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Momentum budget of low level westerly jet during monsoon onset
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ARSTRACT. In this paper a diagnostic study is carried ont 1o find out the source and sink terms for the
formation and acceleration/deceleration of low level westerly jet during monsoon onset. For this purpose
momentum budget technique is used. The budget equation is derived in the (x. », p. £) system. The area is con-
fined to a small box with boundaries over the central Arabian Sea where the westerly llow is prominent during
the onset of monsoon. Each term in the budget equation is caleulated separately. FGGE 111 b. 1200 UTC data
set is used for the analysis. The Coriolis force term is found 1o be sink term rather than a source term. Tran-
sient north-south term is prominent source term when time averaged momentum budget is considered. When
the time averaged momentum budget lor each pressure slab is considered. it is concluded that. north-south
force terms are prominent source terms of momentum for all slabs and large cumulus type convection may
contribute 1o frictional dissipation of momentum for the upper pressure slabs. Frictional force is the main
sink term when one examines the momentum budget for each day and the source terms are varying day-by-
day. On the average, the jet is accelerated during the period. It is also found that the net momentum tendency
is small and oscillatory in nature. It is also found that at Minicoy. rainfall is inversely related to monentum
tendency and whenever westerly jet is strong (weak) the rainfall is less (more). Distribution of U-momentum is

also found 10 be oscillatory in nature.
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I. Introduction

In this study. an effort is made to understand the
cvolution and maintenance of the low level westerly
ict over the central Arabian Sea during the onset
phase of southwest monsoon. For this purpose one
can use the momentum budget technique. Each
ferm in the budget equation is calculated quan-
fitatively during the eight-day period covering the
onset phase of 1979 monsoon, so that one can
understand the large scale convergence and the role
of cumulus convections in the vertical transport of
momentum flux. The monsoon region is noted for
the strongest westerly zonal flows in the lower
troposphere of the tropical belt and closely coupled
with deep convective activity. It is noted by many
authors that the westerly wind bursts associated
with this convection contribute to an increase of the

angular momentum of the atmosphere and in turn
slowing down the earth’s rotation for the conserva-
tion of angular momentum.

Berson and Troup (1961), on the angular
momentum balance in the equatorial trough zone
of the eastern hemisphere, studied the conditions
for seasonal balance of zonal angular momentum,
during southern summer. in the troposphere overly-
ing the equatorial (monsoonal) westerlies. It was
shown that by and large the balance could be
accounted for by zonal pressure gradients and
meridional transport of earth’s angular or Q-
momentum (a Coriolis effect).

Keshavamurthy (1968) studied the maintenance
of the westerlies in the lower troposphere and the
easterlies in the upper troposphere in the Indian
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Fig. 1. The verilication chant for the 850 hPa at 1200 UTC
(June 15. 1979). The solid lines are isotachs (ms™').
(After Krishnamunti, er al. 1980)

southwest monsoon by considering the angular
momentum balance in the region. The main source
term for the zonal angular momentum is found to
be Coriolis or Q-transport term. Schneinder and
Lindzen (1976) showed that ‘cumulus friction’ is
important in the momentum balance in the tropics
and they parameterize the same. Holopainen et al.
(1980) did a diagnostic study of the time-averaged
budget of atmospheric zonal momentum over
North America. The terms in the time mean zonal
momentum equation, which depend only on the
large scale motions, are evaluated for the region
during the winter season. They found that zonal
momentum is produced in the free atmosphere
over North America by a local, thermally direct
meridional circulation, with mean poleward ageos-
trophic flow above 700 hPa and the flux divergence
associated with large scale vertical transports
appears to be insignificant. Swinbank (1985)
studied the global atmospheric angular momen-
tum balance inferred from analysis made during
the First GARP Global Experiment (FGGE). He
found that the mountain torque is the main con-
tributor to the short-term variation in the global
atmospheric angular momentum. Krishnamurti er
al. (1992) studied angular momentum, length of
day and monsoonal low frequency mode. They
studied some global aspects of intra-seasonal
oscillations on the time scale of 30 to 50 days using
length of the day as the point of reference. They
tried to inter-connect the convection and transfer
of momentum between earth and atmosphere and
also the relation between length of day and angular
momentum. They presented this cycle starting
from a super cloud cluster at the near equatorial
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Fig. 2. Venical cross-section through low-level westerly jet along
73°F from drop wind sondes of MONEX aircraft (NASA
CV-990). (After Kuettner and Unninayar, 1980)

latitudes and this seems to be accompanied with
an acceleration of zonal flows, an increase of
atmospheric angular momentum and an increase
in the length of day. The strongest low level wes-
terly zonal flows were noted over the monsoon
regions and they appear to be closely coupled to
the deep convective activity. Over this region, a
subsequent weakening of near equatorial zonal
flows seems to be a response to the meridional
motion of cloudy areas.

1.1. Low level westerly jet

The strengthening of the lower tropospheric
westerlies in the Arabian Sea is an indication for
increase of monsoon rains along the west coast of
the Indian peninsula at the time of onset
(Ananthakrishnan er al. 1968). Findlater’s [1969
(a & b)] work has clearly established that southern
hemispheric air of differing origin is organised and
accelerated into a well defind stream which crosses
the equator in a limited zone of longitude and
becomes the southwest monsoon flow of the Ara-
bian Sea. It is observed that during the entire period
of southwest monsoon, a low level westerly jet of
speed about 30 kt or more blows over the Arabian
Sea with the core at about 850 hPa level. Joseph and
Raman (1966) found, for the first time, that the low
level westerly winds over peninsular India during
July have a jet-like structure.

The monsoon onset vortex forms on this jet's
barotropically unstable northern flank, and carries
the monsoon farther north. Before MONEX-79 this
jet was considered to be an arm split of Findlater jet,
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which has its core near Somali coast. Extensive
studies were carried out during the onset of
1979 monsoon in the MONEX programme. Many
authors [Krishnamurti er al. (1980) and Gupta et al.
(1980)] found that this jet had a strong core over wes-
fern Arabian Sea between 8°-14°N latitudes at a
level of 1.0 km and also had a separate identity.

Kucttner and Unninayar (1980), regarding the
origin of this jet, suggest an inertial current steered
by the cross equatorial pressure gradient and the
northward movement of the jet axis should be cor-
related with increase in the pressure gradient. They,
however, found no indication that the flow leading
into this jet passed over Somali as indicated by
Findlater (1971) although this might happen
nccasionally.

As mentioned in the earlier section, the monsoon
onsel took place with sudden change in the lower
and upper tropospheric wind system. Of these the
low level jet has a very significant role in the forma-
tion of onset vortex and the onset vortex causes the
westerly jet to amplify. In Fig. 1 the westerly wind
field is shown during the onset vortex formation. So,
in order to diagnose the maintenance of westerly jet,
the momentum budget is examined. One can find
out each and every contributing term quantitatively
and determine the source and sink terms. in the
cvolution of monsoon westerly jet.

1.2. Period and area of studv

During MONEX-79, the onset of monsoon was
on 14 June over Kerala. The low level westerly jet
intensified during 10 to 17 June, with a maximum on
17 June. From Fig. 1 itis clearly seen that onset vor-
lex has formed and the westerlies have intensified.
Aficr 17 June the vortex was found to be dissipating.
So. the period chosen was 10-17 June (8 days). In
order to include the spatial variation of the jet core
.during this period, one can choose the area between
0-20.625°N and 52.5°-78.75°E, since after hitting the
southwest coast the strength of the jet drastically
decreased. The south-westerly winds prevailed bet-
ween 1000 to 500 hPa for the entire period with a core
of strong winds at 850 hPa. So, 1000-500 hPa layer
was chosen as the vertical extent of the region for
computation and the data is available on the mesh
with a width of 1.875°. Fig. 2 shows the vertical dis-
fribution of the westerlies between equator and

I7°N. which shows that jet core is situated around
850 hPa.

1.3. Momentum budget equation

Since the area considered is small and near to the
cquator, the effect due to curvature of the earth’s

surface can be neglected and so one can choose
safely the cartesian coordinate (x, y, p, 1) system. By
combining and integrating the zonal component of
momentum equation and the equation of continuity
in isobaric coordinate system for the horizontal
boundaries xj tox;, y; to y3 and to the pressure levels
P110 pyone can obtain the momentum budget equa-
tion per unit mass as follows :
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TABLE 1

The average momentum budget per unit mass hetween 1000-50)

hPa in verfical, equator to 20.625°N in meridional and 5§2.5°F 1o

78.75°E in the zonal direction in units of M sec™? for the perind
10-17 June 1979

Magniuide
(M sec™ ")

Description Term

-7 x 0}

-

=065 x 107+

Coriolis force term

Frictional lorce term
(for 1000 hPa)

Zonal pressure gradient 564 1077
term

Mean east-west term 306 X 10 -

Transient east-west term J9R > 107

Mean north-south term 62 x 1077

Transient north-south 668 x 107!

term
Mean top-bottom term 351 x 0

Transient top-bottom —.186 % 10°*

1erm

07931

And also take time-average of the perturbed
quantities. The upper level friction and mountain
[orce are neglected. In the above Eqn. (1).

Cp — The average non-dimensional drag co-
efficient
acceleration due to gravity
angular velocity of the earth

(oa=xp) a=x1) (2—p1)
g

= entire mass of
the box

lower level

upper level

density of the air

zonal component of wind
meridional component of wind
horizontal velocity

vertical pressure velocity
western boundary

eastern boundary

southern boundary

northern boundary

PRESSURE [ hPg)

LAY .

A,J k /] MZT\M

JUNE DATE

<. 3(a & b). (a) Vertical time-section of zonal wind (upper)
isopleth in knots (Dotted area-westerlies) and
(b) Rainfall pattemn (lower) for station Minicoy.
(Alter Shrestha 1980)

— Geopotential height
= Cppy (u? + v )4

— The eddy stress due to the zonal
motion

The value for Cp over ocean.
Cp=Cp, (0.74+0.046 V) for V 5.8<¥<16.8 ms—!

are used where Cp, = 1.1 X 103 (after Krishna-
murti 1980). Other symbols have usual meaning.
The bar denotes time averaging and the dashes
denote deviation from this time-mean.

The right hand side of the balance equation rep-
resents the various forces acting in the box. Term (A)
is the east-west term due to the mean zonal flow bet-
ween the boundaries and term (B) is the transient
east-west term due to perturbation movements in
the east-west boundaries. The terms (C) and (D) are
the mean and transient north-south terms due to
mean and perturbed north-south flows between
north-south boundaries. (E) and (F) are the mean
and transient top-bottom terms due to mean and
perturbed top-bottom flows between the boun-
daries. (G) is the Coriolis force term due to the Cor-
iolis turning due to the rotation of earth when air is
moving in meridional direction. (H) is the zonal
pressure gradienf force term due to zonal mean
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TABLE 2

Time-averaged momentum per unit mass for each pressure slab in units of M see—2

Slab T, o3 25 T, T 6 T T T Total
00— 850 hPa  —0041  —0202 0126 0118 o1 523 L1 —0918  00S12 1.64
RS0 — 700 hPa  —.0036 0168 00547 O08I 801 949 00143 0261 103
700 — S00 hPa  — 00389 ? 046 00219 0009 127 95.1 00382 — 0234 108

geopotential height gradient. (I) is the frictional
lorce. surface skin friction due to zonal motion.

During the period and for the region considered.
the zonal wind is westerly. So the momentum would
be given to the earth from the atmosphere. The
zonal pressure gradient is considered to be large.
Since in the beginning of the period. ie. before
onsel. the zonal circulation is prominent and after
the onset the meridional circulation is predomi-
nant. So. it can be expected that the east-west terms
will be larger than the north-south terms in the
beginning of the period and vice-versa after the
onsct. As found in the previous studies by Berson
and Troup (1961) and Keshavamurthy (1968). the
contribution from the Coriolis force term is also
cxpected to be quite significant. Again. top-bottom
terms (both mean and transient) are expected to
reveal significant points regarding the cumulus con-
veclion and zonal flow acceleration during the
period. In Fig. 3 one can see that the rainfall
maxima is associated with the westerly wind
minima and vice-versa. So, from this observed inter-
relation one can understand about the interaction
hetween the convection and zonal westerly flow
acceleration/deceleration.

2. Data and method

The re-analysed Global FGGE level 11I-b data

set is used which was prepared by European Centre )

for Medium Range and Weather Forecasts. The
parameters used are u and v components of wind
and geopotential height for the levels of 1000, 850,
700and 500 hPa of 1200 UTC data set. The terms in
the balance equation are computed separately. The
evaluation of integrals are performed numerically
by using Tropezoidal rule. Vertical velocity w (x, y, P
1) is calculated by kinematic method from u and
v data.

3. Results and discussion

There are mainly three results.

1. Time-averaged momentum budget for the box

The nine terms computed are depicted in Table
1. The maximum contribution is found to be due to
transient north-south term (T7). The Coriolis term
(T) is found 1o be less and destroying the momen-
tum from the box. Top-bottom terms (Tg. Ty) are
very small compared to other terms. The terms des-
troy the momentum are transient top-bottom, Cor-
iolis. and frictional force terms and the last term is
found to be the largest. The other six terms are the
source terms contributing the momentum to the box
as given in the table,

3.2. Time-averaged momentum budger per unit
mass for each pressure-slab

In Table 2 the budgets are given for all the three
slabs. For all the slabs. the contributing terms for
the momentum are zonal pressure gradient force
term (T3). east-west terms (T4, Ts) and north-south
terms (Tg, T7). Among these, north-south force
terms are scveral orders higher than the others. The
sink terms destroying the momentum are Coriolis
and frictional force terms (T). Ty). The mean top-
bottom term (Tg) is a sink term in the slab 1000-850
hPa. while it is a source term for the other two slabs.
The transient top-bottom term (Tg) is source term
for the 1000-850 hPa and 850-700 hPa slabs while it
is a sink term for the 700-500 hPa slab. Total residual
momentum shoots up from 1.64 units in the lower
slab to 103 units in the 850-700 hPa slab. This excess
should be transported by some other mechanism, so
that no residual momentum is left, since the surface
frictional effect will be very small at this level, the
cumulus friction can be taken into account.

3.3. The momentum budget for each day

This budget is without time averaging. The
term in the budget equation are Coriolis force
(Ty). frictional force (T), zonal pressure gra-
dient (T3), east-west (Tg), north-south (Ts) and
top-bottom- (Tg) terms. The budget from 10 to
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TABLE 3

Momentum budget per unit mass hetween 1000-500 hPa, equator to 20.625°N and 52.5°E (o TR.75°E
in units of M sec™ ! for cight days of June 1979

Day T, Ts T, T, T T, Total
101h — D049 — 014 RIERS —.00372 D016 725x 1071 —0.0062
11ih — 00007 —. 00589 0144 00131 - 004 215x107° 0093
121h — 0049 - 0216 — 00268 — 00961 735 s6ax107? — 0268
131h — 00072 —.00994 — D026R 0243 013 -.796x107" 0242
14th — 00062 —.164 | 00391 0257 0177 —376x10° ¢ —.115
13th — 00084 —.187 0177 00023 0183 —287x1078 =151
16th — 000951 — 0512 — V0658 OOURT 0236 —.338%1078 —.0343
17th — 00238 189 015 00253 1.02 —177x1077 0.846

17 June is presented in Table 3. The Coriolis force
lerm is found to be a few orders less than the other
tcrms. The top-bottom term is the least contributing
term, In general. frictional force term is the main
dissipation term for momentum throughout the
period. The main contributing term varies each day.
Rut onc can say that the frictional force. zonal pres-
sure gradient. east-west and north-south terms are
predominant in the daily budgets. The jet is having
relatively high deceleration during the first day as
indicated by the total sum of all terms in the Table 3.
The next day, the jet is slightly accelerated and then
decelerated. And on 12 June there is acceleration.
During the next three days. the jet is decelerated
substantially. And a very high acceleration of the jet
occurson 17th. In Fig. 4 plot of time (days) versus net
rate of change of momentum per unit mass per sec
is depicted. One can observe that the net momen-
tum tendency is small and oscillating around zero
value until 17th when sudden increase in net
momentum tendency is observed and the north-
south term (Ts) is the largest contributor.

34. Distribution of U-momentum

In Fig. 5 the U-momentum distribution is depic-
tcd graphically for each day. It is oscillatory in
nature.

U-momentum for the box is given by,
1 ¥2 (M2 &2 & dediid
3 In I.Vn Jm i

‘ (x2—x1) 2— 1) (P2—p1)
g

U-momentum is maximum on 14 and 17 June for
the whole box. A comparison between Figs. 4 and 5
shows that the two pcaks in U-momentum on 14
and 15 are caused by the positive and negative
momentum tendency spells (Fig. 4) observed on 13
and 14/15 June respectively. The lag of about one-
day between the two sets of peaks is observed.

4. Conclusions

(iy The time-averaged momentum budget for
the box considered suggests that; (a) The maximum
contribution for the maintenance of westerly jet is
due to transient north-south term and (b) the Cor-
iolis force term is found to be less and emerges as a
sink term for the momentum alongwith transient
top-bottom and {rictional force terms.

(ii) Time-averaged momentum budget per unit
mass for each pressure slab suggests that in all the
three slabs the north-south forcing (Tg & T7) terms
are several orders larger than the other terms in
magnitude and they are source terms for the
momentum. The Coriolis and frictional force terms
are the major sink terms. And from Table 2, one can
observe that. the total residual momentum shoots
up from 1000-850 hPa slab to 850-700 hPa slab. This
may be explained by including the cumulus friction
force into the budget.

(iif) Regarding the momentum budget for each
day frictional force is the main sink term and there
are no fixed source terms since they vary day-by-
day. But one can identify frictional force, zonal pre-
ssure gradient force and east-west and north-south
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Fig. 4. Plot oftime (days) versus net rate of change of momentum
per unit mass per sec

ferms are predominant in the daily budgets. Only
spectacular increase is due to north-south term on
16-17 June. which is revealed in the daily budget.
This is in association with the dramatic increase of
U-momentum at the same time. The increase on 13-
14 June during the formation of the vortex and then
the decrease within 24 hours can be examined
clearly [rom an energy budget. The net momentum
fenndency is small and oscillating around zero value
until 17 June. The jet is accelerated and decelerated
during the period in an oscillatory nature. On the
linal day there is very high acceleration and on the
average the jet is accelerated.

By examining Figs. 3 & 4 together, one can
ohserve that the rainfall at Minicoy and the
momentum tendency have inverse relationship bet-
ween them and whenever westerly jet is strong
(weak) the rainfall is less (more). This shows the
importance of cumulus [friction in the momentum
hudget of the westerly jet. Distribution of U-
momentum is also oscillatory in nature when depic-
fed on a graph. In [future, friction can be
parameterized more accurately. It is possible to
introduce cumulus friction. since for the tropical
region it is very important. Mountain effect and
gravily wave drag may also be included for lower
levels. as they may have important role in shaping
up the monsoon westerly jet. The inability to
include above-said processes may lead to error
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Fig. 5. Distribution of U-momentum

amplification in some of the results and the external
forces acting on the boundaries are also neglected.
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APPENDIX

Since the area considered is small and near to
the equator. the effect due to curvature of the earth’s
surface can be neglected and so one can choose
safcly the cartesian coordinate system.

The absolute momentum of the earth-atmos-
phere closed system is the sum of momentum due to
the rotation of earth and momentum due to the rela-
tive motion of the air parcel with respect to the
earth. It should be constant according to law of con-
servation of linear momentum. The absolute
momentum of an air parcel of unit mass can be
written as

p=Qacosd+ u (3.1

where £ — angular speed of rotation of the earth,
@ — mean radius of the earth: u — relative zonal
wind speed and ¢ any arbitrary latitude.
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From Newton's Second Law of motion. changes
linear momentum of the parcel can come

in I
through the action of forces acting on it ie
-0

+ Fa

dp
dr ox
That is, the sum of east-west pressure gradient
[orce per unit mass and the frictional force per unit
s

system

mass against the flow: since we are considering only
the zonal motion. The zonal component of momen-

isobaric coordinate

lum cquation in

given by,

du cu
e
o dx

ifter neglecting the term involving w

of continuity in the system is given

The equatio

comhine both the

dr

The cquation  represents
Then. if we consider an
—clv dy dp

)

dim = (
g

obltain.
] X2
g

X

above
f change of absolute momentum per unit mass
clement

FF2 —;— («?) dxdydp

(uev)

FXY A ‘-;;1

J

mass

ind by multiplying Eqn. (3.5)

and rearranging the terms and integrating for the

regions xp 1o xa. ¥ 1o y» and py to p;, one can

=

oX

dx d_‘r’ dp

sin & dx dvdp

o¢ dy dy dp

(J' 6 )
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ot.

after putting Fy = —g —a—r frictional force/unit
P

mass and T = (“DpuV is lhe eddy stress due to the

sonal motion: = (1 + v?) )2 is the horizontal
velocity, By hydroslalu, assumption dp = —gpdz
where. g is the acceleration due to gravity, p is the
density of the air. Cp is the average non-
dimensional drag coeflicient. The accepted values
[or Cp over ocecan are

Cp=Cp,=11x1073 for ¥< 58 ms™!

= Cp, (0.74+0.046 V) for 5.8<¥'<16.8 ms™!
= Cp, (0944 0.034V) for V> 168 ms™!
(after Krishnamurti 1980)

Again. if we divide the whole equation by the entire
mass of the box IM|=|(xy—x)) '=¥1) (P2—p1)

g

one can obtain the equation as

1 P2 5
ﬁ |z fn J - dx dy dp

1
= 7 [ j f (u’) dy dp
J‘Iz jﬂ:
X1 J 7
sz f}.z (u w)P?
x I Pl
fxz ¥2
x) jyt
Y2 rp2
f_l’l J‘m
X3 ¥
J' ’ J 2 (lp dy dx (38)
xy J»

by substituting for ¢ geopotential in the sixth term as

(uv) :? dx dp

fpz v sin ¢ dx dy dp
P1

dy dp

gzand in the seventh term (t)p, = (Tz)p, = ~(Tzd)p,
Since we are neglecting the upper level fncnon The

Eqn. (3.8) calculates the momentum per unit mass
due to the total motion. Again, to calculate the
individual contribution of standing motion and
transient motion, we have to apply perturbation
analysis. Thatis,u =@ +u',v=v+ v, w=w+w,
z=3%+ 2 et

= 1 2
where, ¥ = —— u dr
n—n n

are the standing motion and the primed are the
transient motion.

Substituting in the above equation one can
obtain,

11 f.‘z f.vz P2 5 @) dx dy d
M 7 u+u') de dy dp
d Xy Jyn Jh o

[ f fp'(u +2t_m'+u'2)if dp dy
¥y

f j (uv+u'v' +u'v+v'in) -‘:2 dx dp
1

f f (Tw+u'w' +uw' -l-wu’)p2 dx dy
Y1

j f J‘ (v+v)sin ¢ dx dy dp
jlﬁ jpl G+2') dy dp
P1
J’ j (f,,ﬁt’ﬂ)‘,,I dy dx ] (3.9)

In the above equation in term-5 on right hand side,
(2 represents lhe zonal mean geopotential height

éleﬂl and (&)y x, is due to mountain. Since the
gcopotennal height at the eastern and western sides
of the mountains may not be equal, a force will be
acting if mountain or sloped terrains are present.
Again averaging with respect to time, the pertur-
bations like &', ¥, ¥',,, &' and &w' will vanish and
the mountain force term can be neglected for the
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region considered. So the final equation can be writ-
len as.

|L 1 sz JJ’: P2 a7
Ml g
& Xp Jy¥r Jp o

dvdvdp = 0

v ®
= J'Pz (ii2) :? dp dy

14

- f P @ 2 dpdy

4|

M
1

- % J’ - J P2 an™ d4p ax

i) i Mt y
B jp' (u' \")':.2 dp dx
P -

l,'
[' # (i w) P gy dy

[

o [~
L—__-.
s

o

Py P
1 rXY PVY e D5
— R ST @ W) dy de
£ Ix Iw #
2 X VI 9
+ % J - j - fp" v sin ¢ dx dy dp
X Jy1 J

dv dp

¥2 Py . x5
g
Ry | Pl

X9 1y
+ j"J’" ﬁ’—")Pl dv dx
X1 1
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