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January zonal wind and potential temperature

(Schneider 2006)



(Hadley 1735)



Angular momentum advection in upper branch of circulation

January zonal wind and potential temperature



January streamfunction and angular momentum

(Schneider 2006)



• Conserves angular momentum m in upper branch

Since                  , this implies

with local Rossby number 

• Is energetically closed (no heat export)

• Responds directly to variations in thermal driving

• Result:

The ideal Hadley circulation...

v̄∂ym̄≈ 0
∂ym̄ ∝ f + ζ̄

(Schneider 1977; Schneider & Lindzen 1976, 1977; Held & Hou 1980)

φh ∼ (H ′
t ∆′

h)
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t ∆′
h)

5/2



• Is intuitively appealing (direct reponse to thermal 
driving)

• Appears to account for extent of circulation in 
Earth’s atmosphere

But does it account for variations in Hadley circulation as 
climate varies?

Ideal Hadley circulation theory...



January streamfunction and angular momentum

(Schneider 2006)

Ro ! 0.2 Ro ! 0.5

Eddies dominate and
control surface wind
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2
[Ψ(φ0)+Ψ(−φ0)]φ0 = 0 φ0 = 6◦

‘Seasonal’ variations in axisymmetric (top) and 
eddy-resolving (bottom) simulations

(Walker & Schneider 2005; Schneider 2006)

Hadley circulation not strongly nonlinear (cf. Dima & Wallace 2003)
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Theory development with idealized dry GCM
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(Schneider and Walker 2006)

Zonal wind (magenta) and potential temperature (blue)



Hadley circulation strength in idealized GCM

(Walker & Schneider 2006; Schneider 2006)

Convective lapse rate γΓd = γ(g/cp)
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Eddy momentum flux divergence and streamfunction

Streamfunction (black), angular momentum (gray), and 
eddy momentum flux divergence S (colors)

f (1−Ro)v̄≈ S



Hadley circulation and eddy momentum fluxes

Momentum balance:

(Walker & Schneider 2006)
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Hadley circulation and eddy momentum fluxes

Eddies influence (and can control) Hadley cell

(Walker & Schneider 2006)
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(Walker & Schneider 2006; Schneider 2006; Schneider & Walker 2008)

Regime transition in eddy scaling

Hadley circulation strength in idealized GCM



Eddy momentum flux divergence
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Eddies modify stratification
(”ice ages”)

Convection sets stratification
(”equable climates”)



• In the annual mean or during equinox are close to 
limit  

• Do not respond directly to variations in thermal 
driving but respond via changes in eddy fluxes

 We need to rethink Hadley circulation response, for 
example, to ENSO and global warming

Earth-like Hadley circulations...

Ro→ 0
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Hadley circulation strength in moist GCM

Variations in optical thickness of longwave absorber

(Levine & Schneider, in prep.)

Glacial climates

Equable climates

Earth-like climate

dry moist
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Eddies mediate Hadley circulation response

Eddy momentum flux scales with EKE, which is maximal near 
reference climate and scales with MAPE

(O’Gorman & Schneider 2008; Schneider & Walker 2008, in press)

dry moist



Strength typically controlled by eddy momentum 
fluxes in the subtropics:

• Eddy scaling imprinted on it

• Weaker in much warmer and in much colder climates

• Consistent with IPCC simulations (e.g., Lu et al. 2007)

Width typically controlled by baroclinic instability:

• Accounts for global warming response (widening 
because of increased static stability in subtropics)

Equinox/annual mean Hadley circulation

What about seasonal cycle?



Seasonal cycle

(Data source: ERA-40)
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Seasonal cycle

Ψ, divu′v′ ū, divu′v′
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(Data source: ERA-40)



Seasonal cycle

Ψ, divu′v′ ū, divu′v′
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Seasonal cycle
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Northern Hemisphere summer monsoon

mm/day

(Data source: GPCP 1DD; Bordoni 2007)



Abrupt transitions: precipitation 70E-100E

(Data source: GPCP 1DD; Bordoni & Schneider 2007, submitted)

(mm/day)



(Halley 1686)



• But why are transitions abrupt?

• Is land-sea contrast necessary?

The classic picture of monsoons

Monsoons in a dry GCM with homogeneous boundary
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(Schneider & Bordoni, 2008)

Time after 
equinox:



Abrupt monsoon transitions in dry GCM

Days after vernal equinox
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(Schneider & Bordoni, 2008)



Abrupt transition owing to eddy-mean flow feedbacks

Upper-level easterlies shield eddies

Positive eddy-mean flow feedback

(Schneider & Bordoni, 2008)



Eddy-mean flow:

• Cold advection strengthens temperature gradients, 
leading to strengthened upper-level easterlies

• Upper-level easterlies shield winter cell from eddies, 
leading to strengthening of cell

Mean flow:

• Cold advection leads to larger radiative heating 
maximum and pushes boundary between winter and 
summer cell poleward, leading to strengthening of 
winter cell

Positive feedbacks in monsoon transition

Transition when AM-conserving stronger than eddy-driven flow



Same dynamics act in moist aquaplanet GCM... 

(mm/day)

Precipitation

(Bordoni & Schneider, 2007, submitted)

1-m mixed 
layer ocean

100-m mixed 
layer ocean



Same dynamics act in moist aquaplanet GCM... 

(mm/day)

Near-surface zonal wind at 15N

(Bordoni & Schneider, 2007, submitted)

1-m mixed layer

Observations 
(Asian monsoon)

100-m mixed layer



• Dominates transport of heat, momentum, mass, 
water vapor, tracers in extratropics (well known)

• Influences (controls?) Hadley cell strength and 
extent

• Scaling theory essential for scaling theory of 
extratropical and tropical climate

Macroturbulence



Macroturbulence effect on stratification

(Schneider & Walker 2006)

convective

baroclinic

Small parameter 1-Sc 



EK
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c

(Schneider & Walker 2008, in press)

Implication: weak eddy-eddy interactions

Scaling laws for large-scale averages follow



• Hadley cell during equinox, summer, and in annual 
mean controlled by eddy fluxes; response to 
climate change mediated by eddy fluxes

• Hadley cell undergoes regime transition over 
seasonal cycle, with zonal momentum balance 
shifting from eddy to mean-flow dominance 

• Abruptness of regime transition owing to eddy-
mean flow and mean-flow feedbacks

• Monsoons can be understood as regional 
manifestation of this regime transition

Summary



• Macroturbulence (in dry atmosphere) organizes 
itself to critical states of weak nonlinear eddy-
eddy interactions

• Weakness of eddy-eddy interactions can be used 
to infer length scales of eddies and scaling laws 
for eddy energies, heat fluxes, momentum fluxes, 
etc.

• Closures based on truncated expansions (e.g., 
cumulant expansions) can be fruitful for 
atmospheric macroturbulence

Summary (cont.)



• What is meridional and vertical structure of eddy 
fluxes, given mean state of (a dry) atmosphere?

• How does the subtropical and extratropical 
static stability in a moist atmosphere depend on 
mean state of the atmosphere? 

• More generally, what is role of moist processes in 
maintaining static stability, also in tropics? 

• How do moist processes affect dynamics of 
baroclinic eddies (scaling laws)?

Open questions




