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Abstract. Coastal transport in the Bay of Palma, a small 1 Introduction

region in the island of Mallorca, Spain, is characterized in

terms of Lagrangian descriptors. The data sets used for thi$he study of transport and mixing in coastal flows is of ma-
study are the output for two months (one in autumn and ondor interest because of their economic and ecological impor-
in summer) of a high resolution numerical model, ROMS tance. Due to the particularities that they present, like influ-
(Regional Ocean Model System), forced atmospherically anénce of complex topography, coastline shape and the direct
with a spatial resolution of 300 m. The two months were driving atthe surface by highly variable wind forcing, coastal
selected because of their different wind regime, which isflow dynamics remains still poorly understood.

the main driver of the sea dynamics in this area. Finite- Recently, coastal observations and modeling efforts in dif-
size Lyapunov exponents (FSLEs) were used to locate semferent regions have been addressed from the Lagrangian
persistent Lagrangian coherent structures (LCS) and to unPoint of view: Lekien et al.(2009 showed that Lagrangian
derstand the different flow regimes in the bay. The differ- coherent structures (LCSs) computed from velocity fields ob-
ent wind directions and regularity in the two months have atained from HF (high frequency) radar measurements can be
clear impact on the surface bay dynamics’ whereas 0n|y toused to predict poIIutant dispersion in the coast of FIorida;
pographic features appear clearly in the bottom structuresGildor et al.(2009 andShadden et a(2009 detected LCSs
The fluid interchange between the bay and the open oceaYith HF radar data in the Gulf of Eliat, Israel, and in Mon-
was studied by computing particle trajectories and residencéerey Bay, respectivelyHaza et al.(2010 studied small-
time (RT) maps. The escape rate of particles out of the bayscale properties of dispersion measurements obtained from
is qualitatively different, with a 32 % greater escape rate of HF radar data in the Gulf of La Spezia, Italy. Aldtenci-
particles to the ocean in October than in July, owing to theOli et al. (2011) have detected LSCs in a coastal region with
different geometric characteristics of the flow. We show that@ Lyapunov method based on in situ observations. Besides
LCSs separate regions with different transport properties byadar measurements, LCSs obtained from velocity data of
displaying spatial distributions of residence times on synop-high resolution numerical models have been used to analyze
tic Lagrangian maps together with the location of the LCSs.the effect of the waves on LCS in the Bay of Palma, Spain
Correlations between the time-dependent behavior of FSLEGalan et al.2013), to study the transport in the tidal flow of
and RT are also investigated, showing a negative dependenddia de Vigo, SpainKuhn et al, 2012, or to study the wa-

when the stirring characterized by FSLE values moves partiter quality of a very small coastal region, the Hobie Beach,
cles in the direction of escape. USA (Fiorentino et al.2012. Also, data from drifters re-

leased in the Santa Barbara Channel were usddiisnann

et al. (2012 to characterize relative dispersion, very useful
to improve Lagrangian stochastic models. The application of
Lagrangian techniques to study the dynamics in a shallow
lake (small closed basin) has been performeRattantyis-
Abraham et al(2008.
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Palma is the largest city in the Balearic Islands. Because
of human activities, in particular recreational ones, the wa-
ter quality in the Bay of Palma represents a large economic ~ *¥ ¢
value. A proper analysis of transport can be useful to un-
derstand the fluid dynamics in the bay and therefore helg
protect the coastal water. Previous studies performed in thi
Bay of Palma used Eulerian techniques to understand th
coastal dynamicslerdi et al, 2009 2011J). In this work we
study some transport properties in the Bay of Palma using
Lagrangian techniques developed from dynamical system.

theory. Computing both LCSs and residence times the B":W:ig. 1. Bathymetry contours (in meters) of the model domain. The

of Palma can b? sorted in regions of di.ff(.erent. properties,piack box indicates the Bay of Palma and the inset graphics give the
for example, having more or less connectivity with the opengeographical location of Mallorca Island in the western Mediter-
ocean. These kinds of studies have demonstrated to be usgmean Sea.

ful to identify pollution pathways or conditions for red tides

(Lekien et al, 2005 Fiorentino et al.2012. The bay is a

semi-enclosed basin located in the southwest of the island of SLE between different seasonal months. Finally, we sum-

Mallorca (western Mediterranean Sea), whose coastal flowmarize the main results in Seét.

is mainly induced by windJordi et al, 2009 2011J). Forcing

by tides is almost negligible with a tidal amplitude of less

than 0.25m. This makes the dynamics here different form2 Data and characteristics of the study region

other locations (e.gShadden et §l2009 Huhn et al, 2012

where tides are dominant, and therefore provides the oppor2.1  Area of study

tunity to test the performance of dynamical systems tools

in this situation in which forcing only acts directly on the The island of Mallorca (Figl) is part of the Balearic Is-

sea surface, and in which there are rather different forcindands archipelago and is located in the center of the west-

regimes depending on the season. The Lagrangian diagnosésn Mediterranean (between<3@nd 40 N and 2.50 and

will be obtained from velocity data of a realistic numerical 3.50° E). The Bay of Palma is a nearly semi-circular and

model at high resolution, which resolves spatial scales of asemi-enclosed basin located in the southwest coast of Mal-

few hundred of meters. We investigate the surface horizontalorca and it can reach depths of more than 60 m. The Bay of

transport during two months corresponding to different sea-Palma is defined as the water mass inside the square i, Fig.

sons (autumn and summer), and therefore to different windtonsisting of a northern limit at 334’ N, a southern limit at

conditions, in order to highlight the effect of the wind on 39°24' N, and 230 E and 245 E as the western and eastern

transport. In the case of July we also study the deepest botimits, respectively. The open boundary to the sea is in the

tom layer. We compute the barriers and avenues to transpogouthern part and it is 20 km wide.

(LCS) from lines of high values of finite-size Lyapunov ex-  The size of the bay is smaller than the Rossby radius of de-

ponents (FSLE). We also present calculations of residencéormation at these latitudes, and the main circulation is deter-

times and show synoptic Lagrangian maps (SLM) of thesemined by the bathymetry at the bottom layer and by local and

times Lipphardt et al. 2006, which will allow us a detailed remote winds at the surface layer. In particular, the studies by

visualization of the interchange of fluid particles between theJordi et al.(2009 2011 have shown that the major forcing

bay and the open sea. The relationship between LCSs and amechanisms come from wind-induced island trapped waves

eas of different residence times will be analyzed. (ITW) propagating at an island scale and by locally wind-
The organization of this paper is as follows. The data setinduced mass balance. The intense ITW can produce new

used in the computations and the area of study is described imstabilities that can generate coastal gyres at submesoscale

Sect.2. Section3 presents a brief overview of the Lagrangian (seeJordi et al, 2011). During summer there are persistent

tools that are used. Before presenting the Lagrangian resultsea breeze conditions. In July and August, the weather is of-

we show in Sect4 a short summary of Eulerian results by ten almost identical from one day to the next. In the vicin-

studying the velocities in the bay. We present in Séch ity of the Bay and along the southern coast of Mallorca the

characterization of stirring in the Bay of Palma in terms of breeze blows from the southwest. Several studiesis and

FSLE and residence times. Using the definition of LCS givenAlonso, 1988 Ramis and Romerd 995, have pointed out

in Sect.3, Lagrangian barriers are identified in the domain that the meteorological conditions of Mallorca (intense solar

of interest. We compute escape rates and residence timeaadiation, clear skies, soil water deficit, dryness, weak sur-

of fluid particles to describe the transport relation betweenface pressure gradients, etc.) favor the development of the

the bay and the open ocean. We provide possible mechsea breeze, often from April to October and almost every day

anisms to explain differences in the residences times andluring July and August. Winds in autumn, and particularly in

30 11
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late September and October are more irregular, with episode3 Methodology

of strong storm activity Tuduri and Ramisl997).
3.1 LCSs and particle dispersion from FSLE

2.2 Data
Our methodology is based on the Lagrangian analysis of ma-

The velocity data sets were obtained from the numericalrine flows. In the Lagrangian view, particles are advected by
model ROMS (Regional Ocean Model System). ROMS isthe flow and their horizontal motion (neglecting motions be-
a free surface, hydrostatic, primitive equation ocean modeltween model layers) is governed by the differential equations
The model uses a stretched, generalized nonlinear coordinatg,

system to follow bottom topography in the vertical, and or- o v (x, y,1), (1)
thogonal curvilinear coordinates in the horizontabfig and y
Haidvoge) 1994 Haidvogel et al.2000. At each grid point, Pl (x,y,1), 2

horizontal resolutiom\g is the same in both the longitudinal, h h dth h h
¢, and latitudinalg, directions. where (¢), y(¢)) are the west—east and the south—north co-

We run the simulation with a resolution afy = 0.0027 ordinates of the trajectories ang.(v,) are the eastwards and

(~300 m, ROMS300), which is itself nested into a larger and northwards components of the velocity. Because of the small
coarser érid withAg ~ 1/74 (~1500m). Boundary condi- sizes involved, we will use a Cartesian coordinate system.

tions for the coarser domain were taken from daily outputs of LCSs Haller and Yuan200Q (_j,OVidiO etal, 200_4 Shad-
the Mediterranean Forecasting Syst@olricic et al, 2007 den et al, 2009 are roughly defined as the material lines or-

Oddo et al, 2009. The ROMS300 domain covers 3P — ganizing the transport in the flow. They are the analogs, for
39°36 N (Ia;titude). and 24-36 E (longitude). The total time-dependent flows of the unstable and stable manifolds of

number of grid nodes is 260148. Vertical resolution is hyperbolic fixed points. Among other appr'(,)achym(lcho
variable with 10 layers in total. All domains were forced us- et al_, 200§ Mendoza and Manch@01Q Mezic et a_l, 2019
ing realistic winds provided by the PSU/NCAR mesoscale RYPina et al. 2011 Haller and Beron-Vera2012), ridges of
model MM5. The initial vertical structure of temperature and the local Lyapunov exponents provide a convenient tool _to
salinity was obtained from the Levitus databakedarnini locate them. In ourcase, we use th_e so-ca!led FSLEs, which
et al, 2006 Antonov et al, 2008. are the adaptation of the asymptotic classical Lyapunov ex-

We will manage velocity data from the surface layer and ponent to finite spatial scaleswrell et al, 1997 Boffetf[a
the bottom layer for the grid o ~ 300 m. This domain al- e_t al, 2009). FSLE_S are a '°°‘?" measure of p_artlcle disper-
lows us to analyze the fluid interchange between the bay ang'o" and th_us of stlrrlng an.d mixing, as a function O.f the spa-
the open ocean, using a high resolution velocity field. Onlytlal resol_utlon, serving to isolate the different regimes cor-
horizontal velocities are considered, so that vertical displace—reSpondlng to different length scales of the oceanic flows,

ments are neglected in the surface layer, and patrticles in thgery_useful i_n cqastal system&¢ncini e_t al, 2_010' In fact
bottom remain in the bottom layer. This is justified by the the first applications of the FSLE technique in oceanography

small integration times we will use. Nevertheless, close to"Vere for closed or semi-closed basiifoni et al, 1996

the coast they can have an impact that will be the subjectlgg?)' , .

of future work. The output of the model was compared with _ -OF o particles of fluid, one of them located at the
data from drifters (seGalan et al.2012 and a reasonable FSLE at timero and at the spatial point is given by the
agreement was found, although it improved when adding théormula

influence of wave intensity. Thus the present study shouldk(x 10,80, 8¢) = ilns—f )
be considered as a simplified baseline case against whichto™ "~ lz| 8o’

compare the future consideration of the full 3-D dynamics, yperes, is the initial distance of the two given particles, and
or the influence of small-scale process such as waBe®0l s s their final distance. Thus, to compute the FSLES we need
et al, 2019. We will study two different intervals of time  ;, ~5iculate the minimal timeg, needed for the two parti-
corresponding to two qlif_fer_ent wind regimes: one starting ONgles initially separatedo, to get a final distancé (in this
5 October 2008 and finishing on 29 October 2008; and thg, 5y the FSLE represents the inverse timescale for mixing
other extend_mg from 1 July 2009. until 26 July 2009. Tem- up fluid parcels between length scaligsand ). To obtain
poral resolutions are 15 and 10 min for October and July, réyhs time we need to know the trajectories of the particles
§pe_ctwely, resulting in a total of 2375 snapshots of the veloc-(from Egs.1 and?2) which give the Lagrangian character to
ity field for October, and 3744 for July. this quantity. The FSLEs are computed for the pointsf
a square lattice with lattice spacing coincident with the ini-
tial separation of fluid particle§y. We can obtain a good
estimation of the minimat at each site by selecting the tra-
jectory that diverges first among the four trajectories start-
ing next to the given site in the grid of initial conditions.

www.nonlin-processes-geophys.net/20/921/2013/ Nonlin. Processes Geophys., 2098312013



924 I. Hernandez-Carrasco et al.: Lagrangian transport in a coastal area

Numerically, we integrate the equations of motion using acomplementary techniques are the residence time maps that
standard, fourth-order Runge—Kutta scheme, with an integrawe present in the following section.
tion time step corresponding to the time resolution of the ve-
locity data: d = 15min in October andd= 10min in July. 3.2 Escape and residence times
We have checked in selected trajectories that using in July
the same time stepré= 15 as in October does not alter the Another characteristic timescale for transport processes in
trajectories. Since velocity information is provided just in a open flows is the so-called escape rdtei(@nd Te] 2011).
discrete space—-time grid, spatiotemporal interpolation of theThis quantity measures how quickly particle trajectories es-
velocity data is achieved by bilinear interpolation. For the cape from a domain. If we initiat&/ (0) particles in a flow,
spatial scales that define FSLEs, we take- 0.1°, i.e., fi- we can measure how the trajectories escape the preselected
nal separations of about 10 km, because of the size of théegion. In the case in which the decay in the number of parti-
bay. On the other side, we takg equal to 75m, four times ~ cles remaining in the region up to time N (z), decays ex-
smaller than the resolution of the velocity fieldg = 300m.  ponentially with time,N(r)/N(0) ~ ™', there is a well-
Since we are interested only in fast timescales, our integradefined escape time defined as the inverse of the escape rate
tions are restricted to 5 days. Locations for which the finalx : e = 1/k. For the range of times explored in our work,
separation at the end of this period has not reached the preve will see that the particle escape is close to exponential
scribedss = 10 km (or for which particles have been trapped and that we can estimate the valuergf
by land) are assigned a valie= 0. Te iS @ global quantity associated to the whole basin. A
FSLEs can be computed from trajectory integratiack- ~ more detailed description of the transport processes can be
wardsandforward in time. Their highest values as a function obtained by other suitable Lagrangian quantities such as res-
of the initial location,x, organize in filamental structures ap- idence timesBuffoni et al, 1996 1997 Falco et al.200Q
proximating relevant manifolds: ridges in the spatial distribu- Orfila et al, 2009. The particle residence time (RT) is de-
tion of backward (forward) FSLEs identify regions of local fined as the interval of time that a fluid particle remains in a
maximum compression (separation), approximating attractfegion before crossing a particular boundary. For each fluid
ing (repelling) material lines or unstable (stable) manifolds particle inside the bay at an initial time, we need to com-
of hyperbolic trajectories, which can be identified with the pute two times: the forward exit times, computed as the
LCSs Haller and Yuan200Q d’Ovidio et al, 2004 Shad-  time needed for a particle to cross the line delimiting the
den et al, 2005 Tew Kai et al, 2009 Hernandez-Carrasco bay, taking the forward-in-time dynamics; and the backward
et al, 2011), and characterize the flow from the Lagrangian exit time, r,, the same but in the backward-in-time dynam-
point of view (Joseph and Legra®002 Koh and Legras ics. The residence time is defined as R +#,. RTs can
2002. Attracting LCSs associated to backward integrationbe displayed in plots named Lagrangian synoptic mags (
(the unstable manifolds) have a direct physical interpretaphardt et al.2008, in which the residence time of each fluid
tion (Joseph and Legra8002 d'Ovidio et al, 2004 2009. particle is referenced to its initial position on the grid.
Tracers (chlorophyll, temperature, etc.) spread along these
attracting LCSs, thus creating their typical filamental struc-
ture (Tél and Gruiz 2006 Lehan et al.2007 Tew Kai et al, 4 Preliminary Eulerian description
2009 Calil and Richards2010. When not stated explicitly,
by FSLE we will mean thdackwardsFSLE values. In ad- A first approach to the transport process in the bay can be a
dition to locating spatial structures, time averages of FSLEdescription from the Eulerian point of view, by studying av-
give an indication of the intensity of stirring in given areas, erages of the velocity field. To do this we consider separately
which we analyze in Sech.1 the meridionalv, and zonal, components of the surface
We close this section by noting that the relationship be-flow, and we analyze the time evolution of their spatial aver-
tween LCSs and Lyapunov exponents is based on heuristiages.
arguments, which may not be correct in some cases (see for Figure 2a and b show the time series of data taken ev-
exampleHaller, 2011). We identify as possible LCSs only ery 15min in October and 10 min in July (black lines), and
the locations having the largest values of FSLE, which aligndaily average time series (red linesyqgfandv, for October
in linear structures. In this way we effectively select only the and July, respectively. The impact of the more variable and
highest FSLE ridges, which are more likely to organize thestormy weather in October is clear in the high frequency vari-
flow. Even in this case, it is possible that the FSLE techniqueability of the time series. During the two months both compo-
identifies regions of high shear that are not hyperbolic andnents of the flow present daily variability related to the pres-
may lack some of the properties bbna fideLCSs. Thus, ence of land and sea breezes. In July the zonal fluctuations
direct inspection of particle trajectories and comparison withare much more noticeable and regular than the meridional
complementary techniques would be needed to confirm th@nes, beingv,) very small. We have computed the power
validity of the FSLE approach in this situation. One of such spectra for both months (see F&). In October, in addition
to higher power at high frequencies, there are also stronger

Nonlin. Processes Geophys., 20, 92933 2013 www.nonlin-processes-geophys.net/20/921/2013/
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Ly Loy the meridional velocity, resulting in a flow consisting on
1 oscillations along the zonal direction. In October the mean
values (and the standard deviations given in parenthesis) of
the time series are< v, >= —0.0704 (0.1897 ms!
and <v,>=0.0440 (0.1982msL. In July we
have <wv, >=0.0013 (0.3052ms! and <v, >=
- Y Y Y N —0.0140 (0.0134 ms™1. The large standard deviation in
Jul-03 Jul-06 Jul-09 Jul-12 Jul-15 Jul-18 Jul-21 Jul-24 Jul-27 . . . . .
time (Month-Day) the zonal velocity in July is an indicator of the large (breeze
induced) daily fluctuations in this month, but restricted to a
Fig. 2. (a) Complete time series throughout October of the zonal single direction of motion.
(top panel) and meridional (bottom panel) of the spatial average of
the surface velocity field (black line). The red line is a running daily
average(b) Same aga) but for July. 5 Lagrangian results

5.1 Average characterization of stirring
low-frequency fluctuations. From such features in their spec-

tra of ADCP-derived velocitiedordi et al.(2011) identified =~ We now describe our Lagrangian results. First we compute
wind-induced island trapped waves as the main source ofhe temporal average (over the months of October and July)
variability in the bay dynamics, in addition to the local wind of the FSLEs for the surface layer, and for July in the bottom
(essentially sea breeze). In contrast, the dominant role of selayer. This calculation helps us to unveil areas of different
breeze in July is seen as the very strong dominance of thstirring and the differences between layers and months.
daily frequency peak at the July zonal spectrum. The surface computations for the different seasonal
Comparing the velocity components of both months wemonths, October and July (Fida, b) show different val-
observe quantitative differences. The valuesvgfin the ues and spatial distributions of stirring. We use the same
case of October range from1.0 to 1.5ms! (bottom  color bar to compare the stirring in both months. The Bay
panel in Fig.2a), while in the case of July, is two orders  of Palma appears to be an area with important activity. The
of magnitude smaller, ranging from-0.1 to 0.02ms?! average FSLE field looks more homogeneous in July than
(bottom panel in Fig2b). On other handy, are similar  in October. During October filamental structures of high val-
during October and July. In Octobar, ranges from—1.5 ues of FSLE are accumulated over the northeast side of the
to 0.5ms?! (top panel in Fig.2a), the same order of bay, forming a linear structure running from north to south-
magnitude than the meridional velocity, resulting in circular east, which comes from similar structures in the instanta-
motions (clockwise along the bay). In July the situation neous (non-averaged) fields that can act as barriers, there-
is significantly different. The zonal velocity ranges from fore dividing the bay in two flow regions of qualitatively
—1.5to 0.7ms!? (top panel in Fig.2b), much larger than different dynamics. The difference in wind regularity and

www.nonlin-processes-geophys.net/20/921/2013/ Nonlin. Processes Geophys., 2098312013
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Fig. 4. Spatial distribution of the time average of 6-hourly FSLEs maps over different months and at different(ly®dober at surface
layer, (b) July at surface laye(c) July at bottom layer.

intensity between these months, and the fact that local andne or more days, as happens in October, or they can appear
remote winds are the main drivers of the bay dynamics, ex-in the same location periodically (not shown). We stress here
plains the difference in mean stirring distribution between thethe appearance of a clear barrier, from north to southeast,
two months. The importance of wind will be replaced by bot- that divides the bay in two areas that correlate with the tem-
tom topography when going to the deep layers. The effect oporal average in Figda. This barrier appears in almost the
the terrain topography on stirring is clear in Fé&g, where  same location on different days, remaining without displac-
FSLEs are computed at the deepest layer for July. The higling too much. To effectively see that it acts as a barrier we
values of time-averaged FSLEs are located close to a regiohave considered the evolution of virtual particles released at
of high bathymetry gradient, which seems to act as a barrieboth sides of the barrier. Red and black particles do not mix

along which the flow is stretched. and they tend to spread along the barrier (confirming that, as
expected, it is an attracting line).
52 Coastal LCSs In July the situation is rather different. Lines of high Lya-

punov exponents (forward and backwards) are mainly ori-
. . ented zonally in the bay (except close to the opening to the
The temporal averages computed in Sedgive us a rough sea), which is also the dominant direction of motion. Thus, it

|dga of s'umng in the bay. More deta|led.|nformayon is ob- does not seem that they represent hyperbolic LCSs, but rather
tained by looking at non-averaged quantities, which may re-,

veal the existence of barriers to transport. Figushows the lines of intense shear between zonally moving strips.
location of the high backward FSLE values (LCSs), appear-

ing as a network of lines, computed at successive instants of

time in October. These temporary structures can remain for

Nonlin. Processes Geophys., 20, 92933 2013 www.nonlin-processes-geophys.net/20/921/2013/
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Fig. 5. Evolution of the locations of two sets of particles in the Bay of Palma during a night in October, superimposed on the spatial
distributions of high values of backward FSLEs. The color bars specify FSLE values (in unitsfo"f)dZyzro FSLE values, displayed as

white, are assigned to locations for which the particles do not attain the pres&ribeld km separation after 5 days of integration. Note the
highest values of FSLEs (green lines) act as a barrier practically dividing the bay in two parts. The two sets of particles are deployed from
both sides of the barriefa) Initial conditions of the particles on 8 October 2008 at 20:00 GMT (Greenwich mean {imé&)October 2008

at 00:00 GMT;(c) 9 October 2008 at 04:00 GMTgd) 9 October 2008 at 08:00 GMT. Particles marked by black dots were released on the
right side (northeast) of the barrier while the particles marked with red were released on the left side of the barrier.

[ p— : : ‘ ‘ ‘ ‘ 5.3 Transport between the Bay of Palma and the
i open sea

i In this section we study the surface transport of particles in
and out of the bay. To have an idea of the timescales involved
in this interchange we proceed by computing the number of
particles remaining in the bay (¢), averaged over different
starting times (separated by 18 h in order to collect the infor-
mation of diurnal and nocturnal signals; this gives us 15 dif-
ferent simulations to be averaged for each month) as a func-
tion of the integration time. A patrticle is considered to leave
the bay when crossing the red open-sea boundary inlFig.
so that particles landing on the coast are considered as not
having escaped. Figufeshows the different average decays
for October and July. In both caséX?) is reasonably fitted

lines are for surface layer in October and July respectively. Dashed®Y @n €xponential in the considered time range, thus identi-
lines are the measured averages, and the solid lines are the indicat&4ng the escape ratas= 0.62 and 0.47 day", respectively.
exponential fits. The corresponding escape times, given by the inverse of the

escape rate, are, respectivelty— 1.61 and 2.12 days. The
relative difference of the escape rates of July with respect to

N(/N(t,)
o
‘i—‘

-0.62x

— October y=0.8
— duly

L 1 L | L | L 1 L | L | L
O’010 1 2 3 4 5 6 7
t (days)

R=0.98

y=0.9¢**™ R=0.99

Fig. 6. Average of 15 subsequent (startedhyatalues separated 18 h)
estimations oV (¢), the number of particles remaining in the Bay of
Palma at least for a lapse of timafter release ap. Black and red
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Fig. 7.Lines are the locations of top values of FSLE (greater thanl@y 1 in October and greater tharbiday in July). Backward FSLE

lines are colored in black and forward FSLEs in white. They are superimposed on spatial distributions of residence times in the Bay of Palma
for different dates. The color bars give the residence times in dayand(b) correspond to two different days in October, dodand(d) in

July.

October,(koctober— Kauly)/kauly, iS 0.32. Thus the exchange (RT= # 4+ 1,) on different days, the initial positions of par-
of fluid particles between the bay and the open ocean is 32 %icles with short residence times are indicated in blue. Re-
more active in autumn than in summer. gions from where particles have longer residence time (i.e.,
Next we compute synoptic maps of the residence timestake more time between entry and escape) are marked in
As was indicated in SecB.2 the residence time of the par- red/brown.
ticles throughout the study area is considered as the sum of These maps show that the spatial distribution of particle
the entry time ) and the escape times). To computer residence times can be complex and time depending, present-
andr, particles are initialized every 6 h in a regular grid of ing different patterns at different times. A number of small
75 m spacing and they are integrated forward and backwardtructures can be observed, including thin flaments or small
in time during 5 days. We consider that 5 days is a proper indobes. Comparing both months, one can see differences in
tegration time according with the timescales associated withthe RT distributions. The most noticeable is the approximate
the coastal processes of this small bay, and also owing to theast—west alignment of the zones of similar RT in July, which
short period of the available data. In these computations weés not seen in October. Also, in October the values of particle
assign the maximum possible valuerptinds, (5 days) to  residence times are smaller, in agreement with the global rate
the fluid particles that remain in the pre-selected area afteestimations shown before. A common feature is the south-
the 5 days of integration. west region with low values of residence times, because in
In Fig. 7 we color the initial positions of particles in this region there are no coastal boundaries and it is totally
the bay attending to the time they transit through the bayopen to the ocean.
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Fig. 8. Spatial distributions of time averages of 60 snapshots of 6-hourly RT values collected over 15 days in the Bay of Pa)iDataer
and(b) July. The color bar units are days.
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Fig. 9. Snapshots of top values of FSLE (greater tha&iday 1) plotted over residence time) is for backward integration in time, and
(b) is for forward integration. Both plots correspond to 19 October at 00:00 (GMT) The color bar units are days.

In order to reveal regions with different persistent transportfrom the FSLE analysis, as will be discussed in the next sec-
properties we compute time averages of the spatial distribution.
tions of residence times. We average 6-hourly snapshots of Another feature observed in movies of particle trajectories
RT during 15 days (i.e., 60 snapshots) for each month. Th&€not shown) is that in October fluid particles tend to circulate
results, plotted in Fig8a and b, show the common features mostly clockwise, while in July they are oscillating along the
where, in general, the low values of RT are for particles initi- zonal direction (see Seet). This difference, arising as dis-
ated close to the open ocean, specially in the southwest partussed in Sect from the different regimes of wind forcing,
and high values are for particles started near the coast, as ejs likely to be responsible for most of the different behavior
pected. However, on average, the residence time is larger ibetween both months.
July than in October (3.25 days in July and 1.51 days in Octo-
ber) consistent with the behavior of the corresponding value$.4 Relation between LCSs and RTs
of 7e. Also, in July there is a clear boundary between the in-
terior of the bay to the north, with large average residenceWe now examine the connection between regions of differ-
times, and the open sea to the south, whereas the boundagnt residence times with LCSs. To compare RT and FSLE
between high and low residence times in October is well in-we have superimposed in Fig.the filaments of high val-
side the bay, aligned with the Lagrangian structure identifiedues of forward (white) and backward FSLE (black) values on
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a) ‘ ‘ ‘ ‘ ‘ ‘ ‘ are captured by FSLE lines since we only plot the highest
ridges. This illustrates that both techniques have limitations
and that the complementary use of both could give a rather
complete overview of the geometric structure of flow in ma-
rine areasPattantyis-Abraham et 2008 studied the re-
lation between residence time and FSLE for a wind-forced
A R T R hydrodynamical model of a shallow lake. They found that
areas with long residence time visualize the stable manifolds
of the so-called chaotic saddle, a structure controlling the es-
oer ] cape properties at long times. In our case, our integrations are
04 ] restricted to times too short to characterize long-time chaotic

- behavior, but still there is a good correspondence between the

L N ] FSLE structures characterizing attracting or repelling trajec-
Oct-10 Oct-12  Oct-14 Oct-16 Oct-18 Oct-20 Oct-22  Oct-24 . . .

time (Month-Day) tories, and escape or residence times.

b) Figure8a shows a time average over October of the spatial
‘ ‘ ‘ ‘ ‘ ‘ ‘ "] distribution of RT, to be compared with the corresponding
average figure (Figda) for FSLE. It is evident that the re-
gion in the northeast side of the bay with high values of RT
is separated from the rest by a region of high values of FSLE.
This can be explained by the presence of persistent barriers
1 1 1 1 1 1 1 Ml that do not allow particles to escape from the northeast side
2k : of the bay, and thus separating the bay in regions with differ-
2 ent residence times. In July the situation is different, because
%1’5’ ] the spatial distribution of FSLE (Figb) and RT (Fig8b) is
o;

<FSLE> (Udays)

o
N
|

6

4]
—

<RT> (days)
IS
T

almost homogeneous, with higher values over the whole area
] of the bay, and lower values in the small region bordering the
05p Y, | N~r~— ] open ocean. This indicates that the instantaneous configura-
0r0 T8 0m0 O Montnnayg 071 OrF0 orz tions of high FSLE lines (Fig7) are not persistent, and that
there is only a persistent large difference between the interior
Fig. 10. (a) Time series throughout October of the spatial averageof the bay and its opening to the ocean. The predominantly
of residence times (top) and spatial average of FSLE (bottom) forzonal direction of particle motion in the bay is consistent with
the surface layer of the Bay of Palnfa) Same aga) but for July.  the orientation of the boundaries between areas of different

RTs in July.

the spatial distribution of residence times. The figure showss.5 Variability of RT and FSLE

a good correspondence between many structures of RT and

FSLE. Note that RT is the sum of a forward and a backwardThe differences of residence times and FSLEs in the two
exit time, so that some of the strong gradients of RT will cor- considered months indicate that the dynamics of the flow is
respond to forward and some others to backwards LCSs. Figqualitatively different, as anticipated by the different wind
ure 9 shows a clearer correspondence between FSLE backegimes that are the main drivers of the bay. Now we analyze
wards in time with entry times, and FSLE forward with es- the time evolution of their spatial averages.

cape times. At least in October, the LCSs given by high val- Figure1Ga and b show the time series of the spatial mean
ues of FSLE clearly separate regions with different valuesof residence times (top panel) and backward FSLE (bottom
of residence times, confirming the value of the FSLE tech-panel) for October and July, respectively.

nique to identify boundaries between different flow regions A comparison between time evolution of spatial averages
and barriers to transport. There are however some lines o6f the RTs for the different months confirms, again, that par-
FSLE that are not associated to gradients of RT, and vicevticles tend to stay longer times in the bay in July than in
ersa. For the first this happens mainly because we only inte©October. The values of RT vary approximately from 0.25 to
grate 5 days backward and 5 days forward in time, and the8 days in October (Figl0Oa, top), and from 2 to 6 days in
time assigned to the particles that do not cross the open-ocealuly (Fig. 10b, top). The same happens with FSLE, higher
boundary in the 5 days of integration corresponds to the maxvalues correspond to July and lower ones to October. Diurnal
imum time integration (5 days). This makes the spatial dis-fluctuations, likely related to the effect of the sea breeze, are
tribution of the residence time more homogeneous. We neeévident in RT and FSLE for both months. In October there
to integrate the trajectories longer to unveil more areas withare some large fluctuations of low frequency in RT, proba-
different RT. In the same way not all abrupt changes in RTbly induced by the variability of remote forcing winds. On
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Fig. 11. (a)Snapshot of spatial distributions of residence times at the bottom layer in the Bay of Palma corresponding to 17 July 2009 at
18:00 (GMT). Lines are the locations of top values of FSLE (greater tt@uay1). Backward FSLE lines are colored in black and forward
FSLEs in white.(b) Spatial distribution of time average of 60 snapshots from 6-hourly maps of RT collected over 15 days in July at the
bottom layer.

probably represent regions of high zonal shear everywhere
in the bay. Their high or low values indicate large or small
differences in east—west velocities but by themselves they do

[

o
T
|

;% oL i not imply stronger or weaker escape towards the south.
£ L ]
v 1 ] 5.6 Transport at the bottom layer
I | L | L | L | L | L | L | L | L
06l o T T In this subsection we compare the main Lagrangian charac-
T osl R teristics at the bottom layer, not driven directly by wind, with
50'47 b those at the surface. In Figdla we show an instantaneous

A ool 1 map of the residence times in the bottom layer for one day
1 in July, overlayed with lines of high FSLE values. Again, the
spatial distribution is inhomogeneous, and we find high val-
’07[06 s oI BTae Gra oTAn aTs ora 07’_22 ues of RT over all the bay expept very 'closg to the ocean.
time (Month-Days) The correlation of RT values with FSLE lines is weaker than
in the upper layer, but still we see that the relatively lower
Fig. 12. Time series throughout July of (top) spatial average of resi- values of RT in the western part of the bay on that particular
dence times and (bottom) spatial average of FSLE computed for thelay appear bounded by backward FSLE lines, indicating a
bottom layer. temporal escape route of particles in that region towards the
southwest. The spatial distribution of the time average of RT
plotted in Fig.11b shows that the highest average values of
the other hand, during October, minima of RT correspondRT are concentrated in the northwestern region of the bay.
to maxima of FSLE, and maxima of RT correspond to min- Figure4c displays high values of FSLE located precisely in
ima of FSLE. In July, the relationship between FSLE and RTthe same region where the RT qualitatively changes to high
is looser and only observed in the high-frequency fluctua-values. This suggests the presence of persistent barriers that
tions. To be more quantitative, the Pearson correlation coefseparate this southeastern region from the rest in this bottom
ficient between RT and FSLE time series-6.526 in Oc-  layer. The formation of these persistent LCSs is associated to
tober, but just—0.223 in July. This difference in behavior the gradient of the bathymetry (see Fij.
probably arises from the fact that high values of FSLE deter- The time evolution of the spatial average of RT and FSLE
mine clear and well-defined barriers to transport only in theare plotted in the top and bottom panels in Fig, respec-
case of October (see Secdis3and5.4). In July, lines of high  tively. Contrarily to the surface, in the bottom layer the diur-
FSLE remain nearly zonal and parallel to dominant particlenal fluctuations in the time series of RT disappear, showing
direction of motion. Thus, as commented in Sécg, they  that the flow at this depth is not directly influenced by breeze.
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The RT values are larger than in the surface, and therefor®eferences

the interchange between the ocean and the bay is less in-

tense at bottom layers. This is a consequence of the slowneg¥1tonov, J. I., Locamini, R. A., Boyer, T. P., Mishonov, A. V., and

of the flow produced by the absence of direct wind forcing Gar_cna, H. E.: World Ocean Atlas 2005, Volume 2: Salln_lty: S.

at the deepest levels. There is a strong negative correlation Levitus, Ed. NOAA Atlas NESDIS 62, US Government Printing

=—0. between stirring and residence times: when the Office, Washington, DC, 2006. . _

(r . 0.803) - . gal . 3 Aurell, E., Boffetta, G., Crisanti, A., Paladin, G., and Vulpiani, A.:

flow is more dlsperS|ye the particles transit less time over the Predictability in the large: an extension of the Lyapunov expo-

bay, so that the maxima of RT corresponds to the minima of ent 3 phys. A, 30, 1-26, 1997.

FSLE and vice versa. Boffetta, G., Lacorata, G., Redaelli, G., and Vulpiani, A.: Detecting
barriers to transport: a review of different techniques, Physica D,
159, 58-70, 2001.

6 Conclusions Buffoni, G., Cappelletti, A., and Cupini, E.: Advection-diffusion
processes and residence times in semi-enclosed marine basins,

Properties of coastal transport in the Bay of Palma, which is_ Int. . Numer. Methods Fluids, 22, 1-23, 1996. . .

a small semi-enclosed region of the island of Mallorca, wereBuffoni, G., Falco, P., Griffa, A., and Zambianchi, E.: Dispersion

studied in a Lagrangian framework, by using model velocity processes and re5|dence_t|m§s ina seml-enclo_sed basin with re-
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change between the bay and the open ocean than in summer.Bonazzi, A., and Fernandez, V.: Daily oceanographic analyses
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