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ARSTRACT

Thiz study aims e charaeterize e longshone sediment dynamics st Buarcos
Beach, Jocated i e central part of the west const of Porqugal, based on die
analysis of previous studies sad numerical results newly obgained by
application of o numerical model. The annual and sensenal ceoss-shore
distribution of tee longshore sediment wansport and associated beach charac-
terization parimetors wore caleolated for beach profiles representative of the
lengih of Buaroos Beach, containing sections with land rock outeraps and
smncly hays, Based nn warve dota of 12 consecutive years, the average annual
gross runsport is approximately LODD m'fvear, alwuys directed southwands
in i stretch of the Portuguese west const. Most of the aanual Tonpshore
trunsporl, 7%, occurs duning the local mantme winter (Octoher to March)
The influcnee of the sea level vamation oo e iwonal and seasanal inngshore
trunspart wis estimated. The elfect of extensive sectors of hasd rock outenops
along the beach on the longshore sediment transpon was analyred for
different sea levels and seasonal wave regumes.  In contrast Lo sectors of
sandy bottom sea, he sea level variation plays a major role on the variation of
the lonpahore sediment transpeat in e hesch seciors of hasd rock ouloragps.
Annual longshore transpor conmibutions as functions of wave dirsetion and
witve hetght wene ivestigatel. Wives incedent from the seclor K205 285
deg generate more than %05 of the annual transporl, and waves with Aeot-
prean-gpnane height within the range 10-2.5 m pive the greatest conteiluation
te the annual longshore transporl. Discrelization of e bongshore ransport in
terme of wave direction aed wave Desghl contribatione allows predictaon of
inter-annoal and seasonol c,h:\_ngr;\;- ol wave elimatz on the longshore sedment
fnnspart,

Additional Keywords: Namerical model, beach, eresion, sea Jevel varin
tion, Bunrcos Beach, Portugal

INTRODNUCTIONN

T hie objective of this smdy was to characterize the dyoamics
of Bogreos Beach, locsted on the Atlantic west Coast of
Porugal, This heach contains sectors of hard rock owemps
among smaller sectors of sandy bottom (Figure 1), The method-
ology applicd was based on analysis of previous studies and
calculations performed in this study by application of a numeri-
cal model, Buarcos Beach is an important seaside sununer resort
and downtown seafront. An avenue along its perimeter followed
by other urban infrastructures vital 1o the local population lmits
the backshore, During the summer, the beach is mainly used for
bathing (Figure 2) and leisure activities, not only by the loval
residems, but also by a laree number of wurises that exceeds the
local population. Tmporlant crosion episedes occurred between
1996 and 1998 that brought attention o this siretch of the
Portuguese west const. The erosion was associated with extreme
and unusual meteorolopical conditions and sediment Starvation
{Andrade, Teles, and Barala 1997, Cunba and Dinis 1998,
Vicente and Climaco 1998},  However, although understanding
ol the beach dynamics was acquired in (hese studies, a quantita-
tive unalysis of the local processes and the govemning parameters
was still lacking.

Figure 1. Location of Buarcos Beach and cross-shore profiles
{(based on |H Chart No. 64, 4™ edition, 1985).

STUDY SITE

Buarcos Beach has a N126 deg peneral orientation and a
length of 2.8 k. 11 is confined o the north by Cabo Mondego, a
natural headland, and 1o the south by Figueira da Foz Beach,
which has 2 N-5 (NI80 deg) general orentation ond a slight
enrvilinear shape (Figure 1), Further north and soath, the
shoreline takes a rectilinear shape with NNE-558W onentation.
Besides its orientation, the other distinet feature of Buarcos is the
existence of hord rock aulerops that cover almost the tetal lenpth
of the beach, with the exceplion of discontinuities of three sall
sandy bays. The hard rock oulerops (Flgure 3) constitule an
irrepular solid platform, located between 2 m depth above chart
daturn (CDy and 1 m depth below CD, which is almost totally
submerzed at mean high sea level. These natoral irregular
structures have an onshore-olffshore orientation and a maximum
length of about 200 m.  Beach sediments are predominantly
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The mean seu Jevel (MSL) 15 2 m

medivm and comrse sands
above 0 m CD. The tide observed in Buarcos is semidiurnal with
mean range 2.2 m, and maximuem tidal level above the C1D 3.6 m

The historical  evolution  analyvsis of Buarcos  Beach
{Betteneourt and Angelo 199271 based mainly in the study of
charts and aerdal photographs shows that, despite some inter-
anoual oscillations, between 1871 and 1985, the shoreline posi-
tion at MSL was relatively stable. Bused on surveys of the
shoreline position between 1954 and 1984, Vicente and Climaco
(19981 renched the same conclusions, The only exception 1o this
behavior was observed in the southemn sector of the heach, as an
enlarpement that started in the 149608 us o result of construclion
of jetties in the Mondego esivary mouth (2 km furher south).
This led to the advance of new infrastructures {an avenue along
the perimeter) over the beach, More recently, in January of 1996,
the cccurrence of an extreme storm initiated erosion that lasted
until 1998,

Severul authors (Femeira, Gilbert, and Cordeiro 1861
Consulmar 1988; Bettencourt and Angelo 1992; Andrade, Teles,
ancd Barata 1997; Cunba and Dinis 1998) have estimated the net
longshore transport to be directed to the south and to vary
between 200 and 1500 x I0F m®year. Such a wide range of
estimmed values reveals the difficulty of mnalyzing (he Buarcos
RBeach dypamics and points 1o the necessity of applying other
methodologies, such as numerical modelling, w obtam a desiled
description of the longshore lranspor,

Capitdo, Fortes, and Carvalho (1997) characlerized the annual
wave climate in the nearshore region of Buarcos based on wave
records covering January 1984 o December 1996 that had heen
obtained from a wave fder buoy located at 89 m depth CD,
labelled as "B in Figure L. In this study, the onooal wive
climate was transfersed, based on muthematical modelling of
wave propagation at MSL, o a location in front of the beach, at
10 m depth CD, loeation P2 in Figure 1. The translerence of the
wave climate was done lor three (ime periods as: (1) the average
annual regime observed, (2) average maritime winter (Oclober (o
March), and (3) average maritime summer (April to September),
The results are presented in Figure 4a-b.

METHODOLOGY

Ten parallel cross-shore profiles along Buarcos Beach, P1-PI0
in Figure 1, were extracted from a sea chart ot scale 122000, dated
1987. The location of the cross-shore profiles was selected
strategically in order to obtain a good representation of the
beach. Profiles P1, P3, and P8 are located in the small bays of
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Flgura 3. Oulerops seclor ol Buarcos Beach,
sandy bottom sea existent within the hard rock oulcrops
discontinuilies. The remaining profiles intercept the irregular
hard rock ooterops and are therefore representative of beach
profales of o partial solid bottom sea. The cross-shore distribu-
tion of the average annmual and seasonal longshore sedimeni
iransport corresponding o the wove data availlable were esti
mated [or each beach profile

The numerical model applied was LITPACK (DHI 206000, The
model is well known in the coastal engineering scientitic com-
piunily, s deseription of its formulation is omitied, The three
sea fevels of 2.0, 0.5, and 3.5 m above CD were implemented in
the medel to simulate the beach dypamics at MSL, low sea level
(LSLY, and high sea level (HSL), respectively. The sedimento-
logical characteristics of the besch obiained from local surveys
wis based oo the parameters median groin diameter, D, = 0,7
mm, and diameter spreading, (D, /D 1" = 138 -
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Figure 5. Seasonal longshore sediment transport at MSL, LSL,
angd H5L for profiles P1-P10.

ANALYSIS AND IHSCLSSION

Annual Longshore Transport at Different Sea Levels

Drue to the abignment of the shoreline, i1 was Tound thit the net
and gross transport rates are eqeal and directed southwards,
independent of the seasomal wave climate, which in both cascs
presents n wide spread of wave direction distribution.  The
average seasonal longshore ransport obtamed for the three sca
fevels, MSL, L5L, und HSL, w0 cach beach profile PL-1P1O
(Figure 1), is presented in Figure 3

At MSL, the hard rock outerops are partially submerged, The
average annual longshore transporl along the wial extension of
the beachis 1.008 £ 10 m Yyear, On nver , the transport is 868
x 10° mifyear in the beach sectors of harl rock owtcrops and
1,500 x 107 m*vear in the sandy bays (Figure 3), The longshore
transporl at the hard rock outcrops sectors might be underesti-
mated because the model neglects both bed load and suspended
sedimeant tinnsport over the solid bottom sen

At MSL, in the sectors of hord rock outcrops, the majority of
the longshore transport occurs seaward of the outcrops. Only
about 2% of the average annual longshore transpor ocours
shorewand of the outcrops I_FI;P.HFL‘ Ta), At both types of profiles
iwith and without owicrops), the presence of an offshore bar
penentes i second ;1-;:.'L|\ in the cross-shore distnbulion of the
longshore transport, as can be seen for profiles P3 and P10 in
Fipures 6a und 7a, respectively, The existence of an offshore bar
reduces the mngnitude of the peak of the lonpshore transport
closer 1o the shoreline as result of previeus wave breaking,

Al L5L, the hard rock outcrops are almost complezly emear-
genl The averppe longshore ransport uleng the totl extension
of the beach is 1.545 x 1P mfyear. On average, the transport is
1519 5 10 myvear an the beach sectors of hard rock onterops
and 1.579 x 100 mYyenr in the sandy bays. Comparing these
values with the corresponding values at MSL., it is observed that
the longshore ransport s 75% ad S prester for the beach
sectors of rocky bortom and sandy bottom, respectively.
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Figure 6, Cross-shore distribution of the longshore sediment
transport at P3 at: {a) M3L, (b} L5SL, {c) H5L.

Figure 7. Cross-shore distribution of the longshore sediment
transport at P10 at: (a) MSL, {b) LSL, {e) H5L.
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Figure B. Discretised annual longshore sediment transpaort at
MSL.

AL LSL, for both types of profiles with and without outerops,
the offshore bar hus a larger contribution 1o the longshore
transport than w MSL. No longshore transport oceurs shorewind
of the owtcrops becanse the shoreline interceprs the hard rock
botwom. The increase of the overnll teansport is mainly due o the
bar contribution and, therefore, is localized (Figures 6b and Thi,

At H5L, the hard rock outcrops are almost completely sub-
merged. The average longshore transport along the total exlen-
sion of the beach is 783 x 100 mYyear. On averape, the transport
is 604 x 107 m¥year in the beach sectors of hard rock outerops
and A9 % 10" myearin the sandy buys (Figore 5), Comparing
(hese values with those ot MSL., it is observed that the longshore
[ramsore 15 30% and 3% lower at HSL for the beach sectors of
rocky batiom and of sandy bottem, respectively, The difference
betwaen the longshore transport for both types of beach sectors is
1.4 times preater at HSL than at MSL, I is again remarked that
such a value might be an underestimate because the model
neglects sediment trimsport over the outerops.

Comparing the cross-shore disiribution of the longshore rans-
port at HSL and MSL for the outerops sectors, an increase in
longshore transport was observed closer to the shoreline {reach-
ing 76% ul the total transport for profile P4), and a consideralble
decreass seaward of the outcrops, as result of the reduction of the
transport w the offshore bar (Figures 6e pud 7o) The overall
transport decrease at HSL results from the reduction of e
contribution o the offshore bar and simullaneows ncresse in
width of the surf zone over the rocky botiom. Concluding, e
mumerical results show that sea level variation has greater
influence in the longshore ransport for the rock outcrops sectors
than for the sandy bays (P1 and P3 in Figure 51 becanse, as the
sea level rises, the average transport along the beach decreases
due o advanee of the surl 2one over the outerops,

The role of sea level varintion in caleulation of the nverage
anmual longshore transport was assessed.  Because the tide in
Buarcos is semidivmal, it 15 represented as three sea levels
occurring daily and that the dumtion of MSL is wice the
duration of LSL and HSL. The average anneal longshore
transport obluined along the totn] extension of Buircos Beach
was 1.086 = 10F m*vear. The average annual longshore trans
port, considering that the MSL is constant during the day, is 93%
af that value. Thus, the importance of considering sea level
variation in calculating the averape longshore transport rate is
demonstrited,

Seasonal Longshore Treansport of Different Sea Levels
During the maritime winter, the longshore transport is on
aversge, ot MSL, LSL, and HSL, 877 x 10" m'fvear, 1.302 « 1Y
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mfyear, and 670 & 100 m'yedr, respectivaly,  These values
correspond to 87, 84, and 86% of the annual transport, for each
respective sea level. For this seasonal wave regime, the transport
in the outcrops sectors 15, for LSL, equal to the transport ot the
sandy bavs, and it is about 1.6 and 2.4 times lower at MSL and
HSL, During the maritime suminer, the tanspornt in the outerops
sectors is, al MSL, LSL, and HSL, about 2.5, 1.1, and 2.8 times
lower than in the bays.

The differcnces between the longshore tansport found for the
two marilime regimes {outcrops sectors and sandy Days) are doe
to the variation of the position of the breaker ling, Dunng the
maritime winter, the wave breaking process starts at higher
depths than in the summer, generating a more pronounced
offshore peak ol the cross-shore tansport distribution, Because
during the maritime suimmer the suef zone s narrower, a higher
percentage of waves break over the outcrops, and the differences
between the longshiore trunsport for both tvpes of beach sectors
are preater.

Beach Parameters: Active Length and Active Depih

The parameters of active deptl and sctive length were vsed w
eviluate the dynumic beach behavior bosed on analysis ol the
numericil results. Such parameters allow quantification of the
cross-shore extenl of the longshore transport, The extension of
predominant annual and seasonal ranspon is marked for profiles
F3 amd P10 in Figuees 6oand 7. For the total length of the beach,
during the maritime summer at MSL, the average active depth
and length are 7.8 and 507 m, respectively.  These values
correspond 1o 68 und 61% of the avernge values obiained for the
maritime winler.

Wave Height and Wave Direction Contributions o the An-
nual Longshore 'Transport

[n this section, the contribution to annual longshore for each
directional sector and associated wave height is quantified. The
numencal results ot MSL oare prescated in Figure B The
longshore sediment transport induced by waves incident from the
sector N265-285 deg is, at MSL, LSL, and HSL, aboul 85, 80,
and 839 of the annual drift, For the firee sen levels, waves with
root-meadn-square wave height H_in the mnge 1.0-2.5 m have
the preatest contribution to the annual longshore transporl. At
MSEL and HSL, the contribution is about &0%., and at LSL i 15
about 6% Waves from N265-285 deg and within the height
class 10-2.5 m generate about 500% of the annuoal drift ot all seq
levels,

Wave height was found o0 be more important than wave
duration in the Tangshore transport. Waves with HL greater than
20 m, which always break seaward of the rock outcrops
indlependent of the sea level, account for only for 13% of the
anmual duration, bot they generate at MSL, LS1., and HSL., about
71, 39, and 67% of the annual longshore transport, Waves with
H_ Jower than 2 m genernie a longshore transport thal not only
depends on wave height, but also on the position of the breaker
line, which moves over the sutcrops according o the level of the
Sl

Although the directional seclor N275-285 deg has the Tongest
duration, the larpest contribution 1o the annual longshore trans-
porl is i sector N265-275 deg, obout 519 at MSL, 6% at LSL,
an¢l 509 at HSL. The explanation is that: (1) the highest waves
are associated with this directionsl sector, and {23 the angle
between the bisecting line of this wave sector and the normal to
the coastline, which orientation is N216 deg, is the closest to 43
dep and maximum possible transport,
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CONCLUSIONS AND RECOMMENDATIONS

The longshore sediment transport along a sandy coast with
hard rock outcrops was analyzed based on an innovative method-
ology that can be applied to coasts with similar morphologic
features. Due to the wide range of longshore sediment lransport
values resultunt from previous studies and consequent difficulty
in characterizing the beach dypamics, 8 detailed quantitialive
iJ.I!IEl.i}'Ei\ was gonducted. This annlysis was achieved through the
application of a numerical model based on a 12-year time series
of wave observations, The beach was divided into ten parallel
cross-shore profiles representative of the two types of beach
sectors, hard rock onterops, which are predominant. and sandy
Baotiom sea. The simulations were conducted for the average
annual wave climate and the average seasonal wave climate
(maritime winter and summer) and for three sea levels (MSL,
L.S1, and HSLJ.

The average annual longshore transpont obtained along the
total length of the beach was LOOS x 10P n¥fyearat MSL, 1.545 x
10% mdyear st LSL, and 783 & 1Y m'fyenr at HSL, For the hard
rock outcrops sectors, the annoal longshore transport was Found
o be 42% (ar MSL), cqual (ar LSL), and 0% (ol HSL) of the
tramspotl in the sandy bays, At LSL, the longshore transport
shows a low varability along the beach because the surf zone is
generally located over sandy botlom amud the oulcrops e almost
completely emerged. As the sea level rises. the results show an
overall reduction in the wansport due W the shoreward advanee
of the surf zone and subsequent incresse of its extension over the
oUtCrops.

At MSL, the average longshore transporl in the maritime
winder is 87% of the mnunl tronsport. The differences of the
longshore transpord for both types of beach sectors between the
two marilime wave regimes were andveed. They were lound
more pronounced during the maritime sumrmer becanse the surf
zone is mainly located over the hard rock outerops, unlike during
the maritime winter when the wives break further offshore due o
the occurmence of higher waves, During the maritime summer,
the aetive depth and length pre 7.8 and 507 m, which corres pomd
o 68 anc 61% of the values found for the maritime winter.

The anmual longshore transpon was examined as function of
wave height and wave direction. Waves with H__ above 2 m
aecount only for 13% of the annual durition, but they generate
between approximately 60 and 70% of the antual littoral trans-
port for the three sea levels, Woves incident from the directional
sector M265-285 deg penerate between approximately 80 and
3% of the average annual drift for the three sea levels. The
directional sector N2G5-275 deg is parficularly important be-
cause, although it aceounts only for 25% of the annual doration,
it generates about 50% of the anpunl longshore transport for the
three seq levels. The reasom is beconse it contains the highest
percentage of waves with H_ above 2 m and because the angle
between its bisecting line and the profile is the closest to 45 deg,
which comesponds 1o the incident direction that indoces the
greatest longshore transport.

Waves with H_ higher than 2 m always break seaward of the
outcrops, independent of sea level, und therefore, their contribu-
tiodi to the longshore transport rate is not affected by the presence
of the hard rock materinl. In contrast, the contribution of waves
with H_ lower than 2 m depends on sea level because the the
breaker line moves over the bard rock outerops,

The existence of the imegular ock outcrops implies the
occurmence of several three-dimensional local phenomena, such
as turbulence and vortieity, which are neglected in the numerical
model npplied. Suspended sediment trunsport over the outcrops
was also mot represented in the model. In future work, these
physical processes should be considered through o three-dimen-
sional simulation instead of the cross-shore two-dimensionnl
approdach here applied.
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