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Steady state in simulated axisymmetric hurricanes

1) Introduction: Evaluating steady-state 
tropical cyclone (TC) analytical theories 
requires a definition of steady state that is 
appropriate to simulations or observations. 
Existing definitions can be grouped in two 
categories: quasi steady-state (QS) and 
equilibrium steady-state (ES).

4) Methodology: The difference between QS
and ES must arise from a change of 𝑠 in the 
subsidence region. 

• Run a control simulation (CTRL) using the 
axisymmetric version of CM1.

• Prevent moist entropy change by relaxing the 
moisture in [3]-[1] to the initial value.
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• Run dry simulation with moisture removed 
entirely and a dry adiabatic background. 
Entropy can’t change much in a dry neutral 
environment.

• Integrate budget equations for entropy 
around the secondary circulation to see if ES
has been reached and ∮ 𝜕𝑡𝑠 𝑑𝑡 ≈ 0, meaning 
the thermodynamic cycle is closed.

2) Objectives: To understand the differences 
between QS and ES, and the decay from QS to 
ES.

3) Steady state: Definitions based on the 
evolution of conserved variables (𝑐) along the 
secondary circulation. The circulation in the 
inflow and ascent [1]-[2]-[3] takes ~3 days and 
the subsidence [3]-[1] takes ~30 days (𝜏𝑠𝑢𝑏). 

QS definition: 𝜕𝑡𝑐 ≪ 𝒖 ∙ ∇𝑐 from [1] to [3], 
and the environment [3]-[1] varies slowly with 
respect to the core, so we take it to be fixed.

ES definition: The environment has adjusted to 

the core of the storm so that ∮ 𝜕𝑡𝑐 𝑑𝑡 ≈ 0

QS and ES apply to any conserved variable, but 
here, the relevant variable is moist entropy (𝒔). 
𝒔 variations drive changes in TC intensity.

5) Timeseries: Moistening the subsidence 
region practically eliminates the decay of the 
simulated TC. So does simulating a dry TC. There 
is no more difference between ES and QS.

7) Discussion:

• Most of the difference between QS and ES arises from the subsidence drying 
of the environment in a closed model that can’t resolve cumulus convection.

• Moistening the subsidence region or simulating a dry TC removes the decay.
• Similar to moistening by convection or import of environmental air.
• Makes QS equivalent to ES.

• The decay is due to the irreversible fallout of precipitation combined to the 
lack of a remoistening mechanism.

• The difference between QS and ES reported in the literature seems to be a 
consequence of modelling choices, with no obvious generality.

• Angular momentum, was not discussed here, because we found its change 
to be small over the time scale considered.
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Figure 1: Timeseries of intensity in a 
typical axisymmetric simulation 
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Figure 2: The TC 
secondary circ.

6) Entropy cycles: The integral of budget equations for entropy closes over 
the cycles of the Moist and Dry simulations, but not over the  CTRL cycle. 

7) Closure of the entropy cycle: Split entropy 
budget of the Moist simulation in 3 categories:

𝑑𝑠

𝑑𝑡
= 𝑇𝑢𝑟𝑏. + 𝑅𝑎𝑑. + 𝑃.𝑀𝑜𝑖𝑠𝑡.

[𝑃.𝑀𝑜𝑖𝑠𝑡. ]: (𝑞𝑣0 − 𝑞𝑣)/𝜏𝑚
𝑇𝑢𝑟𝑏. :  Param., implicit and eddy mixing
𝑅𝑎𝑑. :  Diabatic effects (mostly radiation)

Moistening is closing the cycle!!!!

Figure 3: Timeseries of intensity in the CTRL (black), 
Moistened (red) and dry (green) simulations 

Figure 4: Secondary circulations in 𝑇 − 𝑠 space (grey) and integral 
of the entropy budget along the trajectory (black, red, green)

Figure 5: Relative contributions to the 
entropy budget of the Moist simulation. 
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