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ABSTRACT

Observational evidence is presented to show the existence of a boreal summer

teleconnection between the Indian summer monsoon (ISM) and East Asian summer

monsoon (EASM). Based on station rainfall data, the dominant patterns of variability in

monthly and seasonal rainfall over India-East Asia region are investigated mainly

through composite analysis. The association between the midlatitude circulation and

Indian monsoon rainfall on interannual time scale has also been examined by using 54

year NCEPINCAR reanalysis data. The major results are as follows:

(1) Associated with the year-to-year fluctuation of Indian summer rainfall, a well

organized upper level teleconnection pattern is obvious over the Eurasia continent

with two anomalous anticyclonic (cyclonic) circulations in the strong (weak)

monsoon year. One center is located over West Tibet, and the other with an

equivalent barotropic structure resides in northeast Asia. This teleconnection

establishes a linkage between two monsoon systems.

(2) Within the summer season from May to September, above mentioned midlatitude

teleconnection pattern undergoes a different structure with the strongest intensity

in June and August. Hence, depending on the condition of Indian monsoon, the

'window of linkage' between Indian subcontinent rainfall and East Asian

monsoon seems to open only in June or August.

(3) On the other hand, a global anomalous wavetrain with favored longitudinal phase

has been found in the upper and middle troposphere in each summer month.

During June and August, this geographically fixed wavetrain characteristic of a

circumglobal feature coincides with the ISM-EASM teleconnection.
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Based on all these observational results, three possible scenarios are proposed to

explain the establishment of the teleconnection. And it seems that the upper level

climatological westerly jet, Indian monsoon heating and midlatitude stationary wave

activity are important factors that control the establishment of the teleconnection.

On intraseasonal time scale, simultaneous and lagged correlation statistics have been

calculated between height in northern hemisphere and convection over north India. It is

found that prior to the breakout of the convection in north India two anomalous ridges

have existed over north of Pakistan and northeast Asia, respectively. A plausible

mechanism of this interaction between the westerly flow in the midlatitude and Indian

monsoon is also briefly discussed.
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Chapterl

Introduction

In the last 20 years, the remarkable relationship and teleconnection between East

Asian summer monsoon (EASM) and Indian summer monsoon (ISM) has been revealed.

But there are two opposite schools of thoughts regarding the linkage between these two

monsoon subsystems. One school of thought suggests a seesaw behavior between the

Indian monsoon and East Asian monsoon (Oh et aI1997). Another view, which are now

more widely accepted, believes the rainfall over north China shows high positive

correlation with Indian rainfall ( Liang 1988, Guo and Wang 1988, Kripalani and

Singh1993, Kripalani & Kulkarni 1997).

1.1 Background

1.1.1 Observation of the linkage on interannual time scale

By use of the long time series of precipitation data in India and north China, Liang

(1988) has found that on the interannual time scale the summer rainfall between India

and north China has a stable and significant positive correlation, especially with a fairly

consistent occurrence of flooding and drought events in these two regions. He

hypothesized that the mechanism of the linkage is associated with the development of

the monsoon troughs in India. When the Indian monsoon flow develops, the low-level

southerly jet in north China will be enhanced simultaneously, thus causing an increase in

rainfall in these two regions.

Through the similar procedure, Guo and Wang (1988) obtained the same conclusion

about this linkage. And they attributed this behavior to the variations of the surface
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pressure over the Eurasia continent, which may enhance (weaken) pressure gradient in

East Asia and India at the same time, resulting in the strong (weak) monsoon flow in

these two areas.

Kripalani and Singh (1993) calculated the correlations coefficient between the

seasonal rainfall over India-China region and some climatic parameters, which are good

predictors for Indian monsoon. It suggested that the most dominant pattern of summer

rainfall over India and northern China is associated with the variation of the subtropical

ridge over India in April. These correlations are higher than those shown by the

subtropical ridge position over West Pacific in April or June. One possibility of this

feature may be the better influence of the ridge over India monsoon region in the later

month (particular August) when north China experiences monsoon rainfall. Another

possible reason may be that the subtropical high reduces the influence of the Indian

monsoon flow on the rainfall over the southern part of China, so Indian monsoon flow

continues to show its influence at higher latitudes.

Another important factor that should be taken into account for this linkage is the water

vapor transportation. Zhang (1999) illustrated that the water vapor supply of the Indian

summer monsoon is significantly correlated with that over the northern part of China in

summer. His analyses provided a good proof for the previous works, which indicated

that the Indian monsoon airflow and East Asian monsoon airflow over north China have

an in-phase oscillation on the interannual time scale.

Recently, based on the 120-year station rainfall data over most East Asian countries,

Kripalani and Kulkarni (2001) extended this teleconnection to the broader region.

Contemporaneous relations on an interannual time-scale reveal that the summer (June-
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September) rainfall variations over north China (Southern Japan) are in-phase (out of

phase) with Indian rainfall. However, their new breakthrough can not be completely

explained by the hypothesis proposed by past researchers. If the previous hypotheses are

true, when East Asian monsoon flow is enhanced associated with the strong Indian

monsoon, this strengthening southerly airflow can not induce the out of phase rainfall

anomalies in neighboring regions (north China and Japan). So there is a question which

needs to be addressed: Why should the relationship over remote regions (north China,

India) be more consistent with time than over close regions (north China, Japan)?

Wang et al. (2001) investigated the relationship between East Asian and Indian

summer monsoon through a different method. At first, they distinguished the strong and

weak Indian monsoon year by a dynamic index for Indian summer monsoon. Then the

composite midlatitude circulation map of strong-minus-weak Indian summer monsoon is

calculated and result showed that there are two equivalent barotropic anticyclonic

anomalies over the middle latitude of Eurasia continent. One is located over the west of

Tibetan, the other is found over the northeast China. They speculated that the upstream

anticyclonic anomaly results from sensible heat flux associated with the prominent

surface temperature anomalies over Tibetan Plateau and the downstream one over the

northeast china accounts for the seesaw rainfall pattern in north China and Japan. This

implies that the increased rainfall over north China and reduced rainfall over Japan in

association with excessive Indian rainfall is established by the large-scale circulation

anomalies over the midlatitude region. But the dynamical implication of this anomalous

circulation pattern is not clear. Hereafter, two prominent anomalous high pressure

circulations over the midlatitude region is referred to as the boreal summer teleconnection
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between Indian and East Asian summer monsoon. In present study, I will follow the idea

of Wang et al. (2001) to improve the understanding of the dynamical mechanisms that

controls the establishment of the teleconnection.

1.1.2 Observation of the linkage on decadal and intraseasonal time scale.

Besides the interannual time scale of this teleconnection, the decadal and interdecadal

scale variability was examined by some researchers. The most interesting feature

includes:

• On the decadal scale, turning points for north China summer rainfall follow those of

India about a decade later (Kripalani and Kulkarni 2001).

• Decadal-scale Indian summer monsoon shows a significant relationship with the

following winter north-south pressure gradient for lags from 7 through 10 years

(Kripalani et al. 1997).

These results were crucially limited by the lack of long time observation data. So the

reasons for this decadal variability have not been examined.

On the other hand, some studies ( Kripalani et al . 1997), on the basis of correlation

analysis between geopotential height and rainfall, suggested that three regions over the

midlatitude, northeast China, Algerian region and Caspian sea region show positive

correlation with summer rainfall over India on an intraseasonal time scale. It is likely that

the simultaneous relationship between geopotential height and rainfall could result from

the subsidence in the descending branch (Algerian and north China regions) of the

thermally direct circulation, the upward branch of which is driven by the condensation

heating associated with the Indian monsoon rainfall. However, the plausible mechanism

they proposed has not been verified.
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1.2 Basic features of teleconnection

The term "teleconnection pattern" refers to a recurring and persistent, large-scale

pattern of pressure and circulation anomalies that span vast geographical areas. It is

common for climate scientists to use this term to describe relationships in the variability

of large-scale features of the atmospheric circulation as well as tropical and extratropical

precipitation and temperatures relationships, especially those related to the ENSO

( Trenberth et al. 1998).

Many of the teleconnection patterns are also planetary-scale in nature, and span entire

ocean basins and continents. For example, some patterns (PacificlNorth America pattern)

span the entire north pacific, while others (Eurasian pattern) extend from East Atlantic to

West Pacific (Wallace and Gutzler 1981; Barnston and livezey 1987).

The frequency dependence of teleconnection patterns has been investigated in

considerable detail through analyses of time-filtered data set. Blackmon et al. ( 1984a,

1984b) reported that teleconnection phenomena could be grouped into three broad

categories.

1. Fluctuation with short (2.5-6 day periods) time scale are characterized by a

distinct baroclinic structure, with successive pressure ridges and troughs

migrating eastward through continues phase propagation.

2. The mobile teleconnection patterns associated with the intermediate (10-30

day periods) time scales exhibit a pattern of time variation suggestive an

eastward and equatorward oriented Rossby-wave dispersion, and they are

particularly active near the jet entrance regions over the continents.
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3. The geographically fixed teleconnection patterns characteristic of the time

scale much longer a month show a organized north-south oriented dipoles near

the jet exit regions over the oceans.

Based on his work, it is suggested that all primary teleconnection patterns in the

wintertime are attributed to the preferred modes of low-frequency variability of

atmospheric system and can arise a reflection of internal atmospheric dynamics.

Teleconnection patterns also reflect large-scale changes in the atmospheric wave and

jet stream patterns, and influence temperature, rainfall, storm tracks, and jet stream

location/intensity over broad areas. Thus they are responsible for anomalous weather

conditions occurring simultaneously over vast distance.

So far, at least thirteen prominent teleconnection patterns have been identified in the

northern hemisphere extratropics throughout the year in the previous studies. But the

boreal summer teleconnection, which is responsible for the linkage of northeast Asia to

India, with a well-organized east-west oriented two circulation anomalies over Eurasian

continent, can not be found from above 13 patterns. The one possible reason may be that

the teleconnectivity ( Wallace and Gutzler,1981), which is usually involved in the search

of teleconnection, can successively capture the typical teleconnection pattern with an

alternating similar intensity high and low geopotential height anomalies such as the

PacificlNorth American pattern, the West Pacific oscillation pattern and Eurasian

teleconnection pattern. However, this tool is hard to obtain the teleconnection pattern

which I preferred to study, because the circulation field of this teleconnection shows two

high pressure anomalies linked by a very weak anomalous low pressure. Moreover, most
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meteorological scientist focusing to search the teleconnection pattern in winter season or

over the Pacific and North America continent is another possibility.

1.3 Theory of teleconnection

1.3.1 Two basic mechanisms of teleconnection

Indeed, Most of the past observational and theoretical studies of teleconnection are

confined to the wintertime circulation. Dynamically, much of the observed

characteristics of wintertime teleconnection patterns can be distributed to two basic

mechanisms: (i) tropical influence through Rossby wave dispersion and its interaction

with the basic-state flow (Hoskin and Karioy 1981; Webster 1981; Lau and Lim 1984:

Branstator 1983), and (ii) extratropical normal mode arising from the barotropically

unstable basic-state flow (Simmons et ai. 1983). The former mechanism can be looked as

the external dynamical source, and the latter one is regarded as the internal dynamical

source. In fact, the tropical heat source is not the only significant contributor to the

extratropical response; other internal dynamical sources also make substantial

contributions ( Branstator 1985; Blackmon et ai. 1987). Most important, both

mechanisms are strongly influenced by the strength and location of the wintertime jet

stream.

1.3.2 Jet stream waveguide theory

In a dynamical theory study, Hoskins and Karoly (1981) presented the ray theory and

emphasized the meridional component of dispersing Rossby wave. However,

Branstator's study and a more important work done by Hoskins and Ambrizzi (1993),

showed that the low frequency atmospheric perturbation will tend to be trapped in certain

latitude band where the tropospheric westerly jets is resides because of the refractive
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effect of westerly jet stream. Consequently, strong westerly jet can act as Rossby

waveguides, which has a tendency to enhance the geographical amplitude of low

frequency fluctuation. Since the jet act to prevent the low frequency perturbation from

meridional propagation, the energy of the stationary wave is confined to the core of the

westerly jet, and is able to propagate farther along the jet before being dispersed.

The three waveguides, the North African-Asian jet, the North Atlantic jet-North

European region and the Southern Hemisphere jet, are found in north hemisphere winter

time by Hoskins and Ambrizzi (1993). All these Rossby wave propagations are

confirmed by the response of a barotropic model to localized forcing.

1.3.3 Boreal summer teleconnection over Eurasia continent

In recent years, the boreal summer teleconnection over Eurasia continent connecting

ISM and EASM suggested by Wang et ai. (2001) has been identified in the study of

stationary planetary waves. Joseph and Srinivasan (1999) have provided observational

documentation of the large amplitude stationary Rossby wavetrain induced by the heat

sources in the Bay of Bengal during the May. And they suggested that this wavetrain

following the westerly Asian jet waveguide from Asia well into the Pacific Ocean, is very

likely to influence the weather and climate along its path. Observational studies by Lu et

al (2002) have provided the horizontal structure of a teleconnection pattern in July, which

emanates from North Africa to East Asia along the westerly jet in the middle latitudes. A

linkage of the EASM to ISM, and even to the subtropical heating anomalies over Atlantic,

which is built up by the teleconnection pattern, is proposed in their paper. Enomoto (2002)

use a non-linear spectral primitive model to discuss the formation mechanism of the

Bonin high in August, which is an equivalent-barotropic, warm-core anticyclone. And
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this equivalent-barotropic ridge near Japan is formed as a result of the propagation of

stationary Rossby waves along Asian jet in the upper troposphere.

The above works generally just capture one aspect of the boreal summer

te1econnection over Eurasia, thus having limitation to give a complete view of the linkage

of the EASM to ISM.

1.4 Interaction between the midlatitude circulation and ISM

Due to the coexistence of the teleconnection pattern and the Indian monsoon

anomalous heating, it is very natural to believe that the circulation anomalies is the

response of the mid-latitude atmosphere to subtropical monsoon forcing according to

Hoskins and Karoly (1981). However, it is likely that the circulation of the middle

latitude may both influence the ISM and EASM.

A lot of works have been done to examine the influence of the midlatitude circulation

on the ISM and EASM on intraseasonal and interannual time scales. The basic

assumption of all these studies is that the monsoon is a system thermally driven by

continent-ocean contrast, and any elements that takes away the heating from the monsoon

region or mixes cold air into it will weaken the monsoon (Kripalani et al. 1997, Tao and

Chen 1987).

Kripalani et al. (1987) show some evidence for enhancing 500 hPa easterly flow to the

north of India prior to a positive rainfall anomalies over India. Alternatively, the stronger

westerlies exist prior to and during negative rainfall anomalies. And they emphasized the

role of blocking highs over central Asia to the west of Tibet as a signal of the active

monsoon over north and central India.
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We note here that there are two opposite interpretations on the link between the

teleconnection and monsoon. This study is directed toward a dissolution of this

contradiction.

1.5 Motivations and objectives

Although a lot of the observation analysis of the linkage between East Asian and

Indian summer monsoon on different time scale are finished, and quite a few hypotheses

are available, the understanding of this boreal summer teleconnection is limited. The

main obstacle for such studies is the lack of the understanding concerning the cause and

basic dynamics of this linkage. Hence my study proposes to investigate the dynamical

implication of this teleconnection between two monsoon components.

There still remain a lot of unsolved questions about the basic physical process of the

linkage between ISM and EASM. Further understanding highly depends on more

observations. In current work, I will focus on the observation analysis in order to have a

complete view about this teleconnection. The remaining questions are:

1. Does the teleconnection pattern exist in each month of the summer season? Is it

similar in each month?

2. How does this teleconnection pattern affect the rainfall distribution over China and

Japan in summer?

3. What are the possible factors that influence the establishment of the teleconnection ?

4. Does the teleconnection exist on the intraseasonal time scale?

5. What is the structure of the teleconnection on the intraseasonal time scale?

In view of above, the purpose of the present study is:
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1. Examine the teleconnection in its monthly circulation pattern and other relevant

atmospheric variables on interannual time scale by composite analysis.

2. Examine whether th'ere are significant lag or simultaneous correlations between

the anomalies in midlatitude circulation (NH) and convection over India on

intraseasonal time scale.

3. Investigate possible factors that influence the teleconnection on interannual time

scale. Propose some physical mechanisms for the establishment of the

teleconnection.
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Chapter 2

Data and Analysis Procedure

Because I prefer to investigate the teleconenction on various frequencies, I should

utilize a data set with sufficient length and time resolution to cover more time scale from

intraseasonal to interannual time scale. This chapter gives a description of the data set,

and analysis method I used.

2.1 Data

Six sets of data used in present study are as follow:

2.1.1 NCEP-NCAR reanalysis data

The major data set used in this work is the NCEP-NCAR reanalysis data on a 2.5°

x2,SO grid for the domain 0-900 N; 0-3600 E from 1948 to 2001. Zonal and meridional

wind components, geopotential height and air temperature are given at 17 standard

pressure levels (1000, 925, 850, 700, 600, 500, 400, 300, 200, ISO, 100, 70, 50, 30, 20,

and 10 hPa). Specific humidity is given at 8 levels from rooo to 300 hPa. The NCEP

NCAR reanalysis data also provides pressure and other variables at the surface. It is

considered as the most comprehensive data set for climate research.

2.1.2 OLR data

The global daily and monthly mean outgoing longwave radiation (OLR) flux data of

2.5-degree grid edited by the National Oceanic and Atmospheric Administration are also

used in this work as a measure of large-scale convective activities over tropical and

subtropical region. These data are prepared for the period from 1979 to 2001.
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2.1.3 All Indian Rainfall Index (AIR!)

A long homogeneous Indian summer monsoon (May-September) rainfall series has

been prepared for the period 1871-1998 for the whole country as one unit. Monthly

rainfall amounts for the same period for 29 subdivisions (Fig.1) over India are used.

Details of Indian rainfall are given in Parthasarathy et al. (1995). All the data is

downloaded from the website of the Indian Institute of Tropical Meteorology

(http://www.tropmet.erent.in).

2.1.4 China station rainfall data

The monthly precipitation dataset of 160 stations in China from January 1951 to

December 1999 complied by China Meteorological Administration, whose station

distribution shows that it mainly represents the eastern part of China.

2.1.5 Japan station rainfall data

For Japan, the monthly precipitation dataset of 128 stations from January 1951 to

December 1989 is prepared by Japan Meteorological Agency.

2.1.6 University of Delaware precipitation data

Another data set I used in present work is the data assembled by the University of

Delaware. They put data together from a large number of stations, both from the GHCN

(Global Historical Climate Network) and more extensively, from the archive of Legates

& Willmott. The result is a monthly climatology of precipitation and air temperature,

both at the surface, and a time series, spanning 1950 to 1996. It is land-only in coverage

and provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado,

USA, from their website at http://www.cdc.noaa.gov/

2.2 Analysis procedure

13



2.2.1 Definition of the ISM

To manifest physical process responsible for a significant interannual linkage between

the Indian summer monsoon and East Asian monsoon, I need an index which not only

can represent the convection over Indian region, but also has a close association with the

surrounding large scale circulation. Wang and Fan (1999) proposed a new dynamical

index which is defined using the difference of the 850 hPa zonal winds between a

northern region of 40-80oE, 5-l5°N. and a southern region of 60-90oE, 22.5-30oN, as the

measure of Indian summer monsoon intensity (Fig.2). They pointed out that this index

reflects both the strength of the tropical westerly monsoon and the lower tropospheric

vorticity anomalies associated with the ISM trough for the summer season on the

interannual scale. Hereafter it is referred to as the Indian monsoon index (IMI).

As we know, Indian summer monsoon experiences very strong sub-seasonal oscillation.

In certain year, when the June has an abundant rainfall, the July and August may be a

deficient month. So when I define this year by summer season IMI, a lot of atmospheric

information is hidden by the seasonal mean data. Thus, if we want to investigate the

pattern of teleconenction in each summer month, we should choose each month IMI

rather than the entire summer season IMI. But it is not clear whether the definition of

IMI is suitable for each summer month. So I will use the regression analysis to examine

the coherence between the index and the convection activities over the Indian monsoon

region from May to September.

To establish the empirical relationship between the variations in convection centers

and the environmental circulation anomalies in the Indian subcontinent, I regresses the

zonal and meridional winds at 850 hPa with respect to All Indian Rainfall Index (May-
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September). Statistically significant correlations at the 95%, 98% and 99% confidence

level for zonal wind are shaded.

One feature common to each month and entire season from Fig.3(a) to Fig.3(f), is that

a cyclonic wind anomaly in 850hPa, associated with an intensified westerlies over

Arabian Sea and a reinforced easterlies in the north part of India, exists poleward and

westward of the increased precipitation. This spatial structure of the anomalous monsoon

circulation can be understood in terms of Gill's theory (1980). In response to the

enhanced convection in the India, the 850 hPa westerly horizontal shear between Arabian

Sea (400E-80oE,7.5°N-17.5°N) and north India (62.5°E-92.5°E,22.soN-300N), which is

almost same as the definition of the IMI proposed by Wang and Fan (1999), strengthens

significantly in each month of the summer. Hence I can apply this index to measure the

Indian monsoon intensity both for summer season and each individual month (May 

September).

Using the NCEP reanalysis 850 hpa zonal wind data for the period of 1948-2001, IMI

for summer and each month from May through September is calculated. From the FigA,

it is noted that the correlations between AIRI and IMI for summer season and each month

are considerable high for the 52-year period. Another point we should notice is that the

Indian monsoon intensity always change sign from May to September in one year and the

relationship between consecutive two month and any two month index is very low. Thus,

it is necessary to utilize single month IMI to capture the extreme monsoon case in each

month.
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In the following work, when I investigate the teleconnection pattern in entire season,

the summer season IMI is used. When I want to look the performance of the

teleconnection in single month, corresponding month IMI should be used.

2.2.2 Composite technique

Since a lot of correlation was done to examine the Indian-East Asian summer

monsoon coupling, in present work, I prefer to use a simple compositing technique to

study this problem. It is important to note that the method of compositing used in this

study not only helps in inferring about the spatial distribution of the anomalies but also

provides quantitative estimates of the anomalies. It also has advantage for the model

simulation work. In general, the anomalies associated with the strong and weak monsoon

largely mirror each other. Thus, the composite strong-minus-weak monsoon will be

simply referred to as strong monsoon anomalies.

The algorithm is as follow: some atmospheric variable for those periods with IMI of

more than one standard deviation below zero are averaged. This average is then

subtracted from the average atmospheric variable for those periods with IMI greater than

one standard deviation above zero.

The statistical significance of the difference between strong and weak composites is

done using the formula on Equation (1) below, where it is assumed that the normalized

difference on the right-hand side of the equation has a Student-t distribution of

probabilities with (n, +nw - 2) degrees of freedom:

n,nw(n, + nw - 2)

ns +nw
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Where (x) indicate the composite value of variable x; S is the standard deviation of

(x); n is "the number of cases used to compute; and the subscripts sand w refer to the

strong and weak composite. Anomalies are accepted as statistically significant at the level

of significance IX if the right-hand side of (1) is greater thanta ,(n,+n
w

_2) • The statistical

significances of the composite differences are shown by shadings as indicated in the

figures captions.

2.2.3 Singular Vector Decomposition (SVD)

There are a number of statistical tools available for my purpose in the present study,

such as principal component analysis (PCA), canonical correlation analysis (CCA) and

singular vector decomposition (SVD). The latter technique, the SVD of the covariance

matrix between two fields, is an extension to rectangular matrices of the diagonalization

procedure of a square symmetric matrix, and identifies, from two data fields, pairs of

spatial patterns that explain the maximum covariance between the two fields. (Bretherton

1992). Given two time-series, the covariance matrix can be formed and expanded in

terms of left and right singular vectors. The result from the SVD of the covariance matrix

may be used to evaluate the closeness of the two time-series, because the leading singular

value provides a measure of the cross-correlation of the two data series. The use of SVD

means that the linear combinations of the left (right) data series and the left (right)

patterns will have maximum covariance. These features make SVD a powerful and

appropriate tool for the statistical inter-comparison of two distinct data sets.

2.2.4 Time filter scheme

In the present study I will investigate Indian-midlatitude coupling on 2 different time

scale: intraseasonal and interannual time scale. First, I will subdivide the low-frequency
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year-to-year fluctuations into two categories: the 54 year (1948-2001) monthly or

seasonal mean anomalies are decomposed into interannaul and interdecadal components.

The former is simply represented by the Fourier harmonics with periods ranging from 2

to 8 years, while the latter contains all harmonics with periods longer than 8 years.

On the other hand, several different temporal filtering schemes were applied to the

summer daily data, in order to examine the fluctuations in different ranges of frequencies

on intraseasonal time scale. Most of the work on an intraseasonal scale is based on

individual case studies, while the purpose of this study is to consider 23-summer (1979

2001) data as a whole and to determine possible interaction between the midlatitude flow

and Indian monsoon heating. Hence, I objectively examine the relationship between

midlatitude circulation and OLR over India on a subseasonal time scale during the

summer period. The summer season is defined to be the 92-day period from 1 June

through 31 August.

Firstly, I should separate the intraseasonal variability from the long term variability

and any trends in data. A 23-summer averaged, least-squares parabola was removed from

the unfiltered data, in order to remove the climatological mean annual cycle. Then, the

mean of each season is removed in order to eliminate interannual variability. Finally, the

5-day average time filter and lO-day average time filter are applied to the daily data to

remove the high frequency variability and reduce data volume.
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Chapter 3

Structure of the teleconnection in summer

The structure and role of the boreal summer teleconnection linking the Indian and East

Asian summer monsoon on interannual timescale are described and discussed in this

chapter.

3.1 Spatial connection with IMI

To present an overall picture of the spatial connection between the Asian summer

monsoon rainfall and Indian monsoon, the University of Delaware precipitation data is

used to make composite map of strong-minus-weak with reference to the summer season

IMI and June, July, August IMI, respectively. This spatial pattern of contemporaneous

connection is shown in Fig.5. Most of extreme rainfall center is statistically significant at

the 95% confidence level (figure not shown).

Figure5(a) reveals that in summer season (JJA), within the Asian monsoon regime,

rainfall variations over.central India, north China, south China, Indochina Peninsula, and

east Indonesia are in-phase with IMI, the region over northeast India, east china, Korea

and Japan are out of phase with IMI. Correlation maps with reference to the Indian

monsoon rainfall yield very similar results (Kripalani and Kulkarni 1997). Thus, the IMI

seems valid for the objectively classifying strong Indian monsoon and weak Indian

monsoon years. And it is evident from these test results that the compositing scheme used

in this study is appropriate for describing the interannual scale aspects of linkage between

ISM and EASM.
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In June, associated with the strong Indian monsoon rainfall (Fig.5b), the East China

region lying between Yellow River Valley and Yangtze River Valley has enhanced

precipitation and south China has below normal rainfall in the same time. When India

experience a wet month in July (Fig.5c), the East China between 300 N and 400 N has a

dry month and part of north China receive more rainfall. When Indian summer monsoon

has a peak in August (Fig.5d), the sandwich rainfall pattern dominates in the East China

with increased rainfall in north China and south China, deficient rainfall in between.

Associated with the abundant rainfall in India in each individual summer month, most

parts of Asian monsoon regime except East Asia has similar anomalous rainfall pattern.

All this suggests that the circulation anomalies over the East Asia downstream from India

have different structure with respect to the increased Indian precipitation in each

individual month. Therefore, these major circulation anomalies will cause distinct

anomalous rainfall distribution in East Asia.

3.2 Circulation structure of teleconnection

Since the strong and weak Indian monsoon years are already categorized, in this

section I will show in detail how and to what extent the ISM is linked with EASM in

summer season.

To deduce the dominant patterns of multi-level circulation change over the north

hemisphere related to the fluctuation of the Indian summer monsoon, the circulation

composite map of strong minus weak IMI is calculated using the NCEP reanalysis

geopotential height data of 54-year period (1948-2000 in 3 levels(200 hPa,500 hPa and

850 hPa).
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Fig.6 displays the composite map of circulation. When taking a look at the anomaly

circulation pattern from high level (Fig.6a) to low level (Fig.6c) over the whole north

hemisphere, it turns out that during a strong ISM, a ciucumglobal wave train with 5

prominent anomalous high exist in the midlatitude region around 40oN. Each anomalous

high has equivalent barotropic structure except the cell with baroclinic structure over the

west of Tibet, which indicates the role of Indian monsoon heating. Since the impact of

the Indian monsoon rainfall on the atmospheric variability on a global scale is beyond the

scope of this thesis work, in the following part, I just focus on the circulation anomaly

over the Eurasia continent.

At 200 hPa (Fig.6a), South Asian High over west of Tibetan plateau is enhanced and a

westward-moving 'tail' elongates to the Atlantic Ocean. At low level (Fig.6c), a cyclonic

anomaly located over the broad region from Arabian Peninsula to the Indian subcontinent.

The baroclinic structme of the local circulation anomaly associated with strong ISM can

be explained by the Gill's classical theory (Gill 1980). That is, the diabatic heating in the

Indian monsoon region can induce a Rossby-wave pattern with baroclinic structure to the

west.

Over northeast china, a prominent equivalent barotropic anticyclonic anomaly is found.

And this anomaly circulation pattern is the key system to induce the increased rainfall

over northern china and reduced rainfall over Japan in association with excessive Indian

rainfall (Wang, et at 2001).

3.3 Maps of geopotential correlation with rainfall over key regions

Another approach that has proven to give insight is one-point correlation. To search

objectively for connection between the midlatitude flow patterns and precipitation over
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the Indian subcontinent, correlation coefficients between the north hemisphere high level

(200 hPa and 500 hPa) height and All India Rainfall Index are computed for 52-year

period (1948-1999). Statistically significant correlation at the 95%, 98% and 99%

confidence level are shaded. Fig.7 show the spatial distribution of the correlations

obtained through the above procedure for concurrent period. The first maximum

correlation center lies over Afghanistan around 35°N, 600 E in high and middle level. The

second center lies near the northeast China around 40oN, 125°E. The spatial distribution

of correlation in Fig.7 is quite similar to the boreal summer teleconnection revealed by

the composite map of Fig.6.

Based on the observational evidence obtained by compositing technique and

con"elation analysis, it is suggested that the variations of the geopotential height over the

west of Tibetan Plateau and northeast Asia are in-phase with the oscillation of the Indian

summer monsoon. Meanwhile, it may be preferable to say that the circulation pattern

changes in the middle and high latitude related with variation of ISM described here is

responsible for coupling of the Indian and East Asian summer monsoon.

On the other hand, when I calculated the correlation coefficient between the

geopotential height of the first maximum correlation center in Fig.7 with the 29 blocks of

All India Rainfall Index, in Fig.7 the arrow heads suggest that the rainfall variation over

north-west part of country has strongest relationship with the circulation change over the

midlatitude region. That is, the latent heat source released by the rainfall anomaly over

the north-west India is easier to excite the wave-like boreal summer teleconnection than

the heating of the other area. Possibly, the anomaly high of midlatitude is an important

element to produce rainfall in the north part of country.
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3.4 Temperature field of teleconnection

Rodwell and Hoskins (1996) proposed that the diabatic heating resulting from the

Asian monsoon rainfall induces a Rossby-wave pattern to the west and eventually results

in enhanced adiabatic descent and desertification over remote eastern Sahara and the

Mediterranean. Following their study, Liu and Yanai (2001) found that the summer

seasonal aU-Indian rainfall has significant positive correlation with tropospheric

temperature (200 hPa-700 hPa) over western Eurasia and southern Africa.

Motivated by their studies, I calculated the strong-minus-weak composite field of

tropospheric temperature with respect to IMI at 10 levels from 100 hPa to 850 hPa for

1948-2001 using the NCEP reanalysis data. The composite patterns (Fig.8) in the upper

troposphere are more organized than those in the lower troposphere. From 200 hPa to 400

hPa, there are east-west elongated bands with consistently anomaly warming covering

broad region of Eurasia. Another well-organized anomaly warming center is located over

the northeast China in lower troposphere.

Compared with the circulation composite in Fig.6, the positions of two strongest

warming centers in northern hemisphere are consistent with the anomaly high over west

of Tibet and northeast Asia. Liu and Yanai (2001) proposed that the warming zone west

of the Tibet is a result of the anomalous subsidence and thermal advection, dynamically

induced by anomalous tropical heating associated with the enhanced Indian monsoon

rainfaU. The significant positive SST anomalies in the East Asian marginal seas and the

Kuroshio extension (Fig.9), which is induced by two possible processes, will heat the

lower troposphere through the boundary layer and maintain the barotropic structure of

anomaly high over northeast Asia above the surface warming (Wang et ai, 2001).
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In the light of consistence between the warming center and anomaly high pressure, it is

implied that a self-maintain system between the anomaly high and the increased warming

has some contribution for the establishment of the coupling of two monsoon components.

3.5 Rainfall distribution of teleconnection

The spatial pattern of rainfall anomaly in India and China during strong ISM is

presented in this section. Over India Peninsula (Fig.lOa), northwest and central India

receives more rainfall, whereas a negative anomaly exists in north-east part of India. This

pattern may represent a strong relationship between the interannaul variation of Indian

monsoon and the intraseasonal variability of the ISM. As pointed out by Krishinan et al

(1999), on the subseasonal timescale, the Indian summer monsoon undergoes periods of

enhanced and reduced rainfall activity over a large region in central and north India and

these intraseasonal variations are termed "active" and "break" monsoon phases.

Associated with the position of the monsoon trough, an out-of-phase oscillation between

the central-northwest India rainfall and northeast India rainfall occurs during the

transition between the break and active spell. The similarity between the spatial pattern of

rainfall anomaly during monsoon active period and the strong-minus-weak composite of

IMI (Fig. lOa) on interannual time scale suggests that, the summer season of strong

monsoon year experience prolonged duration of active monsoon situation over the

northwest and central India.

In Figure lab, one positive rainfall anomaly area exceeding 30mmlmonth exist around

north China and the other much stronger negative anomaly region is located over the

lower Yangtze River Valley. All of the features in the composite 160 china stations
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rainfall and Indian 29-block rainfall of strong-minus-weak IMI well agree with the results

summarized from the whole Asian monsoon rainfall composite (Fig.3).

Note that the positive rainfall anomaly in north China is not very prominent as the

result obtained by the previous correlation analysis. One reason may be that past

researchers used the consecutive 3-monthly rainfall data for the months of June, July and

August to calculate the correlation coefficients. When I use the summer mean rainfall

data to make the composite, due to the month-to-month abrupt northward jump of East

Asian monsoon rain belt, a lot of anomaly rainfall signal cancel each other to make the

result not very significant as I expected. Thus, it is necessary to investigate the

association between Indian and East Asian monsoon in individual summer month.
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Chapter 4

Structure of teleconnection in individual summer month

The main purpose of current study is to investigate the dynamical process of the

linkage between the rainfall variation over northeast Asia and India. Unfortunately, the

summer seasonal data did not show that the north China receives pronounced excessive

rainfall than the other region. Therefore, to determine which system dynamically induce

the more rainfall in north China and less rainfall in Japan, I should separately identify the

individual month anomalous circulation pattern with respect to the enhanced rainfall over

India defined by the each month IMI. For example, the strong-minus-weak composite of

IMI of June just depicts the teleconnection pattern corresponding to the India heating in

June on the interannual time scale. This step also gives an answer of whether the

teleconnection is similar in each month of summer.

4.1 Circulation pattern of teleconnection in respect to the each month

I~I(~ay-SepteD1ber)

Initially, by using the IMI of May, year-to-year data can be grouped into two

categories: the year with strong convection over India in May and the year with weak

convection in May. Strong-minus-weak composite map of circulation with reference to

the IMI of May is shown in the figure11. For May, the local response of the circulation

with baroc1inic structure west of India is prominent. But the downstream cell of the

circulation over the northeast Asia does not exist. In May prior to the onset of the Indian

summer monsoon, the most intensive convection center is located over the Bay of Bengal

rather than the India subcontinent. Hence, the IMI obtained by regressing 850 hPa zonal
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wind with respect to the all-Indian rainfall which is land-only coverage, is hard to capture

the strongest convective center of May in the whole Indian monsoon regime. There is

suggestion that in May when the India experience a wet month, the impact of the strong

convection on the land is hard to be linked with the variation over the northeast Asia by

the large-scale circulation change.

For June, I utilize the same procedure as above except using the IMI of June. As

shown in the figure12, the wave-like circulation pattern appears over Eurasia with

considerable intensity, especially at the 200 hPa. And the circulation pattern of June, to

some extent, is similar to the summer season case (Fig.6). At middle level, a wave train

of alternating low and high geopotential anomalies emanates poleward and eastward from

the India arcing toward the northeast Asia. At 850 hPa, an anomaly cyclonic circulation

located over the Arabian Sea and another anticyclonic anomaly is prevalent over the east

coast of China around 25°N. Consequently, the equivalent barotroipc anticyclone over

the East Asia will exhibit pronounced influence on the local monsoon system. All these

results demonstrate that the boreal summer teleconnection can be established in the June.

The geopotential height anomalies in figure13 show the disappearance of the

downstream anomaly cell during the strong Indian monsoon in July, although the

upstream anomaly high also exists in the west of the Tibetan plateau.

Observed significance changes in the atmosphere circulation for the strong August

Indian monsoon involve the boreal summer teleconnecton again (Fig. 14), so that there is

deeper and northward shifted anomaly high pressure over the northeast Asia, which is

speculated to advect warmer and moister air along the east coast of china and into north

China and colder air over the Japan. As a result, there are increases in rainfall over north
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China but decrease in rainfall over Japan, as well as the changes in temperature over two

regions. Meanwhile, in Fig.14c, over the South Asia, a strong east-west oriented cyclonic

circulation anomaly band is located in the low level, with one center over the Indian

Peninsular and the other one above the South China Sea basin.

Finally, September case (Fig.l5), which is analyzed in the same manner as the other

month, exhibits that in high level two anomaly geopotential high centers connect each

other to compose an elongated zonal band prevailing over the whole continent. At 850

hPa, there is not a pronounced circulation anomaly system over the northeast Asia. Hence

the enhanced Indian monsoon of September, will hardly connect to the changes over the

remote monsoon component in East Asia due to the relative weak low level anomaly flow,

although the anomaly circulation in the upper troposphere is built up.

The composite charts described above emphasize the different performance of the

teleconnection associated with the anomaly heating over the India in each month from

May to September. In general, depending on the peak of the Indian monsoon, the

"window of linkage" between Indian and East Asian monsoon seems to open only in June

or August. In other words, when Indian monsoon has a strong convection in June, the

connection between the India and East China is very robust. When India experiences a

wet time in August, the north China should receive excessive rainfall. In the other month,

East Asian region is insensitive to the simultaneous change of the India monsoon due to

the ill-organized teleconnection over the midlatitude. Some considerations on the

dynamical process will be discussed in the further part.
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4.2 Rainfall anomaly in China and India in respect to the IMI of June,

July, August.

To verify the speculation of above section, China station rainfall composite map in

terms of the 1MI of June, July, August are presented in figure16. During June, the most

obvious feature is that an extensive positive precipitation belt is located over the region

between the Yangtze River Valley and Yellow River Valley around 35°N. And this

rainfall belt is partly caused by the atmospheric circulation anomaly dominating over the

east coast of China, which is recognized in the figure12. An inspection of this pattem

reveals that during June there is an in-phase oscillation between the rainfall variation over

the India and central China (35°N).

As we know, in Yangtze River Valley, the rainy period from mid-June to mid-July is

the noted Meiyu Rains. The climatological circulation field of the Meiyu Rains is

characterized by a subtropical high over the western Pacific around 120oE, 22°N.

Associated with the excessive rainfall over India, the downstream anomalous high

pressure of teleconnection will enhance the climatological subtropical high in the western

Pacific (Fig. 12), pushing normal Meiyu Rains band northward to the 35°N. However, this

relationship was overlooked by the previous researchers. It may be due of that the past

scientists did not consider the relationship between two regions in single month.

In July, due to the absence of the pronounced anomaly circulation over the East Asia, a

few of sparse significance precipitation anomaly centers are found in the whole country.

Climatologically, the August is the main rainy month with frequent occurrence of

heavy rainfalls in north china, when the East Asian summer monsoon reaches its peak

stage and the northernmost position (Ding, 1991). In this month (Fig.16c), the anomalous
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heavy rainfalls associated with strong Indian monsoon occur in north China and south

China. The sandwich rainfall pattern, with deficient rainfall in the middle of two

abundant rainfall belts, dominates the whole country. As previously indicated, the

southerly flow over the west flank of the anomaly high above northeast Asia is the key

element to transport more moisture to the north China. A more detailed interpretation of

the August case is presented later.

When I now turn to examine the rainfall anomaly in India (Fig.I7), it is noteworthly to

state that all the three month composites show an excessive rainfall region over central

and west coast of India and a dry region over the north-east tip of the country. In addition,

in June, above-normal rainfall anomaly covers large part of the central India from 200 N

to 30oN. However, in July, most of pronounced increased rainfall is confined to the

region south of the 25°N. In contrast, enhanced rainfall anomaly of August can approach

the north border of the country and has a strong center near 30oN.

Fig.18 shows the composite map of NCEP reanalysis rainfall data for each month

(significance map not shown). All the rainfall patterns over the land, to some extent, are

consistent with what has been found in station rainfall data composite chart. Further, it is

important to recognize that all the three month composite fields show that the

precipitation over the South China Sea is a phenomenon strongly connected with the

rainfall changes over the India monsoon region (more strongly in August) on interannual

time scale. This may be a clear evidence of the interaction between the ISM and

convection over South China Sea.

4.3 Lagged relationship between ISM and Japan rainfall
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Over Japan, it is noted that the rainfall anomalies of all stations in June, July and

August is statistically insignificant at the 95% confidence level and have small values,

suggesting the simultaneous linkage between ISM and Japan in each month is not robust

or true as I speculated in the previous work. We should recall here that by use of summer

seasonal mean data, Kripalani (2001) suggested that there is a seasaw behavior between

ISM and Japan rainfall on the interannual time scale. So one question arises, as to why

the simultaneous out-of-phase oscillation between ISM and Japan rainfall on interannaul

time scale can not be reflected by monthly data but the seasonally mean data? One

possible reason for this discrepancy may be that the relationship between Indian monsoon

of certain month and Japan rainfall of the later month is robust.

After extensive search, two pronounced delayed negative relationship between two

countries is found. One occurred between the Indian monsoon of June and the Japan

rainfall in July. That is, when India experiences a wet time in June, at the same year the

south Japan has a dry month in the July. This relationship is verified by the lag-composite

map of July NCEP reanalysis data (Fig.19b) and station data (Fig.19a) in respect to the

IMI of June. To facilitate comparison, the station data composite map just shows the

station with significant difference on 95% confidence level.

The other delayed-linkage occurred in the same manner except between the August

Indian monsoon and September Japan precipitation (Fig.20). In contrast, this August

September lagged coupling is more prominent than the June-July case. Although the

cause of this delayed relationship is not clear, it is postulated that the teleconnection

pattern, which simultaneously bridges the ISM and east China rainfall in the June and

August, is one of possible physical factors relating to the lagged linkage. On the other
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hand, the lagged relationship between India and China does not exist between any two

months, suggesting that the simultaneous rainfall variation over two countries is the

dominate mode.

4.4 Teleconnection in August

4.4.1 Moisture transport anomaly in August

The in-phase oscillation between the Indian and north China rainfall occurs most

frequently during the month of August. The equivalent-barotropic anomalous high of

teleconnection in the northeast Asia provides more moisture to the north China and

produce a positive rainfall anomaly in that region. Then, an attempt will be made to

examine the detailed process, which induces the link of precipitation between these two

regions.

Moisture transport and budget are closely related to monsoon activity. A large amount

of moisture brought into the monsoon region with monsoonal airflows, provides a

necessary condition for the possible occurrence of monsoon precipitation. In the moisture

budget equation, the moisture flux divergence is an important term to influence the

precipitation amount. Therefore, significant attention should be paid to the moisture

transport over Indian and East Asian monsoon region. I will use the following set of

vertical integrals of water vapor flux (Q. and Q~) and precipitable water (Wm ) equation

to diagnose the anomalous moisture supply over two monsoon areas under the condition

of the strong Indian monsoon in August:

1 P

JQ. =- uqdp,
g 100
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(4)

where u, v and q reference the each level zonal wind, meridional wind and specific

humidity, respectively. p, denotes the surface pressure.

Fig.21(a) shows the strong-minus-weak composite field of the moisture transport

integrated from the surface to 100 hPa in respect of the IMI for August. The divergence

of the anomalous water vapor flux is indicated by the shading area. In August, associated

with the enhanced convection over the India, 3 anomalous maximum moisture transport

cells driven by the circulation anomaly are located in Indian, Northeast Asian and

Southeast Asian monsoon regions, respectively. All these anomalous moisture flux cells

attain a 95% confidence level (Fig.22). 3 prominent moisture convergence centers,

indicating the sink of moisture, which correspond to the rainfall anomaly pattern in

Fig.18(c), are found over the same areas.

The increased moisture supply in India is mainly governed by two branches of airflows:

one coming from the Arabian Sea, lifted by coastal terrains, induces pronounced positive

rainfall along the northwest coast of country, and the other stretching from the Bay of

Bengal to the north part of India, results in the noticeable enhanced rainfall in the north

border of India.

A clockwise moisture flux vortex is seen over the northeast Asia. On the western side

of the cell, the southeasterly inflow provides more moisture to the north China.

Previously, it was argued by some researchers that the increased moisture over the north
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China mainly came from the excessive moisture of Bay of Bengal, and this kind of in

phase variation induces the linkage of the rainfall over two areas, but this not true for

August case. It should be pointed out that for August the origin of the anomalous

moisture to north China in fact comes from the Western Pacific.

The precipitable water anomaly also have maximum center over the northwest India,

northeast China and South China Sea, respectively (Fig.2Ib). This pattern is favorable for

the occurrence and maintenance of precipitation in above three regions.

Fig.2lc is the strong-minus-weak composite pattern of 500 hPa p -vertical velocity

( ill = dp / dt) for the IMI of August, indicating a wide area of ascending motion in the

north China. To the south and north of this region, there are the descending motions. The

distribution of vertical velocity is mainly generated by the anomalous high pressure

located over northeast China. The other two salient ascending motion centers almost

correspond to the location of anomaly positive rainfall over northwest India and South

China Sea basin.

4.4.2 Northeast Asian anticyclone anomaly in Angust

As previously indicated, the build-up and maintenance of the northeast Asian

equivalent-barotropic anomalous high is the key process to link the north China rainfall

to the Indian monsoon. The correlation between the All India Rainfall Index and 200 hPa

geopential height for the month of August is shown in Fig.23. The pattern with a chain of

high correlation (>0.4) around 400 N is similar to the composite mode of geopotential.

The northeast Asia shows correlation 0.4 with the total rainfall over the India (blockl-29

of Fig. I). When I choose the rainfall over northwest India (block7-17 of Fig.!) as the

reference to calculate correlation again, the value between northeast Asia height and

34



north India rainfall attains to the 0.6. It indicates that enhanced convection activity over

the north part of India would be most closely associated with a ridge around northeast

China.

In summary, when the anomalous high is established over the northeast China, it will

block the eastward-moving upstream troughs, which are most favorable for occurrence of

heavy rainfalls, inducing the excessive rainfall in the west side of the anomalous high. In

the meantime, a southeasterly airflow at its southern flank may transport more moisture

into the middle reach of the Yellow River Valley. If there is a typhoon to the south of the

anomalous high, the easterly airflow would get further intensified and maintained

(Ding. 1994).

4.4.3 Result of singular vector decomposition

I have shown that a strong correlation exists between the August geopotential height in

the upper troposphere and the August Indian rainfall. In this part, the result of the above

correlation analysis is examined by the SVD analysis method. I apply the SVD analysis

to geopotential height data at 200 hPa and the 29-block all Indian rainfall data to explore

the coupled relationship between the upper geopotential and instantaneous monsoon

rainfall anomaly during the August. The area of the 200 hPa height field for SVD

analysis is chosen according to the correlation pattern of the geopotential with Indian

rainfall (Fig.23).

A summary of statistics for the SVD analysis is shown in Table!, in which the squared

covariance fraction (SCF), the cumulative squared covariance fraction (CSCF) and the

correlation coefficient (CC) between the time coefficients of the SVD mode in the two

fields are listed. The SCF indicates the percentage of the total squared covariance
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explained by the SVD mode and is a measure of the relative importance of that SVD

mode in the relationship between two fields. The SCF of the first SVD mode is 40.6%

and corresponding CC is 0.55. Such a large SCF value implies that this coupled mode

reflects nearly a half of the linear interaction between the rainfall and upper geopotential

height anomalies in August. The SCF and CC for the second mode are 27.9% and 0.56,

respectively, while the SCFs for other modes are all below 15%. The CSCF from the first

two SVD modes explains 68.5% of the total squared covariance and they are the most

important leading modes. For this reason I concentrate my analysis on the first two SVD

modes.

Table 1. Summary of SVD analysis

SVDmode SCF(%) CSCF(%) CC

I 40.6 40.6 0.56

2 27.9 68.5 0.56

3 12.5 81.0 0.59

SCF=squared covanance fractIOn
CSCF=cumulative squared covariance fraction
CC=correlation coefficient

Figure24 shows the first SVD mode for both geopotential and Indian rainfall. The

height pattern (Fig.24a) for the first SVD mode shows the boreal summer teleconnection

structure with positive anomalies extending from 600 N to North Pacific. Coupled with

this height pattern, a main feature of SVDI-rain (Fig.24b) is that most area of India,

especially over the northwest, are wetter, while a small portion of northeast India are

drier, than respective normal conditions. The SVDI-height spatial pattern is similar to
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that of the composite mode of the geopotential shown in Fig.14a. the SVDI-rain seems to

captnre the main features of the anomalous Indian rainfall of August.

The second pair of coupled pattern (Fig.25) also reflects the association of the positive

rainfall anomaly over the northwest or southeast India with the ridge in 200 hPa over

northeast Asia. But the wavetrain pattern is replaced by an east-west oscillation of

geopotential height field between west and far-east Asia with the node over Tibet.
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Chapter 5

Interaction between midlatitude and ISM on

intraseasonal time scale

From the above analyses, it is turned out that our observational knowledge is

insufficient to understand the exact role of midlatitude disturbance and subtropics heating.

This is due to the interannual time scale data used in these studies. To overcome this

difficulty, one may utilize other methods and data. Among them, an effective method to

identifying the role of each element is to perform cross correlation on intraseasonl time

scale.

5.1 Cross correlation map

To objectively search for connection between midlatitude quasi-stationary waves and

convection in the tropics, the correlation coefficient between the upper level height (200

hPa) at each grid point north of 30N° and the OLR of each grid point between equator

and 30N° are computed. The minimum of the negative correlation between a high level

height grid-point and all OLR points is plotted at the corresponding high level grid-point.

Similarly, the smallest negative correlation between an OLR point and entire high level

height field is plotted at the corresponding OLR point. This approach is similar to the

method used by Liebmann and Hartmann (1984). The description of the data is given in

2.2.4.

Figure26 shows the spatial distribution of the minimum correlation map obtained

through the above procedure for concurrent periods for both five- and ten-day mean data.

Almost all geophysical time series involve some degree of dependence between
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consecutive values. Hence, the effective sample size (2116 for daily data, 414 for five

day mean data and 207 for ten-day mean data) has to be adjusted. Suggested by the work

of Chen (1982), the actual number of degrees of freedom is about 200. The significant

correlation for a sample of 100 at 5 per cent is 0.2. Keeping this in view, figure26 reveals

some double head arrows connecting those points with the largest negative correlation

coefficients between midlatitude geopotential and tropical OLR. At these points, a

midlatitude ridge (trough) is associated with enhanced (weakened) convection in the

tropics. And the correlation coefficients found using ten-day mean data is generally larger

than the pentad data case.

One pair of these points located over 75Eo, which are in the same location for both

pentad and ten-day averaged data, suggests a strong relationship between the upper level

midlatitude geopotentials in the west of Tibet and the convection over the north part of

India and Arabian Sea. However, the point of OLR in tropics corresponding to the

geopotential over northeast Asia jumps from Philippine Sea in pentad case to north India

in ten-day average data. Hence, it implies that on the low-frequency band, the changes of

northeast Asia height are more closely related with the variation of convection over north

India.

5.2 Time-lag correlation

Besides attempting to establish whether any connection exists between these two

variables, particular attention has been given to determining the extent to which one

variable 'lead' another. Consideration has also been given to whether a relationship

between two variables changes over time. Accordingly, the time-lag correlation between

geopotential height field over the northern hemisphere and a 85-point averaged OLR,
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whose sign is reversed to facilitate interpretation, were calculated for daily, pentad and

ten-day averaged data, to see how the circulation pattern changes in the course of the

transition of monsoon activity. The base point covers the minimum cross correlation

value around 75Eo
, 25N° in figure26, and represents the large-scale subtropical

cloudiness pattern over north India and head of Arabian Sea.

Figure27 shows the time-lag correlation maps from Lag=-6 day (the correlation

between the OLR and the geopotential height of 6 days before) to Lag=+6 day for the

core season of Indian monsoon period (June to August) from 1979 to 2001 by use of

daily data.

As expected, at Lag=O, the pattern shows two high positively correlated areas, one is

over north of reference area and the other is located in northeast Asia. The Pattern of

Lag=-2 day (height precedes OLR by 2 days) is nearly identical with that of Lag=O. The

positive value becomes larger especially over west of Tibet, while the area of negative

values to the northwest of it also becomes more prominent. This tendency is slightly

intensified in the Lag=-4 day case. At Lag=-6 day, the whole pattern resembles that of

Lag=-2 day, but becomes weak. From the preceding to the simultaneous period (Lag=-6

day to Lag=O day), the positive correlation over northeast Asia did not experience

considerable changes. This calculation shows some evidence for the large-scale mid

latitude flow leading convection anomalies over northern India and implies the existence

of a two-anomaly high wave pattern prior to the positive rainfall anomaly.

From the simultaneous to the succeeding period (Lag=O day to Lag=+6 day), the area

of maximum correlation west of Tibet shifts further westward to Atlantic Ocean. And the

second maximum positive correlation over northeast Asia is confined in a limited area.
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In sum the sequences present a picture of a quasi-stationary wave train which

originates in midlatitude, propagates equatorward, temporarily excites subtropical

convection as it moves into the north India and then quickly drifts westward. The

resemblance of midlatitude flow over northeast Asia between the positive and negative

lags suggests that what has been captures primarily is a low-frequency contemporaneous

relationship between the north India convection and northeast Asia anomaly high. Once

the anomaly high is established over northeast Asia, some mechanisms may be involved

to maintain this system.

The evidence of pentad (Fig.28) and ten-day averaged data (Fig.29) also supports the

conclusion of a quasi-stationary wave train propagating into the north India and the low

frequency property of the northeast Asia anomalous high. The lag-correlation between

OLR and 500 hPa height reveals a similar evolution, suggesting that the midlatitude

circulation in middle and high level contributes strongly to the establishment of the

linkage between ISM and EASM.

Based on the physical meaning of the aforementioned lag-correlation pattern, the

actual mechanism for the link of precipitation between India and East Asia on

intraseasonal time scale is relative clear. Namely, prior to the establishment of link

between this two monsoon subsystems, in the midlatitude, a quasi-stationary

teleconnection pattern, which consists of two anomaly high, with one center located over

northwest of India and the other center spanning the northeast Asia between 35°N and

45°N, is generated by some unknown mechanisms. When these two anomalous high

simultaneously modulate the ISM and EASM, the concurrence of rainfall variations over

these two areas with vast distance is supposed to be seen. On the other hand, some
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positive feedbacks between the anomalous high and local anomalous rainfall will

maintain and even reinforce this pattern.

Although the MIO and other intraseasonal oscillation originated from the equator are

very important rainfall producing mechanisms for the ISM, the potential influence of the

midlatitude height on the north India is revealed. Therefore, on intraseasonal time scale,

the Indian summer monsoon is influenced by the disturbance not only from equator but

also from midlatitude. Possibly, some rainfall events over India are caused by the

interaction between the influence from the north and the south.
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Chapter 6

Discussion

In the previous section, I have demonstrated the different phase of the boreal summer

teleconnection and coupled ISM-EASM system from June to August. Now the questions

are how is the ISM-EASM teleconnection established on interannual time scale? And

why the interplay between midlatitude and monsoon is not consistent in whole season?

These changes in the interaction between large-scale circulation and monsoon from one

month to another were merely mentioned in past study. The differences of the

teleconnection among 3 months are probably due to the different distribution of the

anomalous rainfall over the India region, or vice versa. Therefore I will focus on the

relationship between the rainfall of India and midlatitude circulation in this chapter.

In contrast to the wintertime mean flow, the summertime mean flow has very different

large-scale circulation patterns, characterized by a relatively weak, and northward

displaced, westerly jet stream. Ambrizzi et al (1995) extended the theoretical and

observational work of winter waveguide to boreal summer case, and found a weak

circumglobal waveguide belt around 400 N in the north hemisphere, which will help

teleconnection to maintain its life span and strength.

6.1 Scenario 1: role of Indian monsoon heating

Due to the possible two-way interaction between the teleconnection and ISM, in first

stage, given the possibility that teleconnection is excited by Indian monsoon heating, the

impact of ISM is investigated. The scenario is explained as follows. The convection over

India initially excites an anticyclonic anomaly in the upper level over the northwest of
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India which disturbs the westerly flow and generates a successive downstream anomaly

high along the jet stream through Rossby wave propagation. The anticyclonic anomaly

over northeast Asia will bridge EASM and ISM.

The climatological zonal wind (200 hPa) and the strong-minus-weak composite of

Indian monsoon rainfall and atmospheric circulation (200 hPa) for each month are put

together to give a combination picture (Fig.30).

In June(top panel), the Asian westerly jet stream in the upper troposphere exceeding

30m/s emerges from North Africa and extends northeastward to the North Pacific. Its axis

is located over the Eurasia continent around 35°N in nearly zonal direction. A prominent

wave anomaly associated with the strong Indian monsoon following this westerly jet is

seen in the upper troposphere. It has wavelength of 60° to 70° longitude and has a large

amplitude. And a long 'tail' of anomaly high pressure stretch westward from the source

region along the Asian jet toward the head of the jet. Main anomalous heat source regions

are also identified from the distribution of the Indian monsoon rainfall anomaly. The zero

line of 200 hPa zonal wind is indicated with the dot line. It is suggested from this multi

variable figure that the monsoon heat source anomaly is located in and around the mid

latitude westerlies during June. And the forcing located in the midlatitude westerlies can

contribute the generation of Rossby wavetrain (Hoskins and Karoly, 1981).

The differences in behavior of stationary waves between June and July have been

noticed in the previous section. The teleconnection wavetrain disappears in high level

during July except a weak local response residing in the north of source region.

Additionally, the disturbances tend to be arch shaped and thus have prominent meridional

structure. The Observation of Fig.30(b) revealed that in the July the mean zonal wind of
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upper level has a weaker intensity and moves northwards to 40oN, correspondingly, the

zero-wind line in low latitude also moves northwards. Meanwhile, the main area of India

rainfall anomaly is in the south of the zero-wind line. It can be anticipated that the longer

distance of the heat source to mid-latitude westerlies in July would produce a weaker

Rossby response in the northwest side. And the disappearance of the wavetrain is may be

attributed to the northward shift and decay of the westerly jet, which is not strong enough

to lead the Rossby wave propagation along the jet.

For comparison, I show the structure of stationary wave and distribution of Indian

monsoon rainfall anomaly, which has some active centers located in the westerlies, for

the month of August in Fig.30(c). It can be seen from Fig.30(c) that the circulation

anomaly of August is similar to the case of June except that the first cell over 600 E is

weaker. Patterns of upper level variability near the climatological jets tend to

meridionally confined to the vicinity of the jets and consist of anomalies organized in

chains that emanate from the source region to the date line in the zonal direction. This

establishment of teleconnection circulation may be due to either the westerly jet, with a

greater magnitude than that in July, over the whole continent, especially over the north

China and Mongolia, or stronger mutual influence between the midlatitude westerlies and

Indian heating source.

As mentioned above, under the mean wind condition of June, in addition to the

eastward development of a wavetrain, a westward-moving 'tail' of anomalous high

stretches out from the local response of the Indian heating to the north Africa. In the other

two months, this phenomenon does not exist. Part of explanation suggested by Hoskins

and Ambrizzi (1993) is perhaps that on the left side of the local anticyclone anomaly
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associated with Indian heat source, low vorticity air from the south is advected in,

producing a vorticity anomaly of the same sign as the local one. Hence an upstream

extension of the forcing anomaly is generated and induced circulation is drastically

broader than the forcing anomaly. This mechanism is particularly effective in June when

the jet stream core is in coincidence with the center of the initial anomaly high. However,

in the July and August, the anomalous negative vorticity extreme is not very strong and

located on the south fringe of the jet core.

From June to July, a northward jump of westerly jet from 35N° to 40N° takes place in

an abrupt manner. Closely related with the position and intensity of climatological

westerly jet flow in each month, the teleconnection is established and the disturbance will

propagate along the waveguide to the downstream region. This strong relationship is

revealed by the overlap between the wave train and jet stream over northeast Asia and

North Pacific in June and August.

6.2 Scenario 2: role of internal dynamics of the mid-latitude jet stream

Although the potential importance of the subtropical influence on midlatitude is clear,

the effect of the midlatitude on the tropics is also very important (Libemann and

Hartmann, 1984). The second possible scenario is proposed as following. The

teleconnection pattern over Eurasia continent is generated by some kinds of internal low

frequency variability of atmosphere rather than the external forcing from ISM. Two

anomaly high of the teleconnection, with one is over west of Tibet and another is in East

Asia, will simultaneously influence the local monsoon system to establish a linkage

between this two monsoon components in June or August.
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To verify this idea, the correlations between geopotential height at 3 levels (200 hPa,

500 hPa and 850 hPa) and the average 200 hPa height from 55°E to 75°E, 32.5°N to

400 N (denoted by a solid box) are investigated. The reference region represents the points

of largest anomaly high around 600 E in the summer composite mode (Fig.6a).

In 200 hPa and 500 hPa (Fig.31, Fig.32), a significant circumglobal wavetrain located

about 40N° exists from June to September. northeast Asia shows high correlation of 0.6

with the reference point in each month. At low level (Fig.33), the cyclonic vortex is clear

over the Arabian Sea and Indian subcontinent. It is worthwhile to note that all the vortex

in this wavetrain have the equivalent barotropic structure except the one over the base

point, which displays a baroclinic structure, indicating the role of the monsoon heating.

Additionally, in the upper level, these circulation anomalies associated with troughs

and ridges can be traced to upstream region from base point, suggesting the influence

from Europe and Atlantic. Therefore, the vortex west of Tibet may not be looked as the

initial perturbation of mean flow to generate the wave-like pattern. Interestingly, a

successive low and high anomalies over northwest of India indicate the possible energy

propagation from midlatitude to the subtropics.

For May and October, the pattern has a dramatic change and the wave-like structure

disappears (figures not shown). By contrast, for a base point in the nearby location at

same latitude, the circumglobal wavetrain is replaced by some ill-organized correlation

maximum centers (figures not shown). All these calculations suggest that within the

boreal summer waveguide from June to September, variability tends to be composed of a

zonal wave-5 feature with favored longitude phase. One phase of this pattern is the boreal
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summer teleconnection connecting the EASM and ISM with two pronounced cells over

west of Tibet and East Asia.

It seems that a series of quasi-stationary troughs and ridges over 40N° existing from

June to September is not only affected by ISM but also influenced by certain low-

frequency variability of atmosphere. In June and August, the good agreement between the

correlation pattern and composite mode of the circulation indicates the strong relationship

between the ISM and internal property of the midlatitude atmosphere. However, the

obvious difference in other two months implies that the jet-trapped vortex chain is

disconnected with the monsoon heating in July and September.

6.3 Combination of scenarios 1 and 2

Based on observational evidence and two scenarios proposed in the beginning, a

compromise interpretation is postulated that the passage of an upper-level anticyclonic

anomaly west of Tibet results enhanced convection over India. Since this is also the

•
region of the subtropics that gives the midlatitude response when forcing is applied, it is

possible that the India summer monsoon conversely enhance this anomaly high and

farther downstream anomaly vortex. In July, since Indian precipitation is far from

westerly jet, the longitude location of atmospheric response to the monsoon heating is

different from the situation of June and August. Hence, the response of the atmosphere

can not fit the favored longitudinal phase of the initial wave train to reinforce it.

Consequently, the teleconnection pattern of July is just governed by the heating of the

Indian monsoon and different from the other month.
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Chapter 7

Summary and future work

By use of Indian summer monsoon index, a study of the teleconnection between Indian

summer monsoon and East Asian summer monsoon on interannual time scale has been

carried out. The main results of the present study are summarized in the following.

(1) Based on the seasonal mean data, it is revealed that in the strong Indian summer

monsoon year, a teleconnection pattern consisting of two anomaly highs in the upper

level , with one center located over west of Tibet and the other barotropic anticyclone

residing in the East Asia, is obvious. It is believed that this teleconnection pattern is often

responsible for abnormal weather patterns occurring simultaneously over India and East

Asia and the intensity of teleconnection pattern is closely related with rainfall amount in

the northwest border of India. In contrast, the reverse phase of the teleconnection is quite

true in the weak Indian monsoon year.

(2) To examine the difference of the ISM-EASM linkage within summer more

precisely, the circulation and monsoon rainfall anomalies for each month is investigated.

It is clearly demonstrated that the teleconnection pattern is well-organized in June and

August, which is similar to the summer mean case. And its position is mainly governed

by the location of climatological upper level westerly jet stream. This feature might imply

the direct impact of jet stream waveguide on the building of the teleconnection via

Rossby wave propagation. However, in July, the wave-like teleconnection pattern is not

obvious, suggesting the disconnection of Indian monsoon and East Asian monsoon in this
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month. The breakdown of linkage in July may be due to the relative weak stream or

Indian monsoon heating center being located further away from jet stream.

(3) In June, when India has an above normal precipitation, associated with the position

of the upper level westerly jet, the downstream anomalous high of the teleconnection is

located over east coast of China around 25N°. As a result, the subtropical high over West

North Pacific is enhanced and the accelerating southerly flow in the west flank of

subtropical high will push the normal rainfall belt northward to the region between

Yangtze River Valley and Yellow River Valley. Therefore, in June the rainfall variations

over East China around 35°N is closely related to the Indian monsoon anomalies.

(4) During August, climatological upper-level jet stream migrates to the region around

40oN. Associated with the increased rainfall in India, an anticyclonic circulation anomaly

with barotropic structure is generated over northeast China near 40oN, owing to the

northward shift of the teleconnection pattern. The dual role of this anomaly high should

be emphasized: blocking the eastward-propagating upstream troughs and producing a

southeasterly low-level jet to its south that may transport moisture into the middle regions

of the Yellow River Valley. Thus, this anomalous circulation is believed as the key

system to link the excessive rainfall in north China to strong Indian monsoon in August.

(5) In addition, two pronounced lagged negative correlation between Indian monsoon

and Japan rainfall are found. When India has increased rainfall in June (August), in the

next month, south Japan experiences a dry spell, in spite of Indian monsoon condition in

July (September).

(6) By using the one-point correlation analysis, a circumglobal jet stream wave train

with favored longitudinal phase is observed from June to September over north
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hemisphere. And part of this wave train pattern is similar to the teleconnection, which

links the EASM and ISM in June and August. It turns out that this wave train is not only

affected by the Indian monsoon heating but also by the influence from upstream region.

These evidences imply that in June and August the response of atmosphere to the

monsoon heating coincide with the circumglobal wave train pattern, therefore these two

patterns combine together, but in the other two months, due to the dislocation of the

monsoon heating, the phase of atmospheric response shift eastward so that two patterns

can not reinforce each other. Based on the ideas above, one of interesting possibility is

that the teleconnection pattern connecting the EASM and ISM in June and August is very

likely to be initially triggered by the influence from midlatitude region over Europe and

then the anomaly high over west of Tibet tends to enhance the Indian monsoon, which

will in turn excite a similar teleconnection pattern to reinforce the initial one, through

Rossby wave dispersion. Hence, this teleconnection is sensitive to the upper level

climatological westerly jet, Indian monsoon heating and midlatitude wave activity.

(7) On the other hand, a search is made for lag-lead relationships between the

convection of India and upper level midlatitude circulation patterns using intraseasonal

time scale data. These results show that the midlatitude circulation, to some extent, leads

. the convection over the north India. In other word, a significant precursory of strong

convection over north India with two anomalous upper level ridges has existed over the

west of Tibet and East Asia, respectively. And once the ridge over northeast Asia is

established, it will be trapped in the limited region and maintain for few days. Moreover,

a kind of low frequency variability is the element of the interaction between the ridge of

northeast Asia and Indian monsoon. Hence, a plausible mechanism of the interaction
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between the monsoon and midlatitude on the intraseasonl time scale is proposed. Pre

existent two anomalous upper level ridges, with one over west of Tibet and the other

around northeast Asia, will simultaneously influence the rainfall in the each monsoon

subsystem. Further, the latent heat released by the rainfall and other positive feedback

will be involved to maintain this system. Although the finding of the study based on the

intraseasonal data does not conflict with the hypothesis of the establishment of the

teleconnection on the interannual time scale, how to use the intraseasonal evidence to

explain the interannual variability is also unknown.

The complexity of the interaction between the teleconnection and the Indian monsoon

heating remains several interesting problems deserving further study.

(1) What is the actual mechanism of the circumglobal wavetrain which exists from

June to September in northern hemisphere? To what extent can the ray theory

(Hoskins and Karoly, 1981) and barotropic instability theory (Simmons et al., 1983)

be applied to this pattern?

(2) How does the anomaly high over west of Tibet enhance the convection over north

India on intraseaonal and interannual time scale?

(3) How is the lagged relationship between Japan and Indian monsoon established?

(4) Is it possible that the linkage of EASM and ISM is generated by the other remote

system beside the teleconnection, such as ENSO?

The discussion made in this paper is limited in a qualitative sense, since the results

were derived preliminarily from some statistical analysis. Dynamical process of

teleconnection should be examined more quantitatively in detail in the future work. From

this viewpoint, the simulation of the teleconnection by using numerical model is required.
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Energetics analysis and instability analysis will also be helpful to understand the

establishment of the boreal summer teleconnection over Eurasia continent.
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Figure 1: Map showing the 29 subdivisions of All Indian Rainfall Index.
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Figure 2: Schematic diagram for the definition of Indian summer monsoon circulation

index, IMI. Shaded box indicates the region for the rainfall index, CIl. The solid boxes

denote regions where the zonal winds are used to define the Indian summer monsoon

circulation index (Wang et ai. 2001).
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Figure 3: Regression coefficient of 850-hPa wind (vectors in mls) with AIRI in (a)

swnmer season (JlUle-August), (b) May, (c) JlUle, (d) July, (e) August, and (t) September.

Shading denotes regions ofzonal wind regression at 95%, 98% and 990,/0 confidence level.

Solid boxes denote regions where the zonal winds are used to define the Indian monsoon

circulation index (refer to the text for details)
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Figure 4: Time coefficients of AIRI (solid line) for (a) summer (JJA), (b) May, (c) June,

(d) July, (e) August, and (f) September of 1948-1999. For comparison, the normalized

IMI of summer and each month (1948-2001) are plotted on corresponding panel using

bar charts. Values in panel are the correlation between two indices.
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Figure 5: Composite difference of (a) summer (JJA), (b) June, (c) July, and (d) August

rainfall (mm/month) between the strong and weak monsoon years with respect to the

corresponding IMI. The rainfall data cover 1951-1996.

58



o

fnt:5m

int:l0m

GOW120W

120W

180120EGOE

(0) IMI(JJA) strong minus weok hei'ilht(200hpa)

90N~~~~~~~-40
80N

70N

60N

50N

40NiiE
30N

20N
r-~-----"~':--'

ION

[Q .j.o-..L..----<:-6::-!o--E------il:L.c..,~2~OE~-----:-1"!'"80=-----.:.:.....,-:.20~W-:--Jl.....--l..L-~~l...-------:I.0

(b) IMI(JJA) atrong minus weak heigM(500hpa)

90N~~~~~~~80N

70N

60N

50N

40N

30N

20N

ION

EO 0 GOE 120E 180

(c) IMI(JJA) strong minus weak helght(850hpa)
90N

80N

70N

GON

50N

40N~~~/;~

30N

20N

ION

EO 0

95" 98" 99"
Figure 6: Summer (JJA) composite difference of geopotential height on 200 hPa (a), 500

hPa (b) and 850 bPa (c) between strong and weak monsoon years with respect to the IMI

of summer. The contour interval for the height is 10m (200 hPa, 500 bPa) and 5m (850

hPa). Shading denotes regions ofdifference at 95%, 98% and 990./0 confidence level.
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Figure 7: Maps ofcorrelation coefficients of (a) 200 hPa geopotential height and (b) 500

hPa geopotential height at grid points with respect to AIRI ofswnmer (JJA) during 1948

101999. Isolines are at intervals of0.1. Correlations in (a) and (b) that are significant at

95%, 98% and 990.10 confidence levels are shaded. Arrows indicate a geographical center

ofstrong relationship between geopotential height and Indian rainfall.
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Figme 8: Summer (JJA) composite difference of tropospheric temperature between

strong and weak monsoon years with respect to the IMI of summer at 10 levels from 100

hPa to 850 hPa for 1948-2001. Shading denotes regions of difference at 95%,98% and

990./0 confidence level.
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Figure 9: Same as in Fig.8 but for the skin temperature.
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Figure 10: Summer (JJA) composite difference of Indian (a) and China (b) station

rainfall between strong and weak monsoon years with respect to the IMI of summer. The

contour interval is 10 mm1month for China and 30 mm/month for India. Shading denotes

regions ofdifference at 95%, 98% and 990,/0 confidence level.
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Figure 11: May composite difference of geopotential height on 200 hPa (a), 500 hPa (b)

and 850 hPa (c) between strong and weak monsoon years with respect to the IMI of May.

The contour interval for the height is 10m (200 hPa, 500 hPa) and 5m (850 hPa). Shading

denotes regions ofdifference at 95%, 98% and 99% cOlifidence level.
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Figure 12: Same as in Fig.11 but for June.
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Figure 16: Composite difference of (a) June, (b) July and (c) August China station

rainfall between strong and weak monsoon years with respect to the each month IMI

during 1951-2000. The contour interval is 20 mm/month. Shading denotes regions of

difference at 95%, 98% and 99% confidence level.
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Figure 17: Composite difference of (a) June, (b) July and (c) August Indian station

rainfall between strong and weak monsoon years with respect to the each month IMI

during 1948-1999. The contour interval is 30 mm/month. Shading denotes regions of

difference at 95%, 98% and 990;'0 confidence level.
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Figure 18: Same as in Fig.17 but for the NCEP reanalysis rainfall during 1948-2001.
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Figure 19: Lagged composite difference of (a) July Japan station minfall (mm/month)
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years with respect to the IMI ofJune
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Figure 20: Same as in Fig.19 but for the composite of September rainfall with respect to

the 1MI ofAugust.

73



0.003

0.0025

0.002

0.0015

0.001

0.0005

-0.0005

-0.001

-0.0015

-0.002
l50E90E8CE70E60£E~OE

20N

10N~~~

JON

(0) IMI(August) strong minus weak water yapor transportation
60Nr-''''''~-'''''''''''''''''''''''''M-''''''----~-------~~=::::::>'I

50101

(b) 11.t1(August) strong minus weok precipitable woter
6ONT-'-....~.......;.--:;.----'---'----------:;;:=""..

140E

3000 Kg/(s.m)

ION

95% 98% 99% 95% 98% 99%

Figure 21 : August composite difference of (a) water vapor transportation, (b)

precipitable water and (c) P-vertical velocity between strong and weak monsoon years

with respect to the IMI of August. In (a), the divergence of water vapor transportation is

plotted in shading. In (b) and (c), Shading denotes regions of difference at 95%, 98% and

99% confidence level. For (b), positive contours are solid and negative contours dashed.
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Figure 22: Same as in Fig. 21(a) except that the shading denotes regions ofdifference at

95%,98% and 990,/0 confidence level for (a) zonal component ofwater vapor flux and (b)

meridional component ofwater vapor flux.
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Figure 23: Correlation coefficients between August 200 hPa geopotential height at each

grid points and (a) AIR! and (b) north part of Indian Rainfall during 1948-1999. Isolines

are at intervals of 0.1. lsolines with absolute value above 0.27 are significant at 95% level

(shading).

76



(0) first SVO mode for height(200hpa)
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Figure 24: First singular vector decomposition mode for (a) August 200 hPa geopotential

height and (b) August Indian rainfall.
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Figure 25: Same as in Fig.24 but for the second singular vector decomposition mode.
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(a) cross-correlation between gh(200hPa) and OLR by pentad data
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(b) cross-correlation between gh(200hPa) and OLR by ten-day average data
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Figure 26: Contours of the maximum negative correlation, obtained by correlating the

geopotential height at points north of 300 N with OLR at every point between the equator

and 30~, are plotted in the region north of 30oN; contours of the maximum negative

correlation, obtained by correlating the OLR at points between the equator and 300N with

geopotential at every point north of 30oN, are plotted between the equator and 300 N.

Pairs of points responsible for the largest correlations are connected by heavy lines.

Correlations are calculated from the intraseasonal variability of (a) five- and (b) ten-day

means.
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Figure 27: Correlation of daily 200 hPa height field with a 85-point average OLR

(denoted by solid box) from height leading OLR by 6 days to height lagging OLR by 6

days. Positive contours are solid and negative contours dashed. The sign is reversed to

facilitate interpretation.
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Figure 28: Correlation of five-day average 200 hPa height field with a 85-point average

OLR (denoted by solid box) from height leading OLR by 15 days to height lagging OLR

by 15 days. Positive contours are solid and negative contours dashed. The sign is reversed

to facilitate interpretation.
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Figure 29: Correlation of ten-day average 200 hPa height field with a 85-point average

OLR (denoted by solid box) from height leading OLR by 10 days to height lagging OLR

by 10 days. Positive contours are solid and negative contours dashed. The sign is reversed

to facilitate interpretation.
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(c) IMI(August) strong minus weak height(200hpa), Indian rainfall

-0---

80N..------------------------------,

70N

601'1

501'1

40N

301'1

20N

ION

EO-l---..---....----r--..---.........--..---.........--..---.........--.....--=====I
o 20E 40E 60E BOE 100E 120E HOE 160E 180 160W 140W

95% 98% 99%

Figure 30: Schematic diagrams showing the major 200 hPa circulation anomalies
(contour in m) accompanied with climatological 200 hPa zonal wind (mls) during a
strong Indian monsoon in (a) June, (b) July and (c) August. The circulation anomalies
derive from the strong-minus-weak geopotential height composite of IMI for each month.
The difference with absolute value above 40m is plotted. The westerly jet with the
magnitude greater than 20mls is shown in color shading. The dot line indicates the zero
zonal wind line in 200 hPa. Over India, the rainfall strong-minus-weak composite is
shown. And Shading denotes regions of difference at 95%, 98% and 99% confidence
level.
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Figure 31: One-point correlation maps showing correlation coefficient between a 36

point 200 hPa geopotential height average at 55°E-75°E,32.5°N-40oN (denoted by solid

box) and 200 hPa geopotential height at every grid point for (a) June, (b) July, (c) August

and (d) September. Contour interval is 0.1. Confidence level of correlation above 95% is

indicated by shading.
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Figure 32: Same as Fig.31 but between 500 hPa fields and a 36-point 200 hPa

geopotential height average at 55°£-75°£, 32.5°N-400N (denoted by solid box).
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Figure 33: Same as Fig.31 but between 850 hPa fields and a 36-point 200 hPa

geopotential height average at 55°E-75°E, 32.5°N-40oN (denoted by solid box).
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