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Figure S1. As figure 3 but for lag 2-3. As for Figure 2 but for lag 2-3. 

 

 

Text S1 

In this work, a modified version of the Peter and Clark algorithm was used, the code is 
available on the following github repository: https://github.com/jakobrunge/tigramite. 
The function used is run_pc_stable(). 
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Figure S2. Forecast model based on linear regression between the monthly Niño3.4 
index at lag -4 and CPC-AIR over the period 1979-2016.  

 

Figure S3. Forecast model based on linear regression between the monthly Niño3.4 
index at lag -4 and RAJ-AIR over the period 1951-2004. 

 

Text S2 
In order to satisfy statistical requirements, for identifying the causal precursors via 

RG-CPD and training a corresponding forecast model, we need a minimum of 30 years of 
data. Thus, in order to provide at least 20 years of forecasts, we need a longer time series 
than provided by AIR from CPC, which contains only 38 years. We thus use the 
Rajeevan rainfall dataset (RAJ) over the period 1951-2004 together with SLP and T2m 
from the ERA20C reanalysis. Before discussing the results obtained for the forecast, we 
provide a comparison between the causal precursors of the AIR from CPC and the AIR 
from RAJ over the period common to both datasets, i.e., 1979-2004.  

Figure S3 shows the correlation maps and causal precursors for AIR from CPC 
over the 1979-2004 period (panel S3a), for AIR from RAJ over the 1979-2004 period 
(panel S3b) and for AIR from RAJ over the 1951-2004 period (panel S3c). The 
correlation maps shown in Figure S3a-I are obtained from a different time range (1979-
2004) of the rainfall and reanalysis datasets than those used in Figures 2a-I (1979-2016), 
leading to different correlation patterns. The magnitude and patterns of the correlations 
with SLP remain very similar to those shown in Figure 2a-I. However, the significance of 
the correlations generally decreases. As a result, we have smaller SLP precursor regions 
in Figure S3a-I. Three causal regions are identified (Figure S3a-II): two regions with 
positive correlation over the tropical central Pacific and southeastern Pacific in T2m 
(T2mPacific

τ=−4 and T2mSPacific
τ=−4), and one positively correlated region in the South 

Atlantic (SLPSAtlanticτ=−4). T2mPacific
τ=−4 spatially corresponds to the SLPPacificτ=−5 

region that is shown in Figure 2b, while SLPSAtlanticτ=−4 is the same which is detected 
during ENSO-positive years in Figure 4a.  

Figure S3b shows the correlation maps and causal precursors for AIR from RAJ 
over the 1979-2004 period. Comparing SLP and T2m correlation maps with those shown 
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in Figure S3a, we see that the correlation maps obtained for AIR from RAJ are in general 
qualitatively similar to those calculated for AIR from CPC. However, the significance 
and exact geographical location of the patterns can differ, resulting in a different set of 
precursor regions. Here, since the time period and the reanalysis data are the same as in 
Figure S3a, differences in precursor regions and, consequently, in causal precursors must 
arise from differences between the two rainfall time series, which over the 1979-2004 
period show a correlation of only r=0.58 (Figure 1c). Over the 1979-2004 period, two 
causal precursors are detected over the Arctic (T2mArctic

τ=−4) and in the Southern 
Atlantic (T2mSAtlantic

τ=−4) in T2m. Although displaced westward, T2mSAtlantic
τ=−4 is 

consistent with the SLPSAtlanticτ=−4 shown in Figure S3a, while T2mArctic
τ=−4 is 

detected in Figure 4a (ENSO-positive years) and 2b (full 1979-2016 period).  
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Figure S3c shows the precursors of AIR from RAJ over the 1951-2004 period. 
Here, SLP and T2m from the ERA-20C reanalysis are used. Because the rainfall dataset 
is the same, differences in the correlation maps between Figures S3c and 6b possibly 
arise from the different time periods analyzed (54 and 26 years, respectively), although 
differences in the two reanalysis datasets may also play a role. As in the previous case, in 
general the sign of the correlations is qualitatively consistent. However, their significance 
changes modifying the exact position and spatial extension of the precursor regions. Four 
causal precursors are detected over the 1951-2004 period: a negatively correlated SLP 
region over the Arctic region and eastern Canada at 4-month lead time (𝐒𝐋𝐏𝐀𝐫𝐜𝐭𝐢𝐜𝛕=−𝟒), a 
positively correlated T2m region in the northeastern Pacific at 5-month lead time 
(𝐓𝟐𝐦𝐏𝐚𝐜𝐢𝐟𝐢𝐜

𝛕=−𝟓), a negatively correlated T2m region over eastern Eurasia at 5-month 
lead time (𝐓𝟐𝐦𝐂𝐀𝐬𝐢𝐚

𝛕=−𝟓), and a negatively correlated SLP region in the southern Pacific 
at 5-month lead time (𝐒𝐋𝐏𝐒𝐏𝐚𝐜𝐢𝐟𝐢𝐜𝛕=−𝟓).  

Figure S4 shows the hindcasts obtained for AIR from CPC over the 1979-2004 
period (panel S4a), for AIR from RAJ over the 1979-2004 period (panel S4b), and for 
AIR from RAJ over the 1951-2004 period (panel S4c). In panel S4a,b (S4c) the first 15 
(30) years are used to train the multiple regression model and the last 11 (24) are 
hindcasted. The correlation between observations and forecasts over the training periods 
is ~0.8-0.9, while over the testing period it is slightly lower (r=0.6-0.8) but still 
significant (p-value<0.05, with the only exception of panel S4b with p-value<0.1).  

Overall, this comparison shows first the differences due to the choice of the length 
of the time series (Figure 2a,b compared to Figure S3a and Figure S3b compared to 
Figure S3c), and the utilization of different rainfall datasets (Figure S3a compared to 
Figure S3b). Although the exact shape or geographical location of the precursor regions 
changes due to both data and time period chosen, the identified causal precursors show a 
consistency in the detected patterns. Taking into account the results shown in Figures 2, 4 
and S3, we can identify those precursor regions that are most robust, i.e., those which are 
detected across different datasets or selected periods. We can categorize the detected 
causal precursors into three main groups: causal precursors that come from the Arctic and 
Eurasian regions (appearing in Figures 2b, 4a, S3b and S3c), causal precursors from the 
tropical Pacific and tropical Atlantic (appearing in Figures 2b, 4b, S3a and s3c), and 
causal precursors from the South Atlantic (appearing in Figures 2b, 4a and S3a,b,c).  
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Figure  S4. Comparison between different rainfall datasets: Causal precursors. 
Panel a-I): correlation maps between seasonal AIR from CPC and T2m (left) or SLP 
(right) from the ERA-Interim reanalysis over the period 1979-2004. The top row shows 
4-month lead (Feb) and the bottom row 5-month lead (Jan). Regions which are 
significantly correlated (p-value<0.05) are contoured by solid black lines. Panel a-II): 
detected causal precursors, identified by a name-tag and lag-time. Panel b-I) and b-II): as 
panel a-I) and a-II) but for AIR from RAJ over the 1979-2004 period. Panel c-I) and c-
II): as panel b-I) and b-II) but for AIR from RAJ over the 1951-2004 period. 
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Figure  S5. Sensitivity of hindcasts on different rainfall datasets: Panel a): AIR as observed 
from CPC (solid black line) and hindcasts trained on 1979-1993(solid blue line) tested on 1994-
2004 (solid green line). Correlations between observed and hindcasted values are also shown. 
Panel b): as panel a) but for the AIR from RAJ. Panel c): AIR as observed from CPC (solid black 
line) and hindcasts trained for 1951-1980 (solid blue line) and tested for 1980-2004 (solid green 
line).Single (double) asterisk(s) denote AUC values with p-value<0.1 (0.05). 
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Figure S6. Operational forecasting RAJ 1901-2004 period. Panel a): ISMR as observed from 
RAJ (dashed black line) and forecast model (solid magenta line) for the period 1931-2004. IMD 
forecasts are also shown over the period 1988-2014 (solid blue line). Correlations between  
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observed and forecasted values are also given. Panel b) as panel a) but for lead-time of 2 months. 
Panel c) ROC curves for events below the 30th percentile for 1931-2004: 4-month lead (solid 
magenta line ), 2-month lead (solid green line). AUC values for IMD are reported in blue. Panel 
d): as panel c) but for events higher than the 70th percentile. Panels e), g) and i) as for panel c) but 
for periods 1933-1956, 1957-1980 and 1981-2004 respectively. Panels f), h) and j) as for panel d) 
but for periods 1933-1956, 1957-1980 and 1981-2004 respectively. Single (double) asterisk(s) 
denote AUC values with p-value<0.1 (0.05). 

 

Figure S7. Pacific decadal Oscillation (PDO). Observed PDO from NOAA for both yearly and 
7 year running means.   
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Figure S8. Operational forecasting RAJ 1901-2004 period based on ENSO-positive and 
ENSO-negative. Panel a): ISMR as observed from RAJ (dashed black line) and forecast model 
(solid magenta line) for the period 1947-2004. IMD forecasts are also shown over the period 
1988-2014 (solid blue line). ENSO-positive (ENSO-negative) years are highlighted by red (blue) 
background shading.  Correlations between observed and forecasted values are also given. Panel 
b) as panel a) but for lead-time of 2 months. Panel c) ROC curves for events below the 30th 
percentile for 1931-2004: 4-month lead (solid magenta line), 2-month lead (solid green line). 
AUC values for IMD are reported in blue. Panel d): as panel c) but for events higher than the 70th 
percentile. Panels e) and g) as for panel c) but for periods 1957-1980 and 1981-2004 respectively. 
Panels f) and h) as for panel d) but for periods 1957-1980 and 1981-2004 respectively. Single 
(double) asterisk(s) denote AUC values with p-value<0.1 (0.05). 
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Figure S9. Frequency plot RAJ 1901-2004 lag 2-3. Frequency plot representing the frequency 
of each grid point in being detected as causal precursor, where 1.0 means that a certain grid point 
has been used 100% of the times. This type of plot does not differentiate between T2m and SLP 
regions. Panel a) shows the frequency plot for the period 1931-2004, panel b) for the period 1933-
1956, panel c) for the period 1957-1980 and panel d) for the period 1981-2004. 
 

 
Figure S10. Frequency plot RAJ 1901-2004  lag 4-5. As for Figure S6 but for lag 4-5. 
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Table S1. Number of precursor regions. The number of precursor regions identified at 
each lag is reported for both SLP and T2m fields over the 1979-2016 period and for 
ENSO-positive and ENSO-negative years. Values for ENSO-negative years are shown in 
brackets.  
 
 
 
 

 

 
 
Table S2. Regression coefficients. β coefficients for the multiple-linear regression model 
referring to CPC-AIR over the period 1979-2016  and for ENSO-positive and ENSO-
negative years together with the names of the corresponding region and their standard 
errors.  
 
 
 
 
 
 
 

# of precursors (1979-2016) 
 T2m SLP 

Lag -4 53 9 
Lag -5 59 19 

# of precursors ENSO-positive (ENSO-negative) 
 T2m SLP 

Lag -4 56 (49) 8 (10) 
Lag -5 54 (57) 16 (20) 

CPC-AIR & ERA-Interim (1979-2016) 
T2mSAtl (-4)  SLPPac (-5)  T2mArctic (-4)  T2mIndones. (-4)  T2mArctic (-5)  
β Std err β Std err β Std err β Std err β Std err 

0.84 0.18 -0.005 0.001 0.32 0.24 0.43 0.19 0.32 0.18 
ENSO-positive ENSO-negative 

T2mArctic (-4)  T2mCAsia (-5)  T2mAntarct (-4)  T2mIndianO (-5)  T2mNAtlantic (-5) 
β std β std β std β std β std 

1.23 0.06 -0.15 0.01 1.39 0.15 0.84 0.14 1.76 0.17 
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Bayesian information criterion (BIC) 
1979-2016 ENSO-positive ENSO-negative 

1 
pr

ec
. 

T2mIndones.-4 61.1 

1 
pr

ec
. 

T2mAntarctic-4 44.7 

1 
pr

ec
. T2mIndianOc.-5 21.6 

T2mArctic-4 60.5 T2mCAsia-5 44.6 T2mNAtl-5 15.6 

T2mArctic-5 59.2 T2mArctic-4 33.8 

2 
pr

ec
. T2mIndianOc.-5,  

T2mNAtl-5 
14.4 

T2mSAtl-4 56.7 

2 
pr

ec
. 

T2mCAsia-5, 
T2mAntarctic-4 

41.9  

SLPPac-5 56.7 T2mArctic-4, 
T2mCAsia-5 

30.0 

4 
pr

ec
. 

SLPPac-5, 
T2mArctic-4, 

T2mIndones.-4, 
T2mArctic-5 

57.9 T2mArctic-4, 
T2mAntarctic-4 

27.0 

T2mArctic-5, 
T2mArctic-4, 

T2mIndones.-4 
T2mArctic-5 

49.6 

3 
pr

ec
. T2mArctic-4, 

T2mCAsia-5, 
T2mAntarctic-4,  

25.9 

SLPPac-5, 
T2mArctic-4, 
T2mArctic-5, 
T2mSAtl-4 

42.3  

SLPPac-5, 
T2mArctic-4, 

T2mIndones.-4, 
T2mSAtl-4 

40.7 

T2mIndones.-4 
T2mArctic-5 
SLPPac-5, 
T2mSAtl-4 

38.8 

5 
pr

ec
. 

SLPPac-5, 
T2mArctic-4, 

T2mIndones.-4, 
T2mArctic-5, 
T2mSAtl-4 

39.8 

 
Table S3. Bayesian Information Criterion (BIC). Over the period 1979-2016, BIC values 
for the hindcast model are reported for individual causal precursors, combinations of four 
causal precursors and for all five causal precursors (first column). For ENSO-positive 
years, BIC values for the hindcast model are reported for individual causal precursors, all 
possible combinations of two causal precursors and for all three causal precursors 
together (second column). Same for ENSO-negative years (third column). 
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 AIC and BIC CPC-AIR 1979-2016 
 Regions AIC BIC 

1 
pr

ec
. 

Niño3.4 62.4 64.8 
T2mIndones.-4 58.7 61.2 
T2mArctic-4 58.0 60.5 
T2mArctic-5 56.7 59.2 
T2mSAtl-4 54.2 56.7 
SLPPac-5 54.3 56.7 

5 
pr

ec
. 

Niño3.4, T2mArctic-5, T2mArctic-4, T2mIndones.-4 SPLPac -5 47.9 55.3 
Niño3.4, T2mIndones.-4 T2mArctic-5 SLPPac-5, T2mSAtl-4 44.7 52.0 
Niño3.4, SLPPac-5, T2mArctic-4, T2mArctic-5, T2mSAtl-4 38.1 45.4 
Niño3.4, SLPPac-5, T2mArctic-4, T2mIndones.-4, T2mSAtl-4 36.4 43.7 
Niño3.4, SLPPac-5, T2mArctic-4, T2mIndones.-4, T2mArctic-

5 
33.2 40.5 

SLPPac-5, T2mArctic-4, T2mIndones.-4, T2mArctic-5, 
T2mSAtl-4 

32.5 39.8 

6 
pr

ec
. 

Niño3.4, SLPPac-5, T2mArctic-4, T2mIndones.-4, T2mArctic-

5, T2mSAtl-4 
33.7 42.2 

 
Table S4. AIC and BIC values with Niño3.4. Over the period 1979-2016, AIC and BIC 
values are reported for single regions and the Niño3.4 index, all combinations of five 
regions and for the six potential predictor variables together.  
 
 
 
 1931-2004 1933-1956 1957-1980 1981-2004 
r 0.2* 0.39* -0.09 0.41** 
MRSE 10.7 8.9 13.4 9.01 
ENSO +/- 1947-2004  1957-1980 1981-2004 
r 0.2  -0.07 0.36* 
MRSE 9.4  10.4 8.7 
Table S5. Correlation and MSRE for ISMR forecast for 2-3 month lead time. Single 
(double) asterisk(s) denote AUC values with p-value<0.1 (0.05). 
 
 
 
 1931-2004 1933-1956  1957-1980 1981-2004 
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r 0.15 0.36*  0.03 0.37* 
MRSE 10.5 8.8  12.3 10.3 
ENSO+/- 1947-2004   1957-1980 1981-2004 
r -0.12   -0.25 0.03 
MRSE 11.6   11.8 10.2 
Table S6. Correlation and MSRE for ISMR forecast for 4-5 month lead time. Single 
(double) asterisk(s) denote AUC values with p-value<0.1 (0.05). 
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