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Some examples of forced motion in the 
atmosphere. Indian monsoon circulation is a classic 
example 

Low level, cross-
equatorial flow, 
south-westerlies and 
westerly jet over the 
Arabian sea 

Upper level 
easterlies, 
monsoon easterly 
jet 



Seasonal mean precipitation (color) and 850 hPa wind vectors during 
JJAS over the Indian monsoon region. 
 

èNote that winds are attracted to the rain centers and tries to around 
them in an anticlockwise manner, consistent with winds being forced 
by heating associated with the rain 



Composite of SST anomalies (shaded) and surface wind vector 
anomalies associated with a number of El Nino events (during DJF)  

Atmospheric winds associated with ENSO are another 
example 



Composite of SST anomalies (shaded) and wind vector anomalies 
associated with a number of El Nino events  at 200 hPa (during DJF)  



Composite of SST anomalies (shaded) and surface wind vector 
anomalies associated with a number of La Nina events (during DJF)  



Composite of SST anomalies (shaded) and wind vector anomalies 
associated with a number of La Nina events  at 200 hPa (during DJF)  



Let us recap some important characters of the Equatorial Waves 



Spatial structure of the Equatorial Waves 

Ø  Note that for n=1 Rossby wave div (δu/δx + δv/δy) 
èf(ψ0, ψ2) è Symmetric about the equator  



Ø  For the Yanai wave  
div (δu/δx + δv/δy) è 
f(ψ1) è Antisymmetric  

Ø  For the Yanai wave  
div (δu/δx + δv/δy) è 
f(ψ0) è Symmetric  



The following figure is from a very interesting paper by (Wheeler and Kiladis, 
JAS,1999, vol.56,374pp) on Wavenumber-frequency spectra of twice daily 
OLR in tropics showing Kelvin, Rossby and MRG waves ‘ 



Cp(Rossby)	


Also for k=0 or very long waves  Cg ≈ Cp  



Before moving forward, let me try to answer a question I was asked 
offline (Dr. R. Shankar) after the last lecture, 
 
Ø  From extra tropical analysis we found that the Kelvin waves need a 

boundary for their existence. How then a free Kelvin wave exist in the 
tropical Atmosphere? 

  

u This is due to the special nature of the equatorial β-plane where  
f (y)  = 0 + βy  as against extra tropical β-plane  where f (y)  = f0 + βy 
 

u This character of equatorial  β-plane  makes the y-structure of all 
equatorial waves evanescent away from equator on both sides, 
recall v(y) ~ exp(-y2/2)ψn 

 

u Thus, equatorial β-plane  acts like a ‘dynamical channel’ 
 

u This is why a free equatorially trapped Kelvin wave can exist in the 
tropics. 









Special Case :  

Case of idealized Sinusoidal Heat Source in the east-west 

Q 

Matsuno, 1966, JMSJ, Quasigeostrophic motions in equatorial area, vol-44, 25-42 

Q Q
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Forced Motion due to a Localized Heat 
Source 



Some simple solutions for heat-induced 
tropical circulation 

Gill A. E., 1980: Some simple solutions for heat-
induced tropical circulation, QJRMS,  
 https://doi.org/10.1002/qj.49710644905 



Introduction 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

•  Implementation of a simple analytical model to 
elucidate some basic  features of the response of 
the tropical atmosphere to diabatic heating. 

•  Model and Approximations. 

•  Method of solution for different forcings. 

•  Conclusions. 



The Model  

•  The model is designed to show the response of the 
tropical atmosphere to diabatic heating . 

•  How to do it using as simple a model as possible. 

•  Linear theory for small perturbation ( heating rate 
will be assumed small enough for linear theory to 
apply) 

•  Expansion of the forcing function in terms of 
normal modes expressing the diabatic heating rate 
as Fourier-type integral over the complete set of 
modes. 
  



The Model 

•   Gravest mode has p,u,v vary with height as cos(pi*z/
D), w as sin (pi*z/D), and an equivalent H. 

•  Choosing diabatic heating to vary as sin(pi*z/D). 

•  Shallow-water equations for a single mode describe 
the complete solution. 

•  β-plane where f =βy 

•  Dimensionless equations. 



-εu 

-εv 

-Q-rφ 



The Model 

 
•  Length, time scales: 

•  L=(c/2β)^½ 
 

•   τ =(2βc)^-½ 

 
 



The Model 
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The Model 
Using the so called "Rayleigh friction “ and 
"Newtonian cooling" forms and studying the steady 
state.  

The math is simplest when the 
epsilon (damping parameter) for 
friction is the same as the one for 
cooling, 
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The Model 
This set of equation can be reduced to a single equation for v : 
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•  Forcing will be chosen to have a y-scale of order 1. 

•   Forcing has east-west wavenumber k. (2εk<<1) 

•   Such forcing has east-west scale large compared with 2ε   
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à Long wave approximation 



Method of Solution 

y
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Recalling the equations after the approximations  

In order to solve this set of equations, is convenient to introduce  
two new variables  q and r  to replace p and u. 
 
q= p+u    and   r= p-u 
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Method of Solution 
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Method of Solution 
•  Free solutions of  1.10,1.11,1.12  are parabolic cylinder 
functions [Dn(y)]. 
•  Forced problem solutions can be found : 
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Method of Solution 
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Method of Solution 
Two cases of our interest: 
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Forcing : 
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Two parts of the response: 

0q n=0    and higher q with n=1     

Symmetric Heating 

only non-zero coefficient 









First part of the response  
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Second part of the solution n=1 
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Long  planetary waves propagating westwards  

Symmetric Heating 



Symmetric Heating 



Asymmetric Heating 
Asymmetric Forcing  )exp()()()(),( 2
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Spatial structure of a localized Antisymmetric Heating 



(Recall the dispersion relation figure) 



Asymmetric Heating  
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Asymmetric Heating  



Further solutions   

Response to sum of a Symmetric and an Antisymmetric 
Heating 



Conclusions   

•  Interpretation of the equatorial part of the flow in the 
lower troposphere with a simple analytical model.  

•  Walker circulation driven only by the response to 
symmetric heating. 

•  Hadley circulation driven by the heating region  
(asymmetric heating). 
 
•  Solutions were found for only one mode. Solutions for 
semi-infinite atmosphere can be found superposing 
solutions for different modes. 

























Composites of atmospheric winds at surface (10 m) and 200 
hPa, surface pressure, precipitation as well as SST anomalies 
during peaks of El Nino and La Nina. 

Composites :  

Identify the peak months of El Nino/La Nina. 

Average other fields for those months at all points. 

Why does the response of atmosphere associated with El Nino SST 
anomalies not match observed low level winds during an El Nino?  







Do we see these waves predicted by theory in the Atmosphere ?  

Wavenumber-frequency spectra of twice daily OLR in tropics showing Kelvin, 
Rossby and MRG waves (Wheeler and Kiladis, JAS,1999, vol.56,374pp) 




















