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Abstract. We study the variability of hydrographic precon-
ditioning defined as the heat and salt contents in the Ligurian
Sea before convection. The stratification is found to reach
a maximum in the intermediate layer in December, whose
causes and consequences for the interannual variability of
convection are investigated. Further study of the interannual
variability and correlation tests between the properties of the
deep water formed and the winter surface fluxes support the
description of convection as a process that transfers the heat
and salt contents from the top and intermediate layers to the
deep layer. A proxy for the rate of transfer is given by the
final convective mixed layer depth, that is shown to depend
equally on the surface fluxes and on the preconditioning. In
particular, it is found that deep convection in winter 2004—
2005 would have happened even with normal winter condi-
tions, due to low pre-winter stratification.

1 Introduction

Deep convection occurs in regions of the ocean where a high
buoyancy loss from a weakly stratified ocean to the atmo-
sphere leads to very intense mixing and deep water forma-
tion. TheMEDOC-Group(1970 identified the three phases
of convection:

The seasonal cycle of the surface forcing also plays a
role.

— The violent mixing phase: convection is observed in the

centre of the convective patch, leading to intense mixing
and to a deepening of the mixed layer. Sinking occursin
plumes of horizontal scale O(1 km) in which the dense
water sinks at vertical speeds up to 10 cnvtsghis and
Webh 197Q Schott and Leamari991 Merckelbach

et al, 2010. These plumes are mixing agentefd
and Marshall 1995 associated with a small-scale cir-
culation sometimes modeled as paired, discrete point
vortices called hetondHpgg and Stommell985 Legg
and Marshall1993. The water mass formed by con-
vection has a composition affected by the frequency of
the surface forcingArtale et al, 2002 Grignon 2009.

The sinking and spreading phase: the mixed water sinks
and spreads horizontally. The spreading of dense water
happens through the action of eddies of horizontal scale
O(5-10km), thought to be generated at the edge of the
convective patch by the baroclinic instability of the rim
current Gascarg1978 Testor and Gascar2006 Her-
rmann et al.2008.

Deep water formation by convection has been observed in

the Labrador Marshall et al. 1998 and GreenlandSchott
— The preconditioning: the stratification weakens but re- €t al, 1993 Seas and is traditionally thought to be driving
mains positive. This is thought to be created by a cy-the thermohaline circulationMarshall and Schatt1999.
clonic circulation MEDOC-Group 197Q Legg et al, It has also been observed in the Gulf of Lion, western
19989 sometimes associated to topographic featuredVlediterranean SeaMEDOC-Group 1970 where the West-
(Hogg 1973 Madec et al.1996 Alverson 1997). Typ- ern Mediterranean Deep Water (WMDW) is formed and ex-
ically, in the Gulf of Lion, the cyclonic circulationis due Ported to the Atlantic through the Strait of Gibralt&t¢m-
to the gyre system, on horizontal scale O(50—100 km).mel et al, 1973 Bryden and Stommell984 Kinder and

Bryden 1990, hence its potential impact on the oceanic ther-
QoM

mohaline circulation.
Published by Copernicus Publications on behalf of the European Geosciences Union.
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heat contents in the water column before convection. We
will characterise the variability of deep convection by using
proxies such as the maximum winter mixed layer depth and
the properties of the WMDW formed.

2 Seasonal variability of the preconditioning
2.1 Inthe deep convection region

The MEDAR/MEDATLAS Il database is the result of the

compilation of different inventories that have been quality
checked and interpolated onto a regular spatial grid hav-
ing a vertical resolution varying from 5m near the surface
Fig. 1. Satellite view of the Mediterranean Sea. Modified from to 500m at the bottomhgtp://modb.oce.ulg.ac.be/backup/
maps.google.com. medar/medar.hthl We use climatological temperature,
salinity and density data at 4RI, 5° E, traditionally consid-
ered to be the centre of convection (Medoc point, Ejg.
andKrahmann and Scho(i.999 found an increasing trend Figure2 shows MEDAR climatological temperature and
in temperature and salinity of the WMDW since the six- salinity profiles and depth averaged buoyancy frequency for
ties. Béthoux et al(1998 concluded that the warming of the top (0-100 m), intermediate (100-400 m) and deep (400—
WMDW was an early effect of climate chandeopez-Jurado 2000 m) layers. The buoyancy frequency is defined by:
et al.(2005 found that the WMDW, observed in the Balearic d
Sea, showed a drop in temperature in winter 2004—-2005, aty?(h) = —i—a(h) (1)
tributed to particularly strong surface heat lostertens and o(h) dh
Schott (1998 studied the interannual Val’lablllty in mixed whereo is the potentia' density_
layer depth using the sparse available data and a mixed layer Tq separate the effects of temperature and salinityvén
model and found high correlation between the final mixedye also pIOtNt%mpz N(T, Sp = 36), that is the buoyancy
layer depth and the mean surface heat loss over a wintefrequency of a real temperature profile with a constant salin-
Variations in deep-water composition are likely to be alsojy, and N2, = N%(To = 12°C,S), the buoyancy frequency of
linked to a larger-scale evolution of the Western Mediter- 5 real saiinity profile with a constant temperature. Note that
ranean Rohling and Bryden1992 Painter and Tsimplis N2 2 N2+ N2, in general, because of the non linearity

. S
2003. At the western entrance to the Western Mediter- of the equation of state, but it is nearly equal for the values

ranean basin, the inflow of Atlantic water through the Strait chgsen forry and So (it is valid as long as a linearisation of
of Gibraltar was observed to salinify over the 2003—2007 pe+he equation of state is appropriate arodipdnd So).

riod (Millot, 2007. At the eastern entrance, a modification  The top layer (0-100 m) exhibits a clear seasonal cycle.
of convective regime in the eastern Mediterranean called thg; gets warmer and fresher between April and July, building
Eastern Mediterranean Transient (EMT) led to an export ofy stratification which is then eroded between July and De-
salt towards the western Mediterranean through the strait ofemper. N2, reaches very low values between January and
Sicily. Schroeder et a(200§ emphasised the possible effect \jarch, because of wintertime evaporation that cools the wa-
of the EMT on deep water formation in the Gulf of Lion, ar- ter, Convective vertical mixing subsequently occurs, inject-
guing that a progressive heat and salt accu_mulatlon in the iNmg salt from the intermediate layer into the top layer. The
termediate layer, due to the EMT propagation, may have |e(buoyancy frequency shows a peak in July, which is mainly

to the formation of a saltier, warmer (and denser) WMDW. g temperature effect caused by the seasonal increase of the

The cascading of cold and dense water formed on the Gulkyface radiative fluxes. In the top layaf2, ~ 10452,
of Lion's shelf, as observed Hyont et al(2007) andCanals In the intermediate layer (100-400 m), taken as represen-
et al.(2009 in canyons of the continental slope at the end of {atjve of the LIW,N2,~ 1076 572, and the salinity stratifying
winter 2004-2005, is another phenomenon that potentiallysignal predominates while the temperature has a destabilis-
a_lffects,the variability and characteristics of WMDW forma- ing effect for most of the year (except in May and June). The
tion (Béthoux et al.2002. stabilising or destabilising property of the intermediate layer
In the present paper, we study the variability of hydro- as a whole are linked to its position relative to theand S
graphic (rather than dynamic) preconditioning on seasonalocal maxima due to the LIW. Above thg maxima,Nt%mp
and interannual timescales, and assess its impact on deép negative while it is positive below. Fd, it is the oppo-
convection relative to surface forcing. Hydrographic precon-site. Note that the two maxima are not exactly at the same
ditioning is defined as the vertical distributions of salt and depth. The depth range of the intermediate layer is chosen to

Sicily
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Fig. 2. Temperature (left), salinity (centre) and mean vertical buoyancy gradient (right — see text for definwﬁﬂ, th%m and stal)
for the top (0—100 m), intermediate (100-400 m) and deep (below 400 m) layers, over time (months) on the horizontal and depth (m) on the
vertical, for the Medar data in the convective area.

illustrate the stratification associated with the LIW. Thus the Salinity and temperature fluctuations have little impact on the
bottom of the layer is set to be close to the salinity and tem-buoyancy frequency which remains weak, ~ 10~'s72)
perature maxima and does not include the deeper part of thbelow 400 m.
LIW. The temperature and salinity profiles show the erosion
of the stratification in February and March, due to convec-2.2 In the Ligurian Sea
tion. The layer then gets saltier and warmer for the rest of
the year, and reaches a maximum temperature and salinity id.2.1  From Dyfamed data
December. The buoyancy frequency shows two maxima, one
in July, associated with summer stratification, and another inSince 1991, the Laboratoire d'@anographie de Ville-
December. The causes and consequences of the DecemdEanche has conducted almost monthly cruises in the Ligurian
maximum on convection will be investigated separately. ~ Sea in the framework of the Dyfamed investigatidsagty

et al, 2002 Marty and Chiaverini2010. The data are avail-

In the deep layer (below 400 m), the temperature has a staable at 425° N, 7.52 E (Fig. 1) with a vertical resolution of
bilising effect while the salinity is destabilising. The non 2db (ttp://www.obs-vlfr.fr/sodyf), but we use a 10 db aver-
linearity of the equation of state under these pressure conage in the present analysis. This site is considered represen-
ditions is such thatvy, # Nt%mer NZ, Temperature and tative of hydrographic preconditioning as is it located along
salinity are much more homogeneous in depth and less varithe Ligurian Current which flows towards the Medoc area.
able in the deep layer than above. The annual cycle of tem- To study the seasonal cycle, an average Dyfamed year is
perature shows a warming in October, around 1000 m depthgalculated for temperature, salinity and buoyancy frequency
which appears to be caused by the lower position of the LIWby first interpolating the profiles to obtain daily values be-
layer in the water column. The salinity shows two minima. tween 1995 and 2004, and then calculating an average pro-
The first one occurs in March and is attributed to convection:file for each month (Fig3). This approach was taken to give
convective mixing redistributes salt vertically, resulting in a equal weighing to all years regardless of the sampling day.
salinity decrease for the saltiest layers. The second minimund he color scale is the same as Rigto allow comparison.
occurs in September. As it is not accompanied by a simi- In the top (0-100m) layer, there is a similar, although
lar signal above 200 m, it is attributed to lateral advection.shallower, post-winter (March to August) restratification as

WWw.ocean-sci.net/6/573/2010/ Ocean Sci., 6, 5B88-2010
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Fig. 3. Temperature (left), salinity (centre) and mean vertical buoyancy gradient (right — see text for definwﬁg, thzemp and stal)
for the top (0—100 m), intermediate (100—400 m) and deep (below 400 m) layers, over time (months) on the horizontal and depth (m) on the
vertical, for the Dyfamed data.

observed in the Medoc area. Winter temperatures are lowemaximum is higher at Dyfamed §810- s~2) than at Medoc

and the salinity varies less, at Medoc than at Dyfamed,(5 x 10-%s~2), where convection is known to be more in-

which is consistent with convection being more intense intense. Discrepancies are found at Dyfamed between Medar

the Medoc region than in the Ligurian Sea. and Dyfamed (1& 10-6s72). Because Dyfamed is consid-
The intermediate (100—-400 m) layer shows signs of con-ered a more consistent data set, we conclude that Medar may

vection, particularly in the temperature data. The LIW seemsunderestimate the maximum in the stratification at Medoc.

to lie slightly deeper in the water column at the Dyfamed site,

which could be attributed to the cyclonic circulation around

the convective area that causes a doming of the isopycnal8 Interannual variability of the preconditioning at the

at the centre of the gyre, less intense in summer, but still Dyfamed site

present. The stratification also shows signs of erosion by

convection, particularly in March. However, the buoyancy 3.1 Temperature

frequency reaches a maximum in December, as previously
observed at Medoc. We now study the evolution of the temperature from the Dy-

In the deeper |ayerS, the stratification is Stronger at Dy_famed data set for the three IayerS, and for the whole water

famed than in the Medoc area, which is more affected bycolumn (Fig.4). The values of the mean temperature inter-
convection. The deep layer is denser at the Dyfamed pointpolated at the 1 December for each year between 1995 and
but none of these prof"es are full depth ones, so the dee6004 are ]OIHEd with thick lines and considered representa-

layer is not necessarily representative of bottom water. tive of the interannual variability of the pre-convection state.
Tablel contains the values of the means, standard deviations
2.2.2 Comparison with Medar data (std) and trends for all thick lines. In the following, a trend

will be deemed significant if trend10>>>std.
Medar and Dyfamed data sets were also compared at the Dy- The seasonal cycle is clearly visible in the top and in-
famed site. They show very good qualitative agreement in theermediate layers, where winter temperature drops are signs
seasonal cycle and the December maximum of stratificatiorof convection, for example at the beginning of years 1997,
is found in both data sets. In the Medar data, the Decembet999, 2000, 2003 and 2004. The seasonal signal is much

Ocean Sci., 6, 57%86, 2010 Www.ocean-sci.net/6/573/2010/
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Fig. 4. Temperature®C) from Dyfamed for the 0-100 m (top), the 100-400 m (middle), the 400-2000 m (bottom, green) and the 0-2000 m
(bottom, black) layers. For each plot, the corresponding thick line joins the interpolated values for the 1 December of each year between

1995 and 2004.

Table 1. Mean ), standard deviationg(g) and trend ¢) for the observed in the dee_p water of the Balearic Sea in summer
thick plots of Figs4 to 6, which represent the depth averaged tem- 2905- Marty and Chiaverin(2010 found, at the_ Dy.famed
perature for each layer on the 1 December of each year betweeite, a trend of 0.005C/year at 2000 m depth which is of the
1995 and 2004. same order of magnitude.

0-100m 100-400m  400-2000m 0-2000m 3.2 Salinity
Tm [°C] 14.34 13.37 13.03 13.14

Teig [°C] 0.47 0.07 0.04 0.06 Figure5 presents the evolution of the salinity of Dyfamed,

T: [°C/y] 0.056 0.009 0.012 0.013 under the same format as for the temperature. Talden-

Sem [psu] 38.176 38.485 38.494 3g477 tains the values of the means, standard deviations and trends
Ssta [Psu] 0.076 0.027 0.015 0.014 for all thick lines of Fig.5.

St [psw/yl 0.0037 0.0030 0.0043 0.0041 As for the temperature data, the seasonal cycle for salinity
pm [kg/m3] 28.56 29.02 20.10 20.06 can be observed in the top and intermediate layers, although
osd[kg/m3]  0.148 0.030 0.004 0.011 the interannual variability has a larger amplitude compared
ot [kg/m3/y]  -0.0094 0.0005 0.0009 0.0003 to that of the seasonal cycle. The salinity of the top and in-

termediate layers drops in December—January for most years,

as a result of advection, and then increase quickly due to con-

weaker in the bottom layer, where observations are also les¥ection (February-March).

dense. The salinity in the top layer shows an important interan-
Tablel shows a non-significant warming in the top and in- nual variability compared to the seasonal one, and no signif-

termediate layers. For the bottom layer, however, the warmicant trend. The variability in the intermediate layer is less

ing of 0.012°Clyear is significant and results in a warm- than in the top layer (smaller std).

ing trend for the mean temperature of the whole column The deep layer is getting saltier at a significant rate of

above 2000 m of 0.013C/year, comparable to the trend of 0.0043 psulyear, close to the trend of 0.003 psu/year ob-

0.011°Clyear obtained byopez-Jurado et a(2009 below  served bylLopez-Jurado et al(2005 and to the trend of

600 m in the Balearic Sea. We also find that this trend is0.0022 psu/year observed at Dyfamed at 2000 niMViayty

not followed in the deep layer in December 2004, as theyand Chiaverin(2010. They also found a small decrease of

WWw.ocean-sci.net/6/573/2010/ Ocean Sci., 6, 5B88-2010
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Fig. 5. Salinity from Dyfamed for the 0—100 m (top), the 100—400 m (middle), the 400—2000 m (bottom, green) and the 0—2000 m (bottom,
black) layers. For each plot, the corresponding thick line joins the interpolated values for the 1 December of each year between 1995 and
2004.

the salinity in summer 2005 that we do not observe at the Dy4ayer is getting warmer and saltier, and yet denser hence the
famed site and that could be due to cascading. The deep trereffect of the salinity on the density predominates. The trends
results in a significant salinification trend of 0.0041 psu/yearobserved in the deep layer for temperature, salinity and den-
in average for the whole water column between the surfacesity are similar to that observed hppez-Jurado et a{2005

and 2000 m. in the Balearic Sea, hence we conclude that they are due to
basin scale changes. The trend observed in density of the
3.3 Density deep layer does not result in a significant trend for the whole

column, whose variability is dominated by that of the top and

Figure 6 shows the evolution of the potential density from Intermediate layers. . _ o
Dyfamed, following the same format as previously. Table Figure6 shows that the potential density at the beginning

contains the values of the means, standard deviations an@f December increased by about 0.4 kd/im the top layer
trends for all thick lines. over the period 2004-2006, and by about 0.05 Kgifmthe

|intermediate layer over the period 2003—20D6pez-Jurado

The potential density of the top layer exhibits a seasona ) .
cycle with maxima in density occurring in January/February, ft atI). (lzoozo%bse_rv?g aré |r|1crgas§ of E)h? denS|]Ey||0£ér(1)i wa;j
when surface heat loss is strongest, and minima in late sums—irmrig’vzoos rgf '8 Osekg/gnezr;:osgileesc\?(leergioawould bzn
ly fall t f heating. In the int iat . : 4 . .
mer/early fall, due to surface heating. In the intermedia ethat the intense convection of winter 2004—2005 in the Gulf

layer, for most years, the density minimum occurs in Decem-

ber or January. This is consistent with the December maxi-Of Lion transferred the increased density to the deep water,

mum in the stratification observed in the Dyfamed and MedarWhIIe it did not durlng the previous mild winters. Hence the
crease of the density of the deep water would be due to that

records. Indeed, if we consider a constant density at a giveﬁn

depth, an increase in density above will lead to a smaller gra-Of the top and intermediate waters before convection rather

dient, hence a weaker stratification; a lower density abovethan to the high buoyancy fluxes that only increased the rate

will lead to a stronger stratification. of tran_sfer of p_ropert|es to t_he deep Water._ The increase of
. o . . potential density observed in the top and intermediate lay-
The potential density in the top and intermediate layers

- - ~ers for winters 2004—-2005 is due to both an increase of the
does not show significant trends over the 199_5—2004 perlodSalinity and a decrease of the temperature.
However, the deep layer appears to be getting denser at a

significant but slow rate of 9 10~4 (kg/m®)/year. The deep

Ocean Sci., 6, 57%86, 2010 Www.ocean-sci.net/6/573/2010/
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Fig. 6. Potential density from Dyfamed for the 0—100 m (top), the 100—400 m (middle), the 400—2000 m (bottom, green) and the 0—2000 m
(bottom, black) layers. For each plot, the corresponding thick line joins the interpolated values for the 1 December of each year between
1995 and 2004.

3.4 Stratification ification was quite weakSchroeder et gl2010. Summer
heating did not lead to a stratification in the top layer as high

For each layer, FigZ shows the vertical buoyancy gradients as in the previous years, and the winter maximum in the in-
N2, NtZEmp and N52a| for all Dyfamed profiles between 1994 termediatg Iayervyas lower than in thq two previoqs years. In
and 2006. The summer maxima of stratification for the topthe following section we further examine the relative impor-
layer and the winter maxima for the intermediate layer aretance of preconditioning on convection.
joined by thick pink lines.

The maximum ofN2, varies from year to year, as does
the date at which it is reached (although we are limited in4 Importance of preconditioning in setting the convec-
our analysis by the frequency at which the profiles have been tive mixed layer depth
obtained). N2, reaches its annual maximum in late summer
in the top layer, and in winter in the intermediate layer. While 4.1  Buoyancy fluxes
the surface annual maximum in stratification is due to surface

radiative heating, the intermediate winter maximum is ||ke|y The buoyancy fluxes are calculated from Ncaﬂ)a(sha”

to be of advective origin. and Schott1999:
The interannual variability of the winter maximum of the
intermediate layer presents striking similarities with the po- , g (s
tential density between 2000 and 2005. The stratification” ~ o, aHJ”O 0PsS(E = P) )

in the intermediate layer increases over the 2000-2003 pe-

riod, while the potential density decreases. Between Decemyhere H is the total heat flux in W// i.e. the sum of the

ber 2002 and December 2004, the density increase coincidagtent, sensible and radiative (long- and short-wave) fluxes,

with a decrease of the stratification. As the denSity of the in'E is the evaporation in m/sP is the precipitation in m/sy

termediate layer increases, it gets closer to the density of thgg £ — p is the net freshwater flux out of the ocean. The

water just below, hence decreasing the vertical gradient angther parameters are constant and defined in T2bl&he

leading to a water column that can be eroded more easily. values used are typical of the surface Mediterranean Sea. We
Convection in winter 2004—2005 was very intense not onlyuse precipitation data from NCEP while the evaporation is

because of very high air-sea fluxes but also because the stratalculated from the NCEP latent heat flux.

WWWw.ocean-sci.net/6/573/2010/ Ocean Sci., 6, 5B88-2010
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Fig. 7. Depth averaged vertical buoyancy gradients for the top, intermediate and bottom layers from the Dyfamed data set.

Table 2. Definition and value of the parameters used in the surfaceIOSS coincide both with strong heat loss and net evaporation,
buoyancy flux calculations. because both latent heat and freshwater fluxes are strongly

linked to the evaporation.
Figure8 also shows the average 1960-2004 winter buoy-

Symbol  Definition Value :

ancy fluxes. The dashed blue lines show the mean plus or
g acceleration due to gravity 9.821f/s minus a standard deviation. The mean corresponds to a heat
po  constant reference density 1003'@“1” flux of 108.9 W/n?, and the standard deviation to 32.8 W/m
g thermal expansion coefficient . 10" K™~ There are no trends in the winter surface buoyancy fluxes, so
cw  heatcapacity of water 3900 Jkg/K the warming trend observed in the deep water either results
Ps haline contraction coefficient = .@x 10 "K from a change in summer surface buoyancy fluxes, or from
S surface salinity (taken constant) .38

a larger scale hydrographic change in the Mediterranean.
There were a few intense winters in the 1960s (1962—-1963,
_ 1964-1965, 1967-1968 and 1969-1970) during which con-
We can decompose the buoyancy flk= Bi+ Bs. BriS  yection was observed bIEDOC-Group(1970. Winter

the thermal component of the buoyancy flux: 1970-1971 was the last one of a series of intense winters
B 8% 3 after which the winter buoyancy flux does not exceed the
Y= oo cw 3 mean plus a standard deviation, until winter 2004—2005. In

fact, we see that the winter buoyancy flux increases between
2000-2001 and 2004-2005, when it reaches a peak higher
Bs=gPBsS(E —P) (4) than observed in the previous 50 years.

and Bs its haline component:

Figure 8 shows the mean buoyancy forcing for the winter 4.2 Method

period, between the 1 December and the 31 March of the next

year, at (3.75E, 42.86 N). We consider a constant surface In the following, we neglect the lateral buoyancy fluxes dur-
salinity to calculate the haline part of the buoyancy fluxes,ing convection, which limit the deepening of the mixed layer
which leads to a small error when calculatiBg As Bs < and consider convection as a 1-D process during which 100%
By, this error can be neglected. Periods of strong buoyancyf the surface buoyancy flux is used to deepen the mixed
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(Bt~ Bs BB Table 3. Mean and standard deviation (std) for the winter integrated
: ; : ‘ : : buoyancy fluxes (BF) and for the buoyancy flux necessary to reach

! ! 200 o~
x _ 10[ p)/ £
EF A A AL A 150 2 depths of 100, 500 and 2000 m, for a winter starting on the 1 De-
T v e ) B
- N 5
B e e B s wati it BF  100m  500m 2000m

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
fime (years) mean (M/s?) —0.637 —0.294 —0.696 —0.817
std (?/s?) 0192 0.101 0.182  0.197

Fig. 8. Mean winter buoyancy fluxes (black) over time (years in-

dicated are the ones in which the winter star®),(red) andBs

(green). The blue line shows the average winter buoyancy fluxesop layer, to an extent that depends on the magnitude of the
whille tlhe dashed blue lines show the mean plus or minus a standargrface buoyancy loss, hence facilitating convection. On the
deviation. other hand, advection leads to a maximum in the stratifica-
tion of the intermediate layer that has a tendency to inhibit

convection. The importance of the December stratification

layer. The buoyancy flux necessary to reach a déptan . . o T .
then be defined as the change of buoyancy between a strafifaximum is shown by the significant similarities between its
interannual variability (Fig7) and the December curves for

fied and a partly mixed profile in which the mixed layer has ABC, due to the fact that the calculation performed here is

the same density as its base: equivalent to running a 1-D model on the chosen Dyfamed
¢ [° profile.
ABC= o0/, (p(h,1) = p(z,1 =0))dz () The relative magnitude of BF on Fig.9 compared to
© ABC allows us to estimate the expected final mixed layer
where p the potential densitypg = 1000kg/n? (as in the  depth for one particular winter, in a 1-D framework. For in-
buoyancy fluxes calculation) aridlthe mixed layer depth. stance, if we consider the bottom plot corresponding to an

Note that asABC refers to a change in buoyancy content, it initialisation at the beginning of December, we expect shal-
has the same units as a buoyancy flux integrated over time. low convection in winters 1995-1996, 1996-1997 and 1997—

The choice of initial time to defing(z,7 =0) is critical, =~ 1998 to about 200m, while the next winters were proba-
hence we initialise the calculation on different density pro- bly more intense, with an expected final mixed layer depth
files corresponding to the 1 September, October, Novembe®f 1500m for winter 1998-1999, and an intense convec-
and December. An initial profile for December, for example, tion reaching deeper than 2000 m in winters 1999-2000 and
is obtained by averaging da”y interpo|ated Dyfamed pr0f||e52000—2001 Convection in the next three winters seems to
between the 15 November and the 15 December. have been rather weak, with mixed layer depths shallower

We can then compar&BC with the NCEP surface buoy- than 400m. Even an average { std) winter would lead to
ancy fluxes integrated between the chosen initial date ang900 m winter mixing in 1996, 1999, 2000 and 2004, while

the end of March, that we will refer to g&BF, to assess the & Very severe winter( 2 std) would be necessary to cause
importance of preconditioning on convection relative to the 2000 m deep convection in 1997, 2002 and 2003. Thus the

surface buoyancy fluxes. depth of winter mixing is strongly dependent on the pre-
conditioning. The massive deep water formation event in
4.3 Importance of preconditioning relative to buoyancy =~ 2004-2005 was caused both by the low pre-winter stratifi-
fluxes cation and by the extreme winter buoyancy loss. Even a nor-
mal winter would have led to 2000 m deep convection, so the
Figure 9 shows ABC for different values of mixed layer water column was preconditioned for deep water formation.
depthh and [BF in units of integrated buoyancy flux and The severe winter buoyancy loss in 2004—2005 thus led to
equivalent winter integrated heat flux in2\M¥/m? day (right ~ widespread deep water formation away from the Medoc re-
axis). An integrated heat flux 6£100x 10° W/m?day cor-  gion (Smith et al, 2008 and resulted in a huge volume of
responds to 100 days at a heat fluxdf00 W/n? or 10 days  new deep waterSchroeder et 312008.
at—1000 W/n¥. Table 3 shows the 1995-2004 means and standard devi-
First note that deep convection requires more buoyancyations for the winter integrated buoyancy fluxes and for the
flux to deepen in December than in fall, which goes againstbuoyancy flux necessary to reach some of the depth levels,
the concept of preconditioning. For example, in 2003, a heatonsidering a winter starting on the 1 December, both in
loss of less than 200 WAwlay is needed to reach deep con- terms of buoyancy and equivalent heat fluxes. The standard
vection in September, while a heat loss of 240-250\day  deviation (std) is used as a proxy for the variability. The win-
is needed in November/December. On the one hand, the falier integrated surface buoyancy loss has a variability simi-
surface buoyancy loss acts to reduce the stratification in théar to, although slightly smaller than, the variability of the
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Fig. 9. Buoyancy fluxes that would be necessary to have a convective mixed layer of déptindfctual integrated buoyancy fluxes (thick
black line) for each winter.

amount of buoyancy necessary for the mixed layer depth taised to deepen the mixed layer, an average winter does not
reach 2000m. Hence we can conclude that, under the adead to a convective mixed layer deeper than 500 m at the
sumption that the interannual variability at the Dyfamed site Dyfamed site. If the winter integrated buoyancy flux and the
is representative of preconditioning at Medoc, the interan-stratification at the start of winter are independent then the
nual variability of the surface buoyancy loss and that of theprobability of convection reaching a given depth may be cal-
preconditioning have an effect of similar magnitude on theculated as follows. We consider the difference between the
final convective depth. As seen previously, most of the buoy-winter integrated buoyancy fluXgr and the buoyancy nec-
ancy loss required for convection to reach 2000 m is actuallyessary for the mixed layer to reach a depttwhich we call
used to deepen the mixed layer down to 500 m, which is alsaX,,. If Xgr — X, is a random quantity that follows a normal
reflected in the std — most of the interannual variability is distribution, we can estimate the probability that the mixed
due to the intermediate layer. The LIW acts as a strong barfayer reaches that depth, i.e. theigr — X, < 0. Table4

rier against convection, hence its variability has an importantshows the mean, and std ¥gg — X, for /=500, 2000 m and
impact on the convective process. the probability that convection reachies We find that only

Table3 also shows that, even in a 1-D framework in which 31% of winters are expected to lead to deep water formation.
all the potential energy gained by surface buoyancy loss is
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38.57 ‘/f&‘\rwg,\; Table 4. Mean, std ofXgg — X, for k=500, 2000 m, and probability
. 3856} T ] that convection reaches that depth assumingXigt— X, follows
= a normal distribution.

5 38.55(
B4 October November December‘i XBF—Xj h=500m  7=2000m
300 350 400 450 500 550 mean (n%/sz) 0.010 0.130
Depth [m] std (n?/s?) 0.242 0.266
probability 48% 31%

Fig. 10. Climatological Dyfamed salinity profile in the intermediate

layer for October, November and December.
Astraldi et al.(1990 found, from observations collected

during 1986-1987, that the flow through the Corsica Chan-
nel increased suddenly in DecembeAstraldi and Gas-
parini (1992 explained this increase by the local circulation:
the West Corsican Current, that flows on the northwestern
i side of Corsica, shows little seasonal variability while the
Tyrrhenian Current only crosses the Corsica Channel during
| | the cold season. The winter intensification of the transport
ﬂ d |iﬂ H ﬂ m H | H through the Corsica Channel was confirmed\bgnudelli
il H i H_,,,,,, HEUIHJHHD HHHID_H 1L H[H Hlﬂ HH HH H et al.(1999 andGasparini et al2008, based on longer time
series. Figurd1 shows this seasonal transport between win-
sl ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ter 1993-1994 and 2004-2005. It presents similarities with
e WE 0 R T 9w e mm meoEm 2 the interannual variability observed in the December strati-
fication maximum in the intermediate layer (Fig. Both
the transport and the magnitude of the maximum decrease
Fig. 11. Evolution of the transport through the Corsica Strait. Each petween 1994 and 1995. The low maximum in 2000 cor-
bar corresponds to a transport averaged over 3 months. Black baggsponds with particularly low transport. However, there are
indicate the winter transport while the.w‘hlte bars give the sprlng,years when the two time series differ, as in 2001, when we do
summer and fall transports. FraBasparini et al(2008. not see a very high maximum while the transport was partic-
ularly high. These differences could be due to the variability
i ) _ . of the salinity content advected by the Tyrrhenian Current.
Note that two key assumptions led to this estimate. Firsty;qreqver, the winter transport shown here is an average over
the Dyfamed site was considered representative of precondig, e months, that might hide transport maxima in winter.
tlpnmg fat Mgdoc, but dynamic precondltlonlng (e.g. cyclonic Astraldi et al.(1990 also studied the characteristics of the
circulation) is expected _to make the Medo_c site more unStaTntermediate layer and found that, in winter, it was warmer,
ble. Secondly, we consider a 1-D convection Process. In th altier and more buoyant east than west of Corsica. The strat-
real ocean, lateral buoyancy fluxes due to baroclinic |nstab|l—ification maximum is also found to be associated with an in-
?ty limit the mixgd layer depth by injecting stratified water creased salinity and temperature (Fig8and3), leading to
into the convective patch. a more buoyant intermediate layer (F&). This leads us
to conclude that the stratification maximum is due to water
advected from the Tyrrhenian Sea, that only reaches the Lig-
5 Causes of the December stratification maximum urian Sea in December.

-
T

Sv (1P mi¥s)

o
3]

o

Figure 10 shows salinity profiles around the salinity max-

imum, which is deeper and of slightly larger amplitude in 6 Correlation between the buoyancy fluxes and the
December than in the two previous months. Itis also fresher WMDW composition

above 300 m in December, as indicated by BigThe com-

bined effect of surface freshening and salinity increase in thaMe performed correlation tests between the NCEP surface
intermediate layer leads to a higher salinity gradient and arbuoyancy fluxes and the temperature and salinity of the deep
increased stratification in December. Fig@rghows that, al- water as measured [B€éthoux et al(1998 in the Algero-
though the stratification of the intermediate layer is mostly Provencal basin between 2000 m and 2700 m during 1959—
due to the salinity structure, the temperature also contributed997 (courtesy of Bthoux), in order to study whether the
to the increase of the stratification through a warming of thevariability in buoyancy fluxes can affect the composition of
LIW layer (Fig.4). the deep water formed.
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Table 5. Correlation tests between NCEP buoyancy fluxes andl the intermediate layer is found to reach a maximum in
WMDW T andS. The number in brackets is the probability of get- December, likely due to the Tyrrhenian Current crossing the

ting a correlation as large as the observed value by random chanc&QrSica Strait qnly in winter. The intergnnual variability Qf
A very low probability means that the correlation is significant. ~ this maximum is shown to be closely linked to the density

in the intermediate layer. In a 1-D framework, we find that
o« AT BAS ABi ABs hydrographic preconditioning is as important as the winter
buoyancy fluxes in setting the convective mixed layer depth.
Particularly, it was found that even a normal winter would
have lead to deep convection in 2004—2005 due to precon-
0.56 (0.00) ditioning. The severe winter thus led to the formation of a
massive amount of new deep wat8chroeder et g12008.
Interannual variability at the Dyfamed site indicates that
, most of the variability in heat and salt contents is due to the
For each year, we decompose the winter averaged (Degyp, and intermediate layers. This large year to year variabil-
cember to March inclusive) buoyancy fluxBs and Bt into iy may hide trends that are not apparent yet due to the length
Bs(yeap = B+ ABi(yean and Bs(yea) = Bs+ ABs(Yeah g the data set (10 years). However, temperature and salinity
where the overbar denotes the average over winters fromy, \he deep layer follow an increasing trend similar to that ob-
1960-1961 to 2003-2004. served by opez-Jurado et a{2005, thought to be linked to
The deep water data are interpolated to obtain its temperpsin scale changes. We have shown here that they coincide
ature and salinity in September of the next year. We can deyith colder, saltier and denser top and intermediate layers at
compose the value for each yearlagean =7+ AT (yeap the Dyfamed site.
andS(yean =S+ AS(yean. Correlation tests between the winter surface fluxes and the
Table 5 contains the correlation coefficients between properties of the deep water formed by convection show that
aAT, BAS, ABr and ABs, wherea and g are the ther-  {he temperature and salinity are set by hydrographic precon-
mal and haline expansion coefficients in the equation of stategitioning. As the winter buoyancy fluxes are largely domi-
aAT andBAS are good approximations to the variation in pated by the heat fluxes, the salinity of the deep water formed
density due to changes of temperature and saliti: and s mostly set by the salt content of the water column before
ABs are proportional to changes in surface density due toconyection, while its temperature results from a combination
surface heat and freshwater fluxes. There is an importanf the initial heat content and the surface heat fluxes.
correlation between the variations in temperature and salin- These results support the description of convection as a
ity, due to density compensation. The correlation betweeryrocess that transfers properties from the top and intermedi-
Bs and By is due to the latent heat flux dominating the ther- ate |ayers into the deep layer, with a rate of transfer for which
mal part of the buoyancy fluxes. Hendgs and By are both  tne final convective mixed layer depth is a proxy that depends

correlated to the evaporation. both on the surface heat fluxes and on the preconditioning.
There is a significant correlation betweenT and A Bz,

but none betweeAA S andA Bs, because; > Bs, as shown  AcknowledgementsThe data used in this study were made
on Fig.8. It confirms that the salinity variations only follow available by the Laboratoire d’@anographie de Villefranche
the temperature ones (density compensation), as also emphéyfamed), the Medar network, NCEP and Jean-PiergehBux.
sised by the good correlation betwe@n S and A B;. Funding was provided by the NOC, Southampton, the NERC
The poor correlation betweehn S and A Bs explains the Strategic Research Division, the National Marine Facilities Divi-

. o AT AB sion, NERC grant Oceans 2025 and NERC grant NE/B505911/1.
poor correlation between the ra“%S and ABs (0.018), We would like to thank Gwyn Griffiths and Pierre Testor for useful

and leads us to conclude that the ra§ib must be set by the  suggestions and discussions.
pre-convection heat and salt contents. Hence, the variabil-

ity of preconditioning must be responsible for the variability Edited by: K. J. Heywood

of the deep water T/S, unless cascading is important. The

lateral buoyancy fluxes occurring during convection are not

expected to change this conclusion as the water they imporgeferences

into the convective patch is similar to the preconditioned wa-
ter.

a AT

BAS 0.97 (0.00)

A Bt 0.36 (0.02) 0.38 (0.01)
ABs —0.03(0.82) —0.04 (0.83)
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