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Causal links 
between ISMR 
and Nino3.4, 
IOD, AMO, 

PDO, NAO and 
At-Nino 



 

 ISMR is a ‘Complex’ climate system but highly predictable 
(Charney and Shukla, 1981). Recent estimate of ‘potential skill’ 
is ~0.85  
 

 The ‘actual skill’ skill increased from lower to 0.7 during the 
‘Monsoon Mission’. Why is the skill still below ‘potential skill’? 
 

 (1)Biases of the Prediction Models. Improving steadily.  
 

 (2) Non-ENSO drivers need to be identified and All 
contributions from  ‘predictable drivers’ need to be included! 

 

 

The Context… 
Normalized departure of ISMR from long term mean  



Moving  Correlation 
between ISMR  

and Nino3.4 

 

 

 

 
 

 

 

 

 

 

 

However,  ENSO only partially explains ISMR Variability & the ENSO-
Monsoon relationship has weakened in recent years! 

 There is an urgent need to identify non-ENSO drivers of ISMR 
and incorporate their teleconnection in ISMR prediction 
models… 

 Sir Gilbert Walker discovered the Southern 
Oscillation and its association with the Indian 
monsoon rainfall about 100 years ago! 
 

 Over 100 years since, ENSO has remained single 
most prominent driver of variability and 
predictability! 

Explains: 

 At best 35% ISMR variance 

 At worst 0% ISMR variance 



Need to look beyond ENSO and TOGA! 

North-Atlantic SST has emerged as a Potential Source!  

 There has been paleo evidence that North Atlantic cooling is 
associated with mega-droughts of the Indian monsoon (Burns 
et al, 2003, Gupta et al. 2003), on centennial time scale. 
 

 Over the past 15 years, we have investigated the robustness 
connection between AMO and ISMR and its independence from 
ENSO-ISMR connection on interannual and multi-decadal time 
scales. (Goswami et al., 2006, Borah et al., 2020, Rajesh and 
Goswami, 2020, Chattopadhyaya et al., 2014, Goswami et al. 
2022). 
 

 The teleconnection through which the NA SST influence ISMR 
on interannual time scales has also become clearer 
(Krishnamurthy and Krishnamurthy, 2016, Borah et al., 2020, 
Rajesh and Goswami, 2020) 
 

 



However, there were some concerns.. 

 Colder mean SST in extra-tropics can 
not influence convection and influence 
atmospheric circulation.  

 

 Then, how would the SST produce 
needed atmospheric circulation 
changes & teleconnection  to the 
Tropics?  

 

 Conventional thinking is that over the 
extra-tropics, atmospheric fluxes drive 
the SST rather than SST driving 
circulation! 

In what follows, I present evidence  that  SST could influence 
circulation in the extratropics on super-synoptic time scales. We 
shall also establish the Causality between the AMO and ISMR.  



Goswami et al. 
2006, GRL 

NA SST 

Some time back, we found that NA SST and IMR are closely 
associated on multi-decadal time scale and showed that it 
modulates ISMR through the troposhperic Temperature gradient. 



Evidences Extra-tropical SST Influence on Indian Monsoon mounting…  

 All Non-ENSO 
droughts are 
linked to NA 
cooling (AMO) & 
no ENSO signal in 
equatorial region! 

 

 Thus, all Indian 
monsoon droughts 
are predictable, 
either with ENSO 
or with AMO! 

 
 Out of 23, 13 are ENSO 

and 10 are non-ENSO 
droughts 

Borah, Venugopal, Sukhatme, Muddebihal & Goswami 
, Science, 2020, 11 December issue 



Borah et al, Science, 2020 

How does far away NA SST influence the ISMR? 

 Associated with a 
Barotropic Rossby 
wave train 
emanating from NA 

 Episodic, persisting 
for three weeks to a 
month during NH 
summer. 

 This wave, train 
leads to a persisting 
cyclonic vorticity at 
200 hPa and 
anticyclonic vorticity 
at 850 hPa over 
Indian monsoon 
region.  



From inter-annual to multi-decadal time scales… 

Global JJAS SST pattern associated with 
ISMR MDM 

Global JJAS SST pattern associated with NA 
SST MDM 

Indicates that the NA SST MDM has strong association with the ISMR MDM. 

The global JJAS SST pattern associated with the ISMR multi-decadal mode and 
that associated with NA SST multi-decadal mode are strongly correlated.   



Rossby wave train associated with NA SST multi-decadal mode in 
contrast to that associated with the summer ENSO mode 

AMO 
ENSO 



The Wave train leads to seasonally  phase-locked ‘Active’ or 
‘Break’ spells 

AMO+ 

AMO- 

Composite of seasonal 
mean ISMR anomaly 
during a +ve phase and 
a –ve phase of AMO 
 

Composite of 5-day 
running mean ISMR 
daily anomaly & NA 
vorticity during a +ve 
AMO 
 

Composite of 5-day 
running mean ISMR 
daily anomaly & NA 
vorticity during a -ve 
AMO 

 

 

 

Borah et al., 2020 
Science 



Does the SST drive the barotropic vorticity or is it a 
response of the atmospheric circulation and fluxes? 

Goswami et al., 2021 (under review) 

Correlation 
between 
weekly SST 
and weekly 
barotropic 
vorticity from 
two different 
reanalysis. 
Note, high 
correlation at 
SST leading 
by 1-week.  



Causal Inferences… 

 While the physical mechanism of teleconnection is rather 

compelling, the cause and effect is still not well established. 

 This is because, so far all associations are linear while the 

functional relationships are quite nonlinear. 

 Also conditional independence with other drivers (e.g. ENSO, 

PDO, IOD and Atlantic Nino) is not established. 

 Even the Causality between ENSO and ISMR has not been 

established  after 100 years of finding the association! 

 Advanced Causal Inference techniques are now available and 

provides opportunity to establish causal relationship between 

AMO  ISMR and ENSO  ISMR. 



Causal Inferences---Techniques 

Granger Causality (Granger, 1969, Econometrica, 37(3), 424. 

https://doi.org/10.2307/1912791) 
 

 Introduced originally by Ganger in 1969, the algorithm  is now used 
extensively in all AI  
 

 Estimates time-lagged causal associations using an autoregressive 
model framework implemented using standard regression techniques 
but taking into account the memory of the data.  

PCMCI (Peter & Clark Momentary Conditional Independence) (Runge et 

al., 2017, 2018, 2019, 2020)  

 PCMCI is similar to Granger but with a slightly different set of 
assumptions. 

 

 PCMCI+ can identify the full, lagged and contemporaneous causal 
graph under the standard assumptions of causal sufficiency, and the 
Markov condition (Runge, 2020).  

 

https://doi.org/10.2307/1912791


The AMO and the ENSO are only independent drivers of 
ISMR of comparable strength! 



How does Causality on Seasonal scale arise from 

Sub-Seasonal Causality between NA SST and ISMR? 



New knowledge gained from the Causal 
Inference… 

 As expected, the ENSO is an independent driver of ISMR inter-

annual variability. However, ISMR can also drive the ENSO!   

 The NA SST (AMO) is another independent driver of the ISMR 

inter-annual variability and there is no feedback from ISMR to 

AMO. Strength of AMO ISMR is comparable to ENSOISMR! 

 There is no direct link between IMSR and PDO and Atlantic 

Nino. Their association with ISMR are not independent of 

ENSO-ISMR or AMO-ISMR associations. 

 The IOD-ISMR association found in some studies appears to be 

fragile. A direct link between IOD to ISMR is seen only with 

Granger and only for a particular SST data set. Thus, it is 

sensitive to method used and SST data set used. 



 Built on pioneering work of Charney and Shukla (1981), it is 

established that ISMR has high predictability with the ‘potential 

skill’ of short-lead forecasts being ~0.85. (Saha et al., 2019) 

 What is the ‘potential skill’ of long-lead forecasts of ISMR with 

6, 12, 18, 24-month leads? 

 So far there are no such estimates. 

 What do we expect? We expect that the ‘actual skill’ may 

decrease with lead time but the ‘potential skill’ need not. 

 In a recent study, we show that the ‘potential skill’ of 18-month 

lead forecasts is actually larger than that of 1-3 month 

forecasts! (Sharma et al., 2022, under review) 

Future Directions: 

Potential for Long-Lead Forecasts of ISMR…  



 
 

Thank you 



The past century has seen tremendous Progress in 
understanding Indian Monsoon and its variability (a few 

landmarks) 

 Walker’s discovery of Southern Oscillation  ENSO-Monsoon 

relationship. 
 

 Bjerknes feedback  TOGA ocean-atmosphere interaction 
 

 Explosion of ocean and atmosphere data  Satellite Era  

Global reanalysis 
 

 Sub-seasonal variability and predictability  MJO  MISO 
 

 Indian Monsoon  ITCZ  Energy constraint based theory of 

ITCZ  

 Indian monsoon predictability (Charney and Shukla, 1981) 



The Rossby Wave 
train pattern 
associated with the 
multi-decadal ISMR 
mode is very 
similar to that 
found associated 
with interannual 
time scale (Borah 
et al., 2020) 

 

 Barotropic 
vertical structure 

 Zonal wave 
number 4-5  


