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The Context: 
Why do we want to study mean and variability of Indian 

monsoon? 

Ø  The Indian monsoon is the Largest rain bearing climate 
system in the world. Civilizations have evolved around it 
(Kathayat et al. (2017). Currently, economy and livelihood of 
1.5 billion people depend on it. 

Ø  Therefore, predicting the Indian monsoon rainfall with fidelity 
one season in advance or at longer lead is a great science 
question of enormous socio-economic impact. 

Ø  The ‘potential skill’ or limit on predictability, however, depends 
on the structure of the ‘mean’ and the amplitude and nature 
of the ‘signal’ of variability. 

èNeed to quantify the ‘mean’ structure and ‘signal’ of variability 



Outline 
v Indian summer monsoon: A phase of the 

Monsoon Annual Cycle 

v Some basic characteristics 

v Interannual Variability & link with the ENSO 

v Interdecadal variability & link with the AMO  

v Model biases in simulating mean and 
variability :  Prediction/Predictability 



The geographical environment is critical for existence of 
present day monsoon:  

Tall mountains to the north, continent in between three sides 
surrounded by warm Oceans 



A 3-D view of the orography around Indian continent 
JJAS Wind at 850 
hPa (~1500m) 
and topography  

over the region a) 
All India and. The 

wind data is 
obtained from 
ECMWF's ERA5 
reanalysis and  
the Topography 

data is from 
USGG's Shuttle 

Radar Topography 
Mission (SRTM) at 
a resolution of  1 

Arc-Second 



The Oceans to the 
south is amongst 
the WARMest in 
the world almost 
throughout the 

year! 



The ‘Monsoon’ has its 
origin in the Arabian word 

‘Mausim’ (season of 
winds)  referring to 

seasonal reversal of low 
level winds over the 

Arabian Sea 
Ø  There is reference to using 

monsoon winds by 
mariners as early as by 
Greek navigator Hippalus 
(AD 45-47) 

Ø  Traders would use flow of 
wind and current favorable 
for both the onward and 
return journey. 

Tripati and Rout, 2006: Curr. Sci. 
90, 864-871 



Strongly connected with Global ITCZ 
Mean July rainfall and surface wind convergence: Summer ITCZ 



Mean January rainfall and surface wind convergence: Winter ITCZ 



What is the Indian Summer Monsoon? 

 

A Convectively coupled system arising as a 
manifestation of seasonal northward 

migration of the Rain Band or Tropical 
Convergence Zone (TCZ) 

The Indian monsoon cannot be conceived without 
taking the associated rainfall into account 

Therefore, 



Animation of Daily climatological rainfall (shaded) and vector 
winds at 850 hPa over the full year 



Annual cycle of Rainfall over India 

Daily  
Clim 

Daily Clim. 

Monthly Clim. 

The Seasonality being integral part of Indian monsoon, the Indian 
summer monsoon rainfall (ISMR) is just the summer phase of the 
‘Annual Cycle of rainfall over India’.  



Long term mean  

JJA precipitation and  

DJF precipitation  

Monsoon ? 
Wet- summer 

Dry - winter 
Some points to note for ISMR: 
1.  A land ITCZ that is part of 

large scale southeast-
northwest tilted ITCZ 

2.  A Oceanic ITCZ 
3.  BoB and NEI P maximum 
4.  West WH P maximum 
5.  P minimum southeast 

peninsula 



Annual evolution 
precipitation 
<70E-90E> and 
K.E of the low 
level jet (LLJ)  
<50E-65E,
5N-15N> (black) 

Annual evolution 
tropospheric temp. 
<700hPa-200 hPa> 
averaged over 
<30E-110E> 

Let us look at the Annual Cycle of the ITCZ and Monsoon with 
daily rainfall and tropospheric temperature : Onset 



Onset of the monsoon 

A notable feature of Indian summer monsoon: Sudden Onset! 
Often termed as a ‘singularity’ in the annual cycle 



3-D structure of 
monsoon circulation: 

Characteristic features 
of summer monsoon 
circulation 
Low level, cross-equatorial 
flow, south-westerlies, 
westerly jet in Arabian sea 

Upper level easterlies, 
Monsoon Easterly Jet 



Convective Coupling: 

Climatological mean JJAS 
P and 850 hPa winds 

Vertically Deep Circulation: 

Mean monsoon Hadley 
circulation <70E-90E> 

([v],[w]) 

w is multiplied by a factor 
for visualization of the 
meridional circulation. 



Major characteristic of Seasonal Mean 
Indian monsoon  

  

Ø   Wet summer and dry winter 

Ø   Manifestation of annual march of the ITCZ
 from south of Equator to about 25N 
 during northern summer 

Ø       Deep baroclinic vertical structure 

Ø       Abrupt onset 



Year-to-Year (Interannual) Variability of ISMR 



Daily all India rainfall of 
2002 



Shukla 1987: in  
Monsoons, Fein and 
Stephens (eds) 
 John Wiley  

Ø  India is fortunate to have long records of rainfall observations  from a 
reasonably good network of rain gauze stations initiated by British in late 
nineteenth century and early twentieth century.  

Ø  Based on 306 such fixed station network Parthasarathy et al. (1994) has 
constructed monthly & seasonal rainfall over all met sub-divisions and All 
India rainfall from 1871 onwards now updated by IITM for more than 150 
years.  

Ø  Based on this data Interannual variability of ISMR has been extensively 
studied 

306 stations of 
Parthasarathy et 

al. (1994) 









INTERANNUAL VAIATIONS 

Statistical Properties of All India Summer (June-
September) Monsoon Rainfall 

 

• Mean     :852 mm 

• Standard Dev.    :83 mm 

• Coefficient of Variability  : 9.7% 

• Lowest Rainfall  (1877)  : 607 mm 

• Highest Rainfall (1961)  :1017 mm 

• Lowest rainfall (% mean)      : -29% 

• Highest rainfall (% mean)  : +19% 
Note: The mean (852mm) of IITM data may change if the # of stations used to 
create the mean changes. However, the coefficient of variability does change 
much. You may see the mean given by IMD is slightly different for that reason. 



Coefficient of Variability of ISMR with respect to Mean 

Mean decreasing Variability increasing 



Strength and weakness of the Parthasarathy et al. 
(1994) rainfall data  

Ø  Rainfall has large ‘small-scale’ spatial variability arising from 
mesoscale convective systems. 

Ø  If the daily rainfall is collected from a variable network of rain 
gauges, the seasonal mean is affected by ‘sampling’ 
introducing a  ‘spurious’ variaibility of the seasonal mean! 

Ø  The strength of Parthasarathy et al data is that it is based on 
a fixed station network. As a result, this data is a ‘gold 
standard’ in studying interannual variability (IAV). 

Ø  As spatial structure of IAV has large spatial scale 306 stations 
is adequate to capture it. 

Ø However, for studying small scale processes such as ‘daily 
extreme rainfall’, it is inadequate.  



Other Observations Data Sources available for 
Seasonal mean  Rainfall 

Sontakke et al 
2008 
IITM 

Parthasarathy et al 
1994 
IITM 
 

APHRODITE 
 
(over Asian land 
mass) 

Period 1813-2005 1871-2018 1951-2015 
Station/Grid Fixed 316 station for 

1901-2005, 
progressively 
decreasing for earlier 
period 

Fixed 306 stations About 2500 variable 
stations over the 
Indian region. No. of 
stations in the NEI is 
small 

Strength 
 
 
 
 
Weakness 

Good for climatology, 
IAV, Inter-decadal 
variability 
 
 
Only monthly means. 
Not suitable for 
extreme events 

Good for climatology, 
IAV 
 
 
 
Only monthly means. Not 
suitable for extreme 
events 
 

Good for climatology, 
IAV 
 
 
 
Daily. Not suitable for 
extreme events 
in the NEI region. 
Small no. stations 
 



Rajeevan et al. 
GRL, 2008 
IMD 

Pai et al. 2014, Mausam 
IMD 
 

Period 1901-2004 1901-2010 
Station/Grid Fixed network of 

1380 stations 
Gridded  1Ox1O 

Variable station network, changing from 
about 1500 in 1901 to ~7000 stations in 2010 
Reporting stations vary from day to day 
Gridded  0.25Ox0.25O 
 

Strength 
 
 
 
 
Weakness 

Daily. Good for 
climatology, IAV, Inter-
decadal variability 
 
 
Best data set for 
extreme events too over 
most of county but not 
over NEI 

Daily. Good for climatology, IAV 
Better spatial distribution of daily rainfall for 
Mesoscale and synoptic scale events 
 
 
Not suitable for extreme events 
 

In recent years, IMD has prepared two valuable 
gridded daily rainfall data sets. 



Spatial distribution of stations and their temporal 
evolution for Rajeevan et al.(2008) and Pai et al. (2012) 

data sets 

Rajeevan et al., 2008, GRL, 
fixed 1308 stations 

Pai et al., 2014, Mausam 



Problems of the rainfall data sets over the north-east 
India (NEI) 

Ø NEI is a large region with ~3X all India rainfall and hence 
represents a Big component of Indian monsoon heat source! 

Ø  Parthasarathy et al data has 12 stations on which the monthy 
means are calculated. Adequate for IAV studies 

Ø  The gridded data sets have good number of stations in recent 
decades. But has less than 10 stations during early years 
1901-1950. 

Ø Highly inadequate for extreme rainfall studies 

Ø  A good estimate of daily extreme event variability is important 
for its impact on biodiversity of the region. 



Problems of the rainfall data sets over the north-east 
India (NEI) 

NE24è A newly constructed daily rainfall data set based on 24 
fixed stations (as shown above) for 90 years, 1920-2009. Data 
gaps in IMD stations have been filled by data mining from nearby 
Tea Garden! (Courtesy: Dr. Rahul Mahanta, Cotton Univ.) 
 

èZahan, Mahanta, Rajesh & Goswami, 2021: Impact of climate change on 
North-East India (NEI) summer monsoon rainfall, Climatic Change, https://
doi.org/10.1007/s10584-021-02994-5 



Interannual variability of the Indian 
summer monsoon 



Some notable characteristics ISMR interannual variability..  

Ø  Normalized seasonal mean ISMR 
anomaly (normalized by its own 
s.d) 

Ø  Red dotsè El Nino years 
Ø  Blue dotsèLa Nina years 

Ø  A strong ENSO-ISMR negative 
relationship 

Ø  But plenty of non-El Nino 
droughts &non-La Nina Floods 

Ø  A clear multi-decadal variability 

(A 200+ year long ISMR time series constructed by adding Sontakke et al data 
to Parthasarathy et al data) 



Spatial pattern of dominant modes of inter-annual variability of 
Indian monsoon rainfall 

Choudhury et al., 
2021: Climate 
Dynamics, https://
doi.org/10.1007/
s00382-021-06023-0 

GPCP is a satellite 
based monthly 
rainfall data set 
over global tropics 
between 1979 and 
2014 



Association with the ENSO 
Southern Oscillation as defined by MSLP Darwin and Indian 

monsoon rainfall : 
Composite of Darwin pressure anomaly for low-rainfall years 

(drought) and high-rainfall years (floods) 



Changing ENSO-Monsoon Relationship 

(a) 21-year sliding window correlation between AIR and Nino3 
SST, (b) lead-lag correlation between AIR and Nino3 SST during 

the period  1871- 1971 and 1980-2000. 



Temporal Modes of ISMR Variability 

Rajesh and Goswami, 2020: Climate Dynamics 

Sontakke et al. 2008. 
(1813-2005) 
 
Parthasarathy et al., 
1994 (1871-2015) 

R=0.96 

Multi-decadal 
variability of ISMR 



The EEMD method 
decomposes a time 
series into a small set 
of oscillatory modes 
and a residual trend 
explaining the total 
variance of the time 
series. The oscillatory 
modes are also called 
Intrinsic Mode 
Functions (IMFs) 

Ø  Quasi-biennial has 
largest variance 
~65% 

Ø  Quasi-biennial and 
multi-decadal T~65 
yrs are only two 
statistically 
significant 





Webster et al., 
1998: JGR 



Variation of the impact on 
food grain production ; 

drought and excess rainfall 
years are red and blue 

respectively. 

Variation of the impact on 
GDP with the monsoon 

rainfall anomaly; drought 
and excess rainfall years are 

red and blue respectively. 

Monsoon Rainfall & Indian Food grain production and GDP 
Gadgil and Gadgil, Economic and Political Weekly, XLI, pp.4887–4895,2006. 



Apart from the ENSO, what are factors are known to 
influence inter-annual variability of ISMR? 

Ø  European snow cover 
  Bamzai and Shukla 1999, Kripalani and Kulkarni, 1999,  
Fasullo, 2004, Saha et al., 2013  

Ø PDO 
Ø  Krishnan and Sugi, 2003, Krishnamurthy and 

Krishnamurthy, 2014  
Ø Atlantic Nino 

Ø  Yadav R. et al, 2018, npj:CAS; Kucharski et a., 2008 GRL 
Ø  Southern Annular Mode 

Ø  Parbhu et al., 2016, 2017, Dou et al., 2017  



Eurasian snow cover and ISMR relationship… 



Bamzai & 
Shukla, 1999 



The Eurasian snow-
ISMR relationship 
seem to have changed 
significantly in recent 
years! 

Zhang et al., Science 
Advances. 2019; 5 : 
eaau8932   



Krishnan and Sugi, 2003 

Pacific Decadal Oscillation (PDO) –ISMR Relationship 



Krishnan and Sugi, 2003 

Warm minus 
cold (WMC) 

PDO 
composite 



Yadav et al, 
 2018 

Atlantic 
Nino 



Interdecadal variations of Indian summer monsoon 

The Multi-decadal Mode of ISMR: 
 



Why need to study multi-decadal variability of ISMR? 

Ø  It has significant amplitude, explains ~7% ISMR variance 

Ø  Can modulate interannual variability and predictability of 
seasonal mean 

 
 

Rajesh and Goswami, 2020, Climate Dynamics 



While ENSO is a major 
driver of the monsoon, 

what causes many 
droughts not associated 

with El Ninos? 

Borah et al, 2020: Science, 
370, 1335–133 



The SST anomalies 
in the North Pacific 
are associated with 
a stationary Rossby 

wave train that 
modulate the upper 

level circulation 
over Indian region 
è long breaksè 
weak monsoon 

è North Atlantic 
SST can influence 
interannual 
variability of ISMR 



Sinha et al., 
2011, Nat. 
Comm 

NIèSahiy
a Cave 

((30360N, 
77520E, 
B1,190m 
above sea 

level 
(m.a.s.l.)) 

CIè 
Jhumar 

Cave (18° 
52′ N, 
81° 52′ 
E; 600 
masl) 



Questions: on variability 
 

Ø What is responsible for the quasi-biennial oscillation of ISMR? 
 

Ø What drives the Multi-decadal mode of ISMR and what is the 
teleconnection mechanism? 

è I hope to provide some answers in Lecture 13 

Questions: on Mean 
Ø What maintains the 3-D structure of the Indian summer 

monsoon and provide a framework to understand its variability? 

èI hope to provide answer to the question in Lecture-7 

Questions: on Teleconnections 
Ø  Physical Mechanisms through which ENSO and AMO influence 

the monsoon. 
è I hope to answer this question in Lecture-9 



Coupled climate model biases: Implications for 
Prediction and Predictability 

Ø  As on time scales longer than a season, the ocean-
atmosphere interactions shape the ‘mean’, a Coupled Ocean-
atmosphere model is required for seasonal prediction. 

Ø However, even though coupled climate models have 
improved significantly over the years, they still have notable 
biases in simulating the Indian monsoon as well as some 
other climate modes. 

Ø  The biases limit the models’  skill and ability to realize 
‘potential predictability’ 

Choudhury, Rajesh, Zahan and Goswamin 2021:Evolution of the Indian summer 
monsoon rainfall simulations from CMIP3 to CMIP6 models, Climate Dyanamics, 
https://doi.org/10.1007/s00382-021-06023-0 



CMIP3è27 models 
 
CMIP5è30 models 
 
CMIP6è30 models 
 







Observed 
Location of 
ITCZ ~23ON 
 
Simulated 
Location of 
ITCZ ~13ON 
 



Biases in simulating ENSO-ISMR Relationship 



 
 

Thank you 



Climatological mean JJAS 
P and 850 hPa winds 

P and 850 hPa wind anoms 
during ‘Active’ phase 

Mean 
monsoon 

Hadley 
circul. 

70E-90E 

Anom. 
Hadley 
circul. 
In an 
‘active’ 
phase, 

70E-90E 


