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Background

Physical parameters

Coriolis parameter f ∼ 10−4 s−1.
Buoyancy frequency N ∼ 10−2 s−1.
Density scale height H ∼ 7 km.
Depth of troposphere D ∼ 10 km.
Radius a ∼ 6400 km.

For large-scale circulation Fr � 1, Ro� 1.

Waves and Eddies

Balanced: Rossby waves (sources include flow over topography,
internal heating, dynamical instabilities).

Non-balanced: Inertio-gravity waves (sources include flow over
topography, convection).
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Balanced motion is described by potential vorticity

(PV) advection plus inversion operator

Simplest paradigm: 2-D vorticity equation

∂ζ

∂t
+ u.∇ζ =

∂ζ

∂t
+ J(ψ, ζ) = 0

ζ determines ψ (and hence u) by solving the Poisson equation

∇2ψ = ζ (requires boundary conditions on ψ or its gradient).

ψ is determined by applying an ‘inversion’ operator to ζ. ψ =

∇−2ζ. (Point vortex is example.)

Vorticity (generalise to PV) is advected by flow and instanta-

neously determines all flow quantities.
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Vertical momentum transport by gravity waves:

the equatorial QBO

Radiosonde data

(Labitzke et al 2002)

Numerical model

(Horinuchi and Yoden 1998)
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Organisation of momentum fluxes

(Horinuchi and Yoden 1998)
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Horizontal momentum

transport by Rossby

waves:

equatorial

superrotation

Williams (2003)
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Jets in β-plane turbulence.

2-D flow with random small-scale forcing.
β = 0: ‘upscale’ energy cascade, energy dissipated at largest
available scale.
β 6= 0: formation of jets in x-direction, with finite separation
∼ (U/β)1/2 (Rhines radius), where U is typical velocity.

Danilov and

Gurarie (2004)
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Energy vs time,

vorticity vs time,

with and without friction

(DG2004).
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Dynamical self-organisation

Jets are transport barriers, separated by mix-

ing regions. PV has sharp jump across

jet, approximately constant across mixing re-

gions.

Stirring and mixing is relatively inhibited by

strong PV gradients, relatively enhanced by

weak PV gradients. This suggests natural

self-organisation into piecewise constant PV

regions separated by sharp gradients.

Role of ‘long-range’ momentum transport by waves?

Do we need analytical model before accepting this as fundamen-
tal process?
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An idealised GFD Problem

Continuously stratified quasi-geostrophic β-plane channel flow.
Thermal relaxation (rate κT ) towards a temperature profile con-
sistent with a broad jet-like flow with vertical shear Ue(y, z)
(hence baroclinically unstable).
Rigid upper and lower boundaries. Ekman friction κM at lower
boundary only.
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QG PV equation

(layer-wise 2D motion, with flow at given level determined by

potential vorticity field over range of levels)

Interior (PV advection)

(
∂

∂t
−
∂ψ

∂y

∂

∂x
+
∂ψ

∂x

∂

∂y
)q = 0

with

q =
∂2ψ

∂x2
+
∂2ψ

∂y2
+

∂

∂z
(
f2

N2

∂ψ

∂z
)

Horizontal boundaries (density/temperature advection)

(
∂

∂t
−
∂ψ

∂y

∂

∂x
+
∂ψ

∂x

∂

∂y
)
∂ψ

∂z
= 0
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Results from 2-layer simulation

Upper layer

(central transport barrier)

Lower layer

(mixing across broad central

region)
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Transport and mixing structure in many-layer flow

Transition

level between

‘upper’ and

‘lower’ transport

regimes
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Doubly periodic simulations: multiple jets and multiple transport

barriers

Time development of

flow

Vertical structure of

transport
Vertical structure of

velocity
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Oceanic application? The Gulf Stream: barrier or blender?

(Bower et al 1985).

Horizontal tracer (O2) gradient is large at upper levels, small at

lower levels. Velocity structure continues below transition level

in tracer gradient.
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What determines position of tropopause?

Radiative-equilibrium temperature pro-

file is unstable near the ground, hence

dynamical adjustment to temperature

at low levels. Upper limit to this ad-

justment is the tropopause.

Mechanism for dynamical adjustment?

• Moist-convective adjustment? OK in tropics, but in extrat-

ropics temperature profile is moist stable.

• Baroclinic eddies? (Held 1982)
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Can a quasi-realistic extratropical tropopause arise solely through

the action of baroclinic eddies?

Numerical simulations in ‘simplest possible’ model.

Primitive equations on hemisphere.

Only ‘physics’ is thermal relaxation towards an equilibrium tem-

perature profile that is smoothly varying in the vertical, and also

in the horizontal, so that equilibrium state is baroclinically un-

stable.

Integrate towards an equilibrium state determined by balance

between baroclinic eddies and thermal relaxation
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(a) PV in relaxation

state

(b), (c), (d) typical

PV on different lev-

els in statistical equi-

librium flow

(H, Greenslade and

Scinocca, 2001)

18



Transport quantified by geometry of PV field

mid-latitude transport barrier confined to upper regime
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Longitudinal cross-sections

‘Tropopause’ is mid-latitude transport barrier, plus mid- and

high-latitude transition level.
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Variability in jet/eddy dynamics: simple model (Lee 1997)
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Variability in jet/eddy dynamics: atmosphere (Hartmann et al

2000)
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Conclusion

• Many examples of counter-gradient eddy/wave momentum

transport in atmosphere.

• Turbulence in presence of large-scale PV gradient naturally

leads to multiple jets/transport barriers.

• Two-way feedback between eddies and jets is mechanism

both for organisation and for variability.
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