by the interpretation of the ETFs.
Do the ETF50 and ETF200 have similar amplitudes at all sites? Can it be
supported by the geology of some example sites?

The updated manuscript contains more detailed information on the
earthquakes used. Additionally, a reference is added to the methodology of
calculating transfer functions. Almost the entire Netherlands is covered with
thick (> 200m) sediments. At 200 m the subsurface contains Pleistocene
clastic sediments and only the top tens of meters comprise the (very) soft
unconsolidated sediments. So almost everywhere the ETF200 resembles the
ETF50. In Groningen, we observe at all sites with a computed ETF a
relationship with the geology. It is a good point you raised; hence the updated
manuscript includes a few lines on the relationship with the geology

Figure 5: The visibility of this Figure is poor. It’s difficult to verify the
comparison among the curves. The X-axis is not graduated at all.



You have raised a good point here and accordingly the figure will be updated
with larger fonts and a better distinction among the curves.

L235: Which are the sites where HVSR, ETF and AF all are measured?
Please show on the map. How many earthquakes (and their M-R distribution)
are available for those sites? Figure 7 is not well explained and the Figure title
is also unclear.What are the values plotted there? At which frequency?

For the ETF and AF, we use 19 local earthquakes. These are all the M > 2
earthquakes recorded with the Groningen borehole network since it was
deployed in 2015. In the new manuscript we will add a figure in Figure 2
(shown above) illustrating the earthquake epicentres and the boreholes used
for the computations.

The updated manuscript will contain an improved description and caption of
Figure 7. In Figure 7, the y-axis are the AF values computed for the
Groningen borehole network for 1-10 Hz, as presented in Section 4.2.
Furthermore, subfigure labels are added to each panel in order to make
references in the text. Additionally, the description of the axis labels is
adjusted for more clarity.

L 255: It seems that the Vs10, Vs20 and Vs30 values are taken from one set
of sites and the Vs50 is taken from another. Is that so? Which of these sites
correspond to the ones where AFs and ETFs are estimated? How far away
the other sites are?

The Vs10, Vs20 and Vs30 are values from the SCPT data obtained adjacent
to 53 of the 68 borehole sites. Figure 2 displays the borehole locations where
SCPTs have been taken. The Vs50 is computed based on records at the
surface and 50 m deep seismometer for each borehole, as presented in
Hofman et al., (2017), comprising the same sites as the SCPTs. So, all
velocity-values used are at the borehole sites from which also the ETF, HVSR
and AFs are computed.

L 259: How are the depth and size of velocity contrast derived? It's not very
clear from the description. Please provide mathematical formulation.

Thanks for pointing out that this was missing. The velocity contrast is derived
from the SCPT shear-wave velocity values. The contrast is computed by the
division of the two different velocity values bounding each 1 m interval. This
division is done for each 1 m interval over 30 m of SCPT records. The largest
division value is defined as the velocity contrast (VC) and corresponding
depth is the depth of the contrast (zVC).

What is the rational of using the particular functional forms for fitting AF with
Vs and VC? What are x1, x2, x37?

Thanks for pointing this out, indeed this paragraph requires more clarity,
accordingly in the new manuscript we change the x1, x2, x3 to a, b, c to avoid
confusion with Cartesian coordinates. a, b and c are the three unknown



coefficients to be fitted. This line is rephrased for more clarity. The AF-Vs
relationship exhibits an exponential fit, while the AF-VC is logarithmic.

e L 280: Where are these stations located? They could not be found anywhere
in the article?

Figure 2 is updated with the locations of the example HVSR (triangles with red
outline)

e L 292: It's not evident to this reviewer that the borehole ETFs show most
amplification within 50 m depth. Only one random example has been shown in
Figure 5. The 50m, 200m depth values seem more like mere assumptions of
the authors. In Figure 7, the fit between AF and Vs seems more or less similar
for Vs10, Vs20, V30, Vs50. It rather seems that the functional relation could
be slightly different in case of Vs10, Vs20 compared to Vs30, Vs50. As none
of these results have been explained/supported throughout the paper by
concrete geological and geophysical information, the summery and
interpretation of the results seem very ambiguous.

It is an important point you are raising here and accordingly we provide here
an extra figure explaining the assumption that amplification largely occurs
within the top 50m. Hence, Figure 3 below shows the ETF peak amplitudes
for the ETF200, the ETF50 and the absolute difference (ETF200-ETF50) for
the boreholes of the Groningen network. Overall, the small value for
difference indicates that most amplification occurs in the top 50 m. Since the
AF exhibits similar observations as discussed in van Ginkel et al. (2019) we
decided not to include this in this manuscript.
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Figure 1: Bar plot illustrating the absolute difference (yellow) between the peak amplitude over a frequency band
of 1-10 Hz ETF200 (blue) and the ETF50 (red) for each borehole in the Groningen network.. ETF

Secondly, you raised a good point here about missing the link between the
Vs10-Vs20 fit and the geology. Accordingly, we added a few lines in section
4.5 about the relationship:



“In Groningen, the low-velocity and unconsolidated Holocene sediments have
a thickness of 1-25 m and below these depths the velocities increase in the
more compacted Pleistocene sediments. The reduced fitting quality of the
Vs30 and Vs50 arises since the amplification develops mainly in the Holocene
sediments (van Ginkel et al., 2019).”

Furthermore, Figure 8 is updated to show the link between the HVSR and

corresponding sediment profile in order to add more information on the
relationship between the seismological observation and the geology.
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Figure 8: Each panel depicts a probability density function from ambient noise HVSR curves and sediment profile
(Section 5) for 16 stations of the NL-network. The black line represents the mean HVSR and the red line in the
panel of TO6, TO10 and TERZ represents the ETF calculated from 10 local earthquakes. The color bar in the
lower right displays the HVSR probability range that is valid for all panels.

This reviewer is also doubtful about the site classification approach in this
article and, hence, about the entire zonation. Replicating the HVSR-AF
correlation obtained from the limited Groningen area for the entire country
seems a bit heavy-handed. In other studies (e.g., Perron et al.), HVSR has
been shown as a complementary parameter for amplification prediction within
an area where already some estimates of AF exist. The site-specific nature of
amplification must be addressed in a zonation approach.



Thanks for pointing this out and as suggested in your review, we added more
details of the methods and link to geology/geophysics to the updated
manuscript. We believe the site classification approach presented is
reasonable due to the following reasons:

1.

In the Netherlands, the shallow geology is laterally quite uniform
in terms of recent depositional history (see geological map,
Figure 1). Therefore, the correlations obtained from the
Groningen area are quite representative for the majority of the
country. This area contains the most recent Holocene
unconsolidated sediments, as well as the Pleistocene sand that
cover a large part of the country. Hence, a large part of the
typical NL sites is covered within the Groningen region.

For locations with a deviating Holocene or Pleistocene top 50 m,
like the coastal dunes, we analyze the HVSR curves estimated
from ambient vibrations recorded at seismometers throughout
the country and link it to the geology at that site. This is to
expand the sediment classification in order to address the site-
specific nature of amplification.

We observe strong similarities in terms of curve characteristics
and subsurface geology between the HVSR estimations
throughout the country and the HVSR characteristics in
Groningen. This confirms that amplification in the top 50 m
sediment layer develops consistently throughout the country.
Each HVSR curve is linked to the sediment profile classification.
This is justified with more details in Figure 4 of this response.
Due to the uniform sedimentation of the clastics, the AF-HVSR
correlation derived from Groningen seems a reasonable first
approach for country-wide AFs. With more data available on
AFs at multiple locations, the AF-HVSR relationship can be
optimized by using the approach described in e.g. Cultrera et al.
(2014), Perron et al. (2018) and Panzera et al. (2021).

In order to correct for the locations with deviating and shallow
‘bedrock’ (<100 m) conditions, we designed class V. This setting
is absent in Groningen so we are not able to define AFs here.
This class needs further investigation for site-response and AF
estimations and this is discussed in the manuscript.

We are aware that our approach comes with uncertainties and
we address the AF uncertainty in Section 6.3.

Lastly, this manuscript presents a first approach for the
zonation, when more data becomes available, the map can be
updated accordingly. But for a first site-response estimation at
locations with limited data available, we believe our approach is
reasonable.

This reviewer suggests the authors to highlight the geology more and
verify/interpret/constrain the results in terms of the geology of the
measurement sites. It's important to explain the effects of the subsurface
structure/geology on the amplification rather than drawing purely statistical
functional correlations.



Thanks for pointing this out and accordingly we have added more details on
the geology and the relationship with the seismological and geophysical
observations (see the previous points). Also, we refer to van Ginkel et al.
(2019), which reference describes in detail the relationship between geology
and amplification in Groningen.

Your editorial remarks will be incorporated in the new manuscript. Furthermore, the
manuscript is carefully read to address writing imperfections. We hope we cover
your comments and are willing to respond to any further questions and suggestions
you may have.

Sincerely,

Janneke van Ginkel, ElImer Ruigrok, Jan Stafleu and Rien Herber

References

Cultrera, G., De Rubeis, V., Theodoulidis, N., Cadet, H., & Bard, P.-Y.
Statistical correlation of earthquake and ambient noise spectral ratios.Bulletin of
earthquake engineering,12(4), 1493-1514, 2014.

Hofman, L., Ruigrok, E., Dost, B., and Paulssen, H.: A shallow seismic velocity
model for the Groningen area in the Netherlands, Journal ofGeophysical Research:
Solid Earth, 122, 8035-8050, 2017.

Kruiver, P. P., van Dedem, E., Romijn, R., de Lange, G., Korff, M., Stafleu, J.,
Gunnink, J. L., Rodriguez-Marek, A., Bommer, J. J., van Elk,J., et al.: An integrated
shear-wave velocity model for the Groningen gas field, the Netherlands, Bulletin of
Earthquake Engineering, pp.1-26, doi: 10.1007/s10518-017-0105-y, 2017a

Panzera, F., Bergamo, P., and Fah, D.: Canonical Correlation Analysis Based on
Site-Response Proxies to Predict Site-Specific AmplificationFunctions in Switzerland,
Bulletin of the Seismological Society of America, 2021.

Perron, V., Gélis, C., Froment, B., Hollender, F., Bard, P.-Y., Cultrera, G., and
Cushing, E. M.: Can broad-band earthquake site responses be predicted by the
ambient noise spectral ratio? Insight from observations at two sedimentary basins,
Geophysical Journal International, 215, 1442—1454, 2018.

Poggi, V., Edwards, B., and Fah, D.: Derivation of a reference shear-wave velocity
model from empirical site amplification, Bulletin of the705Seismological Society of
America, 101, 258-274, 2011.

van Ginkel, J., Ruigrok, E., and Herber, R.: Assessing soil amplifications in
Groningen, the Netherlands, First Break, 37, 33—-38, 2019.






