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1. Introduction

In the framework of the MFSTEP project, ARGOS floats will be launched in the Mediter-

ranean Sea. They are programmed to freely drift at the nominal depth zn of 350 m for a

time period Tdrit, after which they descend to 700 m and then ascende to the surface. At the

surface, the floats communicate via satellite, providing information on temperature (T) and

salinity (S) profiles as well as on positions. TS and position information are used to improve

model performance via assimilation.

In this report we focus specifically on the position information. In particular, we consider

the first and last position fixes provided by the floats at the surface during each cycle.

They provide information on the displacement at the nominal depth, which can be used to

correct the model velocity at zn. The information, though, is necessarily contaminated by

the additional displacement experienced by the float during its vertical motion and at the

surface before and after the first and last fix.

The goal of this report is to provide estimates of such a displacement (and velocity) error.

This is done using historical information on current profiles in some of the main currents in

the Mediterranean Sea. A complete statement of the problem is provided in Section 2, while

the methodology is illustrated in Section 3. The obtained results are presented in Sections

4, and a summary and discussion are provided in Section 5.

2. Statement of the problem

The typical cycle for ARGOS floats can be detailed as follows:

(i) - drift at the surface (0.5 h): from t0 to (t0 + 0.5 h)

(ii) - descent to 350 m (2 h): from (t0 + 0.5 h) to (t0 + 2.5 h)

(iii) - drift at 350 m (Tdrift): from (t0 + 2.5 h) to (t0 + 2.5 h + Tdrift)

(iv) - descent to 700 m (2 h): from (t0 + 2.5 h + Tdrift) to (t0 + 4.5 h + Tdrift)

(v) - ascent to surface (2.5 h): from (t0 + 4.5 h + Tdrift) to (t0 + 7 h + Tdrift)

(vi) - drift at the surface (0.5 h): from (t0 + 7 h + Tdrift) to (t0 + 7.5 h + Tdrift)

where t0 represents the initial cycle time (in h), corresponding to the last position fix at

the surface.

Let’s indicate with Xdrift the float displacement at 350 m during the time Tdrift, while
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Xtot is the total displacement during the time cicle Ttot= 7.5 h + Tdrift. The difference

betwen these two quantities is indicated as Xe,

Xe = Xtot −Xdrift. (1)

Xtot is the only directly observable quantity, while Xdrift is the quantity of interest for

assimilation, i.e. the quantity which represents the true displacement at the nominal depth

during the cycle which can be used to correct the velocity at zn. In practical applications,

Xdrift is usually approximated using the observable Xtot (except for possible corrections as

discussed in § 5). The “error” on Xdrift due to this approximation is represented by Xe,

which measure the additional float displacement due to the vertical shear experienced during

the ascendent and descendent motion as well as the surface drift during the initial and final

times of the cycle.

The goal of this report is to provide an estimate of typical average quantities such as

< Xdrift >, < Xe > and ∆ =< |Xe/Xdrift| > in the major Mediterranean currents. These

values, and in particular ∆, provide a quantitative measurement of the relative displacement

error per cycle, and therefore of the velocity error to be considered in the assimilation. Two

different values of Tdrift will be considered, Tdrift= 72 h (3 days) and 154 h (6 days and 10

h), corresponding to total cycle times of of 3.5 d and 7 d respectively, including the complete

surface drift. They correspond to the values programmed for the first float launching tests

to be performed in September 2003 north-east of Barcelona.

3. Methodology

In order to estimate < Xe > and ∆ it is necessary to know the velocity profiles experienced

by the floats during their vertical motion. Here, these information are taken primarily from

historical currentmeter time series, which provide information on both mean velocity and

variability, thus allowing to compute displacement statistics.

Six point measurements, known from the litterature (Alberola et al.,1996; Bouzinac et al.,

1999; Castellon et al., 1990; Millot et al., 1997; Pinot and Ganachaud, 1999; Sammari et al.,

1995; Tsimplis et al., 1997), are considered (see Fig.1). They include the Liguro-Provencal

current (LP), the Catalan current (C), the Algerian current (AW, AE), the Sardinia Channel
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(S) and the Straits of Creta (SC). Point C, in front of Barcelona, has been included even

though currentmeter time series have not been found in the literature, since it corresponds

to the first launching site for ARGOS floats. As better explained in § 4, hydrographic and

ADCP transects have been used instead than current time series.

Typically, the historical currentmeter data considered here provide information on the

statistics of horizontal velocity u at a few discrete depth zd(i), i = 1, Nd where Nd is the

number of measurement depths. Typical values of mean velocity U(i) and variance σu(i)

along the main direction of motion are shown for the various measurement points in Tables

1-6. As it can be seen, there are typically 3-5 zd for each point (Nd = 3 − 5), ranging from

50-100 m to ≈ 1000 m. The methodology used to extract information on < Xe > and ∆

from these velocity statistics is detailed in the following.

As a first step, the mean velocities U(i) at zd(i) are used to compute a “typical” velocity

profile, Utyp(z) for each point, by simply interpolating linearly in z between successive depths

zd(i). The first layer (z < zd(1)) is generally assumed constant. In some cases (see § 4), when

additional historical information indicate a significant surface intensification, an additional

surface layer of 20 m is added with enhanced velocity. An example of a typical profile Utyp(z)

for LP is shown in Fig.2a.

The typical profiles are assumed to be constant in time and uni-directional in the main di-

rection of motion, x. The “typical” float motion for each cycle in the (x,z) plane is computed

integrating:

dz/dt = w ; dx/dt = Utyp(z), (2)

where w is the vertical velocity assumed piece-wise constant during the various phases of

the cycle (see § 2):

(i) w=0; (ii) w=350 m/2h; (iii) w=0; (iv) w=350 m/2h; (v) w=700 m/2.5 h; (vi) w=0.

The time integration of (2) is performed numerically between t0=0 and Ttot with initial

conditions z(0) = 0, x(0) = 0, using an Euler scheme. The velocity profile is discretized in z

with dz = 1m and the time step is chosen as dt = 10s, in order to satisfy the CFL criterium.

Notice that (2) can also be easily integrated analytically given that the velocity profile Utyp(z)

is piece-wise linear. This has allowed to quantitatively test the numerical algorithm in some
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selected cases, verifying its precision. An example of typical float trajectory in (x,z) during a

cycle with Tdrift=3 days is shown in Fig.2b for LP. From the trajectory, typical displacement

values for Xdrift and Xe can be computed, as well as their ratio ∆typ = Xe/Xdrift.

As a second step, the statistics of the velocity profile and of the displacement per cycle

are computed using the variance σu information. This is done considering various (100)

realizations of velocity at each measuring depth zd(i), computed as

ur(i) = U(i) + γ(i)σu(i), (3)

where γ is a random number from a normal distribution with zero mean and unit variance.

Two possible modes of γ dependence on i are considered, corresponding to two different

modes of vertical variability. The first mode, indicated as “barotropic”, is characterized by

γ constant for all the zd, i.e. γ independent on i for each realization. In the second mode,

indicated as “baroclinic”, γ has opposite (and equal in norm) values in the upper and lower

layer.

For each realization (3), a linear profile ur(z) and a cycle trajectory obeying to

dz/dt = w ; dx/dt = ur(z),

are computed using the same procedure as for the “typical” case explained above. Av-

erage values of displacements, < Xdrift > and < Xe >, and of displacement ratio, ∆ =<

|Xe/Xdrift| >, are computed as averages over the number of realizations. Notice that, be-

cause of the simplifying assumptions on profiles and displacements, < Xdrift > and < Xe >

correspond to the values obtained for the typical profile. ∆ on the other hand, can differ

from the typical value ∆typ.

We remark that the resulting estimates should be considered only indicative, since the

method is very simple and it has some obvious limitations. First of all, the results are based

on point measurements and do not take into account spatial inhomogeneity. Also, the profiles

are highly simplified, since they assume a uni-directional velocity, linear in z and costant in

time during each cycle. Some of these assumptions can be partially justified in some of the

regions, as better discussed in § 4. Here we recall that the assumption of time independence
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is consistent with the fact that the Eulerian and Lagrangian time scales at 350 m. are of the

order of 3-7 days (Alberola et al., 1996), i.e. of the order of the cycle itself.

4. Results

The methodology in § 2 has been applied to the measurement points in Fig.1. The

choice of these points has been first of all dictated by availability of current information in

the literature, and secondly by the fact that they are situated in energetic currents with

significant shears. Energetic regions are crucial for assimilation (Molcard et al., 2003), and

the knowledge of error measurements is central for a correct assimilation. Additional points,

such as measurements in the Otranto Strait and in the South Adriatic Sea (Kovacevic et al.,

1999), have been originally considered but they have not been included in this report since

energetic currents with significant shears in this region are confined close to the coast with

depth shallower than 700 m, so that the complete ARGOS cycle cannot be considered.

The results are summarized in Table 7 in terms of < Xdrift >, < Xe >, ∆typ and

∆, for 2 different values of Tdrift = 3 d and 6 d and 10 h respectively. Depending on

the specific measurement point, different experiments (each of them comprehensive of 100

realizations), are performed, characterized by different vertical modes and possibly by surface

intensification. The details of the experiments are discussed in the following for each region

separately. The ∆ values in Table 7 indicate the typical range obtained from the various

experiments.

4.1 Liguro-Provencal Current

The Liguro-Provencal current is represented by point LP in Fig.1, situated approximately

in front of Nice (France), in a region of intensive measurements taken during various exper-

iments (PROLIC-2, PROS-6, PRIMO-0). The typical values of mean velocity and variances

shown in Table 1 are based on the results summarized by Sammari et al. (1995), and Al-

berola et al. (1996), and are characteristics of the more energetic winter season. The flow

has a well defined direction, approximatively south-westward, and the variability is char-

acterized by an intensity approximately half than the mean flow and by a high degree of

vertical correlation. Even though the shallowest measurement is at zd=100 m, additional

information suggest that the upper layer is approximately constant up to the surface. The
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current is quite deep, with values at 350 m that are approximately 1/3- 1/4 of the values at

the surface. Based on these information, no surface intensification is added to the typical

profile and only a barotropic mode experiment is considered.

The typical profile and cycle trajectory for Tdrift =3 d are shown in Fig.2. The <

Xdrift > and < Xe > values (Table 7) are ≈ 17.5 km and 2.7 km respectively, resulting in

a ratio ∆typ ≈ 0.15. The average ratio ∆, estimated over 100 realizations for the barotropic

experiment, is equal to ∆typ. This is because the variability is approximately proportional

to the mean at all levels zd (Table 1). The results for Tdrift= 6 d and 10 h are characterized

by an approximately double < Xdrift >, since the drifting time Tdrift is more than doubled.

As a consequence, ∆ is approximately reduced by half, ∆ ≈ 0.07-0.08.

All together the results show that the error is relatively small (less than 15%) for both

choices of Tdrift. Conceptually this is due to the fact that the current is deep and well

correlated in the vertical.

4.2 Catalan Current

The Catalan current, which can be considered as an extension of the Liguro-Provencal

current, is represented by point C in Fig.1, situated close to the Spanish coast, northeast

of Barcelona. As previously mentioned, this correspond to the region of the first test for

ARGOS floats. Even though currentmeter time series have not been found in the literature

in this area, other measurements are available and have been used to provide estimates

of typical profiles and displacements. In particular we focus on the results of Pinot and

Ganachaud (1999) based on hydrographic sections performed in 1993, and of Castellon et

al., (1990) based on ADCP sections performed in 1989. The geostrophic currents computed

by the hydrographic sections agree remarkably well with the synoptic ADCP measurements,

and show the presence of a strong current with a well defined south-westward direction and

a maximum at approximately 30 km from the coast.

The mean velocity values in Table 2 are based on the geostrophic estimates in the core of

the current, while the variance is set at half of the mean amplitude, as for the LP case. The

current appears shallower than in the LP case, with values at 350 m that are approximately

1/5 than the values at 100 m. Two different experiments are considered, both with the
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barotropic mode as in LP: in the first experiment the parameters in Table 2 are used, while

in the second case the typical profile is slightly modified to fit more closely the ADCP

estimates which are slightly more energetic at the surface.

The < Xdrift > and < Xe > values (Table 7) for Tdrift= 3d are ≈ 7.9 km and 2.1 km,

providing a ratio ∆typ ≈ 0.27. The average ∆ from the experiments is similar but slightly

higher, ∆ ≈ 0.27-0.37. The increase in ∆ is mostly due to the enhanced surface velocity

considered in the experiment based on ADCP measurements. The ∆ values reduce to ∆ ≈

0.15-0.20 for Tdrift= 6 d and 10 h.

In summary, the errors appear higher with respect to LP, mostly because the current is

shallower, but they maintain below 40% and 20% for Ttot= 3 d and 6 d and 10 hrespectively.

We also notice that, while these values characterize the Catalan Current flowing along the

Spanish coast, at a more eastern location, along the Balearic Islands, the current has different

characteristics, flowing in the opposite direction in a likely re-circulation pattern.

4.3 Algerian Current

Two points, AW and AE, have been selected in the Algerian Current (Fig.1), based on

the results by Millot at al. (1997). AW is representative of the more intense western section

of the current, while AE is situated in the weaker and broader eastern section. Typical values

of mean velocity and variance in the eastward main direction of propagation are shown in

Table 3-4. The current appears quite shallow, with values at 350 m that are approximately

1/10 of the values at 100 m. Additional information, for example from drifter data (Salas

et al., 2002), indicate a significant surface intensification especially in the western section,

with values of the order of 30-50 cm/s. The variability is high, especially in AE, where the

intensity is the same or greater than the mean. The vertical structure of the variability

cannot be easily characterized. In a number of events, the fluctuations appear in opposition

of phase between 100 and 350 m. Based on these results, experiments with both barotropic

and baroclinic modes have been considered. Also, two additional experiments with a surface

intensification in the upper 20 m of 35 cm/sec and 50 cm/s respectively have been performed

for AW.

The < Xdrift > and < Xe > values for Tdrift= 3 d (Table 7) are ≈ 6.4 km and 2.7 km
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for AW and ≈ 1.3 km and 1.0 km for AE. The resulting ratios ∆typ are respectively ≈ 0.43

and ≈ 0.7. The average ratio ∆, estimated from barotropic and baroclinic experiments, is

≈ 0.6 and 0.8 for AW and AE respectively for the basic profiles in Table 3-4. When the

surface intensification is added for AW, ∆ becomes of order 1. For Tdrift= 6 d and 10 h,

the ∆ values reduce, reaching ≈ 0.4 for AE and ≈ 0.6 for AW even in presence of surface

intensification.

All together, the results indicate that for Tdrift= 3 d the error is significantly high reaching

100%. For Tdrift= 6 d and 10 h the error reduces, even though is still high (≈ 60%) when

the surface intensification is considered. This is a consequence of the fact that the current

is shallow and characterized by a high variability.

4.4 Sardinia Channel

One measurement point, S located southwest of Sardinia (Fig.1), has been selected in the

Sardinia Channel based on the results from the PRIMO-1 experiment summarized by Bouz-

inac et al. (1999). The Sardinia Channel has a quite complicated pattern of circulation, so

that the selected point cannot be considered as representative of the current system as for the

previous LP and AW-AE points. Rather, the point has been selected simply because it was

the one with the most complete profile. Typical values of mean velocity and variance (Table

5) show that the flow changes sign in z, i.e. intermediate and deep waters flow almost per-

manently northwestward (alongslope), while the surface layer is predominantly southward.

The variability is high (especially at 100 m), with no well defined vertical structure and

characterized by both baroclinic and barotropic events. As a consequence, both barotropic

and baroclinic experiments are performed. In absence of information on the surface velocity,

no surface intensification is added.

The values of < Xdrift > and < Xe > for Tdrift= 3 d (Table 7) are ≈ 6.3 km and 0.6

km, with ∆typ ≈ 0.1. Notice that < Xe > is especially small as a consequence of the change

in velocity sign along the profile, so that the contributions along the vertical tend to cancel.

The average ratio ∆ estimated from the baroclinic experiment has a similar value to ∆typ,

while for the barotropic experiment ∆ reaches ≈ 1. This value is due to the occurrence of

a number of events where the barotropic variability strongly reinforces the surface velocity,
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while weakening the velocity at 350 m so that the signal Xdrift tends to zero while Xe

increases. For Tdrift= 6 d and 10 h, the ∆ values for the barotropic variability reduce to ≈

0.7.

In summary, the results indicate very low errors for the typical profile (≈ 10%), due

to the fact that the velocity reversal in z tends to reduce the effects of vertical shear. In

presence of strong barotropic variability, though, this effect disappears and the error reaches

high values, ≈ 100− 70% for Tdrift= 3 d and 6 d and 10 h respectively.

4.5 Straits of Crete

One measurement point, SC between Rhodes and Karpathos (Fig.1), has been considered

based on the results in Tsimplis et al. (1997). Since the region of the Straits is highly

inhomogeneous in space, the results in SC cannot be considered indicative of the whole

region, as already discussed for point S in the Sardinia Channel. As in that case, point SC

has been selected for logistic reasons, i.e. the profile information is complete and the depth

is greater than 700 m.

Typical values of mean velocity and variance (Table 6) show that the flow is quite shallow,

with velocity values at 350 m. that are approximately 1/10 than the 50 m values. The flow is

approximately northward, toward the Cretan Sea and the variability is as high as the mean.

In absence of clear information on the vertical structure, both barotropic and baroclinic

experiments have been performed.

The values of < Xdrift > and < Xe > for Tdrift= 3 d (Table 7) are ≈ 4.4 km and 2

km respectively, with ∆typ ≈ 0.46. The average ratio ∆ estimated from the barotropic and

baroclinic experiments has a similar range than ∆typ, ∆ ≈ 0.5. For Tdrift= 6 d and 10 h,

the ∆ values reduce to ≈ 0.25.

All together the results indicate a high error, ≈ 50%, for Tdrift= 3 d, due to the fact that

the current is quite shallow. The error decreases to ≈ 25% for Ttot= 6 d and 10 h.

5. Summary and concluding remarks

In this report, estimates of errors for ARGOS floats have been computed, based on

historical current meter time series. A number of simplifying assumptions have been used

in the methodology, so that the results have to be considered indicative.
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The first interesting result is that the error size is highly dependent on the current

system. In deep currents with highly correlated fluctuations in the vertical, such as the

Liguro-Provencal current and at some extent the Catalan current, the errors maintain low,

≈ 15%− 40% for Tdrift= 3 days and ≈ 7%− 20% for Tdrift= 6 days and 10 h. For shallower

currents with less defined vertical structure in the variability, as for the Algerian current,

errors are significantly higher, reaching ≈ 100% for Tdrift= 3 days and ≈ 40% − 60% for

Tdrift= 6 days and 10 h. In other regions where the current system has a more complex

spatial pattern and is highly inhomogeneous, as in the Sardinia Channel and in the Straits

of Creta, the present results based on single point measurements are only partially significant.

They suggest high errors in the current south-east of Sardinia, reaching ≈ 100% for Tdrift=

3 days and ≈ 70% for Tdrift= 6 days and 10 h, mostly due to strong events of high variability

which oppose to the dominant baroclinic mean flow. Lower error values, ≈ 50% for Tdrift=

3 days and ≈ 25% for Tdrift= 6 days and 10 h, are found in the strait between Rhodes and

Karpathos, where the mean flow is approximately barotropic.

All together, the results for Tdrift= 6 days and 10 h provide substantially smaller errors

(about half) than the results for Tdrift= 3 days. It should be remarked, though, that the

Lagrangian time TL at 350 m is probably less than 6-7 days (e.g. Veneziani et al., 2003),

and it is known that the assimilation of Lagrangian displacement used to correct velocity

at intervals longer than TL can be highly inefficient (Molcard et al., 2003). Ideally, then, a

compromise should be reached between increasing Tdrift to decrease the error, and decreasing

Tdrift to increase assimilation efficiency. An intermediate value of Tdrift ≈ 5 days might be

appropriate.

As a last remark, we notice that the error can be further decreased in phase of assimilation

by appropriately correcting the additional displacement Xe. For example, the surface drift

might be corrected extrapolating from multiple position fixes at the surface (Davis et al.,

1993; Schmid et al., 2001) while shear effects might be partially corrected using model or

other data results.
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List of Figures

Figure 1. Location of measurement points known from literature and used in the report.

Figure 2. a) Typical velocity profile for point LP (Fig.1) in the Liguro-Provencal current,

computed using current-meter statistics from Alberola et al.(1996), Sammari et al.,

1995. b) Typical float trajectory per time cycle with Tdrift=3 days in the (x,z) plane,

computed using the typical profile a).
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zD(m) U(cm/s) σu(cm/s)

100 20 10

250 10 5

400 5 2.5

500 2 1

1000 0 0

Table 1: Typical velocity statistics from measurements at depths zd for the LP point

(Fig.1) in the Liguro-Provencal current (Sammari et al., 1995; Alberola et al., 1996). U

indicates the mean velocity and σu the variance in the main direction of motion.

zD(m) U(cm/s) σu(cm/s)

20 20 10

100 16 8

200 10 5

250 5 2.5

350 3 1.5

500 1 0.5

1000 0 0

Table 2: As in Table 1, but for the C point (Fig.1) in the Catalan current (Pinot and

Ganachaud, 1999)
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zD(m) U(cm/s) σu(cm/s)

100 23 10

300 2.5 1.7

1000 1.2 1.5

Table 3: As in Table 1, but for the AW point (Fig.1) in the western Algerian current

(Millot et al., 1997)

zD(m) U(cm/s) σu(cm/s)

100 9.5 11.5

300 0.5 1.5

1000 0.8 0.2

Table 4: As in Table 1, but for the AE point (Fig.1) in the eastern Algerian current (Millot

et al., 1997)

zD(m) U(cm/s) σu(cm/s)

100 10 14

300 -2.5 2.5

1000 -1 1

Table 5: As in Table 1, but for the S point (Fig.1) in the Sardinia Channel (Bouzinac et

al., 1999)
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zD(m) U(cm/s) σu(cm/s)

50 18 14

335 1.7 5

850 0.7 4

1000 0 0

Table 6: As in Table 1, but for the SC point (Fig.1) in the Straits of Crete (Tsimplis et al.,

1997)

points < Xdrift > (km) < Xe > (km) ∆typ ∆ ∆6d10h

LP 17.5 2.7 0.15 0.15 0.07-0.08

C 7.9 2.1 0.27 0.27-0.37 0.15-0.20

AW 6.4 2.7 0.43 0.6-1. 0.6

AE 1.3 1. 0.7 0.8 0.4

S 6.3 0.6 0.1 0.2-1. 0.1-0.7

SC 4.4 2. 0.46 0.5 0.25

Table 7: Displacement statistics for points in Fig.1 estimated from velocity profiles. First 4

columns refer to the time cycle with Tdrift = 3d, while the last column refers to Tdrift=6 d

and 10 h. Xdrift is the displacement at 350 m, Xe is the additional displacement due to

shear and surface drift, ∆typ =< Xe > / < Xdrift > and ∆= < |Xe/Xdrift| >
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