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PLANETARY ATMOSPHERES AND CONVECTION IN ROTATING 
FLUIDS 

A SYMPOSIUM on "Planetary Atmospheres and 
Convection in Rotating Fluids", under the joint 

auspices of the Royal Meteorological Society and the 
Royal Astronomical Society, was held in London 
during May 23-24. 

The introductory address was delivered by Sir 
Harold Jeffreys, who outlined the historical back
ground of the field. He said that two main problems 
arise, one of them concerned with the large-scale gen
eral circulation patterns which can develop in a fluid 
on a rotating sphere and the other with the onset of 
convection in fluids. Until the work ofMargules (1903) 
the former problem had been discussed only qualita
tively and the theory due to Margules is itself unsatis
factory on account of a wrong boundary condition. 
Later, Jeffreys (1916) obtained satisfactory agree
ment in the simplified problem of differential heating 
of a non-rotating fluid on a plane base and also in 
the monsoon problem ; but the corresponding treat
ment of the problem of the general circulation of the 
atmosphere as a type of tidal problem, in which the 
period becomes infinitely large, produces east winds 
in all latitudes. This is in direct conflict with the 
observed fields of mean westerly fl.ow which exist in 
the upper troposphere in temperate latitudes. Incor
porating skin friction into the problem will have the 
effect of abolishing the relative angular momentum 
in about ten days in the absence of heat sources. In 
the general circulation mechanism for the atmo
sphere, it was pointed out by Jeffreys (1923) that 
in order to maintain the westerlies in temperate 
latitudes there must be a transfer of westerly angular 
momentum from the equatorial regions, which in 
turn implies a positive correlation between the east
ward (u) and northward (v) components of flow and 
a succession of pressure maxima and minima around 
a latitude circle. The balance of angular momentum 
itself can be achieved if the transfer extends to about 
IO km. It is thus concluded that cyclones are an integral 
part of the mechanism of the general circulation. 

The second problem concerning the onset of con
vection began with an experimental paper by Benard 
(1900), and the first theoretical paper is due to 
Rayleigh (1916), who pointed out that the buoyancy 
forces in a fluid heated from below will be sufficient 
to overcome the viscous damping forces if a certain 
non-dimensional number Ra is greater than "A, where 
A is a constant of the order of 1,000 and Ra ( = grxr;,h4 / 

xv) depends upon the constants of gravitational 
acceleration, g ; coefficients of thermal expansion, rx ; 
the excess temperature gradient, r;, ; the depth, h ; 
the thermometric conductivity, x ; and v the kine
matic viscosity. The most recent developments in 
this problem are due to Chandrasekhar (1951 on
wards), who has investigated the dependence of A 
upon rotation and on magnetic fields. Sir Harold 
pointed out also the importance of knowing the 
rotation of the solid body of a planet. If heating 
takes place at the equator, there must be prevailing 
westerly winds at great heights, and the motions of 
spots which may be observed may not tell us the 
true surface rotation speeds. 

Prof. Zdenek Kopal spoke on "The Basic Observa
tional Data on Planetary Atmospheres". Our 
knowledge of planetary atmospheres, he said, has 
been derived by both spectroscopic and photometric 
techniques. The range 3,000--10,000 A. is accessible 
to optical spectroscopy, and recently radio observa
tions have been made in the 1-20 metre range. 
Perhaps the most serious difficulty hampering optical 
spectroscopy is the interference of telluric lines : 
constituents of the terrestrial atmosphere are rela
tively hard to detect. The slight shifts due to varying 
motions of the planets relative to the Earth have to 
be used for separating the planetary spectrum from 
the tell uric one. Another difficulty is the lack of light 
from the most distant planets, which restricts us to 
low dispersions. Observations have been made of 
the distribution and polarization of the light from 
the planets as functions of position on the disk and 
the wave-length used, and the results have to be 
interpreted by transfer theory, taking into account 
reflexion at the planetary surface in the case of 
optically thin atmospheres. The small range of phase 
angles which can be observed for the outer planets 
is a major difficulty. 

Mercury has a very tenuous atmosphere, not 
observable spectroscopically, but giving a measur
able centre-limb variation of polarization. The mass 
per unit surface is 0 ·005 of that above the Earth's 
surface, but the chemical composition is unknown. 
Light gases cannot be retained because of the high 
surface temperature and low surface gravity. Spectra 
of Venus show the presence of carbon dioxide in 
considerably greater abundance than in the terres
trial atmosphere. Kuiper has established the varia
bility at different parts of the disk; this is presumably 
caused by the varying heights of the upper cloud 
surface. The other atmospheric constituents are 
unknown ; nitrogen is the most probable. The nature 
of the clouds is unknown : recently the suggestion 
has been revived that these clouds are water droplets 
and the lower temperatures now thought to prevail 
( - 40° to - 50° C.) could account for the absence of 
water-vapour lines. Carbon dioxide has been found 
on Mars in amounts comparable with that on the 
Earth. No other constituent has been identified ; 
one may speculate that nitrogen is present. Methane 
and ammonia have been observed in Jupiter and 
methane in Saturn, Uranus and Neptune. Herzberg 
also detected the hydrogen molecular quadrupole 
transitions in Uranus and Neptune. 

It seems probable that hydrogen and perhaps 
helium form the bulk of the atmospheres of the four 
major planets. There are several striking features 
which are not clearly understood, such as the recently 
discovered bursts of radio emission from Venus, the 
radioactivity localized in the spots of Jupiter, the 
presence of latitudinal bands not in solid rotation in 
the Jovian atmosphere, and their absence on Saturn, 
while the great strength of the methane bands in 
Uranus and Neptune cannot be explained solely on 
the basis of low temperatures and must be considered 
an unsolved problem. 
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Prof. P. A. Sheppard read a paper on "The General 
Circulation of the Earth's Atmosphere". In dis
cussing the general circulation of the Earth's atmo
sphere, it is necessary to consider two different aspects 
of the motion ; first of all the time-averaged mean 
flow patterns (U, V, W) and the turbulent field 
(u', v', w'), which is the departure of the motion from 
its mean. The mean motion ({], V, W) is now well 
observed up to about 50 mb., the zonal mean motion 
U (measured positive to E.) consisting of easterlies in 
a zone about ± 30° of the equator, a weak easterly 
circulation near the poles and westerlies elsewhere. 
The mean meridional motion V (measw·ed positive 
to N.) is more difficult to assess since v' JV is large 
and the two most reliable sources are Mintz and 
Tucker. Mintz determines Vin the northern hemi
sphere from the angular momentum budget for an 
atmospheric ring, asswning that the mean transfer of 
westerly momentum in the downward direction is 
zero at and above 700 mb., and W = 0 at 200 mb., 
and determines the vertical velocity W from the 
continuity equation. This shows that there should 
be a direct cell (ascent at southern end) from 5° S. 
to 30° N. in winter with V"' 100 cm./sec., W "' 
0·2 cm./soc., and an indirect cell from 30° N. to 
70° N. in which V "'50 cm./sec., W "'O·l cm./sec. 
These move approximately 10° northwards in the 
summer season. Tucker's independent investigations 
using actual wind observations instead of geostrophic 
winds (Mintz) reveal a similar meridional cell struc
ture, but the cells themselves are a good deal stronger. 
The longitudinal variation of U reveals the inter
esting feature that the 500-mb. streamlines are quasi
horizontal waves with troughs and wind-speed 
maxima over the east of continents and over the 
Middle East ; it is a matter of conjecture whether 
this is influenced most by the presence of mountains 
or by the land/sea configuration. There is also a 
longitudinal variation of V, and it is clear here that 
there exists a standing-wave pattern at 50°-55° N., 
for example, in the winter V is positive from 160° 
to 120° W., negative from 120° to 50° W. and positive 
again from 50° W. to 20° E. 

Prof. Sheppard also pointed out the existence of 
an upper-air monsoon type of flow over Aden. The 
total kinetic energy of tho atmosphere plotted against 
latitude reveals a pronounced maximum at about 
30° N. and the kinetic energy of the turbulent motion 
gives a similar type of curve, the ratio of these two 
quantities in most latitudes being approximately 
½to¼- The question of how much energy resides in 
different wave-lengths and how this energy is trans
ferred is still difficult to answer, since systematized 
information is very scanty. Henry and Hiss have 
attempted to do this using geostrophic winds for 
January 1951, but the direction of energy conversion 
is not clear ; it would appear, however, that the 
greater part of the energy resides in the lower wave 
numbers. 

In the concluding address of the first morning 
session, [the late] Prof. H. U. Sverdrup discussed 
"The Circulation of the Oceans". He pointed out 
that, with a few minor exceptions, the currents of 
the upper layers of the oceans appear to be main
tained by the stress which the prevailing winds exert 
on the sea surface. Qualitative agreement has been 
obtained between the ocean currents as computed 
from the observed distribution of mass and as com-

puted from the wind stress, but the mechanism by 
which such a current as the Gulf Stream is main
tained is not clear. In the case of the equatorial 
counter-current, which flows in the opposite sense to 
the mean wind, the direction of flow is consistent, as 
elsewhere, with the geostrophic equation, the vorticity 
equation and the vanishing of the horizontal diver
gence. In the case of the Gulf Stream, however, a 
westward intensification of currents can be expected 
if horizontal friction terms are retained in the 
vorticity equation following Stommel, although 
Charney's discussion of the same problem, which 
retains the inertia terms instead of the frictional 
terms, also leads to an intense current on eastern 
coasts. An appreciable deep-water circulation is 
found in the Atlantic Ocean only ; this circulation 
is generally described as a thermal, implying that it 
is maintained by heat being converted into kinetic 
energy; but this circulation may also be wind-driven 
in the sense that the prevailing wind carries upper 
water to the north across the equator off the coast 
of South America, so that deep water must flow 
south. In the northern hemisphere, the ocean 
currents carry considerable quantities of heat from 
lower to higher latitudes, particularly south of 30°. 
This heat is conveyed into the atmosphere by 
evaporation off the east coasts of the continents. 
Generally speaking, northward flows give off energy 
to the atmosphere, while southward flows give energy 
to the sea. The interaction which exists between 
the atmosphere and the ocean implies that it 
will be necessary ultimately to deal with the 
circulation of the combined system of atmosphere 
plus ocean. 

The first afternoon session opened with a paper by 
Prof. E. Lorenz on "The Circulation of the Atmo
spheres of the Outer Planets". The planets Jupiter, 
Saturn, Uranus and Neptune have in common great 
distance from tho Sun, great size and rapid rotation, 
by comparison with the Earth. Details observable 
on Jupiter include alternating dark belts and bright 
zones, irregularly distributed dark and bright spots 
which move relative to each other, systematic 
variations of rotation speed with latitude, particularly 
the 'equatorial acceleration', and a large semi
permanent marking, the Great Rod Spot. Belts and 
zones have also been observed on Saturn and occasion
ally on Uranus, and spots have been observed on 
Saturn. 

From tho thermal wind approximation, a relation 
between the vertical wind shear and the horizontal 
temperature gradient, which applies when the hori
zontal forces and the vertical forces are each nearly 
in equilibrium, and from the presence of the equa
torial acceleration, it is deduced that Jupiter's visible 
surface lies far above the surface of any solid core, 
so that only the upper atmosphere of Jupiter is 
directly observed. 

A planetary atmosphere is a special case of a 
rotating symmetrically heated fluid. Current studies 
of such fluids suggest explanations for some of the 
observed features of Jupiter. Experimental studies 
indicate that symmetrical flow will not be observed 
if the Rossby number, the ratio of a typical relative 
angular velocity to a typical absolute angular 
velocity, lies below a critical value. The scale of the 
asymmetrical disturbances decreases as the Rossby 
number decreases. Theoretical studies indicate that 
any mathematically possible steady symmetrical flow 
will be unstable if the Rossby number is subcritical, 
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and that the wave number of the most rapidly 
growing disturbance increases as the Rossby number 
decreases. These results, if applicable to Jupiter's 
atmosphere, imply that the flow should be asym
metrical and that the disturbances should be smaller 
than those on the Earth, relative to the planet's 
radius. The dark and bright spots on Jupiter have 
the proper size for such disturbances. 

Experiments indicate that sharp transition zones, 
such as jet streams and fronts, will form at sub
critical Rossby numbers, but theoretical studies to 
date show only that they may form. The equatorial 
acceleration of Jupiter bears a superficial resemblance 
to the Earth's jet streams. A decision as to whether 
these features are similar phenomena awaits further 
theoretical work. No permanent feature resembling 
the Red Spot ha.s appeared in the experimental studies 
of symmetrically heated fluids, and it is suggested 
that the spot is caused by some asymmetry, possibly 
by a feature of Jupiter's solid core. 

Dr. G. B. Tucker presented a paper on "Transfer 
Processes in Planetary Atmospheres". He discussed 
in detail the transfer of angular momentum men
tioned by Sir Harold Jeffreys in his introductory 
address, and in addition he considered the transfer 
of water vapour and energy for the Earth's atmo
sphere. Each of these quantities shows the same 
conservative feature of a net input into the atmo
sphere in low latitudes, and a net output in high 
latitudes with a transfer from low to high latitudes. 
The flux of any such quantity 0( across a latitudinal 
surface has been split up into two parts by Tucker, 
an advective flux ixV and an eddy flux O('v', where 
O(' and v' denote the departures of 0( and v (the 
equator-pole velocity component) from the mean 
values ix and V respectively. 

In the case of the angular momentum flux in the 
northern hemisphere, Tucker's results, which have 
been obtained from actual and not geostrophic winds, 
confirm those of earlier workers in indicating a 
maximum northward flux of angular momentum at 
30° N. at about 200 mb. with little horizontal transfer 
anywhere below 500 mb. and with the major part of 
the flux arising from the eddy flux term. The cal
culations of the mean field of velocity Vin a meridional 
plane indicate a direct equatorial cell, although there 
is uncertainty at present concerning the importance 
of this cell in the mechanism of angular momentum. 
An independent assessment has been made by Tucker 
of the transfer of angular momentum from estimates 
of surface and mountain torques, and the consistency 
of results from several sources-Priestley, Starr and 
White, and Mintz-has been verified. Mention was 
also made of recent analyses of turbulence spectra, 
which reveal the importance of eddies on the scale of 
depressions and anticyclones in the transfer of 
enthalpy and angular momentum. 

Dr. Raymond Hide followed with a paper on 
"Experiments on Convection in Rotating Fluids". 
He indicated that two main types of experiment 
have been performed : those in which a shallow layer 
of fluid is subject to heating from below or cooling 
from above (type A), and those in which the differ
ential heating is imposed in the horizontal. In the 
former, as mentioned earlier by Sir Harold Jeffreys, 
when the adverse density gradient exceeds a certain 
value a cellular convective type of flow (Benard cells) 
is established, the onset of this motion being depen
dent upon the Rayleigh number Ra exceeding a 

constant A. The constant is of order 1,000 in the case 
of zero rotation, but increases monotonically with 
rotation .Q of the system, ). depending upon the 
Taylor number Ta = 4D.2h4/v2 • The most recent 
theoretical results in this case, due to Chandrasekhar, 
have been verified experimentally by Nakagawa; 
the most interesting result of the experiments is that 
the cells become increasingly elongated with increasing 
rotation. In the type B, or dishpan type of experi
ment, the principal experimental work is due to 
Fultz and Hide, both of whom considered thennal 
convection in a rotating liquid with a free surface 
and subject to horizontal differences of temperature. 
Hide has shown that there are three regimes of flow 
depending essentially upon the value of one para
meter: 

@ = 2gh (Pb - Pa)/02(b - a) 2 Pmean 

where b and a are the outer and inner radii of the 
cylinders bounding the liquid and p is the density. 
When 0 exceeds about l ·6, the flow consists of a 
meridional circulation in which the motion of the 
liquid on the free upper surface is in the form of 
inward moving spirals. If e is somewhat less than 
1 ·6, the flow is characterized by a regular quasi
horizontal wave-like pattern of wave number m. 
The motion is almost entirely restricted to a narrow 
meandering 'jet stream'. The wave train drifts 
steadily in the same sense as that of the flow in the 
top surface jet while m depends on e. When e is 
reduced steadily from l ·6, m increases slowly until 
that value of m is reached for which the amplitude of 
the wave is equal to 0·67 of the wave-length. When 
8 has less than this value, unsteady wave flow 
(vacillation) occurs in which the wave pattern swings 
about a mean horizontal radius as the whole pattern 
rotates. A. R. Smith is at present examining the 
effect of changing v and x, and his results indicate 
there is some dependence of the flow characteristics 
upon the Prandtl number v/x. Fultz has made 
studies of the three-dimensional structure of the flow 
patterns and has measured the heat flow during 
vacillation, showing that there is a fluctuation with 
an amplitude of about 10 per cent of the average 
value. 

Prof. M. J. Lighthill next discussed with much 
clarity and considerable verve the general theoretical 
aspects of the problems raised by the speakers who 
had preceded him. 

The first question raised concerned the concept of 
diffusion. Quantities normally diffuse down their 
gradients, but several examples had been cited in the 
symposium in which the direction of the diffusion 
appears to be up the gradient, or in which diffusion 
appears to be practically absent although the system 
is of a type for which experience of other fields of 
physics would lead us to expect large diffusions. 
Why is it that the Gulf Stream remains no wider 
than 100 km. over long stretches of the Atlantic, 
whereas water jets in water will spread with an 
included angle of 30°? Similarly, why does the 
atmospheric jet stream maintain a coherence in spite 
of the obvious presence of turbulent transfer and 
observed severe turbulence at its boundaries? 
Again, it would appear that for many planets, par
ticularly the Earth, the angular velocity of the solid 
planet does not lie in the middle of the range of 
angular velocity observed at different latitudes in the 
other parts of the atmosphere but is approximately 
equal to the equatorial value ; it follows that the 
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lower parts of the atmosphero are constantly exerting 
a retarding torque on the uppor parts, and the 
problem then arises of how things remain, on the 
average, stationary. Finally, there is a fourth diffi
culty of understanding the up-gradient flow of 
westerly angular momentum in low latitudes. 

Dealing with the fourth of these problems, Prof. 
Lighthill put forward two explanations ; the simpler 
is that this is an apparent difficulty only, since if one 
chooses a fixed Newtonian system of reference axes, 
and one accordingly adds to each relative zonal 
velocity the amount of 470 cos(latitude) m./sec., the 
change in the frame of reference makes no difference 
to the mean a.m. flow and with the fixed frame the 
northward flow of a.m. in low latitudes is now down
gradient for the absolute motion. The third problem 
of a.m. balance-tho balance between the lower and 
upper atmosphere--can also be looked at in the same 
way and made consistent. Such an explanation does 
not require any mean meridional circulations, as has 
been postulated on different grounds by Starr and 
White (1953). 

The problem why turbulence does not dissipate 
the Gulf Stream is one where extensive laboratory 
experiments need to be performed, in which it is 
necessary to create in the laboratory either a top
surface water jet which is warmer than its sur
roundings, or the identical problem of a bottom
flowing cold water jet which is cooler than its sur
roundings. It may be the stablo density distribution 
which is favourable to tho jet remaining compact. 
Finally, from the observation of the non-dissipation 
of the atmospheric jet stream, it is clear that there 
are limitations to the action of turbulonce in rotating 
systems with temperature variations ; but it is 
possible that in explaining this enigma some new 
idea may have to bo invoked ; the atmospheric jet 
stream is neither at the top nor the bottom of the 
atmosphere, and much of the time it is intermediate 
in temperature between the air on different sides of 
it. Tho only hope for clear understanding here, Prof. 
Lighthill suggests, is for continued laboratory experi
ments combined with some new kinds of theoretical 
model aimed at the central object of explaining what 
are th~) forces which hold the jet together. 

At the third session, on the morning of May 24, 
Dr. R. M. Goody read a paper on "The Thermal 
Structure of Mars". Ground temperatures on Mars 
in summer and winter havo been derived by Hess 
from radiation emission m easurements. These agree 
with what can be expected from insolation and 
albedo ; they show a greater variation with latitude 
than on the Earth. There are, however, two con
siderable sources of error in these determinations, 
due to the opacity of the atmosphere and the fact 
that the images in the visible and the infra-red do 
not coincide owing to differential refraction. Recent 
speetrographic work by Strong and Sinton should 
eventually eliminate these. The ground pressure is 
of the order 85 mb., though this is a little uncertain. 
The vertical temperatw-e distribution depends on the 
gases present which are radiationally active. Carbon 
dioxide is tho most important such constituent, being 
considorably more abundant than on tho Earth, and 
it is probably mixed at all levels ; it outweighs in 
its thermal effect the water vapour in the Martian 
atmosphere. Thero is no evidence of any direct solar 
heating, but in tho long-wave spectrum of carbon 
dioxide the narrow but intense 15µ band, with 
weaker bands near 10µ, will have a dominating 

influence in establishing the temperature fields and 
consequent fields of motion. The thermal driving 
forces arising from carbon dioxide appear to be 
smaller than the corresponding water vapour forces; 
but, possibly due to other factors such as small con
densation, strong latitudinal contrast and low surface 
pressure, which act in the opposite direction, the 
resulting zonal motions on the Earth and Mars appear 
to be similar. 

The overall picture of the atmosphere is of a con
vective lower layer of height 8 ·5 km. with a lapse-rate 
of 3 ·7° C. per km., and an abrupt change of gradient 
at this height into a layer where there is radiative 
equilibrium. Above 135 km., tho rate of collision 
should be so slow that carbon dioxide ceases to be 
an effective radiator, and consequently we should 
get here a high-temperature thermosphere. It is 
possible that there may exist a high-temperature 
layer between tho thermosphere and the ground. 

Prof. H. C. Urey presented a paper on "The Escape 
of Planetary Atmospheres". Two mechanisms are at 
work, he said, in determining the evolution of a 
planet's atmosphere ; first, there is tho possibility 
that atoms and molecules can escape altogether, a 
process which is exaggerated the lighter the element, 
the smaller the planet and the higher the temporature 
of the gas ; secondly, there is the extremely effective 
activity of the ultra-violet part of sunlight in breaking 
up the molecules of different substances. In the caso 
of the terrestrial atmosphere, one of the chief uncer
tainties is tho height at which diffusion becomes 
more important than large-scale mixing processes. 
This height depends on the temperature in the upper 
atmosphere, and, assuming that diffusion dominates 
from 160 km. to the escape layer at 300 km., and 
that the temperature increases linearly with height 
to 1,500°, or higher tomperatw·es, at 300 km. or 
more above the Earth's surface, it is then found that 
the rate of escape of hydrogen is determined by 
diffusion and is about 107 atoms per sec. per sq. cm. 

On this basis, the hydrogen from 20 gm. of water 
would escape from each square centimetre in 4 ·5 x 
10 9 years; the same will be true for Venus. The 
study of the ratio of helium-3 to helium-4 indicates 
a high temperature at heights of 500 km. above the 
surface of the Earth. The solid Earth is emitting 
hydrogen, ammonia, carbon monoxide and methane 
at unknown rates, and the oxidation of the latter 
would require the escape of a considerably larger 
amount of hydrogen than the above calculations 
would seem to permit. Another difficulty is that we 
still do not know the full details and history of the 
photochemical processes in the atmosphere ; it is 
possible that initially planets possessed atmospheres 
which consisted largely of hydrogen, hydrocarbon 
compounds-like methane and water-and, on the 
Earth, following the escape of hydrogen, the oxidation 
of methane and the breaking up of water, that 
oxygen and carbon dioxide would ultimately remain 
with the oxygen serving as a protecting agent for 
the lower layers. On Venus it appears that carbon 
dioxide, not oxygen, has accumulated in the atmo
sphere, though the clouds on Venus are probably 
composed of water, possibly coloured by carbon com
pounds ; C 30 2 has been suggested as a possible 
colouring material. Absorption by carbon dioxide 
protects the water against photochemical decom
position in the lower atmosphere. The mixing ratio, 
hydrogen to water, is 150 time:s that on the Earth, 
but at no time could there have been rapid escape of 
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hydrogen due to decomposition of water below the 
tropopause. On Mars the escape layer is 1,400-
1,800 km. above the surface, and if water vapour 
gets above the tropopause it will escape. The rate 
of escape of oxygen has been computed ; results 
depend strongly on the height to which mixing 
extends. Carbon dioxide must be dissociated in the 
high atmosphere and oxygen atoms will escape if the 
high atmosphere is at 2,000° or higher. Carbon 
monoxide should react with water to give carbon 
dioxide and hydrogen, and the latter should escape. 
In this way a mechanism for the loss of large amounts 
of water may exist and the planet may once have 
had extensive oceans. 

Dr. R. C. Sutcliffe read a paper on "The Influence 
of Condensation on Planetary Atmospheres". Dr. 
Sutcliffe raised the general question of genesis of 
circulatory flows in the atmosphere, whether the 
cycle of changes in a particular type of fl.ow belong 
or not to the evaporation-condensation-precipitation 
cycle. Ordinary turbulence and the major depressions 
and anticyclones are called 'dry' in the sense that 
their genesis is independent of this cycle, whereas 
showers, thunderstorms, frontal activity, tornadoes 
and tropical hurricanes are 'wet' mechanisms which 
are driven by this latent-heat cycle. The main 
question posed by Dr. Sutcliffe is whether the general 
circulation of the atmosphere is essentially 'wet' or 
'dry' in the above sense. The energy balance of the 
atmosphere, omitting dynamical and transport terms, 
has three components: sensible heat input by con
duct,ion, radiation balance (solar or terrestrial) and 
release of latent heat. Taking estimates given by 
Budyko, it appears that the sensible heat is a gain 
to the atmosphere in all latitudes (omitting the poles 
in winter) with little average meridional gradient, 
and overall radiation balance is a loss in all latitudes, 
again with little meridional gradient. Latent heat 
gain, on the other hand, has a very marked meridional 
variation with a main maximum in low latitudes and 
a secondary maximum in middle latitudes. The 
geographical pattern of energy sources and sinks has 
essentially the same shape as the precipitation 
pattern, and thus there is a strong presumption that 
the general circulation characteristics are substan
tially affected by the water cycle. The evidence from 
dish-pan experiments is not inconsistent with the 
present thesis, since it is possible that the jet stream 
in the experiment is the analogue of the polar front 
jet stream, but that the sub-tropical jet stream is a 
characteristic of the atmosphere linked with the 
direct meridional circulation of low latitudes, which 
is largely made possible by the water cycle. 

A paper by Mr. J. S. Sawyer on "Jet Streams in 
the Earth's Atmosphere" concluded the morning 
session. Mr. Sawyer contributed a descriptive 
account of jet streams in the Earth's atmosphere
these being meandering belts of high-velocity 
westerly winds in the upper troposphere. They can 
bo conveniently classed into three types : local jet 
streams, tho circumpolar jet stream and the sub
l;ropical jet stream. Local jet streams arise primarily 
from the horizontal thermal gradients set up by the 
advoction of warm and cold air around depressions 
and anticyclones. It is interesting to observe that 
there is usually ascent on the right, descent on the 
left and a cross-flow from right to left in such jets of 
magnitude 8-10' knots. The circumpolar jet stream 
is a feature of almost all maps of the fl.ow in the 
upper troposphere, on which it appears as a moan-

dering belt of strong winds around most of the 
hemisphere. It can be reproduced in the dish-pan 
experiments of Fultz and Hide, and is probably the 
result of the rotation of the system, differential 
heating and surface friction. Eddy motion probably 
plays a part in establishing it. The sub-tropical jet 
stream occurs around most of the hemisphere in 
latitudes 20-30° about the 200-mb. level, and attains 
wind speeds of more than 100 knots. It is loss variable 
in position than the circumpolar jet and probably 
arises primarily from the conservation of angular 
momentum in the upper branch of the meridional 
Hadley-type cell circulation which exists in low 
latitudes. Sawyer mentioned that this type of high
velocity jet may be that in the symmetrical solution 
of the equations of motion on a rotating sphere due 
to M. H. Rogers. 

The final session was opened with a paper by Mr. 
T. V. Davies on "The Theory of the Experiments on 
Convection in Rotating Fluids". Mr. Davies first 
commented upon a remark by Dr. Sutcliffe that the 
dish-pan experiments cannot reproduce the atmo
sphere. He pointed out that Starr and Long in 1953 
compared the angular momentum transfer in the 
atmosphere and the experiment, and found similarity 
not only in the distribution of the transport but also 
in the mechanism of transfer. One of the principal 
features of the experiments of Fultz and Hide is that 
the fl.ow patterns depend on a single parameter, the 
Rossby number R 0 = 20, where e is Ride's para
meter. Kuo and Davies have investigated the 
stability problem theoretically by the method of 
small perturbations, and have derived similar results. 
It follows from the analysis that wave number m is 
unstable when : 

h 
(1 + ½ R 0 )--Rv½ X 1m < 2·4 

ro 

where r O and h are the radius and depth of the 
liquid, x,m is the first zero of the Bessel function 

J m(X) and Rv = ga aa~ I 4112p is a type of Richardson 

number. This instability criterion indicates that the 
m wave can exist if the Rossby number and 
Richardson number satisfy an inequality. An in
equality involving just R 0 alone is obtained if one 
makes use of a relation connecting R 0 and Ru found 
independently by Lorenz and Davies, namely : 

h 5 ro Rv = fif(R 0 )
2 x (Prandtl number) 

m the case of symmetrical fl.ow. This solution is 
equivalent to a relation between the vertical and 
horizontal gradients of temperature in a heated 
rotating liquid, and making use of it one obtains the 
instability criterion (for water) : 

x 1,n (1 + ½R 0) R 0 < 1•6 

which agrees very well with the experimental results 
for low wave numbers m < 5 but diverges in
increasingly from them at higher wave numbers, 
possibly due to the inadequacy of the Rv, R 0 relation
ship. The problem of vacillation mentioned by Hide 
is a non-linear phenomenon not covered by the 
above theory. 

Dr. J. G. Charney followed with a paper on tho 
" Theory of the General Circulation of the Atmo
sphere". Dr. Charney emphasized first of all that in 
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trying to attain a complete theory of the general 
circulation, one must tako into account the inter
action of the mean zonal field of motion and the eddy 
depart=os from the mean, since these are not 
secondary feat=es of the flow field but primary 
mechanisms in the energy transfer process. The 
large-scale eddies owe their origin to an instability 
of the thermally driven mean flow but, having 
developed and grown to a limiting size (the per
turbation grows until the rate of gain of energy from 
the potential energy of the mean flow balances the 
rate of loss of kinetic energy into the mean fl.ow), 
they then become permanent mechanisms of transfer. 

In setting up this problem mathematically, use is 
made of the quasi-geostrophic approximation fo1· the 
horizontal fl.ow field, and a two-layer model is used for 
replacing the continuous three-dimensional field of 
motion-the interaction between the flow at the two 
levels being essentially the same as that between two 
superimposed homogeneous incompressible layers of 
differing density; this model gives realistic con
versions of potential to kinetic energy, but has the 
disadvantage that the vertical distribution of tem
perat=e must be prescribed. The atmosphere is 
divided into the two layers 0- 500 mb. and 500-
1,000 rub. ; the Rossby-type atmosphero is taken in 
which the variable Coriolis parameter is essentially a 
linear function of north-south distance and the 
heating supplied to a vertical column of this atmo
sphere obeys radiational laws. This differs from 
Phillips's recent general circulation solution in which 
the soW'ces of heating are fixed. 

The method of solution breaks down into the 
following steps: the steady-state wind and tem
pera.t=e distribution are calculated, assuming axial 
symmetry and the quasi-geostrophic approximation 
arising from solar heating; it is observed that this 
circular vortex is unstable. By means of first-order 
pert=bation theory, that wave is calculated which 
has the greatest growth-rate; the only unknown 
factor concerning this wave is then its amplitude 
factor. Assuming the perturbation attains a limiting 
amplitude, a second calculation is made of the new 
zonal velocity and temperature distributions involv
ing the unknown amplitude. If use is then made of 
the energy condition for the limiting pert=bation, a 
specific value can be obtained for the amplitude. 
This is, of course, a numerical and not an analytical 
t,reatment. 

The results obtained may be summarized as fol
lows : in tho absence of eddying motion, there are 
westerly winds mainly in the upper level, 25 m./sec. 
maximum at 45°. This distribution is modified by the 
eddy exchange pnJcess; about 20 m./sec. is added 
to wind velocit,ies a t 45° at both levels. It reduces 
the westerly zonal flow to zero near 22½0 and 67½0

; 

polewards of 67½0 and equatorward of 22½0
, upper 

and lower winds become slightly easterly. The polo
equator temperature contrast is considerably reduced 
by the eddies from 45° C. to about 20° C. The 
meridional motion in tho symmetric case is a direct 
cell with a maximum horizontal velocity of 10 cm. / 
sec., whereas tho eddy process gives rise to a three
cPlled circulation. This is in broad general agreement 
with observation. 

Dr. E. T. Eady read a paper on "The Physical 
Parameters characterizing the Dynamics of Planetary 
Atmospheres". He pointed out, first, of all, tha,t for 
the large-scale moteorological problems the Reynolds 
number is so large that the resulting turbulent flow 

patterns are well beyond the laminar regime. The 
second parameter introduced was the Richardson 

_ op I cou, ). . . 
numbor, Ri = gai p -oz 'where op/oz IS a vertwal 

derivative, which is a local parameter governing tho 
stability of air flows of variable density : Ri < 0 
produces convection, 0 < Ri < I gives the criterion 
for the growth of meridional circulations, Ri > 1 
produces circulatory type flows with slight vertical 
motion. Two numbers closely associated with Ri 

are a = g ~jpf2, where f is the Coriolis parameter 
oy 

and op/oy a horizontal gradient of density and 

b = g !£.jpf2
, the former being related to the Rossby 

oz 
number which enters into instability criteria. The 
Richardson number may be interpreted as the ratio 
of potential energy available to kinetic energy avail
able to an element of fluid, and if Ri is large it is 
then clear that the eddying energy source is the 
potential energy. Also, it is clear that in regions 
of tho atmosphere where electromagnetic forces arc 
no longer negligible, one can introduce a non
dimensional parameter M which is the ratio of the 
magnetic energy available to the available potential 
energy, namely: 

op 
M = µH 2/gz 2 Tz 

111. clearly increases in the vertical due to the decrease 
in density ; M small implies that the charge moves 
with the fluid. In ionospheric regions where the 
mean free path is large, the all-important parameter 
is the ratio of the magnetic energy µH 2 to the kinetic 
energy m V 2 of the charged particles. 

The main problems which seemed to have been 
dominating the discussions were summed up by Prof. 
P. A. Sheppard. Perhaps the most significant feat=e, 
said Prof. Sheppard, was the evidence of jet streams 
not only in OW' own atmosphere but also in other 
planets and in experimental work which Hide 
described. What is equally striking is that the reason 
for jet streams is still obsc=e. The fact that there 
is a transfer of westerly angular momentum pole
wards from the equatorial region does not, in itself, 
lead us to expect a sharp jet stream. Sawyer's views 
may imply 'that big jets grow from little jets', but 
on the other hand it is worth while bearing in mind 
that the tight horizontal tomperat=e gradients, with 
the consequent development of a jet, may be associ
ated with unstable baroclinic wave development. 
The question of the maintenance of the jet stream 
against turbulent diffusion at the boundaries has 
been raised, and in this connexion it is possibly 
important to bear in mind that the two-dimension
ality of the flow patterns may imply a lesser amount 
of tW'bulent dissipation. The precise reasons for tho 
existonce of two jets is not clear, and similarly ocean 
jets such as the Gulf Stream are not yet adequately 
explained. Veronis has suggested that there may be 
thermal processes involved here which have not been 
sufficiently elucidated. The work of Kuo and Davie,; 
on instability of the dish-pan flows raises some 
important questions concerning earlier work on 
instability of atmospheric zonal flow patterns, in 
which the variation of the Coriolis parameter with 
latitudo played a dominant part, but this is absent, 
completely in the dish-pan experiments. Does the 
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experimental dish-pan type flow actually carry over 
to the atmosphere, in which the heat sources are to 
some extent different? (One serious drawback of 
theoretical attempts up to the present is that the 
vertical temperature gradient is prescribed initially 
and is not a product of the solution of the equations.) 
The processes of momentum transfer in the experi
mental work and in the atmosphere are now fairly 
fully understood ; energy transfer processes are also 
understood and Dr. Sutcliffe's results may be summed 
up by saying that the presence of water vapour in 
the energy-transfer problems alters the tempo rather 
than changes the pattern. 

So far as the planets are concerned, Prof. Urey's 
work demonstrates that chemical composition has to 
be brought in in building up the complete picture of 
the general circulation. Dr. Goody has made it quite 
clear that the large-scale dynamical problems for tho 
atmosphere of Mars may be much simpler for 
meteorologists than our own atmosphere, due to the 
fact that its water vapour content is so much less. 
In the case of Jupiter, where there is a variation of 
the mixing ratio with height, it is possible for there 
to be one atmosphere overlying another with little 
or no interaction, and this raises quite difficult 
problems of interpretation. T. V. DAVIES 

THE EUGENICS SOCIETY 

ON December 4 the Eugenics Society held a 
dinner under the presidency of Sir Charles 

Galton Darwin, in celebration of its first fifty years 
of active life. The jubilee dinnor was the occasion of 
two special events. The first was the presentation of 
the Galton Medal to Dr. C. P. Blacker. This Medal, 
a mark of high distinction and esteem, is the highest 
honour in the gift of the Society. It has boon awarded 
on a single previous occasion, a dozen years ago, to 
Sir Alexander Carr-Saunders, later to be president of 
the Society, who was present and spoke at the dinner. 

Dr. Blacker, now honorary secretary of the 
Society, was its general secretary for the twenty-one 
years during 1931-52, so spanning the presidencies 
of Sir Bernard Mallet, Sir Humphry Rolleston, Lord 
Horder and Sir Alexander Carr-Saunders . 

The presentation of this rare award is testimony 
to Dr. Blacker's great knowledge, zeal and vigour on 
behalf of the Society. It is very largely through his 
writings and influence that the Society has been able 
to lead public opinion in a controversial field and age. 

The second special feature of the jubilee was the 
issue of the Society's revised Statement of Aims. 
This document, as well as treating of eugenic science, 
studies and policies, provides an impressive list of 
the past activities of the Society. They afford a 
convincing indication of the way in which the Society 
has often been ablo to lead- albeit quietly and by 
stimulation in the right quarters at the right time. 
Possessing freedom, by the good fortune of endow
ment, the Society has been able to initiate and 
catalyse chosen efforts and researches, frequently 
doing so by help to cognate societies, such as the 
International Planned Parenthood F ederation, the 
Family Planning Association, the British Social 
Biology Council, and others. 

Prominent among the Society's activities pursued 
by such means have been Lidbetter's classic 
rasearC'hes on the social problem group, and later 

work on problem families ; Baker's work in the 
'thirties on the elaboration and testing of chemical 
spermicides as a stage in the improvement of contra
ceptives without which appropriate differential 
fertility cannot be brought about ; Lewis's work on 
morbid inheritance ; and the Population Investi
gation Committee (of which Carr-Saunders and 
Blacker were joint founders), which was the fore
runner of the Royal Commission on the Population 
of Great Britain. Further, there have been two 
especially close collaborations with Political and 
Economic Planning on population policy for Great 
Britain a decade and more ago, and much more 
recently on world population and resources. An 
inquiry into promising families will soon be published. 

The Society's journal, the Eugenics Review, has 
been published as a quarterly since 1909, and fol
lowing the Second World War there has been issued 
additionally a series of important occasional papers 
by Blacker, Burt, Thomson, Terman and others. 

The Society's jubilee also coincides with a change 
in the general secretaryship. Dr. C. 0. Carter, who 
succeeded Dr. Blacker in 1952, has now joined thl'> 
Medical Research Council Clinical Genetics Research 
Unit at the Hospital for Sick Chil!fren, Great Ormond 
Street. His place has been taken by Dr. G. C. L. 
Bertram who, after seven years as director of the 
Scott Polar Research Institute in Cambridge, has 
recently spent a period in New Zealand as William 
Evans visiting professor in the University of Ota.go. 

The aims of the Society may be summarized as 
being : to study the influences which may modify 
inborn human qualities ; to formulate and support 
policies for developing these qualities to the utmost 
advd.ntage; to promote research on eugenic prob
lems ; to foster a responsible attitude to parenthood ; 
and to guide public opinion in these matters. 

The Society's address is 69 Eccleston Square, S.W.1. 

WORK STUDY 

IN the four years of its existence the European 
Productivity Agency has done much to stimulate 

increased productivity in industry through con
ferences, courses, visits of consultants, publications 
and other means. Some of its activities have been of 
little value to progressive organizations and have 
been unnoticed and unheeded by others. In the 
main, however, the Agency has provided a most 
valuable service in acting both as a stimulant and as 
a medium for promoting exchange of useful ideas 
and methods between firms in the participating 
countries. The majority of its reports have been 
welcomed by those looking for new ideas and tech
niques to increase productivity. 

Of all the reports the Agency has produced, 
"Labour Management on the Farm"* will almost 
certainly be regarded as one of the most valuable. 
It contains information which has been culled from 
innumerable sources and which has never appeared 
before in one volume. It is of direct and practical 
value to the thinking farmer who is prepared to 
revise his m ethods to improve his efficiency ; it has 
been carefully planned and well written. 

The report owes its genesis to a seminar organized 
on behalf of the European Productivity Agency by 

• "Labour :uanagement on the Fa rm". Pp. 171. (Paris: European 
Productivity Agency of the Organization for European Co-operatiou, 
1957.) 
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