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A highly significant geophysical process, free convection, is examined. Thermal convection often controls the
dynamical behavior in several of the earth's envelopes: the atmosphere, ocean, and mantle. Section 2 sets forth
the thermohydrodynamic equations that describe convection in a compressible or incompressible fluid,
thermochemical convection, and convection in the presence of thermal diffusion. Section 3 reviews the
mechanisms for the origin of the global atmospheric and oceanic circulation. Interlatitudinal convection and
jet streams are discussed, as well as monsoon circulation and the mean meridional circulation of ocean waters
due to the temperature and salinity gradients. Also described are the hypotheses for convective motion in the
mantle and the thermal-wave (moving flame) mechanism for inducing global circulation (the atmospheres of
Venus and Mars provide illustrations). Eddy formation by convection in a centrifugal force field is considered.
Section 4 deals with medium- and small-scale convective processes, including hurricane systems with phase
transitions, cellular cloud structure, and convection penetrating into the ocean, with its stepped vertical
temperature and salinity microstructure. Self-oscillatory processes involving convection in fresh-water basins
are discussed, including effects due to the anomalous \p,T) relation for water.

PACS numbers: 92.60.Ek, 94.10.Lf, 92.10. - c, 91.35.Dc

CONTENTS
1. Introduction 906
2. The equations of convection 907
3. Large-scale convective motions 908

a. Interlatitudinal air circulation and jet streams, b. Monsoon circulation, c. Mean
meridional circulation in the World Ocean, d. Mantle convection, e. Atmospheric
convection induced by motion of terminator, f. Convection in centrifugal force field

4. Medium- and small-scale convection 916
5. Closing remarks 920
References 920

1. INTRODUCTION

Free convection is a very intricate process, one that
by no means has been fully explored. Highly complicat-
ed effects occur in the earth's atmosphere, hydro-
sphere, mantle, and core because of their great size,
the diurnal rotation, and the complex thermal and densi-
ty fields that exist in the outer envelopes and interior
regions of our planet.

Nearly all the motions in the atmosphere ultimately
owe their origin to free convection. In the ocean, some
(80-90)% of the energy of motion stems from the con-
vective movements of the atmosphere; the remaining
(10-20)% reflects free convection that develops in the
ocean itself. Moreover, it is not almost beyond dis-
pute that for a long time the earth's mantle has been
flowing, taking part in the convective motions; and con-
vection may be at work in the planet's core as well.

There are two main types of free convection: Ray-
leigh convection, resulting from a superadiabatic verti-
cal density gradient, the thermal and density parame-
ters being uniform horizontally, and lateral convection,
which occurs if these parameters are nonuniform.

Examples of lateral convection in the terrestrial at-
mosphere include the interlatitudinal air circulation due
to the nonuniform thermal conditions at different lati-
tudes, the monsoon-type circulation associated with
permanent or seasonal disparities in the thermal re-
gime above the continents and oceans, and the breeze
circulation that arises from the unequal heating of sea

and land surfaces or of different land areas as their
thermal environment fluctuates diurnally.

As for the classical vertical Rayleigh convection in
the atmosphere, a good example is the convection that
causes small clouds in a honeycomb configuration to
form above large open spaces. The convection respon-
sible for thunderclouds is of the same type. Of special
significance is the vertical convection found in tropical
hurricanes: it results from the vertical temperature
gradient due to phase transitions between vapor and
water. The oceanic analog to the interlatitudinal
atmospheric convection is the mean meridional circu-
lation induced by the lateral convection which occurs
through sinkage of surface waters in certain polar seas.
Lateral convection comparable in scale to the monsoon
convection is not typical of the World Ocean; in general
it can develop only in Antarctic waters.

Abundant instances can be cited of medium-scale
lateral convection in the World Ocean. Such processes
are encountered in straits joining seas whose waters
differ in temperature and salinity, and in the conver-
gence of temperature and salinity that is particularly
often observed near shores where water is being
freshened by drainage.

Vertical oceanic convection for the most part results
from the cooling of surface waters that have become
salinated through evaporation, with accompanying sub-
mergence. The process is induced by the diurnal air-
temperature variation at the water surface, by sporadic
changes in air temperature, by the chilling in autumn
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and winter, and finally, by the continual chill in the
polar regions. Accordingly the convection embraces
ever deeper layers of the ocean. Local, small-scale
horizontal irregularities in the cooling tend to generate
fine-scale local lateral convections which give rise to
thermohaline (or thermosolutal) vertical fine struc-
ture, the waters becoming stratified in salt content
within the seasonal thermocline (steep-gradient layer).

While rising convection is on the whole more typical
of the atmosphere, sinking convection, as we shall see,
is characteristic of the ocean.

In the terrestrial mantle, vertical convection has
produced and may still be producing differentiation of
the material in the earth; iron, for example, may melt
out and sink into the core. Some investigators believe
that convection in the mantle is responsible for buildup
of the ocean floor, for creating the deep-water
troughs, and indeed for lithospheric plate tectonics
generally.

Geophysical processes, of course, hold no monopoly
on convection. On the one hand, convection is very oft-
en encountered in engineering practice; on the other, it
occurs in the atmospheres of other planets, on the sun,
in stellar interiors. But despite the enormous range in
the viscosity, thermal conductivity, and other parame-
ters of the various media in which convection develops,
it possesses enough general properties for the different
cases to be treated from a unified point of view.

A great deal of research has been done on convec-
tion, and a very long article would be needed to give
even a cursory description. Therefore we will not at-
tempt to consider the aspects of convection met with in
applied problems, or convection on other planets (ex-
cept in Sec. 3e), the sun, and stars. The convection in
the earth's interior will be touched on briefly (Sec. 3d).
We shall concentrate on the convective phenomena in
the ocean and atmosphere of our planet: they have im-
mense significance for an understanding of the whole
process of thermal and dynamical interaction. But even
here we are compelled for lack of space to limit our-
selves to the principal, most typical instances of con-
vection. Nor do we claim to give an exhaustive biblio-
graphy of the subject, although we do mention all the
most important studies.

Our survey will begin with a theoretical description
of convective processes and the pertinent mathematical
model. Then we consider in turn the hierarchy of ex-
amples of geophysical convection set forth above, and
the physics of the underlying phenomena.

2. THE EQUATIONS OF CONVECTION

a. The convective motion of a fluid is described (see
standard texts1) by the Navier-Stokes and heat equations
together with the equations of continuity and state:

•|f + (v — V.P + vAv + g,

- + div(pv) = 0,
(1)

where v is the velocity vector; P, p, T denote pres-
sure, density, and temperature; K is the thermal con-
ductivity coefficient, v is the kinematic viscosity, g de-
notes the free-fall acceleration, and $ is a dissipation
function.

The problems encountered in geophysical convection
may be divided into two classes. In problems of the
first kind, those typical of the oceans and the mantle,
the pressure dependence of the density may be consid-
ered weak compared with its temperature dependence
(the Boussinesq approximation). The second class of
problems, to which the Boussinesq approximation is in-
applicable, require that the equations of deep convection
be solved. Problems of this kind occur in studies of
atmospheric circulation. In geophysical contexts one
may usually neglect the dissipation of energy into heat
through internal friction, as well as the temperature de-
pendence of the viscosity and thermal conductivity; the
system (1) then becomes much simpler.

Let us express the temperature, pressure, and densi-
ty in the form

T = T, + r, P = />„ + />', p = p0 + P',

where P0= p0gx, p0, T0 are constant mean values, while
T' , p', P' represent small increments. Then the term
p'-'vp on the right in the Navier-Stokes relation may be
rewritten as

so that to second-order terms in p', P' the Navier-
Stokes equation will transform to

(the

_ - - -
l Co Po

axis points vertically upward).

Neglecting the dissipation term $ in the heat equa-
tion, we arrive at the following system of equations for
thermal convection in the Boussinesq approximation:

•—•
ar
at

div v = 0.

v A ) v = —

(2)

We here assume a standard fluid whose density falls off
monotonically with rising temperature:

P ( n = P o ( 7 I o ) ( l - P n , (3)

where j3 is the volume expansion coefficient of the fluid.

It is a familiar fact that in fresh-water basins the
density depends anomalously on temperature at values
close to 4°C: the water density increases as T rises
from 0°C to 4°C, reaches a maximum at about 4°C,
and then diminishes again. Throughout the range from
0°C to about 30 °C the equation of state for fresh water
may be approximated by

p (T) = Po (4 °C) [1 - Vl (T - 4 °C)2 - T2 (T - 4 °C)»], (4)

where y1( y2 are constants.

b. Sea water is a salt solution. Evaporation in the top
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layer enhances the salt concentration there and can in-
duce convective motion. When the changing salt con-
centration S is included, the Navier-Stokes relation ac-
quired an additional Archimedean term:

-^ + (vV)v=-ivP + vAv + g(p;r-p2S). (5)

In this event the system (1) has to be supplemented by
an equation for the salt concentration:

as
-+(W)S-0SAS; (6)

here D3 is the salt diffusion coefficient. Equation (6)
neglects thermal diffusion; if it is significant, the salt-
concentration and heat equations will take the form1

(7)
-~ + (vV) S = D&S + aDs&.T,

—• + (W) T = (x + a*DsN) AT1 + aDsN&S,

where a= kt/T, with fet the thermal diffusivity; the
quantity

= L cp llwf) r. pJo'

where CP is the specific heat at constant pressure and
LL is the effective chemical potential.

c.The quantity H= CP/ag may be interpreted as the
characteristic thickness of the layer stratified by the
gravity field. As Hewitt et al. have shown,2 the Bous-
sinesq approximation is valid only for much shallower
layers. In air, #=32 km; for water3 at 20 °C,
#=2000 km; and for the upper mantle, # = 6000 km.
According to McKenzie the quantities

a = 2-ID-5 OK:', CP = 1,2.103 J • kg1 • "K"1

Thus in the atmosphere the Boussinesq approximation
can be used only for convection in quite thin layers of
air; it would be wrong to apply it to the whole atmos-
phere.

Consequently the "deep convection" equations4 appro-
priate to the entire atmosphere have some distinctive
properties. To begin with, air is a compressible fluid,
described by the equation of state of a perfect gas for
the processes of interest to us:

VP = RT; (8)

here R is the gas constant. Since rising air will expand
and cool, the heat equation will include an extra term5

W ( T — Va).

where w denotes the vertical velocity component and ya

is the adiabatic gradient. In dry air the equation of
continuity will be affected as well:

/ n—ifv \div v = w (——=-L :
V RT I

a bar designates the value in the undisturbed atmos-
phere, andy=-8T/8z.

If we transform to dimensionless variables in the
equations of motion (2), taking the vertical side Z, of
the region at hand as unit of length, L2/f2 as unit of
time, the temperature differential AT between the up-
per and lower boundaries as unit of temperature, and
p0v

z/L, v/L as units of pressure and velocity, then the
system (2) will become

divv =

(9)

where Gr = fg | /3AT-LVf 2 is called the Grashof number
and Pr = v/y. is the Prandtl number. The product of the
Grashof and Prandtl numbers gives one other dimen-
sionless parameter, the Rayleigh number Ra = |g|/3A7"
xL3/W, which expresses the ratio of the viscosity and
buoyancy forces. If the buoyancy forces, as determined
by the temperature gradient, are small, then the vis-
cosity will suppress any disturbances that develop in
the fluid, and motions will be damped. When the buoy-
ancy forces reach a threshold such that viscosity can
no longer damp the motions, the fluid will acquire con-
vective flows. The corresponding Ra value is called
the critical Rayleigh number; it describes the stability
of the fluid against convective processes.

A nonzero critical Rayleigh number will exist only if
horizontal temperature gradients are absent. When
such gradients are introduced, convection motion will
set in whatever the vertical temperature gradient may
be.

3. LARGE-SCALE CONVECTIVE MOTIONS

a) Interlatitudinal air circulation and jet streams

The chief factor driving the movements of the atmos-
phere and ocean is the energy coming from the sun.
Since the earth is a globe and since the tropical and
polar zones differ in albedo, the energy influx is dis-
tributed nonuniformly over our planet's surface. Hence
in both hemispheres the mean temperature diminishes
horizontally from the equator toward the poles at all
levels of the troposphere, except in layers above the
200-mb level in the tropics. As a result the air cir-
culates interlatitudinally—a global lateral convection
process. Figures la, b illustrate the mean winter and
summer meridional circulation patterns in the Northern
Hemisphere. In winter the mean flow is particularly
intensive in the belt between the equator and latitude
30°N, representing the familiar Hadley tropical cell.6'7

1000
N lat. 10

FIG. 1. The mean meridional circulation pattern in the
Northern Hemisphere: a) winter; b) summer. Between each
pair of adjacent streamlines 25 • 108 ton/sec of air flows in
the direction shown by the arrows.
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In this cell, relatively light, warm air rises on the
south side, and cool, dense air sinks on the north.

To the north of the Hadley cell a second, midlatitude
cell has been identified, in which air moves in the op-
posite direction; it is called the Ferrel cell (Fig. 1).
Purely physical arguments suggest that a third cell,
none too well defined, ought to exist above the North
Polar Zone. Such a cell is indeed present in the South-
ern Hemisphere, although it can also be explained by
the contrast between the-thermal conditions above the
Antarctic continent and above the relatively warm
waters of the surrounding ocean (see Fig. 4a below).
We shall return to this topic in Sec. 4, when we discuss
lateral convection.

In winter the total air mass circulating in the Hadley
cell reaches 230 ° 106 ton/sec, whereas the circulation
in the Ferrel cell amounts to only 30 -106 ton/sec. In
summer, when the surface temperature difference be-
tween pole and equator in the Northern Hemisphere
diminishes from 50 °C to a value half as great, the Had-
ley cell carries the much smaller flow of 30 ° 10s ton/
sec, while the Ferrel cell remains approximately as
strong as in winter.8 The most intensive meriodional
circulation in the northern summer turns out to result
from the northward extension, beyond the equator, of
the prominent winter Hadley cell of the Sourthern Hemi-
sphere.

In between the Hadley and Ferrel cells, a subtropical
jet stream forms in the upper troposphere. In typical
cases it reaches maximum strength at the 200-mb level,
and is characterized by a strong vertical wind shear.
This subtropical jet represents the predominant flow in
both hemispheres, particularly during the cool season.

Figure 2a, reproduced from Riehl,9 indicates the axis
position of the subtropical jet stream in winter. This
jet flow represents a very powerful wind system around
the globe; for example, speeds of 130 m/sec have been
observed above Japan. It is noteworthy for its high sta-
bility in both wind direction and geographic location.

The physical process responsible for the jet streams
is of outstanding interest because it involves energy
transfer from small-scale motions to those of larger
scale. A thorough analysis of the mechanism was first
made by Starr.10 At the Moscow University oceanogra-

Equator
b)

FIG. 2. a) The location of the winter subtropical jet-stream
axis in the Northern Hemisphere; c) the pattern of a jet stream
emerging in the atmosphere.

FIG. 3. Laboratory simulation of a jet stream in a ring-
shaped vessel, a) A section^ across the ring, showing the
convection cells; b) boundaries of spots of color distorted by
the jet stream after introduction at two successive times:
(1, 3), (2, 4).

phy department some experiments have been conducted
which strikingly illustrate this energy-transfer pro-
cess.11 Into a ring-shaped vessel, its bottom chilled by
dry ice, was poured a shallow (0.4 cm) layer of alcohol.
The vertical temperature gradient generated a field of
convection cells arranged in planes perpendicular to
the horizontal plane and cutting radially across the ves-
sel. These convective rings show up clearly when the
fluid is tinted. Shortly after the experiment started one
could distinctly see a jetlike flow that had developed in
the surface layer. Figure 3b depicts the emergence of
the jet stream as the tint substance is introduced.
Notice how the spot of color changes its shape, stretch-
ing out along the axis of the ring.

Jet streams form because of the instability of oppos-
ing convective flows. In the Moscow experiments the
direction of the jet was determined by the asymmetry of
the disturbance produced in the fluid at initial time.

Unlike the situation in the laboratory, however, the
Hadley and Ferrel convection cells in the terrestrial
atmosphere are subject to a Coriolis force field; as a
result, the air flow in the ground layer of a Hadley cell
is deflected westward (the trade winds), but in the upper
layers, eastward. In a Ferrel cell the reverse is true:
the air flow is deflected westward in the upper tropo-
sphere region where the countercurrents of the Hadley
and Ferrel cells interact that the jet stream develops.
Its direction is controlled by the stronger Hadley cir-
culation, with the Ferrel circulation acting as an aerial
boundary (Fig. 2b).

b) Monsoon circulation

Nonuniform heating is imparted by the sun not only to
the different latitude zones around the globe but, just
as much so, to oceanic and continental surfaces, and
thereby to the atmosphere above.

In summer the air is warmed much faster and more
strongly above land than above the sea. As a result,
warm air masses shift from the continents to the ocean
in the upper layers of a monsoon-type circulation,
while cooler air moves from the ocean to the land at low
levels. An opposite motion of air masses occurs in
winter, for at that season warmer air masses form
above the slowly cooling ocean than above the contin-
ents (Fig. 4). In certain cases an air circulation physi-
cally analogous to a monsoon may retain the same sign
all year long, changing only in intensity. Such circula-
tion develops above the Antarctic ice sheet and the rel-
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FIG. 4. a) A profile of the atmosphere above Antarctica,
averaged over several years, showing the temperature in °C
(1, the tropopause; 2, sea level; 3, flow interface; 4, air
currents); b) height dependence of the wind velocity in a plane
perpendicular to a shoreline for the Pacific Ocean monsoon.

atively warm seas surrounding it (see Fig. 4a).

The vertical profiles in Fig. 4b show the wind-veloc-
ity distribution directly above a shoreline.12

A map of the air-mass differentials above unit area
of the earth's surface in January and July, prepared by
Shuleikin and his collaborators,13"15 testifies to the huge
shortfalls of air that yawn above the oceans in the win-
tertime, and the humps of superfluous air mass above
the continents, whereas in summer the pattern is re-
versed. Shuleikin13 and later Dmitriev16 worked out an
approximate theory for this phenomenon.

c) Mean meridional circulation in the World Ocean

As we have pointed out, the general circulation of the
waters in the World Ocean is basically driven by the
mechanical action of the atmosphere. The effects in-
clude gradient flows and drifts, flows induced by the to
and fro thrust of the wind, and the barogradient and
concomitant balancing flows. These account for (80-
90)% of the kinetic energy stored in the ocean.

Thermohaline flows associated with the nonuniform
density field of oceanic waters and caused by tempera-
ture and salinity differences—that is, thermal and
salinity convection—generates the other (10-20)% of
the ocean's total kinetic energy. Typical horizontal
temperature and salinity gradients in the ocean range
from tenths of a kelvin and hundredths of one percent
per kilometer to an order of magnitude more.17"19

Tidal ebb and flow accounts for an insignificant fraction
of the energy.

In the ocean the analog to the interlatitudinal atmos-
pheric convection is a global meridional convection.
This process results from the disparity in the thermal
and salinity regimes of the waters at different latitudes
and from the sinking convection in the oceanic polar re-
gions: as the deep, cold waters formed in this way
warm up, they migrate toward the equator and displace
the warmer waters there up to the surface, generating
the portion of the convective flow directed away from
the equator. Such flows are called thermohaline cir-
culation.

An early model for horizontal thermohaline circula-
tion was proposed by Lorenz in 1847; he recognized
that waters would sink at the poles and rise at the equa-
tor. In 1908 Sandstrom showed experimentally that
oceanic conditions are not favorable to the development
of thermohaline circulation.20 This result was put on a
theoretical basis in 1966 by Bjerknes,21 who proved that
in an efficient thermal machine the heat source should
be subject to higher pressure than the coolant. This
condition is in fact obeyed in the atmosphere, which
loses heat mainly at high levels (low pressure) and
gains heat near the earth's surface (high pressure).
But in the ocean heat is gained and lost chiefly in the
surface layers, at even pressure.

In 1950 Stommel investigated the rates of flow result-
ing from the unequal warming of waters in different
parts of the World Ocean, and found the rates to be
small.22 Stommel also showed that thermohaline flow
can explain certain important features of the global
circulation of oceanic waters. By analyzing diagrams
for the depth profiles of temperature and salinity
[(T,S) diagrams] down to 4 km, he demonstrated that in
the polar regions the ocean contains two comparatively
limited zones of sinking surface waters, where cold
water runs at deep levels. One of these occurs in the
North Atlantic (T= 2°C, S= 34.9%), the other in the
Weddell Sea off Antarctica (T= 0°C, S= 34.7%). The
process creates two deep, cold streams flowing toward
the equator, and corresponding warm surface currents
flow from the equator toward the polar regions. Cal-
culations indicated that these sources are of about the
same strength, with a flow equal to about 20 sverdrups
(1 Sv= 106 mVsec), and are comparable with the flow
rate of the great ocean currents (Gulf Stream, 30 Sv;
Antarctic West Wind Drift, 200 Sv). This superposition
of thermohaline circulation upon wind-driven flow was
shown by Stommel to explain the asymmetry of the
westerly surface flows in the Atlantic Ocean. In the
Northern Hemisphere the northward surface branch of
the thermohaline flow reinforces the Gulf Stream; in the
Southern Hemisphere the surface branch flows south-
ward, against the Brazil current, thereby weakening it.
The model predicted that beneath the Gulf Stream should
be a cold countercurrent. That current was discover-
ed23 in 1958.

The meridional circulation of Atlantic waters is dis-
tinctly shown by the profiles in Fig. 5.24 A similar cir-
culation pattern is observed in the Pacific Ocean.

Many authors have investigated the large-scale ther-
mohaline flows.25"31 All these studies have a common
feature: the mathematical models treat the process as

S lat. SO' W 20

FIG. 5. Temperature profiles [°C] along a quasi-meridional
section of the West Atlantic (after Nekrasova and Stepanov24).
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quasisteady. The vertical component of the motion has
been determined from the continuity condition, so that
convection is not taken directly into account. Such
model solutions are valid only for regions distant from
the formation sites of the vertical currents; they are
more suitable for diagnosing than for predicting the
phenomenon. The same is true of the analogous models
for the atmosphere.

The examples we have given of large-scale atmos-
pheric and oceanic motions are typical instances of
lateral convection, which can be described accurately
only by the system of equations (1). In pure form such
convection will develop only in a stably or neutrally
stratified fluid whose density varies horizontally. As
we shall see presently, numerical solutions of the sys-
tem (1) for various cases of vertical Rayleigh convec-
tion, where the liquid or gas volumes are considered
to have a near-unity ratio of height H to horizontal
scale /, have shed light on many aspects and properties
of this convection process.

To some extent a similar approach can be taken to
cases of lateral convection that develops in applied con-
texts when H/l»l, that is, in narrow vertical slits.
But in geophysics we know that lateral convection typi-
cally has H/l« 1, the convection cells being much
elongated in a horizontal direction. The capabilities of
solving such problems numerically are still very limit-
ed, especially if they are three-dimensional. It also is
a complex task to study convection processes in nature.
That is why much of the analysis has had to be done in
the laboratory, particularly with rotating-fluid simula-
tions. Another reason is that a general proof has yet to
be given for the theorem that the solution of the Navier-
Stokes equations is unique. To be sure, the doubt would
remain even if numerical solutions were obtained. Ap-
proximate analytic solutions to the linearized equations
have been used as well. In fact hundreds of papers have
now been published on this subject.

Convection in a rotating fluid was first studied by
Fultz,32 Hide,33 and Bonchkovskaya.34 In 1953 Starr and
Long proved the similarity of these models to natural
phenomena.35 The extensive research since that time
has been summarized in several reviews.36"38

The key factors influencing the convection regime
have turned out to be the heating and rotation of the flu-
id. Either of two regimes will be realized, depending
on these factors: a) Hadley convection, with axisym-
metric motion; b) Rossby convection, with the axisym-
metric regime perturbed by waves. The changeover
from one regime to the other occurs for a particular
angular velocity and heat influx, and is determined by
the critical Taylor number.39"41

In the ocean and other basins—seas, lakes, reser-
voirs—lateral convection can also develop within rela-
tively small volumes, when the rotating-fluid effects
may be neglected. Here too there has been much re-
search. A typical model has been the convection that
arises in a rectangular vessel whose end walls are
heated unequally. The mathematical treatment has been
limited to the two-dimensional problem. Studies of this
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FIG. 6. a) Water currents in rectangular aquaria subject to
different boundary thermal conditions42; b) lateral-convection
regimes in a fluid (line A separates the conduction and transi-
tion regimes; lines B and lines C bound the regimes with
Prandtl number Pr ssl; ordinate, vessel height/length ratio;
abscissa, Grashof number).

kind are also valuable because they permit detailed
analysis of how boundary conditions affect the convec-
tion regime; to do that in the three-dimensional prob-
lem with rotation would be much harder.

In nature, in both the atmosphere and the ocean, con-
vection will often set in when conditions along the hori-
zontal boundaries are none too clear; and generally
speaking the vertical boundaries will not be very defin-
ite, since there are hardly any rigid walls. It is cus-
tomary in these cases to take as boundaries the mid-
lines of the rising or descending streams in two con-
tiguous convection cells. In 1946 one of the authors42

investigated the behavior of these boundaries experi-
mentally, using sources of heating and cooling of dif-
fering intensity. The interface between the cells in
some cases shifted along with the descending flow, re-
maining vertical; in other cases it merely tilted, with-
out breaking away from the heat source (Fig. 6a).

Lateral convection, unlike vertical convection, can
be triggered by arbitrarily small departures from an
equilibrium density distribution.43 Over a wide range
of Rayleigh numbers Ra , the lateral-convection cell
size is equal to the horizontal scale of density irregu-
larity. At certain Ra values, sufficiently elongated
cells will begin to split into an odd number of smaller
cells. Probably this is what causes the breakup of the
interlatitudinal circulation cells, which encompass one-
quarter the length of a meridian.

The ill-defined character of the third, polar, inter-
latitudinal circulation cell in the Northern Hemisphere,
and conversely its prominence in the Southern Hemi-
sphere, may be attributed to the distinctive thermal re-
gimes of the underlying surface in these regions. In
the south, the interlatitudinal contrast of the surface
thermal regime is aggravated in the polar regions by
the contrast between the Antarctic ice cap and the rela-
tively warm waters around it. In the Northern Hemi-
sphere the interlatitudinal contrast and the land-sea
contrast have opposite signs, weakening the third,
polar, cell.

At the same time, however, large cells will be sta-
bilized by rotation, as we shall see when we discuss
convection in a centrifugal force field, taking the at-
mosphere as an example.
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Before describing briefly the research on lateral
free convection in nonrotating rectangular basins, we
would emphasize the difference between vertical and
lateral convection in terms of size and cell regime.
Blinkov and one of us have shown44 that unlike the case
in lateral convection, when a convection cell develops
vertically its size will depend on the Grashof number,
diminishing as Gr increases.

Both theoretical and laboratory studies have demon-
strated45-46 that the lateral convection regime is deter-
mined mainly by three dimensionless parameters: Gr ,
the Prandtl number Pr, and the height/length ratio H/l
of the vessel. The following three lateral-convection
regimes have been identified by experiment47-48:

a) The conduction regime, when thermal conductivity
transfers heat from the warm to the cool wall. A con-
stant temperature gradient is established in the interi-
or; the local Nusselt number Nu, measuring the heat
flow across the cool vertical wall, depends only on Gr,
not on H/l.

b) The transition regime, characterized by a nonlin-
ear horizontal gradient and by weak convection in the
interior of the fluid.

c) The boundary-layer regime, in which a nucleus
develops inside the fluid, surrounded by boundary lay-
ers (vertical and horizontal boundaries). If the Ray-
leigh number is large enough ( Ra» 103), a stationary
nucleus will form within the fluid, its temperature vary-
ing vertically.

These experiments have been confirmed by numerical
analysis.45-49"51 Others have also studied the flow struc-
ture52'53 for H/l >> 1. Experiments and numerical calcu-
lations have now established54 that for basins having
H/l >1 the Gr values delimiting the transition regime
are- independent of H/l; for the conduction regime
Gr « 2.2 • 103, while in the boundary-layer regime
Gr»2.9'104(Fig. 6b).

Some cases of lateral convection with H/l« 1, the
situation more pertinent to geophysics, have been in-
vestigated,55"57 but there have been only a few such stud-
ies. They neglect the influence of stratification in the
fluid upon the convection regime, they do not adequately
consider how the thermal and dynamical conditions
along the horizontal boundaries affect the flow regime
in the interior for large Ra values (the boundary-layer
regime), and the dependence of the convection regime
upon salinity has not yet been thoroughly explored.

To a limited degree these matters have recently been
considered by Blinkov and one of us.58"60 An approxi-
mate analytic solution to the linearized equations (1) de-
scribing the regimes in different parts of a convection
cell yields the following results:

1. For the convection excited by unequal warming of
the side walls of a basin at small Ra values, we find
that if the temperature of a side wall is variable, the
layer formed next to it will result from a more delicate
balance of forces than if the side-wall temperature re-
mains constant, and will contain two transition regions.
In the outer transition layer the horizontal velocity

field within the basin accommodates itself to the seal
imposed by the wall; vertical transfer of heat and mass
is concentrated in that zone. In the inner transition
layer the thermal regime of the outer zone adjusts to
the heating of the basin side walls. For the case of
lateral convection in horizontally distended basins, the
changeover from the conduction regime to the transi-
tion regime is accompanied by a transformed horizontal
structure of the convection cell; when the transition re-
gime goes over to the boundary- layer regime, the ver-
tical flow structure in the inner side-wall zone is al-
tered.

2. Salinity manifests itself by a substantial change in
the convection dynamics. First, the temperature pro-
file in the fluid and the factors controlling it are differ-
ent in salt water than in fresh; second, the boundary
layers play a different role. Physically, these changes
mean that Nu will be independent of Ra for the large Ra
values found in salt water.

If two bodies of ocean water, one warm and salty,
the other cool and less salty, should mix convectively,
regions may form with a vertical temperature inver-
sion. An estimate has also been made58"60 of the ampli-
tude of the vertical temperature differential in the nu-
cleus that may develop through convection.

Even in basins spread out horizontally, lateral con-
vection has been studied under conditions not quite the
same as found in nature. Nevertheless, the results ob-
tained may be applicable to a variety of geophysical
problems, such as estimating the size of the rising and
sinking flow regions within which the quasisteady ap-
proximation is untenable, and also determining the
thermal and dynamical regimes in these convection re-
gions.

One other contributor to the oceanic circulation is the
flow of moisture carried through the atmosphere. Al-
though the amount involved is not so great as in the
liquid water currents at the surface, it still is appre-
ciable. The trade winds, for example, transport 0.1
Sv of moisture. Thus they help exchange water between
the Pacific and Atlantic Oceans.

d) Mantle convection

The question of whether the whole mantle of the earth
is caught up in large-scale convective motion continues
to arouse lively debate among theoretical geophysi-
cists.61"67 In many respects this is inevitable, because
we have only indirect evidence for a number of the quan-
tities describing the interior of the earth.

Applying general methods of similarity and dimen-
sionality theory, Golitsyn65 has been able to estimate
the convective velocities in the mantle. He describes
the convection by the Boussinesq approximation to the
equations of hydrodynamics. A significant role is play-
ed by viscous dissipation at a rate

where the kinematic viscosity v= 2- 10" mVsec; the
v t are the velocity- vector components, and summation
over repeated indices is understood. Because of this
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enormous viscosity the convection of mantle material
is laminar, and the heat flux from the core at the lower
boundary is converted into mechanical energy with fair-
ly high efficiency. All this energy is once again dissi-
pated as heat, in accord with Eq. (10). The mean rate
of heat output per unit mass of mantle material is
q = f / p d , where/denotes the heat flux density across
unit surface area (the mean geothermal heat flow
amounts to 0.06 W/m2), p= 3.7 g/cm3 is the density of
the mantle material, and d is the mantle thickness. In
a steady state, kinetic energy would be generated at a
rate E = yq, where y is the efficiency with which the
convective flow transforms the heat into mechanical
energy. Equation (10) may now be written as

(11)

whence we obtain
17 d -. f yqu~-rV -27-

Taking y= 1 and d= 700 km we find a flow speed U= 5
cm/yr. This value is comparable with the drift rate of
the lithospheric plates, 1-10 cm/yr, so the convection
efficiency should be quite high.

One can obtain another expression for the mean con-
vective flow speed U, analogous to Eq. (11), by analyz-
ing the system of dimensionless Boussinesq equations
for the convection to find their range of applicability and
to derive the basic similarity criteria needed for labor-
atory simulation.

The mantle problem has a Reynolds number ReslO"22,
so one may neglect the nonsteady and inertial terms.
Straightforward operations then yield the relation

A rot U = F [V Tn],

where the parameter F= atTfgf/vu (the thermal expan-
sion coefficient a= 2 • 10~5°K"1, g= 10 m/sec2, T0 is the
characteristic temperature at a certain depth) and n is
the unit vector along the force of gravity.

In turn the number F- Ra /Pe , where Ra is the Ray-
leigh number. The Pe'clet number Pe specifies the
strength of the advective heat transfer (macrotransfer
in a horizontal direction) relative to the molecular
transfer. In the process at hand Pe = 700, so that mol-
ecular heat transfer is insignificant compared with
advection. If T0= 1500 °K, the number F* 500. The
quantity qd/UCpT0 occurring as a coefficient in the first
term on the right in the energy equation describes the
distribution of heat sources and viscous dissipation;
it acts as a similarity parameter jj. specifying the heat
released in a column of mantle material during a time
span r0= d/V~ 15 • 10s yr. Since r»l, /i«l, and
Pe » 1, the similarity conditions may be assumed sat-
isfied—a very important factor in laboratory simula-
tions.

This approach also enables the efficiency y to be
evaluated for various modes of heat influx into the con-
vective system. It turns out that y depends little on
the particular input mode and is =10%. By comparison,
the solar heat entering the atmosphere is transformed
into wind kinetic energy with =1% efficiency.

It is unlikely, though, that pure thermal convection

takes place in the mantle. Probably the convection is of
density-chemical character: the main source of motion
should be density fluctuations in the material that result
from changes in its chemical composition by differenti-
ation. The onset of convection will then be described by
a different criterion, the Rayleigh number taking the
form

where D is the diffusion coefficient. Estimates indicate
that in the lower mantle Rg will have a value somewhere
in the range

10" < Rg < 1034 ,

many orders of magnitude above the critical value.

The only way properly to describe the influence of
upper-mantle density irregularities on the development
of convective motions in the terrestrial envelope is by
computer simulation of the density-chemical convec-
tion process.62

If horizontal irregularities occur in the mantle, and
if it has the properties of a Newtonian fluid, then large-
scale lateral convection may develop as well, with a
cell size equal to the scale of horizontal inhomogeneity.
Such convection will be even more likely if it can set in
for an arbitrarily small Rayleigh number. Large-scale
cells may also form in a homogeneous density field, as
suggested by calculations of the convection in a centri-
fugal force field (Sec. 3f) as well as by Chandrasekhar's
theoretical research.61

e) Atmospheric convection induced by motion of
terminator1'

We have been discussing the meridional and land-sea
temperature gradients as mechanisms for triggering
convective motion. Lately, however, increasing atten-
tion has been accorded the "heat machine" associated
with the diurnal temperature variation in the atmos-
phere.

That the heat flux induced by the diurnal temperature
wave might contribute to the global circulation of the
atmosphere was first suggested by the British astrono-
mer Edmund Halley nearly 300 years ago.63 In particu-
lar, this hypothesis regards the easterly trade winds in
the earth's equatorial belt as caused by the diurnal
temperature wave, rather than by the deflection of the
meridional Hadley-cell flow due to the earth's rotation.

The first experiment to test this idea was that per-
formed by Fultz et a/.,68 who moved a Bunsen burner
flame in a circle below the edge of a stationary cylin-
drical vessel containing water. The moving heat source
set the water surface moving in the opposite direction,
but on the bottom of the vessel a motion was observed
in the same sense as the motion of the flame. The
measured speed of the surface counterdrift was less
than 1% that of the moving flame. At nearly the same
time, similar experiments were conducted by Stern.89

"The terminator is the dividing line between the dark and sunlit
parts of the earth's surface.
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These experiments established that a traveling heat
wave will induce weak currents, and qualitatively sup-
ported the belief that Halley's hypothesis concerning
the terrestrial atmosphere was correct.

With the swift progress of space technology, data have
been acquired for other planets which show that the
flows induced by the moving heat source may play an
important role in their atmospheres. For instance,
radar observations have determined for Venus a rota-
tion period of 244 ± 2 days, but the clouds in the upper
Venus atmosphere rotate70 in only 4. 3 ±0.4 days.
Schubert and Whitehead71 offered an explanation based
on the dynamical relationship of the vertical convection
in the Venus atmosphere to the radial flow induced by
the solar heat wave; the flow would move in the oppos-
ite direction. Repeating Stern's experiment, they used
mercury as the working fluid because of its high ther-
mal conductivity. The surface countercurrent that de-
veloped was four times faster than the revolving
burner.

The inducement of direct and retrograde flows in a
fluid by a traveling thermal wave may be explained qual-
itatively as follows. Consider a fluid layer of infinite
extent. Then if Ra exceeds a critical value, convection
currents will be set up in the fluid. A temperature
wave moving beneath the vessel will, by its extra heat-
ing, tend to displace the rising fluid elements along its
direction of motion. The convection cells will tilt, and
if Ra is large enough a velocity component will develop
in the top layer opposing the motion of the thermal
wave. This component will result from the interaction
of the vertical currents at the upper boundary. Similar-
ly, currents will be generated near the lower boundary
moving opposite to the thermal wave.

This phenomenon has now been described in a number
of theoretical studies.72"74 The basic idea in solving
the problem is to average the equations of vorticity and
heat conduction, written in the Boussinesq approxima-
tion, with respect to the length and period of the tem-
perature wave. In all cases it has been assumed that
A.»#, the length of the temperature wave much exceed-
ing the thickness of the fluid layer in which convection
develops. If the viscosity is so low that the Prandtl
number Pr = v/v.« 1, the mean speed of the current will
be proportional to the quantity

TABLE I. Planetary thermal parameters.

where the dimensionless parameter
gH
-

A.p
—

measures the intensity of the effect due to the tempera-
ture wave; U is the linear velocity of the temperature
pulse, and the Reynolds number is Re = if/vt, with t
the period of the temperature wave. The expression for
u shows that if the vertical convection speeds are high
enough, a mean flow can be generated whose velocity is
comparable with that of the thermal wave.

For six planets in the solar system, Table I gives
values72 for the heat flux q from the sun, the equatorial
velocity U of the terminator, the mean thermal- action
parameter F, and the frequency parameter Re. We see

Planet

Venus
Earth
Mars
Jupiter
Saturn
Uranus

«.-s¥-cm • sec

6.3-106

8.4-10»
5-10B

2.5-101

7,6.10s

1,2-10'

[7, m/sec

3,0
4.7-10'
2.8-10"
1,2.10s

1.0-101

3,7- 10>

F

10"
io->
10-"
io-«
10-'
10-'

Re

10*
10*
10*
10*
10«
104

that Venus has a thermal-action parameter four or five
orders larger than any other planet, so its atmosphere
will respond the most strongly to the periodic influx of
heat.

On Mars we observe strong winds blowing in the same
direction that the terminator moves. But they cannot be
attributed to the mechanism outlined above: it would
imply a velocity many orders lower. More than 75% of
the Martian atmosphere is carbon dioxide74 which, by
absorbing and emitting infrared radiation, does little
more than alter its own internal energy. Hence the
Martian atmosphere has a much lower thermal inertia
than the earth's atmosphere, and the diurnal tempera-
ture variations of the planetary surface are conveyed
into the atmosphere by radiation to heights of several
kilometers. Accordingly the atmosphere of Mars is
characterized by substantial diurnal temperature fluc-
tuations and a higher rotational velocity than on Venus.

Since radiative transfer will establish thermal equi-
librium practically instantaneously in the Martian at-
mosphere, depending on the time of day, it is interest-
ing to study how a flow will develop in a fluid when
gravitational forces are absent. At Moscow University
the authors and colleagues have considered a mechan-
ism for inducing such convection.75

Suppose that a zone of length L with an enhanced
temperature T2 is moving at a constant speed wr in a
given direction through a long, thin ring tube filled with
fluid (Fig. 7a). At the ends of zone L apply a heat
source H and a coolant C, producing pressure differen-
tials PH*-PH-, PC--PC* at the two respective bound-
aries. Assume that the fluid inside the regions of con-
stant temperature T2, Ti is incompressible, and that
Poiseuille flow is taking place with mean velocities uit

uz in regions 1, 2.

We are to determine the value and direction of the
flow velocities in regions 1, 2 and the mean flow vel-

W, 10 cm/set-

17

13

a

5

I

0,2 1,0 1,1 2,6
o

bl
r. cm/sec
'

FIG. 7. a) The slow-heating model configuration; b) an ex-
perimental curve tor the dependence of the mean direct-drift
speed on the rotation speed of the heat source.
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ocity. For this purpose we write the equation of mass
conservation, the equation of continuity for the momen-
tum flux, the Poiseuille law, and the equations of state
for the two regions:

, —co,r)p, = (u2 —(D2r)p2,

u, —o)Tr)2= PH+-f Pj(u2_ <oTr)2,

(12)

TABLE III. Planetary winds.

2nr—

We introduce the notation
2nr — L _„ P« = j X

L ~ ' Pi ~

When X= 0, no heating takes place; when x= 1, T2~°°,
and the heated region takes on the properties of a pis-
ton. Equations (12) yield the flow velocities

— ( f t ^ r X Y i -I Q\
rT ' U2~ < _ i _ V M _ Y\ • k l oJ

We have not yet made use of the equation of state. In
real processes the interface at the heat source will have
a finite size, and T2 will not be reached instantaneously,
so we may write

*l*- = t(T x — 71 )

whence

and

the constant factor £ characterizes the properties of
the material in the tube. The flow velocity averaged
over the length of the tube is then found to be

Figure 7b plots some experimental values for the
mean rate of direct drift as a function of the speed of
the rotating heat source.

Now we can make some rough estimates of the mean
flow velocity induced in the atmospheres of Venus, the
earth, and Mars. These values are given in Table II.
On Venus the night and day temperatures of the upper
atmosphere differ anomalously (Tn>Ti); hence the pa-
rameter X > 1 , contrary to the conditions of the "slow
heating" model discussed above (cf. Table II).

From the comparisons in Table III it is clear that the
model best fits the Martian atmosphere: the computed
and measured wind velocities are approximately the
same. Moreover, the mean eastward flow velocity ob-
tained in the slow-heating model agrees in value and
direction with the results of numerical simulations76'77

TABLE II. Planetary diurnal heating.

Venus

Earth
Mars

Measured temperature

7 n i g h f ° K

242

298
190

W*

233

299
270

Place measured

Equator, upper
atmosphere

Equator above sea
Latitude zone -20° <<p

<40°, in clean atmosphere
above surface

3

4.7.10s

2,8-l<P

1

0.1
0,3

Planet

Earth

Mars

Measured wind velocity

-(60-140) m/sec,
upper atmosphere
+2.5 m/scc, lower at-

+ 10 m/sec, above surface at
latitude -24°

Mean velocity resulting
from Halley's convection
mechanism

-100 m/sec

weaker than -0.01 m/scc

—

Mean velocity predicted
by slow-heating model

+ 1,25 m/sec

-f-11 m/sec

for the predicted Martian wind regime in the zone of
intensive insolation, -20°

f) Convection in centrifugal force field

So complex are the processes in the terrestrial at-
mosphere that in addition to analyzing the atmospheric
dynamics equations one is compelled to build physical
models in order to study certain aspects of the circula-
tion. Naturally the more regular atmospheric process-
es are most readily simulated. For example, measure-
ments of the air circulation in Antarctica, where the
Coriolis force field and the latitudinal temperature dif-
ferentials of the underlying surface are mutually sym-
metric, have prompted a series of experiments to in-
vestigate eddy formation in rotating ring-shaped and
round basins heated in various ways.78"81 In all these
experiments, just as in nature, centrifugal forces have
necessarily been present. Accordingly it is also worth-
while to treat the problem of thermal convection in a
centrifugal force field from a theoretical viewpoint.
Solutions to such problems are in fact of independent in-
terest for studies of baroclinic instability.

Akimova and the authors82 have considered the motion
of a viscous, incompressible, heat-conducting fluid
confined between a pair of infinite coaxial cylinders ro-
tating at the same angular velocity n. A constant tem-
perature differential T2-Tj is maintained between the
cylinders, with heat applied at the outer cylinder. The
analysis is limited to a layer shallow enough for verti-
cal motions to be neglected.

In a rotating coordinate system the process of convec-
tive motion in the fluid will be described by the following
set of thermohydrodynamic equations, written in the
Boussinesq approximation:

divv = 0.
(14)

Here v(r, 6,t) is the velocity vector, p0 denotes density,
0 is the thermal expansion coefficient, T> is the turbulent
viscosity coefficient, P(r,S,t) represents the deviation
of the pressure from its equilibrium value, T'(r,8,t) is
the deviation of the temperature from equilibrium, and
X is the thermal conductivity coefficient of the fluid.

One can obtain conditions for mechanical equilibrium
of the fluid by solving the system (14) for v(r, 8, t) = 0.
In a steady state the temperature and pressure will
have the equilibrium values
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r-s.
VP»(r)=-p.IO[Qr]],

where Tit T2 are the temperatures of the inner and out-
er cylinders.

The equation of continuity implies that a stream func-
tion exists such that

Vr = ~"W> "o^-TT-

Applying the curl operator, we may write the equation
of motion in the form

(15)

By solving the system of equations obtained in this
way for the stream function and the temperature, as-
suming that the adhesion and impermeability conditions
hold at the inner and outer cylinder boundaries, one
can find the equilibrium convection pattern that becomes
established in the centrifugal force field. The process
is depicted in Fig. 8. We find here a pattern qualita-
tively resembling the processes observed both experi-
mentally78"81 and in the atmosphere above Antarcti-
ca.83'85

FIG. 8. Successive steps whereby the stream function and
temperature between a pair of unequally heated rotating cylin-
ders reach a steady state.

200 ISO

FIG. 9. The structure of a tropical cyclone.

4. MEDIUM- AND SMALL-SCALE CONVECTION

a. One example of a convective system of intermediate
scale is a tropical hurricane. Figure 9 illustrates the
structure of a hurricane schematically. A mature sys-
tem can be subdivided into four zones: 1) an outer re-
gion, bounded by convection, where the wind velocity
increases toward the center; 2) a hurricane wind belt in
the interior of the disturbance, with squalls and strong
convection; 3) an inner region of precipitation (the wall
of the eye of the storm), more or less ring-shaped,
with heavy downpours and squalls of peak velocity;
4) the eye of the storm, where the winds slacken great-
ly as the center is approached.

Most tropical cyclones are somewhat asymmetric,
mainly because of their traaslational motion. To a first
approximation, however, one may adopt a quasisymme-
tric toroidal circulation to treat the principal aspects
of tropical cyclones. The earliest mathematical models
therefore described tropical cyclones as axisymmetric
convective systems.8 Recently some three-dimensional
numerical models of these convective vortices have
been worked out.86'87

Tropical cyclones are convective eddies measuring
200-800 km across. They develop only above the
ocean, with its abundance of vaporizing moisture, as
the latent heat transported by the convection into the
upper air layers makes a decisive contribution to the
energy budget of the cyclone. The lowest temperature
at which a cyclone has a good chance to form is
26-27 °C. Since the Coriolis force stabilizes the de-
veloping vortex disturbances, the Coriolis parameter
2n coscp (fl is the earth's angular rotational velocity, y
is the latitude) should exceed some optimum value,
thereby precluding the formation of tropical cyclones in
a 5° zone on either side of the equator.

Other instances of medium-scale lateral convection in
the atmosphere include breeze circulations and, over
the ocean, the lateral convection induced by intermedi-
ate-scale irregularities in the surface thermal and
density regime, or by the convergence of water masses
differing in density. To a limited extent, some of the
theoretical and experimental results for lateral convec-
tion discussed in Sec. 3 are pertinent here as well.

A convective thundercloud represents an atmospheric
process in between the medium and small scales. The
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horizontal diameter, ranging from several kilometers
to 1 km or even less, brings the thundercloud close to
small-scale phenomena, but in vertical extent, up to 7
km, it approaches the processes of medium scale.
Some years ago Lebedev88 developed a mathematical
model for a thundercloud.

b. During anticyclone conditions close to midday in
summer, when sizable areas of the continents and
oceans are warmed uniformly, a rather mild convection
is set up in the atmosphere above, producing a charac-
teristic convective low-level cloud deck. This is a typi-
cal case of fine-scale convection in the atmosphere.
Satellite photographs of such clouds show that the regu-
lar cells of the cloud system resemble Be'nard convec-
tion.89 Our group has been studying the mechanism re-
sponsible for that convection.90

At a height of about half a meter in the driving layer
of air above the oceans, a temperature inversion is
often observed. Khundzhua et a/.91'92 have shown that
the inversion is associated with a volume heat source
which develops in this layer. The source results from
the mixing of dry air with the water vapor coming off
the ocean surface by weak convection and turbulent ex-
change.

The diurnal cycle in the horizontally uniform thermal
conditions on the ocean surface, when the temperature
differential between air and water changes sign, induc-
es a distinctive convection in the surface water layer.
Numerical solutions of Eqs. (1) for this problem indi-
cate93 that vertical circulation cells with a horizontal
axis will develop, with opposing motion in adjacent
cells (Fig. lOa). In these calculations the exchange co-
efficient has been set equal to a suitable turbulent co-
efficient.

Sporadic fluctuations in the air temperature and the
salinization of the water through evaporation produce a
fine-scale sinking convection in the upper layers of the

Warmed
I 2 x~x SB

17 ZO T,°C

FIG. 10. Fine-scale convection in the oceanic surface layer,
a) Periodic convection structure caused by the diurnal changes
in the surface temperature (# is the stream function); b) the
onset of convection in water cooled from above (>t> and tempera-
ture T).

T-C

FIG. 11. a) Temperature-depth profile in a laboratory simu-
lation of the penetrating-convection process94; b) a typical
stepped thermal structure associated with the stratified con-
vection in a temperature inversion layer in the Antarctic basin;
c) step structure accompanying the " salt fingers" from Medi-
terranean waters entering the Atlantic.

ocean within a quasihomogeneous stratum whose thick-
ness, 30-80 m, is largely determined by that convec-
tion. Figure lla illustrates the temperature variation
process observed experimentally when convective
chilling is introduced.94 This experiment was conduct-
ed with the ETEKOS facility at Moscow State University.
A stably stratified temperature profile was first pro-
duced by warming the water from above. Then the
cooling system was turned on. The chill gave rise to an
isothermal layer.

In the ocean, where the surface warming and cooling
process, though small in scale, is horizontally nonuni-
form, the local hydrostatic instability results in under-
flow or downwelling processes (small-scale lateral
convection). One gains the picture of an ocean that
nearly everywhere forms a fine-stratified medium con-
taining layers of relatively uniform properties, from
tens of meters to tens of centimeters thick, separated
from one another by thin interface lamellae with abrupt
changes in thermohaline parameters.95 In Figs, lib, c
we show samples of the step structure associated with
the density-type convection that develops as the salinity
varies.

It is a more difficult matter to calculate numerically
the temperature variations of ocean water induced by
the seasonal fluctuations in the air temperature above
the water surface. These changes in water temperature
can be traced to depths of 250-300 m. The convection
is the essential factor determining the depth of the sea-
sonal thermocline. In numerical calculations the great-
est turbulence is encountered for convection in the polar
regions, where the ocean surface is subject to continu-
ous chilling, and where the sinking convection pene-
trates to the deep ocean layers, even to the sea floor,
generating, as we have explained, the global meridional
lateral convection in the ocean.

For the atmosphere, however, a full analog to this

917 Sov. Phys. Usp. 26(10), Oct. 1983 V. V. Alekseev and A. M. Gusev 917



FIG. 12. The temperature and stream-function fields calcu-
lated for convection in water close to the density-inversion
temperature. Cr =4000, Pr=11.59.

oceanic process is not the convection involved in the
growth of thunderclouds, penetrating to heights of 7-8
km, but the convection that induces the meridional air
circulation, or the convection which develops in re-
gions of constant surface heating and cooling, with
formation of quasisteady centers of atmospheric pres-
sure (such as the Iceland minimum and the East Siberi-
an maximum) that gradually encompass a substantial
body of the atmosphere (5-6 km thick) and result in
horizontal air motions of considerable extent.

Numerical simulations using mathematical models of
such convection [Eqs. (1)] have shown that initially,
through cooling from above or warming from below,
heat will be exchanged in water or air by molecular
heat conductivity, as suggested, in particular, by the
parallel isotherm surfaces. If the critical Grashof
number Gr is relatively small, cellular convection will
develop,93'96 as illustrated in Fig. 12. When Gr becomes
large enough, the processes will no longer be steady,
but self-oscillating. Figure 13a displays part of a
time-lapse sequence, calculated by computer,97 of the
self-oscillation that will occur during convection of
water in a rectangular chamber when G r = 16,000. We
see that the flow will be exceedingly tangled and com-
plex. Nevertheless, the mean temperature fields and
stream functions turn out to be regular (Fig. 13b). In
a sense they form a continuation in time of the steady
laminar flow pattern that developed for small Gr values
(Fig. 12). While these calculations were performed for
a box of limited volume warmed from below,97 the con-
vection process that comes into play here should be
quite general in character.

At first glance it may seem appealing to work out
motions by computer simulation for more and more val-
ues of the parameters as the restricted size of the re-
gion causes the convection to penetrate inward, and
then to take the appropriate averages. But one can
easily see that such an approach is unrealistic. In or-
der to simulate the ocean-atmosphere system by means

FIG. 13. a) Successive frames showing the temperature and
stream-function fields T, $ calculated for convection in water
close to the density-inversion temperature for Gr = 16000;
b) the corresponding fields T, $ averaged over the self-
oscillation period.

of calculations with the molecular dynamical coeffi-
cients, one would need a computer memory of no less
than 1023 kilobytes. By comparison, the standard
BESM-6 computer has a working memory of just 128
kilobytes. For the foreseeable future, then, the best
one can do is to solve the averaged equations.

As we have pointed out, for large values of the char-
acteristic dimensionless numbers the hydrodynamic
processes can be grouped into a hierarchy with various
times and linear scales. Thus, for the convective mo-
tion depicted in Fig. 13 the circulation is averaged over
a single self-oscillation period, defined after the oscil-
lations have become established.

Let us illustrate the averaging procedure with a sam-
ple calculation of the thermocline dynamics75 for
autumn cooling in the temperate zone. The water has a
kinematic viscosity vx 10"* mVsec and the temperature
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differential is =10-20°C, so Gr=107L3, where L is
measured in meters. Thus if L= 0.5 km, Gr=1015.

For values Gr KlCP—106, corresponding to scales L
x 30 cm, self-oscillations will be excited in the water.
These oscillations can be modeled by computer. Upon
averaging over the self-oscillation period one obtains
a steady circulation for which certain mean Grashof
and Prandtl numbers can be calculated75-98;

Gr-

~ f it f dzdu-^-d
'. 4

(16)

Accordingly, one can proceed as follows^o calculate
the effective turbulent exchange coefficient D for con-
vection in the working layer of the ocean. The space to
be investigated is divided into layers, whose dimen-
sions are dictated by the computer capacity. Velocities
and temperatures are averaged over the self-oscillation
period in each layer. Then the viscosity and conductiv-
ity in the layer are determined, giving averaged equa-
tions. The turbulent viscosity and conductivity for the
averaged equations will be about an order of magnitude
greater than the molecular values. Next the original
region is divided into subregions approximately five
times as large as the initial ones, and the procedure is
repeated. Four steps of the process are enough to pro-
vide the requisite oceanic temperature profile.

c. In current practice, global models typically use a
4°—5° grid, and in the atmosphere from two (the Mintz-
Arakaw model) to eleven (the Smagorinskii model)
levels are considered. In the ocean, two levels are
customary: a mixed upper layer and the deep waters.
A great many very important processes governing the
global circulation will then be gridded and call for
parametric specification, including convection, which
moreover cannot be handled in the quasistatic approx-
imation ordinarily used in such models.

One other fundamental difficulty, discovered by Lor-
enz" in 1963, arises in efforts to implement such pro-
grams for arriving at hydrodynamic predictions. Lor-
enz investigated the convective motion in a two-dimen-
sional model. If the convection takes place in a vertical
( # , z ) plane, where z is the vertical coordinate, then the
equations of thermohydrodynamics will take the stand-
ard form

ae
dt''

|), 6) (17)

where $ is the plane-flow stream function, 8 denotes
the deviation of the temperature T from equilibrium,
and the constants g, (3, v, x, are respectively the accel-
eration of gravity, thermal expansion coefficient, kine-
matic viscosity, and thermal conductivity. If one seeks
a solution by the Bubnov-Galerkin method, truncating
the series so that they comprise three terms:

a (1 + a2) z-'ij) = Z1/2 sin (naff-i*) sin (aff-'z),

nflc'-flaAT-'e = Y1/2 cos (nff-'a) sin (nff-'z) - z sin (2jrff-'z), (18)

then one obtains the system of ordinary differential

equations

X= — 6X + 6Y,

Y= -XZ + rX-Y,

Z = XY-bz,

(19)

where H, aH represent the vertical and horizontal
scales of the convection zone, b= 4/(l - a2), a= f/n is
the Prandtl number, and r= Ra /Ra c ; the Rayleigh num-
ber is Ra= gf3H3£>.T/vy., and its critical value is Ra c

= 27ir4/4. The equations are written in terms of the
dimensionless time

T = n*H-* (i + a2) v.t.

Physically, the system (19) can be interpreted as de-
scribing the convection of a fluid in a thin tube, bent in-
to a ring, placed in a vertical plane, and heated from
below. If the temperature differential AT between the
lower and upper parts of the ring is adequate, then the
lighter-weight fluid, warmed at the base of the ring,
will rise, forcing the fluid cooling on top to sink. As a
result the fluid will begin to revolve within its envelope
in a direction depending on the initial disturbance. If
the ring is heated below somewhat more strongly, the
situation will become appreciably more complicated:
the fluid will revolve in the opposite direction. This
behavior can be explained as follows. When AT is
large, the fluid will tend to "unwind" so vigorously that
it slips past the lower position without being heated
there. As a result it is unable to overcome the viscos-
ity and gravity forces and thereby to reach the top.
Meanwhile the fluid at the base of the ring will continue
to be heated and to float upward, but now in the oppo-
site direction. Experiments show100 that if AT is large
enough, these direction reversals will occur at random.
Figure 14 plots the function Y calculated by Lorenz"
for cr= 10, 6=8 /3 , r= 28. Notice that the oscillations
become irregular.

It is pertinent here to recall an experiment that
Byzova101 published back in 1950. Byzova was seeking
to demonstrate the possibility, and establish the cause,
of the self-oscillations occurring in the lateral-convec-
tion regime, and thereby in many meteorological and
oceanological processes. Her work was stimulated by
V. V. Shulelkin, who was the first to broach this con-
cept and who began the study of self-oscillations based
on actual observations in nature.

In Byzova's experiment, a rectangular aquarium fill-
ed with water was warmed on one side and cooled on the
other. For certain ratios between the water depth, the
length of the aquarium, and the temperature difference

-1000

A .M \7

20(10

^200a

v v
FIG. 14. A numerical solution of the convection equations
showing the quantity Y as a function of time for the first 3000
units of dimensionless time."
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between the heater and coolant, self-oscillations were
found to be excited in the developing lateral convection,
with concomitant changes in the velocity and tempera-
ture of the circulating water. Byzova attributed this be-
havior to the alternating fast and slow motion of the
fluid above the heater, and thereby to the alternation
in the intensity with which thermal energy was fed to
the fluid.

Chuprynin102 has been doing experimental and theo-
retical research on self-oscillatory processes in the
ocean-atmosphere system, and has developed a simpli-
fied one-dimensional mathematical model of the convec-
tion studied by Byzova. On analyzing the nonlinear one-
dimensional equation of the model in the phase plane,
Chuprynin found that self-oscillations could be excited
in a vertical, closed path of fluid with changes not only
in the amplitude of the velocity but also in its sign—
rhythmic changes in the direction of motion of the fluid.

Evidently, then, all flows associated with convection
in one way or another are not only very complicated,
but unstable against external disturbances: solutions
close together at the starting time will diverge rapidly.
This may be an important fact, as Lorenz has pointed
out, because it implies that long-term weather fore-
casting is prevented by the unavoidable inaccuracy and
incompleteness of the measurements utilized as the ini-
tial conditions.

Lorenz's research has aroused interest in analyzing
hydrodynamic models of the atmosphere from the same
point of view. From numerous studies we now under-
stand that in the course of the hydrodynamic calcula-
tions, initial errors will double103 in 3-5 days. After
2-3 weeks of model time the rms error will exceed the
climatological variability, and further calculation
would be pointless.103

Among the natural structures found in the atmos-
phere, cyclones and anticyclones play an especially
important role: they are powerful eddies which in
themselves dominate the weather. Accordingly in at-
tempting long-range forecasts it would be natural to try
solving the averaged equations, as for example is the
practice in calculating convection that penetrates to
great heights or depths; but one would have to resolve
the issue of the statistical underpinning for the aver-
aged equations.

Over an interval of decades, a statistical ensemble of
several thousand vortices will pass through the atmos-
phere. Hence the relative fluctuation in the number of
cyclones or anticyclones as caused by random distur-
bances (and measured by N~1/2, where N is the number
of cyclones and anticyclones) will be a small quantity,
and the mean kinematic parameters computed from a
numerical model will depend only weakly on the initial
data. Seasonal forecasts, on the other hand, will be
sensitive to such fluctuations, because on the average
there will be only a few cyclones each season over a
limited territory (such as the European part of our
country).

Thus in calculating trends in the weather extending
over many years or the annual mean fluctuations of in-

dividual parameters, for which thousands of such eddies
are available, forecasts will be justified; but for fore-
casts giving mean parameters for any particular year
their number turns out to be sufficient in only a few
cases and not in all parts of the globe.

5. CLOSING REMARKS

In our survey of the convective processes that take
place on various scales in three of the earth's envel-
opes, we have seen that thermal and density-chemical
inhomogeneities are the prime cause of many seemingly
disparate phenomena on our planet. Yet all these pro-
cesses obey the identical nonlinear differential equa-
tions. New results have lately been obtained that shed
light on the fundamental character of the difficulties en-
countered in solving the thermohydrodynamic equations.
An especially noteworthy finding is that the systems of
nonlinear dynamical differential equations have a quasi-
stochastic behavior. So far this discovery has brought
more questions than answers. Even the very simple
classical "strange attractor" of Lorenz contains much
that is unclear. But the road toward progress in stud-
ies of convective processes has been marked out. It
will surely entail analysis of the statistical properties
of the solutions, and probably further application of
asymptotic averaging techniques such as the Krylov-
Bogolyubov method, which has been employed so bril-
liantly in statistical physics.
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