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INTRODUCTION

The basic question addressed in this chapter is why one monscon season is different
from anather. This question is not any different than asking why some summers
are warnier than others, and some winters zre colder than others, This is fundamentaily
a more difficult question than why surmmers are warmer than winters and vice versa.
For brevity, 1 first describe the processes that determine the mean seasonal monsoan
climale itseIf and the mechanisms that are responsible for day-lo-day weather changes.
T then attempt to address the question of the interannual variability of the seasonal
averages. This chapter will Focus aimast exclusively an the Indian sumimer monsoon
for which we fiave an extensive histerical data set.

Let us begin by asking what appears to be a simple question: Why weather on
a given date (say, January 1 of one year) is so different from the weather on the
same date in another year? We know that the amount and distsibution of solar
energy, the most important driving force for the atmosphere, remnains the same on
both dates, as does the rotation of the earth, the composition of the atmosphere,
and the distribution of oceans and continents. This wouid suggest that the causes
for different weather on the same date for two different years do not lie outside the
atmosphere, but most probably inside the atmosphere. To provide 2 reasonable
answer to the above question, we have to address some additional fundamental
questions. For example, what causes weather, and what causes weather to change
from oue day to another? An understanding of the processes that are responsible
for changes in weather from one day to another is a prerequisite to understanding
the mechanisms for changes in seasonal mean weather from ons year to another.
Since seasonal mezn weather, which is sometimes referred to as the short term
climate, is a consequence of the average of daily weather over the length of a
season, it is natural to think that day-to-day changes in weather in a given season
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might be responsible, at leest in part, for producing changes in the seasonal mean
from cne year (o another.

The basic drving force for atmospheric motions is the uneven solar heating of
the sarth-armosphere system due to the neac-spherical geomewry of the earth’s
surface and the revoiution of the earth around the sun. The actual rates of heating
vary with height, latitude and longituds. and the magnindes are determined primarily
wy the composition of the earth’s atmosphere, and the time of day and day of the
vear, The earth’s equatorial reglons receive more cnergy from the sun than they
lose to space, but the reverse is the case for the polar regions. The net heating of
the warmer equatorial regions and the net cooting of the colder polar regions is
source of energy for the motion of air particles. Other important quasi-stationary

- forces are provided by the asymmetric heat sources of land and ocean and by
mountains which act as mechanical barriers and produce quasi-stationary circulation
features. Solar energy heats the uceans and evaporates the water that later condenses
into the ammosphere, often at some distance from where it evaporated, providing
ancther very important enargy source, the latent heat of condessation. The three-
dimensional structure of this heat source is datermined in part by the motion fietd
itself, producing one of the most complex feedback loops (i.e., nonlinearities} of
atmospherte dynamics. The mean circulation produced by the forcing functions
described above can be considered, hypathetically, as the seasonal mean climate
of the eanth—atmosphere system, This seasonal mean climate, however, is charactarized
by horizontal and vertical gradients of wind, temperature, and moisture, that are
favorable for the growth of thermodynamic and hydrodynamic instabilities. The
day-to-day weather fluctuations are produced by transient weather disturbances
which ate the manifestations of the growth, decay and propagation of these inswabitities,
The disturbances can derive their snery from the mean circulaton and thereby
change the mean circulation itself, The observed, quasi-equilibrivm mean circutation,
to be referred o as the mean climate, is produced by interactions among the
stationary and quasi-stationary forcing functions, and transient disturbances.

Since changes in the weather oceur due to instabilities of the atmospheric state,
and since the intemal atmospheric dynamics are intrinsically nonlinear, atmospheric
behavior is aperiodic and, therefore, at long ranges, unpredictable, Thig inherent
apericdicity of the weather at all time scales also produces aperiodicity of monthly
and seasonal averages, Therefore, even if thete were ne changes in the external
forces, it wouid be reasonable to expect seasonal averages to bs different from one
year to another. Acmally, small changes do occur; for example, aithough the solar
energy inpus for a given season remains nearly the same from one yeac 1o the next,
there is some variation due to the interannual variability of seasonal mean cloudiness.
The height of the mountains remains constant, but thers may be large changes in
the circulation because the wind impinging on the mountains may be quite different.,
Another plausible reason for the interannual variability of seasonal mean climate
appears to be the interannual variability of boundary parameters such as seasonal
menn sea surfece temperattire (S3T), soil meisture, and sea ice and snow, Based
on tese considerations, the mechanisms responsible for interannual variabiiity of
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seasonal mean climate fail into two categores: *‘internal dynamics’® and **boundary
foreing’ (1, 2). These will be discussed Further in Section 3. ’

It is reasonable to expect that the natire of the interannual varability of seasonal
averages wiil depend upon the spatizl and temporal domains for which the averages
are calculated. For example, if we average rainfall over the whole Afro-Asian
monsaon region, it may nef show large interannual variability, but the average over
the Indian subceminentz, or part of it. might show large interannual variability,
Similarly, monthly means might dispiay large intermnnual variability, whereas seasonaf
means might not. This suggests that in order to ger a meaningful deseription of the
interannual variahility of any atmospheric phenomenon, wa need a good understanding
of the dominant space and Ume scales of atmospheric anomalies. Pazt of the interennual
variability may be due to changes in the intensity of the mean atmospheric circulation
systems. and parg of it may be simply due to shifts in [ccadon and timing of those
circulation systems. It would appear, therefore, more appropriate to study the
question of interannuai variability on a global scale. However, due to insutficient
long-term, global data records, we zre constrained to study the interannuaf variability
of regionat phenomena. :

I Section |, 81 years of monsocon rainfall data is used over different subdivisions
of India to describe the observed structure and interannual variability of monscon
raintail, The intexznnual varability of rainfall is described here because of its social—
sconomic importance and also because reliable records are available for & long
period. Discussion of observed varability will be limited to the summer monsoon
season. In Sections 2 and 3, the basic mechanisms for intraseasonal and interannual

_variability of the monseon circulation and rainfall are described and the results of

some of the key swdies which document possible relationships between monsoon
and other global circulation features are summarized, It will be shown thar the year-
to-year changes in the Indlan summer monscon are related to & globaf seals aunespheric
circulation fearure called the Scuthern Oseillation, and ccean temperature anomalies
in the wopical Pacific called E] Nifie, A summary of several numerical experiments
with giobal climate models, and results of observational studies is presented to
show that the slowly varying boundary conditions have significant jnfluence on the
fluctuations of seasonal averaged monsoons.

1 INTERANNUAL VARIABILITY OF SUMMER MONSOON RAINFALL
OVER INDIA

After the great famines of 1877 and 1899, the India Meteorological Department
established an extensive and efficient network of rain gauge stations over india,
This network has provided a great wealth of monsoon rainfail data for systematic
studles of interannual varjability which have been carried out by a large number of
investgators. Some of the earlier work will be summarized and then an asalysis
will be presented of the stucture and space—time variability of monseen rainfail
aver India for the period 1901-1981,



402 ’ J. SHUKLA

1.7 Previous Studies

There are 2 large number of scientific publications, especially from Indizn scientists,
describing various aspects of the interannual varability of Indian monsoon rainfall
and its relationship with regional and planetary-scale circulations. It is not possible
to summarize here the results of oll such papers; I therefore refer only to those
works that examine sufficienty fong ime series. This atlows some definitive statements
to be made about the nature of varfability and its possible causes. Case srudies
using iimited data samples are indeed iiluminating but insufficient to distingutish
batween # genuine signat and random noise because of sampling problems.
Parthasarathy and Dhar (3) studied 60 years (1901.-1960) of annual minfall for
31 subdivisions over India (Fig. [4.1). Their data were derived from approximately
300 rain gauge stations. The analysis showed that rainfall in most of the subdivisions
fits a normal distribution, Positive rends (increasing rainfatl) were found in many

i |

L WETH ASSa

2 SCUTH A§stx

1 U3 (AUAFAN WEST AERTAL
§ GAMGETIC WEST GEsGAL

3 CRISsh

§ BIHER PLATEA

7 Blraa FLA(ES

8 EAST UTTAR PRADESH

9 NEST GTTAR PAADESH
10 kAN
It PUREAY -

20N f = -

TrAR
{5 SEST MADHYA PRACESH
17 ZAST HABYYA PRALESS
18 GAARAT

AND wmre
20 KoAxAN
21 FADHTA MUANIASHTAL

RINE
23 CLASTAL AmoWaa 2RKCESY
25 TELERSARA
26 RAYILSEESA
2F TRAIL-2AD
28 CORSTAL LARAATAXA —
29 KCRTH IATEATER XAONATAXA
30 SGITH (NTERICR KAAMATARA
3L KERALE

l ] ]

7B ao0g SGE

Figure 1d.1. Locatons 2od ames of 31 subdivisions aver [ndia,
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subdivisions, but these have been reversed by the large number of years with
deficient rainfail in the 1960s and 1970s. Power spectrum analyses did reveal some
evidence of a 2- to 3.5-year cycle in some subdivisions. Dhar et al, (4) computed
monthiy mean rainfall for the whole of India from corresponding subdivisional data
for 1501-1960. Annual and seasonal mean rainfall statistics were computed from
these monthiy valtes, The authors showed that a direct relationship usuaily exists
between the rainfall amount and the number of cyclonic storms crossing India.
Pareek and Ramaswamy (5} analyzed the summer monsoon rainfall over Bumma
for the pertod [907-1938 and concluded that droughts ace not a serious prablem
in Bunma, Parthasarathy and Mooley (6) studied seasonat rainfall for the whole of
India, The data, covering the period 1341-1977, wers derived from rain zauge
stations. Two series were constructed; one for prepartition Iudia and Burma covering
the period 1841-1935; another for Indian min only, [$01-1977. From these two
series a homogeneous series was constructed for 1866-1970. Some data were
discarded because of unroliabllity and sparse coverage {1971-1977). They found
no wend in the rainfall data, but pointed out that the period 19311960 had higher
than normal rainfall. A power spectum analysis showed evidence of a possibls
cycle with 1 peried of between 2 and 3 years.

Bhalme and Mooley (7) used monthly mean percentage departure raintal] data
for the period 18911975 for 31 subdivisions to construct irdices of fluod and
drought intensity. They found thet large-scale floods (heavy rainfails) and droughts
each ocour about 15 times per century. They alsa found a periodicity of about 20
years in the general fiood index, Frequent large-scale droughts were found to appear
during the periods 1891-1520 and 1961-1975, while there were few droughts
between 1921-1960. They also studied composites of circuladion patters for Aood
and drought years and indicated that departuses from normal of the monscan rain
may be fereshadowed by circulation anomaiies in the upper woposphers during
May. Mooley st al. {8) considered a time series from 1871-1978 of annuel rainwater
volitme falling on the whole of India, derived from a network of 306 rain gauge
stations. Time series of the area covered by excess and deficit rain were prepared
to show the extreme years. The authors point out that in the perind 1921-1950
there was only one excess and one deficit (as per their definition) year of rainfall,
They also commented on the economic impact of sxtreme rainfail. Mooley and
Pant {9) studied the histerical data for 1771-1977 and classified 32 major droughts.
These years did not necessarily correspond to the largest negative departures in the
tims series for seasonal rain becavse they considered the annual rainfaii.

1.2 Variability of Monsoon Rainfall over tndia, 19011981

The observed interannual variability of monsoon rainfalt over India based on 81
years of data is presented hece. The percentage departure from normal rainfall for
the menths of June, July, August, September, and the seasonal mean, for 81 years
{1901--1981}, for 31 subdivisions of Tndla (Fig. 14.1) was obtained from the India
Meteorological Department (the seasonal mean Is given in Table 14.1), Various
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siatistics have been calculated from these data.* The percentage departure from
normal i3 the difference (expressed as a percentage) between the average monthly
mean rainfall for all the stations in a subdivision for which data is available for
inat particular month and year and the normal rainfall (the average, over ali years.
for that month) for the same stations. The percentage deparure of seasonal rainfall
i calculated in the same way. The seasonal mean percentage departure is not
«dentical but close to the average of the percentage departures for the four months.

It is important to note that the number of stations varies with month and year,
hat is, the same stations are not available for exch year. Thus a smaightforward
weraging of rainfail for all the aveilable stations would show some interennuat
-ariation solely due to the sampling error that arises from using different stations
=ach year. If the total number of stations is not large, and/or the rainfall in 4 given
sbdivision has large geographical varibility, the spudous interannual variability
wising from the sampling error could be quite large and might mask the real
-wisrannual variability. We consider the percentage departure from normai as a more
‘ppropriate parameter than the actual minfall to stdy interannual variability.

We have also examined the interanrual variability of the percentage deparmure
~4 rainfall for several large regions of India, A reglonal average is defined as the
stea weighted mean of all the subdivisions in a given region. The **rainfall anomaty**
2 defined as the deviation of the percentage departure of rainfall from its long-tetm
isean and the “normalized rainfall anomaly” is defined as the ratio of rainfaft
anomaly and its standard deviation, The coafficient of variability is defined as the
atio of the standard deviation and the mean rainfall,

Walker (10) suggested that rainfall anomalies aver several subdivisions of Indla
should be grouped together to defing areal averages for large homogeneous regions,
The basis for Walkes's groupings was the uniformity of comelation coefficients
between the tnomalies and geographically distant atmospheric parameters, The two
togions (Northwest and Peninsula) which were frst defined by Watker and which
s still being. used by the [ndia Meteorological Department for seasonal forecasts
we shown in Figure 14.2 and defined in Toble 14.2. The interannual variability of
Ae seasonal rainfall for the subdivisions in the Northeast region was found to be
“caall, and the correfation witit the distant parameters was not significant, so Walker
fid not use these subdivisions for seasonal prediction,

It can be argued that the criteria chosen by Walker to define homogeneous regions
it India were not quite appropriate because they wers based on comelations with
dstant parameters. A more appropriate procedure might have been to examine the
mucture of the dominant mode of vardability of the Indian rainfall data itself,

We have attempted to determineg spatially homogeneous regions of India by the
sllowing three methods: (1) correlation among all the subdivisions, (b) correlation

‘r‘:,mex;t.agcgepamu-a from normat, # = IOO(E - E)IE. whern R fs the moathly or seasonal mean
aatall, 20d & is the “'normai'* monthly or seasonai mean mainfail for 50 years (1901-19505,

iafll anomaly, P* = (P — P, where B is time mean of P for 81 years,

tormalized minfafl anomaly, P* = P'/or where o I3 the standerd deviation of P* for 81 years.
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Fignre 14.2, locations znd names of regions used for spatial averaging: (@) Nomthwest, Peninsulz,
Northeast, Southern, {6} Northwest-Peainsula, (Figure 4.2 continues on page 414.)
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Flgure 14,2, (continued) () Homogenecus Nonthwest, Homogeneous Peninsula,

between the subdivisional rainfafl anomaly and the Seuthern Osciliation, and (c)
empirical orthogonal functions (EOFs). Table t4.3 gives the correlaton coefficients
among rainfall anomaiies for all the subdivisions. Correlations of 0.7 or higher are
found perween adjacent subdivisions as shown in Figure 14.3a, Six subdivisions
in Northwest India (Western Uttar Pradesh, Haryana, Punjab, Westem Rajasthan,
Eastern Rajasthan, and Western Madhya Pradesh) and five subdivisions in Peninsuta

[ndia (Mamthawada, Vidarbha, Coastal Andhra Pradesh, Tefengana, and Rayalseema) -

ars the only two contiguous groups of highly homogeneous minfall anomaltes. We
will refer to them as the Homogeneous Northwest and Homogeneous Peninsula
regions. A similar map for the threshold corrsiation coefficient of 0.5 s shown in
Figure 14,35, This defines a much larger number of nearly homogeneous subdivisions
which can be used for spartial averaging of Indian swmmer monsoon rainfali, Figure
14.3¢ shows the correlation coefficients between the mormalized winter to spring
pressurs tendency for Darwin (which can be considered to be an index of the
Southem Oscillation phenomenon), and seasonal rainfali anomalies for sach subdivision
using 81 years of data.

There is a marked similarity between the homogenecus subdivisions of Figure
14,30 and subdivisions with large comelation coefficients (significant at the 5%
confidence level) in Figure 14.3¢. This suggests that the Southern Csciliation influences
a large cumber of subdivisions of Indla and, therefors, the separate groupings of
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TABLF, 14.2 Mames of Subdlvisions Constituting the Eight Regions

Region

t. Morthwest India; East Uttar Pradesh (8}, West Uttar Pradesh (). Haryana (10), Punjab
(11, Himachal Pradesh (12), Jammu and Kashmir (13), West Rajasthan (14), East
Rajasthan (i5)

9. Peninsula India: Orissa (5), West Madhya Pradesh (16), East Madhya Pradesh (17},
Gujarat (18), Saurashtsa and Kutch (19), Konkan (20), Madhya Maharashtra (21),
Marathawada (22), Vidarbha {23), Coastal Andiwa Pradesh (24), Telengana (25),
Coastal Kamataka (28), Mernth [rterior Kamataka (25)

3. Southern India: Rayalseema (26), Tamil-Nadu (27), South Interior Kamataka {30},
Kerala (31) !

4. Northwest [ndia: North Assam (1), South Assam (2), Subbimalayan West Bengat {3},
Cangetic West Bengal (4}, Bihar Plateau (8}, Bihar Plains (T)

5, Homageneots Northwest: West Ustar Predesh (9}, Haryana (103, Punjab (113, West
Rajasthan (14}, East Rajasthan (15), West Madhya Pradesh (16)

6. Homogensous Peninsula: Marathawads (22), Vidarbha (23), Coastal Andhre Pradesh
{24), Teleagana {25), Rayalseema (26)

7. Northwesi-Peninsula: West Uttar Pradesh (93, Haryana {10}, Puniab {11}, Himachal
Pradesh (12), Jammu and Kashmir (13}, West Rajasthan {14), East Rajasthan (s,
West Madiiya Pradesh (16}, Gujarst {18}, Saurashira and Kutch (19), Konkan (20},
Madhya Maharashtra (21}, Mamathawada (22}, Vidarbha (23), Coastal Andhra-Pradesh
(24), Telengana (25), Rayaiseema (26), Coastal Kamnataka (28}, North Interior
Karnaraka {29), South [nterior Kamataka (30}

. Whole {ndia: All 31 Subdivisions

(=]

Northwest India and Peninsula India, as suggested by Walker, are not appropriate .
to study the varability and predictability of Indian summer moensoon minfall in
relation to the Southern Oscitfation. This is mainiy because targe-scalte rainfail
anamalies over Northwest India and Peninsula India are not independent. This point
is further supported by Figure 14.4 which shows the composite rinfall anomaly
maps for years with heavy and deficient moasoon rzinfall for both Northwest and
Peninsula regions. Figures 14,4a and 14,44 show the composite anomaty maps for
the Northwest reglon for the years with normalized rainfal] anomalies equal to o2
greater than 1,0, and less than ot equal to — 1.0, respectively. Figures i4.4¢ and
14.44 show similar composites for the Peninsula region.* It can be seen that the
years with heavy or deflclent rainfall over ane of the regions is accompanied by
anomaties of the same sign (although not of the same magnitude) for a large number
of subdivisicns over India,

* Compasits anomaty for the years 1908, 1909. 1916, 1917, 1933, 1942, [953, 1956, 1957, 1958,
19461, 1973, [975, 1976, azd 1978 Is shovm in Figure 14.da; for 1501, {905, 1911, 1913, 1913, 1918,
1920, 1939, 1951, 1965, 1972, and 1979 in Figure 14.4b: for 1914, 1917, 1933, 1955, 1956, 1958,
1959, 1941, 1964, 1970, 1975, and 1980 tn Figure 14.4¢; and for 1901, 1904, 1905, 1911, 1918,
1920, 1941, 1951, 1965, 1966, 1968, 1972, 1974, and 1979 ia Figure 14.44.



gy o w0 xanmReod g

oot

s o1
L 05 (Ll 3}
8s” w v 001 i
Ly L2t 65° (% ooT 1
22 iy [18 9 {42 oot o1
o9 e kb 99° 0F L oo1 6
w 60 g € 1 3% Lg 00°e g
w0 fI'= 50°— 10} S— 6l 33 00t L
e AN or 9T g i 52 ST o oot 9
1} v &0 6T Lr e 5T Iz AN e LR} )
L (4N Ly 9t oy or 00— 6 o Ly’ 81" oot ¥
0T~ - - 99— T~ 8~  COo~ £r 90— 8- TW- o1 £
e~ = 9T~ - - - 9T - - Yo - LA VA~ (LU [4
or—  Zi'— W-—- = 0~ '~ o'~ oo~ £r €'— £ - LA A ¥e" LV
g1 4] €] Al L o1 & g L ¢ 3 ¥ £ T I

JRQUINN MOISIAtpGNg

SPTHIONY NTJUIT WIIY [SU0sTas 0 SUOSIAIPQNg Iy Juowmy smarggeos VOIS £ b FTAVL

i€

62
.14
L

9

e
£

Zz
1z

14
61

37
)

9t
<t

4]

+16

417



o't 1
1w ool o€
©® & et 6t
65§ T 001 . 8t
T I 0ot k4
- Y 6 Tk 00T R
T % g ST 9 ol st
VR TR S - S [T AN ¥
N (N - N I A S "N T £
IO A - S T A [ AN @
R < (o U Y AT SN L X { 17
U A - - S AN - N < TN - AL S | 0z
B0 68 TE TE WU 98 ¥ L& 9F 06 S IF o0l sl
€0~ W ST € 9Y 08 %€ LT LY g€ 8¢ K 7 o0l 8
AR L AR/ A A~ A S . AR o A T 0 4
4% T i4h L L 14 14 A by 12 Ly 68" ve L¥ o wr 9
9T ¥ 0T 6 W LU ¥ 0T 9% 8¢ o ¥ L 95 oy b Sl
O S - [ S - S AR SN - < Y ~ S L~ S R
LU O (AR (UL - o - - T N - L T
Woow RN s U 9 9 B 6 ¢ % W ose 8 s u
8 L W W% W sU 8 66 SE W i W LE T 0F 'Y 11
PTog e w6 LT fF 9 W 60 v sy 1€ g e ¢ of
or L ey £ g 08 68 %+ & 1 W oF 1t s 6§
L 2 -1 A <N [ A A SN~ AN M ~ <N 1 SURNE ¥ SR VR P
- G- eU- 8- 10— 00 60— SO~ W'— O 90~ €= U= 00— S0 & ¢
e Ww- P - 9= 8T- - 1~ - e - W 4 L g 9
EUNE R | L A A 1 A S - S S ¢ S T A S
o W - 5 S0 90— tI'— é1~ 100 S0~ - 0= £ 6 30 6 b
o= 90~ 30 9U— W ST S0 MT 80— 9 SF- 0 OF 0~ 6 11— §
B~ - 0T~ V- 00— 90 O E'- 90— b~ 01— &~ ('~ T~ 9T— - 7
(= - - 1r—- o 80" (AR 1 Q= ' oU— - £8£- (I'- F'— S0~ 1
‘e 0e 6 8 & w st ot w w1’ 0 6 s a9

1aquINy BOISIAPgNg

{penupruog) €41 416V

419

418



=4 1. SHUKLA

T 1
CCRRELATICN 2 0,7 CORRELATION 2 0.5

T ‘ - e
1 I ! i 1 H —]

CORA. COEFF. {x 160)
ARALNAALL AHQ OARWIN
PREJBURE TREND

Flgure 14.3, Subdivisions with coreelation
coatticients equal to ar greswer than (a) 0,7,
() 0.5 for seasonal rainfall anomaties am jotned
by 4 line with an arrow at each ¢nd, and ()
comelation coefficient berween seasonal minfall
anamaly and normatized winter 10 spring pres-
sure tendency for Darwin,

Fgure 14.5 shows the structure of the empirical orthogonal functions (EOFs)
T the normalized seasonal rainfall anomaly. EQFs describe large-scale pattems
‘ch represent maximum variability. The percentage departure from normal minfall
-nocmalized by dividing it by its stardard deviation. The tirst EOF explains 31.5%
{ the total variance while the second, third, and fourth functions axplain only
1.%%, 7.6%, and 6.3% of the vadance, respectively, It is again seen that the large
alues for the first funcdon in Figure 14.5 are confined to neazly the same subdivisions
hich show large correlation coefficients with the Soushern Oscillation in Figure
+.3c. Resuits shown in Figures 14.3, [4.4, and 14.5 suggest that the most dominant
utem of the spatial homogeneity of the Indian summer monsoon rainfall is determined

INTERANNUAL VARIABILTY OF MONSCONS £27
T T T T T
HEAVY RAIN OEFIGIENT RAIN
NORTHWEST NORTHWEST
B — o N
dom [ - A -
som b — et e -
N | t L {
e 13 LT IRE a3 "y
T T T i T L
HEAVY RAIM DEFICIENT RAIN
PENINSULA PENINSULA
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rou - 10 d
i I I 1 L
ot W tax

Figure f4.4. Composite waps of normalized seasonal rainfall anomaly for: (a) hezvy rinfall over
Morthwest [ndla, (5) deticient rainfall over Northwest India, (¢) heayy mainfall over Pepinsular lndia,
(d) deficient rainfall aver Peninsuia [ndia. .

by its relationship with the Southem Oscillation, which simultaneousty affects 4
large number of subdivisions over India. We, therefore, propose to examine regional
averages over a larger area which would be referred to as the combined Northwest—-
Peninsula region {see Fig. [4.2b and Table 14.2).

As mentioned earlier, the Northwest and Peninsula regions were defined by
Walker and are cumrently used by the India Meteorological Department for long-
range forecasting of monsoocn rainfall. The Southem and the [Northeast regions are
simply the remaining subdivisions. Homogeneous Northwest and Homogeneous
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- F
EQOF 1 (31.4%)

T
EOF 2 {11.7%)

TABLE I4.4 Seasonat Ralnfafl Anomalies (percentzge departure from normat) for
the Elght Regions in Table 14,2

Region Number

154 et 1t

Fleure 14.5, Fimst four empisical osthogonal fimetions (EQFS) for romalized seasonad rindalj anomalies,
Percentage of variances explained is indicated as the top.

Peninsula are defined on the basis of high correlation coefficients for seasonal rainfall
anomalies (see Fig. 14.3a). The combined mgion of Northwest—Peninsula is defined
on the basis of significant comelation with the Southern Oscillation, Table 4.4
gives the rainfail anomalies for the eight regions (listed in Table 14.2) for the period
1901~1981,

Table 14.5 shows the comalation coefficients of the seasonal minfall anomalies
among the eight regions. It is seen that the corelation coefficient between the
Northwest and Peninsula regions is 0.7%, which is perhaps too bigh to consider
these regions as independent, It shouid zlso be noted that the correlation coefficient

Year { 2 3 4 5 6 7 3

1901 -4 -15 -7 -10 -26 - 14 ~-31 ~16
1902 —-18 -1z -1 3 ~16 -14 —-15 -1
1903 10 8 25 -7 0 28 13 8
1934 —12 -1l —~24 - B A U] -28 12 -15
1905 ~33 -21 ~24 § —d4 -16 ~29 -0
1906 t 6 4 -4 7 14 1 6
1907 -2 -5, -3 1 -9 -14 -10 -5
1908 37 i3 ~13 - 10 41 17 26 14
1909 3t ] 9 5 15 ] 16 i1
1910 1z 12 14 5 7 24 15 {1
1911 -3z ~21 ~18 7 -36 ~19 -32 -2
1912 -6 ] -3 -t -3 -1 ] -4
1913 -7 -3 - 18 5 -30 -15 - 14 12
1914 16 21 ] —-12 6 27 il 12
1915 -7 -8 8 -3 —40 10 -9 -2
1916 3z 13 21 1 32 30 23 18
1917 il 2 14 3 71 28 43 33
1918 ~51 34 ~dt 18 - 54 -33 ~48 -132
1919 8 3 7 i} 13 -3 7 7
1920 -2 -25 -4 -3 -2 -42 =27 -0
192! 1 2 i3 3 ~3 14 3 3
1922 1 -8 =20 13 4 -17 -4 0
1923 0 ~17 1 -5 7 -1l -3 -4
1924 14 -8 33 4 16 -7 6 3
1925 1 -7 -~ 14 -10 ~i2 -2 -0 —-6
1926 21 9 0 H 20 —~12 15 11
1927 1 5 4 -2 -3 ! 3 3
1928 -2 1 -22 -1 -2 3 -8 -3
1929 -7 -10 -6 -1 -3 -21 -1z -7
1930 -2 -6 -2 0 -3 -17 -2 -5
1931 7 4 -t —4 15 7 g 3
1932 -3 0 -5 -7 -4 -4 -1 -4
1933 24 2t 11 4 3 16 26 IE]
1934 5 10 ~-30 0 it 1 4 3
1935 - 10 -t -4 5 -8 6 -4 =3
1936 13 -1 -7 4 4 -1 -3 4
1937 -13 3 — 16 -4 —4 ~14 ~7 -3
1938 —-10 3 14 §  —13 34 o 3
1939 -7 ~12 —~14 4 -8 ~13 -23 ~14
1940 ~-10 2 -3 -9 et 3 ~3 -4
1941 -8 -4 4 ~26 -24 ~18 ~13

(Table continues on page 424.)
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TABLE 144, {Contireedy

Region Mumber

Year 3 2 3 4 5 4 7 3
1942 28 12 -6 8 il 7 20 15
1943 3 4 -1z -1 4 -3 1 3
1944 19 i3 -2 -3 29 0 8 1t
1945 10 i ~15 -7 24 2 12 5
1946 -2 1 3 -2 4 ~é 5 4
1047 3 "9 14 ~1 5 14 8 6
1948 7 -4 -7 2 4 -6 -3 il
1949 -1 4 12 4 -5 p ) 0
1950 2t -2 -3 1 1 -12 1 6
1951 -16 ~15 -3 —18 -33 0 -24 -2
1952 ] =13 -135 -2 I -30 -2 -G
£953 23 g I8 § -3 13 17 13
1954 -9 1z -2 -1 -3 15 1 o
1255 19 15 -6 -4 25 25 14 {1
1556 23 20 11 -1 13 20 21 16
257 46 -7 o —1a -1 6 21 3
258 23 15 -3 —~11 19 2 22 1
1959 10 29 15 -8 7 33 29 16
260 i} -1 -1 6 1 —i ~3 0
61 34 31 25 -7 18 1z 32 15
1962 3 —d 2 5 0 10 2 ¢
263 -7 -1 -3 -4 -3 7 -4 -4
1364 io 15 §:] ~1 19 20 15 1
1965 -32 —-15 -11 —-i -31 -2 -19 —-18
UK —§ =16 3 -7 -17 -2 -3 -9
257 8 4 ] -1z 6 -1 5 2
268 —~19 ~15 ~3 a -3 -20 -17 -13
969 -8 1 -6 —4 -9 - -3 -7
970 12 21 -1 0 10 25 9 13
571 3 -7 4 $ 6 =19 -6 o
972 =26 -7 -6 -5 ) —~34 —-129 -3
973 26 9 3 i 40 -4 20 13
974 ~22 26 9 21 -5 -21 -2 - 14
975 60+ 16 2R -8 46 2t 39 bl
76 29 5 ~11 5 27 0 18 11
77 19 ~1 4 § 24 -15 0 7
B 24 ) 8 3 6 2 18 12
#19 -33 -9 11 —13 ~37 -12 -13 -19
380 I 13 -12 -2 2 3 8 9
781 -n 4 28 -6 —-17 14 ] )
Aean 2 1 -2 -1 0 0 2 i
oL 22 14 15 7 2 18 18 12

-24
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TABLE 14.5 Correlation Coefficients for Seasonal Mean Rainfall Anomalies Among
Eight Regions

Region 1 2 3 4 5 6 7 3
1 Momhwast Indiz 100 g1 42 =08 93 .35 93 93
2 Perinsuls India L0 g4 -9 76 g9 90 .50
3 Southem India i) —~.C4 38 35 54 .35
4 Nogtheast India 1. -0 -8 -6 -—.03
5 Homogeneous

Nonhwest 1.06 .51 9t gt
& Homogeneous ‘

Peninsula 1.00 73 72
7 Nonthwese—

Peninsula 1.00 .98
8 Whole [ndia 100

between the combined Northwest-Peninsula region and whote India is 0.98, which
suggests that any statement about the combined Northwest-Peninsula region would
generally be valid for the whole of India.

1.3 The Observed Variability

Table 14.6 gives the seasonal mean rainfall (R) in mm {colurnn 1}, standard deviation
of seasonal mean rainfall (og) in mm (column 2), and coefficient of variation (CV)
caleatated from 70 years (1901-1970) of rzinfall data for 31 subdivisions and eight
regions (column 3). As pointed out earlier, the number and location of stations
used for calculating subdivisional mean rainfall is not same for each year and,
thevefore, part of the vartability shown could be due to sampling of different stations.
Only 70 ysars of data were used for thess caiculadons because rzinfall repors from
aumerous stations had not yet been received for the period after 1970, The seasonal
normal rzinfall given in column [ is very similer to the rainfall based on 30 years
(1901-1950) of data and used as normaj by the India Meteorological Department,
The differences are less than 5% for most of the subdivisions and less than 10%
for a faw subdivisions near high mountains, Column 4 gives the standard deviation
of seasonal percentage departure fromt normal rainfall (@) for 81 years {1901-
1981). Column 3 gives the standard deviation of monthly percentage departure from
normai () for all the four months (June, Juiy, August, September} combined,
and column 6 also gives the standard deviation of monthly percentage departurs
fromt normal (o) for ail the four months combined, except that for each year the
seasonal percentage departure from normat is subtracted from the monthly percentage
departure before calculating the standard deviation of monthly means, The standard
deviations oy, and ¢, are not the same betause seasonal mean anomalies conuibuse
towards the interannual variability of manthly means, The area weighted average
of seasonai normal monsoon rainfall for 31 subdivisions (whole India) is 850 mm
and the coefficient of variation of area weighted seasonal rainfall is 9.5%.
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TABLE 14.6. Seasonal Norinal Rainfalt (ff in mm}, Standavd Deviation of Seasonal
Mean Rainfail (org) in mm and Coefficient of Yariation {CV) Based on 70 Years

(1901-1%70} of Data.

MEAN(RY  odmm) - CY(X100) Tl %) on(B) o)
1 Nomh Assam 1531.6 139.8 9.1 12.3 27.4 24,7
2 South Assam 1819.5 09,3 1.3 1L.7 22.4 194
3 Subhimalayan
West Beagal 2222.4 3583 16.1 14,3 30.2 26.8
4 (Gangetic West
3 Belagal 1069.8 139.6 4.9 15.9 35.8 317
3 Orissa 1123.1 153.4 3.7 13.7 30.3 26.8
6 Bihar Plateau 1101.3 142.2 12.9 13.7 31.7 28.1
T Bihar Plains 10054 166.5 16.6 15.9 35.3 31.1
2 East Uttar :
Pradesk B86.3 175.1 19.8 21.4 42,9 36,3
9 West Uttar
Pradesh 869.9 186.1 20,4 1.9 49.0 43.4
10 Haq'rana 460.2 138.0 30.0 30.4 56.2 59.3
11 Punjab 451.2 143.5 318 323 72.6 64.1
12 Himachal '
Pradesh 1247.5 356.8 26.5 3.2 61.2 4.9
13 Jammu and
Kasimﬁ.r‘ 528.5 152.3 28.3 35.2 62,5 53.1
{4 West Rajastban 270.0 106.2 39.3 40.3 78.7 68.4
15 East Rajasthan 619.0 169.3 27.4 21.0 38.8 52,4
16 West Madhya
Pradesh 932.3 173.6 13.6 19,0 43.0 38.4
17 East dMachya
h.desh 1197.3 175.3 4.6 15.3 313 28.3
i8 Gujarat 929.9 266.0 28.6 0.2 53,9 53.9
19 Saurashirs and
Kutch 488.3 1793 © 36,7 39.1 85,4 76,8
20 Konkaa 2756.2 431.8 17.5 17.9 7.7 327
21 Madhya
Maharashua 793.1 127.9 16.1 17.3 357 31.2

INTERANNUAL VARIABIUTY OF MONSCONS 427

TABLE 14,6, (Continued) Standard Deviation of Seasonal Percentage Departure
from Normat (o}, Standard Deviation af Mean Monthly Percentage Departure from
Noemal (o) for June, July, Auvgust, September, and Standard Deviation of Monthly
Percentage Departure {0y, ater Removing Seasonai Means Calculated from 31

Years (1901-1981) of Data,

MEANIR)  odmm)  CVXIOD 0%  oo(f) 0wl

72 Marathawada 692.9 167.2 24.1° 25.2 48.3 41.7
23 Vidacbha 936.4 174.6 18.6 18,3 37.6 323
24 Coastal Andhra
Pradesh 583.1 109.8 18.8 20.0 4.9 287
15 Telengana 755.0 138.1 20.9 213 39.4 33.3
16 Rayalseema 376.2 93.6 26.5 3.7 43,8 42.8
27 Tamil-Made 344.7 6.8 18.2 18.3 35.0 3.1
38 Coastal
Kamataka 2%07.0 435.7 15.7 16.8 35.5 316
29 North Interior
Karnataka 456.7 84.4 18.5 20.0 9.1 34.8
30 South Intetior
Karnataka 7864 163.9 0.8 8.4 34.3 30.4
31 Kerala 1976.0 393.2 19.9 19.4 38.1 32,7
Region
1 Northwest ‘
India 631.3 {18.0 18.7 22.4 45.3 39.1
2 Peninswla India 944.3 117.4 12.4 i3.5 8.9 24.9
3 Southern [ndia 666,9 98.2 14.7 14,7 29.0 4.8
4 Nottheast India 1394.1 50.9 6.5 1.2 18.3 14,9
5 Homogeneous .
Northwest £49.8 123.5 19.0 22.6 47.8 41.7
§ Homogeneous
Peninsuia §92.2 120.2 17.4 17.8 30.8 5.0
7 Northwest-
Peninsula 729.4 1i2.7 15.4 17.8 34.3 9.0
8 Whole [adia 890.2 84.4 9.5 12.5 252 2t.4
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SEASON (JJAS)

—
(2} RANFALL (CM}

Tax T ™

;gure 14.6, (u} Seasonal nocmal rainfatl (£) in em, () coefficient of veriation (CV) caleulated from
ﬁd(:?m'"iw;) of data, (c) sundard daviation of seasonal mean rainfal (o) in om, and (d)

s viation of seascoal percentage depzrure from normal czkulated -

181} of dara {se= Table 14.6), o e rom Bl yeam (1501

Figure 14.6 shows the maps of the first four quantities listed in Table 4.6, The
rge vaiues of subdivisional mean rainfall occur along the west coast and over
outhenst India. For both of these regions ocal erogrphy plays an important rofe
determining the seasonal mean rainfail. The subdivisions in Northwest and Southeast
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India get the least amount of rainfafl. The coefficient of variation is largest for the
subdivisions in Morthwest {ndia, primarily because normally the amount of rainfall
is smal but it can undergo large changes from year to year. The normal cainfall
and coefficient of variation are both small for Southeast India. This can be seen
more clearly from values of standard deviaton of seasonai mean rainfall which are
the smallest for Southeast [ndia. Although the seasonal normal for subdivisions in
Northeast [ndia is quite large, the stzndard deviation of seasonat mean rainfall is
relatively small giving rise to cather low values of coefficient of varatdon. The
values of standard deviaticn of percentage departure of seasonal rainfall (shown ia
Fig, 14.6d) range from 12 to 40%, with the smallest values occurring over the
astern part of Mortfieast India and the largest values over the western part of
Northwest India. For most of the subdivisions over Central and Peninstla India,
the values range from 15 to 25%. It can also be seen from Table 14.6 that the
standard deviation of the percentage departure of seasonai rainfall ranges only from
13.5 1o 22,65 for most of the large homogeneous xegions of India, and the coefficient
of variation is very similar to the standard deviation of percentage departure {Fig.
14.6).

Figures 14.7-14.10 show the mean rainfall, the cozfficient of varation, the
standard deviation of monthly mean rainfall. and the standard deviation of percentage
depariure for June, July, August, and September, respectively. [n general, normal
rainfail for July and August are comparable, but larger than that for June or September.
The least rainfzll occurs in June. The coefficient of variation is large for June (22
to 86%) and September {26 to L08%) and somewhat less for July and August {19
to 76%). As would be expected, the coefficient of variation for monthly mean
tainfall is significantly Jacger than that for the seasonal mean rainfall, If the coefficients
of vadation were calcuiated for the monthly mean rainfall of individual stations,
they would be even larger than those for subdivisions. The standard deviation of
the percentage departure is camparable for July and August, and relatively less for
June or September, The coefficient of variaton is very similar to the standard
deviation of percentege departure for each month. A more detailed discussion of
intraseasonal variability as compared to the interannual variability will be presented
later in this chapter. The stardard deviation of percentage departure of combined
July and August mean rainfall is comparable to that of seasonal mean rainfall for
most of the subdivistons of India (Fig, I4.11).

The perceninge deparrure of seasonal minfall for 81 years for Northwest, Peninsula.
Southern, and Northeast regions is shown in Figure 14,12, and for Homogeneous
Northwest, Homogeneous Peninsula, combined Northwest—Peninsula, and whole
India is shown in Figure 14,13, The years for which the normatized seasonal rainfall
anomaly was equal to or greater than .0, or less than or equal to — {.0 are shown
in Tables 14.7 and 14.8, respectvety. It can be seen that during the 81 year period
considered here, for the whole of India, there were 12 years of heavy rainfall
{normalized anomaly equat to or greater than 1.0) and 14 years of deficient rainfall
(normalized anomaly less than or equal 10 — 1.0). A more detailed discussion of
possible relationships ketween heavy and deficient rain and the Southern Osciilation
is presented in Chapter 16.
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Figure 14.10. Same as Figure 14,6, except for Seprember only.
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Fleure 14,11, Same a« Figure 4,6, except for averzge of July and August,
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There is considerable intraseasonal variation in the data. The standard deviation
(om) of monthly mean anomalies is twice that of the standard deviation of the
seasonal mean anomalies (@) see columns 4 and § of Table 14.6. It is of interest
10 nate also that during the heavy or deficient rain seasons, the individual months
also show heavy or deficient rain. In the next ssction we describe the mechanisms
of intraseasonal variability, .

Table 14.9 gives the normaiized rainfall anomalies for the swnmer season and
for the individual months of June, July, August, and September for the years of
heavy rain and deficient rain for four regions. For most of the years, at least thres
of the four months have anomalies of the same siga. This indicates that, in spite
of the large intraseasonat varability in general, the particular seasons of heavy and
defivient rain bave sighificant temperal and spatial coherence (Fig. 14.4), The
temporal coherence Is higher for deficient years compared to heavy rainfall years,

2 INTRASEASONAL VARIABILITY OF THE INDIAN SUMMER MONSCON

In spite of the highly periodic nature of the planetary-seale monsaon cireulation,
there are large variations in the circuiation and rainfall within the MONSOON Season.
The intensity of the seasonal mean monsoon is influenced by the nature of variability
within a monsoon season, Dhar et al. (12) have examined the possible association
Between the monsoon rainfall over three west coast subdivisions of India (Kerala,
Coasial Kamataka, and Konkan} and dates of onset of the monsoon over the respective
tegions, Despits the fact that the dates of onset can fluctuate by mare than 30 days
(see Table 14.10), they found the interesting but counterintuitive rasult that the
rainfall anomaly for the month of June as well as for the whole monsoon season-
is not refated to ths date of onset. This also indiceates ihat the intraseasonal vatiability
of monsoon rainfall is quite largs, This result may, at least in part, bs dus 1o the
arbitrariness in defining the dates of onset, A season of highly deficient monsoon

rinfall and severs drought does not imply an absence of minfall for the whole

season; rather, it can oceour due to prolonged perods of reduced rainfall. These

periods are usually referred 10 as the break monsoon conditions by the India Me-

teorological Department,

2.1 Break Monsgornis

Remamurthy {13} has snidied the climatology of break monsoon conditions over
India. The phrase ““break in the ins’* can be traced back as fr as the Indian Daily
Weather Reposts of 1888, and even now it refers only to the situations with reduced
or no rainfall. The systematic smudy of break conditions has shown that aithough a
cedutction in rainfall occurs over most of the Indian subcontinent, it is accompanied
by increased rainfall over extreme northern India {near the Himalayan foothills)
and extreme southern India. This suggests that the break monsoon is acmally a
spatizl redistribution of the monsoon rzinfail, During break monsoon conditions,
the monsoan twough shifts to its exmeme northiern positon, the surface pressure

TABLE 14.9 Normulized Monthly and Seasonsl Asomanties for Heavy and Deficlent Monsoon Yeurs

Northwest {Deficient Rain)

Morthwest (Heavy Rain)

July’

Sept

Aunp

Sept Year Season June

Aug

June July

Seagon

Yeur

-0.9

~0.1
-1.7

-1.3

0.7
-1.2

-2.6
~-1.0

-1.5
-2.4

-2
-i.2

1901

—-04
1905

24
0.7

1.6
1.0
0.2
0.6

1.7 -0.7
-0.5

1.4

1908
150%
1914

0.7

-1.3

—1.4

L1

0.5

[}
1.2

2.2

0.9

0.3

1911

1.6
14
L.l
0.9
0.8

B4
32

-1.2

.6
]

L5,
~0.4
-0.3

1912 -1.2
-1.2

35
0.6

1917

-0.2
-13

1515

17
—-0.2

1.1
1.3
1.0

1933
1942
1953
1958
1957
1958
1961
1973
1973
1976
1578

~2.3
—-1.2

1918
-1.2

0.7

-02
-0.6

1.2

-1.2

-0.2
-0.9

1.7
—-1.4

0.4
-0

-1.7
-0

0.5

0.2

-0.3
-13

1920
1939
1951

0.6

03

2.2

‘0.2

~0.1
-0.9

1.0
2.0

0.6
1.3

~0.3

1.4
-i4

=11

0.6

2.0
o1

1.6
0.6
04
—0.1

-0.9
-0.6

1965
1972
1979

22
18

-0.2

1.0
1.5
1.2

27

-1.2
-0.7

~0.5
-0.2

1.0

0.7

1.5

1.0
[
12

03

[N ]

1.1

14
~{1.1

1.2
0.4

0.4
-0.3

13

L.l

£.7

1.3

Peninsula (Delicient Rain)

Pepinsula (Heavy Ruin)

Season June Juty Aug Sept Year Season June July Aug Sept

Year

-1.3

-84
-0.4

0.6
-1.5
~0.9
-0.5
-~0.%

~0.8-
-1.3

~0.7

~1.1

1904
1904
1505
1911

1.4
V7
i.5
1.8
0.2

0.1

1.0
-0.6

1.0
1.2

a9

1.5
1.6
1.6

1

94

-0.0
~1.5

-15

1517

1.5
1.5

~2.5

1.3
1.8
0.5

-2
- 1.5

1933
1935

-22 =06
-1.6
{Table continues on p. 440.3

—-2.7

0.5
0.l

0.8
0.5

1918

1.8

1.5

1956
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TABLE 14.10 Dates of Onset of the Monsoon over Kerala, the Southern Tip
of India (Range: May 11-June 18)

Year Date Year . Date Year Date ear Date
1901 June 7 1921 June 2 1941 May 23 1961 May 18
1902 June 6 1922 May 31 1942 June 10 1962 May 17
1903 June 12 1923 June 11 {943 May 29 1963 May 31
1904 June 7 1924 June 2 1944 June 3 1964 June &
1505 lune 10 1925 May 27 1945 Juns 5 1965 May 26
1906 Jupe 13 1926 June § {946 May 29 1966 June 1
1907 June 8 1927 May 27 1947 Iune 3 1967 Tune 9
1908 June i1 1928 June 3 1948 June 11 1963 June 8
1909 June 2 1929 May 29 1949 May 23 1969 May 17
1910 June 2 1930 June 8 1950 May 27 1970 May 26
1911 Jups 6 1931 June 4 1951 May 31 1971 May 27
1912 June 8 1932 June 2 1952 May 20 1972 June 18
1513 June 2 1933 May 22 19353 fune 7 1973 June 4
1914 June 4 1934 june 8 [954 May 31 1974 May 26
1915 June [5 1935 Tune 12 1935 May 29 1975 May 30
1916 June 2 1936 May 19 1956 May 21 1976 May 31
1917 May 31 1937 funs 4 1957 Jupe { 1977 May 3¢
1918 May 11 1938 May 26 933 June 14 1973 May 29
191 Tune 3 1939 June3 . 1959 May 31

1920 June 3 1940 June 14 1960 May 14

departure from normal is positive over most of the country and maximum over
centrad India, and negative aver extreme northern and southern parts of the country.
The easterly jer at the upper levels is stronger and shifts nerthward. The meridional
componeat of the wind over the northernt parts of India is from the north in the
middle troposphere and from the south in the upper troposphere, just the opposite
of the meridional wind directions during zetive monsoon conditions.

The duration of break conditions ranges fram 3 to 21 days. During the 20 year
(1888-1969) period examined by Ramamurthy, there were 56 cases of break monsoon
conditions in July of which 38 lasted for 3-5 days, (4 for 6~10 days and 4 for
1120 days; of 57 cases in August, 31 lasted for 3-5 days, 19 for §~10 days and
7 for 11~20 days. The total number of the break days were 306 for July and 380
for August. Although the number of break periods are about the same i July and
August, they tend to last longer in August,

The observed rainfall distribution and the circulation patterns support the idea
that break monsoon conditions are associated with a northward shift of the normai
meridional circulation and the cccurrence of enhanced convective activity near the
southern tip of Indla. Most of India is therefore under the descending branches of
the two therroally forced meridional circulations with ascending branches near the
foothills of the Himalayas and the ¢xtreme southern tp of India. The northward
shift and the increase in the speed of the easterly jet stream during the monsoon
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breaks are consisteni with the possibility that an enhanced meridional circulation
accelerates the zonal Alow by deflection of the winds by the Coriolis fores,

2.2 Factors Causing intraseasonal Variabifity

It is possible to identify certain phenomenotogical factors that produce variability
within a monscon season on time scales of a few days to a few weeks. They fall
into four broad categories: synoptic-scale disturbances. monsoon troughs, quasi-
periodic oscillations, and mid-latimde effects.

2.2.1 Synoptic-Scafe Disturbances (Lows, Depressions, $torms). An examinaton
of daily weather charts and daily rainfall amounts over India suggests that the
rainfall distribution on any given day is generally related to the presence of synoptic-
scale disturbances, quasi-symmetric zones of convergence, and the interaction of
strong monsoon flow with orographic barriers. [n particular, rainfall depends upon
the frequency, intensity, life cycle, and propagation characteristics of the synaptic
disturbanices that influence a particular region. Dhar and Rakhecha (14) found that
in tie absence of tropical disturbances affecting the Indian subcontinent, the July
and August ainfall over the northern Indian plains was reduced by 19 and 14%,
respecdvely. This study did not include the effects of low-pressure areas which ¢an
also produce large amounts of rainfall. Sikka (15} examined changes in the monsoon
rainfall for five years of high rainfall and deficient rainfall, He aiso found that the
aumber of monsoon depressions as well as the number of depression days were
guite similar for both heavy and deficient rain years. The most striking difference
was found in the number of low-pressere areas and the number of days with low-
pressure areas. The ratio of the aumber of lows for heavy and deficient rain years
was 1.6, Based on these resuits, Sikka conciuded that the higher number of monsoon
lows is a manifestation of greater instability of the manscon irough.

2,3.2 The Mansoon Trough. As mentoned earfier, the northward shift of the
monscon trough is accompanied by break monscon conditions over most of the
centeal Indian regions, and enhanced zainfall near the southern tip of India. A
weakening of the monsoan tough over North Indiz is associated with the strengihening
of the convergence zone near the southern tip of India. We are not aware of any
physical explanation for this behtavior of the monscon trough, The northward shift
of the monscon trough could be related to changes in the large-seale cirenlation in
middle latitudes, and to changes in tha intensity of the nearquatoral trough. The
latter could be due either to air-sea andfor interhemispheric interaction over the
Indizn Gcean or the formation of tropical dismrbances, A pardal explanation for
the observed fluctuations of the monsoon trough and the equatorial convergence
zone is provided by the recently documented northward propagation of cloudiness
described in the following text.

2.2.3 Quasi-Periodic Oscillations. Yasunari (16), Sikka and Gadgil (17), and
Krishnamurti and Subrahmanyam (18) have presented observational evidence for
a possible northward propagation of the convergence zane and cloudiness. Fluctuatons
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m the intensity of the mensoon trough could be interpreted in terms of the phase
of this northward propagating convergence zone, There is a large body of observational
evidence for [5-day oscillatons during the monscon season {for references see the
vaper by Krishnamurti and Ardanuy (19)]. From spectral analysis of digital cloud
data, Yasunard (16) showed dominant periodicities near 13- and 40-day periods.
Both oscillations showed a tendency for northward phase propagation. From the
analyses by Yasunard (20, 21) and Krdshnamurti and Bhalme (22), thers appears
to be a significant reiationship becween the phase of [5-day oscillations and the
formaticn of monsoon depressions. However, this relatonship by itself does not
clarify whether these oscillations are responsible for the formation of monsoon
depressions by creating a’favorable large-seale environment, or whether the oscillations
are merely a consequence of a regular formation of depressions at 15-day intervals.
The 15-day oscillations may also be due to instabilities produced by interaction of
the zonal flow with mountains and diabatic heat sources (23). The 40-day oscillation
is of much larger scale and not necessarily unique to the monscon flow (24). Physical
mechanisms responsible for these Ructuations are not yet understood, and more
observational stdies are needed to describe their structure and origin, Webster and
Chou (25} conducted numerical experiments with a simple model o smdy low
frequency transitions of a monsocon system and found that the model fluctuations
are very sensitive (o the parameterizations of land surface procssses and treatment
of soil moisture. Goswami and Shukla (26) showed that a zonally symmetric general
circulation model of the atmosphere exhibited quasi-periodic oscillations with periods
of 15-40 days due to the interaction of the motion {ield and moist convecsion. If
this interaction was eliminated by prescribing the diabatic heating, the oscillations
disappeared. Webster {see Chapter 11) has shown that the feedback mechanisms
betwesn soil moisture ¢changes and atmospheric cireulation play an important role
in northward propagation of the monsoon rough,

2.2.4 Mid-Latitude Fifacts. A large number of observational, studies indicate a
possibie relationship between the mid-latitude circulations of both hemispheres and
the summer monseon circulation and radnfall {see Chapter [1 for an extended
discussion), Ramaswamy (27) has suggested that intrusions of large-amplituds troughs
from the mid-latitudes of the Northern Hemisphera are associated with break monsoon
conditions over India. The preponderance of westerly winds over northern India is
tavorable for the propagation of mid-latitude influences to the monscon region. Dua
10 lack of upper air data over the scuthern Indian Ocean, it has not been possible
t0 examine the upper air circulation over the Scathern Hemisphere, Future studies
with the special 1979 Global Weather Experiment data and the global analyses
produced from these data will be required to gain a benter understanding of such
selarionships.

3 MECHANISMS OF INTERANNUAL VARIABILITY OF MONSOONS

As mentioned sarlier, a convenient framework for understanding and deseribing
the mechanisms of interannual variability is 10 isolate the factors assecisted with
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the atmosphere’s internal dynamics and with its lower boundary conditions. It is
important to understand the relative contributions of these two factors to the observed
interannual varability of the Indian mensoon. This separation is onty an idealization
of the real atmosphere where the internal dynamics and boundary conditions con-
tinuonsiy interact. The recent research has been summarized under these two categories,

3.1 Internal Dynamics

Even if the external forcing by solar radiation and boundary conditions ac the earth's
surface were ¢onstant in time, the atmospheric circufation would exhibit interannual
variability due to the inherent aperiodic nawre of the system. The combined effects
of dynamical instabilities (manifested as synoptic-scale disturbances—see Section
2.2.1), nonlinear interactions among various scales of motion, thermal 2nd crographic
forcing, wopicat-extratropicat interactions, and so on, can be considered as examples
of internal dynamical processes that can produce interannual variability. The crography
and the land-sea distribution at the earth’s sucface are fixed with time; however,
thair interactions with flucruating winds can produce targe changes and, therefore,
they are to be considered as part of the variability associated with internal dynamics,
It should be noted that if ail the observed interannual varability were due to internal
dynamical processes alone, the prospects for long-range forecasting would be rather
limited because of the inherent limits of predictability of internal dynamics (1). A
number of observational studies suggest possible relationships between the monsoon
circujation and other features of the global circulation.

Bannerjes et al. (28) found a significant correlation between the average position
of the fdge at 500 mb over India during Aprl and summer monsoon rainfail. If
the ridge position is o the south (north) of its climatological position, the summer
monscon rainfall is deficient (excessive). This cesult is substandiated by Rao (29).
Parthasarathy and Mooley (8) concluded from a time series of Indian summer
monsoon rainfal that the rainfall is random and nonmally diseributed, This does
not necessarily imply that it is unpredictable; realizations of a nonlinear deterministic
system can also have certain statistical propertles which are similar to that of a
random process. Verma (30} sxamined the monthly mean znomalies of 300100
mb thickness, which is 2 measure of the upper-tropospheric temperature anomaly,
for 10 years (1968-1977) for selected stations over India. He found that anomalies
in April and May tend to persist for the whole monsoon season, and that negative
{positive) thickness anomalies in the pre-monsoon months are associated with negative
(positive) anomalies of Indian summer monsoon rainfall, It is difficult to explain
this long persisience as an intemal dynamical process of the atmosphere; it seems
likety that it is related to some slowly varying boundazy forcing at the earth’s surface
(for example, smow over Eurasia or SST anomaliss over ths tropical oceans). Joseph
et al, (31) found highty significant correfation berween monthly mean meridional
wind during May at selected Indian stations asd summer monsoon minfall over
India for 15 years (1964-1978) of data. However, the comelation costficients drop
abruptly for the meridional winds in both April and June.

Tanaka (32) examined the monthly mean rainfall and height fields for June, July,
August and September over the Asian monsoon region, and the wind speed of the
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topicat easterdy jet above 10°N at L350 mb for 17 years (1964-1980}. He found
“hat g strong mopical easterly jet at 10°N is associated with a swong low-ievet
monsoon circulation and heavy monscon rain over India and predominantly zonal
circulation near 30°N. In contrast, a weaker tropical eastarty jet at 10°N is associated
with deficient monsoon rainfall over India and a blocking higit 10 the north of the
Caspian Sea. Based on these observations, Tanaka concluded that the interaanual
fluctuations of the sumumer monscon are strongly influenced by the middle latitde
circufation of the Northern Hemisphere. This conclusion seems tenuous; the causal
mechanism is not clear, He has not considered the possibility that the changes in
diabatic forcing due to changes in the rainfall couid have produced anomalous
tropical and middle latitude circulations. Moreover, in examining the wind speed
canly at 10°N, Tanaka may have missed the jet core since the latitudinal position
of the jet maximum varies from one year to the next, In fact, Ramamusthy {13)
has shown that during the break-monsoos situations, when most of India experiences
deficiens rainfall, the topical eastecly jet shifts northward and is stronger than
normal. Raman and Rzo (33) suggested that blocking ridges over East Asia are
ulse associated with prolonged breaks in monsoon rainfall.

1.2 Influence of Global Surface Boundary Conditions

There is a growing body of modeling and observational evidence that suggests that
the slowly varying boundary conditions of sea surface temperatuce (SST), soil
moisture, and sea fce and spow at the earth’s surface can influence the interannual
varizbility of the atmospheric circulation.

The variations in these surface boundary conditions can influence the location
and fntensity of diabatic heat sources that drve the atmospheric circulation, Anomalous
boundary conditions can be more effective in producing circulation anomalies in
the tropics than in the mid-latitudes because the tropical cireulation is dominated
by the planetary-scale Hadley, Walker, and monsoon circulations, and changes in
the boundary conditions can alter the locations and intensity of these systems, They
san also nfluence the amplitede and phase of planetary waves i mid-latitudes
which, in turm, can influence the tracks and intensity of cyclone-scale disturbances.
The physical mechanisms responsibie for such influence are rather complex (see
Chapter 16} and depend upon the nawmre of the boundary forcing. Chamey and
Shukla (2) suggested thar the Asiatic monsecon is a dynamically stable circulation
system, and, its interannual varizbility is Jargely determined by the slowiy varying
boundary conditions; therefore, monsoons are potentially more predictable than tha
mid-latinude circulations.

The following is a summary of selected cbservational and general circulation
model studies of the relationships between these boundary conditions and monsoon
circulation and rainfaif,

3.2.7 Snow Cover, Asshown by Wiesnet and Matson (34), December snow cover
for the Northern Hemisphere is a very good predictor of the snow cover for the
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following January through March, Snow cover, therefore, is considered 0 be a
slowly varying boundary condition pseful for prediction, ] '

Blantord (35) found that excessive winter and spring snowfall in the Hlmaja_yas
was an indicator of the subsequent monsoon rainfall in Indis. The amount and time
currence of the coid weather (October—May) snowiall in the mountain districts
adjacent to northern India was one of the imnportant factors used by Blantord for
monsoon rain forecasts which he started issuing in 1882, For the period 1.830—
1920; greater winter snowtall was found to be related to deficiznt monsoon rainfall,
bue far the subsequent 30-year period, reported snow accmnulation shc_)wed very
Targe variability and the retationship with the mansaon rainfall was opposite to what
it was in the cariier four decades. After 1950 the India Meteorological Departrnent
dropped this factor 2s one of the predictors of monsoon rain.

Hahn and Shukla (36) examined I1 years of satellite-derived snow cover over
Eurasia and summer monsoon rainfall over indiz, and found {Fig. 4. 14} an apparent
fnyerse relationship berween the areq exient of willer snow cover and Indfan monsoes
rainfall. This result, although based on a rather limited sample, supported the eaclier
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findings of Blanford. Dickson (37) has extended this study to include data up to
1980 and found that the relationship still holds for the extended data period; however,
the magnitude of the correlation between the summer monsoon zainfall and winter
snow cover is less for the period 1967-1980, compared to 1967—1975. Dickson
also found that the smow covér data for the petiod 1966—1974 did not include
information on Himalayzn snow cover and, in particutar, the data for 1969 wera
considered to have a large error. He showed that if the data for 1969 are not included
and the data for {967-1974 are adjusted for bias, the correlation coefficient between
snow cover and rainfall for the period 19671980 changes from —0.44 o —0.59,
ard for the period 1967-1975, it changes from —0.62 to —0.74. The statisticat
significance and practica} utility of this relationship for predicting summer monsoon
ainfall ¢an be examined more systematically when a large sample size is avaiiable.
in light of these recent resalts, we speculate that a lack of systematic relationship
batween Himelayan snowfall and monsoon rainfall during the period 1920-1950
(35) could have been, at least in part, due to the changes in the quality of reporting
of the snow cover and snow deptii over the Himalayas,

Dey and Bhanukumar (38) have examined the relationship between spring snow
cover over Eurasia and the time taken by the Indian summer monsoon rainfail to
advance from the southern tip of India to the northern border of Indfa. They found
thar, for the period 1967-1978, when snow cover during the spring was greater
aan nounal, the time takes by the monsoon to advance from sewth to north was
so greater than normal, and vice versa. They also found a negative correlation
setween the amounc of snow melt during spring and the advaace perlod for the
summer monsocn. When the difference of snow cover from March to May (snow
melt) was above normal, the speed of the advance of the monsoon was slower than
"ormal and vice versa, These results are not inconsistent with the earlier resuits of

‘ahn and Shukla because high snow meit is indicative of enhanced solar heating
v shallow snow depth,

An inverse refationship betwesn Eurasian suow cover and the summer monsoon
3 not implausible because large and persistent winter snow cover over Burasia can
felay and weaken the spring and summer heating of the land masses that is necessary
forthe establishment of the large-scale monscon flow, During the spring and summer
seasons following winters with excessive snow, most of the sotar energy is used
‘or melting the snow or evaporating from the wet soil, Systematic numercal sx-
periments using giobal general circulation models (GCMs) with adequare treatment
of the effects of albedo and ground hydrology can be used to understand the physical
mechanisms that influence the atmosphere circulation due to excessive snowfail
{39). Analysis of data has also shown (40) that for large (small) snow cover over
the Tibetan Plateau, the amrival of the summer monsoon cireulation over the platean
is late (early).

12.2 Sea Surface Temperature. Since 70% of the earth’s surface is covered
vith water, and since changes in the sea surface temperaturs (SST) are much slower
:ompared to the atmospheric fluctmadons, it is natural to think that interennuai
-ariabiliry of SST might contributs to the interannuai variability of the atmospheric
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circolation ard rainfall. During the last 30 years there have besa numerous studies
suggesting possible rfatonships between SST anomalies and azmospheric anomalies
(see e.g., 41 and 42).

Arabian Sea Suriace Temperature Anomalies. During the last 20 years, there
have been several observational and GCM sensitivity smdies that have suggested
a'possibie relationship between anomaiies of S§T over the Arablan Sea and summer
monsoon rainfalt over India. These sudies have produced, ar times, confiicting
results, and they have used different data sets and different analysis schemes, The
first observational study on this topic was by Ellis (43) who showed that SST over
the Arabian Sea was warm during 1520 when several pants of India expecienced
floods, and was cold during 1923 when several parts of India experienced droughts.
In this stady, data were examined for only these two years and therefore the results
are of limited statistical significance. The characterization of 1920 as a fivod year
and 1923 as a drought year is also questionable. The concept, however, was physically-
appealing: warm 35T can produce high evaporation and possibly larger rainfall.

In another observational study, Pisharoty (44} calculated the Hux of water vapor
across the equator into the Arabian Sea, and across the west coast of India from
the Arabian Sea, and found that the latter was more thar twice the former, and
concluded that evaporation over the Arabian Sea is an important source of moisture
for precipitation over india. Saha (43} and 3aha and Bavadekar (46} repeated the
calenlations of Pisharoty but used additional stations in the western Arabian Sea
where the aorthward fow is the strongest. They concluded that, contrary to the
resuits of Pisharoty, the flux of water vagor across the equator is about 30% greater
than evaparation over the Arabian Sea. They pointed out thac owing to scarcity of
datz over the Ambian Sea, Pisharoty may have underestimated the cross-equatorial
moisture fux and, consequently, overemphasized the role of evaporation over the
Arabian Sea, Ghosh =t al. (47) used observations taken during a monscon field
program called Monsoon-77 to calcelate the water vapor budget over the Arabian
Sea. They, like Pisharoty, found that the moisture fux across the west coast of
India was more than twice the moisture flux across the equator from the Southem
Hamisphere, thus supporting the idea that avaporation over the Arabian Sea is a
significant moisturs source for monsoon rainfall over India. A recent calculation
by Cadet and Reverdin {48) has shown that most of the water vapor {(about 70%)
crossing the west coast of India comes from the Southern Hemisphers. This is in
agreement with Saha, It summary, there is a large discrepancy among the calculations
of different investigators, Part of this discrepancy can be artributed to the interannual
variability of $ST, evaporation, and wind speed over the Armbian Sea, but perhaps
a much larger part is due to differences in the quality and density of data and the
techniques used for analyzing the data.

Motivated by the carlier observational studies, Shukla (49) used 2 GCM to
investigate the sensitivity of the model simuiated monsoon rainfail over India o
SST anomalies over the Arabian Sea. He ran the model for a period representing
&0 days with and without prescribed negative (cold) SST anomalies (which were
—~3°C near the African coast and —1°C in the central Arabizn Sea), He found that
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suggests that the results of Shukia and Mista and Weare should be interpreted with
cuutiqn. [n Shukla and Misra's study the SST anomaly data have a significant
negative bias for the period before 1940 and « positive bias after that (as will be
di.scussed further on in this section). This bias was not removed before the calculation
of correlation coefficiams. The problem with Weare’s caleulations is that he grouped
together the SST anomalies of pre-monsoon months and post-monscon menths.
S?T anomaiies during April, May, and June are generally of opposite sign to those
of August, September, and October and it is not meaningful to combine SST
anoynalies for all the six months together,

Analysis of Observed Sea Surface Temperature Anomalies, The monthly mean
35T da:a for 75 years along the ship wrack shown in Figure 14.15 has been analyzed.
The climatological monthly mean znd the siandacd deviatfon of the SST were first
caleulated for 2° X 2° regions along the ship tracks. Anomalies with absolute vajue
greater than four times the standerd deviation or 3°C, whichever was larger, were
not considered. (Such cases were rare and the discarded values wers gererally about
L10°C or more), Spatial averages over the regions R1, R2, R3, R4, and RS shown
in Figure 14.15 were calcuvinied by using appropriate weights based upon data
density in each 2° ¢ 2° box. Figure [4.16 shows the seasonal eycle which was
subtracted to obtain the anomalies. Figure [4.17 shows the 10-year ninning mean
for average SST anomalies for the regions RI, R2, R3, R4, and RS5. For all the
regions the anomaly was colder by about 0.25°C before the 1940s and warmer by
about the same amount after the 1940s. This bias was seen for several ather areas
in the Indian QOccan and equatoral Pacific. Similar bias was also noted by other
investigators. We have removed this bias from the abserved SST anomaiies for
further analysis of data,
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Figure }4.15. Ship track wids highest sea surface teruperaturs ($ST) dla dansity over the Ambian Sea
and regions R1 through RS, The width of each region is 2° fatinide.
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the monsoon cinfall over India was significantly reduced. Sikka and Raghavan
{50) painted out that the drastic reduction of rainfall over India could be due to
limitaticns of the model parameterizations or to the choice of a large verification
area which included the oceanic regions of the negative SST ancmaly, Shukia {51)
recomputed the rainfall aver the Indian subeontinent for the two medel runs and
found that the earlier results did not charge when the verification domain was

_changed. A similar GCM sensitivity study was carried out by Washington et al.

{52) who aiso found a significant reduction of minfall but only over the region of
colder SST. Rainfali over India and adjacent regions also decreased but the decrease
was not statisticaily significant. Washington et al. aiso sidied the sensitivity of a
warm SST anomaly aver the eastern Arabian Sea and the central (equatorial} Indian
Qcean, Oaly in the latter did they find any evidence of remote reponse. In order
to resolve the conflicting resulis of the two GCMs, Shuklz (41} repeated the same
aumerical sxperiment with a third climate model and found that the results were
very simifar to his earfier results, He pointed out that the primary reason for the
differences in the rasults was the ability of each modei to simulate the mean monsoon
circufation in the control experiments, In the July mean simulation of the low-level
monsoon fow by the model used by Washington et al., the southwesterly monsoon
cwrrent did not reach the western Ghats of India,

Considering the large differences in the basic physical parameterizations of different
GCMs, it is rather remarkabie that the model simulated response of monsoon rainfall
to $ST acomalies over the Arablan Sea is so similar. It appears reasonable to
cenclude thar any model with a good parameterization of moist convection and the
boundary layer would produce a somewhat similar response, However, rcent snaiyses
of the observed SST anémalies over the- Arabian Sea have suggested that the
magnitudes of the SST anomalies used in thess GCM experiments were too high
ta be realistic. Analyses of data along the ship tracks suggest that mrely does such
4 largs anomaly occupy so broad an area in the Arabjan Sea. In addition, SST
anomalies change sigm from the early part of the summer monsocon season to the
later part, Thus it is not reasonable to assume that the anomalies pecsist for the
satire monsoon season as was dons in the modeling experitnents. Following the
earlier work by Eilis {43), observational studies of pussible relatdonships between
SST over the Arsbian Sea and Indian monscon rainfall have been carried out by
several investigators, Shukla and Misra (33) calculated the correlation cosfficients
hetween SST anomalies along a ship track at about [10°N between 60°E and 70°E
uging the data from Fieux and Stommei (54} and seasonal mean rainfall over Indian
subdivisions, They found weak positive correlations for subdivisions along the west
coast of India. Raghavan et al, (55) showed that duzing ths 1964 monsoon season,
the western Arabian Sea was 2-3°C colder during a short period of reduced mintall
over India compared to ancther short period of enhanced rainfall, Weare (56)
calculated the empirical orttogonal functions (BOF) for seasonal mean rainfall of
53 stations over Indiz, and sea surface temperature anomalies on a 3* % 5° grd
over the Arabtan Sea and Indian Ocean for six momibs (May—COctaber), Correlation
coefficients between the EOFs of mogsoon rainfell and SST were of different sign.
A recent analysis of SST ancmalies along the ship iracks over the Arablan Sea
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Figure 14,18 shows the time series of bimonthiy {February, March (FM}); April,
ay (AM); June, July (JT); August, September (AS); October, November (ON);
4 December, Tanuacy (1)) SST anomaties for 75 years for region R2, Figure
- 19 shows the June~July bimamthly $8T anomaties for the five regions R1 through
", These two figures show that most of the observed SST anomalies are within

1°C. There is reascnabie spataf and temporal censistency in the values of S5T
amalies among the five locations,

We have averaged the SST anomalies for five heavy rainfall years (1916, 1917,
i3, 1961, 1975) for which the standardized rainfall anomaly (ratio of anomaly

. itg standard deviation) over India was 1.4, 2,7, 1.5, 2.0, 2.2, respectively,
-4 for five deficient rainfall years (1903, 1911, 1918, 1951, 1972) for which the
adardized rainfall anomaly was —1,6, —1.6, —=2.6, = 1.7, —=L.8, respectively.
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The composite time serles for SST anomalies for these heavy rainfail and deficient
rainfall years ase shown in Figure 14.20. The SST anomaly for the heavy rin years
is relatively warmer than deficient rain years during March, April, and May, and
is colder during Augusi, September, and October, This distribution is consistent
with the inverse relationship between wind speed and SST anamaly eariier noted
by Shukla and Misra (52) because swonger winds associated with above average
monsoen rainfall tend to cool down the ocean surface in the post-mensoon months.
This anomalous cooling effect is superimposed upon the annual cycie for which
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:ooiiqg is pomarily due to advective offects (see Chaprer 13, Section 2.4). The
nagnitudes of the 58T anomaiies before the peak monsoon moaths are smaller than
hose for the post-monsoon months and therefores an average for the whole monsoon
zason is dominated by the post-monsoon moaths (56).

The general picture that emerges is a5 follows: a warm (cool} SST anomaly
uring April, May, and June is not necessarily indicative of abave (below) averuge
1onsoon minfall; however, heavy monsoon rainfall is followed by negative SST
nomalies, The predictive value of this refationship is rather fimited because the
tagnitude of SST anomalies during the pre-monseon months is within the mange
f observational error (—0.1°C to —0.5°C).

:,tuat'orr'a! Pacific Sea Surface Temperature Anomalies. Subsequent to the pi-
weering works of Walker {(10), who discovered the **Southern Qscillaton’® whils
oking for correlations between the Jndian monsoon rainfall and ather atmospheric
wameters over the giobe] and Walker and Bliss (57), arnd the works of Bjerknes
38), who coined the term **Walker circulation””], several observational papers
tve documented the relatianship between the occumence of warm SST anomalies

the equatorial Pacific and a shift of the heavy precipitation regime from the
Teme westemn Paciflc to the central Pacific rear the intemational dztelina, Aperodic
surrences of warm equatoriai Pacific SST anomalies, referred to as E1 Nifio events,
ve been found to be associated with betow normal stmmer monsaon rainfail over
dia. Sikka (15) showed 2 general associadon between El Nifio events and deficient
mmer monsoon rainfall. Angell (59) showed that $ST anomalies in the equarorial
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Pacific were highly correlated (correfation coefficient 0.62) with rainfall over India
during the preceding summer monsoon season, Nejther Sikka nor Angel! recognized
the predictive value of their findings because of incomplete knowledge of the life
cycle of the warm SST events later described by Rasmusson and Carpenter (60),
The positive (warm) El Nifie 58T anomalies usually appear along the Ecuador
Peru coast several manths before the monsoon season, so tha association between
El Nido events and deficient monsoon rainfall can be a useful forecasting tool,
Rasmusson and Carpenter (11) have identified 25 El Nifio events during the perded
1875=1979, and have shown that the area averaged summer monscon mainfall over
[ndia was below the median value in 21 of the 25 events, The solid black bass in
Figures 14,12 and 14.13 denote these El Nifio years. This relationship wiil be
discussed in Chapter 16.

Fu and Fletcher (61) have examined the large-scale thermal contrast between
the soil temperature over the Tibewn Plateau (given by the mean vaiue for five
representative stations), and sea surface temperawure over the eusternt equatorial
Pacific averaged between 3°N=-10°3 and [20°W--160°W, and found that the higher
(lower} values of the land—ocean ¢ontrast (i.e., warmer Tibetan Plateau and colder
S5T) are associated with higher (lower} monsoon rainfall. The comrelation between
an index of the Indian summer monsoon rainfall and the land—ocean tempermpurs
contrast is higher than that with either land or ocean temperature alone.

These resuits pertain ooly to a possible reladonship between the summer monsoon
vainfall and equatoral Pacific SST. Owing to the lack of data, relationships to
Southern Hemisphere SST have not been investigated,

3.2.3 Soif Moisture. The annual net rainfalf for the global continents is estimated
10 be about 764 mm, and runoff to the oceans about 266 mm (62), IF there were
no secufar trends ln the annual mean global soil moisture this would suggest that
the annual global mean evaporation from the land surface 2lone is more than §1%
of the annuat and global mean precipitation over the land and is a very important
component of the global water budget and hydologic cycle. It does not necessarily
follow that water svaporated locally from the land is important in determining the
local rainfall over the fand because the toral rainfall is determined by the combined
effects of available and precipitable moisture and the nature and intensity of the
dynamicai circutation,

The role of soil moisure in determining the interannual variability of atmospheric
circwlations is two-fold. First, it strongly influences the rate-of evaporation and
therefore, the moisture supply to the atmosphere. Second, it influences the heating
of the ground which affects the senstble heat fiux and ground temperature. In a set
of idealized numerical experiments with @ GCM, Shukla and Mintz (63) examined
the role of soil moisture. They found that when the land surface is dry, and no
evaporation is allowed from it, a very intense surface low develops over India
during the summer monsoon seasen. Despite the Jack of evaporation from the land
surface in the medel experiments, monsoon rainfall is greater than when the soil
is wet and evaporation ovar land can take place. This is because the reduction of
moisture caused by the lack of evaporztion is more than compensated by moisturs
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sux convergence from the surrounding oceans caused by the intensified monsoon
<ra., IF this result were valid for the real atmosphere, it implies that a very dry pre-
ensoon season would be followed by enhanced rainfall during the monsocon season.
‘i observational stdy has been carmried out to verify this hypothesis.

Charney et al. {64) suggested that significant changes in precipitation over subtropical
issert margin regions can occur by changes in albedo at the earth's surface. An
nerease in aibedo reduces the absorption of the incoming solar radiation, and hencs
vaporation and cloudiness. The increase in the solar radiation reaching the grourd
lue to reduced cloudiness is more than compensated by the reduction in the long
-#ave vadiation reaching the ground from the cloud base; therefore, there is a ner
«duction in solar radiative heating of the ground, evaporation, and precipitation.
“aese factors appear 10 be of some importance in producing changes over northwest
+din near the desert region, but a more guantitative evaluation of their influence

¢ abserved interannual variability of monsoons has not been carried out.

Bavadekar and Mooley (65) computed the evapotranspiration and the moisture
‘ux convergence of the atmosphere for a triangular volume of Peninsula India and
und that the interannual variabilicy as well as the intraseasonal variability during
2 monsoon geason is negligible. This suggests that the land surface processes are

- ot important in determining the rainfall variability over this region. However, the .

szuracy of evapotranspiraton data used in this study is not known, From the
«pited number of observational and modeiing studies, it is not possible to determine
¢ conuibution of soil moisture toward the observed interannual vaniability of
iwansoon circulation and rainfall.

i CONCLUDING REMARKS

‘it the context of the annual variations of the globat cireulation the Asiatic monsoon
swpears to be a highly periodic phenomenon primarily determined by the seasonal
uriations of solar radiadon and asymmetric contnentality with respect 1o the equator,
iowever, although the onset and duration of the monscen is quite regular, the
‘zecise date of onset at a given location is highly variable (up to | menth). Once
-1e onset has taken place, the nature of the day-to-day fluctuations and seasonal
rean for one year ¢an be very different from another. The day-to-day changes
‘nring a monsoon season sesm to be associated with a vardety of factors, the most
aotable of which are:

1. the formation, growth, decay and prapagation of weather-scale disturbances
{lows and depressions, et¢.) which are manifestations of the hydrodynamic
and moistconvective instabilities of the large-scale fow; and

2. changes in the locations and intensity of east-west orfented convergence zonss
(the near-equatorial trough, the monsoon trough, etc.} which can occur either
due to quasi-periodic (15-40 days) fiuctuations i the tropics or due to influences
of the traveling and quasi-stationary waves in the mid-latitudes of the Northern
and Southern Hemispheres.,
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The role of these short period (i.¢., shorter than a seasen) fluctaations in determining
the seasonal mean is not clearly understocd It is also not clear how these wansient
{high frequency) fucruatons are influenced by global- or planetary-scale low frequency
changes.

Since space and time averaged precipitation is determined largely by the amouat
of moisture that converges in a region. it is reasonable to suggest that large-scale—
larger than the scale of lows and depressions—convergenice is the primary determinant
of the rainfall intensity. Monscon lows and depressions are manifestations of dynamical
insabilities which organize precipitation at preferred Seales and, therefore, It may
be more profitable to study the large and planctary—scnle circulation features that
produce a suitable environment for these instabdlitize to grow. If inraseasonal and
interannual variability of rainfall were determined solely Gy the 1 intensity and frequency
of disturbancss, the prospects for long-range prediction of time averaged tainfall
would be hopeless, but there seems to be sufficient reason to believe that these
instabilities are strongly contzoiled by planstary-scale circulations which are perhaps
more prediceable than the inseabilities themselves, A part of the inmraseasonal variabifity
of minfail is indeed accountad for by the flucruations associated with these instabilitiss,
and that past would be difficult tw predict, However, the remaining part could be
more predictable, at least in principle, if the planetary-scale circulations responsible
for the rainfall variubility were forced by slowing varying boundary conditions at
the earth’s surtace.

We ¢an pose the following questions:

1. Is the behavior of the seasonal mean monsoon primarily determined by a
statistical average of a variety of independent short period fluctuations that
are not related to any seasonal or other low frequency foreings?

. Are there global- and planecary-scale “‘forcing functions” (either due to
slowly varying boundary conditions at the earih’s surface or due to very low
Frequency changes like the Southern Oscillation) that determine the interannual
behavior of the seasonal mean monscon circulation and rainfall, and is the
interannual variability of the short period flucruations conteolled by such large-
scale low frequency forcings?

[

Thesa questions are similar to those rised in the beginning of the chapter about
the relative importance of the internal dynamics and boundary conditions. Clearly
the quesnons represent the two extrams possxblh;cs and the reahty must lie between,
This author is refuctant to accept the premise of the first queston, and is incilned
to accept the hypothesis fmplicitin the second question, The role of the unpredictable
day-to-day changes due to the instabilities and the nonlinear intemetions can not
be ignored; however, it is unlikely that they can account for the total cbserved
variability without considering the influerce of the boundary conditions. The significant
cormelations between the Southern Qscillation index and seasonal mean monsoon
rinfall clearly suggest that the behavior of the seasonal mean monsoon is strongly
influenced by planetary-scale low frequency changes. It is shown in Chapter 16
that 9 our of 12 heavy monsoon rainfall seasons were preceded by a negative Darwin
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ure wend (2 meastre of the Southern Oscillation), and 12 out of {4 deficient
son rainfall seasons were preceded by a positive Darwin pressure trend, Moreover,

ue significant comrelations between the monscon rinfeil and the equarodat
2 83T anomaties, and snow cover over Eurasia and the Himalavas. It wouid
easonabie to discard these relationships, attributing them to random chance,
3¢ observational facts combined with their physical plausability suppos the
-iests that the interannual variabiiity of monsoons {s significantly influenced
owly varying boundary cenditions and very low frequency planerary-scale
oheric fluctuations. In order 10 advance ourunderstanding of these phenomena
. be necessary to examine the behavior of the three-dimensional flow at plan-
~ud global seales rather than over [imited regions as has been mostly the case
+ the past.
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