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ABSTRACT

The latent heat release associated with the large precipitation
in the monsoon region produces the highest mean temperature at a
given pressure level in the tropics and also preduces a large vertical
motion in this region. One Walker cell is found in the Indian monsoon
region with the center of the cell close to 80E., It is also suggested
that the two wave pattern in the extratropical region in June-August
is generated by the dynamical deflection of the zonal current passing
over mountains.

Comparsion of the continuity equation and the first law of
thermodynamics which are used to evaluate the mean vertical motion
indicated that the second one is not a good method. The adiabatic
method, neglecting the diabatic heating rate-in the first law of thermo-
dynamics, can't be used to evaluate the mean vertical motion in the
tropics. All the large scale vertical motion used in this study is
derived from the continuity equation. The horizontal transport of
LU ~angular momentum is assumed to be zero across any latitude
circle but is one or two orders of magnitude larger than the rela-
tive angular momentum transport in any limited regions in the tropics.
The largest southward transport of £ -angular momentum is found
in the Indian monsoon region. The vertical transport of angular
momentum across a given pressure level is mainly due to the £ -
angular momentum transport. The largest vertical transport of
angular momentum in the tropical region in June-August is located
in the monsoon region.



The mean kinetic energy of the whole column of atmosphere
in the monsoon region is about 4x10" ergs em™2 which is four
times larger than other regions at the same latitude in the tropical
region. The large mean kinetic energy in the monsoon region is
primarily maintained by the horizontal pressure gradient force
against the large mean kinetic energy dissipation. The mean
kinetic dissipation in the monsoon region is about 900 ergs cm “sec
which is larger than the mean kinetic energy dissipation for the
whole tropical region, the latter value being about 340 ergs cm ™ “sec
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CHAPTER 1

INTRODUCTION

The word monsoon is derived from the Arabic word for

'season'; it Wés applied by.seamen navigating over the Arabian

sea and the Indian ocean to the annual seasonal alternation of winds.
It is now gener;a.lly applied to the predominant air currents with a
marked season;al shift which cause the large quasi-stationary de-
viations from the zonal mean average flow in the tropics. They |
are deveioped in ‘ghe summer season of either hemisphere but the
Asiatic monsoon is the best known of the monsoons. Extensive
seasonal heavy rainfall is observed in India, Southeast Asia and
adjoining seas over a large range of latitudes and longitudes.

| The latent heat release associated yvith the large precipitation
in this monsoon region produces the highest mean temperatures
and the lowest mean geopotential heights at a given pressure level
in the tropics. A strong easterly wind in the upper troposphere in
summer is a special feature of the Asiatic and Australian monsoons
and is not found over the Atlantic or the Pacific monsoon regions.
The longitudinal asymmefry of the monsoon has a significant 'mflgence

on the general circulation of the atmosphere in the tropics.



‘ The purpose of the present study is to examine the influence
§f the Asiatic monsoon on the general circulation, therefore the
stuay here is restricted to June-August in the tropiés. Ti’le data
sources are given in Chapter 2. In Chapter 3 an intense Wélker
circulation is found in the Indian monsoon region with the center
of the cell close to 80E. The strength of this Walker circulation
is about the same as the Hé.dley cell circulation for the same
width along a given latitude and longitude respectively. It is also
suggested that the two wave pattern in the extratrépical regi;m in June-
August is generated by the dynamical deflection of the z‘onal current
passing over mountains which produces a large southward motion in
the monsoon region. The dynamical deflection in June-August may be
" intensified by the superposition of the geostrophic wind produced
by the land and sea distribution. In Chapter 4 the methods used
to calculate the large scale vertical motion are discussed. Kyle(lé70)
has found there is a large vertical motionk ‘over the mbnsb‘on
region with the use of the continuity equation to calculate @W in
the tropical region. A comparision of the continuity equation and
the first law of thermodyr;amics which were used to evaluate W
indicates that the second one is not a good method. The longitudinal

variation of the angular momentum transport is presented in

Chapter 5. In the horizontal transport, the Q -angular momentum



transport is assumed to be zero across any latitude circle but it

is one or two orders of magnitude largez{' than the relative angular
momentum transpbrt in any limited region in the tropics. The lar-
gest southward transport of —.a,.ngular momentum is found in

the Indian monsoon région. Tk;e vertical transport of angular mom-
entum is mainly due to the Q -angular momentum transpor-t. Finally
in Chapter 6 'the relative importance of each term in the mean kinetic
energy budget is presented. The mean kinetic energy in the monsoon
region is about four times larger than in other regions at the same
latitude in the tropics. The mean kinetic energy dissipation in the
monsoon region is about 900 ergs/cmzsec which is larger than the
mean kinetic dissipation for the whole tropical J;egion, the latter
value being about 340 erg/cmzsec\. The large mean kinetic energy
in the monsoon region is primarily maintained by the horizontal .
pressure force against the large mean kinetic energy frictional
dissipation. |

Most of these studies except Chapter 6 have examined

the long term mean (July 1957 to December 1964) and each separate
year from 1960 to 1963. There is some year to year change but
_this variation is much smaller than the seasonal change. No sig-

nificant year to year changes have been found; therefore all the

studies for separate years are not discussed here.



CHAPTER 2

DATA

Most data used in this study were collected t;y R. E. Newell,
J.W.Kidson and J. M. Walla‘ce.‘ A detailed explaination of the data
and its sources can be found in chabtef' 2 of Newell et al (1970).
More than three hundred radiosonde and radar wind stations within
the overall period July 1957 to Decembler 1964‘covered an area
from 45N to 45S. Mean zonal wind @, mean meridion:al wind ¥,
mean temperature T, mean geopotential Z, the covariances u'v',
the standard deviation ﬁ—’?and \[:Vi_"’;as well as others but not used
here were computed for four three-month seasons: December- ‘
,Febr{lary, March-May, June-August and September-November. g
Most of the tropical data within the troposphere were processed
by J.W.Kidson and R. S.Crosby. Many stations did not report
regularly throughout the entire period so that the quantity and
quality of the data varied consi(:ierably between stations. The
principle reporting time was 0000 GMT but where necessary data
at 0600 and 1200 GMT were included to improve the coverage.
Nine standard levels 1000 850, 700, 500, 400, 300, 200, 150
‘and 100 mb are used., At each level maps are drawn and hand
analyzed and grid points are read at 10 degree intervals in lati-

tude, and 20 degree intervals in longitude from 40N to 30S and

from 180W to 160E,



CHAPTER 3
ZONAL AND MERIDIONAL WIND FIELD

3.1 Zonal Wind

The main feature of the (U] crosssection(Newell et al 1970)
in June-August is the easterly wind between 25N and 15N separating
two familiar westerly regions, the axis of the westerly jet in the
'Northern Hemisphere i's furthevr north than 40N and the westerly
jet in the Southern Hemisphere is located at 305-35S with the maxi-
mum velocity about 30 m/sec. But (U] 'can;t tell us the real story
because of the presence of longitudinal asymmetries in the U fields
as shown in longitudinal cros:s sections. Figures (3.1) to (3.7)
present the longitudinal profile of U along 40N, 20N, 10N, OON,
10S, 20S and 30S taken from Newell et al (1970).

There are westerlies at all levels on middle latitudes with
a maximum reaching 45 m/sec at 30S, 130E. In the equatorial zone
the Western Hemisphere is also characterized by upper level west-
erlies with easterlies below. In the Eastern Heﬁisphere the predo-
minant feature is strong easterlies in the upper troposphere
accompanyiﬂg the Indian monsoon. Newell et al(1970) pointed out
the increase of eas’;erly wind with hei-ght in the monsoon region;

according to the thermal wind relationship, this implies that the
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temperature increases éway from the equator and that the middle
levels have a stronger temperature gradient from higher latitudes .
toward the equator.

The maximum easterly veldc@ty in the monsoon region is about
30 m/sec at 15N, 70E and the region o;f easterlies extends from 25N
to 15S over the Eastern Hemisphere, This ﬁqonsoon circulation is
" one of the most important stationary disturbances in the tropics.
The summer monsoon not only generate’s‘a strong Hadley circulation
but also generates a strong Walker circ.ulation in the tropics. Walker
and Bliss (1932) have described a pressure anomaly pattern in both
the Eastern and Western Hemispheres; their statistical expression
reflects a certain larger scale exchange of air between the Eastern
and Western Hemispheres. This is knownkas the Walker circulation
or southern oscillation. The streamlines along 25N and 15N are
givén in Figures (3. 8) and (3.9). The vertical velocity is calculated
from the continuity equation, a discussion is given in Chapter 4.
The direction of streamline is determined from 0 = tan™ _'_\’.\L_‘i"ﬁ__
where W is the mean vertical velocity,.lx is the zonal mean velocity,
M is a constant determined by the ratio of horizontal scale and
vertical scale in Figure (3. §). From these streamlines pattern,
one intense Walker circulation is found in therwarm Indian monsoon

region. The latent heat released in the monsoon region generally



" contributes to the fising motion from the Eastern Pacific to 80E
with the maximum upward moti.on at 100E where the largest amount
of rainfall occurs. The center of thé Walker cell is close to 80E in
the monsoon region. Downward motion occurs over the North Atlantic
ocean and North Africa. The mass flux along 1.5N for 10 de-
gree latitude belt in Jurie—August is preéented in Figure (3. 10), tk'le
strength is about 30 XlOlz_ém/sec which is about the same as the
strength of the Hadley cell in a sepafate meridional cross section

~

6f the same width.

3.2 Meridional Wind

The mean merididnal wind component is very difficult to
obtain from direct measurementé. The nean meridional wind is -
small and is often exceeded l;y the daily' irariationé. There are
several methods of obtaining the mean meridional wind. In general
they can be divided into: (a) indirect methods wherein the rn_ean.
meridional wind is comg;uted from the momentum, continuity and
the therrhodynaniic equations; (b) direct methods wherein the mean
meridional wind is obtained as a statistical average over a long
period of daily observations.Only the zonal mean meridional wind
can be obtained from the indirect method'but in this study the main
purpose is to examine the longitudinal asymmetry of the general

circulation. Therefore the mean meridional winds in this study are
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obtained from observations rather than from indirect computations.
The main feature of the [ 7] cross section is the Hadley cell circu-
lation with southward flow in the upper troposphere and northward
flow in the lower troposphere. The observed mean meridional velp—
city from 40N to 00N along each 10 degree latitude circle is presented
from Figures (3.11) to (3. 15) again taken from Newell et al (1970).
The mean meridional velocity in the Northern Hemisphere in June-
August shows two-wave pattern. These waves appear in the westerly
flow at middle latitude and remain stationary or show 6n1y a slow
motion. Burger (1959) in his famous paper on the scale analysis of
planetary motion has pointed to the existence of these waves. Why
are there two waves along a latitude circle in June-August ? In
order to develop a complete theory, it is necessary to consider the
thermal condition of the earth's atmosphere and the surface boundary
condition which causes the deflection of large scale currents by
mountain ranges.

In this chapter we wish to give a qualitive explanation of
these quasi- sta-tionary long waves in June-August. The thermal
gradient in the summer hemisphere is not very large. It is sugg-
ested that the thermal influence in the Northern Hemispherg ih
June-August is of less importance than the dynamic effect of the
mountains in causing these two-wave pattern in summer. When

air currents ascend and descend large mountain barriers, they
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.must undergo lateral deflections of meandering. Bolin (1952) has
considered this dynamic effect of the zonal current of a shallow
inviscid homogenerous fluid of finite depth. Cons;der homogeneous
barotropic inviscid horizonta flow in a rotating system on a @ -

plane in rectangular coordinate:

Du _ kR

B S At G (3.2

DV __q 3R

e 5“ =-1 e (3.3)
and the incompressible continuity equation

U, pV - DIHR) (3.4)

X 3 Y T H4k D%

where h is the elevation of the free surface and H(x,y) is the depth
of the atmosphere. Cross differen;ciation of equ. (3.2) and (3. 3)

then making the ﬁ-plane approximation gives:

| ' W_ SV
5”—&(3+§)=—(§+5>(—g—§{—+%—§— 7‘( ?3’ :?%l, ~ X 35,) €s5)

where , the vertical component of relative

§= >V B M
, % 3‘3

. vorticity. It is then assumed that u and v are independent of z i. e.

a barotropic atmosphere. By substitution of the incompressible
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continuity equation (3. 4) into (3. 5) we get

"EF( ii«e\ ) =0 - Be

where h is usually negligible compared with H. This equation expresses
the conservation of potential vorticity along a trajectory. Suppose

there is uniform zonal flow over the mountain ridge independent of
latitude with straight parallel where away from the mountains the

fluid thickness is H,. as shown in Figure (3.186). A-quasi-stationary

atmospheric long wave is nearly ina steady state, from equ. (3. 6) is

s+ _
H He

= a constant along a streamline in steady flow(3.7)

1y
""”’”:’ \,.« /””\m .
"\,./“\ ~—

: > K
0, Tu; u,
o . A Ho
/% =30,
A&/f/’f//l /ﬂ;777\7////f/////]f\/}x

O

Fig. 3.16 The deflection effect of a mountain ridge on an incident

uniform zonal flow
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The x-component of the velocity is determined by tlke mass conser-
vation equation u H - UHO (3.8)

and the y-component of the velocity is determined from equ. (3. 7)

s=Ao gyt e

where v is the perturbation velocity as the uniform zonal flow passes
over the mountain. The velocity u is independent of y. If the zonal
" current deflection along each latitude if not too large we can assume

fof,. Integrating (3.9) gives:-

XO . . -
U= jo/ hﬁéj@,dx (.10

the whole.cross section area of the mountain ridge is

w .
A= j (He~H) dx (3.11)
—od
substituting (3. 11) into (3. 10) gives

Uixe) = - 4, ,._ﬁ:__ (512
where A >0, the effect of the rri.ountailfh ridge is thus to deflect a
westerly flow southward in the Nortkiern hemisphere as the uniform
zonal flow leaves tl;xe mountain ridge. On the downstream side the
zonal current will return to its; upstream value but the mexr-idional

velocity will change by an amount of = —i;?d' Equ. (3. 7) also shows
R A 0
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that the Rossby wave is generated as the flow leave the mountain.
Assuming the atmospheric thickness is 10 km, the average height

of the mountain ridge is 1 km and the width is 1000 km.

A 1075 xi0c0x 103 % 103 m/
H, /0xvs03 Sec.

= L M

This is in agreement with the fact that the observed mean meridional
components are generally quite small and are of the same order of
magnitude. From Figure (3. 10) that mean meridional wind starts

to deflect southward at 110W and QOE; just at the edge of the Rocky
mountains and Himalaya mountains respectively. Maximum south-
ward deflection of the meridional Wind‘ occurs at 110E with a magni-
tude of 6 m/sec in the extratropical region. This is due to the large
mountains (the Himalayas and the Tibetian plateau) in this region,
The average height of these mountains is abouf 5 km and the width
is approximately 2000 km; from equ.(3.12), we get a maximum
southward deflection of about 10 m/sec. From the above consider-
ations the dynamic effect gives a satisfactory explanation of the
planetary wave pattern in summer, South of the extratropical regiop,
the strong monsoon easterlies destroys the two-wave pattern along
each latitude circle, In winter, the temperature diffefence between

the ocean and land is large. There always exists a low pressure
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cyclonic center over the ocean and high pressure anticyclonic
center over the continent in the low troposphere., The reverse
is true in the upper troposphere., These cyclone and anticycloﬂe
structure superpose Witfx the dynamic deflection of zonal flow

passing over the mountains may cause the three-wave pattern in

winter,
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CHAPTER 4
METHODS OF COMPUTATION OF LARGE SCALE

VERTICAL VELOCITY

The atmosphere large scale motion is nearly hor.izontalr and
the vertical velocity is too small to measure direct'ly. But in many
respects the vertical velocity is an important quantity, for it
governs the rate of condensation and precipitation, which'in turn
has a large influence on the general circulation eépecially in the
tropical region. Unfortunately vertical velocity can't be obtained
from tle routine daily observations and it can be obtained from
indirect‘ -calculations. /

There are several methods to calculate the vertical velocity:
two exemples are the use of the continuity equation and the use of
the first 18,.W of thermodynamics. Of course the accuracy of such

s
computations for every method dépends greatly upon the density
of the aerological data and the quality of the observations. The
main purpose of' this chaptér is to descfibe these methods with
which the large scale vertical velocity can be computed. In these
methods, @ - the ‘gime.averaged vertical velocity described in terms

of pressure change, is calculated from T, V and other observational

quantities. The longitudinal asymmetry of these observational
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data causes the asymmetry of @ .

4.1 W Calculated from the First Law of Thermodynamics

Changes in the atmosphere are governed by the laws of
physics, which can be expressed in the form of certain differential.
equations, the relative importance of the ciifferential terms involved
in the process can be obtained from direct calculation. From the

first law of thermodynamics

L da _ AT < dp
Cp dt dt G ¢t

T >
2L V9T + a;’: - ;) @1

where @@= g% and —g—%—is the rate of net diabatic heating. The
diabatic heating includes the infrared cooling, solar heating, latent
heat release and turbulent transfer of sensible heat at the boundary
layer. i

There is net radiatix;-e cooling in -most of t.he troposphere and

‘latent heat relegse is the predominant heating source. If equation
(4. 1) is averaged over a certain time interval, the covariances of

W with o;cher quantities are omitted and an uncentered finite .
difference method used, we obtain the finife difference equation of

the first law of thermodynamics as:
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— nt| —nh — n — n
e T T&ik 4 at\ 'ﬁI}Jr,)j%’h-— —D&%k
Ak, 3tk ke
&K ‘ AX
—n —
+ vl sk, grt h — Lok, 5.k
A%y )*X}k 6‘/3/
—nh — . —n
4+ Wy e T’Z*yzzi“'/'—'&*" — 3¢t oLy, 341 2
) 3 R ~ 24p | Cr

n n
[F R G (42)

where P is the latent heét release and R is the net radiational cooling
at given point in atmosphere. In order to compare t9 computed from
gquation (4. 2) with the result from the continuity equation, énly w
at 560 mb is calculated. All data except the diabatic heating comes
from the same source as mentioned in Chapter 2. The diabatic heat-
ing rate is the most difficult part to specify in using the thermo-
dynamic equation. The precipitation indicates the latent heat release
in the whole column of thg atmosphere. The cﬁmatological data of
precipitation in June-August are taken from World Weather Records
(1966) and are shown in Figure (4. 1). The vertical distribution of
latent heat release is taken from Vincent (1970). The rédiation data
from 40N to 00N in July come from Katayama (1967); from the

equator to 30S his N. Hemisphere data for January are substituted.
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Beundary layer heat'ing is confined mainly to the lower troposphere.
The boundary layer heating can be neglected if the region of study

is at 500 mb, The magnitude of each differential term is calculated
freom observational data and its relative importance is evident from
Table (4, 1), |

Table (4, 1) shows that the vertical motion is controlled mainly
by l'atent heat release and radiational cooling; the local change of
temperature and the horizontal advection terms are two orders of
magnitude smaller than the diabatic term., The local change of temp-
erature ig even smaller than the horizontal advection term. Davis
(1963) has pointed out this, he said 'On the scale of the derived
thermal budget, the rates of enthalpy storage were found to be of
gecondary importance. ' |
Frem Table (4.1), it is realized that the first law of ther-

modynamis is not a good methoé to calculate of @ because its
value mainly depends on the small difference of two large quan-
‘tities, Even 3 small error in the estimate of latent heat release
and radiational cooling will introduce a large error in @ . The other
-problems are the estimation of the vertical distribuﬁioﬁ of latent heat
~_release and the computation of solar heating and infrared cooling in
the presence of clouds. With Katayama's (1967) radiatienal data, the

@ -pattern caleulated from equation (4. 2) is given at Figure (4. 2).
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Table 4.1 Zonal Average of the First Law of

Thermodynamics at 500 mb. unit: K/sec..

latitude >T 7 o1 ¥ a:(-: latent heat - net radiation

2K ax 2y release cooling
35N 4.1x107"  1.1x107¢  3.8x1077  1.1x107° -1.7x107°
95N 2.0x107¢  0.5%107  0.0x107"  1.9x10°°  -1.5x10"°
15N 0.3x1077  0.7x1070 -1.8x107'  2.8x107°  -1.5x107°
05N -0.6x107"  0.6x107 0.9x10"  2.8x107°  -1.8x10
058  -0.4x1070 -0.2x10" -0.7x107"  1.9x107°  -1.7x107°
155 -0.1x107' -0.2x10' -9,0x107 '  1.4x10°°  -2.0x10 "
255  -1.0x10"7 -0.7x10"7 -26.6x10"7  1.6x10°5  -1.9x10™0
355 -3.0x10"7 -6.8x10"7 -9.5x10"7  1.9x10"% -1.9x107

There are three areas which show large rising motion: over
the monsoon region, over central west Africa and over the central
west Atlantic ocean. The general features of @ obtained from the
first law of thermodynamics are’the.same as those for' ) derived
from the continuity equation’. In general the magnitude of the peak
'rising motion is smaller thén " that obtained from the continuity
equation. Between 5S and 25S the thermodynamic equation computation
does not show general downward motion because in this latitude zone

only a few stations are available. At these few stations the precipitation
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Figure 4.2 W at 500mb calculated from 1st law of thermodynamics in June-August
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is large and is influenced by local topographic relief. These values
cannot represent the precipitation over a vast ocean area. It is
believed that the precipitation and the Iétent heat releaseA are therefore
overestimated in this region. This effect brings about motion in the
southern Hadley cell region upward when vertical motions are cal-
culated from the first la§v of thermodynamics in June-August. If w

is obtained from the continuity equation, the vertical motion shows

general downwards motion in the same region,

4,2 Calculated From the Continuity Equation

The continuity equation
20 o oV (43)

= +
el % '

is used for the evaluation of W where U and Vv are derived from

observations. A correction to v is applied to ensure that there is no

lcomb
net mass flow across any latitude circle, This is J [F] cfp =0

0
It is assumed that @ =0 at 1000 mb and from equafi;rolo(él. 3) we can
get 0 at every le;\rel t;rorn 850 mb to 100 mb. However due to the
accumulation of error ih the computation of divergence during the
vertical integration of the continuity equation, w may deviate fx.'om
zero at the top of the atmosphere if we integrate upwards from the
lower boundary. For this reason W is set equal to zero at 100 mb

and its value at each lower level is reduced by a factor varying

linearly with pressure.
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O—

(3 computed from the continuity equation at 500 mb is given in
Figure (4. 3). In June-August there are thre.e regions which show
large -rising motion: over the monsoon region, over central west
Africa' and over ITCZ in the Pacific ocean. They may be compared
with cloudiness value mapped by Hubert et al (1969). As mentioned
previously the diabatic process is fhe predominant factor of control
over the vertical motion of.the atmosphere. All these regions with
large upward motion coincide with the regions of large precipitation.
The important of latent heat release in the tropics was also noted
by Manabe and Smagorinsky (1967). They concluded that the conden-
sation process markedly increased the inter;éity of the Hadley cell
circulation. In the‘last chapter it was shown that in the monsoon
region :che condensation process also generates the Walker circulation.
Latent heat release plays such an important role in the tropics that
it is believed that the adiabatic method cannot be used to evaluate
@ in the tropics. @ computed from the continuity equation gives
downward motion in most of the region from 5S to 30S Whiéh is
the sinking motion of the Hadley 'circul‘ation. The zonal average of

W is given in Figure (4.4), the maximum ﬁpward motién is
located at 5N between 400 mb and 500mb and is ﬁearly zero at

5S. There is considerable longitudinal asymmetry in_&!— along each

latitude circle: for example at 10N the monsoon circuldtion causes



QW calculated from the continuity equation for June-August at 500 mb,

" Figere 4.3

after Kyle (1970).
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Figure 4.4 Zonal average of W for June-August
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strong upward rﬁotion over India with & reaching the value of
160x10~5mb/sec at 90E while values are close to zero over NE
Pacific ocean. The vertical motion become downward along all
latitude circle bat 15S. The maximum downward motion in the
tropical region is located at 25S. The zonal average flow pattern

is presented in Figure (4. 5) where [WJ is calculated from VTN—‘_;_%;—-
"The value of [W]is amplified by the factor of M in Figure (4. 5)

which is equal to the ratio of the horizontal scajle to the vertical

 scale as in Figure (4.5). The length of the arrow indicates the

magnitude Which is equal to JM"(W]Z{- (7)? and its direction is
determined by tan'-l_b’_ff:@l. The [WJ calculated from the
continuity equation.alsovguarantees that the streamlines in Figure
(4. 5) is the same as the streamlines derived from the zonal
average of maés flux prevsented in Figure (4. 6). They both show that
the. center of the Hadley cell is at 5N with a week Ferrel cell

in the summer hemisphere.
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Figure 4.5 The direction of the streamlines of the mean
meridional circulation at each grid point for

June-August
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CHAPTER 5
LONGITUDINAL VARIATION OF ANGULAR

MOMENTUM TRANSPORT

5.1 Horizonal Transport of Angular Momentum
The time-averaged total flux of angular momentum across

a latitude circle may be written as o
2
ZWR?CGKZé/EQRC@S& T WJ CJP 6«/)

The transport of ﬂ~angu1ar momentum is zero because we assume

no net mass flux across any latitude circle. The second term in the

<
integrand may be further resolved into

(W] = (W] + (*e*]+ (Wo'l G2
- t

Wh;—:re a baJ;‘ denotes a time mean and brackets a zonal mean. Devi-
ations from these meané are indicated by a prime and an asterisk
respectively. The terms on the RHS rep.resent in order the mean
me;ridional motion,  the standing eddies and the transient eddies.
The ()-angular momentum transport for June-August is given in
Table (5.1). The relative angular momentum transport is presented
in Table (5.2) to (5.5). These are similar to the result by Kidson
(1968) except that his values are given at 41N, 33N, 24N, 15N, 5N,

5S, 15S, 24S and 33S, whereas here the results are given at 40N,



p(mb)
50
70
100
150
200
300
400
500
700
850
1000

integral

p(mb)
50
70
100
150
200
300
400
500
700
850
1000
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The angular momentum transport (mzlsecz) and vertical

hmegrals(lozsgnlcrnzlsecz)in.JunefAugust

40N
30.5
340. 9
-113.8
30.5
-11,1
-5,1
0.9
-34.7
12,17
-54,5 -
87.9

0.0

40N
-0.5
-0.4

Table 5.1 £ -angular momentum

30N 20N
16.7 -124.9
322.9 112.7
99.4 132.1
300.5 229.1
-90.6 23.0
10.0 -37.6
-34.7 -86.1
10.0 -49.8
-23.5 120.0
112.9  10.9
21.2 -304.4
0.0 0.0
Table 5.2
30N 20N
-0.5 4.8
-5.8  -3.3
-0.3  -3.3
3. -2.5
-1, -0.1

10N
-101.0
5.8
244. 7

OON
-12.9
95.5
87.8

-327.1 -815.4
-619,4-1512,

257.4
41.4
3.2
-22.2
92.2
181.1

0.0

-415,

-54,
165.
655.
862.0

0.0

2
4
62.0
2
2
5

Mean motion

o
S
2

| N
. [

O OO OWOOONWMERWWWM

.

108 20S
26.5 -8.5
232.4 204, 9
~143.8 44.8
-830.0-173, 4
~1300.1-161. 3
-372.5 20.6
~118.4-112.8
-296.3-173. 4
84.9-161. 3
949.0 178.2
999.9 675.3
0.0 0.0
10S  20S
0.0 -0.0
0.4 1.9
-0.3 1.1
-8.1  -7.9
~9.0 -8.1
-1.4 1.0
0.3 -3.5
1.8 -3.5
~0.4 -0.8
-8.2  -0.8
-5.5 -2.4
-6.7 -5.2

30S
5.9
66. 3
323.3
546. 8
982.6
211.5
-112.5
-224.3
-213.1
-447,7
166. 8

0.0
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Table 5.3 Standing eddies

40N 30N 20N 10N OON 10S 20S 308

p(mb)

—0.3 -Ool

3
.0

—0-

-0.2

1.1
0.9

0

1.

6
1.4

OI
11,

-0.3

50
70
100
150
200
300
400
500
700
850
1000

0
0

1.0 -0.
1
0.2

0.3 1
10,

2.9
17.9

1.3

1.0
1.,

0.

.6

0.4

6.2

2

6-
-0

8

5

6

22,
11,

5

6.
3.9

10.0
11,

1.

-0.4
1

8.

3
3

10.1

3.3
2.3

9

2.1
-0.4

.7

0.3

1. 1.

1.9

3.8

-0.2 -0.9

1
3

-0.2

-1.1

7

-0.
-0.2

_3.7 0.

-4,3

.6

-1
-Ou

1.7

0.1

3.5

2.2

5

1

-1.

1.9 2.3

5.1

1.6 4,9

1.3

1

O.g 4.

Intergal

Table 5.4 Transient eddies

40N 30N 20N 10N 00N 10S 20S 308

p(mb)

0.0 0.0 0.0

0.0
0.0

0.0
1

0.0
0.0
-1.9

0.0 0.0

50
70
100
150
200

0.0
-7.7
~-20.4
-30.0

0.0

-3.4
-13.2
-12.9

0.0

0.0
-0.4

0.0

0.0
4.7

0.5
5.2

.3

0.6
14,
20,

9.7

6.8

6.9

0
1

21.2
30.8

3.8 8.9 5.8

6

-5.3

-4, 1

2

-3.
-1.1

-1.0
-0.3

1.1

1.

1.5
0.9

5
3

-0.

850
1000

-0.0

-1.0

0.6

0.8

0.

5 4.2 2.0 -4,1 -21.6 -37.0

.

13.2

Integral 17.0
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Table 5.5 Relative angular momentum

30N 20N 10N 00N 10S 205 30S

40N

p(mb)

1
1.5

-0.2 -0.4

1
0.0
3.3

-0.
37.7

3.7

9
1
0
8

5'

1
.3

00
-4

-0.9

50

70
100
150
200
300
400

2.9
-0.17
-10.5

1.4
0.7
19,7

7
2
1

0.
-0.
20.
18.1

0.6

O H 0w ©ON
© ©
<+ N ™

[l

12,2 1,

3.8
23.6

=}
i

30
12,

27.1

46.0

30.5

32.3

-19.7
-18.6

-1.4
-3.17

10.6
-1,

18.3 8.3 1.7

25.0

5

1.2

4,2

6.8

9.9

© w I~

S

N —
| 1 !
0o oo
< 018w
=i
t [ ]
©w©wow®
- < o
[ T o B
!
o © W0
N
! [ |
< 0o
con®
I
O =
< o3
!
Ot
+m-oo
1
™ o ©
e« & o
Cno o
1
ocooo
SSmo
© & 0 O
i

17.0 1 7.1 12.8 -5.6 -24.9 -19.3

17.5

Integral



30N, 20N, 10N, OON, 10S,20S and 30S. The Q -angular momentum
at each pressure level is much larger than the relative angular
momentum though the vertical integral of the former is zero along
the latitude circle. In the Hadley cell circulation there is northwar;d
transport of .Q —-angular momentum in the low troposphere changing
to southward transport in the upper troposphere. The results of
the relative angular momentum transport are the same as those of
Kidson (1968) and will not be repeated here.

The vertical_integral of the total flux of angular momentum

per unit length in longtitude at each grid point is written as

e
(9

Joot mb

—@;i/ (QQws¢ﬁ=+Uﬁ+ ar’)dp ($.3)
g—

¢

where the first term in the integrand represents the () -angular
momentum by the net mass ﬂux, the second term is the mean
meridional transport of relative angular momentum and the third
term is the trans.port by transient eddies. Vertical integrals of
/these components of the angular momentum transport are given in
Tables (5.6), (5.7) and (5. 8) respectively. The total relative aﬁgular
momentum transport is given in Table (5.9). The £2 -angular
momentum tranqurt is about one or two orders of magnitude

larger than the transport of relative angular momentum although
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Lat.
40N
30N
20N
10N
00N

10S

20S
308

40N
30N
. 20N
10N
OON
10S
205
30S

180W 160

183
-68
-119
4

66
48
-136
-46

1.6
-2.1
-0.5
0.3
-0.4

0.8
-2.1
-1.2

126
-41
106
126

12

37
121
96

2.5
1.3
3.9
-0.6
-0.7
1.1
10.8
10.4

1
The vertical integral of the angular momentum transport (10 6gm cm/ secz)

per unit length in longitude in June-August

140
-171
63
162
193
-49
-93
-80
-43

-1.0
6.4
1.9

-1.5
0.8

-1.0

-1.5
1.9

120
409
624
149
136
~-10
-132
-129
-173

12.5
5.0
0.8

-1.4
0.7

100
27
54

-62
33

-40

-139

-1

-186

-206

-0.8
-1.9
0.0
-1,2
1.1

-2

0.
-1.2 -0.5 0.
-5.0 -6.0 -4,
-4,3 -4.5 -3.

80
58

51
54
48
99
16
83

Table 5.6 . -angular momentum
40 20

3 -190
-133 -133
. 16 78

60
116
99
196
112
160
188
77
52

Table 5.7

-0.1

-1.6

-2.5
-2.5
-0.6

4.9
14.9

201

6

132 -64
163 10
117 20

69

-0.3 -3.
-0.3 1.
0.4 -1,
-2.5 0.
-2.8 1.
-4.6 -4,
4.3 -1,
11.3 4.

00
35

20
-350

437 -204

1
-1

07
10

34
5

-84 52

66

55

-71 -117
5 -131 -222

mean motion

2.5 -5.4
4,8 2.2

.8

D s O

-1.9
0.3
2.5

-1.5

-1.5

-3.7

40
259
-66

-111

46
380
295
-93

-133

13.1
1.4
-6.9
-2.9
0.8
-0.7

-7.0-

-1.0

60
-249
-448
-376
-42
136
145
55
-53

-4.7
-3.2
-6.8
-0.6

8.3

0.7
12,2
-3.0

80
84
-95
-150
-392
-437
-160
55
202

2.3
0.0
3.6
3.5
14.2
8.4
-3.9
8.1

100
-156

-248

-141
-223
-196
-252
31
220

-7.2
0.9
9.5

12.6

14.5

120
-37

74
124
-63
-42

112
222

-2.4
2.5
4.0
5.7
4.5

140
117
110

78
-37
-13

86
577
427

o
L ]

.9
.1
.5
8
2

1-

3.0 -0.3 -1.1
-2.2 6.5 17.3
12,2 21.3 31.7

160E
-50
-17
-42
61
45
-92
~145

-4.6
-1.0
-0.6
-0.9
-0.5

0.0
-8.4
-4.4

(4



Table 5.8 transient eddies

Lat. 180W 160 140 120 100 80 60 40 20 00 20 40 60 80 100 120 140 160E

40N 4.2 5.4 5.6 3.3 2.3 54 53 3.4 4.2 4.2 6.6 4.8 2.5 0.9 1.7 4.1 7.7 4.4
30N 3.5 5.7 5.3 3.3 1.6 4.1 3.7 2.2 3.2 3.7 5.1 1.8 0.3 1.6 0.6 1.3 5.0 3.9
20N 1.8 3.4 3.6 1.0 -0.6 2.0 1.8 1.8 1.8 1.6 1.6 -0,3 1.2 0.4 1.4 3.3 4.2 3.6
1ON 0.9 1,7 1.6 0.5 0.1 0.6-;0.1 1.6 1.5 1.1 0.6 -0.5 0.3 2.1 0.7 3.5 2.0 1.0
OON -0.4 0.8 0.6 0.1 0.3 0.2 -0.8 0.9 1.5 1.7 0.4 -1.0 0,2 1.1 0.9 1.8 0.7 0.0
108 -2.2 -0.8 -0.5 -0.7 -1.6 -1.3 -1.6 -0.6 -0.4 ~-0.2 -0.5 -2.0 ~-1.3 -0.8 -1.2 -1.3 ~1.6 -1,0
205--5.2 -4.8 -3.2 -4.0 -6.5-10.0 -7.2 -5.4 -4.7 -6.7 -4.4 -3.0 ~3.7 -4.8 -6.9 -6.5 -6.6 -3.1
308 -6.3 -7.0 ~-7.7 -8.9-10.9~12.9 -9.3 -7.8 -8.6-12.1~11.6 -8.8 -8.8 -9.5-11.8-11.1 -7.4 -5.0
Table 5.9 relative angular momentum
40N 5.8 7.9 4.6 15.8 1.5 0.0 6.7 2.6 1.1 6.8 1.2 18.0 -2.3 3.2 -5.4 1.7 9.6 =-0.2
30N 1.4 6.9 11.6 8.3 -0.3 3.4 3.6 0.9 4.3 9.9 4.1 1.7 -1.6 0.6 2.2 7.5 8.3 2.8
20N 1.3 7.3 5.4 0.2 -0.3 1.2 0.2 2.2 0.6 0.8 -0.4 -6.8 -5.6 4.0 10.9 7.4 5.7 3.0
10N 1.2 1.1 1-0.9-1,1 0.1 -2.6-0.9 1.7 3.5 0.9 -3.3 -0.4 5.6 13.3 9.2 3.7 0.1
OON -0.8 0.1 1.4 0.8 1.4 0.6 -3.3 -1.8 2.5 5.6 2.9 -0.2 8.5 15.3 15.4 6.3 1.9 -0.5
108 ~-1.3 0.3 -1.6 -1.8 -2.1 -1.3 -2.2 -5.2 -5.2--2."2 -1.0 -2.8 -0.7 4.6 1.8 -1.6 -2.8 -1.0
208 -7.3 6.1 -4.7 -9.0-12,4-14.6 -2.3 ~-1.1 -5.8 -9.0 -5.9-10.0~-15.9 ~-8.7 -9.2 ~0.0 10.7-11.7
30S -7.5 3.4 -5.9-13,.2-15.5-16.0 5.6 3.4 -4.4-12.5-15.3 -9.8~11.7 ~-1.4 0.4 10.1 24.3 -9.4

L |
-
V]
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It-is zero for the zonal average for the whole depth of the atmosphere,
it is very important for any limited region in the tropics. Ananthakri-
shnan et al (1967) found that the  -transport term is one or two
orders of magnitude large than the other meridional transport terms
in the monsoon region. Keshavamurty (1968) studied the budget of
angular momentum over the Indian monsoon region and also concluded
that the _(Q -transport term is the dominant term.

The ‘gotal angular momentum transport across the equator into
the summer hemisphere is i2.8x1025 gm cmzlsecz. From Table
(5. 8) the transient eddies bring about transport northward everywhere
into the summer hemisphere at the equator except over small regions
40E, 60W and 180W. The exchange of atmospheric angular momentum
between the hemisgheres has been discussed by Kidson and Newell
(1969). There is a strong southward transport of Q -angular momentum
over the monsoon region and a sligﬁtly weaker southward transport
over Eastern North America. This may due to‘ the deflec;cion of the
uniform zonal current by the Himalaya mountains and the Rocky
mountains respectively as was discussed in chapter 3. There is a large
northward transport of angular momentum by mean motion. over the
monsoon region. In the upper troposphere, the wind generally shows
NE direction in this region. Both U and V are negative, their product

gives a large northward transport of angular momentum. It is inter-
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esting to note ffom Table (5. 8) that the transport by transient

eddies is northward in the Northern Hemisphere and southw.ard

in the Southern Hemisphere. The reason the zonal average of the
.‘transient eddy transpbrt is the dominant term in the total angular

momentum transport is that the values at different longitudes rein-

force each other.

5.2 Vertical Transport of Angular Momentum

It is known that in the tropics there is generally an easterly
wind at the surface and thus in this' region a continuous flow of
absolute angular momentum from the earth to the atmosphere. At
middle latitudes there is generally a westerly wind at the surface
and hence a continuous flow of absolute angular momenturﬁ from the
atmosphere to the earth. Starr (1951) has pointed out that the horizontal
transport is mainly due to eddy processes and that there is a maximum
transport at 200 mb. By what process is the angular momentum
transport upward? The answer to this question depends on the
vertical velocity within the atmosphere. The vertical motion is
obtaﬁled from the continuity equation. The vertical transport of

angular momentum across a pressure level may be written as



AN

R (QResd T+ T @+ Ter )dndg 6.4)

LA

Here d)\ was taken as 20 degrees,c\#) on 10 degrees. The second

A

term in the integrand may be resolved as before into the transport
by mean motion, standing eddies and transient eddies. As vertical
velocity was not computed on a daily basis the’transient eddies
transport is omitted here. In the whole tropical region Lll<< u o,
and even if W~AW the transport by the transient eddies is much
smaller than that by the mean mot{on. The omission of transient
eddies does not produce a large error. Results of the computation
of zonal average vertical angular momentum transports are pre-
sented in Tables (5. 10), (5.11) and (5. 12)..

From fhese tables the vertical transport is mainly contri-
buted by Q -angular momentum and in the tropical region the
vertical transport is related to the Hadley cell circulation. The
vertical transport of ._Q -angular momentum is upwards from 25N
to 55 and downwards at 35N and from 15S to 258S.

The vertical transport of relative angular momentum is ai)out
one or two orders magnitude smaller than that of () -angular

momentum. The longitudinal asymmetry of the vertical transport
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Vertical angular momentum transport in June-August

Table 5.
p(mb) 35N
150 0.00
200 0.20
300 0. 33
400 0.22
500 0.12
700 0. 08
850 0.09

Table 5.
p(mb) 35N
150 0,01
200 0. 69
300 0.91
.400 0.44
500 0,18
700 0. 06

850 0.03

10

11

in the tropical region

{ -angular momentum, unit: 1027grjn/cm2sec2

25N 15N

0.00 0.11
-0.09 -0.16
-0.23 -1.59
-0.28 -1,98
-0.47 -1.33
-0.77 -0.54
-0.56 -0.35

Mean motion,

25N 15N
0.00 -0,17
-0.05 0.18
-0.14 1,16
-0.05 1.63
0.03 1.20
0.11  0.37
0.13 0.13

05N

0.20
-0.06
-1.62
-3.37
-3.88
-3. 17
-2.22

05S

0.05
-0.08
0.20
0.61
0.53
-0.32
-0.70

15S

-0,22
0.08
1.89
3.43
3.60
3.26
2.48

2 2
unit: 10 5gm/cm sec

05N

-0.32
0.11
2.17
3.93
4,18
2.16
0.83

05S

-0,01
0.05
-0.11
-0. 46
-0.45
0.17
0.45

155

-0.60
0.23
4.67
4.80
2,48
0.09

-1.61

258

-=0,17

0.20
1.95
3.16
3.10
2,38
1.67

255

-0.97
1,28
11,43
13.23
8.85
2. 56
0.20

o7



p(mb)
150
200
300
400
500

700
850

Table 5.

35N

.06
.30
.97
.83
.05
.24
.15

2
12 standing eddies, unit: 10 5

25N
.03
. 20
. 40
.08
-0.13
-0.13
-0.13

o O O ©O

15N

.27
.06
.15
.38
.93
75
.41

05N
0.20
0. 44
0.31
-0. 36
-0.79
-0. 38
-0. 49

055

0.21
0. 36
0.

0.42
-0.
0.
0.
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29
20
02

gm/cm2 sec

15S 25S
0.05 -0.02
0.12 -0.24
-0.18 -1.12
-0.36 ~-1.83
-0.41 =1.57
-0.12 -0.65
-0.01 -0.03



of —angulaJ‘r- momentum is the same as the longitudinal asymmetry
of the W pattern. Tﬁere are larger upward vertical transports over
the monsoon region, over Nigeria and over the ITCZ in the Pacific
ocean. The relative importance of the zonally averaged horizontal .
and vertical angular momentum transports for the whole atmospheric

column is illustrated in Figure (5.1 ).

downward transport of

N.P
ole Q -angular momentum .

transient eddies
standing eddies’

F\Q and mean meridional transport

dpward transport of
Q. -angular momentum

equator

Fig. 5.1 The horizontal and the vertical transport of angular

momentum in tropics

For the whole tropical atmosphere the () -angular momentum
is the dominant term in the vertical transport. The tr:ansient eddies
and mean meridional motion are important for its horizontal angular
momentum transport. The standing eddies is also quite significant

in equatorial regions.
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CHAPTER 6

MEAN KINETIC ENERGY BUDGET
IN THE TROPICAL REGION

Due to spatial variations of atmospheric heating produced by
latent heat release and radiative processes, potential and internal
energy are continuously created in the atmosphere and converted
by air motions into kinetic energy which finally through the action
of frictional dissipation turns into heat. In June-August the latent
heat release creates the monsoon circulation which cause a large
asymmetry in the tropics. The vertical integral of the mean kinetic

energy is:

losc mb ‘
T e &

and is given in Figure (6. 1). The major feature is the large mean
kinetic energy in the monsoon region (4.'6}:108 erg/cmz) which is
about four times larger than other regions at the same latitude.

Why is the mean kinetic energy so large in the monsoon region and
what's the force which maintains ;1t? To answer this question, it is
natural to look at the energy cycle. Unfortunately the complete
energy cycle can be obtained only based on zonal averages and from

this viewpoint the monsoon characteristics disappear. If we look at

some limited region the energy transport across the boundary of



LATITUDE

35N
25N
ISN
O5N
05S
158

23S

JUN-AUG f L w2+ v®) dp
/50 (108 erg/cm?)
3 \2 ,/ \2__-/ 7]
| o ] | |
I70W oW 50w IOE 70E
LONGITUDE
Figure 6.1 Vertical intergral of mean kinetic energy for June-August
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the limited region is important (Smith 1969). and the energy conversion
in the energy cycle loses its ne aning. But computations of the terms
in the energy cycle of a limited region are still valuable ~and may be
compared with the results: of zonal averages calculated by some
other methods. The atmospheric energy cycle has been studied by
Oort (1964) in .the Northern Hemisphere and Vincent (1970) in the
tropical regions, but the problem of kinetic energy dissipation in
the tropical region is untouched. The dissipation of kinetic energy
in various regions during various pe:‘ciods are given in Table (6. 1).
Kung (1969) estimated that the rate of frictional dissipation
is about 4320 ergs/cmzsec over North America. Is this value the
same in the tropics? What is fthe percentage due to mean kinetic
energy dissipation and that due to eddy kinetic energy dissipation?
Oort (1964) and Dutton and Johnson (1967) indicate that tﬂe eddy
kinetic energy dissipation is about ten times larger than the mean ‘

kinetic energy dissipation in the Northern Hemisphere.

6.1 Equations

The equation used for the calculation of the mean kinetic
energy dissipation is different from Holopainen (1963) and Kung
(1966, 1969) who carried out computations on a daily basis. All the

data used here averaged.over a seven year period for each season.
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Investigator Thickness

Holopainen
(1963)
Oort *
(1964)

Kung
(1966a)

Kung
(1966b)

Kung
(1969)

Dutton &

63

. Table 6.1 Frictional Dissipation by Various

Investigators

(mb)
sfc-200

1000-100

sfc-100

sfc-50

sfc-50

1000-150

Johnson (1967)%%

Vincent
(1970)*

1000-100

Total KE
dissip.

10400

2300

6380

7124

8283

6817
6535

6863
4320

3280
4320
6400

2
Unit: ergs/cm sec

MKE
dissip.

200

550

EKE

dissip.

- 2100

- - o -

5850

826
1190
695
740
680

Region Period

England Jan. 1954
Northern one year
Hemisphere

North Feb.-Aug.
America 1962;
Jan. 1963

North 11 months
America 1962-63

winter
spring
summer
autumn

North annual
America

summer
winter

Northern annual
Hemisphere

30N-30S 1957-64
winter
spring
summer

attumn

* These values are derived from the diagrams of his'energy cycles

and not from direct calculation.

** His values relied on Kung's (1966a) estimate of total frictional

dissipation.
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If the atmosphere is assumed to be in a state of hydrostatic equilibrium,

we may express the equations of motion and continuity in (x,y, p)

coordinates as follows:

g;i u_a__t/\_“r \F%—%—'fé»-—gi;—'-f\r:*%—g%”* Fx ©.2)
bk LU 9\)’ %—f@%-}ft\:“%%‘i—'}'—\:‘* (6.3)

va‘F‘k: A X (W?
9\/\ 2\~ »(o = 0 ‘ (6.5

I

Equs. (6.2),(6.3) and (6. 5) take averaging with respect:to time and

using the continuity equ. (6.5), the following equations are obtained

=1

Il
2

|

F={0T) + —Ta{tw )+——(L\w) )C\ra:~<3——;’—z——+ =

>+

oV Sy—
Set ax(ub')+ > (F¢) + = (\m +fu=-%ﬁi+ )

Equs. (6.6) and (6.7) multiplied by u and Vv respectively give:



= —%\A ~\—\A T (©.8)

2 ()T (W) + € —g—.\a—(w)w%(m)ﬂw
— 22

= "%U* a”d

+‘\Ff%{ (6:9)

Simplifying equs. (6.8) and (6. 9) finally we get the following equations:

® X
Wyl = 2u'y!

+~§:&*[\?—}_—(Hz+(f‘)]+u( > + Vv La/

33'7“%—&‘3{(“11?1)3 T X [“'L(““r\?"‘)j—k- auw 4T aaﬁ"F

I

LR ATE
Ty ¢ (&.10)

gk

Where UFx+ ¥ "FTy is the mean kinetic energy dissipation and

- %_\7 vE depends on‘the ageostrophic component of the
observed winds. The mean kinetic energy dissipation can be
evaluated as a residual term in equation \(6.-10). The 9th and 10th
terms in LHS of equation (6.10) is omi’gted because we did not
have the covariance data between w’ and U', \)" ; and as mentioned

previously it is believed that the covariance between ®' and
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W and v is small. Equ. (6.10) written in finite difference

from with the uncentered method gives:

—nt) _—.n — N
K;"‘/l,_)‘i':/l, &1’}5_ \ +/ ,A+}’,_ ot ‘/g _" (.u K )i+\) ;-\-%_"Q-.UA '—‘kLl K)»{ 5*71 {u}’z
2ok aX
n _.n

+ U O e o e = U )i, g

i"'Vz ) 3*"/2_, h“_l/& . Ox

n —n

+ ﬁﬂ M D, 509, vl ~( W) i 5, ket th

Al 3“/1' h*YZ, A X

— —— N

K)A*Y’L;a“ et ( v K )A*/z, 3,&*3’2 L u ‘r')ﬁl’z 3 AT (u U)A"‘VZ 3 &t
+ + ‘If}i a-}A ,{7}/1

03, A (}/
_— M N
bV (O )i gt e = g 5, sy
_ =" =\

+ W n WK i, 3o, bnt WK )i{-'/z , 3,

A+l ) %TVZ ) {Q*',/Z a.f?

-—W —N
—_ a n %,i+\) i*“/z Pt T %i ) At fete
— a’ A\“"‘/Z; %’*%—) '&“-‘/?’ Ax
TH LA Yy — 2 3
»g/ v, )3+l N : 2.(-)'7; 3t g3 A, "Q"'Yz,
o) 3o, kN AL(

_ = \" — = \"
-+ &\A ‘—x)b‘/z) ik, bl T QU‘ F‘i) )5\““\/2 y 3, R

(V)



67

where X —‘:%(ﬁz’-;’—\i?.) hereafter define as the mean kinetic energy,
the subscripts (i, j, k) are used to designate the independent vari-
abies (x,y,p) and the distances between two adjacent points in the
X,y,p directions by 4 x, 4y, A p respectively which are not constant
~ but depend on geographical latitude and pressure level. The super-
script n refers to one season, nt+l refers to the next season,

ahd n-1 refers to the preceding season. The subscripts (i + 1/2,

i +1/2, k +1/2) are the smoothing values of adjacent grid points.

For example,

lf\ .—\f\ ——-n
( + Uaia + W §+,k+ u

’ﬁ/’)a'ﬂ/z + L""/L J A—Hbﬂ’k

—"
‘”‘x;w + W TR VA i T U H,w f) / 9

All data are read at 18 grid points from 180W to 160E spaced 20
degrees apart in longitude, 8 grid points from 40N to 30S spaced
10 degrees apart in latutude and 9 pressure levels at 1000, 850,
700, 500, 400, 300, 200, 150 to 100 mb. W is calculated from the

continuity equation
20 _ _ ( oUW, 2% )
Tp T T Ty

and assuming W= ¢ at 1000 mb and 100 mb. The results from

35N té 258 at each pressure level 850, 700, 500, 400, 300, 200 and

150 mb are from Chapter 4.



6.2 Vertical Distribution of Terms in the Mean Kinetic Energy Budget
~
In this section all quantity X is denoted the vertical integrals

between two pressure levels Py and P, of X are given by

~ \ f& o
X = EE dp
~ ’h 2
The dimension of X should be multiplied by gm/cm™ and the bracket

means an avefage over some region A

12y =] %A

A

However, for the sake of simplicity, the notation of vertical integrals
and the area mean will be omitted. The vertical i’ntegral of the whole
atmospheric column ( 1000 mb to 100 mb) of the mean kinetic enérgy
budget and the local change of the mean kinetic energy are given in
Table (6.2).

In general, mean kinetic energy is large at middle latitude and
small at equatorial region but for the reason of the aéymmetry in the
tropical region, there is a large mean kinetic energy in the monsoon
region, Mean ‘kinetic energy in the monsoon region is four times
larger than in other regions at the same latitude as shown in Figure
(6.1).

The local change of mean kinetic energy as calculate from
seasonal means is given in Figure (6. 2); roughly separated by the |

equator with decrease over the Northern Hemisphere over the



LATITUDE

35N

25N

SN

05N

05S
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25S
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>t

05
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Figure 6.2 The vertical intergral of the local change of mean kinetic energy

for June-August
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period from March-May to Septembér—November. The maximum

rate of change in June-August is over the Pacific ocean east of
Japan and over the NE Atlantic ocean. Maximum rates of change
occur over these regions because Japan is influenced by the Mongo'—
lian high pressure center in winter and Aleutian high pressure center '
in summer while the NE Atlantic ocean is influenced by the Green-
land high pressure center in winter and the North Central Atlantic
high pressure center in summer. In these regions where two
different high pressure systems successively influence the flow
patterns, we expect to have a large local change of mean kinetic
energy.

In‘ the monsoc;n region, even though there are longitudinal
asymmetry, for each quantities X th'e change with latitude 9%2,
is about one order magnitude larger then the change with longitude
4 5X - It is believed that in the tropics the horizontal scale
lengths in the x and y directions are not equ.a\l. They are related

roughly as follows:

°> ' o2 1
oX L 1o 9‘3/ lo L‘O

where L is the longitudinai scale length which is about ten times

larger than the scale length in the meridional direction. Table (6. 3)
is the same as Table (6.2) only some terms are combined and the

physical meaning is much easier to observe from this table.



Table 6.2 Mean kinetic energy bedget within each pressure bounded layer in June-August

Pressure

3K

layer (mb) ot

100-150
150-200
200-300
300-400
400-500
500~-700
700-850

-1.38
-1.91
-2.58
-1.06
-0.55
-0.46
-0.09

850-1000 -0,01

' 2
in the tropical region (35N-25S) Unit: erg/cm sec

—— ——

50 J60 W T 20 9l San B g
- -21.9 0.0 0.2 0.2 9.2 0.0 . -14.2 56.5 -64.,7
-64.9 0.0 0.1 0.2 22.7 0.2 32.8 28.6 -20.0
-118.0 0.0 0.1 -0.3 62.1 0.4 158.0 28.5 70.7
-28.3 0.0 0.0 0.1 38.9 0.2 -48.2 -15.1 0.4
-1.4 0.0 0.0 0.2 13.2 0.3 -79.8 -12.5 -59.9
-1.4 0.1 0.2 0.1 4,9 0.5 -52.5 -21.1 -73.2
-0.7 0.1 0.2 0.0 =-1.4 O.Q 1.8 -3.0 =-23.7
-0.1 0.0 0.1 0.1 -0.7 -0.5 2.1 -13,.8 -171.0

® Fer TRy
-36.0
-1.9
199.0
-53.1
-140.0
-143.0
-25.3
-183.0

TL
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If is knc;wn that the center of the zonally .averaged Hadley cell in
June-August is located at 5N, Here the whole tropical region is
divided into two, the North Hadley region (35N-05N) and the South
Hadley region (05N-25S), the mean kinetic energy of these regions
are presented iﬁ Table (6. 4) and (6. 5). The mean kinetic energy
budget in the monsoon region (10E-170E, 25N-05N) is given in

Table. (6. 6). From these tables, the horizontal pressure gradient
force is the dominant term in the lower troposphere in every region.
In the bdundary layer all the dissipation of the mean kinetic energy is
balanced by the horizontal pressure gradient force while the other
parameters are negligibly small. Due to tle large vertical velocity
in the tropics the vertical transport of kinetic erergy is also impo-
rtant in the middle troposphere which is different from middle
latitudes where tﬁe vertical transport is quite small (Kung 1966).

In the upper troposphere the horizontal pressure gradient force is
again generally the moét impo_rtant factor, but horizontal transport
-of mean kinetic energy , Reynolds stress transport and vertical tran-
sport are also quite important. The local change of mean kinetic
energy is insignificant. It is interesting to note the differencé between
these four regions. The horizontal pressure gradient forcé is large
in the lower and upper parts of the troposphere while it is quite

weak in the middle troposphere in all regions. In the lower tro-



posphere the horizontal pressure gradient force balances all the
mean kinetic energy dissipation for the four regions. The
horizontal Reynolds stress transport is important in the South
Hadley region (05N-25S) but is small in ot‘her regions.

In general, the vertical transport is important in the middle
troposphere in the tropics. The horizontal E’transport of mean
kinetic energy is of opposite sign betweeﬁ the North Hadley
region and the South Hadley region. In the lower troposphere
the horizontal pressure gradient force contribution is negative
and in the upper troposphere it is positive in the North Hadley
region; the reverse applies in the South Hadley region except
in the boundary 1ayér where we always find positive values
which contribute to the dissipation of mean kinetic energy. In
the North Hadley region the pressure gradient force is negative
in the lower troposphere which indicates a sink for mean kinetic
energy in this region of converéence; the pressure gradient
force gives a positive contribution in the upper troposphere
indicating a source for mean kinetic energy in this region of
divergence.

In the monsoon region it is known that the motion field exibits

large convergence in the lower troposphere and divergence in the

upper troposphere, this being driven by the latent heat release. This

indicates that the lower troposphere is a sink of the mean
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Table 6.3 Mean kinetic -energy budget within each pressure bounded
layer in June-August in the tropical region (35N-25S)

Unit: erg/cmzsec

. _ n ;)auxl a;,t';l)

ressure 2K 2(RK) >(eK) 2 3 3 _
layer (mb) aF% 2 ) é‘&’ 3\7—{@‘() (\M fa\r‘kﬂ) e "% 32) UFct T Ry

X

100-150 -1, 38 -21,9 -14.2 9.7 ~-8.2 -36.0
150-200 -1.91 -64.8 32.8 23.3 8.6 -1.9
200-300 -2.58 -118.0 158.0 62.4 99.1 199.0
300-400 -1,086 -28.3 -48.2 39,1 -14.7 -53.1
400-500 -0.55 -1.4 -79.8 13.8 -72.5 -140.0
500-700 -0, 46 -1.3 -52,5 5.8 ~ -94,3 -143,0
700-850  -0. 09 0.8 1.8 -1.,1 -26.17 -25.3
850-1000 -0.01 0.1 2.1 -1.0 0

-184,0  -183,

Table 6.4 Mean kinetic energy budget within each pressure bounded
layer in June-August in the North Hadley region (35N-05N)

Unit : erg/cmzoec

Pressure % NR) of 3ER) (%‘AT %U%")

3 2K >0R) k) SRk v 33 -3\ - -~
layer(mb) 5% _57*%%_ a)‘; 5 DWJra%u)fé “%‘i‘*":}%) ufxtvhy
100-150 -2,54 9.8 10.7 6.7 -114.0 -89.5
150-200 -3.88 34,1 -0.7 11.3 -138.0 -97.3
200-300 -5.80 23.5 2.4 20.2 -35.5 4.8
300-400 -2.98 -0.5 -15.9 7.3 6.5 ~-5.5
400-500 -1.66 -2.4 -12.0 -0.3 5.5 -10.9
500-700 -1.41 -0.9 -1.7 -2.8 24.3 17.4
700-850 -0. 23 -1.6 5.4 -1.3 4.9 7.1
850-1000 -0,08 -3.2 11.9 ~-0.2 -198.,0 -190.0



Table 6.5 Mean kinetic energy budget within each pressure bounded
layer in June-August in the South Hadley region (05N-25S)
Unit: erg/cmzsec

- Duu{}a@?b
Pressure >k ok 3(§K) AWK) 2x 29

layer(mb) ot 3% '8y Tap *v(mﬂﬂ+bb )3(“ax*W 2) TRt Thy

100-150 0.15 -48.3 -32.6 12.9 94.8 26.9
150-200 0.55 -131.0 45.3 33.0 100.0 48.2
200-300 1,30 -212.0 266.0 92,3 165.0 313.0
300-400 1.19 -45.9 . -68.2 60.5 -33.3 -85.8
400-500 0.76 0.1 -129.0 22.9 -134.0 -239.0
500-700 0. 64 -2.1 -86.3 10.6 -198.0 -275.0
700-850 0.06 0.4 3.9 -0.9 -58.4 -54.9
850-1000 0.02 0.6 0.3 -1.4 -165.0 -166.0

Table 6.6 Mean kinetic energy budget within each pressure bounded

layer in June-August in the monsoon region (25N-05N,

10E-170E) Unit: erg/cmzsec
. ’(1@4@)
Pressure - S(60) . oFD) - X Y _
layer(mb) ¢ (a“x T ﬁé'Lle(L“"i afvg' 7(53 Hra%) quhrF‘&
100-150 -1.71 40. 5 -33.8 10.5 -252.0 ~169.0
150-200 ~-3.00 109.0 -61.7 7.9 -347.0 -295.0
200-300 -5,23 86. 2 -36.6 3.2 -289.0 -241.0
300-400 -2.73 8.4 20.6 -1,2 -64.4 -39.3
400-500 -1.42 0.3 12.2 -2,2 -38.5 -29.6
500-700 -1.11 -3.1 -10.0 -3.1 9.8 -7.5
700-850 -0.13 -17.9 79.3 0.3 42,3 32.5
850-1000 -0.08 -12.2 33.7 1.1 -174.0 -151.0



76

kinetic energy and the upper troposphere is a source of the mean
kinetic energy. This idea has been pointed-out by Starr (1948).
The vertical integral of the mean kinetic energy budget is
presented in Table (6.7). It is observed that the mean kinetic
energy dissipation is larger in the South Hadley rggion(o 5N-258S)
where the value is 433 ergs/cmzsec than in the North Hadley
region where the value is 363 ergs/cmzsec. This may due to the
larger mean kinetic energy in the South Hadley region than in the
North Hadley région. It is expected that there will be large mean
kinetic energy dissipation in a region which contains a large mean

kinetic energy.‘

Table 6.7 Vertical integral of mean kinetic budget in June~-.

August at various region Unit: erg/cmZsec

—(ali'_u" >ul'y!

oK 20B) H(50 2@k “lox a*g) 7o =

ok Tox oy A T [ V%?-) MRty
v (?x‘*‘a“?)
tropic -8.0  -234,8 _ 00 152, 0 -292,2  -383.0
(35N-258S) )
North Hadley -18, 6 58.8 00 33.6 -444.3 -363.9
cell
(35N-05N)
South Hadley 4.7 -438.2 00 230.9 -228.9 -433,0
cell
(05N-258)
Monsoon region
(25N-05N, -15.4 211, 2 00 16.5 -1112.0 -900.0

10E-170E)
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In the txiopical r.egion (35N-25S) the mean kinetic energy dissipation
is balanced by the horizontal pressure gradient force combined
with horizontal transport across the boundaries. The vertical
intergral of the gradient of vertical transport gP mr() is zero
as expected. In the North Hadley region the horizontal pressure
gradient force is the only important term to maintain the mean
kinetic energy dissipation. In the South Hadley region the main contri-
bution to maintain the mean kinetic energy dissipation is the horizontal
- -advection, the Reynolds stress transport term and the horizontal pre-
ssure gradient force are both about ong-half the size of the horizontal
advection of the horizontal advection of mean kinetic energy. In the
monsoon region , mean kinetic energy dissipati-on is as high as 900ergs
cm—zsec—l. This may be due to the large mean kinetic energy content
of fhis region as shown in Figure 6. 1 Horizontal transport is less important
_compared with the large horizontal pressure gradient force and the
Reynolds stress transport is negligible in this region. The large hori-
zonal pressure gradient force in the monsoon region also indicates that
~ the large mean kinetic energy is maintained against the frictional
dissipation by the horizontal pressure force. This is the same conclu-
sion as Keshavavmurty (1970). This is quite different from the

South Hadley region. The dissipation of mean kinetic energy in these

region compared with Vincent (1970) are given in Table (6. 8).
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Table 6.8 Mean kinetic energy dissipation for
June-August in various regions.

. 2
unit : ergs/cm”sec

region 35N-25S 35N-05N  05N-25S 1‘ Monsoon region
‘ - (25N-05N, 10E-170E)

present ;
ctudies 383 364 a 433 | 900
regios 30N-30S 30N-0ON  OON-30S

1 !
vincent's g4 384 1100
result

The eddy kinet.ic energy dissipation according to Oort (1964) is
ten tirﬁes large than the mean kinetic energy dissipation for the whole
Northern Hemisphere from annual means. Dutton and Johnson (1967)
obtéined the mean kin'etic energy an‘d the eddy kinetic energy dissipa-
tion values of 550 ergé/cmzsec and 5850ergs/cmzsec respectively
also indicating that the eddy kinetic energy dissipation is about ten
times larger than the mean kinetic energy dissipation for the Northern
Hemisphere from annual means. Is this ratio still true in the tropics?
The eddy kinetic energy diésipation also can be calculdted as the

residue term in the eddy kinetic energy budget, as given by:

(WFd +VE, + W FL + TR ) dm

and we wish to calculate this in future studies.



+  CONCLUSIONS
The present studies are confined to June-August in the tropical

region. From the result of a comparison of the continuity equation
and the first law of thermodynamics both used to evaluate @§ we found
that the second éne is not a good method. The adiabatic method,
neglecting diabatic heating in the first law of thermodynamics, can't
be uséd to evaluatg W in the tropics. All the large scale vertiéal
motion used in this study are derived from the continuity equation,

A 1ar.ge vertical motion over the monsoon region generate an
intense Walker cell with the center of the cell close to 80E. <It-i‘s
also suggested that the two wave pattern in the extratropical region
in June-August is generated by the dynamical de?flection of the zonal
current passing over mountains. In the horizontal transport the ,Q -
angular momentum is assumed to be zero across any latitude circle
but is one or two orders of magnitude larger than the relative angular

1
momentum transport in any limited regions in the tropics. The largest

| southward transport of f)-angubr momentum is found in the Indian
monsoon region. The vertical transport of angular momentum across
a given pressure level is mainly due to the  -angular momentum
transport. The largest vertical transport of angular momentuni in

the tropical region in June-August is located at monsoon regions,

The mean kinetic energy of the whole column of atmosphere in
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the monsoon regibn is about 4x108ergs/cm2 which is four times
larger than other regions at the same latitude in the tropical
region. The large mean ~kinetic energy in the monsoon region is
primarily maintained by the horizontal pressure gradient force
against the large mean kinetic energy dissipation. The mean
kinetic energy dissipation in the monsoon region is about 900ergs
cm—zsec_.1 which is larger than the mean kinetic energy dissipation
for the whole tropical region, the latter value being about 340

-2 -1
ergs cm sec .
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