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1. Processing of sediment samples and Establishment of chronology 

 

Core MD161/17 was sampled at 1 cm interval up to 11m core depth. Sediment samples were 

disaggregated using distilled water and then wet sieved in >150 μm sieve. Mixed planktonic 

foraminifera from the >150μm size fraction were picked and used for radiocarbon dating. 

Radiocarbon measurements were performed at the University of Arizona, USA. Radiocarbon 

ages were converted to calendar ages using the Calib 7.1
1
 and the Marine13 calibration curve

2
 

and listed details of age control points in Table 1. Available reservoir estimates for the Bay of 

Bengal surface waters are not substantially different than the standard marine reservoir 

correction
3,4

, which we used to calibrate our data. Calibrated ages versus depth are shown in 

supplementary figure 1. Ages for samples between calibrated dates were obtained by linear 

interpolation.  

 

2. Oxygen isotopes analyses of Planktonic foraminifera 
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6 to 8 tests of Globigerinoides ruber (white) from the 150-250 μm size fraction were analyzed 

for stable oxygen (δ
18

O) and carbon isotopes (δ
13

C). 0.1 mg of carbonate material were reacted 

with 100% orthophosphoric acid at 75°C in a Kiel Carbonate III preparation device and the 

resulting CO2 was then analysed on a Thermo Electron Delta Plus Advantage stable isotope ratio 

mass spectrometer, University of Edinburgh, UK. The standard deviation (n = 163) of a 

powdered coral laboratory standard (COR1D, 
13

C = -0.648, 
18

O = -4.924) run along with 

samples included in this study was  0.05‰ for 
13

C and  0.06‰ for 
18

O. All carbonate 

isotopic values are reported to relative to the Vienna Pee Dee Belemnite (VPDB) standard and 

presented in supplementary figure 2.  

 

3. Magnesium/Calcium (Mg/Ca) Analyses 

30-40 tests of G. ruber (white) from the 150-250 μm size fraction were used for Mg/Ca analyses. 

The sample preparation for Mg/Ca measurements in foraminiferal calcite followed the protocol 

of Barker et al.
5
 but included a reductive cleaning step according to Martin and Lea

6
. Mg/Ca 

analyses were performed on an axial viewing Varian 720 ICP-OES at GEOMAR. Prior to 

measurements, dilution of sample solutions with yttrium water (concentration 112.5 μmol/l) was 

performed to detect possible drifts of the ICP-OES during the analyses. The Mg/Ca 

measurements were drift corrected and standardized to the internal ECRM 752-1 consistency 

standard (3.761 mmol/mol Mg/Ca; Greaves et al.
7
). The external reproducibility for the ECRM 

standard for Mg/Ca is ±0.1 mmol/mol (2σ s.d), replicate measurements run during different 

sessions exhibit a reproducibility of maximum ~0.2 mmol/mol (2σ s.d). All samples were 

monitored for their Fe/Ca, Al/Ca and Mn/Ca ratios to avoid post-depositional contamination
8
. 

For most of the samples, Mn/Ca ratios were below the detection limit. Samples with Al/Ca and 

Fe/Ca are higher than the (regional) threshold of 0.1 mmol/mol (Barker et al.
5
) were excluded or 

reanalysed after further cleaning. Overall, the Fe/Ca, Al/Ca and Mn/Ca ratios do not correlate 

with the Mg/Ca ratios. We therefore consider our Mg/Ca data is not affected by sample 

contamination. Mg/Ca values were then used to estimate SSTs using the equation Mg/Ca = 

0.449exp(0.09*T) (Anand et al.
9
), where Mg/Ca is in mmol/mol and SST is in °C shown in 

supplementary figure 2. δ
18

Osw were computed by applying the following equation of Bemis et 

al.
10

: δ
18

Osw = 0.27 ((T - 16.5 + 4.8*δ
18

O)/4.8). The derived δ
18

Osw estimates were corrected 
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for continental ice volume using Shackleton
11

 data set and presented here as δ
18

Ow in 

supplementary figure 2. The foraminifera lysocline lies around 2600m in this region
12

, the 

location of the core well above the lysocline depth, therefore carbonate dissolution effect on the 

Mg/Ca are expected to be very small. The errors in δ
18

Ow and SST reconstructions are estimated 

by propagating error introduced by δ
18

O, Mg/Ca measurements, and the Mg/Ca:calibration and 

temperature equations. The resulting error estimates are an average of 1°C for SST and 0.3‰ for 

δ
18

Ow. We refrain from converting the δ
18

Ow values into salinity values as it is not warranted 

that the modern linear relationship between δ
18

Ow and salinity held through time.  

 

4. Geography and Climatology 

 

The Indian peninsula is bordered on the west by the Arabian Sea and on the east by the Bay of 

Bengal, in the south by Indian Ocean and in the north by Tibetan plateau. Important geographic 

features are the Thar dessert to the northeast, the Indo-Gangetic Plain to the south of the 

Himalayas, which lies between the Indus and Ganga (Ganges) rivers, and the Deccan Plateau. 

Western Ghats is a mountain range that runs parallel to the western Coast of the Indian 

Peninsula. A discontinuous range of mountains runs parallel to the Bay of Bengal Coast known 

as Eastern Ghats, which have been eroded by the four major peninsula rivers of Godavari, 

Krishna, Mahanadi and Kaveri. The Godavari Basin covers an area of 312,812 km
2
, representing 

about 12% of the area of continental India
13

.  

 Indian monsoon plays an important role on the climatology of the Indian Peninsula with 

strong contrast of wet and dry seasons associated with seasonal reversal of monsoon winds in the 

Indian Ocean. During June through September precipitation is brought in by the moist southwest 

winds which accounts about 85% of the rain fall in India and also overhead precipitation in the 

Bay of Bengal. Prevailed strong coupling between rainfall and river discharge into the Bay of 

Bengal results freshening of surface waters in the coastal regions, especially near the mouths of 

major rivers (Ganges-Bramhaputra, Godavari, Krishna, Mahanadi).  It is evident from Modern 

salinity patterns that the strongest salinity variations in the western Bay of Bengal occur in front 

of the Krishna and Godavari mouths
14

 and during the Holocene, the Godavari delivered ample 

sediment quantities to the continental slope, giving rise to an expanded sedimentary sequence
15

. 

For that reason we have collected the Core MD161/17 from the Krishna-Godavari Basin in order 
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to trace the multi-decadal variability of Indian Summer Monsoon (ISM) rainfall in the catchment 

regions of the Krishna-Godavari in the Deccan peninsula. As salinity fluctuations occur 

simultaneously, with the appearance of a coastal freshwater plume fed by Indian rivers during 

the ISM season, we have used 
18

Ow a proxy dependent on the salinity to reconstruct the Indian 

monsoon rainfall in this study.  

 Sediment trap studies from the Bay of Bengal have shown that G. ruber occurs 

throughout the year and with peak abundance during SW monsoon
16,17

. G. ruber is abundant in 

the surface mixed layer and (~100m) but its shell growth has been found to be restricted to the 

top 35 m of water
18

. Hence, Mg/Ca in G. ruber provides SST and δ
18

Ow derived from δ
18

Oc of 

G. ruber represent Evaporation - Precipitation associated with the SW monsoon. Paired 

measurements of G. ruber for δ
18

O and Mg/Ca were successfully used to reconstruct SST and 

SSS previously from the Bay of Bengal
19,20

.  

 

 

 

Supplementary Figure 1. Calibrated 
14

C AMS dates versus depth for the core MD161/17. 
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Supplementary Figure 2. Reconstructed δ
18

Oc and δ
18

Ow and Mg/Ca derived SST from the Core 

MD161/17 from the Krishna Godavari Basin representing the ISM rainfall variability over 2000 

years BP.    
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Supplementary Figure 3. Kernel cross-correlation (red line) analysis of δ
18

Ow (proxy of ISM 

rainfall) and δ
18

O of speleothem from Sahiya cave
21

. Note significant positive correlation at zero 

year lag between the ISM rainfall derived from marine record (MD161/17) and terrestrial record 

(Sahiya cave). The 90 % confidence band (turqoise) is derived from a test for statistical 

significance based on uncorrelated time series with the same amplitude distribution as the 

original data series (obtained by random shuffling
22,23

) 
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Supplementary Figure 4. Kernel cross-correlation (red line) analysis of δ
18

Ow (proxy of ISM 

rainfall) and sea surface temperatures (SST) derived from Mg/Ca ratios in planktonic 

foraminifera G. ruber. Note significant negative correlation at zero year lag between the ISM 

rainfall and SST in KGB. The 90 % confidence band (turqoise) is derived from a test for 

statistical significance based on uncorrelated time series with the same amplitude distribution as 

the original data series (obtained by random shuffling
22,23

).  
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Supplementary Figure 5. Kernel cross-correlation (red line) analysis of δ
18

Ow anomaly (proxy of 

ISM rainfall) and Northern  Hemisphere Temperature anomaly (NHT). Note significant positive  

correlation at zero year lag between the ISM rainfall and NHT. The 90 % confidence band (gray) 

is derived from a test for statistical significance based on uncorrelated time series with the same 

amplitude distribution as the original data series (obtained by random shuffling
22,23

). 
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Figure 6. Regression of observed low-pass filtered June-September (JJAS) mean upper-

tropospheric (200 – 500 hPa) air temperature (°C black contours; anomalies of magnitude larger 

than 0.6°C are shaded) on observed JJAS All-India summer monsoon rainfall during 1901-2012. 

All data were linearly detrended prior to the analysis. The analysis focuses on decadal or longer 

scale variability, isolated by applying a low-pass Lanczos filter with a cut-off frequency of 10 

years to JJAS-mean data. The dots mark regions where the correlation exceeds the 90% (grey) 

and 95% (black) confidence levels, estimated by using a Monte Carlo approach with 1,000 

random samples of the time series
24

. Air temperature data are from the NOAA-CIRES 20
th

 

Century Reanalysis dataset (V2c) at 2° x 2° resolution
25

. Rainfall data are taken from the 

homogeneous rainfall data set of 306 raingauges in India, developed by the Indian Institute of 

Tropical Meteorology
26

. 
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Supplementary Figure 7. Time series of observed (a) December-February Niño3.4 index (°C, 

right y-axis), (b) June-September (JJAS) All-India summer monsoon rainfall anomalies (mm 

day
-1

), and (c) standardised annual mean Pacific Decadal Oscillation index during 1901-2012. 

All data were linearly detrended prior to the analysis. The analysis focuses on decadal or longer 

scale variability, isolated by applying a low-pass Lanczos filter with a cut-off frequency of 10 

years to the detrended data. The Niño3.4 index is calculated by averaging the time series of sea 

surface temperature (SST) anomalies over (5°S-5°N, 170°-120°W), with SST coming from the 

HadISST dataset as in Fig. 6. The unfiltered (yearly) values of the Niño3.4 index are also plotted 

in (a) as the continuous black line (left y-axis). The monsoon rainfall time series is as in Fig. 6. 

The PDO index (obtained from http://research.jisao.washington.edu/pdo/PDO.latest) is derived 

as the leading principal component of monthly sea surface temperature anomalies in the North 

Pacific Ocean, poleward of 20°N. The monthly mean global average SST anomalies are removed 

to separate this pattern of variability from any global warming signal that may be present in the 

data
27

. 

 

http://research.jisao.washington.edu/pdo/PDO.latest
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Supplementary Figure 8. ENSO variability reconstructed based on the colour index in a sediment 

core from Laguna Pallacacocha, Southern Ecuador, which is strongly influenced by ENSO 

events (red line)
28

 and monsoon reconstruction based on δ
18

Ow (blue line).  
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Table 1. AMS 
14

C dates of sediment intervals dated in the core MD 161/17 and calibrated 

calendar ages (yr BP), using Calib 7.1
1 

and the Marine13 calibration curve
2
 with a correction for 

reservoir effect of 400 years
4
.  

Serial No. Core depth (cm)
 14

C Radiocarbon 

age (yr BP) 

Error Calibrated 

Age 

(calendar yr 

BP) 

1 001 537 40 186 

2 101 749 30 338.5 

3 201 913 41 517 

4 301 1278 31 828.5 

5 401 1439 34 981.5 

6 501 1612 33 1184.5 

7 601 1788 33 1323.5 

8 701 1931 49 1468.5 

9 801 2104 40 1677.5 

10 901 2279 43 1886 

11 1101 3070 41 2827.5 
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Table 2. Correlation, partial correlations, rank correlations and partial rank correlations between 

various proxies. 

 

 

 Correlation Partial 

Correlation 

Rank 

Correlation 

Partial Rank 

Correlations 

SST - δ
18

Ow r=-0.745 

p<0.001 

r =-0.768 

p<0.001 

r =-0.518 

p<0.001 

r=-0.528 

p<0.001 
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