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Young,	
  1987	
  –	
  a	
  chapter	
  in	
  Fein	
  and	
  Stephens	
  (1987)	
  	
  
Hoskins	
  and	
  Wang	
  (2004)	
  –	
  a	
  chapter	
  in	
  Bin	
  Wang	
  (2004)	
  –	
  	
  
VorMcity	
  and	
  thermodynamics	
  perspecMve	
  

“land	
  –	
  shaded”	
  



(i)	
  Slowly,	
  due	
  to	
  surface	
  heaMng	
  and	
  aSendant	
  sensible	
  heat	
  flux,	
  shallow	
  low-­‐pressure	
  forms	
  over	
  land	
  
	
  
(ii)	
  This	
  low,	
  gradually	
  generates	
  low-­‐level	
  wind	
  inflow	
  that	
  draws	
  moisture	
  from	
  the	
  ocean	
  to	
  the	
  south	
  
	
  
(iii)	
  The	
  moisture	
  is	
  carried	
  upward	
  by	
  the	
  convecMon,	
  condenses,	
  and	
  warms	
  the	
  upper	
  troposphere,	
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  anMcyclone	
  forms	
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Normal	
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  trough	
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  low	
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  dry	
  weather	
  	
  
Pakistan	
   Moist	
  low	
  	
  

“analogous	
  to	
  the	
  equatorial	
  trough”	
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  displacement	
  of	
  the	
  TCZ”	
  
“shear	
  vorOcity	
  –	
  Ekman	
  pumping”	
  

“west-­‐east	
  moisture	
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JJAS	
  Climatology	
  –	
  divergent	
  wind	
  at	
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  Sea	
  Level	
  Pressure	
  



(i) Lateral monsoon (Hadley) Circulation  
 
(ii) Planetary Walker Circulation – ENSO   
 
(iii) Transverse monsoon circulation  
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Tropical Indian Ocean Synoptic Systems 

ENSO-monsoon 

Intraseasonal  
Variability 

Seasonal Prediction 

Basic State 

“Importance	
  of	
  understanding	
  and	
  simulaMng	
  the	
  mean	
  monsoon	
  –	
  basic	
  state”	
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  (2005,	
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  Chan	
  (1986,	
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“internal	
  dynamics”	
  



	
  	
  JJAS	
  rainfall	
  anomalies	
  (2002/04/09)	
  -­‐	
  TRMM	
  

“Boundary	
  forcing” 	
  



4xCO2	
  minus	
  20c3m	
  

	
  Stowasser,	
  Annamalai	
  and	
  Hafner	
  	
  (2009	
  	
  J.	
  Climate)	
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  Interac8on	
  between	
  equatorial	
  waves	
  and	
  moist	
  physics	
  	
  
	
  
	
  	
  needs	
  to	
  be	
  understood	
  for	
  a@ribu8ng	
  the	
  causes	
  for	
  	
  
	
  
	
  	
  precipita8on	
  anomalies	
  over	
  “mean	
  ascent” regions	
  	
  



Daily	
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  rainfall	
  over	
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  -­‐	
  2002	
  

Weekly	
  rainfall	
  departure	
  





Madden and Julian (1971, 1972, 1994)  



Sikka and Gadgil (1980) 



Mean Monsoon and Intraseasonal Variability  

Zonal Vertical Shear  

Lau and Peng (1990) 
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Annamalai and Sperber (2005) 
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Annamalai and Sperber 2005 

Prescribed	
  heaMng	
  	
  
	
  

850	
  hPa	
  wind	
  /	
  divergence	
  

Linear	
  model	
  (Watanabe	
  and	
  Jin	
  2002)	
  



Model-­‐generated	
  heaOng	
  

Annamalai and Sperber 2005 



AcOve	
  Phase	
  

Break	
  Phase	
   “foot	
  hills	
  of	
  the	
  Himalayas	
  
lead	
  to	
  floods	
  in	
  the	
  rivers”	
  

“favorable	
  for	
  successive	
  	
  
genesis	
  of	
  lows/depressions”	
  

“in	
  both	
  cases,	
  some	
  regions	
  over	
  India	
  face	
  flood	
  situaOons”	
  



   Mean Monsoon and Synoptic Systems 

Role of the basic flow  



Number	
  of	
  lows	
  and	
  depressions	
  

Main	
  features:	
  

Maximum	
  numbers	
  of	
  low-­‐pressure	
  
systems	
  form	
  over	
  the	
  northern	
  Bay	
  of	
  
Bengal.	
  

Climatologically,	
  7	
  depressions	
  and	
  1.5	
  
cyclonic	
  storms	
  form	
  over	
  the	
  
Bangladesh-­‐India-­‐Pakistan	
  region.	
  

Mean:	
  13	
  	
  	
  	
  	
  	
  Standard	
  deviaOon:	
  2.2	
  

Monsoon	
  lows	
  and	
  depressions	
  

Number	
  of	
  low-­‐pressure	
  systems	
  (lows,	
  
depressions,	
  and	
  cyclonic	
  storms)	
  
which	
  formed	
  over	
  4º	
  lat/long	
  blocks	
  
over	
  the	
  south	
  Asian	
  region	
  in	
  the	
  
summer	
  monsoon	
  season	
  during	
  
1888-­‐1983	
  

“most	
  preferred	
  genesis	
  region”	
  
“mid-­‐tropospheric	
  cyclones”	
  



“westward	
  progression	
  of	
  monsoon	
  depression”	
  

“westward	
  progression	
  of	
  a	
  monsoon	
  depression	
  –	
  vorOcity	
  budget	
  –	
  divergence	
  term	
  
-­‐	
  Maximum	
  rainfall	
  SW	
  quadrant	
  -­‐	
  Rossby	
  waves	
  –	
  east-­‐west	
  divergent	
  circulaOon”	
  

“closey	
  packed	
  
Isobars”	
  



	
  Tracks	
  of	
  SynopOc	
  Systems	
  (1993	
  –	
  Boreal	
  summer)	
  

Tracks	
  of	
  SynopOc	
  Systems	
  (1994	
  	
  -­‐	
  Boreal	
  summer)	
  

Strong	
  –	
  Indian	
  
and	
  West	
  Pacific	
  
monsoon	
  

850hPa	
  
VorOcity	
  	
  



Severe	
  weak	
  monsoon	
  years	
  –	
  associated	
  with	
  El	
  Nino	
  



Summer All India Rainfall (AIR) lag-correlated with Nino-3 SSTs 

ENSO-Monsoon Teleconnections 

Turner et al. 2005, QJRMS 
“highlights	
  the	
  role	
  of	
  the	
  basic	
  state”	
  



Evolution of 
SST 

through 
composite 

El Nino 

Note that 
warmest 

water 
moves into 
the central 
Pacific with 

improved 
basic state  

Turner et al. 2005, QJRMS 



	
  	
  	
  	
  	
  	
  	
  	
  May	
  averaged	
  CM2.1	
  composite	
  of	
  anomalous	
  850	
  hPa	
  	
  stream	
  line	
  and	
  rainfall	
  	
  

Severe	
  weak	
  monsoons	
  over	
  south	
  Asia	
  co-­‐occurred	
  with	
  developing	
  phase	
  of	
  El	
  Nino	
  

Pillai	
  and	
  Annamalai	
  (2012,	
  J.	
  Atmos.	
  Sci.	
  )	
  

NIO	
  –	
  anOcyclonic	
  vorOcity	
  –	
  within	
  2-­‐3	
  days	
  of	
  SST	
  forcing	
  –	
  rainfall	
  aker	
  about	
  20	
  days	
  
	
  
Dry	
  air	
  advecOon	
  from	
  north	
  is	
  instrumental	
  in	
  iniOaOng	
  the	
  dryness	
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  rainfall	
  and	
  850	
  hPa	
  wind	
  response	
  to	
  El	
  Nino	
  SST	
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W/m2	
  



AM2.1	
  soluOons	
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  Forced	
  with	
  CM2.1	
  composite	
  SST	
  anomalies	
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  Nino)	
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  from	
  15	
  March	
  	
  

Rainfall	
  over	
  S.	
  Asia	
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  hPa	
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  of	
  rainfall	
  maximum)	
  	
  

	
  	
  	
   “dry	
  advecOon	
  leads	
  rainfall	
  anomalies	
  –	
  long	
  lead	
  Ome	
  –	
  useful	
  for	
  predicOon”	
  

Summary	
  –	
  Case	
  II	
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Figure	
  4:	
  SpaOal	
  distribuOon	
  of	
  observed	
  seasonal	
  (JJAS)	
  rainfall	
  anomalies	
  over	
  the	
  Indian	
  sub-­‐conOnent	
  during	
  1998-­‐2006.	
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