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During 1980, six cxperimcnls, one cvcry Iwo months wcrc made, to quanlify the yearl)' cycle 
of hea! flux al the water-scdirncnt interface. TemperalUre mcasuremcnts wcrc takcn al rive 
levels in a homogcncous zone of silly sediments and very shallow watc r, 1 m as a maximum in 
the northcrn part of the Lagoon of Vcnicc. This dcplh is characlcrislic of 80 % of the whole 
lagoon surface. T he IOlal excursion of the tcmpcralurc dccreases as the depth increascs. A 
pe netration depth of 230 cm and a phase lag bctween maxima of the te mperature al various 
levels are observed and confirmed from typical values of thermal diffusivi ty for silly muds. 
The ene rgy storcd in the water from late winter to late summer is about 2 x loJ cal cm- 2, 

whilc, in the same period, the energy stored in the sediment down to the penetration depth is 
about 1.7 x cal cm- 2• Thc theoretical value of energy stored in the whole sediment is 
2.1 x 10-1 ca l cm- l . 

Simple eaJculalions bascd on our a5Sumcd conduetivi ty of si lty mud, indicalc Ihat the heat flu x 
through the wate r-scdime nt interface is on the order of 1O- ~ cal em- 2 sec. -l , that is 1110 of the 
an nuai excursion of the incident solar flux , at Venice's latitude. A very rough comparison with 
othe r fluxes in the heat balance equation , indicates Ihat the flux at the water·sediment 
interface is nOI negligible. 

Ocearwl. ACfII. 19H2, l'roceedi ngs International Symposium on coastal lagoons, 
SCOR/IABOfUNESCO , Bordeaux. France . 8· 14 Scplembcr, 1981, 21·28. 

Variations saisonnières du flux de cha leur à travers l'interface eau-sédiment dans 
des lagunes peu profondes 

Durant l'année 1980, sil( expériences Ont été effectuées, à raison d'une tous les deux mois , 
s'efforçant de quantifier le cycle annuel du flux de chaleur à travers les interfaces eau­
sédiment. Des mesures de température ont été réalisées à 5 niveaux , dans une zone homogène 
d'argile silteuse ct à très faible profondeur : 1 m d'eau environ , dans la partie nord de la lagune 
de Venise. Celle profondeur maximale est celle de 80 % de la surface de la lagune. 
On observe une diminution de la températu re avec la profondeur, une profondeur de 
pénétration de 230 cm CI une distorsion entre les maxima de température à différents niveaux. 
Ces valeurs sont confirmées par les valeurs types de diffusion thermique des argiles silleuses. 
L'énergie emmagasinée dans l'cau de l'hiver à l'été suivant , avoisine 2 X!oJ cal cm-l , alors 
que durant la même période I"énergie stockée dans le sédiment jusqu'à la profondeur de 
pénétralion est d'environ 1.7 )( IO- l cal cm- 2. La valeur théorique de l'énergie emmagasi née 
dans l'ensemble du sédiment est de 2.1 x 10-1 cal cm - 2. 
Des caleu ls simples, basés sur notre hypot hèse de conductivité de l'argile silleuse. montrent 
que le flux de chalcur à travers l' interface eau·sédiment , est de l'ordre de 10- ' cal cm- 2 sec. - l, 

c'est·à-dire 1110" du flux solaire annuel correspondant , à la lati tude de Ve nise . Une 
comparaison très approximative avcc d'autres nux dans l'équation du bilan de cha leur, montre 
que le flux de chaleur à l' interface eau·sédi ment n'est pas négligeable. 

Oceallol. A CIa. 1982. ACles Symposium International sur les lagunes côtiè res, 
SCORlIABO/UNESCO . Bordeaux . 8· 14 septembrc 1981. 21 -28. 
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L B,A.ntSTON e l BI. 

INTRODUCIl QN 
The Vcnicc Lagoon is a well- known hydrological system of 
channels and nats conncctcd wit h the AdriatÎC Sea by thrce 
in lels (Fig. 1). Our paper dcseribes Ihe heal exchanges of 
Ihis system with its underlying sedimenls. Il is a matter of 
fa et Ihal \'ery little i5 known (rom this point of view about 
the Lagoon of Vcnice and this is a cont ribution 10 improvc 
our knowlcdge in this field . From the poin! of vicw of 
thermal cxchanges, the lagoon sySlcm interacts wi th the sea 
through the water excha nge during the tidal cycle , with the 
atmosphcre through back radiation, cvaporation, sensible 
heat exchangc and, as we shall see laler, on conductive 
cxc hangcs with the bottom sedimcnt. 
We have a numbcr of data from our field studie5 in the 

..... .; "._ . 
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ligure. 1 

lagoon which show that thc c(fo.:ct of the scmidiurnal tide on 
water tempcrature is prcvailing in the deep channel5 (10 m 
deplh) in direct communicat ion wit h the sea, and where 
current vcJocii ies are greater ; the effeci of salar cycle 
prevails in the shallow nats (1 m depth), bccoming larger 
when farther from the inlcl5 and ehannels, This effect is 
gTeateT in summer than in winter. 
ln particulaT, the data of Octobcr 1976 from Ihe San Felice 
channel (Arcari el al., 1978 a) ncar point 2 of Figure 2 show 
Ihat Ihe tempcrature has a se midiurnal pcriod and is in 
phase with the tide for the whole depth. The data of 
June 1977 fro m the MaJa mocco Channel (Arcari el af. , 1978 
b) and of July 1979 from the San Felice channel, in points 1-
2-) of Figure 2, show a more complcx bchaviour of the 

, , 

Gt/re'lll schtm#/ic pictu" of Ih, Vt/lict IAgoon. T~ ZQ/ltS I/Isidt lM 'tckll/glts lirt rtsptclwtly rtproduud. I~ kfi in Figurt 4 Ilnd Iht 
Tighl O/lt 1/1 f"igUft 2. 

Figure 2 
LocaiiOlI of mtasurtmt/l/S. rndu;altd k/lh (III (lf/tnsk. d"'lIIg. poIl'. campaigns. 1. 2. ] a/ld 4 . .s. 6. 7art Iht mtaSIUtmtlll poimsaflht 1976 and 
/979 /Wld s/IId,ts ftsptcl; .,tly. 
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A YEAR-CYCLE EXPERIMENT IN THE VENICE LAGOON 
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!-Igure 3 
l'oin/$ A. 8. C, D, E, F and {~ o~ indicu{('d br {~ rr.a~ " San NicolQ " art' Iht ~as"ring poinu during lM Jitld s fUdr of 1977 in Iht 
Mulanr«CO clUlIIl!tl, st(' Arcari ct al .. 1978 b. 

temperature. In the Malamocco channel the temperaru re 
measured in three points A , 8 , C near the inlet (Fig. 3) has 
almost a 12 hour pcriod, but i5 in opposition to the tide 
phase (Fig. 4). In the San Felice ehannel which i5 less deep 
than the preceding one , the mea5uring points were Carther 
apart from each other and farther from the Lido inlet. Herc 
the temperaturc seems to have a bchaviour which is the 
result of a diurnal and a semidiumal period (Fig. 5). 
The diurnal, or solar compone nt, is prevailing passing from 
point 1 tO point 3 toward the inner part of the lagoon . At 
point 1 the tempcraturc has IWO maxima corresponding to 
the ahernoon low tide and another allenuated maximum in 
bctween. At points 2 and 3, the two principal maxima arc 
very pronounced and the smal1cst maximum bccomes a 
minimum. Near the principal maxima of point 1 the tempe· 
rature is in opposition to the tide phase as in the Malamocco 
channel. Considering now the inner points 4, 5, 6, 7 of Fi· 
gu re 2, where the influence of the channel is very reduc· 
cd , the lemperature has a diurnal pcriod (Fig. 6). The tide· 
water temperaturc phase relation in opposite seasons, 
winter and summer, bccomcs more evident at the inlets 
(Arcari ~I al., 1978 band cl. Il is very evident here thal the 

waler tempcrature IS ln phase with tide in winter (Fig. 7) 
and in opposition of the phase in summer (Fig. 8). This ean 
Ile condensed saying that on the mean . the water of the 
lagoon is colder in winter and warmcr in summer than the 
water of the sea. 

A FIRST APPROX IMATION 

Wc have shown some examples of the aetual bchaviour of 
waler temperature in various locations of the lagoon, 
channels and flat s and at different time scales. This bcha· 
viour can bc organized in the following first approximation 
scheme. While in the channels the lempcrature depends on 
the tidal mechanism , the very shallow zones show a 
tempcratu re bchaviour esscntially delermined by the solar 
cy!-=le. Thercfore the mean tempcraturc in the vertical of 
such a layer of water has a yea rly cycle wÎlh ils maximum in 
hile summe r and minimum in wintcr. Superimposcd to Ihis 
cycle are diurnal fluctuations , which arc , in general, more 
regular and with greater amplitude in summer , whcn the 
solar heating is maximum. 
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&Iw~iour of /tmpuafUre allhru lt.,tU in point C of Figu"'- during 
a lidal cyclt. 
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Figure 6 
The btlull'iour oflemptrul/l.rt lU poinu 4, 5, 6. 7 of Figure 1. c~/lrly shows Il di/mlQl cyc~, 
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Figure 7 
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A YEAR.çYCLE EXPERIMENT IN THE VENICE LAGOON 

Table 1 
M~an wmpnalurrlf in ·C lak~n al l'arious ~I'~ls during lM year. Now lM Jlrong wmfNratu~ gradit'nl$. 

Sedimenl lempcralure5. 1980 

January March 
<m 3rd dccadc (1) 3rd deeade 

I..A:vc l 1 (- 20) 6.' , 
" (- 10) 7 9.5 

'" (- 120) 8 10 
IV (- 170) 9.3 " V (- 220) 10.5 11.7 

(1) The monlh being divided inlo Ihrce dccadcs. 

We ca n say that the situation of the shallow zones tends 10 
that of a salt y lake with the same depth of water, when the 
cxchanges with the sea become negligiblc. In the actual 
situation, sca water with its own characteristics enters the 
lagoon through the channels , interacts with water of the 
surrounding flats, then gocs back tO thc sea in a modified 
state. But the point is that this intcraction is not due to the 
tidal advection, as is deducible hom the diurnal and not 
tidal behaviour of temperature , it is Înstead a horizontal 
turbulent diffusion mcehanism (Ban iston et al., 1980) which 
acts on a mueh longer seale of time, that is on a seasonal 
one. So that in general wc can separate in these zones 
proccsscs of heating and cooling whieh aet on a diurnal seale 
of time and are esscntialty local and proccsscs which 
involves the interaction whith the sea and arc seasona l. In 
this paper wc a rc dcaling with the latter. 
The tota l yearly thermal excursion in thcse inner zones is 
about 2Q.2S oC, that is appreciably greater than the corres­
ponding va lue for the CNR platform in the Adriatic Sea 
(CN R stands for the National Research Couneil), roughly 
15 km offshore where the depth is - 16 m. In faet here the 
wintcr lemperature, constant with dcpth, is about 10 °C and 
the July thermocline gocs typically from 15 oC al the boUom 
to 2S ·C al Ihe surface. The difference bclween these 
the rmal excursions appears thus strongly re[ated to the 
presence of the shallow areas in the lagoon. Wc have 
proposed that the bottom in contact with these shallow 
layefS is an important fa ctor in their temperature excursion 
on a seasonal time seale. 

TH E 1980-1981 PO LE EXPERIM EI'IT 

To quantify the interaction of the lagoon water wit h the 
bollom, wc made during 1980 and al50 during 1981, 2 series 
of measurcmenlS. the last of them still in elaboration. Wc 
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Figure 9 

May luly Seplembcr Dcccmlx:r 
3rd deeade 3rd dccadc 3rd dccadc ISI dccade 

, 

17 23.5 23.3 7 
lB 21.5 22.7 9.2 
14.2 20 21.7 " 13.7 18.5 21.5 14.5 
13 19.5 19.5 15.7 

have measurcd the temperatu rc of bottom sedimems during 
a 3-4 day period at regular two month intervals during onc 
yea r in a typical shallow area which is eallcd Valle Cà Zane 
(sec asterisk, righthand side of Fig. 2). For this purpose the 
" measurement team " of our institute, which carried OUI ail 
the field measuremenlS previously mentioned, construeted a 
polypropylcne tube , 3.5 m long and 8 mm thick with a 
60 mm diameler. On the exle rnal surface, housings were 
made for the the rmistors (Fenwal Eleetronik 2381 h 88/uua 
4151 Unicurve 10 k - 25 oC -0.2 GC). The six thermistors, 
spaccd evcry 50 cm along the tube , have been protected by 
a PVC bar with lillie holes for each thermistor to allain the 
bcst thermal contact with the sediment and the bcSI 
protection. 
The smooth internai and external surfaces of the tube and 
the obli<lue eut of the penet ration end , made both the 
penetrat ion and the ext raction in the bottom sediments easy 
wit hout the aid of any special mea ns. 
When the pole is immersed, the highcst sc nsor is at an 
average of 20-30 cm under the wale r-sediment interface. 
During ail thesc field studies the wale r tempe rature , its 
salinity. the relative humidilY of the air and its temperalure 
are measured. 
From temperature data records at the 5 levels in the 
sediments from - 30 to - 230 cm, il is possible to estimate 
the 3·4 11ay average tempcrature as a fu nction of depth 
eve ry two mont hs (Table 1). The first level is nearest the 
waler·sediment interface . 
From these data it is possible to obtain Figure 9, in which a 
tentative temporal evolution of temperature at various 
levels is dcscribed. The various curves show an amplitude 
attenuation and a phase lag with depth. Duc to the limited 
number of data of the first cycle, thesc curves arc only a first 
approximation of the two parameters. Il should bc noted 
that the fi rst thrce curves of Figure 9 show a very large 
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Typicu/ bdzuviol/r of rlll: s('dim('111 ''''''/lera'llre al "orlolls le,'els. This cuse of j days dllrjng December 1980 fo/ls wilhill a period dlllrUClerited br a 
sIIddell drop ;'1 air I('mperarllre. Srfflng lemperOllm: grodü!/IIS ore presem. 

tempe rature variation bctween Septembc r (3rd decade) and 
Deccmbcr (Ist decade). This is due to the large thermal 
gradient whîch is present in this period of 1980 in the upper 
half of the sediment (Fig. 10). This can bc relatcd to a 
dccrcasc În tcmpcraturc, whieh starts (rom Icvcl 1 and 
pe netrates to the leve ls underneath. 
ln gc ncral , any sudden change in atmospheric cond itions 
generates rapid variations in the energy fluxes at the ai r­
watcr and water-scdimcnt interfaces , and then rapid varia­
tions in the sed iment tempcratures at various levels. Thcse 
changes arc described here as fluctuat ions with respect to a 
mean sinusoidal bchaviour. If we neglect these fluctuations , 
wc arc left with a sinusoidal behaviour and with this 
approximmion we shall investigate the phenome non. 

T H E HEAT FLUX 

The bouom sedi ment is nearly homogeneous for almost ail 
of the lagoon, espceially in the nonhern part , and here it ls 
eomprised of a silty-day. very poorly compacted and with a 
large water content (Ricceri , Butterficld. 1974 ; Neglia , 
1971-1972; Barillari . Rosso , 1975). 
ln regard to heat trans!X)n, wc assume that the sediment has 
the following eharacterislics: 
density p = 2 g cm - J 

specifie heat c = 0.37 cal g- I "C- I 
thermal conductivity k = 3.77 1O- l cal cm - 1 sec. - 1"C-l 
thcrmal diffusivity X = 0.51 10- 2 cm2 see. - l , 

for a water content of 40 % (Monteith, 1973). 
With these values . ..... e can calculate the average heat flux 

Table 2 

from the first level to the second one , assumed !X)sitive 
downward. These are summarizcd in Table 2. 
Assuming a sinusoidal bchaviour for the flux at the water 
sediment interfa ce, ~'" sin M , the tempcralUre in the 
sediment al dcplh l i is: 
T(Z;, t) '" ($"'ô/k) sin (wt-'lI"/4- z/ôVz). exp(-z/ôv'Z), 
where Ill'" 2 X 10-7 rad sec. - 1 is the yearly frcquency 
ô '" ~ = 160 cm. 
and d '" ôVz = 230 cm is the so-ea lled penet ration depth. 
From this relation one obtains a phase lag 
o:p '" .6.zJô\( }::z 0.88 radians, or 1 month and a half bctween 
level 1 and lcvel V. This is in good agreement with the value 
we deduec from the intersection of the curves of Figure 9 
with the horizontal axes (Le. when the tempcralUre assu mes 
the mean value of 15 ~C). The amplitude of tempcralUrc al 
level J is .6.1'" :.0- 9 oC, but bccause .6.1'''' '" ot>"'ôfk , one gets 
q)'" ,.. 0.21 . 10- 3 cal cm- 2 sec- l, and this value is consistent 
with the maximum value of Table 2. 
The theoretical bchaviour of T(Zi, 1) is sketched in 
Figure 1 L Here the bcginning !X)int is the last decade in 
January, and the phase is chosen 50 that thcoretical and 
expcrimental curves assume the same mean value of 15 oC 
contemporaneously. The theoretieal bchaviour is in good 
agreemcnt wit h the 1980 expcrimental dala (Fig. 9) in the 
intcrval of March-Septembcr, but not 50 good outside of 
this interval. 
This can be attributed to the meteorological fluctuations wc 
have spoken about bcfore. The maximum excursion of 
waler temperalUre during the year, as we have mentioned in 
Section 2 is bc\ween 20 and 25 "c. Assuming for instance 

The fhres Of<' do ... n ... ard ;n Moy. /Illy and Seplember a"d upward in !alUwr)'. Moreil o"d December. 

Jalluury March 

Cat cm- 1 sec. -, 10 J - 0.037 - 0.037 

\ValeT-sediment OOlldUClivc fluxes 
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May 

O.JI 

Jul)' 

0.16 

Scptcmbcr 

0.10 

Dcccmber 

- 0.17 
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Figure: Il 
Th~(H~I~al lwhaviour of lM ItmpefU(Uft of Iht Mdi~tlfs. assuming 
a siml.JOidal ft/u al I~ l':(J~,·udimtlll ill~'foCt. This ~MYiou, if ID 
ln compartd wiln f~ nperjmenlal ont of Figuft 9. On Iht y-axis, 
IIJt~ ampfiwdt of Ihe lemperafllrt iJ 9 °C a/rd ,he mea/r il 15 ~c. 

llT .. = 20 oC and h = 1 m as the mean dcplh fOf the layer of 
willer, the average variation of heal content from laie wintcr 
10 laIt summcr . for the waler column Is: 
4E.,.1At :: Il(PoCohT)/.6.t = 0.13 . 10-) cal cm- 2 sec. - l, 

whcrc Po and Co are the dcnsity and specifie heat of the 
waler. Wc can compare Ihis value with the corrcsponding 
expcrimc ntai value for the scdimcnI 1l.E.j!J.t down to the 
penetration dcpth d: 

â E/ât - â (PC.{f2 f: T(Z;, 1) dz dt)/6t 

- 0.11.10- 3 ca l cm- 2 sec. - I 

The theorctical value for the wholc sediment is 

âF .. .Jât '" L'12 4>. sin wldl ::: 24>·/w 

::: 0.136 . 10- ) cal cm- 2 sec. - I 

TI2 is a half year period. 
From thesc figures it is evident that the ene rgy stored in the 
sediment during the heating period is roughly equal to that 
Slored in the layer o f water. Aecording 10 the values of the 
conductive fluxes wc have iIIustraled previously, Ihis energy 
i5 re leased in wintcr 10 the water. 

THE YEARLY HEAT BALA NCE 

The yea rly heal balance for the water column o f unit area 
section ean bc sche matizcd in this way : 
d Ew/dt :: e(cZ,o + 4>1 sin wt)- F. - Fn-Q. 
where F. is the nux from water to Ihe atmosphere (induding 
sensible and latenl heal fl uxes, longwave radiation) ; 
Fn i5 the flux from wale r to the bottom ; 

0 - th div Ffdz, FT the flux normal tO the column of water 

duc to horizontal transport (horizontal turbu lent 
diHusion) j 
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4>0 + <1>1 sin wt is the incident solar fl ux (the origin of lime 
bcing at spring equinox) ; 

e is the absorption coefficient with respect 10 the whole 
water column. 

For the nume rical values of 410 and 411 ( respectively mean 
va lue and amplitude of the incident solar flux) it can bc 
aS5umed at the latitude of Yenice : 
$ 0 - 3.5 X 10-) cal cm-1 sec. - 1 

$1 "" 2.3 X IO-J cal em- 2 sec. - l . 

These numbcrs arc obtained from insolation records taken 
in Vcnice in 5 prcccding years (Ja nesc lli , 1975 j lm Il and 
b ; 1978; 1979) . 
An example of the value of F, for the third decade of 
Octobc r, in a zone very similar to the present and for clcar 
days. is give n in Arcari et al. , 1978 a). 
F,:: 2.IO- J cal cm- 2 scc. - I• 

If t: "" 90 % and sin wt is ealculated for that period, it 
results: 
e(CI)o + $ 1 sin wt)-F.:: IO- ~ cal cm- 1 sec. - l. 
We argue that this is an indication of the orde r of magnitude 
of this diJfe rence du ring the whole year. 
As describcd in the introduct ion, the Venice Lagoon is 
effectively releasing heat to the sea in summer and rcceiving 
in winter, so that the presence of the term Q in the balance 
equatlon is meaningful. 
With Ihe definition of Q given bcfore. it ean bc wrillen ( in 
IWO dimensions) : 
0 - """ . K,(.'TlaX'). 
where K, is the coefficient of turbulent diffusion. If one 
looks a l the data of Figure 6, mte red of the diurnal trend, 
one has an idea of the smallness of the differe nce of 
te mpcmlure in a typica l d istance of 500 m. Taking 
h - 100 cm, K~ "" l()l cm2 sec. - l, and (ir"T/aX') ~ IO- t _ 

10- 10 il results 
0 '" 10-'-10- 5 cal cm- 2 see. - I. 

T he heal balance appears at this point roughly established 
bctween terms of the same orde r of magnitude , in panicular 
F. cannol bc ocgleCled. 

CONCLUS IONS 

Notwit hstanding the complexity of the proble m of thermal 
exchange in the lagoon system , the analysis of the tempera­
turc data taken in the water and in the bouo m scdiment in a 
typieal very shallow zone, brings to sorne inte resting conclu­
sions: 
a) sediments at a il levels to a depth of 230 cm show Il 

distinct seasonal variatio n. Sedime nts a t a shallowcr depth 
show additional highcr frequency varia tions in response to 
weather rcJatcd .variations in water temperatures ; 
b) the lemporal varia tion o f the storage term for sediment . 
the temporal variat ion of Ihe slorage terrn in the overlyÎng 
layer of water, and the conduct ive heat flux into or out o f 
the sediment a rc of the sa me o rde r of magnitude. 
This suggesis a sirong interaction bctwecn lagoonal waters 
and the uppermost sediment layer ; 
c) the flu x a t the wate r-sedirne nt interface is 1/10 of the 
annual excursion of the incident solar flux but ilS eontribu· 
tion to the balance equation for the wate r column cannot bc 
negleclcd . _ 
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