Dear Dr. Francesca Ribas,

We followed your comments to write a revised version of our manuscript. They allowed us to
improve the quality of our paper, and we wish to thank you for that. Moreover, other changes
have been made as suggested by the other reviewer.

The main changes concern (please see the new manuscript; italic font indicates new text,
strikethrough font indicates old text):

e Section 2 (Field site and video imagery) restructured. We add section 2.3 (3-D geometry)
and section 2.4 (Piecewise regression of the bar movement). Changes have been made in
Fig. 8 (new manuscript).

e Section 4.2 renamed, restructured and shortened. Particularly, we removed the analysis of
the wave energy flux (P, P_Y) as well as S_xy (Fig. 10 and Fig. 11 of the new manuscript have
been simplified).

e Section 4.3 (Sediment transport) restructured, shortened and improved.

0 Section 4.3.1 (Soulsby and Van Rijn formula) describes the sediment transport
formulation. The analysis by considering a constant wave stirring has been removed
(Section 4.3 Sediment transport; Fig. 14).

0 Section 4.3.2 (Tidal correction factor). A new tidal correction factor is defined. In the
previous version of the manuscript, we introduced a tidal factor that depends on the
tidal range only. The new tidal correction factor depends on the hourly tidal level.
Emphasis on this factor and details on its formulation have been given in the new
section 4.3.2 (Tidal correction factor) with the help of two new figures (Fig. 12 and
Fig. 13).

0 Section 4.3.3 (Results). The sediment transport has been averaged over the same
time intervals as the bar migration (see red lines in Fig. 14)

e English errors. The two reviewers have indicated editorial/english errors that have been
corrected.

Please find on the attached file our reply to your comments (blue font indicates your
comments, black font indicates our answer) as well as the strongly version of our manuscript:
“Intertidal finger bars at El Puntal, Bay of Santander, Spain: observation and forcing analysis”
(italic font indicates new text, strikethrough font indicates old text).

We hope that the new manuscript will be evaluated positively.
Yours sincerely,
(on behalf of all authors)

Erica Pellon



GENERAL COMMENTS

The manuscript describes the characteristics and dynamics of a system of small-scale finger
bars at the swell-protected side of El Puntal (Bay of Santander, Spain). They use 2 years of
video-images to quantify their wavelength (mean value, 26 m), orientation (mean angle, 26
deg, down-current oriented with respect to the wind-driven currents), amplitude (10-20 cm)
and migration rate (mean value 6 cm/day, in the eastward direction). Subsequently, they
analyse the different forcings that can influence the finger bar migration. The main candidate
to explain the eastward migration is the wind (through both the wind-driven current and the
current created by the wind-generated waves).

This new set of finger bar data is very interesting because there are very few finger bar data
sets with such detailed measurements, especially in low-energy intertidal environments.
Thereby, the contribution of this paper to the experimental nearshore research is significant
and the scientific contents are well within the scope of the journal Earth Surface Dynamics.
The approach and methodology are in general valid (with the exceptions written in the next
paragraph and in the Specific comments) and the results are discussed in an appropriate way.

My only concern is related with the forcing analysis (section 4). On the one hand, to my
opinion, this part of the paper has a limited relevance in the sense that it only contains a
statistical correlation of different forcing indicators with the migration rates. Before reading
the paper, and given the background of the authors, | was expecting to find a more relevant
forcing analysis, including an application of a morphodynamic model to this site. Applying such
a model with the different forcings included would allow them to determine in a more
guantitative way the importance of each forcing.

On the other hand, section 4 is quite long compared with section 3, which contains the
description of the finger bar characteristics, more interesting and relevant to my opinion. | can
understand that the authors consider that applying a model is beyond the scope of this paper,
but then | recommend that the less relevant forcing analysis they perform is not explained in
such a detailed way (see the Specific comment SC8). On the other hand, the authors could
describe in some more detail the methodology they use to do the measurements and the
characteristics of the bars they measure (sections 2 and 3). | have not written any specific
comment on this latter issue but my impression is that some parts of section 2 and 3 are
explained in a very synthetic way.

With my English knowledge (somehow limited because it is not my native language), | consider
that the use of English language in the paper could be improved. | have written some specific
recommendations in the Specific comments (e.g., Specific comment SC6) and some corrections
in the Technical corrections part, but the text should be throughout revised to correct other
potential mistakes.

More details and other recommendations have been included in the Specific comments and
Technical corrections below. | recommend publication in the journal Earth Surface Dynamics
after the Specific comments below have been considered.



We thank you for these comments.

Concerning the use of a morphodynamic numerical model (e.g. the model by Garnier et al.,
2006), this is underway. Previous results have already been presented in conference (Garnier
R., E. Pelléon, R. Medina and A. Falqués, 2013, Intertidal finger bars at El Puntal, Bay of
Santander, Spain. A morphological modelling study), but these results are not essential for the
present contribution. Furthermore, including such results would considerably lengthen the
manuscript. We therefore would like to keep the numerical modelling for a further study.

Concerning the length of section 4 compared to section 2 and 3, this has changed in the new
manuscript. Particularly, section 2.3 (3-D geometry) and section 2.4 (Piecewise regression of
the bar movement) have been added, and section 4 has been reduced, following your specific
comments and the comments of the other reviewer (constant wave stirring sediment
transport removed from our analysis).

Concerning the English language, many improvements have been made thanks to your review
and to the many corrections suggested by the other reviewer.

SPECIFIC COMMENTS

SC1: Page 1, lines 15-17. Page 5, lines 18-19.

In these two places of the manuscript, the authors describe the finger bars as being up-current
oriented with respect to the ebb-flow. | know this is true but | find very confusing to describe
the orientation with respect to the ebb flow because later on in the paper they show that the
main candidate to explain the eastward migration is the wind (with the tide playing a
secondary role). Thereby, the finger-bar orientation could also be described as down-current
oriented with respect to the dominant sand transport (eastward directed). In fact, in lines 14-
15 of page 3, the authors describe finger bar orientation of previously reported small scale
finger bars as down-current oriented with respect to the dominant sand transport (and the
authors show that this also occurs in their case). Given the importance of finger bar
orientation, | find very confusing that the authors mention twice that El Puntal bars are up-
current oriented (instead of down-current oriented) because they compare this orientation
with the weak ebb flow. Summing up, in the Abstract | recommend to write that finger bars
are down-current oriented with respect to the dominant sand transport. And in page 5 |
recommend just to write that finger bars are oriented towards South-East.

We agree with your comment, this has been changed in the new version of the manuscript.

SC2: Page 6, lines 15-21. (Page 9, line 3.)

How the apparent periodic movement has been corrected? The authors should mention here
the methodology they have used to correct this. Is the piecewise regression, mentioned in
Page 9 line 3, used to correct this oscillation problem?



The correction has been applied during the data extraction process from the signal of fixed
structures present in the surrounding areas. This is now explained in section 2.2 (third
paragraph). All the data shown in the manuscript is the result of the digitalization, rectification
and correction process. The piecewise regression is only used to find the time-dependent
migration rates, helping us to focus on medium term movements rather than daily fluctuations
(this is now specified in section 2.4).

SC3: Page 6, line 24.
The authors should explain how they measure the wavelength and migration rate.

Section 2.2, now renamed: “Video imagery and bar detection” has been improved in order to
better explain the methodology followed to analyse the data of the bar system. We have also
created section 2.4 (Piecewise regression of the bar movement) to explain the methodology
followed to compute the time-dependent migration rate. The definition of the wavelength, bar
angle and time averaged migration rates are given in section 3.2.1.

SC4: Page 7, lines 3-14.
This paragraph describes a methodology, not results. | recommend moving it to the end of
section 2.2.

This paragraph has been modified and moved to the new section: 2.3 (3-D geometry).

Moreover, | wonder why the authors only reconstructed one bathymetry, given that they have
2 years of data. Results of amplitude should be more robust if they measure amplitudes at
least twice during the data set. Another option is to do a topographic measurement with a GPS
to verify the results of the video-derived bathymetry. | recommend at least to add a comment
on this.

Although we have 2 years of data, the extraction of bathymetric data is subject to the
meteorological conditions, which have to be excellent to obtain correct results. This extraction
of bathymetric data using the shoreline has been done for 12 days but without as good results
as the one shown here. This is now explained in section 2.3 (3-D geometry) and 3.1
(Bathymetry reconstruction). Furthermore, a comparison with bathymetric measurement to
verify our results is underway. Preliminary (over a small part of the bar system) performed by
using a laser-scanner shows encouraging results, but we have decided to not include them as
the measurement date does not coincide with the study period of the present analysis.

Finally, a minor comment. The sentence starting with “After this, the shoreline...” could be in a
new paragraph because from there to the end of the paragraph the specific methodological
steps to reconstruct the bathymetry form the images are explained. Also, | would change
“After this, the shoreline...” by “The shoreline...”.

This has been done.



SC5: Page 7, line 24.
What are the oscillations visible in Fig. 6? Are these the oscillations mentioned in SC2? Or they
are physical? (e.g., due to tidal forcing...) A discussion on this should be added.

Taking into account that the pixel resolution on the study area is of about 5 m pixel™ on the
alongshore direction, the small oscillations visible in Fig. 6 are not deeply analysed, as they
could be either physical or measurement errors. A discussion on this has been added at the
beginning of section 3.2.

SC6: Page 8, line 4. Page 9, line 2-12.

The text in these lines should be improved, | found it difficult to understand. | write here some
recommendations to make the text more understandable (check also the Technical corrections
below for Page 9).

Please note that the text that you referred as “Pages 9, line 2-12” (i.e. old section 3.2.2) is now
modified and inserted in new section 2.4 (Piecewise regression of the bar movement).

a) Firstly, the titles of sections 3.2.1 and 3.2.2 could describe in a more precise way the
contents of the sections. My recommendation:

3.2.1 Mean motion = 3.2.1 Time-averaged characteristics
3.2.2 Time evolution - 3.2.2 Time-dependent migration rates

We agree with you, this has been changed.

b) Moreover, the first sentence of section 3.2.2 (line 3) is also misleading to my opinion. | do
not understand the meaning of “detect the main motion”. Does it mean “find the time-
dependent migration rates”? Also, please mention it here in case the piecewise regression is
used in order to correct the oscillation problem discussed in Page 6, lines 15-21 (see SC2).

This has been corrected in the new section 2.4. The method proposed here has been used to
find the time dependent migration rates.

c) You could explain in more detail how you set up the segment length, the explanation is very
short. Please, define T_k and V_k in more detail. Also, it took me a while to understand
equation (1). The sentence in lines 10-11 could be improved in the following way to facilitate
such understanding:

“Considering that, at a time t, N segments are obtained (for all the bars of the system), the
migration velocity of the bar system V_m (Fig. 8) is computed as” = “Considering that, at a
time t, N segments are obtained (for the N bars of the system), the time-dependent migration
velocity of the bar system V_m (which is the average of the velocities of the N bars) is
computed as”

This has been improved in section 2.4. Furthermore Fig. 8 (in the new manuscript) has been
modified to better support the explanation.



d) The reference to Fig. 8 should be moved to the end of the sentence in line 13. “...constant
along the time (Fig. 8)”

Done.

e) Finally, lines 3-12 describe a methodology, not results. | recommend moving them to the
end of section 2.2.

Thank you for this suggestion, this has been done, see section 2.4 (Piecewise regression of the
bar movement).

SC7: Page 9, lines 20-23.

The discussion of why they obtain negative V_m in summer 2008 could be more detailed. For
instance, there are variables that measure the accuracy of the piecewise regression (e.g., R*2).
Could you calculate them in your case? Are they worse in summer 2008? Also, this western
migration is not observed for all the bars and for all the positions (as the authors say). So, why
all the V_m are negative in summer 2008? Please, clarify more this issue because it creates
doubts on the V_m calculations.

The piecewise regression takes into account the previous and next segments to adjust each
segment, but the first and last segments do not have more data at one of their sides to
improve the adjustment. This is a limitation of the V_m calculations and has been discussed at
the end of section 3.2.2. The accuracy of the piecewise regression by using R*2 is not given has
the remaining short term oscillations (that could be not realistic) unable us to compute the
velocities from the real signal.

SC8: Section 4.

As discussed in the General comments, to my opinion this part of the paper has a limited
relevance in the sense that it only contains a statistical correlation of different forcing
indicators with the migration rates. Before reading the paper, and given the background of the
authors, | was expecting to find a more relevant forcing analysis, including an application of a
morphodynamic model to this site (for instance, the model by Garnier, R., Calvete, D., Falques,
A., and Caballeria, M., Generation and nonlinear evolution of shore-oblique/transverse sand
bars. J. Fluid Mech., 567, 327-360, 2006). Applying such a model with the different forcings
included would allow to determine in a more quantitative way the importance of each forcing.

| can understand that the authors consider this to be beyond the scope of this paper, but then
| recommend that the less relevant forcing analysis they perform is not explained in such a
detailed way. In particular, it is quite long compared with section 3, which contains the
description of the finger bar characteristics, more interesting and relevant to my opinion.

As explained in the general comments, we consider that a morphological modelling study by
using the Garnier et al., 2006 model is out of scope of the present contribution. On the other
hand, section 4 has been shortened and improved thanks to your comments and to the
comments of the other reviewer.



A list of possible changes to shorten section 4 is:

a) Is it section 4.2 necessary given that there is a section 4.3? | mean, is it really necessary to
first compare with indicators of wave forcing and wind forcing, if later on they also compare
with the sediment transport generated by waves and wind?

The analysis by using a constant wave stirring (Fig 12a,b in the old manuscript) has been
removed. This was also suggested by the other reviewer.

b) In case they still keep section 4.2: | find unnecessary to relate bar dynamics with four
indicators of the wave forcing, which are very similar (P, P_y, S_xy and S_y). The authors could
choose only one indicator of the wave forcing (the one they find most appropriate) to compare
with their measured velocities. This would lead to one panel less in Fig. 10 and two panels less
in Fig. 11. At the end of the section they can mention that other indicators give similar results
and reason why they have used the one they have used.

We agree with you, we remove the analysis of P, P_y and S_xy (see Fig. 10 and Fig. 11, in the
new manuscript).

c) Section 4.2: In case they finally use the quantity S_y =S_xy/X_b (which is the one | find most
appropriate to compare with T_y), they should reason why they define it in this way (page 12,
lines 18-21). For instance, they can reason that it is an approximation for the term \partial S_xy
/ \partial y in the alongshore momentum balance equation, term that is equivalent to T_y in
the same equation.

As you have suggested, the quantity S_y has been chosen. The explanation is given in section
4.2.2.

SC9: Page 12, lines 5-7. Page 12, lines 26-28. Page 14, lines 9-11. Page 15, lines 9-10.

The authors discuss in detail the behaviour of the migration rates and the quantities chosen to
compare with them during the winters. However, they do not mention the autumns, even
though the migration rates were higher during autumns... | recommend to add the autumns to
the discussion in these lines.

The discussion of the results has been improved, including autumns, in section 4.2.2 and 4.3.3.

SC10: Page 14, line 14. Page 15, lines 13 and 20. Table 2.

In order to know the relevance of the correlations obtained, | recommend to quantify the
statistical significance (not significant / significant / highly significant) of the RA2 values
obtained, and to write it next to the correlation coefficients R*2 in the text and in Table 2.

The statistical significance has been computed for each one of the correlations analysed, being
all of them highly significant (p<0.001). This has been added in section 4.3.3.



SC11: Page 14, lines 22-29. Page 15, lines 1-4. Page 15, line 14-22.

| recommend to include all the formulas used to evaluate the sediment transport q before
starting section 4.3.1. In this way, the methods will be first explained and then sections 4.3.1
and 4.3.2 will only contain results. That means, moving equation (9) (with the whole
paragraph) just after equation (6). Also, after introducing equation ( 9) | find very important to
explain in detail what is alpha_t and how do you compute it (Page 15, lines 14-22) because it
ends up being the best way to estimate the sediment transport. Also, they could explain better
what is min(TR) and how do they compute it.

Section 4.3 has been highly restructured. Now section 4.3.1 contains the methodology
followed to compute the sediment transport and all the formulation needed. Section 4.3.2 has
been created to explain the methodology used to compute the improved “tidal correction
factor (alpha_t)” (based also on suggestions given by the other reviewer). Finally, section 4.3.3
contains all the results related with the sediment transport and its correlation with the bar
time-dependent migration rate.

TECHNICAL CORRECTIONS

We thank the reviewer for her corrections. All grammatical errors have been corrected in the
revised manuscript. The comments of the second reviewers also help in improving the English
language.

All the technical corrections have included except:

Page 3, line 17 — Page 4, line 2.

In this paragraph, | think the authors should distinguish between the studies about finger bar
formation (low-amplitude features, i.e., Ribas et al. (2003); Ribas et al. (2012)) and the studies
of finite-amplitude behaviour (Garnier et al. 2006; 2012; and the experimental papers).

Although we made a review of the different observation studies on transverse bar systems, we
wanted to be as brief as possible concerning the modelling studies. We agree that the
distinction that you propose is of strong interests, but this would include new concepts with
which the readers are maybe not familiar, and that are not essential for the present study.
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A system of 15 small-scale finger bars has been ob-
served, by using video imagery, between 23 June 2008 and 2
June 2010. The bar system is located in the intertidal zone of
the swell-protected beaches of El Puntal Spit, in the Bay of
Santander (Northern coast of Spain). f-appears The bars ap-
pear on a planar beach (slope = +5% 0.015) with fine uni-
form sand (Dsp = 0.27 mm) and extends 600 m alongshore.
The cross-shore span of the bars is determined by the tidal
horizontal excursion (between 70 and 130 m). They have an
oblique orientation with respect to the low-tide shoreline be-
ing up-eurrent-oriented-with-respectto-the-ebb-floew down-
current oriented with respect to the dominant sand transport
computed (mean angle of 26° from the shore normal). Their
mean wavelength is 26 m and their amplitude varies between
10 and 20 cm. The full system slowly migrates to the east
{oppesite—to-the-ebb-flow)- ( sand transport direction) with
a mean speed of 0.06 mday~!, a maximum speed in winter
(up to 0.15mday') and a minimum speed in summer. An
episode of merging has been identified as bars with larger
wavelength seem to migrate slewer more slowly than shorter

bars. Sevefa%—fefemgs—eai%aet—eﬂ—the%aﬁdyﬂamies—bemg

The wind blows predominantly from the west, generating
waves that transport sediment across the bars during high
tide periods, which are the main candidate to explain the
eastward migration of the system. In particular, the wind
can generate waves of up to 20 cm (root-mean-squared wave
height) over a fetch that can reach 4.5km at high tide. The
astronomical tide seems to be important in the bar dynamics,
as the tidal level eonditions changes the fetch and also deter-
mines the time of exposure of the bars to the surf-zone waves
and currents. Furthermore, the river discharges could act as
input of suspended sediment in the bar system and play a role
in the bar dynamics.

1 Introduction

Transverse bars are morphological features attached to the
shore that appear with a noticeable rhythmicity along the
coast of sandy beaches. They have been identified in many
types of environments and have been observed with a wide
range of characteristics so that a classification of the ex-
isting bar systems is necessary. This is not straightforward
as since these features can be elassify-with-regardto-many
eriterions classified using many criteria such as their geom-
etry (length scale, orientation with respect to the shoreline),
their dynamics (formation time, migration), or their hydro-
morphological environment. they—pertain Alternatively, this
classification can be made based on the physical processes
governing their formation and their dynamics, although this
is these are sometimes not well understood.

The most documented and observed transverse bar types
are probably the “TBR” (“Transverse Bar and Rip”) de-
scribed by Wright and Short (1984), printing—a—euspate
stgnatare which impose a cuspate shape on the shoreline,
sometimes called megacusps (Thornton et al., 2007). They
sometimes appear with an oblique orientation with respect
to the shoreline (Lafon et al., 2002; Castelle et al., 2007).
The TBR are typically linked to outer morphological pat-
terns, preeisely specifically, they form due to the onshore mi-
gration of a crescentic bar (Ranasinghe et al., 2004; Garnier
et al., 2008). They are generally found on open coasts in in-
termediate wave-dominated beaches, with wavelength (dis-
tance between two bars) of 100-500 m, and are associated
with the presence of rip currents flowing offshore between
two bars. Remarkably, the recent study of Goodfellow and
Stephenson (2005) shows that these systems can appear, at
smaller scale, in lower energy environment (40 km limited
fetch).

Here we will focus on “(transverse) finger bars” that differ
from the TBR as because they do not emerge from offshore
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bathymetric features but they are assumed to form “alone”.
Moreover, they are not necessarily associated with rip cur-
rents. Regarding their geometry, the main difference with the
TBR is that they the finger bars are long crested, i.e., their
cross-shore extent is generally larger than their wavelength.
We identify three types of finger bars (Table 1).

1. The first type of finger bars has been identified by
Niedoroda and Tanner (1970). We will refer to them as
“large scale finger bars” because of their large cross-
shore span (~ 1 km). Their wavelength is ~ 100 m and
they appear in low energy environments (mean wave
height <0.5m) on very wide (~ 1km) beaches with
a gentle slope (0.002). They are oriented almost perpen-
dicularly to the shore or with a slight obliquity, in both
micro- and macro-tidal environments (Gelfenbaum and
Brooks, 2003; Levoy et al., 2013).

2. Although finger bars are often associated with very low
wave energy (Wijnberg and Kroon, 2002) a second type
of finger bars can be observed in intermediate morpho-
logical beach states (Konicki and Holman, 2000; Ribas
and Kroon, 2007; Doeschate et al., 2013 ). They co-
exist, at a smaller wavelength (50-100m), with other
rhythmic morphologies present in the surf-zone, such as
with TBR and with crescentic bars. One of the particu-
larities of these “finger bars of intermediate beaches” is
that they have an oblique up-current orientation with re-
spect to the mean alongshore current (Ribas et al., 2642
2007 ).

3. Finally, a third type of finger bars, the “small scale
finger bars” appear for very low wave energy in very
fetch limited environment (fetch < 10 km), with wave-
length of ~10m and a cross-shore span (10—100 m)
that depends of the horizontal tidal excursion (Bruner
and Smosna, 1989; Garnier et al., 2012). These bars are
not strictly normal to the shore (Falqués, 1989; Nord-
strom and Jackson, 2012) but seem to be down-current
oriented with respect to the dominant sand transport
(Bruner and Smosna, 1989) that which is opposite to
the finger bars of intermediate beaches.

The processes of generation and evolution of finger bars
are probably different depending on their type, and, partic-
ularly, depending on their orientation. Finger—bar—systems

i - the directi el 5 ’
i his i ] dentified: v d hetacl
offield—data- It is thought that finger bars generally mi-
grate in the direction of sediment transport, but transport
direction is not always identified, possibly due to the lack
of field data. Fer-instanee; The theoretical modelling stud-
ies of Ribas et al., (2003) and of Garnier et al., (2006) have
shown different mechanisms to explain the dynamics of up-
and down-current oriented bars by considering forcing due

to waves. This-has—been—suceessfally-appliedto—thefinger
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bars—ofintermediate—beach—by Ribas—et-al-—2042) Ribas
et al., (2012) successfully applied their model to finger bars
of an intermediate beach, based on continuous observations
obtained from video imagery. However, the dynamics of fin-
ger bars appearing in low energy environments is poorly un-
derstood, especially concerning the small scale finger bars as

because (Hrtheforeingactingontheirdynamiesis-diffienltto
determine-as;in-very-limited-feteh-environment-wind;-waves
and-tidal-current-can-act-with-similar-intensities; (1) the forc-
ing is difficult to determine, with forces due to wind, waves
and tidal currents all similar in magnitude in very limited
fetch environments, and (2) there is no continuous, long-term
survey of such systems. Some reeent observation studies

have-performed-the-menitoring-of on large scale finger bars
alewing-themto-deteet-mean-veloeities have measured mean

migration rates of less than 2 mmonth™! (Gelfenbaum and
Brooks, 2003; Levoy et al., 2013) and maximum speeds of
I mday~" (Levoy et al., 2013). Concerning small scale finger
bars, only the preliminary study of Garnier et al., (2012) gave
information on the dynamics of such systems, but, the migra-
tion rates detected are overestimated due to strong noise in
the data.

The objective of this contribution is to get insight into the
dynamics of small scale transverse bars by performing a con-
tinuous survey of finger bars detected in the Bay of San-
tander, Spain, and by analysing the possible forcing -thatecan
aet-in-their-dynamies mechanisms. These finger bars are lo-
cated in the intertidal zone and the survey is performed by
using video images at low tide. Section 2 presents the field
site and the dataset obtained by video imagery. Section 3 de-
scribes the characteristics and the dynamics of the bar sys-
tem. Section 4 reports the forcing analysis based essentially
on wind data. Seetten-S-is-the-eenehaston- The conclusions
are listed in Sect. 5.

2 Field site and video imagery

2.1 Study site

El Puntal spit is part of the natural closure of the Bay of San-
tander (Fig. 1). This bay is one of the largest estuaries of the
northern coast of Spain (Cantabrian Sea). The closure of the
bay is composed of two natural formations, the Magdalena
peninsula at the north-west, and El Puntal spit at the north-
east. This spit is a sand accumulation which extends from
east to west along approximately 2.5 km. Historically, more
than 50 % of the surface of this bay has been filled in, reduc-
ing the tidal prism and changing the morphological equilib-
rium of El Puntal (Losada et al., 1991) which tends to extend
westward. However, for navigation purpose (Medina et al.,
2007), the entrance channel is periodically dredged so that
the west end of El Puntal is maintained artificially.

There are numerous studies on El Puntal analysing the
morphodynamics of the northern face and the west end
(Losada et al., 1992; Kroon et al., 2007; Requejo et al., 2008;

www.earth-surf-dynam.net
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Medellin et al., 2008, 2009; Gutiérrez et al., 2011), but the
lower-energy southern face remains unstudied. bat-none—of
them-give-information-abeut-the-southernface: The-ineident
energy-oneach-face-is—very-different-as The incoming swell
from the Cantabrian Sea only reaches the northern face of the
spit (Medellin et al., 2008). The southern protected beaches
of El Puntal are part of the bay and are located in a low-
energy mesotidal environment. The maximum range of the
semidiurnal tide is 5 m. Recent hydrodynamic studies (Bide-
gain et al., 2013) have reported an ebb-oriented mean annual
flow of up to 0.1 ms~! in the channel at the south of El Pun-
tal. This flow is mainly driven by the (ebb-dominated) tidal
current and by the Miera—riverflow-that-ends—at-theeastof
ElHPuntal-beaches flow from the Miera river, which enters the
bay at the east end of the El Puntal spit. In the shallower
areas the mean flow is much weaker and wind effects can
become predominant (Bidegain et al., 2013), especially if we
take into account the waves that can be generated over a fetch
of up to 4.5 km from the south-west direction. The value of
the fetch is highly variable over a tidal cycle due to the nu-
merous intertidal shoals in the bay (Fig. 1b), which can re-
duce the maximum fetch to 200 m at low tide.

The finger bar system is located in the intertidal zone of
the seuthern-beaehes beach on the southern side of the spit.
Aerial images show a system of 15 well developed finger
bars that is fully submerged at high tide (Fig. 1c) and fully
emerged at low tide (Figs. 1d and 2a). At mid tide the coast-
line exhibits a cuspate shape (Fig. 2) and processes of wave
refraction and wave breaking are observed (Fig. 2¢).

The alongshore extent of the bar system is less than 600 m
and its mean wavelength (distance between two bars) is about
25 m. The cross-shore extent of the bars is controlled by the
tidal horizontal excursion and is larger in the middle of the
domain (130m) than in the lateral sides (70 m). The bars
are almost parallel and have an oblique orientation with re-
spect to the low tide coastline, the bar angle with respect to
the low-tide shore-normal is about 25° fowards south-east

(0° would correspond to transverse bars). ;being-tp-current
eriented-withrespeetto-the-ebb-flew- The bars are more regu-

larly spaced and parallel in the eastern half of the area, whilst
the western bars are more irregular, with slight changes in
direction and bifurcations (Fig. 1d).

The intertidal beach where the bars appear is planar with
a constant slope of approximately +-5%- 0.015. The offshore
boundary of the bars is delimited by a steep slope that ends in
the subtidal channel. Sediment sampling has shown the same
grain size on bars and troughs with Dsy = 0.27 mm.

2.2 Video imagery and bar detection

In the last decades, video monitoring systems are increas-
ingly used to study the shoreline around the world (Hol-
man et al., 1993). To extraet obtain geometric data of the
bar system, the images of the Horus video imagery system
were used (www.horusvideo.com). This system is composed
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of 4 cameras located on the roof of the Hotel Real, 91 m
above sea level and 1.5km from the study area (Fig. 3a).
This—system—was—set The Horus station was established in
2008 and takes images every 10 min. In the present study
only camera 2 has been used (Fig. 3b). The pixel resolution
on the study area is variable on the alongshore direction, with
values from 4.5 mpixel~! to 6.6 mpixel~!. On the cross-shore
direction the resolution is around 0.5 mpixel~!. One daily im-
age of the bar system has been selected at low tide between
23 June 2008 and 2 June 2010, which is the longest period
found without long interruptions in the image database. All
the interruptions were of less than 6 consecutive days and
were due to technical problems (27 days) and bad meteoro-
logical conditions (fog 18 days, strong wind 3 days and bad
sharpness 85 days). The geometry of the bars was extracted
on 577 days, which is 81 % of the time.

Each bar has been digitised manually by selecting 3 points
oeneach along the trough: at the upper part of the beach, at
the middle of the bar system and at the offshore end of the

bar system (Fig. 4). F—was-checked-that 3-peints—per-baris
enough-to-deseribe-their-geometry: We tried using 2 points,

3 points and 5 points to describe the bars and 3 points were
found to be sufficient to describe the bar position and orien-
tation. Finally, the digitised data was rectified by means of 7
Geographic Control Points (GCP), obtaining the geographic
coordinates of each digitised point.

The data processed by Garnier et al., (2012) has been re-
analysed in order to correct an apparent periodic movement
due to sun shadows in the bars. The amplitude of this periodic
movement is of the order of the pixel resolution and it has
been found that its period is related with the capture times.
Furthermore, this apparent movement seems to be a system-
atic error linked to the different sun positions at low tide dur-
ing the fortnightly cycle of neap-spring tides, which causes
different shadows by the bars and different light reflections
in the wet areas. This light shadowing/reflection also occurs
for fixed structures present in the surrounding areas. This al-
lowed us to correct, partially, this spurious movement.

To better characterise understand the behaviour of the
finger bars, the coordinate system of the rectified data has
been changed. Allthe-measurements-of the-bar-geometry-are
refereneed-to We defined a new coordinate system, where the
y axis is parallel to the shoreline at low tide (113° from the
north, Fig. 4). During a tidal cycle, the mean shoreline posi-
tion is approximately parallel to the y axis, except at the high-
est levels of spring tides. After this transformation, each bar
is represented by means of has-been—<haraeterised-by 4 po-
sitions along the yl—y4 axes (parallel to the y axis) scattered
through the intertidal zone, at different levels (see Fig. 4).
Each line represents one level along the whole study area
(Fig. 5c) and all these lines together are representative of the
whole width of the bars.
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2.3 3-D geometry

The Horus system captures one image of the study area ev-
ery 10 min. This means that the path of the shoreline can be
observed along the tidal cycle with high frequency. To ex-
tract information about the 3-D geometry of the finger bar
system, a reconstruction of the intertidal bathymetry of the
study area has been performed by mapping the shoreline from
every lmage éth—Sa% This must be done at-ene on a day
with ¢ nd-enough

frrﬂl%fh&tm&ge&d&fmg%heﬂstﬂgﬂd& perfect condztzons
The meteorological conditions and image sharpness need to
be excellent. Furthermore, the tide should have the high-
est range possible, allowing te-extract-data the extraction of

a large intertidal region, taking—inte—aceount-thatit-has—te

eccur—completely-during-the-day-light: and this must occur
during daylight hours.

After-this On good days, the shoreline is digitised and rec-
tified on each image. To obtain the bathymetry we assume
that the sea level measured at the tide gauge of Santander
(less than 2km away) is the same as the level of the shore-
line in the study area. Thelevel-with-respeet-to-the-zero-of

hehat £S o234 ated | fed
shereline The tide level (with respect to the local Santander

Harbour datum, Z) at the time of each image is associated
with the rectified shoreline from that image, obtaining the

intertidal-bathymetry-of Fig-—Sa- an intertidal bathymetry.

2.4 Piecewise regression of the bar movement

The method proposed here to deteet-the-main-metion find the
time-dependent migration rates is based on piecewise regres-
sions. This allows us to focus on the medium term movements
rather than on the daily fluctuations. The time series of the
bar position for each bar and each cross-shore position have
been decomposed in segments of variable length. The seg-
ment length has been set in order to minimise the error be-
tween the pleceW1se s1gnal and the measured p0s1t10ns For

Aﬁer this decomposmon each bar is represented by seveml
segments of different lengths (the segment k has a length of
Tx). For each segment, we can therefore obtain the approx-
imate bar migration rate Vi, which is the migration rate of
this bar during the time interval Tk.

Considering that, at a time #, N segments are obtained ( fer
all-the-bars-ofthesystem where N is the number of bars of the
system at this time t, multiplied by four, which is the number
of cross-shore positions studied ), the time-dependent migra-
tion rate of the bar system V,,, Fig—8) (which is the average
of the speeds, at this time t, of all the bars on all the cross-
shore positions) is computed as:

N@) ¢

, Vi, ifreT
Vi (£) = Z % where V(1) = {Ok ;tlieerwli(se (1)
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3 Bar characteristics and dynamics

3.1 Bathymetry reconstruction

A bathymetry reconstruction has been done on 12 days with
excellent meteorological conditions. Figure 5a shows the
bathymetry obtained for 24 June 2008, the day with the
best image quality. Cross-shore profiles of this bathymetry
(Fig. 5c) show that the bars only appear on the region
of the intertidal beach profile which has constant slope of
+5%- 0.015. The extraction of alongshore profiles from this
bathymetry-allows these bathymetries allows us to measure
the amplitude of the bars, which oscillates between 10 and
20 cm. These profiles also show the asymmetry of the bars
(Fig. 5b) with steeper slopes on the lee sides (relative to
the migration direction), in agreement with previous studies
(Gelfenbaum and Brooks, 2003).

3.2 Bar dynamics

During the 2 yr study period the position and geometry of
15 bars have been digitised daily. Figure 6 shows the position
of the bar system along the y3 axis, once the digitised data
have been corrected, rectified and transformed to the de-
scribed coordinate system (Fig. 4). Taking into account that
the pixel resolution on the study area is of about 5 mpixel™!
on the alongshore direction, the small oscillations visible in
Fig. 6 are not deeply analysed, as they could be either phys-
ical or measurement errors. The bar system is persistent in
time, appearing in all the observed images with similar ge-
ometric characteristics, and-extending-along-the-same-area
but the entire system slowly migrates to the east. As a result
of the eastward migration a new bar becomes visible at the
west end of the study area (Bar 1, Fig. 6). Although aerial
images and the migration of the system suggest that the bars
are formed at the west of the study area, the formation area
is not included in the present results as it is hidden by the
dune (Fig. 5a). At the east end of the area, the last bar decays
and slowly disappears. Remarkably,for-the-whele In addi-
tion, during the study period, ar only one episode of merging
of two bars into one has been detected, on 28 March 2009 (
bars 5-6, Fig. 6).

3.2.1 Merphology-and

Time-averaged characteristics
Mean-metion
The digitised and rectified data allow the daily measurement
of the bar wavelength. The bar wavelength is computed as
the difference between the positions (on the y; axis) of two
consecutive troughs. For each bar, the wavelength has been
averaged along the complete study period (Fig. 7). The wave-
length is approximately constant aleng-the-time for each bar
during the study period (standard deviation o around 4 m for
all bars), and but varies between bars, with a minimum of
15m and a maximum of 36 m. The mean wavelength of the

whole bar system is 25.8 m.
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Similarly, the mean-bar-angle-withrespeetto-thex-axisis
splaved-in Fie 7T} abititv-of leal het;

a-minimum-of +7-on-the-eastern-bar- variability of the mean
bar angle is low, with o around 5° for each bar. The mean
angle of the system , measured from the x axis, is 26.4°, with
a maximum angle of 34° at the western end, decreasing to
a minimum of 17° at the eastern end (Fig. 7). The bars are
not straight in a top view, so that their angle has also been
studied by splitting the bars into 2 parts, the upper (inner)
half and the lower (offshore) half. The upper part of all the
bars has a lower angle with the shore-normal (mean of the
whole system of 23°), while the lower part has higher angles
(mean of 31°).

The time series is almost continuous and allows us to com-
pute the veleecities-of the-displacement time-averaged migra-
tion rate of the system, which is obtained by linear regres-
sion. The mean speed of each bar (along the whole study
period) is shown in Fig. 7. All the bars of the system slowly
migrate to the east, with a mean speed of 6cmday™! (ap-
proximately one wavelength per year). The maximum migra-
tion rate is obtained for the bar with the shortest wavelength
(8 cmday™!, Bar 5) that merges with the next bar, larger and
slower (Bar 6). In general the larger is the wavelength the
slower is the migration rate. This is in agreement with previ-
ous studies on transverse bars (Garnier et al., 2006).

There are noticeable differences in the dynamics and in the
characteristics of the first five bars (western bars) compared
with the eastern bars. The western bars (close to the forma-
tion zone) are more irregular in shape, with a larger mean an-
gle targer (5° larger), and a smaller wavelength (20 m mean)
in—relation—with—the larger-migratien—veloeity: and a corre-
sponding higher migration rate. The eastern bars are well
defined and remarkably parallel. Their cross-shore span de-
creases as they approach the decaying zone.

A Mam—ansle
&
. . o

3.2.2 Fme-evolution Time-dependent migration rates

Each bar signal has been decomposed in 10 segments by
means of the piecewise regression described in Sect. 2.4
(Fig. 6). It was found that 10 is the best number to repre-
sent the medium term movement of the bar and to filter the
daily fluctuations. As we are analysing 2 years of data, the
mean segment length is 70 days. The time-dependent migra-
tion rate Vy, is computed (Eq. 1).

The time-dependent migration rate of the bar system is
not constant along the time (Fig. 8). It shows maximum mi-
gration rates during winter. The maximum speeds, of about
0.15mday~!, were reached during the first winter studied
(2009), while during the second winter (2010) the maximum
speeds are lower than 0.1 mday~!. During summer the sys-
tem migration is slower, with negative speeds for summer
2008, and migration rates lower than 0.01 mday~! for sum-
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mer 2009. The negative speeds (i.e. migration to the west)
found in summer 2008 can be due to limitations in the com-
putation of V,,, that can occur for several reasons. The accu-
racy of the piecewise regression is expected to be lower at the
beginning and end of the time series, due to the lack of previ-
ous/subsequent data. The negative migration rate is obtained
for the first segment of the bars only, therefore this result is
maybe not realistic.

4 Forcing analysis

4.1 Forcing candidates

The migration to the east of the bar system indicates a dom-
inant forcing coming from the west. The wind data has been
extracted from the SeaWind (Menéndez et al., 2011) reanal-
ysis database. Figure 9a shows the wind rose and the time
series of the wind speed is displayed in Fig. 9c. The predom-
inant wind is from the west, reaching values of up to 25 ms™".
Meanwhile; The wind from the east is also frequent but less
energetic, with speeds lower than 15ms~'. The mean wind
speed is Sms~!.

Other studies on transverse bars (Ribas et al., 2003) sug-
gest that waves are the main forcing that controls their dy-
namics. The study area is protected from the incoming swell
(Medellin et al., 2008) and the waves that can act on the bar
system are generated locally. According to estuarine studies
these wind-waves can have a significant effect in the sedi-
ment transport (Green et al., 1997). Here, wind-waves are
generated over a maximum fetch of 4.5 km (from the south-

west of the study area). At—the—south;—the—feteh—is—highly
Finally,-atthe-seuth-east-the fetch-doesnetexeeed 2km- To-
ward the south and south-east the fetch is reduced by the
proximity of land.

During the survey period, the tidal range oscillates be-
tween 1 and Sm (Fig. 9d). Maximum values of the tidal
current in the channel (offshore of the bar system) occur in
during spring tides with values of up to 0.25ms™'. In the
channel the mean (residual) flow is ebb-oriented, however the
residual tidal current is small in the intertidal areas. Compu-
tations performed (not shown) with the H2D model (Bércena
et al., 2012) show that the maximum residual current (ob-
tained during spring tides) is lower than 0.01 ms™! in the
study area. Although the residual current is small, the tide
can have an effect on the bar dynamics because tidal cur-
rents can cause sediment stirring (that is stronger during mid
tides), and because of the changes in water level. Firstly, the
fetch is strongly dependent on the water level (Green et al.,
1997) according to the emersion and submersion of the nu-
merous intertidal shoals during the tidal cycle and this will
be taken into account in the wave computations (see Sect.
4.2.1). Secondly, the changes in tidal level affect the time of
bar submersion (that is larger during neap tides) and the
volume of sand that can be transported (larger if high tide
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coincides with strong windsfwaves). This will be taken into
account in the sediment transport computations by including
the Tidal Correction Factor (see further explanations in Sect.
4.3.2).

Hydrodynamic studies of the Santander Bay have high-
lighted the effect of the water discharge produced by the
Miera River (at the east of the study area) in the annual
mean current magnitude in the Bay (Bidegain et al., 2013).
Time series of the daily averaged river flow rate are shown in
Fig. 9e. Bidegain et al. (2013) have shown that, although the
effect of the river is strong in the channel (ebb-oriented flow),
the current produced close to the bar system is weak. How-
ever, the river discharge can play a role in the bar dynamics
as it is linked to a strong sediment supply, that can act as an
input of suspended sediment to the bar system.

4.2 Wind acting on water surface ang-wind-waves

4.2.1 Wave computation

The wind-waves incoming—at-the-bar over the system have

been simulated from the wind speed and direction by using
the SWAN model (Booij et al., 1999). In the computations,
changes in tidal level affecting the fetch have been included.
The time series of the wind-waves has been obtained with
an interpolation technique based on radial basis functions
(RBF), a scheme which is very convenient for scattered and
multivariate data (Camus et al., 2011). Results of the root-
mean-square (rms) wave height H,,s of the waves entering
in the bar system are displayed in Fig. 9b (wave rose) and in
Fig. 9f (time series of the daily averaged rms wave height).
The waves arrive from the west-south-west and south-west
during-the 65 % of the time, with mean (rms) wave height of
5cm and period of 1.5s. During the westward windstorms
the waves can reach 20 cm from the west-south-west, with
period of 3. The other 35 % of the time the waves come
from the east-south-east, with wave height lower than 7 cm
and period below 1.7 s. The mean wave height from this sec-
tor is less than 2 cm with a period of 1.2 s.

4.2.2 Wind stress vs wind-wave stress forcing

The previous studies on transverse bars, where the waves
appear eleatly to be the main forcing, usually use different
indicators to relate the dynamics of the bars with the inci-
dent wave forcing, such that, the alongshore component of
the wave energy flux (e.g. Castelle et al., 2007; Price and
Ruessink, 2011), or of the wave radiation stress (e.g. Ribas

and Kroon, 2007). feremg—(&g—kﬂa&s—&né%feeﬂ—%@%

) D )

Here, the effect of the local wind is now also analysed
by computing the alongshore component of the wind shear
stress acting on the water surface (Fig. 10a and 11a) defined
as (Dean and Dalrymple, 1991 ):

Ty = —pCW? cos b, 2)
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where p is the water density (p = 1025kgm™3), Ct is the fric-
tion coefficient, adimensional-and equal to 1.2x 107, W is
the wind speed medule and 6,, is the incoming wmd angle
(from the shore-normal).

In order to compare the relative effect of the wind stress
and of the wind waves we define the alongshore wave stress
Sy =S8./X, (Fig. 10b and 11b). Sy, is the alongshore com-
ponent of the wave radiation stress (Longuet-Higgins and
Stewart, 1964) and X,, is the surf-zone width. By consider-

ing Xy = Hys/(B yb), We obtain:
H s
y = P8 rms sinfcos 3)
16 Byy

where g the gravitational acceleration (g =9.81ms™2), y,
is the breaking coefficient for irregular waves (y, = 0.42,
Thornton and Guza, 1983), 8 is the beach slope (8 =0.015)
and 6 is the offshore wave angle (from the shore-normal). S,
is an approximation of the term 0S ,,/dy in the alongshore
momentum balance equation, term that is equivalent to T, in
the same equation. allewing-as-to-compare-them-

Figure 11a and b show the seasonal variability of S, and T,
respectively. The comparison of both figures shows that both
forcings have the same order of magnitude and can there-
fore play a role in the bar dynamics, although §, is twice

larger-than as large as T,. The-seasonal-analysis-of-the-wind
stfes&tstheeﬂjryeﬂethat Only the wind stress seasonal anal-

ysis shows higher energetic conditions in winter 2009 than in
winter 2010, aeeerdingte in accordance with the results of
the migration rate. However, the wind stress shows higher en-
ergetic conditions in autumn than in winter, while the migra-
tion rate shows lower values in autumn 2009 than in winter
2009. The wave stress seasonal analysis shows lower differ-
ences between autumns and winters, but with larger values

in autumns too. as-the-bar-migration-results-suggests:

4.3 Sediment transport evatuation

The relationship between the bar migration and the along-
shore component of the sediment transport is here investi-

gated. Bee&useﬁftheﬂﬂeeftaiﬁﬁe&mﬁﬁeénﬂeﬂ%&aﬂspeﬁ

@&%mef&sephisﬁe&ted We use a formulatlon based on the
Soulsby and Van Rijn formula (Soulsby, 1997). Fhese—twe

formulations—have This formulation has been used in mod-
elling studies to explain the formation of different kinds of
transverse bars (Ribas et al., 2012; Garnier et al., 2006).
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4.3.1 Soulsby and Van Rijn {S¥R} formula

Here, we assume that the general formulation of the along-
shore component of the sediment transport is given by:

q = & (Vyave + Viing) “4)

where « is the sediment stirring function, Vi, is the along-
shore component of the wave- and depth-averaged current
driven by the wind-waves, and Vy;,q is the alongshore com-
ponent of the depth-averaged current driven by the local
wind.

The alongshore current generated by the wind-waves is ap-
proximated from the formula presented by Komar and Inman
(1970): fereads

Vieave = 1.17 (gHms )™ sin 6y, cos 6y, (3)

where 6, is the wave angle at breaking. ¥ Equation (5) has
been evaluated at the breaking depth defined as Hins/yb
(yp = 0.42) from the incident wave angle computed with
the SWAN model (Sect. 4.1) by using the Snell’s law and the
dispersion relationship.

The alongshore current generated by the wind is computed
by assuming the alongshore momentum balance between the
wind stress and the bottom friction in case of a quadratic fric-
tion law:

0.5
T}’

PCd

Viwind = * (6)
with cq, the hydrodynamic drag coefficient set as c¢g = 0.005.

The stirring function in Eq. (4) is approximated with the
Soulsby and Van Rijn formula (Soulsby, 1997) as:

@)

24
_ {AS (Ueq - Ucril) if Ueq > Ucrit
@gVR = .

— otherwise
where Ag is a coefficient that represents the suspended load
and the bed load transport and U, is the critical velocity
above which the sediment can be transported. As and U,
depend essentially on the sediment characteristics and on
the water depth (for more details see Soulsby, 1997; Garnier
et al., 2006). The equivalent stirring velocity is defined as:

0.018 ,\*
) (8)

Ueq = (U\iind + V\%/ave +— Ul%
Ca
where Uy, is the wave orbital velocity amplitude at the bottom
(computed at wave breaking), Cy is the morphodynamic drag
coeflicient computed with the formula of Soulsby (1997) and

Uying 18 the veleeity-amplitude-ofthe current generated by

the wind:

0.5
Usind = (9 WZ) ©
ca
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4.3.2 Tidal correction factor

Although the tidal level variations have been included to
compute the incoming wave time series, the sediment trans-
port formula defined in Sect. 4.3.1 does not take into account
that the bars can be emerged, and therefore inactive, during
part of a tidal cycle. If strong winds and high waves (despite
the limited fetch) coincide with the time of emersion, they will
have no effect and the effective sediment transport should
be zero. Furthermore, the time of submersion depends of the
tidal range: during neap tides the bar system is affected by
the marine dynamics almost 100 % of the time because the
full emersion of the bars occurs only when the tide is at its
lowest level (during a short time period); however during
spring tides, the active time period is reduced because the
tide falls lower and the bars are no longer submerged for a
longer time.

These effects have been quantified by means of the tidal
correction factor (a;), ranging from 0 to 1, leading to a new
transport formula:

q'=aq (10)

a; varies every hour, depending on the wave height (H,,)
and on the tidal level (n,). It is computed by using the follow-
ing formula (see Fig. 12):

0 fZs<mn
Z3 - .
Z— Z; Umax 2 <n <Z3
@y =y @tmax ifZI <<z (11)
-2 .
le ~7Z t,max ifZy<m <2
0 ifn<Zy
where
X H,
b rms (12)

At max = T = m

with L, the mean cross-shore span of the bars (L =100m).
Zo, Z1, Z, and Z3 are defined as (see Fig. 12):

Zy = 2.5 m = Level of the bar lower end

Z\(t = Zy+h'()=25+ yng,ms(t) (13)
Z = 3.7 m = Level of the bar upper end

Z3(t) = Zy+h' () =37+, Hos(1)

Zy and Z, (levels of the bar lower end, and of the bar up-
per end), are constant and determined from the 3d-geometry
(Fig. 5). Z, and Z3 depend on the active depth h* defined as
(h* = Hrms/yb)~

To better understand these formulas, let us consider a day
with constant wave height. The tidal correction factor is max-
imum (@ = @ mqx) when the maximum depth at the bars is
larger than the closure depth (n, >Z,) and when the sea
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level does not reach the upper end of the bars (n, < Z,). This
means that the complete surf-zone width is located over the
bars. Furthermore, the sediment transport over the bars van-
ishes if the sea level does not reach the lower end of the bars
(n: < Zy) and if the minimum water depth at the bars is larger
than the closure depth (n, > Z3).

From our observations, the tidal factor never reaches one
(Fig. 13). a; = 1 would occur for strong stormy conditions:
if the surf-zone width is as large as the bar width L (H 5 >
0.5), and if it coincides with high tide (n; = Z,). As was ex-
pected, Fig. 13 shows that «, reaches its maximum values
during neap tides, preferentially, as the tidal level is close
to Z, a larger part of the day. During spring tides, the time
while the tidal level is between Z3 and Zy is highly reduced,
consequently, the tidal factor is, generally, minimum.

4.3.3 Results

Figure 14a shows the results of the sediment transport by us-
ing Eq. (4), without the tidal correction. Figure 14b displays
the sediment transport by includins the tidal correction fac-
tor (Eq. (10)).

In order to analyse the correlation between q and the bar
migration rate, we integrate the sediment transport over the
time intervals Tk, for each segment that characterises the bar
movement (Sect. 3.2.2), and apply Eq. (1) for that sediment
transport data, in order to obtain the time-dependent sedi-
ment transport time series shown in Fig. 14.

Figure 14a shows that the sediment transport is weaker in
spring 2009 than in spring 2010 corresponding to a smaller
migration rate. However, the seasonal average of q shows
similar values for autumn-winter 2009 and autumn-winter
2010, while the migration rate results show lower values dur-
ing 2010. The correlation coefficient obtained is r = 0.75.

The addition of the tidal factor improves the results
(Fig. 14b) increasing the correlation coefficient to r = 0.8. All
correlations obtained are highly significants (p < 0.001). The
seasonal analysis shows higher values of sediment transport
during autumn-winter 2009 than autumn-winter 2010, cor-
responding with higher time-dependent migration rates dur-
ing autumn-winter 2009. The sediment transport computed
in spring 2009 is lower than in spring 2010, according to the
smaller migration rates measured in spring 2009. The time-
dependent sediment transport time series of ¢' (Fig. 14b) fol-
lows the main shape of the measured time-dependent migra-
tion rate. The bigger differences are found at the beginning
and end of the study period, where none of the models used
managed to predict the negative (westward) migration re-
ported during summer 2008, but, as previously mentioned,
these negative migration rates can be not realistic.

Figure 9e shows the flow rate of Miera river. This flow rate
is bigger during winter 2009 than winter 2010, so the faster
migration rate of the bars during this period could be influ-
enced by the river discharge, maybe because it is a source of
sediment. However, tests performed by including additional
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sediment stirring due to the river flow do not show improve-
ment of the results.

5 Conclusions

A small-scale finger bar system has been identified on the in-
tertidal zone of the swell-protected beach of El Puntal Spit in
the Bay of Santander (northern coast of Spain). The beach is
characterised by a constant slope of +-5%- 0.015 and by uni-
form sand with D5y = 0.27 mm. This system appears on the
flat intertidal region, which extends over 600 m on the along-
shore direction and between 70m and 130 m on the cross-
shore direction (the cross-shore span is determined by the
tidal horizontal excursion).

A system of 15 bars has been observed by using the Horus
video imaging system during 2 yrs (between 23 June 2008
and 2 June 2010). The bar system has been digitised from
daily images at low tide. The data set is almost continuous,
with good quality data the 81 % of the time and a maximum
continuous period of time without data of 6 days.

The geometric characteristics of the system are almost
constant aleng-the in time. The mean wavelength of the bar
system is 26 m and the bar amplitude is between 10 and
20 cm. Moreover, the bars have an oblique orientation with
respect to the low-tide shoreline, with a mean angle of 26° to
the east from the shore-normal. We noticed differences in the
geometry along the domain: the western bars (first half) are
more irregular and have smaller wavelength than the eastern
bars (second half).

The full system slowly migrates to the east (against the
ebb-flow) with a mean speed of 6 cmday™! that varies be-

tween bars. In general, the—larger—is—the—wavelength—the
slewer—is—the—migration—veleeity; larger wavelength bars

migrate more slowly, in agreement with previous stud-
ies en—transverse—bars: and satisfying mass conservation.
Remarkably; An episode of merging of two bars has been
observed on 28 March 2009: the bar with the smallest wave-
length is faster and merges with the next bar. As bars migrate
to the east, they form at the west and decay at the east.

A detailed analysis of the bar motion, from a piecewise
regression of the bar positions, has shown that bars mi-
grate faster more quickly in winter and-slewer than in sum-
mer, with maximum migration rates obtained in winter 2009
(0.15 mday~"). Some negative speeds (migration to the west)
have been computed (during summer 2008) but this result
could be an effect of the limitations of the piecewise regres-
sion at the beginning and end of the time series.

ind e . ) ’ e
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The primary forcing mechanism that is acting on the bar dy-
namics is the wind over the water surface. Off-shore of the
bar system, the mean (annual) flow is ebb-oriented (to the
west), because of the Miera River discharge and the astro-
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nomical tide. However, in the intertidal zone their effects on
the mean flow vanish. There, wind shear stress and wind-
waves generated over a fetch of up to 4.5km at high tide,
seem to determine the direction of the alongshore transport.

Although residual tidal current is weak, the tide seems to
be important in the bar dynamics as the tidal range eenditions
changes the mean (daily) fetch and also the time of exposure
of the bars to the marine dynamics. Furthermore, the river
discharge could act as input of suspended sediment in the bar
system and play a role in the bar dynamics.

The correlation between the bar migration and the along-
shore component of the sediment transport has been analysed
by using the Soulsby and Van Rijn formulation. The inclusion
of a tidal correction factor improves the results, simulating
that the active time depends on the tidal level and the wave
height.

Finally, the bar system is persistent and no formation and
no destruction events of the entire system have been ob-
served. Further studies are necessary to understand the for-
mation processes and the full dynamics of these small-scale
finger bars. In-situ measurements of the hydrodynamics and
sediment concentrations and numerical morphological mod-
elling are essential to deepen enthe-analysis: our understand-
ing. The bar system here has an oblique down-current orien-
tation with respect to the migration direction and has similar
characteristics and dynamics to the system described by pre-
vious theoretical (modelling) studies that consider the forc-
ing due to waves only (e.g. Garnier et al., 2006). However, in
our estuarine environment, the dynamics are more complex
as different forcings act with the same order of magnitude.
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Table 1. Transverse bar types and main characteristics.

Mean Cross- Migration

wave Bar wave- shore Bar rate* Reference of
Type Beach type height (m) length (m) span (m) orientation (mday™") observed bars
TBR Inter- >0.5 100-500 < 150 Normal, 50 ‘Wright and Short (1984)
(Trans- mediate Oblique Lafon et al. (2002)
verse wave- Ranasinghe et al. (2004)
Bars dominated Goodfellow and Stephenson (2005)°
and beaches Castelle et al. (2007)
Rips) Thornton et al. (2007)
Large Low energy <0.5 ~ 100 ~ 1000 Normal or 1 Niederoda and Tanner (1970)
Scale beaches, wide slightly Gelfenbaum and Brooks (2003)
Finger (~ 1km) oblique Levoy et al. (2013)
Bars with gentle

slope (0.002)

Finger Intermediate >0.5 50-100 <100 Oblique 40 Konicki and Holman (2000)
Barsof  wave- up-current Ribas and Kroon (2007)
Inter- dominated oriented Doeschate et al. (2013)
mediate  beaches
Beaches
Small Very fetch <0.1 <50 < 100 Oblique Lack Falqués (1989)
Scale — limited down-current of data Bruner and Smosna (1989)
Finger (< 10km) oriented Nordstrom and Jackson (2012)
Bars Garnier et al. (2012)

Present study

2 The values given for the migration rates are the maximum alongshore velocities detected.
igration rates of ic bars (van Enckevort et al., 2004) and of mega-cusps (Galal and Takewaka, 2008) much larger
(~50mday™") but these systems are not clearly coupled with TBR.
< Identify smaller scale TBR in low energy environment.

© Some studies have detected

www.earth-surf-dynam.net

11

Earth Surf. Dynam.



12 E. Pell6n et al.: Intertidal finger bars at El Puntal, Bay of Santander, Spain

Figure 1. (a) Location of Santander, (b) Map of the bay, (c¢) El
Puntal at high tide, (d) El Puntal at low tide. Images from Google
Earth.

Figure 2. Photos at (a, b) low tide, (c, d) rising tide. Pictures taken
from the east end of the study area (a, ¢), and from the west end (b,
d). Capture date: 25 February 2012.

Earth Surf. Dynam.

Hotel Real

Camera 2

Figure 3. Horus video system. (a) Cameras at the roof of the Hotel
Real, (b) Image taken by camera 2.

Lower end of the bars
Middle point
Upper end of the bars

e
¥

Image © 2013 DigitalGlobe

Figure 4. Coordinate system and bar digitisation. The x and y axes
stand for the cross-shore and the alongshore direction, respectively.
The colour points represent the digitised data (each bar is repre-
sented by 3 points); blue, red and green are the outer, the middle and
the inner points of the bars, respectively. The bar positions (P1-P4)
are defined along the y1—y4 axes (see positions of Bar 6, in white).
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Alongshore profile at X = 90 m
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Figure 5. (a) Bathymetry reconstruction with videoed shoreline po-
sitions during rising tide (24 June 2008). The north-west area with-
out data is the shadowed area by the dune, from the point of view of
the camera. (b) Alongshore profile of the bed level. (¢) Cross-shore
profiles of the bed level and cross-shore positions of the y1-y4 axes.
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Figure 6. Evolution of the bar system. Time series of the bar po-
sition along the y3 axis. The thin discontinuous lines represent the
measured position. The thick segments represent the piecewise re-
gression of the measured position. The number at the left side of
each lines indicates the bar number.
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rate speed-faveraged-entime) of each bar. The bar angles are mea-

sured from the shore-normal to the east. Positive values of the bar
speeds represent movements of the bars to the east.
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Figure 8. Time-dependent migration rate of the transverse bars.
Vi (thick-black line), time-dependent migration rate of the bar sys-
tem. Vi (colour lines), individual bar migration rate (the colours
correspond to Fig. 6). (a) Vi for bars 3-8. (b) Vi for bars 9—
14. Migration—speed-Time-varying-mierationrate the-transvers
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Figure 9. (a) Wind rose. (b) Wave rose. (c—f) Time series of the (c)
wind speed W, and the daily averaged (d) tidal range, (e) river flow
rate, (f) root-mean-square wave height of the wind waves H,y.
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Figure 10. Time series of the daily averaged (a) alongshore wind
stress ( black) and (b) alongshore wave stress ( Sy, black)

{e—)—a-}eﬂgshefe—'v\ﬂﬂd-s&ess—gy—,bhele— The grey llnes represent the

behaviour of the bar migration rate V,, that has been redimension-
alised with the above variables.
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Figure 11. Seasonal variability of (a) alongshore wind stress (T,)

and (b) alongshore wave stress (S y) fa-)—wave—pewer—éP—gfeﬁ—aﬂd

a-}eﬂgshere—wr-nd-sﬁes-s-ﬁ'%— The black lmes represent the behav10ur
of the bar migration rate V,, that has been redimensionalised with
the above variables. The bottom axes indicate the seasons, from
summer 2008 to spring 2010.

Beach profile

o 1 O 0
Figure 12. Parameters for the calculation of the tidal correction
factor (a,). It depends on the tidal level (n,), the mean cross-shore
span of the bars (L), the active depth (h*), the surf-zone width (X,),
the level of the bar lower end (Zy), of the bar upper end (Z,) and the
levels Z, and Zs which vary with the wave height (H,,;).
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Figure 13. Time series of: the tidal correction factor a; (red dots);
and the tidal range (greyscale, vertical bars).
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Figure 14. Sediment transport evaluation. Analysis of (a) along-
shore component of sediment transport q (without tidal correction),
and (b) q' (with tidal correction). The grey areas show the seasonal
variability and the red lines the time-dependent sediment transport
time series (obtained by averaging over the Ty, intervals). The black
lines represent the behaviour of the bar migration rate Vi, that
has been redimensionalised with the above variables. The corre-
lation coefficient of both lines is shown in the bottom right corner.
The bottom axes indicate the seasons, from summer 2008 to spring
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