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PREFACE

The peninsular Indian region exhibits unique characteristics in the distribution

and variation in the meteorological fields compared to other parts of the country.

In order to obtain a better understanding of the diverse responses of these fields

to different forcing factors, a detailed analysis of homogenous zones and

subdivisions were carried out. The present doctoral thesis focuses on some of the

foremost external factors that influence the weather and climate over the

Peninsular India. The methods include both empirical and modeling aspects. The

major outcomes of the thesis are summarized as below:

The first chapter provides a general introduction about the climatic features over

peninsular India, various factors dealt in subsequent chapters, such as solar

forcing on climate, SST variability in the northern Indian Ocean and its influence

on Indian monsoon, moisture content of the atmosphere and its importance in

the climate system, empirical formulation of regression forecast of climate and

some aspects of regional climate modeling.

Chapter 2 deals with the variability in the vertically integrated moisture (VIM)

over Peninsular India on various time scales. VIM from surface to various levels

over the peninsular India for monsoon and post monsoon seasons was studied

for the period 1950-2004. The wavelet spectrum of VIM during the summer

monsoon (lune-August) and post monsoon (September-November) showed an

eleven-year mode of variability. The spatial extend of this mode of variability was

analyzed by Fast Fourier Transform  of the VIM for the region 20°S-50°N

and 0-160° E. Spectral power of frequencies corresponding to 11 and 12 years in

FFT were plotted spatially. The Spectral power shows higher values over the



Preface

Peninsular India, extending over Bay of Bengal to Indo-China peninsula during

the monsoon and post-monsoon seasons. The spectrum for season show

highest spectral powers concentrated over regions other than peninsular India.

The cross-spectral analysis between solar radio flux and the VIM indices for

various seasons indicates that the power spectrum has a peak corresponding to

11-year. Compared to other seasons, monsoon and post monsoon seasons hold

the higher spectral power. A possible association between moisture and air

temperature in connection with solar activity is also suggested by computing the

correlation of monthly solar flux and tropospheric air temperature along vertical

sections of 800E and 1O°N. Though the correlations are low, a change in

temperature caused by solar variability can amplify similar variability in VIM.

Thus it was proposed that the influence of solar flux on the tropospheric

temperature is modulating the 11-year variability in the seasonal VIM.

The wavelet analysis of Principal components of VIM for various seasons and

various years revealed that the intraseasonal variability in the integrated moisture

over the Arabian Sea and Peninsular India is of around 12-32 days. The EOF

patterns showed that the third greatest variability over the Indian domain

regarding the VIM is over the Arabian Sea and Peninsular India, though the

variations account for a small percentage. The zonal coherence in the principal

modes of variability over peninsular India and adjoining Seas implies that the first

mode of intraseasonal variability over the Indian domain was due to the

meridional temperature distribution. While the second and third modes

correspond to region over peninsular India.

The third Chapter discusses the influence of solar activity in the low frequency

variability in the rainfall of Peninsular India. The study also investigates the

2
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influence of solar activity on the horizontal and vertical components of wind and

the difference in the forcing before and after the so-called regime shift in the

climate system before and after mid-1970s. The wavelet analysis of high frequency

filtered Kerala Summer Monsoon Rainfall showed a significant mode of decadal

variability corresponding to 11-12 year period. The cross-spectral analysis between

solar radio flux and rainfall of eight subdivisions over peninsular India also

showed spectral peeks at a frequency scale corresponding to 11 years. Significant

values were obtained for the correlation maps of 4-year running mean Indian

summer monsoon rainfall with I-710.7 solar radio flux. The vectors of regressed

coefficients between F1O.7 and horizontal wind indicate that the monsoon flow in

the months of July and August is influenced by solar flux and the convection also

is very much influenced by solar flux, though there have been significant changes

in the regions and intensity in these relations after 1976.

In Chapter 4 on Peninsular Indian Rainfall and its association with meteorological

and oceanic parameters over adjoining oceanic region, a linear regression model

was developed and tested for the seasonal rainfall prediction of Peninsular India.

The parameters used as predictors are (i) lower tropospheric temperature during

the month of May over the Peninsular India and adjoining Bay of Bengal  Sea

Surface Temperature during the month of March over the mid-Indian Basin over

the Indian Ocean  Zonal wind at 700 hPa during February and (iv) meridional

wind at 700 hPa during _]anuary. The period of analysis was from 1975-2006 of

which last nine years were tested against the observed rainfall. The empirical

model could explain 77% of the total variance in the PIR and has a RMS error of

7.6%, BIAS of O mm and an absolute error of 40.2 mm. Except ZOO2, the model

could capture the extreme years reasonably good.

3
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Chapter 5 deals with the effects of Arabian Sea surface temperature on the

summer monsoon over peninsular Indian region. The characteristics of

circulation, moisture and precipitation during monsoon season over the

Peninsular Indian region is investigated on the basis of the sensitivity experiments

performed by a regional climate model (RegCM3) for the years 1996, 1997 and

2002. The model is run from 1st May to 30th September except for 2002 for

which the ERA40 data is available only till August. The first month is taken for

the spin up. The next four months are taken to study the monsoon. RegCM3 has

been integrated at 60 km horizontal resolution over the Indian domain. The

experiments were carried out by changing the initial conditions of sea surface

temperature by 0.10 C steps zle. 0.1, 0.2, 0.3, etc. to 1° C maximum. The RegCM3

model successfully simulates some important characteristics of the Indian summer

monsoon such as the 850-hPa westerlies and precipitation. Even though the

precipitation is overestimated the model is found to be capable of simulating the

monsoon rainfall to a reasonable degree in spatial distribution, particularly the

large-scale precipitation zones owing to the southwesterly monsoon flow.

The influence of moisture over the Northern Indian Ocean on the climate of

Peninsular India has been studied and reported in Chapter 6. In this chapter, the

influence of moisture in the low-level monsoon flow through the Western and

southern lateral boundary of the model domain on the vertically integrated

moisture, precipitation, surface air temperature and integrated moisture transport

are studied using RegCM3. In the southern boundary experiment EXP_SB, when

the moisture influx to the domain through the southern boundary was shut down,

an increase in the vertically integrated moisture is noted over the southern

peninsular India for the wet year 1996, normal year 1997 and dry year 2002. But

4
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for the western boundary experiment, EXP_\X/B, the integrated moisture has

substantially reduced implying that the total column moisture is mainly fed by the

western boundary stream rather than the compensation by evaporation from the

Arabian Sea or the meridional transport through the southern boundary. The

largest decrease in moisture fields is noted for the wet year 1996 and the lowest

change is for the dry year. A sharp decrease in moisture over the Arabian Sea is

also observed. For precipitation, a negative anomaly is noticed for all the three

years over the Western Ghats and the Adjoining Arabian Sea, with the greatest

decrease for the wet year. Surface temperature anomaly patterns are observed

with a decrease in temperature where the moisture was anomalously low. This

could be due to the fact that the dry air allows for greater evaporation and thus

facilitating cooling in surface air temperature. The vertically integrated moisture

transport anomaly vectors for EXP_WB are double the order of magnitude larger

than the EXP_SB implying a more significant role of moisture through western

Arabian Sea than the moisture advected meridionally through southern boundary.

The intraseasonal variability in the zonally averaged precipitation over Peninsular

India shows that the precipitation pattern and its distribution in time have been

mostly modified for the wet year. In all the three experiments the EXP_\X/B

showed reduction in precipitation for the first half of the season owing to the
reduced moisture.

The final Chapter gives the general summary and conclusions about the overall

aspects of the study. The major findings of the study are also discussed in this

chapter.



CHAPTER 1

INTRODUCTION

1.1 Monsoon

The seasonally varying circulations associated with the annual contrast in

heating of t.he Asian continent are the most important large-scale aspects of

the general circulation of the atmosphere, which is called /l.rz'az‘zL' Momoon.

Figure 1.1 shows the region of global monsoon. The Indian summer monsoon

affects the lives and the economies of many countries in Asia. The study of

this phenomenon has been mainly limited to the lndian subcontinent whereas

it takes place over the entire Indian Ocean. The main aspects of the monsoon

are defined as follows. There should be a 120 degree shift in the direction of

prevailing wind between _Ianua1"_v and _]uly. The Average frequency of

prevailing wind must be greater than 40% and the mean wind in eitherjanuary

(for winter monsoon) or July (for summer monsoon) must be greater than 3

m/s. It is believed that the differential heating of the land and ocean which

leads to the formation of a pressure gradient gives the driving force for

monsoon circulation. The Coriolis force deflecting the cross equatorial winds

created by the pressure gradient causes the typical monsoon flow. The moist

processes such as the release and absorption of latent heat determine the

energetics of monsoon.

There are two components of monsoon moisture input; moisture due to actual

evaporation from the Arabian Sea and that due to a Water vapor flux from the

Southern Hemisphere (cross equatorial transport). The greatest amount of

moisture flux from the Southern Hemisphere is along the east African coast

and is transported due to /ow-/e1»e/ ifoma/zjez‘, which is a typical feature of the



Chapter 7 I/1//"odz/t‘/2'0/2
monsoon. This jet stream originates from a high-pressure system El-ffarmrenc

arztig/0/one, formed over southeast Indian Ocean. From this high, large outfloxv

of air takes place and it crosses the equator as cross-equatorial Somali jet and

due to Coriolis force the wind becomes sotitliwesterlv. Reaching at maximum

intensity in the summer months, it crosses the southern Arabian Sea and reach

over central western and southern coast of India. Variation in the intensity of

this jet stream is important in determining the moisture and rainfall over India.

The Tibetan high-pressure system, which is an upper level anticvclone found

above the surface monsoon trough located over north India is established over

Tibetan High lands during _Iul_v and is well developed at 200hPa level. It

remains up to the end of summer season and then moves south-southeast

direction with the movement of maximum heating to south. The outflow of

air from the southern flank of Tibetan anticvclone gives rise to tropical

easterly jet and it remains fromjune to September

'5 140' |3Qi...l.Q.Qi.  ZOIW 0'5 30° ....§.Q:  -.'OQ.°...'.ZQf- . "“"‘?""’ssss'"t““"""""'1'""1 = _I"'""*""= = . * - = T“ - t riff‘ " '1’ * =‘ I F - 1 * I
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Fig. 1.1 The geographical extend of monsoon. ;-\verage frequency of predominant surface

wind directions shown in three categories. Unshaded areas are non monsoonal. (Adapted

from Ramage 1971)

For India, l\-lonsoons (both southwest and northeast) are responsible for the

majority of India’s annual rainfall. .r-"\bout 80% of the annual total rainfall is

'7
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received between the months of june and September. Qrographic effects are

important in determining the amount of rainfall at a particular station fl\Taz'/"

and ll/.l.0/1617262/€Zl7716l7", Z009). Stations on the windward side of mountains receive

more rainfall than those in the rain shadow region on the leeside. This factor

plays a vital role over the west coast of Peninsular India. The rainfall over

Central India is largely affected by monsoon depressions moving in from the

Bay of Bengal and also by convergence due to the monsoon trough over
central India. It is formed in the summer months as extension of Inter

Tropical Convergent Zone (ITCZ) and is the region of low pressure and wind

shear at the surface. South of the trough has southeasterlv winds and north

has northvvesterlv winds. Monsoon trough during south west monsoon exists

parallel to about ~5OO km south of the Himalayas. _--‘\n inversion layer at

800hPa which hinders the instability would produce precipitation. The mean

precipitaion and winds over in Indian region during winter and summer are

given in Fig 1.2

As the onset vortex moves to the north, \vesterlies increase sharply on the

equatorxvard (convergent) side of the vortex. Stations on the west coast are

influenced by these westerlies as well as the position of the onset vortex. But

for the east coast of India, as monsoon depressions moves across, it moves

into regions that may not have previously been affected bv l1€2lV}-' rains.

Stations in central lndia experience heavier rains than before because the_v are

not as affected by the southwest flow as stations on the west coast. Another

characteristic feature of the south west monsoon is the active and break

phases. Breaks occur normally in the middle of August. During a break,

monsoon trough moves north and the maximum rainfall shifts towards the

foothills of the Himalavs. Low-level westerlies also move north to the

Gangetic Plain and decrease in strength over the Peninsular lndia.

8



C/Japler 7 I/21‘/"odmfion
The monsoon usually starts withdrawing during the end of September from

North India. Pressure gradient undergoes transition to a winter pattern

(reverse conditions of what occurred in the summer pattern) and the easterlies

in the upper troposphere weaken. Monsoon trough moves to the south and

the westerly jet appears. The Inter tropical convergent zone moves back to the

south.
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Fig. 1.2 Climatological mean precipitation (unit: mm day-1) during (a) boreal Winter (D) F}

and (Ci) summer  (b) and (c) are the same as (a) and (cl) but for Winds (unit: ms-1) at

850hPa based on NCEP reanalysis. The contour interval for isotachs is 2 ms-1 with the

minimum contour being 2. Adapted from C0.r2mmz] (Z005).

The monsoon cloud cover is the manifestation of moist convective processes

over the Indian subcontinent and it varies both in space and time. During

active phase of monsoon, cloud cover is maximum in a belt running from

C/3
('5
Q

western shore of Bay of Bengal to northern shore of ;\rabian and

minimum over foothills of Himalayas, south India and Sri Lanka. The pattern

reverses during break phase and rainfall distribution closely follows the cloud

distribution.
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Besides possessing the largest annual amplitude of any subtropical and tropical

climate feature, the monsoons also possess considerable variability on a wide

range of timescales. \Y/'ithin the annual cycle there are large-scale and high

amplitude variations of the monsoon. On timescales longer than the annual

cycle the monsoon varies with biennial, interannual, and interdecadal rhythms.

In the following sections an attempt is made to describe these variations.

1.1.1 Intraseasonal variability

Intraseasonal variability of the Indian summer monsoon, delineated by active

periods of heavy rainfall interrupted by break periods, significantly modulates

the seasonal mean monsoon fields (l<rz'.i'/rzrzamurr/1/y a/1d_S'/we/a Z000; (_§0.m/rm2z' and

A/kyamahan Z00 7 These active and break spells of the monsoon are associated

with fluctuations of the tropical convergence zone (Yam/zm"z' 79.79, '/980, 7987,

Szléséa and Gar/327 7980). Tropical convergent zone over the lndian monsoon

region represents the ascending branch of the regional Hadley circulation. The

intraseasonal oscillations (lS()s) of the lndian summer monsoon represent a

broadband spectrum with periods between "10 and 90 days but have two

preferred bands of periods (l\’/arr)/zu/722/1"/1' wad B/Ia/me 19.761," 1\’rz'.r/utzazr/zz/rt! az/id

/l7‘0lltl1¢;l}’ 7980; Ymz/11a17' 7.95’()), one between 10 and 20 days and the other

between 30 and 60 days.

Several recent modeling studies show that a significant fraction of the

interannual variability of the Indian summer monsoon is governed by internal

chaotic dynamics (.'l.la§/".41//(1%; and .58:/0//1/‘/_z)' /99,5; (10.02/a/721' /996’). Because the

separation between the dominant ISO periods and the season is not large, the

statistics of the lSOs could, in principle, influence the seasonal mean monsoon

and its interannual variability.

10
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Starting from around the mid to late 1970s, a number of studies began to

identify intraseasonal fluctuations with periods around 30-60 days, associated

with the Asian summer monsoon. These were well observed in both

cloudiness (rllzzra/eami 7976; Yam/1a1'2' 7979, 7980) and wind variability

fl)a»é.rbz'namz¢r1‘z' and Kai‘/2422-ta/azurfgs 7976; .='l'e'[z/razl-'-:amz' 79.7.7). The canonical space

time structures of a typical boreal summer ISO event have been xvell

represented by C/26/z and .-"'\-<'Iz/1"¢1K<.r1mz' 7988), C;0.m/r1/¢iz' 6/ a/ '1 998). /lmzaz/ml/412' el 0/

(7 999), _,_»3l/2/mma/az' Ll/'Z({ .5‘/2'/{gm (.7-’U() 7}. _1,r-11.»/rcm'c' am! I-Va/2.»‘z¢'»" (2002 and 1 5131/ 0/ 01/

(Z004).

In addition to the nominal time scale of 30-60 days, there also exists

considerable intraseasonal variability at higher frequencies, at time scales

around 10-20 days. Identification of these higher frequency fluctuations came

from early studies on cloudiness and conventional s_vnoptic observations

(Kris/Jna/12z1rlz' and YB/ya/me 79 7 6; zlflz/ra/éamz' 7976; I‘ ram/2ar"z' 7 979,‘ Km"/1flamz1rlz' and

./lrdamgy 7980). 10-20 day mode accounted for about a quarter of the sub

seasonal monsoon variability while 30-60 day accounted for about two third

(/lmmma/az' am! X/2'/ago 200 7?}. In contrast to the low frequency ISO, variabilin' of

this mode is focused almost entirelv over East Asia and the northwest Pacific

region. Also 30-60 days mode originate in equatorial Indian Ocean and

propagate northward/northeastward (K17j>a/a/22' er 42/ 7999,‘ tiiziztgfz and Krétia/a/12'

7985, 7986, I990; K/"(Lba/uni ez‘ a/ 7997) but 10-20 days mode originates in the

equatorial western Pacific and propagates westward/northwestward in the

form of Rossby waves at about 5 ms‘. Another notexvortliy feature of 10-20

clays mode is that it possesses a relatively strong seasonal variation, in

particular during the first half of the summer monsoon period ('t\-‘lay-j ulv). The

30-60 day variability prevails near the equator in particular over India, as

compared to ISV of 10-20 days.

11
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1.1.2 Interannual variability

Seasonal mean prediction and predictability experiments with General

Circulation Models (GCM’s) indicate that a significant fraction of observed

interannual variability (approximately 5()% or more) of the Indian summer

monsoon may be due to internal low frequency variability (Com/amz' 7998 The

internal low frequency variability acts as a background of unpredictable noise

mixed with the predictable externally forced signal. Improvement in seasonal

mean prediction would require successful extraction the signal from the

background of noise of comparable magnitude. Com/amz' and Xaziier (20()5)

carried out a numerical study using only annual cycle of solar external forcing

and annual cycle of SST as boundary forcing. It is shoxvn by their study that

model simulates interannual variability of the Indian monsoon comparable in

amplitude to the observed interannual variability. ;\.ny interannual variability of

the simulated Indian summer monsoon (or any other climate system for that

matter) is, therefore, of internal origin.

Observational studies have shown that there may be two time scales in the

interannual variability of the monsoon-ocean-atmospheric system i.e. a quasi

biennial system with the tropical biennial oscillation (TBO) and a 4-6 year

cycle associated with the El Nino Southern Oscillation (ENSO). These two

scales are observed in a range of parameters like rainfall, surface pressure,

wind and SST fllfleelil 7 98.7; Lazz and LS‘/./)8” 7988; Ramzz/.r.r011 ez‘ 41/ 7 990; Bame/I

7997; Meek! 7993). Mee72/ (7994) has proposed that the variability of the Asian

monsoon is closely tied to the warm and cold phases of the TBO. K/ien and Lam

(7995) have suggested that the ..~\sian monsoon as a xvhole may be more tightly

coupled to the tropical ocean atmosphere on the time scales of TBO rather

than ENSO. Long term climate simulations by most of the general circulation

models suggest that approximately 30-40% of the variability in the Indian

12



Cliapz-‘er 7 I /1//"vrlm-‘/2'0 1;

Cf.
U;
y—

summer monsoon precipitation is attributable to /Sea Ice variations,

(F0//am! and R02z/e// 7995). In other words, a large part ((i(J-7(J%) of the

interannual variability of the Indian summer monsoon may be due to internal

dynamics. \‘-I--"’l1ile seasonal predictions of the mean rainfall in other parts of the

tropics is not sensit.ive to small changes in the initial condition, simulation of

seasonal mean Indian monsoon rainfall has been found to be sensitive to small

changes (Pa/mew" and _/’lmz’mwz 7994).

1.1.3 Long-range forecast of Indian Monsoon

Due to the intrinsic complexity. the predictability of day-to-day weather

patterns in the tropics is restricted to 2-3 days. But the seasonal mean

monsoon circulation in the tropics is potentially more predictable. This is due

to the fact that the low-frequency component of the tropical variability is

primarily forced by slowly varying boundary forcing such as sea surface

temperature (SST), land surface temperature, soil moisture, snow cover which

evolves on a slower time scale than that of the weather svstems themselves.
'.

Observational studies have established that the Indian Summer Monsoon

Rainfall is linked with several surface boundary conditions like east Pacific

Indian Ocean SS/I‘, Eurasian and Himalayan snow cover and land surface

tn
r/3
*—:

temperature. I-Iowcver data analysis and numerical modeling studies have

suggested that an unyielding component indicating that the mean monsoon is

also affected by internal dynamics.

1.2 Total column moisture

Moisture is critically important to life on Earth. It also plays an important role

in the heat balance of Earth especially through the greenhouse effect of water

vapour and, at the same time, by moderating surface temperature changes due

to the removal of latent heat of evaporation. Reasons for the scanty

13
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knowledge of moisture in the atmosphere and precipitation stem from the lack

of observations (especially over the oceans) and their spatial as well as

temporal variability. Rainfall and clouds usually occur on quite small temporal

and spatial scales, so that an observation of moisture or precipitation event

may not be representative of more than an area with dimensions of a few

kilometers across or more than a small Fraction of a day. Total precipitable

water (TP\X/’), which is defined as the total water vapor obtained by integrating

the mass weighted specific humidity vertically from the surface to the top of

an atmospheric column, varies essentially with hemispheric insolation changes.

The spatiotemporal pattern of 'l”P\\7 over the Indian Ocean and nearby

regions is closely associated with the variability of the Asian monsoon _(.§'z'/rggb el

a/ 2000). An increase in the Southern Hemispheric insolation results in an

increase of 'I'P\‘{=’ over the southern Indian Ocean. \‘-Vhen the Southern

Hemispheric insolation is enhanced from December to April, the largest

increase in "l"P\I\’--’ occurs in the southern Indian Ocean in l\-~'[arcli-May. The

(/3

}ii
A

patterns of TPW change are consistent with those of the change.

Therefore, the increased SST is responsible, in large part, for the increase of

TP\V in the southern Indian Ocean (L221 at a/ 2006

Theoretical studies on the moisture budget of the tropics suggest that the

water vapour temperature relation in the tropics is height dependent. The

observed interannual variation of water vapour and temperature give an

opportunity to assess the water vapour temperature relation in the tropical

troposphere. The interannual variability in the tropics is affected by the l..rl-l

Nino phenomenon.

1.3 Solar activity and Earth’s weather

Solar variability__ which originates from the. solar interior, has time scales from

hours to billions of years. One aspect of solar variability is linked to solar
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evolution driven by nuclear conditions in the core. This is a relatively slow

process with changes on time-scales of the order of several million years and

above for parameters such as mass, radius and luminosity. Many forms of

solar activity, such as Flares, solar radiation bursts and solar wind can cause

radiation enhancement and plasma movement. All these affect global

climatological changes directly or indirectly (I la/"/mm and G0/a’/aeqg 79.78).

Another aspect of solar variability is related to solar magnetic fields generated

below the convective zone in the interior. The evolution of magnetic fields

results in many manifestations, on time-scales in the range of hours to several

hundred even thousand years, such as the well-known sunspot cycle and its

longer-period modulations, solar wind structures, and coronal mass ejections.

Spectral studies of solar activity unveil certain periods and Frequencies.

Hoxx--e\*er, \\-'a\-'elet analyses ha\-"e sliowed that the periods and frequencies

change with time. A much more complex picture therefore appears, than

variability on only the 11-year sunspot cycle. A third aspect of solar variability

deals with periodicities due to orbital conditions such as solar rotation,

changes in Earths orbit, or inclination of rotation axis with respect to the

ecliptic plane.

Many of these processes are also the mechanisms by which the Sun can
influence li-arth and the climate. The influences from the variation of the

electromagnetic radiation are most often considered. .Howe\-'01‘, a changing

solar wind and energetic particles can also influence Earth either directly or

indirectly through modulating the cosmic ray flux. In this scenario many

research works have been done on Sun Climate relations and they have

detected solar signals in climate records.

L\-{any previous studies have shown that there is a regional to global factor

caused by ENSO signal with periodicity about 3-6 years and a signal with 11
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years periodicity indicating the solar influence on cloud cover over Indonesia,

which is typically an equatorial region. This solar signal does not appear on all

regions with different climate patterns or seasonal time ranges. The stronger

solar signal appears over regions with monsoon activity and during dry

seasons, when local or regional effects are the least. Though there are

empirical evidences about solar effects on climate in many regions of the

world, actually the physical mechanism behind this is not yet well understood.

Cosmic rays mechanism plays a vital role. The cosmic rays interact in the

upper atmosphere and produce secondary particles neutrons and muons.

When these particles interact with the air molecules or water molecules, they

get polarised and act as condensation nuclei for the formation of clouds.

During the sunspot minimum, the intensity of the cosmic ray becomes

maximum which in turn increases the coverage of clouds. This implies that

solar radiation reaching Earth will be minimized. Conversely, during sunspot

maximum, the intensity of cosmic ray reaching lower levels of the atmosphere

reduces and the cloud cover decreases. ;\-‘Iany studies have shown that

monsoon could be sensitive to relatively small changes in forcing (().25‘?--"i->

change in solar output) ((')z1eip@r'k er 41/ 7996,‘ ez‘ al Z()()7,' F/czf/mm/2 ez‘ 41/ .2()()_5’_)

While greenhouse gas forcing is more spatially uniform, solar forcing is more

spatially heterogeneous (i.e., acting more strongly in areas where sunlight

reaches the surface). Consequently, solar forcing induces feedbaclts involving

temperature gradient—driven circulation regimes that can alter clouds. Over

relatively cloud~free oceanic regions of low-level moisture divergence in the

subtropics, the enhanced solar forcing produces greater evaporation. Moisture

then converges into the precipitation zones, intensifying the regional monsoon

and Hadley/' \X/allter circulations. This produces greater subsidence and less

cloud over the subtropical ocean regions and this process get reinforced.

'16
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The solar signal in tropospheric zonally averaged winds has also been studied

by many researchers (G/czir/aw" an/2’ '.l'/z;.';'// Z003. I l¢z{g// e/ a/ ZOO-I. .?UU_5, Cmo/er mm’

Grqzy 2005). The_v show that the subtropical jets are weaker and further

poleward at solar maximum than at solar minimum. The magnitudes of these

signals are relatively small compared with the variations associated with the

North Atlantic Oscillation and volcanic signals. G/ezlmer and Th¢;'// (200.3), also

examined the solar signal in zonally averaged vertical velocities and the

longitudinal distribution of the solar signal in vertical velocities at the equator,

and found a stronger subsidence at mid-latitudes and a poleward movement of

the peak subsidence. Tl1e_v found evidence for a latitudinal broadening of the

equatorial upwelling region, in good accord with the results of Hazgg/2 (2()()_3)

and C/e00/(at and C;/25“ (PO()_5) though thev did not find a significant solar signal in

the strength of the ascending branch of the Hadley circulation. The solar

signal in tropospheric zonal averaged temperatures and circulation was studied

using the _\”"(._i.l.i'Il’ reanalysis by l.-¢z/2/'/$111? /_70().?). I fa-/ZIQ/I) (_7()(l3 C‘/c’z'.r/20/* am/ W/gj/'/i’

(2003) and in the l?.R.;.\-40 1'eanalvsis by Cr00,€.r and (}'/ray (2005). The results are

fairly complimenting each other. _.<\ positive solar response is seen in the

tropical lower stratosphere i.e. warmer tropospheric temperatures in solar

maximum than in solar minimum. This signal extends in vertical bands

throughout the troposphere in both hemispheres at latitudes 20°-60° with

maximum amplitude of 0.5 K around 400-SOON where there are strong

gradients. Hence substantial local changes can be produced by modest North»

South shifts.

1.4 Role of Indian Ocean on monsoon activity over India

Air sea interaction over the Arabian Sea and the Bay of Bengal are found to

influence precipitation variability associated with summer monsoon over

India. The Arabian Sea is a cardinal source of moisture fluxes across the west

17



Clvajv/er I I.////"'0dz/('1-‘Z0 12
coast of India resulting in more orographically forced rainfall over \5(--’estern

Ghats (Sal/ya rm/1’ Bazmzrlc’/ear" 7 9.77.‘ Rt!/é[)(?(,'f)6l and Pz'.r/1a/"0{;: 7996 l7'm'X»z' and

Harmon (2()()4,)' examined the role of SST anomalies in the northern Indian

Ocean onto the interannual variability of precipitation in the Western Ghats

region where summer monsoon rainfall shows local maximum in the seasonal

mean and its interannual variability. For the \Y€-"estern Ghats region, they found

a strong positive correlation with Sea Surface Temperature (SSH anomalies in

the Arabian Sea at the onset of summer monsoon. The mean SST for winter

and summer for Indian Ocean. is given in Fig. 1.3. The active-break cycle of

the Indian summer monsoon is associated with the northward propagation of

clouds and conve.ct.ion bands froin the equatorial region to around 3O°N over

the South Asian monsoon region, at a phase speed of about 1° latitude per day

(Yarzmari 7979; .SIz'/eh: and (§a0fgz'/ 7980," Yarz/mzrz' 7 980," Gadgz'/ and Ar/va 7 992;

G0.i‘wamz' 2005). Many studies have attempted to develop a theoretical basis of

atmospheric dynamics in the northward propagation of the cloud bands on

this time scale (.-"'\./Iz/ra/4"-rz/¢2z' ez‘ 01/ 7 981/,'_ ]z'¢z1g__g et 42/ Z004; ‘Y0/(#01 and fafo/flz/ra Z006

Kemlm//-C00/é mm’ l~I"’m~q_g (300 '/_) examined the influence of latent heat flux on the

northward migration of outgoing long wave radiation (OLR) anomalies over

Indian Ocean. They SL1_£{£TCSf that the moisture flux from the. Indian Ocean do

favour convection by building up moist static energy. However, since their

study is based on convective maximum over the equatorial Indian Ocean, the

resultant composite signals get \veal<en towards higher latitudes and hence may

not be effective in explaining the processes involving the regional precipitation

over the Indian subconrinent. In addition, there is a meridional variation of

the mean winds from the equator to the north Indian Ocean. l'"'m'/12' and

Hamkon (200.2) examined the intraseasonal variability of OLR with respect to

SST anomalies over the Bay of Bengal. They pointed out that positive

Cl)
1/2
+—;

(negative) anomalies on the intraseasonal scale in the Bay of Bengal
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exhibit a strong statistical relation with the active (break) periods. The 

southern part of India lies between two seas; the intraseasonal precipitation 

yariabili ty may haye regional characteristics between the east and west coast. 

Another feature of the Arabian Sea during the monsoon season, which 

influences the Indian subcontinent, is the Somali Jet. Halpem and IVoicesl!)", 

(1999) suggested that the Somali Jet in the Arabian Sea and the rainfall of west 

coast of India is connected because of simultaneous increases in surface wind 

convergence and integrated cloud liquid water in the eastern Arabian Sea. 

1.4.1 Role of Sea Surface Temperature 

Sa/;ai et fit (2003) haye shown that despite the weakening relationship of 

ENSO-lndian Summer Monsoon in recent years, the relationship between 

SST in some regions o f the global oceans and the ISMR is consistent for more 

than a century and any small variation in this relationship is part of natural 

osci llations. In different decades, about 55-85% of the variance associated 

with the ISMR is explained by SST alone and only 15-45% is explained by 

other boundary for.:ings and internal dynamics. 

~ 

~ 

" " " " " " D 

" " " " 

r-igure 1.3. Climam]ogical mean SST rq during (a) boreal winler (DJf) and (b) summer 

O.1A), for a peri<xl 1998--2002. SST data is taken from TRMM. 
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Change in SST is important in the energy balance and the inter-hemispheric

heat exchange over the Asian continent and Indian Ocean in a coupled ocean-—

atmosphere system (lF/a/qg er 41/ 2003; {S/9/7?t’.’/ZJ' am'/ O_g/e.i~/_gy 7992). Tropical

-’/;
U:fii
'1.‘

observations show convective activity increasing sharply above of

around 26°C and then decreasing as the SST exceeds 30°C and a maximum is

observed when  is about 32°C. Although some aspects of this relationship

are reasonably well understood even though no theory has fully explained the

decrease in convective activity above 30°C.
1.

Active (break) phases of precipitation occur by the northward propagation of

positive (negative) precipitation anomalies over the Arabian Sea and the Bay of

Bengal. Over the \vindward side of the \‘(-='estern Ghats region during the active

phase, the positive SST anomalies over the Arabian Sea formed by suppressed

surface latent heat flux and increased downward shortwave radiation flux lead

the positive precipitation anomalies. Surface air temperature anomalies follow

C/J
</2Ill

the anomalies and then destabilize the lower atmosphere between
1000hPa and ?'(]UhPa. These results indicate that, in the northward

propagating dynamical surface convergence, underlying SST anomalies tend to

form a favorable condition for convective activity and may sustain enhanced

precipitation over the convergence region. This gives enhanced precipitation

anomalies over the \3§-’estern Ghats region that move further northeasnvard

and merge with the northward propagating precipitation anomalies from the

Bay of Bengal.

1.4.2 Role of Evaporation over Arabian Sea on Monsoon

The role of oceanic divergence in determining the seasonal cycle in

evaporation rate is very important in the viewpoint that the amount of rainfall

over India during the southwest monsoon is a function of the amount of

water evaporated over the pathways of monsoon as well as orographically
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induced convective activity. l-I511/:i'r)22/z'¢‘;§'_ and _Y¢‘/.5/1];/'(.?0()7_) in their analysis of

Comprehensive ()cean—;\tmosphere Dataset (COADS) shows that nearly

90% of the water" vapour available to precipitate over India during the

southwest monsoon results from the annual mean evaporation field. The

seasonal change .in direction of airflow, which opens up a pathway from the

southern Indian Ocean to the .-'\ral>ian Sea, rather than the chang in

('3

evaporation rate is ltev to expl'.-lining the climatological cycle, though the

change in lalient heating due to st-"rasonal variations is similar to that needed to

account for ol>servet"l intetannual to interdecadal variability in monsoon

rainfall.

1.4.3 Regional e1imat.e modeling of Indian summer monsoon

It has been demonstrated that for the study of the weather or climate features

in greater detail, regional models are more suitable than the global models.

Computationallv it is affoi'<:l:-"able to increase the resolution of regional models

so as to resolve reg-i<>nr1l clim-irie features reasonably well. Simulation of the

Indian summer monsoon. circulation features and the associated rainfall by a

numerical model have been the most challenging problems so far. There have

been some attempts to Si.1"1'1.L!lf! te monsoon features and extreme weather events

over India by 1'C§1'l<.'.)11.21Il n.1<">r'lr:ls. .l.i/162.!‘/47(17”cZ/’l el ¢z/ 7996 simulated the Indian

summer n~.r'\n.<t1<"*~.r'"»1"‘-. ~"r~"‘<;.r \@‘ \vith a horizontal resolution of 50 km nested

- ~_
‘-14ii/4
»—\_

'.

with glOl'f>:1_l an-1*-~.r_">sn.l\=~"-v ('»'<"‘\.T. Their studv showed that regional model

Cle.tivetli"w.1?r~"1*" "' "  ”f"“i"“-h T'l‘i_’1‘."= (ii (\_f\-‘I.

The rej;>_"i.o~;-.-"-l  1"-""""'l.’.'ll‘.‘..<'*‘ *-"".l'\t\.i(1L1€ consists of using initial conditions,

tiiiie-denen<'le@"-t .!'tt»~=--<>I 1‘fi1_‘-*1.‘("»!‘f'>l(')£.’f.l(_‘t-Il conditions and surface boundarv

conditions to drive l'1Il<£_1"l"}-1.'(,‘.\1('?»l!Hint"! 'R_t~._s1jir>r1;'il Climate I\-Iodels (R(Ii\»Is). The

input data is derived from GCI\='Is (or analyses of observations) and can include

greenhouse gas and aerosol forcing. .=\nother method of this technique is to
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force the large-scale component of the RCM solution throughout the entire

domain (Kida ea‘ a7 7997,’ C00/ea mzrl LaR0w .?0O0; 2/on .fZon'// e/ 01/ -.7000). 'l'ill now,

this technique has been used only in one-xvay mode, i.e., with no feedback

from the RCi\-‘I simulation to the driving GCM. The basic strateg_v is, thus, to

use the global model to simulate the response of the global circulation to

large-scale forcings and t.he RC;\-"l to (a) account for sul>-G(Ii.\"l grid scale

forcings (e.g., complex topographical features and land cover inhomogeneity)

in a physically-based \-vav; and  enhance the simulation of atmospheric

circulations and climatic variables at fine spatial scales. The nested regional

modelling technique essentially originated from numerical weather prediction

and the use of R(IMs for climate application was pioneered by l_.)z't'A¢.z'/1.»"o/2 cl (17

(7989) and Giorggi (7990). They can provide high resolution (up to 10 to 20 km

or less) and multi-decadal simulations and are capable of describing climate

feedback mechanisms acting at the regional scale. .7\ number of xvidelv used

limited area modelling systems have been adapted and developed for, climate

applications. More recently, RCl\--ls have begun to couple atmospheric models

with other climate process models, such as hydrology, ocean, sea-ice,

chemistry/ aerosol and land-biosphere models. 'l'\vo main theoretical

limitations of this technique are the effects of s_vstematic errors in the driving

fields provided by global models, and the lack of l."\vo-way interactions

between regional and global climate. Practically, for a given application,

consideration needs to be given to the choice of physics pararneterizations,

model domain size resolution, technique for assimilation of large-scale

meteorological conditions, and internal variability clue to non-linear dynamics

not associated with the boundary forcing (Gz'01§gz' and Mearm 7999;  and

l/eme/ear 7997 Depending on the domain size and resolution, RCt\-"I

simulations can be computationally demanding, which has limited the length

of many experiments. GCM fields are not available at high temporal frequency

(6-hourly or higher), as required for RCi\-'[ boundary conditions, and thus
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careful co-ordination between g-lolvzil and regional modelers is needed in order

to perform better R('I.\-I e:\'perimi-nt.<..

In this study, based on these l')?1Cl~1Q_'I7(.)L1f.lLl information, an attempt has been

made to 1-§:*l.lal"-J H--~ 2"-11:?-l  .~.-"=‘.~.-ninil c.h;iractei"ist.ics of the \\-'eather and

climate of peninsular lndia l'1?1\.-"'ifl_§'_ ii:il"lucnced by external factors such as solar

forcing, tiortliern lndian <"_><':i‘~an \'\"l" and moisture, air temperature and zonal

rn

U3
t/3
*-l

wind. A 1‘(?§I_1'(‘.\'Sl.O1.'1 n-v.i<;rlt#l has ‘ww. <;‘lm-'el<,>ped using parameters lik , air

temperature and '/.on:"1l coinponrmts of wind. A regional climate model

RegCl\-“I3 has been \-'ali.<;la1't;%tl am/.l. interpreted to study the influence of SST and

moisture over this L'C_E{l(_')1'I. l"..‘i=;=f~-'=li-..‘-t.l description and methods are discussed in

respective ch a pi (.".‘i'.'.‘~‘-.
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CHAPTER 2

Variability in the Vertically Integrated Moisture
overPeninsularIndia on Various TimevScalespp_

2.1 INTRODUCTION

Atmospheric water vapour provides the single largest greenhouse effect on the

Earth’s climate (Human er af 7984). When more heat energy is added to the ciimate

system, part of the increase is used to enhance the evaporation of water and the

associated phase change keeps the temperature constant. However, these

mechanisms involve a change in the atmospheric water vapour concentration,

which is sensitive to the surface temperature. This in turn is affected by the

greenhouse effect and the contribution from the atmospheric water vapour.

In order to outline the relation between temperature and humidity, we need to

consider the C/aurzlw-C/apg/mn equation, describing how the saturation vapour

pressure es (a measure of the water content of air) varies with temperature '1'.

des _ L gdT T(av_al) ..
The parameters a v and ax represent the specific volume of gas phase and liquid

phase of fluid respectively and L is the latent heat. Humidity, vapour pressure and

temperature are related as

#dq de, L dT dT—-=-—= — ~—~20-~ ...<2.2>dq Q, RVT T T

A change of 1% in the temperature produces a 20% change in the humidity at

saturationqi. The relative humidity RH is assumed to be constant.
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Q

RH =—q—,%C0nSt. .__(2_3)

This means that an increase in the surface temperature reinforces the increase in

the atmospheric water vapour concentration and consequently the greenhouse

effect is enhanced. This mechanism may therefore act to amplify the effect of

variations in the total solar irradiance associated with the solar cycle assuming

everything else is constant.

Solar activity has profound influences on geodynamical processes and living

environments on the Earth. Sunspots are an important factor for describing solar

variations and a solar cycle of about 11 years corresponds to increasing and

decreasing sunspot numbers. Even a minor variation in Total Solar Irradiance

(T SI) (0.1 - 0.3%) can bring about major changes in monsoonal precipitation via

various positive feedback processes such as moisture availability and changes in

atmospheric circulations.

The solar signal in tropospheric zonal averaged temperature and circulation was

studied using the NCEP reanalysis data by many researchers like Labitg/ée (2002),

I-Iazlgb (2003), G/eimer and Tbgjll (2003) and ERA-40 reanalysis data by Croo/er and

Gray (2005 The results are generally in good agreement with each other. A solar

signal in the lower stratospheric temperature and circulation is likely to influence

the troposphere below. A number of mechanisms were discussed in those studies,

not only in the context of solar influence but in the Wider context of examining to

what extent stratospheric processes might influence tropospheric weather and

climate. A general overview of stratosphere troposphere coupling has been

provided by Sbqbberd (2002) and M0/Jana/ezmzar (Z008

The troposphere at high latitudes receives less solar radiation in the northern

winter during intense sunspot activity because of the solar induced changes in the
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stratospheric ozone. Hazég/9 (7999) conducted a series of model studies with solar

induced changes in the stratospheric ozone and found that the Hadley cell is

weakened and broadened in january during solar maximum and that this

broadening is accompanied by a poleward shift of the subtropical jet stream.

These shifts in the circulation pattern result in bands of warming and cooling.

This variation in the stratospheric ozone is believed to be one of the mechanisms,

which may amplify the total solar irradiance.

fbindell et al (1999) have suggested that changes in the ultraviolet  radiation

may influence the stratospheric chemistry and hence changes in the ipper

tropospheric ozone concentration (1 -2% change for a solar cycle). Changes in the

ozone affect the UV absorption and induce temperature changes and hence

modulate circulation. As ozone absorbs UV light it traps energy, which is

converted into heat. Differences in the absorption rates at various locations results

in spatial temperature gradients, which in turn affect the mean circulation

according to the thermal wind equation. As a consequence the westerlies are

enhanced and the flow is diverted towards the poles by the surface friction,

leading to a cell of rising air in the polar region and a descent between 40°N and

50°N. Sbindelf ez‘ al (200719) tried to estimate the global temperature difference

between the present and the Maunder minimum according to UV—ozone

mechanism and estimated this to be ~O.3-0.40 C. Regional changes in temperature

are quite large.

The quasi-biennial oscillation (QBO) in the equatorial stratospheric zonal wind is

believed to be driven by wave forcing, originating from the troposphere.

Balac/Jandran et al ( 7 999) assumed that solar UV with wavelengths shorter than 300

nm changes by 5°/o (either increase or decrease) over a solar cycle and studied the

relation of solar variance on the lower stratosphere. They proposed that the solar

activity influences the stratosphere by altering the vertical temperature and zonal
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wind profiles. The stratospheric response further more affects the planetary wave

propagation and perturbs the Eliassen-Palm flux divergence and hence the lower

stratospheric and tropospheric structure.

Lean and Rind (7998) observed that changes in the refractive properties associated

with the zonal winds, caused by solar activity, might result in induced warm and

cool regions in the stratosphere, which subsequently alter the vertical stability of

the stratosphere and troposphere. The QBO also alters the meridional gradient in

the zonal wind in the lower stratosphere whereas UV variations alter the vertical

gradient of zonal wind. The refractive index of the planetary waves is affected by

gradients in both the zonal and vertical directions.

Analyses of the global surface temperature record since 1860 lend some support

for this interpretation by identifying climate cycles in the range 2-8 year and 11~

12 year with confidence limits in excess of 90°/o (Mann and Park 7994). Although

decadal and multi decadal periods are common in climate time series, their

physical origins are difficult to specify, partly because of the paucity of global

coverage by long-term climate records with ample temporal resolution. Since

sunspot numbers exhibit a pronounced 11-year cycle, periods near 11 and 22 years

are tentatively connected with solar variability, often for lack of another plausible

mechanism. But the transitory nature of this periodicity and its absence in some

climate records lead Pz'z‘t0aé (7979) to dismiss the implied sun—climate connection

as unconvincing. Recognition that the solar radiative output varies, does imply a

potential mechanism for excitation of these periods by solar forcing. Alternative

mechanisms are also postulated for the decadal periodicities, in particular an

internal oscillation of the climate system that is present in some climate model

simulations in the absence of external forcing Uamer and jamer 7989; Me/am and

Delwort/2 7 995).
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Tropospheric temperatures during the past few decades appear to be about 0.58

to 158°C warmer during times of solar maxima, notably in the midlatitude

Western Hemisphere (Lalaitqke and 2/an L002: 7 993a,b). A O.158°C increase in land

surface temperatures from 1986 to 1990 has been attributed to increasing solar

irradiance from 22-year solar cycle minimum to maximum activity (Ardamy et af

7992'). Sea surface temperatures band passed to isolate the decadal component of

their variability exhibit changes of the order of 018°C that are highly correlated

(r=O.9) with the Sun’s 11-year activity cycle in the past four decades (Wbz'te at al

7997). Furthermore, solar related Sea Surface Temperature (SST) changes may

initiate regional precipitation fluctuations (Pergz 7994). Neither climate nor solar

variability are sufficiently well defined, either spatially or temporally, nor their

causes adequately understood, to verify that the correlations really arise from

climate forcing by changing solar radiation rather than from statistical coincidence

(Ba/dz:/in and Dun/éerton 798 9, Sa/Qy and Shea 799 7).

Experiments with a simplified GCM provide some indication as to how these

responses arise (Hazgg/2 ez‘ a/ 2005). In these experiments idealized heating

perturbations were applied only in the stratosphere but effects were shown

throughout the troposphere with vertically banded temperature anomalies and

changes in circulation.

2.2 OBJECTIVES OF TI-IE STUDY

The main objectives of the study are to identify any possible relationship between

the eleven-year solar forcing and its influence on the mass weighted columnar

moisture over the peninsular Indian region. In this work, an attempt is made to

identify any possible connection between the 11-year solar cycle related to the

interactions in the Sun and climate variability over the Indian peninsular region.

The intraseasonal variability of the Vertically Integrated Moisture (VIM) for the
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three recent contrasting monsoon years 1996, 1997 and 2002 over the peninsula

also forms a part of the objective.

2.3 Climatology of Seasonal Total Preeipitable Water

The climatology of VIM over the Indian monsoon region is shown in Fig 2.1.

VIM is computed by integrating the specific humidity from 1000 to 300 hPa and

taking averages for respective seasons. For the pre-monsoon season March, April

and May (MAM), the maximum value of VIM is observed over tropical region

with intrusion into china and Indian peninsula. During monsoon season ]une,

July, and August (HA), the moisture abundance is over China and adjoining Indo

China peninsula. For post-monsoon season September, October and November,

(SON) also the surplus moisture is over Indo-China peninsula and Bay of Bengal.

The seasonal mean moisture for winter December, January and February

over Indian peninsula is having very less moisture than any other season.
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fi g. 2.1 . Climawlob'Y of seasonal means of total precipitable water from surface to 300 hPa fo r (3) 

March-May, (b) June-August, (c) Septembcr-NO\·cmbcr and (d) Dcccmber-Pebruary respectively. 

2.4 DATA 

The interannual and intraseasonal variabili ty of VIM was studied uSing the 

monthly and daily Specific humidity data obtained from Climate Diagnosis Center 

website (bttp:1 I wu,w.cdc.flooo.got'/ cdcl nonofysis! reoflofysiJ.Ibttn~. This has a spatial 

resolution of 2.5u x 2.5" latitude and longitude at 17 vertical levels and a temporal 

coverage from 1950 to 2004. The monthly air temperature data used is having the 

same spatial, temporal and vertical resolution. A comparison between the NCEP 

and ERA40 VIM are presented in Fig. 2.2. The data used as the proxy for solar 

activity is the 10.7 cm solar radio flux obtained from the website of Solar Radio 

~'fonitoring Pro.b'Tam (hltp:! IIVWJV.J/YocfU'fntber.co! J/Yw_dotoj.pbp). The Solar Radio 

Monitoring Programme is operated jointly by the National Research Council and 
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the Canadian Space Agency. It is a routinely observed radio wave emitted by the

Sun, which is highly correlated with the sunspot number but is a more objective

measure of solar variability. The various manifestations of solar activity are driven

by the total amount of magnetic flux emerging through the photosphere into the

chromosphere and corona, and its temporal and spatial distribution. For reasons

not clearly understood, solar activity ebbs and flows over a cycle of about 11

years. The 1O.7cm solar flux is a measurement of the integrated emission at

1O.7cm wavelength from all sources present on the disc. It is almost completely

thermal in origin, and directly related to the total amount of plasma trapped in the

magnetic fields overlying active regions. This in turn is related to the amount of

magnetic flux. A comparison made over more than a solar activity cycle shows

that there is indeed a linear correlation between the 1O.7cm solar flux and the total

photospheric magnetic flux in active regions.:.vs~- git
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Fig. 2.2 (a) The spatial correlations between NCEP and ERA4O vertically integrated moisture and

(b) their monthly time series
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The 10.7cm solar flux, i.e., the solar flux density at 10.7cm wavelength is measured

using two fully automated radio telescopes called Flux Monitors, located at the

Dominion Radio Astrophysical Observatory. The observed value is the number

measured by the solar radio telescope. This is modulated by two quantities, such

as the level of solar activity and the changing distance between the Earth and Sun.

Since it is a measure of the emissions due to solar activity hitting the Earth, this

can be used when terrestrial phenomena are being studied. In this study the
observed solar radio flux is used.

2.5 METHODOLOGY

The specific humidity is used to compute the Vertically Integrated Moisture (VIM)

using the formula

1 P2W = v J.q'dp ...(2.4)
8 P1

where q is the specific humidity and g, the acceleration due to gravity. The

integration is done between the pressure levels p1 and p2. This integration was

carried out between different levels, viz., 1000-300 hPa, 1000-500 hPa, 1000-700

hPa, and 1000-850 hPa and between the standard atmospheric levels in which the

data are available. The moisture thus computed was averaged seasonally for

different seasons viz., winter (December-February), summer (June-August) and

post-monsoon (September-November). The VIM is averaged spatially for a

geographic region 74-78° E and 7-14° N and wavelet analysis is carried out. The

method follows Torrenee and Compo (7 998).

The time-averaged wavelet also is done for each wavelet analysis. The time

averaged wavelet spectrum over a certain period is given by
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-1/[7i($)= ($12 ...(2.5)
where the index a is arbitrarily assigned to the mid point of n1 and I12, and na=( n2

n1+1) is the number of points averaged together. When na is the total number of

time in the spectra it is the global wavelet spectrum, given by

W2(8)=  W..($12 ...(2.6)
The smoothed Fourier spectrum (which is another method used in this study) is

analogous to the global wavelet spectrum. A comparison of Fourier spectra and

wavelet spectra can be found in Hudgzhr er 0/ (7 993), while a theoretical discussion

is given in Perrier el al (7995). Peniml (7995) showed that the global wavelet

spectrum provides an unbiased and consistent estimation of the true power

spectrum of a time series.

The mother wavelet used was Morlet given by

v/0 ('1) = fl'”@""’°"@_% ~--(21)

To study the spatial coherence of the periodicity, spatial FFT analysis is done for

the area 0-160°E and 2O°S—50°N. The period in the FPT analysis corresponds to

scales in wavelet analysis using Morlet as mother wavelet. The method used is

non-orthogonal wavelet analysis since the time series in climate studies are not

discrete. After identifying the spatial patterns of the significant modes of

variability, cross spectral analysis was done for l\/LAM, BA, SON and DJF seasons,

in order to study the relation between VIM and solar radio flux.

Linear correlation was done between monthly values of solar radio flux and VIM

for a spatial perspective of linear association between these parameters. Similarly

correlation was done between monthly solar radio flux and air temperature in the
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vertical through 800E and IOON. Statistical significance was done for the

correlation analysis.
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To study the intraseasonal variability of the VIM, Empirical Orthogonal Function

(EOF) analysis is employed for three seasons having 128 days (three months and

few days before first month and after last month, for facilitating the wavelet

analysis). The corresponding PCs are subjected to wavelet analysis. This reveals

the variability in order of priority and specifies the period of oscillations.

2.6 RESULTS

2.6.1 Interannual variability in Moisture

Wavelet analysis of the VIM for a geographical area bounded by 7-14°N and 74

78°E carried out for different seasons show variability at a scale of 10-12 years for

monsoon and post~monsoon season. The wavelet power spectra of VIM for the

SON season at all integration levels show spectral power significant at 95%

confidence (Fig. 2.3a-2.3d).
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rig. 2.3. Wavdet powcr spectrum of VIM for SON for integration from (a) surface to 300 hPa 

(b) 700 to 600 hPa (c) su rface to 700 hPa and (cl) surface to 850 hPa 

The significant variability seizes at about mid seventies. The significant spectrum 

shows a tilt towards higher periodicities as time increases. The spectra at 90% 

confidence level show persistence for a longer period after 1975 (Figure not 

shown). For the analysis during summer season OJA), the variability is limited to 

lower levels (Fig. 2.4). 
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pig. 2.4. \'\.'ayclct power spectrum of VIM for JJA for integration from surface to 700 hPa 

Results for summer season indicate that the global wavelet spectrum, which is the 

time averaged representation of the wavelet spectral power, is significant up to the 

integration level of 600 hPa. This could be due to the fact that the majority of 

moisture is limited to lower levels in the mean monsoon flow during this season. 

further study that applied Fast Fourier Transform of the VlM for SON season 

revealed that the Fourier power spectra corresponding to 11 and 12 years show 

high n lues over peninsular Indian region (see Fig. 2.Sa & 2.Sb). The spectral 

power has a significant magnitude over the central Indian region and southeastern 

Asia. 

For the man soon season, spectra corresponding to both 11 and 12 years show 

high power over the peninsular India (see Fig. 2.6a & 2.6b). This extends over to 

the Bay of Bengal to the Indo-China peninsula and Indonesia. High spectral 

power could also be seen over the African and Australian continents. For the 

summer season the maxima of the spectral power are elsewhere other than 

peninsular India. The cross-spectral estimates of seasonal VlM for (a) Mar-May 

(b) Jun-Aug (c) Sep-Nov and (d) Dee-Feb are shown in Fig 2.7. The higher 

amplitudes are obtained for the seasons JJA and SON, whereas the least is 

obserycd for DJ r:. 
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l ongitude 

o '0 so 100 "IXI aoo aoo 1000 1300 1Il00 

Fig. 2.5. Spatial distribution of Past Fourier Transform of Vertically Integrated Moisture during 

post monsQOn (SON). Maximum Spectral power at each grid points is shown fo r (a) 11 and (b) 

12 years. Values arc multiplied br a facto r \0·3 

37 



Chapter 2 Variability ofVerticalIJ integrated moistllre 
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Fig. 2.6. Spatial distribution of Fast Fourier Transform of Venically Integrated Moisture during 

monsoon OJA). I'ofaximum Spectral power at each grid points is shown for a) 11 and a) 12 years. 

Values are multiplied by a factor 10 1 
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Fig. 2.7 The cross spectral estimates of seasonal VI?o.·1 for (a) Mar-May (b) Jun-Aug (c) Sep-No\' 

and (d) Dcc-f eb 

To understand the plausible relation of this type of It-year mode of variability in 

the moisture and its spatial extend. correlation coefficients between 10.7 cm solar 

radio flux and the Vl\1 were found out spatially to get a qualitative idea (Fig. 2.8). 

h is seen that the tropical Indian and Pacific Oceans are having highest 

correlation. The analysis is done on monthly values of both the data sets. 

.0 O!I .0,112 a ... " a.,,, 

Fig. 2.8. Correlation between Venically Integrated moisture and 10.7 cm Solar Radio Flux. 
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r ig. 2.9. Correlation between 10.7 cm Solar Radio Flux and Vertically Integrated Moisture 

through 8O'JE. Thick line shows significance at 99%. level. 

Vertical sections of correlation maps between tropospheric temperature and to.7 

cm solar flux (Fig. 2.9 & 2.10) show the possibility of the connection of solar 

activity with the moisture through tropospheric temperature variability. It is 

evident from Fig. 2.9 that over Indian region correlation exists between solar radio 

flux and tropospheric temperature over the tropical region. Similarly, Fig. 2.10 

shows a correlation oyer the Pacific and less strong correlations over Indian 

longitude. 

,(1'5 ,(I, .(101 0 0.05 01 015 0.2 US D.l 

f ig. 2.10. Corrc!acion between 10.7 cm Solar Radio Flux and Verucally Integrated Moisture 

through 1O''N. 
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2.6.2 Intraseasonal variability in Seasonal Moisture

The EOF analysis is used to identify the dominant spatial and temporal patterns

present in the VIM. In this section the EOF method is applied to study the

intraseasonal variabilities of VIM during three different years (1996, 1997 and

2002) characterized by WET, NORMAL and DRY monsoon respectively. The

leading three EOFs of VIM for pre-monsoon, monsoon and post~monsoon

seasons are illustrated in the following session.

The first EOFs of all the seasons during 1996 does not show any centers of

loading over the study area but have negative loading over the entire region, with

EOFs for MAM, HA and SUN explaining 56.3, 39.8 and 63.3 % of the total VIM

variability of the respective seasons (Fig. 2.11a, 2.11d and 2.11g). The second

EOF of MAM VIM explain 7.6% and positive loading is over the northern

Arabian Sea and adjoining Indian subcontinent and negative loading over Bay of

Bengal (Fig. 2.11b). The second EOF of ]]A VIM explains 10.2% of the total

variability and the Arabian Sea is loaded with negative pattern while for SON

season (Fig 11.h), the percentage variability is only 5.3%. Arabian Sea and

peninsular India are loaded positive while Bay of Bengal is loaded negative (Fig.

2.11e). The third EOF of all the seasons have positive loading over peninsular

India and southern Arabian Sea with 5, 8.7 and 4.5% for MAM, ]]A and SON

seasons respectively (Fig. 2.11c, 2.11f and 2.11i).

As in the case of 1996 for the year 1997 also, the first EOFs for all the seasons

show that the primary loadings are not centered over the peninsular India or

Arabian Sea except that the core of monsoon EOF pattern has a spread over the

central India (Fig. 2.12a, 2.12d and 2.12g). The first EOFs of MAM and _]]A

moisture are loaded negatively over Arabian Sea and Indian Continent while for

SON season it is positive, with respective percentage variabilities 53.5, 40.9 and

63.6. The second EOFs explain 6.5, 11.8 and 4.1% with the pre-monsoon positive
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loading centered over Bay of Bengal (Fig. 2.12b). The third EOFs have negative

loading centered over Bay of Bengal (5.2%) for l\/LAM, over northern Arabian Sea

for ]]A (7.4%) and Bay of Bengal and southern Arabian Sea (4%) for SON

monsoon season (Fig. 2.12c, 2.12f and 2.12i).

The first EOI-is of 2002 VIM show similar spatial pattern but positive loading over

the study region for MAM season explaining 53.1% of the total pre-monsoon

moisture variability. The ]]A and SON variabiiities have negative loading over the

region with 35.1 and 63.3% variability for each season respectively (Fig 2.13d and

2.13g).

The second EOF of spring VIM shows 5.8% variability and has positive loading

over Arabian Sea and negative loading over peninsular India and southern part of

the oceanic region. The EOFs of summer and autumn VIM show negative

loading over similar areas (northern Arabian Sea) and explain 13.4 and 5.3%

variability (Fig. 2.13e and 2.13h).

The third EOFs show spatially organized variability over the study region for all

seasons. For MAM, negative loading is centered over Peninsular India with

positive loading over Arabian Sea (4.2%) (Fig. 2.13c), for summer entire Arabian

Sea having negative loading (7%) and for SON season, peninsular India is

positively loaded with 4.5% of the total variability (Fig. 2.13i).

In order to find the time scales of these principal modes of variability, the first

three PCs are subjected to wavelet analysis. The figures are presented (see Fig.

2.14-2.16).
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Fig. 2.11. Sp,ti.! p'ttem, of EOF, of VIM (,) EOFI Mu-M>y 1996 (b) EOF2 Mu-M>y 1996 (c) 

EOFJ Mu-M,y 1996 (d) EOFl Jun-Aug 1996 (c) EOF2Jun-Aug 1996 (0 EOF3 Jun-Aug 1996 

(g) EOFI Scp-Nov 1996 (h) EOF2 Sep-Nov 1996 (~EOF3 Scp-Nov 1996 
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Fig. 2.12. Sp.ti.! p"terns of EOFs of VIM (.) EOF1 Mu-Moy 1997 (b) EOF2 Mo,-Moy 1997 (c) 

EOF3 Mu-Moy 1997 (d) EOF1 Jun-Aug 1997 (e) EOF2Jun-Aug 1997 (Q EOF3 Jun-Aug 1997 

(g) EOF1 Sop-Nov 1997 (h) EOF2 S.p-Nov 1997 (0 EOF3 Sop-Nov 1997 
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Fog- 2.13. Sp,tia] p'tt"m of EOFs of VIM (,) EOFl MM-May 2002 (b) EOF2 MM-May 2002 (c) 

EOF3 MM-May 2002 (d) EOFl Jun-Aug 2002 (e) EOF2 Jun-Aug 2002 (0 EOF3 Jnn-Aug 2002 

(g) EOFl Scp-Nov 2002 (h) EOF2 Sep-Nov 2002 (Q EOF3 Sep-Nov 2002 
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Fig. 2.14. \'\'a\'dct power spectrum of verticall}' imcgr:ncd moisture for (a) PCt \\I:tr-May t996 

(b) PCl Mar-i-- Iay t996 (c) PC3 ~ I ar- i-- I ay 1996 (d) PCt Jun-Aug 1996 (c) PC2Jun-Aug 1996 (t) 

PO Jun-Aug 1996 (g) PCl Scp-No\' 1996 (h) PC2 Sep-No\' 19960) PC3 Sep-Nov 1996 

Fig. 2.15. \\'a\'elet power spectrum of (a) PC I Mar-Ma}' 1997 (b) PC2 Mar-May 1997 (c) PC3 

Mar-i--Iay 1997 (d) PCl Jun-Aug 1997 (e) PC2 Jun-Aug 1997 (t) PC) Jun-Aug 1997 (g) PC! Sep

:-.:O\" 1997 (h) PC2 Sep-No\' 1997 (i) PC3 Sep-No\' 1997 of Vertically Integrated Moisture 
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Fig. 2.1 6. \'( 'a\'c!et power spectrum of (a) PC I Mar-May 2002 (b) pe2 i\ lar-May 2002 (c) PC3 

;\I:tr-;\fay 2002 (d) PCI Jun-Aug 2002 (e) PC2 Jun-Aug 2002 (f) PC3 Jun -Aug 2002 (g) PC1 Sep

No,' 2002 (h) PC2 Sep-NO\' 2002 (i) PC3 Sep-No\' 2002 of VenicaUy Integrated Moisture. 

From the wavelet spectrum of first three PCs o f MAM VIM, it is seen that the 

main significant period of variability is 24 days significant at 95% confidence, for 

the NORMAL rear 1996 (Fig. 2.14a.). VlM during the JJA season for the same 

rear 1996 shows sigruticant variability at scales 16 and 24 days. This extends from 

10 days to 32 days, with peculiar variability to each PCs. (Fig. 2.14b). Wavelet 

power spectrum of SON VIM for 1996 shows that principal variability is around 

30 days, second around 16 and 30 and third around 16 days (Fig. 2.14c). Wavelet 

power spectrum of MAM VIM for WET year 1997 there is not much signjficant 

variability except one at around 10- 16 days (Fig. 2.15a). For the third PC, wavelet 

spectrum of Monsoon VIM shows clear and significant periods at 12 and 30 days 

(Fig. 2.15c). First and third PC shows variability over 16-day window and second 

PC shows 30-day oscillatio n also (Fig. 2.15c). MAM VlM for the DRY year 2002 

shows 3D-day mode for first and third EOF (Fig. 2.16a). The second PC shows 

highly signjficant wavelet power at around 24 days (Fig. 2.16b). VIM for SON 

season of 2002 shows periodicities around 20 days (Fig. 2.16c) 
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In all the years that were analysed, the first EOFs for all seasons show zonally

homogenous patterns. This indicates that the primary variability in VIM over the

study region follows the meridional temperature gradient. The second and third

modes of inttaseasonal variability in the VIM are more localized and follows the

land sea contrast over the peninsular region.

2.7 DISCUSSION

Radiation from the sun (the earth’s energy source) varies continuously at all

wavelengths and on all observed timescales. A change in total radiative output of

about 0.1% has been measured between the maximum and minimum of the sun’s

recent 11-year solar activity cycle. Accompanying changes occur throughout the

solar spectrum, with larger cycle amplitudes in radiation at UV wavelengths than

in the visible emissions. Although not measured directly, total radiative output

changes of a few tenths percent are postulated to occur over centennial timescales,

based on evidence from cosmogenic isotope proxies of solar activity and activity

levels in sun-like stars, both of which exhibit a larger range of variability than yet

evident in the present day sun.

Inferences from sun-climate correlation studies can depend critically on the type

and length of the climate and solar variability records chosen for the study.

Although in the past 130 year the HQ)/I and Sc/aarten (7993) irradiance

reconstruction correlates well with NH surface temperatures (r=O.8), from 1700

to 1990 its correlation with the Bradley andjoner (7 993) NH temperature data drops

to 0.5 (Cmu//gy and Kim, 7995). When annual sunspot numbers (SSN) (which lack

the long-term component evident in cosmogenic isotopes and the irradiance

reconstructions) are used as a proxy for solar activity the influence of SSN on

global temperatures is found to be negligible (Vzlrrer and M0/enaar; 7995). Crowley

and Kim (7 995) attribute 30% to 55% of climate variability on decadal—centennial

timescales to solar variability.
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In the recent past, correlations between solar variability and surface temperatures

rival those between surface temperatures and greenhouse gases, and there exists

evidence of the 11-yr solar activity cycle in a variety of climate data. Neither the

amplitude of the climate response to the changing solar radiation, nor its temporal

or geographic character has yet been established with the certainty needed to
either validate or dismiss these observed sun—climate associations. In this

background, this study proposes a possible association of the solar activity over

the tropical Indian region. Here the variability in the VIM over the peninsular

Indian region during the SON and season has been proposed to be associated

with solar activity based on some empirical evidence. The cross spectrum between

seasonal VIM and solar radio flux also shows spectral power having peaks at 11

year period for monsoon and post-monsoon seasons (for other seasons the power

is less).

In the case of intraseasonal variability, for all the years the first principal mode of

variability describes zonally homogenous patterns implying that VIM variability

over peninsular India is coherent with VIM variability over the Arabian Sea. For a

normal year 1996, the intraseasonal variability of the vertically integrated moisture

over peninsular India is prominent in the 12-32 day scale. For wet year 1997 also,

multiple significant modes are present with the scales having a shift to the greater

scales. For the dry year 2002, the scales are even greater. For all the three years

pre-monsoon and post-monsoon VIM variability scales are almost in same band

but for monsoon season VIM is unique for three years.

2.8 CONCLUSION

The total precipitable water or Vertically Integrated Moisture (VIM) from surface

to various levels over the peninsular India for different seasons were studied using

NCEP/ NCAR monthly specific hurnidity datasets. The wavelet spectrum of VIM

over the peninsular India during the summer monsoon (lune-August) and post

monsoon (September-November) showed decadal mode of variability for the
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study period of 1950-2004. The spatial extend of this mode of variability for

different seasons were studied using Fast Fourier Transform  of the VIM

for the region 20°S-50°l\l and 0-160013. The spatial patterns of spectral power

corresponding to 11 years for the  season shows high values over the

Peninsular India and extending over Bay of Bengal to Indo—China peninsula. This

also has a southeastward spread towards Indonesian region. Similar analyses for

post monsoon season SON show high spectral power for 11-year period over

Peninsular India. The spectrum for ]]A season show highest spectral powers

concentrated over regions other than peninsular India.

To suggest a possible association with moisture and air temperature in connection

with solar activity, the correlation of monthly solar flux and tropospheric air

temperature was studied along vertical sections of 800E and 10°N. The meridional

cross-section shows that in the northern hemisphere the correlation extends down

to about 850 hPa up to 25°l\l. The zonal cross section shows that the correlations

are significant up to 800hPa in the eastern hemisphere. Thus it seems that the

small influence of solar flux on the tropospheric temperature may be amplified (as

described by Eq. 2.2) and reflected on moisture as the described mode of

variability.

The wavelet analysis of PCs of VIM for various seasons and various years shows

that the intraseasonal variability in the integrated moisture over the Arabian Sea

and Peninsular India is of around 16-24 days. The EOF patterns show that the

third greatest variability over the Indian domain regarding the VIM is over the

Arabian Sea and Peninsular India, though the variabilities account for a small

percentage. Spectral analysis of seasonal VIM shows intraseasonal variability of

12-32 days with significant variation in the scale band and the principal modes of

variability in the EOF analysis show zonal coherence over peninsular India and

adjoining Seas.
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CHAPTER 3

Solar Activity and Low Frequency Variability in
the Rainfall of Peninsular India

3.1 INTRODUCTION

India’s economy depends largely on agriculture, which in turn depends mainly on

rainfall. Nearly a quarter of the total domestic production towards the country’s

economy is agriculture, which depends mainly upon the monsoon rainfall.

Recently for many years, the Indian subcontinent has suffered severe drought due

to the failure of southwest monsoon. Causes for the abnormal conditions in

rainfall over India, such as occurrence of floods and droughts are not yet

completely understood. It is believed that major cause is the localized

anthropogenic influences over the environment, via, deforestation, and excessive

discharge of fossil fuel residuals. Another reason that is clearly discernible in most

of the recent findings is the solar radiative forcing over the global climate and the

Earth’s environment. Hiremaz‘/9 and Mandi (2004) indicate that the solar cycle and

related phenomena have a good correlation with the Earth’s global climate and

temperature. Their study indicated the influence of low frequency (> 20 yrs)

variability of the solar activity on the Indian monsoon rainfall.

Since 1850, industrially produced concentrations of greenhouse gases (CO2, CH4,

N20, chloroflurocarbons (CFCs)) and of tropospheric sulfate aerosols, have

increased significantly (H01/(g/aton et al 7995 The overall activity level of the Sun

has risen, too. Earth’s surface is warmed both by increased greenhouse gas

concentrations and the enhanced solar radiation speculated to accompany the
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Sun’s increased activity, since both input additional energy in the climate system.

in contrast, increasing atmospheric aerosol concentrations are expected to cool

the Earth’s surface by reflecting more of the Sun’s radiant energy back to space.

Whereas surface cooling is expected from tropospheric industrial aerosols, which

have increased in the past century (Pemzer ez‘ al 7995), the amount of aerosols

injected into the stratosphere by volcanoes decreased for much of the twentieth

century (Roboaé and Free 7995), contributing to surface warming by allowing

sunlight to warm the Earth’s surface, unobstructed by atmospheric aerosol

scattering, reflection, or absorption.

Climate responds differently to individual forcings——~greenhouse gases, aerosols,

ozone, solar variability etc. —because the forcings have distinct regional and

altitude distributions and different temporal histories. Understanding solar

influences on climate requires improved specification of both the amplitudes and

timescales of solar radiative output changes on climatological timescales and the

climate sensitivity to small insolation changes. Space-based solar monitoring has

documented unambiguously the existence of an 11-yr cycle in the primary energy

provided from the Sun to the Earth (its total radiative output). The possibility of

larger amplitude changes over longer timescales that might physically account for

significant climate change cannot be dismissed. Knowledge of climate response to

the sun’s changing solar radiation is rudimentary, encompassed in simple

processes that fail to explain climate change observed on timescales from the past

century to the 100 O00-yr Milankovitch forcing mind et al 7989). Present inability

to quantify climate forcing by changing solar radiation, whether negligible or

significant, is a source of uncertainty that impacts policy making regarding global

climate change H-I02/(g/atorz ez‘ al 7995

52



Chapter 3 S0/arActivigy and L022/frequeng mn'abz'/2'91 in mirfall

3.1.1 Solar Radiative Output Variability

The Sun, whose surface temperature is near 6000 K, provides electromagnetic

particle and plasma energy to the Earth at levels summarized in Table 3.1.

Electromagnetic radiation is by far the largest solar energy source for the Earth

and the most important for its climate. When the solar spectrum is integrated over

all wavelengths, the total radiative out put from the sun at the Earth is 1366 W m2

(with a measurement uncertainty of 63 W m2).

Similarities among various climate and solar ac tivity records (Fig. 3.1) suggest that

climate variability in the recent Holocene may be partly attributable to the variable

Sun. Some climate records have periodicities at 11 and 22 yr that are common also

in solar activity proxies. Other climate records appear to correlate well with long

term solar activity on decadal to centennial timescales. Some of these relationships

are summarized below. That not all climate time series exhibit this anecdotal

evidence for solar forcing is usually interpreted as evidence to reject the

hypothesis of a sun- climate connection, leading to present ambiguity about the

physical reality of the effect. Resolving this ambiguity requires proper

identification of physical mechanisms to explain the cycles and correlations.

Tropospheric temperatures during the past few decades appear to be about 0.58

to 158°C warmer during times of solar cycle maxima, notably in the mid-latitude

Western Hemisphere (L.abz'r:{»ée and van Loon 7993419). A 0.158°C increase in land

surface temperatures from 1986 to 1990 has been attributed to increasing solar

irradiance from cycle 22 minimum to maximum activity (Ardarzzgz at al 7992). Sea

surface temperature (SST) band-passed to isolate the decadal component of their

variability exhibit changes of the order of 0.18C that are highly correlated

(correlation .0.9) with the Sun’s 11-year activity cycle in the past four decades

(White et al 7 997). Coral records of 8180 infer that the relationship between the
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Sun’s 11- year cycle and SST extends over the past 400 yr (Dunbar er 42/ 7994).

Furthermore, solar related SST changes may initiate regional precipitation

fluctuations (Perry 7994 High resolution ice core records provide further evidence

for apparent correlations of climate parameters with the sun’s 11-year cycle both

at mid-latitude high-altitude sites, and in the high-latitude Greenland (Groom and

Stuizleri 7997 ) ice core. Furthermore, correlations of climate parameters with the

11-year cycle may be enhanced significantly when the climate data are sorted

according to the phase of the Quasi Biennial Oscillation (QBO) (Barnett 7989;

Labitgiee and van Loon 7990).

Forcing factor Generic mechanism
Total solar irradiance variations - . . . . .

. . . ( . Radiative forcing of climate. Direct impact on seadue to orbital variations or to solar I
gmissionlp   surface temperatures and hydrological cycle.I . ____ ____» Heatin the u er and middle atmos here cl namical8 PP P 9 Y. . Li d t tr h . Middl d lSolar UV Irmdmnce. coup ng own 0. oposp ere o oe an ower

atmosphere chemistry and composition; impacts
temperature structure and radiative forcing.

i Ionisation of u er and middle atmos here; im act_ _ _ ' PP P P
1 Solar energetic particles.  on composition and temperatures. Magnetosphere — 1

W  ionosphere -thcrmosphere couplingrg g my
Ionisation of lower atmosphere; impact on electric
field. Impact ong condensation nuclei.  g

l

Galactic cosmic rays

Table 3.1: Summary of routes through which solar variability may influence the climate of the

lower atmosphere

According to Hiremar/2 (2006), for a particular solar cycle period, there appears to

be an overall trend that irrespective of signs of the correlation coefficients, the

monsoon rainfall variability is strongly correlated during the weak sunspot activity

and weakly correlated during the strong sunspot activity. That means during the

11-year solar cycle, a weak sunspot activity leads to strong Indian rainfall

variability and vice versa.
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Spectral analysis and visual matching of the high-resolution isotopic data from a

region best suited to study South West Monsoon precipitation with Total Solar

lrradiance (T SI) reconstruction, indicates a possible solar control over South West

Monsoon on centennial timescales. Variations in TSI (~ 0.2%) seem to be too

small to perturb the South West Monsoon, unless assisted by some internal

amplification mechanism with positive feedback. Two such mechanisms have

been proposed. The first involves heating of the Earth’s stratosphere by increased

absorption of solar ultraviolet (UV) radiation by ozone during periods of

enhanced solar activity. It is known that the magnitude of variation in UV is

higher than that in TSI. The positive feedback is that more the UV, more the

ozone production and heating. This heating is transferred to the troposphere as

shown by theoretical models. Enhanced heating results in increased thermal

contrast between the Asian land mass and the Indian Ocean, and also increases

evaporation from the oceans, thus enhancing the monsoon winds and

precipitation. This involves another possible feedback: release of latent heat to the

troposphere by monsoon precipitation, which in turn strengthens the monsoon

winds. The second mechanism is that during periods of higher solar activity, the

flux of galactic cosmic rays to the Earth is reduced, providing less cloud

condensation nuclei, resulting in less cloudiness. This extra heating of the

troposphere increases the evaporation from the oceans. With a maximum entropy

spectrum estimate, Mitra and Dalia (7992) analyzed the ISMR series from 1871 to

1985 and observed 11- and 18.6-year periodic oscillations in the rainfall variations.
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Fig. 3.1 Sea Surface Temperature anomalies in 0.01K (lower left is global average and right panel

basin averages) compared to sunspot number (upper left). To emphasise the long term similarity

7'1‘ degree polynonlial have been fitted to the curves. Adapted from Reid (2000).

Ma ez‘ al. (Z007) studied the periodicity of Indian Summer Monsoon Rainfall

(ISMR) changes between 1871 and 2004 using Scargle periodogram and wavelet

transform methods, and reviewed the possible influence of solar activity on the

rainfall. They noticed some periodic oscillations at about 2, 5, 7, 10, 13, 17, and 80

years in the ISMR series. The 2.3 to 2.8 year fluctuation peaks maybe due to the

Quasi-biennial Oscillation (QBO) in the atmospheric stratosphere fl>an‘/Jamrat/2]

and M00/qy, 7978). Mitra and Dutta (7992) hypothesized that the 10 to 11 year

rainfall cycle might be effected by the 10 to 11 year solar cycle. There are no stable

periodic oscillations in the rainfall variations and almost all periodic fluctuations

have significant variations over time. Pam‘ and Rupa (7997) mentioned this point

during analysis of the ISMR. All these studies suggest invariably an association

between ISMR and solar activity. More studies on the detailed physical
mechanisms need to be made in future.
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In the present study we investigate the effect of the solar activity for a decadal

(~11 years) scale and the influence of the solar activity on the rainfall over India.

There exist many studies on the connection between solar activity and Indian

rainfall, but a high resolution all India daily rainfall dataset provides a better tool

for studying the spatial variability of this connection in a region small in spatial

scale.

3.2 DATA

The high-resolution daily gridded rainfall data (1°x1°) obtained from India

Meteorological Department (IMD) for the Indian region has been used for this

study. A detailed description of the data is given in Rajeevan at al (2005 The data

used as proxy for the Solar activity is the 10.7 cm solar radio flux obtained from

the website of the Canadian Space Agency. The three dimensional wind data has

been taken from the National Centre for Environmental Prediction (NCEP)
website.

3.3 METHODOLOGY

Wavelet analysis was carried out for high frequency removed Kerala Summer

monsoon Rainfall (KSMR) to analyse the low frequency signals. To avoid the

annual and biennial variabilities inherent in climate data, 4-year running mean was

calculated for KSMR. To effectively find out the periodicity of the low frequency

variability in the KSMR it Was subjected to wavelet analysis using morlet as the

mother wavelet. A cross-spectral analysis has been carried out between individual

subdivisional summer rainfall and observed 1O.7cm solar radio flux (I-710.7). In

order to analyse the spatial perspective of the low frequency variability on an 11

year period spatial correlation was done for the 4-year mean 10x10 seasonal rainfall

data with adjusted, observed and absolute Solar Radio Flux for lag3, lag2, lagl and
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concurrent time. The daily gridded rainfall from the India Meteorological

Department was used to compute seasonal mean rainfall for doing a spatial

analysis.

To suggest a pathway for the relation between solar activity and the low frequency

variability in the seasonal rainfall the following method was adopted. To find the

modulation of convection over the monsoon region by the solar activity, the

I-710.7 and vertical velocity at 500 hPa (£0500) has been correlated. The zonal wind

fields at 850 hPa were regressed with F10."/' and the resultant vectors were

overlayed on the spatial maps of correlation between vertical (0500 and F1O.7.

This was carried out for ]une, july, August and September independently. The

same analysis was carried out for seasonally averaged values of 03500 and wind

field at 850 hPa for two time sections before and after 1976 to find any departure

between them.

3.3.1 Cross Spectrum Analysis

Cross-spectral analysis allows one to determine the relationship between two time

series as a function of frequency. Normally, one supposes that statistically

significant peaks at the same frequency have been shown in two time series and

that We wish to see if these periodicities are related with each other and, if so,

what is the phase relationship is between them. If we have two time series whose

power spectra both are indistinguishable from red noise and still there be some

coherent modes at particular frequencies, we can test this by looking at the

coherency spectrum. Suppose we have two time series x (I) and )1 (I) and we want

to look for relationships between them in particular frequency bands. First

consider harmonic analysis in terms of line spectra:
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3.4 RESULTS

The time series of 4-year mean KSMR and F 10.7 reveal a close covariability for a

period of 50 years from 1948 to 1998 (Fig. 3.2). Both the series have peaks at an

interval of 10-12 year period. The maximum value of KSMR during this fifty-year

period is obtained in the year 1958 whereas the maximum of solar radio flux of

this series is observed in 1959. The correlation coefficient of these two time series

is significantly high, with a value of 0.567. This points out that the solar radio flux

is having a positive relationship with the 4-year mean KSMR.
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Fig. 3.2 time series of 10.7 cm solar radio flux (adjusted) and four year running mean of Kerala 

Summer i\lonsoon Rainfall from 1948 to 1998. 

In order to quantify the periodicity of this covariability, wavelet anal ysis of the 4-

year mean KSMR for the period 1901-2000 was carried out, which glves a 

significant power spectrum in the 6-14 year band (Fig 3.3). From 1901-1970, the 

power is dominant and significant in the 6-9 year frequency band, even though 

power in the low fn.quency band (10-14 rear) is also significant in the period 

1940-1970. The spectrum shown is significant at 95% level. Up to 1930, the 

power is also found to be significant in the 16-18 year band. This band is not weU 

defined after 1930. A shift from high frequency to the low frequency band is 

noted after 1970's. Therefore, during the recent years a change in the frequency 

has been noted in the 4 year mean KSMR wwards the low frequency band (11 -12 

year). The time average plot also shows [hat the power is significant and 

maximum power obtained in the 11 -12 year band. The 11 -12 year band is strong 

from 1940-1990 and this band alone persists in the recent years. 
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spectrum (red line) 

The scatter plot of FlO.7 and KSMR (Fig. 3.4) shows a clear inclication of the 

association between the two series. The red line shows the regression fit to the 

data. From the figure it can be seen that there are not many outliers. 
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The cross-spectral estimates of 10.7 cm solar radio flux and rainfall of eight subdivi sions 

over Peninsular India region is shown in Fig 3.5. The spectral peaks obtained for all the 

eight subdivisions correspond [Q the decadal frequency. The maximum power is 

observed for Kerala followed by coastal Karnataka. both lying on the windward 

side of \'Vestern Ghats. The least values are for Rayalaseema and South Interior 

Karnataka. The power obtained for each subclivisions are given in Table 3.2. 
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Fig, 3.5 The cross spectra! power as a function of frequency between 10.7 cm solar radio flux and 

seasonal rainfall of eight subdivisions m'er the homogenous region peninsular India 

The observed flO.7 and summer rainfall shows very low spatial correlation over 

India (Fig 3.6). The correlation maps are shown for lag3. lag2. lagl and lagO. The 
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contours show the correlation is significant at 95°/o level. For the lag3, significant

correlation is obtained over a small region where the monsoon trough exists.

When the correlation between the 4-year mean rainfall and observed F10.7 is

calculated, significant correlations were obtained over central India and south

peninsular region. For the correlation of summer rainfall (actual and 4 year mean)

with absolute F1O.7, a similar pattern is observed (Fig 3.7). The lag2 correlation

shows high values over central India and central peninsular India. The central

peninsular India and central India have significant negative and positive

correlations respectively. Therefore the effect of absolute F 10.7 is opposite in the

nearby regions. Maximum region of significant correlations is obtained for lagl

correlation and lagO and lag2 have significant correlation over Kerala. The

correlation of summer rainfall with adjusted F1O.7 is significantly related over

some regions of central India, east central India and peninsular India (Fig 3.8).

The maximum regions of correlation are seen in lagl correlation maps. For lagO

correlation the negative correlation extends up to Tamil Nadu from Central

Peninsular region. Positive significant correlation is also observed over Kerala. All

these correlation maps shows that the F1O.7 has a positive influence on rainfall

over the central and west peninsular India, whereas a negative influence is

observed over the central and west Peninsular India. Thus a negative correlation

zone sandwiched by two positive zones is noted throughout the analysis.

Observed F1O.7 data is commonly used for climate studies. Not much difference

is noted for the correlation pattern of summer rainfall with observed, absolute and

adjusted F1O.7.
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Subdivision Amplitude (103)
i Coastal Andhra Pradesh ii 13
‘Z Coastal Karnataka  63Kerala 70 .
i North Interior Karnataka 12. _ _ L. - W 7 IRayalaseema 1 1

South Interior Kamataka q 10 i
Tamil N adu J 14 i

i

Telangana 27
Table 3.2. The peak value of spectral power corresponding to the decadal mode obtained for

each subdivision in Peninsular India

The regression and correlation coefficient maps (Fig 3.9) show that for the month

of ]une (Fig 3.9a), the low level cross equatorial monsoon flow over the oceanic

region is enhanced and a convergent zone develops over Northern Arabian Sea.

When the monsoon gets established over the Indian region, during ]une, however

the influence of F1O.7 on convective activity over peninsular India is negative. In

the northern Arabian Sea convection is enhanced, while over Southern Arabian

Sea it is hindered. Almost all region above Bay of Bengal also convection is

inhibited. Over entire peninsular India there is a strong weakening of convective

activity. However the monsoonal flow gets reinforced.
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Fig 3.6 Spatial correlation maps of obsc:rved F1O.7 and seasonal rainfall over India (upper panel 

for the actual rainfall and lower panel 4-year averaged rainfall) for (a) and (e) lag3. (b) and (f) lag2, 

(c) and (g) lagl and (d) and (h) for concurrent time steps. 
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Fig. 3.7 Spatial correlation maps of absolute FIO.7 and seasonal rainfall over India (upper pand 

for the actual rainfall and lower panel 4-year averaged rainfall) for (a) and (e) lag3, (b) and (Q lag2, 

(c) and (g) lagt and (d) and (h) fo r concurrent time steps. 
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Fig. 3.8 Spatial correlation maps of adjusted FIO.7 and seasonal rainfall over India (upper panel 

for the actual rainfall and lower panel4-}'car averaged rainfall) for (a) and (c) 1ag3, (b) and (f) lag2, 

(c) and (g) Jagt and (d) and (h) for concurrent time steps. 
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rig. 3.9 Distribution of monthl), rcgrcssion coefficients of 850 hPa wind (ycctors) and correlation 

cocfficicnts of 500 hPa "crtical \'eloci~' \'crsus n O.7 (shading) for (a) June, (b) July, (c) August 

and (cl) Septembcr. 

DuringJuly (Fig. 3.9b), the monsoon currents get even stronger and there exists a 

very strong convergent zone over peninsular India and adjoining Arabian Sea. The 

descending limb over the Bay of Bengal gets very stronger and convergent zone 

over northern Arabian Sea gets weakened. For August (Fig. 3.9c) also the cross 

equatorial flow gets intensified as a function of FlO.? and entirely a strong 

equatorial belt of convergence exists over the oceanic region with its descending 

limb at around 200 N. Still over peninsular India convection is enhanced. For 

September (Fig. 3.9d), the response of the wind field is not as strong as that for 

the momhs of July and August. Here also a major part over the Arabian Sea is 

convecuve. 
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fig. 3.10 Distribution of monthly regression coefficients of 850 hPa wind (vectors) and 

correlation coefficients (shading) of 500 hPa "crtical "cloci~' versus PIO.7 Oune~September 

avcraged) for periods before 0cft panel) and after (right panel) 1976 

From the earlier analysis it is clear that the variability of rainfall influenced by solar 

radio flux is physically meaning full as the zones of significant correlation between 

500 hPa vertical velocity and solar radio flux supports the regression vectors of 

solar radio flux with low level monsoon flow. To check if any changes have 

happened in the relationship during the period of analysis, the same analysis was 

carried out for seasoLlai values of vertical and horizontal wind fields before and 

after 1976. From Fig. 3.10 it is clear that the activity of FlO.7 on the monsoon 

current convection is significantly changed after 1976. The influence of solar 

activity on the intensification of average cross equatorial monsoon current 

(average wind for Jun~Sep) is weakened after the decade. A strong zonal 

suppression belt of convection over the southern Arabian Sea has vanished almost 

enti rely. Still the significant effect O\'cr the northern Arabian Sea remains almost 

the same. After 1976 a strong descending limb is observed over the peninsular 

I ndian region. 
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3.5 CONCLUSION

The wavelet analysis of high frequency removed KSMR showed a significant

mode of decadal variability corresponding to 11-12 year period. The cross-spectral

analysis of subdivisional rainfall over peninsular India also showed spectral peeks

at a decadal frequency scale. The correlation maps of 4-year running mean Indian

summer monsoon rainfall shows significant values for concurrent time and lagl

and lag2. Whfle the western coastal region shows a positive relation between them

the entire leeside of the Western Ghats shows negative relation. Almost entire

peninsular India except the windward side of Western Ghats shows negative
correlation with F1O.7.

The regressed vectors between 1310.7 and zonal wind indicate that the monsoon

flow in the months of July and August is influenced by solar flux and the

convection also is very much influenced by solar flux. Though there have been

significant changes in the regions and intensity in these relations after 1976.
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CHAPTER 4

Peninsular Indian Rainfall and its Association
with Meteorological and Oceanic Parameters
over Adjoining Oceanic Region

4.1 INTRODUCTION

The Indian suinmer monsoon exhibits large interannual and intraseasonal and

spatial variability. Many observational and modeling studies have pointed out

that the slowly varying surface boundary conditions, particularly in the winter

and pre-monsoon seasons, contribute a major forcing on the interannual

variability of the monsoon. Global and regional parameters representing these

conditions provide the handle for seasonal prediction. Empirical modeling

strategies include the identification of reliable precursors and an optimal

utilization of the information contained in the data on precursors. The

reasonable success achieved by the empirical approach has motivated further

work on global/regional teleconnections of the Indian summer monsoon

season. This resulted in a large number of predictors as Well as a variety of

statistical techniques. Despite the fact that atmospheric general circulation

models have made quick and appreciable advances in the recent past with vastly

improved representations of the Asian summer monsoon, empirical approaches

still continue to have an important place in operational seasonal forecasting. In

spite of the strong physical basis inherent in the empirical formulations, the

relationships considered are by no means consistent in space and time, with

consequent implications to their predictive skills. The notable failure of

empirical models in predicting the deficient summer monsoon of 2002 is a case

in point. Modeling methodologies do not appear to substantially improve
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forecast skill for a given set of predictors. Further, several studies have shown

that decadal variability plays a major role in the secular variation of predictand

predictor relationships. Predictability of intraseasonal variability also is a limiting

factor that is proving to be a daunting task. In order to provide seasonal

monsoon predictions of practical value, predictands based on sub-regional and

sub-seasonal monsoon rainfall need to be given more emphasis in empirical

forecasting research. While a few attempts have been made in this direction,

sufficient number of predictors is not available specific to such predictands.

Therefore, predictor identification needs to be pursued in a comprehensive

manner using modern data sets (like reanalysis), to identify new predictors with

possibly non-linear teleconnections. There have been some methodological

innovations recently to handle secular variations in the teleconnections and

optimize the predictive information.

There is sufficient empirical and theoretical evidence to believe that sea surface

temperatures exert significant control over the atmosphere. The works of 8z'n<g/9

(7 983), jorqoh and Pi//az' (7984), Rao and Com/ami (7988), Vzmg/acbandran and S/Jag/e

(7997), Sad/Juram et al (7997) have shown the significance of SST over Arabian

Sea as an input parameter for the Indian monsoon rainfall. The rainfall is also

related to the sea-surface temperatures (SSTs) of the Indian Ocean, Arabian Sea,

and Bay of Bengal. 8/wk/a (7975) used a numerical model and found that cold

SSTs in the Arabian Sea would reduce evaporation, increase surface pressure

downstream, and therefore reduce monsoon rainfall over India. Waibingtan et al

(7977) attempted to reproduce the simulations of Shukla and reported the effect

of local SSTs on monsoon rainfall.

Weare (7979) used an empirical approach involving principal component analysis

(PCA) and found that SSTs in the Arabian Sea and Indian Ocean over the
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period 1949-1972 were negatively, but weakly, related to monsoon precipitation

throughout India. Rao and Gorwami (7988) examined ship records from

1900-1979 and found that warmer SSTs in the southern portion of the Arabian

Sea tended to generally increase monsoon rainfall; similar findings were reported

by Kumar and Sartry (7990) and Iiarlenratb and Grezkbar (1993 SSTS in the

Arabian Sea, Indian Ocean, and Bay of Bengal were positively related to rainfall

in southern India and weakly related to the rainfall in other regions of the

subcontinent. Many others (S/Ju/e/a and N113"/ara 797 7) have found similar results

about the significant role of the SST anomalies over the Indian Ocean, the

Arabian Sea and the Bay of Bengal. These studies point out the importance of

the moisture budget and the amount of evaporation taking place in these seas as

a determinant of the amount of precipitation taking place in different parts of

the country.

Indian Ocean is different from other Oceans in many aspects. The northern

boundary of Indian Ocean does not extend beyond 25° N. It is not bounded by

a solid coastal eastern boundary, as that of the Atlantic and Pacific Oceans. The

Indian Ocean is split into two basins ~ the Arabian Sea and the Bay of Bengal.

Thus the Indian Ocean doesn't have the currents to transport and discharge heat

to higher latitudes, as the Gulf Stream and Kuroshio do in the Atlantic and

Pacific, respectively. It is relatively well connected to the western part of the

Pacific Ocean characterized with its Warm Pool. The two-basin split of the

ocean is a recipe for winds pattern unlike any other over the rest of the oceans

where more stable trade winds patterns are observed
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Fig 4.1. RainfaU anomaly for the period 1901-2005 over peninsular India. The 

mean rainfall for the period is 661 mm with a standard deviation of 94 mm. 

The forecast of monsoon rainfall was first made by B1anford, based on his 

hypothesis that varying extent and thickness of the Himalayan snows exercise a 

great and prolongd influence on the climate conditions and weather of the 

plains of northwest India (BlanJord, 1884). His success in Long Range Forecast 

(LRF) of monsoon led to start operational LRF. Sir John Ellim, who succeeded 

Blanford gave forecasts based on (i) Himalayan snow cover, October to May, (ii) 

local peculiarities of pre-monsoon weather in India and (ill) local peculiarities 

O\'er Indian Ocean and Australia ([hap/IYal 1987). Expanding on the works 

Lock:)'er alld l..oc~rer (1904), Walker (1908, 1918, 1923) initiated extensive studies 

of worldwide variation of weather elements such as pressure, temperature, 

rainfall etc., with the main aim to develop an objective method for LRF of 

man soon rainfall over India. These studies led him to identi fy three large-scale 

pressure seesaw patterns; two in the Northern Hemisphere (North Atlantic 
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Oscillation, NAO and North Pacific Oscillation, NPO) and one in the Southern

Hemisphere (Southern Oscillation, SO). \X/hile the NAO and NPO are

essentially regional in nature, the SO has global-scale influences, which was later

linked to the oceanic phenomenon called El Nifio in the east-equatorial Pacific

characterized by wanning of the sea surface along the Peru coast; this led to the

theory of Walker Circulation (Bjerkzner, 7969). Walker was the first to introduce

an objective method by including Correlation Coefficient (CC) analysis. Walker

(7924) also carried out LRF over three homogenous regions of India namely

Northeast India, Peninsular India and Northwest India.

Most of the studies on LRF of Indian monsoon rainfall are based on empirical

or statistical techniques. These statistical techniques range from simple

correlation analysis to advanced procedures such as canonical correlation

analysis and artificial neural networking. But the commonly used statistical

technique for LRF of monsoon rainfall is the linear regression analysis. A large

number of regression models have been proposed so far (Hartenrat/J, 7997 The

predictors for the model are chosen either subjectively or by applying objective

criteria. The limitation of the subjective selection is that it may not optimize the

variance explained whereas the objective selection is highly sensitive to the data

window and overfit the data sample (T/9ap/g'ya/ 7 987; Part/Jasamz‘/gy and Jlontak/ée

7988; Hartenratb and Greirc/ya, 7993 The reliability of regression models needs to

be assessed by testing on as large and independent data sets, as they are sample

specific in nature.

Gowanker et al (7989) developed parametric and multiple power regression

(MPR) models with 15 predictors for LRF of AISMR, which were modified

(G021/anker er a/., 7997 ) to include 16 predictor parameters. The model indicates

the likelihood of the monsoon rainfall to be excess or deficient, depending upon
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the proportion of favourable/unfavorable parameters out of the total of 16

parameters. This method is highly sensitive to the nature of the predictor data

set. The power regression model, successful in operational LRF during the

period 1988-97, claims to account for possible non-linear interactions of

different climatic forcings with the Indian monsoon system. But the predictors

were identified based on their linear correlation with AISMR. The model

requires rigorous statistical testing using longer and homogeneous data sets and

independent verification as it failed in 1994 and 1997 as other models.

The dynamic stochastic transfer (DST) model developed for the prediction of

AISMR as well as the monsoon rainfall over peninsular and northwestern India

has only one predictor (T/mp/§»a/, 7987). But the model performs with high

accuracy than multiple—regression, MPR, ARIMA (T/yap/gj/a/, 7990). Thu/é/a (198 7)

and Gregogy (7989) suggested grouping the subdivisional rainfall, to define area

averages for large homogeneous regions due to the large spatial variability of

monsoon rainfall. They yielded better formulae for forecasting rainfall over

homogeneous regions than when India was treated as one unit. Kumar (1994)

attempted LRF of monsoon rainfall over the 29 meteorological sub-divisions in

India using canonical correlation analysis (CCA) technique and found that the

spatial extent and the magnitudes of skill scores are much larger than those

obtained with multiple regression analysis (Pramd and Ting/2, 7 992). The problems

in LRF is also addressed (R4/leevan, 200 7)

The studies on the seasonal prediction of monsoon rainfall using general

circulation models (GCMs) are very few. This may be partly attributed to the

lack of skill in the simulation of monsoon rainfall over the Indian subcontinent

(Gaafgil ez‘ a/, 7992). Also, different GCM simulation gives marked differences in

the simulated monsoon precipitation (IVCRP, 7992). The simulation of the
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Indian summer monsoon rainfall is very sensitive to the initial conditions (Palmer

er a/, 7992) also adds up problem to the present situation. However, strong and

weak monsoon circulations based on the SST distributions over tropical Pacific

and Indian Oceans could be simulated (]u and S/z'n<g0, 7995 and Toma/1 and S/z'n,g0,

7997 Thus, the sensitivity of the model in simulating the interannual variability

in tropical circulation seems to be closer to the observed characteristics of the

monsoon, while a realistic simulation of monsoon rainfall is yet to be achieved

by most GCMs.

Reliable predictors for LRF are identified by analysing the relationships between

Rainfall and regional/ global fields of several surface/upper-air parameters.

Correlation coefficients are used to identify the various forcings on the

monsoon. They also exhibit notable sensitivity to the data window considered

both in terms of the position and length of the window in the time domain. This

leads to variations in their magnitude as well as sign, imposing some lirnitations

on the reliability of the predictors.

4.1.1 Interrelationships among the predictors

Large numbers of predictors identified so far are highly interrelated and they fall

into one of the categories like regional conditions, ENSO indicator, cross

equatorial flow etc. The presence of such high multicollinearity among the

predictors imposes the problem of redundancy and unnecessary loss of degrees

of freedom when they are used in large numbers in regression-based forecast

schemes (Kumar ez‘ al 7995

Though the predictors can be classified into four different groups based on their

known physical linkage with the monsoon, the forcings represented by them are

not entirely exclusive to their respective groups. The forcings represented by the
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various predictors can be objectively delineated and the common variance

among them pooled into a set of independent principal components. However,

not much work has so far been done using this approach. The results of a work

by Kzmmr ez‘ al (7 997) indicate that a single component accounts for about half of

the total variance in the predictors. This component apparently represents

ENSO type variability in the predictors and is highly and significantly correlated

with AISMR. This clearly shows that the ENSO has a ubiquitous influence on

the monsoon circulation, playing a dominant role in the LRF.

In a macro regional scale, peninsular India has got very low degrees of relation

to the AISMR fl\Iq)/acgam et al, 2007 A great amount of attention is given for

work on regional scale forecast models for regions such as Peninsular India,

northwest India and other homogenous regions (Rzyeevan er al, Z000). Fig 4.1

shows the rainfall anomaly obtained over the Peninsular Indian region during

the summer monsoon season for the period 1901-2005. The mean rainfall for

the period is 661 mm with a standard deviation of 94 mm. The rainfall

expressed in anomaly shows that the rainfall anomaly has a positive increase

after 1975. Of the nineteen WET years during the period, 9 occur after 1970’s.

The WET years are defined as years with rainfall greater than one standard

deviation. This necessitates a study in the recent years. The correlation between

the AISMR and subdivisional rainfall is given in Table 4.1. It is noteworthy that

all the subdivisions bear low correlation values with AISMR, which points out

the requirement of a new model for the peninsular region separately. Therefore,

despite attempting to have a predictive formula for India as a whole, it would be

sensible to have identified some parameters, which uniquely explain the

Peninsular Indian Rainfall (PIR). This work is an attempt to derive some

meteorological and oceanic parameters over the adjoining oceanic region of

peninsular India and to regress them into a linear model. The study is
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concentrated on the recent 32 years from 1975-2006 and the region over which

the rainfall is predicted is shown in Fig 4.2.

l Subdwlslofls Correlation with AISl\-IR

Coastal Karnataka ll 0.03
South interior Karnataka O.13* I

3 North interior Karnataka 0.3Kerala 0.09
Tarnil Nadu I 0.15 F
Coastal Andhra Pradesh 0.55

Table 4.1. The correlation of AISl\lR with the subdivisional seasonal rainfall over peninsular India
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Fig 4.2. Geographical map of peninsular India. Shaded area constitute the macro region, of
which the rainfall data has been taken as peninsular Indian Rainfall (PIR)

4.2 DATA

Sea Surface Temperature used is, NOAA Optimum Interpolation (OI) SST V2

having 1X10 resolution in latitude and longitude. Air temperature, Zonal and
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Meridional wind for 1975-2006 used for this study has been taken from NCEP.

NCEP Reanalysis Derived data provided by the NOAA/OAR/ESRL PSD,

Boulder, Colorado, USA, from their Web site at http://www.cdc.noaa.gov/.

The spatial resolution of the data is 2.5X2.5° latitude and longitude. This has 17

vertical levels. A more detailed description can be seen in Ka/my at a/ (7996

Another data set used is the monthly rainfall of peninsular India obtained from

the Indian Institute of Tropical Meteorology website (IITM-IMR). The primary

datasets are from India Meteorological Department. The network selected for

the study consists of 306 uniformly distributed stations for which rainfall data

are available from 1871. The selection of the network of rain-gauge stations

were based on the criteria that the network would provide one representative

station per district having a reliable record for the longest possible period. The

monthly (Ianuary - December) area weighted rainfall series for each of the 30

meteorological subdivisions have been prepared by assigning the district area as

the weight for each rain-gauge station in that subdivision. Similarly assigning the

subdivision area as the weight to each of the subdivisions in the region, area

weighted monthly rainfall series are prepared for homogeneous regions of India

as well as for all India, as a whole.

4.3 METHODS

4.3.1 Derivation of predictors and selection of best predictor sets

Linear regression model is a popular statistical method for meteorological

prediction on various timescales like inter-annual, intta-seasonal, monthly,

weekly etc. The main task of the development of the regression model includes

the selection of predictors based on empirical relations between various

parameters and rainfall, their careful and optimum selection in a stepwise
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regression analysis, formulation of the regression equation and verification on 

independent samples. 

The PIR was taken for the period 1975-1997, which we refer to as traimng 

period. Spatial correlation coefficient (CC) was calculated between PIR and the 

set of parameters under consideration for the period. The areas that bear CC's at 

1 % level of significance were identified and selected for calculating indices by 

taking area averages of the parameter over the respective significant area. The 

CC of these indices with PIR were checked for consistency for the entire period 

of analysis by doing IS-year sliding window correlation (Bell, 1977) Indices that 

have a significant CC at 5% level in all the 15- year sliding windows were 

retained. Thus, a total of 14 predictors were selected as the input to the stepwise 

regression analysis and are Listed in Table 4.2. The sliding correlation for these 

predictors is shown in Fig 4.3. 
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rig. 4.3. Fifteen years mm·ing c.c. between ISMR and selected 14 predictOrs for the period 

1975-1998. The horizontal doned lines represent the c.c. significant at 90'Yo level. The central 

year is shown in thc x-axis. The details of the predictors are giyen in Table 4.2. 
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Stepwise regression analysis was employed to reduce the dimensionality of these

indices (Draper and Smzfli, 7987). Thus, the extensive basic predictor set is

reduced to a candidate set by eliminating those with less influence in the

variance of rainfall. The predictors thus identified are also listed in Table 4.2.

The correlation maps of the selected variables with the KSMR are shown

(Figure 4.4 a-d). The CC’s which are significant at 1°/o are contoured, and the

selected areas are marked (rectangles in Figure 4.4 a-d).

Formulation of regression equation from among the refined candidate

predictors, various regression models were formulated with the following

general form using different iteration schemes.

R1‘: 00+  "l"
i=l

\X7here, lb is the dependent variable (rainfall) for j-=1 to m time steps and X,; are

the independent variables where iis the number of predictors and j analogous to

the previous. ao and a; are model constants and <5} the error value in that

estimation.

The number of predictors that can be used in a statistical regression model has

been a matter of debate. Studies like (IW/kt 7995, De/so/e et al 2002) says that the

predictors should be restricted to a small number whereas other studies have

shown that eight to ten predictors are required for explaining a good amount of

variation (70-75%) in the model development period (Rryeevan er a/, 2004. Here

the stepwise regression has restricted the number of predictors to four.
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E Parameter

C.C.

Predictors A Level Month (1975- EA1-ea
1997)

E Air Temperature Air850may 850 hm May 0.492 ‘ 75-85E, 10-ZON

Air Temperature 1-\ir925mar 925 hPa March i -0.468 1 50-7513, 10-20N

-1

Relative I-lurnidity Rhum1000mar 1000 hPa March 0.512 60-75E, 0-8N

I Relative Humidity 925 hPa March 0.479 50-75E, 10-20N

Relative Humidity

Rhum925mar

mRhum600 fly

— —'—i —\

600 hm 1 May i 0.560 @ 75-85E, 0-5N

Sensible Heat Flux Shtflmar Surface1, 1A March 0.514 55-65E, 10-20N

Specific Humidity Shum925mar 925 hPa i\-larch 0.534 1 55-65E, 10-18N

I Sea Surface

Temperature
SSTaug1 Surface i 1\L1gIlSt 0.494 1 55-6512,55-10>:

Sea Surface

Temperature“_ __
SSTaug2 Surface 1 August

_i____

0.549 85-95E, 10-20N

T Sea Surface

Temperature
SSTmar Surface ' March 0.559

I

A___

1 70-80E, 10-20s

T1000
>

T1000
Ti 1000 hPa March 0.534 70-110E, 5-135

Zonal Windi Uwnd700feb 700 hPa ‘ February -0.459 0 60-85E, 3-10N

Zonal \X/ind Uwnd850mar 850 hPa March \ 0.555 55-70E, 10-15N

1 Meridional wind Vwnd700jafl
1  1 0 0" ~

700 hPa 1 January -0.579 65-75E, 10-20N

Table 4.2. List of parameters, their geographical and temporal location and correlation
coefficients with PIR

The dynamics of the predictors used in this study are detailed here. The

intensive NH summer insolation induces more Precipitable Water  in the

northern Tropics from North Africa to South and East Asia. Similarly, enhanced

SH insolation in lboreal winter and spring gives rise to increased PW over the
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Arabian Sea, India, and the southern tropical Indian Ocean in boreal summer.

Air temperature at 850 hPa (May) having positive correlation co-efficient in the

analysis imply the possible connection to rainfall as follows. When air

temperature increases, the Planetary Boundary Layer (PBL) becomes more

turbulent and the winds will accelerate. This will increase the transport of

moisture in to the atmosphere. The gradient of air temperature can affect the

winds through thermal wind relation, which in turn affect the rainfall.

Sea Surface Temperature (March) bears a significant positive correlation co

efficient with PIR. SST anomalies will lead to more evaporative and sensible

heat flux anomalies, which in turn affect the winds. The gradient of SST is

directly influencing the winds at upper levels through thermal wind relation.

Zonal and meridional wind at 700 hPa during February and March respectively

bear a negative correlation coefficient with PIR. When the winter winds are

strong (correspondingly the subtropical westerly jet is stronger) the ensuing

rainfall will be less.
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Fig 4.4 Correlation maps of the potential predictors of PIR a) Air Temperature b) Sea Surface 

Temperature c) Zonal Wind and d) Meridional wind, with PIR 

4.4. RESULTS 

The selected indices over the Arabian Sea and adjacent seas were subjected to 

stepwise regression and four potential predictors for PIR were identified. The 

final fonn of the regression model is 

Y = -4364.5 14- 33.354(x,)+ 48.035(x,)+ 135.717(x,)-15.876(x.) ... (4.2) 
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where X values are the predictors (Table 1) and Y the predicted rainfall. The

regression coefficients in the model show disproportionate values because the

predictors were not expressed in standardised form. The regression coefficients

do not imply relative importance, as the input parameters into the regression

model are not standardized.

Multicollinearity is a measure of non-orthogonality of the predictors, i.e. there

exists inter-correlation between the predictors. Thus, a multiple linear regression

model lacks in its accuracy and may lead to unclear interpretation of the

regression coefficients as measures of original effects fll/Ir Cum, 7985). This leads

to the problem of redundancy and unnecessary loss of degrees of freedom when

they are used in large numbers (Kumar cl a/, 1995). Small data revisions would

result in disproportionate effect on the calculated coefficients, i.e. the

coefficients obtained will be unstable and this in turn affects the prediction. The

reliability of these parameters in the prediction could be ensured by

understanding the multicolinearity statistics. Variance inflation factor (VIP) is a

common method used to study the multi-co-linearity (Fox, 1991). It is defined

as:

1VIF(ai)= 1 R2 ...(3)"' 1

where R,-2 is the unadjusted Rzwhen X ,.is regressed against all the other

explanatory variables in the model. The VIP measures how much the variance

of the estimated regression coefficients are inflated compared to situations when

the independent variables are uncorrelated. Values in excess of 10.0 could

significantly affect the stability of the regression coefficients (Neter et a/., 1990).

So, the candidates having a smaller VIF only are considered so that the
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parameters inhibiting interdependence is avoided to increase the credibility of

the regression output

The VIF analysis of all the parameters that is retained in the stepwise regression

have values around 1.2 indicating an insignificant level of multicollinearity

(Table 4.3).

y Variables Sig. of t-test “ VIF

Air Temperature 0.015 ‘A 1.134
1 Sea Surface Temperature , 0.001 0 T 1.078

Zonal Wind 0.020 ii 1.253
Meridional Wind 0.01 1 y 1.1871 . 1% .

Table 4.3. The t -test results and variance inflation factor corresponding to the variables.

Scatter matrix plot shows the relationship between each pair of variables (Fig.

4.5). Each column shows the relationship between the parameter listed in that

column with the other four parameters named in the respective rows. The
variable on the vertical axis is the variable named in that row and the variable on

the horizontal axis is the variable contained in that column. The correlation

coefficients between the dependent variable and four independent variables are

listed atop the columns. From the figure it can be seen that the PIR is positively

related to air temperature and Sea Surface temperature, but negatively correlated

to zonal and meridional wind at 700mb. The independent parameters do not

show much relation among themselves though feeble relations exist. Therefore

the predictors are independent and do not have any significant patterns. So the

interdependencies among the predictors, if any, are well below the potential to

affect the forecast.
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When the I-test is conducted, the P values indicate that the coefficients of all the

predictors in regression are highly significant, with maximum significance for

SST (Table 4.3). The model has a coefficient of determination (which is the

proportion of variation in the dependant variable explained by the regression

model) of 77.7% and a multiple correlation coefficient (correlation between the

observed and predicted rainfall) of 0.88. The P statistic, which tests the

significance of regression model, gives 13:15.64 and the P value in the ANOV/1

test (Analysis of Variance) is very small. This strongly suggests that the included

predictors collectively account for a significant part of the variance in the PIR.
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Fig. 4.5. Scatter Matrix Plot of the inter relations between the dependant and independent

parameters and among predictors. The predictors are Air temperature at 850 hPa for the

month of May (air85Omay), Sea Surface Temperature for the month of March (SSTmar), Zonal

wind at 700 hPa for the month of February (u\vnd700feb) and Meridional wind at 700 hPa for

the month of january (vwnd700jan). RFPEN is the Peninsular Indian rainfall.

88



Cbapler4 A Regressiol1 Model for Peninsular Indian Roil/fall 

The standardized departure of PIR and its forecast is shown in Fig 4.6. PIR has 

a standard deviation of 11O.1mm, which is 16.6% of the mean rainfall (662.9 

mm). The forecast of the model presented here, picks a standard deviation of 

14.8% (101.1mm) of the mean rainfall. Thus both the mean (684.2mm, 662.9 

mm) and the standard deviations (101.1mm, 11O.1mm) of the forecast are 
, 

comparable with the observed. This statistics shows that the interannual 

variability of PIR is well represented by this model. 

, ------------------------------------------
, 

! , , 
r • 
~ . . t, 
,; 
(;) · 1 

., 

_ observed - Forecast 

1975 1911 1979 1!~lIl 19113 1965 19a7 l i89 1991 1993 1995 1997 1999 2001 200J 2005 

Year 

Fig 4.6. The standardized departures of P1R and its forecast. The model could capture t~e sign 

of the anomaly of extremes (± Istandard deviation), except 20U2. The \X'ET (DR'Y) years are 

classified as years with rainfall grcatcr ~css) than 1 standard dcviation. 

During the test period the standardized departures of the actual and model fined 

rainfall shows four years (2000,2001 ,2002 and 2003) with opposite sign of 

anomaly (Fig.4.6). Except 2002, in all these years the observed values are "ery 

dose to the mean, so that a small deviation of the forecast from the observed 

rainfall may end up with a departure opposite to that of the observed. Bur, none 
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of these years were extreme, except 2002, and they lie within the range of one

standard deviation of normal monsoon. The model showed the maximum

departure for the year 2002, in which other models also failed.

The model performance was assessed by calculating CC, Root mean square

Error (RMSE), Absolute Error (ABSE) and the bias (BIAS) for the (1) training

period, and (2) test period. Equations used to calculate these measures are given

below fl\lz'c/20//J, 7984;Harz‘em"a//9, 7987

RMSE : [iqgf Ry /n 1*” ....(4)y:

BIAS = it 15,- Ry)/n ...(5),

ABSE = Z §y—Ryl/n ...(6)
y=l

Where 1}}, is the model fitted rainfall, Ry is the observed rainfall and n, the

number of years. For the model development period high (LC of 0.88 was

obtained between the observed and predicted rainfall. The RMSE was 7.6 °/0

(50.48 mm) of observed mean rainfall, BIAS was 0 mm and ABSE was 40.2mm.

The CC has dropped to 0.67 (significant at 1°/o level) for the period 1975-2006.

The RMSE for the test period (1998-2006) has increased to 21.5% (142.79 mm)

of mean rainfall. BIAS and ABSE for the predicted rainfall are 75.59 mm and

119.18 mm respectively. Climatological predictions are also made and the

RMSE, BIAS and ABSE were also computed. The values obtained for RMSE,

BIAS and ABSE are 117.61mm, -67 mm and 96.73mm respectively.

Scatter plots of residuals with the predictors and fitted values (not shown), helps

us to visualize the patterns in the residuals. Any organized pattern present in it

reveals the existence of the relation between fitted and residuals. If any pattern
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could be identified then the model can be further improved by extracting the

relationship. No such relation is identified and therefore no relationship is

found. The Durbin Watson statistic is also used to check the relationship in the

residuals. It checks whether the residuals for successive observations are

uncorrelated. If any significant lag one autocorrelation exists, then the residuals

are not independent and the model can be further improved fll/Ia»érz'da,éz's er a/,

7998). It is defined as

DW : Zia (€r_€:-1)
Xi=1€¢

where C, is the residual at the time I and 6” that at time I-1. Its value ranges from O to

4. Values above two means there is some negative autocorrelation and values below 2

has a positive correlation. A value of 1.854 is obtained which suggests that the lag-1

autocorrelation is negligibly small in the residuals.

4.5 SUMMARY AND CONCLUSION

In this study a linear regression model was developed and tested for the seasonal

rainfall prediction of Peninsular India using immediate regional parameters such as

lower tropospheric temperature during the month of May over the Peninsular India

and adjoining Bay of Bengal  Sea Surface Temperature during the month of March

over the mid-Indian Basin over the Indian Ocean  Zonal wind at 700 hPa during

February and (iv) meridional wind at 700 hPa during January. The period of analysis

was from 1975~2006 of which last nine years were tested against the observed rainfall.

These parameters were arrived from a larger set of candidates, which had statistically

significant relation with PIR. Our results show that the empirical model could explain

77.7% of the total variance in the PIR for the model development period. The model

showed an RMS error of 7.6%, BL‘\S of 0 mm and an absolute error of 40.2 mm. The

model could capture the extreme years reasonably but for the years 2001, 2002 and
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2003 the model over predicted the rainfall. It is noteworthy that in 2002, a prolonged

30-day break in summer rains had lead to an extremely dry monsoon season whereas

IMD models in use at the time had predicted normal rains in 2002.
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CHAPTER 5

Effects of Arabian Sea Surface Temperature on
the Summer Monsoon over Peninsular Indian
Region

5.1, INTRODUCTION

The southwest summer monsoon, occurring every year from ]une—September, is

one of the most well known seasonal phenomena for the Indian subcontinent,

which is also a dominant feature of the general circulation of the atmosphere. The

extended range forecasting  of monsoon is done with the help of statistical

models by the India Meteorological Department (IMD) ever since Walker (7923)

presented their mathematical foundation in his pioneering work. However, the

prospect of seasonal forecasting of the Indian summer monsoon must also be

investigated with numerical models because they are fairly complete and

sufficiently sophisticated to reproduce the weather and climate features. In this

regard, C/aamqy and S/me/a ( 798 7) stressed the relative importance of sea surface

temperature (SST) and land-surface conditions as sources of anomalous forcing

for the large scale atmospheric flow.

The interannual variability in monsoon activity depends on air-sea interactions,

during the course of travel of the monsoon current across the Ocean. One of the

important surface boundary conditions which influence the Indian summer

monsoon rainfall (ISMR) is sea-surface temperature (SST). Several investigators

have done extensive work on the sensitivity of SST on the monsoonal circulation

and associated rainfall patterns. C/aandrare/éar and Kilo/2 (7998) carried out an
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experiment with a GCM to examine the sensitivity of the monsoon circulation and

ISMR to SST anomalies over the Indian Ocean. They found that an increase

(decrease) in rainfall over the Indian Ocean is associated with a warm (cold) SST

anomaly. The Indian Ocean plays a very important role in the ISMR interannual

variability due to its proximity and the importance of both the land-sea meridional

thermal contrast and the SST-convection relationship for the strength of ISMR.

Tropical atmospheric convection is highly sensitive to the sea surface temperature

(SST) of the underlying ocean. Deep atmospheric convection in the tropics is

found to increase sharply when SST exceeds a threshold of about 275°C. The

convection is also sensitive to fluctuation in SST above 28°C. Although SST

above 28°C is not sufficient to produce organized deep convection in the tropical

atmosphere, it is a necessary condition. Therefore, oceanic regions with SST

above 28°C, known commonly as warm poo/J, occupy a significant place in tropical

climate.

S/Juk/a (7975) tested the hypothesis that colder SST anomalies over the west

Arabian Sea may significantly influence the ISMR by a numerical experiment with

the GFDL general circulation model. I-Iis experiment shows that the imposition of

a persistent 1-3°C colder SST anomaly over the Somalia coast and the Arabian Sea

lead to an increase of surface pressure and a significant reduction of cross

equatorial moisture flux, which in turn is associated with a decrease in

evaporation. The interesting result of this experiment is the reduction in the

rainfall rate by 40-50% over India and the adjoining seas. The reduction in rainfall

is remarkable at and near the colder SST anomaly regions and over the remaining

parts of India it is less. lVa;/2z'rz<gz‘0n er al (797 7 ) examined the impact of different

types of idealized SST anomalies over the tropical Indian Ocean to ISMR. They

found an increase in rainfall and vertical velocity over the warm SST anomalies in
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their experiments. However, the statistical relationship between model-simulated

rainfall and wind anomalies obtained in his experiment was insignificant.

Some of the previous observational studies have shown that the Indian Ocean has

no significant influence on ISMR interannual variability. This was due to lack of

significant statistical relationships between various ISMR indices and Indian

Ocean SST (8 /211/é/a 7987; Webrler at al 7998 Recent modeling studies have shown

that the SST anomalies over the Indian Ocean in certain areas and under certain

conditions can have a significant effect on ISMR variability (/\/Iee/J/ and Aria/aster

2002). Most of the past studies on the SST-monsoon relationships are based

mainly on the GCM simulations. Though GCMs capture the large scale features

of the monsoon circulation reasonably well, their performance in representing the

regional climate details are very poor (Rind er al 7989; ll/leamr ez‘ al 7990). Previous

investigators (Giorgi et al 7994; ]0r2e.s' et al 7995) have shown that rainfall distribution

simulated by a regional climate model (RCM) contain a strong orographically

related component on scales not resolved by the GCMs. Considering the complex

nature of the ISMR and its spatial variability due to complex orography, it is

essential to study its characteristics in detail using Regional Climate Models.

Although the Regional Climate Model (RegCM) has been used widely for various

mesoscale studies QQz'an and Gz'01;gz' 7999; Pal et al 2000; Giorgi at al 2003), it has not

been tested to study the characteristics of circulation features and associated

rainfall over India. Only a few studies, mainly by 8/Je/ébar and Dar/2 (2005) and Ddfb

et al (2006), have used the National Center for Atmospheric Research (NCAR)

RCM (version-II) in the study of ISMR. Sing/2 and ]az' (2007) also has studied the

effect of SST on ISMR with an SST increment of 0.60 C

It has been demonstrated that for examinin the weather/ climate features inS

greater detail, regional models are more suitable than the global models.
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Computationally it is affordable to increase the resolution of regional models so as

to resolve regional climatic features reasonably well. Various regional models have

been used for a wide variety of applications including operational weather

forecasting, studies of the present-day climate and possible future climates over a

number of regions throughout the world fil/Ieszigger 7984; Dir‘/€2z'nr0n at al 7989,'Gz'01;gz'

7990,‘ Dz/d/9z'a 7993; U742/I/9 and A/I0Gre<g0r 7995; Bbaikaran at al 7996,‘ ji and I/emekar

7997

Simulation of the Indian summer monsoon circulation features and the associated

rainfall by a numerical model have been the most challenging problems due to its

large variability. .B/Jar/éaran ez‘ a/. (7996) simulated the Indian summer monsoon

using a regional climate model with a horizontal resolution of 50 km nested with

global atmospheric GCM. Their study showed that regional model derived

precipitation is larger by 20% than GCM.

In this study, a recent version of the NCAR regional climate model (RegCM3) is

used to simulate the monsoon over peninsular India for the years 1996, 1997 and

2002, which are considered as WET, NORMAL and DRY years respectively. The

monsoon of 2002 has been regarded as the driest and peculiar of the recent

drought years. Thus the characteristics of the circulation and the moisture during

the year have been studied by many researchers (Va/ya/a and Léeda 2005). It is

evident that the 2002 mean rainfall was less than normal and an anomalous

month-long drought existed in ]uly. Unlike usual drought years, the extreme

drought years deserve special attention in their processes. Since the moisture for

Indian monsoon rainfall is being carried over and supplemented by the Arabian

Sea fl\40/.van9/ ez‘ al 7983, 7994), sea surface temperature which influences the

circulation and precipitation pattern of monsoon is to be studied in detail.

Although the RegCM modeling system has been widely used for different regional
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climate studies (Gzbrggi and Meamr 7999), it has not been extensively tested over the

South Asia region, particularly concerning the simulation of Indian summer

monsoon. The suitability of RegCM3 model in simulating ISMR has been

examined by Dar/2 ez‘ al (2006 In the present study an attempt has been made to

understand the possible effect of the Indian Ocean SST on the summer monsoon

circulation and precipitation over the peninsular region in specific, since the

orography and spatial distribution of monsoon over this region are very complex.

5.2 MODEL DESCRIPTIONS

The modified version of RegCM used in the present study is originally developed

by Giogi er al (79934. b) and then augmented and described by Giorgi and Meami

(7999) and Pal et al (2000). The dynamical core of the RegCM3 is similar to the

hydrostatic version of the NCAR/ Pennsylvania State University mesoscale model

MM5 (Grell ez‘ al 7994). The model includes cumulus parameterization schemes,

large scale precipitation scheme, planetary boundary layer (PBL) parameterization,

state-of-the—art surface vegetation and soil hydrology package, the Biosphere

Atmosphere Transfer Scheme (BATS), Ocean flux parameterization, pressure

gradient scheme, explicit moisture scheme, the radiative transfer scheme and the

ocean-atmosphere flux scheme.

Surface processes are represented via the Biosphere-Atmosphere Transfer Scheme

(BATS) fl)z'c»€zz'ni0n at al 7989). BATS is a state-of-the art surface package designed

to represent the role of vegetation and interactive soil moisture in modifying the

surface atmosphere exchanges of momentum, energy and water vapor. Boundary

layer physics is following the nonlocal vertical diffusion scheme of H0/lit/ag et al

(1990). Different schemes are available for the generation of precipitation in

RegCM3. Nonconvective precipitation can be represented by an implicit scheme
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_;'.<‘z'e et al 7984 Convective precipitation can be described using a simplified Kuo—

1._~.-ne. scheme (_/Int/ye; 7977 ), Grell scheme (Grell 7993) and Massachusetts Institute

of Technology  The newest cumulus convection option to the Regional

Climate Model version 3 (RegCM3) is the MIT scheme. More detailed

descriptions can be found in Emanuel (7997 In addition to a more physical

representation of convection, the MIT-Emanuel scheme offers several advantages

compared to the other RegCM3 convection options. For instance, it includes a

formulation of the auto-conversion of cloud water into precipitation inside

cumulus clouds, and ice processes are accounted for by allowing the

;;=-utoconversion threshold water content to be temperature dependent.

Additionally, the precipitation is added to a single, hydrostatic, unsaturated

downdraft that transports heat and water. Under this scheme, fundamental entities

are sub-cloud scale draft rather than cloud themselves. The MIT has recently been

implemented within RegCM3, and therefore its performance has not been tested

extensively to date. This scheme assumes that the mixing in clouds is highly

episodic and inhomogeneous and considers convective fluxes based on an

idealized model of sub-cloud~scale updrafts and downdrafts. Convection is

triggered when the level of neutral buoyancy is greater than the cloud—base level.

Between these two levels, air is lifted and a fraction of the condensed moisture

forms precipitation while the remaining fraction forms a cloud. The cloud is

assumed to mix with air from the environment according to a uniform spectrum

of mixtures that ascend or descend to their respective levels of neutral buoyancy.

The mixing entrainment and detrainment rates are determined by the vertical

gradients of buoyancy in the clouds. The fraction of the total cloud base mass flux

that mixes with its environment at each level is proportional to the rate of change

in the undiluted buoyancy with altitude. In other words, the mass flux at the cloud

base is a function of buoyancy, and the air parcel can lose its buoyancy during
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ascent due to the entrainment of dry air from the environment. The Grell scheme

is widely used within both the MM5 and RegCM modeling framework. This is a

mass flux scheme that includes the moistening and heating effects of penetrative

updrafts and corresponding downdrafts. The scheme can use two closure

assumptions, the so-called /lm/éau/a-Sc/Julaen‘ and Frz'l.rc/J-C/2appe/ type closures. After

a few initial test €XpCI'l.II1Cf1tS, we selected the Grell scheme, which yielded

generally better results for our domain. In the RegCM3 modelling framework,

precipitation is derived by the combined process of resolved (gridscale)

precipitation as well as unresolved (sub-grid-scale) precipitation. The resolvable

grid-scale precipitation is described using the sub-grid explicit moisture scheme of

Pal at al (2000), which accounts for the sub-grid variability in the clouds by linking

the average relative humidity of a grid cell to the cloud fraction and cloud water.

Resolvable scale precipitation is represented via the scheme of Pal er al (2000),

which includes a prognostic equation for cloud water and allows for fractional grid

box cloudiness, accretion and re-evaporation of falling precipitation. Cloud

radiation is computed in terms of cloud fractional cover and cloud water content,

and a fraction of cloud ice is diagnosed by the scheme as a function of

temperature. The RegCM3 has 18 vertical levels and a 60 km horizontalresolution. 5 5i T
L‘ P

‘Q4

5.3 DATA AND METHODOLOGY

In this study, RegCM3 has been integrated for simulating the Indian summer

monsoon circulation and associated rainfall for the years 1996, 1997 and 2002.

The lateral boundary conditions for wind, temperature, surface pressure and water

vapor are interpolated from 6 hourly ECMWF reanalysis. The terrain height and

land-use data for the given domain are generated from the United States
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Geographical Survey (USGS) global 5 min resolution terrain and land-use data.

The original weekly averaged optimum interpolated Sea Surface Temperature

(OlSS'I§ available from the National Oceanic and Atmospheric Administration

(NOAA) for the whole year is horizontally interpolated into the specified domain

and also in each time step for the model integration. Three typical rain years 1996,

1997 and 2002 are selected for the study. The model domain covers the area

approximately 50 °E to 110 °E and 5°S to 4O°N with a horizontal grid distance of

60 km. The grid is defined on a Normal Mercator Projection. The control runs are

integrated from May 1 to September 30, for every year using the original SST. The

initial condition SST input into the model is incremented by steps of 0.1° C in the

sensitivity experiments. The experiments are repeated for increment up to 1° C.

The difference in wind vectors and precipitation for the CONTROL Run and the

Experiments (SST-CTL) are analyzed to get a spatial perspective of the results. In

this study, a control simulation is made over the domain and topography as shown

in Fig. 5.1. The land-use data used in the model is described in Fig. 5.2.
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rig. 5.1 Model domain and topography used in the model. Contour heights arc in meters. 

rig. 5.2. Land-use data used in the model 
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5.3.1 CONTROL EXPERIMENT

The model was integrated for five months from May to September for the years

1996, 1997. For the year 2002, the model integrations were made from May to

August, due to the unavailability of September data from ERA 40. The lateral

boundary conditions are updated and supplied every 6 hours into the model and

the time step of the integration has been kept at 150 seconds. Compared with the

total precipitation from the GPCP data, the model is found to be capable of

simulating the monsoon rainfall to a reasonable degree in both spatial distribution

and quantity, particularly the large-scale precipitation zones owing to the

southwesterly monsoon flow along the southwest to northeast diagonal of the

domain and the equatorial region in the whole season.

To facilitate the interpretation of the results of the sensitivity experiments, the

total precipitation and horizontal wind fields simulated in CTRL are shown in

Figs. 5.3 and 5.4 respectively. Compared with the observational data from the

Global Precipitation Climatology Project (GPCP) in 2002 (Fig. 5.3a) the RegCM3

is capable of simulating the basic precipitation pattern over Indian region (CTRL

Fig. 5.3b).

5.3.2 SENSITIVITY EXPERIMENT

The interannual variability in the monthly mean SSTs is typically around 0.5-0.60 C

over the Indian Ocean (]Vlee/9/ and /lrb/aiter 2002). To test the influence of warm

Indian Ocean SST’s on ISMR, they increased the SST by 0.750 C north of 150 S in

their sensitivity (warm SST) experiments. I-Iere we design the sensitivity

experiments such that the initial condition Sea surface temperature incremented

by 0.10 C to a maximum increment of 1.00 C (hereafter referred to as SSTO.1 to
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SST1.0 respectively) and the model was run for whole the season for each of these

experiments.

The model is integrated from May to September for the year 2002. The first

month is taken as the spin up time for the model. The rest four months averaged

to get the seasonal averaged values of vertically integrated moisture, wind and

precipitation.

5.4 RESULTS

Overall evaluation of the model performance is provided within this section. A

comparison of control simulation with observation over the study region is

provided. Results of control run simulations with sensitivity experiments are

discussed, based on seasonal averages of moisture, precipitation and zonal and

meridional wind.

The RegCM3 integration shows that the model simulates the Indian summer

monsoon circulation fairly well, even though precipitation is overestimated. The

results from the control experiments are compared with observations (Fig 5.3 and

Fig 5.4). The discussions in this section are based on seasonally averaged values,

i.e. the differences between the seasonally averaged results of a sensitivity

experiment and the corresponding results of the control experiment. The seasonal

monsoon circulation and precipitation are well represented. For the year 1996, the

increment of SST has a negative influence over the peninsular Indian region.

Vertically Integrated Moisture, north of 15°N for SSTO.1 and SSTO.2 increments

(Fig 5.5). For SSTO5 and SSTO.6, almost entire peninsular India has abundance in

moisture except in some pockets of negative anomaly. As SST increased further to

0.9, the northern parts of the study region gets negative anomaly in moisture.
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l}: almost all the experiments, the region south of 15°N shows generally positive

anomalies in moisture, though there are spatial inhomogeneity in the distribution

of moisture (Fig. 5.5). The sensitivity experiments show that the increase in the

total precipitation rate occur for the experiment SSTO.3, SSTO.4, SSTO.5 and

SST 0.6 over the southern peninsular India (Fig. 5.6). This positive anomaly in

precipitation decreases after SSTO.7. In all the experiments adjoining Bay of

Bengal region also gets benefited from the SST increment. The maximum

anomaly in the SST- CTL experiments are to the south of 15° N. The increase in

the precipitation are as much as 8-1Omm/ day for SSTO.4 to SSTO.6. Theses results

are given in Fig. 5.6.

Results for zonal wind show that the wind anomaly to the north of 15° N over the

study region is positive (0.7 m/ s) for the experiments SSTO.1 and negative

anomaly exists over the southern part and adjoining oceanic region. In the

successive experiments, the positive anomaly decreases to the north and the

negative anomaly to the south begin to increase (Fig. 5.7). The spatial extend of

the positive anomaly diminishes and the negative anomaly spreads over the

southern peninsula and southeastern coastal region. The maximum negative

anomaly covers entire peninsula for SSTO.5 and after reaching maximum negative

anomaly for SSTO.7, the initial pattern reappears gradually and reaches maximum

positive value for SST1.0. SST().9 shows similar pattern for wind anomaly as of

SSTO.1. For Meridional wind the peninsular India shows negative anomaly for

SSTO.9 and the maximum value is for SST1.0 (Fig. 5.8). The vector winds show

convergence over the peninsular India, which is in agreement with the anomalous

precipitation pattern (Fig. 5.9).
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Fig. 5.3. Seasonal precipitation from a) GPCP and b) RegCM3 for summer 2002 

For the year 1997, the simulated anomaly pattern shows that the increase in SST 

causes a negative moisture anomaly from SSTO.3 to SSTO.9 (Fig. 5.10). The 

maximum spatial coverage for negative anomaly is for SSTO.s and 0.9. In the case 

of precipitation (Fig. 5.11), for the nonnal year 1997 there is not much influence 

of SST over the land area. However, over eastern coastal region and adjoining 
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oceanic region, there is a feeble increase of 3-5mm/ day. The maximum Increase is 

for SSTO.7. 
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Fig. 5.4. Seasonal wind vectors for sununer A) RegCM3 and B) NCEP 

For zonal wind, positive anomaly exists over peninsular India north of about 150 

N. This decreases gradually and a negative anomaly establishes over peninsular 

India by SSTOA (Fig. 5.12). This zonal wind increases again for SSTO.5 to 0.8 

reaching a maximum value of 0.7 and a great spatial spread over the entire 

peninsular India, Again the wind anomaly becomes negative hereafter. Meridional 

wind for 1997 has a positive anomaly over peninsular India for SSTO.1 (Fig. 5.13). 

For subsequent experiments negative anomaly gets established till SSTO.4. Positive 

anomaly over western peninsular India revives and the negative anomaly gets 

strengthened. The vector wind (Fig, 5,14) shows convergence over the Bay of 

Bengal and peninsular India in accordance with the precipitation anomaly pattern, 
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'SI I I I 
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Fig. 5.5. Vcrtically integratcd moisture simulated by RcgCM3. Figures are Expt-Ctrl for an SST 

incremcnt 0.1 co 1,0 in (a) to (i) respccti\·c1y for the year 1996 
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Fig. 5.6. Total precipitation rate (mm/ day) simulated. Figures represent Expt-Ctrl for SST 

increment 0.1 to 1.0 in (a) [Q (j) respectively for [he year 1996 
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rig. 5.7 Zonal wind al 850 hPa simulated by RegCM3. rigures represent Expt-Ctrl for SST 
increment 0.1 to t.O in (a) to G) respccti\·ely for the year 1996 
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rig. 5.8. Meridional wmd at 850 hPa simulated by RcgCfl.n.rigures represent Expt-Ctrl for an 
SST increment 0.1 to I.OVC in (a) to G) respectively for the year 1996 
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Fig. 5.9. Vector wind at 850 hPa. Simulated E:lpt-Ctrl for an SST increment 0.1 to l.OOC in (a) to 
(j) respectively for the year 1996 
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For the anomalously DRY year 2002, the integrated moisture shows (Fig. 5.15)

very high negative anomaly over peninsular India north of 15° N, though generally

positive anomaly patterns exists over south of that. There are no much differences

in the amount of total column moisture for the SST experiments. For

precipitation (Fig. 5.16), the anomaly patterns are positive over oceanic region

leaving the landmass unaffected by increase in SST. However, for SSTO5 and 0.6,

the windward side of the Western Ghats receives increased rainfall.

Zonal wind anomaly shows (Fig. 5.17) negative anomaly over peninsular India for

the experiments SSTO.1 and this negative anomaly gets replaced by positive values

and reaches maximum value of 0.8 m/ s by SSTO.4 and gradually decreases. From

SSTO.6 negative wind anomaly spreads over eastern coastal region and reaches a

maximum spatial cover by SST1.0.

Meridional wind has positive anomaly to the north of 15° N and this anomaly

increases to a maximum value by SSTO.4 and then decreases (Fig. 4.18). By

SSTO.9, some negative anomaly over oceanic region reappears as in the spatial

pattern of SSTO.1. The vector wind shows maximum increases in wind speeds for

SSTO.4 in 2002 (Fig. 4.19). Here also the precipitation patterns are in accordance

with the convergent zones in the wind pattern.

The I-Iovmoller diagrams of the daily precipitation rate simulated by RegCM3

shows the distinct features for these contrasting rainfall years. For 1996, which is a

wet year for peninsular India, the inttaseasonal variability shows lesser period than

normal or dry years. The period of intraseasonal variability is of the order of 10

days and the increased SST modifies the intraseasonal variability well for the wet

year 1996 (Pig 5.20).
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fig. 5.10. Vertically integrated moisture simulated by RegCM3. Expt-Crr! for an $ST increment 
0.1 to J.Cl''C in (a) to (i) respectively for the year 1997 are shown 
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o 1 2 3 5 e to 12 1" 
rig. 5. 11. Total precipitation rate (mm/day) simulated Expt-Ctrl for SST increment 0.1 to 1.0 in 
(a) to G) respectively for the year 1997 
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Fig. 5.12 Zonal wind at 850 hPa simulated Expt-Ctrl for SST increment 0.1 to 1.0 in (a) to G) 
rcspecti\'ely for {he year 1997. 
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Fig. 5. 1.1. Meridional wind at 850 hPa simulated Expt-Ctrl for SST increment 0.1 to 1.0 in (a) to 

(j) respectively for the year 1997_ 
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Fig. 5.14. Vector wind at 850 hPa simulated Expt~Ctrl for an SST increment 0.1 to 1.00<: in (a) to 
(J) respectively for the year 1997. 
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Fig. 5.15 \'enically integrated moisture simulated Expt-Ctrl for an SST increment 0.1 to 1.()'C in 
(a) to G) respecti\·cly for the year 2002 
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fig. 5.16. Total precipitation rate (mm/day) simulated Expt-Ctrl for SST increment 0.1 to 1.0 in 
(a) to G) respectiye1y for the year 2002. 
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Fig. 5.17. Zonal wind at 850 hPa simulated Expt-Ctrl for SST increment 0.1 to 1.0 in (a) to G) 
respecti,'cly for the year 2002 
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rig. 5.18 Meridional wind at 850 hPa simulated Expt~C t rl for SST increment 0.1 to 1.0 in (a) to 

(i) respccti\"C\y for the year 2002 

121 



Chapter 5 Sta SlIr{oce Temperatllre and Peninsular Indian Roin{all 

'ON 

10N 

'N 

'ON 

'ON 

ON 

15N 

10N 

ON 

,SN 

'ON 

,SN 

'ON 

SN 

-1 
Fig. 5.19. Vector wind at 850 hPa simulated Expt-Ctrl for an SST increment 0.1 to l.()oC in Ca) to 
G) respectively for the year 2002. 
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Fig. 5.20. The! HO\'m611cr diagrams of precipitation rate for the summer monsoon 1996 for a) 
Control experiment b) SST 0.3 c) SST 0.6 d) SST 0.9 
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Pig. 5.21 The Ho\"mollcr diagrams of precipitation rate for the summer monsoon 1997 fo r (a) 
Control experiment (b) SST 0.3 (c) SST 0.6 (d) SST 0.9 
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rig. 5.22. The Ho"moller diagrams of precipitation rate for the summer monsoon 2002 for (a) 
Control experiment (b) 5STO.3 (c) 55TO.6 (d) 55TIl.9 
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For the normal year 1997, (Fig. 5.21) the intraseasonal variability is of a low

frequency with average period of 20 days. Here also, the increase in feebly

influence the intra seasonal variations in precipitation. For the anomalously dry

year 2002 (Fig. 5.22), large gaps in the ISV can be observed. Here also very feeble

modifications are seen in the ISV.

5.5 CONCLUSIONS

The study investigates the characteristics of circulation and precipitation during

monsoon season over peninsular Indian region, based on the sensitivity

experiments performed by a regional climate model for the years 1996, 1997 and

2002. A recent version (Version-III) of National Center for Atmospheric

Research (N CAR) Regional Climate Model (RegCM3) was utilised. The planetary

boundary layer scheme used is that of Holtslag, cumulus parameterization scheme

Grell, SUBEX large scale precipitation scheme and BATS ocean flux

parameterization scheme. The model is run from 1st May to 30th September

except for 2002 for which the ERA40 data is available only till August. The first

month is taken for the spin up. The next four months are taken to study the

monsoon. RegCM3 has been integrated at 60 km horizontal resolution over the

Indian domain. The experiments are carried out by changing the initial conditions

of sea surface temperature by 0.10 C steps i.e. 0.1, 0.2 etc. to 1° C maximum. The

sensitivity experiments showed that the wind strength increases significantly to the

northeastern and central parts of India. The change in wind strength is

pronounced over the southern peninsula when the sea surface temperature

increased by 0.4 - 0.70 C. The response in precipitation over the peninsular Indian

region is also studied. The monsoon circulation features simulated by RegCM3 are

compared with those of the NCEP/NCAR reanalysis and the simulated rainfall is
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validated against observations from the Global Precipitation Climatology Centre

(GPCC)

Results indicate that RegCM3 successfully simulates some important
characteristics of the Indian summer monsoon circulation, such as the 850-hPa

westerlies and precipitation. The seasonal mean summer monsoon rainfall

simulated by RegCM3 is close to the corresponding GPCP values although the

simulated precipitation is overestimated over Central North India and North

Eastern India. Compared with the total precipitation from the GPCP data, the

model is found to be capable of simulating the monsoon rainfall to a reasonable

degree in spatial distribution, particularly the large-scale precipitation zones owing

to the southwesterly monsoon flow.

The intraseasonal variability of the summer monsoon has been captured by the

model and the results show that the influence of SST increase is more for \X/ET

year than for normal year or DRY year. The periods of ISV is shorter in W/ET

year and very large breaks are observed in the DRY year.

127



CHAPTER 6

Influence of Moisture over the Northern Indian
Ocean on the Climate of Peninsular India

6.1 INTRODUCTION

joxep/9 and Raman (7966) pointed out the existence of a low-level jet or the

Monsoon Low Level jet stream over peninsular India. The linkage between

southwest monsoon wind in the Arabian Sea and India rainfall was studied by

.Fz'rzd/ater (7969). As expected, large—scale monsoon rain Fall accumulation over

India and Southeast Asia and wind strength over the Arabian Sea and India are

strongly correlated U11 and S/z'n(g0 7995 The cross-equatorial flux entering the

Arabian Sea from the southern hemisphere is one of the most important sources

of moisture for the Indian subcontinent during the southwest monsoon season.

Surface level moisture flux computation showed that the net positive surface

level moisture flux divergence over the Arabian Sea and negative moisture flux

divergence over the Bay of Bengal (Kzlrbtaulal ez‘ al 7997 The evaporation over

the Arabian Sea is a variable quantity and forms a significant part of the net

moisture budget over the Arabian Sea. The sharp increase between May and

June is the combined effect of a sudden increase of the zonal component of the

low level wind as well as a sudden increase of atmospheric water vapour over

the Arabian Sea during the onset phase of the monsoon (Kirbtawal ez‘ al 7997).

Between April and july, there is a systematic transition of high moisture values

from equator to upper latitudes (Kir/Jtazz/al er al 7994)

During onset of the monsoon over India, the horizontal flux convergence of

heat and moisture, as well as diabatic heating, are enhanced over the Arabian
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Sea. These subsequently increase with the evolution and advancement of the

monsoon over India  er a/ 2005 The convection over India is associated

with the water vapor amount over the Arabian Sea. The enhancement

(suppression) of convection over India during ]uly corresponded to larger

(smaller) water vapor amount and to colder (warmer) SST over the Arabian Sea.

SST to east of Somalia decrease (increase) with the increase (decrease) of low

level Somali jet. However, the magnitude of SST decrease over the area does not

directly correspond to the magnitude of low-level Somali jet or/airo, 1997

The origin and amount of moisture being transported to the Indian

subcontinent during the southwest monsoon season was also studied by many

investigators. Pz'i/9ar0§/ (1965) utilizing the data collected during International

Indian Ocean Expedition (HOE), examined the moisture budget and found that

evaporation from Arabian Sea to be the main contributor for summer monsoon

rainfall. Saba and Baz/adeléar (1973) using additional upper air data concluded that

70% of moisture flux from the south Indian ocean accounts for the bulk of

moisture needed for summer monsoon rainfall. The intraseasonal variations of

moisture budget have also been examined by several scientists (G/20:/9 er al 1978

and Cadet and Re:/erdin 1981). \X/hile the importance of evaporation over the

Arabian Sea is suggested by G/90$/2 et al (1978) and Mum/éami at al (1984), the role

of cross equatorial flux has been emphasized by Cadet and Rezrerdin 1981; H022//and

and Szlédar (1983) and Sad/auram and Rame:/1 (1988). Most of these studies suggest

that the cross equatorial moisture flux provides an important source of moisture

for the Indian Summer Monsoon rainfall though the evaporation from the

Arabian Sea is quite significant. The monsoon activity is directly linked to the

amount of moisture is transported to the Indian subcontinent during the

monsoon period. Active periods of rainfall are characterised by stronger low
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level flow directed to Indian subcontinent transporting more moisture in to the

Indian subcontinent between latitudes 5°N to 15°N. During break and weak

rainfall periods, the low level flow is diverted to equator and hence the moisture

is transported south of the Indian peninsula, leading to below nonnal rainfall
over India.

The importance of the Arabian Sea, which acts as a moisture source, and its role

in the onset and maintenance of summer monsoon have been studied by

M0/9dfl§j1 et a/. (7983). Moisture availability and advection by prevailing

monsoonal wind are precursors of subsequent rainfalls over the Indian

Continent. In a series of studies, M0/yang et al (7983, 7994, 2002) tried to

establish the relation of moisture and surface heat budget over the Indian seas to

the Indian summer monsoon. It has been found by Cadet and Greta (7987) that

the moisture flux entering through the western coast is positively correlated with

the coastal rainfall. For June, July, August and September, the amount of

moisture crossing the western coast was estimated as (1.5, 2.7, 1.5 and 0.37) X

1012 Kg. The volume of water precipitating over the land by estimation from the

ISMR normal was (1.95, 3.0, 2.3 and 1.7) >< 1012 Kg for each of June, July,

August and September. This agreement between ISMR and moisture across the

continent indicated that a major source of moisture for the ISMR was

transported across the western coast (Va/sa/a and Léeda, 2005). Correlation

between the ISMR anomalies and the Arabian Sea moisture convergence

anomalies is 0.46, much higher than that between the moisture transport and the

moisture convergence (0.25) in their study. The high correlation found between

the ISMR and convergence anomaly in the study of Va/ta/a and I/éeda (2005) also

indicates that the moisture anomalies arising over the Arabian Sea has a

significant contribution to the subsequent rainfall.
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A possible reason of the moisture divergence and suppressed convection over

the Arabian Sea are speculated to be related to the existence of the high sea level

pressure (SLP) anomaly over the Arabian Sea. The usual breaks in ISMR often

occur following a propagation of high SLP anomalies from the eastern Indian

Ocean to the west as fast moving Rossby waves. From the modeling

experiments Krz'r/man er al (2000) proposed that the life of the high SLP increases

as the background westerly winds dominant over the westward propagation of

the Rossby waves.

In a diagnosis study of surface wind vector patterns in the Arabian Sea to a

degree of great detail, Haévem and W0z'ce5/gyn (7999) showed that eastward

expansion of the Somali jet raised the intensity of surface wind convergence

and, consequently, increased the amount of integrated cloud liquid water in the

eastern Arabian Sea, which, presumably, influence the rainfall of the west coast

of India. J“/we/a (7975) suggested colder SST anomalies over western Arabian

Sea tend to reduce monsoon rainfall over India. The important factor in

explaining the fluctuations in monsoon circulation and precipitation rate is the

air—sea interaction (Saba 7974). SST anomaly may influence Monsoon rainfall

through their effects on evaporation and the resultant moisture transport Meek!

1997; C/mag and Li 2000). A large amount of water vapor is carried from over

the ocean to the monsoon region by the Asian Summer Monsoon flow. The

water vapor transport, therefore, is greatly affected by the monsoon circulation,

which in turn has a significant influence on the rainfall in the monsoon region.

The possible effects of the SST anomaly as postulated by several workers (viz.

Saba, 7970a, la, 7974) may be qualitatively described as follows: 1) Warmer SST

anomalies and stronger winds may cause higher evaporation and the monsoon

current may be more moist and unstable. Colder SST anomalies may cause
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higher surface pressures and less evaporation over the Arabian Sea and this may

reduce the cross-equatorial moisture flux and thus reduce the rainfall over India.

3) Higher pressures over the western Arabian Sea and lower pressures over the

eastern Indian Ocean may set up east-west circulation.

Moisture availability and advection by prevailing monsoonal wind are precursors

of subsequent rainfalls over the Indian Continent. In a series of studies, M0/yang

er al (7983, 7994, 2002) tried to establish the relation of moisture and surface

heat budget over the Indian seas to the Indian summer monsoon. A contrast is

made on meteorological fields over the Indian seas between tl..e extreme

monsoon years (WET vs. DRY) based on monthly reanalysis data sets of the last

42 years (Mobangz er al 2002). They reported a statistically significant region

between air sea fluxes and wind over the Arabian Sea in the pre and summer

monsoon epochs. For a last few decades, relative contributions of moisture

from the Arabian Sea and cross-equatorial flow to the Indian summer monsoon

have provided a controversial topic (Harlem-az‘/2 and Lamb 1980). The importance

of the Arabian Sea, which acts as a moisture source, and its role in the onset and

maintenance of summer monsoon have been studied by M0/yang)» er al (1983).

During the summer monsoon epochs, large scale moisture convergence usually

occurs below 800 hPa, and moisture turns into clouds above 800 hPa as

explored by Mobangjz er al (7983 Thus, the surface moisture convergence yields

accumulation of water in the low level of the atmosphere.

The physical processes by which the Indian Ocean responds to intraseasonal

forcing are the same as those of the Pacific, but differences in the background

conditions have a large influence on the oceanic effect. The shape of the Indian

Ocean basin has an important effect because it is closed in the northern
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subtropics. In the Pacific (or Atlantic) equatorial Kelvin waves reflect along the

eastern boundary to coastal signals that propagate poleward; as a result

intraseasonal wind forcing is lost to the tropics in those basins. In the Indian

Ocean, by contrast, coastal waves are directed into the Bay of Bengal (and from

the Bay around the southern tip of India into the Arabian Sea), providing an

important source of remote forcing to the off-equatorial tropics originating in

equatorial winds (Potemm et al 7997; McCreag1 ez‘ al 7993; Sc/sort at al 7994;

Somqyaju/24 et al 2003; Yu 2003

From the earlier studies it has been shown that the role of moisture, surface

temperature and the geographic coastal boundaries of the northern Indian

Ocean in modulating the climate of the Indian region during monsoon. This

necessitates investigating the role of Arabian Sea rather the remotely brought

moisture in distributing and modulating the climatic features over Indian

Region.

In this study, a regional climate model RegCM3 has been used to study how the

water vapour flux through the southern and western boundaries (as defined in

the following section) to the Arabian Sea affects the climate of Peninsular India.

The moisture through the western and southern boundary of the model domain

were shut down in two different sensitivity experiments while keeping the

evaporative flux from the Arabian Sea surface unaltered. Thus the difference in

the control experiment and sensitivity experiments give an indication whether

the moisture flux from the Arabian Sea surface can compensate, to an extend,

the moisture reduction in the monsoon flow through lateral boundaries at the

south and west. The parameters such as Vertically integrated moisture, moisture

transport, precipitation and surface air temperature, which is having a direct
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effect from moisture in the atmosphere has been studied for three contrasting 

years. 

6.2 MODEL DESCRIPTIONS 

The Regional Climate Model RegCM3 used in the present study is originally 

developed by Giorgi el 01 (1993 a, b) and then augmented and described by Giorgi 

and AJeanJJ (1999) and Pal el al (2000). The model includes cumulus 

parameteriz:uion schemes, large-scale precipitation scheme, planetary boundary 

layer (PBL) parameterization, surface vegetation soil hydrology package, the 

Biosphere-Atmosphere Transfer Scheme (BATS), Ocean flux parameterization, 

pressure gradient scheme, explicit moisture scheme, the radiative transfer 

scheme and the ocean-atmosphere flux scheme. 

The model was set up as in the previous chapter. So details are not mentioned in 

this section. 

.. 
Fig. 6.1 the model domain for the experiment and control run. 
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Fig. 6.2. The Landuse Data used in the RegCM3 model for the experiment and Control Run 

6.3 OBJECTIVES 

During the period of the Asian summer monsoon (ASM), a large amount of 

water vapor is brought to the Asian continent by the monsoonal flows. 

However, the origin of the water vapor carried by the streams is uncertain, and 

there are two possible kinds of source. One is the contribution from some 

distant sources out<;ide the monsoon region due to the large-scale flows. Some 

Literature (Li 1999; Dillg 2004) suggest that the water vapor source of the ASM is 

in the oceanic regions of the Southern Hemisphere or the Arabian Sea, as most 

of the monsoon region in summer is a moisture sink (i.e., evaporation is less 

than precipitation). The second kind of water vapor source is the evaporation of 

water vapor when the low-level monsoon flows pass over the oceans. 

The objective of this study is to determine whether the monsoon rainfall over 

India during boreal summer is mainly associated with the distant sources due to 

the long-distance transport of water vapor by the low-level monsoonal streams, 

or with the water vapor provided by the adjacent oceans. 
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6.4 DATA AND METHODOLOGY

In this study, RegCM3 has been used for simulating the Indian summer

monsoon circulation and associated rainfall for three characteristic years with

and without moisture advection through the Western and Southern boundaries

of the model domain. The lateral boundary conditions for wind, temperature,

surface pressure and water vapor are interpolated from 6 hourly NCEP

reanalysis. The terrain height and land-use data for the given domain are

generated from the United States Geographical Survey (USGS) global 5 min

resolution terrain and land-use data. The original weekly averaged optimum

interpolated Sea Surface Temperature (OISST) available from the National

Oceanic and Atmospheric Administration (NOAA) for the whole year is

horizontally interpolated into the specified domain and also in each time step for

the model integration. The model domain covers the area approximately 50° E

to 110° E and 5° S to 40° N with a horizontal grid distance of 60 km. The grid is

defined on a Normal Mercator Projection. The CONTROL Run results are

compared with GPCP precipitation and NCEP winds (shown in the previous

chapter; Fig. 5.3 & 5.4). The difference in wind vectors and precipitation for the

CONTROL Run and the Experiments (EXP_\X/B-CTL and EXP_SB-CTL) are

analyzed to get a spatial perspective of the results. In this study, a control

simulation is made over the domain and topography as shown in Fig. 6.1 & 6.2

6.4.1 CONTROL EXPERIMENT
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In the control Run the model was integrated for five months from May to

September for three years 1996, 1997 and 2002, which are considered as the three

recent typical years designated as wet, normal and dry for peninsular Indian rainfall.

The lateral boundary conditions are updated and supplied every 6 hours into the

model and the time step of the integration has been kept at 150 seconds. The

model resolution is 60 km.

6.4.2 SENSITIVITY EXPERIMENT

In this study we design the sensitivity experiments such that the moisture

advection through the lateral boundaries through which the monsoon flow

fetches moisture to the subcontinent are cut down for successive experiments.

Since during the summer monsoon season, the zonal flow is southwesterly,

moisture advection through south and west lateral boundaries of the model

domain are closed for different experiments. They are termed as EXP-SB and

EXP-WB respectively. In the third experiment the moisture through West, East

and South boundaries were shut down (EXP-AB). Despite letting moisture

though the boundary, the values at the model domain boundary are relaxed

through a buffer zone of eight model grids. All the experiments are conducted

for three years. The model is integrated from May to September for each of

these experiments. The frst month is taken as the spin up time for the model.

The rest four months averaged to get the seasonal averaged values of Vertically

Integrated moisture, precipitation and air temperature.

6.5 RESULTS

Fig. 6.3a indicates while shutting down the moisture over the southern

boundary, that the vertically integrated moisture over peninsular India still

increases. This means that the Arabian Sea acts as a source region for the

137



‘Chapter 6 P _g g Irgf/aefce qf I ndian Ocean M0z'i'ture arr C/2'/zzgqte 0fPenz'n.rz//ar India

moisture. But while the western boundary has been closed, there is a decrease in

the total column moisture over the entire peninsular India and Arabian Sea. But

over Bay of Bengal, the compensation of moisture by evaporation is higher in

both the experiments. The anomaly of peninsular Indian and west coastal

precipitation for the EXP-SB is positive (Fig. 6.4a). But for EXP-WB, there is a

large decrease in the western coastal region and Arabian Sea (Fig. 6.4b). Similarly

the southeastern coastal region and Bay of Bengal also experiences a reduction

in the precipitation. The rainfall which has an orographic component over the

west coast of India suffers a reduction when the western boundary moisture has

been shut down. For the EXP-AB, similar results are observed for moisture

except a redistribution of the anomalies over the Bay of Bengal.

Fig. 6.5. shows the surface air temperature difference for the three experiments

for the year 1996. The air temperature over the landmass has been reduced for

EXP—SB, while for EXP-WB the air temperature over the pathway over the

Indian subcontinent has reduced. Similarly for EXP-AB also there is a sharp

decrease (1.50 C) in the temperature over Peninsular India and Bay of Bengal.
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Fig. 6.3. The difference (EXP-CTRL) in thc \'erlically integrated moisturc seasonally aycragcd 
for June to September 1996 for (a) EXP-S8, {h) EXP-\'('B and (c) EXP-AB 
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Fig. 6.4. Differcncc (EXP-CTRL) in the seasonal mean precipitation (mm/ day) for June to 
September 1996 for (a) EXP-SB, (b) EXP-WB and (c) EXP-AB 
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Fig. 6.5. Difference (EXP~CTRL) in the seasonal mean surface temperature for June to 

September 1996 fo r (a) EX P-S8, (b) EXP-\'{'B and (c) EXP-A B 
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Fig. 6.6. The difference (EX P-CTRL) in the \'crtically integr.ucd moisturc seasonally a\'eragcd 

for June to September 1997 for (a) EXP-S8. (b) EXP·\X/B and (c) EXP-AB 
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As in the case of 1996, for 1997 also shows increase of Total Column moisture

for EXP-SB (Fig. 6.6). A supporting feature could also be seen in precipitation

(Fig. 6.7a, 6.7b and 6.7c). Though there is spatially a large reduction in

precipitation, the southern Peninsular India south of 12° N experiences an

increased rainfall in the two experiments. This has an implication that the

southern peninsular India is fed significantly by the moisture flux over the

Arabian Sea and Bay of Bengal. A reduction in the moisture field is associated

with more evaporation from the Oceanic region in the experiment domain and

eventually a decrease in the surface air temperature (Fig. 6.8). In the three

experiments conducted for the year 2002, the vertically integrated moisture is

having similar patterns as that of the other years, with an increase in the

moisture over peninsular Indian region for the EXP-SB (Fig. 6.9a) and increase

over Bay of Bengal and adjoining coastal regions for EXP-WB and EXP-AB

(Fig. 6.9b and 6.9c). But the excess in the peninsular Indian rainfall has

decreased over Western coast and oceanic region (Fig. 6.10). A simultaneous

reduction in the air temperature also is noted (Fig. 6.11).

The vertically integrated moisture transport has also been analysed for the three

years. In all the three cases, the western boundary experiment and southern

boundary experiment showed divergent anomalies over peninsular India and the

western coastal region. For the EXP-AB, the anomalies are even stronger and

the convergent pattern over Bay of Bengal and Arabian Sea has weakened too.

Over the southern Peninsular India, for the EXP-AB, Weak anomalies shows

that the moisture transport over this region is compensated by evaporative

moisture from the adjacent oceanic regions (Fig. 6.12c). The main difference in

these three sets of experiments is that the EXP-\X7B and EXP-AB moisture

transport anomaly vectors with almost double the magnitude than the southern
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fi~. 6.8. Difference (EXP-CTRL) in the seasonal mean su rface temperature for June to 

September 1997 for (a) EXP-SB, (b) EXP-\V8 and (c) EXP-A B 
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Fig. 6.9. The difference (EX P-CTRL) in the vertically integrated moisture seasonally a\'craged 
for June to September 2002 for (a) EXP-SB, (b) EX P-\V13 and (c) EXP-AB 
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Fig. 6.\0. Difference (EX P-CTRL) in the seasonal mean precipitation (mm/day) fo r June to 
September 2002 for (a) EXP-5B and (b) EXP-WB and (c) EXP-AB 
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... ' ......... 
Fig. 6.11. D ifference (EXP-CTRL) in the seasonal mean surface temperature for June to 
September 2002 for (a) EXP-SB, (b) EXP-\V8 and (c) EXP-AB 

Fig. 6.12. Difference (EXP-CTRL) in the horizontal moisture transport for June to September 
1996 fm (, ) EXP-SB. (b) EXP-WIl ,nd (c) EXP-AB. 
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Fig. 6.13. Difference (EXP-CIRL) in the horizontal moisture tnmsport for June to September 
1997 fo, (,) EXP-SB. (b) EXP-WB ,nd «) EXP-AB. 

~ 

Fig. 6.14. Difference (EXP-CIRL) in the horizontal moisture tnnsport for June to September 
2002 fo, (,) EXP-SB. (b) EXP-WB ,nd «) EXP-AB. 
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Fig. 6.15 the Hm'moUcr diagrams of daily Precipitation longitudinally a\'eraged for 7()J-8SIJE 
fo r a period of June to September 1996 for (a) Control Run , (b) EXP-SB, (c) EXP-\VB and (d) 
EXP-AB. 

boundary experiment (Fig. 6.12-6.14). Another feature that is to be pointed out 

from the analysis is that over the southern peninsular India, the moisture 

transport anomalies are relatively low. The moisture di\'ergent anomalies over 

the western coastal and Arabian Sea region are marked with highly reduced 

values of precipitation, especially in the EXP-\'\fB and EXP-AB. 

In order to analyze the intraseasonal variations in the precipitation due to this 

experiments, longitudinally averaged (70-850 E) precipitation for the monsoon 
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season is represented in Hovmoller plots (Fig 6.15-6.17). There is a clear

indication that the intraseasonal variation in the peninsular Indian rainfall is

sensitive to the moisture advection through the western and southern boundary

of the model domain. The analysis shows that for a WET year 1996, the reduced

moisture in all the experiments has redefined the spatial (meridional) and

intraseasonal distributions in the rainfall over peninsular India during active

months (Iune and july, see Fig. 6.15). For the EXP-AB, for the WET year 1996,

the southern peninsular rainfall has increased (6.15d) while for the normal and

DRY years the precipitation has decreased (Fig. 6.16d and 6.17d).

For normal year 1997, the distribution of rainfall has not varied much in time or

region, but obviously the amount has decreased considerably. Here also, during

]une and July, there is a sharp decrease in the precipitation. For the year 2002

which is typically a dry year, the western boundary experiment shows a large

decrease in the precipitation during the first half of the season (Fig. 6.15 and

6.17). This has an implication that during the first half of the monsoon season

(during _]une and july), the rainfall depends heavily on the moisture advected

through the boundaries of the domain and later depends on local moisture

sources from the adjacent oceanic regions.
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Pig. 6.16. The Ho\·m6Uer diagrams of daily Precipitation longitudinally averaged for 70"-85" E 
for a period of June to September 1997 for (a) Control Run, (b) EXP-SB, (c) EXP-WB and (d) 
EXP-AB. 
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Fig. 6.17. The Hm"moller diagrams of daily Precipitation longitudinally averaged for 7U'-8soE 
for a period o f June to September 2002 for (a) Control Run, (b) EXP-SB, (c) EXP-\'(.'B and (d) 
EXP-AB. 

6.S CONCLUSION 

In the study using the Regional Climate model RegCM3, the effect of absence of 

moisture in the low-level monsoon flow through the western and southern 

lateral boundary of the model domain on the Vertically Integrated moisture. 

precipitation, surface air temperature and integrated moisture transport are 
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studied. The southern boundary experiment EXP_SB showed that when the

moisture influx to the domain through the southern boundary was shut down,

still there is an increase in the vertically integrated moisture over the peninsular

India for the wet year 1996, normal year 1997 and dry year 2002. But for the

western boundary experiment, EXP_WB, the integrated moisture has

substantially reduced implying that the total column moisture is mainly fed by

the western boundary stream rather the compensation by evaporation from the

Arabian Sea or the meridional transport through the southern boundary. The

greatest decrease in moisture fields is for the wet year 1996 and the lowest

change is for the dry year. There is sharp decrease in moisture over the Arabian

Sea also. For precipitation also greatest decrease is seen for the wet year. Over

the Western Ghats and the Adjoining Arabian Sea there is negative anomaly for

precipitation for all the three years. Surface temperature anomaly patterns

observe a decrease in temperature where the moisture was anomalously low.

This could be due to the fact that the dry air allows for greater evaporation and

thus facilitating cooling in surface temperature. The Vertically Integrated

moisture transport anomaly vectors for EXP__\X/B are double the order of

magnitude larger than the EXP__SB implying a more significant role of moisture

through western Arabian Sea than moisture advected meridionally through

southern boundary.

The intraseasonal variability in the zonally averaged precipitation over

Peninsular India shows that the precipitation pattern and its distribution in time

have been mostly modified for the wet year. In all the experiments the

EXP_\Y/B showed reduction in precipitation for the first half of the season

owing to the reduced moisture.
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CHAPTER 7

SUMMARY AND CMONCLUSIONH  H

The Doctoral thesis focuses on the factors that influence the weather and climate

over Peninsular India. Major outcome of the thesis is summarized below:

Vertically Integrated Moisture (VIM) from surface to various levels over the

peninsular India for different seasons was studied for the period 1950-2004. The

wavelet spectrum of VIM during the summer monsoon (lune-August) and post

monsoon (September-November) showed an eleven~year mode of variability. The

spatial extend of this mode of variability for different seasons was analysed using

Fast Fourier Transform (FFT) of the VIM for the region 200$-50°N and 0-160° E.

The spectral power corresponding to 10 and 11 years for the winter season 

December, ]anuary and February-  show high values over the Peninsular

India and extending over Bay of Bengal to Indo-China peninsula. This also has a

southeastward spread towards Indonesian region. Similar analyses for September,

October and November (SON) season show high spectral power for 12-year

period over Peninsular India. The spectrum for]une, July and August  season

shows highest spectral powers concentrated over regions other than Peninsular

India.

The variability of this mode is studied quantitatively using the Empirical

Orthogonal Function (EOF) analysis of VIM over the same region. The

amplitude for DJF of first EOF shows similar patterns as that of the FFT power

corresponding to 11 years over the aforesaid area. The second EOF shows

patterns as that of the spectral power for 10 years over the southern Peninsular

India region. The first EOF gives 21.2% of the total moisture variability over the



C/Jqpler 7 p  up p W_  up 5140272151131 and Cqrgc/pmion

study area, which corresponds to 11-year mode, and the second EOF gives 12°/o,

which corresponds to the 10-year mode. For SON season, the EOF analysis

shows that the first EOF corresponds to 12 years but with negative phase and

explains a variability of 19.4%.

A possible association with moisture and air temperature in connection with solar

activity is also suggested by computing the correlation of monthly solar flux and

tropospheric air temperature along vertical sections of 80° E and 10° N. The

meridional cross-section shows that in the northern hemisphere up to 25° N, the

correlation extends down to about 850 hPa whereas for the zonal cross section

the correlations are significant up to 800 hPa in the eastern hemisphere. Thus it

seems that the influence of solar flux on the tropospheric temperature be the

driving force behind the principal modes of variability.

The wavelet analysis of PCs of VIM for various seasons and various years shows

that the intraseasonal variability in the integrated moisture over the Arabian Sea

and Peninsular India is around 16-24 days. The EOF patterns show that the third

greatest variability over the Indian domain regarding the VIM is over the Arabian

Sea and Peninsular India, though the variabilities account for a small percentage.

Spectral analysis of seasonal VIM shows significant intraseasonal variability in the

12-32 days band and the principal modes of variability in the EOF analysis shows

zonal coherence over peninsular India and adjoining Seas.

The wavelet analysis of high frequency removed KSMR showed a significant

mode of decadal variability corresponding to 11-12 year period. The cross-spectral

analysis of subdivisional rainfall over peninsular India also showed spectral peeks

at a decadal frequency scale. Significant correlations were obtained between 4-year

running mean Indian summer monsoon rainfall and F 10.7 for concurrent time

(lagO), lag1 and lag2. A positive relation is observed over the western coastal
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region and a negative relation is noticed over the entire leeside of the Western

Ghats.

The regressed vectors between F107 and zonal wind indicate that the monsoon

flow in the months of _]uly and August is influenced by solar flux and the

convection also is very much influenced by solar flux, though there have been

significant changes in the regions and intensity in these relations after 1976.

A linear regression model was developed and tested for the seasonal rainfall

prediction of Peninsular India using immediate regional parameters such as

lower tropospheric temperature during May over the Peninsular India and

adjoining Bay of Bengal (ii) Sea Surface Temperature during the month of March

over the Mid-Indian Basin over the Indian Ocean  Zonal wind at 700 hPa

during February and (iv) meridional wind at 700 hPa during January. The period

of analysis was from 1975-2006 of which last nine years were tested against the

observed rainfall. These parameters were arrived from a larger set of candidate

predictors, which had statistically significant relation with PIR. The empirical

model could explain 77.7 °/o of the total variance in the PIR and has a RMS error

of 7.8%, BIAS of 0 mm and an absolute error of 40.2 mm. Except 2002, the

model could capture the extreme years reasonably good. It is noteworthy that in

2002, a prolonged 30-day break in summer rains had lead to an extremely dry

monsoon season whereas IMD models in use at the time had predicted normal
rains in 2002.

The characteristics of circulation and precipitation during monsoon season over

Peninsular Indian region are also investigated on the basis of the sensitivity

experiments performed by a regional climate model for the years 1996, 1997 and

2002. A recent version (V ersion-III) of National Center for Atmospheric
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i'3;....i.:»;earch (NCAR) Regional Climate Model (RegCM3) was used. The planetary

imtlndary layer scheme used is that of Holtslag, cumulus parameterization scheme

Grell, SUBEX large scale precipitation scheme and BATS ocean flux

narameterization scheme. The model was run from 1st May to 30th September

except for 2002 for which the ERA40 data is available only up to August. The first

month is taken as the spin up for the model. The next four months are taken to

study the monsoon. RegCM3 has been integrated at 60 km horizontal resolution

over the Indian domain. The experiments are carried out by changing the initial

conditions of sea surface temperature by 0.10 C steps ie. 0.1, 0.2 etc. to 1° C

maximum. The sensitivity experiments showed that the wind strength increases

significantly to the northeastern and central parts of India. The change in wind

strength is pronounced over the southern peninsula when the sea surface

temperature is increased by 0.4 - 0.70 C. The response in precipitation over the

peninsular Indian region is also studied. The monsoon circulation features

simulated by RegCM3 are compared with those of the NCEP/NCAR reanalysis

and the simulated rainfall is validated against observations from the Global

Precipitation Climatology Centre (GPCC)

The RegCM3 model successfully simulates some important characteristics of the

Indian summer monsoon such as the 850-hPa westerlies and precipitation. Even

though the observed precipitation is underestimated over Central North India and

North Eastern India, the model is found to be capable of simulating the monsoon

rainfall to a reasonable degree in both spatial distribution and quantity, particularly

the large-scale precipitation zones owing to the southwesterly monsoon flow.

The intraseasonal variability of the summer monsoon also has been captured by

the model. The results indicate that the influence of SST increase is more for

154



C[2¢pter7 __,  _ g g H p to p Summary and Cone/u.rz'0n

WET year than for normal year or DRY year. The periods of ISV is shorter in

WET year and very large breaks are observed in the DRY year.

The effect of the absence of moisture in the low-level monsoon flow through the

western and southern lateral boundary of the model domain on the Vertically

Integrated moisture, precipitation, surface air temperature and integrated moisture

transport is also studied using the RegCM3. In the southern boundary experiment

EXP_SB, when the moisture influx to the domain through the southern boundary

was shut down; an increase in the vertically integrated moisture is noted over the

peninsular India for the wet year 1996, normal year 1997 and dry year 2002. But

for the western boundary experiment, EXP_WB, the integrated moisture has

substantially reduced implying that the total column moisture is mainly fed by the

moisture through western boundary rather than the moisture by evaporation from

the Arabian Sea or the meridional transport through the southern boundary. The

greatest decrease in moisture fields is for the wet year 1996 and the lowest change

is for the dry year. A sharp decrease in moisture over the Arabian Sea is also

observed. For precipitation, a negative anomaly is noticed for all the three years

over the Western Ghats and the Adjoining Arabian Sea, with the greatest decrease

for the wet year. Surface temperature anomaly patterns are observed with a

decrease in temperature where the moisture was anomalously low. This could be

due to the fact that the dry air allows for greater evaporation and thus facilitating

cooling in surface temperature. The Vertically Integrated moisture transport

anomaly vectors for EXP__\X/B (Expt-Ctl) are double the order of magnitude

larger than the EXP._SB (Expt—Ctl) implying a more significant role of moisture

through western Arabian Sea than moisture advected meridionally through

southern boundary.

The intraseasonal variability in the zonally averaged precipitation over Peninsular

India shows that the precipitation pattern and its distribution in time have been
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tl dif d for the wet year. In all the experiments the EXP_WB showedmos y mo 1e

f the first half of the season owing to the reducedreduction in precipitation or
moisture.
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