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ABSTRACT ..

MARQUES, M.A., PSUTY, N.P., and RODRIGlTEZ, R., 2001. Neglected Effects of Eolian Dynamics on Artificial Beach
Nourishment: The Case of Riells, Spain. Journal of Coastal Research, 17(3), 694-704. West Palm Beach (Florida),
ISSN 0749-0208.

Beach nourishment projects have been systematically analyzed from a number of perspectives. However, although
studies have evaluated the suitability, performance, and impacts of beach nourishment, the analyses seldom include
wind effects. The eolian transport triggered by beach nourishment is examined at Riells, Spain, where the beach was
augmented to accommodate tourism. This case study focuses on the unprecedented geomorphological impacts asso
ciated with eolian processes and the large quantities of sediment (ca. 20 mv/m of beach) mobilized within the nour
ishment area to be transferred to the upper beach and some into the adjacent road and residential community.
Geomorphological research from the area provides a perspective on past and present eolian dynamics. The analysis
at Riells describes the environmental conditions for the geomorphological response to the beach surface area increase
and hence sand availability. Thus, it provides information on an ancillary outcome of beach nourishment and identifies
a need to incorporate eolian transfers in the evaluation of impacts and cost of beach nourishment.

ADDITIONAL INDEX WORDS: Beach fill, beach fill evaluation, eolian transport, coastal sedimentation, Mediterra
nean coast, Catalonia, coastal management.

INTRODUCTION

Beach nourishment is a widely-used technique in coastal
management. Appropriate application of this approach re
quires an adequate knowledge of the following: its interaction
with the ambient conditions, its technical feasibility, and an
economic cost-benefit analysis of the complete beach nourish
ment project.

Existing literature on the evaluation of sand loss and sand
transport after beach nourishment concentrates on the ma
rine processes (NATIONAL RESEARCH COUNCIL, 1995). Winnow
ing of fine material, slope adjustments, losses from the ends
of the fill (including the effects of structures if present), and
previous erosive processes are the most prominent causes of
modifications to the emplaced fill (DEAN, 1983). The com
pressibility of marsh deposits under fill loading has also been
considered as a factor affecting the performance the sand unit
(DEAN, 1983). However, with the exception of an early obser
vation by DRAGA (1983), an inclusion within a total loss cal
culation by PHILLIPS, et al. (1984), and a site specific study by
VAN DER WAL (2000) there are few references to sand losses
from the fill as a result of eolian processes.

The removal of sand from the source area and its deposi
tion on the beach are of prime importance in the analysis of
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short-term and long-term environmental impacts associated
with artificial beach nourishment. According to the Commit
tee on Beach Nourishment and Protection (NATIONAL RE
SEARCH COUNCIL, 1995), most of the evaluative emphasis was
placed on beach impacts, with less attention paid to the re
covery of offshore sand sources and associated biota. The con
ditions of change and recovery were seen as areas of major
concern to this Committee and the members strongly rec
ommended suitable multidisciplinary programs to evaluate
changes in the physical and environmental conditions atten
dant to beach nourishment projects. However broadly this
analysis was intended, the resulting review of beach nourish
ment contains no reference to the effects of eolian processes
on the modification of the emplaced fill nor the environmen
tal and social impacts of eolian transport out of the beach
system.

Conceptually, the understanding of the specific processes
forcing responses in a particular stretch of coast has both
intellectual value as well as importance for management de
cisions and coastal utilization. The full gamut of knowledge
of sediment mobilization associated with beach nourishment
should be part of the decision-making process. PASKOFF (1992)
indicates that both the understanding of short term and local
effects and the knowledge of large-scale coastal behavior pro
vide the necessary background for designing a program of
coastal management. This approach incorporates the oppor-
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Figure 1. A) General study area with th e Gulf of Roses and locati ons of L'Escala, Riells Beach, th e meteorological sta tion in the Montgr i massif (point
1) and the zone of sand mining (point 2). B) Details of the L'Escala muni cipality, with locations of pocket beaches (such as Platja (P.) de Riells).

tunity for changing environmental conditions which could
have a detrimental effect on human facilities and activities.
He stresses th e importance of a historical perspective and th e
need to study shoreline evolution from anthropomorphic and
sedim entologic points of view through the past century. This
current study attains these objectives by identifying the site
and situation of sediment mobility at Riells Beach in the con
text of th e modern beach nourishment episode and by placing
it within the geomorphological regime of eolian sediment
transport associa ted with historic and pre-historic intervals
of sediment delivery at Riells.

RESEARCH PROBLEM

This paper considers th e conditions and characteristics of
a beach where an artificial beach nourishment project was
undertaken to enlarge the beach for the purposes of tourism,
not to counteract beach erosion. The beach fill subsequently
interacted with th e ambient processes resulting in large
quantities of eolian transport inland. Whereas the sediment
transfers surprised the local authorities, an an alysis of the
historical coasta l geomorphology provides a background and
understanding of the importance of eolian processes in this
setting. Specifically, thi s study examines: a ) the role of eolian
processes in th e performance of a beach nourishment project;

b) the inclusion of these processes in the design and moni
toring of beach nourishment; and c) the application of infor
mation furnished by existing regional geomorphologic re
search in the management and decision-making processes .

STUDY AREA

Economic development on the Mediterranean coast in
Spain is mainly based on tourism. In Catalonia (northeaste rn
Spain), as in many other countries, sandy beaches are of
pr ime importance to th e tourist industry (GENERALITATDE CA
TALUNYA, 1984). The general characteristi cs of the Costa Bra
va (rugged or wild coast) consist of a rocky coastline with
cliffs exceeding 100 m in height, inter spersed with numerous
sandy pocket beaches and coves in which the opportunities
for tourism may be limited by the physical dimensions of the
beach. The two largest beaches in northern Catalonia are the
Gulf of Roses (approx. 16 km in length) (Figure 1) and Pals
beach (about 10 km in length). Given the weather and th e
vacation period in Europe, the tourist season is short and
intense and tourism is concentrated in locations offering ap
propriate amenities.

In the 1980s , the General Directorate of Ports and Coasts
(a division of the Ministry of Public Works (MOPU, Minis
terio de Obras Publicas y Urbanismol) brought about a
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Figure 2. Seasona l wind roses and the per-cent frequency of daily max
imum wind gusts in particular speed categories for each compass direc 
tion (period 1988- 1994). Sp = Spring, Su = Summer, A = Autumn and
W = Winter.
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cha nge in coastal policy in accordance with the new goals of
the Government. An attempt was made to make the coastal
areas more environmentally friendly (MOPU, 1985), i.e., cre
atio n of green spaces, nature reserves, improvement in water
quality, restoration of degraded dunes, control and construc
tion of infrastructure, delimitation of a Public Littora l Fringe
(Dominio Publico Litoral). A campaign denouncing the de
graded conditi on of the coastal environment was also
launched. This cam paign culminated in the enactment of a
new Coastal Law in July 1988 (ESPANA LEY DE COSTAS, 1988).
Considerable sums of local and national monies were subse
quently invested with an objective of improving the coastal
infrastructure. The enlargement of a beach specifically for
tourism derives from this policy.

BACKGROUND

Environmental Dynamics

Figure 3. Episodes of win d gusts with speeds equal to or in excess of 20
km/h and a permanence equal to or in excess of 5 days. Graph I depicts
an ave rage speed and the incidence of each episode. Graph II depicts the
dura t ion of the same episodes.

The area of investigation is Riells Beach (Platja de Riells)
located in the town of L'Escala at the southern end of the
Gulf of Roses (Figure 1). The Gulf of Roses faces eastward
and is situated between the headl ands of Peninsula de Cap
de Creus to the north and the Montgri massif to the south.

The Costa Bra va has a typical Mediterranean climate. The
mean an nual temperature is about 16c C, the summer ave r
age is 23cC an d the winter is 10c C. The diurnal temperature
range is low, about 6 "C. The annua l precipitation is about
600 mm with an equinoctial regime (210 mm in autumn and
190 mm in spring). Convective precipitation in September
and October has been recorded as greater than 100 mm/24
hr.

The tidal regime is microtidal. The spring tida l ra nge is
about 0.15 m, which is characteristic of the Mediterranean
region. The coastal processes of the Gulf of Roses are the
products of the seasona l weather systems and assoc iated
frontal winds . The net longshore drift in the Gulf of Roses is
from north to south. There are occasionally stronger eas te rly
winds associated with cyclonic storms known as Llevantades.
The cold and strong wind from the north-northwest , the Tra
montana, is the most prominent feature of the regional me
teorology and is a very important factor in the sa nd transport

dynamics of this area (spee ds of up to 100 km/h are not un 
common). The maximum speed recor ded was 172 km/h (it
could have been much higher had the anemometer not bro
ken, MACAU, pers. comm) . The Tramontana exerts a strong
influence over the morphology of the beach an d coastal zone.

Wind data (Figure 2) from the nearby Roca Maura meteo
rological station (site 1, Figu re La) located 6 km south-south
east of Riells at an altitude of 220 m in the Montgri massif
demonstrate the seasonality and magnitude of gus ts in the
region . The highest frequencies an d magnitudes are from the
north-northwest throughout the seasons, with winter having
greater values in all directions. Applying these data to the sit
uation at Riells, the onshore winds account for 62% of the tota l
frequencies, and have a mean wind gust speed of 43 km/h .

Continuity of the direction of wind gusts also is importan t
in affecting sediment transport. Data avai lable on Tramo n
tana wind gusts from the northern quadrant (from the NW
to the NE) with spee ds equal to or in excess of 20 km/h and
with a duration equal to or in excess of 5 days show that these
severe situations account for 20% of the gusty conditio ns (Fig
ure 3). Episodes A and B in Figure 3 are prominent becau se
of their duration. Episode A extended from November 13 to

Journal of Coastal Research, Vol. 17, No.3, 2001



Eolian Effects at Riells 697

Figure 4. Aerial views of Riells Beach and part of a housing development. A) photograph taken in 1971 prior to beach enlargement with a predominance
of fields. B) photograph taken in 1989 after artificial beach nourishment portraying the increase in beach size and expansion of residential developm ent.

December 24 1990. The total duration (including minor in
terruptions) was 42 days. The average speed of the four suc
cessive wind events in this time period was 48 km/h. Episode
B had an interrupted duration of 25 days, with a mean speed
of 51.3 km/h (Figure 3). This was the longest period of gust
iness during the seven years of record. As portrayed in Figure
3, there are usually one major and several minor Tramontana
events annually. The combination of wind direction and mag
nitude associated with the Tramontanas will drive sediment
transport for extended periods.

Within the arcing beach of the Gulf of Roses (Figure 1),
there are three beach zones of form and processes related to
eolian dynamics: the northern, central, and southern zones
(MAHQUES and JULIA, 1986c). The northern zone has a shore
line orientation that is primarily east-west and it is situated
perpendicular to the strong northerly winds. The main geo
morphological characteristic of the northern zone is sand de
flation and sand transport to the sea. In the central zone, the
northerly winds are parallel to the shoreline. The geomor
phological response is the development of a barchan dune
field in the beach that migrates alongshore. The main char
acteristic of the southern zone is the general east-west ori
entation of the coast and a series of pocket beaches that begin
just to the south of the former mouth of the River Fluvia (Riu
Vell), Consequently, in this zone dunes and sand sheets mi
grate landward if they are not fixed. L'Escala forms part of
this zone.

Inland invasion of wind-blown sand, from the Riu VeIl
mouth to Platja del Rec (Figure Ib), was not uncommon in
the past. The Montgri massif is partially draped with a cover
of Early-to-Late-Quaternary-age wind-blown sand dunes and
sand sheets that migrated from the Gulf of Roses depression,
transgressing the southern margin of the embayment

(MARQUES and J ULIA, 1986b ; 1986c). Further, the continuing
mobilization of sand was a recognized problem at an earlier
time in the human use of the area because of conflicts with
land reclamation and development. More recently, at the
turn of the century, the problem was studied and a dune sta
bilization program was implemented (FEHRER, 1895). The
dune control program is still in force today.

Eolian transport is presently not possible in the two beach
es located in the old nucleus of L'Escala (Platja de les
Barques and Platja del Port d'en Perris, Figure Ib), which
face the north, because in these two locations the beach sed
iments consist of pebbles and cobbles .

Riells Beach

The town ofL'Escala (Figure 1) was previously a small fish
ing village situated on a rocky headland of the Montgri mas
sif. Since the 1960s , L'Escala expanded along the coast be
cause of tourism. In the 1991 census, the number of perma
nent residents was 5,178, but in July and August, the popu
lation exceeds 47,000, according to a study on the seasonal
variation of population in Catalonian municipalities (MEN
DlZABALet al., 1993). The natural shape of Riells Beach com
partment (Figure 4a) was a gentle double arc which was al
most symmetrical. It is exposed to the north and located be
tween a rocky promontory to the west and another rocky
node, which has a harbor, to the east. The shallowest area
was located in the middle of the beach at the mouth ofa small
river. In this compartment, the 2 m isobath was about 200 m
from the shoreline. The natural sandy beach had a mean
width of 12 m with a total area of about 6,500 m-,

Tourists, in general, prefer to be accommodated within
easy reach of the beach. The problem at L'Escala was that
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there were only two very small beaches in the urban area.
These beaches were formerly used for mooring fishing boats
(Port d'en Perris and Platja de les Barques). In 1957, L'Escala
was a small urban area on a headland surrounded by fields.
By 1971, scattered residential development had expanded
into the fields (Figure 4a). Over the last two decades, the
rapid expansion of built-up areas on the coastline (hotels, res
idential development, shops and recreation centers) has led
to over-crowding within the finite coastal compartment.

When the tourists first began to arrive, the two small
beaches located in the old part of the town and the narrow
beach of Riells, on the outskirts, satisfied the demand for
recreational space. By the 1980s, the built-up areas had ex
panded to such a degree that the spatial dimension of these
beaches could no longer cope with the demand in summer,
resulting in overcrowding and discomfort. The other beaches
of the L'Escala municipe (Empuries, del Convent, El Porti
txol, del Rec, Figure 1b) are located as much as 2 km to the
north of the town. Thus, the General Directorate of Ports and
Coasts decided to undertake the enlargement of the beach at
Riells to accommodate the increasing demand for local beach
oriented recreation and tourism.

BEACH NOURISHMENT AT RIELLS

In Spain, the responsibility for the protection and manage
ment of the coastal environment formerly resided with the
national Ministry of Public Works (MOPU). Since 1996, it
now rests with the national Ministry of Environment (Min
isterio de Medio Ambiente), except for some functions that
are delegated to Autonomous Governments.

The Spanish Ministry studied the most suitable option for
the enlargement of the sandy beach in accordance with the
enunciated new goals and directives (MOPU 1985, ESPANA
LEY DE COSTAS, 1988). Beach nourishment was recommended
as the most suitable option. Artificial beach nourishment pro
vides distinct advantages (esthetic, environmental) over oth
er methods. Artificial sand nourishment offers an alternative
which conforms more closely to natural processes (CHARLIER
and MEYER, 1998). Formerly, the technique of breakwater
construction was widely used in Spain to control erosion and
to enhance sand accumulation (MARQUES and JULIA, 1986a;
MARQUES, 1988; MARQUES and PENA, 1989; PENA, et al., 1994).
However, there has been a debate amongst the proponents of
shoreline stabilization at national (PENA and PARIS, 1994)
and international forums (KOMAR and MOORE, 1983; MOPU,
1985; PASKOFF, 1994) that the application of beach fill is a
"better" solution to the erosion problem than structures. Nev
ertheless, there are continuing issues associated with beach
nourishment, such as design characteristics, environmental
degradation in the sand source areas, and the high cost of
maintenance. SILBERMAN and KLOCK (1988) propose a meth
odology to evaluate the positive recreational benefits of beach
nourishment. The report of the NATIONAL RESEARCH COUN
CIL(1995) attempts to provide a balanced evaluation of beach
nourishment but eventually concludes that each site must be
researched thoroughly and that nourishment be considered
in full light of the longer term costs to the environmental,
economic, and social systems. There is general agreement

that beach nourishment is conceptually a much more dynam
ically-compatible approach to the problem of beach erosion
than structures because the sand can retain the ambient
morphology and ecological systems. However, the NATIONAL
RESEARCH COUNCIL also acknowledged that there are a suite
of technical, environmental, economic, and political factors
which may affect the decision to apply beach nourishment.
Further, a report from THE HEINZ CENTER (1999) raises the
issue of hidden costs in any beach project and suggests that
beach nourishment is considerably more costly in economic,
environmental, and social terms than is generally realized
and challenges much of its present day application.

Figure 4a is an aerial view of the Riells beach area taken
in 1971, i.e., prior to artificial beach enlargement. Figure 4b
is an aerial view of the beach in 1989 after beach nourish
ment. A comparison of the photos illustrates the dimensional
change in the beach and also presents a very noticeable
growth in residential development and accompanying infra
structure during the intervening period. As a result of beach
nourishment, the width of the beach was enlarged up to 85
m and the mean width increased to 70 m. The length of the
sandy beach was also increased to 525 m because the western
end was rocky and not utilizable before enlargement. The to
tal surface area after nourishment increased to about 32,000
m". This artificial enlargement means an increase of more
than 25,000 m" and therefore an increased tourist capacity.

The sand obtained for the beach nourishment (about 60,000
m") was excavated from a subaerial source 4 km north from
Riells (site 2, Figure La), This source area was the beach lo
cated near the southern end of the Gulf of Roses alongshore
transport cell and within the site of southwardly-migrating
barchans and barchanoid dunes in the beach (FERRER, 1895,
MARQUES and JULIA, 1986b, 1986c). This location is at Les
Dunes beach (Figure Ib), on the north side of a former River
Fluvia mouth (Riu VeIl).

The central portion of the beach on the Gulf of Roses, be
tween the modern and the former River Fluvia mouths, is
affected by low-frequency, high-energy easterly storms tLle
vantades). These storms play an important role in the beach
dune morphology for a number of reasons. Larger waves and
storm surge give rise to: a) flooding of the backshore and ad
jacent inland areas; b) flattening of the previous dune field
morphology, of barchan type; and c) onshore transport of or
ganic detritus. Subsequently, northerly winds and especially
the Tramontana conditions of strong alongshore winds pro
duce the reconstruction and migration of barchan and bar
chanoid dunes in the beach (MARQUES and JULIA, 1986b,
1986c). This southward eolian transport is a natural input of
sediment to the sand-mining zone. Given this natural supply
and the very active processes of destruction-construction of
the dune field, the resulting topography consists of a highly
mobile sand surface with a minimum of vegetative cover.
Thus, intercepting and removing the sand in transit may
have a modest effect on the geomorphology of this area. Nev
ertheless, the beach-dune sediment budget could be affected
and the dunes and the ecologic system could sustain some
damage if the southernmost dunes became scarped, as per
the models of PSUTY (1986, 1988) and PYE (1990), and under-
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cutting were to create remobilization of the stabilized dune
forms in and around Empuries.

The two beaches, Riells and the excavation zone, belong to
the same physiographic unit, i.e., the Gulf of Roses. The nat
ural sand supply of both sites is derived from the southward
longshore drift. For this reason, there should be close com
patibility between the emplaced and the autochthonous
sands. Grain-size analysis shows that both share the same
size distribution and composition, thus providing a good
match. The Riells sand was mainly made up of quartz grains
(50.2%) and bioclasts (30%). Feldspars (16.60/0) and heavy
minerals (2.8%) were minor constituents. It was a well-sorted
sand (sorting coef. 1.29) with a mean diameter of 0.377 mm
and a median of 0.362 mm. The source area sand was also
well-sorted (sorting coef. 1.22) with a mean diameter of 0.375
mm and a median of 0.361 mm.

The cost of the artificial beach nourishment was relatively
low (about $130,000 (US), MOPU, 1987). This was due to a
number of factors. First, the relative shallowness of the
shoreface at Riells reduced the volume of sand needed (about
60,000 m"). Second, structures, such as breakwaters, etc.,
were not required because the beach was not affected by ma
rine erosion. Third, the nourishment was performed by sand
extracted from the subaerial zone of extensive nearby beach
es at a distance of 4 km, transported by trucks, and distrib
uted along the beach by bulldozers. Lastly, future renourish
ment was not deemed to be necessary because the beach of
Riells was situated between headlands forming a pocket
beach with a history of minor gains and losses.

THE INTERACTION OF BEACH NOURISHMENT
WITH EOLIAN DYNAMICS

The City Council and the majority of the inhabitants and
visitors to L'Escala were satisfied with the new beach. How
ever, not all inhabitants were happy because it was not long
before it became clear that beach enlargement also brought
problems associated with sand drift.

The transfer of sand from the beach landward took place
during wind storms, especially the Tramontana events of
strong flow from north to south. There were plants (Tamarix)
and buildings between the beach and the road bordering it.
The sand accumulated partly in the lee side of these obsta
cles, in the road, and in some cases invaded the adjacent
houses and streets. The accumulation of sand in front of, next
to, and inside buildings constituted a major nuisance to the
owners of the houses, stores, cafes, and other facilities adja
cent to the beach. Obstacle-related dunes predominated, and
a large diversity of forms of leeward and windward accumu
lations developed (sand shadows, horseshoe-shaped dunes,
echo dunes, small climbing and falling dunes, etc.i. Moreover,
during sand storms it was very disagreeable to be on the
beach or in the surroundings because of sand blasting, phys
ical discomfort, effect on equipment, etc.

Figure 5 is a striking example of sand drift and sand in
vasion. In this case a large amount of sand left the beach,
invaded the roads, and accumulated in the vicinity of and
within many buildings, i.e., in driveways, gardens, on stair
cases, and also to some extent inside the houses. Some in-

habitants took to sealing doors and windows with sticky tape
during the winter and when the houses were unoccupied.

Eolian transport was carried out by rolling, surface creep,
saltation, and suspension depending on wind speed. Clouds
of sand, with grain sizes up to 0.3 mm in diameter, have been
observed in the field. For example, on June 11, 1994, sand
clouds exceeded a height of 2 m, causing considerable nui
sance by penetrating eyes, nose, ears, etc. The number of
these sand storms varied from year to year, depending on the
number of strong storm wind events (see detailed frequency
data and wind speed in Figures 2 and 3) and the status of
the wind barrier devices.

On the basis of the sand volume accumulated in the fences
and in various parts of the village, it is estimated that the
maximum sand volume that could be mobilized by the wind
during one year would be about 10.000 m" (procedure de
scribed later). This quantity of transported sand is of signif
icant magnitude (up to 16%) relative to the initial volume of
emplaced sand of approximately 60,000 m". Without human
intervention to restore the mobilized sand to the nourished
area, the beach probably would return to its initial size. By
comparison, the values attributed to eolian transfers at other
locations were 2% of the total fill at Sandy Hook, New Jersey
(PHILLIPS, et al., 1984), and 5% of the upper 20 em of the fill
surface over two years at a Netherlands site (VAN DER WAL,
2000).

RIELLS SAND DRIFf MANAGEMENT

The problem of sand control at Riells produced a conflict in
achieving objectives. On one hand, there was the need to re
tain the sand on the beach, to prevent or reduce beach defla
tion, and therefore to decrease the quantity of sand invading
the urban environment. On the other hand, there was also
the need to have a broad sand beach available for beach users
in the summer; this means a sand surface uncluttered by
vegetation, fences, etc. As a result, the construction of vege
tated buffer zones or brushwood fences, among other systems,
was not considered to be a viable management option. Al
though the beach was widened to 75 m or so, the establish
ment of vegetated dunes would have compromised much of
that gain, and thus the construction of a dune buffer was not
a management option, either. The central problem was that
the conditions of strong northerly winds favored the deflation
and inland transfer of sediment from the widened sandy
beach into the resort community.

The plan ultimately adopted by the City Council was to
trap as much sand as possible mainly in winter and spring
with temporary barriers. This was the time of the year when
the frequency and speed of the northerly winds were the
highest and when the human utilization of the beach was the
lowest. The sand accumulated in the traps was returned and
subsequently distributed along the beach in late spring or
early summer.

The selected strategy was to install fences throughout
much of the beach to create local sand deposition. The type
of fence chosen was nylon mesh. This system was the most
suitable because it was easy to install, remove, and store.
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Figure 5. An example of sand trans location and accumula tion. The mobile sa nd invad ed th e streets and accumula ted in a large va riety of obstacle
related dun e forms.

Thi s was an important advantage given that the fences had
to be re-utilized year afte r year.

Several rows of fences, 1.25 m high , wer e set up on the
beach, exte nding alongshore approxima te ly 400 m. Th e nylon
mesh fences were quite success ful in trapping sand (Figure
6). Th e annual volume of sand accumulated by th e fences was
about 6,000-8,000 m", or 12-16 m:l/m of beach. Th is volume
was calculated by a sa mpling of the height of the sand in th e
fences, the width and height of the accumulation between th e
fences, and extending these values over the entire len gth of
the fences. Th e annua l accumulation varied depending on
storm frequ en cy and magnitude. In addition, some sand did
go beyond the fences an d into t he community .

Th e fence system appea re d to function in a fairly sa tis fac
tory manner , although pr oblems arose in two general situa
tions. In one situa ti on , very strong storms would transport
great qu antities of sa nd and overwhelm the trapping capa
bility of the system of fences. For example, th e storm of De
cemb er 6-21 , 1988, had a maximum speed recorded of 141
km/h from the north-northwest. Th e ave rage wind speed be
tween Dec. 6-20 was 61.4 km/h . During part of Dec. 12-13,
th e ave rage speed reached 66 km/h and the migrating waves

of sand overwhelm ed the low fences and spilled into the
stree ts and adjacent properties. Th e oth er situation aro se
when th e fences had been removed (mainly in summer) and
thi s period coincided with strong northerly wind episodes.
Thi s was most unwelcome when it happened during the tour
ist period. For exa mple, in June 9-12, 1994 , the NNW wind
had a mean velocity of 49.9 km/h, lasting about 69 h. This
storm event mobiliz ed great qu antities of beach sand and in
vaded st ree ts and houses.

In both of these situations, the sa nd was partially collected
from within the infrastructure of the community and re stored
to the beach , Th e pr oblem did not result in much economic
hardship because th e expenses incurred in constructing sand
traps, collect ion of sa nd accumulations in the stree ts , and the
subse que nt redi stribution of the sa nd on the beach were mod
est . Th e local Public Work s staff conducted th e activity as
part of their annual routine. Further , returning th e sand to
the beach counteracted the decrease in volum e of the fill.
However , there were other probl ems of physical discomfort
undergone by people livin g or working near the beach, addi
t iona l mainten anc e of prop erties, and the temporary closure
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Figure 6. Alignment of nylon mesh fences insta lled par allel to shoreline and approximately perp endicular to the predominant winds blowing from the
north ern sector .

of the st reet along the beach. Despite these problems the City
Council evaluated the re sult of beach nourishment positively.

GEOMORPHOLOGICAL ASSOCIATION OF
EOLIAN PROCESSES AND FORMS WITHIN THE

REGIONAL AND LOCAL CONTEXT

The adverse eolian effect s that arise from the location in
th e Gulf of Roses are products of the wind dynamics inter
acting with sediment avai la bility. A systematic and compre
hensive geomorphological investigation can facilitate the
identification of the ambient pro cess es and improve under
standing of the present-day dyn amics. Thi s knowledge would
allow an assessment of the potential sediment transfers from
nourish ed beaches du e to eolia n pro cesses.

The magnitude of eolian transport of sedime nt from the
beach fill during an entire yea r can be approached through a
series of measurements and calcula t ions . One component of
this quantity is the accumula tion in the fence s during the
period from October through April. Measurements tak en at
th e end of this seasonal accumulation around the fen ces in
the beaches attain values on the ord er of 6,000 to 8,000 m".
Th at is the qu antity of sand that is caug ht an d rema ins
trapped during the Tramontana events.

A second component of the annual mobilization is the qu an
tity of sand blown into the streets both during the period
when fences are in the beach and when they are remo ved .
Thi s sand volume is derived by measuring the accumulations
in selected areas along the st ree t and promenade parallel to
and immedi ately inl and of the beach. These are location s
where barriers exist, such as wall s and houses, as well as
opportune portions of the street with sizeable masses of sand
(Figu re 7). Th ese measurements from the selected areas are
calculated as an accumulation per meter length of parallel
street and extrapola ted to represent t he enti re trans port
along t he entire length of the promenad e into the st ree t and
beyond for some time inte rva l. In the me asured ins ta nces,
th e sand volume s in the street and aga inst th e barriers var-

ied from 1.2 to 3.4 mvm length of parall el street. Extend ing
this value to the entire promenade and adjus ting for are as of
optimized trapping, th e accumula tion in the adjacent com
mu nity was 480- 960 m" per event .

And yet a thi rd component of the annual t ransport occurs
in the beach after the fen ces are removed . Th is qu antity is
derived by a comparison of the beach profile immediately af
ter the fen ces are removed and the beach is gr ad ed by bull
dozing with profil es later in the su mmer which show a pri sm
of sand rising from the beach toward the barrier created by
the promenade. This prism at th e in ne r portion of th e beach
can be the product of a num ber of smaller Tramontana s over
the summer season. In one summer , the volum e incorporate d
in this prism was on the ord er of 2.400 m" (ca. 5 m 3/m of
beach ).

Thus, during the annual cycle, a se ries of Tramontana
events mobilizes sa nd to accumulate in the fences wh en th ey
are installed in th e beach, trans fers sa nd into th e community
both wh en fenc es are present and when they are not, an d in
the summe r builds a ramp of sand leading from the beach to
the level of the promenade. Through the combination of these
three areas of accumulation, it is possible tha t approximate ly
10,000 m" (ca. 20 mvrn of beach) of sand could be mobilized
from th e fill to the fences and into th e community .

In the decades prior to artificial nouri shment , Riell s Beach
was not a site of substant ia l inl and transfer of wind-driven
sand. At this time, th e dyn amic morpho-sedimentological bal 
ance was retained because of the much narrower beach .
Thus, du ring the period of strong northerly wind , much ofthe
beach was wetted by storm su rge an d wave se tup and t he
exposed portion was narrowed. Th erefore, the conditions of
broad exposures of dry beach were not coincident with the
st rong winds from the north and the inland trans fers were
severely limited at Riell s Beach. By contrast, when th e beach
width was art ificia lly increased, the availa bility of a dry sa nd
beach increased an d hence the magnitude of th e sand trans
port changed as well.
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Figure 7. Sand accumulation in th e street and surrounding a house immediately inland from the beach, total volume at this site is approximately 45
m", following a severe Tramontana event.

As CARTER, et at. (1990) clearly state: "the key to under
standing the geomorphology of dunes is in recognizing that
they are dynamic and opportunistic forms, developing rapidly
where and when conditions are favourable". The beach width
and hence the sand availability can change as a result of nat
ural or cultural causes. Artificial beach nourishment was the
cause of the present favorable conditions. Therefore, the pre
sent sand transport at Riells Beach is a product of the re
gional wind regime and the local mix of available sand and
the absence of vegetation cover , a situation conducive to the
eolian transport and dune development (PvE and TsoAR,
1990; KLIJN, 1990). As evidenced by the abundant high wind
speeds from the north (Figures 2 and 3), the wind regime at
Riells has a high sand drift potential. Further, there is now
a super-abundance of sand without vegetation cover on this
beach. Thus, under these conditions the potential and the
real sandflow from this beach could be regarded as similar
and maximized.

Intermittently during the Quaternary, when sand avail
ability increased during lower sea levels, the region was af
fected by substantial inland eolian transfers (MARQUES and
J ULIA, 1986b) . Thus, there is a geomorphological history of
dune forming conditions and eolian inland transport when
sand is available in the southern portion of the Gulf of Roses .

CONCLUSIONS

The case study of Riells is an example of the impact of the
eolian processes on an artificially nourished beach. Although
beach enlargement was undertaken to solve the problem cre
ated by a high density of beach users on a small beach, it
subsequently led to two adverse consequences due to eolian
sand transport:

a) sand invasion onto the roadways and nearby buildings
with a temporary closure of the road along to the beach,
and discomfort to the inhabitants;

b) loss of sediment from the beach and a possible return to
the prior narrow state.

The sand control measure adopted was sand retention by
seasonally-removable nylon mesh fences. The need for an un 
obstructed beach that maximized user space in the tourist
period ruled out other retention methods. The control mea
sure of a temporary fence failed in two storm wind scenarios:
when sand overwhelmed the trapping capability (mainly in
winter), and when the fences were absent (mainly in sum
mer) .

Eolian dynamics and dune morphological patterns result
from the interaction of winds with sand supply. Any variation
in the sand availability involves changes. The Riells beach
dune system reacted to the increase of the free sand surface
created by the artificial beach nourishment. The response
was beach deflation and active translocation of sand land
ward. This was a return to a system for producing migrating
dune forms, as happened in the past.

The artificial broadening of a sand beach is usually a tem
porary adjustment in the dynamic morpho-sedimentological
balance between ambient processes and sediment mobility.
Monitoring of this condition has hitherto been largely direct
ed toward wave and current mobilization of the beach fill.
However, the presence of the fill surface is also subject to an
increased eolian interaction because of the much larger ex
panse of mobile sands unencumbered with vegetation or sta
bilized dune forms. Therefore, it is proposed that systematic
inclusion of eolian processes in an artificial beach nourish
ment project become a part of the evaluative procedures, in-
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corporating the costs of stabilizing the sand as well as costs
of removal and replacement. This is especially appropriate
when the planned beach profile lacks a dune zone or any type
of vegetated barrier or screen. As a planning guide, wind rose
data should be part of the background information associated
with a beach nourishment project and if the wind vectors
show an opportunity for substantial inland transport there
should be some procedures to mitigate the effects. Further,
it is apparent that geomorphological research of past and pre
sent processes at a site provides a major contribution to our
understanding of on-going processes and can assist in the
programmed management of changes brought about by arti
ficial beach nourishment.
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D RESUMEN D
Los proyectos de alimentacion artificial de playas se han analizado sisternaticamente desde diferentes puntos de vista. Sin embargo, aunque los proyectos evahian
la adecuacion, el funcionarniento y los impactos de la alimentaci6n artificial de las playas, raramente incluyen los efectos del viento. El desequilibrio desencadenado
por la alimentacion artificial de la playa se examina en Riells, Espana. Esta playa fue ensanchada para adaptarse a las necesidades del t.urismo. Este estudio se
centra en los impactos geomorfo16gicos, sin precedentes, asociados a los procesos eolicos. Se trata de la mobilizaci6n de grandes cantidades de arena (20m:l/m de
playa) dentro de la zona realimentada, que se transfieren hacia la parte alta de la playa y que parcialmente invaden la zona urbanizada. La investigaci6n geomor
fologica obtiene informacion sobre la dinarnica e6lica actual y pasada. El analisis de Riells describe las condiciones ambientales para la respuesta geomorfo16gica al
aumento de la superficie de la playa y, por tanto, de la disponibilidad de arena. As! pues, aporta informaci6n sobre las consecuencias de la alimentaci6n artificial de
playas y pone de manifiesto la necesidad de incorporar el transporte eolico en la evaluaci6n de los impactos de esta alimentaci6n.
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D RESUME D
Les projets d'alimentation artificielle des pIages ont ete systematiquement analyses d'apres differentes approches. Malgre que ces projets evalucnt l'adcquation, le
fonctionnement et les impacts de l'alimentation artificielle des plages, rarement les effets du vent sont inc1us. Le desequilibrc declenche par l'alimentation artificielle
est examine aRiells, Espagne. Cette plage a ete agrandie pour s'adapter aux besoins du tourisme. Cette etude montre les impacts geomorphologiques, sans precedents,
lies aux processus eoliens. Il s'agit des mobilisations de grandes quantites de sable (20m: l/m de plage) dans la zone d'engraissement, qui se transferent vel'S la partie
haute de la plage, envahissant partiellement la zone habitee. La recherche geomorphologique obtient une perspective sur la dynamique eolienne actuelle et passee.
L'analyse de Riells decrit les conditions pour prevoir la reponse geomorphologie a l'augmentation de la surface de la plage, et par consequent de la disponibilite de
sable. Tout ceci fournit des informations sur les consequences de l'alimentation artificielle des plages et prouve la necessite de considerer les transports eoliens dans
l'evaluation des impacts dans ces alimentations.
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