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between ISMR and TSI on decadal-to-centennial timescales. 
This statistically insignificant negative intrinsic correlation 
is transformed to statistically significant positive extrinsic by 
AMO on 61–86-year timescale. We propose a new mecha-
nism for Sun–monsoon connection which operates through 
AMO by changes in summer (June–September; JJAS) 
meridional gradient of tropospheric temperatures (ΔTTJJAS). 
There is a negative (positive) intrinsic correlation between 
ΔTTJJAS (AMO) and TSI. The negative intrinsic correlation 
between ΔTTJJAS and TSI indicates that high (low) solar 
activity weakens (strengthens) the meridional gradient of 
tropospheric temperature during the summer monsoon sea-
son and subsequently the weak (strong) ΔTTJJAS decreases 
(increases) the ISMR. However, the presence of AMO trans-
forms the negative intrinsic relation between ΔTTJJAS and 
TSI into positive extrinsic and strengthens the ISMR. We 
conclude that the positive relation between ISMR and solar 
activity, as found by other authors, is mainly due to the effect 
of AMO on ISMR.

Keywords Atlantic multi-decadal oscillation · Pacific 
decadal oscillation · El Niño southern oscillation · Solar 
activity · Indian summer monsoon · De-trended semi-
partial-cross-correlation analysis

1 Introduction

What governs the variability of ISMR, on different time-
scales, is important to understand for its precise and timely 
prediction. The variability of ISMR depends on MOV, 
external forcing factors, and its own internal dynamics. The 
ENSO, PDO, and AMO are three important modes of ocean 
variability which influence the ISMR on different timescales. 
The ENSO affects the variability of ISMR on inter-annual 

Abstract The Modes of Ocean Variability (MOV) namely 
Atlantic Multidecadal Oscillation (AMO), Pacific Dec-
adal Oscillation (PDO), and El Niño Southern Oscillation 
(ENSO) can have significant impacts on Indian Summer 
Monsoon Rainfall (ISMR) on different timescales. The time-
scales at which these MOV interacts with ISMR and the 
factors which may perturb their relationship with ISMR need 
to be investigated. We employ De-trended Cross-Correlation 
Analysis (DCCA), and De-trended Partial-Cross-Correlation 
Analysis (DPCCA) to study the timescales of interaction 
of ISMR with AMO, PDO, and ENSO using observational 
dataset (AD 1854–1999), and atmosphere–ocean–chemis-
try climate model simulations with SOCOL-MPIOM (AD 
1600–1999). Further, this study uses De-trended Semi-Par-
tial Cross-Correlation Analysis (DSPCCA) to address the 
relation between solar variability and the ISMR. We find 
statistically significant evidence of intrinsic correlations of 
ISMR with AMO, PDO, and ENSO on different timescales, 
consistent between model simulations and observations. 
However, the model fails to capture modulation in intrinsic 
relationship between ISRM and MOV due to external sig-
nals. Our analysis indicates that AMO is a potential source 
of non-stationary relationship between ISMR and ENSO. 
Furthermore, the pattern of correlation between ISMR and 
Total Solar Irradiance (TSI) is inconsistent between observa-
tions and model simulations. The observational dataset indi-
cates statistically insignificant negative intrinsic correlation 
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(see, Kumar et al. 2006) and multidecadal timescales (see, 
Goswami et al. 2006). The PDO, a leading mode of North 
Pacific Sea Surface Temperature (SST) variability with peri-
odicities 15–25- and 50–70-year (e.g., Mantua et al. 2002), 
affects the ISMR on decadal-to-multidecadal timescales with 
reduced (increased) rainfall during its positive (negative) 
phase (see, Krishnamurthy and Krishnamurthy 2013; Malik 
et al. 2017a). The AMO, a multidecadal oscillation of SSTs 
between warm and cold phases with a periodicity of 55–80-
year over the North Atlantic (e.g., Wei and Lohmann 2012), 
influences the ISMR on multidecadal timescales. Various 
studies show that AMO is positively correlated with ISMR 
(see, Krishnamurthy and Krishnamurthy 2014, 2015; Malik 
et al. 2017a). The exact timescales at which these MOV 
interact with ISMR and the factors which may perturb their 
relationship with ISMR are not well explored thus needs to 
be further investigated.

The influence of solar activity on ISMR is currently 
debated as several studies have been undertaken to under-
stand the mechanism by which Sun may affect the Indian 
monsoon system. The sign of correlation between solar 
activity and ISMR is also inconsistent among previous 
studies. In general, the studies show a positive correla-
tion between solar activity and ISMR (e.g., Kodera 2004; 
Malik et al. 2017a) however there is also evidence of a 
negative correlation (e.g., Badruddin et al. 2006; Polanski 
et al. 2013). The intrinsic relation between solar activity 
and ISMR on different timescales, and the mechanism of 
Sun–monsoon connection remains a puzzle.

Mehta and Lau (1997) proposed that on multidecadal 
timescales high solar activity may increase the land-sea 
temperature contrast and results in enhanced precipitation 
over the Indian monsoon region. On the contrary, Burns 
et al. (2002) concluded that the possibility of direct effect 
of changing TSI on the monsoon through heating of the 
Tibetan Plateau on 11 year time scale is small. Instead, mon-
soon variability on decadal and shorter timescales is due to 
decadal variability in the tropical Pacific Ocean and ENSO. 
Similarly, Neff et al. (2001) also had the view that variations 
in TSI are too small to have a direct influence on heating of 
the Tibetan Plateau whereas the indirect influence of TSI 
on monsoon is more likely through changes in atmospheric 
and oceanic circulation which amplify the effect of small 
solar input. Later, Kodera (2004) proposed that the solar 
influence on monsoon is not due to direct heating of the 
troposphere through radiative changes instead it propagates 
through the stratosphere by modulation of the upwelling in 
the equatorial troposphere. Can oceanic circulation through 
atmospheric changes propagate the influence of TSI to the 
Indian monsoon, or can MOV significantly vary the nature 
as well as strength of relationship between TSI and ISMR?

The above mentioned studies indicate that ISMR is a 
complex system which is simultaneously influenced by 

several forcing factors. Previous studies show that MOV 
are interlinked (e.g., Newman 2007; Wu et al. 2011; Kang 
et al. 2014), influenced by external forcings (AMO: e.g., 
Knudsen et al. 2014; Malik et al. 2017b, and ENSO: e.g., 
Kodera 2005; Malik et al. 2017b), and also interact with 
ISMR on different timescales. If modes of ocean variabil-
ity are interlinked and influenced by solar activity then 
in such a convoluted scenario what is the intrinsic nature 
of their relationship with ISMR? Thus, the Sun–monsoon 
connection urges to investigate their relationship by taking 
into account all those climate variables which are inter-
linked, under the Sun’s influence, and have imprints on 
Indian summer monsoon.

In the present work we investigate the correlations 
between ISMR and MOV as well as between ISMR and 
TSI on inter-annual (3-year) to centennial (100-year) 
timescales using DPCCA and DSPCCA. The DPCCA 
method was introduced by Yuan et al. (2015). We extend 
the DPCCA to DSPCCA by using the matrix formula 
proposed by Kim (2015) for calculating the higher order 
Semi-Partial Cross-Correlation Analysis (SPCCA).The 
method of Yuan et al. (2015) calculates DPCCA but not 
DSPCCA which is an addition to their method in the pre-
sent paper. The DPCCA is based on DCCA and Partial 
Cross-Correlation Analysis (PCCA) whereas DSPCCA 
is based on DCCA and SPCCA. The DPCCA method 
removes the influence of external signals from both vari-
ables subjected to cross-correlation whereas the DSPCCA 
removes the influence of external signals only from one 
variable of choice. The DCCA has the advantage over the 
traditional Pearson’s correlation analysis such that (1) it 
can accurately measure the correlation between two highly 
non-stationary variables (Kristoufek 2015) and (2) can be 
used to study the association between two variables at dif-
ferent timescales (Dong et al. 2014). Thus, DPCCA (DSP-
CCA) has the benefit of DCCA and PCCA (SPCCA) such 
that it can remove non-stationarities as well as influence 
of other forcings which are commonly coupled with two 
variables (Yuan et al. 2015) (one of the two variables) 
subjected to cross-correlation. We address the following 
questions in the present research: (1) what is the intrin-
sic relation between ISMR and MOV as well as between 
ISMR and TSI at different timescales? Is the intrinsic rela-
tion between ISMR and MOV modified by external forc-
ings (e.g.,  CO2, anthropogenic and volcanic aerosols, and 
TSI) and the complex interaction among the MOV. (3) 
Can MOV, linked to solar activity, modulate (vary) the 
relationship between ISMR and TSI or can they propagate 
solar influence to ISMR?

This paper is structured as follows. We describe data-
sets, climate model simulations, and methods in Sect. 2. 
The results are presented in Sect. 3. Finally conclusions and 
discussion are summarized in Sect. 4.
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2  Data and methods

2.1  Data

2.1.1  Climate model simulations

We employ Atmosphere-Ocean-Chemistry Climate Model 
(AOCCM) simulations with SOCOL-MPIOM over the 
period AD 1600–1999. The model has a horizontal grid of 
T31 (≈3.75° × 3.75°) with 39 irregular vertical pressure lev-
els (L39) up to ≈80 km. The ocean component (MPIOM) 
has a horizontal resolution of 3° which varies between 
22 km (Greenland) and 350 km (Tropical Pacific) with a 
calculation time step of 144 min. The model was nudged 
to Quasi-Biennial Oscillation (QBO) reconstruction accord-
ing to Brönnimann et al. (2007). The model calculates the 
dynamical processes in 15 min whereas ocean–atmosphere 
coupling takes place every 24 h (Anet et al. 2013a, b; Muth-
ers et al. 2014).

The SOCOL-MPIOM was employed to carry out four 
transient simulations (i.e., L1, L2, M1, and M2) with all 
major anthropogenic and natural forcings. The L1 and L2 
simulations were forced with Large (L) and Medium (M) 
amplitude of solar forcing, corresponding to a TSI difference 
between the present and the Maunder Minimum of 6 and 
3 W/m2, respectively. The Solar Spectral Irradiance (SSI) 
reconstruction by Shapiro et al. (2011) was used for L with 
reduced amplitude of 50% for M. For each solar forcing (L 
and M) a separate control simulation was performed, since 
the solar forcing L and M were different in the year 1600. 
To initialize ensemble members slightly different starting 
years for the ocean were chosen.Thus two different ocean 
initial conditions for each L1 and L2 as well as M1 and M2 
simulation makes overall four different initial states. The 
L1 (M1) and L2 (M2) are identical, the only difference is 
the initial state of the ocean in the beginning (S. Muthers; 
R. Rozanov, personal communication, 2017). In the present 
research these four simulations are used as a measure of 
spread and uncertainty in the climate behavior, and to ascer-
tain the observational findings in the subsequent sections. 
For more details of the model the reader is referred to Muth-
ers et al. (2014).

The SOCOL-MPIOM has the advantage of simulating 
both bottom-up (coupled ocean–atmosphere) and top-down 
(stratosphere–troposphere coupling) mechanisms. Previ-
ous studies by Kodera (2004) and Meehl et al. (2009) have 
shown the significance of both above-mentioned mecha-
nisms for studying the solar influence on climate and Indian 
monsoon. Reichler et al. (2012) showed that stratospheric 
dynamics can play a significant role in triggering multidec-
adal variability in the North Atlantic Ocean. Kodera (2005) 
also showed that solar variability can modulate ENSO via 
the stratosphere. Thus SOCOL-MPIOM has the important 

components to reasonably simulate the solar and strato-
spheric influence on MOV and other climate variables.

Malik et al. (2017a) showed that the SOCOL-MPIOM 
has reasonable skill for simulating the ISMR, and MOV. For 
instance, the modeled Indian summer monsoon precipitation 
showed a pattern correlation of 0.82 and 0.67 with ERA-20C 
(Poli et al. 2015, 2016) and Global Precipitation Climatol-
ogy Centre (GPCC; Schneider et al. 2015) data respectively 
over the period (AD 1951–2000) for all ensemble members. 
The modeled Niño3, AMO, and PDO showed periodicities 
between 2–7-, 50-, and ~10–50-year respectively. The mod-
eled ISMR in L1 showed correlation coefficients of −0.49, 
0.46, and −0.35 with Niño3, AMO, and PDO respectively 
which were comparable, in sign and magnitude, to relation-
ships in observational data sets.

2.1.2  NOAA extended reconstructed SST

We use NOAA Extended Reconstructed SST (ERSST) 
v4 (Huang et al. 2015, 2016; Liu et al. 2014) for calcula-
tion of AMO, PDO, and Niño3 indices over the period AD 
1854–1999. The ERSST data has a horizontal resolution 
of 2° × 2° and is available from AD 1854 to present. The 
NOAA ERSST v4 data are provided by the NOAA/OAR/
ESRL PSD, Boulder, Colorado, USA (http://www.esrl.noaa.
gov/psd/).

2.1.3  Twentieth century reanalysis

The Twentieth Century Reanalysis (20CR) version 2c 
(Compo et al. 2011) monthly mean Tropospheric Tempera-
ture (TT), at pressure levels between 200 and 600 hPa for 
the months of JJAS over the period AD 1854–1999, is used 
to study the mechanism of Sun–monsoon connection. The 
20CR has a horizontal grid of 2° × 2°. The 20CR dataset was 
provided by the NOAA/OAR/ESRL PSD, Boulder, Colo-
rado, USA (http://www.esrl.noaa.gov/psd/). Note that the 
quality of 20CRv2c over the tropics is clearly worse than 
over the mid-latitudes.

2.1.4  Homogeneous Indian rainfall

Sontakke et al. (2008) used 316 rain gauges to reconstruct 
monthly homogeneous instrumental rainfall dataset for the 
entire Indian region over the period AD 1813–2006. This 
is a quality-controlled area averaged monthly rainfall data-
set available at the web site of Indian Institute of Tropical 
Meteorology (IITM; http://www.tropmet.res.in). We use this 
dataset to calculate DCCA and DPCCA (DSPCCA) between 
ISMR and MOV (TSI) over the period AD 1854–1999. 
Hereafter this dataset (AD 1854–1999) would be referred 
to as IITM-Precip.

http://www.esrl.noaa.gov/psd/
http://www.esrl.noaa.gov/psd/
http://www.esrl.noaa.gov/psd/
http://www.tropmet.res.in
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2.1.5  External climate forcings

The external climate forcings employed as input in SOCOL-
MPIOM are used for statistical analyses for simulated (AD 
1600–1999) and observational (AD 1854–1999) datasets. 
We use  CO2 by Ramaswamy et al. (2001), Stratospheric 
Aerosol Optical Depth (hereafter, StratAOD) by Arfeuille 
et al. (2014), Tropospheric Aerosol Optical Depth (hereafter, 
TropAOD) based on CAM3.5 simulations with a bulk aero-
sol model driven by fixed SSTs and AD 1850–2000 CMIP5 
emissions (S. Bauer, personal communication, 2011), and 
TSI reconstruction by Shapiro et al. (2011).

2.2  Methods

2.2.1  Calculation of indices

The AMO, PDO, and Niño3 indices are calculated from the 
ERSST dataset (AD 1854–1999) and four simulations (L1, 
L2, M1, and M2) of SOCOL-MPIOM (AD 1600–1999). The 
AMO index is calculated following Enfield et al. (2001). In 
order to define the AMO index the global (60°N–60°S) SST 
anomalies relative to AD 1951–1980 are calculated first, 
then averaged and de-trended over the north Atlantic region 
(0–60°N, 0–80°W). The PDO index is defined according to 
Mantua et al. (1997) and following the method described 
by Lapp et al. (2012). First the SST residuals are calculated 
over the north Pacific region (20–60°N, 120°E–90°W) and 
then Empirical Orthogonal Function Analysis (EOF) is 
performed on these SST residuals. The SST residuals are 
calculated by subtracting the global (60°N–60°S) monthly 
SST anomalies (relative to AD 1961–1990) from the north 
Pacific (20–60°N, 120°E–90°W) SST anomalies (relative to 
AD 1961–1990). The 1st Principal Component (PC) from 
EOF analysis performed on the SST residuals is defined as 
the PDO index. The Niño3 index is calculated by averaging 
the SSTs over the Niño3 region (5°N–5°S and 150–90°W). 
For model simulations the ISMR index is defined by averag-
ing the rainfall over 5.56–35.25°N and 67.5–97.5°E (land 
and ocean) for months of JJAS.

The meridional gradient of tropospheric temperature 
(hereafter, ΔTT) is defined according to Goswami et al. 
(2006) as the difference of TT (JJAS) vertically aver-
aged between 200 and 600 hPa between a northern box 
(30°–100°E; 10°–36°N) and a southern box (30°–100°E; 
16°S–10°N). The ΔTT is used to study the mechanism of 
Sun–monsoon connection.

2.2.2  De‑trended partial and semi‑partial 
cross‑correlation analysis

In the present study we implement the DPCCA algorithm 
as defined by Yuan et al. (2015) and extend it to DSPCCA 

according to Kim (2015). The step by step description for the 
algorithm is as under:

Suppose we have k number of time series

Let construct j integrated profiles, Yj
n, for each k time series 

as

Suppose t is a timescale to calculate DCCA, DPCCA, and 
DSPCCA. We divide each integrated profile Yj

n into N − t 
overlapping boxes in a way that each box comprises t + 1 ele-
ments starting at i and ending at i + t. We fit a local trend 
Y
j̃

n, i
(i ≤ n ≤ i + t) in each overlapping box i of an integrated 

profile Yj
n by fitting a polynomial of a certain order. To define 

the residuals we subtract the local trend, Yj̃

n, i
, from the inte-

grated profile, Yj
n, such that

where, the residuals, Resj
l
, for each time series will contain 

l = 1, 2, 3,…(N − t)(t + 1) elements.
The co-variance between any two residual time series can 

be calculated as

We define a covariance matrix for j residual time series as

The correlation coefficient between time series 
{
x
j1

i

}
, and {

x
j2

i

}
 can be calculated as

The correlation matrix is defined as

(1)

{
x1
i

}
,
{
x2
i

}
,
{
x3
i

}
,… ,

{
xk
i

}
where i = 1, 2, 3,… ,

N (number of elements in each time series)

(2)

Yj
n
=

n∑
i=1

x
j

i
, where j = 1, 2, 3, … , k, and n = 1, 2, 3, … , N

(3)Res
j

(i−1)(t+1)+(n−i+1)
= Yj

n
− Y

j̃

n, i

(4)

F2

j1,j2
(t) =

∑(N−t)(t+1)

l=1
Res

j1

l
Res

j2

l

(N − t)(t − 1)
where j1, j2 = 1, 2, 3, … , k

(5)F
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⋮
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…
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From �(t), calculate the inverse of correlation matrix as

The DPCCA can be defined from the inverse correlation 
matrix, �−1 (t), as

According to Kim (2015) the DSPCCA can be defined as

where,

In order to calculate DCCA, DPCCA (DSPCCA) between 
ISMR and MOV (TSI) a first order polynomial is fitted in 
each overlapping box of each time series. The significance 
of DCCA, DPCCA, and DSPCCA coefficients is tested at 90 
and 95% significance by Monte Carlo simulations. We gen-
erate 5000 surrogate samples by employing the Corrected 
Amplitude Adjusted Fourier Transform (CAAFT) algorithm 
(Kugiumtzis 2000). The Autoregressive AR1 model is used 
in CAAFT algorithm to generate surrogate samples. The 
code for the CAAFT algorithm is downloaded from Math-
Works web site (http://ch.mathworks.com/matlabcentral/
fileexchange/4612-surrogate-data). No smoothing or filter-
ing of the data was performed before calculating the DCCA, 
DPCCA, and DSPCCA.

The DCCA is used to study the extrinsic correlations 
between ISMR and MOV, as well as between ISMR and TSI. 
The DPCCA (DSPCCA) is used to study the intrinsic corre-
lations between ISMR and MOV(TSI). The DPCCA method 
removes the influence of potential modulating factors both 
from ISMR and MOV whereas DSPCCA removes the influ-
ence only from ISMR but not from TSI. Different curves are 
plotted by removing the influence of potential modulating 
factors (e.g. external forcings, and MOV) from the variables 
being cross-correlated (see, Fig. 1a). For instance in Fig. 1a, 
DCCA (black curve) shows the correlations between ISMR 
and AMO without removing the effects of any of the vari-
ables (PDO, Niño3, TSI,  CO2, TropAOD, and StratAOD) 
which can potentially modulate (vary) the relationship 
between ISMR and AMO. We call this the extrinsic rela-
tion. The DPCCA.AllVar (red curve) shows the correlation 
between ISMR and AMO after the effects of all potential 

(8)IC(t) = �−1 (t) =

⎡⎢⎢⎢⎣

IC1,1(t)

IC2,1(t)

⋮

ICk,1(t)

IC1,2(t)

IC2,2(t)

⋮

ICk,2(t)

…

…

…

…

IC1,k(t)

IC2,k(t)

⋮

ICk,k(t)

⎤⎥⎥⎥⎦

(9)�DPCCA(j1, j2; t) =
−ICj1,j2(t)√

ICj1,j1(t).ICj2,j2(t)

(10)

�DSPCCA(j1, j2; t) =

�DPCCA(j1, j2;t)
/
Fj1,j1(t)√

ICj1,j1(t) − ICj1,j2(t)IC
−1
j2,j2

(t)ICj2,j1(t)

(11)−1 ≤ DCCA, DPCCA, and DSPCCA ≤ 1

modulating factors (PDO, Niño3, TSI,  CO2, TropAOD, and 
StratAOD) are removed. This is termed the intrinsic relation. 
The DPCCA.PDO.Nino3(no) (blue curve) shows the corre-
lation between ISMR and AMO after removing the effects 
of external forcings (TSI,  CO2, TropAOD, and StratAOD) 
but allowing PDO and Niño3 to freely interact with AMO 
and ISMR time series. Similarly, DPCCA.CO2.TropAOD.
StratAOD(no) (brown curve) indicates the correlation 
between ISMR and AMO after removing the effects of PDO 
and Niño3 but allowing  CO2, TropAOD, and StratAOD to 
freely interact with ISMR and AMO time series. The black 
(red) curve will always show the extrinsic (intrinsic) correla-
tion between variables subjected to cross-correlation analy-
sis. In subsequent sections the DCCA would be referred to 
as extrinsic relationship whereas DPCCA.AllVar and DSP-
CCA.AllVar as intrinsic relationship.

It should be noted that the PCCA assumes linear rela-
tionships between each variable considered for analysis in 
a complex system of multiple signals. According to Yuan 
et al. (2015) this drawback of the PCCA is compensated to 
some degree by DCCA because it calculates correlations on 
different timescales and not on the whole lengths of time 
series. Thus, in the present work the DPCCA and DSPCCA 
computes mainly linear relationships on interannul-to-cen-
tennial timescales. Alternative techniques such as Empirical 
Orthogonal Functions (EOFs) and Extended EOFs (EEOFs) 
are also used for isolating signals (see, Ghil et al. 2002). 
The EOF and EEOFs do not show correlations on exact 
timescales of interaction as possible through DPCCA and 
DSPCCA. Further, the DPCCA and DSPCCA remove non-
stationarities and influence of externals signals quite effi-
ciently from variables being cross-correlated.

3  Results

The DCCA and DPCCA (DSPCCA) coefficients between 
ISMR and MOV (TSI) on inter-annual to centennial time-
scales are presented in Figs. 1, 2, 3 and 4 whereas timescales 
corresponding to statistically significant DCCA, DPCCA, 
and DSPCCA coefficients are summarized in Tables 1, 2, 
3 and 4. The relationships of ISMR with MOV and TSI are 
discussed in more detail in subsequent sections.

3.1  Atlantic multidecadal oscillation and ISMR

The observational dataset (AD 1854–1999) shows statisti-
cally significant (95%) positive extrinsic and intrinsic corre-
lations between ISMR and AMO on multidecadal-to-centen-
nial (47–100-year) and decadal-to-centennial (17–100-year) 
timescales respectively (Fig. 1a; Table 1).The statistically 
significant intrinsic (extrinsic) correlation between ISMR 
and AMO varies between 0.29 and 0.70 (0.48 and 0.79) on 

http://ch.mathworks.com/matlabcentral/fileexchange/4612-surrogate-data
http://ch.mathworks.com/matlabcentral/fileexchange/4612-surrogate-data
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17–100-year (47–100-year) timescales. However, on a typi-
cal AMO timescale (55–80-year) the statistically significant 
(95%) intrinsic correlation varies between 0.69 and 0.70. 
Both MOV and external forcings interfere with the intrin-
sic relation. PDO and Niño3 (blue curve) as well as  CO2, 
TropAOD, and StratAOD (brown curve) act to weaken the 
relation whereas TSI acts to strengthen it on multidecadal-
to-centennial timescales (53–100-year; compare red and 
green curves).

The L1 simulation (Fig. 1b; Table 1) shows statistically 
significant (95%) positive intrinsic and extrinsic correlation 
between ISMR and AMO on multidecadal (37–72-year) and 
multidecadal-to-centennial (46–100-year) timescales respec-
tively. In L1 the intrinsic (extrinsic) correlation between 

ISMR and AMO varies between 0.25 and 0.34 (0.27 and 
0.58) on 37–72-year (46–100-year) timescales. The L2 simu-
lation (Fig. 1c; Table 1) shows statistically significant (90%) 
positive intrinsic (extrinsic) correlation between ISMR and 
AMO on inter-annual-to-decadal timescale i.e. 7–11-year 
(8–11-year). The magnitude of intrinsic (extrinsic) correla-
tion coefficients vary between 0.11 and 0.13 (0.11 and 0.12). 
On inter-annual timescale, in contrast to L2, M1 and M2 
show statistically significant (95%) negative extrinsic cor-
relation between ISMR and AMO (Figure not shown, see 
Table 1).

The L1 simulation only marginally shows a weakening 
of the intrinsic relation between ISMR and AMO due to 
PDO and Niño3 on interannual-to-multidecadal timescales 

Fig. 1  DCCA and DPCCA coefficients between ISMR and AMO for 
a observations (AD 1854–1999), and model simulations (AD 1600–
1999), b L1, c L2. The dotted (dashed) lines indicate the correlation 

coefficient critical values at 90% (95%) significance. See Sect. 2.2 for 
explanation of legends
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(compare blue and red curves) whereas TSI (green curve) 
slightly strengthens the positive correlation between them 
on 70–100-year timescales. Similarly the other external forc-
ings  (CO2, TropAOD, and StratAOD; brown curve) do not 
seem to play a considerable role in modulating the intrinsic 
relation. In other simulations there is no statistically sig-
nificant relationship between ISMR and AMO on a typical 
AMO timescale (55–80-year).

From the above analyses we conclude that ISMR has an 
intrinsic positive relation with AMO on decadal-to-centen-
nial timescale in observations and multidecadal timescale 
in climate model simulations. The observational data show 
that the strength of this relationship is modulated by PDO 
and Niño3, and external forcings (TSI,  CO2, TropAOD, 
StratAOD) whereas we do not see any such evidence in the 
model simulations. We hypothesize that the complex inter-
action of modes of ocean variability and external forcings 
could be a possible cause of non-stationary relationship 
between ISMR and AMO as found by Malik et al. (2017a). 
In other words the variability of PDO and Niño3 can signifi-
cantly weaken the AMO–monsoon connection.

Previous studies show the relationship between the 
ISMR and AMO on multidecadal (see, Krishnamurthy and 
Krishnamurthy 2014, 2015; Malik et al. 2017a) and cen-
tennial (Burns et al. 2003; Gupta et al. 2003) timescales. 
Thus, our findings corroborate the previous results. Previous 
studies have proposed the mechanism of AMO–monsoon 
connection on multidecadal and centennial timescales. For 
instance, Feng and Hu (2008) using observational and cli-
mate proxy data showed that on multidecadal timescales the 
AMO affects the ISMR through heating of Tibetan Plateau. 
Thus the AMO causes a meridional temperature gradient 
between Tibetan Plateau and tropical Indian Ocean which 
subsequently results into strengthening of south westerly 
monsoon circulation. Similarly, at centennial time scale 
Zhang et al. (2016) using climate model simulations showed 
that during the Holocene the AMO influenced the ISMR 
through ΔTT. However, they found that the relationship 
between AMO and ΔTT is very weak during the Holocene. 
How the PDO and Niño3 cause weakening of the relation-
ship between AMO and ISMR is beyond the scope of this 
work and requires further investigation.

3.2  Pacific decadal oscillation and ISMR

In the observational dataset (AD 1854–1999; Fig.  2a; 
Table 2) the PDO has statistically significant (90%) nega-
tive extrinsic (intrinsic) correlation with ISMR on interan-
nual-to-multidecadal (multidecadal) timescales. The intrin-
sic (extrinsic) correlation between PDO and ISMR varies 
between −0.34 and −0.35 (−0.14 and −0.49) on 38 and 
40–41-year (3–60-year) timescales.

The observational data indicate that AMO and Niño3 
together can considerably reduce the strength of negative 
intrinsic relation between PDO and ISMR (blue curve; 
Fig. 2a). Similarly, TSI (greed curve) slightly weakens the 
intrinsic relation between ISMR and PDO and makes it sta-
tistically insignificant. In contrast, other external forcings 
i.e.  CO2, TropAOD, and StratAOD together (brown curve) 
strengthen the negative correlation between ISMR and PDO 
on multidecadal-to-centennial timescales (≈50–100-year).

The climate model simulations show statistically signifi-
cant extrinsic and intrinsic correlations between ISMR and 
PDO on various timescales ranging from interannual-to-
decadal, interannual-to-multidecadal, and interannual-to-
centennial timescales (Fig. 2b–e; Table 2). In L1 statistically 
significant (95%) intrinsic (extrinsic) correlation between 
ISMR and PDO varies between −0.28 and −0.54 (−0.29 and 
−0.61) on interannual-to-multidecadal timescales i.e. 3–43-
year (3–54-year). In L2 statistically significant (95%) intrin-
sic (extrinsic) correlation between ISMR and PDO varies 
between −0.39 and −0.55 (−0.44 and −0.56) on interannual-
to-centennial timescales i.e. 3–100-year. In M1 statistically 
significant (95%) intrinsic (extrinsic) correlation between 
ISMR and PDO varies between −0.23 and −0.46 (−0.27 and 
−0.54) on 3–64-year (3–100-year) timescales. Finally, in M2 
statistically significant (95%) intrinsic (extrinsic) correlation 
between ISMR and PDO varies between −0.18 and −0.49 
(−0.21 and −0.57) on 3–15-year (3–21-year) timescales.

All four climate model simulations (L1, L2, M1, and M2) 
show that AMO and Niño3, and other external forcings (TSI, 
CO2, TropAOD, and StratAOD) do not considerably modu-
late the negative intrinsic correlation between ISMR and 
PDO (compare blue and brown curves with red curve) as 
observed in observations. Further, in contrast to AMO, all 
four simulations show statistically significant correlations 
between ISMR and PDO representing that for prediction 
of ISMR PDO can be a more reliable and consistent source 
than AMO.

The AMO and ENSO may modulate the intrinsic rela-
tionship between PDO and ISMR either by affecting the 
PDO or the ISMR. There is evidence that the AMO con-
tributes to multi-decadal variability of the PDO (see, Zhang 
et al. 2007). D’Orgeville and Peltier (2007) using obser-
vational dataset found that AMO leads PDO by 13 years. 
Similarly, Wu et al. (2011) found that AMO leads the PDO 
by 12–14 years. Newman et al. (2003) found that PDO is 
dependent on ENSO on all timescales. These studies show 
that AMO and ENSO may contribute to the variability of 
PDO. Thus, the complex interaction of modes of ocean vari-
ability and external forcings may cause non-stationary rela-
tionship between ISMR and PDO. There is need to perform 
a detailed study that how AMO and ENSO may influence 
the relationship between PDO and ISMR.
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We conclude that ISMR has an intrinsic negative relation 
with PDO on multidecadal timescale in observations and 
interannual-to-centennial timescale in climate model simula-
tions. The strength of this relationship is modulated by AMO 
and Niño3, and external forcings (TSI,  CO2, TropAOD, and 
StratAOD) in observations whereas the model fails to cap-
ture the modulating behaviour of these forcing factors.

3.3  El Niño southern oscillation and ISMR

The observational dataset (AD 1854–1999; Fig. 3a; Table 3) 
shows statistically significant (95%) negative extrinsic and 
intrinsic correlation between ISMR and Niño3 on interan-
nual-to-multidecadal (3–70-year) and interannual-to-centen-
nial (3–100-year) timescales respectively. The statistically 
significant (95%) intrinsic (extrinsic) correlation between 
ISMR and Niño3 varies between −0.57 and −0.68 (−0.47 
and −0.64) on 3–100-year (3–70-year) timescales.

The AMO and PDO together, and AMO alone can signifi-
cantly reduce the strength of intrinsic correlation between 
ISMR and Niño3 on multidecadal-to-centennial timescales 
(59–100-year; compare blue and cyan curves with red). Sim-
ilarly, external forcings  (CO2, TropAOD, StratAOD; brown 
curve) together can significantly vary the strength of rela-
tionship between ISMR and Niño3, hence, making their rela-
tion statistically insignificant on multidecadal-to-centennial 
timescales (compare brown curve with red). The TSI also 
slightly weakens the relationship between ISMR and Niño3 
on multidecadal-to-centennial timescales; however, it does 
not transform their relationship to statistically insignificant.

All four climate model simulations (L1, L2, M1, and M2) 
show statistically significant (95%) extrinsic and intrinsic 
correlations between ISMR and Niño3 on interannual-to-
multidecadal timescales (Fig. 3b–e; Table 3) but there is 
no evidence of a link on centennial timescale as we see in 
observational dataset. In L1 statistically significant (95%) 
intrinsic (extrinsic) correlation between ISMR and Niño3 
varies between −0.30 and −0.48 (−0.26 and −0.53) on 
3–76-year (3–51-year) timescales. In L2 statistically sig-
nificant (95%) intrinsic (extrinsic) correlation between 
ISMR and Niño3 varies between −0.26 and −0.45 (−0.24 
and −0.48) on 3–71-year (3–39-year) timescales. In M1 
statistically significant (95%) intrinsic (extrinsic) correla-
tion between ISMR and Niño3 varies between −0.28 and 
−0.44 (−0.27 and −0.47) on 3–57-year (3–47-year) time-
scales. Finally, in M2 statistically significant (95%) intrin-
sic (extrinsic) correlation between ISMR and Niño3 varies 

between −0.29 and −0.53 (−0.26 and −0.54) on 3–57-year 
(3–52-year) timescales.

In climate model simulations the AMO and PDO together 
only marginally strengthen the negative intrinsic relation 
between ISMR and Niño3 on interannual-to-multidecadal 
timescales (compare blue curve with red in Fig. 3b–e) 
whereas the external forcings also do not seem to play a con-
siderable role (compare brown curve with red in Fig. 3b–e).

Berkelhammer et al. (2014) using monsoon and ENSO 
proxies showed that the Indian summer monsoon has 
inverse relationship with ENSO on interannual-to-decadal 
timescales (5–15-year) whereas on multidecadal timescales 
(30–90-year) they found strengthening of monsoon pre-
cipitation with enhanced ENSO variability. In contrast to 
Berkelhammer et al. (2014) our results show inverse intrinsic 
relationship between ISMR and Niño3 on interannual-to-
centennial timescale in observations and interannual-to-
multidecadal timescale in climate model simulations. The 
AMO causes warming over Eurasia and also strengthens 
the ΔTT between Tibetan Plateau and tropical Indian Ocean 
during positive phase of AMO (see, Feng and Hu 2008; Gos-
wami et al. 2006) subsequently resulting into enhanced pre-
cipitation over India. Also according to Kumar et al. (1999) 
the warming of Eurasia can result in a weakening of the 
ENSO–monsoon connection. We conjecture that the occur-
rence of El Niño events during positive phase of AMO can 
significantly weaken the ENSO–monsoon connection, but 
further studies are needed to corroborate this.

From the above analyses we conclude that ISMR has 
an intrinsic negative relation with Niño3 on interannual-
to-centennial timescale in observations and interannual-
to-multidecadal timescale in climate model simulations. 
The strength of this relationship is considerably modulated 
by AMO, and external forcings (TSI,  CO2, TropAOD, 
StratAOD) only in observations. Thus, the complex inter-
action of modes of ocean variability, and external forcings 
could be a possible cause of non-stationary relationship 
between ISMR and Niño3.

3.4  Total solar irradiance and ISMR

In observational dataset (AD 1854–1999; Fig. 4a; Table 4) 
the extrinsic and intrinsic correlation between ISMR and TSI 
differs in sign on decadal-to-centennial timescales (17–100-
year). There is a statistically insignificant negative intrinsic 
correlation between ISMR and TSI on decadal-to-centennial 
timescale. In contrast to negative intrinsic correlation there 
is a statistically significant positive extrinsic correlation 
between ISMR and TSI which varies between 0.45 and 0.72 
on multidecadal-to-centennial timescales (55–100-year).

What is the cause of this transformation from negative 
intrinsic to positive extrinsic relationship? The external forc-
ings  (CO2, TropAOD, and StratAOD) and modes of ocean 

Fig. 2  DCCA and DPCCA coefficients between ISMR and PDO for 
a observations (AD 1854–1999), and model simulations (AD 1600–
1999), b L1, c L2, d M1, e M2. The dotted (dashed) lines indicate the 
correlation coefficient critical values at 90% (95%) significance. See 
Sect. 2.2 for explanation of legends

◂
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variability (AMO, PDO, and Niño3) all modulate (vary) 
the nature as well as strength of correlations between ISMR 
and TSI. The combined effect of external forcings  (CO2, 
TropAOD, and StratAOD; brown curve), and of PDO and 
Niño3 (blue curve) can transform negative intrinsic relation 
to positive extrinsic on 60–100- and 3–100-year timescales 
respectively; however, the correlation coefficients are low 
and statistically insignificant. The AMO plays a significant 
role in transforming this relationship from statistically insig-
nificant negative intrinsic to statistically significant positive 
extrinsic relationship on multidecadal timescales (49–79-
year; 90% significance) with correlation coefficients varying 
between 0.32 and 0.40 (cyan curve). We hypothesize that on 
multidecadal timescales the statistically significant positive 
extrinsic correlation between ISMR and TSI is due to AMO 
which varies the Sun–monsoon connection through some 
mechanism.

In climate model simulations (Fig. 4b–c; Table 4) only L1 
and M2 show statistically significant link between ISMR and 
TSI. The L1 shows statistically significant (95%) positive 
extrinsic correlation between ISMR and TSI on 83–100-year 
timescales with correlation coefficients varying between 
0.38 and 0.48 whereas we do not see any evidence of an 
intrinsic relationship. The M2 shows statistically significant 
(95%) intrinsic (extrinsic) correlation between ISMR and 
TSI on 20–61-year (83–100-year) with correlation coeffi-
cients varying between 0.17 and 0.30 (0.38 and 0.45). In 
both L1 and M2 the AMO seems to strengthen the positive 
correlation between ISMR and TSI on multidecadal-to-cen-
tennial timescales (compare cyan curve with red) whereas 
external forcings  (CO2, TropAOD, StratAOD) do not play a 
considerable role in varying their relationship (brown curve). 
The intrinsic correlations in climate model simulations do 
not show a negative correlation pattern as we observe in 
observational dataset; however, both observations and model 
simulations indicate strengthening of relationship between 
ISMR and TSI through AMO.

3.5  Mechanism of Sun–ISMR connection

According to Goswami et al. (2006) the AMO is signifi-
cantly positively correlated with meridional gradient of 
tropospheric temperature in JJAS (ΔTT) and can influence 
ISMR through changes in ΔTT. A warm (cold) phase of 
AMO, through low frequency variability of North Atlantic 
Oscillation (NAO), causes a positive (negative) TT anom-
aly (vertically averaged between 200 and 600 hPa) over 

Eurasia resulting in strengthening (weakening) of ΔTT, 
hence increased (decreased) ISMR (Goswami et al. 2006). 
We hypothesize that AMO modulates the Sun–ISMR 
connection through changes in ΔTT. Therefore, we use 
the mechanism proposed by Goswami et  al. (2006) to 
identify the mechanism by which AMO can modulate 
the Sun–ISMR connection and convert the correlation 
between them from negative intrinsic to positive extrin-
sic. For this purpose we perform the DCCA and DSPCCA 
between ΔTT averaged over JJAS (hereafter, ΔTTJJAS) and 
TSI on inter-annual (3-year) to centennial (100-year) time-
scales. We posit that AMO could modulate the relationship 
between ΔTTJJAS and TSI in the same manner as it does 
for Sun–ISMR connection (cf. Fig. 4a).

The correlation coefficients between ΔTTJJAS and 
TSI on inter-annual to centennial timescale are shown in 
Fig. 5a. We find that the intrinsic correlations between 
ΔTTJJAS and TSI are negative (red curve) and transformed 
to positive by AMO (cyan curve) on multidecadal time-
scales (compare Figs. 4a with 5a). The extrinsic correla-
tions between ΔTTJJAS and TSI (DCCA; black curve) are 
positive and statistically significant on multidecadal-to-
centennial timescale (≈70–100-year). The extrinsic cor-
relations between ΔTTJJAS and TSI are calculated without 
removing the effects of MOV (AMO, PDO, and Niño3) 
and external forcings  (CO2, TropAOD, and StratAOD) 
from ΔTTJJAS. The intrinsic correlation between ΔTTJJAS 
and TSI (DSPCCA.AllVar; red curve) are statistically 
insignificant negative. The intrinsic correlations are cal-
culated by removing the effects of MOV (AMO, PDO, 
and Niño3) and external forcings  (CO2, TropAOD, and 
StratAOD) from ΔTTJJAS. If we do not remove the effect 
of AMO [DSPCCA.AMO(no); cyan curve] we find posi-
tive correlation coefficients between ΔTTJJAS and TSI on 
multidecadal-to-centennial timescale (≈40–100-year). 
Interestingly, Fig. 5a resembles Fig. 4a except that the 
coefficients for DSPCCA.AMO(no) are low and not sig-
nificant at any timescale.

The negative intrinsic correlation between ΔTTJJAS 
and TSI indicates that high (low) solar activity weakens 
(strengthens) the meridional gradient of tropospheric tem-
perature during the summer monsoon season (ΔTTJJAS) 
and subsequently the weak (strong) ΔTTJJAS decreases 
(increases) the ISMR. However, the presence of AMO 
transforms the negative intrinsic relation between ΔTTJJAS 
and TSI into positive extrinsic and strengthens the ISMR. 
We also find that the AMO has strongest effect in trans-
forming the negative intrinsic relation between ΔTT and 
TSI into positive extrinsic in June and July whereas its 
influence diminishes in the subsequent months of August 
and September (Fig. 5b–e). Thus we conclude that AMO 
through changes in ΔTT modulates the Sun–monsoon 
connection.

Fig. 3  DCCA and DPCCA coefficients between ISMR and Niño3 for 
a observations (AD 1854–1999), and model simulations (AD 1600–
1999), b L1, c L2, d M1, e M2. The dotted (dashed) lines indicate the 
correlation coefficient critical values at 90% (95%) significance. See 
Sect. 2.2 for explanation of legends
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4  Discussion and conclusions

In the present work we have made an effort to understand 
the influence of modes of ocean variability and external 
forcings on ISMR on interannual-to-centennial timescale. 
We employ the DCCA, DPCCA, and DSPCCA techniques 
on observational dataset (AD 1854–1999) and atmos-
phere-ocean-chemistry climate model simulations with 
SOCOL-MPIOM (AD 1600–1999). We investigate the 
potential role of external forcings in modulating (varying) 
the relationship of ISMR with AMO, PDO and Niño3. We 
have identified the exact timescales at which the ISMR is 
significantly correlated with AMO, PDO, Niño3, and TSI. 

Further, this study contributes in deepening the under-
standing of the Sun–monsoon connection and finds out 
the reason of positive extrinsic correlation between ISMR 
and TSI. The findings of this research endeavor are sum-
marized as follows:

1. In observations: The ISMR has an intrinsic positive 
correlation with AMO on decadal-to-centennial time-
scale (17–100-year). The PDO and Niño3 together can 
make the correlation between ISMR and AMO weak 
and statistically insignificant. The  CO2, TropAOD, and 
StratAOD also weaken the relationship between ISMR 
and AMO however do not affect the statistical signifi-

Fig. 4  DCCA and DSPCCA coefficients between ISMR and TSI for 
a observations (AD 1854–1999), and model simulations (AD 1600–
1999), b L1, c M2. The dotted (dashed) lines indicate the correlation 

coefficient critical values at 90% (95%) significance. See Sect. 2.2 for 
explanation of legends
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cance of their relationship. The TSI strengthens the cor-
relation between ISMR and AMO on the 53–100-year 
timescale. Thus, AMO plays a role in transmitting the 
Sun’s influence to ISMR.

 In model simulations: The ISMR and AMO have an 
intrinsic positive correlation on multidecadal time-
scale. TSI only marginally strengthens the relationship 
between ISMR and AMO. External forcings do not 
seem to play a role in modulating their relationship. 

The model fails to capture the modulating behaviour of 
MOV and external forcings as observed in observations.

2. In observations: There is a statistically significant nega-
tive intrinsic correlation between ISMR and PDO on 
multidecadal timescale (≈40-year). The AMO, Niño3, 
and TSI decrease the strength of relationship between 
ISMR and PDO whereas  CO2, TropAOD, and StratAOD 
together have an opposite effect on ≈50–100-year time-
scale.

  In model simulations: The climate model simulations 
show a negative intrinsic correlation between ISMR and 
PDO on inter-annual to decadal, interannual-to-multi-
decadal, and interannual-to-centennial timescale. The 
model does not show modulation by MOV, and external 
forcings as observed in observations.

3. In observations: There is a statistically significant nega-
tive intrinsic correlation between ISMR and Niño3 on 
interannual-to-centennial timescale (3–100-year). The 
AMO, and external forcings (TSI,  CO2, TropAOD, 
StratAOD) can weaken the strength of negative correla-
tion between ISMR and Niño3. On multidecadal-to-cen-
tennial timescale the AMO can significantly decrease 
the strength of negative correlation between ISMR and 
Niño3 and can make their correlation statistically non-
significant.

Table 1  Statistically significant DCCA and DPCCA coefficients with 
corresponding timescales calculated between ISMR and AMO

Dataset DCCA (90%) (95%)
(Timescale: coefficients)

DPCCA (90%) (95%)
(Timescale: coefficients)

IITM-Precip (43–100: 0.40–0.79) 
(47–100: 0.48–0.79)

(14–100: 0.23–0.70) 
(17–100: 0.29–0.70)

L1 (40–100: 0.21–0.58) 
(46–100: 0.27–0.58)

(33–100: 0.21–0.41) 
(37–72: 0.25–0.34)

L2 (8–11: 0.11–0.12) (×) (7–11: 0.11–0.13) (×)
M1 (3–4: −0.13 to −0.18) (3–4: 

−0.13 to −0.18)
(×) (×)

M2 (3–5: −0.11 to −0.17) (3–5: 
−0.11 to −0.17)

(×) (×)

Table 2  Statistically significant 
DCCA and DPCCA coefficients 
with corresponding timescales 
calculated between ISMR and 
PDO

Dataset DCCA (90%) (95%)
(Timescale: coefficients)

DPCCA (90%) (95%)
(Timescale: coefficients)

IITM-Precip (3–60: −0.14 to −0.49) (4–51: −0.16 to −0.49) (38, 40–41: −0.34, −0.35) (×)
L1 (3–62: −0.26 to −0.61) (3–54: −0.29 to −0.61) (3–48: −0.24 to −0.54) (3–43: 

−0.28 to −0.54)
L2 (3–100: −0.44 to −0.56) (3–100: −0.44 to 

−0.56)
(3–100: −0.39 to −0.55) (3–100: 

−0.39 to −0.55)
M1 (3–100: −0.27 to −0.54) (3–100: −0.27 to 

−0.54)
(3–97: −0.23 to −0.46) (3–64: 

−0.23 to −0.46)
M2 (3–23: −0.18 to −0.57) (3–21: −0.21 to −0.57) (3–16: −0.16 to −0.49) (3–15: 

−0.18 to −0.49)

Table 3  Statistically significant 
DCCA and DPCCA coefficients 
with corresponding timescales 
calculated between ISMR and 
Niño3

Dataset DCCA (90%) (95%)
(Timescale: coefficients)

DPCCA (90%) (95%)
(Timescale: coefficients)

IITM-Precip (3–79: −0.47 to −0.64) (3–70: −0.47 to −0.64)
(

(3–100: −0.57 to −0.68) (3–100: 
−0.57 to −0.68)

L1 (3–54: −0.23 to −0.53) (3–51: −0.26 to −0.53) (3–88: −0.30 to −0.48) (3–76: 
−0.30 to −0.48)

L2 (3–47: −0.22 to −0.48) (3–39: −0.24 to −0.48) (3-100: −0.26 to −0.45) (3–71: 
−0.26 to −0.45)

M1 (3–52: −0.23 to −0.47) (3–47: −0.27 to −0.47) (3–65: −0.25 to −0.44) (3–57: 
−0.28 to −0.44)

M2 (3–54: −0.24 to −0.54) (3–52: −0.26 to −0.54) (3–64: −0.25 to −0.53) (3–57: 
−0.29 to −0.53)
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 In model simulations: The model simulations indicate 
a statistically significant negative intrinsic correlation 
between ISMR and Niño3 on interannual-to-multidec-
adal timescale but not on centennial timescale as seen 
in observational dataset. External forcings and MOVdo 
not appear to play a big role in modulating their relation-
ship.

4. In observations: There is a statistically insignificant 
negative intrinsic and statistically significant posi-
tive extrinsic (on 55–100-year timescale) correlation 
between ISMR and TSI. The negative intrinsic corre-
lation between ISMR and TSI is modulated by MOV 
(AMO, PDO, and Niño3) and external forcings  (CO2, 
TropAOD, and StratAOD) with largest modulating 
effect by AMO which significantly transforms the neg-
ative intrinsic correlation into statistically significant 
positive extrinsic on 49–79-year timescale.

5. This positive relation operates via tropospheric tem-
perature gradients. There is a negative intrinsic cor-
relation between meridional gradient of tropospheric 
temperature (ΔTTJJAS) and TSI. The high solar activity, 
on multidecadal timescales, decreases ΔTT during the 
monsoon season resulting in reduced ISMR. However, 
the AMO transforms the negative intrinsic correlation 
between ΔTTJJAS and TSI through strengthening of 
ΔTTJJAS and cause high ISMR during high solar activ-
ity periods.

In the present work we do not observe any statistically 
significant link between ISMR and TSI on the 11-year time-
scale. However, on multidecadal timescales the intrinsic 
negative correlation between ISMR and TSI is transformed 
into statistically significant positive by AMO through 
changes in ΔTTJJAS at times of high solar activity. The pre-
vious studies (e.g., Otterå et al. 2010; Knudsen et al. 2014; 
Malik et al. 2017b) showed a strengthening of AMO by TSI. 
Thus, during high solar activity periods a strong AMO can 
strengthen ΔTT, hence increasing ISMR. This also suggests 

that the multidecadal component of TSI plays an important 
role via AMO in influencing the ISMR as observational data 
show strengthening of positive correlation between ISMR 
and AMO due to TSI (cf Fig. 1a). Agnihotri et al. (2002) 
performed spectral analysis on TSI reconstruction by Lean 
et al. (1995) and found a significant periodicity at a peak of 
53-year. In our analysis of observational dataset we find that 
AMO transforms the relationship between ISMR and TSI 
from negative intrinsic to statistically significant positive 
extrinsic on 49–79-year timescale. This significant timescale 
(49–79-year) can be of solar origin (because TSI is corre-
lated with AMO and have periodicity of 53-year which is 
close to that of AMO i.e. 55–80-year) or of AMO. How-
ever, we conclude that the multidecadal positive influence 
of TSI on ISMR is mainly due to AMO and there is no direct 
(intrinsic) positive influence of TSI on ISMR. We accentuate 
that for studying the influence of solar activity on ISMR the 
effect of AMO should be removed from ISMR.

Further, our findings suggest that the possibility of the 
influence of TSI on monsoon through radiative forcing of 
Tibetan Plateau (as suggested by Mehta and Lau 1997) is 
minimal, however, the possible effect through indirect heat-
ing of Tibetan Plateau cannot be ruled out because of the 
strengthening of meridional gradient of tropospheric tem-
perature between a north box (30°–100°E; 10°–36°N, which 
also includes Tibetan Plateau) and a south box (30°–100°E; 
16°S–10°N) through AMO during high solar activity peri-
ods. Our findings of solar influence on ISMR support the 
view of Neff et al. (2001) that variations in TSI are too 
small to have direct influence on heating of Tibetan plateau 
whereas the indirect influence of TSI on monsoon is more 
likely through changes in atmospheric and oceanic circula-
tion which amplify the effect of small solar input. Kodera 
(2004) proposed the solar influence on monsoon through 
stratosphere–troposphere coupling whereas we propose a 
new mechanism which operates through AMO by indirect 
heating of troposphere.

Although the model captures the intrinsic relationship of 
ISMR with AMO, PDO, and Niño3 as observed in observa-
tions but it fails to simulate the modulation in their intrin-
sic relationship due to other external signals.The DSPCCA 
pattern between ISMR and TSI in the model simulations 
is different from that we observed in observational data-
set. There could be two possible reasons for dissimilarity 
of results obtained from observations and climate model 
simulations. (1) The distinct pattern of negative intrinsic 
correlation between ISMR and TSI, and the role of AMO 
in strongly transforming this correlation into positive exists 
only over the observational time period (AD 1854–1999). 
Berkelhammer et al. (2010) proposed that the phase rela-
tionship between ISMR and TSI can be non-stationary, thus 
the transient solar influence on ISMR depends on particular 
boundary conditions which help solar modulation of ISMR. 

Table 4  Statistically significant DCCA and DSPCCA coefficients 
with corresponding timescales calculated between ISMR and TSI

Dataset DCCA (90%) (95%)
(Timescale: coefficients)

DSPCCA (90%) (95%)
(Timescale: coefficients)

IITM-
Precip

(53–100: 0.45–0.72) (×) (×) (×)

L1 (74–100: 0.31–0.48) 
(83–100: 0.38–0.48)

(×) (×)

L2 (×) (×) (×) (×)
M1 (×) (×) (×) (×)
M2 (40–100: 0.21–0.45) 

(83–100: 0.38–0.45)
(17–85: 0.14–0.30) 

(20–61: 0.17–0.30)
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Fig. 5  DCCA and DSPCCA coefficients between TSI and a ΔTTJJAS, b ΔTTJun, c ΔTTJul, d ΔTTAug and e ΔTTSep. The dotted (dashed) lines 
indicate the correlation coefficient critical values at 90% (95%) significance. See Sect. 2.2 for explanation of legends
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In this case the common periodicities of ISMR and TSI can 
be coincidental and there is no relationship between them. 
(2) Due to low spatial resolution, the model does not simu-
late the whole variance of the ISMR, although it successfully 
captures the broad-scale features of the ISMR. There is need 
to test the hypothesis proposed here, for Sun–monsoon con-
nection, with an AOCCM having relatively better spatial 
resolution. Further, the modulation in intrinsic relation of 
ISMR with AMO, PDO, and Niño3 needs to be investigated 
using coupled ocean–atmosphere general circulation models 
having comparatively better spatial resolution.

Kumar et al. (1999) using observational dataset found 
that warm temperatures over Eurasian are coeval with 
strong monsoon rainfall over India. He suggested that warm 
Eurasian temperatures are a possible cause of recent non-
stationary relationship between ISMAR and ENSO. The 
warm Eurasian temperatures can increase the land–sea tem-
perature contrast and cause strong monsoon circulation thus 
minimizing the effect of warm ENSO events over Indian 
monsoon region. Goswami et al. (2006) found that AMO 
through strengthening (weakening) of ΔTTJJAS strengthens 
(weakens) the ISMR during its positive (negative) phase. In 
the present work we find that AMO can significantly weaken 
the relationship between ISMR and Niño3. Thus, we hypoth-
esize that AMO can also cause non-stationary relationship 
between ISMR and ENSO through Eurasian temperatures 
or ΔTTJJAS.
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