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ABSTRACT
The relations of morphometric parameters with maximum stability (S) and maximum Birgean work (B) are analysed for 31

Italian lakes. Results show that in deep lakes the depths are more correlated with S, while fetch is more correlated with B. In con-
trast, in shallow lakes the depths are correlated both with S and B, while the correlation with fetch is insignificant. Power regres-
sions are used to define the relation between maximum depth, S and B, and an analysis is made of lakes showing a marked deviation
from the curves, whether on account of their environmental features or their internal hydrodynamic state. In meromictic lakes total
stability is subdivided into chemical and thermal stability; major inferences are made as to the depth of their winter mixing. The re-
lationship between B and maximum depth is less significant than that between zmax and S, as lakes with depth >100 metres and
therefore with a very thick hypolimnion do not fully satisfy the regression function. Lastly, heating efficiency (E) is evaluated and
related to depth and surface area of the lakes; the conclusion is that shallow lakes are more efficiently heated than deep ones.
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1. INTRODUCTION

Bowling (1990) and Bowling & Salonen (1990)
suggested using standard energy parameters (thermal
stability and Birgean work) to quantify lake energetics
and to compare the physical characteristics of lacustrine
environments. Viner (1984) in New Zealand, Loranger
& Brakke (1988) in the western USA, Kling (1988) in
Cameroon, Ferris & Burton (1988) in Antarctica, Henry
& Barbosa (1989) in Brazil, Bowling & Salonen (1990)
in Finland, Geller (1992) in Chile, Kjensmo (1994) in
Norway, Ambrosetti & Barbanti (2001) in Italy, among
others, also demonstrated the importance of these pa-
rameters in describing the internal processes of the
waters of both shallow and deep lakes, with the addi-
tional aim of describing them in chemical and biological
terms.

These parameters can be evaluated all together on
the whole water column, allowing a comparative analy-
sis to be made with other lakes, or they can be analysed
in their vertical distribution along the water column, so
as to permit quantitative verification of the hydrody-
namic mechanisms occurring within the water mass of
an individual lake, as well as the trend of stability and
Birgean work at the different levels during summer
stratification and winter mixing.

The aim of this study is to evaluate and analyse the
energy content in 31 Italian lakes of different morpho-
metric characteristics, both in terms of stability and of
wind work. Relations existing with the size of the lakes
will be established, and the values of the lakes showing
a marked deviation from the correlation curves on the

basis of their morphometric, hydrological, climatic and
internal hydrodynamic characteristics will be analysed.

To verify the energetic behaviour of 31 selected
Italian lakes, we looked at the following physical char-
acteristics: volume (V); area (A); maximum depth
(zmax); mean depth (zmean); fetch area (Farea = Area1/2);
effective fetch [Feff = (maximum effective length +
maximum effective width)/2]; depth of epilimnion (zepi);
depth of thermocline (zterm); maximum stability (S); to-
tal (ST), chemical (Sch) and thermal (St) stability; maxi-
mum Birgean work (B); parameter G = (B+S); effi-
ciency (E) and depths of 50 and 90% annual heat ex-
change in the lakes, indicated by z50 and z90 respec-
tively.

2. METHODS
In evaluating the thermal stability (S) and the Bir-

gean work (B) in the 31 Italian lakes, we used the same
temperature data as those used in Part 1 of this study to
determine the values of heat content and thermal
budget.

The LIMNOX programme devised by Bob Banens
(University of New England, Armidale NSW, Australia)
was used to calculate the work required to produce
thermal stratification in a lake (Birge 1916) taking as
the starting point for each lake the minimum winter
bottom temperature. The same programme was used to
calculate the stabilities of both Schmidt (1928) and
Walker (1974). These values are identical if evaluated
on the entire water column, but their vertical distribu-
tion is different. In fact, Schmidt’s formulation, devel-
oped by Idso (1973), determines the stability of each
layer referring to a fixed depth which corresponds to the
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centre of density, which is simply the point where the
mean temperature of the column is found. In contrast,
the modification of Walker (1974) evaluates stability by
reference to the density of each successive layer. For
meromictic lakes we also evaluated total stability (ST),
corresponding to the sum of the thermal (St) and chemi-
cal (Sch) stability, the latter evaluated taking account of
the vertical distribution of conductivity within the water
column.

Note that these values, calculated on the whole col-
umn, do not take account of hydrostatic pressure which,
in the opinion of Imboden & Wuest (1995), can lead to
an increase in stability corresponding to a decrease in
the water temperature of 0.2 °C every 100 metres.

3. RESULTS

3.1. Relationship between S and B

For deep lakes, the annual values of maximum S
markedly exceed those of B, while for the shallow lakes
Birgean work is generally higher than S. This different
behaviour of deep and shallow lakes may be attributed
to the percentage of water volume, compared with the
total volume, involved in the process; the difference is
also due to the two different methods of evaluating S
and B. In shallow lakes (Ambrosetti & Barbanti 2002),

the heat stored involves almost all of the water mass, so
that the work required to bring it back to isothermy (i.e.
S) is less than the work required to stabilise the stratifi-
cation B, which starts from water temperatures usually
close to 4 °C.

In contrast, in deep lakes, the high zmax contributes to
the increase of work required for mixing (S) compared
to that required to produce the stratification (B); in fact,
90% of the heat in these lakes is trapped in the upper
layers, so that there is an increase in the energy gap
between these layers and the deep hypolimnion, which
forms 60-80% of the whole volume. The deep
hypolimnion is partly isolated and participates to a
lesser extent in the seasonal thermal events, with its
water temperature remaining at values typical of early
spring. The consequence is that to make ineffective a
certain S, i.e. for a uniform temperature to be produced
on the whole column, as well as to break down the
stratification, the temperature of the hypolimnion must
be increased considerably, involving a very large
amount of work. In the lakes with zmax >25 m (Tab. 1),
the maximum stability (S) values are reached in August,
when the heat content is greatest; that is, at the moment
when the thermocline displays its maximum vertical
heat gradient. On the other hand the maximum wind
work (B) is found in September, with some time lag

Tab. 1. Morphometric parameters and mean annual values of maximum stability (S) and Birgean
work (B), G = (B+S) in 31 Italian lakes.

Mean alt. A V zmax S B G
m (a.s.l.) (km2) (km3) (m) (J m-2) (J m-2) (J m-2)

1 Como 198 145.91 22.5 410.0 38706 6276 44862
2 Maggiore 194 212.51 37.5 370.0 37259 4648 41561
3 Garda 65 367.94 49.031 350.0 43177 9308 51140
4 Lugano NB 271 27.5 4.69 288.0 26700 1766 26514
5 Iseo 186 60.94 7.57 258.0 17093 1891 18718
6 Bracciano 164 57.02 5.053 165.0 20227 4447 24440
7 Bolsena 305 113.55 9.2 151.0 15345 3632 18599
8 Orta 290 18.02 1.25 143.0 10694 1593 12239
9 Idro 368 11.5 0.684 120.5 7012 1631 6822
10 Lugano FG 271 20.3 1.14 95.0 5567 1121 6622
11 Mergozzo 194 1.825 0.083 73.0 5720 1336 7037
12 Lugano PT 271 1.1 0.03 50.0 3145 2042 5141
13 Vico 510 12.08 0.26 48.5 2708 1716 4423
14 Caldonazzo 448 5.63 0.149 49.0 2302 1292 3539
15 Monate 266 2.51 0.0453 34.5 1182 858 2040
16 Nemi 320 1.792 0.0305 32.4 1272 971 1903
17 Varese 238 14.95 0.162 26.0 739 586 1300
18 Pusiano 259 4.93 0.069 24.3 638 590 1228
19 Oggiono 224 3.81 0.024 11.3 122 449 530
20 Endine 334 2.34 0.012 9.4 65 318 362
21 Segrino 374 0.38 0.0012 8.6 18 147 165
22 Alserio 260 1.23 0.007 8.1 70 189 245
23 Candia 226 1.52 0.0072 7.7 35 220 211
24 Comabbio 243 3.58 0.0164 7.7 70 283 334
25 Montorfano 397 0.46 0.002 6.8 19 222 241
26 Canzolino 540 0.072 0.0007 15.0 254 185 412
27 Frassino 74 0.31 0.0024 15.0 331 398 659
28 Annone West 224 1.7 0.007 10.1 30 286 289
29 Campagna 237 0.126 0.00035 5.0 11 110 60
30 Michele 241 0.069 0.00061 18.5 345 395 629
31 Nero 305 0.126 0.00162 27.0 669 439 932
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compared to S, i.e. when the thermocline is still fairly
pronounced and tends to move downwards, with distri-
bution of heat to the deeper layers.

In the shallow lakes, however, the moments of
maximum stability and wind work coincide and gener-
ally occur between July and September, depending on
the meteorological conditions of the year.

3.1.1. Temporal variability

Table 2 highlights the fact that in deep lakes the in-
terannual variations (CV) in wind work (B) are always
higher than the corresponding values determined fol-
lowing Schmidt, while in the shallow lakes the opposite
is true. This is probably because in large lakes the strati-
fication process, which begins almost immediately after
the end of the limnological winter and involves the su-
perficial part of the water mass, undergoes all the mete-
orological anomalies which occur until the moment of
maximum stratification, and therefore this active com-
ponent has a more important role than the passive com-
ponent (morphometry). For S the latter component is
probably more important, as the heat exchange takes
place in adiabatic conditions within the lake, with con-
sequently smaller interannual variations.

Tab. 2. Interannual coefficients of variation
(CV) calculated for the maximum thermal
stability (S) and Birgean work (B) of Italian
lakes.

Lake zmax years CV
(m) S B

Como 410 10 9 23
Maggiore 370 40 13 20
Garda 350 10 7.5 31
Orta 143 20 15 26
Mergozzo 73 5 9.4 11.8
Varese 26 5 12 16
Endine 9.4 12 19 16
Candia 6.5 8 18.9 6.26
Lugano FG 95 3-4
Vico 48.4 3-4 11.9 27.7
Lugano PT 50 3-4
Oggiono 11.3 3-4
Idro 120 3-4
Annone West 10.1 3-4 32.3 24.7
S. Parmense 22 3-4

In the shallow lakes (for example Endine, Candia
and Annone West) the opposite situation occurs, with S
presenting an interannual CV higher than that of B: the
explanation here may be sought in the shallow depth,
which determines a high hydrodynamic instability in the
whole water mass (see below for a more detailed ac-
count of this).

3.1.2. Correlation of investigated parameters

Both S and B in the 31 Italian lakes revealed a good
correlation with all morphometric parameters; r varies

from 0.72 to 0.98, with significance at the level of p
>0.001 (Tab. 3). In the deep lakes all the depths except
that of the thermocline maintain with S an r >0.90,
while with B it is the wind run which is dominant (zmax
and zmean are not significant). In contrast, in the shallow
lakes the depths are correlated with S and B, while fetch
is actually insignificant. In both sets of lakes the r value
remains high with the depths of 50 and 90% heat ex-
change.

In shallow lakes, the higher correlation of B with the
three very similar depths (zmax, zter e z90) might be ex-
plained by what Schindler (1971) found for ELA lakes.
The work attributed to the wind in Birgean calculations
may actually be done at least partly by inverse density
currents induced by a warming of the water in contact
with the lake bottom in the littoral zones. This happens
because the proportion of littoral zone is larger in shal-
low lakes. It should also be remembered that in shallow
lakes the wind is not able to lower the thermocline to
any great extent during the warm season; in fact, as has
been recorded (Ambrosetti et al. 1996), in round, shal-
low lakes the depth of the thermocline is established
early at the beginning of the summer, and moves
downward with a less steep gradient than in deep lakes.

In deep lakes, on the other hand, wind run on the
surface plays a decisive part; the highest correlation is
with fetch (both with area and effective), and with the
depths of 50 and 90% heat exchange, followed by the
depth of the thermocline. As discussed previously, this
is clearly due to the fact that the stratification process in
deep lakes involves only a superficial portion of the
water, small compared with their zmax, and the fact that
their orientation (North-South) greatly facilitates wind
action on the surface. In fact, the thermocline moves
downward as the season advances with a steeper gradi-
ent than in shallow lakes, and also with the increasing
morphometric dimensions of the lakes.

3.2. Stability

As we have seen, thermal stability is the estimate of
the quantity of work required to mix a thermally strati-
fied lake to a new condition of isothermy, without add-
ing or subtracting heat (adiabatic conditions).

The relationship between maximum stability and
zmax in our 31 lakes is illustrated in figure 1, and is ex-
pressed in a power equation which fits the experimental
data very well (r2 = 0.98). As discussed in previous pa-
pers (Viner 1984; Geller 1992), small variations in zmax,
in its lower values, correspond to very large increases in
S. The shape of the curve alters abruptly between 30
and 80 metres maximum depth, determining an almost
horizontal, asymptotic trend with increasing zmax: the in-
fluence of morphometry at this point does not make any
difference to the S.

In agreement with Wetzel (1983) and Allot (1986),
we found that the relationship between stability and
morphometric parameters cannot be a simple linear ra-
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tio, and that small lakes are less stable per unit area than
large ones. For instance, comparing lakes Mergozzo,
Nemi and Lugano PT with lakes Alserio, Candia and
Annone West, which all have similar areas, we found
the first group much more stable (between 1200 and
5000 J m-2) than the second one (50-70 J m-2), exactly
because the first is 5 to 10 times deeper (Tab. 1). The
conclusion is the same if we compare lakes Idro and
Vico with Lake Varese; they also have very similar
areas.

A parameter such as stability, if evaluated as total on
the whole water column, can be used in a comparative

analysis with other lakes, but if it is analysed in its ver-
tical distribution, it can also explain the mechanisms oc-
curring within the water mass and justify the slightly
anomalous position of the lakes in figure 1. This is the
case of lakes Lugano NB, Idro, Orta, Iseo and Garda,
which are the deep lakes that show the greatest
deviation from the curve. In particular, the position of
lakes Lugano NB and Idro below the line of regression
can be explained by the fact that they are in a condition
of meromixis, which means that thermal stability does
not coincide with total stability, but is conditioned by
chemical stability. In Lugano NB there is a deep anoxic

Tab. 3. Correlation matrix of morphometric variables, stability, and Birgean work.

V zmax Farea Feff zmean A zepi zterm z90 z50

Lakes (31)
S 0.89 0.98 0.77 0.75 0.98 0.77 0.72 0.87 0.97 0.96
B 0.92 0.93 0.84 0.83 0.92 0.84 0.83 0.94 0.96 0.98
Eff. 0.91 0.88 0.87 0.86 0.85 0.87 0.86 0.94 0.92 0.94

Deep lakes
S 0.93 0.94 0.85 0.75 0.91 0.85 0.63 0.68 0.76 0.77
B 0.90 0.69 0.94 0.91 0.58 0.94 0.80 0.88 0.93 0.95
Eff. 0.88 0.69 0.92 0.89 0.56 0.92 0.78 0.87 0.93 0.96

Shallow lakes
S 0.48 0.96 0.19 0.16 0.96 0.19 0.29 0.71 0.91 0.92
B 0.79 0.87 0.48 0.45 0.84 0.48 0.50 0.86 0.87 0.92
Eff. 0.78 0.62 0.66 0.64 0.56 0.66 0.66 0.85 0.74 0.75
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Fig. 1. Relationship between maximum stability and maximum depth in 31 Italian lakes.
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layer containing reducing substances like ammonium,
sulphides, methane, iron and manganese, resulting in a
conductivity of 246 µS cm-1 at 20 °C (Barbieri &
Simona 1997). In Lake Idro the meromictic layer is
caused largely by bicarbonate and calcium entering the
lake from the watershed: these two ions, together with
magnesium and sulphates, produce conductivity values
in the deep water of around 350-400 µS cm-1 (Garibaldi
et al. 1997).

In Lake Lugano NB, total stability of the whole
water column presents a winter value 3-4 times greater
than that determined on the basis of temperature alone,
while the summer value shows an increase of only 2%.
Lake Idro shows the same increase as Lugano in winter,
with summer values reaching +14%. The influence of
the solutes on stability in both lakes decreases during
the warm season, i.e. with increasing temperature in the
lakes and consequently increasing thermal stability.
This is clearly seen in figure 2, which illustrates the
vertical distribution of stability sensu Walker in its three
components at the time of winter minimum and the
summer maximum. In both lakes chemical stability
plays a major role in winter. It increases sharply below
70 m in Lake Lugano NB (1987) and below 30 m in
Lake Idro (1970), impeding the vertical mixing of the
water. In contrast, in summer the chemical stability
contributes very little to the total, due to the general
heating of the water. A similar situation is found in
Lake Iseo: a lack of oxygen in the deep layers and a
high solute content determine conductivity of between
250 and 300 µS cm-1 (Garibaldi et al. 1997).

In the cases of lakes Orta and Garda, the deviations
of stability from the curve, respectively negative and
positive, are attributable to the different depths of mix-
ing layer in the two lakes in summer. In Lake Orta a
stable stratification is already present in April, so that
the accumulation of heat remains in a restricted surface
layer; whereas in Lake Garda the heat is driven by the
action of the strong winds down to deeper layers. In

fact, in Lake Garda 90% of the heat exchange occurs in
the top 46 metres, while in Orta the same quantity is ex-
changed in 23 metres.

3.3. Birgean work
We follow the definition of Birgean work (B) as the

quantity of external energy required to produce a certain
distribution of density, not taking into account how the
energy enters the lake (Kjensmo 1994). The values of B
are therefore due to a series of factors affecting the dis-
tribution of heat energy within the lakes, rather than to
wind action alone (Bowling & Salonen 1990)

Thus, infiltrations of groundwater, ascending cur-
rents in small lakes or high volumes of water from
tributaries in large ones may cause considerable changes
in their thermal structure and consequently in the struc-
ture of B (Barbanti et al. 1995; Ambrosetti & Barbanti
2000).

On the other hand Johnson et al. (1978), Barbanti &
Ambrosetti (1986), Mackey (1991) and Ambrosetti &
Barbanti (2001) use the curves of the so-called direct
work (∆B), the difference in B calculated on two suc-
cessive dates, to show the distribution of the work as-
cribed to the wind or to other actions within the water
column during the considered interval of time.

The relationship between B and zmax of the 31 Italian
lakes expressed by means of the exponential function in
figure 3 is less significant than that calculated for S.
This is because the lakes deeper than 50 m are charac-
terised by a very thick hypolimnion where external ac-
tion is practically irrelevant during the stratification pe-
riod, and decreases exponentially with depth (Allot
1986; Smith 1979). Other kinds of mechanism
(Welander 1968) determine the movements of the water
in this portion of a lake, and act in different ways and at
depths which vary from lake to lake, in conformity with
their morphometry and the bathymetric characteristics
of the basin (Ambrosetti & Barbanti 1999; Michalsky &
Lemmin 1995).
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If we compare the deep lakes Garda, Como and
Maggiore, it is Lake Garda that shows the greatest de-
viation from the exponential curve. Due to its surface
area, which exceeds that of Como and Maggiore by
factors of 2.5 and 1.7 (Tab. 1), Garda is very exposed to
the wind, resulting in a greater surface thickness of
warm water. Its thermocline is in fact on average 3 me-
tres deeper than in the other two lakes; moreover the ef-
fect of the wind, as emerges through the correlation
between the logarithms of vertical turbulent mixing co-
efficients (Kz) and Brunt-Väisälä frequency (N)2,
reaches a depth of 180 metres (Ambrosetti & Barbanti
1999, 2000) compared with 150 m in the other two
lakes, though they are deeper.

The Birgean values of Lakes Lugano NB and Idro
are strongly affected by the presence of stable
monimolimnetic water, which means that the zmax of
these lakes should be regarded as considerably less than
their actual depth. Besides, Lake Lugano NB is in a very
sheltered position, so that wind action is very weak, and
the heat exchange becomes exhausted at a shallower
depth than might be expected (Fig. 4).

The B values of the lakes in Latium are also affected
by their geographical situation: besides being at a lower
latitude, they are located in a very windy area and are
exposed to more solar radiation, so that the depths of
percentage heat exchange are much greater, comparable
to those of the largest lakes in Northern Italy (Ambro-
setti & Barbanti 2001).

The situation of Lake Orta is unique among our 31
lakes. Its values are below the correlation curve, and in
an anomalous position compared to other lakes with

similar morphometric characteristics. The lake is partly
sheltered from the action of the wind, which in any case
is of moderate strength; the heat is trapped in an epilim-
nion of limited thickness, but which reaches very high
temperatures and determines thermoclines with gradi-
ents of 4-5 °C per metre, so that the heat is stored al-
most entirely in the upper layers.

In discussing the influence of passive (morphome-
try) or active (weather conditions) components in de-
termining the maximum values of S and B, we can say
that neither is more important than the other, but rather
that they are complementary.

If the Birgean work is related to the different depths
of heat exchange in the stratification period, the r2 coef-
ficients of each curve are all significant (Fig. 4). How-
ever, B presents its greatest correlation with the depth of
the 50% exchange of heat, which is more or less the
depth of the thermocline. The other values of r2 refer-
ring to other depths are equally significant, and show
that the portion of lake affected by Birgean work is very
extensive, and much deeper than the depth of the ther-
mocline.

3.4. Efficiency
Hutchinson (1957) defined the ratio between Bir-

gean wind work and summer heat income as an "effi-
ciency" term, by which he meant the work required to
account for the heat stored by the lake. Hutchinson
states that heating is relatively inefficient in small lakes,
and that low values of the above ratio are essentially the
result of loss by evaporation, or of long wave back- ra-
diation due to high surface temperatures, values which
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are in proportion higher, if the heat absorbed is equal,
than those occurring in an ordinary "first order" lake,
sensu Hutchinson (1957).

Schindler (1971) investigated ELA lakes believing
that Hutchinson's affirmation regarding the inefficiency
of heating in shallow lakes would be confirmed, but the
result he obtained was the opposite, i.e. that small lakes
are more efficiently heated than large ones. Schindler
offers several reasons in support of his affirmation that
heat distribution to the deep layers is not caused by
wind alone, so that a calculation of heating efficiency in
terms of wind work, i.e. starting from the parameters B
and the summer heat income (Qt) , must be regarded
with great suspicion.

Recent studies performed on thirty Italian lakes of
different depths subdivided into elongated and round,
shallow and deep, by Pompilio et al. (1996), Barbanti et
al. (1996) and Ambrosetti et al. (1996), revealed differ-
ent behaviours in the downward movement of the ther-
mocline which confirm Schindler's affirmations.
Moreover, studies by Blanton & Winklhofer (1972),
Ivey & Boyce (1982), Ivey & Patterson (1984) and
Gorham & Boyce (1989) suggest that currents may be
triggered in the hypolimnion of shallow lakes as a re-
sponse to those caused by wind stress on the water sur-
face. These currents limit the downward movement of
the thermocline and alter the thermal structure present,
which may be partially eroded from the bottom, when
the depth of the epilimnion is more than 60% of the
maximum depth of the lake. Therefore, without ex-
cluding any of the mechanisms indicated in the distri-
bution of heat within the water mass, the use of the pa-
rameter of heating efficiency (E) in terms of "wind
work" is of undoubted utility in classifying the lakes.

In this paper, also for convenience of graphic repre-
sentation, we have used the ratio E=B/Qt in agreement
with Ferris & Burton (1988) and Geller (1992), with the
low values indicating efficient heating, and high values
the contrary.

The efficiency values of 31 Italian lakes are reported
in table 4, while figure 5 presents their trend in relation
to the surface areas and maximum depths of each lake.
The deeper lakes have ratios (E) over 0.05, while the
shallower lakes have lower values, with consequently
low heating efficiency for deep lakes and high effi-
ciency for shallow ones. This trend merely confirms
what has been asserted so far, with regard to all Italian
lakes in relation to their depth and surface area.

Tab. 4. Efficiency values of 31 Italian lakes.

lake B/Qt lake B/Qt

Como 0.205 Varese 0.037
Maggiore 0.151 Pusiano 0.042
Garda 0.263 Oggiono 0.037
Lugano NB 0.072 Endine 0.032
Iseo 0.093 Segrino 0.025
Bracciano 0.145 Alserio 0.022
Bolsena 0.134 Candia 0.028
Orta 0.071 Comabbio 0.033
Idro 0.082 Montorfano 0.026
Lugano FG 0.050 Canzolino 0.020
Mergozzo 0.056 Frassino 0.035
Lugano PT 0.074 Annone West 0.032
Vico 0.078 Campagna 0.017
Caldonazzo 0.059 Michele 0.035
Monate 0.048 Nero 0.036
Nemi 0.065

Lastly, we must consider the parameter G, which is
simply the sum of B + S, and which represents the hy-
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pothetical work which would be necessary to maintain
homothermy at the current mean lake temperature
throughout the heating season (Geller 1992). The G/B
ratio expresses the ratio between the amount of energy
required to maintain homoiothermal conditions in a lake
during the summer heating and the actual energy sup-
plied to build up the real stratification found (Kjensmo
1994). This ratio is important because it provides a good
picture of the degree of stagnancy of the deep waters in
a lake, and of the importance of the morphology of the
basin in determining the amount of internal energy
stored through the work of external agents.

4. CONCLUSIONS

The starting data for evaluating thermal stability and
Birgean work in the 31 Italian lakes are the same ther-
mal data used to calculate the heat contents and thermal
budget in Ambrosetti & Barbanti (2002). For the whole
set of the 31 lakes, we found significant correlation
between energy parameters and the corresponding mor-
phometric parameters, whereas if we consider the shal-
low lakes separately from the deep ones, there is greater
significance in the latter between B values and fetch,
which is conditioned by the morphometric characteris-
tics and to some extent by the hydro-climatic situation
of the lake.

For each lake we evaluated the maximum stability
during stratification, which allowed us to make a com-
parative analysis of the 31 lakes; by analysing its distri-
bution along the vertical column we arrived at an inter-

pretation of the mechanisms occurring within the water
mass and the deviation of some of the lakes from the
correlation curve, especially in the deepest lakes, which
may be explained by an ongoing situation of meromixis.

The Birgean work reveals how the morphometry, the
hydrological and meromictic characteristics, and the
geographical situation of the deep lakes in particular
have a considerable influence on the energy required to
reach a certain stratification. In fact, the exponential re-
gression function between B and zmax is less significant
than that between S and maximum depth. The heating
efficiency of each lake was evaluated from the quanti-
ties of Birgean work and caloric content; it was ob-
served that the shallower lakes are heated more effi-
ciently than the deep ones, which have higher stagnancy
values.

REFERENCES

Allot, N.A. 1986. Temperature, oxygen and heat-budget of six
small western Irish lakes. Freshwat. Biol., 16: 145-154.

Ambrosetti, W.& L. Barbanti. 1995. La piena dell'autunno
1993 nel Lago Maggiore: ripercussioni sulle sue carat-
teristiche fisiche. Documenta Ist. Ital. Idrobiol., 50: 47pp.

Ambrosetti, W. & L. Barbanti. 1999. Deep water warming in
lakes: an indicator of climate change. J. Limnol., 58(1): 1-
9.

Ambrosetti, W.& L. Barbanti. 2000. Riscaldamento delle ac-
que profonde nei laghi italiani: un indicatore di cambia-
menti climatici. Acqua &Aria, 4: 65-72.

Ambrosetti, W.& L. Barbanti. 2002. Temperature, heat con-
tent, mixing and stability in Lake Orta: a pluriannual in-
vestigation. J. Limnol., 60(1): 60-68.

0

50

100

150

200

250

300

350

400

450

C
O

M
O

M
A

G
G

IO
R

E

G
A

R
D

A

L
U

G
A

N
O

 B
N

IS
E

O

B
R

A
C

C
IA

N
O

B
O

L
SE

N
A

O
R

T
A

ID
R

O

L
U

G
A

N
O

 F
G

M
E

R
G

O
Z

Z
O

L
U

G
A

N
O

 P
T

V
IC

O

C
A

L
D

O
N

A
Z

Z
O

M
O

N
A

T
E

N
E

M
I

V
A

R
E

SE

PU
SI

A
N

O

O
G

G
IO

N
O

E
N

D
IN

E

SE
G

R
IN

O

A
L

SE
R

IO

C
A

N
D

IA

C
O

M
A

B
B

IO

M
O

N
T

O
R

FA
N

O

C
A

N
Z

O
L

IN
O

FR
A

SS
IN

O

A
N

N
O

N
E

 W

C
A

M
PA

G
N

A

M
IC

H
E

L
E

N
E

R
O

0

0.05

0.1

0.15

0.2

0.25

0.3

depth

efficiency

A
re

a 
(k

m
2 )

D
ep

th
 (m

)

area

E
ff

ic
ie

nc
y

Fig. 5. The relation of efficiency, surface area and depth in 31 Italian lakes.



Relationships between morphometric parameters, stability and Birgean work 167

Ambrosetti, W., L. Barbanti & L. Pompilio. 1996. Mor-
phometry and thermal stratification in Italian lakes. Dy-
namic of the deepening of thermocline. Mem. Ist. ital.
Idrobiol., 54: 43-50.

Barbanti L.& W. Ambrosetti. 1986. Energia termica e stabilità
meccanica nel Lago Maggiore. Atti del 7° congresso
A.I.O.L.: 119-132.

Barbanti., L., L. Pompilio & W. Ambrosetti. 1996. Mor-
phometry and thermal stratification in Italian lakes. 2. The
Depth Ratio as a predictive index of thermal structures.
Mem. Ist. ital. Idrobiol., 54: 31-42.

Barbieri, A. & M. Simona. 1997. Evoluzione recente del Lago
di Lugano in relazione agli interventi di risanamento.
Documenta Ist. ital. Idrobiol., 61: 73-91.

Birge, E.A. 1916. The work of the wind in warming a lake.
Trans. Wis. Acad. Sci. Lett., 18: 341-391.

Biswas, S. 1977. Thermal stability and phytoplankton in Volta
Lake Ghana. Hydrobiologia, 56: 195-198.

Blanton, J.O. & A.R. Winklhofer. 1972. Physical processes af-
fecting the hypolimnion of the Central Basin of Lake Erie.
In: N. Burns & C. Ross (Eds), Project Hypo. Canada Cen-
tre for Inland Water Paper 6: 9-38.

Bowling, L.C. 1990. Heat contents, thermal stabilities and
Birgean wind work in dystrophic Tasmania lakes and res-
ervoir. Austr. J. Mar. Freshwater Res., 41: 429-441.

Bowling, L.C. & K. Salonen. 1990. Heat uptake and resistance
to mixing in small humic forest lakes in Southern Finland.
Austr. J. Mar. Freshwat. Res., 41: 747-759.

Ferris, J.M. & H.R. Burton. 1988. The annual cycle of heat
content and mechanical stability of hypersaline Deep
Lake, vesfold hills, Antartica. Hydrobiologia,165: 115-
128.

Garibaldi, L., V. Mezzanotte, G. Galanti, A. Varallo & R. Mo-
sello.1997. Idrochimica e fitoplancton del Lago d'Idro.
Documenta Ist. ital. Idrobiol., 61: 153-172.

Garibaldi, L., C. Brizio, M. Rogora & R. Mosello.1999. The
trofic evolution of Lake Iseo to its holomixis. J. Limnol.,
58(1): 10-19.

Geller, W. 1992. The temperature stratification an related
characteristic of Chilean Lakes in mid summer. Aquat.
Sci., 54(1): 37-57.

Gorham, E. & F.M. Boyce. 1989. Influence of lake surface
area and depth upon thermal stratification and depth of the
summer thermocline. J. Great Lakes Res., 15: 233-245.

Henry, R. & F.A.R. Barbosa. 1989. Thermal structure, heat
content and stability of two lakes in the National Park of
Rio Doce Valley (Minas Gerais, Brasil). Hydrobiologia,
171: 189-199.

Hutchinson, G.E. 1957. A treatise on limnology. Vol. 1. John
Wiley and Sons, New York: 1015 pp.

Kjensmo, J. 1994. Internal energy, the work of the wind and
the thermal stability in Lake Tyrifjord, southeastern Nor-
way. Hydrobiologia, 286: 53-59.

Kling, G.W. 1988. Comparative trasparency, depth of mixing
and stability of stratification in lakes od Cameroon, West
Africa. Limnol. Oceanogr., 33: 27-40.

Idso, S.B. 1973. On the concept of lake stability. Limnol.
Oceanogr.,18: 681-683.

Imboden, D.M. & A. Wüst. 1995. Mixing mechanims in lakes.
In: Lerman, A., D. Imboden & J. Gat (Eds), Physical and
chemistry of lakes. Springer Verlag, Berlin: 83-135.

Ivey, G.N. & J.C. Patterson. 1984. A model of the vertical
mixing in Lake Erie in summer. Limnol. Oceanogr., 29:
553-563.

Ivey, G.N. & F.M. Boyce. 1982. Entraiment by bottom cur-
rents in Lake Erie. Limnol. Oceanogr., 27: 1029-1038.

Johnson, N.M., J.E. Eaton & J.E. Richey. 1978. Analysis of
five North American lake ecosystems. II Thermal energy
and mechanical stability. Verh. int. Ver. Limnol., 20: 562-
567.

Johnson, N.M. & D.H. Merritt. 1979. Convective and advec-
tive circulation of Lake Powell, Utah-Arizona, during
1972-1975. Wat. Res. Research, 15: 873-884.

Loranger.T. J.& D.F. Brakke. 1988. Birgean heat budgets and
rates of heat uptake in two monomictic lakes. Hydro-
biologia, 160: 123-127.

Mackey, A.P. 1991.Aspects of the limnology of Yeppen Yep-
pen Lagoon. Central Queensland. Austr. J. Mar. Freshwat.
Res., 42: 309-325.

Michalsky, J. & U. Lemmin. 1995. Dynamics of vertical
mixing in the hypolimnion of a deep lake: Lake Geneva.
Limnol. Oceanogr., 40: 809-816.

Pompilio, L., W. Ambrosetti & L. Barbanti. 1996. Mor-
phometry and thermal stratification in Italian lakes. 1. Pre-
dictive models. Mem. Ist. ital. Idrobiol., 54: 1-29.

Schindler, D.W. 1971. Light, Temperature and oxygen re-
gimes of selected lakes in the Experimental Lakes Area,
Northwestern Ontario. J. Fish. Res. Bd Canada, 28: 157-
169.

Schmidt, W. 1928. Uber Temperatur und Stabilitatsverhalt-
nisse von Seen. Geographiska Annaler, 10: 145-177.

Smith,I.R. 1979. Hydraulic conditions in isothermal lakes.
Freshwat. Biol., 9: 119-146.

Viner, A.B. 1984. Resistance to mixing in New Zealand lakes.
N. Z. J. Mar. Freshwat. Res.,18: 73-82.

Walker, K.F. 1974. The stability of meromictic lakes in central
Washington. Limnol. Oceanogr., 19: 209-222.

Welander, P. 1968. Theoretical forms for the vertical ex-
change coefficient in a stratified fluid with application to
lakes and seas. Acta R. Soc. Sci. Litt. Gotheb. Geophys., 1:
4-26.

Wetzel ,R.G. 1983. Limnology. (2nd edition). Saunders Col-
lege Publishing, N.Y.: 767 pp.

Received: September 2001
Accepted: May 2002


