General reply

We are very grateful to the constructive comments from the reviewers and Prof Woodwoorth and we
thank them and Dr Williams as editor for their efforts. Our replies are included below in bold. We hope
they are satisfactory and that the paper is now suitable for publication in OS.

SC1
Some comments on ‘Bardsey — an island in a strong tidal stream Underestimating
coastal tides due to unresolved topography’ by Green and Pugh

| am not the topical editor or one of the reviewers for this paper, but | gave it a read and have some
detailed comments that | hope are useful. | thought it was an interesting paper but the text is not very
good and there are many minor problems, especially in the first half. | list these below. | will leave the
official reviewers to comment more on the science.

19, 21, 24, 25 and many other places in the text - there are often mentions of 'altimeter data’ or
"altimetry database’ but the authors do not use that but instead use the outputs of a hydrodynamic
tide model (TPXQ09) in which altimeter data (and possibly tide gauge data) have been assimilated.
There is a difference between these things and "altimeter data’ is a complete misnomer. On the other
hand, sometimes the language is correct e.g. line 18 "altimetry constrained product’. Fine.

- Corrected to “altimetry constrained product” or, more specifically, “TPX09” throughout.

Also everyone knows that altimetry has a coarse spatial (and temporal) sampling and provides
elevations and not currents. But on line 14 we read about tidal streams and next line says they will be
unresolved by altimetry. Well, yes, of course they will, whatever the spatial resolution.
- This sentence (on line 19) has been rewritten: “...and that even in this latest [TPX09]
altimetry constrained product the derived tidal stream is seriously under-represented due to
the island not being resolved.”

So | think the text has to be gone through and the misleading language corrected. | suggest that first
time you refer to “altimeter-derived tide model information’ (or similar) and thereafter just refer to
TPX09, which is what you mean anyway.
- Done when we discuss our results. We have kept “altimetry constrained product” or similar
when discussing the general usability.

18 — observations
- Corrected.

31 - ... constituents have been mapped using altimetry
- Corrected.

32-34 -itis reasonable (or essential) to say e.g. TPXO here, but pointless to refer to FES and give a web
site as you don’t use the FES2014 model in the paper and there is no further mention of it below. |
suggest that you reword to say e.g. TPXO and several other models and give a reference to Stammer
et al. (2014) which the authors will be familiar with.

- Rewritten: “Scientific understanding of global tidal dynamics is well established. Following the
advent of satellite observations, up to 15 tidal constituents have been mapped using altimetry
constrained numerical models, and the resulting products verified and constrained further
using in situ tidal data — see Stammer et al. (2014) for details.”

Define TPXO acronym



- As far as we are aware TPXO isn’t an acronym - it is the name of the database — and there
is not a full name given on the product page.

Also you can add that, because TPXO9 is a model and not a simple altimeter database, it provides tidal
currents as well as elevations.

- We have added “Because many of the altimetry constrained tidal database are models, and
not just altimeter databases, they also provide tidal currents as well as elevations. This is true
for TPXO9 (see Egbert and Erofeeva, 2002 and https://www.tpxo.net/ for details), the
altimetry constrained product used here.”

35, 38 - again, there isn’t an issue with altimetry products but rather with the models that have used
altimetry.
- Thisis clarified in the new text: “...”invisible in altimetry constrained products”.

39 - define GEBCO
- Done

50, 51 - ditto the above. | rest my case.
- Corrected in all cases as mentioned above.

53 - We will make a ..
- Included

54 - .. for tide gauge (TG) locations ..
- Done

55 - in situ is Latin and has no hyphen, as you use correctly somewhere lower down. You could put it
in italics as you do below.
... of the in situ tide gauge measurements).

- All six instances in the text corrected.

Figure 1. There are many problems with this:
(i) In (a) can you please change the political Eire and UK to the geographicial Ireland and Great Britain.
If you insist on the former then | will insist on you showing the border with Northern Ireland.
- We do not insist — corrected.
(i) In (b) there is no (b) shown
- Added
(iii) (b) shows longitudes but not latitudes. Also the caption says ‘map data from GE’ but there is no
bathymetry shown (that would be essential | would have thought, surely you can get bathymetry to
50 metres or so from recent European databases) or land topography so | don’t see where GE comes
into this.
- Updated with bathymetry.
(iv) in the box for location East, the two sets of amplitudes and phases run into each other with no
space.
- Fixed.
(v) line 1 of caption meters should be metres as most of the paper has UK English spelling. line 3 -
locations. line 3 - drop ’les’ line 3 - | can’t see any blue crosses. It may be that there are both green
and blue dots, | can’t tell, but they overlap and you can’t see them separately and some people will
also have problems telling green from blue.
- Rectified, they are now black stars.



Also Bardsey Island has no space.
- Fixed
line 4 - Phases should be phases to be consistent with elsewhere. line 5 — amplitudes should be M2
amplitudes, and then it should say ‘the black numbers show ...’, phases should be Greenwich phase
lags and two minutes should be approximately 2 minutes, and for each tide gauge’ should be ’for each
tide gauge record’. Somewhere in the caption one should also refer to Table 1 and the caption should
also mention the arrows. It is important to refer to phase lags instead of phases as (i) they are lags
anyway, and (ii) you also use the word phase to refer to a set of measurements.
- All suggested corrections done; the caption now reads “Figure 1: a) Map of the European shelf
showing M, amplitudes in meters, from TPXO9.
b) details of local topography and tidal characteristics in the vicinity of Bardsey Island. The
symbols mark the TG location, with green ellipses denoting phase 1, black stars phase 2, and red
triangles phase 3. Note that East was occupied twice, during Phases 1 and 3. The red numbers in
the text boxes are the amplitudes (in meters) and the phase lags on Greenwich (in degrees, one
degree is almost two minutes in time) from the harmonic analysis for each tide gauge. The
bathymetry comes from EMODnet (https://www.emodnet-bathymetry.eu/).”

88 - I don’t think 3.2-16.5 is consistent with ‘a few tens’ which to me means a much larger number.
- This has been clarified — we are referring to the lateral distance as a few tens. It now reads
“The other instrument deployments were bottom mounted a few tens of metres laterally
offshore, and in depths between 3.2 m and 16.5 m”

91 - this should read 'using the Tidal Analysis Software Kit of the National Oceanography Centre (NOC,
2020)’ and then add NOC (2020) with the web reference to the reference list.
- Corrected

98 - say when Ophelia was
- Added: “..hurricane Ophelia, which had maximum local wind speeds on 16 October 2017.”

99 - in situ
- Corrected as mentioned above

| don’t think a reader will automatically understand why the consistency of tidal age (and will he know
what that is anyway?) and S2/M2 ratio is important. It could do with some extra words and a reference
to Pugh and Woodworth (2014). Also | felt at this point that there should be a para describing Table
2. The table sort of stands alone and is not really mentioned in the text although there are occasional
mentions of it. But a para here would be justified. For example, why did you choose just to show M2,
S2 and M4. Then, you are inviting the reader to compare the tide gauge and model values, but S2 is
not strictly comparable as the measurements will come from pressure sensors and so include the air
tide. You need to mention points like this before the reviewers do.

- We have expanded this section to cover all of these points: “A good indication of the internal

quality of the in situ observations and analyses is given by the consistency in the tidal ages and
S2/M; amplitude ratios . The tidal age is the time after maximum astronomical tidal forcing
and the local maximum spring tides, or approximately the phase difference between the
phases of S; and M, in hours, whereas the amplitude ratios are related to the spring-neap
amplitude cycle. These are given in the final columns of Table 2. The effects of the storm were
not noticeable in the tidal signals, as they were at very different natural frequencies. The
subsurface pressure measurements at Bardsey include atmospheric pressure variations, and
any tidal variation therein. However, at these latitudes the atmospheric pressure S, variations
are very small. At the equator the atmospheric S; has an amplitude of about 1.25 mb, which



decreases away from the equator as cos3(latitude) , so at 53° N the amplitude is reduced to
0.26 mb, a sea level equivalent of 2.5 mm. In Table 2 the three constituents listed are the two
biggest , M2 and S,, and as an indicator of the presence of shallow water tides, M4 the first
harmonic of M, . These shallow water effects are enhanced around the island because of
curvature on the directions of current flow.”

104 - 1 minute
- Corrected.

Table 1 - column 3 should say East Longitude, 4 should be Time and Date Deployed (hour (GMT), day,
month, year), 5 should be Time and Date Recovered (hour (GMT), day, month, year), 6 should be Mean
Depth It is important to spell out the date convention as there is often ambiguity between US
and UK conventions.
Phase 2 deployed times have an extra /

- All corrections done.

108 - for the reasons explained above | think the title should be Tide Model Information and then the
first sentence should read ‘The tide model used in this paper is that of the TPX09 ATLAS which is
derived from assimilation of both satellite altimeter and tide gauge data (Egbert and Erofeeva, 2002).
Actually | was surprised to learn lower down that you say TPX09 included some tide gauge data as
well as altimetry. Well, ok, if that is case the above sentence is needed.

- This is now more specific than suggested and called “TPX09 data”. The regional TPXO Atlas
products include some TG data (whereas some is used for validation and error
quantification). TPX09 is a conglomerate including the regional solutions, so the text has
been amended to “The altimetry constrained product used in this paper is that of the TPX09
ATLAS which is derived from assimilation of both satellite altimeter and tide gauge data
(Egbert and Erofeeva, 2002).”.

112 - using the word 'astronomical’ in this way is a bit strange. But as you say you are making some
kind of analogy with Highest Astronomical Tide. But | wonder if it would better to define some
acronym here such as GA to mean 'Greatest Astronomical’. Also, many times below you refer to
astronomic and not astronomical which must be the same thing. Use an acronym instead.

- We have opted to rewrite this as “In the following calculations, we approximate the largest
tidal current speeds or amplitudes as the sum of the amplitudes of the above four tidal
constituents. Of course this is only a crude estimate of the full Highest and Lowest
astronomical tides. Note that we are not allowing for M, to M4 phase locking, and the relatively
small diurnal tides are ignored. We refer to this as the GA (Greatest Astronomical) in the
following.”

114 - drop 'we discuss’. reword ‘This term is thus analogous to’
- Done, see above.

119 - give a reference to SNAP 7.0
- Done: “were created with SNAP 7.0 (Sentinel Application Platform;
https://step.esa.int/main/toolboxes/snap/)”

123 - why was this hour chosen and not an hour later for example?
- Because this was when the satellite passed over the region; Clarified in the text: “The images
used were taken between 11:00 and 12:00 UTC, when the satellite passed over the area.”



129 - reword. Summary of findings for M2, S2 and M4 from harmonic tidal analysis of tide gauge and
TPX09 model data. The latter were ... locations given ... drop ‘to ease reading’
- Done and the caption now reads “Table 1: Results of the tidal (TASK) harmonic analyses. “H”

is amplitude (in m) and the phases “G” (degrees relative to Greenwich) are given in italics. The
TPX09 data was interpolated to the TG locations and the resulting data given to 0.01 m. The
in situ RBR data results are given to 0.001 m and 1.0 degrees. However, for regional
comparisons we assume confidence ranges of 1% for amplitudes and 1.0 degrees for phases.
RBR constituents are adjusted for nodal and seasonal variations.”

Good to have in situ in italics and no hyphen.
Top left of table should be Station
- added
You have TPXO here and in places in the text. It would be best to use TPX09 throughout. line 1 of
phase 2 has TPX0O9 phase to 4 decimal places instead of 2
- Corrected to TPX09 throughout. Decimal places amended.

135 - phase lags
- This is now “In situ observations”

137 - .. (west) (Table 2).
- Included

| struggled to understand some of the numbers in this para. For one thing why do -14 and -9 have

minus signs as you don’t specify by difference whether it is east-west or west-east. Then surely at

springs the amplitudes will be larger in the east by 16 cm (8 from M2 and 8 from S2), compared to

spring total amplitude of about 1.8 m, which gives 9% to me and not 14.

Then | don’t see where the 9% comes from along-island as you don’t have a sensor in the south

anyway. So please can you spell out things so there is no confusion? Also | don’t see where 30 cm

comes from - do you mean +/- 16 cm?

- We have corrected and clarified the paragraph: “The results of the tidal harmonic

analyses are shown in Table 2. A spring-neap cycle of parts of the data from the East and
West gauges in Phase 1 is plotted in Figure 2a. The TG data show amplitudes of 1.210 m
(North), 1.347 m (East) and 1.139 m (West, see Table 2). These give pressure gradients around
the island. The narrowest part of the island, some 300 m separates the East and West sites.
Here, across-island difference in amplitude give, on spring tides a level difference across 300
m of up to 0.5 m. There is also 6.5° (13 minutes) phase difference for M; across the island
between the east and the west, with the east leading, consistent with the tide approaching
the island from the south and east and then swinging north and east around the LIyn Peninsula
headland. Figures 2 b, ¢ show the across island level difference plotted against the measured
level at East for two representative days of spring and neap tides. Obviously, the differences
are smaller for neap tides. The plots show that the East levels are some 0.5 metres higher in
the East than on the West, at High Water on spring tides. On neaps the excess is only about
0.3 m. The differences on the ebb tide are slightly reduced, probably because the direction of
flow is partly along the island, steered by the LIyn Peninsula.”

150, 151 - phase lags. altimetry data again!
- Corrected.



152 - .. is a substantial model deficiency in representing the role of the island due toits limited

resolution, resulting in ..
- Corrected: “is a substantial deficiency in the TPXO9 model in representing the role of the
island due to its limited resolution, resulting in a 13% difference in amplitude between the

TPXO and TG data at station East. “

159 - drop the comma
| must say | don’t find this para very surprising.
- Comma corrected and the lack of surprise noted.

162 - you mean 'As a representation of the shallow-water harmonics, ..’
- Indeed, rewritten as suggested.

168 - altimetry alone. Ditto again.
- Corrected.

173 - you have this the wrong way round. East is on the x-axis so you plotting the difference versus
east.
174 - what does the first data point of the day’ mean? Do you mean 0 hr on the day.
The caption is rewritten; “Plots of the East-West elevation difference vs. the elevation at East
for springs (b, day 147) and neaps (c, day 154). The red stars show the data point for 0000
hours on the day. The progression is clockwise.”

Figure 3: (i) the colour scale says current amplitude but the caption says current magnitude. | suggest
use magnitude for both. Then line 185 says they are spring flood and neap flood but the caption says
neap ebb and spring flood. And then because (b) looks to have smaller values anyway | guess that is
for neaps? Anyway this is all inconsistent.

- We opted to change the caption to “amplitude”. The figures show spring flood and neap ebb
and the text has been corrected. The full caption is now “Figure 2: The current amplitude
(colour) and vectors at spring flood (a) and neap ebb(b) from TPX09. The white circle shows
the location of Bardsey — note that it is not resolved in the TPXO9 data and has been added

for visual purposes only. ”

184 - perhaps it would be best to also have the Admiralty chart in the reference list.
- Added.

194 - strait. You have called it a sound elsewhere
- Corrected.

199, 201 and elsewhere - astronomic - see above
- Corrected throughout to “GA tide” as suggested above.

244 - this is not a suitable heading for a science paper. | suggest you have something like ’Island Tidal
Wakes’ and by all means express your reservations in the text.
- We disagree with this, and the formal reviewers have not raised concerns, so we will keep
itasitis.

245 - altimetry data again
- Corrected.



246 - computation of what
- Changed to “..so our computations of the energetics and non-dimensional numbers are
conservative.”.

253 - this sentence has no verb
- Now it does —rewritten as “The Simpson-Hunter parameter is X = h/u® = 70 for Bardsey Sound
(Simpson and Hunter, 1974).”.

266-269 - this sentence needs rewording. Makes no sense
- Rewritten as “This means that fully developed eddies can be generated at the higher flow
rates, because our tidal period (12.4 hours) is longer than the vortex shedding period a few
hours). However, at neap flows there is no time to develop a fully separated vortex within the
timeframe of a tidal cycle.”

Figure 4: needs (a) and (b) adding.
- Added

272 - mentions Landsat 8 twice. 273 - is halfway. 274 - 3b should be 4b.
- Corrected: “Figure 4: Landsat 8 images from October 5, 2017 (a) and September 13, 2018 (b)
from Landsat 8. The tidal phases are halfway through the tidal cycle on the neap flood in a)
and just after spring high tide in b)....”

278 - 3a should be 4a
- Corrected

You say here 4a and 4b are neaps and springs but in the caption says halfway between and after
springs. Also | had to read this twice as from the caption | originally understood that to mean just after
a particular spring tide (say an hour after) whereas what | think you mean is after a period of springs
(like a day later). Anyway, can you please make this clearer?

- Clarified, see above.

286 - altimetry-constrained models
‘where the bathymetry is unresolved’ - you mean unresolved in these models. There are in fact decent
bathymetry databases available - | suggest you use them for Figure 1(b).
- Rewrtitten: “...highlight the limitations of altimetry-constrained models near coastlines where
the bathymetry used in the model is unresolved...”.

292 - one is not 'relying solely on altimetry’ for the reasons above. You are relying on the models.
- Corrected to “...altimetry constrained models...”

301 - sea level
- Corrected

302 e.g. —> for example
- Our preferred use is e.g., and we have kept that.

reference - please check that you have included them all. Pugh and Woodworth (2014) for example is
missing.
- Corrected






RC1
| think the ms invokes an important issue on the estimation of tidal dissipation using an altimeter-
based tidal product, which is widely used worldwide. In my view, the observations were designed with
care and conclusions seems to have supported sufficiently by the text. | therefore think the ms would
be considered for publication after making technical corrections shown below.
- We thank the reviewer for their constructive comments and hope that they find the revised
version of the manuscript suitable for publication.

Specific issues:
P5L133 Table 2: M2 amp for Stn NE/TPXO (1.5m) is probably 1.15m.
- Indeed, thank you for spotting. Corrected.

P6L170 Fig.2(a) (this is just a comment and need not to response) In my view, the sea level (especially
at site E) seems to show some asymmetric feature, i.e., shorter duration of flood. Is there any possible
mechanism leading such a feature?
- Yes, itis a tidal asymmetry due to frictional effects and represented by higher harmonics in
the harmonic analysis.

P7L178 (Fig.3 colour bar legend) | suggest modifying the legend from "current amplitude" to "corrent
magnitude", as stated in the figure caption, to avoid a misunderstanding that the property is compiled
solely by a single tidal constituent. For the Fig.3 caption, explanation for (a) and (b) is opposite.
- Bothissues have been corrected (see also the reply to Prof. Woodworth’s short comment):
“The current magnitude (colour) and vectors at spring (a) and neap (b) flood tides from TPX09.
These are computed from the M2 and S2 constituents only. The white circle shows the
location of Bardsey — note that it is not resolved in the TPX0O9 data and has been added for
visual purposes only.
- ¢) The magnitude of the tidal current during a spring-neap cycle in the Sound using the M2,
S2, and M4 constituents in the TPX09 data.”.

P7L199-200 I could not follow how the two figures deltaH=0.07 and Uastro, sm=1.5m/s were deduced
(using values in Fig2a?). Please add a brief explanation on this point.

- This is indeed confusing and this paragraph has been rewritten in the light of the new far-
field current calculations: “ This is illustrated in the TPXO9 spring and neap flood currents in
Figure 4a-b, and the magnitude of the current in the Sound in Figure 4c. These currents are
weaker than the far field estimate using Eq. (1) above. For spring tides, TPXO9 shows a current
of up to 1.5 m s-1 in the Sound and 2.5 m s-1 in the far field, whereas the TG data and Eq. (1)
comes out at 3.7 m s-1 from Eq. (1) for the spring tide far field (cf. Figures 3 and 4). For neaps
the corresponding values are 0.6 m s-1 in the Sound and 1.5 m s-1 in the far field from TPXQ09,
and 3.0 m s-1 from the TG data and Eq. (1). The local sea-going experts (Colin Evans, pers.
comm.) and the Admiralty chart for the Sound (Admiralty, 2017) state a current speed of up
to 8 knots, or 4 m s-1, so TPX0O9 underestimates the currents in the strait with a factor ~2.5,
whereas the observations, even under the assumptions behind Eq. (1), get within 10%. One
can argue that the sea-level difference along the strait will lead to an acceleration into the
strait as well (see e.g., Stigebrandt, 1980), that could be added to the far field current.
However, frictional effects will come into play and a large part of the along-strait sea level
difference will be needed to overcome friction and form drag (Stigebrandt, 1980). In fact, of
the 0.32 m GA sea-level difference between South and North Mainland (see Table 1), only
0.006 m is needed to accelerate the spring flow from 3.66 to 4 m s-1 in Eq (1). That means

that almost the complete sea-level different along the strait is due to energy losses.”



P8L206-207 | suggest removing of a phrase "take the TPXO speed ... as North Mainland, and" to make
the context clear. The assumption of using the u_sm was already applied to the discussions developed
in the previous paragraph and probably need not to be repeated here.

This has also been rewritten using the new current estimates and the TPXO currents instead. The
paregarph now read “To first order, dissipation can be computed from the TPXO9 speed and from the
observed amplitude drop along the Sound by comparing the tidal energy flux, Ef, between the two
locations. A decrease in the energy flux between two locations can be associated with local dissipation
of tidal energy as the wave propagates them (see e.g., Green et al., 2008). The flux of tidal energy is
given by (e.g., Phillips, 1977)

Ef = 0.5c,pgH? (3),

where H is again the tidal amplitude and ¢; = \/ﬁ is the speed of the tidal wave (h is the water depth
in the Sound, taken to be 37 m), and p=1020 kg m-3 is a reference density. The dissipation, ¢, is then
the difference in energy flux between the two mainland TG locations, or € = 0.5cgpg(H§M — HZ ),
taking ¢, constant because h changes little between the TG locations. Using the TG amplitudes, the GA
tide would then dissipate 119 kW m™. Over the 3.1 km width of the Sound, this integrates to 368 MW.
The M2 tide contributes 31% of this, or 131 MW. This is approximately 0.06% of the total M;
dissipation on the European shelf estimated from TPXO9 (see also Egbert and Ray, 2000), and is a
reasonable estimate for such an energetic region. Note that this method is independent of the phases
between the locations, nor does it depend on the phases between the amplitudes and currents.

The dissipation in a tidal stream can also be computed from & = pCp,|u|?, where Cd~0.0025 is a drag
coefficient (Taylor, 1920). Using the TPXO9 current speed in the strait, assuming the Sound to be 3.1
km wide and 2 km long, the GA spring dissipation comes out as 35 MW (u-1.5 m s-1), and the M,
dissipation (using a current speed of 1.2 m s-1) as 23 MW. This is a substantial underestimate (factors
of 10 and more than 6, for the GA and M tides, respectively), which again highlights the importance
of resolving small-scale topography in local tidal energy estimates, and the use of direct observations
in coastal areas to constrain any modelling effort. This dissipation here is only a small fraction of the
European Shelf and coastline, and although the Bardsey tides are unusually energetic, underestimated
local coastal energy dissipation may be substantial in the TPX09 (and similar) data and numerical
models.”

P8L228 | guess a factor of 0.5 is missing in the definition of the dissipation. In addition, please indicate
the actual depth adopted when estimating the dissipation value.
- See reply above — corrected.

(comment, no need to response) | personally am interested in the impact of the Llyn Peninsula being
tilted diagonally (toward NE and SW) against the axis of the Irish Sea and the difference between the
main direction of the flood and ebb current around the island indicated, e.g., by Figs.2b and c. This is
obviously beyond the range of the current study and looking forward investigating in a near future.
- We agree, there’s a lot more to be done on this topic. Note, however that the tidal stream
hits the island’s broadside (see Figure 1).



RC2

Overview: In the manuscript titled “Bardsey — an island in a strong tidal stream”, Green and Pugh
compare tidal constituents based off of in-situ pressure measurements with constituents derived from
a satellite data product. They find that the resolution of the satellite data product is insufficient to
accurately describe tidal variations in a small-scale tidal strait. As a result, estimates of tidal dissipation
based on the satellite product are biased low. The use of satellite-ocean color measurements to
describe the vortex shedding caused by the strong tidal currents in the tidal stream is explored.

Evaluation:
Overall, this is an interesting topic and the influence of small scale bathymetry is probably worth
bringing to the attention of global modelers and satellite altimetry users. However, the manuscript
and the analysis can be improved. For example, the discussion of turbulence and dispersion is vague
and can be misinterpreted (see below). The overall framing and importance of the paper can be
improved, for example by more specifically discussing why satellite-based or global model based
estimates of dissipation matter (see other comments below). Also, a more in depth analysis of the
tides is warranted.
- We thank the reviewer for these suggestions, and we have endeavoured to better motivate
the study and explain why dissipation matters in the revised manuscript. The tidal analysis
is now extended as well.

What are the error statistics on the tidal fit (e.g., RSME) and the uncertainty bounds on the
constituents?
- These have been added to the paper. The measurements are accurate to fractions of a cm,
and we have added this to the text.

Did you correct for atmospheric pressure in your in-situ measurements, and does that make a
difference (given that a hurricane occurred, maybe it does)?

- No, because it doesn’t matter for tides; the harmonic analysis is frequency specific and will
ignore the storm effects; we have added “The effects of the storm were not noticeable in the
tidal signals, as they were at very different natural frequencies. The subsurface pressure
measurements at Bardsey include atmospheric pressure variations, and any tidal variation
therein. However, at these latitudes the atmospheric pressure S2 variations are very small.
At the equator the atmospheric S2 has an amplitude of about 1.25 mb, which decreases away
from the equator as [cos] 73 (latitude), so at 530 N the amplitude is reduced to 0.26 mb, a
sea level equivalent of 2.5 mm. In Table 2 the three constituents listed are the two biggest,
M2 and S2, and (as an indicator of the presence of shallow water tides) M4, the first harmonic
of M2. These shallow water effects are enhanced around the island because of curvature on
the directions of current flow.”

Can tidal statistics derived from 1 month of data be accurately compared to a satellite-based estimate
that is obtained from years of sparse data, particularly M4? Perhaps it can, but given the conclusions
of the paper this should be explored as an alternate hypothesis for why in-situ and satellite
measurements do not agree. Similarly, are there other reasons why a satellite-based estimate may
not work well at the coast, beyond resolution?

- We argue that it can. After all, the observations really show what the tide was doing, to a
very high accuracy. They don’t agree, so if you had used TPX09 to estimate the tides for the
area you would miss out on about NN% of the signal. Land interferes with the actual data
return from the satellite because their footprint is quite large. But the altimetry data is
assimilated into a numerical model solution, so we feel that the resolution of that model —
2 nautical miles at best - is certainly a large source of error.
The following paragraph is now in the text to justify this: “Amplitudes and phases of tidal



constituents based on short periods of observations need adjusting to reflect the long term
values of amplitudes and phases. The values in Table 2 have been adjusted for both nodal
effects and for an observed non-astronomical seasonal modulation of M2. Standard harmonic
analyses include an automatic adjustment to amplitudes and phases of lunar components to
allow for the full 3.7%, 18.6 year modulation due to the regression of lunar nodes. However,
the full 3.7% nodal modulation is generally significantly reduced in shallow water and shelf
seas, so local counter adjustments are needed. The nodal M2 amplitude modulation at
Holyhead, the nearest standard port, is reduced to 1.8% (Woodworth et al., 1991). We have
used this value in correcting the standard 3.7% adjustment. The M4 nodal modulations are
twice that for M2. The seasonal M2 modulations are generally observed to have regional
coherence, so we have used the seasonal modulations from 9 years of Newlyn data (in the
period 2000-2011). M4 is not seasonally adjusted, and S2 is not a lunar term, so is not
modulated nodally. These very precise adjustments are possible and useful, but overall as
stated in the caption to Table 2, for regional comparisons we assume, slightly conservatively,
confidence ranges of 1% for amplitudes and 1.0 degrees for phases. ”

The discussion of tidal velocities—and the comparison to a value in the Admiralty chart—is rather
vague.
- This has been rewritten — see reply to RC 1.

Surely there must be other measurements (e.g., ADCP measurements) or papers, either in reports or
the scientific literature? Maybe not, but it is not clear that an exhaustive search has been made to find
such values. Similarly, would suggest that authors check that the tidal phase velocity really is sqgrt(gh),
given their method of estimating dissipation.
- Not that we are aware of, and we did shop around. A comment has been added about the
phase relationship.

The use of Landsat is quite qualitative, and could be improved by providing more details and examining
many more images (it is not clear whether the figures shown are representative, or just a lucky
coincidence).

Yes, it is because we brought these into illustrate to wider implications, not to make a full analysis
of the wakes. We have clarified in the text that these are the only images during the measurement
periods where Bardsey is visible. This is the reason for why the discussion is brief. Also, focus of the
paper is really the effect on the tidal stream itself, rather than downstream effects. This has been
clarified: “Landsat-8 data images were used to identify possible eddies in the currents and further
illustrate unresolved effects due to the island. Note that we are not aiming for a full wake description
in this paper. ... and the two images were the only cloud-free ones during the measurement periods
that were on different stages of the tide.”

Finally, the manuscript is still a bit ‘rough’—in many places, the writing and development of the
argument could be made more succinct or focused (see comments below). In addition, the literature
reviewed/discussed could/should be expanded (see suggestions below).

- The text has been reworked based on the comments from all reviewers.

Specific Comments
Line 14—“some 3 km wide, it is surrounded” —run on sentence. Split into two sentences?
- Done

Line 20 “seriously under-represents” is a bit colloquial and vague. Can one be quantitative? “Seriously”
is also used later—would suggest rephrasing, here and elsewhere.



- Done throughout.

Line 23 “at the mainland than at the island” —do you mean near the mainland and near the Island?
- No, we mean the observations, taken very close the coast, and don’t think this warrants
rewriting.

Line 31 “several tidal constituents”—How many, and which ones? Would be good to be specific.
- Good point, this now reads . Following the advent of satellite observations, up to 15 tidal
constituents have been mapped using altimetry constrained databases...” We see little point
in listing the 15 constituents — they are provided on the TPX09 webpage.

Line 34-37—In terms of satellite data analysis, my understanding is that coastal regions have more
error. Some of the products out of JPL are specifically tuned to coastal conditions. Perhaps you can
comment on some of the near-coast altimetry issues, with references?
- Comment added (see above as well): “However, new correction algorithms improve the
satellite data near coasts (e.g., Piccioni et al., 2018), but this is yet to be included in global tidal
products.”

General comment: At some point (Introduction? Conclusion?) might be good to mention the new
SWOT mission, which has much higher resolution and might make the issues described here obsolete.
If so, what lessons might still be used for global tide models (and other global models)? Or, phrased
differently, if global models are not modeling coastal dissipation correctly, how are they (incorrectly)
compensating for that in calibration, and what might be the consequences of that?

Fair comment, and this has been added to the discussion: “Future satellite mission may be able to
resolve small islands like Bardsey, and improved methods will allow for better detection of the
coastlines. In order to obtain tidal currents, however, one still has to assimilate the altimetry data into
a numerical model and it will probably be some time before we can simulate global ocean tides at a
resolution good enough to resolve an island like Bardsey. ”. As for the dissipation: it will probably be
slightly overestimated in the offshore cells and underestimated closer to the coast, so the regional
total is most likely accurate. This has not been added to the paper, however.

Line 45—"“Rocky mélange”—is this a technical term? Have never seen mélange used outside of novels,
but then again I’'m not a geologist.
- Itis a correct geological term describing a large-scale breccia. No changes have been made.

Line 49—Awkward phrasing (“and the separating Sound”)
- Rewritten: “...island and the Sound means...”

Line 50 “this will lead to effects induced” —what kind of effects? Would be good to be specific
- Clarified: “This will lead to the effects of the island on the tidal stream, e.g., flow
acceleration/blocking and wake effects, being missed in those products.”

Line 51 would avoid the use of “very”. Also, commas would be good here, as in “uncaptured (by TPXO),
active, local tidal”
- Amended: “The uncaptured, by the altimetry constrained data, active local tidal dynamics”

Line 54 “We will do a direct comparison of tidal amplitudes around the island” What kind of

comparison? Using what methods? A bit more specificity would be helpful.
- Yes, this is vague and now reads “We will make a direct comparison of the tidal amplitudes
and phases measured by the bottom pressure gauges around the island (see Figure 1b for tide



gauge (TG) locations and a summary of the in situ tides). We also consider whether, and when,
in the tidal cycle, flow separation occurs in the wake of the island.”

Line 60—what are the units on your kinematic viscosity, which equals dynamic viscosity divided by
density? Usually this is on the order of magnitude 0.000001 m”2/s, not 100 as mentioned here. Or is
“100” a dispersion coefficient? In that case, would seem to be incorrect to call this a kinematic
viscosity, in my opinion (even if units are the same). If you are using a diffusion (dispersion) coefficient,
which is often based off of a Reynolds number decomposition/gradient diffusion assumption, would
also not call this a Reynolds number. Perhaps there is some modifier one can put in front of “Reynolds
number”, to distinguish it from the usual one. Similarly, wouldn’t say this ratio is measuring a
transition to turbulence. The flow is turbulent down to a scale of about 1mm (per inertial cascade, to
Kolmogorov number). Though I’'m not familiar with this “Reynolds number” literature, would assume
that this ratio gives some indication of the likelihood of forming large, quasi-2d vortices (what you are
calling “turbulence’) vs. having those vortices broken up by dispersive processes (turbulence, shear
dispersion, chaotic dispersion....).

- This is a fair comment. Our value is actually an effective horizontal diffusivity, and 100 is a
reasonable value for that. The text has been updated to state this, but we still have not
changed the name of the Re parameter in line with the cited literature. The paragraph now
reads “We will use some basic fluid-flow parameters. Transition to turbulence can be
parameterised in terms of the Reynolds number, Re, defined as Re = UD/v, where U is a
velocity scale, D is the size of the object, and v~100 is a horizontal diffusivity (see, e.g.,
Wolanski et al., 1984 for details). It indicates when there is a transition to flow separation
behind the island: at low Reynolds numbers, Re<1, the flow is quite symmetric upstream and
downstream, and there is no flow separation at the object. As the Reynolds number is
increased to the range 10 < Re <40, laminar separation happens and results in two steady
vortices downstream. As Re increases further, up to Re<1000, these steady vortices are
replaced by a periodic von Karman vortex street, whereas if Re>1000, there is a fully separated
turbulent flow (Kundu and Cohen, 2002).”

Would note that 2D turbulence is much different than 3D turbulence. The implicit assumption you
seem to be making is that once the eddies are formed, they are turbulent. Is this strictly speaking
correct? The aspect ratio (horizontal to vertical) of these eddies must be very large, where-as in well-
developed turbulence energy should be distributed evenly in x,y, and z (not possible due to continuity
in a large eddy in a shallow sea). What is the aspect ratio? Might be good to explore and discuss
somewhere, and whether it has any implications for the results. How is the evolution of a 2D eddy
different from a 3D eddy? How might bottom friction (or sidewall friction) impact the eddy and make
it only quasi 2D? In 3D turbulence, there is a cascade of turbulence from large to small scale. In 2D
turbulence, that is not the case—energy transfer goes from small to larger scale (e.g., as when small
vortices combine to create a larger one). This is not a paper designed to look at such turbulence issues.
However, would be good to be more careful in how turbulence is discussed.

- The aspect ratio is ~10-100, assuming these reach the seafloor (and there is no reason to
assume that they shouldn’t in a strong barotropic unstratified flow). The eddies act as a sink
of tidal energy, which is what we are interested in, and their exact nature is maybe not
entirely relevant to this paper. Consequently, we feel that discussing the eddies further will
not add to the paper. We note that they are there, and that they complicate the picture of
the flow around the island in a way that may not be captured in numerical models, as we
already discuss.

Introduction, general: It would be good to briefly review that these small scale ‘straits’ such as the one
being studied are ubiquitous, to frame the larger importance. Angelsey Island in Wales is a nearby
example, perhaps. All over the world, there are many Island archipelagos, and some have strong



currents such as mentioned here. For example, there is the Greek legend of Charybdis, maybe related
to currents through the Strait of Messina (Sicily); see https://en.wikipedia.org/wiki/Strait_of Messina.
In Puget Sound, there is Deception Pass (https://en.wikipedia.org/wiki/Deception_Pass ). Within San
Francisco Bay, there is Raccoon Strait. Between New York Harbor and Long Island Sound, there is Hells
Gate. There are surely many other examples in the world, and some of them may have been studied
or at least have references to large currents and whirlpools. Including some information on or review
of them may help frame the broader significance of this study.

- Good point, although Anglesey is certainly resolved in the databases we discuss. Also, we
do provide a general overview in the introduction that states that any small island will be
unresolved, and we are a bit reluctant to bring in further examples, especially since (to our
knowledge) this is the first time this type of study — a direct comparison of the effect of a
small island compared to altimetry constrained products - has been conducted.

Introduction, general: A brief review of diffusion and dispersion might help frame the “viscosity” you
use in your “Reynolds number” (assuming my interpretation above is correct). What is shear
dispersion, and is it potentially important here (see for example the book by Fischer et al, from 1979)?
What is chaotic dispersion, and is it important here (see Zimmerman, 1986, and de Swart et al., 1997)?
How can a jet or plume cause horizontal dispersion (e.g., Fong & Stacey, 2003)? What is turbulent
diffusion, and is it important here (usually, it’s smaller than shear dispersion caused by lateral velocity
gradients, but it also depends on the time scale you are considering—shear dispersion becomes
effective at larger time scales than turbulent eddy viscosity (and so on).

- Another fair point, albeit see our response above. The aim of the paper is to investigate how
the island change the tides, particularly the tidal stream, and discuss wider implications of
those changes. The wake effects were added as an example of an effect that may not
necessarily be considered in a modelling or altimetry constrained investigation, but it is not
the aim to discuss those in detail, and what has been suggested is most likely not important
for the tide but a consequence of the tide. Consequently, we opt to not add any more
literature.

Introduction, general comment 3: You could also review the “shallow turbulence” literature, which
seems like it might be relevant here. Uijttewaal & Booij, 2000 and Uijttewaal & Jirka, 2003 discuss a
“shear stability parameter”. Uijttewaal & Booij, 2000 find that eddies produced by lateral shear
(du/dy) become increasingly suppressed by bottom boundary layer turbulence as depth decreases.
They find that the growth of lateral shear-induced eddies is limited when their shear-stability is greater
than approximately 0.1. Again, it should be noted that 2D turbulence is quite different than 3D
turbuluence. This generally it isn’t much considered in shallow coastal waters, or at least | haven’t
come across it very much. But maybe there is some more literature since | last thought about it.

- See comment above. We agree that 2D and 3D turbulence are very different, but it is again

not the point of this paper to discuss that.

Line 89—Did you adjust your pressure measurements for atmospheric pressure variations? If you
didn’t, would probably be a good idea to do so, just to be complete and make sure that it doesn’t
significantly alter your analysis. This is particularly true in your “phase 2” result, in which there was a
hurricane.

- No, because it doesn’t matter for tides; the harmonic analysis is frequency specific and will
ignore the storm effects; we have added “The effects of the storm were not noticeable in the
tidal signals, as they were at very different natural frequencies. The subsurface pressure
measurements at Bardsey include atmospheric pressure variations, and any tidal variation
therein. However, at these latitudes the atmospheric pressure S2 variations are very small.
At the equator the atmospheric S2 has an amplitude of about 1.25 mb, which decreases away
from the equator as [cos] 73 (latitude), so at 530 N the amplitude is reduced to 0.26 mb, a



sea level equivalent of 2.5 mm. In Table 2 the three constituents listed are the two biggest,
M2 and S2, and (as an indicator of the presence of shallow water tides) M4, the first harmonic
of M2. These shallow water effects are enhanced around the island because of curvature on
the directions of current flow.”

Line 91 “were subjected to harmonic analysis” —sounds like something unpleasant. Maybe rephrase,
e.g., “were harmonically analyzed”?
- Disagree, this is a quite standard phrasing in the tidal literature and we have kept our
original phrasing.

Line 96: “residuals have standard deviations appropriate for the region” —this is vague. Maybe be
specific, and compare it to the nearest tide gauge from the same period.

- True, rectified: “The non-tidal residuals, the final column in Table 1, compare well with the
residuals at Holyhead, the nearest permanent tide gauge station some 70 km north; for
Holyhead these were 0.096 m, 0.172 m, and 0.067 m for the same periods (note that bottom
pressure measurements at Bardsey include a partial natural sea level compensation for the
inverted barometer effect).”

Line 99—“ consistency in the tidal ages” --it might be good to be more specific and define what is
meant by ‘tidal age’, since not all are familiar with this terminology. Is discussion of tidal age needed?
Some more specificity on what is considered a good fit would help. Is a good time variation 10
minutes? 1 hour?

True again, we now define tidal age and we are more specific in the quantification. “The tidal age is
the time after maximum astronomical tidal forcing and the local maximum spring tides, or
approximately the phase difference between the phases of S; and M, in hours,...”

Line 109—Does the TPX09 product use the best altimetry product for near coastal areas? Again, | think
JPL has a coastal data product. Would constituents based off of a coastal data product provide better
answers? One of the main conclusions in the paper is that satellite data have issues in small scale
regions. Is this true of all data products, or just the one used to create the constituent atlas? Another
way of putting this—are there other issues, besides resolution, that impact coastal constituents and
therefore your comparisons?

- Fair question, and there are corrections recently developed that can do a better job at the
coast. However, the underpinning numerical model can still not be run globally at enough
resolution and the point in the paper is that the global databases — FES and TPXO — are used
a lot for tidal work and we want to highlight the issues that may lead to. But, since there are
other products that may be better, we have rewritten the introduction: “Scientific
understanding of global tidal dynamics is well established. Following the advent of satellite
observations, up to 15 tidal constituents have been mapped using altimetry constrained
numerical models, and the resulting products verified and constrained further using in situ
tidal data — see Stammer et al. (2014) for details. There is, however, still an issue in terms of
spatial resolution of the altimetry constrained products: even the most recent (global) tidal
models have only 1/300 resolution (equivalent to ~3.2 km in longitude at the equator, some
1.9 km in the domain here, and 3.2 km in latitude everywhere). The satellite themselves may
have track separation of 100s of km (Egbert and Erofeeva, 2002) and the coastline can
introduce biases in the altimetry data. This means that smaller topographic features and
islands are unresolved, and may be “invisible” in altimetry constrained product even if the
features may be resolved in the latest bathymetry databases, e.g., the General Bathymetric
Chart of the Oceans (https://www.gebco.net/). This can mean that the energetics in the
products, and in other numerical model with insufficient resolution, can be biased because



the wakes can act as a large energy sink (McCabe et al., 2006; Stigebrandt, 1980; Warner and
MacCready, 2014). Whilst the globally integrated energetics of these models is consistent with
astronomical estimates from lunar recession rates (Bills and Ray, 1999; Egbert and Ray, 2001),
the local estimates can be wrong. However, new correction algorithms improve the satellite
data near coasts (e.g., Piccioni et al., 2018), but this is yet to be included in global tidal
products.”

General comment: Would be good to establish somewhere what the typical tidal range in this region
is, and that diurnal tidal components are small. This will help justify the use of only 4 constituents.
(Also, is the use of M4 important? Would be good to establish that quarterdiurnals are important here
(or are they)?
- Good comment, Section 3.1 now opens woith “A spring-neap cycle of parts of the data from
the East and West gauges in Phase 1 is plotted in Figure 2 and show a tidal range surpassing 4
m at spring tide. Note that the diurnal constituents are not discussed further due to their small
(<0.1 m) amplitudes. The TG data show M2 amplitudes of 1.210 m (North), 1.347 m (East) and
1.139 m (West, see Table 2).”
Quarterdiurnals are important and included in Table 2.

Line 114—Would define “Highest and Lowest Astronomical tide” (HAT and LAT), before stating that
M2+N2 + S2 +M4 are a limited form. Also, strictly speaking, M2 and M4 are phase locked, i.e.,
2*phaseM2 — phase_M4 = constant (see e.g., Friedrichs & Aubrey 1988). Unless they have a relative
phase of zero, it is incorrect to add their amplitudes together to produce HAT. Or, rather, one should
consider the relative phase when adding. Is that done here?

- Thisis done, but in a different way. We now say “The altimetry constrained product used in
this paper is that of the TPXO9 ATLAS which is derived from assimilation of both satellite
altimeter and tide gauge data (Egbert and Erofeeva, 2002). The resolution is 1/30° in both
latitude and longitude (3.7 km and 2.2 km at Bardsey). We used the elevation and transport
information, and their respective phases, for the M3, S;, and M4 constituents. In the following
calculations, we approximate the largest tidal current speeds or amplitudes as the sum of the
amplitudes of the above three tidal constituents. Of course this is only a crude estimate of the
full Highest and Lowest astronomical tides. Note that we are not allowing for M, to M, phase
locking, and the relatively small diurnal tides are ignored. We refer to this as the GA (Greatest
Astronomical) in the following.”

Line 117—This is the first mention that | can recall of Landsat. Why are these images being
downloaded? Leading with a topic sentence that provides some context would be good.

- Done: “Landsat-8 data images were used to identify possible eddies in the currents and
further illustrate unresolved effects due to the island. Note that we are not aiming for a full
wake description in this paper. Data were downloaded from the Earth Explorer website
(https://earthexplorer.usgs.gov/). True colour enhanced RGB images were created with SNAP
7.0 (Sentinel Application Platform; https://step.esa.int/main/toolboxes/snap/) using the
panchromatic band for red (500 - 680nm, 15m resolution), band 3 for green (530 - 590nm,
30m resolution) and Band 2 for blue (450 - 510 nm, 30m resolution). The blue and green bands
were interpolated using a bicubic projection to the 15m panchromatic resolution, and
brightness was enhanced to allow easier visualization of the wakes. The images used were
taken between 11:00 and 12:00 UTC, when the satellite passed over the area, and the two
images were the only cloud-free ones during the measurement periods that were on different
stages of the tide.”

Line 129—The results lead with a table. | would have expected some text before a table. Maybe put
the table elsewhere?



- Done.

Amplitudes and phases—Can you think of some way to report confidence intervals or uncertainty,
beyond the statement about significant figures?
- The text has been updated to include “The non-tidal residuals, the final column in Table 1,
compare well with the residuals at Holyhead, the nearest permanent tide gauge station some
70 km north; for Holyhead these were 0.096 m, 0.172 m, and 0.067 m for the same periods
(note that bottom pressure measurements at Bardsey include a partial natural sea level
compensation for the inverted barometer effect).”

Line 145—what about frictionally produced overtides? With a strong current, would seem likely.
- We analyse for them — see M4 in the table and the text above. There are more, but they are
small.

Line 148-151—The use of numbers could be reduced and the point made more succinctly, here and
elsewhere. For example, you could say that TPX09 data suggests only a 0.02m and <1 degree
difference in M2 in the cross-channel direction, compared to ~0.19m and 6.5 degrees with in-situ data
(see Table xxx). A reader can look at the table for the exact numbers, but doesn’t necessarily need to
know the exact numbers in the narrative arc (or rather, only needs to know that the TPX gives a much
different, and less correct, answer).
- Thank you for the suggestion. This paragraph now reads “We turn now to a comparison of
the tidal analysis data for M, from the two sources (see Table 2 for details). When the TPX09
M, data, which has no Bardsey island representation, is interpolated linearly to the TG
positions, the result is only a 0.02 m and 0.7° amplitude and phase difference for the Phase 1
locations. Compared to the 0.19 m amplitude difference and 6.5° phase difference in the TG
data, it is obvious that there is a substantial deficiency in the TPXO9 model in representing the
role of the island due to its limited resolution. These results are supported by the Phase 2
measurements (Table 2). Phase 3 saw an extended and different approach to the data
collection. We revisited East, but also deployed two gauges on the LIyn peninsula, on the
approach to the island (South Mainland)), and north of it (North Mainland). At South
Mainland, TPXO is again underestimating the tidal amplitude by more than 10%. At North
Mainland, some 5 km north of Bardsey, and just north of the Sound, however, the TG and
TPXO amplitudes are within 1 cm of each other. This again shows the effect Bardsey and local
topography have on the tidal amplitudes in the region. ”

Line 162-168: For someone not familiar with this area, the heavy use of place names is sometimes
confusing.
- We provide a map with the place names and are not quite sure how we would describe
what is happening without using them. We could perhaps label areas “a”, “b” etc, but the
locations have names found on a map and we will stick with those.

General comment:

Can one be sure that estimates of M2 and M4 from TPX09 are directly comparable to your one month
long measurements, given things like seasonal and interannual variation? Some discussion and
exploration would be good. It seems to me that some review of the TPX analysis would help one frame
the results, and help rule out environmentally-based factors as the source of differences in the
constitutent analysis. What is the sampling rate of TPX data, and how long of a data set is needed to
obtain good estimates of M2, M4 etc? Since a long time period is needed, any seasonal variation in
tidal constituents are averaged out (see e.g. one of the Mueller papers, or Graewe et al. 2014, or
others) . However, the in-situ data would be effected by seasonal effects, and possibly astronomical



factors such as the strength of the spring-neap cycle over the measurement month (through frictional
interaction). Meteorlogical events like the afforementioned hurricane could also affect M2 and M4,
possibly. One way to look at seasonal cycles would be to evaluate the seasonal cycle in M2 at the
nearest long-term tide gauges. Does such an analysis suggest this a factor in the comparison with TPX?
A seasonal cycle in M2 would produce an M4 variability as well, and therefore any comparison with
TPX. In shallow water, my experience is that M4 can vary a lot from year to year. TPX constituents are
measured over many years, and may therefore “average over” interannual variability. Other
environmental/astronomical variability could also be excluded as a potential factor in your
comparison. Does TPX consider the nodal cycle? Do you adjust for the nodal cycle in in-situ data?

- The nodal cycle in the M2 tide is averaged over in TPXO, and as we state on line 178 in the
caption to table 2 our observational values have been adjusted for nodal and seasonal
effects. M4 changes with the nodal cycle too, of course, and is again averaged over in
TPXO and adjusted for here. The text has been updated to make this clearer: “Amplitudes
and phases of tidal constituents based on short periods of observations need adjusting to
reflect the long term values of amplitudes and phases. The values in Table 2 have been
adjusted for both nodal effects and for an observed non-astronomical seasonal modulation
of M2. Standard harmonic analyses include an automatic adjustment to amplitudes and
phases of lunar components to allow for the full 3.7%, 18.6 year modulation due to the
regression of lunar nodes. However, the full 3.7% nodal modulation is generally significantly
reduced in shallow water and shelf seas, so local counter adjustments are needed. The
nodal M2 amplitude modulation at Holyhead, the nearest standard port, is reduced to 1.8%
(Woodworth et al., 1991). We have used this value in correcting the standard 3.7%
adjustment. The M4 nodal modulations are twice that for M2. The seasonal M2 modulations
are generally observed to have regional coherence, so we have used the seasonal
modulations from 9 years of Newlyn data (in the period 2000-2011). M4 is not seasonally
adjusted, and S2 is not a lunar term, so is not modulated nodally. These very precise
adjustments are possible and useful, but overall as stated in the caption to Table 2, for
regional comparisons we assume, slightly conservatively, confidence ranges of 1% for
amplitudes and 1.0 degrees for phases. ”

Line 189, Equation 189—What about frictional effects? Would seem that a fudge factor might be
warranted, or perhaps a scaling symbol rather than an equal sign. In any case, friction is important,
and would be good to account for somehow.
- True, and the revised text discusses this. We don’t account for it, but rather have made the
whole discussion shorter (see reply to RC1).

Line 191-202—Seem:s like this paragraph could be reduced in size/explained more succinctly
- Indeed, edited (see reply to RC1 above).

Line 191-202 — M2 is being used in the scaling equation (Equation 1) and is being compared to a vague
maximum velocity of 4m/s. However, wouldn’t the maximum velocity be more likely during a high
spring tide, i.e., when the tidal amplitude is caused by M2 +S2 +N2? Ok, | see this is in the next
paragraph. However, am leaving this comment in, because this paragraph and the next could be
presented more succinctly, perhaps together. Also, would suggest seeing if there are any model or in-
situ results in the peer-reviewed literature than provide estimates of the velocities in this strait, and/or
the actual measurements which form the basis for the admiralty charts. The ‘4 m/s’” maximum velocity
is quite vague, and the context of this measurement is unknown (was it a wind day? Is it a point
measurement, or depth/width averaged? Etc, etc). Therefore, using this value as the gold standard for

comparison is a bit iffy.
- Thank you, this has been rewritten (see reply to RC1 as well). As for the current speed: it
comes from the admiralty chart and discussions with the local fisherman who lives on the



island. There are no other current measurements from the strait and it will have to do
alongside our new current estimate.

Line 224—0k, | see now that friction is being considered. Maybe it would make sense to include all
the theory in the Methods section, so that it is more clear that you are considering frictional effects?
Note there is no Equation 2 in the manuscript (i.e., Equation 3 is ms-labeled).
- The numbering has been corrected. The friction discussion is covered in the replies
mentioned above.

Line 226—Did you check that the phase speed really is sqrt(gh)? Since you have the phase progression
and know the depth, would be good to check. In shallow water when there is friction and/or
convergence, the phase speed can be quite different than sqrt(gh). See e.g., Jay 1991.
- This is true, but it is the group speed that transports energy, not the phase, and the group
speed for shallow water waves remain sqrt(gh) as far as we are aware.

Line 226-234—How does this dissipation estimate compare to more local estimates of dissipation,
e.g., within the region between England/Wales and Ireland?
- The total dissipation on the European Shelf is about 180 GW (Egbert and Ray (2001), so it is
a small part of that. In Liverpool Bay, you find similar current speeds so the dissipation rates
will be similar. In the Irish sea, the currents are about 0.5 m/s, so the dissipation rates will
be far smaller. The latter part of the paragraph now reads “The dissipation in a tidal stream
can also be computed from £ = pCp|u|3, where Cd~0.0025 is a drag coefficient (Taylor, 1920).
Using the TPXO9 current speed in the strait, assuming the Sound to be 3.1 km wide and 2 km
long, the GA spring dissipation comes out as 53 MW (using u=1.5 ms-1), and the M, dissipation
(using a current speed of 1.2 m s-1) as 28 MW. This is a substantial underestimate compared
to the estimates above (factors of 7 and ~4.5 for the GA and M tides, respectively), which
again highlights the importance of resolving small-scale topography in local tidal energy
estimates, and the use of direct observations in coastal areas to constrain any modelling
effort. This dissipation here is only a small fraction of the European Shelf and coastline, but it
is a very energetic area. Although the Bardsey tides are unusually energetic, underestimated
local coastal energy dissipation may be substantial in the TPXO9 (and similar) data and
numerical models.

Image analysis—how many images were looked at? How representative and statistically significant is
the analysis? | would consider looking at more images, to see if the qualitative results are repeatable.
For example, you could look at Landsat 7 or Landsat 5 data. You might also consider looking at the ESA
Sentinal-3 data as well. It has fantastic resolution and better time resolution than Landsat.

- There are unfortunately no more images during the measurement periods that are at
different stages of the tide and with clear skies. Yes, there are better products, but this is
not the main focus of the paper and they are added to show that there are effects even
behind small islands that many models will not catch, with potential wider implications. We
have highlighted this in the paper: “Landsat-8 data images were used to identify possible
eddies in the currents and further illustrate unresolved effects due to the island. Note that we
are not aiming for a full wake description in this paper. Data were downloaded from the Earth
Explorer website (https://earthexplorer.usgs.gov/). True colour enhanced RGB images were
created with SNAP 7.0 (Sentinel Application Platform;
https://step.esa.int/main/toolboxes/snap/) using the panchromatic band for red (500 -
680nm, 15m resolution), band 3 for green (530 - 590nm, 30m resolution) and Band 2 for blue
(450 - 510 nm, 30m resolution). The blue and green bands were interpolated using a bicubic
projection to the 15m panchromatic resolution, and brightness was enhanced to allow easier



visualization of the wakes. The images used were taken between 11:00 and 12:00 UTC, when
the satellite passed over the area, and the two images were the only cloud-free ones during
the measurement periods that were on different stages of the tide.”

General comment: You might consider looking at Pawlak & MacCready 2001 and Warner & MacCready
2014 for discussion of form drag and eddy formation in the wake of small-scale topography in Puget
Sound. Though a stratified region, there might be some useful insights or results in those papers. They
also use the Bernoulli Equation, but consider the time-varying potential as well.

- Thank you, we have added more references to the general discussion in the introduction:
“This can mean that the energetics in the products, and in other numerical model with
insufficient resolution, can be biased because the wakes can act as a large energy sink
(McCabe et al., 2006; Stigebrandt, 1980; Warner and MacCready, 2014).”.

We do not expand on these further since the aim is to see how wrong the altimetry
constrained products are.

General comment: Some more explanation of global models and their resolution is needed. Why is
dissipation an important issue? Making this connection will help prove the point that smaller scale
resolution can be important.
- Added: “Whilst the globally integrated energetics of these models is consistent with
astronomical estimates from lunar recession rates (Bills and Ray, 1999; Egbert and Ray, 2001),
the local estimates can be wrong.”
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Bardsey —an island in a strong tidal stream
Underestimating coastal tides due to unresolved topography
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Abstract

Bardsey Island is located at the western end of the LIyn Peninsula in north-west Wales Separated from
the mainland by a channel some 3 km wide, it is surrounded by reversing tidal streams of up to 4 msm
st at spring tides. These local hydrodynamic details and their consequences are unresolved by satellite
altimetry, nor are they represented in regional tidal models. Here we look at the effects of the island
inon the strong tidal stream in terms of the fermation-and-sheddingofeddiesand-the-budgets for
tidal energy dissipation:_and the formation and shedding of eddies. We show, using local
ebservationobservations and a satellite altimetry constrained product; (TPX0O9), that the island has a
large impact on the tidal stream, and that even thein this latest altimetry database-sericushyunder
represents—theconstrained product the derived tidal stream_is under-represented due to the island
not being resolved. The effect of the island leads to an underestimate of the current speed in the
attimetryTPX09 data in the channel of up to a factor of three2.5, depending on tidalstatethe timing
in the spring-neap cycle, and the average tidal energy resource is underestimated by a factor 6up to
7. The observed tidal amplitudes are higher at the mainland than at the island, and there is a
detectable phase lag in the tide across the island — this effect is not seen in the altimetryTPXO9 data.
The underestimate of the tide in the altimetryTPX09 data has consequences for tidal dissipation and
wake effect computation and show that local observations are key to correctly estimate tidal
energetics around small-scale coastal topography.
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1 Introduction
SC|ent|f|c understandlng of gIobaI tldaI dynamlcs is well established. Fe#ewﬂg—t-he—ad-\fem—ef—safeel-h%e

penmsula—m—NeFth—Wales—uK—Followmg the advent of satelhte observatlons upto15 tldal constituents

have been mapped using altimetry constrained numerical models, and the resulting products verified
and constrained further using in situ tidal data — see Stammer et al. (2014) for details. There is,
however, still an issue in terms of spatial resolution of the altimetry constrained products: even the
most recent (global) tidal models have only 1/30° resolution (equivalent to ~3.2 km in longitude at the
eguator, some 1.9 km in the domain here, and 3.2 km in |latitude everywhere). The satellite themselves
may have track separation of 100s of km (Egbert and Erofeeva, 2002) and the coastline can introduce
biases in the altimetry data which limits the usefulness of it in the assimilation process. This means
that smaller topographic features and islands are unresolved, and may be “invisible” in altimetry
constrained product even if the features may be resolved in the latest bathymetry databases, e.g., the
General Bathymetric Chart of the Oceans (GEBCO, https://www.gebco.net/; Jakobsson et al., 2020).
This can_mean that the energetics in the products, and in other numerical model with insufficient
resolution, can be biased because the wakes can act as a large energy sink (McCabe et al., 2006;
Stigebrandt, 1980; Warner and MacCready, 2014). Whilst the globally integrated energetics of these
models is consistent with astronomical estimates from lunar recession rates (Bills and Ray, 1999;
Egbert and Ray, 2001), the local estimates can be wrong. However, new correction algorithms improve
the satellite data near coasts (e.g., Piccioni et al., 2018), but this is yet to be included in global tidal

products.

Bardseyslandwhich-we-useforthisstudy;Because many of the altimetry constrained tidal database

are models, and not altimeter databases, they also provide tidal currents as well as elevations. This is
true for TPXO9 (see Egbert and Erofeeva, 2002 and https://www.tpxo.net/ for details), the altimetry
constrained product used here. Here, we use a series of tide-gauge measurements from Bardsey Island
in the Irish Sea (Figure 1) alongside TPXO9 to evaluate the effect of the island on the tidal dynamics as
they track around Bardsey Island. Bardsey Island is a rocky melange of sedimentary and igneous rocks
including some granites, located 3.1 km off the Llyn Peninsula in North Wales, UK (Figure 1a). It is
approximately 1 km wide, though only 300 m at the narrowest part, and 1.6 km long. It reaches 167
m at its highest point. Bardsey Sound, between the Llyn peninsula and the island, experiences strong
tidal currents. The relatively small scale of the island and the separating-Sound means that the local

detail is not “seen” in the altimetry constrained products:-this-witlHead-to-effectsinduced-by-theisland
beingmissedin-thealtimetry-data-. The uncaptured-{byFPXO}very, by the altimetry constrained data,

active local tidal dynamics allows us to compare the altimetry constrained tidal characteristics;
especiallyamplitudes; in TPXO9 for the region with accurate local observations; and quantify the
validity limits of the-altimetryproducts:TPXO9 for this type of investigation. We will demake a direct
comparison of the tidal amplitudes and phases measured by the bottom pressure gauges around the
island (see Figure 1b for tide gauge (TG) locations and a summary of the in- situ tides). We also consider
whether, and when, in the tidal cycle, flow separation occurs in the wake of the island.
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when-the-transition-to-turbulence-oeeeurs in our analysis later. Transition to turbulence, and hence
flow separation around an object, can be parameterised in terms of a Reynolds number, Re = UD/v,
where U is a velocity scale, D is the size of the object, and v~100 is a horizontal diffusivity (see, e.g.,
Wolanski et al., 1984). It indicates when there is a transition to flow separation behind the island: at
low Reynolds numbers, Re<1, the flow is quite symmetric upstream and downstream, and there is no
flow separation at the object. As the Reynolds number is increased to the range 10 < Re <40, laminar
separation happens and results in two steady vortices downstream. As Re increases further, up to
Re<1000, these steady vortices are replaced by a periodic von Karman vortex street, whereas if
Re>1000, the-separated-flow-isfuly-turbulentthere is a fully separated turbulent flow (Kundu and
Cohen, 2002).

Another useful non-dimensional number for this type of investigation is the Strouhal number, St =
fD/U. Here, f is the frequency of the shedding of vortices, and fully developed vortices are generated
when T>f and T is the frequency of the oscillating flow (Dong et al., 2007; Magaldi et al., 2008). If, on
the other hand, the tidal frequency is larger than f only one wake eddy will be shed on each tidal cycle,
if it has time to form at all.
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Figure 1: a) Map of the European shelf showing M, tidal-amplitudes in meters, from TPX09.

b) details of local topography and tidal characteristics in the vicinity of Bardsey Island. The symbols
mark the TG location, with green ellipses les-denoting phase 1, blue-eressesblack stars phase 2, and
red triangles phase 3. Note that East was occupied twice, during Phases 1 and 3. The red numbers in
the text boxes are the amplitudes (in meters) and the ghasesphase lags on Greenwich (in degrees, one
degree is almost two minutes in time) from the harmonic analysis for each tide gauge. Map-data
©OGoogleEarth-The bathymetry comes from EMODnet (https://www.emodnet-bathymetry.eu/).

2 Observations
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2.1 In situ data collection
The tidal elevations around Bardsey were measured in three phases, from summer 2017 through to
spring 2018 (Table 1 and Figure 1b). Nete-that-Site East, the main harbour for the island; at Y Cafn,
was occupied twice as a control, during Phase 1 and 3,and-thataH. The other instrument deployments
were bottom mounted a few tens of metres laterally offshore, and all instruments were deployed in
depths between 3.2 tem and 16.5 m. The instruments used were RBR pressure recorders with a
measurement resolution better than 0.001 m-

ad+to-harmoenicanavsis—usire—the-NO ASk

Table1:The resulting pressure series were analysed to extract tides, using the Tidal Analysis Software

Kit of the National Oceanographic Centre (NOC, 2020). Analyses were made for 26 constituents,
including Mean Sea Level, and eight related constituents, appropriate for a month or more of data
(Pugh and Woodworth, 2014). In Table 2 the three constituents listed are the two biggest, M, and S,
and (as an indicator of the presence of shallow water tides) My, the first harmonic of M,. These shallow
water effects are enhanced around the island because of curvature on the directions of current flow.
The non-tidal residuals, the final column in Table 1, compare well with the residuals at Holyhead, the
nearest permanent tide gauge station some 70 km north; for Holyhead these were 0.096 m, 0.172 m,
and 0.067 m for the same periods (note that bottom pressure measurements at Bardsey include a
partial natural sea level compensation for the inverted barometer effect). Phase 2 residuals at Bardsey
and at Holyhead, were noticeably higher than the other two phases because Phase 2 included one of
the most severe storms and waves in local memory: hurricane Ophelia, which had maximum local
wind speeds on 16 October 2017. A good indication of the internal quality of the in situ observations
and analyses is given by the consistency in the tidal ages and S,/M, amplitude ratios. The tidal age is
the time after maximum astronomical tidal forcing and the local maximum spring tides, or
approximately the phase difference between the phases of S; and M, in hours, whereas the amplitude
ratios are related to the spring-neap amplitude cycle. These are given in the final columns of Table 2.
The effects of the storm were not noticeable in the tidal signals, as they were at very different natural
frequencies. The subsurface pressure measurements at Bardsey include atmospheric pressure
variations, and any tidal variation therein. However, at these latitudes the atmospheric pressure S,
variations are very small. At the equator the atmospheric S; has an amplitude of about 1.25 mb, which
decreases away from the equator as cos3(latitude), so at 53° N the amplitude is reduced to 0.26 mb,
a sea level equivalent of 2.5 mm.

Amplitudes and phases of tidal constituents based on short periods of observations need adjusting to
reflect the long-term values of amplitudes and phases. The values in Table 2 have been adjusted for
both nodal effects and for an observed non-astronomical seasonal modulation of M2. Standard
harmonic analyses include an automatic adjustment to amplitudes and phases of lunar components
to allow for the full 3.7%, 18.6-year modulation due to the regression of lunar nodes. However, the
full 3.7% nodal modulation is generally significantly reduced in shallow water and shelf seas, so local
counter adjustments are needed. The nodal M2 amplitude modulation at Holyhead, the nearest
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standard port, is reduced to 1.8% (Woodworth et al., 1991). We have used this value in correcting the
standard 3.7% adjustment. The M4 nodal modulations are twice that for M2. The seasonal M2
modulations are generally observed to have regional coherence, so we have used the seasonal
modulations from 9 years of Newlyn data (in the period 2000-2011). M4 is not seasonally adjusted,
and S2 is not a lunar term, so is not modulated nodally. These very precise adjustments are possible
and useful, but overall, as stated in the caption to Table 2, for regional comparisons we assume, slightly
conservatively, confidence ranges of 1% for amplitudes and 1.0 degrees for phases.

Table 1: Details of the pressure gauge deployments. Amplitudes are given to three decimal places as
appropriate for the uncertainties, whereas the timing of constituent phases is probably better than
0.5-degrees5° (1 minutesminute in time for A.M,).

Station Latitude | Longitude | Time and date | Time and date | Mean Non-tidal
North East Deployed Recovered Depth Standard

(GMT) (GMT) mean deviation
Time Time (m) (m)
dd/mm/year dd/mm/year

Phase 1

North 52.767 355.213 1605 25/5/17 1400 11/7/17 3.9 0.113

East 52.756 355.207 1557 25/5/17 13503/7/17 7.0 0.141

West 52.753 355.202 1045 27/5/17 1128 5/7/17 5.6 0.116

Phase 2

Northwest 52.765 355.203 0000£1/9/17 | 111027/10/17 | 6.7 0.156

Southwest 52.748 355.197 0000£1/9/17 | 1145 30/10/17 | 7.5 0.154

Northeast 52.762 355.220 0000£1/9/17 | 124030/10/17 | 5.5 0.150

Phase 3

East 52.753 355.207 1512 7/09/18 | 0912 05/10/18 | 3.2 0.095

South Mainland | 52.759 355.275 1348 7/09/18 | 1024 06/10/18 | 4.8 0.088

North Mainland | 52.781 355.236 1500 7/09/18 | 1512 10/10/18 | 16.5 0.083

2.2 AltimetryTPX09 data

The altimetry data—eamefrem—constrained product used in this paper is that of the TPXO9 ATLAS
{httpfvolkev-oce-orstedultides/tpxe9—atlashtmbwhich is derived from assimilation of both
satellite altimeter and tide gauge data (Egbert and Erofeeva, 2002). The resolution is 1/30° in both
latitude and longitude (3.7 km and 2.2 km at Bardsey). We used the elevation and transport
information, and their respective phases, for the M, S,, Na-and M, constituents. In the following
calculations, we define“astrenemical’asapproximate the largest pessibletidal current speedspeeds
or amphtude—computedamplitudes as the sum of the amplitudes withof the fewrabove three tidal
constituents-we-diseuss.. Of course this is thusonly a Hmited-fermcrude estimate of the full Highest
and Lowest astronomical Fidetides. Note that we are not allowing for M to M4 phase locking, and the
relatively small diurnal tides are ignored. We refer to this as the GA (Greatest Astronomical) in the

following.

2.3 LANDSAT data

Landsat-8 data images were used to identify possible eddies in the currents_and further illustrate
unresolved effects due to the island. Note that we are not aiming for a full wake description in this
paper. Data were downloaded from the Earth Explorer website (https://earthexplorer.usgs.gov/).
True colour enhanced RGB images were created with SNAP 7.0 (Sentinel Application Platform;
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https://step.esa.int/main/toolboxes/snap/) using the panchromatic band for red (500 - 680nm, 15m
resolution), band 3 for green (530 - 590nm, 30m resolution) and Band 2 for blue (450 - 510 nm, 30m
resolution). The blue and green bands were interpolated using a bicubic projection to the 15m
panchromatic resolution, and brightness was enhanced to allow easier visualization of the wakes.
tmagesThe images used were taken between 11:00 and 12:00 UTC, when the satellite passed over the
area, and the two images were the only cloud-free ones during the measurement periods that were
on different stages of the tide.

3 Results

M2 s2 MA Tidal | M2/S2
¥e BXeo |Fe BXeo |Fe IRXO |Ase | ratie
+heuss)
PHASEL
North H |97 | 137 oAE2 | 845 o112 |62 2282
G | 2504 | 2544 | 2841 | 28/A3 |25 2| 324 | 36+
st H| 1312 |16 0514 | 642 o144 | 042 0282
G | 2456 | 2538 | 2834 |286+F (458 | 343 | 318
Alest H |27 |35 o424 | 042 6136 |62 0385
G | 2521 | 2537 | 2884 |2866 (349 | 348 |363
PHASEZ
hBAL H|+135 | 136 6431r | 604215 | 6130 | 62 2280
G | 2531 | 2547 | 2841 | 2846 350 |334 | 340
S H |19 |35 4L | 042 8:088 | 642 0287
G | 2507 | 2534 | 2855 |2863 (2680 | 356 | 3438
PE H |24 |15 o422 | 843 8094 | 642 0287
G | 2493 | 2538 | 28408 |286+F4 |426 | 328 | 347
PHASES
Eost H |1+329 | 136 0522 | 042 6136 | 612 2282
G | 2461 | 2538 | 2828 | 2864 |53=2 | 343 | 364
S—Mainland | H | 225 | 224 8538 | 644 149 | 634 0281
G | 2439 | 2515 | 2807 |2844 (499 | 341 | 368
MNMainlaad | H | 5204 | 420 0461 | 643 8072 | 642 0284
G | 2560 | 2546 | 2904 |28/46 (390 | 291 | 344
31 Amplitudesand-phases

3.1 In situ Observations
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The results of the tidal harmonic analyses are shown in Table 2. A spring-neap cycle of parts of the
data from the East and West gauges in Phase 1 is plotted in Figure 2- and show a tidal range surpassing
4 m at spring tide. Note that the diurnal constituents are not discussed further due to their small (<0.1
m) amplitudes. The TG data show M2 amplitudes of 1.297210 m (North), 1.332347 m (East) and
1.127139 m (West, see Table 2). These give pressure gradients around the island. The narrowest part
of the island, some 300 m separates the East and West sites. Here, across-island difference in
amplltude ef—abeut—-%—(g@,_on sprmg tides a level difference across 300 m of up to 0.3-m),and-an

, G5 m. There is also
6 5° (13 mmutes) phase dlfference for M, across the island between the east and the west, with the
east leading, consistent with the tide approaching the island from the south and east and then
swinging north and east around the LIyn Peninsula headland. Figures 2b-c show the across island level
difference plotted against the measured level at East for two representative days of spring and neap
tides. Obviously, the differences are smaller for neap tides. The plots show that the East levels are
some 0.5 metres higher in the East than on the West, at High Water on spring tides. On neaps the
excess is only about 0.3 m. The differences on the ebb tide are slightly reduced, probably because the
direction of flow is partly along the island, steered by the LIyn Peninsula.

We do not have access to any current measurements from the region, but the tidal stream is known
to reach up to 4 m s in the Sound (Colin Evans, pers. comm., and Admiralty, 2017). There is also a

simple interpretation of the differences in level across the island from East to West, which indirectly
gives approximate values for the wider field of current speeds, which we term, but only in a local
sense, the “far-field” currents. Suppose as an island blocking the tidal stream, and ignoring any side
effects, the pressure head across the island is given solely by the loss of kinetic energy in the flow, by
applying the Bernoulli equation (e.g., Stigebrandt, 1980). The same approach applies for wind forces
on an impermeable fence or wall, and the sea level difference, Ah, between East and West is then

given as,

2

Ah =Z—g (1)

Here, vis the “far field” tidal current speed and g the gravitational acceleration. Then we may indirectly
compute the “far field” tidal currents from the difference in levels across from East to West as the tide
approaches the island (see Figure 1 for the direction of the oncoming tide). Figure 3 a and b (brown
curves) shows the currents so computed, for Day 147 (spring tides) and Day 154 (neap tides), with the
speeds are in metres per second. The blue curves are the measured levels at East. The computed “far-
field” currents have a maximum over 3 m s at springs and around 2 m s at neaps, similar to local
estimates (Colin Evans, pers. Comm.). The noise in the level differences, shown as currents, (black
curves) may be an indication of turbulence and eddies discussed further below.

Table 2: Results of the tidal (TASK) harmonic analyses. “H” is amplitude (in m) and the phases “G”
(degrees relative to Greenwich) are given in italics. The TPXO9 data was interpolated to the TG
locations and the resulting data given to 0.01 m. The in situ RBR data results are given to 0.001 m and
1.0 degrees. However, for regional comparisons we assume confidence ranges of 1% for amplitudes
and 1.0 degrees for phases. RBR constituents are adjusted for nodal and seasonal variations.

M2 S2 M4 Tidal Age | M2/S2
Station TG TPXO | TG TPXO | TG TPXO | (hours) | ratio
PHASE 1
North H| | 1210 | 1.17 | 0.458 | 0.45|0.114 | 0.12 0.378
G 250.4 | 254.4 | 287.1 | 287.3 | 21.7 | 324 36.66
East H 1.326 | 1.16 | 0.514 | 0.42 | 0.147 | 0.12 0.387




G 245.6 | 253.8 | 283.4 | 286.7 | 49.7 | 34.3 37.76
West H 1.139 | 1.15|0.434 | 0.42|0.138 | 0.12 0.381
G 252.1 | 253.7 | 288.4 | 286.6 | 36.1 | 34.8 36.26
PHASE 2
NW H 1.159 1.16 10431 | 042 0.132 | 0.12 0.372
G 254.2 | 254.7 | 287.1 | 287.6 | 36.4 | 33.4 32.88
SW H 1.217 1.15]10.461 | 042 | 0.09| 0.12 0.379
G 251.2 | 253.4 | 285.5 | 286.3 | 274 | 35.6 34.28
NE H 1.271 | 1.15|0.482 | 0.43|0.096 | 0.12 0.379
G 250.4 | 253.8 | 284.0 | 286.7 | 44.0| 32.8 33.58
PHASE 3
East H 1.351 | 1.16|0.522 | 0.42|0.138 | 0.12 0.386
G 247.3 | 253.8 | 282.8 | 286.7 | 55.0| 34.3 35.5
S. Mainland | H 1.397 | 1.21|0.538 | 0.44|0.152 | 0.14 0.385
G 245.1 | 251.5 |1 280.7 | 284.4 | 51.7 | 37.1 35.6
N. Mainland | H | | 1.228 | 1.2 |0.461| 0.43 | 0.074 | 0.12 0.375
G 257.2 | 254.6 | 290.4 | 287.6 | 40.8 | 29.1 33.2
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266 Figure 2: a: Part of the East (black) and West (red) data series, for the in situ data from Phase 1,
267  covering one spring-neap cycle (arbitrary datums). b and c: Plots of the East-West elevation difference
268  vs. the elevation at East for springs (b, day 147) and neaps (c, day 154). The red stars show the data
269 point for 0000 hours on the day. The progression is clockwise.
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Figure 3: a) Computed current speeds for spring tides, Day 147 (27 May) 2017 in metres per second
(red) compared with the total sea levels at East (in metres, black). The computed currents curve is
noisy as the differences (E-W) are small. The phase relationship between currents is close to a
progressive wave, but with the current maximum to the northwest slightly in advance of the tidal high
water.

b) as in a), but for neap tides on day 154 (4 June) 2017

Along the island the differences between Southwest and North are only a few millimetres for M,,
within the confidence limits on the analyses. This curvature of the streamlines as the flow is squeezed
through Bardsey Sound and swings up around the peninsula, leads to the enhanced generation of non-
linear higher tidal harmonics due to curvature on the reversing tidal stream curves. This contributes
to the large M4 amplitudes around the island and headland (Table 2).

la-sortrass

3.2 Comparison with TPX09 data

We turn now to a comparison of the tidal analysis data for M, from the two sources (see Table 2 for
details). When the TPXO9 M, data, which has no Bardsey island representation, ifis interpolated

linearly to the TG positions, eeme—eutas—d3/-116-the result is only a 0.02 m and +45-+-0.7°

amplitude and phase difference for the Phase 1 locations-{Fable2}—Fhe-corresponding FPXO-phases

are-254-4°,253.8°and 253 7°-ndicating that there-is-onlya-smathvariation. Compared to the 0.19 m

amplltude dlfference and 6.5° phase dlfference in the Hdal—%g-nal—(—zem—m—amph%uele—qu-e—l inphase}
w TG data, it is obV|ous

at—sieaieen—East These results are supported by the Phase 2 measurements (TabIe 2). Phase 3 saw an
extended and different approach to the data collection. We revisited East, but also deployed two
gauges on the LIyn peninsula, on the approach to the island (South Mainland)), and north of it (North
Mainland). At South Mainland, TPXO is again underestimating the tidal amplitude by more than 10%.
At North Mainland, some 5 km north of Bardsey, and just north of the Sound, however, the TG and
TPXO amplitudes are within 1 cm of each other. This again shows the effect Bardsey and local
topography; have on the tidal amplitudes in the region.
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FerAs a representation of the shallow-water tidal harmonics, the TPXO M, amplitude agrees well with
the TG data at North (0.12 and 0.11 m, respectively), but overestimates the amplitude at North
Mainland (0.07 m in the TG data and 0.12 m from TPXO; see Table 2). Because higher harmonics are
generated locally by the tidal flow itself, this again shows the effect of the island on the tidal stream;
the M4 amplitude is halved along Bardsey Sound in the TG data, whereas TPXO overestimates it and
shows only minor variability. The overestimate in TPXO can lead to the tidal energetics being biased
high in the region if they are based on the alimetrythat data alone.
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-This is illustrated in the TPX0O9
spring and neap flood currents in Figure 4a-b, and the magnitude of the current in the Sound in Figure
4c. These currents are weaker than the far field estimate using Eq. (1) above. For spring tides, TPXO9
shows a current of up to 1.5 m s in the Sound and 2.5 m s in the far field, whereas the TG data and
Eq. (1) comes out at 3.7 m s from Eq. (1) for the spring tide far field (cf. Figures 3 and 4). For neaps
the corresponding values are 0.6 m s-1 in the Sound and 1.5 m st in the far field from TPX09, and 3.0
m s from the TG data and Eq. (1). The local sea-going experts (Colin Evans, pers. comm.) and the
Admiralty chart for the Sound (Admiralty, 2017) state a current speed of up 4 m s, so TPX09
underestimates the currents in the strait with a factor ~2.5, whereas the observations, even under the
assumptions behind Eqg. (1), get within 10%. One can argue that the sea-level difference along the
strait will lead to an acceleration into the strait as well (see e.g., Stigebrandt, 1980), that could be
added to the far field current. However, frictional effects will come into play and a large part of the
along-strait sea level difference will be needed to overcome friction and form drag (Stigebrandt, 1980).
In fact, of the 0.32 m GA sea-level difference between South and North Mainland (see Table 1), only
0.006 m is needed to accelerate the spring flow from 3.66 to 4 m st in Eq (1). That means that almost
the complete sea-level different along the strait is due to energy losses.

a¥a'
7 g




52.8

latitude

52.7

52.6
355.1 355.2 355.3 355.1 3565.2 355.3

longitude longitude
I ]
0 0.5 1 15 2 25
current amplitude [m s'1]

337
338

339
340

341
342

343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367




368
369
370
371
372
373
374
375
376
‘377
378
379
380
381
[382

383
|384

385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408

, atien—To first
order, d|$$|pat|on can be computed from the (aeljesteel-)—'l'-llxg—veleemes PXO9 speed and from the
observed amplitude drop along the Sound by comparing the tidal energy flux, Ef, between the two
locations. A decrease in the energy flux between two locations can be associated with local dissipation
of tidal energy as the wave propagates them (see e.g., Green et al., 2008). The flux of tidal energy is
given by (e.g., Phillips, 1977)

Ef = 0.5¢,pgH? (3),

where H is again the tidal amplitude and ¢, = \/g_h is the speed of the tidal wave (h is the water
depth)-in the Sound, taken to be 37 m), and p=1020 kg m-3 is a reference density. The dissipation, &,
is then the difference in energy flux between the two mainland TG locations, or & =
egO.chpg(HSZM — H3,p), taking ¢, constant because h changes little between the TG locations. Using
the TG amplitudes, the astronomicGA tide would then dissipate 243119 kW m™. Over the 3.1 km width
of the Sound, this integrates to abeut750368 MW. The M2 tide contributes 2631% of this, or 261131
MW. This is approximately 0.206% of the tetal180 GW of M, dissipation on the European shelf
estimated—fromlarge-scale—altimetry {(Egbertand-Ray—2000)(see Egbert and Ray, 2000), and is a
reasonable estimate for such an energetic region. Note that this method is independent of the phases
between the locations, nor does it depend on the phases between the amplitudes and currents.

me;e—t—haa—]:S—ﬁer—t—he—as%FeHemreThe d|$$|pat|on in a tldal stream can aIso be computed from £ =

pCplu|3,_where Cd~0.0025 is a drag coefficient (Taylor, 1920). Using the TPXO9 current speed in the
strait, assuming the Sound to be 3.1 km wide and 2 km long, the GA spring dissipation comes out as
53 MW (using u=1.5 m s!), and the M, dissipation (using a current speed of 1.2 m s) as 28 MW. This
is a substantial underestimate compared to the estimates above (factors of 7 and ~4.5 for the GA and
M, tides, respectively), which again highlights the importance of resolving small-scale topography in
local tidal energy estimates, and the use of direct observations in coastal areas to constrain any
modelling effort. This dissipation eceurshere is only a small fraction of the European Shelf and
coastline, andbut it is a very energetic area. Although the Bardsey tides are unusually energetic,
underestimated local coastal energy dissipation may be substantial in sateliteatimetrythe TPXO9
(and similar) data and numerical models.
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Figure 4: The current magnitude (colour) and vectors at spring (a) and neap (b) flood tides from TPXO9.
These are computed from the M2 and S2 constituents only. The white circle shows the location of
Bardsey — note that it is not resolved in the TPX09 data and has been added for visual purposes only.
c) The magnitude of the tidal current during a spring-neap cycle in the Sound using the M2, S2, and
M4 constituents in the TPXO9 data.

3.4 Caveat Emptor!

We have shown above that the tidal elevations are underestimated in the altimetryTPX0O9 data, and
that the current magnitude is most likely underestimated as well, so our computations belewof the
energetics and non-dimensional numbers are conservative. The two extremes in tidal current
magnitude in Bardsey Sound can be taken to be the neap tide speed from TPX0O9 and the astronomic
speed computed using TG data and TPXO combined. We thus have 0.9 m s (neaps from TPX09, not
discussed above) as the lower range, and 4 m s (astronomic computed) as the upper estimate.

Even using the much-underestimated current speeds from the TPXO-data, the indications are that
there would be no stratification locally. The Simpson-Hunter parameter; is X = h/u® = 70 for Bardsey
Sound (Simpson and Hunter, 1974). This means that the area is vertically mixed due to the tides alone.
The eddies shed from the island will add more energy to this, further breaking down any potential
stratification from freshwater additions (the Simpson-Hunter parameter is based on heat fluxes only)
and act to redistribute sediment. The associated Reynolds number for the Island, Re=UD/v, then
comes out at approximately 10 for the neap flow, or approximately 40 for the astronomic tidal current
(using D=1000 m as the width and v=100 m? s’ as the eddy viscosity). This implies laminar separation
into two steady vortices downstream of the Island at peak flows, and the vortices can be expected to
appear on both ebb and flood flows (Edwards et al., 2004; Wolanski et al., 1984). There may not be
any vortex shedding during neap flows, however, because Re~10.

The Strouhal number St = fL/U, is typically about 0.2 for the Re numbers found here (Wolanski et al.,
1984), giving f=St U/L = 0.2U/1500 => 1x10*“< f < 5x10* and an associated vortex shedding period of
3-17 hours (L=1500m is the length of the island). This means that fully developed eddies; can be
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generated at the higher flow rates, because our tidal period (12.4 hours) is longer than the vortex

shedding period {semi-diuraatvs—a few hours}whereas). However, at neap flows; there is no time to

develop a fully separated vortex irwithin the timeframe of a tidal cycle.

8 : . . '( R ke & '
Figure 5: Landsat 8 images from October 5, 2017 (a) and September 13, 2018 (b}-frem-Lardsat8:). The

tidal phasephases are is halfway between-neaps-and-springsthrough the tidal cycle on the neap flood
in a) and just after spring high tide in b). The white dot north of the island in Figure-3bpanelb is an

exposed rock generating a second wake. See https://landsat.gsfc.nasa.gov/data/ for data availability.

This conclusion is supported by satellite images from Landsat 8 (Figure 45), which shows a very
different picture between neaps (Figure 3a5a) and springs (Figure 4b5b). At spring tides, there are two
clear wakes behind the tips of the island (marked with arrows), whereas at neaps (Figure 4a5a) there
is only a more diffuse image in Bardsey Sound, and no signal of a wake behind the south tip of the
island-

4 Discussion
This brief account was triggered by an interest in detailed mapping of tides in a reversing tidal stream.
The results highlight the effect small coastal islands can have on tides in energetic settings, and they
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highlight the limitations of altimetry-constrained databasesmodels near coastlines where the
bathymetry used in the model is unresolved. Even though TPX09, which is used here, is constrained
by a series of tide gauges in the Irish Sea, including north and south of Bardsey, the island is some 60
km from the nearest long-term tide gauge (in Holyhead, seme-45km-to the north of Bardsey).
Consequently, the tidal amplitudes in the database are not representative of the observed amplitudes
near the island, and the currents are underestimated by a factor close to 42.5 for the astreremicGA
tide. This underestimate also means that wake effects may be underestimated if one relies solely on
altimetry constrained models (or coarse resolution numerical models) unable to resolve islands, with
consequences for navigation, renewable energy installations, and sediment dynamics.

Future satellite mission may be able to resolve small islands like Bardsey, and improved methods will
allow for better detection of the coastlines. In order to obtain tidal currents, however, one still has to
assimilate the altimetry data into a numerical model and it will probably be some time before we can
simulate global ocean tides at a resolution good enough to resolve an island like Bardsey.

The results do have wider implications for, among others, the renewable industry, because we show
that local observations are necessary in regions of complex geometry to ensure the energy resource
is determined accurately. Using only TRXOTPX09 data, the dissipation — an indicator of the renewable
resource — is underestimating the astronomic potential with a factor 6up to 7 of the real resource.
There is also the possibility that wake effects behind the island would be neglected without proper
surveys, leading to an erroneous energy estimate. The results also highlight that concurrent sea- level
and current measurements are needed to fully explore the dynamics and quantify, e.g., further
pressure effects of the island on the tidal stream. Consequently, we argue that in any near-coastal
investigation of detailed tidal dynamics, the coastal topography must be explicitly resolved, and any
modelling effort should be constrained to fit local observations of the tidal dynamics.
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