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Simple models of monsoon 
bifurcation and global warming 



Proportionality between global warming and cumulative carbon 
dioxide emissions (CO2 )(Allen et al., 2009; Matthews et al., 2009)
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Allen et al., “Warming caused by 
cumulative carbon emissions towards 
the trillionth tonne, Nature, 2009.

Also: Matthews et al., 
“Proportionality of global 
warming to cumulative carbon 
emissions”, Nature, 2009.
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Cumulative emissions accounting
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“The ratio of GMST [Global Mean Surface Temperature] change to 
total cumulative anthropogenic carbon emissions is relatively 
constant and independent of the scenario, but is model 
dependent, as it is a function of the model cumulative airborne 
fraction of carbon and the transient climate response. For any 
given temperature target, higher emissions in earlier decades 
therefore imply lower emissions by about the same amount later 
on.” (IPCC AR5 WG1, Technical Summary, 2013)

IPCC AR5 WG1, Summary for Policymakers, 2013.

Cumulative emission accounting only requires path independence between 
global warming and cumulative emissions. Global warming should be a 

function of cumulative emissions alone, but not necessarily a linear function. 
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Illustration of path independence between global warming and cumulative
CO2 emissions
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Seshadri, “Origin of path independence between cumulative CO2

emissions and global warming”, Climate Dynamics, 2017.

Different emissions pathways: All pathways have the 
same relation between 
global warming & 
cumulative CO2 emissions

Path independence

Slow response

Integration of energy balance model:

Fast response
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Path independence occurs if the timescale for cumulative 
emissions change is short

Timescale for 
cumulative 
emissions to     
change

Damping timescale (slow 
contribution to global warming)

Timescale for 
airborne fraction 
to change
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Eq. from Seshadri, Climate Dynamics, 
2017



Origin of path independence for CO2
Cumulative emissions changes more rapidly than airborne fraction
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Airborne CO2 fraction takes 
centuries to decrease by 

50%

Cumulative emissions takes 
only decades to double

whereas..
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For CO2, path independence occurs 
because:



In the absence of slow processes in the carbon cycle…e.g. if CO2 
behaves like methane in the atmosphere
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Airborne fraction 
decreases more 
rapidly…

..on timescales 
comparable to 
evolution of cumulative 
emissions
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path independence would breakdown



Comparison of timescales

88

Correct CO2 model: with slow carbon cycle If CO2 behaved like methane

If CO2 behaved like methane, effect of changes in airborne 
fraction of CO2 would not be negligible. Path 
independence would not have occurred.



For path independence, emissions cycle period should be comparable 
to or smaller than atmospheric lifetime
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T

Seshadri, Climate Dynamics, 2021

Path independence

(emissions cycle period / atmospheric lifetime)



Derivation
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Rescaling time:

Excess concentration Cumulative emissions

Evolution of 
concentration:

Airborne fraction 
timescale:

Seshadri, Climate Dynamics, 2021



Derivation (contd.)
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Integrating by parts:

Depends on                  and

Position in emissions cycleEmissions cycle period / atmospheric lifetime



Cumulative emissions timescale grows as emissions cycle proceeds

12

Seshadri, “Origin of path 
independence between 
cumulative CO2 emissions and 
global warming”, Climate 
Dynamics, 2017.

cumulative emissions timescale =
cumulative emissions / emissions



Cumulative emissions timescale is persistently large in scenarios 
with low emissions
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RCP3D with lower negative emissions

cumulative emissions
changes slowly



Path independence does not work if emissions are small but 
persistent
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P

P

Average global warming in 5000-member
MAGICC ensemble

Global warming is not 
path-independent

e1

e2



Path independence error depends on inertia in climate system

High inertia ensemble 
members

Results of analysis
of 5000-member 
MAGICC ensemble



Earth system models are required to understand terrestrial and 
ocean feedbacks and resulting hysteresis
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Cumulative emissions accounting works if the emissions cycle plays out 
over a period shorter than the atmospheric lifetime  (an example)
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Why is there cumulative emissions accounting for CO2? 
For illustration, imagine that CO2 had atmospheric lifetime of 100 years:
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Global warming – cumulative emissions
relation would not be path independent



If emissions evolves more slowly, the path independence approximation is 
poorer
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Emissions cycle evolves more slowly
Path independence fails more severely 
during global warming phase



If the emissions cycle had played out more quickly, path independence 
would have been accurate, even with an atmospheric lifetime of 100 years
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Emissions cycle plays out rapidly
Path independence is approximately 
valid during global warming phase



Summary

• Path independence arises from weak constraints, some timescales must be much smaller than 
others: hence provides a firmer basis than proportionality

• Also gives rise to counterfactual accounts about its origins (can ask questions not only about the 
“how” of path independence but also the “why”)

• For CO2, owing to slow processes in the carbon cycle, airborne fraction changes on multi-century 
timescales (i.e. slowly)

• Cumulative emissions timescale is comparatively short (decades), when considering emissions 
scenarios that play out over a couple of centuries (20th & 21st century)

• Changes in cumulative emissions drive global warming, and new temperature contours are picked 
by changes in cumulative emissions 

• However, near the end of the emissions cycle, cumulative emissions varies slowly. It is no longer 
necessarily the dominant effect. Moreover, this is where path independence can fail. 

• For scenarios with persistent nonzero but small emissions, global warming from CO2 is no longer 
independent of emissions pathway (“path independence”). Earth system models are necessary to 
estimate the resulting effects.
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Bifurcation in monsoon model of Zickfeld et al. (2005)

Zickfeld et al., “Is the Indian summer monsoon stable against global change?”, Geophysical 
Research Letters, 2005

22



23

Lenton et al., Tipping elements in the 
Earth’s climate system, PNAS, 2008



24Levermann et al., “Basic mechanism for abrupt monsoon transitions”, PNAS, 2009



Schematic of the model

“The abruptness of the transition 
emerges through an additional 
stabilizing effect of the direct 
heat advection which is cooling 
the atmospheric column 
[emphasis added] and is also 
reduced for reduced monsoon 
winds. “
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Levermann et al., “Basic mechanism for abrupt monsoon 
transitions”, PNAS, 2009

Bifurcation in this model is caused by 
interaction between destabilizing effect of 
moisture advection feedback and the 
nonlinearity of the temperature advection 
(which cools the column). 



Dry static energy dynamics
Stabilizing flux has linear as well as a quadratic term in horizontal temperature difference

Seshadri, “Energetics and monsoon bifurcations”, Climate Dynamics, 2016. 26

Dry static energy:

Dry static stability: lapse rate is smaller than dry adiabatic

Column-mean temperature gradient 
𝒙 is important for monsoon 
dynamics
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Condition for bifurcation
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Bifurcation occurs if: 

depends weakly on x increases strongly with x

negative; increases 
strongly in 
magnitude with x

Governing eq. for Dry
Static Energy:

i.e. eigenvalue at steady state is zero



Condition for bifurcation in dry static energy model

28Seshadri, “Energetics and monsoon bifurcations”, Climate Dynamics, 2016.

Stabilizing effect is 
much weaker if dry 
static stability is 
ignored

Monsoon steady state is 
somewhere here

red: negative contribution to eigenvalue
green: positive contribution to eigenvalue 



Study based on Quasi Equilibrium Tropical Circulation Model 
(QTCM)
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“Here it is shown that the theory used to 
predict such “tipping points” omits a 
dominant term in the equations of motion, 
and that both a corrected theory and an 
ensemble of global climate model simulations 
exhibit no abrupt shift in monsoon strength in 
response to large changes in various forcings.”

Boos and Storelvmo, “Near-linear response of mean monsoon strength to a broad range of radiative 
forcings”, PNAS, 2016.



Bifurcation is present but not in the monsoon regime, so not physically 
manifest
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Kumar and Seshadri, in progress

exchange of relevance of solutions with
and without precipitation



Bifurcation, noise-induced, and rate-induced tipping
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Wieczorek et al., 2021
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Lenton et al., 2019



Effect of albedo in CESM runs 
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Boos and Storelvmo, 2016
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