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Abstract. This paper presents an analysis of sound speederved in the northwestern Mediterranean (Send et al., 1995)
distribution in the Mediterranean Sea based on climatologi-and in the Greenland Sea (Pawlowicz et al., 1995; Morawitz
cal temperature and salinity data. In the upper layers, propet al., 1996). Ocean acoustic tomography has also proved to
agation is characterised by upward refraction in winter andbe a methodology for the observation of currents and internal
an acoustic channel in summer. The seasonal cycle of thédes (Shang and Wang, 1994; Demoulin et al., 1997). These
Mediterranean and the presence of gyres and fronts createsaccessful applications propose ocean tomography as a tool
wide range of spatial and temporal variabilities, with rele- for large-scale monitoring of the oceans in the frame of the
vant differences between the western and eastern basins. dievelopment of Global Oceans Observing Systems (GOOS).
is shown that the analysis of a climatological data set can In spite of this growing interest in acoustic inversion, an
help in defining regions suitable for successful monitoring byanalysis of the sound speed field in the Mediterranean Sea is
means of acoustic tomography. Empirical Orthogonal Func-still lacking. The aim of this paper is to provide a description
tions (EOF) decomposition on the profiles, performed on theof sound speed characteristics (and a first guess on the sound
seasonal cycle for some selected areas, demonstrates that twpeed structure) in the Mediterranean Sea, its seasonal vari-
modes account for more than 98% of the variability of the cli- ability and spatial distribution, starting from a climatological
matological distribution. Reduced order EOF analysis is abledata set of temperature and salinity. Furthermore, the analy-
to correctly represent sound speed profiles within each zonesis of the climatological data set will lead to the consideration
thus providing the a priori knowledge for Matched Field To- of the following three issues:

mography. It is also demonstrated that salinity can affect the
tomographic inversion, creating a higher degree of complex-
ity than in the open oceans.

1. The climatological sound speed profiles (SSPs) repre-
sent a good quality reference to be used as an initial
condition for the environmental parameters in propaga-

Key words. Oceanography: general (marginal and semien-  tion models and for the solution of inverse problems.

closed seas; ocean acoustics)

2. The SSP analysis can help in designing tomographic

experiments, while EOF analysis, which estimates the
number of significant modes to be taken into consider-
ation for each area, provides a base for Matched Field
Tomography (Munk et al., 1995).

1 Introduction

Acoustic methods have been widely applied for underwater
communication and for the remote observation of ocean in- 3. The knowledge of the dependence of sound speed on
teriors. The basin-scale ATOC project (Acoustic Thermom-  poth salinity and temperature climatological profiles al-
etry of Ocean Climate; Munk, 1996; ATOC Consortium, lows a more precise inversion than the temperature-
1998) has been one of the major applications of the acous-  pased one alone.

tic tomographic approach for observing climate signal in the

deep ocean. In the Western Mediterranean Sea, the nine-

months-long experiment THETIS-2 (Send et al., 1997) has2 Methodology

estimated the seasonal heat budget, but this experience re- ) .

mains an unicum among tomographic Mediterranean basin2-1 Mediterranean Oceanic data base — MED6 data set

scale studies. Convective events have been successfully oti_—he analysis performed in this work is based on MEDG

Correspondence td3. Salon (ssalon@ogs.trieste.it) (Brankart and Pinardi, 2001), a gridded analysis of monthly
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Table 1. Numerical coefficients of the MacKenzie sound speed for- Table 1. Sound speed has been computed for each grid point
mula (1981) and for each month of the MED6 data set, and from this field

the annual average was also obtained.
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The contribution of depth uncertainty can be safely ne-
estimates of the climatological cycle of in situ tempera- glected, and we considex7 and AS to be approximately
ture and salinity for the whole Mediterranean and the nearone order of magnitude larger than the modern CTD stan-
North Atlantic area atl—llo resolution. MEDSG is based on dard AT = 0.05°C andA S = 0.05), to include the intrinsic
the MEDATLAS historical database (MEDATLAS Group, errors of some historical measurements. In the wide ranges
1994). The data set is obtained using the statistical analyof 5-30°C and 34-39, the maximum error is slightly more
sis scheme developed for the Mediterranean Oceanic Datthan 0.26 m/s.

Base (MODB; Brasseur et al., 1996), where a Gaussian time Since the MacKenzie formula is nonlinear, the operations
correlation function has been introduced to enhance the tim®f the averaging process and SS computation do not com-
coherence of the solution. The main additional information mute strictu sensu. The computations carried out in this work
contained in the MEDATLAS data set comes from the in- were instead obtained by first interpolatifigand S on the
clusion of about 80000 XBTs, bringing the total number of regular grid and then deriving SS. This can be justified be-
temperature profiles from 120 000 to about 200 000. We haveause in this way the information contained in the measure-
applied some small adjustments to the data set: in particularments can be better exploited also when only temperature or
some temperature values in the Adriatic appeared to be tosalinity is available. At the same time, this work can take full
high and an additional check in the gridded data set for thaidvantage of the data quality control and analysis carried out
region was done. Comparing the mean summer temperaturen the7 andS fields. Last, but not least, the commutation
at 200 m with a recent climatological study of the Adriatic error can be neglected, as is demonstrated hereafter.

Sea (Giorgetti, 1999), it was decided to eliminate from the Assuming that the depth measures are error-free, we iden-
original gridded data set all the grid boxes in this area withtify the T and S fields of the gridded data set with an overbar,

temperature values higher than 143 since the gridding adopted is a weighted linear average. In
_ the following we consider that the weights are equal, as the
2.2 Sound speed computation spatial distribution of the samples is assumed to be homoge-

neous. This assumption is corroborated by the vast amount

Several formulas have been proposed to compute soungs qata available. Using Eg. (1) the average SS based on the
speed (also referred as SS) from temperature, salinity, anaridded data setg) is, therefore

pressure or depth in the sea water (Del Grosso, 1974; Clay . — s _

and Medwin, 1977; MacKenzie, 1981; Chen and Millero, ¢cg(T,S,z) = A+ BT +CT  + DT + E(S — 35)

1977). In the range of interes.t for the Mediterranean Sea,  F, 1+ G724+ HT(S — 35 + JTz°. (3)
differences among formulas higher than 1.2m/s are found ) o

at great depths, while in the surface layers the discrepancy 'n the case of the SS calculation from the original mea-
never exceeds 0.2 m/s. For this work the one from MacKen-Surements, the averaged sound spegd (eads:

zie (1981) was chosen: it is computationally efficient anqm — A+ BT +CT2+ DT3 + E(S — 35)

has an accuracy of about 0.1 m/s (Dushaw et al., 1993). Itis
more accurate than that from Clay and Medwin (1977), pro- ~ TFz+G2?+ HT(S -39 + JT
posed as a standard for tomographic applications by Jensen = A + BT + CT2+ DT3 + E(S — 35)

etal. (1994), and in the meantime it is suitable for analytical | p, | 5,2 HT(5 — 35 4+ JT3. )
inversion:
) 3 The error introduced is the absolute difference between the
c(T,S,z) =A+ BT +CT°+ DT” + E(S -39 average calculated on the measures (4) and that one estimated
+Fz4+ G2+ HT(S—35 + JTzZ°, (2) directly on the gridded data set (3), and depends only on the

wherec is sound speed (m/sY; is temperature°C), S is nonlinear terms:

salinity andz is depth (m). The coefficients are reported in |cy —cg| = |C(ﬁ—72)+D(F—TS)+H(T_S—T_S)|(5)
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The first term on the right-hand side is simply the variance a) b)
of the temperatureo@). The second term can be developed 22— e L R L
further assuming that = T 4 7', whereT’ represents the 20
fluctuation associated with the measure (assumed zero-mea
normally distributed stochastic process), we have:

18
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The first term in Eq. (6) is the skewness that is zero fora %
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S =S+ § (with the same statistical properties of): sound speed (m/s) sound speed (m/s)
TS—TS=T+T)S+S5)-TS= Fig. 1. Scatter plot of areal annual means in the North Atlantic (+),
(TS+T'S+TS +T'S)—-TS=T'S, ) West Mediterranearilf), East Mediterranean) and Adriatic Sea

(%), between 5 and 500 m ¢&) temperature9C) and sound speed
which could be neglected assuming incorrelated fields of(m/s) and(b) salinity and sound speed (m/s).

temperature and salinity anomalies. The expression (5) thus

reduces to:

. 2 — 5 2 — where the integral was taken over the entire water column

|ca — G| = |Co? +3DTo2| = 02|C + 3DT|. (8)  (between bottom,~B", and surface). Then spatial and tem-
Assuming, for example, a temperature value of@@and  poral averages of the salinity anomaly are computed for the

taking its variance equal to°C?, in order to take into ac- upper 700m, where the variability is larger, and where the

count the approximations adopted (this value is twice that ofacoustic methods can be applied to resolve the seasonal cy-

the one found in Brankart and Pinardi, 2001, for the samecle, obtaining a value oAS = 0.177. With the salinity de-

data set), we obtain an error of 0.05m/s, which is one ordeviation estimate given by Eq. (10), the following basin-wide

of magnitude lower than the uncertainty associated with theclimatological anomaly is obtained:

formula. As a summary, the total error associated with the

computation of the SS field is obtained by: lc(S(x, 1) = c(So)| = [(E + HT)AS| = 0.21nys,  (11)

\/ > 2 12~ 02 whereT = 14.7C is the spatial average of the climatologi-
A%+ Ac®+ ey — 2ol ~ 0.28mys, ©) cal temperature in the upper 700 m. Itis worth noting that the
whereA is the accuracy of 0.1 m/s, and the second and thirdaverage salinity deviation S introduces an error in the SS
terms come from Egs. (2) and (8). calculation of the same order as that one obtained just by sub-
stituting each salinity profile with its (spatial- and temporal-
2.2.2  Salinity uncertainty dependent) mean,as estimated in Eq. (9). A better resolution

is needed to distinguish between different water masses in
An estimate of the importance of salinity uncertainty in the deeper layers, where the typical variability of temperature
tomographic inversion process can be appraised using the Sg,g salinity affects the sound speed by less than 0.5 m/s.
sensitivity expressed in Eq. (2). A development of the value  1q characterise the relation of sound speed with temper-
of SSin terms of the salinity anomaly in a Taylor series canayyre and salinity, plots of sound speed versus temperature
be truncated at thg first order, since Eq. (1) is lineak.in (Fig. 1a) and versus salinity (Fig. 1b) for different areas,
The SS anomaly with respect to salinit S(x, 1)) —c(So)l,  have been analysed. Four subsets of the data set, corre-
where(x, 1) represents the data location and time &8ds  sponding to the two main sub-basins, namely the Western
the mean value below defined, is then linearly dependent of\jediterranean (5BW-12 E and 32 N-44.5 N), the East-
the salinity anomaly weighted by the SS derivative with re- o;n Mediterranean (PE-36 E and 30.5N-38 N), a re-
spect toS and is equal ta(E + HT (x, 1))(S(x, 1) — So)l. gional sea, the Adriatic Sea (1-19.5 E and 40.8N—

To estimate the SS anomaly for the upper layer of thess 5 N) and, as a comparison, the area of the North Atlantic,

Mediterranean, we have calculated from the MEDG6 data se{yest of Gibraltar Strait (9.373V-5.5 W and 34 N-38° N)
the absolute values of the deviation of salinity with its verti- \yare considered. To highlight the differences, the spatial av-
cal average. For the sake of simplicity, we use the contmuou%raged annual mean SS profiles and the corresponding value
formulation: of temperature and salinity were obtained for each level from
a 5 to 500 m depth and reported A SS andS/ SS dia-

, 1 (0
AS(x, 1) = |S(x, 1) — Sol with So = B /43 S(x,1dz, (10)  grams. The scatter plots, in Fig. 1, evidence significant dif-
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ferences between the North Atlantic region and the Mediter-tion termAc(z), expressed as:
ranean. In the North Atlantic, apart from the near-surface N
layer, the curve is monotonic, with a quite linear dependence,

' = i (1) F;(2). 13
for both temperature and salinity, and the range of variability €@ ;a’( @) (13)
of sound speed is limited between 1505 and 1520 m/s. In the . o
Mediterranean Sea, the dependence of sound speed on tem-IN Ed- (13).; (1) are the time coefficientss; () represent

perature and salinity in the thermocline region is more com-the vertical eigenfunctions ant is the number of possible
plicated, with a peculiar behaviour for each selected basinModes, which in our case coincides with the number of levels

thus making it complex to estimate the temperature from the/€1ative to each area (maximumas = 34). .
sound speed without a good TS statistic of the interested area, I the case of a gridded data set, obtained from an objec-
In both the western and eastern basins no relation of sounHV€ analysis based on the Gauss-Markov estimation (as for
speed with temperature can be found in the upper layer, aMODB-MEDG6), the expected value of the deviatian(z)

a negligible variation of sound speed corresponds to a Widé:alcglated from the data set itself can be better than those
temperature interval (up to £6 close to 1515m/s in the obtained using only measurements. In other words, we can

eastern basin); the same occurs for salinity in the wester@PPly the EOF analysis on the gridded data instead of on the
part, up to 0.5 around 1508m/s. In the eastern basin, thaneasured set Wlthout_ incurring, on average, additional er-
presence of the LIW can be evidenced by a minimum soundors. Proof for a generic vert|callpro.f|le, (_)f scalar qgantity ir_1
speed (1515m/s) corresponding to temperature and salinit}€ case of a gridded data set, is given in Appendix A. This
values higher than those relative to the minimum of soundProof constitutes a validation of our approach and guarantees
speed in the western basin (between 1507 and 1508 m/sj€ reliability of the EOF computation.

where the minimum corresponds to the thermocline. Below

the thermocline, where temperature and salinity are almosg  Results

constant with depth, the wide variability of sound speed is

mainly due to pressure effects. 3.1 Sound speed distribution: annual mean and seasonal
variability

2.3 EOF decomposition

This analysis focuses on the layer between 50 and 400 m,
Empirical Orthogonal Function (EOF) decomposition repre- since — in terms of acoustic propagation — in the upper mixed
sents an efficient approach to SSP parameterisation and Ilayer the acoustic wave undergoes a near-surface upward re-
widely used in many Ocean Acoustic Tomography (OAT) or fraction; therefore and it is not exploitable for tomographic
Matched Field applications (Shang and Wang, 1994), sinceapplications, while in the deeper layers sound speed differ-
it permits the description of a complex variable field as aences are not strong enough to be resolved by this methodol-
linear combination of a few eigenfunctions, a crucial issueogy.
when a reduced parameter space is needed to solve the in- Horizontal spatial distribution of annual mean sound speed
verse problem. The structure of the SSP is statistically ex-ata 50 m depth (Fig. 2) clearly displays a northwest to south-
plained by a few orthogonal functions (vertical eigenfunc- east gradient, with values between 1506 and 1508 m/s lo-
tions) which cannot always be easily interpreted as the contricated in the Gulf of Lions, a minimum of 1505 m/s in the
bution of distinct dynamical mechanisms acting on the watemorthern Adriatic Sea, and a maximum of up to 1527 m/s
column structure. EOF analysis decouples the spatial comen the easternmost Mediterranean coast. Persistent features
ponent from the temporal one, thus enabling an immediatesuch as fronts and gyres perturb the climatological SS mean
interpretation of the SSP seasonal evolution. The analysis dfield (Liguro-Provencal Basin, Balearic Front, Cretan and
the eigenvalues’ distribution allowed us to select the relativeRhodes Gyres separated by the maximum relative to the ler-
weight of the dominating EOFs, as the smaller eigenvaluesapetra Gyre).
are generally associated with noise and sampling errors. EOF Zonal and meridional SS annual averages between 5 and
analysis not only speeds up tomographic inversion, but alsd60 m are shown in Fig. 3, where an SS increment southward
avoids the introduction of unwanted components in the inver<Fig. 3a) and eastward (Fig. 3b) clearly appears. In general
sion. In this work, EOF analysis has been applied to spatiallythe two basins have rather homogeneous gradients, even if
averaged vertical profilexz) of sound speed in 14 different the absolute values are quite different. In Fig. 3b, three ar-
regions described in Sect. 3.2. The vertical EOFs were comeas can be clearly identified, starting from the western side
puted by using the traditional methodology proposed, amongf the plot: the North Atlantic one, up to 5.8V, divided
others, by Davis (1976) and Weare et al. (1976), and herdy the Mediterranean by a sharp discontinuity, the western

summarized: basin with a relatively constant SS up to°H and the east-
ern basin characterized by a negative gradient.
¢(z) = co(z) + Ac(z), (12) In Fig. 4 we show the entire annual SS mean profiles

up to 2350 m with the aim of discussing differences in the
where the monthly mean sound speed prafil® has been  deeper layers. The profiles are averaged on the three Mediter-
decomposed in an annual mean vady€;) plus a perturba- ranean sub-basins, previously defined, the whole Mediter-
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Fig. 2. Sound speed annual mean at 50 m.
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9.378 W and 36.378E.

the value of 0.0167 % calculated by Jensen et al. (1994) for
ranean profile, and, for comparison, the North Atlantic area,a mean Mediterranean profile) due to the dominant role of
west of Gibraltar. The Mediterranean basins’ profiles arepressure dependency. The minimum values are found at the
characterized by a surface layer with strong decreasing valbase of the thermocline at about 120 m depth in the west-
ues, a minimum located at the base of the seasonal thermarn basin (1508.1 m/s) and around 100 m in the Adriatic Sea
cline and a slow but constant increase due to the effect 0{1509 m/s), while the profile from the eastern basin shows
pressure. In terms of sound propagation, this means a chamman almost uniform layer from 150 m to 280 m in correspon-
nelled propagation below thermocline. Decreasing down be-dence to the minimum (1515.3 m/s). At a 200 m depth in the
low 600 m the vertical gradient is practically constant (aboutAdriatic Sea, SS is modified by the presence of the signature
1 m/s every 60 metres of depth, in very good agreemeent witlof Levantine Intermediate Water, found in all profiles around
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Fig. 5. Sound speed monthly mean (m/s) in February at §&)n Fig. 6. Sound speed monthly mean (m/s) in August at 5@
100 m(b), 200 m(c) and 400 m(d). 100 m(b), 200 m(c) and 400 n(d).

500 m: the presence of this warmer and saltier water onlyand the warmer and saltier Mediterranean outflow.
determines a small variation in the derivative of the sound The SS standard deviation relative to the 50, 100, 200 and
speed profile. 400 m depths (Figs. 7a—d) allows us to identify areas where
The SS seasonal variability can be represented by the tw¢he seasonal signal is strong enough to be detected by acous-
extreme situations found in February (Fig. 5) and Augusttic tomography. It is significant at 50 m for the whole basin,
(Fig. 6), respectively, at 50 m (a), 100m (b), 200 m (c) andwith deviations between 1.5 and 7 m/s, while in the deeper
400m (d). In February, at 50m, SS ranges from valueslayers it is relevant only for the southern Portuguese coast in
lower than 1498 m/s, up to 1520 m/s, with the lower limit the North Atlantic (values up to 1.6 m/s even at 400 m depth)
strongly localised in the northern Adriatic in correspondenceand, to a lower extent, for the lerapetra Gyre (0.8 m/s), and
with the Po River outflow, and the higher one being locatedthe southeastern coast (1 m/s) of the Levantine basin. At 50 m
in the eastern Levantine basin. Winter SS distribution in thethe mean SS anomaly in the Mediterranean Sea is 3.7 m/s,
northwestern Mediterranean has the same patterns at all theut there are regions with deviations higher than 6 m/s (the
depths, due to the vertically homogeneous distribution of wa-Balearic basin, the African Shelf in the Strait of Sicily, the
ter masses, with some increasing for the effect of pressure. southwestern Aegean Sea, the lerapetra gyre, the easternmost
In August, at 50m, SS generally increases all over theMediterranean coasts). At 100 m the absolute maximum of
basin, ranging from 1506 m/s up to the maximum climatolog- the anomaly (higher than 6 m/s) is located in proximity of the
ical velocity of 1530 m/s located offshore of the Israeli coast. lerapetra gyre, while the central Adriatic Sea reaches values
No important differences between winter and summer situaup to 2.5m/s. The rest of the Mediterranean basin shows
tions can be observed at 400 m, as the effects of the seasongdlues lower than 2m/s in the western part, and between 0.5
cycle do not reach these depths; some variability is linked toand 2m/s in the eastern one (the mean value in the whole
the presence of LIW, values as high as those of the easterilediterranean at this depth is of the order of 0.9 m/s). The
basin are also found in the Tyrrhenian Sea and even offshorgeasonal variability, however, appears stronger in the Eastern
of the western coast of Sardinia. The difference between th&lediterranean.
North Atlantic sector and Gibraltar becomes importantinthe At 200m the field appears uniform, presenting a mean
deeper layers, due to the contrast between the Atlantic watergalue of the anomaly around 0.45 m/s, with some isolated
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7 Table 2. Standard deviations from the annual mean higher than
2‘5 1.5m/s at depths of 50, 100, 200 and 400 m, for each region
%Z
;’5 50m 100m 200m 400m
;'5 NA ° . .
) ALB
18 ALG o
|6 BAL e
158 LIO . .
H45 NTH ° °
35 STH o
;5 SIC ° °
2 TUN . °
1 NAD o .
i ) SAD e .
|2.4 ION . °
22 AEG . °
i SEM e . .
1.6
14
12
1
08
o c) of annual mean SSPs and their seasonal variability described
02 above, since the variability is essentially associated with the
upper layer. In addition, the bottom topography, the general
|,,s knowledge of water masses’ distribution and the climatolog-
I ical dynamic conditions helped us in defining the areas.
' The spatially averaged SS values and standard deviation of
s the 14 areas have been computed at each level and for each
02 month, in order to obtain the SSP seasonal cycle for each
d) area. The vertical distribution of the spatial standard devia-

tion o, for the annual mean (not shown) is used to express the
goodness of the zonation, thus constituting a validation of the
Fig. 7. Spatial distribution of sound speed standard deviation (m/s)chgice in defining the areas. The obtained values are of the
at 50 m(a), 100m(b), 200 m(c) and 400 m(d). order of 1-2m/s in the upper levels, up to 20 m, increasing

to 1.5-2.5 m/s between 20 and 60 m, reaching the maximum

between 30 and 40 m (except at the Alboran Sea at 15m,
maxima south of Portugal (2 m/s) and in the Eastern Mediter\orth and South Adriatic Sea at 20m), and then decreas-
ranean, in correspondence to the lerapetra gyre (1.6 m/s) andq with depth to values lower than 0.5 m/s at levels below
the Israeli and southeastern Turkish coasts (2m/s). The Daisoo m. As expected, the profile relative to the North Adriatic
danelles Strait presents extremely high values compared t@gg reaches the absolute maximum (3.8 m/s at 20 m), exhibit-
the rest of the Mediterranean (of the order of 30 m/s, due tqng values of up to 3m/s even at 160 m. Referring to Fig. 7
the freshwater outflow of the Black Sea), but it is not repre-ang Sect. 3.1, we have highlighted in Table 2 those regions
sented on the maps, in order to have a good resolution foyhich present values of the standard deviation from the an-
the rest of the basin. At 400m the whole Mediterraneanng| higher than 1.5 m/s at four different depths: 50, 100, 200
basin presents a standard deviation of around 0.25 m/s, with 8,4 400 m. The North Atlantic box is the only area that keeps
few exceptions (the Spanish Atlantic coast, up to 1.6 m/s, they, intense signal down to 400 m, while only the southeastern
eastern Egyptian and northern Israeli coasts, up to 1.2 m/S)editerranean has a standard deviation higher than 1.5 m/s
The signal of the lerapetra gyre is still recognizable, with rel- 5t 200 m, which is mainly due to the presence of the gyres. A

ative values lower than 0.8 m/s. consequence of the spatial average in this area is the cancel-
_ lation of the strong signal relative to the Nile Delta, which is
3.2 Zonation permanent up to a 400 m depth (see Fig. 7).

In Figs. 9 and 10, we show the annual mean SS profile
The zonation of the Mediterranean Sea (Fig. 8) was chofor each area, and its computed temporal standard deviation
sen according to the guidelines proposed by Le Vourch eb; in the layer between 5 and 500m. A common aspect
al. (1992) for the identification of the front in the thermal among all the SSPs is the strong seasonal variation in the
satellite images. The choice of upper layer thermal structurenear-surface layer. At 5, relative to the Mediterranean
as a discriminant for the zonation is supported by the analysisireas, is between 7.8 m/s (Aegean Sea) and 12.4 m/s (North
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Fig. 8. Areas’ subdivision: North Atlantic box (NA), Alboran Sea (ALB), Gulf of Lions (LIO), Balearic Basin (BAL), Algerian Sea (ALG),
North Tyrrhenian Sea (NTH), South Tyrrhenian Sea (STH), Sicily Strait (SIC), Tunisian/Lybian Sea (TUN), North Adriatic Sea (NAD),
South Adriatic Sea (SAD), lonian Sea (ION), Aegean Sea (AEG), South-East Mediterranean Sea (SEM).

Adriatic); at 20 m it oscillates from 6 m/s (Alboran Sea) to 3.3 EOF results
10m/s (Tunisian/Lybian Sea). Sound speed decreases to
100 m, where a more or less pronounced minimum is foundThe Mediterranean basin was divided into 14 areas for which
The strong variability in the upper layers is devoted mainly the EOF analysis was performed by using monthly mean pro-
to the seasonal temperature variations, while the effects dufiles computed on each area. This synthetic description of
to the presence of different water masses tend to disappeahe SS field on a regional basis provides the mean profiles
when averaging on wide areas (as in the case of the strongnd EOF coefficients to be used as reference for the area. In
signal of the Nile Delta, now gone). In the North Atlantic addition, since the data used are climatological, smoothed,
area, upper layers’ variability is lower than in the Mediter- and spatially averaged, the SS standard deviations describe
ranean: 5.6 m/s at 5m and 4.6 m/s at 20 m. Below 100 m, ashe minimum variability we can expect in each area, and al-
temperature and salinity remain almost constant, the effect ofow us to evaluate if the seasonal fluctuation is strong enough
pressure increases the sound speed, whildrongly drops:  to be detected by tomographic applications. This means that
at 520 m standard deviations are lower than the SS computahe variability associated with the EOF deviation is always
tion error estimated in Eq. (9), in most of the areas, excepless than the variability associated with the real deviation,
for the Gulf of Lions, the South Adriatic Sea and the Aegeansince the averaging processes can be seen as low-pass fil-
Sea, areas of dense water formation. ters in frequency. In the histogram shown in Fig. 11, the
relative importance of the first four eigenfunctions for each

The North Adriatic Sea shows an anomalous SSP: the min@ré@ are plotted. The-axis is logarithmic, in order to also
imum below the thermocline is located around 50 m, while at€vidence the contribution of the high-order eigenfunctions.
100 m there is a relative maximum, then SS decreases. Sur-n€ first mode explains more than 90% of the variability, in
face SS variability is high: for the strong Bora wind and the Particular, for 12 of the 14 areas the contribution relative to
shallow depth of this area, low temperatures are reached dufl€ first eigenfunction varies from 93% in the Aegean Sea to

ing winter (causing mean annual SS values at 5 m lower thar?/ 70 in the Alboran Sea. The two areas with lower weight
1508 m/s, with localised minima values lower than 1490 m/s&r€ the North Atlantic (87.7%) and the North Adriatic Sea

in February and March in the Gulf of Venice), nevertheless, (89-3%), the contribution due to the second mode are 11.1%
warm waters are found in summer. The presence of river out@nd 9-85%, respectively. For the other areas the second mode
flows, from the Po River in particular — a freshwater source@ccounts for from 2.69% (Alboran Sea) to 6.11% (Aegean

that induces one of the strongest salinity anomalies in the>¢@): The second mode is generally slightly higher in the

Mediterranean — and the intense evaporation occurring durEastern Mediterranean than in the Western. The higher mode

ing Bora events are responsible for the strong salinity vari-contributions are negligible, in general, at lower than 1%.
ability observed in this region. Also, the South Adriatic Sea From these results, following Sect. 2.3, we have represented

shows a noteworthy variability beyond a 100 m depth, with ath® 14 SSP deviations by a linear combination of only two
o, of around 1.2m/s. It is a known fact that the strong wa- dominant eigenfunctionssy(z) and F2(z), and their associ-
ter exchange in the Otranto Channel, influences mainly thedt€d time coefficientsy1 () ande(r), introducing a maxi-
SS variability of this area. The signature of LIW is well rec- Mum error of the order of 1%:

ognizable only in the Aegean Sea profile by a weak relative

maximum around 450 m. Ac(z) = a1(t) F1(z) + a2(t) F2(2). (14)
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Fig. 9. West Mediterranean: annual mean sound speed profile (m/sfFig. 10. East Mediterranean: annual mean sound speed profile (m/s)
and relative computed temporal standard deviatiobetween a5  and relative computed temporal standard deviatiophetween a 5
and 500 m depth. and 500 m depth.

SSP deviations obtained by using only the first two EOFscycle of sea surface temperature, with the minimum between
differ from those of the original profiles between a minimum February and March, and the maximum between August and
of 0.2% for the Alboran Sea and a maximum of 1.2% for September. A nonlinear best-fit using a sinusoidal function
North Atlantic box. In terms of sound speed, the differencewas applied to the time coefficient associated with the first
between the original profile and that obtained by using onlymode,x1(z), to evidence a possible phase shift in the annual
two modes, is about 0.86 m/s for the worst case (North At-cycle among the different areas:
lantic in August at a 5m depth), and only 0.12m/s for the
better one (Alboran Sea, in August, at a 5m depth). Tow(r) = Ag COS(—(t + Al)) (15)
validate the reliability of the method explained in Sect. 2.3
to our data, we have compared the values obtained by the Computing Eq. (15) among all the areas, the coefficient
EOF linear combination with four monthly SSP deviations at Ay resulted as 16.0 for the North Atlantic box, around 22
50m (Fig. 12). The areal mean, on which we have characterfor the Alboran Sea and the Aegean Sea, and between 27.1
ized the reliability of the EOF analysis, gives us a sufficientand 33.7 for all the other areas. Concerning coefficient
condition to provide the evidence of a strong signal, appro-the sinusoidal fit has computed quite a uniform response, in
priate for tomographic applications. In this sense, for whatcorrespondence to month 8.2—-8.7 for all the regions, indicat-
concerns us, the EOF estimation is correct within the uncering that the maximum is normally performed in mid-August.
tainty associated with areal averaging, and corroborates ouEven though the winter minimum is around February in the
approach. In Fig. 13 and Fig. 14, the two first eigenfunctionsnorthwestern Mediterranean regions and tends to be in March
between 5 and 500 m and the associated monthly coefficienti the eastern ones, the estimated phase shifts in the different
are shown for each area, respectively, for the Western andreas turn out to be below the sampling time (1 month). Sim-
Eastern Mediterranean Sea (88(z) is in m/s, and time co- ilar results were obtained in the Eastern Mediterranean by
efficients have no unit measure, the eigenfunctions are meavlarullo et al. (1999) for the sea surface temperature seasonal
sured in m/s). The signal in the first eigenfunction profile is variability measured with the advanced, very high resolution
concentrated in the upper layers, where the effects of searadiometer (AVHRR).
sonal variability are more intense, and is near zero below The second mode eigenfunction profiles are negative at the
100 m, except for the profile relative to the North Atlantic near surface and increase toward positive values, with a max-
box that has slightly negative values. imum located at 40-50 m, in correspondence to the change

The trend of temporal coefficients associated with the firstin the second derivative of the first eigenfunction. As in the
mode is common among all the areas, following the seasonatase of the first mode, the second one also decreases rapidly
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to zero, approaching levels below a 100 m depth, with the 44
exception of the North Atlantic, which maintains at positive b
values, probably a signature of LIW, and the South Adriatic ;'g:
with positive values up to 500 m. The amplitude of the time
coefficient for the second mode is less than one-half that of s
the first, and the time cycle differs more between the two, as 32n-
it also contains some variability associated with water mass
distribution and dynamical characteristics of each area. Nev—“N_
ertheless, some common features can be associated with thg, |
evolution of the vertical structure. The November maximum 4
occurs when the thermocline is eroded rapidly, thus changingssn-
from a summer situation to a winter one. During the winter 36N
months, in particular, in the northwestern regions, the coef- 31,
ficients are small or nearly zero: the profiles in this period *1__DECEMBER S ™~ -~/
are uniform with a small increase with depth — so they can be Sw.oo 0 5B 0B T5E 20E 25E 0B 35E
considered almost barotropic — and remain quite constant in o )

time. The formation of the thermocline occurs slowly with F'9- 12. Sound speed monthly deviation (m/s) at 50 m in Ma(ch
respect to the rapidity of the erosion: it begins around April June(b), Septembe(c) and Decembefd).

and reaches its maximum in late August.

c)

matological field examined here, some structures revealed —
up to high depths — horizontal gradients and a standard de-

The results of this study are arranged as follows: sound speeff@tion associated with seasonal variation strong enough to

characteristics and seasonal variability in the Mediterranean?® Successfully detected by acoustic tomography. The an-
EOF analysis, and the salinity impact on the tomographic”“al mean vertical sound speed profile for the Mediterranean

inversion. is characterised by a strong decrease in the surface layer
from about 1523 m/s down to a depth of around 100 m. Here
4.1 Sound speed characteristics in the Mediterranean Seathe minimum (1513 m/s) is found within a uniform layer of
about 70 m in thickness, increasing constantly with depth
Sound speed in the Mediterranean displays a wide rang€1540 m/s around 2000 m) right down to the bottom. A signa-
of variability, both seasonal and spatial. It is concentratedture of the LIW can be observed between a 450 m and 550 m
mainly in the upper 200 m, where the effects of the atmo-depth, where the derivative of sound speed with depth de-
spheric interaction are more intense; nevertheless, fronts anckeases with respect to that of the surrounding layers but it
persistent gyres, as well as different water masses, also affecd unlikely that this could be easily resolved by means of
the sound speed at higher depths. Sound speed spatial digeoustic tomography, unless they occur during some specific
tribution, in the upper thermocline region, reflects well that events (Send et al., 1995). Some differences can be observed
of the temperature, presenting a northwest-southeast gradbetween the eastern and the western basins and among dif-
ent with a winter minimum sound speed of around 1490 m/s ferent regions. In the eastern basin, sound speed is higher
located in the shallow northern areas of the Adriatic Sea andhan in the western part, with the minimum located a few
the Gulf of Lions and maxima (1530 m/s) in front of the east- tens of meters deeper and the layer with almost constant or
ernmost Mediterranean coasts. In spite of the smoothed cliweakly increasing sound speed is thicker, more than 150 m.

4 Discussion
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Fig. 13. West Mediterranean: eigenfunctiofg(z) and F»>(z) (m/s) between 5 and 500 m, and the associated coefficigitsandao (7).

In the northern regions, during winter, the mixed layer canchannelled propagation during summer to surface reflected
reach high depths, thus leading to an almost vertically ho-during strong winter cooling periods in the northern regions.
mogeneous profile with a smooth increase due to increasing

depth. Mediterranean SSPs differ from those in temperatet.2 EOF analysis

zones of the open oceans (Munk et al., 1995), mainly for a

well-pronounced minimum below the seasonal thermoclineThe EOF analysis, on averaged regional monthly mean pro-
and for the absence of the deep SOFAR channel — generallfiles, has shown that two modes are able to explain more
located between 800 and 1200 m, with values at the axis minthan 98% of variability, about 95% of which is accounted
imum at mid-latitudes up to 1480 m/s (see Hadt al., 1979,  for by the first one. Even though the time and spatial av-
for the Pacific Ocean; Northup and Colborn, 1974, for theeraged profiles analysed here cannot completely resolve the
Atlantic Ocean) — which characterises sound speed propagamall-scale vertical structure, the use of a two-dimensional
tion in the oceans. This is due to the thermal vertical struc-parameter space for the inversion analysis is widely accepted
ture of the Mediterranean Sea, characterised by a reduced ¢shang and Wang, 1994). The base for EOF decomposition
absent permanent thermocline and by warmer deep watergor different regions and the relative monthly mean coeffi-
The characteristics of sound speed propagation can changeients provided here can thus be considered as an important
according to the season and the geographic region, from gol when approaching inverse problems, mitigating the need
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Fig. 14. East Mediterranean: eigenfunctiofig(z) and Fo(z) (m/s) between 5 and 500 m, and the associated coefficigtsanday (7).

of exhaustive monitoring of physical parameters during to-cise estimates are expected for the layer below the seasonal
mographic experiments. The EOF analysis based on SSRiermocline, where the seasonal signal of the temperature is
obtained by data interpolated on a regular grid does not genmuch weaker.

erate additional error, on average, as demonstrated in Ap-

pendix A. )
5 Conclusions

4.3 Salinity profiles and the tomographic inversion i i o
To summarize, the analysis of the sound speed field in the

In the inversion, the climatological salinity profile can help if Mediterranean, based on a climatological data set, allows us
explicitly introduced in the backward calculation of temper- t0 highlight three points:

ature from the SS field. This gives an average improvement | - tq gefinition of regions where the variability is suffi-

of 0.21 m/s, compared with the typical variability of SS in cient to successfully apply acoustic tomography:
the upper 700 m, which accounts for 2.12m/s (and 1.78 m/s

between 50 and 700 m, a suitable layer for tomographic ap- 2. The computation of a reduced EOF set and its time
plications — as in Sect. 2.2., this averaged SS mean has been evolution is able to reproduce correctly SS profiles
estimated from the MEDG6 data set). The higher relative im- within each zone, thus providing an operational base for
portance of the salinity contribution can be foreseen if pre- Matched Field Tomography;
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3. The importance of the integration of climatological established, in order to take into account only a limited num-
salinity profiles in the inversion process cannot be dis-ber of realizations close to the estimation point. In this sense,
regarded in the Mediterranean Sea. As a consequencéhe mean can be estimated with a local average which miti-
we demonstrated how a climatological data set can helpates the effect of the background deterministic signal. If:
to identify regions and exploit existing knowledge for
successful tomographic experiments. (1 — Zij po,-lejl>

—1
ZU Rij

then the squared estimation error of each interpolated value

We want to demonstrate that the estimation error of the mear'1S lower than its estimated squared vanamge The error

. ; associated with the mean 6f, defined ag. = AT G, is:
value of a random variable calculated starting from exper-
imental data can be higher than that one obtained from an
interpolated set of the same data. letbe a random vari- oA

2
> Z £0i £0; R,T,'l, (A3)
ij

Appendix A

(1 -2 POiRi;l)z

_ o p-1
able, supposed ergodic, defined with a normal distribution™ = /7 1- ZPO: pojR;;™+ Y R L (A4)
(n,0,) on an area A, and leiG;, k = 1, N} be N real- & A
izations of G associated with a statistical variakledefined In the case of the algebric sum of the correlation function,

with a normal distribution(0, o), which represents the ex- the number of experimental points and their spatial distribu-
perimental uncertainty. Let us define an arithmetic mean estjon yields

timator A” = (1/N...1/N), in a vector form, such that the

mean can be written g8 = A7 (G” + ¢). The estimation (1 -y, pO-RT1>2
- . o1 ij P
error associated to the mean is, therefore, 1— Z poi poj R + > R <1
i ij Rij
oa o2+ o? (A1) -
= ’ thené < ——. A5
VN VN JN (A5)

that is the squared sum of the variance estimate relative 0 The above demonstration proves that the estimation of the
the random variable and that relative to the experimental Unmean starting from the interpolated data can be even better

certainty. The interpolated gridded data &etis defined in  than that obtained by a direct averaging procedure on the
terms of a interpolation matri¥V : G' = WG". The in-  qeasures.
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