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AN OBSERVATIONAL STUDY OF THE MERIDIONAL FLUX OF ENERGY AND
ANGULAR MOMENTUM IN THE TROPOSPHERE AND LOWER STRATOSPHERE
AT LATITUDE 30°N USING 1958 IGY DATA

SUMMARY

During the International Geophysical Year much information was amassed about the atmosphere
round the latitude circle 30°N. From this data extensive numerical calculations of the meridional
flow, relative angular momentum and energy flux were made. March, June September and
December 1958 were chosen as being the most representative months.

Most of the calculations were in broad agreement with the findings of previous workers although
there are still uncertainties concerning the energy transports. The findings do, however, show the
importance of the Hadley cell in transporting energy northwards.

§1 - INTRODUCTION

The extensive data contained in four volumes in Daily aerological cross-sections at latitude 30°N
during the International Geophysical Year period!” afford a unique opportunity of calculating the
values of the fluxes of various quantities across latitude 30°N and at the same time of verifying
the results of earlier authors whose work had been based on comparatively few observations. The
cross-sections mentioned above contained values of wind components, temperature, humidity
mixing ratio and derived potential temperature, smoothed where necessary, round the latitude
circle at 30°N from 1000 to 50 mb, and in some areas to 10 mb., However, the data for pressures
less than 50 mb were too scanty in some areas to give reliable results so the calculations were
restricted to the layer 1000 to 50 mb.

The sources of data for about 60 observmg stations near latitude 30°N are quoted in Daily
aerological cross-sections at latitude 30°N,' Temperature observations were corrected for the
effect of solar radiation, where this had not already been done, and were then adjusted to allow
for the latitude difference of the station from 30°N by means of a temperature gradient found
either by estimation from the thermal wind or from the normal latitudinal temperature gradient, or
by estimation from the temperature observations at neatby stations. Winds corrected to latitude
30°N were obtained by measuring gradient winds from constant-pressure charts or by interpolating
between plotted wind values. Humidity mixing ratios were not corrected,

The results obtained in this study broadly confirm the results obtained by earlier workers
notably those by White,? Starr and White,3'4 and Pnestley 3> The computational procedures used
were largely those of these earlier workers, the main difference being that these authors used
actual observations from a few stations while grid-point values derived from carefully constructed
cross-sections are used in the present study.

Some of the material used in the present Memoir has already been discussed elsewhere.
(Murray, Parker and Collison.®) For various reasons SI units for heat have not been used.

§2 — FORMULAE FOR THE FLUX OF THE VARIOUS QUANTITIES
(i) Flux of sensible heat

If x is distance measured along a latitude circle and z distance measured vertically upwards
then the flux of sensible heat in the atmosphere across an elementary area dxdz is ¢ pvT dxdz
where ¢, is the specific heat at constant pressure, p is the density of the air, T the absolute
temperature and v the meridional wind component. If the hydrostatic equation is used to eliminate
the variable p, then the rate of flux heat becomes (- g)vT dxdp where p is the pressure, The

*The index numbers refer to the bibliography on p.55
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mean rate of meridional flux of sensible heat F(b) across an area bounded by x centimetres of the
latitude circle and between pressure levels p, and p, is given by

_cp X pO
F(b) = — f f T dxdp calories per second
g 0 2

where an overbar denotes a time mean: a month in the present work. Writing v = ¥ + »” and
T = T + T" where a prime denotes the departure from the monthly mean, then the flux of sensible

heat can be written
-C x po
? —T L T
F(b)=—-[f 3UT+0T g dxdp cal/s.
g
0 “p,

If square brackets [ ] denote a space mean (taken round the latitude circle), then the flux of
sensible heat becomes

F(h)= — 3 N fpo{[i][ﬂ + [W] ¥ [17; 7;]}(1[; cal/s N ¢ )]
! ‘ 71 =
where the terms T_ and 7, denote space deviations from T and 7. The flux involving the term
[T]1 (3] is due to the mean flow and if the mass flow across the latitude circle during a month
betvg:en pressure levels p, and p, (taken as 50 and 1000 mb in this Memoir) is zero, then
1000
f {#1 [T] dp is different from zero only if circulations of the Hadley (see page 7) or reverse

50
Hadley type are present. For this reason the flux due to the mean flow when integrated with

respect to pressure (or height) is sometimes referred to as the cellular flux. The term in the
flux involving [+”T’] is usually referred to as the local eddy flux, while the flux due to the

term involving [ﬁxfx] is referred to as the standing eddy flux.
(ii) FPlux of latent beat

The formula for the northward flux of latent heat can be developed on similar lines to that
used for sensible heat (e.g. White 2) and is

)
F(q) = fi—‘- 0{[6] (71 + [g70°] + [5;17; } dp cal/s N )
?q

where ¢ is the humidity mixing ratio in grammes per kilogramme and L the latent heat of
vaporization of water.

(iil) Flux of potential energy

The distance z in metres between two isobaric surfaces at pressures p, and ?, is given by
the formula

z = 29.289796 T, log, (8,/2,)

where T, in degrees absolute, is the mean virtual temperature of the air column from pressures

p, to po. T, is obtained from the formula

T, = T(1 + 0.000614) where g is in grammes per kilogramme,

The potential energy (E,) of a column of air having a horizontal cross-section of one square centi-
metre is
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z po
E, = f p gzdz. = — | zdp.

0 ?,

The northward flux of potential energy across x centimetres of the latitude circle and between

pressure levels p, and , is
1 * %
F(Ep) =j— f f zv dpdx cal/s
o Jp

1

in which J is the mechanical equivalent of heat 4.186 x 107 erg/cal. This formula, on expanding
zv and taking means, may be written

%
F(E,) = ; f 3[2’] [3) + 2971 + [E'x:fx]gdp cal/s e (3)
pl
(iv) Northward flux of kinetic energy

The instantaneous flux of horizontal kinetic energy (E,) across x centimetres of a latitude

circle and between height levels O and z is

x z
F(E,) = f f -;-pu (? + v?) dxdz  cal/s
0o Yo

On using the hydrostatic equation to eliminate p this becomes

x prp
~1 1
F(Ey) = 2 v(a?® + v?)§ dxdp cal/s c.. (4)
gJ o Ja
0

from which daily values and monthly means may be computed.

Since the flux of kinetic energy is very much smaller than the fluxes of sensible heat or
latent heat, the total flux of kinetic energy will not be split up into components as was done
when considering the other fluxes so far discussed.

(v) Northward flux of angular momentum

The absolute angular momentum (M) of unit mass of air is given by,
M = sacos¢ + wa’cos?p

where « is the zonal wind component, a the earth’s radius, ¢ the latitude and o the earth’s
angular velocity, Hence the flux of angular momentum F(M) per unit latitudinal distance is
given by

& ?

- b - 2 2 p

F(M):r‘.fﬁi’fl,wd,,wj 'y,

£ b
0 0

b
. . 1 . . .
The term involving f vdp is very small or zero and in the present Memoir and most work
P

0
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(e.g. Tucker) the values of v were adjusted to ensure this. The mean flux of angular momentum
per second during a month across x centimetres of the latitude circle becomes

2y
Xa cos ¢ — - . e
mean F(M) =—__g ‘[) { (7] [7] + [#70°] + [Exvx] } dp gcm?/s? ... (5)
1

(vi) Adustment to the values of meridional wind components to obtain zero mass flow across the latitude
cércle

In order to obtain zero mass flow across the latitude circle, [7] as defined by the quantity

1 %
@], = — odp
Pyt
4

must be zero. Zero mass flow will be obtained if the actual value of [a]m is subtracted from
all the values of v. It is shown in section 4(c) that the mean value of [7],, for a month is
probably quite small,

§3 - COMPUTATIONAL PROCEDURE

Values of « the zonal wind component, » the meridional wind component, T the temperature and

¢ the humidity mixing ratio were extracted from the Daily aerological cross-sections at five-degree
longitude positions along latitude 30 °N commencing at the Greenwich meridian. Data were
extracted at the following pressure levels: 1000, 950, 900, 850, 700, 600, 500, 400, 300, 250, 200,
150, 100, 70 and 50 mb. Because of the presence of high ground the surface pressure was taken
as having the following values at the given longitude positions:

0° S°E  10°E  15°E  35°E 40°E 45°E S5°E G60°E GS°E  70°E  75°E  80°E
500 950 950 950 900 950 950 900 700 850 700 950 600 mb

85°E 90°E 95°E 100°E 105°E 110°E 120°E 115°W 110°W 105°W 100°W 5°W

400 500 500 500 950 850 950 850 850 850 900 850 mb

Values of #, 7, T and 7 were readily computed and the values of «’, v, T"and ¢” were then obtain-
ed by subtracting the values of # 7, T and 7 from the daily values of », v, T and 4. The values

of v were then adjusted to make the mass flow across the latitude circle zero by subtracting [7]
from all the values of v,

Mean values of the various fluxes during the month were then obtained using formulae (1) to
(5). Integrations with respect to pressure were carried out using the trapezoidal rule as it was
decided that the lack of accuracy inherent in some of the data did not justify the use of a more
accurate method of integration,

§4 - ERRORS IN BASIC DATA
(i) Random errors in measured winds
Some of the winds used in the present study were estimated from constant-pressure charts and
complex and subjective techniques entered into the drawing of the cross-sections. Because of
this no numerical estimates of random error will be quoted.

(i1) Estimation of systematic error in meridional wind

If it is assumed that the mass of air above a polar cap north of latitude ¢ is proportional to the
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product of the mean sea-level pressure and the area, then
mass oc p, (1-sin ¢)

where p, is the mean pressure at sea level over the polar cap north of latitude ¢. If the mass is

concentrated into a smaller area by a mean northward wind [7]  in the layer 1000-50 mb then

dp, 1, cos ¢ll,

dr  (1-sin ¢)a

where a4 is the earth’s radius.

By integrating grid-point values of sea-level pressure it was found that mean sea-level
pressure (i.e. p) over the polar cap north of latitude 30°N changed by about 2 mb or less during

the months March, June, September and December 1958. The uncorrected values of [tﬂm for March,
June, September and December 1958 were 11.9, -7.9, 8.9 and 23.6 cm/s respectively giving a
mean value of 13.1 cm/s for the four months. This is discussed in §6 and the values of [7)

are taken from Table IL The value of [3]  derived from the change in mean pressure at sea level
over the polar cap was 0.24 cm/s so that the actual value of [7] , appears to be in error by about
10 cm/s. An error of, say, 5 mb in p, would not affect this error significantly. This error in
[7},, is far too large to be attributed to random error, which was estimated using the probable
error of a single observation and the number of observations but is not given here, and must be

due to a systematic error.
Such a systematic error could arise in the following ways:

(a) Owing to lack of information the constant-pressure contours over an area could systemati-
cally have been drawn incorrectly.

(b) When a wind was estimated incorrectly at one level it was likely to be estimated incorrect-
ly at levels above and below the original level. It was found when constructing the daily
cross-sections that observations were sometimes consistent in groups but the groups were not
consistent with each other so that it was difficult to decide which group contained the more
accurate observations.

(c) Since the meridional wind component is usually much smaller than the zonal component

the percentage error in meridional wind components is usually much greater than the percentage
error in zonal wind components. In fact when daily components at 1200 GMT were worked out,
a meridional component of less than 0.5 kt was ignored. Another factor is that when the wind
is ageostrophic, the ageostrophic part of the wind forms a far larger percentage of the meridio-
nal component than it does of the zonal component, and this leads to large errors in meridional
components estimated from contour charts.

(d) It is possible that there are regions of high wind speeds which are not revealed by the
observational network but which nevertheless transfer a lot of air.

(iii) Errors in temperature and humidity mixing ratio
In practice it must be almost impossible to obtain firm estimates of the errors in temperature

and humidity mixing ratio since complex and subjective procedures went into the construction of
the cross-sections.
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§5 -MEAN TEMPERATURES FOR MARCH, JUNE,SEPTEMBER AND DECEMBER
1958 ROUND THE 30°N LATITUDE CIRCLE

It will be convenient to consider the four months together. Table I and Figure 1 give mean monthly
temperatures round the latitude circle at various pressure levels for the four months considered. A
feature immediately obvious from Figure 1 is that the temperatures at the various pressure levels
- during March and December and during June and September were almost equal. From March to June
the temperature at corresponding pressure levels in the troposphere increased by 6 to 7 degC and
the height of the freezing-level rose from 675 to 575 mb. There was comparatively little change

in tropospheric temperatures from June to September as mentioned earlier but from September to
December 1958 temperatures in the troposphere fell by 6 to 8 degC and the freezing-level lowered

TABLE I -~ MEAN TEMPERATURES ROUND THE LATITUDE CIRCLE AT 30°N FOR 1958

Pressure
level March June September December
millibars degrees Celsius
30 -55.6 -52.9 -53.5 -57.0
50 -62.9 -59.9 -60.5 -62.8
70 -66.7 -66.1 -66.3 -66.4
100 -67.7 -70.5 -71.5 -68.6
150 -60.9 -63.3 -62.2 -62.5
200 -54.8 -52.8 -52.3 -56.1
250 -48.1 -42.4 -41,6 -48,1
300 -40.5 -33.1 -32.9 -39.8
400 -26.2 -18.0 -17.8 -25.2
500 -14.7 -6.9 -6.5 -13.7
600 -5.8 2.0 2.2 -4.7
700 1.4 9.3 9.4 2.2
850 9.6 17.6 17.7 9.9
900 12.1 19.7 20.2 12.2
950 14.3 21.5 22.5 14.6
1000 16.4 22.4 24,7 17.2
Mean -20.7 -14,7 -14.4 -20.4
Freezing-
level (mb) 675 575 570 665
Tropopause
level (mb)* 190 125 113 160

*The mean tropopause heights given in this table were obtained by averaging values
obtained from daily aerological cross-sections at 5-degree longitude grid-points.
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by just over 100 mb, ln the stratosphere from 50 to 30 mb the mean temperature rose a few
degrees Celsius from winter to summes, the smallest change occurring at 70 mb. During the
four months considered the lowest mean monthly temperature of -71.5 °C occurred at about 100
mb in September.

§6 ~-MEAN MONTHLY MERIDIONAL FLOW
(i) March 1958

Figure 27 (« and %) gives cross-sections of south—north flow round the hemisphere at latitude
30°N. The main features of the monthly mean unadjusted meridional flow (adjusting the compon-
ents would make very little difference to most of the S—N values) are the well-marked minimum
at about 175°W and the well-marked maximum at about 100°E, both probably caused by radiation
losses from land masses. The zero S—N component isotach marks the positions of the troughs
and ridges and, for example, at 500 mb, this gives a trough at 115°W and a ridge at 70°W. The
meridional winds in the stratosphere are light and the zonal winds are mainly westerly. In the
troposphere, owing to the progressive nature of synoptic disturbances in this month, the mean
chart for March 1958 does not show such well-developed maxima in meridional wind components
as those which occurred in June 1958 and which are shown in Figure 28.

Figure 2 shows the adjusted S—N wind components at various pressure levels meaned round
the latitude circle, i.e. values of [7]. In March 1958, the S—N component was southerly (i.e.
positive) from 50 to 590 mb with a maximum at about 100 mb, and northerly (negative) from 590 to
1000 mb where the northerly maximum occurred. This system of winds, i.e. southerly in the
upper troposphere and northerly in the lower troposphere, clearly indicates a type of circulation
suggested by Hadley” and named after him. Evidence for such a circulation has been put forward
by many workers, for example Mintz and Lang,® Palmén, Riehl and Vuorela, ? Tucker, 1 Palmén
and Vuorela, ! Holopainen,? and Murray, Parker and Collison,® but there is probably still some
uncertainty concerning the nature and strength of the Hadley cells and their location at different
times of the year, It is generally thought that the maxima of meridional flow associated with the
Hadley cell in the northern hemisphere are located between 10°N and 20°N in winter and between
20°N and 30°N in summer,

Table II gives values of S—N wind component ([7]) at various pressure levels meaned round
the latitude circle. The column headed ‘U’ gives the actual monthly mean S—N wind components
as derived from grid points on the cross-sections while the mean winds adjusted for zero mass
flow are given in the column denoted by ‘A’. Part of the data given in Table Il was used to
construct Figure 2 which brings out the main features of the mean meridional flow more clearly

1000

than the table. The southward mass flow in the Hadley cell is given by (2= a/g)f [z1dp

590
which works out to 32 x 106 tonnes per second and is equal of course to the mass flow in the
upper part of the Hadley cell but opposite in sign.

(ii) June 1958

The main features of the mean meridional flow revealed by the cross-section, Figure 28, are
the well-marked southerly maximum of 16 m/s at about 120°W, another well-marked southerly
maximum of 12 m/s at 40°E and a strong northerly maximum of 12 m/s at 120°E, The upper
ridge over the United States of America is undoubtedly a geographical feature and is probably due
to intense solar heating over the land masses of the U.S.A. and Mexico. Similar ridging would be
expected over the Afro-Asian land mass but this region is too large to contain just one ridge
system. There are comparatively large northerly components at 120°E near the eastern seaboard
of the land mass.
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TABLE II — MEAN SOUTH-NORTH WIND COMPONENTS ([#]) AT 30°N FOR 1958

Pressure March June September December
U A U A U A U A
millibars centimelres per second
50 11.0 -0.9 -26.3 -18.4 -6.9 -15.7 28.3 4.7
70 40.1 28.2 -10.4 2,5 -1.3 -10,1 40.1 16.4
100 52.6 40.7 6.8 14.7 11.4 2.5 52.5 28.9
150 41.1 29.2 -3.2 4.6 22.9 14.1 61.4 37.8
200 32.3 20.4 0.5 8.4 10.5 1.7 54.9 3L.3
250 23.3 1.4 3.4 4.5 19.8 10.9 47.0 23.4
300 21.7 9.8 5.3 2.6 30.7 219 39.3 15.6
400 18.5 6.5 -7.4 0.5 36.0 27.2 43.4 19.8
500 21.0 9.0 -7.2 0.7 26.2 17.4 53.4 29.8
600 10.9 -1.0 -13.1 5.3 18.8 10.0 30.4 6.7
700 0.9 -11.1 -10.6 -2.7 11.2 2.3 9.6 -14.0
850 -10.6 -22.5 -8.2 -0.3 -19.8 -28.7 -16.9 -40.6
900 -13.0 -25.0 -13.1 -5.2 -31.1 -39.9 -22,0 -45.7
950 -22.8 -34.7 -14.8 -6.9 -39.3 -48.2 -37.8 -61.5
1000 -23.7 -35.7 -9.4 -1.6 -36.3 -45.1 -5L.1 -74.7
Mean([7],,)

50 -1000 1.9 0.0 -7.9 0.0 8.9 0.0 23.6 0.0

U = value of S—N wind component from actual observations.
A = adjusted value for zero mass flux.
The mean S—N wind component for the four months = 9.1 cm/s.

It will be seen from Table Il and Figure 2 that values of [3] were much less in June than
they were in March although the cross-section, Figure 28, shows that maximum values of ¥ were
larger in June than in March. The southerly jet at about 120°W is one example. This is because,
in the summer months, the neighbourhood of latitude 30°N is a baroclinically stable zone with
rather pronounced stable troughs and ridges.

Considering the variation of [7] with pressure shown in Figure 2 it will be seen that the
adjusted wind component is southerly from about 520 to 70 mb, northerly from 520 to 1000 mb, and
northerly again from 70 mb to pressures less than 50 mb. The distribution of adjusted values of
S—N wind components in the troposphere and lower stratosphere support the hypothesis of the
existence of a Hadley-type cell in the troposphere and the northerly components at 50 mb suggest



GEOPHYSICAL MEMOIRS No.113 9

the possibility of another Hadley-type cell in the lower stratosphere. The northward mass flow in
the Hadley cell using adjusted winds is 7 x 10 tonnes per second which is, of course, equal
to the southwards mass flow in the northerlies.

(iii) September 1958

Values of 7 are depicted on the cross-section, Figure 29. The pattern of S—N wind component
resembles that for June but the strong northerly jet present in ]une at 120°E had disappeared from
the September cross-section. However, the southerly jet at 40°E in June had strengthened slightly
in September and moved westwards to about 33°E, Also the strong southerly jet just over the west
coast of the U.S.A, in June — a maximum of 16 m/s — had decreased markedly in speed in Septem-
ber — a maximum of 10 m/s — and moved about 10 degrees of longitude to the east of its June
position.

Table Il and Figure 2 show that quite a strong mean Hadley cell occurred in September 1958,
the S—N component being southerly from about 710 to 95 mb, northerly from 710 to 1000 mb, and
northerly again from 95 to 50 mb.

The mass flow in the Hadley cell was 31 x 10% tonnes per second.
(iv) December 1958

The cross-section, Figure 30, gives mean S—N wind components for December 1958. The main
features of the S—N wind component-pattern (i.e. 7) in the western hemisphere are the northerly
maximum at about 180°W (this maximum was at 175°W in March), a weaker southerly maximum at
about 145°W, a northerly maximum at about 115°W, a southerly maximum at about 85°W and a
northerly maximum at 110°W. It will be noticed that the ridge which was present over the U.S.A.
in June and September has been replaced by a trough in the upper atmosphere due no doubt to
radiative cooling over a large land mass. In the eastern hemisphere the main feature is the well-
marked southerly wind maximum at 145°E probably due to the combined effects of the oceanic heat
source and the Asian heat sink. Referring to Table 1l and Figure 2 it will be seen that S—N wind
components were positive from about 640 to 50 mb and negative from about 640 to 1000 mb, giving
a more vigorous Hadley cell than had occurred in September. Another feature of note is the southerly
component at 50 mb; in June and September the component at 50 mb was northerly, The Hadley
cell was a strong one with a mass flow of 51 x 10° tonnes per second.

(v) Relative strengths of the mean Hadley cells

The mass flows in the Hadley cells at latitude 30°N using adjusted winds are given as
follows:

Month Mass flow

10° tonnes per second

March 32
June 7
September 31
December 51

The strongest Hadley circulation was clearly in December, although March had rather stronger
average westerlies, and the weakest Hadley circulation occurred in June. Vernekar'® found that
the mass circulation in January 1962 was three times as intense as that in July 1962, while the
circulations in April and October were almost equal but about twice that for July.
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§7-MEAN MONTHLY ZONAL FLOW
(i) March 1958

The cross=section of mean monthly zonal wind components for March 1958 are given in Figure
31. The main features are well-marked maxima at about the 200-mb level near 100°W, 85°W, 15°E
and 125°E, and well-marked minima at 20°W and 75°E. It should also be noted that the winds in
the stratosphere were mainly westerly and rather light at the 30-mb level.

The graph of the variation of monthly mean zonal wind component with pressure is shown in
Figure 3. This figure indicates that the zonal wind components were stronger in March than in
any of the other three months considered.

(ii) June 1958

Cross-sections of mean monthly zonal winds are presented in Figure 32. The main features
are well-marked wind maxima at the 250 to 200-mb levels at 120°W, 35°E and 130°E. Another
feature to be noted is that winds in the stratosphere changed from mainly westerly in March to
easterly in June. The graph of mean zonal winds at various pressure levels given in Figure 3
shows that mean winds in June were lighter than in March and the change to summer easterlies
in the stratosphere was clearly complete.

(iii) September 1958

Table IIl and the graph in Figure 3 show that between June and September, mean zonal
winds decreased and in fact the September zonal components were the lightest of the four
months considered. On the cross-section, Figure 33, the main features are wind maxima at
110°W, 25°E and 115°E with ill-defined subsidiary maxima between the main maxima.

As was mentioned previously the graph of mean west wind components (Figure 3) shows
that the west winds were lighter in this month than in any of the other three months. Figure 3
and the cross-sections show east winds at 50 and 30 mb.

(iv) December 1958

The most striking change in mean zonal winds from September to December shown in the
cross-section, Figure 34, was a large increase in these components (but in fact they were not
as strong as they were in March) and the winds in the stratosphere had become mainly westerly
reaching a mean value at 90°W over the U.S.A. of 28 m/s at 10 mb, In rather more detail
well-marked W—E wind maxima occurred at 85°W and 125°E with subsidiary maxima. These two
maxima occurred near the eastern coasts of America and of Asia. The variation of monthly mean
zonal wind with pressure is shown in Figure 3 and it is apparent that the winds in December
were somewhat lighter than they were in March which may thus be considered a winter month in
the subtropics.
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TABLE III — MEAN W—E WIND COMPONENTS AT 30°N IN 1958

Pressure March June September December
miéllibars melres per second
30 - —12.4 -10.7 6.9
50 7.9 -8.2 —7.4 9.4
70 10.0 -L3 -2.0 15.3
100 30.3 7.6 2.9 23.3
150 40.7 14.6 8.6 31.5
200 43.6 16.5 10.7 35.2
250 39.9 15.2 10.0 33.3
300 34.7 13,5 8.6 29.7
400 26.1 10.3 6.2 22,7
500 19.5 7.7 4.0 17.1
600 14.5 5.9 2.6 12.9
700 10.4 4.2 L5 9.1
850 5.4 L9 -0.2 4.5
900 3.8 1.3 -0.7 3.4
950 2.4 0.7 -1.1 2.2
1000 11 0.0 -1.6 0.8
Mean winds
March 50-190 mb 31,68 m/s September 50-113 mb  2.49 m/s
190-500 31.31 113-500 7.72
500-1000 9.21 500-1000 1.11
50-1000 19.73 50-1000 3.79
June 50-125mb  6.39 m/s December 50-160 mb 22.86 m/s
125-500 12.45 160-500 27.23
500-1000 3.75 500-1000 8.42
50-1000 7.38 50-1000 17.34

11
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() Mean monthly zonal winds in various layers of the atmosphere (calculated from the data in Table III)

TABLE IV — MEAN MONTHLY ZONAL WINDS

Layer March June September December

melres per second

50 mb — tropopause 31.68 6.39 2.49 22,86
Tropopause — 500 mb 31.31 12.45 7.72 27.23
500 — 1000 mb 9.21 3.75 1.11 8.42
50 — 1000 mb 19.73 7.38 3.79 17.34
Level of tropopause (mb) 190 125 113 160

(vi) Mean monthly north to south temperature gradient at the various pressure levels

Considering the variation of mean wind with pressure as depicted in Figure 3 it is obvious
that the mean horizontal north to south temperature gradient must change sign at about 200 mb in
all months. Furthermore, this reversed temperature gradient must be less in June and September
than in March and December.

§8 -MEAN MONTHLY VALUES OF HUMIDITY MIXING RATIO

Values of monthly mean humidity mixing ratio (in grammes per kilogramme) round the latitude
circle at various pressure levels are given in Table V. Values of humidity mixing ratio increased
at all pressure levels from March to June 1958. From June to September the values of humidity
mixing ratio increased further in the layer 1000-600 mb but decreased somewhat for pressures less
than 600 mb. The values of humidity mixing ratio decreased considerably from September to
December as might have been expected. The mean values of humidity mixing ratio for the latitude
circle at 3C°N for September 1958 are given in Figure 4, curve a. In order to show the variability
of mean monthly humidity mixing ratio with longitude, curve b gives mean values for September at
longitude 35°E and curve c gives corresponding values at 78°E where high values of humidity
mixing ratio occurred.

§9-FLUX OF RELATIVE ANGULAR MOMENTUM

Before considering the flux of angular momentum across latitude 30°N during 1958 it should be
noted that cross-sections of flux of a quantity for a month must resemble rather closely monthly
mean cross-sections of meridional wind, mainly because the meridional wind speed is a factor
entering into all such calculations. The regions of maximum flux should therefore occur at or near
the region of maximum meridional wind unless modified markedly by the value of the quantity
whose flux is being considered. This applies both to the flux due to the total flow and to the flux
due to the mean flow, since the flux d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>