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ABSTRACT

The residence time of a lake is highly dependent on internal physical processes in the water mass conditioning its hydrodynam-
ics; early attempts to evaluate this physical parameter emphasize the complexity of the problem, which depends on very different
natural phenomena with widespread synergies. The aim of this study is to analyse the agents involved in these processes and arrive
at a more realistic definition of water residence time which takes account of these agents, and how they influence internal hydrody-
namics. With particular reference to temperate lakes, the following characteristics are analysed: 1) the set of the lake's caloric com-
ponents which, along with summer heating, determine the stabilizing effect of the surface layers, and the consequent thermal stratifi-
cation, as well as the winter destabilizing effect; 2) the wind force, which transfers part of its momentum to the water mass, generat-
ing a complex of movements (turbulence, waves, currents) with the production of active kinetic energy, 3) the water flowing into the
lake from the tributaries, and flowing out through the outflow, from the standpoint of hydrology and of the kinetic effect generated by
the introduction of these water masses into the lake. These factors were studied in the context of the general geographical properties
of the lake basin and the watershed (latitude, longitude, morphology), also taking account of the local and regional climatic situa-
tion. Also analysed is the impact of ongoing climatic change on the renewal of the lake water, which is currently changing the equi-

librium between lake and atmosphere, river and lake, and relationships
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1. INTRODUCTION

The evaluation of the mean residence time of water
in a lake is a problem of fundamental importance for
theoretical and applied limnology. Only such an evalua-
tion in real terms can lead to a knowledge of, for exam-
ple, the proportions and dynamics of the chemical sub-
stances dissolved in the water, or the rate at which the
processes of concentration, dilution and permanence of
substances within the lake occur, with resulting impli-
cations for the water quality.

Leaving aside the relations between nutritional
salts and the biological productivity of the water, and
thus also the retroaction of productivity on the
chemical budget of a lake, it is clear that mean
residence time is what controls the concentrations and
accumulative capacity of all the substances entering a
lake basin, whether naturally or artificially. The
chemical evolution of a lake can be predicted only if
this parameter is known, in relation to its current or
future load. It is more urgent than ever to find a
solution to such problems, with limnologists now
responsible for defining the chemical state and the
trophic level of individual lakes, their self-purifying
capacity, and the degree of acceptability to which they
must conform, so that legislators and technicians can
intervene in whatever way is necessary to safeguard
the immense wealth of freshwater contained in our
lakes.

2. FROM THEORETICAL TO REAL RENEWAL
TIME

Researchers once used to refer to the so-called
"theoretical renewal time" of lake water, calculated
from the ratio between the volume of the lake and the
volume of its outflow; this might be regarded as the first
step towards a real evaluation of renewal time. This hy-
pothesis, however, works on the assumption that the
lake is formed like a stretch of river, with a wide sec-
tion, and with very regular morphometry, within which
the water is conveyed more or less uniformly (laminar
flow) and without that complex of physical phenomena
which plays such an important part in the annual cycle
of lakes, such as thermal stratification, for example.
This is obviously a rather unsophisticated approach to
the problem, but nevertheless gives an idea of the hy-
drological vivacity of a lake. Vollenweider (1975)
makes good use of the approach in his models of the
trophic classification of lakes.

Table 1 shows the theoretical renewal times of the
water in the main Italian lakes: the times depend largely
on the morphometric characteristics of the individual
basins and of their respective watersheds, and on the
volume of precipitation over the whole area. However
simplistic it may be, the theoretical time shows a very
marked variability between the values due to the differ-
ences in the morphological characteristics of the lakes
and their watersheds, and their location in areas with
different hydro-meteorological situations, precipitation
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Tab. 1. Morphometric and hydrological characteristics of the largest Italian lakes.

Lake area Max depth Mean depth Volume  Drainage Mean out. Precipitation  Lake Outflow  Theoretical Lake area/

basin area  discharge outflow coefficient ret. time basin area

(km?) (m) (m) (10° m®) (km?) (m®s™) (mm) (mm) (years)

Garda 367.9 350 1333 49.03 2260 59.5 1199 799 0.67 26.8 6.1
Maggiore 212.5 370 177 37.1 6599 297 1703 1420 0.83 4 31.1
Como 145.9 410 154 225 4572 158 1295 1091 0.84 45 313
Trasimeno 124.3 6 4 0.59 376 0.86 837 72 0.09 21.6 3

Bolsena 113.6 151 81 9.2 273 242 980 280 0.29 120.6 2.4
Iseo 60.9 258 124 7.55 1842 59.4 1220 1018 0.83 4.1 30.2
Bracciano 57.0 164 88.6 5.05 147 1.17 1122 251 0.22 137 2.6
Lugano 48.9 288 134 5.86 615 25 1676 1283 0.77 8.3 12.6
Orta 18.1 143 69.4 1.25 116 4.64 1825 1262 0.69 8.9 6.4
Varese 14.9 26 11 0.16 110 2.87 1454 823 0.57 1.7 7.4
Vico 12.1 48.5 21.5 0.26 41 0.49 1316 377 0.29 17 3.4

in particular. The geographical distribution of Italian
lakes is a determining factor. Those in the subalpine
area are mostly shaped by glacial tongues during the last
cold periods and now fed by watercourses flowing down
from the Alps, have relatively short renewal times.
Garda, the largest Italian lake in area and volume, is to
some extent an exception, because of the very large
mass of water in its basin (50 km®) and the relatively
low volume of its outflow. The lakes of Central Italy,
the volcanic lakes and Lake Trasimeno, have a much
lower hydrological vivacity, largely because of the low
ratio between the areas of the watersheds and those of
the lakes.

But, as is well known, lakes during their annual cy-
cle develop differentiated vertical thermal structures
which, according to their geographical, climatic and
morphological conditions, result in one or more periods
of vertical thermal stratification during which the thick-
ness of the layer involved in the water renewal, i.e. the
layer mixed at the surface, represents only a more or
less important percentage of the whole water mass. Of
the other factors that condition the river-lake-river hy-
drological complex, the most important are the current
system and the other movements arising in the lake, the
topography of the bottom, and the morphology of the
basin, which is very often highly irregular due to the
presence of bays or lateral arms, only to some extent af-
fected by the general dynamics of the lake. Clearly there
was a requirement to formulate more realistic water re-
newal times, and this is the direction recent research has
taken.

The first approaches were both experimental and
theoretical: the experimental approach assumes a de-
tailed knowledge not only of the hydrological charac-
teristics of the river-lake system, but also of the physical
(thermal and dynamic) parameters present in the lake, as
well as the changes these undergo in the course of the
annual cycle. All this serves to define with reasonable
accuracy the volumes of water involved in the renewal.
The theoretical approach, on the other hand, consists in
devising models which can translate into mathematical
language the thermal and dynamic phenomena ob-
served.

Of the experimental solutions, the best-known Ital-
ian attempt is that proposed for Lago Maggiore by
Tonolli (Piontelli & Tonolli 1964), which allows as a
simplifying hypothesis that the "exit of water via the
outflow occurs indifferently within the whole thickness
of the layers which reach the same temperature as the
surface waters during the seasonal cycle". After analys-
ing the annual and pluriannual thermal cycles of the
lake water, Tonolli reached the conclusion that the mean
residence time of water in Lago Maggiore was around
14.5 years, contrasting with the 4 theoretical years.

Another example of an experimental study is that
performed by Kajosaari (1966) on the system of Lake
Rouversi (Finland), which comprises 4 interconnecting
basins. To evaluate the residence time of the water in
this complex, the author used as a tracer an industrial ef-
fluent containing a high sulphite concentration.

Mathematical models devised for some Italian lakes
include Biffi's (1963), Piontelli's (Piontelli & Tonolli
1964) and Vollenweider's (1964); they all share the hy-
pothesis that the quantity of substances present in lake
water is a function of the input, consumption and loss of
those substances. This hypothesis is expressed in the
three models with different parameters: for Biffi, the es-
sential factor is exclusively the hydrology of the river-
lake system; Piontelli also takes account of the depend-
ence of the water chemistry on sediment exchange;
Vollenweider introduces the idea of a possible chemical
reaction in the water mass. Rainey's (1967) conclusions
are also interesting: he applied to the American-Cana-
dian Great Lakes of the St Lawrence system a mathe-
matical model based exclusively on hydrological con-
siderations.

Vollenweider (1969) takes up Tonolli's observations
on the thermal characteristics of Lago Maggiore, and
with the intention of integrating their variations over
time into a more complete mathematical formula sug-
gests that the concept of "effective outflow" should be
added to that of "theoretic outflow", expressed by a co-
efficient equal in size to the inverse of time. To calcu-
late this the volume of the "mean epilimnion" must be
known, i.e. the volume of water which over the year can
be renewed by virtue of its thermal homogeneity.
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The overall picture emerging from these initial ap-
proaches is thus already extremely complex, with a va-
riety of phenomena and with widespread synergies, such
as processes of thermal stratification and destratification
of lake waters, their vertical mixing in late winter, and
the circulation triggered by the inflow from the tribu-
taries. Each of these must be evaluated on the basis of
the amount of energy required to set off the phenomena
and subsequently to dissipate them. There is therefore a
complex set of problems, involving the interaction be-
tween lake and surrounding environment, and especially
the exchanges of caloric, mechanical and mass energy
with the atmosphere and the watershed.

Essentially, these early approaches underlined the
complexity of the phenomenon and pointed to the need
for increasingly detailed information on lake hydrody-
namics, also as an indispensable prerequisite for deter-
mining the real residence time of water in each basin.
Also Weiss et al. (1991) maintain that one of the requi-
sites for understanding how a lake ecosystem functions
physically, chemically and biologically is its rate of
deep water renewal by exchange with surface waters
(the so-called "ventilation" process). This exchange
controls the internal distribution of water properties, so
controlling the time dependent response of the lake to
its own chemical and biological processes, as well as to
natural and anthropogenic external disturbances. Physi-
cal limnologists have in recent decades devoted much
energy to studying the mechanisms of vertical mixing of
lake water, even independently of the question of its re-
newal time. In this sense modern physical limnologists
are trying on the one hand to extend knowledge of their
own discipline, while on the other they are participating
with increasing authority in interdisciplinary studies of
the most complex of the processes occurring in the lake
ecosystem, including the process involved in water re-
newal time.

A further step will involve research leading to a de-
scriptive model by analysing those already in use, a
model which will take account of other parameters in
addition to those mentioned above; though a model
which fits all lakes is not a practicable proposition, due
to the differences in their geology, morphology and
climate. For instance, two lakes like Bolsena and
Maggiore exhibit wide differences, such as the ratio
between the areas of the lakes and their watersheds,
their different climatic conditions (precipitation, solar
radiation, wind etc.), the shape of the basin (round in
Bolsena, clongated in Maggiore), exposure to wind
leading to different sinking of the thermocline in sum-
mer, influence of tributaries, crossing flows and the
systems of currents and seiches which are more pro-
nounced in Bolsena. What emerges from these profiles
is that in Bolsena the most important factor is heating,
in a broad sense, while in Maggiore the hydrological
situation is dominant.

Carmack et al. (1986) analysed the seasonality of a
deep temperate lake (Lake Kootenay, British Colum-
bia), trying to highlight the mechanisms affecting the
circulation and distribution of the water mass and sub-
dividing their observation into six periods. Knowledge
of these mechanisms helped to understand the space-
time variability which makes it possible to evaluate
water renewal time, and also assists our understanding
of the behaviour of that lake and its associated ecosys-
tem. Other studies, especially those dealing with lakes
with a long residence time, took account of variables
such as wind and local heat exchange (Sundaram &
Rehm 1973; Mortimer 1974; Holland & Simmons
1978). Other studies used numerical models for lakes
and basins (Tucker & Green 1977; Imberger et al.
1984).

Some very recent studies involve determining re-
newal time using numerical 3D modelling (Rueda
2001). Rueda describes experiments and measurements
performed on Little Sodus Bay, one of the seven bays
considered in his study. The numerical experiments
consisted in measuring a tracer (of mass m,, expressed
in kg) in a given position and simulating the evolution
of the tracer over time. Mean residence time was calcu-
lated using the equation:

T, =ijd—mtdt=ij.m(t)dt
my y dt Mm%

Simulations continued for five months, performed
with a precise system for lake hydrodynamic phenom-
ena which takes account of chaotic and turbulent flow,
and in particular allows the use of Navier-Stokes equa-
tions and incorporates a form of Mellor-Yamada
scheme for turbulent systems (Smith 1997; Rueda 2001;
Rueda ef al. 2002).

3. FORCES RESPONSIBLE FOR LAKE
HYDRODYNAMICS

If we are to define realistic water renewal times, we
need a complete picture of the hydrodynamic processes
occurring in the lake, themselves conditioned by the
morphology of the territory, and we must identify the
agents which drive them. With particular reference to
temperate lakes, Ambrosetti & Barbanti (1988) summa-
rised the forces as follows:

a) the set of the lake’s caloric components, which,
along with the summer heating, give rise to the sta-
bilising effect of the surface layers and the conse-
quent thermal stratification, as well as the winter de-
stabilising effect (de-stratification) triggered when
the lake’s heat budget becomes negative;

b) the force of the wind, which transfers part of its mo-
mentum to the water mass, giving rise on the surface
and in the deep layers to a complex of movements
(waves, currents, seiches) with the active production
of kinetic energy;



c) water flowing into the lake via the tributaries, and
out of the lake via the outflow, considered not only
from a hydrological point of view, i.e. as the addi-
tion of a quantity of water, but also from the point of
view of the kinetic effects triggered by their entering
the lake.

This kind of subdivision of the forces responsible for
lake hydrodynamics has purely schematic value, as in
reality the individual processes interact, often in contrast
with each other. For instance, the formation of the upper
mixed layer is merely the combined effect of floating
following the heating of the superficial layers, and the
water movements triggered by the wind which tend to
convey the heat to deeper waters. However, the fact that
the action of the various external forces is often con-
temporaneous and synergic should not preclude an
analysis of each one, as, taken together, they have the
major responsibility for lake hydrodynamics.

A striking study of the contemporaneous action of
different external agents, their complex synergies, and
the differing responses of waterbodies was conducted
by Wuest et al. (1988) on the Lake Lucerne (CH). The
two adjoining basins which compose the lake, the Ger-
sawersee and the Urnersee, similar in size and depth,
separated by a sill of 85 m depth, and located in the
same macroclimatic zone, nevertheless have other
physical characteristics which are not entirely similar,
especially a very different exposure to the wind and to
tributary input, with the result that their response to the
external physical forces are very different. The exposure
of the Urnersee to the wind, the greater volume of water
flowing into the basin, and a dissimilar water chemistry
due to a different concentration of dissolved chemical
substances mean that there is a faster renewal rate in the
hypolimnion. In particular, the wind’s action is strong in
winter and spring, while the density currents induced by
the tributaries and by the lateral water exchange are ac-
tive in summer, and are the chief cause of the different
hydrodynamic behaviour of the two basins.

3.1. Heat budget, stratification and de-stratification

The heat budget of a lake represents in synthesis the
annual exchange of heat with the surrounding environ-
ment (essentially the atmosphere), and also provides a
picture of the specific incidence of individual compo-
nents on the lake's hydrodynamics through their quanti-
tative evaluation.

Many variables are involved in exchange mecha-
nisms, starting with the primary energy source of the
sun, in addition to the physical characteristics of the two
contiguous mediums and the fundamental elements of
atmospheric dynamics in relation to those of the water
mass. All these elements are obviously conditioned by
the general geographical characteristics of the lake basin
and its watershed (latitude, altitude, morphology), and
by the local and regional climate. Of the individual
components of the heat budget of a lake, those which
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are quantitatively most important are incident and re-
flected solar radiation, net long-wave radiation, sensible
and evaporation heat, net advected energy, and lastly the
heat stored in or lost from the lake.

3.1.1. Heating phase

The turbulent motion regime determined by the ac-
tion of the wind on the lake surface transports heat to
the deep layers by displacing the surface water, which is
warmer and lighter as a result of solar radiation, to the
depth at which the turbulent motions succeed in over-
coming the resistance of the "bouyancy force" due to the
difference in density between the layers.

Here some clarification is required, which is not
merely terminological: as Wuest et al. (1988) point out,
water exchange and mixing are two separate processes
responsible for the transport of water and its dissolved
or suspended constituents. In exchange, the water vol-
umes change their position but retain their chemical-
physical identity. In mixing, homogenisation occurs,
with the amalgamation of water particles and the for-
mation of another type of water, with new characteris-
tics. Of course, the distinction between "exchange" and
"mixing" is in a sense an artificial one, because there
can be no exchange without mixing (at least not at the
boundaries of the water masses involved in the ex-
change), and also because it is a question of time- and
length-scale if the water movement is to be regarded as
exchange or mixing.

In early spring the transport of heat to the deep lay-
ers produces in the lake a characteristic thermal struc-
ture which, at least in the commonly accepted classic
three-layer  stratification —model, comprises an
epilimnion at the surface, a metalimnion which is the
intermediate layer, and a hypolimnion at the bottom.
"Thermocline" is the term used to refer to the level of
maximum vertical heat gradient in the metalimnion.

The definition of these thermal structures is condi-
tioned by the morphometric characteristics of the lake.
Studies on the control exerted by morphometry on lake
dynamics, in this case on the summer thermal stratifica-
tion, allowed us (Pompilio ez al. 1996), using data from
30 Italian lakes and a predictive mathematical model, to
show that potential fetch, i.e. the distance over which a
wind can blow without encountering natural obstacles,
is the best indicator of the depth at which the thermo-
cline will be established in a lake. However, we also
found significant differences of behaviour, especially
between circular and elongated lakes. Furthermore,
lakes in Italy and other lakes in different parts of the
world were compared to evaluate the influence of the
local climate on heat stratification, particularly through
solar radiation (essentially determined by the latitude of
the lakes) and wind regime. A distinction also emerged
between the thermal behaviour of lakes regarded as cli-
matically "continental" and "oceanic".



Residence time and physical processes in lakes

V—‘—‘_\
] | thermocline 1

— —_ 1

409

302

a0,

0%

Depth (m)

SU%%

30

35

40

45

1 10

100 1000

Zmax

Fig. 1. Depth of percentages of annual heat exchange and depth of thermocline for the period July-August in 31 Italian lakes.

Barbanti et al. (1996) used an application of this
model to predict the type of summer stratification, or the
possible establishment in the lake of systems of one,
two or three layers, thanks to a simple index, calculated
as the ratio between the depth of the epilimnion, pre-
dicted on the basis of the lake’s morphometric charac-
teristics, and the maximum depth of the lake. This pre-
diction can be extended to the whole annual thermal
cycle, so following the warming and cooling phases of
the lake.

In addition, the 30 Italian lakes considered were di-
vided into three groups: those which are almost perma-
nently homeothermic or intermittently stratified during
calm periods, those which develop a two-layer system,
and lastly a group of holo-oligomictic lakes which have
a three-layer system.

Still in the context of research performed to clarify
the relations between morphometry and stratification in
Italian lakes, we used a linear regression (Ambrosetti et
al. 1996) to analyse the statistical dependence of the
depth of the thermocline on the moment during the sea-
son when it develops. In elongated lakes the thermo-
cline deepens steadily at a faster rate than that of circu-
lar lakes, which are practically stable after the beginning
of the summer; however, in both groups of lakes there is
a positive relationship between the rate of thermocline
deepening and lake area.

3.1.2. Heat content

Without going into details of the evaluation of the
individual energy components which make up the heat

budget of a lake (there is extensive literature on the
subject), we shall consider only the component which
summarises them, i.e. the heat content of the lake. In
particular we shall look at those aspects which periodi-
cally, or contemporaneously, affect the quantity of heat
present in the water mass, and consequently the internal
hydrodynamics of a lake and, in short, its renewal time.

Michalsky & Lemmin (1995), and after them other
researchers, established that the thermocline does not
constitute an insurmountable barrier to the downward
flux of heat; on the contrary, below the thermocline
there are considerable water movements (shears, inter-
nal waves, density currents, etc.) even at very deep lev-
els, with an intensity varying from lake to lake.

We arrived at the same conclusion (Ambrosetti &
Barbanti 2001), analysing the heat distribution over the
annual cycle along the water column in 31 Italian lakes
with maximum depths ranging from a few metres to
more than 400 m, and determining the percentage of
total heat exchanged at various depths. Thus, the water
layer involved in a 90% energy exchange has in deep
lakes a thickness of around an eighth of their maximum
depth, whereas in shallow lakes this layer may be as
much as four-fifths of the maximum depth (Fig. 1). In
addition, the mean depth of the thermocline in the same
lakes during July-August coincides almost exactly with
a heat exchange depth of 90% in the shallow lakes, 50-
60% in lakes of between 60 and 270 m depth, and below
50% in lakes deeper than 300 m. Therefore, in lakes
deeper than 100 m, more than half of the heat exchange
occurs below the thermocline, confirming that the ther-
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Fig. 2. Relationship between annual heat exchange percentage (40 to 90%) and volume percentage of lake water involved. The lakes

are in decreasing order of maximum depth.

mocline does not represent an absolute thermal barrier,
and that the quantities of energy in play affect a layer
which in deep lakes is 3-4 times the thickness of the
epilimnion. This means that even during the most pro-
nounced stratification phase, some of the heat present in
the lake may go beyond the thermocline, although it
cannot completely homogenise the layers above the
hypolimnion.

The water volumes involved in these energy ex-
changes and thus potentially in the water renewal are
shown in figure 2, where the 31 Italian lakes are given
in decreasing order of maximum depth on the x-axis,
and the water volumes are expressed according to the
percentage of the whole lake volume (y-axis).

In the deepest Italian Lake Como, the water mass
involved in the almost complete heat exchange (90%) is
only Y of its volume, while in the shallowest lakes al-
most the whole volume of the lake is involved. How-
ever, there are certain anomalies which can be explained
only by taking into account the peculiarities of each
lake, particularly as regards their hydrology.

The depth involved in the movements responsible
for heat transport to the deep layers can be defined ex-
actly by a comparison between the coefficients of verti-
cal turbulent diffusion (K,) and of the Brunt-Viisila
frequency (N?), the latter being an index of floating.
Thus, in Lago Maggiore between April and August, the
dominance of K, over N ends at a depth of around 150
m (Fig. 3), which means that on average the wind-in-

duced vertical mixing is confined to this level in sum-
mer. The corresponding values in the other subalpine
lakes, obtained using the same procedure, are: 180 m in
L.Garda (zy.x = 350 m); 150 m in L.Como (zy.x = 410
m); 100 m in L. Iseo (Zyx = 258 m); 75 m in L. Orta
(Zmax = 143 m). The value for Lake Geneva, in contrast,
is below 90 m (Michalsky & Lemmin 1995).

This procedure may be used to identify in each lake
the limit of separation between the "superficial" and the
"deep" hypolimnion. The heat exchanged during the
year in the upper layer has been quantified as 96-97% of
the total exchange, while only the remaining 2-4% of
the heat is able to reach the deepest part of the lake.

Nevertheless, if our aim is to define the thickness of
the mixed layer, this subdivision within the hypolimnion
has no importance, as this layer is limited towards the
bottom of the thermocline. The input of heat at the low-
est levels is, however, proof that a process of heat trans-
port to the deep layers is taking place, and the outcome
of this process will lead to the deepening of the thermo-
cline and possibly to a full circulation.

The dynamic conditions in the deep hypolimnion of
Lago Maggiore, as in the other large, deep subalpine
lakes, are as we have seen largely dependant on the
processes of turbulent diffusion in the overlying layer,
at least for the whole seasonal phase dominated by
thermal stratification and as long as there are no excep-
tional hydrological events (Barbanti & Ambrosetti
1990; Ambrosetti ef al. 1982). All the same, the periods
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multiannual warming period from April to August.

between March and May and September-October are
the most favourable for the accumulation of heat in the
deep layers. In the first period, between the end of the
limnological winter and the beginning of the summer
stratification, the vertical distribution of temperature is
not entirely stabilised, and there may be an input of very
cold, dense water from the tributaries (following the
snowmelt); proof of this is provided by the fact that in
these two months the dissolved oxygen content reaches
its maximum annual concentration on the bottom
(Barbanti &Ambrosetti 1985). The second favourable
moment is when the sinking of the thermocline coin-
cides with a reduction of the heat gradient, and not in-
frequently also with the heavy autumn rains, which in-
creases the volume of the rivers; the concentration of
bottom oxygen at this moment decreases due to the
quantity of organic material transported to these depths.

3.1.3. Thermal de-stratification

In temperate lakes such as those in Italy the de-
stratification process, dominated by convective motions,
begins in autumn with the first major surface cooling
and when the heat budget of the water mass becomes
negative, i.e. the quantity of heat absorbed by the lake is
less than that lost via its surface. This is the start of the
progressive cooling of the epilimnion accompanied by
its continuous deepening. Without entering into details
of the process, we may say that this considerable work
is performed by the turbulent kinetic energy developing
in the upper layers, with the convective motions tending
to affect an increasingly thick layer. The driving force
of this mechanism derives partly from the potential en-
ergy present in the lake, which however decreases at a
rate directly proportional to the loss of heat at the sur-
face, and partly from wind stress to the level of the
thermocline, with an amount of energy which varies in
relation to the intensity of the wind.

On the basis of their seasonal thermal variations,
Hutchinson (1957) classified lakes according to the

number of vertical circulations which can occur during
the annual cycle, i.e. when conditions of isothermia are
reached on the whole column. Lakes can in this way be
classed as amictic, cold monomictic, dimictic, warm
monomictic, and polymictic. Actually, some deep ba-
sins can circulate completely only when the meteoro-
logical conditions are particularly favourable (strong
winds and very low atmospheric temperatures); more
often, as we have seen, isothermia involves only a part
of the water mass (holo-oligomictic lakes).

For warm monomictic lakes, the category that in-
cludes the deepest Italian lakes, the maximum depth
reached by vertical mixing can be estimated from the
quantity of heat present in the water mass at the time of
the limnological winter, and especially from our knowl-
edge of its distribution along the vertical; in contrast,
this estimate can be made in cold monomictic lakes in
the limnological summer, while in dimictic lakes the
estimate has to be made during the two transitional pe-
riods. Although Hutchinson's classification is widely
accepted and includes almost all lakes, meteo-climatic,
morphological, hydrological and chemical peculiarities
of individual lakes may introduce variants into the stan-
dard classification of vertical mixing.

3.1.4. An example of a dimictic lake: Lake Baikal

Lake Baikal, the deepest body of fresh water in the
world (zn.x = 1632 m ) and the one with the largest vol-
ume, is a dimictic lake by virtue of its location in the
northern temperate zone. However, Weiss et al. (1991)
point out that while it is commonly believed that deep
lakes with surface temperatures which pass through the
4 °C temperature of maximum density twice a year turn
over in autumn and in spring, this is not in fact the case,
in so far as the temperature of maximum density de-
creases with increasing pressure at a rate of around —
0.0021 °C bar'. So the water at the surface at 4 °C is at
maximum density only at normal pressure, but is less
dense than slightly colder waters at depth, and thus can-
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Fig. 4. Depths of vertical mixing of Lago Maggiore waters at the end of the limnological winter, 1951-2002.

not enter into free circulation with it. Since the maxi-
mum density of the underlying layers varies continually
with depth, an additional physical mechanism is re-
quired to allow the displacement of deeper, colder
water. According to the authors, deep convection in this
lake occurs only locally and episodically as a result of a
conditional instability, the so-called "thermobaric" in-
stability, which depends on the combined effects of
temperature and pressure on water density. Only in this
case will deep water renewal be possible, by exchange
with the surface water, by the process they call "ventila-
tion".

Another study on Lake Baikal was performed by
Killworth et al. (1996), who analysed temperature, dis-
solved oxygen, nutrients and CFCs, concluding that
deep ventilation is produced by the differential com-
pressibility of the water, and in particular that renewal
events are governed by the "thermobaric" instability, in
which particles of water sink towards the bottom, with
the consequent displacement of colder water towards
the upper layers. The authors also define three convec-
tive regimes along the water column: the upper regime,
which lies above the thermobaric compensation depth,
the middle regime where convection is governed by
conditional instability at the thermobaric compensation
depth, and lastly the lower layer close to the bottom,
which represents the newer deep water.

3.1.5. An example of a holo-oligomictic lake: Lago
Maggiore

Due to their location in the temperate zone, the
large, deep lakes in the pre-Alpine areas to the south
and north of the Alps are counted as warm monomictic
lakes. This means that, in theory, a complete vertical
mixing occurs only once a year, at the end of the lim-
nological winter, i.e. around February-early March.

However, due to the great depth of these lakes, a
complete vertical homogenisation of their water, reach-

ing the bottom before the new process of thermal strati-
fication begins at the surface, does not occur every year,
so that it is more correct to class these lakes as holo-oli-
gomictic (Ambrosetti & Barbanti 1997).

This aspect of Lago Maggiore has been studied since
the 50s, and it has been observed that a complete ho-
mogenisation of its water, i.e. to the maximum depth,
occurs only in the case of particularly cold, windy win-
ters: a situation which appears to be becoming more the
exception than the rule. The winter mixing depths of the
water in Lago Maggiore have been evaluated yearly
through examination of vertical profiles of temperature,
dissolved oxygen and other solutes, as well as by ap-
plying a predictive model which takes account of the
meteorological conditions in the months before the on-
set of the limnological winter. This study revealed (Fig.
4) that the 7-year cycles recorded up to 1970 were fol-
lowed by a period of 28 years (until 1999) during which
the winter mixed layer only once (1981) reached a depth
of 200 m, with still shallower depths (between 50 and
150 m) being reached in the other years. The complete
circulation of 1999 occurred as a result of a double
mechanism, i.e. with the concomitant action of convec-
tive motions to a depth of 200 m, and the penetration of
colder and more oxygenated waters of outside prove-
nance in the layers below this level.

A similar situation of oligo-holomixis also occurred
in Lake Orta (zy,x = 143 m), where only 8 complete cir-
culations, at intervals of up to 4 years, were recorded
over 19 years (from 1984 to 2002); the greater mixing
frequency than that observed in Lago Maggiore is
clearly the result of its shallower depth. Similar late
winter hydrodynamics are also found in the other lakes
at the southern edge of the Alps, such as Como, Garda
and Iseo (Ambrosetti et al. 1983; Ambrosetti & Bar-
banti 1992; Salmaso 1997 ), and in many other lakes
north of the Alps, such as Lake Geneva (Blanc et al.
1989, Meybeck et al. 1991) and Lake Constance (Heinz
et al. 1990).
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Fig. 5. Distribution of the concentration of oxygen in the whole Lago Maggiore basin.

It is therefore clear that this situation of holo-oli-
gomixis in deep lakes must be kept in mind when evalu-
ating their water renewal, as actual residence times are
in this way considerably lengthened.

3.2. Wind energy

Wind stress and intensity on the lake surface depend
on a number of other factors, such as the stability of the
atmospheric layer immediately above the water body,
variability in wind speed, fetch, the direction of the
wind as compared to the lake's morphology, the degree
of roughness of the lake surface, and the extent of the
dissipation of wave energy on the shore.

It will be readily appreciated that the exchange of
mechanical energy is anything but easy to define, and
even less easy to evaluate in quantitative terms. Various
modelling approaches have been proposed, with more or
less satisfactory results, but the major problem, as yet
unsolved, consists in establishing the form in which the
energy transfer takes place, i.e. what proportion of the
wind’s work is transferred as kinetic energy to the dif-
ferent kinds of movement triggered in the water: waves,
currents, turbulence, or surface and internal seiches.
Consequently it is not surprising that exchanges of me-
chanical energy from the atmosphere to the lake’s sur-
face, and from the surface to the deep layers, are still
described with reference to empirical or semi-empirical
relations, which are often over-simplified and difficult
to verify.

For example, by analysing the space-time variations
in concentrations of dissolved oxygen in the
hypolimnion of Lago Maggiore, Ambrosetti et al.
(1982) were able to verify the presence of mechanisms
different from the normal convection process but which
were nevertheless able to re-oxygenate the deepest lay-
ers after the summer stagnation. One of these is the so-
called "conveyor-belt" circulation, which functions syn-
ergically with other hydrodynamic mechanisms to set
up in the lake a typical structure in which the deep water

presents physical, chemical and biological characteris-
tics very similar to those of the surface water, while the
characteristics of the intermediate layer are quite differ-
ent. This situation is caused by the wind, which in par-
ticular conditions of intensity and direction causes the
surface water to drift rather than mix; by driving the sur-
face water to the leeward end of the lake, it forces the
water to sink, and, by continuity and compensation, to
flow on the bottom in the opposite direction to the
windward end, where it comes to the surface again (Fig.
5). The result is the characteristic conveyor belt circula-
tion (Ambrosetti et al. 1982), also recorded in March
1981 by Sossau & Pechlaner (1988) in the Traunsee
(Austria), a lake of a depth of 189 m.

The oxygenation, even partial, of the deep layers
caused by these mechanisms can also compensate for
the continuation of vertical circulations with oligomictic
characteristics over several consecutive seasons (as oc-
curred in Lago Maggiore from 1970 to 1998), prevent-
ing the deep waters from degenerating into a state of
possible meromixis.

One of the most important responses of a thermally
stratified lake to the episodic action of the wind is also
the triggering of internal seiches, i.e. a series of oscilla-
tions developing at thermocline level and decreasing in
amplitude on cessation of the triggering factor. Associ-
ated with these oscillations are large, persistent dis-
placements of water masses that generate fluxes of shear
and turbulent currents, which contribute to both mixing
and dispersion.

As Imberger (1994) points out, the importance of the
internal waves generated by the wind is that they spread
kinetic energy over great distances, from the source to
the point at which they are dissipated. Recent studies
reveal that most of their energy is accumulated along
the lake shore, where they also contribute significantly
to changes in the shoreline, and where turbulent mixing
and the re-suspension of bottom material occur (Mun-
nick et al. 1992; Gloor et al. 1994).
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Turbulent mixing at the edge of the lake may also
derive from the internal waves breaking close to the
bottom and by the velocity of seiche currents above the
hydraulically rough lake bottom (Garret & Gilert 1988;
Ivey & Nokes 1989; Garret ef al. 1993). But turbulent
mixing also sets up horizontal intrusions of water of in-
termediate density into the lake (Imberger & Patterson
1989). If the horizontal and vertical translocation of
water masses and the seiche-born water mixing involve
a relatively large portion of the lake, internal seiche ac-
tivity can be an important factor also at the water-sedi-
ment interface, influenced by nutrient transport and the
distribution of plankton and fish (Imboden et al. 1983,
Gaedke & Schimnele 1981; Leavy et al. 1991).

Using some observations on the space-time distribu-
tion of temperature and dissolved oxygen in Lake Kin-
neret (Zn.x = 42 m), Ostrovsky et al. (1996) arrived at a
detailed picture of the mixing of the water mass and its
movements deriving from the presence of internal sei-
ches. Their data do not offer any direct evidence of the
water movements (no current measurements were per-
formed), but it is highly likely that the two phenomena
(movements and seiches) are closely linked. Working
on the same lake, Nishri ez al. (2000) found that during
the summer stratification the hypolimnion consisted of
two layers, a turbulent benthic boundary layer, and the
other overlying it. The whole epilimnetic mass moved
in response to vertical mode one seiching of the
metalimnion, and the movement was more accentuated
along the edge of the lake due to shoaling, which caused
the breaking of internal waves. The motion associated
with these phenomena induced the formation of a well-
mixed layer close to the bottom, with significant conse-
quences for the exchange of mechanical energy and for
the scale of biogeochemical processes.

3.3. Energy advected from the tributaries

Inflowing waters normally have physical and chemi-
cal characteristics which are different from those of the
lake, particularly as regards their solute concentrations,
so that their intrusion into the lake may result in the riv-
erine water flowing on the surface (overflow), in depth
(underflow), or at an intermediate level (interflow).
Here we are not so much concerned with the inevitable
load of suspended or dissolved material conveyed to the
lake, as with the input of kinetic and potential energy
which is linked to the difference in thermal and/or
chemical density between the riverine and the ambient
water. When large water masses flow into the lake from
the watershed, the tributaries with the greatest volumes
can produce a plume of current which is identifiable for
a considerable distance, and operating at various levels
may even reach the deepest layers, causing high turbu-
lence and facilitating mixing. Such plumes have been
observed in lakes Maggiore, Iseo and Como, where their
space-time distribution has been monitored and some
parameters measured, such as temperature and dissolved
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oxygen concentration, incontrovertible evidence of their
riverine origin (Barbanti & Ambrosetti 1989). These
flood events may be negligible in lakes where the sur-
face area-watershed ratio is low (e.g. lakes Bolsena,
Bracciano, Vico, Nemi), at least as regards their inci-
dence on deep water renewal times, but are quite fre-
quent and of some importance in others, such as
Maggiore and Como.

During the flood in Lago Maggiore in August 1978,
a limnological survey was immediately undertaken,
with ecobathymetric probes, current measurements with
drift cruises da deriva, vertical water temperature meas-
urements, and chemical and biological analyses on sam-
ples taken at various depths in several stations. This
survey showed how the distribution of inflowing waters
took place at two preferential intrusion levels (Am-
brosetti et al. 1980). The main flow, with an upper limit
at a depth of 5-6 metres, was identifiable for several
kilometres beyond the river mouth and was particularly
evident in the Pallanza basin; as it moved further away
from the inflow point, however, the turbid water spread
into some well defined but more limited areas, and
gradually sank. A second inflow level was observed in
the deepest layers of the main basin (below 300 m),
where it introduced relatively high temperatures and in
particular the presence of turbid water. Clearly this dou-
ble intrusion was caused by the different densities of the
water of each tributary, a result of their different tem-
peratures and suspended loads.

Another memorable hydro-meteorological event oc-
curred in Lago Maggiore in the autumn of 1993, when
once again an immediate limnological survey was initi-
ated, followed by evaluation of the hydrological budget
for the duration of the event. The high inflows of water
to the lake resulted in a marked reduction of the theo-
retical renewal time, or, putting it another way, a
marked acceleration of the water renewal: the mean
theoretical time of 4 years in Lago Maggiore dropped,
in the period from 30 September to 12 October, to
around 8 months. However, the riverine intrusions af-
fected almost exclusively the top 100 metres of lake
water, as is shown by the heat flux trends in the water
column, so that the real renewal time must be applied to
this hydrodynamic situation. The autumn 1993 flood,
with its load of potential energy, also caused heat ex-
changes in the water mass which were anything but
negligible, with evident changes in the vertical thermal
structure of the lake. It was calculated that just in the 24
hours of 30 September 1993 the advected energy
reached values around 3 times higher than those deriv-
ing from solar radiation on a cloudless summer day.

Lakes at the edge of high mountain ranges may re-
ceive an input of cold riverine waters originating from
the spring snow- and ice-melt, which on their way from
the point of inflow to the point of outflow sink to the
maximum depths. There are many instances of such epi-
sodes; one of them, whose evolution is illustrated in
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Fig. 6. Example of the sinking of riverine water masses in the central part of Lago Maggiore.

figure 6, developed in Lago Maggiore between 18 and
24 April 1985. This was a "crossing flow", which
emerged clearly both from the vertical temperature dis-
tribution and from the O, concentrations; the figure
shows the central, deepest part of the lake, which is al-
ready quite far from the inflow point of the tributaries.

This is also a demonstration of the ecological impact
of watershed altitude on the lake ecosystem. The accu-
mulation of snowy precipitation during the winter gives
rise at the thaw to intrusions of masses of very dense
cold water in the lake, which sink to the deepest levels
and often bring a high oxygen contribution. Phenomena
of this kind were recorded in Lago Maggiore in the
years from 1984 to 1986 and in 1991, and also in lakes
Como and Iseo. The mechanisms were also observed in
Lake Geneva from 1972 to 1980 by Meybek et al.
(1991), who ascribed them to other processes in addi-
tion to the intrusion of denser water, such as the accu-
mulation of turbidity in the water, or wind storms; and
though the quantity of water arriving in the lake is gen-
erally quite small (less than 1% of the total volume of
the basin), they ensure adequate oxygenation of the
deepest levels, even when the vertical mixing does not
reach the bottom.

Working on Lake Baikal, Hohmann et al. (1997)
also identified two mechanisms of deep water mixing,
based on nearly 600 CTD profiles taken between 1993
and 1995. In spring (April-May), cold and relatively sa-
line water from the Selenga, the major inflow to the
lake, forms a density plume that reaches the bottom of
the central basin, the deepest of the lake’s basins, to
which it transports about 125 km® of water per year.
There are, however, also indications that parts of the
Selenga plunge to the deep part of the southern basin.
At the Academician Ridge, the sill separating the cold,
saline water of the central basin from the warmer,
slightly less saline water of the southern basin, hori-
zontal mixing takes place, resulting in a water mass that

can sink on the other side of the sill deep into the north-
ern basin, while in the central basin the water mass re-
mains at an intermediate depth. The authors did not find
any indication of wind-induced thermobaric instability
(the process discussed above), which means that, as re-
gards vertical mixing, hydrology prevails over anemol-
ogy, at least at certain times of year.

Finally, and again in Lake Baikal, Ravens et al.
(2000) analysed vertical temperature microstructure
profiles, monthly CTD profiles, and records of near-
bottom currents, concluding that the water column be-
low 250 m is extremely weakly, but permanently, strati-
fied. Despite the fact that this water mass of more than
1000 m thickness is relatively stagnant, its "age" (time
since its last contact with the atmosphere) is only
slightly more than a decade. This can only indicate the
existence of large-scale advective exchange; the strati-
fied deep water is thus subject to the combined action of
intrusions of external water masses (from the tributar-
ies), and of small-scale turbulence.

4. EFFECT OF ONGOING CLIMATE CHANGES

The long historic series of experimental limnological
data (thermal in particular) available to us, such as those
we used to elaborate the sequence of the depths reached
by the maximum vertical late winter mixing in Lago
Maggiore, reveal the fact that marked climate changes
are in progress. Though these changes are irrelevant to
some situations, like the sequence just cited, this is not
true for other aspects of lake hydrodynamics, for in-
stance, those closely related to water renewal times.

The dynamics of global climate change may not be
wholly understood, but it is undeniable that the atmos-
pheric temperature is increasing; and the great masses of
lake water too are experiencing changes in the ratios
between the various forms of exchanged energy,
whether at the water-atmosphere interface or through
the inflow from the tributaries. This situation has reper-
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cussions on the whole water column, with variations in
some aspects of internal hydrodynamics, to the point
that changes in water quality are also being seen.

Hondzo & Heinz (1991), for example, applied a
model to three lakes in the centre-north of the USA
(Calhon, Elmo and Holland), to test (among other
things) the impact of global warming on them. Their re-
sults showed that there was a considerable increase in the
temperature of the epilimnion, a greater loss of energy
through evaporation, and an earlier summer stratification,
than in the past. They did not find any notable impact on
the temperature of the hypolimnion, as the spring vertical
mixing events had thermally homogenised the whole
column (the maximum depth of these lakes is 42 m).

Italian lakes, too, especially the deepest of them,
have in recent years shown a marked increase in the
heat of the whole water mass, with consequent evident
changes in their vertical thermal structure. In particular,
there has been a reduction in the depths reached by the
winter mixing, i.e. the moment when the so-called "new
water mass" is formed; there have also been variations
in the processes of turbulent convection, linked both to
meteo-climatic changes and to inflows of cold oxygen-
ated water, or warmer but very dense waters, from the
tributaries, all of which may also involve profound
changes in the thermal structures of the hypolimnion.

Studies on Lago Maggiore revealed a marked in-
crease in summer energy content on the whole lake vol-
ume of around 850 MJ m™ from 1963 to 1998; in Lake
Orta, again in summer, the increase from 1981 to 1999
was almost 600 MJ m™. This distinct increase in heat
has determined in both lakes a general lowering of the
depth of the layer involved in the heat exchange. For in-
stance, the 90% exchange depth in Lago Maggiore has
over the last 40 years experienced a mean annual deep-
ening of 0.130 m, from 37 metres in 1963 to 48 metres
in 1999. The deepening in Lake Orta between 1984 and
1999 was even more striking: 2.22 m, an average of
0.138 m per year. These processes obviously also in-
volve an increase in the thickness of the epilimnion
(Ambrosetti & Barbanti 2002), increasing the availabil-
ity of a greater volume of water for the summer re-
newal, if we adhere to the hypothesis that only the water
in the surface layer takes part in the renewal.

The heating of the 0 — 50 m layers does not emerge
clearly from the historical series of temperature data, as
it is partly masked by the presence of seasonal cycles
(Fig. 7A), though there is a trend in the direction of a
general increase. The effect of global warming is more
noticeable in the deep hypolimnion, which is only
slightly, if at all, affected by daily or seasonal thermal
variations (Fig. 7B). In this way the deep layers contain
a kind of "climatic memory", which reveals thermal
variations on a relatively long time scale, comparable
with that of the ongoing climatic changes, and its trend
can yield information on events of particular intensity
which have had a significant impact on the lake.

W. Ambrosetti et al.

Figure 8 compares the climatic memory of lakes
Maggiore, Garda and Orta (Ambrosetti & Barbanti
1999, 2000 and 2001). From 1963 to 1998 the overall
increase occurred at a similar rate in the three lakes,
with a halt from 1982 to 1986 and with variations, both
negative and positive and of varying dimensions, which
appear at the same time in each basin. The most striking
of these variations were the negative ones in 1981 and
1991, caused by exceptional meteorological and hydro-
logical events on a regional scale involving the transport
of surface water to the deep layers (Ambrosetti et al.
1982); the result was a marked decrease in the positive
trend of the climatic memory, with a considerable re-
duction in the accumulation of energy.
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Fig. 7. Heat content in some layers of the Lago Maggiore
water column.

However, while external events of this kind may be
able to modify the direction of the trend, as things cur-
rently stand they cannot return the lake to the energy
content situation of the earliest years of the period under
consideration. For instance, at the end of winter 1999
Lago Maggiore displayed a value of 5.193 MJ m?,
equivalent to a mean temperature of 6,7- 6,8 °C on the
whole column; a value higher by 630 and 840 MJ m™
than in 1970 and 1963, corresponding to a mean tem-
perature on the column of 5.8 and 6.0 °C. To produce
the 1999 complete vertical mixing at 6.7 °C, 10 times
more work was required than for the 1963 mixing, and
without the possibility of re-establishing the initial
thermal conditions, i.e. a mean temperature of 5.8 °C on
the column (Ambrosetti & Barbanti 2000).
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Fig. 8. Trend of climatic memory in lakes Maggiore, Garda
and Orta, based on approximately fortnightly data. Orta values
are shown on right y-axis.

Thus the complete circulation of water in deep lakes
is destined to become more and more difficult to
achieve in the future, with major repercussions for their
hydrodynamics. With continually rising water tempera-
tures, the variations in density between layers of equal
thermal difference are always higher than when the
temperature is close to 4 °C.

To sum up, the ongoing climate changes, the in-
crease in temperature in particular, are having a double,
and contrasting, impact on the renewal times of lake
waters.

In summer, a possible increase in the thickness of
the mixed layer accelerates the renewal time, as a
greater volume of water is involved. In winter, on the
other hand, the need for more mixing work to trigger a
complete vertical mixing, or at any rate a deeper mix-
ing, reduces the volume of the water mass involved in
the renewal.

5. LAKE BOLSENA

Some comments must be made on Lake Bolsena,
where this meeting is being held. We shall use the data
provided by Bruni (1997, 1998, 2002), comparing them
with the results of studies performed by the Istituto
Italiano di Idrobiologia in the sixties. Table 1, which at
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the beginning of this contribution showed the theoretical
renewal times of the major Italian lakes, indicated a re-
newal time for Bolsena of around 120 years. However,
since 1960 the volume of the outflow (Marta) has de-
creased from 2.5 m® s™' to its present value of 1 m® s,
so that the theoretical renewal time is now around 300
years. The reasons for this decrease and the conse-
quences for the water quality of Lake Bolsena are quite
alarming and are discussed in detail by Bruni (2002).

Thermal measurements show that the total winter
caloric content of the lake increased substantially
(around 16%) from 1969 to 1998, with the mean tem-
perature on the column rising from 7.44 °C to 8.4 °C,
i.e. an increase of around 1.0 °C, which is in agreement
with the increase recorded in the large, deep lakes to the
south of the Alps. The summer caloric content behaved
similarly, with a much greater increase than in winter
(34%), while the caloric content of the deep hypo-
limnion below 75 metres, the layer containing the
"climatic memory", rose by around 18%.

Full circulation in Bolsena is therefore increasingly
unlikely, for the same reasons as for the deep lakes
south of the Alps. This can also been understood from
the values of winter thermal stability; this parameter,
defined as the work necessary to mix a thermally strati-
fied lake to isothermia in adiabatic conditions, has in-
creased over the period under consideration from 151 J
m? to 589 J m™. Its vertical distribution in Lake Bol-
sena, determined according to Walker's method (1974),
is shown in figure 9, which compares the 1969 and 1998
values. In 1969, the thermal stability at -110 m had a
maximum value of 0.27 J m?, indicating that this level
is the limit for vertical mixing. In contrast, the 1998
curve shows at all levels values higher than those of
1969 with a maximum (0.57 J m?) at -105 m, a value
more than twice that of 1969, as well as conditions of
marked stability starting from the layers nearest the sur-
face. The implications of this are that a considerable in-
crease in work will be required in the future if a com-
plete mixing of the water is to be achieved.

6. CONCLUSIONS

All the results of studies of the exchange of caloric
energy between the atmosphere and the lake water, and
the exchange of mechanical energy with wind and in-
flows, show that the control of these is decisive for the
hydrodynamic characteristics of the water mass of a
lake. And the resulting thermal structures, which vary in
time and space in relation to external conditions, are
also extremely important for the chemistry and biology
of each water body. Furthermore, the climate changes
currently in progress are assuming the role of a "nerve
centre" in lake management, and are altering the equi-
libriums of atmosphere-lake and river-lake, so that rela-
tions within the lake are being changed, with an impact
not only on the lake ecosystem but also on the sur-
rounding area, with in particular a worsening of extreme
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phenomena. The signs of these phenomena are already
present and well-documented, even though they are still
at a level which could be the result of the natural vari-
ability of the climate. The fact remains that if the drive
towards upsetting the equilibrium of the atmosphere
gains the upper hand, the results could be catastrophic.
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Fig. 9. Vertical profiles of thermal stability in Lake Bolsena in
winter 1969 and 1998 sensu Walker.

However, to return to the main topic of this contri-
bution, lake water renewal times need to be measured
with increasing precision, especially in relation to their
undisputed impact on many of the chemical and bio-
logical processes involved in the ecosystem. It is none-
theless difficult to say what general line should be fol-
lowed to achieve these results, due to the extreme com-
plexity of the physical compartment, with a great many
variables and synergisms which can be hard to interpret.
Processes are involved which are not always entirely
clear, even to modern limnology, and besides each lake
presents its own specific characteristics, with the
prevalence of certain phenomena, and it is not always
easy to identify them. These objective difficulties
should not discourage us from the urgent task of ex-
tending our knowledge of the dynamics governing the
complex lake ecosystem, with the aid of the increas-
ingly sophisticated instruments which modern technol-
ogy can offer to the science of limnology.

W. Ambrosetti et al.
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