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ABSTRACT 

INFLUENCE OF DECADAL VARIABILITY OF GLOBAL OCEANS ON SOUTH 
ASIAN MONSOON AND ENSO-MONSOON RELATION 

Lakshmi Krishnamurthy, Ph.D. 

George Mason University, 2012 

Dissertation Director: Dr. V. Krishnamurthy 

 

This study has investigated the influence of the decadal variability associated with 

global oceans on South Asian monsoon and El Niño-Southern Oscillation (ENSO)-

monsoon relation. The results are based on observational analysis using long records of 

monsoon rainfall and circulation and coupled general circulation model experiments 

using the National Center for Atmospheric Research (NCAR) Community Climate 

System Model (CCSM) version 4 model. The multi-channel singular spectrum analysis 

(MSSA) of the observed rainfall over India yields three decadal modes. The first mode 

(52 year period) is associated with the Atlantic Multidecadal Oscillation (AMO), the 

second one (21 year) with the Pacific Decadal Oscillation (PDO) and the third mode (13 

year) with the Atlantic tripole. The existence of these decadal modes in the monsoon was 

also found in the control simulation of NCAR CCSM4. The regionally de-coupled model 
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experiments performed to isolate the influence of North Pacific and North Atlantic also 

substantiate the above results. 

 The relation between the decadal modes in the monsoon rainfall with the known 

decadal modes in global SST is examined. The PDO has significant negative correlation 

with the Indian Monsoon Rainfall (IMR). The mechanism for PDO-monsoon relation is 

hypothesized through the seasonal footprinting mechanism and further through Walker 

and Hadley circulations. The model results also confirm the negative correlation between 

PDO and IMR and the mechanism through which PDO influences monsoon. Both 

observational and model analysis show that droughts (floods) are more likely over India 

than floods (droughts) when ENSO and PDO are in their warm (cold) phase.  

 This study emphasizes the importance of carefully distinguishing the different 

decadal modes in the SST in the North Atlantic Ocean as they have different impacts on 

the monsoon. The AMO exhibits significant positive correlation with the IMR while the 

Atlantic tripole has significant negative correlation with the IMR. The AMO influences 

the Indian monsoon through atmospheric winds related to high summer North Atlantic 

Oscillation (NAO) mode leading to enhanced moisture flow over the Indian subcontinent. 

The Atlantic tripole mode affects the rainfall over India by enhancing the moisture flow 

through the equatorial westerly winds associated with the NAO. The model also 

simulates the positive and negative relation of AMO and tripole, respectively, with the 

monsoon rainfall. The model also indicates the enhanced moisture flow over India related 

to the positive phase of AMO through the equatorial westerly flow. But, for the tripole 
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mode, the model indicates flow of moisture through the Bay of Bengal in contrast to 

observations where it is through the Arabian Sea. 

 The reason for the absence of decadal mode in IMR inherent to the Indian Ocean 

is also explored. The SSA on dipole mode index (DMI) index reveals three modes. The 

first two modes are related to the biennial and canonical ENSO at interannual timescale 

while the third mode varies on decadal timescale and is related to PDO. The wind 

regression pattern associated with the PDO-IOD mode shows northeasterly winds 

enhancing the southeasterly flow from the southeastern Indian Ocean related to the Indian 

Ocean dipole (IOD) mode. The model also shows the influence of canonical ENSO and 

PDO influence on IOD, although the variance explained by PDO mode is lower in the 

model relative to observations.  
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CHAPTER 1 INTRODUCTION AND BACKGROUND 

1.1 Introduction 
 
 

The South Asian monsoon is a coupled atmosphere, land, and ocean system 

driven by solar heating and influenced strongly by sea surface temperature (SST). This 

results in seasonal rainfall over India during June to September, a period widely known 

as the summer monsoon season. Although this phenomenon occurs during only four 

months of the year, monsoon rainfall plays a critical role in food production and human 

welfare in South Asia and has tremendous socio-economic impact. The monsoon rainfall 

is known to exhibit variability on intraseasonal, interannual and decadal time scales 

(Krishnamuthy and Kinter 2003). 

Based on observations and model experiments, Charney and Shukla (1981) 

hypothesized that the variability in the tropics is mostly due to slowly varying boundary 

conditions such as SST, soil moisture, snow cover and snow depth. Such influence of 

slowly varying components of the climate system provides optimism for long-term 

prediction of the Indian monsoon. The well-known influence of the slowly varying 

component is the strong relation between equatorial Pacific Ocean SST and the Indian 

monsoon rainfall (Sikka 1980; Rasmusson and Carpenter 1983). There are many years 

when the Indian monsoon rainfall (IMR) is below-normal (above-normal) during the 

developing stage of El Niño (La Niña). Similar to the relation between El Niño-Southern 
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Oscillation (ENSO) and monsoon on interannual timescale, Krishnamurthy and Goswami 

(2000) provided observational evidence to show that IMR and ENSO are also strongly 

related on interdecadal timescale. They further suggested that the decadal variability of 

IMR and ENSO arise as a tropical coupled ocean-atmosphere mode. They also 

hypothesized that the decrease in the Indian summer monsoon rainfall associated with the 

warm phase of ENSO is due to an anomalous regional Hadley circulation with 

descending motion over India and ascending motion over the equatorial Indian Ocean, 

sustained by the anomalous Walker circulation between the Indian Ocean and the Pacific 

Ocean, both on decadal and interannual timescales. Their study has pointed out the 

importance of examining the decadal variability of the monsoon as a coupled ocean-

atmosphere phenomenon. The memory of the coupled system resides in the oceans which 

are known to have memory on decadal timescale.  

Several studies have also attempted to explore the influence of SST in other 

Ocean basins on the Indian monsoon on interannual and decadal timescales. Specifically, 

studies have examined the influence of Atlantic Ocean alone (Zhang and Delworth 2006; 

Goswami et al. 2006; Lu et al. 2006; Li et al. 2008), the combined influences of Atlantic 

and Pacific (Kucharski et al. 2007), and the influence of Atlantic through the Indian 

Ocean (Kucharski et al. 2006, 2008) on the Indian monsoon rainfall. The studies that 

investigated the influence of Atlantic Ocean on decadal timescale have focused on the 

role of Atlantic Multidecadal Oscillation (AMO). There are also studies that have 

examined the influence of the North Pacific Ocean, specifically the role of Pacific 

Decadal Oscillation (PDO), on the Indian monsoon (Sen Roy 2011; Sen Roy et al. 2003; 
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Krishnan and Sugi 2003). The above studies have shortcomings related to proper usage of 

SST variations and lack of understanding of mechanisms, as described in the next 

section. 

 There are also no studies which have provided detailed spatial and temporal 

variability associated with the Indian monsoon on the decadal timescale, although the 

decadal variability of global oceans is relatively better understood. Mantua et al. (1997) 

have recognized PDO as the dominant mode of variability in the North Pacific Ocean on 

decadal timescale. Several studies have noted the presence of decadal modes in the North 

Atlantic Ocean such as AMO (Schlesinger and Ramankutty 1994; Delworth and Mann 

2000) and Atlantic tripole (Marshall et al. 2001a). There is still a lack of understanding in 

how these known decadal SST modes in global oceans could affect the Indian monsoon. 

The combined influence of the decadal modes associated with the Indian, Pacific and 

Atlantic Oceans on the Indian monsoon rainfall is also unexplored. The physical 

mechanisms explaining how the decadal SST variability in different oceans could 

influence the Indian monsoon either individually or in a combined sense are not known. 

It is also of interest to know if the phases of the decadal variability associated with these 

global oceans could either enhance or suppress the ENSO-monsoon relation.  

This study will address the above questions. The objectives of the study are as 

follows. A detailed investigation of the space-time structure of the Indian monsoon on 

decadal timescale and its relation with the global oceans will be performed. Specifically, 

this study will address the influence of decadal variability in the North Pacific and North 

Atlantic Oceans. An attempt is made to understand the physical mechanism through 
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which the global oceans could affect the Indian monsoon on decadal timescale. It will 

attempt to provide insight into the enhanced or reduced ENSO-monsoon relation during 

certain epochs. The decadal SST variability in the Indian Ocean and the source of decadal 

forcing will also be explored. 

 

1.2 Background 
 
 

There have been extensive studies to determine the physical processes affecting 

the variability of the coupled ocean-atmosphere-land monsoon system on interannual 

timescales. Some of the teleconnections studied so far are related to the influences of 

SST, snow, land surface temperature and topography. The research so far on the decadal 

variability of Indian monsoon is rather limited. The main focus of this study is to 

investigate the influence of decadal variability associated with the global oceans on the 

Indian monsoon rainfall. A discussion of earlier studies is presented below to get an 

understanding of what is known or unknown. The influences of the decadal variability in 

the North Pacific Ocean and the North Atlantic Ocean on monsoon are explained first. 

The last subsection includes the decadal variability associated with the Indian Ocean. 

 

1.2.1 Influence of decadal variability in the North Pacific Ocean 
 

The dominant mode of variability in the North Pacific Ocean on decadal 

timescales is the PDO with a period of 20-30 years (Mantua et al. 1997; Latif and Barnett 
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1994). Earlier studies have shown that the variability in the North Pacific Ocean, also 

impacts the tropical Pacific variability. Pierce et al. (2000) have shown that the 

midlatitude SST anomalies, which evolve independent of ENSO, affect the tropics by 

changing the equatorial trade winds, based on both the observational and model analysis. 

Barnett et al. (1999a) have also indicated that the midlatitude North Pacific variability is 

an important driver of the tropical ENSO variability by modulating the trade winds. 

Similar result was also obtained by Vimont et al. (2001, 2003a,b). An observational study 

by Deser et al. (2004) has indicated that the North Pacific variability causes interdecadal 

changes in the Indo-Pacific region. These studies indicate one of the possible paths for 

the influence of decadal variability in the North Pacific Ocean to influence the monsoon 

through equatorial Pacific Ocean. Therefore, it is of interest to explore the possibility of 

interaction between the North Pacific and equatorial Pacific and whether it would 

modulate the ENSO-monsoon relationship. 

There are only few studies which have attempted so far and with limited success 

to understand the influence of PDO on the Indian monsoon. Krishnan and Sugi (2003) 

concluded that the Pacific interdecadal variability has negative correlation with the IMR 

and positive correlation with the surface temperature over India. They also suggest that 

the droughts (floods) are more likely to prevail over India when the El Niño (La Niña) 

events coincide during the warm (cold) phases of Pacific interdecadal variability. Their 

definition of the PDO is different, and is based on the decadal variability in the equatorial 

Pacific and not in the North Pacific.  
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Sen Roy et al. (2003) and Sen Roy (2011) have also explored the influence of the 

ENSO and PDO on Indian monsoon rainfall.  The results from Sen Roy et al. (2003) 

indicate a significant negative correlation between ENSO and IMR only over the 

southern part of India but insignificant correlation over most of the Indian monsoon 

region.  They also show that the PDO has negative correlation with IMR, which is 

stronger during the cold phase of PDO. The results from this study are based on weakly 

significant correlations. 

Based on the periodicity, Sen Roy (2011) concludes that the correlation between 

ENSO and IMR is stronger during the cold PDO phase, and further indicates that the 

IMR, Niño-3 and PDO indices exhibit 2-3 year cycle. The 2-3 year cycle of each of these 

indices is subject to decadal intensification and weakening, roughly corresponding to the 

positive and negative phases of the PDO. Further the above result was attempted to be 

verified by calculating the correlation in three epochs corresponding to the warm and 

cold phase of PDO. Only two epochs out of three epochs of the cold phase of PDO show 

significant correlation.  

 

1.2.2 Influence of decadal variability in the North Atlantic Ocean 
 
 
 Recently, the influence of Atlantic Ocean on the Indian monsoon rainfall has 

gained a lot of attention, especially after the weakening of relation between ENSO and 

monsoon in recent decades.  There are observational and modeling studies which have 

analyzed the role of AMO on Indian monsoon. Zhang and Delworth (2006) have 
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suggested positive correlation between AMO and Indian monsoon rainfall using filtered 

data. Based on their model experiment, they indicate that the positive AMO phase is 

associated with the northward shift of the Inter-tropical convergence zone (ITCZ) which 

causes southwesterly flow and increased moisture convergence over India and leads to 

enhanced monsoon rainfall.  

 A different physical mechanism, through North Atlantic Oscillation (NAO), was 

put forward by Goswami et al. (2006) using observational analysis. They hypothesize that 

the NAO leads to tropospheric temperature anomalies over Eurasia, which in turn 

decrease the meridional temperature gradient leading to reduced monsoon rainfall. 

However, no clear evidence has been provided to support the hypothesis. A study by Lu 

et al. (2006) has shown that the changes in the tropospheric temperature over Eurasia 

play an important role during September to October (SON) season rather than June to 

August (JJA) season. However, a model-based study by Li et al. (2008) indicates the 

absence of NAO-like response.  

 There are also studies that have analyzed the role of the Atlantic Ocean in 

modulating the low frequency variability of the Indian monsoon-ENSO relationship. 

Kucharski (2007) suggested that the overall influence of the tropical Atlantic SST 

anomalies on the Indian monsoon is weaker than that of ENSO. However, the 

interdecadal variability of SST over the tropical Atlantic plays a key role in modulating 

the strength of the ENSO-IMR relation. This study also suggested a physical mechanism 

through which the Atlantic Ocean impacts IMR. In the later half of the 20th
 century, the 

negative Atlantic SST anomalies south of the equator (in contrast to the weak positive 
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anomalies in the previous period) produces heating anomalies which excite a Rossby 

wave response in the Indian Ocean, impacting the time-mean monsoon circulation. The 

model experiments in the study indicate that the SST anomalies outside the Indian Ocean 

domain are responsible for the interdecadal variability of the ENSO-Indian monsoon 

relationship. 

  

1.2.3 Decadal variability in the Indian Ocean 
 
 
 Several studies have linked the role of the Indian Ocean in modulating the Indian 

monsoon rainfall variability and/or its relation with ENSO on interannual and decadal 

timescale. Ashok et al. (2001, 2004b) have indicated that the Indian Ocean Dipole (IOD) 

has positive relation with the Indian monsoon on the interannual timescale and 

counteracts or enhances ENSO’s influence on monsoon based on their relative phases. 

Krishnamurthy and Shukla (2007a,b) separated the modes of rainfall and convection 

associated with the ENSO and IOD and showed that the relative strengths of the 

atmospheric ENSO and IOD modes play an important role in determining the seasonal 

mean monsoon. However, Krishnamurthy and Kirtman (2003) have emphasized the 

significant correlation of dipole mode index (DMI)-east SST with monsoon. This is in 

contrast to previous studies which have emphasized the relation of both poles of IOD 

with the Indian monsoon. Wu and Kirtman (2004) and Kucharski et al. (2006) have also 

emphasized the role of the Indian Ocean in simulating the ENSO-monsoon relation on 

interannual timescale. Clark et al. (2000) and Kawamura et al. (2004) have indicated the 
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important role of SST and circulation associated with Indian Ocean on interdecadal 

changes in ENSO-monsoon relation. Krishnamurthy and Goswami (2000) have shown 

interdecadal variability associated with the Indian Ocean SST and its relation with 

monsoon. Their study indicates significant negative correlation between the SST 

anomalies of the Indian Ocean and Indian monsoon rainfall on interdecadal timescale. 

Ummenhofer et al. (2011) have indicated that the Indian Ocean modulates ENSO-

monsoon relationship on multi-decadal timescale in conjunction with the IOD variability. 

Since there are suggestions that the Indian ocean may play a critical role in modulating 

the Indian monsoon on decadal timescale, it is important to understand if there exists a 

decadal mode in the Indian Ocean either independently or forced from other ocean 

basins. 

Only a few studies have attempted to understand the decadal variability of the 

Indian Ocean. A quasi-decadal signal in IOD index at about 125 months has been 

reported by Ashok et al. (2004a) using observations. This decadal IOD signal has no 

correlation with the decadal ENSO variability. From both model and observational 

analyses, they suggested that the decadal atmospheric variability forces decadal wave-

like processes in the tropical Indian Ocean and that the subsurface ocean dynamics plays 

an important role. 

Palaeoclimate studies have also examined the decadal variability in the Indian 

Ocean using coral records. Based on long coral record, Cole et al. (2000) have suggested 

that the decadal variability in the Indian Ocean is strongly forced by the decadal 

variability in the tropical Pacific Ocean, contradicting the results of Ashok et al. (2004a). 
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They rule out the possibility of the origin of decadal forcing from the mid latitudes as 

their result suggests a lack of coherency between the coral record in Indian Ocean and 

PDO. However, Crueger et al. (2008) have recognized a remote link between the mid-

latitude Pacific variability and the Indian Ocean based on the coral records in western 

Indian Ocean. They have shown that the coral record in Indian Ocean is related to the 

decadal signature of PDO in both the SST and sea level pressure (SLP) anomalies. The 

relation between Indian Ocean SST and PDO is noted to be stronger in summer months. 

The above discussion indicates an ambiguity in the existence of decadal modes in 

Indian Ocean and in the source of decadal forcing. Even on interannual timescale, it is 

uncertain as to whether the IOD is an independent mode (Saji et al. 1999) or is driven by 

other ocean modes such as ENSO (Krishnamurthy and Kirtman 2003, 2009). Hence, this 

study will investigate to address if there exists decadal variability in the Indian Ocean on 

the decadal timescale and what its source of forcing is. 

 

1.3 Objectives 
!

 
Earlier studies have not shown whether the Indian monsoon possesses modes of 

decadal variability that are related to the known decadal modes of variability of the global 

oceans. It is also unclear how the ENSO-monsoon relation changes in different epochs. A 

comprehensive space-time structure of the decadal variability associated with the Indian 

monsoon has not been documented.  The role played by the decadal modes in the Pacific, 

Indian and Atlantic oceans and the mechanism involved in forcing the Indian monsoon is 
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not fully understood. There are only few studies that have indicated the role of PDO on 

the Indian monsoon but suffer from shortcomings described earlier. Certain studies have 

suggested positive correlation between the AMO and Indian monsoon.  However, these 

studies consider the smoothed area averaged index of detrended SST anomalies over 

North Atlantic region as the definition of AMO. We need to treat this index with caution 

as this may include other decadal modes of variability in the Atlantic ocean and may not 

represent AMO variability accurately. There is also ambiguity in the physical mechanism 

through which AMO could influence the Indian monsoon. This study attempts to address 

the above-mentioned uncertainties.  

The main objectives of the thesis are as follows. 

1. This study will document the detailed space-time structure of decadal modes in the 

Indian monsoon. This is achieved by applying data-adaptive methods on the Indian 

monsoon rainfall and extracting the modes associated with variability on decadal 

timescale. 

2. A detailed investigation of the relation between decadal modes in the North Pacific 

(i.e., PDO) and the Indian monsoon and the mechanisms involved will be conducted. 

3. The decadal modes in the North Atlantic will be carefully isolated using data-adaptive 

analysis and the influence of each of these decadal modes on Indian monsoon will be 

examined. The importance of separately analyzing the influence of different decadal 

modes in the North Atlantic basin on Indian monsoon will be emphasized. The 

physical mechanism involved will also be investigated. 
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4. This study will also strive to understand the decadal variability associated with the 

Indian Ocean. An attempt is also made to determine the source of forcing for the 

decadal variability in the Indian Ocean region and the underlying mechanism 

involved. 

 

The above mentioned objectives are achieved from both the observational analysis 

and the model experiments. 
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CHAPTER 2 METHODOLOGY 

 
The objectives of this thesis are achieved through observational and model 

studies. The model study includes the analysis of a control simulation and runs from 

mechanistic experiments. Data adaptive methods and other statistical techniques are 

employed to analyze the data. The significance of the results is further demonstrated 

through established statistical tests.  

 

2.1 Observational data 
 
 

Long records of data are available for the Indian monsoon region compared to 

other regions of the globe. The analysis in this study has used four precipitation datasets. 

Two of them are high-resolution gridded rainfall datasets. The main rainfall dataset used 

in this study comes from India Meteorological Department (IMD) for the period 1901-

2004 (Rajeevan et al. 2006). This dataset covers only the land points over India and is on 

1° longitude x 1° latitude grid. The data were prepared by converting observation at more 

than 1800 rain gauge stations into gridded data using well-known Shepard’s interpolation 

method. The other rainfall datasets are used to complement or substantiate the results 

obtained from IMD data.  Merged and reconstruction precipitation dataset (Smith et al. 

2010) with a resolution of 5°x5° for the period 1900-2008 is also used for the analysis. 
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Although this dataset is of low resolution, it has an advantage because of the data 

coverage over both land and oceanic regions over the globe. Another long record of 

precipitation dataset, from the university of Delaware (hereafter referred as UDEL data) 

for the period 1900-2006 (Legates and Willmott 1990) with a resolution of 0.5°x0.5° and 

coverage over only land points has been used. The Climate Prediction Center (CPC) 

merged analysis of precipitation (CMAP) dataset with a resolution of 2.5°x2.5° for the 

period 1979-2003 (Xie and Arkin 1996) is used to validate the model performance.   

The SST dataset used is the HADISST 1.1 version (1°x1°) from the Hadley 

Centre for Climate Prediction and Research for the period 1870-2006 (Rayner et al. 

2003). Further, zonal and meridional winds at different levels at a resolution of 2.5°x2.5° 

in longitude and latitude were obtained from the National Centers for Environmental 

Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis dataset 

(Kalnay et al. 1996). The dataset is available for the period 1948-2004. The zonal and 

meridional winds and specific humidity from National Oceanic and Atmospheric 

Administration-Cooperative Institute for Research in Environmental Sciences (NOAA-

CIRES) twentieth century global reanalysis version II (hereafter referred as 20CREAN) 

are also used (Compo et al. 2011) for the period 1871-2008 with a resolution of 2°x2° in 

longitude and latitude. The long record of 20CREAN helps us to understand the 

circulation features on decadal timescale compared to NCEP-NCAR reanalysis. 
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2.2 Model 
 

2.2.1 Choice of Model 
 
 In order to select the model which can simulate the basic characteristics of 

monsoon, ENSO, ENSO-monsoon relation and some basic decadal variability required 

for this study, four different models have been compared among themselves and with 

observations. The models considered were the Climate Forecast System (CFS) from the 

National Centers for Environmental Prediction (NCEP) and three versions of Community 

Climate System Model (CCSM) - CCSM3, CCSM3.5 and CCSM4 - from the National 

Center for Atmospheric Research (NCAR). The data from model control simulations 

were obtained from different sources (NCEP, NCAR, Center for Ocean-Land-

Atmosphere Studies and University of Miami). The following analyses were performed 

with each of these four models in the selection process.  

The simulation of climatology and variability of precipitation, SST, zonal and 

meridional winds during monsoon season was examined in each of these models. The 

power spectra of SST and rainfall indices were computed. To determine if the model can 

capture the ENSO-monsoon relationship, point correlation analysis using June-September 

(JJAS) IMR and SST anomaly and lead-lag correlation analysis using monthly SST and 

JJAS seasonal precipitation were performed. The NCEP CFS model fails to capture the 

correct sign of conventional ENSO-monsoon relation. The NCAR CCSM3 simulates 

only the biennial ENSO but not the canonical ENSO. Although it captures the negative 

correlation between equatorial Pacific SST and the Indian monsoon, the correlation is 

very weak and insignificant in CCSM3. The CCSM3.5 and CCSM4 have better 
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representation of the ENSO variability and the ENSO-monsoon relation. The CCSM3.5 

was an intermediate version and the full version of the model was released as CCSM4, 

and therefore, the latter version will be used in this study. 

 

2.2.2 CCSM4  
 
 

The newly developed version of NCAR CCSM model (Gent et al. 2011) used in 

this study is the CCSM4 with the resolution version 1.9x2.5_gx1v6 (as designated by 

NCAR). The CCSM4 model is a general circulation climate model consisting of 

atmosphere, land, ocean and sea ice components that are linked through a coupler that 

exchanges information and fluxes between the components.  

The atmospheric component is the Community Atmosphere Model version 4 

(CAM4), which has Lin-Rood finite volume core (Lin 2004).  The version 

(1.9x2.5_gx1v6) used in the current study has 1.9° in latitude and 2.5° longitude finite 

volume grid with 26 layers in the vertical. The ocean component is the Parallel Ocean 

Program (POP) model version 2 (Danabasoglu et al. 2011). The ocean component is 

nominal 1° grid which has a Greenland pole grid with North pole displaced over 

Greenland in the northern hemisphere and spherical coordinates in the southern 

hemisphere. It consists of 60 levels in the vertical.  

The land component is the Community Land Model (CLM) version 4 which has 

similar horizontal grid as the atmospheric component. The sea ice component is the 

Community Ice Code version 4 with resolution similar to the ocean component. The 



17 
 

atmosphere, land and sea ice components communicate through the coupler version 7 

every 6 hours, whereas the fluxes from the atmosphere is communicated to the ocean 

only once per day.  

!

2.2.3 Control run and experiments 
 
 

In order to perform studies on decadal timescale, the sample size available from 

the observations may not be adequate in certain cases. It is also difficult to arrive at cause 

and effect conclusions by examining the observations alone. Thus, these limitations in the 

observational data demand the use of models and the need to perform model experiments. 

In order to conduct the model experiments, NCAR CCSM 4 (described in section 2.2.2) 

with the resolution version 1.9x2.5_gx1v6 in 20C3M (20th century climate in coupled 

models) mode has been used. The 20C3M run is a control simulation with observed 

greenhouse gases varying through the 20th century. The data from 20C3M run (hereafter 

referred as the control simulation and denoted as CTL) have been used for both analysis 

and to perform model experiments. This run starts from January 1850 and ends in 

December 2005. The initial condition for 20C3M run is obtained from the long 1850 

control run which is run at 1° resolution (also called as the pre-industrial control run). 

The pre-industrial control run has aerosols and carbon dioxide values set to pre-industrial 

levels at 1850. 

It is known that realistic anomalous response depends on the model’s ability to 

simulate the mean monsoon circulation and precipitation in control experiments (Shukla 
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1984). Sperber and Palmer (1996) have suggested that the models with a more realistic 

mean state tend to have better representation of the interannual variability of IMR related 

to ENSO. Thus, it is important to determine how well a model can simulate the mean 

state. For this purpose, the climatology and variability of SST and precipitation from the 

control run have been analyzed.  

The model climatology (Fig. 2.1b) is compared with the seasonal climatology 

constructed from the observed CMAP data (Fig. 2.1a). The model simulation shows a 

good correspondence of the Indian monsoon rainfall compared to observations except 

that the amplitude of rainfall is slightly higher over parts of the Arabian Sea and the 

Tibetan Plateau. The model indicates lower magnitude over western Pacific and eastern 

Pacific Ocean, and higher values over the central Pacific. The observations themselves 

are less certain over oceanic regions. The rainfall over the equatorial central Pacific 

Ocean, Atlantic Ocean and Africa is well simulated by the model. The model has South 

Pacific Convergence Zone extending further to the east than observed. The model 

overestimates (underestimates) the precipitation over the western (eastern) Indian Ocean. 

The variability of precipitation for JJAS season in the model (Fig. 2.2d) is 

compared with the observations (Fig. 2.2c) by presenting the standard deviation of JJAS 

seasonal anomaly. The model captures the gross features of variability in precipitation. 

Although the spatial structure of variability in the model is similar to the observations, 

the magnitude is slightly higher. 

Further, the JJAS seasonal SST climatology of the model (Fig 2.2b) is compared 

with observation (Fig 2.2a). The SST climatology for observational analysis is derived 
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from the Hadley Centre data set. The spatial structure of the model climatology shows 

very good correspondence with the observations. However, the model shows enhanced 

warming in the warm pool region of the Pacific Ocean and in the equatorial Indian Ocean 

compared to observations. The variability of the model is analyzed by calculating the 

standard deviation of JJAS season anomaly of SST (Fig. 2.2d) and is compared with the 

observed standard deviation (Fig. 2.2c). The spatial pattern of ENSO and the SST 

variability in other ocean basins are well simulated in the model except that the 

magnitude is overestimated. Although the mean state in the model has better 

representation, the variability in the model is high compared to the observations. 

To determine the isolated influence of decadal variability in SST of North Pacific 

and North Atlantic Oceans, the monthly climatological data from CTL run is used to 

perform regional coupling experiments, a strategy similar to that in some earlier studies 

(Huang 2004; Huang et al. 2004). This regional coupling approach involves prescribing 

climatological SST only in certain domains while the model is fully coupled elsewhere. 

The atmosphere responds to the specified SST in the prescribed region and to the SST 

simulated by ocean component of the coupled model in the fully coupled region. This 

approach helps us to isolate the impact of specific regions of interest. The ocean and 

atmospheric components exchange information every day. Two model experiments have 

been performed. The experimental designs of both the experiments are explained below. 

1. In order to determine the influence of the North Pacific Ocean on Indian monsoon, 

the climatological SST obtained from the CTL run is prescribed in the North Pacific 

domain (120°E - 240°E and 20°N - 60°N). The rest of the ocean regions is fully 
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coupled. The prescribed SST is passed to the atmosphere at daily interval in the North 

Pacific while the coupled model generated SST is passed to the atmosphere in the rest 

of the ocean domains. This experiment will be hereafter be referred as EXP-NP. The 

results of this experiment will also be used to indicate the existence of PDO signal in 

the Indian Ocean. 

2. A second model experiment has been performed to indicate the role of North Atlantic 

Ocean in modulating the Indian monsoon rainfall. In this experiment, monthly 

climatological SST from the CTL run is specified in the North Atlantic domain 

(between 0°-70°N extending until the coastal boundaries on the eastern and western 

side of the basin) while the rest of the ocean domains are fully coupled. The 

atmosphere responds to the prescribed SST in the North Atlantic and to the model 

generated SST elsewhere. This experiment will be hereafter referred as EXP-NA. The 

results from this experiment will be used to indicate the role of the North Atlantic 

Ocean in modulating the Indian monsoon rainfall. 

 

While integrating the model in the experimental runs, the monthly climatological SST 

values prescribed in the respective basins are interpolated to daily values. A 10° wide 

zone will be used in each of the above experiments to blend the coupled and uncoupled 

regions in the model. Each of the above experiments is integrated from January 1850 to 

December 2005, similar to the CTL run. Each experiment involves only one ensemble 

member. The simulations from the above experiments will be compared with the CTL 
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run to explain the role played by the ocean basin which was decoupled from the 

atmosphere. 

 

2.3 Analysis methods 
 

2.3.1 Data adaptive methods 
!
!

This study employs singular spectrum analysis (SSA) and multi-channel singular 

spectrum analysis (MSSA) technique (Ghil et al. 2002) to extract the information from 

the time series of a single variable and from the time series of spatial maps, respectively. 

These methods help us to gain insight about the dynamics of the system and extract the 

dominant pattern of variability associated with the time series. 

In MSSA, we consider a time series X (t) of L grid points or channels, where 

discrete time t = 1, 2, 3...N and employ lagged co-ordinate approach. The time series in L 

channels are augmented by M lagged copies, and a lagged (of lag M) covariance matrix C 

is constructed. The covariance matrix C is diagonalized to obtain LM eigenvalues and LM 

eigenvectors. The eigenvectors are the space-time empirical orthogonal functions (ST-

EOFs). The corresponding space-time principal components (ST-PCs) are obtained by 

projecting the original times series X (t) of L channels onto the corresponding ST-EOFs. 

The review by Ghil et al. (2002) provides more details. The SSA is the univariate form of 

MSSA with L=1. 

The eigenvalue gives the variance explained by the corresponding eigenmode. 

These modes are further recognized as trends, persistent modes or oscillatory modes. The 
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time variability of ST-PCs is only of length N-M+1. In order to extract these modes with 

the temporal dimension and phases corresponding to those of the original data, the ST-

EOFs and ST-PCs of each of the modes are combined to obtain the reconstructed 

components (RCs) (see Ghil et al. (2002) for details). The RCs are the filtered data of the 

corresponding eigenmodes and have the same dimension in space and time as the original 

time series.  

The oscillatory modes come out as a pair of eigenmodes with almost degenerate 

eigenvalues. The recognition of the oscillatory pairs is based on the condition that their 

eigenvalues are nearly equal, have the same period and that their ST-PCs are in 

quadrature (Plaut and Vautard 1994). The phase information embedded in the RCs is 

used to understand the propagation characteristics of each of the oscillatory pairs 

recognized. The phase composites are constructed based on the technique used by Plaut 

and Vautard (1994) to study the propagation of the oscillatory mode. For this purpose, an 

EOF analysis is performed on the RCs of the oscillatory pair added together. The phase 

of the first PC (PC1) of the combined RC is determined. The phase is further divided into 

eight equal intervals between 0 to 2". The time varying spatial maps of the combined 

RCs are composited based on the above phase intervals to depict the phase propagation 

associated with it.  

The statistical significance of the eigenmodes obtained from MSSA is determined 

using Monte-Carlo MSSA (MCMSSA) test (Ghil et al. 2002; Allen and Robertson 1996; 

Allen and Smith 1996). For this purpose, 1000 sets of independent AR (1) processes (red 

noise) are generated, called as surrogate data, each with same length and number of 
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channels (grid points) as the original data. The red noise surrogate data are generated 

using the conditions stated by Allen and Robertson (1996). The covariance matrix of each 

surrogate member is determined. The projection matrix [denoted as !(R)] is computed by 

projecting the covariance matrix of each surrogate timeseries onto the eigenvector of 

original data. In a similar way, !(D) is found by projecting the covariance matrix of data 

onto the eigenvector of original data. The kth diagonal elements of !(D) and !(R) 

indicates the power of the original data and surrogate segment, respectively, in the state-

space-direction of the kth eigenmode in the original data. The distribution statistics of the 

diagonal elements of the surrogate data are determined by considering all the members of 

the surrogate ensemble.  If the kth diagonal element of !(D) is larger than 95% percentile 

of the kth diagonal element of the surrogate ensemble, it is concluded that there is more 

power in original data in its EOF or PC than we would expect from random noise and 

reject the null hypothesis that the oscillation is due to random noise. This test is hereafter 

referred as null hypothesis 1 (NH1). 

Allen and Smith (1996) have noted that the above-mentioned test may suffer from 

artificial variance compression effect by construction. Hence, they suggest a more 

rigorous and conservative approach by using the EOFs and PCs of pure red noise than 

that of data, a test hereafter referred as null hypothesis 2 (NH2). The noise covariance 

matrix is taken to be the expectation value of the covariance matrices of the surrogate 

members (see Allen and Smith (1996)). The original data and the surrogate members are 

projected onto the eigenvector of the noise covariance matrix to obtain !"(D) and !"(R), 

respectively. Cross correlation analysis is performed to associate the eigenvectors in 
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original data to the corresponding eigenvectors from noise ensemble. If the kth diagonal 

element of !"(D) is larger than 97.5% percentile of the kth diagonal element of !"(R) , 

then the corresponding mode in original data is considered to be significant at 95% 

confidence level by rejecting the null hypothesis. 

 

2.3.2 Other statistical analyses 
 

This study also uses the composite technique based on the amplitude of the total 

time series anomaly associated with the climate phenomena to illustrate its spatial 

structure. This involves both the individual and the conditional composites. The 

individual composites are constructed as follows. Let us suppose a meteorological field X 

is related to a field A. The anomaly of the time series of X (area averaged over preferred 

domain) is calculated about its climatological mean and further standardized [diving by 

its standard deviation (SD)]. Whenever the value of standardized time series is above 

(less) than 0.5SD (#0.5SD), it is considered as the positive (negative) year. The spatial 

maps of the variable A are composited over those positive (negative) years and called as 

positive (negative) phase.  

The conditional composites are calculated as follows. Suppose a meteorological 

field Y is also related to A in addition to X. The positive and negative phases of Y are 

determined similar to X. Those phases are considered for the conditional composites 

when a particular phase associated with both X and Y falls above (below) 0.5SD 

(#0.5SD).  
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Further, in order to determine if the composites are significant, a t-test has been 

applied, as follows. Let us suppose that the number of positive phase years of variable X 

is n1 and the number of non-positive (includes both the normal and negative phases) 

phase years is n2. The mean and variance of variable A at each grid point for positive 

phase years (n1) and non-positive phase years (n2), say m1, v1 and m2, v2, respectively, 

are determined. The variance v1 and v2 are used to calculate P value at each grid point 

using the formula, 

 .                  (2.1)                  

                      

The above value of P and the means m1 and m2 are later used to determine the t-value at 

each grid point using the formula, 

 

.                         (2.2) 

   

 

From a two-tailed t-table, the value corresponding to 90% confidence level for the 

degrees of freedom = n1+n2-2 is determined, say r.  In the composite map of A, the grid 

point for which the absolute value of t obtained from the above equation is greater than r 

is considered to be significant at 90% confidence level. 

The partial correlation analysis is employed in this study which is calculated using 

the formula (Wu and Kirtman 2007; Hu and Huang 2009), 
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! 

Rab,c =
Rab " RacRbc

1" R2ac( ) 1" R2bc( )
   ,                   (2.3)

! 

     

 

where, Rab,c is the partial correlation between variables a and b without the influence of 

variable c, and Rij indicates the correlation between i and j. 

The other basic analyses involved are lead-lag correlation, regression and point 

correlation. Simple t-test has been performed to indicate the significance of the above 

analysis methods. The power spectrum analysis based on Fast Fourier Transform (FFT) is 

used to determine the period of a time series. The linear detrending method is employed 

to remove any linear trend in the data at each grid point. 
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Figure 2.1. JJAS seasonal climatology of precipitation in (a) CMAP (b) 
CTL run and standard deviation of precipitation in (c) CMAP (d) CTL 
run. Units are in mm/day. 
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Figure 2.2. JJAS seasonal climatology of SST in (a) HADSST (b) CTL 
run and standard deviation of SST in (c) HADSST and (d) CTL run. 
Units are in °C. 
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CHAPTER 3 DECADAL VARAIBILITY OF INDIAN MONSOON RAINFALL 

In section 1.2, it was documented that previous studies have indicated that the 

decadal variability in SST may affect the Indian monsoon rainfall. The PDO has negative 

correlation with the monsoon rainfall (Sen Roy 2011; Sen Roy et al. 2003; Krishnan and 

Sugi 2003)  while AMO has positive correlation (Goswami et al. 2006; Zhang and 

Delworth 2006; Lu et al. 2006; Li et al. 2008). But there are no attempts in the past to 

demonstrate the existence of decadal modes in the Indian monsoon rainfall and provide a 

comprehensive picture of the spatio-temporal variability of the monsoon rainfall over 

India on decadal timescale. The present study obtains and describes detailed space-time 

structure of decadal variability associated with the Indian monsoon rainfall based on 

observational analysis and model study. 

 

3.1 Observations 
 
 
 In order to achieve the above objective, an MSSA has been performed on the 

Indian monsoon rainfall using the IMD rainfall dataset. To exclude the intraseasonal and 

interannual variability in the rainfall, a 5-year running mean is applied on the JJAS 

seasonal anomaly of rainfall prior to performing the MSSA. The MSSA is applied on the 
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5-year running mean of JJAS seasonal anomalies of rainfall over the Indian land region 

for the period 1901-2004 using a lag window of 51 years.  

An examination of the MSSA eigenmodes shows that there are three dominant 

oscillatory pairs, which are eigenmodes (1,2), (5,6) and (7,8). Using the corresponding 

ST-EOFs and ST-PCs, the RCs of these oscillatory eigenmodes were constructed. The 

individual RCs in each pair were added to obtain the RCs of the oscillation and are 

denoted by RC (1,2), RC (5,6) and RC (7,8).  Each pair of eigenmodes is identified to be 

oscillatory based on the criteria given by Plaut and Vautard (1994) that their eigenvalues 

are nearly degenerate and their ST-PCs are in quadrature. Further the periods of the pair 

must be nearly equal. The variance explained by RC (1,2), RC (5,6) and RC (7,8) is 37%, 

15% and 9%, respectively in 5-year running mean rainfall. These three modes explain 

61% of the total variance in the 5-year running mean Indian monsoon rainfall on decadal 

timescale. It is estimated that the modes, respectively, explain about 8.9%, 3.6% and 2% 

of the variance of total (raw) JJAS seasonal rainfall anomaly. 

The RCs are basically the filtered data corresponding to the respective 

eigenmodes and have same spatial and temporal dimensions as the original data (total 

anomalies). To determine the characteristics of these oscillations, a new spatial EOF 

analysis was performed on their RCs. The discussion in the rest of this chapter refers to 

the spatial EOFs and PCs of the RCs. The EOFs and PCs of the three oscillatory pairs are 

shown in Figs. 3.1-3.3. The EOF1 of RC (1,2) shown in Fig. 3.1a indicates flood 

condition over southern part of central India and weak negative anomalies over rest of 

India. The anomalies over the northern tip of India and northeast India need to be treated 
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with caution due to sparse stations from which the data are collected. Due to this reason, 

the discussion throughout this study will exclude these regions. The EOF2 of RC (1,2) 

shows positive rainfall anomalies over the central Indian monsoon region and weak 

negative anomalies elsewhere (Fig. 3.1b). The EOF1 and EOF2 represent two phases of 

the propagation of precipitation anomalies. The detailed phase composites will be shown 

later. The PC1 and PC2 shown in Fig. 3.1c, indicate that they are in quadrature. 

The EOF 1 of RC (5,6) shows east-west gradient with positive anomalies in the 

western part of India and weak negative anomalies in the east (Fig. 3.2a), whereas EOF2 

(Fig. 3.2b) indicates north-south gradient with flood condition to the north and drought 

condition to the south. For this pair also, the PCs are in quadrature (Fig. 3.2c). For RC 

(7,8), EOF1 (Fig. 3.3a) shows flood condition over most of India and EOF2 (Fig. 3.3b) 

indicates flood condition over west central India with weak negative anomalies 

elsewhere. These two EOFs indicate propagating nature of RC (7,8), which can also be 

seen in their PCs (Fig. 3.3c). 

The propagation characteristics of the three decadal modes are determined by the 

phase composite analysis (Plaut and Vautard 1994) of the RCs based on the phase of PC1 

of each of these modes. The phase is divided into eight equal intervals between 0 to 2". 

One cycle of propagation is depicted through phases 1 to 8. The phases from 1-4 are 

mirror images of phases 5-8, each segment representing half a cycle. The phase 

composites of RC (1,2) are shown in Fig. 3.4. The peak phase during each half cycle 

occurs in phase 1 and phase 5. The peak phase 1 has good correspondence with the EOF2 

pattern of RC (1,2) mode (Fig. 3.1b) and phase 3 with EOF1 (Fig. 3.1a). The positive 
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rainfall anomalies associated with RC (1,2) begin in the central Indian monsoon region 

and further propagate southward with the negative anomalies starting to appear and reach 

peak phase of drought condition with strong negative anomalies in phase 5.  

In the phase composites of RC (5,6), the peak phases are seen in phase 2 (phase 6) 

with east-west gradient of positive (negative) and negative (positive) rainfall anomalies 

(Fig. 3.5). The peak phase 2 is similar to EOF1 of RC (5,6) (Fig. 3.2a) while phase 8 

corresponds to EOF2 (Fig. 3.2b). 

The phase propagation of RC (7,8) is depicted in Fig. 3.6. The peak phase of this 

mode is captured in phase 2 and 6 with flood and drought condition over India, 

respectively. The positive (negative) rainfall anomalies start to appear in the west central 

Indian monsoon region in phase 8 (phase 4) and spread over the entire India and further 

reach peak in phase 2 (phase 6) with most of the Indian monsoon region covered by 

positive (negative) rainfall anomalies. Phase 2 corresponds to EOF1 (Fig. 3.3a) while 

phase 1 corresponds to EOF2 of RC (7,8) (Fig. 3.3b). The propagation characteristics of 

all the decadal modes match very well with the corresponding EOF patterns.  

The association of the above rainfall oscillatory modes with the known SST 

decadal modes is identified on the basis of power spectra and regression analysis. A 

power spectrum analysis is performed on PC1 of RCs to determine the time period of 

these oscillatory modes. The power spectra (Fig 3.7) indicate that these oscillatory modes 

show variability on the decadal timescale. RC (1,2), RC (5,6) and RC (7,8) show 

variability with periods centered around 52, 21 and 13 years, respectively.   
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In order to determine if these modes are related to the known decadal modes in 

SST, global SST anomaly (SSTA) of JJAS season is regressed on an appropriate area 

averaged index of the corresponding RCs. The area averaged index is chosen over the PC 

time series in regression analysis since the RC index has the same phase as total anomaly. 

There will be no phase ambiguity when area averaged index of RC is used. The region of 

area average is determined based on the peak phase from the phase composites of RCs. 

For RC (1,2), the rainfall anomalies are area averaged over the region 75°E-85°E, 20°N-

25°N. For RC (5,6), the area average is over entire India and for RC (7,8), the area 

average is over the domain 75°E-85°E, 20°N-30°N. The regressions of JJAS seasonal 

SSTA are shown in Fig. 3.8.  

The regression of SSTA on the area-averaged index of RC (1,2) captures a 

prominent signal over the entire North Atlantic region (Fig. 3.8a). The other ocean basins 

have relatively weak SSTA with no coherent pattern. This SST regression pattern (Fig. 

3.8a) has good correspondence with the spatial pattern of AMO mode obtained from 

MSSA over SST anomalies over the North Atlantic domain (figure shown in Chapter 5). 

Based on the SSTA signature and the period of RC (1,2) mode (centered about 52 years 

in Fig. 3.7), we identify this mode to be associated with AMO. The basin wide warming 

signal in the North Atlantic is characteristic of the AMO mode (Enfield et al. 2001). The 

area-averaged index of this mode is hereafter referred as IMR-AMO index.  

Similar regression plot for RC (5,6) is shown in Fig. 3.8b. It shows negative SST 

anomalies over the central North Pacific surrounded by positive SST anomalies. This is 

accompanied by a weak horseshoe pattern in the equatorial Pacific region.  This 
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regression pattern corresponds to the typical signature of PDO (Mantua et al. 1997) and 

the PDO pattern obtained from MSSA over the SST anomalies in the North Pacific 

Ocean (figure shown in Chapter 4). The time variability of this mode (centered about 21 

years in Fig. 3.7) is also consistent with the period of PDO mode. Thus, we identify this 

mode in the Indian monsoon rainfall to be associated with the North Pacific decadal 

variability, i.e., PDO. Henceforth, the area averaged rainfall index used for the regression 

analysis will be called as IMR-PDO index.  

The regression of SSTA on the third decadal mode, i.e., RC (7,8) comprises of a 

tripole mode in the North Atlantic region (Fig. 3.8c). It is characterized by the negative 

SSTA in the North Atlantic at about 40°N sandwiched between the positive SSTA. It is 

also associated with a weak ENSO signature in the equatorial Pacific Ocean. The period 

of this mode (centered about 13 years in Fig. 3.7) and the spatial pattern are consistent 

with the study by Marshall et al. (2001b). The tripole mode obtained from MSSA over 

the monthly SST anomalies in North Atlantic Ocean (figure shown in Chapter 5) is 

similar to the regression pattern shown in Fig. 3.8c. Thus we associate this mode in IMR 

with the Atlantic tripole mode and call the rainfall index as the IMR-tripole index. 

The two Monte-Carlo significance tests (NH1 and NH2) described in section 

2.3.1 were applied to the MSSA of the 5-year running mean Indian monsoon rainfall to 

determine if the above-recognized decadal modes can be ruled out to occur by random 

chance. The results from NH1 test (Fig. 3.9) suggests that the modes (5,6) and (7,8) 

which correspond to PDO and tripole, respectively, are significant at 95% confidence 

level. For AMO, i.e., mode (1,2), only one of the pair passes the MCMSSA test. In order 
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to overcome the artificial compression effect problem in NH1, the NH2 test based on the 

EOFs and PCs of ensemble noise covariance matrix is also applied and the results are 

shown in Fig. 3.10. The eigenvector of modes (3,4) in surrogate noise ensemble has 

maximum cross correlation with eigenvector of modes (1,2) in the data. As seen in Fig. 

3.10, the modes (3,4) is significant, and hence, the AMO mode in the data is significant at 

95% confidence level. Similarly, the modes (5,6) and (7,8) of surrogate ensemble are 

related to modes (5,6) and (7,8), respectively, and therefore, the PDO and tripole modes 

are also significant, as seen in Fig. 3.10. 

 The existence of the decadal modes of variability in the Indian monsoon rainfall 

associated with the known decadal modes in SST is further confirmed by applying the 

univariate SSA on IITM Indian monsoon rainfall index for the period 1871-2004 using a 

lag window of 60 years. The IITM rainfall dataset is a longer record compared to the 

IMD data and will be helpful to resolve the variability on decadal timescale. The power 

spectra of the resulting SSA modes and the regression of SST on these modes are shown 

in Fig. 3.11 and 3.12, respectively. This analysis results in three decadal modes, similar to 

those obtained by MSSA of IMD rainfall data. The variance explained by the first, 

second and third decadal mode is 18.4%, 13.5% and 8.3%, respectively, in the 5-year 

running mean rainfall. The first decadal mode exhibits variability on the timescale of 67 

years (Fig. 3.11) and the regression of SST indicates warming signal in the North Atlantic 

similar to AMO (Fig. 3.12a). Hence this mode is associated with the AMO decadal mode 

in SST. The regression pattern of second mode indicates PDO signature in the North 

Pacific (Fig. 3.12b) with a period centered at 22 years (Fig. 3.11). The PDO regression 
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pattern is at certain lag rather than the peak phase. The power spectrum analysis of the 

third mode shows a period centered at 13 years (Fig. 3.11). The regression of SST on this 

mode (Fig. 3.12c) illustrates a tripole signature in the North Atlantic with positive SST 

anomalies sandwiched between the negative anomalies. It also indicates an ENSO 

signature in the equatorial Pacific similar to the regression of SST on the IMD tripole 

mode (Fig. 3.8c). Thus, we identify the third mode of rainfall to be associated with the 

Atlantic tripole. 

Since the SSA is a univariate analysis on a time series, it does not indicate the 

spatial structure associated with each of the modes. To determine the rainfall pattern of 

these modes, a regression of IMD precipitation on the decadal modes obtained from IITM 

time series is performed (Fig. 3.13). The regression of IMD rainfall on the first decadal 

(AMO) mode indicates positive rainfall anomalies over central India with weak 

anomalies elsewhere (Fig. 3.13a). This regression pattern is similar to the peak phase of 

the MSSA rainfall AMO mode of IMD rainfall as seen in the phase composite (Fig. 3.4). 

The rainfall pattern associated with the second decadal (PDO) mode obtained from SSA 

of IITM rainfall indicates flood condition (Fig. 3.13b) over India which has close 

resemblance to the peak phase of rainfall PDO obtained from MSSA of IMD rainfall 

(Fig. 3.5). The spatial structure of the third mode (Atlantic tripole) (Fig. 3.13c) matches 

well with peak phase of rainfall tripole mode of IMD rainfall (Fig. 3.6) with positive 

anomalies over central and northern part of India. Thus, the three decadal modes obtained 

from MSSA on IMD data are reproduced from SSA of IITM rainfall time series. This is 

another confirmation of decadal modes in Indian monsoon rainfall. 
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3.2 Control Run 
 
 

In order to further substantiate the above results, similar analysis is also 

performed on the data from CTL run. The MSSA is applied on the 5-year running mean 

JJAS seasonal anomaly of precipitation for the period 1850-2005 over the domain 60°E-

95°E, 5°N-35°N. This analysis was performed using lag windows of 70 years and 51 

years. The results were similar, and only those associated with a lag window of 70 years 

are presented. Three modes similar to the observations were recognized using power 

spectrum and regression analyses. The EOF1 and EOF2 of the first oscillatory mode [RC 

(1,2)] and the corresponding PCs in the model are shown Fig. 3.14. The EOF1 indicates 

drought condition over most of the Indian monsoon region. The power spectrum analysis 

on PC1 of RC (1,2) indicates a peak around 26 years (Fig. 3.17). The regression of JJAS 

seasonal anomaly of SST from the model (Fig. 3.18) on PC1 (Fig. 3.14c) indicates 

positive anomalies in the North Pacific surrounded by negative anomalies along the west 

coast of North America. The maximum of negative anomalies in the central equatorial 

Pacific is shifted father to the west compared to observations (Fig. 3.8). Based on the 

time period of RC (1,2) and SST regression pattern, we identify this mode in rainfall on 

decadal timescale to be associated with PDO.  

The second oscillatory mode is RC (3,4), whose EOFs and PCs are shown in 3.15. 

The EOF1 depicts flood condition over entire India while EOF2 shows negative 

anomalies in central Indian monsoon region and positive anomalies elsewhere. The two 

PCs are in quadrature (Fig 3.15c). The period of this mode is about 78 years as seen in 

the power spectrum (Fig. 3.17).  The regression of SST on the second mode indicates 
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prominent signal in the North Atlantic with mostly negative anomalies north of 50°N and 

weak positive anomalies along east coast of North America. The second mode is 

associated with North Atlantic, i.e., AMO. The model simulates AMO in the North 

Atlantic fairly well although the anomalies do not extend over the entire North Atlantic. 

In order to confirm that this is indeed the AMO signature, conventional AMO index was 

calculated in the model, which is the smoothed area averaged index in the North Atlantic 

using detrended monthly SST anomalies. The global SST was regressed on the total 

AMO index. The regression pattern (figure not shown) is very similar to that in Fig. 

3.18b which further confirms that the second decadal mode in the model rainfall over 

India is indeed associated with the model AMO. 

The EOFs and PCs of the third mode, RC (9,10) are shown in Fig. 3.16. The 

EOF1 pattern indicates drought condition over India and the Arabian Sea expect with a 

small region of positive anomalies over the central Indian monsoon region. The spectrum 

of PC1 indicates a period of 11 years (Fig. 3.17). The regression of JJAS seasonal SST 

anomaly on the third mode indicates negative anomalies in the North Atlantic at 40°N 

surrounded by positive anomalies, which is the typical pattern of the tripole mode (Fig. 

3.18c). It also indicates ENSO signature in the central equatorial Pacific similar to that of 

SST regression of observed rainfall tripole mode. Thus, the third mode is associated with 

the Atlantic tripole. The order of the modes in model is different compared to 

observations. The spatial pattern of rainfall anomaly associated with decadal modes in 

model differs somewhat from observations. This may be attributed to the low resolution 

of the atmospheric model which fails to capture the details of rainfall over India. The two 
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Monte-Carlo significance tests, NH1 and NH2, were applied to the decadal modes in 

rainfall in the model, the PDO and tripole modes are significant at 95% confidence but 

the AMO mode is not significant. 

The relation of these rainfall modes with the known decadal modes in SST and 

the underlying mechanisms will be explored in detail in the next two chapters. 

 

3.3 Summary 
 
 

The summary of main results of this chapter is as follows. 

1. The observed record of the Indian monsoon rainfall exhibits three decadal modes. 

The power spectra and regression analysis reveal that one of them is related to the 

North Pacific Ocean and other two with the North Atlantic Ocean. 

2. The first and the third modes in the observed rainfall are identified to be associated 

with AMO and Atlantic tripole modes in the North Atlantic domain with frequency 

bands centered around 52 and 13 years. 

3. The second mode is related to the dominant decadal mode in the North Pacific Ocean, 

i.e., PDO, with frequency band centered around 21 years. 

4. The three decadal modes identified using the MSSA on the observational rainfall data 

are reasonably well simulated in the model control run, although there are some 

differences in the details of the spatial structure. This indicates the robustness of 

existence of these modes in observations.  
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Figure 3.1. (a) EOF1, (b) EOF2 and (c) PC1 (red) and PC2 (green) of 
RC(1,2) obtained from MSSA of 5-year running mean of JJAS 
seasonal anomalies of IMD rainfall over India for the period 1901-2004 
using a lag window of 51 years. 
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Figure 3.2. Same as in Fig. 3.1 but for RC (5,6). 
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Figure 3.3. Same as in Fig. 3.1 but for RC (7,8). 
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Figure 3.4. Phase composites of RC (1,2) based on the phase of PC1 of 
RC (1,2). The RC (1,2) is obtained by MSSA of 5-year running mean 
of JJAS seasonal anomalies of IMD rainfall for the period 1901-2004 
using a lag window of 51 years.  
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Figure 3.5. Same as in Fig. 3.4 but for RC (5,6). 
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Figure 3.6. Same as in Fig. 3.4 but for RC (7,8).  
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Figure 3.7. Power spectra of PC1 of RC (1,2) in red, RC (5,6) in green 
and RC (7,8) in blue obtained from MSSA of 5-year running mean of 
JJAS seasonal anomalies of IMD rainfall over India for the period 
1901-2004 using a lag window of 51 years. 
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Figure 3.8. Regression of JJAS seasonal anomaly of global SST on 
IMR indices of the RCs. The IMR index is obtained by appropriate area 
average over the corresponding RCs. The RCs are obtained by MSSA 
of 5-year running mean of JJAS seasonal anomalies of IMD rainfall 
over the Indian monsoon region for period 1901-2004 using a lag 
window of 51 years. The dotted regions indicate 90% confidence level.  
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Figure 3.9. Results from Monte-Carlo MSSA significance test. The 
dots indicate data eigenvalues based on the null hypothesis test NH1 
(see text for details). The upper and lower limits of the error bar 
indicate 97.5% and 2.5% percentile, respectively, determined from 
distribution of eigenvalues of the surrogate data. 
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Figure 3.10. Results from Monte-Carlo MSSA significance test. The 
dots indicate data eigenvalues based on the null hypothesis test NH2 
(see text for details). The upper and lower limits of the error bar 
indicate 97.5% and 2.5% percentile, respectively, determined from 
distribution of eigenvalues of the surrogate data. 
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Figure 3.11. Power spectra of RCs obtained from SSA of 5-year 
running mean of JJAS seasonal anomalies of IITM rainfall time series 
for the period 1871-2004 using a lag window of 60 years.  



51 
 

          
    
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
  Fig 3.12: Regression of JJAS seasonal anomaly of global SST on the 

RCs of the IITM rainfall. The RCs are obtained by SSA of 5-year 
running mean of JJAS seasonal anomalies of IITM rainfall index for 
the period 1871-2004 using a lag window of 60 years. The dotted 
regions indicate 90% confidence level.  
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Figure 3.13. Regression of JJAS seasonal anomaly of IMD rainfall on 
RCs of the IITM rainfall. The RCs are obtained by SSA of 5-year 
running mean of JJAS seasonal anomalies of IITM rainfall index for 
the period of 1871-2004 using a lag window of 60 years.  



53 
 

                             
 
 
 

Fig 3.14: (a) EOF1, (b) EOF2 and (c) PC1 (red) and PC2 (green) of RC 
(1,2) obtained from MSSA of 5-year running mean of JJAS seasonal 
anomalies of rainfall over the domain 60°E-95°E, 5°N-35°N for the 
period 1850-2005 using a lag window of 70 years for CTL run. 
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Fig 3.15: Same as Fig. 3.14 but for RC (3,4). 
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Fig. 3.16: Same as Fig. 3.14 but for RC (9,10). 
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Fig. 3.17: Power spectra of PC1 of RC (1,2) (red), RC (3,4) (green) and 
RC (9,10) (blue) obtained from MSSA of 5-year running mean of JJAS 
seasonal anomalies of rainfall over the domain 60°E-95°E, 5°N-35°N 
for the period 1850-2005 using a lag window of 70 years for CTL run. 
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Fig. 3.18: Regression of JJAS seasonal anomaly of global SSTA on (a) 
RC (1,2) (b) RC (3,4) (c) RC (9,10). The RCs are obtained from MSSA 
of 5-year running mean of JJAS seasonal anomalies of rainfall over the 
domain 60°E-95°E, 5°N-35°N for the period 1850-2005 using a lag 
window of 70 years for CTL run. 
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CHAPTER 4 INFLUENCE OF DECADAL VARAIBILITY OF  
NORTH PACIFIC OCEAN 

The dominant mode of variability in the North Pacific Ocean on decadal timescale 

is the Pacific Decadal Oscillation with a period of about 20 to 30 years (Mantua et al. 

1997).  It is characterized by ENSO-like pattern in the equatorial Pacific, broader in the 

meridional direction with opposite sign of SST anomalies in the central North Pacific 

region. The PDO is usually described by the conventional definition based on EOF 

analysis of SST (Mantua et al. 1997). An EOF analysis is performed on linearly 

detrended SST monthly anomalies over the domain 120°E-240°E, 20°N-60°N for the 

period 1870-2006. The data are detrended by subtracting the linear trend at each grid 

point. The EOF1 and PC1, shown in Figs. 4.1a and 4.1b, respectively, define the PDO 

conventionally. The EOF1 indicates negative anomalies in the central North Pacific and 

positive anomalies along the west coast of North America, consistent with Mantua et al. 

(1997). This is considered as the warm phase of PDO. Thus, the positive (negative) 

values in PC1 indicates warm (cold) phase of PDO with negative (positive) SST 

anomalies in the central North Pacific surrounded by positive (negative) anomalies along 

the west coast of North America. The PC1 shows interannual variations along with 

decadal modulation (11-year running mean shown in Fig. 4.1b). 

There is an ambiguity in the scientific community about whether the decadal 

mode in North Pacific is indeed an oscillation. Some studies refer to this phenomena as 
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simply Pacific decadal variability (PDV) instead of PDO. There is also a debate about 

whether PDO (or PDV) is an independent mode or more directly related to ENSO. It is 

beyond the scope and focus of this study to addresses these questions. The focus of this 

study is to only understand the relation between the decadal mode in the North Pacific 

Ocean and the Indian monsoon.  

 

4.1 Observations 
 

4.1.1 Relation between PDO and Indian monsoon rainfall 
 

As mentioned in section 1.2.1, the variability in the North Pacific Ocean affects 

the equatorial Pacific variability. It is important to understand how this in turn changes 

the ENSO-monsoon relation. Using the earlier definition of PDO, its influence on the 

Indian monsoon and ENSO-monsoon relation is examined. The Niño-3.4 index (area 

averaged SST over the domain 170°W-120°W, 5°S-5°N) is used to represent the ENSO 

variability. A lead-lag correlation analysis is performed between monthly Niño-3.4 index 

and JJAS seasonal IMR index and shown in Fig. 4.1c. A similar lead-lag correlation is 

performed between the PDO index and IMR, also shown in Fig 4.1c. The correlation 

value at 95% confidence level calculated from t-test is indicated. The ENSO-monsoon 

correlation curve is consistent with that shown by Kirtman and Shukla (2000) with weak 

positive correlation prior to the monsoon season and significant negative correlation 

during the monsoon season. It also indicates strong negative correlation during the post-

monsoon season.  
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!The lagged correlation between IMR and PDO is similar to that of IMR and 

ENSO. However, IMR-PDO relation shows weak positive correlation before the 

monsoon and significant negative correlation during the monsoon season (Fig. 4.1c). It 

also shows positive correlation when SST lags the monsoon season. Figure 4.1c clearly 

shows that the PDO has significant correlation with the Indian monsoon rainfall during 

JJAS season. Although the magnitude of IMR-PDO correlation is relatively less than that 

of IMR-ENSO correlation, it is significant at the 95% confidence level. 

 To further substantiate the relation between PDO and monsoon and to understand 

its relation relative to ENSO, composites of JJAS seasonal anomaly of precipitation and 

SST are shown in Figs. 4.2 and Fig. 4.3.  The composites are constructed as follows. The 

years when JJAS Niño-3.4 index is above (below) 0.5SD (#0.5SD) are considered as the 

El Niño (La Niña) years. Similarly, when the JJAS PDO index is above (below) the 

0.5SD (#0.5SD), it is considered as the warm (cold) phase of PDO. The JJAS PDO index 

is calculated from the monthly PDO index (PC1 in Fig. 4.1b).  The SST composite in Fig. 

4.2c represents the El Niño condition with positive anomalies in the central equatorial 

Pacific and weak negative anomalies in the central North Pacific. The La Niña SST 

composite (Fig. 4.2d) is similar to the El Niño composite except with opposite sign 

anomalies in the equatorial and North Pacific Ocean. 

 The warm PDO phase composite of SST (Fig. 4.2a) has same sign of SST 

anomalies as the El Niño case (Fig. 4.2c), except that the magnitude of the SST 

anomalies is different. It indicates weak positive SST anomalies in the eastern Pacific and 

strong negative SST anomalies in the North Pacific relative to the El Niño composite. It 
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also captures the positive SST anomaly pattern in the west coast of North America. The 

cold phase of PDO (Fig. 4.2b) indicates positive SST anomalies in the central North 

Pacific and negative SST anomalies in the tropical eastern Pacific and the west coast of 

North America. Both the warm and cold PDO composites are consistent with previous 

studies (Mantua et al. 1997; Hu and Huang 2009). However, the magnitude of SST 

anomalies in the ENSO and PDO composites are slightly smaller than that of Hu and 

Huang (2009), as in their paper they considered all the months of the year in compositing. 

 To understand the impact of the above SST patterns associated with the PDO and 

ENSO on rainfall over the Indian monsoon region, composites of precipitation are 

constructed for the warm PDO, cold PDO, El Niño and La Niña phases as shown in Figs. 

4.2e-4.2h, respectively. The warm (cold) PDO phase indicates drought (flood) condition 

over India, as seen in Fig. 4.2e (Fig. 4.2f). This is consistent with the negative correlation 

seen in Fig. 4.1c during the monsoon season. The El Niño (La Niña) composite of 

precipitation indicates negative (positive) rainfall anomalies over India representing 

drought (flood) conditions, as shown in Fig. 4.2g (Fig. 4.2h). This is consistent with the 

conventional ENSO-monsoon relationship. The PDO phase captures the negative 

correlation with rainfall similar to the ENSO phase except that the precipitation 

anomalies are slightly weaker compared to those in the ENSO composites. 

 From Fig. 4.1c and 4.2, it is clear that there exists a relation between PDO and the 

variability of rainfall over India. Previous studies have shown that PDO and ENSO 

influence each other (Barnett et al. 1999b; Deser et al. 2004; Vimont et al. 2003a,b). 

Hence, it is important to understand if the PDO would complement or counteract ENSO-
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monsoon relationship. For this purpose, conditional composites of SST and precipitation 

based on the ENSO and PDO phases are calculated. The conditional composites are 

constructed as follows. For example, for warm PDO and El Niño composite (Fig. 4.3a), 

the years with the Niño-3.4 index greater than 0.5 (representing the El Niño phase) and 

the PDO index greater than 0.5 (representing the warm PDO phase) are considered. 

Figure 4.3b is also constructed in the same way, except for the La Niña and warm PDO 

phase. Corresponding composites for the cold PDO-El Niño and the cold PDO-La Niña 

are shown in Figs. 4.3c and 4.3d respectively.  

The warm PDO-El Niño composite of SST in Fig. 4.3a indicates a higher 

magnitude of positive SST anomalies in the eastern Pacific and west coast of North 

America and negative SST anomalies in the North Pacific capturing both the warm PDO 

and El Niño phases consistent with Figs. 4.2a and 4.2c. The corresponding precipitation 

composite (Fig. 4.3e) shows enhanced drought condition over India. This enhanced 

signature in the precipitation anomalies is because the El Niño and warm PDO are both 

related to negative rainfall anomalies over India and hence complement each other to 

enhance the signal. The warm PDO-La Niña composite of SST in Fig. 4.3b indicates 

negative anomalies in the eastern and central Pacific similar to the La Niña condition. 

However, the negative SST anomalies associated with the warm PDO are weak in the 

North Pacific. This is because the positive SST anomalies in the North Pacific associated 

with the La Niña negate the negative SST anomalies associated with the warm PDO 

phase. The composite of precipitation (Fig. 4.3f) shows mixed signature of flood and 

drought over India as the La Niña is related to flood and the warm PDO phase is related 
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to drought condition over India. The La Niña and warm PDO have counteracting 

influences on the monsoon rainfall. 

Similar composites are shown to illustrate the combined effect of cold PDO and 

La Niña case. The SST and precipitation composites for the cold PDO-La Niña phase are 

shown in Figs. 4.3d and 4.3h, respectively. Figure 4.3d indicates negative SST anomalies 

in the eastern Pacific and positive SST anomalies in the North Pacific, consistent with 

Fig. 4.2b and 4.2d (cold PDO and La Niña composites). The corresponding precipitation 

composite (Fig. 4.3h) shows enhanced flood condition over India, as La Niña and cold 

PDO both produce flood condition over India and complement each other to enhance the 

positive precipitation anomalies over India. Figures 4.3c and 4.3g show the cold PDO-El 

Niño composite of JJAS seasonal anomalies of SST and precipitation, respectively. The 

SST composite indicates positive anomalies in the eastern Pacific consistent with the El 

Niño condition and positive anomalies in the North pacific consistent with the cold PDO 

phase. However, the anomalies are weak compared to Fig. 4.2b and 4.2c which show the 

cold PDO and El Niño composites. The reasons for this pattern are same as that explained 

above for the La Niña-warm PDO phase composite. The precipitation composite (Fig. 

4.3g) indicates mixed signature of flood and drought condition over India as the El Niño 

and cold PDO have counteracting influences on the Indian monsoon.  

 The influence of PDO on monsoon and ENSO-monsoon relation is further 

verified using UDEL and Smith et al. (2010) precipitation datasets and are shown in Fig. 

4.4 and Fig. 4.5, respectively. The warm (cold) PDO results in below-normal (above-

normal) rainfall anomalies over India as seen in Fig. 4.4a (Fig. 4.4b). The El Niño (La 
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Niña) composite, as shown in Fig. 4.4c (Fig. 4.4d), also indicates drought (flood) 

condition over India. The enhanced (mixed) signature of precipitation over India, when 

ENSO and PDO are in (out of) phase, is shown in Figs. 4.4e, h (Figs. 4.4f, g). The 

precipitation composites (Fig. 4.5) using Smith et al. (2010) rainfall dataset also indicate 

the same results. But these rainfall composites do not capture the details over India, due 

to the lower spatial resolution of the data.  

In order to further substantiate the combined influence of the ENSO and PDO on 

monsoon, partial correlation analysis (using eq. 2.3 in section 2.3.2) has been performed 

and the results are shown in Table 1. The correlations are calculated over the period 

1901-2004 using the IMD precipitation data. The correlation values greater than 0.19 are 

significant at 99% confidence level. 

 

Table 4.1: Simultaneous and Partial correlation values 

Indices 

a b c 
Correlation value 

IMR Niño-3.4  - #0.51 

IMR PDO - #0.27 

Niño-3.4  PDO - 0.55 

IMR Niño-3.4  PDO removed #0.45 

IMR PDO Niño-3.4 removed 0.01 
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Table 4.1 indicates that the correlation between the IMR and Niño-3.4  and the 

IMR and PDO is #0.51 and #0.27 respectively. However, the correlation between the 

IMR and Niño-3.4 decreases from #0.51 to #0.45 when the influence of PDO is 

excluded. Also, the correlation between IMR and PDO changes from #0.27 to 0.01 and 

becomes insignificant once the influence of ENSO is excluded. The partial correlation 

analysis further substantiates the combined influence of ENSO and PDO on the Indian 

monsoon rainfall. 

From Figs. 4.1 to 4.5 and the Table 4.1, we can draw the following complete 

picture about the combined influence of the ENSO and PDO. The combined warm PDO-

El Niño phases is related to enhanced drought condition over India compared to the El 

Niño condition alone or the warm PDO condition alone or the combined cold PDO-El 

Niño. A similar explanation holds for the combined cold PDO-La Niña phase that is 

related to enhanced flood condition over India compared to the La Niña phase alone or 

the cold PDO phase alone or the warm PDO-La Niña phase.  Thus, we can conclude that, 

when ENSO and PDO are in (out of) phase, they complement (counteract) each other to 

enhance (decrease) the conventional ENSO-monsoon relationship. This conclusion can 

be further illustrated in the scatter plot of the JJAS seasonal anomaly of PDO index 

against the JJAS seasonal anomaly of Niño-3.4 index based on the magnitude of the JJAS 

seasonal anomaly IMR index (Fig. 4.6). From Fig 4.6, it is clear that droughts (floods) are 

likely to occur during combined warm (cold) PDO phase and El Niño (La Niña). 
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4.1.2 Mechanism for PDO-monsoon relation 
 
 

From the above analysis, it was suggested that PDO is related to the rainfall 

variability over India. It is important to understand the mechanism through which PDO 

could influence the monsoon. A hypothesis is proposed in this study using the seasonal 

footprinting mechanism (Vimont et al. 2001, 2003a,b) and further through Walker and 

Hadley circulation. Vimont et al. (2001, 2003a,b) have suggested that the sea level 

pressure (SLP) in the North Pacific during the preceding winter generates an SST 

footprint in the subtropics which persists onto the next summer season. This SST 

signature during the summer season affects the equatorial trade winds. There are also 

other studies which have suggested the persistence of winter SST anomalies into summer 

(Cash et al. 2008). It has been suggested that the equatorial SST affects Indian monsoon 

through Walker and Hadley circulation (Krishnamurthy and Goswami 2000). We 

combine these two explanations to hypothesize the mechanism through which the North 

Pacific decadal variability could affect the summer season rainfall over India through the 

equatorial circulation. 

The mechanism is illustrated using regression and composite analyses. The SLP 

and SST anomalies of the preceding DJF season and simultaneous JJAS season are 

regressed onto JJAS PDO index. The regression pattern in Fig. 4.7a represents low 

pressure associated with PDO in the preceding DJF season in the North Pacific. The SST 

signature indicates negative anomalies in the central North Pacific and the ENSO 

signature in the equatorial Pacific. The SST signature associated with the low pressure 

persists onto the next summer season, as seen in the Fig. 4.7b. In order to see the effect of 
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this SST pattern on winds and precipitation during the summer, the zonal and meridional 

winds (NCEP-NCAR reanalysis data) at 850hPa and Smith et al. (2010) precipitation are 

regressed onto JJAS PDO index. From Fig. 4.7c, it is clear that the positive SST 

anomalies in the equatorial Pacific are associated with westerly trade winds along the 

equator. This affects the equatorial Walker circulation which is associated with positive 

rainfall anomalies in the central equatorial Pacific representing the ascending branch of 

Walker circulation. This is further sustained by the descending branch over the Maritime 

Continent (seen as negative precipitation anomalies). This leads to ascending motion over 

the equatorial Indian Ocean which is indicated by the positive anomalies of rainfall 

regression. The rainfall over India is affected through the descending Hadley branch, 

leading to drought condition. 

The above-mentioned hypothesis is further confirmed through the composite 

analysis. The composites are constructed on the basis of 11-year running mean of PC1 

which represents the decadal signal of PDO (shown in Fig. 4.1b). Using a threshold of 

±0.5SD, the time series is divided into the warm and cold epochs associated with the 

PDO. The difference between warm and cold epochs of PDO is shown in the composite 

plots (Figs. 4d-4f). The SST and SLP composites of preceding DJF season (Fig. 4.7d) 

indicate negative SST anomalies and the low pressure system associated with warm 

phase of PDO. The SST signature generated by the SLP during the preceding winter 

season persists onto the next summer season as seen in Fig. 4.7e. This SST signature 

feeds back onto the equatorial trade winds (Fig. 4.7f) reinforcing the Walker circulation 

along the equatorial region. The PDO affects the Indian monsoon further through Hadley 
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circulation. The corresponding Walker and Hadley circulations are depicted in Fig. 4.8. 

Figure 4.8a shows ascending motion in the central equatorial Pacific and descending 

motion over the Maritime Continent which is further sustained by the ascending branch 

in the equatorial Indian Ocean. The ascending motion in the Indian Ocean results in 

descending motion over India (Fig 4.8b) leading to drought condition (Figs. 4.7c, f). 

The effect of PDO is also supported through the regression analysis using another 

rainfall dataset, and humidity and wind datasets. The IMD rainfall and winds from the 

20th century reanalysis data are regressed onto the JJAS PDO index and shown in Fig. 

4.9. The JJAS PDO index is associated with negative anomalies in the central North 

Pacific and positive anomalies over west coast of North America and equatorial Pacific 

Ocean, as seen earlier in Fig. 4.7b. This is the typical signature of warm phase of PDO. 

The associated rainfall regression (Fig. 4.9a) indicates drought condition over India, 

which is consistent with the warm phase of PDO related to below-normal rainfall during 

the monsoon season. 

The regression of vertically integrated stationary moisture flux on the JJAS PDO 

index indicates winds blowing away from the Indian subcontinent (Fig. 4.9b). The 

stationary moisture flux (product of time averaged quantities of wind and humidity) 

involves the vertically integrated specific humidity and winds from surface to 300hPa. 

The transient part of the moisture flux is not considered. The stationary moisture flux 

pattern helps us to determine the relation among rainfall, moisture flow and circulation 

anomalies. Figure 4.9b shows lack of moisture inflow over the monsoon region, 

consistent with the negative anomalies in the rainfall regression (Fig. 4.9a). Figure 4.9c is 
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same as Fig. 4.9b except that it is an enlarged picture of the regression indicating the 

direction of winds in Pacific also. It shows the flow enhancing the equatorial trade winds 

similar to that seen in the wind regression (Fig. 4.7c) using the NCEP data. 

The time series of the PDO index shown in Fig. 4.1b (i.e. PC1) consists of both 

interannual variability and decadal modulation. In order to illustrate the effect of pure 

decadal component in this index, an SSA has been performed on this time series using a 

lag window of 720 months. The decadal signal isolated by SSA is shown in Fig. 4.10. 

The SSA PDO mode matches well with the 11-year running mean of PC1 (also shown in 

Fig. 4.10). The time period of this mode determined from power spectrum analysis 

indicates a peak centered at 20 years. The signatures of SST, rainfall, winds and moisture 

flow associated with the decadal signal of PC1 are shown by regression analysis in Fig. 

4.11.  

The regression of JJAS SST seasonal anomalies on the decadal SSA mode of the 

PDO index (Fig. 4.11a) indicates negative anomalies in the central North Pacific with 

positive anomalies in the equatorial Pacific, a typical signature of the warm phase of 

PDO. This SST regression is very similar to the regression of SST on the total PDO index 

(Fig. 4.7b). The effect of SSA PDO on rainfall is shown in Fig. 4.11b and Fig. 4.11c 

using Smith et al. (2010) data and IMD rainfall data, respectively. The rainfall regression 

pattern (Fig. 4.11b) captures the tripole signature associated with the Walker circulation 

with positive anomalies in the equatorial Pacific and Indian ocean along with negative 

anomalies around the Maritime Continent. The negative rainfall anomalies over India 

indicate the drought condition (Fig. 4.11b) associated with warm phase of PDO (Fig. 
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4.11a). The rainfall regression using IMD data also indicates drought condition over India 

(Fig. 4.11c). The decadal PDO component results in below-normal monsoon mostly over 

west central part of India compared to the total PDO index which impacts most of the 

Indian summer monsoon region (Fig. 4.9a).  

The signatures of winds and moisture flow (Fig. 4.11d) are consistent with the 

rainfall anomalies. The regression of vertically integrated moisture flux on the decadal 

PDO time series (Fig. 4.11d) indicates that the moisture flow over the subcontinent is 

restricted below 20°N and the moisture does not reach beyond 20°N over India. This is in 

accordance with Fig. 4.11c, where the drought condition exists north of 20°N indicating a 

lack of moisture flow towards the continent. Figure 4.11e shows that the winds are 

blowing all the way from the west North Pacific region. These northerly winds oppose 

the winds bringing moisture into the land regions north of 20°N. This explains why the 

moisture is not reaching over west central part of India beyond 20°N. 

!

4.1.3 Analysis of PDO-monsoon relation through MSSA 
 

Figures 4.9 and 4.11 distinguish the effect of interannual plus decadal and pure 

decadal components of PDO on monsoon, respectively. This shows that the conventional 

definition of PDO does not necessarily represent pure decadal component of PDO. In 

other words, a simple EOF analysis fails to extract the signal which can be attributed to 

the decadal component of PDO alone. In order to overcome this problem, the MSSA 

technique has been employed to isolate the decadal variability in the North Pacific Ocean. 
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The MSSA was performed on the observed monthly SST anomalies over the domain 

120°E-240°E, 20°N-60°N using a lag window of 720 months. The eigenmodes (5,6) 

correspond to the decadal PDO. The RC of this decadal mode [denoted as RC (5,6)] is 

constructed and its EOFs and PCs are shown in Fig. 4.12. The EOF1 captures the peak 

phase of PDO with positive SST anomalies in central North Pacific surrounded my 

negative anomalies (Fig. 4.12a). The developing (decaying) phase of cold (warm) PDO is 

represented by EOF2 (Fig. 4.12b). The PC1 and PC2 are in quadrature (Fig. 4.12c) while 

the power spectrum analysis on PC1 exhibits a broad spectrum centered at 20 years. 

To determine the influence of the MSSA PDO mode on Indian monsoon, a lead-

lag correlation analysis has been performed. Figure 4.13 shows the lead-lag correlation 

between PC1 of MSSA IMR mode related to PDO (shown in Fig. 3.2c) and the PC2 of 

MSSA SST mode related to PDO (shown in Fig. 4.12c). The PC2 is chosen over PC1 to 

use the appropriate phase. The e-folding time of the autocorrelation function of MSSA 

IMR mode is used to determine the degrees of freedom in calculating the confidence 

intervals for t-test. This takes into consideration the persistent nature of the decadal 

modes. A significant negative correlation exists between MSSA IMR PDO and MSSA 

SST PDO modes. This result is consistent the negative correlation between total IMR 

index and total PDO index shown in Fig. 4.1c. When the decadal modes associated with 

PDO are isolated carefully in rainfall and SST, the correlation between them is very high 

and significant at 95% confidence level. 

Further, a composite analysis has been performed based on the RC [i.e. RC (5,6)] 

of the SST PDO mode. The criterion is based on the standardized area averaged index of 
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PDO RC. The index of PDO RC is the area average over the core region, 160°E-210°E 

and 30°N-45°N. The composites are performed over both the MSSA PDO RC rainfall 

(from section 3.1) and total rainfall. The MSSA PDO rainfall corresponds to the PDO 

mode obtained from MSSA of IMD rainfall (see section 3.1). This composite represents 

the effect of the pure PDO signal in the North Pacific SST. The total rainfall is from IMD 

data which includes variability on all timescales. The warm (cold) PDO composite of 

MSSA PDO rainfall indicates negative (positive) rainfall anomalies over the west central 

India and positive (negative) rainfall anomalies over east Indian region (Figs. 4.14 a, e). 

The composite of the total rainfall represents similar anomalies except that they are 

higher in magnitude (Figs. 4.14 b, f). Further, the combined influence of ENSO and PDO 

is depicted in Figs. 4.14 c, d, g, and h. The enhanced drought condition is seen over the 

monsoon region when the El Niño co-occurs with warm PDO phase (Fig. 4.14c) rather 

than El Niño with cold PDO (Fig. 4.14g). In a similar way, the flood condition is 

enhanced over India (Fig. 4.14h) when La Niña and cold PDO phase co-exist rather than 

during the La Niña and warm PDO condition (Fig. 4.14d).  

From the above observational analysis, it has been shown that the PDO and 

monsoon exhibit significant negative correlation with the warm (cold) phase of PDO 

associated with the below-normal (above-normal) rainfall over the Indian monsoon 

region. Further, when warm (cold) PDO and El Niño (La Niña) co-occur, drought (flood) 

condition is more likely over India rather than flood (drought) condition.  
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4.2 Control Run 
 

The results from the CTL run are analyzed to further substantiate the relation 

between PDO and monsoon. Similar to the observations, an EOF analysis has been 

performed in the North Pacific region (120°E-240°E, 20N°-60°N) using linearly 

detrended monthly SST anomalies of the CTL run to determine the PDO mode. The 

EOF1 (Fig. 4.15a) captures the PDO pattern with positive SST anomalies in the central 

North Pacific surrounded by the negative SST anomalies. The corresponding PC1 (Fig. 

4.15b) captures the interannual variations along with the decadal modulation similar to 

the observational PDO index (Fig. 4.1b).  

Lead-lag correlation between the monthly PDO index and JJAS seasonal anomaly 

IMR index in the CTL run is shown in Fig. 4.15c. The correlation curve between ENSO 

and monsoon is also shown for comparison. The Niño-3.4 index is chosen to represent 

the ENSO index. The IMR index in the model is area averaged index over the domain, 

60°E-84°E, 8°N-30°N. The area average is based on a larger domain to account for the 

low resolution of the atmospheric model and lack of ability of the model to represent the 

finer details of precipitation over India. The model captures the significant negative 

correlation between ENSO and monsoon consistent with observations. The model 

indicates lagged negative correlation during and after the monsoon season. However, the 

correlation value is not as high as in observations, both during and post monsoon season. 

The model shows significant positive correlation prior to the monsoon season in contrast 

to the observations which indicate weak positive correlation. The model also reproduces 

the significant negative correlation between PDO and monsoon during JJAS season. The 
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value of the correlation is comparable to the observations. But the lagged correlation 

extends much further into the next year relative to the observations. 

The individual and conditional composites (Fig. 4.16 and Fig. 4.17) are also 

constructed similar to Fig. 4.2 and 4.3 as in observations using CTL run data based on 

JJAS seasonal anomaly of Niño-3.4 and PDO indices. Figure 4.16a shows the warm PDO 

condition of SST while Fig. 4.16e show the rainfall composite. The model has good 

representation of positive PDO phase with positive SST anomalies in the eastern 

equatorial Pacific Ocean and negative anomalies in the central North Pacific Ocean. The 

model also indicates dipole pattern in SST over the Indian Ocean consistent with 

observation although the magnitude of anomalies is relatively higher. The rainfall 

signature of warm PDO phase captures the correct sign of negative anomalies over India 

consistent with the negative PDO-monsoon relation. The composite of SST for cold PDO 

phase (Fig. 4.16b) shows positive SST anomalies in central North Pacific surrounded by 

the negative anomalies and weak ENSO signature in the equatorial region. The 

corresponding rainfall composite (Fig. 4.16f) represents consistent pattern with the flood 

condition over India. For the El Niño case, the model captures the horseshoe pattern of 

positive SST anomalies in eastern equatorial Pacific surrounded by negative SST 

anomalies (Fig. 4.16c). The model reproduces El Niño’s effect on monsoon with drought 

condition (Fig. 4.16g) over India better than La Niña’s effect (Fig. 4.15h). It also has 

better representation of the drought condition (Fig. 4.16e) associated with the warm PDO 

relative to flood condition of cold PDO (Fig. 4.16f). However, in La Niña’s case, the 
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model results in negative anomalies over central India. This could be related to the 

anomalously strong winds blowing from Bay of Bengal in the model (figure not shown).  

Figures 4.17 a, e show the SST and rainfall pattern associated with those years 

when El Niño and warm phase of PDO co-occur. It shows enhanced SST anomalies 

associated with both the warm phases of ENSO and PDO with negative anomalies in the 

North Pacific and horseshoe pattern in the equatorial Pacific Ocean. The associated 

rainfall composite indicates enhanced drought condition over India and surrounding 

oceanic regions except over central India. The warm PDO phase counteracts La Niña 

signature in monsoon and is related to mixed signature of flood and drought over India 

and surrounding oceanic regions (Fig. 4.17f).  

Similar composites are shown to indicate the influence of cold PDO and its 

enhancing or counteracting effect on the ENSO’s influence on monsoon (Figs. 4.17g, h).  

Enhanced flood condition over India is seen when La Niña and cold PDO phases co-

occur (Fig. 4.17h). The corresponding SST signature shows enhanced La Niña and cold 

PDO conditions in equatorial Pacific Ocean and North Pacific Ocean (Fig. 4.17d), 

consistent with the observations. A mixed signature of rainfall is seen in the composite of 

cold PDO-El Niño phase (Fig. 4.17g). 

The hypothesis proposed for the mechanism using observational analysis through 

which PDO influences monsoon is further tested in the model control run. The regression 

of preceding DJF SST on JJAS PDO index (Fig. 4.18a) shows negative SST anomalies in 

the central North Pacific surrounded by positive SST anomalies along the west coast of 

North America extending into the tropical Pacific. The warm phase of PDO is associated 
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with low pressure in the North Pacific in the preceding winter season as seen through the 

regression of preceding DJF SLP on JJAS PDO index (Fig. 4.18a). The SST pattern 

associated with the low-pressure system persists into the succeeding summer season (Fig. 

4.18b), consistent with Vimont et al. (2001, 2003a,b) mechanism. This has been depicted 

in the regression pattern of JJAS SST anomaly on JJAS PDO index (Fig. 4.18b). This 

SST pattern feeds back into the equatorial trade winds, as indicated by Fig. 4.18c. The 

regression of JJAS zonal and meridional winds indicates westerlies along the equator 

which get enhanced by the SST footprint during the summer season and reinforce the 

equatorial Walker circulation, further affecting the Indian monsoon rainfall through the 

Hadley circulation. The warm phase of PDO leads to drought condition over India as 

shown by negative precipitation anomalies in the regression of JJAS rainfall anomaly on 

JJAS PDO index (Fig. 4.18c). The wind regression pattern (Fig. 4.18c) also shows the 

winds blowing away from the continent, indicating lack of moisture flow over India 

consistent with the drought condition. These regression plots shows that the hypothesis 

proposed in observations holds in the model as well. 

As stated earlier in the observational analysis, the conventional definition of PDO 

does not capture isolated signature of the North Pacific SST variability on decadal 

timescale. It includes the variability both on the interannual and decadal timescale. 

Hence, an MSSA was performed on 5-year running mean monthly SST anomalies in the 

North Pacific region in the CTL run using a lag window of 841 months.  The EOF1 and 

PC1 associated with the RC of the PDO mode obtained from above analysis are shown in 

Fig. 4.19. The EOF1 represents the peak phase of PDO mode with negative SST 
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anomalies in the central North Pacific surrounded by the positive SST anomalies (Fig. 

4.19a). The power spectrum analysis on PC1 of PDO mode indicates a period centered at 

31 years. To determine the relation of this mode with the rainfall over India, regressions 

of SST and precipitation on PC1 of MSSA PDO mode are shown in Fig. 4.20. The 

regression plots indicate that the warm PDO phase is related to drought condition over 

India (except for the positive anomalies over east central part of India) consistent with the 

negative correlation between PDO and monsoon.  The regression pattern of precipitation 

(Fig. 4.20b) is similar to the composite of rainfall for the warm PDO phase based on the 

total PDO index (Fig. 4.16e). 

 

4.3 EXP-NP run 
 

In order to isolate the influence of the North Pacific decadal variability on the 

Indian monsoon rainfall, a regionally de-coupled experiment (EXP-NP) is performed 

with climatological SST prescribed in the North Pacific basin. The results from the EXP-

NP run are compared with the CTL run to show the role of North Pacific Ocean on 

monsoon.  

The climatology and standard deviation of rainfall and SST for the JJAS season 

are shown in Fig. 4.21 and Fig. 4.22, respectively, in the EXP-NP run. The model mean 

states in rainfall and SST are unchanged. The model shows very little increase in the 

variability of rainfall over certain regions of tropical Pacific and India. It also indicates 



78 
 

reduced variability in the North Atlantic region north of 30°N and negligible change in 

other oceanic basins. 

An MSSA of 5-year running mean of JJAS seasonal anomalies of the Indian 

monsoon rainfall in EXP-NP run was performed for the period 1850-2005 using a lag 

window of 70 years similar to CTL run. The results indicate the absence of any 

oscillatory eigenmodes in rainfall with the timescale of PDO. Therefore, the earlier result 

with the observations and CTL run showing the existence of PDO mode in Indian 

monsoon rainfall on decadal timescale is further supported.  

The suggested mechanism for the influence of PDO on monsoon involves the link 

through the equatorial Pacific Ocean. Further evidence for this mechanism is provided 

below. An MSSA of the observed monthly SST anomalies in the tropical Pacific domain 

(120°E-70°W, 30°S-30°N) results in an oscillatory pair of eigenmodes which exhibit 

variability on the period of 27 years. The EOF1 and PC1 of the corresponding RC are 

shown in Figs. 4.23a, b, respectively. The regression of monthly SST anomalies on PC1 

results in PDO-like pattern in the North Pacific Ocean with positive SST anomalies in the 

central North Pacific and negative SST anomalies extending from the west coast of North 

America to the tropical Pacific Ocean (Fig. 4.23c). Thus, this decadal tropical mode is 

recognized to be related to the PDO and referred to as the equatorial PDO mode. 

 A similar MSSA was performed using the monthly SST anomalies from the CTL 

run.  In this case also, the MSSA of the monthly SST anomalies also yields an oscillatory 

pair of eigenmodes. The EOF1 and PC1 of the RC of this oscillatory mode (Figs. 4.24a, 

b) have reasonably good resemblance with the observed patterns (Figs. 4.23a, b). The 
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regression of SST on PC1 of RC (Fig. 4.24c) also shows the PDO patterns in the North 

Pacific and has reasonable resemblance with the corresponding observed pattern (Fig. 

4.23c). Additionally, this regression pattern (Fig. 4.24c) has close resemblance with the 

regression pattern shown earlier using the North Pacific PDO mode (Fig. 4.20a). Thus, 

the model CTL run also indicates the equatorial PDO mode similar to the observations. 

The MSSA of the monthly SST anomalies in the tropical Pacific region (120°E-70°W, 

30°S-30°N) was repeated with EXP-NP run also. The results show the absence of 

equatorial PDO-like mode in the EXP-NP run. These results suggest that there is an 

influence of the PDO on the tropical Pacific Ocean and its affect on monsoon through the 

equatorial Pacific Ocean. 

The effect of PDO on Indian monsoon rainfall variability is further shown through 

the variance analysis of rainfall in the CTL and EXP-NP runs. The JJAS seasonal 

anomaly of rainfall was band-pass filtered in the 20-40 year band for both the CTL and 

EXP-NP runs. The amount of variance explained in the pre-filtered data was calculated 

for both the runs. Figure 4.25 shows reduced variance in rainfall over the central and 

southern part of Indian monsoon region and surrounding oceanic regions in the EXP-NP 

run (Fig. 4.25b) relative to CTL run (Fig. 4.25a). The model has bias in simulating the 

rainfall over Himalayan region and hence it is not included in interpretation of results. 

This shows that the North Pacific Ocean has a considerable influence on the variability of 

rainfall over India on decadal timescale. 
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4.4 Summary 
 

The summary of main results of this chapter is as follows. 

1. The PDO exhibits significant negative correlation with IMR similar to ENSO with 

warm (cold) phase of PDO related to below-normal (above-normal) rainfall 

conditions over India. 

2. When ENSO and PDO are in warm (cold) phase, droughts (floods) are more likely 

than floods (droughts) over India. In other words, when they are in (out of) phase, 

the ENSO-monsoon relation is enhanced (decreased).  

3. The PDO affects monsoon through seasonal footprinting mechanism and further 

through Walker and Hadley circulation. 

4. The model also reproduces the individual and combined influence of ENSO and 

PDO on monsoon. 

5. The model results also support the hypothesis proposed for the mechanism for PDO-

monsoon relation. 

6. The North Pacific de-coupled experiments substantiates the influence of PDO on 

monsoon.  
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Figure 4.1. (a) EOF1 and (b) PC1 (shaded) obtained from an EOF 
analysis of monthly SST anomaly over the North Pacific domain (120°-
240°E, 20°N-60°N). Black line in (b) is the 11-year running mean of 
PC1. (c) Lead-lag correlation between JJAS IMD IMR index and 
monthly SST Niño-3.4 and PDO indices. The dashed lines indicate 
95% confidence level and the JJAS monsoon season is represented by 
shaded region in (c). The SST leads IMR prior to monsoon season and 
lags during post monsoon season. 
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Figure 4.2. Composites of SST and IMD precipitation for (a), (e) warm 
PDO (b), (f) cold PDO (c),(g) El Niño (d),(h) La Niña. The dotted 
regions indicate values significant at 90% confidence level. The dots 
are plotted for every 6th grid point for SST. See text for the criteria used 
in constructing composites. 
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Figure 4.3. Composites of SST and IMD precipitation for (a), (e) warm 
PDO and El Niño (b), (f) warm PDO and La Niña (c), (g) cold PDO 
and El Niño (d), (h) cold PDO and La Niña. The dotted regions indicate 
values significant at 90% confidence level. The dots are plotted for 
every 6th grid point for SST. See text for the criteria used in 
constructing composites. 
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 Figure 4.4. Composites of precipitation for (a) warm PDO (b) cold 

PDO (c) El Niño (d) La Niña (e) warm PDO and El Niño (f) warm 
PDO and La Niña (g) cold PDO and El Niño (h) cold PDO and La Niña 
for UDEL dataset. See text for the criteria used in constructing 
composites. 
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Figure 4.5. Composites of precipitation for  (a) warm PDO (b) cold 
PDO (c) El Niño (d) La Niña (e) warm PDO and El Niño (f) warm 
PDO and La Niña (g) cold PDO and El Niño (h) cold PDO and La Niña 
for Smith et al. (2010) dataset. See text for the criteria used in 
constructing composites. 
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Figure 4.6. Scatter plot of standardized Niño-3.4 index versus PDO 
index from observations. Red and blue circles indicate standardized 
IMR index greater than 0.5 and less than #0.5, respectively. The size of 
the circle is proportional to the magnitude of the IMR index. 
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Figure 4.7. (a) Regression of preceding DJF SST (shading) and DJF 
SLP (contour) on JJAS PDO index. (b) Regression of JJAS SST 
(shading) and JJAS SLP (contour) on JJAS PDO index. (c) Regression 
of JJAS precipitation (shaded) and JJAS zonal and meridional winds at 
850hPa (vectors) on JJAS PDO index. Decadal warm-cold PDO 
composite of (d) SST (shaded) and SLP (contour) for preceding DJF 
season (e) SST (shaded) and SLP (contour) for simultaneous JJAS 
season (f) precipitation (shaded) and zonal and meridional winds 
(vectors) at 850hPa for simultaneous JJAS season for observations. The 
criteria for composites are based on 11-year running mean of PDO 
index. 
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Figure 4.8. (a) Walker circulation obtained by averaging over 5°S–5°N, 
the regression of JJAS seasonal anomaly of zonal wind and negative 
pressure vertical velocity on JJAS PDO index. (b) Hadley circulation 
obtained by averaging, over 60°E–90°E, the regression of JJAS 
seasonal anomaly of meridional wind and negative pressure vertical 
velocity on JJAS PDO index using observations. 

(a) Walker Circulation   

  (b) Hadley circulation 
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Figure 4.9.  Regression of (a) JJAS seasonal anomaly of precipitation 
(IMD) and (c) JJAS seasonal anomaly of vertically integrated 
stationary moisture flux on JJAS PDO index. (b) is similar to (c) except 
that it is shown only over the Indian monsoon region. 
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Figure 4.10. 11-year running mean of PC1 (shading) shown in Fig 4.1b 
and the PDO mode (line) obtained from SSA of the monthly SST time 
series of PC1 shown in Fig 4.1b for the period 1870-2006 using a lag 
window of 720 months. 
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Figure 4.11. Regression of (a) JJAS SST anomaly (b) JJAS seasonal 
anomaly of precipitation (Smith et al. 2010) (c) JJAS seasonal anomaly 
of precipitation (IMD) and (e) JJAS seasonal anomaly of  vertically 
integrated stationary moisture flux on the decadal SSA signal of PDO. 
(d) is similar to (e) except that it is shown only over Indian monsoon 
region. 
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Figure 4.12. (a) EOF1 (b) EOF2 (c) PC1 (red) and PC2 (green) for 
PDO mode [RC (5,6)] obtained from MSSA of monthly SST anomaly 
(5-year running mean) for the period 1870-2006 using a lag window of 
720 months over the North Pacific region (120°E-240°E, 20°N-60°N) 
using observations. 
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Figure 4.13. Plot of lead lag correlation between MSSA IMR RC (5,6) 
PC and MSSA SST RC (5,6) PC from observations. Dashed line 
indicates 95% confidence level. The confidence interval is determined 
taking into account the persistent nature of the decadal mode. The 
shaded region represents JJAS summer monsoon season at lag zero. 
The SST leads IMR prior to monsoon season and lags during post 
monsoon season. 
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Figure 4.14.  Composites of IMD precipitation for  (a), (b) warm PDO 
(b), (f) cold PDO (c) El Niño and warm PDO (d) La Niña and warm 
PDO and (g) El Niño and cold PDO  (h) La Niña and cold PDO. The 
composite field is JJAS seasonal anomaly of MSSA RC rainfall for (a) 
and (e), and JJAS seasonal anomaly of total rainfall for (b)-(h). See text 
for details on the criteria used in constructing the composites.  
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Figure 4.15. (a) EOF1 and (b) PC1 (shaded) obtained from EOF 
analysis of monthly SST anomaly over North Pacific domain in the 
model CTL run and 11-year running mean of PC1 (black) is also shown 
in (b). Lead-lag correlation between JJAS IMR and monthly Niño-3.4 
(red) and PDO (green) index. The dashed lines indicate 95% 
confidence level and the JJAS monsoon season is represented by 
shaded region.  
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Figure 4.16. Composites of SST and precipitation for (a), (e) warm 
PDO (b), (f) cold PDO (c), (g) El Niño (d),(h) La Niña for CTL run. 
The dotted regions indicate 90% confidence level. 
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Figure 4.17. Composites of SST and precipitation for (a), (e) warm 
PDO and El Niño (b), (f) warm PDO and La Niña (c), (g) cold PDO 
and El Niño (d), (h) cold PDO and La Niña for CTL run. The dotted 
regions indicate 90% confidence level. 
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Figure 4.18. (a) Regression of preceding DJF SST (shading) and DJF 
SLP (contour) on JJAS PDO index. (b) Regression of JJAS SST 
(shading) and JJAS SLP (contour) on JJAS PDO index. (c) Regression 
of JJAS precipitation (shaded) and JJAS zonal and meridional winds 
(vectors) on JJAS PDO index for CTL run. 
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Figure 4.19. (a) EOF1 (b) PC1 of PDO mode obtained from MSSA on 
5-year running mean of monthly SST anomalies for the period 1850-
2005 using a lag window of 841 months over the North Pacific region 
(120°E-240°E, 30°S-30°N) for CTL run. 
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Figure 4.20. Regressions of JJAS seasonal anomaly of SST and 
precipitation on JJAS seasonal anomaly of PC1 of MSSA RC PDO 
mode for CTL run. 
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Figure 4.21. JJAS seasonal (a) climatology and (b) standard deviation 
of precipitation in EXP-NP run. 
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Figure 4.22. JJAS seasonal (a) climatology and (b) standard deviation 
of SST in EXP-NP run. 
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Figure 4.23. (a) EOF1 and (b) PC1 of the PDO mode obtained from 
MSSA on 5-year running mean of observed monthly SST anomaly for 
the period 1870-2006 using a lag window of 720 months over the 
equatorial Pacific region, 120°E-290°E, 30°S-30°N. (c) Regression of 
monthly anomaly of SST on PC1 for the period 1870-2006. 
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Figure 4.24. (a) EOF1 and (b) PC1 of the RC of the PDO mode 
obtained from MSSA on 5-year running mean of monthly SST 
anomalies for the period 1850-2005 using a lag window of 841 months 
over the equatorial Pacific region (120°E-290°E, 30°S-30°N) for CTL 
run (c) Regression of monthly SST anomaly on PC1 of RC of the PDO 
mode. 
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Figure 4.25. Variance of JJAS seasonal anomaly of band-pass filtered 
rainfall in 20-40 year band for (a) CTL (b) EXP-NP runs.  
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CHAPTER 5 INFLUENCE OF DECADAL VARAIBILITY OF NORTH 
ATLANTIC OCEAN 

The North Atlantic Ocean exhibits variability on decadal timescale with SST 

modes related to AMO and Atlantic tripole (Marshall et al. 2001a). The AMO varies with 

a period of about 50-60 years and is characterized by same sign of SST anomalies over 

the entire North Atlantic region north of the equator (Schlesinger and Ramankutty 1994; 

Enfield et al. 2001). There is a debate in the scientific community about whether it is 

AMO or Atlantic multidecadal variability (AMV). But this study will refer to it as AMO. 

The Atlantic tripole mode shows decadal signature in SST over the North Atlantic region 

with the northern and southern lobes having same sign SST anomalies while the central 

lobe around 40°N has opposite sign anomalies (Marshall et al. 2001b), with a period of 

10-20 years.  

There is limited research addressing the influence of the decadal variability of 

Atlantic Ocean on the Indian monsoon. As stated in section 2, only a few studies have 

indicated that the AMO can influence the Indian monsoon rainfall variability. There still 

exists an ambiguity in the mechanism through which AMO could influence the rainfall 

over the Indian monsoon region. This study attempts to perform a detailed investigation 

of the role of decadal modes associated with the Atlantic Ocean in influencing the 

variability over the Indian monsoon region.  
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5.1 Observations 
 

5.1.1 Decadal Atlantic SST variability 
 
 

Most of the studies, which have indicated positive correlation between AMO and 

Indian monsoon, use the conventional AMO index which is defined as the smoothed area 

average of linearly detrended monthly SST anomalies over the entire North Atlantic 

region. A similar AMO index was constructed using linearly detrended monthly SST 

anomalies and a 21-year running mean was applied for smoothing. A lead-lag correlation 

analysis between this AMO index and JJAS seasonal IMR index is shown in Fig. 5.1. The 

AMO index shows significant weak positive correlation with the IMR prior to the 

monsoon season but the correlation becomes weaker and insignificant during the 

monsoon season. 

The North Atlantic region includes variability associated with different 

phenomena on varied timescales from interannual to multidecadal timescales. Hence, an 

area averaged index would include all these phenomena and does not necessarily 

represent an isolated decadal AMO signal. An SSA of the conventional AMO index 

showed different modes of variability embedded within this index. In order to carefully 

isolate the different modes of variability in the North Atlantic region on decadal 

timescale, an MSSA was also performed on the linearly detrended monthly SST 

anomalies over the North Atlantic region (290°E-375°E, 0°-70°N) with a lag window of 

720 months for the period 1870-2006. The MSSA shows three dominant oscillatory pairs 

of eigenmodes. The RCs of the oscillatory pairs were computed and EOF analysis was 
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performed on each of the RCs. The first oscillatory pair is the AMO mode, as seen from 

the EOF1 of its RC which indicates same sign of SST anomalies over the entire North 

Atlantic region (Fig. 5.2a) while PC1 shows variability on decadal timescale (Fig. 5.2d). 

The power spectrum of PC1 of this mode indicates a period centered at 68 years (Fig. 

5.3). The second oscillatory pair represents a mode with a variability of 30-year timescale 

in its power spectrum (Fig. 5.3) and its EOF1 and PC1 are shown in Figs. 5.2b and 5.2e, 

respectively. The Atlantic tripole mode comes out as the third oscillatory pair. Its EOF1 

indicates negative SST anomalies along 40°N which is sandwiched between the positive 

SST anomalies (Fig. 5.2c), while its PC1 indicates decadal variability (Fig. 5.2f). The 

spectrum of PC1 of tripole mode indicates a period of about 13 years (Fig. 5.3). The 

spatial structures and time variability of the AMO mode and the Atlantic Tripole mode in 

this study are consistent with the definitions of the modes by Enfield et al. (2001) and 

Marshall et al. (2001b), respectively. 

 

5.1.2 Relation between Atlantic SST and Indian monsoon rainfall 
 
 

As documented in Chapter 3, the Indian monsoon rainfall exhibits only two 

modes that are associated with Atlantic decadal variability, i.e., AMO and Atlantic 

tripole. Hence, only the relation of these modes in SST with IMR will be discussed 

further. A lead-lag correlation analysis between the IMR RCs and SST RCs of the 

respective decadal MSSA modes of the monsoon rainfall and Atlantic SST was 

performed. An area averaged index, of the SST RC of the AMO mode over the entire 
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North Atlantic region is constructed (hereafter referred as the SST AMO index). An area 

averaged index is constructed for the Atlantic tripole mode from its RC as defined below. 

The tripole RC is first averaged over the three domains. These area averages over the 

southern domain (50°W-25°W, 10°N-20°N), northern domain (45°W-20°W, 47.5°N-

57.5°N) and central domain (70°W-45°W, 30°N-40°N) are designated as s, n and c, 

respectively. The tripole RC index is calculated as (s+n)/2 – c, taking into consideration 

that the anomalies in the central domain are opposite in sign to those in northern and 

southern domains. 

The lead-lag correlation between JJAS IMR AMO index and monthly SST AMO 

index is shown in Fig. 5.4. The intervals of 95% confidence level are determined by 

taking into account the persistent nature of the decadal modes. The SST AMO exhibits 

high positive correlation with the Indian monsoon rainfall for a long range of lead/lag. 

The correlation between JJAS MSSA IMR tripole index and monthly MSSA SST tripole 

index is also shown in Fig. 5.4. A significant strong negative correlation exists between 

tripole mode in the North Atlantic and Indian monsoon rainfall. Thus, the two modes in 

the North Atlantic show opposite relation with the monsoon, with AMO having positive 

correlation with IMR and tripole having negative correlation with IMR. In a linear sense, 

these two modes cancel their effects to result in weak positive correlation when total 

“AMO” index is used for the correlation analysis (Fig. 5.4). This clearly indicates that a 

simple area averaged index over the North Atlantic does not represent the isolated signal 

of the AMO mode. Furthermore, it is important to isolate different signals in the North 
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Atlantic region on decadal timescales while examining their influence on the Indian 

monsoon rainfall. 

 

5.1.3 Relation between AMO and Indian monsoon rainfall 
 

To determine the spatial structure of monsoon rainfall and SST associated with 

the AMO, a composite analysis is performed. The criteria for composites are based on the 

JJAS seasonal anomaly of MSSA SST AMO index. Those years with the SST AMO 

index greater (less) than 0.5SD (#0.5SD) are selected for warm (cold) composite. The 

composites are constructed for RCs of SST AMO mode and monsoon rainfall AMO 

mode. The composite of SST (Fig. 5.5a) for the warm AMO phase shows positive SST 

anomalies over the entire North Atlantic region. The corresponding precipitation 

composite (Fig. 5.5c) indicates flood condition over central India and weak drought 

condition elsewhere. The rainfall pattern associated with the warm AMO has very good 

correspondence with the EOF2 pattern of rainfall AMO RC (Fig. 3.1b) obtained from 

MSSA over the Indian monsoon rainfall. The negative SST anomalies are seen in the 

North Atlantic domain in the cold AMO composite (Fig. 5.5b) and the corresponding 

rainfall composite indicates drought condition over central Indian monsoon region (Fig. 

5.5d). Thus, the warm (cold) phase of AMO is associated with the flood (drought) 

condition over India, consistent with the positive correlation as seen in Fig. 5.4. The 

composites of SST and rainfall for the warm and cold phases of AMO are almost mirror 

images of one another. 
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 Figure 5.6 shows similar AMO composites as above but the field used for 

compositing is the total JJAS seasonal anomalies of SST and Indian rainfall. The SST 

composites of total field (Figs. 5.6a, b) are consistent with the MSSA RC composite 

(Figs. 5.5a, b) over the North Atlantic with positive SST anomalies associated with warm 

phase of AMO and negative anomalies with cold phase of AMO. Also, the SST 

composite of warm AMO phase (Fig. 5.6a) is strikingly similar to the regression of JJAS 

seasonal anomaly of SST on rainfall AMO mode shown earlier (Fig. 3.8a). The SST 

anomalies in other oceanic regions do not indicate any coherent signals in Fig. 5.6a. The 

rainfall composites also show same patterns as MSSA RC composite with warm AMO 

phase indicating flood condition (Fig. 5.6c) and cold AMO phase with drought condition 

(Fig. 5.6d) over central India. 

 The above composites suggest an association of AMO with the Indian monsoon. 

The influence of AMO in modulating the ENSO-monsoon relation is now explored. To 

achieve this, conditional composites are constructed based on the total JJAS seasonal 

anomaly of Niño-3.4 index and JJAS seasonal anomaly of MSSA SST AMO index. The 

methodology employed is similar to the conditional composites of ENSO and PDO in 

chapter 4. The AMO index is based on MSSA RC and the ENSO index is total anomaly. 

Comparing the composite of El Niño and warm AMO (Fig. 5.7a) and El Niño and cold 

AMO (Fig. 5.7b), we notice that the cold phase of AMO favors the El Niño’s influence 

on monsoon rather than the warm phase of AMO. This is seen in the enhancement of 

negative rainfall anomalies over central India. This effect can be explained as follows. 

The cold AMO phase leads to drought condition over central India while El Niño is 
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associated with below-normal rainfall over India. Thus the combined effect results in 

strong negative anomalies of rainfall over the central Indian monsoon region. The strong 

impact of AMO is felt over central India and hence the modulating influence of AMO on 

ENSO-monsoon relation is seen only in the central Indian monsoon region. The warm 

AMO phase enhances the influence of La Niña over central India (Fig. 5.7c), as warm 

AMO is associated with flood condition over this region. Thus, when warm (cold) AMO 

and La Niña (El Niño) co-occur, they enhance their influence over central India. The 

enhancement of rainfall anomalies over central India can be interpreted in two ways. One 

way is either AMO is enhancing the rainfall anomalies independently or the other is the 

combined influence of AMO and ENSO which could be achieved by AMO modulating 

the ENSO. Later, in the explanation of mechanism, it will be shown that the former 

explanation seems more plausible than the latter. The counteracting effect of cold AMO 

to La Niña’s (Fig. 5.7d) influence on monsoon seems to be stronger than the 

counteracting effect of warm AMO to El Niño’s (Fig. 5.7a). 

 

5.1.4 Relation between Atlantic Tripole and Indian monsoon rainfall 
 

 To determine the spatial structure associated with the influence of the Atlantic 

tripole mode, composites of JJAS seasonal anomalies of MSSA RCs and total field of 

SST and precipitation are shown in Figs. 5.8 and 5.9, respectively. The MSSA RC SST 

composite of warm tripole phase (Fig. 5.8a) indicates negative SST anomalies around 

40°N surrounded by positive SST anomalies. The warm tripole phase is related to 
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drought condition (Fig. 5.8c) over India as seen from the negative anomalies of rainfall 

over most of the Indian subcontinent. This is consistent with the negative correlation 

between tripole and IMR (Fig. 5.4). The negative phase of the tripole mode shows 

positive SST anomalies between negative SST anomalies (Fig. 5.8b). The corresponding 

rainfall composite indicates flood condition over most of Indian region (Fig. 5.8d). The 

composite of rainfall looks very similar to the EOF1 of the rainfall tripole mode (Fig. 

3.3a). 

The composites of JJAS seasonal anomaly of the total field are also consistent 

with the JJAS seasonal anomaly of the MSSA RC composites. The total SST composite 

of warm phase of tripole mode (Fig. 5.9a) indicates negative SST anomalies surrounded 

by the positive SST anomalies. In the total composite, negative SST anomalies do not 

extend from the coastal region as seen in the MSSA RC composite (Fig. 5.8a). The total 

SST composite of the negative phase of the tripole mode (Fig. 5.9b) gives a better 

signature of SST with positive anomalies surrounded by negative anomalies. The rainfall 

composite of positive (negative) tripole phase shows negative (positive) anomalies over 

northeast and central India (Figs. 5.9 c, d). The influence of the warm tripole phase is not 

as strong as the cold tripole phase. This could be related to the weaker SST signature of 

warm phase of tripole relative to cold phase in the total SST composite. The tripole SST 

composite also indicates weak ENSO signature in Pacific. This is consistent with the 

regression of JJAS SST anomaly on rainfall tripole mode which also showed a weak 

ENSO pattern in the equatorial Pacific Ocean (Fig. 3.8c). 
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5.1.5 Mechanism for AMO-monsoon relation 
 
 

From the above correlation and composite analyses, it has been shown that two 

decadal modes in the North Atlantic region have significant relation with the variability 

of rainfall over the Indian monsoon region. The mechanisms through which these decadal 

modes could affect the Indian monsoon rainfall are now explored. Folland et al. (2009) 

have shown the existence of summer North Atlantic Oscillation (SNAO), similar to the 

winter NAO. The SNAO has more northerly position and a smaller spatial extent. The 

SNAO is defined from an EOF analysis of July and August (JA) seasonal SLP anomalies 

over the North Atlantic-European domain (70°W-50°E, 25°N-70°N). Their study also 

relates detrended SNAO index to the AMO index. Based on this observation, a 

hypothesis that AMO could influence the monsoon through SNAO is tested. A similar 

SNAO index is devised in this study using the MSSA technique.  

An MSSA is performed on the JA seasonal anomalies of SLP over the region 

70°W-50°E, 25°N-70°N for the period 1871-2008 using a lag window of 61 years. The 

data were linearly detrended and 5-year running mean was applied to exclude the 

interannual and intraseasonal variability. This analysis showed a first oscillatory pair with 

variability on decadal timescale. The power spectrum of the PC1 of the RC of this 

oscillatory mode revealed a period centered at 64 years. The JJAS seasonal anomalies of 

SLP, SST, zonal wind at 850hPa (U850) and rainfall are regressed on the PC1 of the 

oscillatory mode (Fig. 5.10). The regression of SLP (Fig. 5.10a) shows negative 

anomalies in the northern part of the Atlantic domain which is considered as the negative 

SNAO phase. The associated SST pattern indicates same sign of anomalies over the 
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entire North Atlantic region, which is the typical signature of AMO (Fig. 5.10b). Thus, 

the first oscillatory mode in SLP is recognized to be associated with the AMO and will be 

referred to as the MSSA SLP AMO mode. The negative phase of SLP (i.e., negative 

SNAO phase) is related to the positive phase of AMO mode. This is consistent with the 

study by Folland et al. (2009), which states that SNAO tends to be in its negative phase 

when AMO is in its warm North Atlantic phase.  

The regression pattern of U850 (Fig. 5.10c) indicates westerlies in the North 

Atlantic (45°N-60°N) and equatorial Atlantic and easterlies between 30°N to 45°N. The 

westerlies along the equator extend from the equatorial Atlantic up to the Indian monsoon 

region through equatorial Africa. The westerlies extending into the Indian monsoon 

region enhance the southwesterly winds in the Arabian Sea during the summer monsoon 

season, bringing more moisture over the continent. This results in flood condition over 

the Indian monsoon region as depicted by the regression of JJAS seasonal anomaly of 

rainfall in Fig. 5.10d. The rainfall regression map has good correspondence with the 

EOF2 mode of MSSA IMR AMO (Fig. 3.1b) and the composite of rainfall for warm 

AMO phase of both total (Fig. 5.6c) and MSSA RC (Fig. 5.5c) fields. Thus, the warm 

AMO phase results in flood condition over the central Indian monsoon region through the 

enhancement of moisture flow over the Indian subcontinent through the equatorial 

westerlies associated with the negative SNAO phase. 
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5.1.6 Mechanism for Atlantic tripole-monsoon relation 
 

Marshall et al. (2001a) have noted a relation between the Atlantic tripole mode in 

SST and NAO index in SLP. A hypothesis that the SST tripole mode affects the rainfall 

over India through NAO is put forward in this study. The NAO is defined as the 

normalized pressure difference between a station on the Azores and one on Iceland. To 

determine the tripole signature in the NAO index, an SSA has been performed on the 

monthly anomaly of the NAO index for the period 1825-1999 using a lag window of 720 

months. A 5-year running mean is applied to the NAO index prior to SSA to remove the 

high frequency variability. This analysis results in a first oscillatory pair which represents 

a period centered at 13 years and its RC is used as the NAO tripole index. In order to 

depict the SLP, SST, wind circulation and rainfall patterns associated this mode during 

summer season, regression analysis has been performed using the RC index of this mode.  

The SLP regression pattern associated with this mode (Fig. 5.11a) shows negative 

SLP anomalies north of 60°N and positive SLP anomalies south of 60°N. This SLP 

signature is consistent with the NAO pattern shown by Hurrell (1995). The SST structure 

associated with this mode during the summer season is shown in the regression of JJAS 

seasonal anomaly of SST on the RC index (Fig. 5.11b). It shows positive SST anomalies 

around 40°N surrounded by negative SST anomalies, revealing the typical signature of 

the Atlantic tripole mode. Based on the time period and SST anomalies associated with 

this NAO mode, it is considered to be related to the Atlantic tripole mode. The 

corresponding wind pattern (Fig. 5.11c) has westerlies extending from the equatorial 

Atlantic through the equatorial Africa, enhancing the southwesterly flow over India. This 
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leads to increased moisture flow over India and flood condition over the Indian monsoon 

region, as seen in the rainfall regression (Fig. 5.11d). The rainfall regression map is 

similar to the EOF1 of MSSA IMR tripole (Fig. 3.3a) and the composite of total (Fig. 

5.9d) and MSSA RC (Fig. 5.8d) fields related to the cold phase of tripole mode. Thus, the 

hypothesis that the Atlantic SST tripole mode affects the Indian monsoon through the 

equatorial zonal flow associated with the NAO mode has been illustrated through the 

above regression analysis. 

!

5.2 Control Run 
 
 

The relation of AMO and Atlantic tripole with the Indian monsoon rainfall is 

further shown through the analysis of CTL run. The MSSA technique is applied on the 

monthly SST anomalies over the North Atlantic region using a lag window of 841 

months. The results of this analysis indicate first three oscillatory pairs similar to the 

observations. Based on the EOF patterns and the power spectra, the first mode is 

recognized as AMO, the second as 30-year mode and the third as the tripole mode. The 

EOF1 and PC1 of the RCs of AMO and tripole mode are shown in Fig. 5.12. The AMO 

mode (Fig. 5.12a) indicates strong positive SST anomalies over north of 40°N and weak 

negative SST anomalies south of 40°N. Although the model fairly simulates AMO signal, 

the same sign of anomalies do not extend over the entire North Atlantic domain as seen in 

observations. The PC1 (Fig. 5.12c) indicates that the period of AMO in the model is 



118 
 

higher than in observations and hence its period could not be resolved from the power 

spectrum analysis due to shorter data length.  

The EOF1 of the tripole mode in Fig. 5.12b indicates negative anomalies about 

40°N surrounded by positive SST anomalies. The negative SST anomalies of the tripole 

pattern in the model (Fig. 5.12b) extend over the entire longitudinal extent of the North 

Atlantic compared to observations where the negative SST anomalies extend only up to 

30°W (Fig. 5.2c). The power spectrum of PC1 of the tripole in the model indicates a 

period centered around 10.4 years.  

The relation between the above SST decadal modes in the North Atlantic and the 

Indian monsoon rainfall in the model is shown by regressing the total JJAS seasonal 

anomaly of SST and rainfall from CTL run on the JJAS anomaly of PC1 of AMO and 

tripole mode, respectively. The regression plots are shown in Fig. 5.13. The SST 

regression pattern indicates positive SST anomalies over the north of 40°N of North 

Atlantic region with negative SST anomalies south of 40°N (Fig. 5.13a). The 

corresponding monsoon rainfall regression map (Fig. 5.13c) shows positive rainfall 

anomalies over the central and northern part of India and negative rainfall anomalies over 

the southern peninsula. Similar to observations, the AMO mode exhibits positive 

correlation with the monsoon with positive AMO phase resulting in the flood condition 

over central Indian monsoon region.  

The regression of JJAS seasonal anomaly of SST on JJAS PC1 of the tripole 

mode shows negative SST anomalies about 40°N sandwiched between positive SST 

anomalies (Fig. 5.13b). But it indicates weak positive SST anomalies in the southern pole 
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compared to the EOF1 (Fig. 5.12b). The rainfall regression related to the tripole mode 

has negative values over most of the Indian monsoon region with strong anomalies over 

southwestern part of India and the Arabian Sea (Fig. 5.13d). The positive phase of the 

tripole mode is related to below-normal rainfall conditions over India consistent with the 

negative relation between Atlantic tripole and IMR. In observations, the effect of tripole 

mode was seen mostly over the central and northeast part of India. However, in the 

model, the tripole influence is felt over most of the Indian continent. 

The hypotheses for the mechanisms proposed through which the decadal modes in 

SST of North Atlantic Ocean affects monsoon using observational analysis are also tested 

in the CTL run. To determine the AMO signal in SLP in the North Atlantic region, an 

MSSA is performed on the JA seasonal anomaly of SLP over the domain 70°W-50°E, 

25°N-70°N with a lag window of 61 years for the period 1850-2005 using the linearly 

detrended and 5-year running mean data from the control run similar to observations. 

This analysis results in a first oscillatory pair which exhibits variability on the decadal 

timescale. The regression of SST on PC1 of RC of the first decadal oscillation indicates 

an AMO type of signature in the North Atlantic region (Fig. 5.14b). This pattern is 

consistent with the EOF1 of AMO mode obtained from the MSSA of monthly SST 

anomalies over the North Atlantic (Fig. 5.12a). Thus, it is recognized to be associated 

with the model AMO mode, and hereafter called the MSSA SLP AMO mode. As it was 

stated earlier, the time period of the model AMO mode could not be determined because 

of shorter data sample, the same reason applies for the MSSA SLP AMO mode.  
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The corresponding SLP regression (Fig. 5.14a) indicates negative SLP anomalies 

south of 60°N and positive anomalies north of 60°N over the entire longitudinal band. 

The SLP regression pattern is quite different compared to observations. This difference 

may be related to the difference in the representation of the SST signature of the AMO 

pattern. The JJAS seasonal anomalies of zonal wind at 850hPa and rainfall are regressed 

on PC1 of MSSA SLP AMO mode to determine its influence on monsoon as in 

observations (Figs. 5.14 c,d). The model shows westerlies along the equatorial region of 

Atlantic Ocean, Africa and Indian monsoon region (Fig. 5.14c) enhancing the moisture 

flow over India, thus leading to flood condition (Fig. 5.14d) over central India. However, 

the sign of the wind anomalies north of 15°N over the Atlantic is relatively different from 

observations. Also, the overall values of regression are lower compared to observations, 

and only the regression values of SLP north of 45°N are high. This may be attributed to 

the weaker SST anomalies south of 45°N and stronger anomalies north of 45°N.  

The signal associated with the tripole mode in SLP is determined by an SSA of 

the NAO index. In observations, the NAO index is defined as the normalized pressure 

difference between a station on the Azores and Iceland. However, since the resolution of 

the atmospheric model in CCSM4 is low, defining the NAO index as in observations may 

not give a better representation of SLP pattern associated with the NAO variability. Thus, 

the NAO index in the model is determined by EOF analysis over the domain 90°W-40°E, 

20°N-80°N for the period 1850-2005 using monthly SLP anomalies. The domain is 

chosen based on the observational study by Hurrell (1995). The PC of the first dominant 

mode of variability in SLP over the North Atlantic domain is considered as the NAO 
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index. An SSA is performed on this NAO index using a lag window of 720 months. A 5-

year running mean was applied to the PC1 prior to SSA.  

From the above analysis, the mode related to the tripole in the NAO index was 

recognized from the power spectrum and regression analysis similar to observations. The 

JJAS seasonal anomalies of SST were regressed on the combined RC of the tripole mode 

(its PC1 indicated a variability of 10.5 years). The SST regression (Fig. 5.15b) indicates 

tripole signature in SST with the center lobe of the tripole located at 40°N. However, the 

northern region of negative anomalies is smaller and the central region is larger in 

latitudinal extent compared to observations. The corresponding SLP signature indicates 

high pressure anomaly extending over the entire longitudinal extent, whereas it is 

confined only to the oceanic region in the observations. Further the JJAS seasonal 

anomalies of zonal wind at 850hPa and rainfall from the model were regressed on JJAS 

RC index (Figs. 5.15c, d). The regression of U850 on the tripole related RC mode in SLP 

(Fig. 5.15c) indicates westerlies at about 60°N and equator and easterlies in 20°N-45°N. 

Although the magnitude of anomalies is higher than in observations, the overall pattern 

has good resemblance with observations over the oceanic regions. However, the westerly 

flow along the equatorial band does not extend to the Indian monsoon region to enhance 

the moisture flow as in observations. But, the rainfall signature represents the correct 

(flood) sign of anomalies over India and the Arabian Sea, consistent with the negative 

correlation between tripole and IMR. This could be because of the moisture inflow by the 

easterlies from Bay of Bengal. In contrast, to observations, the moisture flow over India 

seems to be through Bay of Bengal rather than through the Arabian Sea. 
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5.3 EXP-NA run 
 
 

To further examine the relation of AMO and tripole with the Indian monsoon, 

regionally de-coupled experiment in the North Atlantic region (EXP-NA) was performed. 

In this experiment, climatological SST from the CTL run was prescribed over the North 

Atlantic region (between equator and 70°N) and the model was fully coupled in the rest 

of the oceanic regions (see section 2.2.3). The climatology and standard deviation of 

rainfall and SST in the EXP-NA run are shown in Figs. 5.16 and 5.17, respectively. The 

mean states of the rainfall and SST are relatively unchanged in the experimental run 

compared to CTL run, except with slight reduced climatology in rainfall over the 

equatorial Atlantic region. The variability of rainfall is increased in the equatorial 

Atlantic in EXP-NA run compared to CTL run. The variability in SST in EXP-NA run 

shows reduced variance over a small region of tropical eastern Pacific and remains 

unchanged over most of the other oceanic regions. 

An MSSA was performed on the JJAS seasonal anomaly of the Indian monsoon 

rainfall for the EXP-NA similar to that as in the CTL run. This analysis did not indicate 

any decadal modes on the AMO or tripole timescale. This further validates the existence 

of relation between the Atlantic decadal modes and Indian monsoon rainfall. 

Further, MSSA was applied to the 5-year running mean and linearly detrended JA 

seasonal anomaly of SLP for EXP-NA over the region 70°W-50°E, 25°N-70°N. The 

results of the MSSA in EXP-NA also indicate the absence of AMO related mode in SLP 

in the North Atlantic region. This indicates that the AMO signal in SLP shown earlier in 
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both observational and CTL run analysis is indeed related to the SST anomalies of the 

AMO mode in the North Atlantic Ocean. 

The NAO index was determined in the EXP-NA run based on an EOF analysis 

similar to that in the CTL run. The SSA on this NAO index does not indicate a mode on 

the timescale of tripole variability. This further provides evidence to the earlier result 

showing the presence of variability in NAO mode related to Atlantic tripole mode in SST 

as shown in the observations and CTL run.  

The relation between AMO and tripole with Indian monsoon rainfall variability is 

further shown through the variance analysis of rainfall in the CTL and EXP-NA runs. 

The JJAS anomaly of rainfall was band-pass filtered in the 70-90 year band for both CTL 

and EXP-NA runs (Fig. 5.18). The model shows reduced variance in the 70-90 year 

band-pass filtered rainfall in the regions where AMO has positive correlation with 

monsoon over the Indian land regions (refer to Fig. 5.13c) in the EXP-NA run (Fig. 

5.18b) compared to CTL run (Fig. 5.18a). A similar band-pass filter was applied on the 

JJAS seasonal anomaly of rainfall in the 9-15 year band to prove the impact of tripole on 

monsoon. The 9-15 year band-pass filtered data also indicates reduced variance over 

India in the EXP-NA (Fig. 5.19a) run relative to CTL run (Fig. 5.19b). Figures 5.18 and 

5.19 further substantiates that the AMO and tripole have impact on the rainfall variability 

over India on decadal timescale. 
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5.4 Summary 
 
 

The summary of main results of this chapter is as follows. 

1. This study emphasizes the importance of carefully isolating the decadal modes of 

SST in the North Atlantic Ocean when its influence on monsoon is studied, as the two 

modes have opposite impact on monsoon. 

2. The AMO exhibits significant positive correlation with the IMR while the Atlantic 

tripole mode has significant negative correlation with IMR. 

3. The AMO affects the Indian monsoon through winds related to SNAO. The warm 

phase of the AMO mode is associated with the cold phase of SNAO. The equatorial 

westerlies of SNAO bring increased moisture flow over India through the 

enhancement of the southwesterlies across the continent. This results in flood 

condition over the monsoon region. 

4. When ENSO and AMO are in (out of) phase they decrease (enhance) the ENSO-

monsoon relation. 

5. The Atlantic tripole mode affects the monsoon through the westerlies related to NAO 

mode and results in increased moisture flow over India. 

6. The model control run also simulates the positive and negative relation of the AMO 

and Atlantic tripole mode with the monsoon, respectively. 

7. The model indicates enhanced moisture flow over India related to the positive phase 

of AMO through the equatorial westerly flow. But, for the tripole mode, the model 

indicates flow of moisture through Bay of Bengal in contrast to observations where it 

is through the Arabian Sea. 
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8. The regionally de-coupled experiment in the North Atlantic region also substantiates 

the influence of AMO and tripole on monsoon. The MSSA on summer rainfall over 

India and Atlantic SLP and the NAO index also indicates the absence of AMO and 

tripole modes in the experimental run. The variance analysis indicates reduced 

variance in the AMO and tripole frequency bands in the rainfall of experimental run 

relative to control run. 
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Figure 5.1. Lead-lag correlation between monthly SST anomaly AMO 
index and JJAS seasonal anomaly IMR index (solid). Dashed line 
indicates 95% confidence level. The shaded region represents JJAS 
summer monsoon season at lag zero. The SST leads IMR prior to 
monsoon season and lags during post monsoon season. 
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Figure 5.2. EOF1 and PC1 of the RCs of (a), (d) AMO mode (b), (e) 
30-year mode (c), (f) tripole mode obtained from MSSA of linearly 
detrended monthly SST anomalies over the North Atlantic between 
equator and 70°N for the period 1870-2006 using a lag window of 720 
months. 
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Figure 5.3. Power spectra of the PC1 of first three oscillatory modes 
obtained from MSSA of linearly detrended monthly SST anomalies 
over the North Atlantic between equator and 70°N for the period 1870-
2006 using a lag window of 720 months. 
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Figure 5.4. Lead-lag correlation between monthly SST anomaly and 
JJAS seasonal rainfall anomaly using (1) monthly SST anomaly AMO 
index and JJAS seasonal anomaly IMR index (black) (2) MSSA IMR 
AMO index and MSSA SST AMO index (red) (3) MSSA IMR index 
and MSSA SST tripole index (green). The shaded region represents 
JJAS summer monsoon season at lag zero. The SST leads IMR prior to 
monsoon season and lags during post monsoon season. 
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Figure 5.5. Composites of SST and precipitation for (a), (c) warm 
AMO (b), (d) cold AMO. The composite field is JJAS seasonal 
anomaly of MSSA RC. The criteria are based on MSSA SST AMO 
index of JJAS season. The dotted regions indicate values significant at 
90% confidence level.  
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Figure 5.6. Composites of SST and precipitation for (a), (c) warm 
AMO (b), (d) cold AMO. The composite field is total JJAS seasonal 
anomaly. The criteria are based on MSSA SST AMO index of JJAS 
season. The dotted regions indicate values significant at 90% 
confidence level.  
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Figure 5.7. Composites of precipitation for (a) warm AMO and El Niño 
(b) cold AMO and El Niño (c) warm AMO and La Niña (d) cold AMO 
and La Niña. The composite field is MSSA RC rainfall of JJAS 
seasonal anomaly. The criteria are based on MSSA SST AMO index of 
JJAS season. The dotted regions indicate values significant at 90% 
confidence level.  
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Figure 5.8. Composites of SST and precipitation for (a), (c) warm 
tripole (b), (d) cold tripole. The composite field is JJAS seasonal 
anomaly of MSSA RC SST and rainfall. The criteria are based on 
MSSA SST tripole index of JJAS season. The dotted regions indicate 
values significant at 90% confidence level.  
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Figure 5.9. Composites of SST and precipitation for (a), (c) warm 
tripole (b), (d) cold tripole. The composite field is JJAS seasonal 
anomaly of total SST and rainfall. The criteria are based on MSSA SST 
Tripole index of JJAS season. The dotted regions indicate values 
significant at 90% confidence level.  
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Figure 5.10. Regression of JJAS seasonal anomaly of (a) SLP (b) SST 
(c) zonal wind at 850hPa and (d) rainfall on JJAS seasonal anomaly of 
PC1 of MSSA SLP AMO mode. The SLP AMO mode is obtained by 
MSSA on JA seasonal anomalies of SLP over the domain 70°W-50°E, 
25°N-70°N for the period 1871-2008 using a lag window of 61 years. 
The dotted regions indicate 90% confidence level. 
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Figure 5.11. Regression of JJAS seasonal anomaly of (a) SLP (b) SST 
(c) zonal wind at 850hPa and (d) rainfall on JJAS seasonal anomaly of 
SLP tripole index. The SLP tripole index is obtained by SSA on 
monthly anomalies of NAO index for the period 1825-1999 using a lag 
window of 720 months. The dotted regions indicate 90% confidence 
level. 
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Figure 5.12. EOF1 and PC1 of (a), (c) AMO mode (b), (d) tripole mode 
obtained from MSSA of linearly detrended monthly SST anomalies 
over the North Atlantic region for the period 1850-2005 using a lag 
window of 841 months in the CTL run. 
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Figure 5.13. Regression of JJAS seasonal anomaly of (a), (b) SST (c), 
(d) rainfall on JJAS seasonal anomaly of PC1 of AMO mode and 
tripole mode, respectively. The decadal modes are obtained by MSSA 
on monthly SST anomalies over the North Atlantic domain for the 
period 1850-2005 using a lag window of 841 months for CTL run. The 
dotted regions indicate 90% confidence level. 
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Figure 5.14. Regression of JJAS seasonal anomaly of (a) SLP (b) SST 
(c) zonal wind at 850hPa and (d) rainfall on JJAS anomaly of SLP 
AMO index. The SLP AMO index is obtained by MSSA of JA SLP 
over the domain 70°W-50°E, 25°N-70°N for the period 1850-2005 
using a lag window of 61 years for CTL run. The dotted regions 
indicate 90% confidence level. 
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Figure 5.15. Regression of JJAS seasonal anomaly of (a) SLP (b) SST 
(c) zonal wind at 850hPa and (d) rainfall on JJAS seasonal anomaly of 
SLP tripole index. The SLP tripole index is obtained by SSA on 
monthly NAO index for the period 1825-1999 using a lag window of 
720 months for CTL run. The dotted regions indicate 90% confidence 
level. 
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Figure 5.16. JJAS seasonal (a) climatology and (b) standard deviation 
of precipitation in EXP-NA run. 
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Figure 5.17. JJAS seasonal (a) climatology and (b) standard deviation 
of SST in EXP-NA run. 
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Figure 5.18. Variance of JJAS seasonal anomaly of band-pass filtered 
rainfall in 70-90 year band for (a) CTL (b) EXP-NA runs.  
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Figure 5.19. Variance of JJAS seasonal anomaly of band-pass filtered 
rainfall in 9-15 year band for (a) CTL (b) EXP-NA runs.  
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CHAPTER 6 DECADAL VARAIBILITY IN INDIAN OCEAN 

As mentioned in Chapter 1, there has been limited work on the variability of 

Indian Ocean on decadal timescale. From the previous chapters and earlier studies, it is 

clear that there is no dominant decadal mode in Indian monsoon rainfall that is related to 

the Indian Ocean SST. This lack of relation is intriguing considering that the Indian 

Ocean is in close proximity to the Indian monsoon region. In order to address this 

question, this study attempts to further investigate the variability of the Indian Ocean on 

decadal timescale.  

 

6.1 Observations 
 

The dominant mode of variability during boreal summer and autumn in the Indian 

Ocean is the dipole mode. Some studies claim that the IOD mode is an independent mode 

of the Indian Ocean (Saji et al. 1999) while others attribute its variability to the forcing 

from other ocean basins such as tropical Pacific Ocean (Krishnamurthy and Kirtman 

2003, 2009). To explore the decadal variability in the Indian Ocean, the DMI which is the 

difference in the SST anomalies between the western (50°E-70°E, 10°S-10°N) and 

eastern (90°E-110°E, 0°-10°S) Indian Ocean is used (Saji et al. 1999). The IOD has 

strong seasonal character and peaks during the SON season. 
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 An SSA has been performed on the SON seasonal anomaly of DMI for the period 

1870-2006 using a lag window of 65 years. The DMI used for the analysis is shown in 

Fig. 6.1a. The time series is linearly detrended prior to applying SSA. The SSA of DMI 

resulted in three dominant oscillatory modes explaining 15.8%, 7% and 5.9% of the total 

variance of DMI. The RCs of the oscillatory pairs are denoted as RC (1,2) (Fig. 6.1b), RC 

(4,5) (Fig. 6.1c) and RC (8,9) (Fig. 6.1d). The power spectra of these oscillatory modes 

are shown in Fig. 6.2. Further, regression analysis is performed to determine the relation 

in SST (Fig. 6.3) and winds (Fig. 6.4). The first oscillatory pair, RC (1,2), indicates a 

period centered at 5.2 years (Fig. 6.2). The regression of SON seasonal anomaly of SST 

on RC (1,2) (Fig. 6.3a) shows positive IOD signature with positive SST anomalies in the 

western Indian Ocean and negative anomalies in the eastern Indian Ocean. It is also 

associated with El Niño pattern in the tropical Pacific Ocean. Thus, it is clear from the 

period and SST regression pattern that the first dominant mode of the IOD is related to 

the canonical ENSO with an east-west tripole signature in SST over the tropical Indian 

and Pacific Oceans.  

 The second oscillatory mode, RC (4,5), indicates a period centered at 2.3 years 

(Fig. 6.2). The regression of SON seasonal anomaly of SST on RC (4,5) (Fig. 6.3b) 

represents the positive phase of IOD, with positive SST anomalies in the west Indian 

Ocean and negative SST anomalies in the southeast Indian Ocean and is also 

accompanied by the warm phase of ENSO in the tropical Pacific Ocean. Based on the 

time period and SST regression, this dipole mode in the Indian Ocean is recognized to be 

related to the biennial part of ENSO. The first two oscillatory modes [RC(1,2) and 
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RC(4,5)] in the Indian Ocean, as defined by DMI are related to ENSO and together 

explain 22.8% of the total variance associated with the IOD. This is consistent with the 

study by Krishnamurthy and Kirtman (2003), which states that the significant part of the 

variability in the Indian Ocean is explained by three centers of action, with positive SST 

anomalies in the west Indian Ocean and eastern tropical Pacific and negative SST 

anomalies in the tropical regions of east Indian and west Pacific Oceans.  

 The third oscillatory mode, RC (8,9), associated with DMI shows variability on 

decadal timescale with a period centered at 27.2 years (Fig. 6.2).  The time series of RC 

(8,9) (Fig. 6.1d) indicates that this mode represents decadal modulation of the biennial 

variability. Consistent with the time series, the power spectrum also indicates another 

peak (with very low power) close to two years (Fig. 6.2). The regression of SON seasonal 

anomaly of SST on RC (8,9) is associated with positive dipole signature in the Indian 

Ocean (Fig. 6.3c). Both the positive and negative poles have stronger SST anomalies 

(Fig. 6.3c) compared to the first two oscillatory modes (Figs. 6.3a, b). In addition to the 

dipole and ENSO signature, the third mode also indicates a PDO-like signature in the 

North Pacific Ocean with negative anomalies in the west North Pacific surrounded by the 

positive SST anomalies (Fig. 6.3c). The conventional PDO pattern is associated with 

weak ENSO signature, but RC (8,9) regression (Fig. 6.3c) shows relatively stronger SST 

anomalies in the equatorial Pacific. This can be explained as follows. The time series 

includes the interannual variability modulated by decadal fluctuations (Fig. 6.1d), as also 

seen in the power spectrum of RC (8,9) (Fig. 6.2). Thus, this third oscillatory mode may 

represent both the interannual ENSO and decadal PDO influence on the DMI index, 
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although the contribution from biennial ENSO could be weaker compared to PDO. 

Therefore, the third mode in the Indian Ocean may be considered to be related to the 

North Pacific decadal variability, i.e., PDO. This result is consistent with Crueger et al.  

(2008), who hinted at the link between the Indian Ocean and the North Pacific Ocean 

based on coral records. The MSSA on SST anomalies over Indian Ocean yields similar 

results. 

 Further, the zonal and meridional winds are regressed onto the three oscillatory 

modes of IOD to determine the atmospheric component related to these modes. The 

regressions on RC (1,2) and RC (4,5) in Figs. 6.4a and 6.4b, respectively, indicate 

southeasterly winds off the coast of Sumatra associated with the positive IOD phase. The 

Pacific equatorial trade winds show westerlies consistent with the El Niño pattern related 

to the positive IOD mode, with stronger winds in the case of RC (4,5). The regression of 

winds on IOD PDO mode, RC (8,9), also indicates southeasterly winds from the 

southeastern Indian Ocean (Fig. 6.4c). These winds seem to be enhanced by the 

northeasterly winds blowing from the northwest Pacific Ocean. The wind pattern further 

shows the influence of the North Pacific variability on the variability of the IOD mode. 

 A lead-lag correlation analysis of Niño 3.4 and PDO indices with DMI is 

performed to depict the possible relation of ENSO and PDO on the Indian Ocean 

variability on interannual and decadal timescale (Fig. 6.5). All the indices are calculated 

from linearly detrended SON seasonal anomalies of SST. The DMI used is the same as 

the one used for SSA shown in Fig. 6.1a. The PDO index is the PC (Fig. 4.1b) associated 

with first dominant mode of variability in the North Pacific Ocean obtained from the EOF 
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analysis on monthly SST anomalies of linearly detrended data. The PDO index used is 

SON seasonal anomaly of the monthly PC1 shown in Fig. 4.1b.  The correlation curve 

between DMI and Niño-3.4 index shows strong positive correlation during the SON 

season (Fig. 6.5), consistent with the result of Krishnamurthy and Kirtman (2003). The 

PDO index also indicates positive correlation with the DMI index during the SON season 

(Fig. 6.5). Although the correlation between PDO and the dipole mode in Indian Ocean is 

not as strong as ENSO, it is significant at 90% confidence level. This weaker correlation 

of PDO with DMI relative to ENSO is also consistent with SSA where the first two 

dominant modes were related to ENSO and least dominant mode was related to PDO. 

The weak correlation could also be related to the phase of the PDO. As seen in the SST 

regression pattern (Fig. 6.3c), the PDO mode is not in its peak phase, and the PDO related 

winds also reach their peak phase in DJF season, thus having lesser influence on the 

winds related to IOD mode during the SON season. 

 

6.2 Control Run 
 
 
 The results from the above analysis indicate that the variability of the Indian 

Ocean is either related to ENSO on interannual timescale or PDO on decadal timescale. 

This result is further shown using the model analysis. To start with, the DMI for SON 

season is calculated using the SST anomalies from CTL run data.  The regression of SON 

seasonal anomaly of SST on DMI index in the CTL run (Fig. 6.6b) is compared with a 

similar regression in the observations (Fig. 6.6a). The model shows a good representation 
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of the spatial structure of the dipole mode although the magnitude is about half of that in 

observations. The model indicates PDO-like pattern in the North Pacific which is absent 

in observations. The model also shows negative SST anomalies over parts of Arabian Sea 

and Bay of Bengal in contrast to the positive anomalies in the observations.  

 The time series of DMI in the CTL run is shown in Fig. 6.7a. An SSA is 

performed on the model in the same way as in observations. The SSA shows seven 

oscillatory pairs in DMI. The RCs of the first six oscillatory pairs reveal interannual 

variability in their time series (Figs. 6.7 b-g) and the periods in the range of 4-7 years in 

their power spectra (Fig. 6.8). From the regressions of SON seasonal SST anomalies on 

the respective RCs shown in Figs. 6.9 a-f, it is clear that these six oscillations seem to 

represent ENSO related variability, indicating that the model IOD mode is strongly 

forced by ENSO in the model. The power spectra (Fig. 6.8) and the SST regressions (Fig. 

6.9) of first six oscillatory pairs indicate that they are related to canonical ENSO and the 

model does not indicate any effect of biennial ENSO on IOD variability.  

The seventh oscillatory pair RC (13,14), shows variability on decadal time scale 

(Fig. 6.7h) with its power spectrum centered about 26 years (Fig. 6.8). The period of this 

oscillation is close to that of the PDO mode in the model. Its SST regression shows PDO-

like signature with negative SST anomalies in the central North Pacific Ocean surrounded 

by positive anomalies extending into the tropical eastern Pacific Ocean (Fig. 6.9g). It is 

also associated with the positive dipole signature in the Indian Ocean with positive 

anomalies in the western Indian Ocean and negative anomalies in the eastern Indian 

Ocean. Thus, the model also indicates the effect of the North Pacific decadal variability 
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on the Indian Ocean variability. Although the time series of IOD PDO modes shows 

decadal modulation of interannual variability and the regression pattern shows El Niño 

signature in the equatorial Pacific Ocean, the power spectrum (Fig. 6.8) does not indicate 

a peak at biennial timescale as seen in observations. 

The regressions of SON seasonal anomalies of zonal and meridional winds at 

850hPa in the model on the ENSO and PDO modes of DMI are shown in Fig. 6.10. The 

regressions indicate southeasterly flow off the coast of Sumatra and equatorial westerlies 

in the equatorial Pacific for all the ENSO-related IOD modes (Figs. 6.10a-f). The PDO 

mode shows similar wind pattern (Fig. 6.10g) as seen in observations. However, it lacks 

the flow from the North Pacific Ocean as noted in observations which led to the 

enhancement of the winds related to IOD. Furthermore, the magnitude of the wind in the 

North Pacific and equatorial Pacific were comparable for the IOD PDO mode in the 

observations, but it is weaker in the model. It is not clear as to why the model is unable to 

simulate the northerly flow from the west North Pacific region, but could be related to the 

lesser variance explained by the IOD PDO mode in the model. 

A lead-lag correlation analysis was performed to determine how well the relations 

of ENSO and PDO modes with the IOD are simulated in the model. The correlations 

(Fig. 6.11) indicate that the model also captures the positive correlation between DMI 

and Niño-3.4 similar to the observations (Fig. 6.5). However, the maximum of correlation 

is prior to the SON season compared to observations which showed maximum during the 

SON season. The PDO mode in the model also exhibits the significant positive 

correlation with the DMI during SON season (Fig. 6.11). The PDO mode in the model 
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shows significant and higher correlation for a longer range of lead/lag compared to the 

observations (Fig. 6.5). The correlation between DMI and PDO in the model is stronger 

than in observations although the PDO related DMI mode comes out as much lower 

mode in the SSA of DMI relative to the observations. The wind regression also does not 

show stronger winds blowing from the west North Pacific region. It is not clear from this 

analysis the source of such high correlation in the model between PDO and DMI. 

 

6.3 EXP-NP 
 

The simulation by the North Pacific de-coupled experiment was analyzed to 

further show the influence of PDO on IOD variability. In this experiment, climatological 

SST is prescribed in the North Pacific while there is full coupling elsewhere. An SSA of 

SON seasonal anomaly of DMI in EXP-NP did not show the presence of modes on PDO 

timescale. This is further substantiated through the analysis of the variance in the band-

pass filtered data. The SON seasonal anomaly of SST was band-pass filtered in the range 

of 20-40 year. This analysis was performed on both the CTL run and EXP-NP run and 

the variances of the filtered SST are compared in Fig 6.12. The filtered data explains 

considerable amount of variance in the North Pacific, tropical Pacific and Indian Oceans 

in the CTL run (Fig. 6.12a). Furthermore, the variance explained by PDO mode in the 

CTL run is higher in the east Indian Ocean compared to west Indian Ocean. This supports 

the mechanism proposed for the PDO influence, that the winds from North Pacific Ocean 

affect the wind circulation related to the eastern pole of IOD. In EXP-NP run, the amount 
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of variance explained is reduced in the tropical Pacific and Indian Oceans in the 20-40 

year band (Fig. 6.12b). This further indicates the influence of PDO mode on IOD 

variability.  

 

6.4 Summary 
 
 

The summary of main results of this chapter is as follows. 

1. The reason for the absence of decadal mode in rainfall inherent to Indian Ocean was 

explored. 

2. The DMI revealed two interannual modes and one decadal mode in the observations. 

3. The interannual modes are related to biennial and canonical ENSO in the 

observations. These modes indicate wind pattern with southeasterly winds off the 

coast of Sumatra and westerlies in the equatorial Pacific Ocean for the positive IOD 

phase.  

4. The decadal mode in the observations is related to PDO with wind regression pattern 

associated with the PDO IOD mode indicating northeasterly winds enhancing the 

southeasterly flow from the southeastern Indian Ocean related to the IOD mode.  

5. The model also shows the presence of influence of canonical ENSO and PDO 

influence on IOD, although the variance explained by PDO mode is lower in the 

model relative to observations. The model does not show the mode related to biennial 

ENSO. 
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6. The results from EXP-NP run further substantiate the influence of PDO on the Indian 

Ocean variability. 

7. Thus, it is unlikely that there is an independent decadal mode inherent to the Indian 

Ocean. However, the PDO may influence the Indian Ocean on decadal timescale and 

then subsequently the IMR. 
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Figure 6.1. (a) SON seasonal anomaly of DMI (b) RC (1,2) (c) RC 
(4,5) (d) RC (8,9). RCs are obtained by SSA of SON seasonal anomaly 
of DMI index shown in (a) for the period 1870-2006 using a lag 
window of 65 years. 
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Figure 6.2. Power spectra of RC (1,2) (red), RC (4,5) (green), RC (8,9) 
(blue). RCs are obtained by SSA of SON seasonal anomaly of DMI 
index for the period 1870-2006 using a lag window of 65 years. 
  



157 
 

             
    

Figure 6.3. Regression of SON seasonal anomaly of SST on (a) RC 
(1,2) (b) RC (4,5)  (c) RC (8,9). RCs are obtained by SSA of SON 
seasonal anomaly of DMI for the period 1870-2006 using a lag window 
of 65 years. 
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Figure 6.4. Regression of SON seasonal anomaly of zonal and 
meridional winds at 850hPa on (a) RC (1,2) (b) RC (4,5)  (c) RC (8,9). 
RCs are obtained by SSA of SON seasonal anomaly of DMI index for 
the period 1870-2006 using a lag window of 65 years. 
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Figure 6.5. Lead-lag correlation between linearly detrended SON 
seasonal anomaly indices of Niño-3.4 and PDO index with DMI. The 
dashed line indicates 90% confidence intervals. The shaded region 
represents SON season at lag zero. The SST leads DMI prior to the 
SON season and lags during post SON season. 
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Figure 6.6. Regression of SON seasonal anomaly of SST on SON 
seasonal anomaly DMI for (a) Observations (b) CTL run.  
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Figure 6.7. (a) SON seasonal anomaly of DMI (b) RC (1,2)  (c) RC 
(3,4) (d) RC (5,6) (e) RC (7,8) (f) RC (9,10) (g) RC (11,12) (h) RC 
(13,14). RCs are obtained by SSA of SON seasonal anomaly of DMI 
shown in (a) for the period 1850-2005 using a lag window of 65 years 
for CTL run. 
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Figure 6.8. Power spectrum of RCs obtained by SSA of SON seasonal 
anomaly of DMI for the period 1850-2005 using a lag window of 65 
years for CTL run. 
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Figure 6.9. Regression of SON seasonal anomaly of SST on (a) RC 
(1,2)  (b) RC (3,4) (c) RC (5,6) (d) RC (7,8) (e) RC (9,10) (f) RC 
(11,12) (g) RC (13,14). RCs are obtained by SSA of SON seasonal 
anomaly of DMI for the period 1850-2005 using a lag window of 65 
years for CTL run. 
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Figure 6.10. Regression of SON seasonal anomalies of zonal and 
meridional winds at 850hPa on (a) RC (1,2)  (b) RC (3,4) (c) RC (5,6) 
(d) RC (7,8) (e) RC (9,10) (f) RC (11,12) (g) RC (13,14). RCs are 
obtained by SSA of SON seasonal anomaly of DMI for the period 
1850-2005 using a lag window of 65 years for CTL run. 
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Figure 6.11. Lead-lag correlation between linearly detrended SON 
seasonal anomaly indices of Niño-3.4 and PDO index with DMI for 
CTL run. The dashed line indicates 90% confidence intervals. The 
shaded region represents SON season at lag zero. The SST leads DMI 
prior to the SON season and lags during post SON season. 
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Figure 6.12. Variance explained in 20-40 year band filtered SST data 
during SON season for (a) CTL run (b) EXP-NP. 
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CHAPTER 7 CONCLUSIONS 

 This study has investigated the influence of the global oceans on the Indian 

monsoon on decadal timescale by analyzing observations and simulations from a coupled 

general circulation model. Different multidecadal modes in the Indian monsoon were 

identified and their space-time structures were studied using long records of rainfall over 

the Indian monsoon region based on observations during the period 1901-2004. The 

observational results were substantiated with long simulations by the NCAR CCSM4 

coupled model. The relations between the decadal variability of the monsoon and the 

decadal variability of the global oceans were also shown from both observations and 

model simulations. The mechanisms responsible for the influences of the global oceans 

on the decadal variability of the monsoon were also suggested. With the additional 

analysis of simulations from regionally de-coupled experiments with the NCAR CCSM4, 

the relation between the Indian monsoon rainfall and the SST of global oceans on decadal 

timescale was further substantiated.  

 The main results of this study showed that the Indian monsoon rainfall consists of 

predominantly three nonlinear oscillatory modes at decadal time scales with broadband 

spectra centered at 52, 21 and 13 years. From the analyses with the global SST, these 

monsoon decadal modes were found to be related to AMO, PDO and Atlantic tripole 

mode, respectively. The phases of the decadal variability of the North Atlantic and North 

Pacific oceans were found to be associated with the variability of the Indian monsoon 
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rainfall and the monsoon-ENSO relation. The two Atlantic SST decadal modes were 

found to have opposite relations with the monsoon rainfall. The suggested mechanism by 

which the North Pacific Ocean influences the monsoon is through the equatorial Pacific 

Ocean and Walker and Hadley circulations. However, the North Atlantic Ocean was 

suggested to influence the monsoon through NAO and the circulation over the African 

continent. The Indian Ocean did not reveal any inherent decadal variability but showed 

indications that the PDO may influence the IOD to some extent. 

 The three dominant decadal oscillatory modes in the Indian monsoon were found 

in a data-adaptive manner by applying SSA and MSSA on rainfall over India, using 

different observed data and model simulation.  The first decadal mode (52 year period) 

explains 37% of the total variance of the 5-year running mean seasonal rainfall in the 

IMD data (8.9% of the total variance of raw anomalies) and indicates a prominent signal 

similar to that of the AMO in the North Atlantic region in the SST regression. The 

relation between the monsoon AMO mode and the Atlantic Ocean was examined by 

extracting the decadal part of the Atlantic SST AMO mode. The monsoon AMO mode 

and the SST AMO mode show strong positive correlation for a large lead/lag range. The 

CCSM4 coupled model (control run) has also shown the existence of AMO-related mode 

in the Indian rainfall and has captured the positive correlation between the monsoon 

AMO mode and the Atlantic SST mode (although the structure of the SST and rainfall 

anomalies differs slightly compared to the observational mode). 

 The third decadal mode in the monsoon rainfall has a time period centered at 13 

years and explains 9% of the variance of the 5-year running mean of JJAS seasonal 
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anomaly of rainfall in the IMD data (2% of the total variance of raw anomalies). The 

regression of SST on this mode shows a tripole structure in the North Atlantic Ocean 

with positive SST anomalies about 40°N sandwiched between negative SST anomalies, 

similar to the Atlantic SST tripole decadal mode. The monsoon tripole mode, however, 

has strong negative correlation with the Atlantic SST tripole mode for a large range of lag 

during the post-monsoon period. The CCSM4 model (control run) also exhibits the 

monsoon tripole mode and its relation with the Atlantic SST similar to the results with 

the observations. 

 Thus, the two decadal modes in the Atlantic SST, AMO and tripole mode, exhibit 

opposite relations with the decadal variability of the Indian monsoon rainfall. Hence, it is 

important to carefully isolate the decadal modes in SST over the North Atlantic when 

analyzing its influence on Indian monsoon. The physical mechanisms through which the 

AMO and tripole mode in the Atlantic SST affect the monsoon were also hypothesized. 

The mechanisms for both AMO and tripole involve the intermediary role played by NAO 

which is known to be related to the North Atlantic Ocean decadal variability.  Only the 

summer NAO (during July and August) is related to the SST AMO, and the analyses 

showed that the negative phase of SNAO is associated with westerlies along the 

equatorial Atlantic extending up to the Indian monsoon region through equatorial Africa, 

resulting in enhanced moisture flow over India. The Atlantic SST tripole is, however, 

related to a decadal mode of the all-season NAO. This decadal warm phase of NAO 

related to the negative phase of tripole is associated with a westerly flow across Africa 

and the Arabian Sea, which enhances the southwesterly flow over the monsoon region 
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and leads to increased moisture over the India. The model experiment in which the North 

Atlantic Ocean was prescribed with climatological SST did not show the existence of the 

decadal modes in the monsoon rainfall related to the Atlantic Ocean. 

 The second decadal mode in the monsoon rainfall indicates variability with a 

period centered around 21 years and explains 15% of the total variance of the 5-year 

running mean seasonal rainfall IMD data (3.6% of the total variance of raw anomalies).  

The SST regression on this mode shows negative SST anomalies in the central North 

Pacific Ocean and positive SST anomalies along the west coast of North America 

extending into the eastern tropical Pacific Ocean. The spatial pattern and the time period 

of this second mode are consistent with the PDO. The PDO significant index exhibits 

negative correlation with the IMR similar to the IMR-ENSO relation, although the 

correlation is not as strong. When warm (cold) phase of PDO and El Niño (La Niña) co-

occur, more intense droughts (floods) are likely to occur over the Indian monsoon region. 

When cold (warm) PDO and El Niña (La Niña) co-occur, the droughts (floods) are 

unlikely occur. In other words, when ENSO and PDO are in (out of) phase they enhance 

(counteract) the conventional ENSO-monsoon relation. The conventional definition of 

PDO includes both interannual and decadal variability. A pure decadal signal embedded 

in the PDO index, extracted using SSA, shows stronger negative correlation with the 

IMR PDO mode. The CCSM4 model control run was also able to simulate the decadal 

PDO mode in the monsoon rainfall and also reproduce the observed negative correlation 

between the SST PDO and the monsoon mode. Further, regionally de-coupled 
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experiment in which the North Pacific Ocean was prescribed with climatological SST 

indicates the absence of the PDO mode related to the rainfall over India. 

 The decadal PDO mode opposes the moisture flow over the Indian monsoon 

region beyond 20°N as seen in the regression of low level winds and vertically integrated 

moisture flux. The mechanism by which the SST PDO could affect the monsoon was 

hypothesized through the seasonal footprinting mechanism and further through the 

Walker and Hadley circulations. The low pressure associated with the warm phase of the 

PDO during the preceding winter season generates an SST footprint in the subtropics, 

which persists into the next summer season. During the summer season, the SST footprint 

in the tropics affects the equatorial trade winds which reinforce the equatorial Walker 

circulation and lead to enhanced ascending motion in the central Pacific and descending 

motion over the Maritime Continent. This is sustained by the ascending motion over the 

equatorial Indian Ocean leading to the drought condition over Indian monsoon region 

through the descending Hadley branch. The CCSM4 model also has a good 

representation of the hypothesis proposed for the mechanism through which PDO affects 

the monsoon. 

 The Indian monsoon rainfall did not indicate any dominant decadal mode that is 

related to the Indian Ocean. The variability of the Indian Ocean was examined by 

analyzing the IOD mode and by applying SSA on the DMI. The decomposition of the 

DMI revealed two interannual modes and one decadal mode in the observed SST. The 

two interannual modes are related to the canonical ENSO and biennial ENSO while the 

decadal mode is related to the PDO with a time period centered at 27.2 years. The 
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CCSM4 model also showed the model DMI to consist of several ENSO-related modes 

and one decadal mode related to the PDO. The PDO related mode in the model explains 

lesser variance relative to observations. 

 The two interannual modes indicate southeasterly winds off the coast of Sumatra 

and westerlies in the equatorial Pacific Ocean for the positive IOD phase. The wind 

regression pattern associated with the PDO IOD mode seems to enhance the southeasterly 

flow from the southeastern Indian Ocean related to the IOD mode. The influence of 

ENSO and PDO on the dipole mode in Indian Ocean was further indicated through lead-

lag correlation analysis of Niño-3.4 and PDO index with the DMI, indicating significant 

positive correlation during the SON season. In the CCSM4 model control also, the wind 

patterns associated with the interannual and decadal modes of IOD are comparable to the 

corresponding patterns in the observations, except that the PDO mode does not indicate 

the northerly flow from the North Pacific Ocean. The model also indicates significant 

positive correlation between the PDO index and DMI. The analyses of observations and 

model control simulation indicate that the variability of the IOD is related to either ENSO 

or PDO. There is no hint of an independent decadal mode inherent to the Indian Ocean. 

The North Pacific de-coupled experiment substantiates the influence of PDO on Indian 

Ocean SST variability. 

 The results presented in this study may have certain limitations. The sample size 

to establish the influence of AMO in the observational and model studies may not be 

enough. The hypotheses proposed for the mechanism through which the decadal modes 
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influence monsoon are preliminary and need to be further tested through model 

experiments.  

The global monsoon systems play a critical role in the socio-economic aspects of 

the people who inhabit these regions. The long-term predictions of the Indian monsoon 

on intraseasonal, interannual and decadal time scales are of great importance. Although 

the decadal prediction has become an active area of research in recent years, it is still in 

its infancy. There are two aspects of decadal variability that are of interest. The first one 

is the variability of the pure decadal modes themselves and the second one is how the 

decadal variability can modulate the variability on shorter time scales. The predictions 

and predictability of the models will have to address both these aspects. The results of 

this study suggest that the decadal variability of the Indian monsoon and its prediction are 

important and are tied to the decadal variability of the global oceans. They also suggest 

that the interannual variability of the monsoon is also affected by the influence of the 

decadal variability. Therefore, knowing the phases of these decadal monsoon oscillations 

may help in long-term prediction of how, for example, the ENSO may affect the seasonal 

monsoon rainfall.  This could be of enormous importance to the people whose lives are 

greatly influenced by the monsoon rainfall. 

 As far as the future work in this topic is concerned, further evidence for the 

existence of the decadal monsoon modes and their relations to the global oceans should 

be provided by model experiments. Longer runs of model control run must be analyzed 

for this purpose. To gain further insight into the mechanisms involved in the relations 

between the global oceans and the monsoon on decadal timescale, model experiments 
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with different SST variability in the respective oceans basins must be carried out. For this 

purpose, the SST in the selected ocean basin can be prescribed with certain phases of the 

decadal SST variability. The combined influence of the decadal variability in global 

oceans and the warming trends on the Indian monsoon is also an interesting topic of 

research.                  
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