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Rainfall until today 
(27 June 2023)



Source: NASA



Scales of Atmospheric Processes
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Modification of the figure from Andrew Gettleman, NCAR
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Seasonal reversal of winds

Source : Wikimedia

Do Cloud-clusters actually migrate with the winds?



Average monthly All-India rainfall

Source : Gadgil 2006

Late Hon. Pranab Mukherjee said “…Monsoons are the real finance minister of India..” – loosely quoted



Source: IMD Monsoon Monograph II



Simple Models for Seasonal Cycle



Monsoon advances from south-east to north-west



Seasonal cycle of Precipitation (65E-95E)



Simple Land-Sea Column Contrast Model

Webster and Fasullo, 2003

Columns under hydrostatic balance

Integrating from z=0 to z=z1

Threshold for return flow

Major limitation: Precipitation? Condensation heating itself controls Tw



Empirical model to represent changes in 
Monsoon Rainfall?

Anders Levermann and his 
colleagues wrote a system of 4 
equations to describe the 
relationship between Solar Energy 
input (R), Wind (W), Monsoon 
Precipitation (P) and lateral heat 
input (L)

Levermann et al, 2008



The heat balance over India

• The Heat generated during Monsoon Cloud formation and 
Precipitation (P) is balanced by Heat emitted away (R) and heat given 
away to adjacent regions (W.𝛥T).

L, Cp, ε are constants

Levermann et al, 2008



Wind generation

• Strong winds (W) generate when the temperature difference between 
Land and Ocean (𝛥T) is large,

• Larger temperature difference imply larger winds

𝜶 is a constant

Levermann et al, 2008



Moisture balance between land and ocean

• The amount of moisture carried by winds from ocean to land 
proportional to the difference in humidity over land and Ocean 
(qO-qL) and wind strength (W)

𝞎, 𝝐 are constants

Levermann et al, 2008



Monsoon Precipitation

• Monsoon rainfall (P) is proportional to humidity over land (qL)

Beta is a constant

Levermann et al, 2008



How do you solve system of equations?

Energy equation

Momentum equation

Moisture equation 

Precipitation parameterisation 

Levermann et al, 2008



The relation between wind (w) and Energy 
input (r)

Clubbing different parameters together:

Measure of ratio of moisture 
to heat advection

Measure of radiative energy input

Levermann et al, 2008



• The cubic equation has 3 solutions for each 
r, given the value of l.

• Not all solutions are physical (imaginary 
solutions)

• Quiz: Cubic polynomial has atleast __ real 
root(s).

• The Red curves suggest that Monsoon will 
fail below a critical value of r

Levermann et al, 2008



Criticism on Levermann’s model

• In tropical atmosphere the dominant balance is energy equation is 
not between horizontal advection and diabatic heat sources but that 
between vertical advection and diabatic heat sources.

• When appropriate changes are incorporated, the non-linearity 
disappears [Ashwin Seshadri’s talk]

• The Climate Model experiments with large changes to radiative 
energy input do not show non-linear response



Based on the equations for conservation of moisture & 
Moist Static Energy.

න

𝑃𝑡

𝑃𝑏

𝑈 ∙ 𝛻𝑚 +  𝜔
𝜕𝑚

𝜕𝑝
𝑑𝑝 =  𝑔𝑄𝑛𝑒𝑡

න

𝑃𝑡

𝑃𝑏

𝑈 ∙ 𝛻𝑞 +  𝜔
𝜕𝑞

𝜕𝑝
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m   -     Moist Static Energy;   

 (m = Cp*T +  g*Z  +  Lv *q)

Fb  -     Bottom Fluxes

Ft -      Fluxes at Top of Atm.

u   -      x component of velocity

ENERGETICS FRAMEWORK

q   -     Specific Humidity (kg/Kg)

ω -     Vertical velocity (Pa/s)

Pb -     Surface Pressure

Pt  -     Top Pressure

v   -      y component of velocity

Modified Slide from Chetan Jalihal



𝑷 − 𝑬 =
𝑸𝒏𝒆𝒕

𝑻𝑮𝑴𝑺

ENERGETICS FRAMEWORK
(Neelin & Held 1987; Raymond 2009)
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20Modified Slide from Chetan Jalihal



𝑷 − 𝑬 =
𝑸𝒏𝒆𝒕

𝑻𝑮𝑴𝑺

WHAT ARE MONSOONS?

Convection

Rain

DSE

ME

Monsoon are Systems 
that export energy.

Modified Slide from Chetan Jalihal



Simple model from Energetics

Srinivasan, 2001

CWV

TGMS



Model captures Paleo-Monsoon Variability

Jalihal et al., 2019
Criticism: No dynamics in this model!



Neutral vs forced modes of the Tropical Atmosphere



Single layer simple models for ISO
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M : effects of mean flow (Seasonality ?), 
F : Scale interaction terms (Convection and large-scale flow evolve at different scales ?)

Mean profile qbar is given



Matsuno-Gill Model
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M : effects of mean flow, F : Scale 
interaction terms

Rayleigh friction,
Newtonian cooling
No mean flow
No scale interaction
P+R considered as net “forcing”
“Dry” modes

Matsuno (1966) => P+R = 0 Neutral modes

Gill (1980) => prescribed shape of P+R





Steady forced modes of tropical atmosphere 
Symmetric forcing Asymmetric forcing – Monsoon like solution



Simple models for Intra-seasonal 
Variability



Gadgil 2003, Dixit 2010



Note: Convection centre defined 
based on max phase of ISO precip

Abhik et al. 2012

Notice that vorticity is to the north 
of convection center (x=0)



Background state for northward propagations



2.5 layered model

Jiang et al., 2004, Dixit and Srinivasan, 2011



Barotropic and Baroclinic modes

Dixit 2010, MSc Thesis

Barotropic Mode

Baroclinic Mode



Factors leading to generation of Barotropic 
vorticity

Dixit 2010, MSc Thesis

advection tilting stretching



Vertical shear mechanism

Jiang et al., 2004, Dixit and Srinivasan, 2011



Alternate: BL Moisture advection mechanism

Jiang et al. 2004



Li et al. 2021

Contours: ISO Vorticity

Shade: Different terms

X-axis: Days lead-Lag



Li et al. 2021

Notice that dw/dy structure is key to 
this mechanism



Proposed hypothesis from different studies

𝜕𝜁+

𝜕𝑡
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1. Jiang et al. 2004, Drbohlav and Wang 2005, Li et al. 2021

2. Bellon and Sobel, 2008

1+2  Dixit and Srinivasan, 2011

3. Qin, Li, Zhou and Murtugudde 2021

1 2 3 4

StretchingBarotropic adv.
Mean 

Baroclinic adv.
Mean Baroclinic 

tilting
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1. Jiang et al. 2004, Karmakar and Mishra, 2020, Srinivasan et al. 1993 
(MSE budget framework)

2. Wang and Li, 2021, In MSE budget framework

1+2 Pillai and Sahai 2016

3. Li et al. 2012, For the first branch northward propagation of season

1 2 3 4

Proposed hypothesis from different studies



Srinivasan and Smith (1993) WISHE model



Dynamics of Low Pressure Systems







Simple model for Low Pressure Systems

Background saturation humidity and Vorticity

Suhas and Boos, 2023

Observed humidity and meridional shear in zonal wind



No shear, Only 
moisture gradients

Only shear, No 
moisture gradients

Finite amplitude 
votex initialisation

Suhas and Boos, 2023



Weak vortex 
initialization

Finite amplitude 
vortex initialization

Suhas and Boos, 2023



Take home message

• Monsoon has significant variability on Seasonal, intra-seasonal and 
synoptic time-scales

• We do not yet have a simple model that explains seasonal monsoon 
features of both wind and precipitation.

• Models for intra-seasonal variability suggests that disturbances grow 
deriving energy from background vertical shears in zonal and 
meridional winds. Some theories also suggest that northward 
propagation of convection is driven by background moisture gradients

• We are beginning to use shallow water models to understand 
Vorticity – Convection coupling for low pressure systems
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