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Abstract 

 This study has investigated the influence of the decadal component of the Pacific 

Decadal Oscillation (PDO) on the Indian monsoon in observations and coupled climate 

model. A major part of the conventionally defined PDO is shown to be dominated by 

interannual variability. By extracting the pure decadal part of the North Pacific 

variability, this study has shown that the Indian monsoon rainfall exhibits different 

relations with the conventionally defined PDO and the pure decadal component of the 

PDO. This result may have implications for decadal prediction of the monsoon. The 

analysis suggests that the warm (cold) phase of pure decadal variability of PDO is 

associated with deficit (excess) rainfall over the west central part of India. In contrast, the 

conventional warm (cold) PDO index is associated with deficit (excess) rainfall over 

most of India. The warm phase of the pure decadal PDO opposes the moisture flow 

beyond 20°N over the Indian monsoon region via the meridional winds extending from 

the North Pacific and leads to reduced rainfall over west central India. The Community 

Climate System Model Version 4 (CCSM4) of the National Center for Atmospheric 

Research shows reasonable simulation of the decadal PDO mode in both the North 

Pacific sea surface temperature and the Indian monsoon rainfall and the relation between 

them.  Further, the observed and simulated PDO-monsoon relation is substantiated 

through a regionally de-coupled experiment. The coupled model experiment also 

provides supporting evidence for the mechanism involving the intermediary role played 

by the tropical Pacific Ocean in the PDO-monsoon relation.  
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1 Introduction 

 The Indian monsoon is a prominent component of the global climate system and 

contributes significantly to the climate variability. Climate change is known to have 

considerable influence on the variability of the Indian monsoon at various time scales 

(e.g., Turner and Annamalai, 2012). In addition to the anthropogenic effects, natural 

variability on interannual and decadal timescales is also considered the integral part of 

the climate change. Since the Indian monsoon affects the lives of millions of people, it is 

important to understand the factors which determine the climate change over India. On 

interannual timescale, El Niño-Southern Oscillation (ENSO) is known to have a major 

impact on the Indian monsoon (Sikka, 1980; Rasmusson and Carpenter, 1983). The 

ENSO is also shown to play a role in the Indian monsoon variability on interdecadal 

timescale (Krishnamurthy and Goswami, 2000; Krishnan and Sugi, 2003). On decadal to 

multidecadal timescales, the Pacific Decadal Oscillation (PDO), the Atlantic 

Multidecadal Oscillation (AMO) and the Atlantic tripole mode determine the variability 

of rainfall over India (Zhang and Delworth, 2006; Lu et al., 2006; Li et al., 2008; Sen 

Roy, 2011; Sen Roy et al., 2003; Krishnamurthy and Krishnamurthy, 2014a, 2014b, 

2016b).  

 Some studies (Sen Roy, 2011; Krishnamurthy and Krishnamurthy, 2014a) have 

explored the relation between the PDO in observations and coupled climate model. 

Krishnamurthy and Krishnamurthy (2014a) analyzed observations and simulations from 

the Community Climate System Model Version 4 (CCSM4) of National Center for 
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Atmospheric Research (NCAR) and showed that there is significant correlation between 

PDO and Indian monsoon rainfall with the warm (cold) phase of PDO associated with 

below-normal (above-normal) conditions over India. The PDO was also shown to 

modulate the ENSO-monsoon relationship. When ENSO and PDO are in (out of) phase, 

they enhance (counteract) the ENSO-monsoon relation. The mechanism for the PDO-

monsoon relation was also suggested through the Walker and Hadley circulations with 

the tropical Pacific playing an intermediary role between the North Pacific and the Indian 

monsoon. The coupled model, CCSM4 was shown to successfully simulate the observed 

PDO-monsoon relation, decadal modulation of the ENSO-monsoon relation and the 

mechanism. 

 However, the earlier studies (Sen Roy, 2011; Krishnamurthy and Krishnamurthy, 

2014a) have used the conventional definition of PDO index based on the EOF analysis of 

detrended monthly sea surface temperature (SST) anomalies over the North Pacific 

(120°E–120°W, 20°N–60°N). This index consists of both the interannual and decadal 

components of the North Pacific variability. The study of the relation between the PDO 

and the Indian monsoon using this index would include the effects of the interannual and 

decadal PDO on the Indian monsoon but not the impact of the pure decadal part of the 

PDO. Thus, when we refer to the teleconnections of the decadal variability of the North 

Pacific, it is important to isolate the pure decadal variability associated with the North 

Pacific to understand its relation with the Indian monsoon. 
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 This study makes use of a data-adaptive method to extract the pure decadal 

component of PDO to understand its teleconnection with the Indian monsoon. This study 

is an extension of Krishnamurthy and Krishnamurthy (2014a) and has three objectives. 

The first objective is to understand the differences in the influence of the decadal plus 

interannual component and the pure-decadal component of PDO on the observed Indian 

monsoon variability. We make use of the results of Krishnamurthy and Krishnamurthy 

(2014b) who have documented the PDO-related pure decadal modes in the Indian rainfall 

and the North Pacific SST. The second objective is to demonstrate the ability of the 

coupled climate model CCSM4 to simulate the PDO-related pure decadal components of 

variability in the Indian monsoon rainfall and the North Pacific SST, and the decadal 

PDO-monsoon relation. The third objective is to substantiate the observed and model 

simulated PDO-monsoon relation through the regionally de-coupled model experiment 

with CCSM4. The relation between the North Pacific and the tropical Pacific variability 

is compared between the control and experimental runs to provide evidence for the 

mechanism suggested by Krishnamurthy and Krishnamurthy (2014a). 

 The observed data, model control simulation and experiment, and the method of 

analysis are discussed in section 2. The differences between the relations of the 

interannual plus decadal PDO and the pure decadal PDO with the Indian monsoon in the 

observations are explored in section 3. The PDO-related decadal modes in the Indian 

rainfall and the North Pacific SST, and the relation between them in the model 
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simulations are presented in section 4. Section 5 discusses the role of the tropical Pacific 

in the PDO-monsoon relation. The results are summarized in section 6. 

 

2 Data, model and method of analysis 

 

2.1 Observed data 

 The monthly mean SST data set HadISST1.1, based on optimal interpolation 

procedure, from the Hadley Centre for Climate Prediction and Research for the period 

1870–2006 (Rayner et al., 2003) is used. This study uses two rainfall data sets. The first 

rainfall data set is from the India Meteorological Department (IMD) which is on 1° 

longitude × 1° latitude grid and was constructed from daily rain gauge observations from 

more than 2000 stations distributed over India (Rajeevan et al., 2008). It spans the period 

1901–2004, and the data coverage is only over the land region of India. The second data 

set is from Smith et al., (2010) which is based on merged statistical analyses of monthly 

precipitation anomalies. This data set is on 5° longitude × 5° latitude grid for the period 

1900-2008. It has global coverage over both land and oceanic regions. The Twentieth 

Century Reanalysis version 2 (20CR2) from the National Oceanic and Atmospheric 

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

CIRES) provided the zonal and meridional winds at 19 vertical levels (1000–100 hPa) 

with a horizontal resolution of 2° longitude ×  2° latitude for the period 1871–2008 

(Compo et al., 2011). 
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2.2 Model control simulation and experiment 

 This study uses the data from the control simulation of CCSM4 obtained from 

NCAR. The details of CCSM4 are provided in Gent et al., (2011). The control simulation 

in this study is the 20th Century Climate in Coupled Models (20C3M) simulation by 

CCSM4 which was run from January 1850 to December 2005. This control run will be 

referred to as CTL hereafter. This coupled model has atmosphere and land components at 

2° horizontal resolution and ocean component at 1° horizontal resolution. The initial 

conditions for this simulation were obtained from the pre-industrial run.  

 To provide support to the PDO-monsoon relation showed by Krishnamurthy and 

Krishnamurthy (2014a), we have performed a de-coupled model experiment. The 

methodology suggested in Huang (2004) and Huang et al. (2004) is employed for this 

experiment. In this experiment, the monthly climatological mean SST (this annual cycle 

repeats every year) from the 20C3M control run is prescribed in the North Pacific region 

(20°N–60°N in latitude and from west coast to east coast in longitude). Thus, the 

atmosphere feels the climatological SST in this domain rather than the model generated 

SST. The rest of the oceanic basins are fully coupled wherein the atmosphere feels the 

SST generated by the ocean model.  A 10° buffer zone was used between the coupled and 

uncoupled regions. The initial conditions are based on same conditions used for 20C3M 

control run, thus ensuring that the model does not have any spin-up issues. This 

experiment was also run from January 1850 to December 2005. The experimental run 
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will be referred to as EXP hereafter. The results from this experiment have been 

thoroughly investigated for any model drift issues. This experiment is also successfully 

used to demonstrate the effect of the North Pacific on the Indian Ocean SST 

(Krishnamurthy and Krishnamurthy, 2016a). 

 

2.3 Method of analysis 

 This study employs multi-channel singular spectrum analysis (MSSA; Ghil et al., 

2002) to extract the decadal signal in the North Pacific. This method is the multivariate 

version of the singular spectrum analysis (SSA; Broomhead and King, 1986). Given a 

time series X(t) at L grid points (channels) and time t = 1, 2, 3 ... N,  a lagged covariance 

matrix C is constructed by supplementing the time series with M lagged copies. A 

diagonalization of the matrix C yields LM eigenvalues and LM eigenvectors. The 

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

time principal components (ST-PCs) are obtained by projecting the original times series 

X(t) onto the corresponding ST-EOFs. The ST-EOF and ST-PC of each eigenmode is 

suitably combined (see Ghil et al., 2002 for the formula) to obtain the corresponding 

reconstructed component (RC) which has the same spatial and temporal dimensions as 

the original time series and also captures its phase. A pair of eigenmodes is identified to 

be oscillatory if the eigenvalues are nearly degenerate, the ST-EOFs and ST-PCs are in 

quadrature and the periods are nearly equal (Plaut and Vautard, 1994). When a single 

time series is considered (L = 1 case), the method is referred as SSA. The details and 
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application of the method are provided by Ghil et al., (2002) and Krishnamurthy and 

Krishnamurthy, (2014b).  

 The statistical significance of the MSSA eigenmodes is determined by using the 

Monte-Carlo MSSA test described by Allen and Robertson (1996), Allen and Smith 

(1996) and Krishnamurthy and Krishnamurthy (2014b). All the MSSA and SSA 

eigenmodes discussed in this paper satisfy 5% significance level. This technique has been 

successfully applied on the observed Indian monsoon rainfall and the North Pacific, 

North Atlantic and Indian Ocean SST in Krishnamurthy and Krishnamurthy (2014b, 

2016a, 2016b). 

 Further analyses in this study consist of correlations and regressions for which the 

statistical significance was found by t-test. The degrees of freedom in calculating the 

confidence interval for t-test is determined based on the e-folding time of the 

autocorrelation function of the decadal mode (e.g., Leith 1973). This takes into account 

the persistent nature of the decadal modes. The 5% significance level for the spectra of 

time series is computed with respect to the spectrum of the corresponding red noise. In 

this study, we also use stationary moisture flux at JJAS seasonal mean time scale (see, for 

example,  Dominguez and Kumar 2005 for the formula). We make use of JJAS seasonal 

means from 20th century reanalysis data from NOAA-CIRES to calculate the moisture 

flux. Here, stationary refers to seasonal mean. 
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3 Decadal component of PDO in observation 

 The PDO is conventionally defined from an EOF analysis of the SST anomalies 

over the North Pacific Ocean, following Mantua et al. (1997). The PDO is extracted by 

performing an EOF analysis of detrended monthly SST anomalies in the region (120°E–

120°W, 20°N–60°N) for the period 1870–2006. The first PC (PC1), shown in Fig. 1a, has 

been defined as the conventional PDO index. The corresponding first EOF (EOF1) and 

PC1 are discussed in more detail by Krishnamurthy and Krishnamurthy (2014a). The 

noticeable feature of the PDO index (Fig. 1a) is the strong presence of the interannual 

variability along with the decadal-scale variability. Thus, the relation between this PDO 

index and the Indian monsoon, as discussed by Krishnamurthy and Krishnamurthy 

(2014a), includes the influence of both the interannual and decadal components of the 

PDO (and hence also referred to as the total PDO index in this paper).  

 To better understand the teleconnection of the decadal variability of the North 

Pacific with the Indian monsoon, it is necessary to extract the pure decadal signal of the 

PDO, i.e., without the presence of the interannual fluctuation in the North Pacific SST. 

This can be achieved by applying SSA on the conventional total PDO index shown in 

Fig. 1a. As described in section 2.3, SSA is applied on a single variable time series and 

can extract oscillatory modes. The SSA was applied on the conventional total PDO index, 

presented in Fig. 1a, using a lag window of 720 months for the period 1870–2006. The 

eigenmodes from the SSA which emerge as the oscillatory pairs with the decadal time 

scale of the PDO were identified, and the RC of the decadal oscillation was constructed 
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(see Ghil et al., 2012 for the method to construct the RC). The time series of the RC, 

shown Fig. 1b, reveals decadal scale variability without the presence of interannual 

fluctuations. The time period of this oscillation, determined from power spectrum 

analysis, indicates a peak centered at 20 years (Fig. 1c). The RC presented in Fig. 1b will 

be referred to as the PDO-Decadal (PDO-D) index.  The regression of June-September 

(JJAS) seasonal anomalies of SST on JJAS mean PDO-D index captures negative 

anomalies in the central Pacific surrounded by positive anomalies extending along the 

coast of North America to the eastern equatorial Pacific (Fig. 2a), the typical signature of 

the warm phase of PDO. 

 Further regression analysis is carried out to determine the relation with 

precipitation and circulation. The regression of JJAS seasonal anomalies of precipitation 

(from Smith et al., 2010 data) on the JJAS mean PDO-D index is shown in Fig. 2b. The 

precipitation regression pattern captures the tripole signature of rainfall 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. 2b) associated with the warm 

phase of PDO (Fig. 2a). 

 While the regression in Fig. 2b shows the precipitation pattern over land and 

oceanic regions, it does not provide a detailed structure over India because of the coarse 

resolution of the Smith et al., (2010) precipitation data. This shortcoming is resolved by 

using the higher resolution precipitation data from IMD but with coverage only over 
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India. The rainfall regression pattern using the IMD data also indicates drought condition 

over a large part of central India (Fig. 3a) along with regions of above-normal condition. 

Thus, the decadal component of PDO is associated with below-normal monsoon mostly 

over west central part of India (Fig. 3a) compared to the total PDO index which 

suppresses rainfall over most of the India (see Fig. 11a of Krishnamurthy and 

Krishnamurthy, 2014a). 

 The signatures of winds and moisture flow are found to be consistent with the 

rainfall anomalies. The regression of vertically integrated moisture flux on PDO-D time 

series indicates that the moisture flow over the subcontinent is restricted below 20°N and 

the moisture does not reach beyond 20°N over India (Fig. 3b). This is in accordance with 

Fig. 3a where the drought condition exists north of 20°N indicating a lack of moisture 

flow towards the continent. The moisture flux pattern in Fig. 3b also differs from the 

regression pattern associated with the total PDO index obtained by Krishnamurthy and 

Krishnamurthy (2014a) (see their Fig. 11b). In the case of total PDO index, there is no 

moisture flux in the peninsular region while there is an outflow over northern Central 

India consistent with the weakening of the mean monsoon. Figure 3c, which includes the 

regression pattern of the moisture flux over a larger region, shows that the meridional 

winds bringing the moisture from the west North Pacific extend up to the vicinity of the 

Indian monsoon region. These northerly winds oppose the winds bringing moisture into 

the land regions north of 20°N. This explains the reason for lack of flow of moisture over 

west central part of India beyond 20°N. 
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4 Decadal PDO-monsoon relation in CCSM4 

 The discussion in section 3 highlights the differences between the influence of the 

pure decadal component of the PDO on the monsoon and the influence of the total PDO 

(which includes decadal and interannual components) as found in the study by 

Krishnamurthy and Krishnamurthy (2014a). The EOF analysis used in the conventional 

definition of the PDO cannot extract the signal that can be attributed to the decadal 

component of PDO alone. In order to overcome this problem, the MSSA method 

(discussed in section 2.3) can be employed to isolate the decadal variability in the North 

Pacific Ocean and in the Indian monsoon region, as demonstrated in another previous 

study by Krishnamurthy and Krishnamurthy (2014b). The application of MSSA on the 

observed rainfall over India yielded three decadal scale oscillations.  One of the 

oscillations was identified to be related to the decadal part of the PDO. The spatial 

structure of this PDO-related oscillation in rainfall (Fig. 1e of Krishnamurthy and 

Krishnamurthy, 2014b) is similar to the precipitation regression pattern in Fig. 3a (except 

with opposite sign because of the ambiguity of sign in the EOF pattern). Krishnamurthy 

and Krishnamurthy (2014b) also obtained the pure decadal PDO by applying MSSA on 

SST anomalies in the North Pacific Ocean (see their Figs. 5d and 5e). In order to further 

substantiate the above observational results, the existence of similar decadal modes in 

rainfall and SST related to PDO are now explored in the CTL simulation of CCSM4. 
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4.1 Model control simulation 

 The MSSA was applied on 5-year running mean of JJAS seasonal anomaly of 

precipitation in CTL of CCSM4 for the period 1850–2005 over the domain 60°E–95°E, 

5°N–35°N covering the Indian monsoon region. This analysis yielded three pairs of 

oscillatory modes. The RCs of these oscillations were constructed and examined by 

performing an EOF analysis of the RCs. The RC of the first oscillation obtained from the 

MSSA eigenmodes 1 and 2 was found to be related to PDO. The EOF1 of this RC and 

the corresponding PC1 in the model are shown in Fig. 4. The EOF1 indicates drought 

condition over most of the Indian monsoon region (Fig. 4a) while the PC1 shows decadal 

scale variability (Fig. 4b).  The power spectrum analysis of PC1 of the RC indicates a 

peak around 26 years, as shown in Fig. 5a. The EOF1 and PC1 of this oscillation in the 

model have reasonable correspondence to the pure decadal PDO in the observation. The 

regression of JJAS seasonal anomaly of the model SST on PC1 indicates negative SST 

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

coast of North America (Fig. 5b). The maximum of positive anomalies in the central 

equatorial Pacific is shifted further to the west compared to observations (Fig. 2a). This 

SST regression pattern is representative of pure decadal variability of the PDO (further 

evidence will be provided in the next section). Based on the time period of the RC and 

the SST regression pattern, we identify this decadal mode in rainfall to be associated with 

the PDO. The second and the third oscillatory modes are related to the decadal variability 

of the North Atlantic Ocean and are discussed in a separate study by Krishnamurthy and 
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Krishnamurthy (2016b). 

 In a similar way, the MSSA was also performed with 5-year running mean of 

monthly mean SST anomalies in the North Pacific region (120°E–120°W, 20°N–60°N) in 

the CCSM4 CTL simulation using a lag window of 840 months to extract the PDO mode. 

After identifying the oscillatory pair of eigenmodes corresponding to the PDO, the RC of 

the oscillation was constructed.  The EOF1 and PC1 of the RC of this oscillatory mode 

are shown in Fig. 6. The EOF1 represents the peak phase of PDO mode with negative 

SST anomalies in the central North Pacific surrounded by the positive SST anomalies 

(Fig. 6a) while the PC1 exhibits decadal scale variability (Fig. 6b). The power spectrum 

analysis of PC1 of the PDO mode indicates a period centered at 31 years (Fig. 7). Thus, 

CCSM4 has been able to simulate the observed pure decadal component of the PDO 

reasonably well. We used larger lag window for the model and experimental simulations 

as the model simulation has larger sample size than observations and hence allows us to 

use a larger lag window. The larger lag window allows us to better resolve the oscillatory 

modes and gain more quantitative information from the dynamical system (Ghil et al. 

2002). We tested the MSSA on model data with different lag windows, and the results do 

not show any sensitivity to the choice of the lag window. 

 To determine the relation of the SST decadal PDO with the rainfall over India in 

CTL, regressions of SST and precipitation on PC1 of the PDO are shown in Fig. 8. The 

regression patterns of SST and rainfall indicate that the warm PDO phase is related to 

drought condition over India (except for the positive anomalies over east central part of 
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India) consistent with the negative correlation between the PDO and monsoon. The 

model shows bias in SST structure with slight westward shift in the SST anomalies in the 

tropical Pacific compared to observations. Consistent with the bias in the SST shift, there 

are biases in the location of the corresponding Walker and Hadley circulation response, 

which is reflected in the westward shift of the negative rainfall anomalies in the western 

part of India relative to observations. The mechanism needs to be further verified with 

models which do not have biases in SST with accurate simulation of PDO-related spatial 

structure in the tropical Pacific. 

 

4.2 Model experiment 

 In order to isolate the influence of the North Pacific decadal variability on the 

Indian monsoon rainfall, a regionally de-coupled experiment (EXP) is performed with 

climatological SST prescribed in the North Pacific basin (see section 2.2). The results 

from the EXP simulation are compared with the CTL simulation to demonstrate the 

possible role of the North Pacific Ocean on the Indian monsoon. 

 An MSSA of 5-year running mean of JJAS seasonal anomalies of the Indian 

monsoon rainfall in EXP was performed for the period 1850-2005 using a lag window of 

70 years, similar to the analysis of CTL. An examination of the MSSA eigenmodes 

indicated the absence of any oscillatory eigenmodes in rainfall in the timescale of the 

PDO. This provides a supporting evidence for the earlier result with the observations and 

CTL showing the existence of the PDO mode in the Indian monsoon rainfall on decadal 
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timescale. 

 The influence of the PDO on the Indian monsoon rainfall variability is further 

shown through the variance analysis of rainfall in the CTL and EXP simulations. It is 

well known that PDO exhibits broadband spectrum with a period of 20-40 years (e.g., 

Mantua and Hare 2002, Mantua et al. 1997). Our results suggest that the PDO-related 

modes in the rainfall and SST also show power spectrum with a period centered on the 

broadband between 20-40 years. Based on this inference, we used 20-40 year band pass 

filter on rainfall to evaluate the effect of PDO in the control and EXP simulations. The 

JJAS seasonal anomaly of rainfall was band-pass filtered in the 20-40 year band for both 

the CTL and EXP simulations. The variances of the filtered anomalies and the total 

anomalies were calculated for both the simulations. The ratio of the variance of the 20-40 

year band-pass filtered anomalies to the variance of the total rainfall anomalies was 

determined, as shown in Fig. 9 for CTL and EXP simulations. There is reduced variance 

in rainfall over the central and southern parts of the Indian monsoon region and 

surrounding oceanic regions in the EXP simulation (Fig. 9b) relative to CTL simulation 

(Fig. 9a). The model has bias in simulating the rainfall over Himalayan region and hence 

it is not included in the interpretation of results. The reduction in the variability of the 

Indian monsoon rainfall in the PDO frequency band suggests that the North Pacific 

Ocean has considerable influence on the variability of rainfall over India on decadal 

timescale. 
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5 Role of the tropical Pacific 

 In an earlier study, Krishnamurthy and Krishnamurthy (2014a) suggested that the 

mechanism for the influence of PDO on monsoon involves the intermediary link through 

the tropical Pacific Ocean. The decadal variability associated with the tropical Pacific is 

compared here among the observations, control and experimental runs to further provide 

evidence for this mechanism. An MSSA of 5-year running mean 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. The EOF1 and PC1 of the corresponding RC of the 

oscillation are shown in Figs. 10a and 10b, respectively. The EOF shows positive SST 

anomalies in the central and eastern Pacific surrounded by negative anomalies (Fig. 10a) 

while the PC indicates decadal variability (Fig. 10b). The power spectrum of PC1 (Fig. 

11a) shows that this mode exhibits variability on the period of 27 years. The regression of 

monthly SST anomalies on PC1 results in a PDO-like pattern in the North Pacific Ocean 

with negative SST anomalies in the central North Pacific and positive SST anomalies 

extending from the west coast of North America to the tropical Pacific Ocean (Fig. 11b). 

Based on the period of oscillation and SST regression (Fig. 11), 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 on the 5-year running mean of monthly SST 

anomalies from the CTL simulation over the tropical Pacific domain (120°E–70°W, 

30°S–30°N). As in the case of observations, the MSSA of the SST anomalies in CTL also 

yields an oscillatory pair of eigenmodes. The EOF1 and PC1 of the RC of this oscillatory 
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mode (Figs. 12a, b) represent decadal scale variability in the tropical Pacific SST. The 

EOF pattern in the model (Fig. 12a) shows positive anomalies shifted westward 

compared to observation (Fig. 10a). Additionally, there is a region of negative anomalies 

in the eastern part. However, the model PC (Fig. 12b) indicates decadal variability, just as 

in the observation (Fig. 10b). The power spectrum of PC1 shows a peak centered at 32 

years (Fig. 13a). The regression of model SST anomalies on PC1 of RC (Fig. 13b) also 

shows the PDO pattern in the North Pacific. This regression pattern (Fig. 13b) has close 

resemblance with the regression pattern shown earlier using the North Pacific PDO mode 

in CTL (Fig. 8a). Thus, the model CTL simulation also suggests the existence of the 

equatorial PDO mode similar to the observations. 

 The MSSA of the 5-year running mean of monthly SST anomalies in the tropical 

Pacific region (120°E–70°W, 30°S–30°N) was also repeated with the EXP simulation. 

The results showed the absence of equatorial PDO-like mode in the EXP simulation in 

contrast to observations and CTL simulation. These results suggest the influence of the 

PDO on the tropical Pacific Ocean, and support the possibility of PDO to affect the 

Indian monsoon through the tropical Pacific Ocean. 

 

 

6 Summary and discussion 

 In this study, the relation between the pure decadal component of the PDO and 

the Indian monsoon has been examined. This work is extension of the study by 
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Krishnamurthy and Krishnamurthy (2014a) which explored the PDO-monsoon relation in 

observations and model control simulation. Krishnamurthy and Krishnamurthy (2014a) 

suggested negative correlation between the PDO and Indian monsoon with the warm 

(cold) phase of PDO related to drought (flood) conditions over Indian subcontinent. The 

mechanism for the PDO-monsoon relation was suggested through the Walker and Hadley 

circulations with the tropical Pacific playing an intermediary role between the North 

Pacific and Indian monsoon region. The conventional definition of PDO index was used 

to draw these conclusions. In the present study, the examination of the conventional PDO 

index has revealed that it includes both the interannual and decadal variability. Thus, the 

use of conventional PDO index may not represent the effect of the pure decadal 

component of PDO on the Indian monsoon. A pure decadal signal embedded in the PDO 

index was extracted by using SSA in this study. The influence of the pure decadal part of 

the PDO (also referred to as the decadal PDO for brevity) on the monsoon rainfall and 

winds was studied and compared with that of the total PDO which includes both 

interannual and decadal components. The total PDO index is associated with deficit 

monsoon rainfall over the entire subcontinent whereas the pure decadal part of PDO 

suppresses the monsoon mostly over west central part of India beyond 20°N and 

consistent with the restricted moisture flow beyond 20°N. This result distinguishes the 

effect of decadal PDO and total PDO and also suggests that the simple EOF analysis is 

inadequate to extract the pure decadal signal of the PDO. 

 An MSSA was performed on the rainfall anomalies over India and SST anomalies 
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over the North Pacific domain to obtain pure decadal signals in rainfall and SST. The 

observational results shown by Krishnamurthy and Krishnamurthy (2014b) document the 

PDO-related decadal modes in rainfall and SST and the relation between decadal IMR 

and decadal PDO variability. A similar analysis was performed in the present study with 

the CTL simulation (20C3M) to evaluate the ability of CCSM4 to represent the PDO-

related decadal modes. The model also has a decadal mode in the North Pacific SST 

which represents the pure decadal signal of PDO. The Indian monsoon rainfall in the 

model also exhibits decadal mode related to PDO. The model is able to simulate the 

relation between decadal IMR and decadal PDO modes reasonably well. Similar analysis 

was performed using 500 years of pre-industrial control run and yields consistent results. 

 Further, a regionally de-coupled experiment, in which the North Pacific Ocean 

was prescribed with climatological SST was performed to substantiate the observed and 

model results on decadal PDO-monsoon relation. The EXP simulation shows the absence 

of decadal modes in the Indian monsoon rainfall on PDO timescale and supports the 

relation of PDO with the Indian monsoon variability. Further, the plausibility of the 

tropical Pacific playing an intermediary role in the relation between the PDO and Indian 

monsoon was explored by comparing the decadal variability in the tropical Pacific among 

observations, model control and experimental simulations. The tropical Pacific SST in 

the observations and CTL showed decadal mode of variability related to the PDO. 

However, the EXP did not reveal such a decadal mode, suggesting the plausibility of the 

mechanistic hypothesis proposed in Krishnamurthy and Krishnamurthy (2014a). 
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 A residual PDO was also determined by subtracting the decadal PDO index from 

the conventional total PDO index (which has both decadal and interannual variability). 

The regressions of SST, rainfall, wind and moisture flux on the residual PDO (has 

interannual variability alone by construction) were examined (figures not shown). These 

regressions look similar to those of the conventional total PDO index, suggesting that the 

conventional PDO index predominantly represents the interannual variability of the North 

Pacific Ocean. Thus, this study has demonstrated the importance of determining the pure 

decadal component of the North Pacific Ocean to understand its effect on the Indian 

monsoon on decadal timescale. This study has investigated the influence of pure decadal 

PDO on Indian monsoon in model simulation and substantiated the observed and model 

simulated decadal relation between the PDO and monsoon through the regionally de-

coupled experiments. Although the model simulation and experiment served as useful 

tools to substantiate the observed results, the model has some limitations such as bias in 

the rainfall over the Himalayan region, westward shift in the tropical Pacific SST 

anomalies related to PDO and slightly higher period of PDO compared to observations. 

 The results of this study have implications in understanding the effect of the 

decadal variability of oceans on the Indian monsoon on interannual to decadal timescales. 

The relative phases of the interannual PDO and decadal PDO determine the enhancement 

or suppression of the Indian monsoon. For example, if the interannual PDO is in warm 

phase, it suppresses the monsoon over entire India. Depending on the phase of decadal 

PDO, the west central India experiences normal monsoon (if decadal PDO is in cold 
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phase) or drought (if decadal PDO is in warm phase). Thus, this study will also provide 

insights on how the decadal modes of variability may modulate the interannual variability 

of the monsoon rainfall. The information on the relation between the decadal signals in 

rainfall and SST may also help in advancing the decadal prediction which is still in its 

infancy.  
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Figure Captions 

 Figure 1 (a) Conventional PDO index: PC1 obtained by EOF analysis of monthly 

SST anomalies over (120°E–120°W, 20°N–60°N) for the period 1870–2006. (b) Decadal 

PDO (PDO-D) index: Monthly RC time series obtained by applying SSA on monthly 

conventional PDO index (shown in a). (c) Power spectra of RC time series shown in (b). 

The peak of the power spectra is above the corresponding red noise spectrum (dashed) at 

5% significance level. 

 Figure 2 Regression of JJAS seasonal anomaly of (a) SST (b) Smith et al. (2010) 

rainfall on PDO-D index shown in Fig. 1b. The dotted regions indicate values above 5% 

significance level. The units are in °C for SST and mm day−1 for rainfall per standard 

deviation of corresponding time series.  

 Figure 3 Regression of JJAS seasonal anomaly of (a) IMD rainfall (b) vertically 

integrated stationary moisture flux on rainfall on PDO-D index shown in Fig. 1b. (c) is 

same as (b) except that it is shown only over a larger region. The units are in mm day−1 

for rainfall and Kg m s−1 for the moisture flux per standard deviation of corresponding 

time series. The dotted regions in (a) and grey shaded regions in (b), (c) indicate values 

above 5% significance level. 

 Figure 4 (a) EOF1 and (b) PC1 of RC of the first oscillatory pair of precipitation 

over the Indian monsoon region in the model CTL simulation. 

 Figure 5 (a) Power spectrum of PC1 of RC of CTL shown in Fig. 4b. The peak of 

the power spectra is above the corresponding red noise spectrum (dashed) at 5% 
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significance level. (b) Regression of SST on PC1 of RC shown in Fig. 4b. The dotted 

regions indicate values above 5% significance level. The units are in °C per standard 

deviation of corresponding time series. 

 Figure 6 (a) EOF1 and (b) PC1 of the RC of the decadal mode in SST over the 

North Pacific domain (120°E–120°W, 20°N–60°N) in the model CTL simulation. 

 Figure 7 Power spectrum of PC1 of RC of CTL shown in Fig. 6b. The peak of the 

power spectra is above the corresponding red noise spectrum (dashed) at 5% significance 

level. 

 Figure 8 Regression of JJAS seasonal anomalies of (a) SST and (b) rainfall on 

PC1 of RC in CTL shown in Fig. 6b. The dotted regions indicate values above 5% 

significance level. The units are in °C for SST and mm day−1 for rainfall per standard 

deviation of corresponding time series. 

 Figure 9 Ratio of the variance of 20-40 band-pass filtered anomalies to the 

variance of the total anomalies of precipitation in the model (a) CTL and (b) EXP 

simulations. 

 Figure 10 (a) EOF1 and (b) PC1 of the RC of the decadal mode in SST over the 

tropical Pacific domain (120°E–120°W, 30°S–30°N) in observation. 

 Figure 11 (a) Power spectrum of PC1 of RC of observation shown in Fig. 10b. 

The peak of the power spectra is above the corresponding red noise spectrum (dashed) at 

5% significance level. (b) Regression of observed SST anomalies on PC1 of RC shown in 

Fig. 10b. The dotted regions indicate values above 5% significance level. The units are in 
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°C per standard deviation of corresponding time series. 

 Figure 12 (a) EOF1 and (b) PC1 of the RC of the decadal mode in SST over the 

tropical Pacific domain (120°E–120°W, 30°S–30°N) in model CTL simulation. 

 Figure 13 (a) Power spectrum of PC1 of RC of the model CTL simulation shown 

in Fig. 12b. The peak of the power spectra is above the corresponding red noise spectrum 

(dashed) at 5% significance level. (b) Regression of CTL SST anomalies on PC1 of RC 

shown in Fig. 12b. The dotted regions indicate values above 5% significance level. The 

units are in K per standard deviation of corresponding time series. 
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Figure 1 (a) Conventional PDO index: PC1 obtained by EOF analysis of monthly SST 

anomalies over (120°E–120°W, 20°N–60°N) for the period 1870–2006. (b) Decadal PDO 

(PDO-D) index: Monthly RC time series obtained by applying SSA on monthly 

conventional PDO index (shown in a). (c) Power spectra of RC time series shown in (b). 

The peak of the power spectra is above the corresponding red noise spectrum (dashed) at 

5% significance level.  
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Figure 2 Regression of JJAS seasonal anomaly of (a) SST (b) Smith et al. (2010) rainfall 

on PDO-D index shown in Fig. 1b. The dotted regions indicate values above 5% 
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significance level. The units are in °C for SST and mm day−1 for rainfall per standard 

deviation of corresponding time series. 

 

 

Figure 3 Regression of JJAS seasonal anomaly of (a) IMD rainfall (b) vertically 
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integrated stationary moisture flux on rainfall on PDO-D index shown in Fig. 1b. (c) is 

same as (b) except that it is shown only over a larger region. The units are in mm day−1 

for rainfall and Kg m s−1 for the moisture flux per standard deviation of corresponding 

time series. The dotted regions in (a) and grey shaded regions in (b), (c) indicate values 

above 5% significance level. 
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Figure 4 (a) EOF1 and (b) PC1 of RC of the first oscillatory pair of precipitation over the 

Indian monsoon region in the model CTL simulation. 
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Figure 5 (a) Power spectrum of PC1 of RC of CTL shown in Fig. 4b. The peak of the 

power spectra is above the corresponding red noise spectrum (dashed) at 5% significance 
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level. (b) Regression of SST on PC1 of RC shown in Fig. 4b. The dotted regions indicate 

values above 5% significance level. The units are in °C per standard deviation of 

corresponding time series. 
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Figure 6 (a) EOF1 and (b) PC1 of the RC of the decadal mode in SST over the North 

Pacific domain (120°E–120°W, 20°N–60°N) in the model CTL simulation. 
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Figure 7 Power spectrum of PC1 of  RC of CTL shown in Fig. 6b. The peak of the power 

spectra is above the corresponding red noise spectrum (dashed) at 5% significance level. 
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Figure 8 Regression of JJAS seasonal anomalies of (a) SST and (b) rainfall on PC1 of RC 

in CTL shown in Fig. 6b. The dotted regions indicate values above 5% significance level. 
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The units are in °C for SST and mm day−1 for rainfall per standard deviation of 

corresponding time series. 
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Figure 9 Ratio of the variance of 20-40 band-pass filtered anomalies to the variance of 

the total anomalies of precipitation in the model (a) CTL and (b) EXP simulations. 
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Figure 10 (a) EOF1 and (b) PC1 of the RC of the decadal mode in SST over the tropical 

Pacific domain (120°E–120°W, 30°S–30°N) in observation. 
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Figure 11 (a) Power spectrum of PC1 of RC of observation shown in Fig. 10b. The peak 

of the power spectra is above the corresponding red noise spectrum (dashed) at 5% 
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significance level. (b) Regression of observed SST anomalies on PC1 of RC shown in 

Fig. 10b. The units are in °C per standard deviation of corresponding time series. 
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Figure 12 (a) EOF1 and (b) PC1 of the RC of the decadal mode in SST over the tropical 

Pacific domain (120°E–120°W, 30°S–30°N) in model CTL simulation. 
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Figure 13 (a) Power spectrum of PC1 of RC of the model CTL simulation shown in Fig. 

12b. The peak of the power spectra is above the corresponding red noise spectrum 

(dashed) at 5% significance level. (b) Regression of CTL SST anomalies on PC1 of RC 

shown in Fig. 12b. The dotted regions indicate values above 5% significance level. The 

units are in °C per standard deviation of corresponding time series. 
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