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ABSTRACT

We predict the maximum latitudinal shifts of the Inter-Tropkal convergence (one
(ITCZ) over land muse* due to variations in the surface or near-surface temperature Reids.
We also predict the mean locations of the ITCZ over oceans during northern hemisphere
(NH) and southern hemisphere {SH} summers. All our prediction* are shown to agree well
with observations. Finally, on the basis of the association between the latitudinal location
of the eastern pacific portion of the ITCZ and El Nino-Southern Oscillation (ENSO) events
as well as some previous related work (Njau, 1985a; 1985b; 1986; 1087; 1988), we suggest
possible physical causes of the ENSO events.
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1. INTRODUCTION

In the put two decades, there has been an enormous accumulation of research
results on both ENSO events as well as the ITCZ (eg. Barry and Chorley, 1970; Liljequist,
1974; Schneider, 1977; Riehl, 1079; Battan, 1984; Hastenrath, 1985; Lindxen and Ntgaro,
1987; Elliott and Angell, 1987; Nicholson and Enlekhabi, 1987; Lau and Chan, 1988;
Barnett et al., 1988; Slorch et al., 1988; and others). On the basis of these results, the
mean seasonal latitudinal shifts of the ITCZ have been widely reported (eg. Dyers, 1974;
Gedzelman, 1980; Lindien and Nigam, 1987), and the periodicity range of the ENSO events
has been found to b« ~ 2 to 7 years (e.g. Lau and Chan, 1988). During any ENSO event,
the ITCZ over the eastern pacific lone has been observed to shift unusually southwards
(Pittock et al., 1978). Recently, Janowiak (1988) has shown that rainfall variability over
parts of Africa is not only related to the ITCZ passage/annul! march but is also related
to certain phases of ENSO events. This implies that deep understanding of ENSO events
m*y lead to more understanding of rainfall variability over parts of Africa. Unfortunately,
the physical causes of ENSO events have not yet been fully established (Hare, 1984; Lau
and Chan, 1988; Storeh et al 1988). Thus one of the aims of this paper is to search for
possible physical causes of ENSO events.

Due to the past and on-going desertification processes, proposals have been given
on how the climate of affected regions may be possibly altered through land-surface trans-
formations/manipulations which will ultimately change (favourably) the normal marches
of the ITCZ (Glanti and Kreni, 1981; Hare, 1984; UNEP, 1985). However, the implemen-
tation details as well as practical effectiveness of the proposed land-surface transformations
upon climate are still in controversy (e.g. Smith, 1984; Dregne and Tucker, 1988). Hence
another aim of this paper is to try to minimise this controversy by developing not only
the physical conditions under which the normal course of the ITCZ may be significantly
altered, but also the maximum extents by which this course may be latitudtnally shifted.

7. LATITUDINAL SHIFTS OF THE ITCZ OVER LAND MASSES

For a given tropical land mass, attainment of maximum temperatures lags behind
the Sun's overhead passage by about one month (Riehl, 1979). In the case of oceans and
the upper air, the lag increases to about two months. Thus about one month after the
start of an NH summer, the land masses along latitude ~ 23.5"N attain maximum solar
heating. Similarly, the land masses along latitude ~23.S"S attain maximum solar heating
about one month into an SH summer.

In the absence of thermal irregularities along the land surfaces, the hottest solid
surfaces on the Earth during most of the second half of the NH summer and the second
half of the SH summer, respectively, would be those along the Tropics of Cancer and



Capricorn. Consequently, since the ITCZ locates itself along the warmest parts of land
masses (Gedxelman, 1980), it would be expected that during moat of the second halves of
the NH summer and SH summer, the ITCZ would coincide, respectively, with the Tropics
of Cancer and Capricorn. However, observations (see Table I) show that during mast of the
NH summer, the ITCZ departs at (longitude-dependent) varying extents from the Tropic
of Cancer over land masses. Besides the ITCZ also departs from the Tropic of Capricorn
over land masses during most of the SH summer. In physical terms, these departures
mainly reflect corresponding shifts/locations of maxima in the surface temperature fields
due to thermal characteristics of the land masses involved.

Let 4> denote the latitudinal departure from the Tropic of Cancer (in the case of
the northern hemisphere) or the Tropic of Capricorn (in the case of the southern hemi-
sphere). Also let S[4>), H{+), A{+) and Cf» denote, respectively, the mean solar energy
incident per unit area on the Earth's surface;, the volumetric heat capacity of the top part
of the land mass, the albedo of the Earth's surface and the thermal conductivity of the
top portion of the land mass as a function of ^. Now suppose that during moat of the
summer period in one of the hemispheres the ITCZ shifts to I = ^o(> 0) instead of keep-
ing at «t = 0. The implication b that the land surfaces for which 4 < «\> are cooler than
those land surfaces for which ^ = 4o. We may formulate mathematical conditions under
which this implied condition will take place if we assume that, on the average, the surface
wetness is approximately similar over the land mass for which 4 < <V This appears to
be a reasonable assumption at least for the land areas at and near latitudes 23.5s N and
S because these are generally dry and either arid or semi-arid. With this assumption in
mind, then the ITCZ will shift to + = 4 0 instead of positioning Itself at 4> ss 0 provided
that the following two equations are simultaneously fulfilled for any jS4o-

AS(»)
A* ~

1
(1)

and

(2)

Physically Eq.(t) ensures that the ^-dependent decrease in solar energy received on the
land surface is at least compensated by the corresponding change in surface albedo up
to ^ = fo for at least half of each sunrise-sunset duration involved. On the other hand,
Eq.(2) ensures that, given equal incident heat energy per unit area, the surface ht 4>~ <h
will have a temperature at least equal to that of the surface at any 4 < ^o-

Our next step involves application of Eqa.(l) and (2) to summertime mid-latitude
land areas under the assumption that the top soil particles on these surfaces generally have
approximately equal thermal din"usivity values. Justification for this assumption rests
on the fact that most mineral soil particles have comparable thermal conductivities and
specific heats (Kohnke, 1963). As regards the influence of plant covers, it is known (e.g.

* <¥>'

Kohnke, 1968) that plants effectively serve as thermal insulators to the underlying soil and
their main thermal contribution is to smooth out soil temperature fluctuations.

Natural solid surfaces over non-polar regions during summertime have mean
albedo values that range from a minimum of — 3% (for forests and green fields) up to
a maximum of about 30% (for deserts) (Ayoade, 1983). Thus normal manipulation of the
natural surfaces at land-based locations may result in a maximum albedo change of —
77%. This means that 4o (in Eq. (2)) has a maximum possible value $„ such that on the
basis of Eq.(l):

so that 4M = 39-9°. We are, therefor*, led to the conclusion that during NH rammer
or SH summer, the ITCZ may possibly deviate from the Tropic of Cancer or the Tropic
of Capricorn, respectively, by at mast •• 39.9". This conclusion is clearly supported by
observations as shown in Table 1. Similarly we may calculate the maximum latitudinal
shift of the ITCZ from a given reference latitude at any time of the year provided we
properly take into account the corresponding lag between the Sun's match and maximum
land-surface heating as well as any significant variations in surface wetn

On the basis of the conclusion stated above, it is quite possible for man to alter,
through land-curfactt transformation, the normal location(s) of the ITCZ over the Sahara
desert (for example) and hence correspondingly change the associated climate. In fact,
previous suggestions as to how this can be done to the Sahara desert included laying down
extensive strips of black material such as soot or bitumen along the desert surface (Smith,
1984). Apparently, these suggestions did not provide strategic limitation* or dimensional
conditions that would govern the land-surface transformation processes. At least some
of these limitations and conditions have been given in a recent theory of desertification
(Njau, 1987). According to the latter theory, land-surface modification processes would
have significant changes on the genera) atmospheric circulation system only if, in the csse
of the Sahara, the land-surface involved has a sice of at least ~ 280 km. The effects of
land-surface transformations upon a relatively smaller portion will be too insignificant in
the face of the very powerful atmospheric processes which otherwise ensure that the Sahara
continues to be a desert.

It is worthwhile noting that the minimum surface stie that has to be Involved in
modification before a significant change is imparted upon the general circulation system
decreases with latitude, being ~ 1314 km along the Equator and nearly tero at the poles
(Njau, 1987). This probably explains why a number of regions located in temperature zones
(e.g. USSR, North America) have had some success in combating desertification through
limited land-surface manipulation process (Mabbutt, 1987) while similar success has at the
same time evaded regions near the Equator, some of which have been implementing UNEP-
assisted surface manipulation processes for the same end purpose. Whereas a project



dimenekmally similar to the Sahel Green Belt project proposed in 1977 by the United
Nations Conference on Desertification (see Dregne and Tucker, 1988) which advocates
creation of a green belt (less than 24 km wide) along the Sahel might have succeeded
tn altering the climate in new temperate areas, there ia no sign (eg.. Mabbtitt, 1087)
that this project haa achieved similar success for the Sahel. The latitudinal width of the
proposed Sahel green belt appears to be too small for the Sahel latitude range to cause any
significant changes in the Sahelian climate (Njau, 1S87). As a result, even maintenance of
the created green belt has been left continuously and entirely to man-made efforts, with
the atmospheric system apparently not showing any signs of deviating from its normal
behaviour to take positive part.

S. LOCATIONS OF THE ITCZ OVER OCEANS AND ENSO EVENTS

Mean values of the components of the heat balance equation for the April-
September and October-March periods are given separately ia Table 2. This table show*
that if the effect* of heat redistribution in the hydrosphere are excluded, latitudes 30°N -
40"N receive largest amount of sensible heat (SE) during April-September. But of the
total sensible heat derived from incident aolar energy over each* 10s wide latitudinal strip
between 40°S and 40"N, only at most - 26% i* found over ocean* (Ayoade, 1083). More-
over, Budyko (1982) has shown that high and mid-latitude* get moat of thtir sensible
heat through its transfer from lower latitudes by atmospheric circulation during the win-
ter seasons. It then follows (e.g. Battan, 1974 and Ayoade, 1983) that the non-winter
sensible heat available over oceana in each 10° wide latitudinal strip between 40"S and
40°N is significantly controlled by seasonal heat redistribution and accumulation through
ocean currents. Thn* the HH deficit shown in Table 2 for latitude* ~ 40°S to 90*S dur-
ing April-September i* mainly compensated through atmospheric heat transfer from lower
latitudes. On the other hand, the corresponding HH deficit over latitude* 20°N to 00"N
is mostly filled in by northward transfer of heat from latitudes ~ 20°S to 20"N through
ocean currents. Being thermally excited (to a significant extent), the seasonal ocean cur-
rents have pattern* that follow the Sun's seasonal march. These patterns do lag the Sun
by two month* (Rlehl, 1979) because highest temperatures over oceans and in the upper
atr are reached two month* after the Sun's overhead positioning. The implication is that
as the Sun marches from the southern hemisphere northwards to commence on NH sum-
mer, the locus of highest ocean temperature(s) also gradually moves northward from the
south, though with a time lag. Thus in transporting sensible heat northwards from lati-
tudes 20°S - 20"N during April-September (see Table 2), the ocean current* whose starting
locations are farthest south begin their (peak) motions earliest as compared to those cur-
rents whose starting point* are relatively northward and hence closer to the (northward)
destination. There is, therefore, a possibility that the bulk of the HH energy (Fig. 2)
over latitude* 20°S - 20°N is systematically "rolled" northward by ocean currents during

April-September. This point of view is apparently consistent with the conclusion by Sell-
ers (1965) that "ocean currents in general transport sensible heat out of the zone between
20"N and 20°S, the maximum energy being taken up by currents slightly north of the
Equator*.

On the basis of the account given above, maximum accumulation of HH en-
ergy and hence highest temperature* over oceans during NH summers most likely occur*
between latitudes 10°N and 20°N. Since air and ocean surface temperature* are highly
correlated (Riehl, 1979), maximum air temperatures over ocean* during NH summer afao
occur within the latter latitude range. Owing to the fact that the ITCZ locates itself along
ocean areas with highest temperature* (Godxelman, 1980), it then follows that during
most of the NH summer, the ITCZ over ocean* is expettedly located between latitudes
10° N and 20"N. Application of similar physical argument* upon the southward transfer
of sensible heat by ocean current* during th« SH summer lead* to the conclusion that the
ITCZ'* location* over oceana during (moat of) the SH aummer are generally restricted to
latitude* - 0" to 10°S. This conclusion and the previous one are generally supported by
observations as shown in Fig. 1. Due to the considerable overlapping of the curve* rep-
resenting all the experimental data from the literature which show locations of the ITCZ
during NH and SH summers, it was rather difficult to distinctly display all this daU on
Fig. 1. We would, therefore, like to remark that all the authors shown on Table 1 pro-
vide plot* of ITCZ locations during NH and SH lummen, which altogether agree with
the two conclusions given above. This agreement enforce* the point that the mean loca-
tions of the ITCZ over ocean* during NH and SH summers are significantly determined
by corresponding latitudinal shift* of sensible heat by ocean currents. It ia, therefore, not
surprising that ocean surface temperature* or rather sea surface temperatures (SST) seem
to have significant influence upon the location* of the ITCZ over oceans (Hobba, 1980).

It is now known (Barnett et al., 1988) that the ENSO event* are caused by one or
more low-frequency, large-scale variations in the atmospheric circulation system. During
an ENSO event, which it normally accompanied by unusually heavy rainfall in the central
America-Caribbean region, the ITCZ over the eastern Pacific move* farther southward
than usual and the SST In the area extending from the eastern north Atlantic sea to the
western equatorial Atlantic and central American tea* increase* more than usual (Piltock
et al., 1978). In fact the unusually southward push by the ITCZ is noticeable even during
the SH summer of the year preceding an ENSO event (Storch et al., 1988).

Since ENSO events largely appear to be a consequence of large-scale reductions
and enhancements of the average annual cycle (Hastenrath, 1985), these event* may be
generated by a systematic, large-scale amplitude-modulation of the annual (or at least
~1 year ) heating cycle. Thus a possible cause of the ENSO events may be the beat
frequencies of the quasi-stable cycles at period* — 1 year, ~ 13 year, f year that have
been shown to be normal, large scale features of the Earth-Atmosphere system (Njau,



1988) and their interaction with the quasi-biennial oscillation. The resultant amplitude-
modulating influence on an approximately 1-year cycle has periods which include ~- 1 year,
~ 2 rears, — 3 yean, ~ 4 years, ~ S years and — 8 years. These periods approximately
overlap the observed periodicity range of ENSO event* which in generally ~ 1 to 10 yean
(Hastenrath, 1985). The point that an ENSO event is caused primarily by beat frequencies
of quasi-stable heating cycles each with a period of about 1 year implies that such art event
may be predicted up to a few seasons in advance from analyses of SST, pressure and rainfall
data aa has already been demonstrated (Elliott and Angell, 1987; Bar net I et al., 1988).
Moreover , rainfall anomalies over land areas which are close to or transveraed by the
annual paths of the ITCZ (e.g. the SW coast of Africa, the Sahel, . . . . etc.) are closely
related to nearby SST anomalies (Nicholson and Entekhabi, 1987).

4. CONCLUSIONS

We have shown that whenever the land mass along (or sufficiently near) the Tropic
of Cancer attains maximum solar heating during northern hemisphere summer, the ITCZ
may be shifted by a latitudinal maximum of ~ 39.9° from the Tropic of Cancer through
land-surface transformations/manipulations which in turn alter the corresponding surface
temperature fields. In this case, advantage is taken of the fact that the ITCZ normally
locates itself over land portions with relatively highest temperatures. Similarly, the ITCZ
may be tatitudinally deviated from the Tropic of Capricorn during most of a southern
hemisphere summer by at most ~ 39.0". The ~ 39.9° upper limit is apparently consistent
with a wide range of observations as shown in the text. These conclusions imply that it is
possible for man to manipulate/transform the land surface over any arid or semi-arid region
along latitude — 23.5"N or S in such • way that the normal summer-time locations of the
ITCZ and hence climate over that region are changed. Although suggestions to this effect
have been aired before with reference to the Sahara/Sahel region (e.g. Smith, 1984), surface
transformation/manipulation processes previously carried out in the Sahara/Sahel region,
mainly through UNEP-assisted formation of green belts, have not yielded any positive
result* in as far as climate modification is concerned (Mabbott, 1987). The analysis in
the text shows that this failure is most likely due to the fact that the sise of any of the
green belts created so far in that region is below the minimum sise needed to cause any
significant change in the general circulation system.

Physical arguments have been mostly used to determine the mean locations of
the ITCZ over oceans during the northern hemisphere and southern hemisphere summers.
These mean locations are fairly consistent with observations. The physical processes used
in establishing the latter locations indicate clearly the basic causes of the already noted
and reported relationships between rainfall anomalies in certain regions and sea surface
temperature.

Finally possible physical causes of ENSO events have been suggested as the beat
frequencies of some quwi-slable heat oscillation* each with a period of about 1 year (Njau,
1988) together with their interaction with the quasi-biennial oscillation whose physical
cause has been established by Njau (1988). The periods an<i periodicity range gener-
ated by the suggested physical causes/mechanisms are generally in agreement with past
observations (e.g. Raamusson, 1984; Kastenralh, 1985).

Acknowledgments

The author would like to thank Professor Abdus Salam, the International Atomic
Energy Agency and UNESCO for hospitality at the International Centre for Theoretical
Physio, Trieste.



REFERENCES

Ayoade J.O., 1983 Introduction to Climatology for the Tropics, (John Wiley Mid Sons,
• Chichester), pp. 29-35.

Barnett T., Graham N., Cane M., Zebiak S., Dolan S., O'Brien J. and Legler D., 1988,
"On the prediction of the El Nino of 1986-198T', Science 241, 192-196.

Barry R.G. and Chorley R.J., 1970, Atmosphere, Weather and Climate, (Holt, Rinehart
and Winston, Inc. New York), p. 141.

Battan L.J., 1974, Weather, (Prentice-Hall Inc. Englewood Cliff*, NJ), p. 16.

Battan L.J., 1984, Fundamentals of Meteorology, 2nd Edition (Prentlea-Hal! Inc., Engla-
wood Cliffs, NJ), p. 216.

British Meteorological Office, 1978, Meteorology for Mariner*, 3rd Edition, (Her Majesty's
Stationery Office, London), pp. 114-115.

Budyko M.I., 1982, The Earth'* Climate: Past and Future, (Academic Preaa, London),
pp. 64-67.

Byers H.R., 1974, Central Meteorology, 4th Edition, (McGraw Bill Book Company,
New York), pp. 306-307.

Critchfield H.J., 1974, General Meteorology, 3rd Edition (Prentice-H»ll Inc. Englewood
Cliffs, NJ), p. 93.

Donn W.L., 1975, Meteorology, 4th Edition, (McGraw Hill Book Company, New York),
pp. 280-284.

Dregne H.E. and Tucker C.J., 1988, 'Detert encroachment, Desert Control Bull. 10,
16-19.

Elliott W.P. and Angell J.K., 1987, 'The relation betmen iWim monsoon rainfall, the
southern oscillation and hemiipherie air and tea temperature: 1884-19X4",
J. Clim. Appl. Meteor. 26, 943-948.

Gedtelman S.D., 1980, The Science and Wonder* of the Atmosphere, (John Wiley and
Sons, New York), pp. 254-260.

Gtants M.H. and Krenx M.E., 1981, 'Are tolvtiont to desertification in the Weit African
Saket ktwvm but not applied?" Desertification Control Bull. 5, 9-12.

Hare F.K. , 1984, "Recent climatic experience in the arid and temi-arid lands",
Desertification Control Bull. 10, 15-22.

9

Hastenrath S., 1985, Climate and Circulation of the Tropic*, (D. Riedel Publishing
Company, Dordrecht), pp. 151-170 and 258.

Hobbs J.E. , 1980, Applied Climatology (Dawson Westview Press, England), p. 24.

Janowiak J.E. , 1988, "An investigation of iVifcrunntia/ rainfall variability in Africa",
J. Clim. 1, 24O-255.

Kohnke H., 1968, Soil Phyties, (McGraw Hill Book Company, New York), pp. 10-15 and
174-J78.

Lau K. and Chan P.H., 1988, "Interteasonal and interannual variations of a tropical
convection. A possible link between the 40-50 day oscillation and ENSOr*,
1. Atmoa. Sci. 46, 506-521.

Litjequist G.H., 1974, Allgemeine Meteorologie, (Friedr. Vieweg und Sohn, Braunschweig),
pp. 273-274.

Lindzen R.S. and Nigain S., 1987, "On Me role of tea surface temperature gradients in
forcing low-level wind* and convergence in the tropics*, J. Atmos. Set. 44,
2418-2436.

Mabbutt J.A., 1987, "A review of progress since the UN Conference on desertification*,
Desertification Control Bull. IS, 12-23.

Mclntosh D.H. and Thorn A.S., 1973, Essentials of Meteorology, (Wykehatn Publications
Ltd., London), pp. 188-189.

Miller A.A. and Parry M.., 1975, Everyday Meteorology, (Hutchinson, London), pp. 167-
170.

Nicholson 8.E. and Entekhabi D., 1987, 'Rainfall variability in equatorial and southern
Africa: Relationships with sea surface temperature* along the southwestern coast
of Africa", J. Climat. Appl. Meteor. 26,561-578.

Njau E.C., 1985a,'M new theory on sun-weather relationship?, bid. J. Theor, Phys. 33,
39-54.

Njau E.C. 1985b, 'Determination of solar energy fluctuations in the tower atmosphere
using spectral analyst* techniques*, Proc. Ind./Natn. Sci. Acad. G1A, 986-997.

Njau E.C., 1986, "On the possibility of using spectral analysis methods to predict tome
climatic/weather variations in equatorial region**, Proc.Ind.Natn.Sct.Acad. 53A,
1237-1245.

Njau E.C., 1987, 'A basic theory of desertification", ICTP, Trieste, preprint IC/87/413
(1987), to be published in Proc. Ind. Naln. Sci. Acad., Ser A.

10



Njau E.C. 1088, "A generalized theory of sun-climatc/weather link and climatic change",
ICTP, Trieste, Internal Report 1C/88/1S5 (1988), submitted to II Nuovo Cimento.

Pittock A.B., Frakes LA., Jenssen, D. Petenon J.A. and Zillman J.W., (Eds.) 1978,
Climatic Change and Variability, (Cambridge University Press, Cambridge),
pp. 188-189.

Rumutun E.M., 1984, El Nino: 'The ocean/atmosphere connection ", Oceanua 37 5-12.

Riehl H., 1979, Climate and Weather in the Tropics, (Academic Pram, London), Ch. 1
and 2.

Schneider E.K., 1977, 'Anally symmetric tteady-ttate models of the bane ttett for
instability and climate studies, Part P, i. AtmoB. Sci. 34, 263-270.

Sellen W.D., 1965, Physical Climatology, (Tjie Unirenity of Chka«« Tttm, Chicago),
p. 104.

Smith G., 1984, in Sahara Desert Ed. J.L. Cloudsley-Thampson (Oxford Univenity Presa,
Oxford), pp. 17-30.

Storch H.V., Loon H,.V. and Kiladia G.N., 1988, 'The southern otciltotion Part Vir,
J.CIim. 1, 325-331.

UNEP, 1985, Desertification Control in Africa, Action* and Directory of Institutions,
Vol. 1 (Action*), UNEP, Nairobi, pp. 126.

11

Figure Captlom

Fig. 1 Mean positions of the ITCZ over oceans for January/February as reported by
Liljcquist, 1974 ( );
Donn, 1975(mmnun);
the British Meteorological Office, 1978 (eeeeee);
Lutgens and Tarbuck, 1979 ( );
Byers, 1974 («eee);
and Critchfield, 1974 (xxxxxx);
as well as for July/September as reported by
Liljequist, 1974 (SSSMS);

Donn, 1975 (gggggg);
the British Meteorological Office, 1078 I
Lutgen* and T&rbtick, 1079(oooooo);
Byers, 1974 (AAAA)
and CriUhfield, 1974 ( ).
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Table 1

Maximum deviations of the ITCZ from the Tropic of Cancer and Tropic of Capri-
corn during Northern Hemisphere Bummers and Southern Hemisphere summerB, respec-
tively. The deviations are given in latitudinal degrees

Maximum deviation from
the Tropic of Capricorn

during Southern Hemisphere
summer

Over Africa

28.5*
[northward*)

29.5°
(northwards)

30.5*
(northwards)

27,8°
(northwards)

30.5"
(northwards)

29.5*
(northwards)

28.3°
(northwards]

30.8°
(northwards

Over South America

28.5"
(northwards)

30.5°
(northwards)

NOT CLEAR

12.8°
(northwards)

NOT CLEAR

29.5"
•. (northwards

21.1*
(northwards)

19.5"
(northwards)

Maximum deviation from
the Tropic of Cancer

during Northern Hemisphere
summer

Over Asia

21.5"
northwards)

NOT CLEAR

9.5"
(northwards)

3.2°
(northwards)

21.5°
(northwards)

9.5"
(northwards)

5.6"
(northwards)

5.6°
(northwards)

Over Africa

8.5"
(southwards)

13-S"
(southwards)

9.5"
(southwards)

6.4°
(southwards)

15.5"
(southwards)

31.5*
(southwards)

16.2*
(southwards)

19.9°
(southwards)

Source of
Information

Lutgens and
Tarbuck (1979)

Donn (1975)

Miller and
Parry (1975)

Mclntosh and
Thorn (1973)

British Met.
Office (1978)

LiUequist (1974)

Battan (1984)

Barry and
Chorley (1970)
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Table 2

Longitudinal mean values of some components of the heat balance in the Earth-
Atmosphere system (after Budyko, 1982). All the values are given in kilolangleys per
month.

LATITUDE

80"
70*
60"
50°
40"
30°
20°
10"
0"-

0*-
10"
20"
30"
40"
50°
60"
70"
B0°

-90°N
-80"N
-70"N
- 6 0 ° N
-60"N
-40"N
-30*N
- 2 0 ° N
-10"N

-10"S
-20*S
- 3 0 ° S
- 4 0 ° S
-50"S
-«0*S
-70°S
- 8 0 ° S
- 0 0 ° S

-j

APRIL-SEPTEMBER

R

-3.7
-3.6
-1.0
1.5
2.9
4.0
4.5
4.7
3.5

3.0
1.0

-1.7
-5.0
-7.0
-9.0
10.3
-9.8
-8.8

LH

-4.5
-4.4
-1.8
0.0
1.0
1.4
2.0
2.4
1.4

2.3
2.6
1.4

-0.4
-1.9
-3.9
-9.5
-9.8
-8.8

HH

0
0

-0.4
-1.3
-2.0
-1.7
-0.4
0.9
2.2

2.2
0.9
0.3

-0.4
-1.6
-2.6

0
0
0

SE

0.8
0.8
1.2
2.8
3.9
4.3
2.9
1.4

- 0 1

-1.5
-2.5
-3.4
-4.2
-3.5
-2.5
•0.8

0
0

OCTOBER-MARCH

R

-9.9
10.1
-9.4
-8.0
•6.2
-4.5
-1.4
1.4
3.6

4.7
5.7
5.7
4.8
2.9
0.5

-3.5
-6.5
-6.9

LH

-9.1
-9.3
-«.7
-4.7
-2.9
-0.9.
0.9
1.8
2.1

2.4
3.5
3.5
2.0
0.0

•2.6
-4.3
-6.5
-6.9

HH

0
0

-1.5
-0.5
0.6
0.7
0.6
1.0
1.4

0.8
-0.3
-1.2
-1.4
-0.6
0.6

0
0
0

SE

-0.8
-0.8
-1.2
-2.8
-3.9
-4.3
-2.9
-1.4
0.1

1.5
2.5
3.4
4.2
3.5
2.5
0.8

0
0
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