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Objective

ÅDevelop and study the behaviour of  idealised models for summer monsoon 

based on QTCM, in particular whether bifurcation point exists. 

ÅCompare and reconcile the differences between the developed model and 

previous studies.

ÅIdentify the conditions under which the model might admit bifurcation.
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Outline

ÅQTCM ðquick recap

ÅModel ð1 (all assumptions): Development and results

ÅComparison between Model ð1, Boos and Storelvmo, and Levermannet al.

ÅEffect of  changing precipitation parameterisation

ÅModel ð2 (non-linear advection of  momentum): Development and results

ÅModel ð3 (constant meridionalbarotropicvelocity): Development and results

ÅPossibility of  bifurcations
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Å The model variables are expressed using a 

Galerkinexpansion.

Å The series are truncated with 

ὥȟὠȟὦ representing the basis functions

Å The different parameters in the model are 

dependent on these basis funcitions

QTCM - recap
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ÅFinal form of  QTCM equations

‬ὺ ꜠ ὺȟὺ ὪὯὺ ‖​Ὕ ‭ὺ ‭ ὺéééé(1)

‬‚ ὧόὶὰ꜠ ὺȟὺ ‍ὺ ὧόὶὰ‭ὺ ὧόὶὰ‭ ὺ é(2)

ὥ ‬ ꜠ Ὕ ὓ ​Ȣὺ ὗ Ὑ Ὄéééééé.(3)

ὦ ‬ ꜠ ή ὓ ​Ȣὺ ὗ Ὁéééééééé...(4)



Reducing QTCM for monsoons

ÅZonal symmetry assumed

ÅBarotropicwind component, visualized as a vertical mean background flow, 

is neglected by setting it to zero. 

ÅDiffusion terms are neglected.

ÅThe non-linear advection terms present in the momentum equation are 

neglected as a first approximation to linearize about a resting state.

ÅEffect of  rotation of  Earth is neglected for small scale systems. 
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Model ð1 

Å Similar to Boos and Storelvmo2016
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ὓ ὓ ὓ Ὕ
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Dry static stabiltiy

Gross moisture stratification

ὥ ὃὠ

ὥ ὄὠ

Sensitivity of  Ὕ to horizontal advection fluxes 

Sensitivity of  ή to horizontal advection fluxes 



Parameter
Value

Symbol Description

ὓ Reference value of  gross moisture stratification 3 K

ὓ Sensitivity of   gross moisture stratification to surface moisture perturbation 0.0505

ὓ Reference value of  dry static stability 3.6 K

ὓ Sensitivity of  dry static stability to boundary layer MSE perturbation 0.0427

ὥ
Sensitivity of  rate of  change of  boundary layer MSE perturbation to horizontal advective fluxes of  

temperature
0.0314

ὥ Sensitivity of  surface moisture perturbation to horizontal advective fluxes of  moisture -0.0505

‖ Ratio of  gas constant to specific heat at constant pressure for air 0.285

ὃ Vertical average of  temperature basis function 0.4593

ὄ Vertical average of  moisture basis function 0.3150

Ⱦ‐ mechanical damping time scale for horizontal wind 3.5 day

† Modified convective adjustment time scale 10 hours 9



Model ð1 

Å Similar to Boos and Storelvmo2016
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ÅIt is found that temperature and moisture adjust rapidly, on smaller time scales, as 

compared to winds.

ÅThe eigenvalue of  the linearized system, corresponding to the eigenvector 

approximately along ὺȟis found to be one order of  magnitude lesser than the other 

two eigenvalues. 

ÅCorrespondingly, the time scale of  response of  ὺ will be one order of  magnitude 

larger

ÅWinds, ὺ form the slow manifold. Therefore, temperature and moisture equations 

are assumed to be in steady state.
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Å The horizontal derivatives are approximated using 

finite difference method for the box.

Å Substituting for moisture and temperature in terms 

of  wind, ὺ.
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ÅTwo solution ðone positive and one 

negative

ÅNegative solution corresponds to 

monsoonal like circulation

ÅThe negative solution is stable in nature

ÅCirculation increases in strength with Q

ÅNo evidence of  physically relevant 

bifurcation.
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Comparison between Model ð1, Boos and 

Storelvmo, and Levermannet al.

ÅModel-1 is a non steady state version of  the Boos and Storelvmomodel.

ÅBecause the time derivative of  wind is retained in Model-1 and a different box scheme is used, the 

coefficients are different. 

ÅLevermannõsmodel does not have a moisture equation.

ÅAlso, the vertical gradients of  DSE are missing in the temperature equation.

ÅThe precipitation parameterization used in the model is different compared to Boos and Storelvmo, 

and Model-1.  
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ÅPrecipitation is assumed to be linearly related to 

the moisture content over land.

ὖ ‍ή instead of  ὖ ꞊ ή Ὕ

ÅTo compare with Levermann, we rewrite the 

model using QTCM basis functions and 

parameters.

ὅὺ ὅὺ ὅὺ ‍ὗ/2

Where, the coefficients are given as
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Rewriting Levermannõsmodel 




























