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Abstract
The total water mass flux in the Mediterranean Sea (F) is produced via
the vertical flux of Precipitation minus Evaporation (P‐E), and the
horizontal fluxes of river discharge (R), exchange with the Black Sea
through the Bosphorus and Dardanelles Straits (B) and with the Atlantic
Ocean through the Gibraltar Strait (G).

dW/dt: Total water mass flux in the Mediterranean Sea
P: Precipitation
E: Evaporation
G: Water flux through the Gibraltar Strait
R: River runoff
B: Water exchange with Black Sea

Positive (negative) values represent gain (lost) of water by the 
Mediterranean 

dW
dt

= P − E +G + R − B

Data and analysis description

A) Time‐variable gravity: GRACE
ftp://podaac.jpl.nasa.gov/pub/grace/data/L2/csr/RL04/
• 78 monthly sets of Spherical Harmonics from RL04 CSR are used.
Span time: 09/2002 ‐ 03/2009 (June 2003 is linearly interpolated).
• GRACE + GAD = Ocean Bottom Pressure.
• Degree‐1 coefficients: Swenson et al. [2008].
• J2: Substituted by SLR estimates [Cheng and Ries, 2007].
• C20, C30, C40, C21 and S21: Secular trends restored.

Filters
• The correlated errors in even and odd degrees is filtered [Swenson
and Wahr, 2006; with the parameters from Chambers, 2006].
• Chen et al.’s (2006) filter is applied.

Further processing
• Amplitude restoration: A corrector factor of 1/0.46 is applied to
restore the loss of amplitude caused by the filters [Velicogna and Wahr,
2006; Swenson and Wahr, 2007].
• Continental leakage: It is reduced accordingly to Wahr et al. (1998)
and Chambers (2006).

• GRACE OBP variations are transformed into water mass variations (W)
subtracting the atmospheric pressure averaged over the global
ocean[Willis et al., 2008]. Units are mm of equivalent water thickness
(an increase of 1 kg/m2 can be interpreted an increase of 1/1.029 mm
of sea level, where 1029 kg/m3 is the mean density of sea water).
• dW/dt =month‐to‐month derivative of W with units of mm/month

B) Precipitation minus Evaporation
Derived from the water vapor fluxes (Q) and the total water content of
the atmosphere W [Oki et al, 1995]:

• Q and W are provided from the JRA‐25 Reanalysis [Onogi et al, 2007].
• 1.125ºx1.125º regular 6‐hours grids.
• Span time: 01/2002 ‐ 12/2006.

C) River runoff
Climatology from Boukthir and Barnier (2000).

P −E = −∇HQ −
∂W
∂t

Gibraltar water mass flux

The water mass flux through the Gibraltar Strait is estimated as:

Due to the limited spatial resolution of GRACE, the Adriatic and the Aegean Seas are
excluded from the computation of W. then, they are assumed to vary as the
averaged Mediterranean. The exchange of water with the Black Sea is neglected.

G =
dW
dt

− P + E − R

Sicilian water mass flux

The water mass flux through the Sicilian Strait is estimated
following the same scheme than the Gibraltar flux, but
estimating all the parameters at the East side of the Strait of
Sicily.

Annual signals and mean values

Table 2. Annual amplitudes and phases (indicating the peak
time in the year), and mean values for the period 2003‐2008 of
the estimated water fluxes. Positive values of both Gibraltar
and Sicilian fluxes represent eastward fluxes. The annual
amplitude and the mean are multiplied by 100 for clarity, then
units are Sv/100.

Discussion

The water mass budget of the Mediterranean Sea varies annually. The reason is that evaporation exceeds precipitation
throughout the year, and the deficit is balanced by water influx from the Atlantic through the Gibraltar Strait. However, this
balance is not produced instantaneously, giving rise to the seasonal variations in the water mass budget. The latter has been
estimated from GRACE data and the net evaporation from models and observations, via which the water flux through the
Gibraltar Strait has been inferred. This flux shows an annual signal of 3.9±0.8 Sv/100 of amplitude and 253º±13º of phase (peak in
early September), and a mean value of 5.5 Sv/100. Note that the reported errors are formal errors accordingly to the least square
fitting procedure. However, real errors should be bigger due to errors in GRACE data, the atmospheric model, the use of a
climatology for the river discharge, the exclusion of the Aegean and Adriatic seas, and neglecting of the water exchange between
the Mediterranean and the Black Sea. In any case, the obtained Gibraltar flux signal is between previous reported estimations.

Similar to the estimate of the Gibraltar flux, the net water mass flux through the Strait of Sicily has also been estimated, showing,
with respect to the Gibraltar flux, an annual amplitude 40% smaller, a delay around 14 days in the annual signal, and 2/3 of the
mean flux. The estimate of both fluxes may be important to constrain local ocean models in Mediterranean sub‐basins.

References

‐ Boukthir, M., and B. Barnier (2000), Seasonal and inter‐annual variations in the surface freshwater flux in the
Mediterranean Sea from the ECMWF re‐analysis Project, Journal of Marine Systems, 24, 343‐354.
‐ Chambers, D.P. (2006), Evaluation of New GRACE Time‐Variable Gravity Data over the Ocean, Geophys. Res.
Lett., 33(17), LI7603.
‐ Chen, J.L., C. R. Wilson, and K.‐W. Seo (2006), Optimized smoothing of Gravity Recovery and Climate Experiment
(GRACE) time‐variable gravity observations, J. Geophys. Res., 111, B06408, doi:10.1029/2005JB004064.
‐Cheng, M., and J. Ries (2007), GRACE Technical Note #05: Monthly estimates of C20 from 5 SLR satellites.
(Available at http://podaac.jpl.nasa.gov/grace/documentation.html)
‐ García, D., B. F. Chao, J. Del Río, I. Vigo, J. García‐Lafuente (2006), On the steric and mass‐induced contributions
to the annual sea level variations in the Mediterranean Sea, J. Geophys. Res., 111, C09030,
doi:10.1029/2005JC002956, 2006.
‐ Fenoglio‐Marc, L., J. Kusche, and M. Becker (2006), Mass variation in the Mediterranean Sea from GRACE and its
validation by altimetry, steric and hydrologic fields, Geophys. Res. Lett., 33, L19606, doi:10.1029/ 2006GL026851.
‐ García‐Lafuente, J., J. Delgado, J. M. Vargas, M. Vargas, F. Plaza, and T. Sarhan (2002), Low‐frequency variability
of the exchanged flows through the Strait of Gibraltar during CANIGO, Deep Sea Res., Part II, 49, 4051 – 4067.
‐ García‐Lafuente, J., J. Del Río, E. Alvarez Fanjul, D. Gomis, and J. Delgado (2004), Some aspects of the seasonal
sea level variations around Spain, J. Geophys. Res., 109, C09008, doi:10.1029/2003JC002070.
‐ Swenson, S., and J. Wahr (2006), Post‐processing removal of correlated errors in GRACE data, Geophys. Res.
Lett., 33, L08402, doi:10.1029/2005GL025285.
‐ Swenson, S., and J. Wahr (2007), Multi‐sensor analysis of water storage variations of the Caspian Sea, Geophys.
Res. Lett., 34, L16401, doi:10.1029/2007GL030733.

J. Geophys. Res., doi:10.1029/2009JC005928, in press. 

Previous estimates of G

Acknowledgments
We thank the organizations providing the data used in this study, and the very helpful comments of two anonymous reviewers. This work was elaborated
during the stay of the first author at the National Central University of Taiwan, thanks to a grant from the Generalitat Valenciana, Spain. Jean‐Paul Boy is
currently visiting NASA Goddard Space Flight Center, with a Marie Curie International Outgoing Fellowship (N° PIOF‐GA‐2008‐221753). This work was partly
funded by two Spanish Projects from MICIN, ESP2006‐11357 and AYA2009‐07981, and one from Generalitat Valenciana, ACOMP2009/031.

Note: 
1 Sv = 106 m3 s‐1

1 Sv/100 = 104 m3 s‐1


