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ABSTRACT
Altimeter significant wave height (SWH) measurement data from six satellite missions covering 14 yr
were analyzed over the Mediterranean Sea. First, data correction and screening were performed using the
same method for the six altimeters [European Remote Sensing Satellites (ERS-1 and ERS-2), Ocean
Topography Experiment (TOPEX), Geosat Follow-On, Jason, and Environmental Satellite (Envisat)]. The
data from the TOPEX and Jason missions enabled the construction of seasonal maps of along-track SWH
mean values and standard deviations. These reveal the regional short-scale sea state features associated with
the specific meteorological patterns of the various geographical basins. Time series of monthly SWH mean
values and standard deviations from each satellite and over the whole Mediterranean Sea were calculated
and seen to be in good agreement, thus demonstrating interannual variability. The six altimeter missions
used together enable the investigation of the monthly annual cycle at the short scales of the various
subbasins. Significant differences are observed between the western and eastern parts of the Mediterranean
Sea. The annual SWH cycle changes in both shape and amplitude depending on the subbasin. Analysis of
the seasonal interannual variability confirms the existence of some degree of independence between the
subbasins. Thanks to multisatellite missions and homogeneous corrections of the altimeter data, SWH time
and space characteristics were able to be obtained at regional short scales. These results are independent
of numerical wind and wave models. This method can be applied to any geographical region.

1. Introduction
The wind and wave conditions over the Mediterranean Sea are characterized by particularly high space
and time variability. There are several reasons for this.
First, the Mediterranean Sea is located at the boundary
between three typical meteorological weather patterns:
the oceanic regime of the northeast Atlantic Ocean,
dominated by both the position and movement of the
Azores high pressure area and the low pressure systems
moving across the northeast Atlantic Ocean; the warm
continental regime resulting from the deserts of North
Africa; and the continental regime associated with the
Eurasian landmass and southern Asia. These three different meteorological regimes demonstrate varying levels of influence depending on the geographical location
and on the time of year. Second, the Mediterranean Sea
is separated into several distinct geographical basins.
Figure 1 shows these nine subbasins, selected according
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to the sea forecast areas as established by the meteorological offices (Brody and Nestor 1980). The western
Mediterranean, Thyrrenian, Adriatic, and Aegean Seas
are nearly enclosed seas, separated by narrow straits. A
third fundamental characteristic is that these basins are
surrounded by large chains of mountains with many
coastal valleys opening onto the sea. These features
perform as barriers to airflows while inducing both funneling effects and katabatic winds (cold air flowing
downward from the mountain top). Thus it is seen that
meteorological and geographical features induce large
variability in the winds with strong seasonal changes
and variations at both short and basin scales. These
specific Mediterranean wind regimes, together with the
presence of numerous islands, induce an even larger
complexity in describing and monitoring of the resulting sea states.
To assist in determining regional wave statistics, data
from wave buoys, numerical wave models, and satellites
are readily available. The number of wave buoys over
the oceans continues to increase. These now include
operational buoys from sources such as the U.S. National Data Buoy Center, the Canadian Marine Envi-
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FIG. 1. Map of the Mediterranean Sea subbasins.

ronmental Data Services, the European buoy network
maintained by Ireland, the Met Office (U.K.), Météo
France, Spain, Italy, and Greece. These buoys, however, are often located in coastal regions and are not
uniformly distributed in space. In addition, because of
the difficulties in maintaining buoys, long time series
(several years) are rare. For this reason buoy data are
only useful for wave climates in certain locations (see,
e.g., Sasaki et al. 2005) and are not fully adapted to
estimates of wave descriptions over subbasins of the
Mediterranean Sea.
During the last few years the quality of numerical
wave model analyses has improved considerably thanks
to improved wind estimates and to the development of
assimilation techniques, using buoy and satellite [altimeter, scatterometer, and synthetic aperture radar
(SAR) images] measurements (Abdalla et al. 2005;
Skandrani et al. 2004; Aouf et al. 2006). The skill of
altimeter assimilation in wave models, however, is under discussion (Greenslade and Young 2004, 2005). An
important question is the quality of numerical wave
models. For instance, the 40-yr European Centre for
Medium-Range Weather Forecasts (ECMWF) ReAnalysis (ERA-40) produces both underestimation of
high significant wave height (SWH) and problems of
time heterogeneity that must be corrected (Caires and
Sterl 2005a) before application to wave climate studies
(Caires and Sterl 2005b; Sterl and Caires 2005; Wolf
and Woolf 2006).
The problems observed in wave models at global
scale are exacerbated by conditions particular to enclosed seas, such as the Mediterranean Sea. These include the high time variability and short spatial scales of

the winds, the effect of short fetches, and the presence
of many islands. In recent years a particular effort has
been made to assess the climate variability of the Mediterranean Sea. To this end, European Union (EU)funded projects were established to generate long-term
meteorological and oceanographical time series. Highresolution wind fields were produced from atmospheric
models (Sotillo et al. 2005) within the Hindcast of Dynamic Processes of the Ocean and Coastal Areas of
Europe (HIPOCAS) project. Blended wind products
using both atmospheric model and satellite data are
currently in development (Bentamy et al. 2007)
through the Mediterranean Forecasting System Toward
Environmental Predictions (MFSTEP) project. An atlas of waves for the Mediterranean Sea is now available, using a 10-yr (1992–2002) archive of ECMWF
wind and wave model data (Medatlas Group 2004).
This work required an intensive effort of model (wind
and wave) output calibration and correction, largely
using altimeter data from the European Remote Sensing Satellites (ERS) and Ocean Topography Experiment (TOPEX). In general, significant underestimation
of model-derived wind speed and SWH were observed.
The third source of data used in deriving regional
wave characteristics is the direct use of satellite measurements, mainly from SAR and altimetry. SAR images present the benefit of providing information on
both wave height and spectrum, but the time and space
coverage is still too sparse over the Mediterranean Sea.
In addition, the relatively low resolution of the measurements fails to properly capture short wave systems.
For regional SWH statistics, the altimeter is very useful because almost 15 yr of continuous data are pres-
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ently available, commencing with the launch of ERS-1
in 1991. The main motivation for this paper is that
buoys rarely produce long continuous time series and
have a very sparse geographical distribution, whereas
altimeters provide global, continuous, and long-term
measurements. A strong interest stems also from the
along-track altimeter high-resolution sampling (on the
order of 6 km), which enables local measurements of
SWH gradients induced by fetch or sheltering effects.
Nevertheless, the altimeter measurements have several
disadvantages. First, the altimeter footprint is very narrow, providing a measurement along the ground track
only at the nadir location. Second, the measurement is
limited to significant wave height and wind speed (not
direction) with no information on the spectrum, although the possibility of a mean wave period estimate
has been investigated (Quilfen et al. 2004). It was also
demonstrated that the use of simultaneous wave height
and wind speed information enables the analysis of the
space distribution of wind sea and swell over the global
oceans (Chen et al. 2002). Third, the altimeter time and
space sampling scheme is a compromise between revisiting the same ground track frequently, as for the 3-day
repeat cycle orbit of ERS-1 during the commissioning
phase with a coarse spatial resolution (about 8° in longitude intertrack separation at 40°N), and revisiting at a
longer time period (35 day for ERS-2) with a better
spatial sampling. The various altimetric missions exhibit a high variability in the sample: ERS-1 (3, 168, and
35 days), TOPEX/Poseidon (10 days), Geosat FollowOn (GFO; 17 days), ERS-2 (35 days), Jason-1 (10 days),
and Environmental Satellite (Envisat; 35 days).
In this paper both along-track high-resolution data
and multisatellite altimeter sampling are used in precisely determining the wave height description of the
Mediterranean Sea. The altimeter data and processing
are described in the first part. The second part takes
advantage of the high-resolution along-track sampling
to investigate the seasonal spatial variability of SWH
along the TOPEX and Jason ground tracks (almost 14
yr). Then, in the third part, TOPEX and Jason data are
complemented with altimeter data from ERS-1, ERS-2,
Geosat Follow-On, and Envisat. These data are then
used to estimate the seasonal annual cycle and the interannual variability of SWH, both on the scale of the
full Mediterranean basin, including the Black Sea, on a
monthly basis and for the various aforementioned subbasins.

2. Data and processing
The altimeter data are retrieved from the Geophysical Data Records (GDRs), or the equivalent, distrib-
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TABLE 1. Time characteristics of the altimeter data.
ERS-1

ERS-2
TOPEX
Jason
GFO
Envisat

Phase A
B
C
D
E
F
G
16 May 1995
25 Sep 1992 cycle 1
15 Jan 2002 cycle 1
8 Jan 2000 cycle 37
3 Oct 2002 cycle 10

1 Aug 1991 to 10 Dec 1991
28 Dec 1991 to 30 Mar 1992
14 Apr 1992 to 20 Dec 1993
23 Dec 1993 to 10 Apr 1994
10 Apr 1994 to 26 Sep 1994
28 Sep 1994 to 21 Mar 1995
21 Mar 1995 to 2 Jun 1996
to 24 Oct 2005
to 8 Oct 2005 cycle 481
to 2 Dec 2005 cycle 143
to 29 Dec 2005 cycle 164
to 24 Oct 2005 cycle 41

uted by the various space agencies. Details of the time
characteristics of the various altimeter datasets are
given in Table 1. The ERS-1 data are the European
Space Agency (ESA) Radar altimeter Ocean Product
(OPR) described in CERSAT (1996) for phases C and
G. The ERS-1 phases A, B, E, and F are not available
in the OPR format; the reprocessing is still ongoing. For
consistency in the data, only phases C and G are used in
the statistical analysis. Nevertheless, Ocean Intermediate Products (OIPs) from ERS-1 phase A are able to be
used in section 3 to illustrate the altimeter sampling
effect. ERS-2 data are the OPR (CERSAT 1996) covering the entire mission commencing April 1995. After
22 June 2003, the ERS-2 coverage was seriously reduced due to the failure of the onboard tape recorder.
TOPEX/Poseidon data are from the Merged Geophysical Data Record (M-GDR) described in AVISO
(1996), covering the whole mission from September
1992 to October 2005. Jason data are the Jason GDRs
(Picot et al. 2003) from January 2002 to December
2005. Geosat Follow-On data are the GDR (Naval
Oceanographic Office/NOAA Laboratory for Satellite
Altimetry 2002) from January 2000 to December 2005.
Envisat data are the ESA Radar Altimeter 2 (RA-2)
GDR product available from September 2002 to October 2005 and described in ESA (2002).
Altimeter SWH measurements are extracted from
the various products and selected according to the associated quality flags described in the user guides. Specific tests are performed for Jason-1 and Envisat based
on the ratio of SWH standard deviation to SWH mean
values established during the validation (Queffeulou
2004). These quality flags and tests, however, are not
sufficient to discard all the erroneous SWH data. Spurious measurements are still observed: some are located
in the vicinity of the coast where land can be within the
altimeter footprint (some land data are also not
flagged), or in oceanic regions of high scattering resulting in so-called sigma-zero blooms (Mitchum et al.
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2004). Some other individual spurious measurements
(corresponding mainly to high SWH) are not explained.
Consequently, the data are filtered to eliminate these
measurements. The screening is based on the analysis
of the differences between successive along-track SWH
measurements. For each pass (half-orbit) the mean
value and standard deviation of differences of SWH
measurements from pairs of consecutive points are estimated. At 1-s along-track sampling, two consecutive
points are separated by about 6 or 7 km. A range is then
defined by the mean value of the differences plus or
minus 3 times the standard deviation. Individual data
for which the differences with its neighboring measurements are outside this range are then discarded. Specific thresholds are also used at the beginning or at the
end of continuous along-track series (i.e., corresponding to over land passes or to flagged data series). The
entire dataset from each of the six altimeter missions
was processed in this way. The number of discarded
data points is low (a few measurements per pass, when
it happens).
To compute long-term along-track statistics of
TOPEX and Jason, new datasets are produced through
interpolating the data along track to points separated
by 0.05° of latitude. This corresponds more or less to
the initial along-track 1-s time sampling of the altimeter.
The last step consists of correcting the altimeter
SWH measurement. Comparisons with buoy data
(Queffeulou 2004) show that the altimeter SWH estimate is generally in good agreement with the in situ
data. Standard deviations of differences are on the order of 0.30 m. It is observed that the altimeter tends to
slightly overestimate low SWH and to underestimate
high SWH. Corrections to SWH were then established.
These corrections, generally linear, correspond to a few
percent of SWH. In addition, TOPEX SWH was also
corrected for a drift between 1996 and 1999. For GFO,
the correction was established for the global oceans
through comparisons with TOPEX and ERS-2. The resulting corrected GFO SWH values demonstrate a few
centimeters overestimated for the Mediterranean Sea
relative to the other corrected altimeter data. As the
GFO correction might not be suitable at low–medium
SWH, it was decided to use uncorrected GFO data. All
the applied corrections are provided in Table 6 of
Queffeulou (2004).

3. Seasonal spatial features of SWH
The goal of this investigation is to retain the fine
along-track sampling to study long-term characteristics
of short-scale spatial variations of SWH over the Medi-
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FIG. 2. ERS-1 ground tracks during the 3-day repeat cycle of
phase A. The arrow indicates the particular track of interest.

terranean Sea. The longest time series over the same
ground track network is provided by TOPEX, from
cycle 1 (25 September 1992) to 364 (11 August 2002),
followed by Jason from cycle 22 (11 August 2002) to
today (cycle 143, 3 December 2005). One question is
raised by the time sampling: Is the 10-day repeat cycle
sampling suitable to provide valuable long-term statistics? This can be illustrated using ERS-1 with the 3-day
repeat cycle during the commissioning phase A and the
two “ice” phases B and D. During phase A, a particular
track of interest was identified crossing the Gulf of Lion
(Fig. 2). Twenty-nine consecutive passes are available
along this track, one every 3 days, covering a 3-month
time period from 15 September to 15 December 1991.
Figure 3a shows the SWH data for each pass. The
mean value of SWH over the 29 passes, calculated as a
function of the latitude, is shown by the solid line in Fig.
3b. The initial dataset, sampled at 3 days, can be resampled at 9 days and 3 different series are considered,
resulting from a 3-day shift in the initial series as shown
by crosses, squares, and circles in Fig. 3a. Figure 3b
shows that the along-track time average as a function of
the latitude is significantly affected by the 9-day sampling case. For instance, the along-track mean SWH
difference is about 75 cm (75%) between the 3-day
sampling (solid line) and the circle line representing
9-day sampling. Differences between two 9-day samplings, as for instance between the square and circle
lines (sampling shifted by 3 days), can be even larger.
Indeed for the circle line case, the two largest SWH
events over the 3 months (mistral on 20 October and on
7 November) are sampled, as shown in Fig. 3a.
This clearly illustrates that because of the time scale
of the meteorological events in this particular region, a
9-day sampling is too long to get a correct estimate of
the along-track mean value of SWH over a 3-month
time period. A fortiori, the 10-day TOPEX and Jason
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FIG. 3. (a) Individual ERS-1 SWH measurements every 3 days along the particular track of Fig. 1 from 15 Sep
to 15 Dec 1991. (b) Three-month averages of ERS-1 SWH measurements along the particular track as a function
of latitude for the initial 3-day (solid line) and 9-day samples (circles, squares, or crosses).

sampling is not appropriate. Nevertheless, one can expect that over a very long time period, such as 13 yr, the
seasonal meteorological events can be assumed to be
statistically uniformly distributed relative to the altimeter sampling, so that the 10-day sampling does not
affect the estimate of the mean value. An example of
the along-track monthly mean value of SWH over 13 yr
(for January 1993–2005) is shown in Fig. 4. SWH features are globally consistent. Some inconsistencies,
however, may appear in some crossing point locations,
as for instance at the crossing points in southeastern
Sicily (between 15° and 20°E at about 35°N). This demonstrates that the 10-day sampling period is too long to
properly get the monthly mean over 13 yr in this particular region. For this reason, only seasonal maps are
presented.
The number of samples per altimeter cell (defined
along track, interpolated every 0.05° of latitude) is
about 9 over 3 months, and 117 for a season over the 13
yr. Some of the data are discarded by the filtering process. The analysis of the distribution of the number of
samples per altimeter cell for the Mediterranean basin
over the 13 yr of winter months (December–February)
shows that the maximum of the distribution ranges between 108 and 115 samples. In practice the seasonal

maps presented here are estimated using the altimeter
cells with a sampling number larger than 70. This
threshold was adjusted empirically. As expected the
cells with the lowest data number are generally located
at the coastal boundaries. Near the land-to-sea transition, the altimeter data can be invalidated either by the
quality flags or by the data filtering process. Depending
on the distance to the coast and the coastal topography,
some altimeter data can go through the quality test

FIG. 4. Thirteen-year along-track mean SWH for January.
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FIG. 5. (a)–(d) Maps of 13-yr along-track seasonal
mean SWH and (e) winter map zoom.

though still being affected by the land presence in the
footprint and thus resulting in higher values of SWH. In
examining the maps of mean SWH, high values could
occur near the coast with the number of such occurrences decreasing as the data number threshold increases. It is also noted that near the coast the data gap
is generally less for the sea-to-land transition case than
for the land-to-sea transition one. This is a result of the
altimeter requiring some time to reacquire the sea surface after leaving land.
Using the monthly mean annual variation of SWH
(section 4), the seasons are defined relative to the winter covering from December to February. Maps of sea-

sonal mean values and standard deviations of SWH are
shown in Figs. 5 and 6. The along-track SWH mean
values of Fig. 5 show a rather good consistency between
ascending and descending tracks. The maps reveal high
variability over the seasons and over the various basins.
Sea states resulting from local wind regimes can be
clearly identified and characterized. The SWH maximum observed over the Gulf of Lion in all four seasons,
with a relative minimum in summer, is induced by mistral and tramontane events (cold northwesterly to
northerly winds). The extension toward the south during winter and autumn is well marked. Interesting details are shown on the zoomed portion of the winter
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FIG. 6. Maps of 13-yr along-track seasonal SWH standard deviation.

map: sharp SWH gradients are observed near the
southern coast of France, due to the fetch effect; the
western boundary of the mistral region, from the eastern part of the Pyrénées in the northeast corner of
Spain to Minorca, is well defined; some sheltering effect
is also observed between the Mallorca and Minorca
Islands (green along-track portion). The extension of
relatively high SWH between Sardinia and the north
coasts of Algeria and Tunisia during winter, spring, and
autumn, and also in spring in the Strait of Sicily, is a
result of the warm desert southeasterly to southwesterly wind regime (sirocco, called also marin in the Gulf
of Lion). During winter, an SWH maximum is also observed over the western part of the eastern Mediterranean basin, south of Greece and Sicily. Mistrals can
extend up to this region through the Strait of Sicily, but
during winter the bora, a strong cold katabatic northerly wind originating from Yugoslavia, and the gregale
(northeasterly) extend over the region.
In summer there is a strong contrast between western
and eastern parts of the eastern Mediterranean basin.
The eastern part (south of Crete and Rhodes and Cyprus) is characterized by a relatively high mean summer
SWH (the maximum over the whole basin). This sea
state is produced by the southerly extension, between

Rhodes and Crete, of the northern monsoonal Aegean
Sea etesian winds (meltem in Turkish), which have
their maximum strength and occurrence in July and
August. Note that very few measurements are available
over the Aegean Sea due to both the size of the track
network and the presence of many islands in the altimeter footprint polluting the measurement.
Over the Adriatic, SWH mean values are relatively
low for all seasons, though bora katabatic winds are
generally strong and produce high air–sea thermal contrast. Sea state development in this region is generally
limited by the fetch.
Maps of seasonal SWH standard deviation (Fig. 6)
indicate a maximum of variability over the Gulf of Lion
region in all seasons. This is a result of the frequent
occurrence and short duration (a few days in general)
of mistral events. Though the mean SWH is high in the
eastern most part of the Mediterranean during summer,
the standard deviation is relatively low, thus suggesting
some steadiness of the etesian extension wind regime
during this season.

4. Annual and interannual variability
As seen above, one satellite like TOPEX with a 10day repeat cycle is not able to fully describe the
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FIG. 7. Mediterranean basin time series of (a) number of data for each altimeter; (b) total of the
missions; (c), (e) mean value; and (d) std dev of SWH measurements of the 6 altimeters over 14 yr on
a monthly basis.

monthly SWH statistics. To increase the sampling,
TOPEX and Jason data were augmented using data
from all available altimeter missions (i.e., ERS-1, ERS2, Geosat Follow-On, and Envisat). First, the monthly
mean and standard deviation of SWH measurements
were estimated over the whole Mediterranean basin for
the 13 yr of available data. Then, the annual variability
of the various subbasins was analyzed.

a. Global Mediterranean basin
Figure 7 shows the monthly results for each altimeter: the number of data values for each altimeter (Fig.
7a) and for the total of the missions (Fig. 7b), monthly
mean values (Figs. 7b,c) with a zoom (Fig. 7e) and standard deviations of SWH (Fig. 7d). The number of data

values depends on the phase of the missions, as described in section 2 and Table 1. The ERS-1 OPR data
gaps are noticeable. The ERS-2 data number decreases
drastically after June 2003 due to the onboard tape recorder failure. After this date the acquisition is restricted to areas where the satellite is in visibility of
acquisition stations (i.e., mainly the northeastern Atlantic Ocean). Nevertheless, this gap can be filled using
Envisat, which has the same orbit as ERS-2. The differences in data number between the satellites can also
result from the varying sea coverage depending on the
orbit. The total of all altimeter samples summed over
the missions (Fig. 7b) clearly shows the advantage of
multiple missions.
Figure 7c shows that the mean SWH values for the
whole basin are generally in good agreement among the
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altimeters. Some discrepancies observed at the beginning or at the end of individual time series correspond
to incomplete monthly observations (as for ERS-1 in
December 1993, March 1995, or for Jason in January
2002). Figure 7e zooms in on SWH mean values from
January 2000 to January 2006. GFO (green) and Jason
(red stars) SWH values seem to be overestimated by a
few centimeters in summer, a period of low SWH. The
general agreement is good, however, and one can suggest that with minor corrections the agreement could be
excellent. This tends to demonstrate that one satellite is
able to provide monthly mean SWH variations for the
whole Mediterranean basin. The SWH variability on
the whole basin scale is very large, as shown in Fig. 7d.
The monthly SWH standard deviation ranges between
0.3 and 1.2 m, which is almost comparable to the mean
value fluctuations of 0.6–2.0 m.
As shown in the next section, the variability among
the various subbasins is very large. Thus the time series
of SWH mean values over the whole Mediterranean
Sea has little geophysical meaning. Merging data from
the six altimeters enables one to obtain meaningful estimates of the mean annual cycle. The mean SWH
maximum is between 1.45 and 1.50 m observed in the
December–February period. The summer minimum is
also almost constant between 0.80 and 0.84 m. The interannual variability (Fig. 7c) is generally low for summer months, with the exception of summer 2003. For
the years 1992 through 1996, some winter periods have
values that are over the mean annual SWH, but the
month-to-month variability is high. Winters 1997
through 2001 seem to be within the mean winter SWH,
while winters 2002 through 2005 are clearly above the
mean value. Note also in Fig. 7e the unusually sharp
decrease of SWH as measured by all the altimeters for
the periods between December 2001 and January 2002,
and between February and March 2003.
These anomalies relative to the whole Mediterranean
basin cannot be easily interpreted particularly because,
as shown by the maps in the previous section, the seasonal characteristics are different for the various individual basins. The SWH variability in each subbasin is
analyzed in the next subsection.

b. Subbasins
The particular subbasins (Fig. 1) corresponding to
specific geographical topography and local meteorological characteristics are analyzed. Basic global statistics are given in Table 2 for the 14-yr time period. The
maximum mean SWH (1.39 m) is observed in the Gulf
of Lion region, which also has the largest standard deviation (1.07 m). A minimum of 0.85 m is observed in
the Adriatic with a standard deviation of 0.60 m. Be-
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TABLE 2. Significant wave height statistics, 1992–2005, all
altimeters.
Region

Mean (m)

Std dev (m)

Data No.

Alboran
Balearic
Gulf of Lion
Tyrrhenian
Adriatic
West
East
Aegean
Black Sea

1.09
1.00
1.39
1.04
0.85
1.19
1.14
1.02
0.97

0.71
0.69
1.07
0.74
0.60
0.83
0.74
0.70
0.69

218769
83306
560165
332447
154424
869497
647289
225098
649616

cause of the varying sizes of the geographical areas, the
number of data values differs significantly depending
on the area.
SWH distributions are shown in Fig. 8. On the graphs
the upper limit of SWH is restricted to 5 m because the
statistics obtained for high SWH are not reliable due to
the poor time sampling and the low occurrence of such
events. The largest differences are observed between
the Adriatic (black dot) and the Gulf of Lion (red
circle). In the Adriatic, 80% of the data are less than
1.10 m. This same percentage yields a value of about 1.9
m for the Gulf of Lion. The maximum of the distribution’s spread is between 0.3 and 0.7 m for the Adriatic
and between 0.6 and 0.9 m for the Gulf of Lion. The
lowest SWH are observed increasingly in the Adriatic,
Black Sea, Balearic, and Aegean basins, respectively.
The largest SWH values, over 1 m, are observed in
decreasing order in the Gulf of Lion, West, and Alboran regions (see Fig. 1).

1) MONTHLY

ANNUAL CYCLE

The time sampling is too sparse to analyze the interannual variability on a monthly basis, but the mean
monthly annual cycle can be estimated over the 14 yr.
Before presenting the results for the various regions, a
test is performed to compare the mean monthly annual
cycles obtained from the altimeters over the Gulf of
Lion region and from the meteorological buoy 61002
maintained in the Gulf of Lion (42.10°N, 4.70°E) by
Météo France. The buoy data were provided by Météo
France as part of the satellite validation activities of the
Centre ERS d’Archivage et de Traitement (CERSAT),
at Institut Français de Recherche pour l’Exploitation
de la Mer (IFREMER). The SWH hourly buoy measurements cover a 3.3-yr time period from 4 December
2001 to 16 April 2005 with very few data gaps and a
data return rate of 98%. Monthly values of the mean
value and standard deviation of SWH were estimated
from the 3.3-yr time period from the buoy measurements and from the altimeter data restricted to a lim-
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FIG. 8. Mediterranean subbasins: SWH (a) distributions and (b) cumulative distributions from the 6 altimeters over 14 yr.

ited area around the buoy location (41°–44°N, 3°–
6.5°E) over the same time period. Mean annual cycles,
normalized values, and scatter index (ratio of the
monthly standard deviation to the monthly mean) are
compared in Fig. 9. The agreement can be considered
very good. The shapes of the annual cycles are the
same, with a 10–20-cm bias at the highest SWH values.
Accordingly, the altimeter results can be considered
with some confidence concerning the annual cycle estimate.

Monthly annual cycles for the various regions are
reported for the western (Figs. 10a,c,e) and eastern
(Figs. 10b,d,f) basins: monthly mean values (Figs.
10a,b), monthly mean values normalized by the annual
SWH mean (Figs. 10c,d), and scatter index (Figs. 10e,f).
In the western part of the basin (Fig. 10a), the maximum amplitude of the mean annual cycle is observed in
the Gulf of Lion with 0.93 m in August and 1.90 m in
December. The Tyrrhenian and Balearic Seas have almost the same annual cycle: a minimum of about 0.7 m

FIG. 9. Comparisons of SWH annual
cycles from buoy (crosses) and altimeter
(circles) measurements. (a) Monthly mean
value, (b) normalized mean value, and (c)
scatter index.
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FIG. 10. Monthly annual cycle of SWH, over 14 yr, for (a), (c), (e) western and (b), (d), (f)
eastern Mediterranean subbasins. (a), (b) Monthly absolute and (c), (d) normalized mean
values. (e), (f) Monthly scatter index.

in June–August and a maximum of 1.3 m in December.
The lowest values are observed in the Adriatic: 0.6 m in
August and 1.15 m in December. Figure 10c shows the
SWH normalized annual cycles. The annual cycle
shapes are very similar for the Gulf of Lion, Tyrrhenian, Balearic, and Adriatic regions. In the western part
of the basin, the Alboran region clearly demonstrates a
specific annual cycle. The winter period is longer with
SWH being near its maximum value from December to
April (Fig. 10c, circles). The annual amplitude is low
from 0.9 m in August to about 1.2 m in winter (Fig. 10a,
circles). This area is known to exhibit long winter and
spring seasons, comprising November through February and March through May, respectively, and “is noted
for periods of stormy, winter-type weather alternating
with a number of false starts of settled summer-type
weather” (Brody and Nestor 1980).
In the eastern part of the basin (Fig. 10b), the maximum winter mean SWH values decrease from 1.7 m in

the “West” region to 1.6 m in the “East” region, 1.4 m
in the Aegean, and 1.3 in the Black Sea. For the summer minimum the lowest value is observed in the
Black Sea (0.7 m) and the highest one in the East region
(1 m). This is in contrast with 0.75 m observed in the
West region and already noted in the summer map of
Fig. 5. The annual cycle patterns are very similar during
winter and spring (Fig. 10d). In summer, a significant
difference exists between the West and East regions.
Comparisons of Figs. 10a–d show differences between the western and eastern parts of the Mediterranean basin. First, in the western side the winter SWH
maximum occurs in December while it is observed in
February in the eastern side (except in the West region
where differences between December, January, and
February are very low; star lines in Figs. 10b,c). Second,
the decrease of SWH in the transition from winter to
summer is faster in the eastern side than in the western
side. Note also that in the eastern side the four subba-
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sins have almost the same behavior between January
and May, which is not the case for the second part of
the year (Fig. 10d). Then, in the western side the summer minimum is roughly observed in August (low
SWH, decreasing from May–August), while in the eastern side the summer minimum is observed in May–June
(low SWH, increasing from May–June to August). The
exception is in the West region for which the shape of
the curve (Fig. 10d, star line) resembles more closely
the western-side curves (Fig. 10c, star, cross, and solid
lines) than the eastern-side ones.
The scatter index in Figs. 10e,f is the ratio of the
monthly standard deviation to the monthly mean value
of SWH. In the western side (Fig. 10e), it appears to be
noisy and almost constant over the year, between 0.60
and 0.75, with the exception of the Alboran region
(circle line) for which a minimum value is observed in
summer. In the eastern part (Fig. 10f), a summer minimum is more strongly present, particularly for the Aegean and East regions (cross and circle lines) in July
and August. This might be related to either some
steadiness of the etesian during summer or to relatively
high SWH in the East region (consequently decreasing
the ratio).

2) INTERANNUAL

SEASONAL VARIABILITY

Because of the small size of the subbasins and the
altimeter time sampling, it was decided to analyze the
interannual variability seasonally and not on a monthly
basis. Figures 11 and 12 present the 14-yr time series of
the seasonal mean value of SWH for the regions of the
western and eastern Mediterranean Sea, respectively.
The mean annual cycle has been reported on each
graph (dashed lines).
As the annual cycles were discussed in the preceding
section, the interannual changes are investigated here.
The curves of Figs. 11 and 12 show that interannual
anomalies can be more or less correlated between the
various regions. For each region a normalized anomaly
is estimated as the difference between the seasonal time
series (solid lines) and the mean seasonal annual cycle
(dashed lines) divided by the mean seasonal annual
value. Correlation coefficients are then computed between the normalized anomalies for the various regions
and presented in Table 3. The anomalies can be considered as correlated when the coefficient is larger than
0.50 (30% of data), and as uncorrelated when the coefficient is less than 0.25 (39% of data).
The Alboran and Balearic regions are strongly correlated (77%) for both positive and negative anomalies
(see winter anomalies during the years 1994 to 1996,
1999, or 2003 in Fig. 11). The correlations between the
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Gulf of Lion and the Alboran (46%) or the Balearic
(55%) are less. For instance the positive winter anomalies observed in winter 1994 and 1995 in the Alboran
and Balearic regions are not seen in the Gulf of Lion.
Inversely, a large positive anomaly is observed in the
Gulf of Lion in winter 2005 but not in the Alboran or
Balearic regions. The Tyrrhenian and Adriatic regions
are also well correlated (64%), though the winter 1999
anomaly in Tyrrhenian is not observed in the Adriatic
region. The winter 2001 anomaly in the Tyrrhenian and
Adriatic is not observed in the three other western regions. Only the 2003 winter anomaly is observed in all
the regions, including those of the eastern Mediterranean.
In the eastern Mediterranean (Fig. 12), the West and
East regions appear to be rather uncorrelated, with the
exception of the winters of 1995, 1997, 1998, and 2003.
In Figs. 11 and 12, the correlation seems to be higher
between the West region and the Gulf of Lion (51%)
and between the West and Adriatic regions (58%) than
between the West and East regions (46%). The East
region is uncorrelated to the western subbasins and is
poorly correlated to other regions (about 40% with the
Aegean and Black Seas). The Black Sea anomalies are
well correlated with the Aegean ones (67%), and the
coefficient surprisingly reaches 47% with the Adriatic.

5. Conclusions
Fourteen years of altimeter SWH measurements
from six satellite missions have been analyzed over the
Mediterranean Sea. One advantage of the altimeter is
the fine along-track spatial resolution. The data of both
TOPEX and Jason missions enable the construction of
seasonal maps of along-track SWH mean values and
standard deviations. These reveal short-scale and regional sea state features associated with the specific
meteorological patterns of the various geographical basins. Time series of monthly SWH mean values and
standard deviations from each satellite and over the
whole Mediterranean Sea are in good agreement, thus
showing interannual variability. But this information
for the whole basin is of minor geophysical interest
because of the high time and space variability over the
various subbasins. The use of the six altimeter missions
together enables the investigation of the monthly annual cycles at the short length scales of the subbasins.
Significant differences are observed between the western and eastern parts of the Mediterranean Sea. The
annual SWH cycle changes in both shape and amplitude according to the subbasin. Analysis of the seasonal
interannual variability confirms the existence of some

Unauthenticated | Downloaded 01/09/23 02:57 AM UTC

2090

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 24

FIG. 11. SWH seasonal (solid lines) time series and mean annual cycle (dashed lines) for
the western Mediterranean subbasins.

degree of independence between the subbasins. For instance, SWH interannual anomalies can be correlated
for the whole subbasins, as for winters of 1999 and 2003,
or can be uncorrelated, as in winter 1994 and 1995 for
the Gulf of Lion and the Balearic or Alboran regions.
Thanks to multisatellite missions and homogeneous
corrections of the altimeter data, SWH time and space
characteristics were able to be obtained at regional
short scales. These results are independent of numerical wind and wave models. This method can be applied
to any geographical region, which is a major implication
of the study.
It has been shown that over a narrow region such as
the Gulf of Lion region, the SWH mean annual cycle
estimated from a buoy dataset over 3.3 yr compares
relatively well to the result obtained from altimeter

measurements over the same period. Buoy data are
essential for many obvious reasons, such as validation
of other measurement systems or wave spectrum estimates that cannot be obtained from altimeter data. To
estimate accurate monthly mean cycles, however, the
buoy data return must be high. Long time series of
continuous wave buoy measurements are rare. Furthermore, buoy measurement deficiencies may occur, particularly in bad weather characterized by large SWH
values. Gaps in the buoy time series obviously decrease
the accuracy of these estimates. This illustrates the interest in long-term altimeter data, even over regions
with buoy measurements.
In considering shorter time scales one can raise the
question, How many altimeters are needed to estimate
monthly SWH mean value equivalent to that obtained
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FIG. 12. SWH seasonal (solid lines) time series and mean annual cycle (dashed lines) for
the eastern Mediterranean subbasins.

from a buoy? Some tests were performed using measurements of the Brittany buoy maintained by Météo
France and the Met Office (U.K.) at 47.5°N, 8.5°W,
west of the French Atlantic coasts. Monthly mean SWH
were estimated over a 10-yr time period (1995–2006).
Because of data gaps in the time series, several months
(7.5%) contain less than 15 days of measurements,
which is insufficient to estimate a monthly mean.
Analysis of the altimeter data shows that 100 km is a
minimum distance from which to collect altimeter data
around the buoy location to get a significant number of

altimeter passes. In this case the monthly number of
satellite passes is between 8 and 14 using two satellites
(ERS-2 and TOPEX), between 15 and 20 with three
satellite (adding GFO), and between 30 and 45 with
four satellites (adding Jason). Making the assumption
that the distribution of the passes during one particular
month is regular enough (which is in reality not the
case, depending on the relative phasing and orbit characteristics of the satellites), a minimum of four satellites
is required to estimate the monthly SWH average. Nevertheless, to increase the data sample the length of the

TABLE 3. Normalized interannual SWH anomalies: correlation coefficient (percent) between the Mediterranean subbasins.

Alboran
Balearic
Gulf of Lion
Tyrrhenian
Adriatic
West
East
Aegean

Balearic

Gulf of Lion

Tyrrherian

Adriatic

West

East

Aegean

Black

77

46
55

52
58
55

45
53
46
64

39
43
51
50
58

⫺18
⫺10
10
⫺9
20
46

⫺4
17
20
7
41
24
40

5
23
12
22
47
38
39
67
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radius of the selection area around the buoy could be
extended to over 100 km. But a maximum value for this
distance has to be set according to the regional meteorological and sea state spatial scales.
For the wave climate study, one drawback of altimeter data is the relatively short time series (14 yr) and
the inhomogeneous and irregular time and space sampling. This is a strong limitation to the use of altimeter
data to estimate the extreme wave height distributions,
as investigated by Alves and Young (2003). Long time
series are currently available from weather numerical
models. However, reanalysis such as ERA-40 presents
strong temporal heterogeneities (Caires and Sterl
2005a) due to the changes in the input wind field quality
and the implementation of satellite data assimilation
into the wave model. This is further impacted by the
number of satellites (Skandrani et al. 2004) and by the
quality of the assimilated data. The quality of wave
model outputs has improved and may be considered as
sufficient at the global scale but not at the regional
short scale as in the Mediterranean Sea, for which significant corrections are needed (Medatlas Group 2004).
Satellite wave measurements and wave modeling are
complementary and the present work needs to be pursued in comparing satellite results to the data from
wave atlases at the global scale (Sterl and Caires 2005)
and for the Mediterranean Sea (Medatlas Group 2004).
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