
Mountain winds
T. M. Connor

For those who live in mountains or climb in them, winds are a most impor
tant feature of the local weather since they frequently herald changes in
conditions which make a hasty bivouac or a quick flight to the safety of
lower altitudes a necessity. Such changes do not always imply an onset of
lower temperatures as anyone who has experienced the disastrous effect of a
warm fohn wind will know. The snow is rapidly reduced to the consistency of
an unstable porridge and the air becomes unpleasantly hot and ennervating.
Such influences of winds on our activities in the mountains have received
frequent mention in past issues of the Journal. For example, atmospheric lee
waves have recently been discussed (AJ 80 281) particularly as they affect the
possible performance of gliders in mountains (AJ 7991); earlier a reference
was made to a concept of vital interest to all mountaineers, the so-called 'chill
factor' which gives the equivalent effective temperature for a given actual air
temperature and wind speed (AJ 76 74). It seemed therefore that it would be
of interest to give a brief account of the origin and properties of mountain
winds.

The overall pattern of winds experienced in the mountains may be seen as
the interaction of two principal features. Firstly, the cyclonic circulations
responsible for the climate at all altitudes over the earth's surface are inter
rupted by mountain ranges, and the average wind directions and frequencies
are often determined by these major weather features. In addition, on a
smaller scale of both distance and time there are significant alterations in
wind flows caused by the local cooling or heating of relatively still masses of
air over mountain regions; these microclimatic features may dominate the
wind patterns in certain areas. To describe the way in which large-scale air
flows interact with mountains and how smaller atmospheric disturbances are
produced by them, it is important to understand the effect of altitude on the
temperature of the air. Such effects are also important in cloud formation
which is a normal manifestation of upward air movement.

On the top of a mountain it is almost always colder than at the foot; this
in spite of the fact that the sun's rays are more powerful at higher altitudes,
as shown by many a sunbaked facial feature or overexposed film. This tem
perature change or gradient varies with time and place but is typically 1°C for
each 165 m of ascent O°F for 300 ft). This rate of change is known as the
'lapse rate'. The principal reason for colder air at higher altitudes, notwith
standing the sun's greater power, is the fact that the air does not absorb the
sun's rays efficiently. The earth's surface does on the other hand and the
bottom layer of the atmosphere is thus largely heated from below by contact
with the earth's surface or to a lesser extent by radiant heat from it; the
layers above are mostly warmed by conduction and convection from below.
When the sun sets on a clear day, the ground rapidly cools by radiation and
can become cooler than the air above. The air in contact is cooled and the
temperature may increase with altitude for a short distance. The lapse rate is
then negative, and the situation is described as a 'temperature inversion'.

A further reason for the temperature change with altitude is the fall of
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pressure in the same direction. When air is compressed, e.g. in a bicycle pump,
it becomes hot; conversely, when allowed to expand it does work on its
surroundings and as a result cools down. When a mass of air impinges on hills
or a mountain range it is forced upwards and cooled by expansion in a region
of lower pressure. Similarly, a warm mass of air may be forced to rise over a
cold body of air with consequent cooling. Air is also forced to rise when
heated at the earth's surface, since it expands, becomes lighter, and is
replaced by heavier colder air. This in turn is warmed by compression when it
sinks. Thus the lower layers of the atmosphere are constantly mixed leading
to the observed lapse rate.

When a wind blows against a mountain side, and is mechanically forced to
ascend as described, 3 different situations may arise depending on the lapse
rate, assum ing that it is at no time saturated with moisture. When the mass of
air from below rises it expands and suffers a drop in temperature; this new
temperature mayor may not be identical to the temperature of the surround
ing air which it is displacing. If it is the same, and the force ceases to act, i.e.
the wind drops, the mass of air will remain in the position to which it has
been moved; this is called indifferent equilibrium. In unstable equilibrium,
the mass of air forced upwards becomes hotter and also lighter than the
surrounding air, so that it will continue to move upwards beyond the top of
the mountain when the force is removed. The third possibility is stable equi
librium when the lapse rate is such that the wind is always colder and heavier
than the surrounding air, so that when it reaches the top, it flows down the
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other side. These types of equilibrium are illustrated in Fig. 1. If the air con
tains appreciable quantities of moisture, the situation becomes more compli
cated, since when the temperature falls below a certain point condensation
takes place. During condensation latent heat is liberated and consequently the
air temperature does not fall as rapidly as if the air was dry. In indifferent
equilibrium with dry air there is no heat transfer between the new and exist
ing air masses, and the air is said to expand adiabatically, the temperature
gradient being called the 'dry adiabatic lapse rate'. Because latent heat is
liberated, the adiabatic lapse rate for saturated air is less than that for dry air;
for saturated air at 29°e the rate is IOe for every 274 m as opposed to a dry
rate of lOe for 100 m.
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When the night sky is clear and the air in contact with sloping ground is
cooled, the immediate result is that the air temperature at a point on the
slope is lower than that at the same level in the free air away from the slope.
In consequence there is a pressure gradient outward from the slope, tending
to move the cold air down the slope. Such a flow of air down a slope is called
a 'katabatic wind' or downslope or gravity wind, and it flows in the direction
of greatest slope. Valleys or hollows at the foot of the slope will thus be filled
with cold air; this accumulation of cold air on low ground results in a more
rapid fall of temperature than over the high ground and results in frost
pockets. In a closed valley where cold air can collect before flowing away, the
temperature will fall on a clear night far below that observed in the open on
high ground and the diurnal variation in temperature will be greater than in a
more open situation; ground frost may occur even in the summer months and
fog will be more prevalent in the valley than the open. These winds thus
result in very marked temperature inversions. Some extraordinary examples
of the damming of cold air have been observed. In one case temperature
measurements were made in a hollow sunk in a plateau to a depth of 170 m,
having no outlet below a depth of 50 m. In the base of the hollow in a week
in January, the temperature rose to oOe at noon and fell to -25 to -27°e
each morning, while at a nearby clifftop at the same height above sea level as
the bottom of the hollow, the temperature scarcely sank below oOe and rose
every day to between 8 and 10°C. A winter minimum of -51° e has been
observed in the hollow on several occasions, while the minimum temperature
at an open location nearby but more than 2000 m higher never fell below
-19°C.

Draughts of cold air are often found blowing from cave-like openings in
the lower end of a glacier and are hence called glacier winds. Similar winds are
occasionally found blowing out of cave mouths on hills or mountains, par
ticularly on the volcanic mountains of Japan. The explanation is the same in
both cases. The cave extends through the glacier or earth, being open at both
ends. The air is cooler within the cavity than without, say oOe as opposed to
15°e. If the difference in elevation is 250 m then the exit velocity in the
absence of friction could be 37 mph (16.6 m/sec).

Air temperature falls more rapidly over grass than over bare soil and still
more rapidly over snow so that katabatic winds show their most marked
development over snow covered slopes. They may be a very local phenom
enon or a much larger scale one. In regions with large areas of snow and ice
katabatic winds are very important in the overall weather pattern. Winds of
over 200 mph over the slopes of the Greenland plateau down to the sea have
been attributed to katabatic flow and some Antarctic blizzards are though to

have the same origin. Katabatic winds are normally regarded as a night
phenomenon, but they can occur on clear days on the N slopes of mountains
shaded from the sun. They are usually restricted to the lower slopes of high
hills or mountains where they frequently flow in a direction unrelated to the
wind in free air. Higher up the slope the wind in the free air will tend to

prevail, and there the night fall of temperature observed on lower ground will
not occur. Winds which are the converse of katabatic winds are caused by the
preferential heating of slopes leading to uphill flows of air; they are known as
anabatic winds. They lack the tenacity of katabatic winds because the warm
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air breaks away from the surface and is more readily mixed with air further
from the slope. In steep sided valleys, oriented N to S, rotating motions can
result, down the E and up the W side in the morning and the reverse at dusk.
Similar circulations due to unequal heating and cooling underlie the phenom
ena of land and sea breezes. Mountain and valley winds are thus a complex
of thermal and gravitational influences on various scales coupled with chan
nelling effects. A steep sided valley will channel a wind which otherwise
would cut across at an angle.

A number of winds associated with mountains which have special names
may in fact be regarded as katabatic flows on a large scale which are initiated
and reinforced by favourable pressure distributions. One of these is the fohn
wind which is a familiar feature of Alpine weather and has been responsible
for many a lost climbing day. It is a hot dry wind sometimes of nearly gale
force which blows from the S down Alpine valleys, particularly those of N
and NW flowing rivers between Geneva and Salzburg. It occurs when cyclonic
storms moving in from the W cause low pressures to the of the Alps. Air,
already warm, is drawn from the S and rain is released on the S slopes, the
latent heat of condensation being retained by the air. On descending the
slopes the air, now much dryer, is warmed by compression. The net gain in
temperature is about 1.4°C for each 300 m ascended or descended and
amounts to about 11°C. The sudden arrival of a blast of warm dry air (l6°C;
20% relative humidity) into a region previously below freezing removes the
snow very effectively; a day of fohn removes more snow than a week of
summer sunshine and mountain torrents are swelled with melt water. In
summer months it dries timber and increases the risk of forest fires and causes
physical discomfort by desiccating the skin and hair. It speeds up the arrival of
spring, and when it occurs in the autumn, is valuable for ripening crops, par
ticularly the grapes of the lowlands. In Switzerland the fohn is most frequent
in the spring and on the average blows on 41 days a year. It is occasionally
reponsible for an optical phenomenon which makes the Alps visible from
points where they are not normally seen, due to refraction in the warm layers
of air.

Winds similar to the fohn which are warmed by compression on descent
are experienced in other parts of the world. A typical example is the chinook
wind. This is the American Indian name for a warm dry W wind experienced
especially in the winter months at the E foot of the Rocky Mountains in
Alberta, Saskatchewan and Montana. Blowing in from the relatively warm
Pacific over the Rockies, it is further warmed up by its descent from the
mountains and in winter blows into an area occupied by polar continental air.
A good chinook will raise the temperature from around -25°C to above
freezing. The rapid melting or evaporation of snow that occurs exposes the
grass and makes it possible to keep cattle out of doors in Montana all the year
round. The mildness only affects a narrow belt; it is not felt in E Saskatche
wan or the Dakotas. Other fohn-like winds are experienced in the Argentinian
Andes (the zonda), in the Himalaya and other Asiatic mountain ranges and on
the side of the S Crimean mountains.

Other katabatic winds blow from high regions where there is a large
accumulation of cold air down into areas where the air temperature is higher.
Even though there is some warning by compression the wind on arrival is still
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relatively cold. A well-known example is the mistral, a strong, cold, dry and
stormy wind which blows from the N and NE in the Mediterranean region of
France and is especially characteristic of the Rhone valley and the coast from
Marseille to Perpignan. It may occur in any month of the year but is most
frequent and severe in winter and spring. It is caused by low pressure in the
Gulf of Genoa which draws down a strong flow of air from the cold plateau
of the Cevennes. It begins like a normal cold front, often with squalls,
thunder and heavy rain, but once established is dry and cold, with no rain or
cloud. Concentrated by the funnel form of the Rhone valley it frequently
reaches gale force with 70 mph gusts. A similar wind is the bora, a strong,
cold, dry NE wind typical of the N Adriatic. Low pressure over the sea draws
air from the cold Hungarian basin over the lip of the mountains behind
Trieste. The same name is given to winds of similar origin in Bulgaria and the
Black Sea. The fall winds of the Norwegian fjords are also examples of cold
katabatic winds.

30 Wave clouds over Devon. Photo: Ann Welch

An interesting recent subject of study are the so-called 'lee waves' which
can form on the down-wind side of hills and mountain ranges under suitable
conditions. Although phenomena associated with them have been known for
some time, it is only recently that they have become more thoroughly under
stood. To a large extent the elucidation of their essential features has come
about as a result of the experiences of pilots gliding near hill and mountain
ranges, who often discovered air currents moving in unexpected directions
when looking for thermals. This aspect of lee waves has been recently covered
in this Journal (AJ 7991) and will not be further discussed here. They are in
fact 'standing waves' in the atmosphere and may be qualitatively understood
by analogy with another more familiar natural form of such waves, the
stationary ripples which appear when a stream flows over a submerged
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obstacle. It might nai"vely be thought that water would hump up to flow by;
however, the reverse occurs, the water dipping down slightly prior to the
obstruction and reaching a low point juSt after it. The reason for this behav
iour lies in the fact that the water has to speed up to pass the obstacle and
gains the necessary energy to do this by briefly flowing downhill. The initial
trough may then be followed by an alternate series of crests and troughs of
steadily decreasing height, until the wave pattern dies out. The position of
these waves remains fixed relative to the obstruction provided conditions
such as flow rate remain constant; these standing waves differ in this respect
from the travelling waves formed for example when a stone is thrown into a
pond.
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A rather similar situation occurs in the atmosphere but is complicated
because the density of the air decreases gradually with altitude, there being
no sharp upper boundary. The air often consists of a series of layers of differ
ent density which gravity tends to return to a horizontal position after a
disturbance, and is said to be 'stratified' when in this condition. The time
required to complete one wave oscillation is determined by the degree of
stratification of the air. If the density drops rapidly with altitude the gravi
tational restoring force will be large and the time for oscillation small, i.e. as
little as 20 seconds. For less intense stratification, this time may rise to 5
minutes. The length of the wave depends on the distance travelled by the
wind in this time, i.e. on the wind speed; typical wavelengths are between 1
and 20 km. The height or amplitude of the wave depends on the shape of the
hill or mountain in a complex way. If it is wave shaped and has a width com
parable to the natural wavelength appropriate to the windspeed and stratifi
cation conditions prevailing, high amplitude waves will result. ormally, more
complicated shapes are met with in practice and the resulting wave patterns
are correspondingly complex. Features of lee waves have been investigated
using constant level balloons carrying suitable instrumentation. These are
balloons which have a non-elastic outer skin and thus expand to a certain
volume and no further; they therefore rise to and remain at a height

86



MOUNTAIN WINDS

characterised by a particular air density which is equal to the average density
of the balloon. They therefore follow the up-and-down motion and can be
tracked from the ground by radar and radio.

Lee waves can have dangerous practical consequences for aviation, since
they may suddenly sweep an aeroplane in a vertical direction with little prior
warning leading to the phenomenon known as 'clear air turbulence'. When
winds at 25,000 ft are blowing at 50 to 120 mph the inclination of the flow
in the wave can be 10 to 15

0
to the horizontal and may result in an upward

or downward motion of 600 m1min. Fortunately, now that the existence of
these wave is recognised and their properties understood steps can be taken
to avoid them.

The existence of lee waves is often indicated by the presence of character
istic clouds. The air flowing into the crest of the wave is often sufficiently
cooled for cloud formation to occur above what is termed the condensation
level. The result is the formation of a stationary wave cloud, a number of
which may be formed if the waves persist for some distance. Since often only
a thin layer of air is humid enough for condensation to occur, a thin arched
cloud will form. In a common situation where the air is well mixed and there
fore unstratified up to 1000 m, and more humid than the air above, a lens
shaped cloud appears in each wave, with a horizontal bottom and a top con
forming to a wave flow line. The continuous formation and disappearance of
these stationary clouds can be observed by eye at their edges. In rarer in
stances, ice particles are formed above the condensation layer which do not
evaporate at the downwind edge of the wave cloud and stream away for miles
beyond. A beautiful example of wave cloud formation is seen over the Alpes
Maritime (and elsewhere) and is known locally as 'une pile d'assiettes', and
consists of a group of thin arched clouds stacked one above the other. Their
formation is not well understood but must involve an air mixing mechanism
which produces alternately humid and dry layers of air.
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Quite small hills can produce lee waves and they may be seen in a variety
of locations when conditions are favourable. An accompanying photograph
shows a series of wave clouds near Towyn in N Wales. An early description
of a lee wave phenomenon was given by Claude Benson ('The Yorkshire
Ramblers' Club Journal' 3,239, 1911) who was severely buffeted when
attempting to walk up Cross Fell by the 'helm wind', which is a NE wind
blowing over the Pennines into the Eden Valley in the Lake District. It is
thought to take its name from the stationary 'helmet' of cloud which forms
over Cross Fell, a manifestation which is typical of lee waves. A further wave
cloud or helm bar is formed at a distance of 5 to 13 km away to the SW. Lee
waves have also been observed above the Vale of York caused by W winds
blowing over the Pennines. However, probably the most powerful lee wave in
the world is that produced by W winds blowing over the Sierra Nevada. It
owes it great size to several factors: the altitude of the Sierra (4250 m); the
favourable form of its lee slope and the height (2700 m) of its summits above
the Owens Valley to the east. Complicated wave clouds form above this valley
as illustrated in the accompanying photograph, which shows a lower lens

32 Wave clouds over the Owens valley. Pboto: Harold Klieforth

shaped cross-section cloud with at least one layer of thin arched cloud above
it, indicating a complicated stratification of the air above a well mixed lower
layer. However the most spectacular feature of this wave is its capacity for
occasionally forming under favourable conditions a giant air current called a
rotor, in which a large mass of air rotates about a horizontal axis directly
under the crest of a lee wave, as shown. Its existence was first made plain by
the observation of a vast wall of dust (see accompanying photograph) being
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swept up from the floor of the Owens Valley to a height of 5000 m. Glider
pilots utilizing the Sierra lee waves for soaring were caught unawares by the
ferocity of the turbulence in the rotor as compared with the normal waves,
and one sailplane was torn to pieces when it encountered a cloud fragment in
the rotor. The pilot, Larry Edgar, was ejected with great force and was carried
first to the E at the top of the rotor and then to the W at the bottom, finally
parachuting in a half conscious condition to ground near the wreckage of his
sailplane.

OWENS VALLEY SIERRA NEVADA

33 Dust clouds rise from the Owens valley as a result of rotor formation. The Sierra
evada is on the right (W) and high altitl/de rotor formations on tbe left (E). Pboto:

Robert Symons
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This survey has covered briefly the main aspects of winds characteristic of
mountain regions, and indicates the great variety of phenomena which result
from the motion of air masses under favourable conditions. The author would
like to thank Professor R. . Scorer for providing photographs and infor
mation about lee waves and Ted Pyatt for suggesting other useful sources.
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The feminine share In mountain
adventure. Pt I
Cicely WiJliams

(In this paper there are many extracts from my book 'Women on the Rope' , George Alien
and Unwin, 1973'>

It is hard to realise in these days, when great mountaineering expeditions take
place almost every year, that for centuries mountains were regarded with
dread-especially by those who lived among them. Suddenly a great change
occurred; the age of nature worship was ushered in by Rousseau and a bevy
of English poets and early in the 19th Century mountaineering became a sport,
something to be enjoyed for its own sake. Of course the first adventurers
were men, in those days that was always the case, but for once women were
not far behind and as early as 1808 the first woman stood on the summit of
Mont Blanc.

This event, although historically important, can hardly be said to mark the
moment at which women began to climb seriously and regularly. It was an iso
lated event. Maria Paradis was an 18 year old Chamonix maidservant who
kept a rather shabby little stall at the foot of Mont Blanc; it provided light
refreshments and a few commodities for passing climbers. Maria had little
enthusiasm for mountains and less for climbing; her interest was centred on
earning a little extra income. However, numbered among her boy-friends were
guides and porters who had been involved in some of the early ascents of
Mont Blanc. They managed to persuade her that if she allowed them to take
her to the summit the fame of her little stall would spread far and wide.

Maria reluctantly agreed and set out with a party which included a member
of the famous Balmat family. She did not enjoy the climb and suffered from
every form of discomfort, but somehow she was dragged to the summit and
brought safely back to Chamonix. The financial results of the exploit were far
beyond her expectations and, in her own words, she 'made a very nice profit
out of it'.
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