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1. Introduction

Since 2000, numerous Argo floats have been deploydie Mediterranean and Black Seas under
various programs and by different institutions/does. Different cycling and sampling
characteristics have been chosen to monitor thesginal seas, including cycles of 5 to 10 days,
parking depths between 350 and 650 m for the Meditean and between 200 and 1550 m for the
Black Sea, and maximum profiling depths betweenatt® 2000 m. These parameters are different
from the standards defined by the global Argo paiogrlt is therefore important to assess the
adequacy of these parameters for monitoring theriblealine variability of the Mediterranean and
Black Seas using the existing float data and nuwaksgimulations. This report contains the final
assessment results obtained using the historichkmnulated Argo data in the Mediterranean Sea
(section 2) and the Argo data in the Black Seati@@@®). Conclusions and recommendations for
the continuation of the Argo program in the Med#eean and Black Seas are included in section
4.

2. Argo sampling strategy in the Mediterranean Sea

2.1. Assessment using historical Argo data

In total, 90 Argo floats have been operated inNfegliterranean Sea between December 2000 and
June 2009, out of which 28 correspond to the MFSPEffect (Poulain et al. 2007). Most of the
MFSTEP floats were programmed to cycle every 5 daydrift at a parking depth of 350 m and to
profile down to 700 m (to 2000 m every 10 cycl&)bsequent floats operated by Spain and France
were programmed with the same cycling/sampling aittaristics, referred to, in this report, as the
MedArgo parameters.

2.1.1.Vertical and horizontal coverage
Using the data of 33 floats with the MedArgo chégstics, Poulain and Solari (2009) found that:

» If all the profiles of these floats were programmedample as deep as 2000 m, only 22%
of the Mediterranean water column is not sampled.

* Using bins of 2°x2°, only 25% of the entire Meditarean was covered in March 2006. For
the deep sea (> 1900 m) this percentage increageésf.

» Using bins of 3°x3°, only 25% of the entire Meditarean was covered in March 2006. For
the deep sea (> 1900 m) this percentage increas#s%. In general the bins sampled by
the floats are oversampled (more than one floabjpgr

* In general the bins effectively sampled by thetBoare over-sampled (more than one float
per bin).
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2.1.2. Robustness of the statistical results formasins

The variability of the temperature (T) and salin{y) in most Mediterranean sub-basins was
described by Notarstefano and Poulain (2009) usmanthly statistics and calculating the
decorrelation scales of the water properties acsedl depths following the floats.

We now discuss the issue of sampling, with a lichitember of floats, the thermohaline properties
in selected sub-basins given the natural varigholitserved with the historical Argo data. The main
goal is not to sample all the sub-basin and mesoseaiability with floats, but to obtain unbiased
robust estimates of, let us say, monthly and sinb@veraged properties to successfully monitor
the evolution of the Mediterranean over the years.

2.1.2.1. Levantine sub-basin

For the Levantine sub-basin where Argo data aret rabandant, there is continuous sampling
between June 2001 and June 2009, and the maxiowl flopulation reached 10 floats during
several months in 2005 and 2006. The number of @idilles vary between 5 and 55 per month.
If we focus on the thermohaline properties near ®Q@he maximal variability around mean values
occur between March 2007 and April 2008, with stadddeviations of about 0.29°C in potential
temperature (Fig. 1) and 0.06 in salinity (Fig. Bhis is mainly the deep impact of ubiquitous and
recurrent eddies prevailing in the basin, sucthaddraPetra and Mersa Matruh structures.
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Figure 1. Monthly mean ofl near 600 m in the Levantine sub-basin between idbee2000 and
June 2009 (from Notarstefano and Poulain, 2009).
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Mean salinity per month between 591 and 610 m in the Levantine basin
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Figure 2. Monthly mean of S near 600 m in the b&uwa sub-basin between December 2000 and
June 2009 (from Notarstefano and Poulain, 2009).

2.1.2.2. lonian sub-basin

In the lonian Sea, there is continuous samplingvéet October 2001 and May 2009, and the
maximum float population reached 7 floats in Decem®005. The number of CTD profiles vary
between 5 and 35 per month. At 600 m, the maxiwaahbility around mean values can be as large
as 0.31°C in potential temperature (Fig. 3) ald® n salinity (Fig. 4). In 2003, the relativelyde
values o and S are due to a single float (6900087) driftmthe southeastern lonian.
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Figure 3. Monthly mean ofl near 600 m in the lonian sub-basin between Dece®@0 and June

Figure 4. Monthly mean of S near 600 m in thedarsub-basin between December 2000 and June
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2.1.2.3. Tyrrhenian sub-basin

In the Tyrrhenian Sea, Argo floats were deployettisty in August 2004. The maximum float
population reached 4 floats in May 2006. The nunafe€TD profiles per month can be as large as
18. At 600 m, the maximal variability around mealues can be as large as 0.25°C in potential
temperature (Fig. 5) and 0.07 in salinity (Fig. B)e monthly and basin averaged temperatures and
salinities show significant variations. For instang at 600 m appears to decrease significantly ove
the year. By looking at the positions of the CTffyes, it turns out that this trend was produced
by one float (6900281) located between the souteeasip of Sardinia and the northwestern tip of
Sicily. As a result, the trend of decreasing Sug pn artifact (biased statistics) resulting fribra
non-uniform spatial coverage of the observations.
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Figure 5. Monthly mean ofl near 600 m in the Tyrrhenian sub-basin betweereb#wer 2000 and
June 2009 (from Notarstefano and Poulain, 2009)..
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Mean salinity per month between 591 and 610 m in the Tyrrhenian basin
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Figure 6. Monthly mean of S near 600 m in the Agnian sub-basin between December 2000 and
June 2009 (from Notarstefano and Poulain, 2009).

2.1.3. Decorrelation time scales following the ffoa

It is interesting to discuss the Argo samplingamis of the decorrelation time scales calculated by
Notarstefano and Poulain (2009). At mid-depth (69)0where most floats have collected data and
where the seasonal deterministic signal is redutiesl,correlation coefficients for the potential
temperature decreases to 0.84 after 5 days, abd%aafter 10 days. The zero-crossing occurs after
about 140 days, whereas the integral time scalbasit 60 days. The results are similar for S at 600
m.

These results indicate that sampling CTD profilesre 5 days might be excessive since in general
the temperature and salinity data are still higldgrelated even after 10 days.
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2.2. Assessment using numerically simulated Arga da

Numerical simulations of Argo profilers were perfaad in order to optimize both deployment
strategy and cycling characteristics of Argo pme8lin the Mediterranean SeBulerian velocity
fields of the Mediterranean model of the Meditegan Forecasting System ( 1/16° x 1/16 °, 71
levels, http://bo.ingv.it/mfstepwere used to simulate Argo floats. Several expents were made
to study the dependence of the Argo populationatttaristics on the cycle parameters (maximum
profiling depth 500, 700, 1000, 2000 m, and cyelegth, 5 and 10 days) and the initial density of
the Argo float regular array ( 0.5° x 0.5°, 1° xdfid 2° x 2°). In total, 32 numerical simulations
were performed considering for each experiment $eeles of initial conditions, resulting in a
total of 288 2-year-long simulations (years 20082@nd 2006-2007). Detailed information about
the experiments and results are available at (ftima.casaccia.enea.it/staff/rupolo/euroargo/wp4-
4.pdf); here we synthesize the main results.

2.2.1 Assessment of MedArgo Parameters

As reported in the Introduction, most of the Ardoats deployed in the Mediterranean Sea were
programmed with cycling parameters different frone tstandard defined for the global Argo

program. The ensemble of numerical simulations @sed to study the dependence of the
Mediterranean Argo Array characteristics using peai@rs that may be directly measured from real
Argo floats.

The main parameter that influences the resultshés dycle length J. while weaker or no
dependence was found on the other parameters okxperimental setting. Considering the
different experiments withJ. = 5 and 10 days, we found that the smallgg(® days) ensures:

0 a better Argo population (larger than about 10%,gbpulation is defined with regard to the
initial density of the initial condition ) of the &tliterranean area,;

o a smaller redundancy of profiles (less than ab®@%,1the redundancy is defined as the
number of obtained profiles divided by the numbfecyeles for each month and the number
of populated bin);

0 a better estimate of the root mean square of tlueie at the parking depth (underestimate
larger than about 15%).

In contrast, the largergf: (10 days) ensures:
o0 a larger percentage of independent successiveakeptiofiles (percentage larger than about
20%,);

0 a better estimate of the velocity at the parkingtidé€the error is less than about 30%).

Weak or no dependence was observed on the otremptars (e.g., on the values for the maximum
profiling depth).

It was found that the dependence of the spatiatrame of the Mediterranean Sea on the resolution
of the initial conditions is approximately linear. degrading the initial array by a factor 4 (fro
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0.5° x 0.5° to 2° x 2 °) decreases the coveragaldmut a factor 4. It was also observed that the
cycles with Ty = 5 days ensures a slightly better coverage oMhditerranean Sea. But perhaps
the main information we obtained is that with aalrgtic” number of floats (about 40 floats for the
2 ° x 2 ° array of initial condition) the coveragkethe Mediterranean Sea is rather poor (about 20 %
of the entire area). This has greater consequarrtéise capabilities of monitoring the water mass
properties of the Mediterranean considering theh hipgree of variability due to the small
dynamical scales.

2.2.2. Model and “reconstructed” variability of tB® T/S
fields

2.2.2.1. Variability of the modeled Eulerian velydields

To evaluate the spatial variability, as it is refuoed by the model, we compare the original 1/16°
x 1/16° T/S fields with ‘degraded’ fields obtainederaging on coarser meshes composed of
horizontal boxes of 1°x1° and 2°x2°. In each boxha&f coarser meshes, we compute the mean and
standard deviation (hereafter variability) of thedaled T and S, and then we compute the spatial
mean and standard deviation of this variabilitye(@xamples in Figs. 7 and 8). Obviously the
variability on the 2°x2° is larger. For both T aBdthe mean values are smaller than the root mean
square and the vertical profiles show clear sedlyevarying peaks in the subsurface layers. Both
T and S display a definitely smaller variabilitydspth greater than 300 m

T January 2004 T July 2004
T T T T T T L

1 . 1 1 1 1 1 1 L 1
0o 0.2 04 08 08 10 oo 0.2 44 08 048 10
degrees degrees
T Jonuory 2005 T July 2005

T 'I T T T T ol
)
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0o 02 04 05 D8 0 oo OE 04 D5 08 0
degrees degrees

Fig. 8: Mean (dashed) and standard deviation (awmbius) over the entire Mediterranean of the
variability of T versus depth for the model fiethgraded on 1°x1° (black) and 2°x2° (red) coarse
meshes for January (left panels) and July (rightgda) 2004 and 2005.
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Fig.9: Same as Fig.8 but for S.

Examples of the spatial pattern of such high subsarvariability are shown in Figs. 10 and 11,
where the T and S variability is mapped insidedbgraded meshes for January and July. We note
that the values of variability observed in sumnreat Sshown here) near the surface (20 m) are high
in the regions characterized by the presence gfgma@erance of mesoscale features or gyres, such
as in the Alboran Sea, the NW Mediterranean, th¢gheo Tyrrhenian Sea east of the Bonifacio
Strait, the northeastern lonian Sea, the area Sdu@nete and the eastern Levantine. The maximum
values of the winter variability at 120 m (Fig.)®em to be more linked with the Atlantic Water
(AW) dynamics even if all the eastern Levanting itharacterized by high values of variability. It
is interesting to note the high variability obsehia 2004 South of Crete. Variability of salinity,
both in summer and winter (e.g. Fig. 11) is cleéiriiged to the eastward path of the AW, with high
values of variability observed north of the Algeri@urrent probably related to the eddies created
from the instability of this current. However othatructures are observed, as for example the high
variability observed during 2004, in the North Thgnian east of the Bonifacio Strait, between
Corsica and Sardinia.

These results highlight the large variability siated by the Eulerian model of the Mediterranean
Sea at surface and subsurface, which is also affdny some inter-annual variability. The spatial
variability is due both to the presence of meamdedurrent systems (e.g. related to the eastward
flow of AW) characterized by peculiar values of Ti&ds and the presence of mesoscale and sub-
mesoscale transient coherent structures of smadjthescale. This precludes, even in the more
optimistic scenario (a float for each bin of 1°,ighmeans about 200 floats in total) the possibilit
of detecting long term trend in the subsurfacersysay in the upper 200-300 m, with an Argo float
array.
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0.00 46 4.3 047 e Q.62 0.78
Fig. 10: Map of mean variability of T at 120 m (depf the winter maximum of variability) for
January 2004 and 2006 on 1°x1° (panels a and#t tiivo panels from top) and 2°x2° (panels ¢
and d, last two panels toward bottom).

L.00 .04 Q16 .23 0.3 0.0

Fig. 11: Map of mean variability of S at 80 m (depf the summer maximum of variability) for
July 2004 and 2007 on 1°x1° (panels a and b, fwst panels from top) and 2°x2° (panels c and
d, last two panels toward bottom).
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2.2.2.2. Reconstructing the 3D T/S fields with siraulated floats

We now estimate the error done in reconstructirg3B fields of T and S, averaging the vertical
profiles of numerical Argo floats in 1°x1° and 2°x@eshes. In Fig. 12 we show, as a function of
the initial condition density, an example of theawestructed field of temperature near 365 m, the
drifting depth of the floats, compared to the ‘rdald given by the model. The progressive
degradation of the reconstructed field for expentsewith lower initial condition density is
obvious. In the more realistic case (initial densit 2°x2°, approximately 40 floats) it is evident
that all the small scales features of the Meditexaam Sea circulation are lost, even at a mid depth.

Maonth =1 F_uleriEm Model, Z= 385 m reg = 1_ 21, XY =]

L] - [ ]

Fig 12: Mission 700/2000: mean monthly T for Jaryu2004 at 365 m from the Eulerian model
(upper left panel) and reconstructed in a regudad of 1°x1° for the three sets of initial condit
with density of one float for bin of 0.5°x0.5°, 1™and 2°x2°.

A more quantitative view of the error may be obtairomputing, for each bin where it is available,
a reconstructed monthly mean T/S value from the arical Argo profiles, and the root mean
square of the difference between the reconstruemeldreal mean values (hereafter called bias). In
Figs. 13 and 14 we plot, for T and S, the vertgadfiles of the mean and root mean square,
computed over the entire basin, of the bias betwleemneal and reconstructed values.

Even in this case, mean values are smaller tharotitanean square and the vertical profiles show
the same qualitative behavior of the vertical pesfiof the variability of the Eulerian model (see
Figs. 8 and 9). Bias errors are slightly largemtlize variability shown in Figs. 8 and 9 due to the
difference between the T/S field reconstructednfithe Argo profiles and the 'real' mean values.
The reconstructed T fields show larger errors i tibp layer down to 100-150 m, with an high
degree of seasonality. In particular, the errott@mixed layer temperature goes from about 0.5-
0.9 °C in winter to about 2.2-2.5 °C in summellE20 m. The reconstructed salinity fields display
seasonal variability and show a maximum error auald00 m that probably corresponds to the
mean depth of the lower interface of the AW. Fipnall is interesting to note that even an obvious
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dependence is found on the 'density’ of the indaaiditions (different colors), the huge variailit
of the Eulerian model largely dominates the erramsthe reconstructed fields, specially in the
subsurface layer since only a small improvemewnbserved going from the densest (0.5°x0.5°) to
the coarser (2°x2°) data set of initial condition.

T_cyc = 5 days T_cyc = 5 days
T T T T [+] T T

—100 J’}{

dapth {m)
dapth {m)

L L L L L L L L L L
oo o5 140 1.5 20 25 oo o5 10 1.5 20 25
degrees degrees

T_cyc = 5 doys T_cyc = 5 doys
&
L]

aepth (m}
gepth (m}

oo 05 1.9 15 20 23 oo 05 1.9 1.5 20 23
degrees degrees

Fig. 13: Monthly mean and rms profiles (over thérerMediterranean, dashed and continuous
lines, respectively) of the 1°x1° bin rms betwdwnreconstructed T and the model “real” values.
Black, blue and red curves correspond to the tisegs of initial conditions with density of one floa
for bin of 0.5°x0.5°, 1°x1° and 2°x2°, respectivélgnels a) to d) are relative to reconstructed
fields after 1,7,13 and 20 months from 1-1-2004pestively.
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Fig. 14: As in Fig.13 but for S.

2.2.2.3. Reconstructing temporal trends of T/S edkerranean sub-
basins

A further confirmation of the large T/S variabilignd of the consequent difficulty of detecting
trend in the Mediterranean sub-basins using Argat§l is illustrated in Figs. 15 and 16 for the
Tyrrhenian Sea. The spatial mean (over the subipasd the extreme values of T and S at 615 m
reconstructed by 6 numerical Argo floats are ptbttegether with the mean values directly
computed from the Eulerian model. The maximal \alitg around mean values sampled by the
numerical Argo floats is about 0.5°C and 0.15,f@and S respectively. In such situation, and even
at the intermediate depth of 615 m, the sparse lsagnjpom Argo floats may show oscillations or
apparent trend (see e.g. Fig. 15 for temperatheg)dre not present when averaging all the model
values. The same exercise was performed usingdnlymerical floats in the Tyrrhenian Sea (not
shown). It was found that errors, oscillations &edds are as large as in the case with 6 floats.

In Figs. 17 and 18 we plot the spatial mean T aadl GL5 m obtained using 9 Argos floating in the
lonian Sea, along with the extreme values “obsérbbgdhe floats and the mean obtained using all
the model values. It appears that in this casatineement between the Argo observations and the
“real” fields is better (smaller difference, no mificant false trend). Using 5 floats instead of 9
gives similar results.
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Fig. 15: Mean T values reconstructed by 6 Argo micaéfloats in the Tyrrhenian Sea at 615 m
(black curve) with minimal and maximal values sadgcrosses). The red curve indicates the
mean value computed at the same depth from thei&ulmodel (all data).
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Fig. 16: Same as Fig.15 but for S.
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Fig. 17: Mean T values reconstructed by 9 Argo micaéfloats in the lonian Sea at 615 m of
depth (black curve) with minimal and maximal valsaspled (crosses). The red curve indicates
the mean value computed at the same depth frofEuleeian model (all data).
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Fig. 18: Same as Fig. 17 but for S.
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Finally, as a last example of the dependence afinscucted basin mean values from Argo floats
on the number and trajectories of floats we showigs. 19 and 20 the time series of the mean T
and S at 615 m obtained with two different set$ afumerical floats, with a set of 9 numerical
floats and of the “real” mean computed from all ttaa of the Eulerian model. Differences can be
as large as about 0.5 °C and 0.07 for T and Sectisply.
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Fig. 19: Mean T at 615 m in the lonian Sea from tifterent sets of 5 Argos (continuous and
dashed black lines), a set of 9 Argos (blue lime) tom the numerical Eulerian model (red line)
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Fig. 20: Same as Fig.23 but for S.
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3. Argo sampling strategy in the Black Sea

A total of 7 Argo floats have been operated in Mediterranean Sea between 2002 and 2008 and
have provided more than 900 CTD profiles. Thesatfitnad a cycle length of 7 days and a parking
depth between 200 and 1550 m. The maximum denkitgais was obtained in 2008 with 4 floats
running simultaneously.

3.1. Vertical and horizontal coverage
Using the data of the 7 floats in the Black Seall&o and Solari (2009) found that:

» If all the profiles of these floats were programnedample as deep as 2000 m, only 4% of
the Black Sea water column is not sampled.

» Using bins of 2°x2°, a maximum of 50% of the enBiack Sea was covered in April 2008.
In general the bins sampled by the floats are saenpled (more than one float per bin).

3.2. Robustness of the basin-wide statistical tesul

The variability of the temperature and salinitytie Black Sea was described by Notarstefano and
Poulain (2009) using monthly statistics. If we fean the thermohaline properties near 200 m, the
maximal variability around mean values occur betwdtarch 2008, with standard deviations of
about 0.16°C in potential temperature (Fig. 21) P in salinity (Fig. 22). This is mainly the
impact of sub-basin and mesoscale structures bsaehpled by 3 or 4 floats.

3.3. Decorrelation time scales following the floats

It is also interesting to discuss the Argo samplingterms of the decorrelation time scales
calculated by Notarstefano and Poulain (2009). Neardepth of 200 m, where most floats have
collected data and where the seasonal determisigtal is reduced, the correlation coefficients fo
the potential temperature decreases to 0.84 aflay3, and to 0.74 after 14 days. The zero-crossing
occurs after about 170 days, whereas the inteignal $cale is about 45 days. The results are similar
for the salinity at 200 m.

These results indicate that sampling CTD profikesrg 7 days might be excessive since in general
the temperature and salinity data are still higldgrelated even after 14 days.
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Mean theta per month between 191 and 210 m in the Black Sea
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Figure 21. Monthly mean of near 200 m in the Black Sea between March 20@5Jane 2009
(from Notarstefano and Poulain, 2009).
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Figure 22. Monthly mean of S near 200 m in tlezlBSea between March 2005 and June 2009
(from Notarstefano and Poulain, 2009).
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4. Conclusions and recommendations

Based on the above-described studies using higtoand simulated Argo float data in the
Mediterranean and Black Seas, we can concluderdhatst statistics of temperature and salinity
can only be obtained with a large number of flogpdrsed quasi-uniformly in all the areas. The
main reason is that these seas are characterizetificant variability (in space and time) of the
thermohaline fields, mainly at surface and mid-teletvels. We have shown that using limited
numbers (less than 10) of real and simulated floatselected sub-basins, we can obtain biased
unrealistic basic statistics such as false longrteends in the spatially averaged temperature and
salinity, even at intermediate depth. It is als@iobs that monitoring the Mediterranean and Black
Seas with hundreds of floats is not practicallygale due to logistical and economical reasons. In
contrast, the observed trends in the deep layetseoMediterranean characterized by less spatial
variability, suggest the opportunity to increase thbservations at great depths with the Argo
network. Despite this problem of under-sampling,re@mmend the following for the continuation
of the Argo program in the Mediterranean Sea:

* Maximum profiling depth of 2000 m at every cycleaemery two cycles, with a short 700 m
profiles in between;

* Deployment in deep waters (depth > 2000 m);

* Cycles of 5 days: this is a good compromise towapmore variability of the sub-surface
velocity field and to obtain a robust estimate lné tmean velocity at parking depth. Note
that from historical data, displacements of floagsr 350 m during ~5 days have been as
large as 100 km (Solari, 2008b). In addition, aleyength closer to the decorrelation time
of the velocities is also an advantage for the naigsiion of float displacements into
numerical forecasting models. Numerical simulatieveal that floats with cycles of 5 days
tend to cover better the Mediterranean when condparéhose with cycles of 10 days;

» Parking depth between 300 and 400 m to track tk¢ thiroughout the Mediterranean;

» Use Argos-3 or Iridium telemetry to reduce surfgciime (from about 6 h to less than one
hour) and probability of hazards (stranding, thgfseafarers, etc.);

* Maintain a minimum population of 30/50 floats iretMediterranean. If we use the decay
rate of the historical Argo fleet in the Mediteream (mean life time of 563 days; Solari,
2008a) there is a reduction of ~30% after a yehrs Theans that every year 10/15 floats
have to be deployed to maintain an initial popolatof 30/50 units. If Argos-3 or Iridium
telemetry is used, the “mortality” of the floatsosid be reduced and reseeding of 5/10
floats might be sufficient.
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» Deploy the floats inside and outside the signiftcainculation structures (with sub-basin
scale of about 100 km) such as the instability esldif the Algerian and Lybio-Egyptian
Currents, in order to obtain unbiased statistics.

Using the very limited historical Argo float datasethe Black Sea, we can recommend that:

* A minimum population of 5 floats;

» Since floats operated in the Black Sea indicatessiple longer operating life with respect
to the Mediterranean (with a half mean file nead@@ays, Solari, 2008a), redeploying one
or two floats per year might be enough to maintaefleet of 5 operating units.

To conclude, we propose the deployment strategyctkebin Fig. 23 for the continuation of the
Argo program in the Mediterranean and Black se&ss iB a conservative proposal corresponding
more or less to the worldwide 3° x 3° resolutiortlod Argo project. Floats should be deployed as
uniformly as possible in the different sub-basind alans should be made to deploy 10/15 units in
areas deprived of observations on a yearly basis.

HMumber of CTD profiles in the Mediterranean Sea
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Figure 23. Proposed minimum distribution of theaflarray in the Mediterranean and Black Seas
for the continuation of the Argo project. Numbaeartdicate the quantity of proposed floats in the
sub-basins.
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