


GENERAL ATMOSPHERIC CIRCULATION

6.1 ATMOSPHERIC CIRCULATION : MEANING 
AND TYPES

Atmospheric circulation means movement 
of air due to pressure gradient from local to global 
levels and from daily to seasonal and annual 
patterns over the earth’s surface (including ground 
and oceanic surfaces) and above the earth’s surface. 
It is, thus, apparent that the atmospheric circulation 
has spatial, tem poral and altitudinal components. 
Temporally, atm ospheric circulation may be di­
vided into (1) primary circulation or long-term 
circulation, (2) seasonal circulation , and
(3) diurnal circulation (example : land and sea 
breezes, m ountain and valley breezes). Consider­
ing the spatial dimension and genesis atmospheric 
circulation is generally classified into (1) primary 
or general circulation including planetary wind 
systems which are related to global pressure belts 
(e.g. trade winds* westerly winds, a n d  polar winds) 
and variants o f general or global atmospheric 
circulation {e.g. je t  stream circulation and Walker 
circulation and southern oscillation), (2) secondary 
circulation consisting of cyclones, anticyclones, 
seasonal circulation like monsoons and airmasses, 
and (3) tertiary circulation which includes local

winds likeHarmattan, Chinook, sirocco, norwester, 
buran etc. and diurnal winds like land and see 
breezes and mountain and valley breezes.

6.2 GENERAL CIRCULATION

The general circulation also called as pri­
mary circulation involves the wind patterns over 
the entire globe. In other words, the large-scale 
motion (circulation of air) of the atmosphere in 
both time and space involving the whole globe and 
its atmosphee is called general circulation of the 
atmosphere. It is primary circulation because it is 
of vital importance for the weather and climatic 
conditions at global scale and it also gives birth to 
secondary and tertiary atmospheric circulation. 
The significance of general or primary circulation 
may be outlined as follows:

(1) General circulation transports heat from 
the surplus heat areas (where insolation received at 
the earth’s surface exceeds the heat loss by 
outgoing terrestrial radiation-tropical zone) to 
deficit heat areas (where heat lost by outgoing 
terrestrial radiation exceeds the gain of heat by 
incoming solar radiation-polar and high latitude 
zones). In other words, the general horizontal 
atmospheric planetary circulation transfers surplus
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(2) General circulaiion is, thus, ame 
of transfer of energy which attempts to equa 
distribution of heat energy over the earth s su 
including both land and ocean surfaces.

(3) General atmospheric circulation also 
transports moisture from the oceans to the conti­
nents and thus helps in the formation of clouds and 
precipitation mechanism. Thus, general circulation 
also helps in maintaining hydrological cycle at 
global scale. It also moves moisture from low 
latitudes to high latitudes.

(4) General circulation if considered at large 
temporal scale is not static rather it changes due to 
a host of factors and causes which result in climatic 
changes.

(5) General circulation of the atmosphere 
also helps in maintaining balance of atmospheric 
moisture through the processes of evaporation and 
precipitation and transfer of moisture from surplus 
moisture areas (equatorial zone) to deficit moisture 
areas (deserts).

6.3 MECHANISM OF GENERAL CIRCULATION

The primary cause of atmospheric motions 
and general circulation is spatial imbalance of heat 
energy. As already stated earlier the primary source 
of heat energy of the earth is the solar radiation 
which is unequally received at the earth’s surface 
(causes already discussed in the 3rd Chapter of this 
book) resulting into the development of heat 
energy surplus zone (tropical zone) and heat energy 
deficit zone(polar zone). This energy imbalance 
causes variations in pressure and thus the resultant 
pressure gradient, both at the earth’s surface and 
aloft, causes atmospheric motions at large and 
small scales. Several models have been suggested 
v. i ^ls<;uss®d in 1,16 foregoing sections) for the 
S T "  verhcal transfer of heat energy and

general atmospheric circulation.
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On an average, heat and angular momentum 
are transported in two ways, namely (1) by vertical 
circulation, and (2) by horizontal circulation. The 
vertical transport of heat is accom plished through 
tri-cellular meridional circulation (Hadley cell, 
Ferre 1 cell and Polar cell) of the atm osphere (this 
mechanism will be discussed in much detail later in 
this chapter). The horizontal transport of heat is 
carried through horizontal circulation (tropical and 
polar circulation). The traditonal model of horizon­
tal transport of heat and angular m om entum  was 
modified by A. Defantand H. Jeffreys in 1920s and 
their result was tested by V .P. Starr and R.M. White 
on the basis of upper air data and the result revealed 
the tact that ‘in middle latitudes horizontal cells 
transport most ot the required heat and momentum 
poleward. This operates through the mechanism of 
the quasi-stationary highs and the travelling highs 
(anti-cyclones) and lows (cyclones) near the 
surface acting in conjuntion with their related wave

onnow al° ft  ̂ R G* Barry and R J* Chorley,
ZU02). It may be mentioned that the modern view 
regarding the mechanism of general circulation of 
the atmosphere through energy transport states that 

the energy of the zonal winds is being d e r i v e d  

trom travelling waves, not from meridional circu­
lation 1 (Barry and Chorley, 2002). In other wards, 
the required energy and angular momentum are 
transported through cellular meridional circulation 
but are transported through moving cyclonic and 
anticyclonic circulation and eddies.

The following are a few important models^ 
the mechanism of general circulation of 
atmosphere:



n  Uni-cellular model or thermal circulation 
m o d e l  (on anon-rotating earth),

2) uni-cellular model or thermal circulation 
model (on a rotating earth),

(3) Tri-cellular meridional circulation model,
(4) Wave theory model,
(5) Global computer models (GCMs) etc.

The general circulation of atmosphere, for
convenience, is generally described following two 
approaches as given below :

(1) Zonal circulation of the atmosphere.
(2) Meridional circulation of the atmosphere.

1. Unicellular Circulation Model

(thermal circulation model on a non rotating 
earth)

This model of general circulation of the 
atmosphere is based on hypothetically conceived 
homogeneous earth’s surface consisting of only 
land surfaces having level topography (i.e. near 
absence of contrasting reliefs of mountains and 
valleys). Thus, in the absence of land and sea 
contrasts and relief variations, the earth’s surface 
would not be affected by contrasting heating and 
cooling as is the case of the real earth’s surface. 
Consequently, the tropical areas would be in­
tensely heated and would become warm while the 
polar areas would be excessively cooled and would 
become cold. The air coming in contact with heated 
tropical land surface would also be heated, would 
become light and rise upward and after reaching 
upper troposphere would move poleward where 
being cooled above would descend at the poles. The 
polar areas being excessively cool would become 
areas of high pressure. Thus, there would be 
horizontal pressure gradient from polar high 
pressure area towards equatorial low pressure area 
and the winds would move horizontally from polar 
high pressure to the equatorial low pressure area. 
Thus, there would be a complete convective cell in 
each hemisphere wherein winds would blow from 
colder pole areas (high pressure) following 
equatorward directed pressure gradient towards 
warmer tropical zone as surface air currents and 
above in the upper troposphere the winds would
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blow following poleward directed pressure gradi­
ent towards the poles and ultimately would descend 
at the poles (fig. 6.1). This model cannot be 
accepted because this is an idealised and hypo­
thetical model. The general circulation becomes 
more complex than this generalized circulation 
because the earth rotates on its axis and hence 
Coriolis force is bound to have its etfect on the 
circulation pattern. Secondly, the real earth con­
sists of both land and water and the land surface 
(lithosphere) has contrasting reliet features result­
ing into differential heating and cooling of the 
continents and oceans and varying degrees of 
frictional force over land and sea surfaces.

9?

non-rotating earth.

2. Unicellular Circulation Model of Hadley

George Hadley for the first time proposed a 
cellular model ot atmospheric general circulation 
on a rotating earth in 1735. The unicellular model 
o atmospheric circulation on non-rotating earth as
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discussed above was modified by Hadely as he 
included the effects of rotation of the earth and 
resultant Coriolis effect which deflects the winds to 
the right in the northern hemisphere and to the left 
in the southern hemisphere. His model is based on 
a single convective cell as referred to above and 
shown in fig. 6.1 but direction of winds will not be 
true meridional i.e. north-south and south-north as 
is the case in unicellular model of atmospheric 
circulation on anon-rotating earth. The convective 
cell, one each in the northern and the southern 
hemispheres, is called Hadley cell. In the northern 
hemisphere wind blowing from north polar high 
pressure area towards equatorial low pressure area 
as directed by equatorward pressure gradient turns 
to its right and becomes north-easterly surface 
wind due to Coriolis force while in the southern 
hemisphere the equatorward moving south wind 
(from south pole to the equator) turns to its left due 
to Coriolis force and becomes south-easterly 
surface wind. In order to counter the surface winds 
there is south-westerly air circulation in the 
northern hemisphere and north-westerly air circu­
lation in the northern hemisphere in the upper 
troposphere. Itmay be remembered that Hadley’s 
model of general atmospheric circulation was 
based on a single thermally direct cell (thermally 
induced convective cell), as equatorial low 
pressure develops due to intense heating of earth’s 
surface due to highest amount of solar radiation 
received in the equatorial areas (low latitudes) 
while polar high pressure develops due to intense 
cooling of earth’s surface due to lowest amount of 
solar radiation received in high latitudes-polar 
areas-and excessive loss of heat energy through 
outgoing longwave earth radiation. It is, thus, 
evident that Hadley’s concept of basic factor for the 
pressure differences over the earth’s surface was 
uneven heating of the earth’s surface consequent 
upon uneven distribution of insolation. The single 
cell model of Hadley was subsequently modified to 
accommodate mid-latitudes conditions of pressure 
and air circulation and non-thermal origin of 
subtropical high pressure and subpolar low 
pressure belts as they are considered to be 
dynamically induced and thermally indirect pres­
sure belts while equatorial (heating) and polar 
(cooling) high pressure belts are thermally induced 
pressure belts.

3. Tricellular Meridional Circulation Model

Ferrel disagreed with the continuity of a 
single thermally direct cell of atmospheric circula­
tion between the equator and the poles and thus 
improved upon Hadley’s unicellular circulation 
model and suggested 3 interlocking cells of 
circulation to explain the wind systems of the 
whole globe. According to him between the 
tropical and polar cells there is an intermediate 
mid-latitudes thermally indirect cell of circulation 
which was later on named as Ferrel Cell. The first 
cell is known as thermally direct Hadley cell which 
operates between the equator and 30° latitude in 
both the hemispheres. The second is the thermally 
indirect Ferrel cell which operates between 30° and 
60° latitudes in both the hemispheres. The third 
thermally direct cell operates between 60° and 90° 
(poles) in the northern and the southern hemi­
spheres. The detailed description of tricellular 
meridional circulation of the atmosphere has been 
presented in section 6.5 but it may be emphasized 
here that cellular model of atmospheric circulation 
demands anti-horizontal circulation aloft i. e. in the 
upper troposphere. For example, if the trade winds 
blow from north-east to south-west direction in the 
northern hemisphere and from south-east to north­
west direction in the southern hemisphere, there 
should be from south-west lo north-east and from 
north-west to south-east movementof winds in the 
upper troposphere in the tropical Hadley cell. This 
situation is observed in real atmospheric circula­
tion and hence the cellular meridional circulation is 
valid in the tropical Hadley cell but this model is 
not valid in the mid-latitude cell or Ferrel cell 
between the latitudes of 30°-60° in both the 
hemispheres because there are westerlies on the 
surface, and upper air circulation has also westerly 
direction. The model is valid in the polar cell where 
there is opposite upper air circulation to surface air 
circulation. So the anomalous condition of west to 
east zonal circulation of winds in the upper 
troposphere in the Ferrel cell (30°-60° latitudes) 
cannot be explained by unicellular model. The 
upper air west-east flow of winds in the Ferrel cell 
actually determines the position and location ot 
moving and semi-stationary high (anticyclonic) 
and low (cyclonic) pressure systems which are 
responsible for the transport and transfer of heal.
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energy in toe mid-latitudinal (30°-60° latitudes) 
aii&sabpolar zones.

4. Wave Theory Model of Atmospheric 
Circulation

The wave theory model is based on the 
concept of transfer of heat energy and angular 
momentum. It may be mentioned that this model 
retains the basic structure of tricellular model but 
views the roles and relative importance of three 
convective cells (namely, tropical Hadley ther­
mally direct cell, mid-latitude Ferrel thermally 
indirect cell and polar thermally direct cell) in the 
global pattern of atmospheric circulation with 
different angles. This model emphasizes horizon­
tal transfer of energy and angular momentum 
rather than meridional transfer in vertical plane. 
Thus, the wave theory model is based on the 
mechanism of the conservation of angular momen­
tum and poleward transfer of energy and angular 
momentum in order to maintain the planetary wind 
systems. This can be achieved only if the air 
progressively increases its velocities poleward and 
this requires poleward transfer of angular momen­
tum. It is important to note that the atmosphere also 
rotates with the earth from west to east. Since the 
latitudinal circumferences decrease poleward and 
hence the rotational speed of the earth also 
decreases poleward. The a n g u l a r  momentum also 
decreases from the equator towards the pole and 
therefore there is need for the conservation ol 
angular momentum and its transfer poleward in 
order to maintain the planetary wind systems and 
their circulation. This cannot be achieved, as 
modern views on atmospheric general circulation 
state, through three-cell model but can be achieved 
by surface waves of moving and quasi-stationary 
high (anticyclonic) and low (cyclonic) pressure 
systems on the surface and related wave patterns 
(e.g. Ros&by waves) in the upper troposphere and 
thus the mid-latitude Ferrel thermally indirect cell 
is replaced by the mechanism of moving cyclonic 
and anticyclonic waves on the surface to the north

south in the northern and the southern 
hemispheres respectively and meandering Rossby

4  Waves the corridor of jetstreams in the upper

5. Global Computer Models (GCMs)

Global computer models are basically tools 
for weather forecasting on the basis of simulation 
of real weather phenomena and involving laws of 
physics and mathematical principles such as laws 
of motion, principles of thermodynamics, basic 
equations related to atmospheric motion and air 
flow, and hydrostatic equation. In fact, the GCMs 
are sets of computer-generated maps of weather 
conditions of real atmosphere and these maps are 
used to predict the future weather conditions. This 
technique is based on the basic tenet that the 
present weather condition of a specific place of a 
region at specific time depends on initial condition 
(preceding the present one) and may have its 
impact on future condition. It may be mentioned 
that ample data of temperature, pressure and 
humidity at numerous centers at the earth’s surface 
and up in the atmosphere with short distances are 
required for weather forecasting and predicting 
atmospheric circulation but GCMs use sample data 
of sample points whether at the earth’s surface (in 
a horizontal plane) or at different altitudes in the 
atmosphere, mainly in the troposphere ( in a 
vertical plane) and hence the result may not be 
accurate. In order ‘to predict the (atmospheric) 
circulation accurately, we need to sample pressure, 
temperature, and moisture at every point in the 
atmosphere. Since the atmosphere contains an 
infinite number of points, the task becomes 
impossible' (Oliver and 1 Iidore, 2003).

6.4 ZONAL CIRCULATION OF ATMOSPHERE 
(GLOBAL WIND BELTS)

Zonal circulation of the atmosphere in­
volves the consideration of the distribution and 
flow patterns of permanent wind systems in 
latitudinal zones from the equator towards the 
poles wherein characteristic features ot air circula­
tion on the earth's surface as well as at different 
heights in the troposphere are considered. Such 
zonal circulation is related to 8 > ^ l= re and 
wind belts which also register seasonal variatio^.

On m average, the location of high and lowon an avtrai . ^  »uulonary on the
pressure belts is con. Wom stationary and
globe (though lhc>' 1 . wln(js blow from high



o f such winds remains more or less the same 
throughout the year though their areas change 
seasonally. Thus, such winds are called permanent 
winds. Since these winds are distributed all over 
the globe and these are related to thermally and

too

dynamically induced pressure belts and rotation of 
the earth and hence they are called planetary winds. 
These winds include trade winds, westerlies and 
polar winds (lig.  6 .3).

CLIMATOLOGY

Fig. 6.2 : Zonal circulation o f the atmosphere in the northern hemisphere. A fter J. Hanwell, 1980, in Oliver and
Hidore, 2003.

It may be mentioned that both surface and 
upper air circulations are interrelated and control 
the weather conditions o f the earth’s surface at 
different spatial scales. The primary or planetary 
circulation o f the globe is not as sim ple as referred 
to above. For exam ple, the tropical zone is 
dominated by Hadley cell o f  surface easterly trade 
(north-east and south-east) winds and upper air 
antitradesor westerlies, the mid-latitudinal Ferrel’s 
cell is characterized by surface w esterlies associ­
ated with cyclon es and anticyclones and upper air 
Rossby waves (named after Carl-Gustav Rossby) 
having west to east circulation and jet streams and 
the polar cell has the prevalence o f  surface polar 
winds (north-east and south-east in the northernV
and the southern hem ispheres respectively) and 
upper air w esterly polar jet streams. Figs. 6.2 and
6.3 depict zonal circulation o f  surface and upper air

Major overturning cells and 
upper waves
Surface winds
Surface pressure systems and winds 
(A = anticyclones, C = cyclones)

Mid-latitudePolar 
cell

Rossby 
waves

Polar

PFJ - Polar jet streams 
STJ - Subtropical 

jet streams

STJ
\

\  Tropical 
i
\

Tropopause

Polar Easterlies

Fig. 6.3 : The generalized global pattern of p̂ an
etary winds (zonal circulation o f the &  

m osphere).
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#ind systems in the northern hemisphere and over 
the entire globe respectively.

The zonal circulation of surface winds is 
studied in the three-zone systems, namely 1. 
tropical circulation, 2. mid-latitudinal circulation, 
and 3. polar circulation. It may be mentioned that 
the belts of permanent or planetary surface winds 
as shown in fig. 6.3 are approximations as these 
wind belts are not continuous and regular in reality 
because of uneven distribution of land and sea, and 
their contrasting nature of heating and cooling.

TROPICAL CIRCULATION 
(Winds in the Tropics)

The tropical circulation zone of planetary 
surface winds extends between equator and 25°- 
30° latitudes in both the hemispheres and very 
closely corresponds to the Hadley cell of air 
circulation. The middle portion of this zone is 
dominated by thermally induced low pressure 
surrounding the equator and is popularly known as 
equatorial low pressure belt while the outer margin 
of this zone is characterized by dynamically 
induced (due to subsidence or sinking of air from 
above) high pressure surrounding the tropics of 
Cancer and Capricorn, known as subtropical high 
pressure belt. The air near the equator is heated due 
to solar radiation, rises upward and after reaching 
the upper troposphere, turns to the north (in the 
northern hemisphere) and south (in the southern 
hemisphere), gets cooled, becomes heavy and 
descends (sinks) near the tropics of Cancer and 
Capricorn to form high pressure. Thus, the pressure 
gradient is oriented towards the equator. This 
results in the circulation of winds from subtropical 
high pressure areas to equatorial low pressure and 
thus the equatorial zone becomes the zone of 
convergence of surface winds and the tropics 
become the zone of divergence. The convergence 
zone is characterized by higher amount of solar 
radiation, more evaporation and relative humidity, 
cloudy sky, and heavy precipitation while the 
divergence zone is dominated by highest amount of 
solar radiation, more sunshine, low or say least 
evaporation, clear sky, very low relative humidity, 
least precipitation or say almost dry conditions.This 
circulation zone is characterized by north and 

/: { blowing trade winds but their actual direc­

tion becomes north-east (in the northern hemi­
sphere) and south-east (in the southern hemi­
sphere) due to Coriolis force and angular momen­
tum and anti-trades (westerlies) aloft. It is impor­
tant to note that this primary tropical circulation of 
the atmosphere moves heat energy and moisture 
from low latitudes to high latitudes.

Formerly, it was believed that trade winds 
blow from the subtropical high pressure belts to the 
equatorial low pressure belt. The north-east and 
south-east trades converge along the equator and 
there are upper air anti— trades blowing in the 
opposite directions of the surface trade winds. The 
weather conditions throughout the tropical zone 
remain more or less uniform. There is a belt of calm 
ordoldrum characterized by feeble air circulation. 
These views of weather conditions prevailing in 
the tropics are now considered as old concepts and 
have now been refuted on the basis of new 
information based on numerous observations made 
in the upper air and near the earth’s surface during 
and after second world war. New discoveries have 
now put question marks against the views of zonal 
character and regularity of surface trade winds, 
uniformity of weather conditions in the tropics, and 
upper air antitrade winds. It has been discovered 
that trade winds blow with regularity only over 
some parts of the tropical oceans (mainly over the 
eastern parts). Upper air anti-trades, contrary to 
earlier beliefs, are not found every where but are 
confined to certain areas only. The weather 
conditions in the tropics are not calm and uniform 
butthey are frequently interrupted by atmospheric 
disturbances (cyclones, hurricanes, typhoons, sea 
waves etc.) Thus, the tropical zone is characterized 
by do Id ruin, equatorial westerlies, and trade 
winds.

1. Do Id rum : A belt of low pressure, 
popularly known as equatorial trough of low 
pressure, extends along the equator within a zone of 
5°N and 5°S latitudes. This belt is called the beltof

--* A trnrfuhl^
calm O 
winds, 
feature 
strong 
tion of 
daily b 
that th

r doldrum because ot ngnx 
It was believed that doldrum is a regular 

i all along the equator and is characterizedby 
convective instability leading to e 
cum ulonim bus clouds and copious rajnta 
(Ut the recent observations have now shown 
e belt of doldrum is not continuous but is



conf ined to certain local it ies  only.  This  belt is 
subjected to seasonal  and spatial var iat ions due to 
nor thward and southward  m ov e m en t  ol the ove r ­
head sun ( sum m e r  and winter  solstices) . In lact, the 
bel t  o f  do id rum  shif ts nor thward  dur ing sum m er  
solst ice (w hen  the sun is vertical ove r  the tropic of 
C ancer  (21 June) and com es  back to its normal 
posit ion at the t ime o f  winte r  solst ice (when the sun 
is vertical over  the tropic o f  Capr icorn ,  23

102
December) ,  A c c o rd in g  to Flohn the doldrums 
extend upto 200 long i tudes  in discontinuous 
manner .  C ro w e  has  iden t i f i ed  3 zones  of  doldrums 
e.g. Indo-Pacif ic  D o id ru m  ex tend ing  from the 
eastern coas t  o f  A f r ica  to 180° longitude for a 
distance o f  16,000 km and  c ove r ing  an area of 
25,800,000 k m 2, thus ,  c o v e r s  about  one  third of the 
total length o f  the e q u a to r ,  (2)  Equa tor ia l  Western 
Coastal  Reg ion  o f  A f r ica ,  and  (3)  Western  Coastal 
Margin o f  Cent ra l  A m er ic a .

CLIMATOLOGY

Fig. 6.4: Position o f  clolclrums - (1) Indo-Pacific Doidrum, (2) equatorial western coastal region of Africa, unci
(J) western coastal region o f  Central America.

2. I n t e r - T r o p i c a l  C o n v e r g e n c e  Z o n e  : A
few meteorologists  and cl imatologis ts  bel ieve in 
the existence  of  cyclonic fronts  in the equatorial  
regions while some refute this concept  on the 
ground that fronts  are formed only when two air 
masses o f  cont ras t ing temperatures  converge but

such condi t ions  are not fou n d  in the equatorial 
region. The  equa to r ia l  o r  t rop ical  fronts are called 
intertropical fronts (ITF)  or  intertropica! conver­
gence (ITC). T h e s e  f ronts  rep resen t  the meeting 
ground o f  no r th -ea s t  and  sou th -eas t  trade winds. 
The northern and southern bo u n d a rie s  of  intertropical
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AFRICA INDIA

INDIAN OCEAN
ATLANTIC
OCEAN

A U S T R A L I A

PACIFIC
OCEAN
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Fig. 6.5 : Intertropical convergence (NITC and SITC).
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convergence are called north intertropical conver­
gence (NITC) and south intertropical con vergence 
(SITC) respectively (fig. 6.5). There is seasonal 
shifting in the NITC and SITC with the northward 
(summer solstice) and southward migration (win­
ter solstice) of the sun.

3. Equatorial Westerlies : On an average 
there is westerly air circulation (from west to east) 
in the doldrums or say in the intertropical 
convergence. These westerly winds have been 
called by Flohn as equatorial westerlies (fig . 6  6 )

which cover 200° longitudes. According to Flohn 
the equatorial westerlies cover the areas extending 
from the western parts of Africa across the Indian 
Ocean to the western Pacific Ocean. The equatorial 
westerlies are associated with strong atmospheric 
disturbances (cyclonic storms). Flohn has further 
maintained that south-western monsoons of South 
Asia are, infact, equatorial westerlies because these 
winds are extended upto 30-35°N latitudes over 
Indian subcontinent due to northward shifting of 
NITC at the time of summer solstice (fig. 6.7).

0°

SITC

Fig 6.6. : NITC and SITC and equatorial westerilies.
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PiS- 6.7 : Seasonal (July and January) shifting of equatorial westerlies. After H. Flohn, I960, in Barry and
Chorley, 2002.



4. Trade Winds : There is more or less 
regular inflow of winds from subtropical high 
pressure belts to equatorial low pressure belt. 
These tropical winds have north-easterly direction 
in the northern hemisphere while they are south­
easterly in the southern hemisphere. 1 hese winds 
are called trade winds because of the fact that they 
helped the sea merchants in sailing their ships as 
their (of trade winds'* direction remains more or 
less constant and regular. According to Ferrel’s law 
(based on Coriolis force generated by the rotation 
of the earth) trade winds are deflected to the right in 
the northern hemisphere and to the left in the 
southern hemisphere. There are much variations in 
the weather conditions in the different parts of trade 
winds.

The poleward parts of the trade winds or 
eastern sides of the subtropical anticyclones are dry 
because of strong subsidence of air currents from 
above. Because of the dominance of anticyclonic 
conditions there is strong atmospheric stability, 
strong inversion of temperature and clear sky. On 
the other hand, the equatorward parts of the trade 
winds are humid because they are characterized by 
atmospheric instability and much precipitation as 
the trade winds while blowing over the oceans pick 
up moisture. It may be stated that the trade winds 
are more regular and constant over the oceans than 
over the lands. At some places on the lands (e.g.
S.E. Asia and southern USA) the trade winds 
disappear during summer season due to formation 
of low pressure cells because of high temperature 
but the trade winds are more constant and regular 
over the continents during winter season. It may be 
pointed out that the zone of trade winds is called 
Hadley Cell on the basis of the convective model 
prepared by George Iiadley for the entire earth.

Itmay be mentioned that of all the planetary 
surface winds (westerlies and polar winds) trades 
are most persistent and regular wind systems. 
Vertically, trade winds have two layers e.g.
(1) surface layer of moist and unstable air, and
(2) upper layer of dry and stable air. The surface 
layer is characterized by high lapse rate of 
temperature over the oceans upto the height of 600 
meters. The surface trades arc also characterized by 
much convective and turbulent activities over 
western parts of the oceans and eastern parts of the
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continents. The equatorward part of the trade 
winds is more humid than their poleward parts. The 
vertical depth of trade winds varies seasonally but 
the average depth varies between 1.5 to 3.0 
kilometers. There is anti-trade circulation in the 
upper troposphere. In other words, in opposition to 
north-easterly and south-easterly trade winds on 
the surface, there are westerly winds aloft (in the
upper troposphere).

MID-LATITUDE CIRCULATION

Mid-latitude zonal circulation extends be­
tween 30°-60° latitudes in the northern and the 
southern hemispheres and is represented by subpolar 
or Ferrel thermally indirect cell of air circulation 
wherein winds blow from subtropical semiperma­
nent high pressure belt (30°-35° latitudes) to 
subpolar thermally indirect semipermanent low 
pressure belt in both the hemispheres. The Ferrel 
cell of atmospheric circulation is not as much 
effective in this zone as is the Hadley cell in the 
tropical zone. The general surface air circulation is 
westerly which becomes south-westerly and north­
westerly in the northern and the southern hemi­
spheres respectively due to Conolis force. The 
following are the characteristic features of this 
zonal atmospheric circulation.

(1) The actual wind systems in the mid­
latitude zone is quite different from the three- cell 
model of atmospheric circulation because the local 
conditions at the surface and aloft complicate the 
general circulation pattern. As per three-cell model
ol meridional circulation there should be active 
meridional I low between subtropical high pressure 
and subpolar low pressure belts but the real 
meridional circulation is weak and is i n t e r r u p t e d  b y  

Irequent high (anticyclones) and low (cyclones)
pressure systems.

(2) 1 he general surface zonal c i r c u l a t i o n  is 
Irom west to east but there are a lot of v a r i a t i o n s  in 
both directions and velocities. It is interesting to 
note that unlike Hadley cell, the upper air winds 
also have westerly component. The surface wester­
lies iire stronger in the southern hemisphere than in 
the northern hemisphere because o f  c o m p a r a t i v e l y  

less friction due to overdominance of oceans in the 
southern hemisphere than in t h e  northern h e m i ­

sphere where land surface is p r e d o m i n a n t .



(3) The maximum transfer of energy and 
angttlarmomentum takes place between the lati­
tudes 38°-40° in both the hemispheres, and hence 
the westerlies become strongest. It may be men­
tioned that such an active energy transfer is 
a c c o m p l i s h e d  not only by weak meridional circula­
tion but also by anticyclonic and cyclonic waves.

(4) The poleward part of this zone is infact a 
mixing zone of warm tropical and subtropical 
w i n d s  (westerlies) and cold polar winds along polar 
fronts.

(5) The upper air circulation is also charac­
terized by westerly Rossby waves in the upper 
troposphere and lower stratosphere. The Rossby 
waves are meandering loops of flow patterns of 
upper air westerlies and are embedded with jet 
streams. The Rossby waves have westerly compo­
nent of air flow which is directed from west to east 
but due to seasonal shifting the meandering loops 
of Rossby waves are intensified and are directed 
north-south and hence there begins meridional 
circulation aloft instead of horizontal flow (west to 
east). This meridional circulation also modifies 
surface zonal flow and hence there begins transfer 
of energy and angular momentum poleward more 
vigorously.

(6) The surface circulation is also character­
ized by the development of rotational eddies (or 
vortices) representing anticyclones and cyclones 
with a diameter runging between 1000-2000 km 
and a life span of several days. These are the 
cyclonic and anticyclonic waves of surface eddies 
which effectively transfer energy poleward. These 
eddies are rotational in the sense that they transport 
polar cold air to the tropical areas and tropical 
warm air to the high latitudes. It is also important 
to note that the subpolar zone of convergence is 
quite different from the tropical (equatorial) 
convergence zone because the former represents 
convergence of two dissimilar and contrasting air 
masses (polar cold air mass and tropical warm air 
masses) while the latter is formed due to conver­
gence of two similar air masses (tropical air mass). 
The subpolar convergence generates polar front 
which becomes the source of the origin of 
temperate cyclones.

The subtropical high pressure zone, also 
called as horse latitudes, is associated with
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subsidence of air from above and divergent surface 
air circulation, and westerlies (both surface wester­
lies and upper air westerlies) are significant 
components of mid-latitude zonal atmospheric 
circulation and hence needs separate discussion.

(i) Horse Latitudes—The dynamically in­
duced (due to subsidence of air currents) subtropi­
cal high pressure belt extends between 30°-35° 
(25°-35°) latitudes in both the hemispheres. Thus, 
this belt separates two wind systems viz. trade 
winds and westerlies. It is also apparent that the 
subtropical high pressure belt is the source for the 
origin of trade winds (blowing towards equatorial 
low pressure belt) and westerlies (blowing towards 
subpolar low pressure belt) because winds always 
blow from high pressure to low pressure. The air 
after being heated near the equator ascends and 
after blowing in opposite direction to the surface 
trade winds descends in the latitudinal zone of 30°- 
35°. Thus, the descent of winds from above causes 
high pressure on the surface which in turn causes 
anticyclonic conditions. This is why the anticy­
clonic conditions cause atmospheric stability, dry 
conditions and very weak air circulation. Thus, this 
zone (30°-35°) is characterized by weak and 
variable winds and calm. This belt of calm is very 
popularly known as horse latitudes because of the 
fact that in ancient times the merchants had to 
throw away some of the horses being carried in the 
ships in order to lessen the weight so that the ships 
could be sailed through the calm conditions of 
these latitudes.

Anticyclones are produced due to subsid­
ence of air currents in the horse latitudes. These 
anticyclones are known as ‘ subtropical highs’ or 
subtropical anticyclones, the eastern and western 
parts of which are characterized by contrasting 
weather conditions. The eastern pa, rs (spreading 
over the western parts of the continents) are marked 
by descent of air currents, inversion of temperature 
and consequent atmospheric stability and dry 
conditions. This is why hot and dry tropical deserts 
are found in the western parts of the continents 
within the latitudinal zones of 20°-30°in both the 
hemispheres (e.g. Sahara and Kalahari in Africa, 
Chile-Peru desert or Acatama in South America, 
Arabian and Thar deserts in Asia, deserts of S.W. 
USA, and Australian deserts). The western parts or
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subtropical anticyclones (covering the eastern 
parts of the continents and western parts ol the 
oceans) are humid because some sort ol atmos­
p h e r i c  instability is caused due to weakening ol air
descent (e.g. in the areas ot Caribbean Sea, 
Mexican Gulf and adjoining areas, eastern China, 
southern Japan, south-east Brazil and eastern 
Australia).

(ii) Westerlies —The permanent winds 
blowing from the subtropical high pressure belts 
(30°-35°) to the subpolar low pressure belts (60°- 
65°) in both Uie hemispheres are called westerlies 
(fig. 6.3). The general direction of the westerlies is
S.W. to N.E. in the northern hemisphere and N.W. 
to S.E. in the southern hemisphere. There is much 
variation in the weather conditions in their 
poleward parts where there is convergence of cold 
and denser polar winds and warm and lighter 
westerlies. In fact, a cyclonic front, called as polar 
front, is formed due to convergence of two 
contrasting airmasses as referred to above and thus 
temperate cyclones are originated. These cyclones 
move along with the westerlies in easterly direc­
tion. Thus, the general characteristic features of the 
westerlies are largely modified due to cyclones and 
anticyclones associated with them. Because of the 
dominance of land in the northern hemisphere the 
westerlies become more complex and complicated 
and become less effective during summer seasons 
and more vigorous during winter season. These 
westerlies bring much precipitation in the western 
parts of the continents (e.g. north-west European 
coasts) because they pick up much moisture while 
passing over the vast stretches of the oceans. The 
westerlies become more vigorous in the southern 
hemisphere because of lack of land and dominance 
of oceans. Their velocity increases southward and 
they become stormy. They are also associated with 
biosterous gales. The velocity of the westerlies 
becomes so great that they are cailed roaring forties 
between the latitudes of 40°-50°S, furions fifties at 
50°S latitude and shriecking sixties at 60°S 
latitude.

The upper air circulation in the mid-latitude 
zone is also westerly and is called upper air 
westerlies, which are associated with westerly 
Rossby waves embedded with the corridors of high 
speed winds called as jet streams (subtropical jet
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control Indian monsoon (chapter 7). Due to 
summer warming of north polar areas the 
equatorward pressure gradient is lessened, the 
surface westerlies are weakened and hence upper 
air jet streams shrink and migrate towards the north 
pole .but during northern winter (winter solstice) 
the polar areas are cooled and high pressure is 
intensified with the result the equatorward pressure 
gradient is steepened, die surface westerly circula­
tion becomes strong and the jet streams migrate as 
f a r  south as the tropic of Cancer and thus affect 
Indian monsoon. The surlace polar front also 
migrates southward with the result cold polar 
airmasses invade tropical areas and cold waves are 
generated in those countries where there is absence 
of east-west mountain barriers. For example, 
during winter season cold powdery polar winds 
reach as far south as New Orleanse, Galveston and 
Houston located near the Mexican Gulf coast and 
lower the temperature to frost level due to absence 
of any mountain barrier stretching in east-west 
direction. On Uie oUier hand, the Himalayan ranges 
protect India from the invasion of cold waves 
coming from over Siberian arctic region.

POLAR CIRCULATION

Polar circulation is represented by polarcell 
of the atmospheric circulation which, on an 
average, is confined between 60°-90° latitudes in 
both the hemispheres and is characterized by 
surface polar easterly winds, upper air polar whirl 
and westerly winds, eastward flowing je t streams, 
upper air divergence and temperature inversion, 
surface divergent circulation over polar areas 
mainly over north American and Eurasian cold 
poles etc. It may be mentioned that cold pole 
representing lowest temperature does not coincide 
with the geographical pole, this is why there are 
two cold poles in the northern hemisphere as 
mentioned above. Since temperature remains be­
low freezing point during most part of the year, the 
high pressure systems and resultant divergent air 
flow trom the polar areas are more persistent and 
become annual feature. T he influence zone of cold 
poles expands during winter season and shrinks 
during summer season. T he pressure gradient 
between polar h igh  pressure and subpolar low



o r e s s u r e  generates easterly air circulation known as 
o o l a r circulation dominated by weak polar easterly 
winds which are elaborated below.

A low pressure belt, produced due to 
dynamic factor, lies within the latitudinal belt of 
60°-65° in both the hemispheres. This belt of low 
pressure is more persistent in summer season but 
generally disappears in winter season. The 
Icelandic and Aleutian low pressure cells persist 
throughout the year. There is very high pressure 
over the poles because of exceedingly low 
pressure. Thus, winds blow from the polar high 
pressure to subpolar low pressure cells. These are 
called polar winds which are northeasterly in the 
northern hemisphere and south-easterly in the 
southern hemisphere. The zone of polar winds 
shrinks due to northward shifting of pressure belts 
at the time of northern summer (summer solstice) 
in the northern hemisphere but it is extended upto 
60°N latitude during northern winter (winter 
solstice). As mentioned earlier polar easterly winds 
are weak but become stronger and more effective 
during northern summer i.e. summer season in the 
northern hemisphere. Tundra region is character­
ized by weak pressure gradient resulting into weak 
easterly circulation which makes tundra region the 
least stormy region of the planet earth. The polar 
easterly wind system is complicated in the southern 
hemisphere, by the presence of ice-capped conti­
nent of Antarctica where anticyclonic circulation is 
predominant feature mainly in the eastern part of 
the continent.

6.5 TRICELLULAR MERIDIONAL CIRCULATION 
OF THE ATMOSPHERE

According to the old concept of the mecha­
nism of general circulation of the atmosphere the 
Movement of air is temperature dependent. In other 
words, temperature gradient causes air circulation 
on the earth’s surface. According to the advocates 
°f thermal school of the mechanism of general 
circulation of the atmosphere the tropical areas 
receive maximum amount of solar energy which 
substantially decreases poleward. Thus, there is
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areas of low solar radiation (high latitudes) in order 
to balance the heat energy so that there does not 
exist too much heat energy in the low latitudesand 
too low heat energy in the high latitudes. This old 
school considers only the horizontal component of 
the atmospheric circulation and does not consider 
the potential energy generated by unequal heating 
of the earth and its atmosphere and its continuous 
transformation into kinetic energy. It may be 
pointed out that the potential heat energy is 
continuously transformed into kinetic energy by 
the upward movement (ascent) and downward 
movement (descent) of heated and cold air respec­
tively. It may be remembered that the kinetic 
energy is also dissipated due to friction and small- 
scale atmospheric disturbances upward. Thus, it is 
necessary that there must exist balance between the 
rate of generation of kinetic energy and the rate of 
its dissipation due to friction. The modern concept 
of the mechanism of general circulation of the 
atmosphere, thus, includes both, the horizontal and 
vertical components of atmospheric circulation.

The modem school envisages a three-cell 
model of meridional circulation of the atmosphere, 
popularly known as tricellular m eridional circula­
tion of the atmosphere, wherein it is believed that 
there is cellular circulation of air at each meridian 
(longitude). Surface winds blow from high pres­
sure areas to low pressure areas but in the upper 
atmosphere the general direction of air circulation 
is opposite to the direction of surface winds. Thus, 
each meridian has three cells of air circulation in 
the northern hemisphere e.g. (1) tropical cell or 
Hadley cell, (2) polar front cell or midlatitude cell 
or Ferrel cell, and (3) polar or subpolar cell (figs. 
6.2and 6.8).

sr latitude. Consequently, there is transfer 
^  through horizontal air circulation from the

low latitudes) to the
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1. Hadley Cell (Tropical Cell)
Tropical ccll is also called as Had y ,

because G. Hadley first the year
induced cell in both the hei P ■ .
1735. The winds alter being heated due. to v y fc 
temperature at the equator ascend upwa ^  r  . 
ascendin" wann and moist winds release latent liea
a f te r  c o n d e n s a t io n  w h ic h  c a u s e s  I u r th c r a s c c n t
the winds w h i c h  after reaching die height of 8 to U  
kilometers in the troposphere over the equato 
diverge northward and southward or say polewar . 
The surface winds in the name ol trade winds blow 
from subtropical high pressure belts to equatorial 
low pressure belt in order to replace the ascending 
air at the equator. The upper air moving in opposite 
direction to surface winds (trade winds) is called 
antitrade. These upper air antitrades descend near 
30°-35° latitudes to cause subtropical high pressure 
belt. These antitrades after descending near 30°- 
35° latitudes, again blow towards the equator 
where they are again heated and ascend. Thus, one 
complete meridional cell of air circulation is 
formed. This is called tropical meridional cell 
which is located between the equator and 30° 
latitudes. It may be pointed out that the regularity 
and continuity of the antitrade wind systems in the 
upper air has been refuted by a host of meteorolo­
gists on the basis of more upper air data being 
available during and after Second World War.

2. Ferrel Cell

The mid-latitude cell is called as Ferrel cell 
or polar front cell. According to old concept surface 
winds, known as westerly winds or simply 
westerlies, blow from the subtropical semi-perma­
nent high pressure cells to subpolar semi-perma­
nent low pressure cells (60°-65°). The winds 
ascend near 60°-65° latitudes because of the 
rotation of the earth and after reaching the upper 
troposphere diverge in opposite directions (poleward 
and equatorward). These winds (which diverge 
equatorward) again descend near horse latitudes 
(30°-35° latitudes) to reinforce subtropical high 
pressure belt. After descending these winds again 
blow poleward as surface westerlies and thus a
complete cell is formed.

According to new concept of air circulation 
the pattern between 30°-60° latitudes consists of

s u r f a c e  w e s t e r l i e s .  In t a c t ,  w in d s  b lo w  fro m  Su« 
tropical h ig h  pressure belt to subpolar low press«re 
belt but the winds become alm ost westerly dUe to 
C o r io l i s  force. I t  may b e  mentioned that the 
regularity and continuity ot westerlies are fre 
q u e n t ly  d i s t u r b e d  by tem perate cyclones, migra. 
tory extratropical cyclones and anticyclones. Con- 
trary to the existing view ot upper air tropospheric 
easterly winds in the zones extending between 30<L 
60° latitudes Rossby observed the existence of 
upper air w esterlies in the m iddle latitudes due to 
poleward decrease ol air temperature. According to 
G.T. Trewartha the m iddle and upper tropospheric 
westerlies are associated with long waves and jet 
streams. W arm air ascends along the polar front 
which is more regular and continuous in the middle 
troposphere. It may be pointed out that this new 
concept does not explain the cellular meridional 
circulation in the m iddle latitudes.

(3) Polar Cell

Polar cell involves the atm ospheric circula­
tion prevailing between 60° and poles. Cold winds, 
known as polar easterlies, blow from polar high 
pressure areas to sub-polar or mid- latitude low 
pressure belt. The general direction of surface polar 
winds becomes easterly (east to west) due to 
Coriolis force. These polar cold winds converge 
with warm w esterlies near 60°-65° latitudes and 
form polar front or m id-latitude front which 
becomes the centre for the origin of temperate 
cyclones. The winds ascend upward due to the 
rotation of the earth at the subpolar low pressure 
belt and after reaching m iddle troposphere they 
turn poleward and equatorw ard. The poleward 
upper air descends at the poles and reinforce the 
polar high pressure. Thus, a com plete polar cell is 
formed.

Numerous objections have b e e n  raised against 
the concept of tricellu lar m eridional circulation of 
the atm osphere. The tem perature gradient should 
not be taken as the only basis for the origin and 
m aintenance o f cellu lar m eridional circulation  
because not all the high and low pressure beltsar^ 
thermally induced. For exam ple, the subtropic*1 
bigh pressure and subpolar low pressure belts 
dynamically induced due to subsidence and spr 
ing of air caused b y  the rotation o f  the
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respectively. Upper air anti-trades are not uni­
formly found over all the meridians. If the trade 
winds are exclusively of thermal origin, then the 
thermal gradient must be present boldly through­
out the tropics but this is not true. At the height of 
500 to 1000 m in the atmosphere the winds become 
almost parallel to the isobars which are generally 
parallel to the latitude. If this is so, the meridional 
cell of air circulation may not be possible. The 
pressure and winds in most parts of lower 
atmosphere are found in cellular form rather than 
in zonal pattern. These pressure and wind cells are 
elliptical, circular or semicircular in shape. These 
evidences (cellular form of air circulation) no 
doubt contradict the old concept of general pattern 
of atmospheric circulation but the cellular meridional 
circulation has not been fully validated.

6.6 SEASONAL SHIFTING OF PRESSURE AND 
WIND BELTS AND THEIR CLIMATIC 
SIGNIFICANCE

The zonal circulation of the atmosphere and 
global wind belts as discussed in section 6.4 
undergo spatio-temporal changes with seasonal 
changes caused by the revolution ol the earth 
around the sun. A generalized pattern of seasonal 
shifting of the location of global wind belts with 
seasonal migration of overhead sun is discussed 
below :

In the absence of the revolution of the earth 
around the sun in about 365 days the global 
pressure belts would have been permanent and 
stationary at their places but the rel ati ve position of 
the earth with the sun changes within a year due to 
earth*s revolution and thus the position of all the 
pressure belts except the polar high pressure belt 
changes with the northward and southward migra­
tion of the sun. At the time of summer solstice the 
sun is vertical over the tropic of Cancer (June 21) 
and therefore all the pressure belts except the 
northern polar high pressure belt shift northward 
(fig.6.9). The equatorial low pressure belt prevails 
between O0 latitude (equator) and 10°N latitude, 
subtropical high pressure belt extends between 
30°-40°N latitudes. Thus, all the wind belts 
associated with the said pressure belts also shift 
northward. The sun becomes vertical over the 
eqpaior a t the time of autumnal equinox (23

September) and hence all the pressure belts which 
shifted to the north occupy their normal positions 
(fig. 6.9). After this there is southward migration of 
the sun which becomes vertical over the tropic of 
Capricorn at the time of winter solstice (23 
December) and hence the pressure and wind belts 
shift southward except the southern polar high # 
pressure belt. Thereafter the sun again becomes 
vertical over the equator at the time of vernal 
equinox (21 March) and hence all the pressure and 
wind belts occupy their normal positions (tig. 6.9), 
thus, there is shifting in the positions of the 
pressure and wind belts due to seasonal changes ol 
the position of the earth in relation to the sun.
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Fig. 6.9 : Shifting o f pressure and wind belts.

The seasonal changes in the location of 
tropical Hadley cell during summer and winter 
solstices are of vital importance. The locational 
change of Hadley cell is more effective over the 
continents than over the oceans because o t
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contrasting nature of heating and cooling of the 
continents (quick heating and cooling) than the 
oceans (delayed heating and cooling). I he scasona 
locational shifting of Hadley cell causes seasona 
changes in the direction of tropical easterlies (trade 
winds) and amount of precipitation. The seasonal 
shifting of location of global pressure and wind 
belts also introduces changes in the weather 
conditions of the transitional zones and give birth 
to certain typical climates, namely monsoon 
climate, mediterranean climate, west European 
climate etc. as follows:

(i) The Mediterranean climatic regions are 
found in the western parts of the continents within 
the latitudinal zone of 30°-40° in both the 
hemispheres. The subtropical high pressure belts 
extending between 30°-35° latitudes are character­
ized by dry trade winds during summer season 
because mostly they come from over the land. 
Moreover, this zone is characterized by anticy­
clonic conditions due to descent of air currents. 
This belt extends upto 40° latitudes in the northern 
hemisphere at the time of summer solstice and in 
the southern hemisphere at the time of winter 
solstice. Thus, the western parts of the continents 
within the zone of 30°-40° latitudes do not receive 
rainfall during summer season. On the other hand, 
the subtropical belt shifts towards the equator at the 
time of winter solstice in the northern hemisphere 
and at the time of summer solstice in the southern 
hemisphere, consequently the zone between 30°- 
40° latitudes is characterized by westerlies which 
give much precipitation during winter season 
because they come from over the oceans. This is 
why the Mediterranean regions are characterized 
by dry summers and wet winters and a typical 
Mediterranean type of climate is produced.

(ii) The regions lying between 60°-700 
latitudes are characterized by two types of winds in 
a year because of shifting of pressure and wind 
belts. With the northward migration of the sun at 
the time of summer solstice the polar easterlies are 
weakened during northern summer because the 
westerlies extend over these areas due to northward 
(poleward) shifting of subpolar low pressure belt 
while the situation is quite opposite in the southern 
hemisphere because the polar easterlies extend 
over much of the areas of the westerlies due to
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equatorward shifting of subpolar low pressure belt. 
This situation is reversed at the time of winter 
solstice when there is southward migration of the 
sun. Thus, the polar easterlies are re-established 
over the areas lying between 60°-70° latitudes in 
the northern hemisphere because of the shifting of 
the belt of westerlies southward. Consequently, a 
typical climate characterized by wet summers 
through westerlies and associated cyclone and dry 
winters due to polar easterlies is produced.

(iii) Monsoon clim ate is the result of the 
shifting of pressure and wind belts. Due to 
northward migration of the sun in the northern 
hemisphere at the time of summer solstice the north 
intertropical convergence (NITC) is extended upto 
30°N latitude over Indian subcontinent, south-east 
Asia and parts of Africa. Thus, the equatorial 
westerlies are also extended over the aforesaid 
regions. These equatorial westerlies, in fact, 
become the south-west or summer monsoons. 
These south-west monsoon winds bring much rains 
because they come from over the ocean and are 
associated with tropical atmospheric storms (cy­
clones). The NITC is withdrawn from over the 
Indian subcontinen t and south-east Asia because of 
southward shifting of pressure and wind belts due 
to southward migration of the sun at the time of 
winter solstice. Thus, north-east trades are re­
established over the aforesaid areas. These north­
east trades, in fact, are north-east or winter 
monsoons. Since they come from over the lands, 
and hence they are dry.

The Indian monsoon is more specifically 
affected by changes in the location of upper air 
tropospheric westerlies or je t streams during 
summer and winter seasons. The summer warming 
of north polar areas (during summer solstice) the 
polar high pressure is weakened, the north polar 
upper air whirl shrinks and retreats towards the 
north pole, the surface westerly winds and north 
intertropical convergence ( NITC) also extend 
northward. With poleward shifting of north polar 
whirl the upper air westerly jet stream is withdrawn 
from over India by middle of June.

It may be remembered that during northern 
summer there is winter season in the soothe** 
hemisphere, with the result southern polarwhirf®5 
more developed and is extended upto the eqoatof-



Consequently, the inter tropical convergence (ITC) 
is pushed to the north of equator. Because of the 
push factor of the southern polar whirl the south­
east trade winds are forced equatorward and while 
crossing over the equator they become south­
westerly due to Coriolis force (deflective force 
caused due to the rotation of the earth) and rush 
towards India. It may be pointed out that rapid 
advance of inter-tropical convergence northward is 
because of the push factor of the southern circum 
polar whirl and not because of suckine by the 
thermally induced surface low pressure over north­
west India. No doubt, this surface low pressure 
accclerates the advance ot intertropical conver­
gence northward. Intertropical convergence is 
characterized by dynamically induced waves and 
not by frontal cyclones. These dynamically in­
duced waves after coining over India become 
cyclone vortices. The summer monsoon rains of 
India result from these cyclonic vortices. In otlier 
words, the development of cyclonic vortices is 
followed by wet weather while their occlusion 
causes dry weather which continues till new 
cyclonic vortex is formed.

With the southward migration of the sun and 
its location at the tropic of Capricorn( 23 Decem­
ber) the northern circumpolar whirl again expands 
and hence the westerly jet streams again establish 
themselves to the south ol the 1 limalayas. the NITC 
is withdrawn from over India due to southern 
summer ^winter solstice) and poleward shilling ot 
the southern circumpolar whirl, the summer 
monsoons are terminated and N. E. trades are re­
established over south Asia during winter season.

6.7 JET STREAM

1. Meaning
The strong and rapidly moving circumpolar 

upper westerly air circulation in a narrow belt of a 
few hundred kilometers width in the upper limit ot 
troposphere is called je t stream. The circulation of 
westerly je t stream is contined between poles and 
20° latitudes in both the hemispheres at the height 
of 7.5-14 km. According to World Health Organi­
zation (WHO), ‘a strong narrow current concen­
trated along a quasi-horizontal axis in the upper 
troposphere or in the stratosphere characterized by
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strong vertical and lateral wind shear and featuring 
one or more velocity maxima is called jet stream*.
In fact, jet stream was discovered during second 
world war when American jet bomber fighter 
planes while flying towards Japan (from east to 
west) found obstructions of an air circulation 
which was moving in opposite direction (west to 
east) resulting into marked reduction in the 
velocity of jet fighter planes, while these planes 
registered marked increase in their velocity while 
they used to return to their bases (west to east). 
After careful study of this phenomenon, it was 
found that there was a strong upper air circulation 
from west to east in the upper portion of 
troposphere which presented obstruction in the free 
movement of jet fighter planes. Based on this fact, 
westerly strong meandering upper air circulation 
was called as jet stream.

2. Properties

The jet streams are characterized by the 
following properties.

(1) The circulation of jet streams is from 
west to east in a narrow belt of a few hundred 
kilometers width at the height of 7.5 -14 km in the 
upper troposphere.

(2) On an average, jet streams measure 
thousands of kilometers in length, a few hundred 
kilometers in width and a few kilometers (2-4 km) 
depth.

(3) Generally, their circulation is observed 
between poles and 20° latitudes in both the 
hemispheres. These are also called circum-polar 
whirl because these move around the poles in both 
the hemispheres.

(4) The vertical wind shear of jet streams is 
5-10m/second (18-36 km/hour), meaning thereby 
the wind velocity above or below jet stream 
decreases by 18-36 km/hour. Lateral wind shear is 
5 m/second (18km/hour). The minimum velocity of 
jet stream is 30m/second (108 km/hour).

(5) Their circulation path (trajectory) is 
wavy and meandering (fig. 6.10).

(6) There is seasonal change in the wind 
velocity in jet streams wherein these become strong 
during winter season and the wind velocity 
becomes twice the velocity during summer season. 
Maximum wind velocity is 480 km (per boar).
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(7) The extent of je t streams narrows down 
during summer season because of their northward 
shifting while these extend upto 20° latitudes 
during winter season.

3. Types of Jet Streams

On the basis of locational aspect, jet streams 
are divided into 5 types:

(1) Polar front jet streams are formed above 
the convergence zone (40-60 latitudes) of the 
surface polar cold air mass and tropical warm air 
mass. The thermal gradient is steepened because of 
convergence of two contrasting airmasses. These 
move in easterly direction but are irregular.

(2) Subtropical westerly jet streams move in 
the upper troposphere to the north of subtropical 
surface high pressure belt (at the poleward limit of

•the Hadley cell in both the hemispheres) i. e. above 
30°-35° latitudes. Their circulation is from west to 
east in more regular manner than the polar front jet 
streams.

(3) Tropical easterly jet streams develop in 
the upper troposphere above surface easterly trade 
winds over India and Africa during summer season 
due to intense heating of Tibetan plateau and play
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important role in the mechanism of Indian

(4) Polar night jet streams, also known as 
stratospheric subpolar jet streams, develop in f  
winter season clue to steep temperature gradient in 
the stratosphere around the poles at the height of 30 
km. These jet streams become very strong westerly 
circulation with high wind velocity during winters 
but their velocity decreases during summer and the
direction becomes easterly.

(5) L o c a l  jet streams are formed locally due 
to local thermal and dynamic conditions and have 
limited local importance.

4. Index Cycles of Jet Streams

The genesis of je t streams is related to 
temperature gradient from equator towards the 
poles, surface high pressure at the poles and 
genesis of circumpolar whirl above the poles 
caused by tropospheric low pressure. It may be 
pointed out that surface high pressure is intensified 
over the surface of arctic region due to subsidence 
of cooled heavy air during winter season in the 
northern hemisphere. On the other hand, upper air 
low pressure develops in the upper troposphere 
above the high pressure of ground surface of the

CLIMATGLCK3*j^

cycle of jet streams.



arctic r e g i o n .  D u e  t o  t h i s  p h e n o m e n o n  a  c y c l o n i c  

system  (w est t o  e a s t )  o f  a i r  c i r c u l a t i o n  i n  t h e  f o r m  

o f  a  w h i r l  d e v e l o p s  a r o u n d  u p p e r  t r o p o s p h e r i c  l o w  

p r e s s u r e .  T h e  g e n e r a l  d i r e c t i o n  o f  t h i s  c i r c u l a t i o n  i s  

f r o m  w e s t  t o  e a s t .  T h e  e q u a t o r w a r d  m e a n d e r i n g  

p art o f  t h i s  u p p e r  a i r  c i r c u l a t i o n  i s  c a l l e d  j e t  s t r e a m .  

T h e  u p p e r  a i r  a r c t i c  w h i r l  b e c o m e s  v e r y  s t r o n g  

d u r i n g  w i n t e r  s e a s o n  i n  t h e  n o r t h e r n  h e m i s p h e r e  

r e s u l t i n g  i n t o  m a x i m u m  s o u t h w a r d  e x t e n s i o n  o f  j e t  

s t r e a m  u p t o  2 0 ° N  l a t i t u d e .  T h e r e  a r e  c h a n g e s  in  t h e  

p o s i t i o n  o f  e x t e n t  o f  j e t  s t r e a m  f r o m  t h e  p o l e s  

t o w a r d s  t h e  e q u a t o r .  T h e  w a v y  ( m e a n d e r i n g )  j e t  

s t r e a m  i s  c a l l e d  Rossby waves. T h e  p e r i o d  o f  

t r a n s f o r m a t i o n  o f  s t r a i g h t  p a t h  o f  j e t  s t r e a m  t o  w a v y  

o r  m e a n d e r i n g  p a t h  i s  c a l l e d  index cycle w h i c h  i s  

c o m p l e t e d  i n  f o u r  s u c c e s s i v e  s t a g e s  ( t i g  6. 10) .

First Stage : T h e  p o s i t i o n  o f  j e t  s t r e a m s  i s  

n e a r  t h e  p o l e s  ( 6 . 10A )  a n d  i s  s e p a r a t e d  b y  p o l a r  

c o l d  a i r  m a s s  i n  t h e  n o r t h  a n d  w a r m  w e s t e r l i e s  in  

t h e  s o u t h  ( i n  t h e  n o r t h e r n  h e m i s p h e r e ) .  T h e  

c i r c u l a t i o n  o f  j e t  s t r e a m  i s  a l m o s t  in  s t r a i g h t  p a t h  

f r o m  w e s t  t o  e a s t  b e c a u s e  R o s s b y  w a v e  i s  n o t  

d e v e l o p e d  b y  t h i s  t i m e .  T h e r e  i s  s t e e p  p r e s s u r e  

g r a d i e n t  a c r o s s  t h i s  s t r o n g  u p p e r  a i r  w e s t e r l y  

c i r c u l a t i o n  w h i c h  g e n e r a t e s  h i g h  z o n a l  i n d e x .

Second Stage : G r a d u a l l y ,  t h e  s t r a i g h t  p a t h  

o f  j e t  s t r e a m  i s  t r a n s f o r m e d  i n t o  w a v y  p a t h  w i t h  t h e  

m a r c h  o f  t i m e  ( f i g  6 . 1  O B ) .  T h i s  p r o c e s s  i n i t i a t e s  t h e  

b e g i n n i n g  o f  t h e  d e v e l o p m e n t  o f  R o s s b y  w a v e s .  

W i t h  t h e  m a r c h  o f  t i m e  t h e  a m p l i t u d e  o f  j e t  s t r e a m s  

i n c r e a s e s  a n d  g r a d u a l l y  t h e y  e x t e n d  t o w a r d s  t h e  

e q u a t o r .  T h e  p r e s s u r e  g r a d i e n t  i s  n o r t h - s o u t h .

Third Stage i s  c h a r a c t e r i z e d  b y  f u l l y  d e v e l ­
o p e d  m e a n d e r i n g  c o u r s e  o f  j e t  s t r e a m  ( f i g .  6. 1 0 C ) ,

w i t h  t h e  r e s u l t  t h e y  a r e  p o s i t i o n e d  n e a r  t h e  e q u a t o r  

( 2 0 °  l a t i t u d e ) .  I t  m a y  b e  n o t e d  t h a t  t h e  p r e s s u r e  

g r a d i e n t  i n  t h e  f i r s t  t w o  s t a g e s  i s  f r o m  n o r t h  t o  

s o u t h  b u t  i n  t h i s  s t a g e  i t  b e c o m e s  e a s t - w e s t .  T h e r e  

i s  d i s p l a c e m e n t  o f  p o l a r  c o l d  a i r  m a s s e s  t o w a r d s  

e q u a t o r  a n d  o f  t r o p i c a l  w a r m  a i r  m a s s e s  t o w a r d s  

t h e  p o l e s .

Fourth Stage i s  c h a r a c t e r i z e d  b y  c u t t i n g  o f f  

m e a n d e r s  o f  j e t  s t r e a m  f r o m  m a i n  p a t h  d u e  t o  t h e i r  

m o r e  a n d  m o r e  m e r i d i o n a l  c i r c u l a t i o n  (i.e. f r o m  

n o r t h  t o  s o u t h )  r e s u l t i n g  i n t o  t h e i r  c i r c u l a t i o n  in  

i n d e p e n d e n t  c i r c u l a r  p a t t e r n  ( f i g .  6 . 1 0 D )  i n  t h e  

f o r m  o f  c y c l o n i c  a n d  a n t i c y c l o n i c  c i r c u l a t i o n .  

T h u s ,  t h e r e  d e v e l o p  s e v e r a l  c e l l u l a r  c i r c u l a t i o n
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patterns which follow cyclonic pattern to the south 
(L in fig. 6.10) and anticyclonic pattern in the north 
(Hin fig. 6.10D). Such cut off low (cyclonic) or cut 
off high (anticyclonic) air circulation patterns 
obstruct west to east flow of jet streams.

5. Significance of Jet Streams

Though j e t  streams have not been properly 
studied as y e t  but they are supposed to have 
immense influence on local and regional weather 
conditions as follows:

(1) T h e r e  i s  c l o s e  r e l a t i o n s h i p  between the 
i n t e n s i t y  o f  m i d - l a t i t u d e  ( t e m p e r a t e )  cyclones and 
j e t  s t r e a m s .  T h e s e  c y c l o n e s  b e c o m e  very strong 
a n d  s t o r m y  w h e n  t h e  u p p e r  a i r  t r o p o s p h e r i c  jet 
s t r e a m s  a r e  p o s i t i o n e d  a b o v e  t e m p e r a t e  c y c l o n e s  of 
g r o u n d  s u r f a c e  a n d  y i e l d  m o r e  p r e c i p i t a t i o n  than 
n o r m a l .

( 2 )  T h e r e  a r e  f l u c t u a t i o n s  i n  t h e  l o c a l  

w e a t h e r  c o n d i t i o n s  d u e  t o  c h a n g e s  i n  t h e  f o r m  a n d  

n a t u r e  o f  g r o u n d  s u r f a c e  c y c l o n e s  a n d  a n t i c y c l o n e s  

c a u s e d  b y  u p p e r  a i r  j e t  s t r e a m s .

( 3 )  J e t  s t r e a m s  c a u s e  h o r i z o n t a l  c o n v e r g e n c e  

a n d  d i v e r g e n c e  i n  t h e  u p p e r  t r o p o s p h e r e .  T h e  u p p e r  

a ir  c o n v e r g e n c e  f o r m s  u p p e r  a i r  a n t i c y c l o n e s  w h i l e  

u p p e r  a i r  c y c l o n e s  a r e  d e v e l o p e d  d u e  t o  u p p e r  a i r  

d i v e r g e n c e .

( 4 )  T h e  v e r t i c a l  c i r c u l a t i o n  of air in jet 
s t r e a m s  o c c u r s  i n  t w o  w a y s  e.g. c y c l o n i c  pattern is 
c h a r a c t e r i z e d  b y  u p w a r d  v e r t i c a l  a i r  movement 
w h i l e  t h e r e  i s  d o w n w a r d  v e r t i c a l  air movement in 
a n t i c y c l o n i c  p a t t e r n  o f  a i r  c i r c u l a t i o n .  This vertical 
a ir  c i r c u l a t i o n  c a u s e s  r a p i d  r a t e  of mixing of air 
b e t w e e n  t r o p o s p h e r e  a n d  s t r a t o s p h e r e ,  which helps 
in  t h e  t r a n s p o r t  of a n t h r o p o g e n i c  pollutants from 
t r o p o s p h e r e  t o  s t r a t o s p h e r e .  For example, the 
t r a n s p o r t  of o z o n e  depleting chlorofluorocarbon 
s u b s t a n c e s  into stratosphere causes global warm­
i n g  ( s e e  s e c t i o n  2.2 ( 2)  of chapter 2 of this book).

(5) The monsoon of South Asia is largely 
attected and controlled by jet streams (see section
7.8 of chapter 7) of this book).

6.8 EL NIN04.A NINA PHENOMENON

E l  Nino is considered as a significant 
weather phenomenon or event which occurs off the 
west coast of S. America, mainly off the Pefu



Coast. The El Nino event was first noticed in the 
year 1541. Since then more than a dozen events 
have occurred (e.g. 1 .1951 -52 ,  53; 2. 1957-58; 3.
1963-64; 4. 1965-66; 5. 1969-70; 6. 1972-73; 7. 
1976-77;8 . 1977-78;9 . 1979-80; 10. 1982-83; 11. 
1 9 8 6 - 8 8 ; 1 2 .1 9 9 1 -9 2 ,9 3 ;1 3 .1 9 9 4 -9 5 ;1 4 .  1997- 
98; etc.). La Nina event was identified and named 
as La Nina phenomenon in the year 1986 but its 
occurrence was recorded in 1950-51, 1954-56,
1964-65 , 1970-72, 1973-74, 1974-76, 1984-85, 
1988-89 , 1995-96 etc. The occurrence o f  La Nina 
event strengthens Southern Oscillation and Walker 
Circulation, the eastern Pacific Ocean off  the Peru 
Coast is characterized by relatively colder water 
and dry condition while the western equatorial 
Pacific Ocean has warm water and more humid 
weather, trade winds become more vigorous, the 
south and south-east Asia receives more precipita­
tion etc.

A subsurface warm current, known as El 
N ino Current, flows from north to south between 
3°S and 36°S latitudes at a distance o f  about 180 km 
from the Peruvian coast. The southward shifting of  
the counter equatorial warm current during south­
ern winter gives birth to El Nino current. The 
temperature at Peruvian coast does not fall 
considerably because o f  this current. Though the 
amount o f  rainfall increases along the coasts due to 
this current but fishes die due to disappearance o f  
planktons and occurrence o f  guano disease and 
pests caused by El Nino. It may be pointed out that 
El Nino also affects monsoons in the Indian Ocean. 
When El N ino is extended to the southern end o f  S. 
America warm water is pushed eastward to join the 
South Atlantic westerlies drift which brings warm 
water in the southern Indian Ocean during southern 
winters. Consequently, the high pressure in the 
Indian Ocean during southern winter is not 
intensified due to which the south-west summer 
m onsoon is weakened.

Presently, El N ino is considered as a weather 
event or phenom enon. El N ino is considered as 
Christ child while La Nina as younger sister o f  El 
N ino. El N in o  has been related to the increase o f  
temperature o f  east Pacific Ocean o f f  Peruvian 
coast w hile  La Nina is related to the warming o f  the 
western Pacific  Ocean. The strong El N ino brings 
heavy  rainfall exceed ing  normal rainfall resulting
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into lush green otherwise dry coastal land o f  Peru; 
The cold water mass near Peruvian coast becomes  
warm due to strong El N ino event resulting into 
heavy rainfall in the first half o f  the year (January 
toMarch). Earlier the p e o p le o f  Peru in th eev en to f  
dry conditions while looking towards the sky 
prayed ‘Ye God, g ive  us rain and keep drought 
away' but when they came to know that copious  
heavy rainfall causing mass destruction o f  marine 
l i f e  (mainly death o f  fishes due to disappearance o f  
planktons) was associated with strong El Nino  
event, they began to pray, ‘Y e God, g iv e  us rain and 
keep El Nino a w ay .’ The heavy rainfall associated  
with strong El Nino event makes coastal Peruvian 
deserts green and there is rich harvest o f  cotton, 
coconuts and bananas but there is ocean ic  b io log i­
cal disaster. It may be maintained that in the event 
o f  strong El N ino the tropical eastern Pacific  
receives four to six times more rainfall than normal 
amount but dry condition prevails in the tropical 
western Pacific resulting into severe drought in 
Indonesia, Bangladesh, India etc. The widespread  
fire in the forest o f  Indonesia in 1997-98  was 
related to drought resulting from strong El Nino  
event. La Nina is a counter ocean current which 
becomes effective  in the tropical western Pacific 
when El N ino becom es ineffective  in the tropical 
eastern Pacific. The dry condition in the western 
Pacific is terminated and wet condition  is intro­
duced in the tropical western Pacific  by La Nina.

Effects of El Nino Events

The occurrence o f  El N ino events  brings far 
reaching impacts on weather conditions in the 
northern hemisphere in general and tropical and 
subtropical regions in particular, marine life, 
vegetation, agriculture and human health and 
wealth. Tw o El N ino events o f  1982 -83  and 1997- 
98 have proved more disastrous. The 1982-83  El 
Nino event caused rise tn normal temperature in the 
north-western parts ot Canada and A laska; rise in 
winter normal temperature in the eastern parts of 
the United states o f  America; severe drought 
conditions and failure o f  m onsoon  in S.E. and 
South Asia mainly in Indonesia and India; 
excess ive  rainfall and substantial fall in fish catch 
near the Peruvian coasts; coral b leaching in the 
Pacific Ocean; spread o f  encephalitis disease in the 
eastern United States of America; droughts

CLIMATOLOGY
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Fig. 6.11 : Southern oscillation, Walker circulation and EL Nino.

M e x i c o ,  S . E .  A f r i c a ,  A u s t r a l i a  a n d  N e w  Z e a l a n d  

e t c .  T h e  1 9 9 7 - 9 8  E l  N i n o  e v e n t  c a u s e d  r i s e  i n  

n o r m a l  s e a  s u r f a c e  t e m p e r a t u r e  b y  5 ° C  i n  t h e  

P a c i f i c  O c e a n  a n d  I n d i a n  O c e a n  ( 2 ° C )  w h i c h

r e s u l t e d  i n  c o r a l  b l e a c h i n g  a n d  m a s s  d e s t r u c t i o n  o f  

c o r a l s .  A b o u t 9 5  p e r  c e n t  o f  s h a l l o w  w a t e r  c o r a l s  i n  

B a h a r a i n ,  M a l d i v e s ,  S r i  L a n k a ,  S i n g a p o r e  a n d  

T a n j a n i a  w e r e  k i l l e d  d u e  t o  c a t a s t r o p h i c  b l e a c h i n g
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w h i l e  5 0 - 7 0  p e r  c e n t  c o r a l s  d i e d  d u e  t o  s e v e r e  

b l e a c h i n g  in  K e n y a ,  S e c h e e l l e s ,  J a p a n ,  T h a i l a n d ,  

V i e t n a m ,  A n d m a n  a n d  N i c o b a r  I s l a n d s  e t c .  T h e  

y e a r s  ' o f  s t r o n g  E l  N i n o  b r i n g  s e v e r e  d r o u g h t  

c o n d i t i o n s  in  I n d i a ,  I n d o n e s i a ,  A u s t r a l i a ,  M e x i c o ,  

S o u t h  A f r i c a ,  P h i l i p p i n e s  e t c .  w h i c h  r e s u l t s  in  

i r r e p a r a b l e  l o s s  o f  a g r i c u l t u r a l  p r o d u c t i o n ,  d e v a s ­

t a t i n g  f o r e s t  f i r e  in  I n d o n e s i a .  T h o u g h  s t r o n g  E l  

N i n o  b r i n g s  c o p i o u s  r a i n f a l l  in  c o a s t a l  d e s e r t s  o f  

P e r u  a n d  C h i l e  m a k i n g  t h e  d e s e r t s  l u s h  g r e e n  b u t  i t  

c a u s e s  m a s s  k i l l i n g  o f  f i s h e s  m a i n l y  a n c h o v y  

s p e c i e s  d u e  t o  s t a r v a t i o n  b e c a u s e  t h e  p r e s e n c e  o f  

w a r m  w a t e r  s t o p s  t h e  u p w e l l i n g  o f  c o l d  w a t e r  a n d  

n u t r i e n t s  f r o m  b e l o w  a n d  h e n c e  t h e  s u p p l y  o f  

p l a n k t o n s  i s  s u b s t a n t i a l l y  r e d u c e d .  T h e  i m p a c t  o f  

E l  N i n o  o n  w e a t h e r  c o n d i t i o n s  i s  f u r t h e r  e l a b o r a t e d  

i n  t h e  f o l l o w i n g  s e c t i o n .

6 . 9  W A L K E R  C I R C U L A T I O N  A N D  E L -N I N O -

S O U T H E R N  O S C I L L A T I O N  ( E N S O )

C e r t a in  v a r i a t i o n s  a r e  f o u n d  f r o m  t h e  a t m o s ­

p h e r i c  g e n e r a l  c i r c u l a t i o n  p a t t e r n s  e.g. s u r f a c e  

t r a d e s ,  w e s t e r l i e s  a n d  p o l a r  w i n d s  c i r c u l a t i o n  a n d  

t r i c e l l u l a r  m e r i d i o n a l  c i r c u l a t i o n .  C i r c u l a t i o n  o f  

l o c a l  a n d  s e a s o n a l  ( .m o n s o o n )  w i n d s  m a y  b e  c i t e d  

e x a m p l e  o f  s u c h  d e v i a t i o n s .  E a s t -  w e s t  z o n a l  

c i r c u l a t i o n  o f  t r o p i c a l  w i n d s  i s  a n  im p o r t a n t  v a r ia n t  

f r o m  g e n e r a l  a t m o s p h e r i c  c i r c u l a t i o n .  T h i s  t y p i c a l  

e a s t - w e s t  c i r c u l a t i o n  o f  t r o p i c a l  w i n d  i s  c a l l e d  

Walker circulation n a m e d  a f t e r  f a m o u s  s c i e n t i s t  

G . T .  W a l k a r i n  1 9 2 2 - 2 3 .  In  f a c t .  W a lk e r  c i r c u l a t i o n  

i s  a  z o n a l  c o n v e c t i v e  c e l l  o f  a ir  c i r c u l a t i o n ,  w h i c h  

i s  f o r m e d  d u e  t o  t h e  d e v e l o p m e n t  o f  p r e s s u r e  

g r a d i e n t  f r o m  e a s t  t o  w e s t  in  t h e  e q u a t o r i a l  P a c i f i c  

o c e a n .  A f t e r  t w o - t h r e e  y e a r s  t h i s  g e n e r a l  c o n d i t i o n  

o f  e a s t - w e s t  p r e s s u r e  g r a d i e n t  i s  r e v e r s e d  i.e. 
p r e s s u r e  g r a d i e n t  b e c o m e s  f r o m  w e s t  t o  e a s t  ( f i g .

6 . 1 1  B ) .  T h u s ,  t h e r e  a r e  o s c i l l a t i o n s  in  p r e s s u r e  

g r a d i e n t  a n d  a i r  c i r c u l a t i o n  a f t e r  t h e  i n t e r v a l s  o f  2-

3  y e a r s .  W a l k e r  c a l l e d  s u c h  o s c i l l a t i o n  a s  southern 
oscillation .

W 'a l k e r  c i r c u l a t i o n  a n d  s o u t h e r n  o s c i l l a t i o n s  

a r e  d n  v e n  b y  t h e  s e a  s u r f a c e  p r e s s u r e  g r a d i e n t  f r o m  

t h e  e q u a t o r i a l  e a s t e r n  P a c i f i c  o c e a n  ( n e a r  t h e  

w e s t e r n  c o a s t a l  a r e a s  o f  S o u t h  A m e r i c a )  t o  t h e  

e q u a t o r i a l  w e s t e r n  P a c i f i c  o c e a n  ( n e a r  S - E  A s i a n  

c o a s t s ) .  I n  n o r m a l  c o n d i t i o n s  h i g h  p r e s s u r e  d e v e l ­

o p s  o n  t h e  s e a  s u r f a c e  o f  t h e  e q u a t o r i a l  e a s t  P a c i f i c

o c e a n  a n d  t h e  w e s t e r n  c o a s t a l  l a n d s  o f  S o u t h  

A m e r i c a  ( f i g .  6. 1 1  A )  d u e  t o  s u b s i d e n c e  o f  a i r  f r o m  % 
a b o v e  a n d  u p w e l l i n g  o t  c o l d  o c e a n i c  w a t e r .  O n  t h e  

o t h e r  h a n d ,  l o w  p r e s s u r e  i s  f o r m e d  i n  t h e  e q u a t o r i a l  

w e s t e r n  P a c i f i c  o c e a n  d u e  t o  r i s e  o t  a i r  f r o m  t h e  

w a r m  s e a  s u r f a c e .  T h i s  p r e s s u r e  g r a d i e n t  f r o m  e a s t  

t o  w e s t  g e n e r a t e s  e a s t - w e s t  c i r c u l a t i o n  o f  t r a d e  

w i n d s  o n t h e  s u r f a c e  w h i l e  t h e r e  i s  r e v e r s e  u p p e r  a ir  

c i r c u l a t i o n  i. e. f r o m  w e s t  t o  e a s t  ( f i g . 6 . 1 1  A )  w h i c h  

c o m p l e t e s  a  c o n v e c t i v e  c e l l .  T h i s  e a s t - w e s t  a ir  

c i r c u l a t i o n  d r i v e s  t h e  o c e a n  w a t e r  m a s s  f r o m  t h e  

w e s t e r n  c o a s t  o f  S o u t h  A m e r i c a  t o w a r d s  t h e  w e s t .  

T h i s  p h e n o m e n o n  f a c i l i t a t e s  u p w e l l i n g  o f  c o l d  s e a  

w a t e r  n e a r  t h e  c o a s t s  o f  P e r u  a n d  E q u a d o r  r e s u l t i n g  

in  f u r t h e r  c o o l i n g  o f  a i r ,  h i g h  a i r  p r e s s u r e ,  

a t m o s p h e r i c  s t a b i l i t y  a n d  d r y  w e a t h e r  c o n d i t i o n .  

C o n t r a r y  to  t h i s ,  e a s t - w e s t  a i r  c i r c u l a t i o n  b e c o m e s  

w a r m  n o r t h - e a s t  t r a d e s  in  t h e  e q u a t o r i a l  w e s t  

P a c i f i c  o c e a n  w h e r e  i t ,  a f t e r  b e i n g  h e a t e d ,  r i s e s  

u p w a r d ,  b e c o m e s  u n s t a b l e  a n d  c a u s e s  p r e c i p i t a ­

t i o n .  A f t e r  r i s i n g  t o  c e r t a i n  h e i g h t  i t  t u r n s  e a s t w a r d  

a n d  d e s c e n d s  in  t h e  e q u a t o r i a l  e a s t e r n  P a c i f i c  o c e a n  

t o  c o m p l e t e  t h e  c o n v e c t i v e  c e l l  ( f i g .  6 . 1 1  A ) .  T h i s  

i s  n o w  e v i d e n t  t h a t  t r o p i c a l  e a s t e r n  a n d  w e s t e r n  

P a c i f i c  i s  c h a r a c t e r i z e d  b y  d r y  a n d  w e t  w e a t h e r  

c o n d i t i o n s  r e s p e c t i v e l y .

B y  O c t o b e r - N o v e m b e r  t h e  l o w  a i r  p r e s s u r e  

o f  t h e  t r o p i c a l  w e s t e r n  P a c i f i c  i s  s h i f t e d  t o  t h e  

t r o p i c a l  e a s t e r n  P a c i f i c  c a u s i n g  w e a k e n i n g  o f  t r a d e  

w i n d s .  T h i s  r e v e r s a l  in  p r e s s u r e  c o n d i t i o n  f a c i l i ­

t a t e s  t h e  r e t u r n  o l  w a r m  s e a  w a t e r  w h i c h  w a s  d r i v e n  

l r o m  t h e  c o a s t s  o l  S o u t h  A m e r i c a  w e s t w a r d ,  

t o w a r d s  t h e  t r o p i c a l  e a s t  P a c i f i c .  C o n s e q u e n t l y ,  

l o w  a ir  p r e s s u r e  i s  l o r m e d  i n  t h e  s o u t h - e a s t  P a c i f i c  

m a i n l y  o i l  t h e  c o a s t s  o t  S o u t h  A m e r i c a  ( E q u a d o r  

a n d  P e r u ) ,  u p w e l l i n g  o t  c o l d  s e a  w a t e r  i s  s t o p p e d ,  

w a r m  a ir  r i s e s  u p w a r d  a n d  b e c o m e s  u n s t a b l e  a n d  

u l t i m a t e l y  y i e l d s  r a i n f a l l  a f t e r  c o n d e n s a t i o n .  I t  i s  

e v i d e n t  t h a t  t h e  g e n e r a l  n o r m a l  c o n d i t i o n  ( f i g .  6.11 
A )  h a s  g o t  r e v e r s e d  ( 6 . 1  I B ) .  T h i s  e v e n t  i s  c a l l e d  El 
Nino Phenomenon. T he r i s i n g  a i r  i n  t h e  e a s t  P a c i f i c  

c o o l s  a b o v e  a n d  t u r n s  w e s t w a r d  i n  t h e  t r o p o s p h e r e  

a n d  u l t i m a t e l y  d e s c e n d s  in  t h e  t r o p i c a l  w e s t  P a c i f i c  

g i v i n g  b i r t h  t o  h i g h  p r e s s u r e  w h i c h  d r i v e s  w a r m  a ir  

t o w a r d s  t h e  c o a s t s  o f  S o u t h  A m e r i c a .  T h u s ,  a g a i t i a  

c o m p l e t e  c o n v e c t i v e  c e l l  i s  f o r m e d .  S u c h  c o n d i t i o n  

i s  c a l l e d  El N ino-Southern O scillation  
( E N S O  E v e n t ) .  I n  f a c t ,  c h a n g e s  i n  t h e  p o s i t i o n s  o f



air pressure in  t h e  t r o p i c a l  e a s t e r n  a n d  w e s t e r n  
Pacific are c a l l e d  southern oscillations. D u r in g  E l  

N i n o  e v e n t  W a l k a r  c i r c u l a t i o n  i s  w e a k e n e d  d u e  t o  

th e  d e v e l o p m e n t  o f  e q u a t o r i a l  w e s t e r l i e s  o n  s e a  

s u r f a c e  ( f i g .  6.11 B )  b u t  H a d l e y  c i r c u l a t i o n  i s  

a c t i v a t e d .  T h i s  p h e n o m e n o n  a g a i n  a c t i v a t e s  t r a d e  

w in d s  w h i c h  a g a i n  d r i v e  s e a - w a t e r  o f  t h e  t r o p i c a l  

e a s t e r n  P a c i f i c  w e s t w a r d  r e s u l t i n g  in  th e  u p w e l l i n g  

o f  c o l d  w a t e r  f r o m  b e l o w ,  w e a k e n i n g  o f  HI N i n o  

e v e n t  a n d  r e - e s t a b l i s h m e n t  o f  n o r m a l  c o n d i t i o n  
( f i g  6.1 1  A ) .

I t  m a y  b e  m e n t i o n e d  t h a t  t h e  p h a s e s  a n d  

s t r e n g t h s  o f  t h e  S o u t h e r n  O s c i l l a t i o n  ( s p a t i o -  

t e m p o r a l  s h i f t i n g  o f  p r e s s u r e  s y s t e m s  ( h i g h  a n d  

l o w )  b e t w e e n  t r o p i c a l  e a s t e r n  a n d  w e s t e r n  P a c i f i c  

O c e a n )  a r e  d e t e r m i n e d  o n  t h e  b a s i s  o f  d i f f e r e n c e s  

o f  a ir  p r e s s u r e  b e t w e e n  t h e s e  t w o  a r e a s ,  t o  b e  m o r e  

s p e c i f i c ,  b e t w e e n  T a h i t i  ( e a s t e r n  P a c i f i c ,  1 8 ° S  

l a t i t u d e  a n d  1 5 0 ° W  l o n g i t u d e )  a n d  D a r w i n  ( A u s ­

t r a l ia ,  w e s t e r n  P a c i f i c ,  1 2 ° S  l a t i t u d e  a n d  1 3 0 ° E  

l o n g i t u d e ) .  T h e  p h a s e s  o f  t h e  S O  a r e  t e r m e d  a s  

Southern Oscillation Index (SOI) w h e r e i n  t w o  

p h a s e s  a r e  m o s t  s i g n i f i c a n t ,  n a m e l y  h ig h  p h a s e  a n d  

low phase. High phase o f  S O  i n d i c a t e s  n o r m a l  

c o n d i t i o n  o r  n o n - E N S O  p h a s e  w h e r e i n  t r o p i c a l  

e a s t e r n  a n d  s o u t h - e a s t e r n  P a c i f i c  i s  c h a r a c t e r i z e d  

b y  s t r o n g  h i g h  p r e s s u r e  s y s t e m  w h e r e a s  l o w  

p r e s s u r e  s y s t e m  d e v e l o p s  in  t h e  t r o p i c a l  w e s t e r n  

P a c i f i c  ( f i g .  6 . 1 1  A ) ,  s t r o n g  e a s t e r l y  w i n d s  d o m i ­

n a t e  o v e r  t h e  s u r f a c e ,  t r o p o s p h e r i c  s u b t r o p i c a l  

w e s t e r l y  j e t  s t r e a m s  a r e  w e a k e n e d  a n d  s h i l t  

p o l e w a r d  in  b o t h  t h e  h e m i s p h e r e s ,  L a  N i n a  e f f e c t s  

s e t  in ,  m o n s o o n  b e c o m e s  s t r o n g  a n d  b r in g s  c o p i o u s  

p r e c i p i t a t i o n  in  t h e  s o u t h  a n d  s o u t h - e a s t e r n  A s i a n  

r e g i o n s ,  t r o p i c a l  s o u t h  A m e r i c a  ( i . e .  A m a z o n i a )  

a n d  A f r i c a  ( i . e .  c e n t r a l  A f r i c a ) ,  a n d  a l m o s t  d r y  

c o n d i t i o n s  in  t h e  t r o p i c a l  e a s t e r n  P a c i f i c  ( i . e .  

w e s t e r n  c o a s t a l  a r e a s  o f  S .  A m e r i c a ,  m a i n l y  P e r u  

a n d  C h i l e )

T h e  low phase o i  S O  ( l i g .  6 . 1 1  B )  i s  

i n d i c a t i v e  o f  r e v e r s a l  o f  n o n - E N S O  p h a s e  a s  

d e s c r i b e d  a b o v e  a n d  o n s e t  o f  E l  N i n o  p h a s e  

c h a r a c t e r i z e d  b y  t h e  d e v e l o p m e n t  o f  h i g h  p r e s s u r e  

s y s t e m  o v e r  t r o p i c a l  w e s t e r n  P a c i f i c  a n d  l o w  

p r e s s u r e  s y s t e m  o v e r  t r o p i c a l  e a s t e r n  P a c i f i c ,  

d o m i n a n c e  o f  E l  N i n o  e v e n t  o f f  t h e  P e r u v i a n  a n d  

C h i l e a n  c o a s t s  a n d  a c c e n t u a t e d  r a i n f a l l  b u t  d i s a p ­

p e a r a n c e  o f  L a  N i n a  p h e n o m e n o n  f r o m  t h e  t r o p i c a l

general atm ospheric  circulation 1 1 7
% ti

w e s t e r n  P a c i f i c  a n d  d e c r e a s e d  p r e c i p i t a t i o n  in

I n d ia  a n d  I n d o n e s i a  r e s u l t i n g  i n t o  d r o u g h t  c o n d i ­

t io n .

6 . 1 0  IM P O R T A N T  D E F I N I T I O N S

Doidrum : A  b e l t  o f  l o w  p r e s s u r e ,  p o p u l a r l y  k n o w n  

a s  e q u a t o r i a l  t r o u g h  o f  l o w  p r e s s u r e  e x t e n d i n g  

d i s c o n t i n u o u s l y  w i t h i n  a  z o n e  o f  5 ° N  a n d  5 ° S  

l a t i t u d e  i s  c a l l e d  t h e  belt of calm o r  d o i d r u m .

Equatorial westerlies : T h e  w e s t e r l y  s u r f a c e  a i r  

c ir c u l a t i o n  in  th e  d o id r u m  o r  in  th e  in t e r t r o p ic a l  

c o n v e r g e n c e  z o n e  i s  c a l l e d  e q u a t o r i a l  w e s t e r ­

l i e s  ( n a m e d  b y  F l o h n ) .

Ferrel cell : A n  i n t e r m e d i a t e  m i d - l a t i t u d e  t h e r ­

m a l l y  i n d i r e c t  c e l l  o f  a ir  c i r c u l a t i o n  b e t w e e n  

t r o p i c a l  H a d l e y  c e l l  a n d  P o l a r  c e l l  i s  c a l l e d  

F e r r e l  c e l l  o r  P o l a r  f r o n t  c e l l .

Hadley cell: T h e  t r o p i c a l  c o n v e c t i v e  c e l l ,  o n e  e a c h  

in  t h e  n o r t h e r n  a n d  t h e  s o u t h e r n  h e m i s p h e r e s ,  

i s  c a l l e d  H a d l e y  c e l l  ( n a m e d  a f t e r  G e o r g e  

H a d l e y ,  in  1 7 3 5 ) .

Index cycle : T h e  p e r i o d  o f  t r a n s f o r m a t i o n  o f  

s t r a ig h t  p a th  o f  j e t  s t r e a m s  i s  c a l l e d  i n d e x  c y c l e  

w h i c h  i s  c o m p l e t e d  in  f o u r  s u c c e s s i v e  s t a g e s .

Intertropical fronts : T h e  e q u a t o r i a l  o r  t r o p i c a l  

f r o n t s  a r e  c a l l e d  i n t e r t r o p i c a l  f r o n t s  ( I T F )  o r  

in t e r t r o p ic a l  c o n v e r g e n c e  ( I T C ) .

Jet streams : T h e  s t r o n g  a n d  r a p i d l y  m o v i n g  

c i r c u m p o l a r  u p p e r  a i r  w e s t e r l y  a i r  c i r c u l a t i o n  

in  a  n a r r o w  b e l t  o f  a  f e w  h u n d r e d  k i l o m e t e r s  

w i d t h  in  t h e  u p p e r  l i m i t  o f  t h e  t r o p o s p h e r e s  i s  

c a l l e d  j e t  s t r e a m .

Rossby waves : T h e  w a v y  j e t  s t r e a m  i s  c a l l e d  

R o s s b y  w a v e  ( n a m e d  a f t e r C a r l - G u s t a v  R o s s b y ) .

Southern oscillation : S p a t i o - t e m p o r a l  c h a n g e s  i n  

t h e  h i g h  a n d  l o w  p r e s s u r e  s y s t e m s  i n  t h e  

t r o p i c a l  e a s t e r n  a n d  w e s t e r n  P a c i f i c  O c e a n  a r e  

c a l l e d  s o u t h e r n  o s c i l l a t i o n  ( S O ) .

Southern oscillation index : T h e  p h a s e s  o f  t h e  

S o u t h e r n  O s c i l l a t i o n  ( h i g h  a n d  l o w  p h a s e s )  a r e  

t e r m e d  S o u t h e r n  O s c i l l a t i o n  I n d e x  ( S O I ) .

Walker circulation : A  t y p i c a l  e a s t - w e s t  c o n v e c ­

t i v e  c e l l  o f  c i r c u l a t i o n  o f  t r o p i c a l  w i n d s  i s  

c a l l e d  W a l k e r  c i r c u l a t i o n  n a m e d  a f t e r  G . T .  

W a l k e r  in  t h e  y e a r  1 9 2 2 .


