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ABSTRACT

The coordinated and cooperative-unaware networking of glider fleets have been proposed to obtain

a performance gain in ocean sampling over naïve collective behavior. Whether one of these implementations
results in a more efficient sampling of the ocean variability remains an open question. This article aims at
a performance evaluation of cooperative-unaware and coordinated networks of gliders to reduce the un-
certainty in operational temperature model predictions. The evaluation is based on an observing system
simulation experiment (OSSE) implemented in the northern Ligurian Sea (western Mediterranean) from 21
August to 1 September 2010. The OSSE confronts the forecast skills obtained by the Regional Ocean Mod-
eling System (ROMS) when assimilating data gathered from a cooperative and unaware network of three
gliders with the prediction skill obtainedwhen data comes from a coordinated configuration.An asynchronous
formulation of the ensemble Kalman filter with a 48-h window is used to assimilate simulated temperature
observations. Optimum sampling strategies of the glider networks, based on a pattern search optimization
algorithm, are computed for each 48-h forecasting period using a covariance integrated in time and in the
vertical direction to reduce the dimensionality of the problem and to enable a rapid resolution. Perturbations
of the depth-averaged current field in glider motions are neglected. Results indicate a better performance of
the coordinated network configuration due to an enhanced capacity to capture an eddy structure that is re-
sponsible for the largest forecast error in the experimental domain.

1. Introduction

Autonomous underwater gliders (AUGs) have raised

a particular interest among oceanographers for their ma-

neuverability, autonomy, and long endurance at sea

(Kunzig 1996; Bachmayer et al. 2004; Rudnick et al. 2004;

Testor et al. 2010). Gliders make use of buoyancy changes,

hydrodynamic shape, and small fins to induce net horizon-

tal motions while controlling their buoyancy (Eriksen et al.

2001; Shermanet al. 2001;Webbet al. 2001).This propelling

procedure implies low energy consumption, facilitating long

timeperiods of operation at seawithout the need for human

intervention. For this reason, AUGs are becoming essen-

tial components of ocean observatories (Dickey 2003).

Cooperation of a fleet of gliders can substantially in-

crease the efficiency, reliability, and robustness of

oceanographic sampling missions. Following the net-

working taxonomy defined by Farinelli et al. (2004) for

multirobot systems, a cooperative-unaware glider net-

work is a fleet of gliders with a common global goal to

achieve but in which each glider does not have knowl-

edge of the rest of the platforms in the fleet. Instead,

a glider network is said to be coordinated when each

glider exerts its influence on the behavior of other

gliders when pursuing a common goal (e.g., when the

fleet is constrained to follow a geometrical formation).

Ocean sampling with networked autonomous sensors

was introduced by Curtin et al. (1993) 20 years ago.

Since then, significant effort has been done to achieve

the operational implementation of Autonomous Ocean

Sampling Networks (AOSN). A remarkable contribu-

tion was provided by the second phase of the AOSN

(AOSN-II) field program performed in Monterey Bay,
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California, from mid-July to early September 2003

(Leonard et al. 2007; Ramp et al. 2009). The experiment

applied a wide variety of networked platforms to adap-

tively sample upwelling events in the coastal ocean and to

use the information gathered to improve predictive skill

for quantities of interest to end users (Lermusiaux 2007).

Demonstration of cooperative control and adaptive sam-

pling of ocean features using a fleet of gliders was also

performed as part of the Adaptive Sampling and Pre-

diction (ASAP) project (Leonard et al. 2010). This field

experiment effectively emulated a coordinated glider

network. The fieldwork during AOSN-II was continued

during 2006 in the framework of ASAP (Ramp et al.

2011) to demonstrate automated control of coordinated

fleets of gliders proposed inZhang et al. (2007) and to test

more sophisticated fleet formations. Finally, Hayes et al.

(2010) sampled a warm core eddy in the Levantine Sea

(eastern Mediterranean) using three underwater gliders

coordinated in an equilateral triangular formation.

Cooperative and unaware networks gliders have also

been studied in the literature. Alvarez et al. (2007) used

a genetic algorithm to find optimal glider trajectories to

provide, together with an unevenly distributed network

of floats, the minimum mean error obtained from an

optimum interpolation scheme. Genetic algorithms

were also employed by Heaney et al. (2007) to optimize

sampling strategies of a fleet of gliders based on the

estimated performance of ocean predictions when glider

data are assimilated into ocean models. Alvarez and

Martinez (2011), Alvarez and Mourre (2012), and

Mourre and Alvarez (2012) used simulated annealing

and pattern search as optimization engines. Cooperative

and unaware networks of gliders have been experi-

mentally implemented in the framework of a military

exercise (Osler et al. 2011).

Whether one of these cooperative implementations,

cooperative-unaware or coordinated, results in a more

efficient sampling of the ocean variability remains an

open question. The answer very likely depends on the

observational objective. This paper presents an evalua-

tion of both strategies through numerical experiments in

the northern Ligurian Sea (western Mediterranean).

The study first extends the method to determine opti-

mum sampling trajectories of cooperative-unaware

glider networks developed in Alvarez and Mourre

(2012) to the case of coordinated glider networks. The

extended approach is then applied to evaluate the ca-

pabilities of unaware and coordinated networks of gliders

at reducing the temperature uncertainty in numerical

model predictions of the northern Ligurian Sea. Consis-

tent with previous studies in this area (Alvarez and

Mourre 2012; Mourre and Alvarez 2012), temperature

was chosen as the study variable for its predominant

impact on density and sound speed fields, and its direct

link with mesoscale activity. Observing system simula-

tion experiments (OSSEs; Hackert et al. 1998; Mourre

et al. 2006; Ballabrera-Poy et al. 2007) are used in this

work to evaluate the performance of cooperative and

coordinated sampling strategies with gliders. The article

is organized as follows: section 2 describes the design of

the OSSE, section 3 presents the results, and section 4

concludes the article.

2. Design of the OSSE

a. Numerical modeling and data assimilation

An OSSE has been implemented in the Ligurian Sea,

the northernmost area of the western Mediterranean

Sea (Fig. 1). The oceanic circulation in the Ligurian Sea

is simulated by means of a regional configuration of the

Regional Ocean Modeling System (ROMS; Haidvogel

et al. 2008). The modeling domain covers the entire

Ligurian Sea, with two open boundaries on the western

and southern sides (located at 88E and 42.58N, re-

spectively). The horizontal resolution of themodel grid is

around 1.8 km. The vertical grid uses 32 sigma-coordinate

levels, which are nonlinearly stretched to allow a finer

resolution of the surface boundary layer. The 7-km-

resolution atmospheric model Consortium for Small-Scale

Modeling–Mediterranean (COSMO-ME) of the Italian

Air Force National Meteorological Center [Centro Na-

zionale di Meteorologia e Climatologia Aeronautica

(CNMCA); Bonavita and Torrisi 2005] provides the

atmospheric data necessary to compute the surface fluxes

of momentum, heat, and freshwater. The large-scale

FIG. 1. SST (8C) of the model nature run for 21 Aug. The gray

polygon delimits the area considered for the OSSE. The white

rectangle defines a local validation subdomain. The starting point

for the glider missions is marked by the black star.
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Mediterranean Forecasting System (MFS) model out-

puts (Oddo et al. 2009) are used to initialize the model

on 1 May 2010 and to calculate the fluxes through the

two open boundaries using the algorithm proposed by

Marchesiello et al. (2001). The external forcing also in-

cludes climatological runoffs from the rivers Arno,

Magra, and Serchio. The model was run in forecast

mode without assimilation from 1 May to 21 August

2010. A more detailed description of the model config-

uration can be found in Alvarez et al. (2013). An asyn-

chronous formulation of the ensemble Kalman filter

(EnKF) approach (Evensen 2003; Sakov et al. 2010) is

used to assimilate temperature observations in the

model. The asynchronous formulation, which allows the

assimilation of observations taken at a time different

from the time of the analysis, uses a 48-h window to

cover the entire glider mission cycle. At a given time, the

method produces an analysis ensemble of model states

based on the statistical impact of all the observations

collected during the previous 48 h. Notice the difference

with other filters where the effect of these observations

might be additionally integrated by the model equations

from the observation to the update time. The full set of

equations describing the present implementation of the

ensemble Kalman filter can be found in Mourre and

Chiggiato (2014).

Perturbations of the initial conditions, winds, and

lateral boundary conditions are considered in this study.

The reader is referred to Mourre and Chiggiato (2014)

for details of the perturbation strategy. A 96-member

ensemble is initialized at 0000 UTC 13 August using

model states randomly selected among the ROMS ref-

erence solutions at 0000 UTC 8–18 August.

Several simulations are typically generated to conduct

OSSEs: (i) a nature run that is supposed to represent the

ocean truth; (ii) a control run that is perturbed with re-

spect to the nature run, and that represents the solution

without assimilation; and (iii) an assimilated run in which

simulated observations from the nature run have been

assimilated. This study uses a so-called fraternal twin ex-

periment approach, the nature run being provided by the

ROMS model forecast simulation that was run opera-

tionally during the Recognized Environmental Picture

2010 (REP10) experiment, and that which slightly differs

from the above-described ROMS configuration (hindcast

version) in terms of model internal and boundary pa-

rameters. The control run is the mean of an ensemble of

simulations with the same perturbations as those repre-

sented in the EnKF (i.e., of the initial conditions, winds,

and lateral boundary values). The reduction of the error

(defined as the difference with the nature run) from the

control run to the assimilated run provides a measure of

the performance of the assimilation procedure.

b. Optimum mission planning of glider networks

Ideally, to determine the configuration of the observing

network with the best performance for the next 48h, an

EnKF analysis should be performed for each tentative

network configuration after having simulated the 48-h

ensemble forecast (Majumdar et al. 2002; Lermusiaux

2007). In this work, to limit the computational cost and to

allow a larger number of iterations, this procedure was

simplified by considering the vertical and time-averaged

fields over the glider diving depth and over the 48-h

forecast period. Projecting the original field information

onto a two-dimensional field by using the average or

integral uncertainty values over depth was previously

used in the context of adaptive sampling (Yilmaz 2006;

Yilmaz et al. 2008). This assumes that a network con-

figuration that minimizes the uncertainty of the depth-

and time-averaged fields will also minimize (or closely

minimize) the uncertainty of the whole four-dimensional

fields. This can be justified by the shortness of the vertical

correlation lengths and forecast period. Given a glider

network configuration and the error covariance matrix

of the two-dimensional field representing the surface to

100m and 48-h averaged temperature, the variance-

minimizing analysis provides an estimate of the corre-

sponding posteriori error covariance matrix, which

measures the reliability of field estimations when ob-

servations are available at certain locations. Glider tra-

jectories can be planned in such a way that the

estimations of the field at the grid points optimize

a certain norm of the posteriori error covariance matrix.

Alvarez and Mourre (2012) found that minimizing the

norm defined by the trace of the posterior covariance

with respect to the observation locations was the most

adequate strategy to sample the environment.

The method detailed in Alvarez and Mourre (2012) is

applied to generate tentative trajectories for co-

operative and unaware networks during the trace min-

imization process. For coordinated configurations, the

approach needs slight modifications. Specifically, a reg-

ular pattern describing the fixed location of the gliders

relative to the barycenter (BC; point at the center) of the

fleet is first defined. The trajectory of the jth glider in the

fleet is reconstructed from a sequence of waypoints of

the barycenter, GBC 5 fxBCo , xBC1 , . . . , xBCM g, which is

also obtained from the algorithm described in Alvarez

and Mourre (2012). The headings at the ith waypoint of

the barycenter, xBCi , determine the orientation of the

coordinated pattern in the segment fxBCi , xBCi11g. Control
procedures to maintain the fleet formation are not

simulated in this work. This implicitly assumes that the

depth-averaged current field is not strong enough to

induce significant deviations from the glider navigation
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determined from dead reckoning. This assumption has

been experimentally confirmed in the case of deep

gliders operating in the marine area under considera-

tion (the average deviation from waypoints for a deep

glider diving down to 500-m depth was 1:36 1 kmduring

a recent field trial conducted in this area). In both

cooperative-unaware and coordinated cases, sampling

missions are considered feasible if all glider trajectories

are confined in the area of operations. Finally, glider

observations are located every kilometer along the

simulated glider trajectories in both network configu-

rations. This would correspond to the horizontal sam-

pling resolution of a deep Slocum glider diving down to

500-m depth.

Similar to Alvarez and Mourre (2012), a pattern

search optimization (PSO) approach (Hooke and Jeeves

1961; Coope and Price 2002) is used in this study to

minimize the trace of the a posteriori covariance with

respect to the glider trajectories.

3. Results

The OSSE described in the previous section starts at

0000 UTC 21 August. A forecast of the physical evolu-

tion and associated uncertainty in the selected marine

region is generated for the 48-h period ranging from 21

to 23 August. The expected uncertainty derived from

the ensemble run is used to determine cooperative-

unaware and coordinated sampling strategies for a fleet

of three gliders. All gliders in the cooperative-unaware

formation were initially located at 438540N and 98300E
offshore La Spezia, Italy (see Fig. 1). In the coordinated

case, this initial location defined the barycenter of an

equilateral triangle with 25-km edges, on the nodes of

which the gliders were positioned. This is the minimum

edge length required to embed into the triangle forma-

tion dynamical structures with horizontal scales equal to

the Rossby radius of deformation, which is on the order

of 12 km in this region (Grilli and Pinardi 1998).

Figures 2a,b display the temperature fields averaged

in the vertical over the glider diving depth and in time

over the 48-h period ranging from 21 to 23 August for

the nature and control runs, respectively. The main

differences between the nature and control solutions are

a warm eddy structure located along the northwestern

Corsica coast present in the nature run and slightly

colder waters along the Ligurian coast in the control run.

a. Cooperative-unaware network

Figures 3 summarizes the results obtained for the

different assimilation cycles of the cooperative-unaware

network. Optimum glider trajectories and the expected

uncertainty in the temperature field averaged in the

vertical over the glider diving layer and in time over the

48-h forecast period are shown in Figs. 3a–d. Two gliders

are initially directed to the central and southern regions

of the basin, where significant uncertainty is generated

by the convergence of two major current systems (the

Tyrrhenian Current outflowing from the Tyrrhenian Sea

and the West Corsica Current) and by the propagation

along the Corsican coast of eddies of different sizes and

positions in the different realizations of the ensemble.

Notice that even if the control solution, which is the

ensemble mean solution, does not properly represent

the eddy (Fig. 2b) because of its variability across the

ensemble members, the associated uncertainty is prop-

erly captured in the ensemble. The third glider moves

northward to prevent sampling redundancy with the

other two platforms. The data collected during the first

2 days have allowed for reduction of a large part of the

FIG. 2. Temperature field (8C) for the period 21–23 Aug for the

(a) nature run and (b) control run.
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initial uncertainty (Fig. 3b). This significant reduction of

the ensemble spread over the whole domain mainly re-

flects the reduction of the model error associated with

the initial condition perturbations, which tend to gen-

erate large-distance covariance. The mean uncertainty

then remains relatively low during the next two cycles

because of a calmweather period. However, the residual

uncertainty in the area of the missing eddy is still able to

drive one of the platforms toward this area, leading to

a sampling of the southern part of the eddy by one of the

gliders during the third assimilation cycle (Fig. 3c).

The temperature fields averaged in the vertical over the

glider diving layer and in time over the 48-h forecast

period (Figs. 3e–h) do not reveal any significant im-

provement of the prediction performance due to the

inability to properly represent the eddy structure with

the available sampling by a single glider. Thus, signifi-

cant errors persist in that area in both temperature and

velocity fields.

b. Coordinated network

The case of the coordinated network of gliders is sum-

marized in Fig. 4. The fleet is directed southward to

sample the region with the largest uncertainty (Fig. 4a)

during the first assimilation cycle, and then it follows

a westward zigzag motion along the northwestern coast of

Corsica (Figs. 4b–d). The glider fleet moves as a whole

between the waypoints, which are computed for the

barycenter for all assimilation cycles. Based on a leader–

follow strategy, the triangle formation rotates when a

waypoint is reached to head the leader glider toward the

next waypoint. Notice that no observations from the fleet

are assumed when rotating around the barycenter, indu-

cing apparent discontinuity between tracks. This assump-

tion is justified by the relatively small motions resulting

from the heading of the fleet when compared to the total

tracks. It also permits keeping the same number of ob-

servations for different sizes of the triangle formation.

FIG. 3. Forecast error (8C) of the average temperature and optimum glider tracks (lines) for the period (a) 21–23 Aug, (b) 23–25 Aug,

(c) 25–27 Aug, and (d) 27–29 Aug from the cooperative-unaware scenario. Average temperature and currents for the forecast periods

(e) 23–25Aug, (f) 25–27Aug, (g) 27–29 Aug, and (h) 29 Aug–1 Sep. The color field displays differences of the predicted temperature with

the nature run for the forecast period (i) 23–25 Aug, (j) 25–27 Aug, (k) 27–29 Aug, and (l) 29 Aug–1 Sep. The 0.2m s21 contour of the

modulus of the velocity error is also shown in (i)–(l). This is the maximum modulus of the velocity error with certain spatial coherence.
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The temperature fields and associated currents averaged

in the vertical over the glider diving layer and in time over

the 48-h forecast period are plotted in Figs. 4e–h. In con-

trast to the cooperative-unaware network, a warm core

eddy is inserted and maintained north of Corsica during

the third and fourth assimilation cycles (Figs. 4g,h). The

evolution of the error field (Figs. 4i–l) shows a significant

reduction of the missing warm eddy signal in the last two

forecast cycles.

c. Intercomparison of the performance of the
cooperative-unaware and coordinated glider
networks

The OSSE domain has been divided into two sub-

domains to further quantify the performance of the

cooperative-unaware and coordinated networks. The

first subdomain is defined by a rectangular polygon em-

bedding the eddy located offshore of the northwestern

FIG. 4. As in Fig. 3, but for the coordinated network.

FIG. 5. RMSE for the different forecast cycles for the control run (black lines), assimilated run

from the cooperative-unaware network (dark gray lines), and assimilated run from the coordinated

network (light gray lines) in the eddy (solid lines) and basin (dotted lines) subdomains.
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Corsican coast (see Fig. 1). The remaining area consti-

tutes the second subdomain. Figure 5 displays the root-

mean-square error (RMSE) obtained from the different

cases in both subdomains for the successive forecast

cycles. The figure indicates a significant improvement of

the forecast performance at the eddy location obtained

from the coordinated glider fleet during the forecast

cycle centered on 28 August (third cycle). Conversely,

the forecasts resulting from the cooperative-unaware

network in this subdomain slightly degrade the perfor-

mance compared to the solution without any data as-

similation. Forecast performances are comparable for

all cases in the remaining subdomain with a lower mean

error, indicating a negligible impact of the observations

on the model results.

Figures 6a,b clarify the dissimilarity found between

the forecast performances of the coordinated and the

cooperative-unaware networks after the third assimila-

tion cycle. The figures display (for each sampling sce-

nario) the nature run temperature field, the particular

observations collected during this cycle, and the isolines

of correlation coefficients derived from the corre-

sponding ensemble covariance and averaged over the

particular observations. Figure 6a shows that the glider

from the cooperative-unaware network does not sample

the core of the eddy. Moreover, this core lies in an area

poorly correlated with glider observations. Instead, the

core of the eddy is monitored by two of the gliders in

the coordinated network, resulting in a substantially

higher impact of the observations over the eddy location

(Fig. 6b). As a result, the eddy is inserted during the

forecast cycle from 27 to 29 August and maintained

during the forecast cycle from 29August to 1 September

in the case of the coordinated network (Figs. 4g,h),

contrary to the cooperative network (Figs. 3g,h).

d. Intercomparison of the performance of
coordinated glider networks with triangular
formation and different edge size

Additional OSSEs have been performed to inves-

tigate the dependence of the performance of the co-

ordinated glider network on the edge size of the

triangular formation. Specifically, glider fleets co-

ordinated in equilateral triangles of 10- and 40-km edges

have been further considered. The resulting optimum

sampling trajectories for both cases (not shown) re-

semble those obtained with the case of a triangular

formation with a 25-km edge. Figure 7 displays the

RMSE obtained for the different subdomains and co-

ordinated network configurations. All network con-

figurations reduce the RMSE in the subdomain,

embedding the eddy during the forecast cycle centered

on 28 August, when the platforms enter this particular

area. The best performance is achieved by the network

with a 10-km edge because of its higher spatial resolu-

tion. The error then increases for this network during

the last cycle because observations partially cover the

eddy (Fig. 8a). The coarser-resolution sampling config-

uration leads to a further reduction of the error during

the last cycle because of the larger spatial coverage of

the eddy, after the rotation of the fleet formation con-

strained by model boundaries (Fig. 8b). Regarding the

second subdomain, the best performance is obtained by

the network configuration with the intermediate reso-

lution. Notice that the sampling of the eddy area with

large uncertainty together with the long-distance corre-

lations present in the ensemble leads to corrections of the

temperature fields in this subdomain. The degradation of

FIG. 6. (a) Glider trajectories for the cooperative-unaware net-

work during the assimilation period 23–25 Aug. The color field

represents the depth- and time-averaged temperature field of the

nature run. Contours show the correlation coefficient averaged

over the observations derived from the ensemble covariance for

this period. (b) As in (a), but for the coordinated network.
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the forecast accuracy in two of the three scenarios re-

veals the need to apply covariance localization during

the assimilation process, which was not done in this

study.

4. Discussion and conclusions

This article has evaluated the performance of

cooperative-unaware and coordinated networking ap-

proaches for glider fleets with OSSEs during an 8-day

period in the Ligurian Sea. A fleet of three gliders was

considered in the simulation studies. This is the mini-

mum number of gliders required to define a geometric

formation able to enclose ocean structures like eddies,

thus providing snapshots of spatial gradients. The

question of the optimum number of platforms and the

best geometric patterns to resolve ocean structures was

out of the scope of the present study (see L’Hévéder
et al. 2013 regarding this issue). Basic dynamical

parameters of the region of interest were employed as

guidelines to the initial network and mission design.

Specifically, the updating mission cycles and the spatial

configuration of the coordinated network were fixed to

match the expected synoptic time scale and the Rossby

radius of deformation in the area, respectively. This

approach aimed to resolve the most significant spatial

and temporal scales. At this stage, glider trajectories

remain the only degree of freedom to further improve

the sampling performance of the observing network.

The OSSEs conducted in this study indicate that the

coordinated network leads to a better forecast perfor-

mance when compared to the cooperative-unaware be-

havior. The improved performance in the coordinated

case is closely linked to the existence of a well-defined

and localized eddy structure in the domain. They also

show that the impact of observations on the forecast

performance is much less significant outside the eddy

area. The former is explained by the fact that the

FIG. 7. RMSE for the different forecast cycles with the coordinated network with a 40-km

edge (dark gray lines) and a 10-km edge (light gray lines) in the eddy (solid lines) and basin

(dotted lines) subdomains. Results from the coordinated triangular network with a 25-km edge

(black solid and dotted lines) are also included to facilitate the intercomparison.

FIG. 8. Optimum glider tracks (lines) from the coordinated scenario with (a) a 10-km edge and (b) a 40-km edge for the period 27–29 Aug.

The color field represents the temperature (8C) from the nature run for the period 27–29 Aug.
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sampling coverage of the eddy by the coordinated fleet is

superior to that provided by the cooperative-unaware

network. The latter indicates that the accuracy of the

observations is not sufficient to further reduce the low

initial uncertainty level in this subdomain.

While the superior performance of the coordinated

network is evident from the OSSEs, the dependence of

this performance on the size of the network geometry

requires a more subtle interpretation. The increase of

the forecast performance of the network with the largest

geometry in the last assimilation cycle is attributed to

the fact that the eddy is still fully covered by the fleet.

This issue addresses the question of the adequacy of the

cost function to improve forecasts when ocean struc-

tures are present in the domain of interest. When no

dominant ocean structure is present, the best perfor-

mance is obtained by the coordinated network geometry

that matches the Rossby radius expected in the region.

To conclude, coordinated glider formations are pre-

ferred to sample marine areas where eddy structures are

likely to be present. Performance metrics based on

variance-oriented criterion may not be suitable under

this circumstance because they do not originate sam-

pling strategies dense enough to resolve defined str-

uctures. No remarkable differences in performance

between cooperative-unaware and coordinated forma-

tions have been found in regions with no dominant

ocean features. Further, no significant improvement due

to the assimilation has been identified in these regions of

low uncertainty level. Consequently, methodologies are

required to assess the number of platforms required to

monitor a given region with a prescribed uncertainty

threshold.
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