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ABSTRACT 

A simple model of the seasonal thermocline is examined theoretically and with the 
aid of a laboratory experiment. It is argued that all the heat and mechanical energy 
which affect the water column can be put in near the surface and propagated down- 
wards, without being influenced significantly by horizontal velocities, advection or 
rotation. If all the kinetic energy of stirring is used to change the potential energy of 
the system, one can calculate the temperature and depth of the well-mixed surface 
layer as a function of time, given the heat input. This has been done explicitly for a 
saw-tooth seasonal heating function and constant stirring rate. A step-by-step heating 
process has been simulated by an intermittent input of buoyant fluid a t  the surface, 
both theoretically and experimentally. 

Many features observed in the ocean are reproduced by both the theory and the 
experiments. The depth and temperature dependence of the upper mixed layer as 
functions of time, and the relation to the heating and ccoling cycle, are in good qualitative 
agreement. Most important, this model shows clearly that surface mixing affects only 
the properties down to the topmost density interface, and that deeper features laid 
down early in the heating season can persist until the well-mixed layer reaches them 
again late in the winter. 

1. Introduction 

Many theoretical models have been proposed 
to explain the structure of the surface layers of 
the ocean and their variations over short and 
long periods of time. Several rather different 
physical processes have been invoked, and 
indeed all of these are probably important at 
different times or in different geographical 
regions. MUNK & ANDERSON (1948) extended 
the Ekman spiral calculations by taking into 
account the dependence of vertical eddy viscos- 
ity and conductivity on the shear and density 
gradients, and thereby determined steady state 
distributions which have many of the observed 
features. STOMMEL & WOODCOCK (1951) con- 
sidered the effects of surface heat flux and wind 
stirring on the eddy transport coefficients, and 
KITAIGORODSKY (1960) used a dimensional argu- 
ment to relate the depth of the upper mixed 
layer to the surface stress and heat flux. KRAUS 
& ROOTH (1961) showed how a well-mixed 
layer is formed by convection produced by the 
absorption of heat in depth and a loss at the 

surface. I n  contrast to these “local” treatments, 
theories of the deep (permanent) thermocline 
have involved advection effects, either without 
vertical mixing (WELANDER, 1959) or with this 
included (ROBINSON & STOMMEL, 1959; ROBIN- 
SON & WELANDER 1963). For these large scale 
models the earth’s rotation always enters in a n  
important way. The relative influence of all 
these processes in various regions has recently 
been reviewed by TULLY (1964). 

Most of these, and other studies not cited, 
suffer from two disadvantages. They often con- 
tain more than one physical process in a way 
which makes it difficult to disentangle them, 
and they are nearly all steady state calculations. 
In the present paper the aim has been to return 
to one of the simplest possible single processes 
which can account for the time dependent be- 
haviour of the upper mixed layer. This will be 
studied theoretically and using laboratory expe- 
riments. It is assumed that the formation of the 
mixed layer can be regarded as one-dimensional, 
i.e., generated locally and propagated vertically, 
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A ONE-DIMENSIONAL MODEL OF THE SEASONAL THERMOCLINE. I 89 

and that the mechanism of mixing is through 
surface stirring associated with waves or a 
mechanical mixing process; the earth’s rotation 
will be ignored. The rate of heat input affects 
the model through its influence on the density 
structure, since stable density gradients can in- 
hibit vertical mixing. A more general theory of 
the same physical process will be presented in 
the following paper (KRAUS & TURNER, 1966), 
which will be referred to as 11. 

2. An example of the phenomena to be 
modelled 

Before the details of the model are described 
it will be helpful to summarize some observa- 
tional data which seem to typify the phenom- 
enon which we aim to understand. TABATA & 
GIOVANDO (1963) have reported a long series of 
measurements of temperature profiles at Ocean 
Weather Station P in the North Pacific from 
which they deduce a typical cycle of growth 
and decay of the seasonal thermocline. As 
pointed out by TULLY (1964), this is a region 
where there is a net heat transfer to the sea 
when the sun is north of the equator and a loss 
to the air when it is south, with very nearly a 
balance over the year (see Fig. 1). The devel- 
opment of the warm layer at the surface in this 
area and also near Bermuda (in the North 
Atlantic) is shown in Fig. 2. The figures reveal 
the characteristic well-mixed upper layer, 
whose depth decreases as the heating increases, 
and then increases again during the cooling 
season. Tabata and Giovando also discuss the 
formation of daily temperature structures by a 
combination of heating and surface evaporation 
together with wind mixing, and in a more recent 
paper (TABATA et al., 1965) the effect of strong 
winds on the descent of the interface is examined. 

Many features of these observations have 
been reproduced in our model and will be dis- 
cussed in detail later, but some points empha- 
sized by TULLY (1964) might be mentioned now. 
First, the seasonal warming of the sea is an 
intermittent process (on several time scales), not 
a continuous one, and the effect of this on the 
final structure should be examined carefully. 
Secondly, and probably more important, it is 
discontinuous in depth. A heat input a t  the 
surface contributes to the warming of the water 
above the uppermost thermocline, and associ- 
ated properties are transferred downwards at, a 
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FIG. 1. The heat budget and surface temperature 
deduced from observations in the North Pacific 
(after TABATA I% GIOVANDO, 1963). 

substantial rate only when this interface is 
moved downwards by stirring from the surface. 
The small effect of internal mixing, a t  least in 
this region, is made clear by the persistence of 
small features of the deeper layers, so that 
“the structure provides a historical record of the 
processes that created it.” 

There are, of course, other observations of a 
less extensive kind which support this same 
general picture. FRANCIS & STOMMEL (1953) had 
used earlier ocean station records to show that 
a single gale may deepen the mixed surface 
layer by 20 to 30 ft, and CROMWELL~EREID 
(1956) pointed out that the gradient a t  the 
bottom of the mixed layer is intensified by the 
turbulent processes which make this upper 
layer uniform. 

3. Past and present experimental models 

Several laboratory experiments have been 
reported in the past which bear on the present 
problem. A basic study of the mixing processes 
at a stable interface stirred on one side was 
carried out by ROUSE & DODW (1955). They 
expected that such stirring would smear out the 
interfacial gradients, but discovered to their sur- 
prise that the interface in fact became sharper, 
with a transfer of material always from the 
nonturbulent into the turbulent fluid, where i t  
quickly became well mixed. This phenomenon 
of entrainment, with a sharp boundary between 
t,urbulent fluid and fluid a t  rest, has become 
familiar in other contexts even in uniform 
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FIG. 2. The seasonal temperature cycle ( O F )  in (a) the Bermuda area, ( b )  the North Pacific. (From 
Summary Technical Report of Division 6, N.D.R.C., Washington, 1946.) 

fluids (e.g. the spread of a wake or jet), but it is 
even more striking with a density interface 
which rapidly damps out turbulent fluctuations 
near it. 

The conditions of Rouse & Dodu’s experi- 
ment, though excellent for their original pur- 
pose, were not the most appropriate ones for the 
present study. They started with two layers of 
different constant densities (which we will also 
do here) but kept the geometry constant through- 
out. That is, the layers were maintained at the 
same depth and the stirrer at the same position 
relative to the interface, by continuously 
drawing off fluid from one layer and replacing 
it in the other a t  a rate which at any time just 
compensated for the advance due to entrain- 
ment. Thus the density of the stirred layer was 
changing with time (until eventually it became 
equal to the density of the other, and the whole 
system mixed) but the effect of changing the 

distance from the source of turbulent energy to 
the interface was not studied explicitly. 

Another experiment, which was carried out 
with the ocean thermocline (or pycnocline) 
particularly in mind, was that of CROMWELL 
(1960). He used a finer stirring grid than Rouse 
& Dodu, but came to essentially the same 
qualitative conclusions about the sharpening of 
the interface. The original density distribution 
of the unstirred layer, however, was linear 
rather than uniform: this W&B chosen with the 
deep thermocline in mind. For the present 
purpose it seems preferable to return to the 
uniform initial distribution, since this is both 
easier to study experimentally and more appro- 
priate for the kind of upper mixed layer we 
wish to investigate. 

In  our model, we have initially a deep tank 
filled with a liquid of uniform density. Just 
below the surface of the liquid is a stirring grid 
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A ONE-DIMENSIONAL MODEL OF THE SEASONAL THERMOCLINE. I 91 

to introduce turbulence mechanically a t  a fixed 
level. Increases of’heating rate with time are 
represented by adding increasing volumes of 
lighter fluid at the surface. Since the scale of the 
laboratory experiment is small, molecular heat 
diffusion could be important; differences in salt 
concentration have therefore been used instead 
of temperature differences to produce the 
changes in density. In  the oceanic phenomena of 
interest nearly all the density differences may 
be caused by temperature variations, or there 
couId be contributions from salinity variations 
due to rain or evaporation, but it is only the 
density structure which is relevant in all cases, 
when turbulent processes are dominant. Cor- 
respondingly, cooling periods will be represented 
by adding salt solution denser than that in the 
original tank. Each addition will be made at 
fixed intervals of time with the stirring going on 
continuously, though there is little difference in 
the results if stirring is stopped during the 
“heating” periods. The main question we set 
out to answer here is: how much of the observed 
time dependence of the mixed layer depth and 
the surface temperature can be explained by this 
one-dimensional model, with a fhed stirring 
rate and a correct modelling of the surface heat 
input alone? Large variations are clearly pos- 
sible if the stirring rate is changed too, but 
first let us see if the mean behaviour can be 
properly represented in this way. 

In  order to understand the behaviour of this 
system, it is also important to study in more 
detail the simpler problem of the advance of a 
single interface away from the stirring grid. 
Qualitatively, it is to be expected that as the 
interface descends the turbulence level near it 
will be decreasing due to damping by viscosity: 
on the other hand, the density difference across 
it must decrease as the surface layer deepens 
and this will make the entrainment easier. The 
net effect will be the result of a balance between 
these two opposing tendencies. 

4. Experimental procedure and results 

The vessel used was a plexiglass tank 25.5 x 
23 cm in cross section and 44 cm deep. The 
stirrer consisted of a grid of 1 cm wide plexiglass 
strips 1.5 mm thick, cemented together in a 
square array with 4.5 cm between centers, and 
set horizontally near the top of the tank, cover- 
ing its whole area. It was driven by a variable 
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FIG. 3. The behaviour of individual stable interfaces 
descending due to stirring near the surface. Volumes 
of light fluid, giving a measure of the tot81 buoyancy 
of the upper layer, are marked on the curves. 

speed electric motor through an eccentric which 
provided an approximately simple harmonic 
motion of fixed amplitude (about 1 cm). Experi- 
ments were begun with saline water of known 
density filling the tar& to about 1 cm above the 
stirrer, and a measured quantity of dyed fresh 
water was carefully floated on top. Some experi- 
ments were conducted with a wire mesh lid at 
the level of the mean water surface, but for 
most of them the surface was left free. The 
depth of the interface at any time could be 
measured by means of a scale attached to the 
tank. 

In  the first runs, stirring was stopped each 
time a reading was required, but this was found 
not to give exactly the same results aa with 
continuous stirring: during the pause, the upper 
layer was made very uniform by the residual 
motion, and when stirring waa resumed the 
interface started to move downwards more 
quickly than it should initially while a salinity 
gradient near the interface was building up. In  
all the rum reported here, depth readings were 
made with the stirrer running, in spite of the 
inaccuracies introduced by the fluctuations of 
the interface. 

First, let UE consider the behaviour of a single 
interface as it develops in time. The results of 
three such experiments, conducted with a fixed 
stirring rate and density of tank fluid but var- 
ious initial vohmes of buoyant fluid, are 
shown in Fig. 3. Curve a shows the behaviour 
with no buoyant fluid added (but just a small 
amount of dye to trace the motion). The veloc- 
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FIG. 4. The experimental results for a time-depen- 
dent surface layer, produced by stirring at a constant 
rate with a variable density input. (a) The saw-tooth 
“heating” function, and its approximation by the 
addition of discrete volumes of buoyant fluid at 
5 minute intervals. ( 6 )  Depth of the well-mixed 
surface layer at the end of each stirring interval. 
( c )  The surface density anomaly deduced from (a) 
and ( 6 ) .  

ity of advance at first decreased rapidly, but 
then stayed substantially constant over a range 
of depths until the stirred layer reached the 
bottom of the tank. With increasing amounts of 
buoyant fluid, the initial rate of advance was 
again very rapid, but the density differences 
soon became important and the velocity of the 
interface depended strongly on the stability. 
Over a considerable interval of time (say 3-6 
minutes in these experiments) this velocity was 
changing only slowly, but a t  much longer times 
(not shown here) i t  becomes very small if the 
density differences are large. 

To illustrate the second type of experiment, 
that with a variable density input, we have 
taken a run with the identical tank fluid (density 
1.051) and stirring rate (6.5 cycles/sec) as in 
those just discussed, but with extra density 
increments added at 5 minute intervals. The 
first sample of 30 cc of fresh water was added 
as the stirring was begun. A t  the end of 5 
minutes the depth was read and 60 cc of fresh 
water poured carefully in the top, and this 
process was repeated every 5 minutes there- 
after, with the volume of sample adjusted to 

follow the “sawtooth” heating cycle shown in 
Fig. 4. Stirring was carried on continuously, 
but as each new sample was added, a new 
interface formed near the surface and propa- 
gated downwards; the turbulence below this top 
interface very quickly died away. From the 
successive positions of the interface and the 
known volumes of fluid added, one can easily 
deduce the density structure as a function of 
depth a t  any time. The total buoyancy is con- 
served, so the area under the depth - Ae curve 
must just be equal to the net buoyancy input; 
the results so obtained are plotted in Fig. 5. 
The “cooling” cycle was continued in this way, 
adding in the same sequence volumes of heavy 
fluid (density 1.100). This of course has the 
same density difference from the original tank 
fluid as the fresh water, but in the opposite 
sense, so that when the cycle was complete the 
density of the tank remained unchanged. During 
the whole experiment the surface was kept a t  
the same level by withdrawing a compensating 
amount of fluid from the bottom of the tank, 
and the measured positions of the interface 
were corrected to allow for this. Fig. 4 shows 
the depth of the well-mixed layer and the de- 
duced surface density as a function of time in 
this experiment. 

5. Theories of the mixing process 

(a) A single interface 

Using the experimental results as a guide, we 
can now attempt a physical interpretation of 
the surface mixing processes, starting with the 
basic problem of a single density interface. 
PHILLIPS (1966) has discussed two extreme cases 
of the advance of a turbulent layer into one a t  
rest, which he calls “fully turbulent” and “quasi- 
laminar” entrainment. For both of these, the 
turbulence is produced by imposing a stress on 
the upper surface, so that a mean velocity is 
produced and the scale of the turbulence can 
adjust itself to the depth of the upper layer. 
They may therefore be more closely applicable 
to the ocean than to the turbulence generated 
by a grid, but  a comparison with our results will 
still be of interest. 

In the first, “turbulent” case, density differ- 
ences are supposed to be negligible, so this is 
equivalent to a front of turbulence advancing 
into a uniform fluid a t  rest. Dimensional argu- 
ments suggest that in this case the only relevant 
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A ONE-DIMENSIONAL MODEL OF THE SEASONAL THERMOCLINE. I 93 

velocity scale is u, = ( t / e ) * ,  the friction velocity 
associated with the surface stress t, and that the 
velocity of advance of the front w is just propor- 
tional to u, .  For “quasi-laminar’’ entrainment, 
on the other hand, the reduced gravitational 
accelerations are much larger than those charac- 
t.eristic of the turbulence itself, i.e. 

(where g is the acceleration due to gravity, E is 
the rate of energy dissipation per unit maw and 
v is the kinematic viscosity), and a very stable 
interface is being considered. Small scale tur- 
bulence is damped out entirely, and transfer is 
effected by the large eddies sweeping away the 
viscous boundary layer at the interface. The 
volume transport found in this way is again 
constant, but much slower than the “turbulent” 
rate. No direct effects of the density difference 
appear in this limiting case. 

The density difference can be taken into 
account explicitly using the following energy 
argument. The potential energy of a system 
consisting of a well-stirred upper layer of depth 
h, and a lower layer of depth (d-h) with a density 
difference A@ between them is, with an arbi- 
trary additive constant, 

E =ghAe($h -d).  (2) 

As the interface descends due to mixing from 
the bottom into the top layer, the product ghAe 
will remain constant (equal to Cp say) because 
the total amount of buoyant fluid is conserved. 
Therefore the rate of change of potential energy 
is 

(3) 

I f  we now awume that kinetic energy due to 
stirring is being put in at a constant rate, and 
is all being used to increase the potential energy 
of the system, then from (3) the interface should 
descend a t  a constant rate, which is inversely 
proportional to C or the “total buoyancy per 
unit area” of the top layer. 

Three arguments have now been used to pre- 
dict the behaviour of a single entraining inter- 
face. Each of these has led to a (different) con- 
stant rate of descent, but has included only one 
physical process a t  a time. Qualitatively the 
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last seem to agree best with what we have 
learned from the observations, but the potential 
energy argument cannot be used a t  small values 
of C: at this limit we would expect that the rate 
of descent should approach a finite value, as in 
Phillips’ “turbulent” case, rather than becoming 
infinite. These two cases can be combined if we 
suppose that the entrainment velocity depends 
not only on u, but also on a stabiIity parameter 
in the form of a Richardson number Ri defined 
by 

Thus by dimensional reasoning 

d h  
- N U ,  f(Ri) 
dt 

(4) 

(5) 

where the functional form f(Ri) must be deter- 
mined experimentally. This might be expected 
to fall rapidly from the “unstratified” value as 
Ri increases, much as it does for the case of a 
density current (ELLISON & TURNER, 1959). 
Thus again, for a constant stirring rate, the 
velocity of advance of the interface will be 
constant and a function of C alone (though a 
different function from the l/C obtained by the 
potential energy calculation). 

The above argument does not take into ac- 
count explicitly the effect of viscous damping 
on the energy balance, and the important fact 
that energy is being put in a t  the surface (not 
throughout the top layer as in a shear flow), 
while it becomes effective for mixing only near 
the interface. One might expect, therefore, that 
the velocity of advance would decrease with 
time when there is only surface stirring, and this 
is indeed the case in our laboratory experiments. 
When viscous effects are important, then an- 
other non-dimensional number can enter the 
problem. This may for instance be defined in 
the form of a Reynolds number 

u * h  R e =  ~ 

V 

and the functional relationship replacing (5) 
becomes 

dh 
dt 
- -  - u,f,(Ri, Re). (7) 
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FIG. 5.  Successive layer structures in our experiments, with observed depths plotted against deduced 
density anomalies at the end of each stirring interval. The numbers refer to the time intervals marked on 
Fig. 4. 

FIQ. 6. The successive layer structures deduced theoretically, using a potential energy argument for 
the intermittent input of heat according to the cycle of Fig. 7. The numbers refer to the time intervals 
marked in Fig. 7. 

In the ocean, however, there is still the pos- 
sibility that arguments baaed on a stability 
parameter alone might give a good representa- 
tion of the actual state of affairs. Firstly, the 
effect of the wind ia transmitted to the water 
surface as a stress, and eddies of all scales up to 
the depth of the well-mixed layer are possible. 
Secondly, evaporation will produce convective 
motions on a large scale, and as BALL (1960) has 
shown for a similar case in the atmosphere it is 
then reasonable to balance the kinetic energy 
of the turbulence against the potential energy 
changes. For this reason it seems worth pursuing 
this simpler case further theoretically, and in- 
vestigating the effect of a time dependent 
density input a t  the top. A comparison with the 
experimental results, which do include the 
effects of dissipation, may allow us to assess the 
influence of these on the phenomena we set out 
to study. 

(b) MultipZe tkerfaees and vurying heat inputs 

An extension of the potential energy argu- 
ment can be used to explain the time dependent 
behaviour of a system driven by surface stirring, 
both in the case of the discrete interfaces present 
in our laboratory experiment or (in paper 11) a 
continuously changing input. Consider first the 
discrete case. We have seen from (3) that when 
there is no dissipation of energy the velocity 

of advance of the interface separating the stirred 
fluid from that below it is proportional to 
C-' = (qhAe)-'. When a small amount of buoyant 
fluid is added at the top and stirred for a given 
time, the interface will descend a relatively 
large distance. When a second, larger volume of 
buoyant fluid is added, a new stable interface 
is formed which descends more slowly, so that  
in the same time interval it will never overtake 
the first (as we observed in the experiments). 
Thus during periods corresponding to irrc.reusing 
heating rates the temperature of the well-mixed 
layer is increasing while its thickness is decreas- 
ing, and the structure of the thermocline is 
established and left behind (see Fig. 5a).  

Whenever the rate of heating is being reduced, 
however, or when there is cooling at the surface, 
we have the different situation illustrated by 
the later stages of 5a and by 5 b .  Then the 
mixing in successive intervals of time tends t o  
cause penetration to greater and greater depths, 
and some of the previously Laid down structure 
will be eroded away. A sharp step in density 
between the well-mixed layer and the water 
below it will be characteristic of this phase, for 
the continuous as well as the discrete heat in- 
puts. A general theory of both stages of this 
process is given in paper I1 but it is instructive 
to carry through in detail here a simpler argu- 
ment for the case which corresponds as closely 
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aa possible to the conditions of our laboratory 
experiment, with the sawtooth heating function 
and constant stirring. 

The calculations for the “rising” phase are 
very simple, since each intedace is independent 
of the ones before it, and after a fixed time 
interval is at  a depth proportional to C-l. 
This is shown in Fig. 6a, where the scale is 
arbitrary but of course the aame for each step. 
The successive additional areas are just pro- 
portional to the added buoyancy or to C. In  
this way we build up the density structures 
labeled 1-6, corresponding to the ends of the 
corresponding time intervals marked on the 
saw-tooth heating function in Fig. 7. 

The curves labeled 6, 7, 8 in Fig. 6a are 
those corresponding to calculations during the 
period when “heating” is being continued but a t  
a decredng rate. In this case the velocity of the 
top interface is greater than that in the preced- 
ing interval, so that during the fixed time inter- 
val it will overtake one (or perhaps several) of 
the previously formed interfaces. Each time 
this happens we must recalculate C and the 
velocity of advance, since the stability of the 
top layer relative to the fluid immediately below 
it will be changed. The same total time will 
again be available, but this will be split up into 
several intervals during which the velocity is 
different. The final density of the top layer may 
again be calculated by using the known total 
buoyancy input during the period. During this 
period the “temperature” of the surface is in- 
creasing further, while the well-mixed layer is 
deepening slightly. 

Finally, when cooling (or the addition of 
heavy fluid) is begun, we get the behaviour 
shown in Fig. 6b. To obtain these curves we as- 
sumed that the added heavy fluid is first well 
mixed by convection through the upper layer 
in a time short compared with the period of 
mechanical stirring, and that during this pro- 
cess there is no net change in potential energy. 
This implies that there must also be some 
mixing of fluid from below, and that the buoy- 
ancy and depth of the upper layer are changed 
effectively instantaneously. The interface then 
descends due to mechanical stirring, at a rate 
determined by the net density difference (which 
is always stable), allowing for the sudden 
changes in this as earlier interfaces are eroded. 
During this final period the “temperature” of the 
upper mixed layer is decreasing, and its depth 
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FIG. 7. Theoretical calculation of time-dependent 
surface layer behaviour, with constant sitrring and 
an intermittent heat input. (a) The aeaumed saw- 
tooth heating function, end its approximation by 
steps. (b) Depth of the well-mixed surface layer at 
the end of each stirring interval. (e) The surface 
tampersture at the end of each interval. 

increasing rapidly, until finally the density 
contrasts disappear completely. The behaviour 
of the calculated surface density and the mixed 
layer depth aa functions of time are shown in 
Fig. 7. Notice that the surface layer is typically 
deeper (for the same temperature) during the 
cooling season than when it is being heated: this 
and many other features are to be found in the 
observations shown in Fig. 2. 

The deduced behaviour is not critically de- 
pendent on the assumptions made. Similar re- 
sults are obtained if other forms are adopted for 
the dependence of mixing rate on stability: for 
example, if it is supposed that the entrainment 
velocity is some function f(Ri) of the Richard- 
son number, and we take a form like f(Ri)ae-C 
which tends to a finite value in a uniform fluid 
and haa roughly the same shape as the function 
determined for stratified shear flows, then the 
qualitative behaviour is almost unchanged. The 
laboratory results, though they certainly are 
influenced by viscosity, ehow these similarities 
too, and a fuller discussion of the comparison 
between all these cases can now be given. 
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6. Discussion 

It is clear from Figs. 2, 4 and 7, showing the 
variations of layer depth and surface density 
for similar cycles of input and extraction of 
heat, that the qualitative behaviour in the three 
cases (ocean, laboratory experiment and theory) 
is very similar indeed. The features of the rising 
interface during the heating season, followed by 
first a slow and then an accelerating increase of 
the depth after the heating has reached its 
maximum, appear in all of them. The more 
nearly symmetrical rise and fall of surface tem- 
perature in spite of the asymmetrical variation 
in layer depth is also apparent. Moreover the 
same phase relations are preserved: the times 
of maximum heating and minimum depth occur 
close together, and the maximum surface den- 
sity anomaly comes just before the time of 
zero heat input. All of them have the property 
that a density anomaly laid down during the 
heating season is preserved until later mixing 
from the surface incorporates them in the well- 
mixed layer: this is an essential difference from 
models which invoke turbulence due to the 
local shear, or a vertical mixing rate which 
depends on stability but is constant throughout 
the year. 

The similarities between the curves obtained 
using our theoretical arguments and the labo- 
ratory and oceanic results suggest that dissipa- 
tion of turbulent energy by processes other 
than working against gravity cannot be a domi- 
nant factor within the layer as i t  deepens. 
The theoretical argument was based completely 
on potential energy changes, with no dissipa- 
tion, and the laboratory experiments presented 
here were chosen to have a set of conditions 
for which the velocity of entrainment was not 
changing rapidly with depth, i.e., also as close 
as possible to the predicted behaviour with no 
dissipation. Experiments conducted over a range 

of depths where the rate of advance of the 
interface was changing rapidly with depth in 
fact give a worse agreement with the observa- 
tions in the ocean. Nevertheless, the understand- 
ing of the decay of turbulence with distance 
from the source of energy is an interesting 
problem in its own right, and further detailed 
laboratory work is being continued along these 
lines. 

The most important conclusions to be drawn 
from these experiments are therefore qualitative 
in nature. There is little to be gained by trying 
a t  this stage to compare numerically the energy 
inputs produced by two such different mechan- 
isms as grid stirring and wind stress. This 
unknown velocity scaling has not, however, 
entered into our qualitative comparisons of the 
seasonal behaviour in any critical way, since the 
stirring rate has been kept constant throughout. 
We have succeeded in demonstrating that a 
realistic mean thermocline behaviour can be ob- 
tained by taking into account variations of heat 
input alone, and that it is plausible to use a 
potential energy argument to calculate layer 
depths and surface temperatures. A comparison 
of numerical values with those observed in the 
ocean will be made in paper I1 after a more 
general theory has been presented. 
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OnHOMEPHAFI MOAEJIb oCE30HHOm TEPMOKJIBHbIn 
I. JIabopamopnite axcnepnnenaiz u ux unmepnpemayus 

TeOpeTI IYeCKH A 3KCnePeMeHTaJ IbHO (na6opa- 
T o p H n e  a ~ c n e p e ~ e ~ ~ n )  p a c c M a T p m a e T c R  npo- 
c T a R  M o n e n b  B e p x H e r o  C ~ O R  o K e a H a  ( C ~ ~ O H H ~ R  

M e x a H m e c K a R  aeepras, ~ e f i c ~ ~ y m ~ q a ~  H a  sep- 
TepMOKJII tHa) .  060CHOBbIBaeTCR 9TO TenJ lO  M 

TIIKaJlbHbIf i  c ~ o n 6  mUnKOCTU, MOrYT n p H n a -  
r a T b C R  OKOJIO IIOBepXHOCTU A p a C n p O C T p a H R T b C R  
BHIIa 6ea CyIqeCTBeHHOl’O BJIUHHUR H a  HAX r0- 
P U 3 0 H T a n b H O &  CKOPOCTA, a n B e K q U I I  AJIIl spa- 

BblqHCnHTb T e M n e p a T y p y  A rny611~y XOpOrUO 
q e H u R .  Ecnu n p u T o K  T e n n a  a a n a ~ ,  TO MOXHO 

n e p e M e m e H H o r o  n o B e p x H o c T H o r o  CJIOR, npn 
~ C J I O B I I A ,  ‘ITO BCR K m i e T u q e c K a H  a H e p r m  ne- 

a H e p r u m  c m T e M n .   TO 6 ~ n o  n o n p o 6 ~ 0  c n e n a H o  
PeMeIIIHBaHIIR IIepeXOJUiT B IIOTeHqAaJIbHyIO 

HJIR IIOCTOFIHHOrO KOal#l#IIqIIeHTa nepeMt?UIII- 
B a H A R  II n A K 0 0 6 p a 3 H O f i  l#YHKqUH Ce3OHHOrO 
H a r p e B a .  T e o p e T w e c K n  II 3KCnepeMeHTaJ IbHO 
npoqecc H a r p e B a H m  6nn M o A e a a p o s a H  mar aa 

IUarOM C IIOMOqbH) IIpepbIBHCTOrO I IpHTOKa 
T e n n a  OT nnasamwei-i H a  n o s e p x H o c T H  XUA- 
KOCTII. M H o r H e  c B o i c T s a  H a 6 n I O n a e M b I e  B o K e a H e  
~ o c n p o n a ~ o ~ ~ ~ n u c b ~  B a ~ c n e p e ~ e ~ ~ a x  II T e o p e -  

M e m n y  c060i-i rny6uea B e p x H e r o  nepenremea- 
H o r o  c n o ~ ,  ~ ~ B H C U M O C T ~  ero T e M n e p a T y p M  OT 

p a c c M a T p u s a e M a H  M o n e j r b  O n u c n B a e T  TOT Qaw, 

TUYBCKII. XOPOrUO KaUeCTBeHHO COrJIaCyIOTCR 

B p e M e H U  U OTHOUleHUe M e m a y  qUKJIaMU Harp(?- 
B a H U R  li OXJlOXp3HIIH.  Hau6onee B a X H O ,  9TO 

‘IT0 IlOBepXHOCTHOe IIepeMeUlUBaHUC? B n H R e T  
TOJIbKO H a  CBOfiCTBa XUAKOCTU A 0  PJEiBHOfi 
IIOBepXHOCTH pa8neJla ( P a a p b I B a )  IIJIOTHOCTA. 
n 0 3 T O M y  6onee r n y 6 o ~ u e  CJIOII MOrYT C o x p a -  
H R T b  XapaKTepACTUKII ,  YCTaHOBHBUIHeCR P a H b u I e  
BO s p e m  T e n n o r o  ceaoaa, no T e x  nop n o K a  cnofi 
c XO~OIIIIIM n e p e M e m m a H u e M  H e  E o c T a r H e T  AX 
O n R T b  BHMOfi. 
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