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Scales of atmospheric motion

Atmospheric flow varies on scales from ∼ 10−3 − 107 m

Character of transport, mixing influenced by rotation and stratification

Different features in different parts of atmosphere

Near surface, in planetary boundary layer (PBL)

dynamics on micro- to mesoscales ∼ 101 − 103 m

flow is generally 3D turbulence (anisotropic due to surface, gravity)

can become "more 2D" under stable stratification

Above planetary boundary layer, in free atmosphere

dynamics on synoptic to planetary scales ∼ 105 − 107 m

flow is quasi-2D (upscale energy cascade), quasi-nondivergent

mixing dominated by stretching, folding

3D turbulence (e.g. breaking gravity waves) contributes to
“small-scale” diffusivity, mixing
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Characteristics of large-scale transport

Quasi 2D nature of large-scale extratropical flow characterized by:

fine filamentation

(www.clisap.de)
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Potential vorticity (PV)

Π =
(∇× u+ 2Ω) · ∇θ

ρ

where u is the velocity field,
Ω is the Earth’s angular velocity

Large-scale balance allows inversion of Π for velocity, temperature, mass

Spatial gradients of PV on θ-surface inhibit horizontal motion of air parcels,
result in Rossby waves
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PV gradients, transport, mixing

PV gradients result from planetary geometry (β-effect), flow, stratification

Strong PV gradients (e.g. jets) barriers to transport

e.g. stratospheric polar vortex surrounded by Rossby wave surf zone

(Shepherd, 2007)
– p. 7/23



PV gradients, transport, mixing

PV gradients result from planetary geometry (β-effect), flow, stratification

Strong PV gradients (e.g. jets) barriers to transport

but can themselves be produced by mixing

(Haynes, 1995) – p. 8/23



Effective diffusivity

Tracer conservation:

∂tc+ u · ∇c = ∇ · (κ∇c)

(Shuckburgh and Haynes, 2003)
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Effective diffusivity vs. FTLE

Time-periodic flow; metrics show similarities and differences (Shuckburgh and Haynes, 2003) – p. 11/23



Greens function methods

Define air-mass fraction
f(r, t|Ωi) such that

(∂t + T ) f(r, t|Ωi) = 0

Zonal- and time-mean (Orbe et al., 2013)
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Transfer operator methods

475 K, 1.5◦ × 1.5◦, ECMWF (Froyland et al., 2010) – p. 14/23



Typical evolution of fair-weather boundary layer

(Markowski and Richardson, 2010)
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Diurnal cycle of stratification, turbulence at Cabauw
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Coherent structures in the SBL

Mahrt, Ann. Rev. Fluid Mech., 2014
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Transport by intermittent turbulence in the VSBL

(Doran, 2004) – p. 18/23



Intermittent turbulence in the VSBL

(Sun et al. 2003) – p. 19/23



Coherent structures in the SBL

(Kang et al. 2015) – p. 20/23



Summary

Character of transport, mixing fundamentally different in large-scale free
atmosphere and planetary boundary layer
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Summary

Character of transport, mixing fundamentally different in large-scale free
atmosphere and planetary boundary layer

Coherent structures important in both

Observational constraints better on large scale (quasi-2D, regularly
observed)

Range of transport diagnostics exists; only some explicitly focus on
coherent structures

Possible questions:

Deterministic approaches to large-scale transport seem to work pretty
well: what benefits does an explicitly stochastic perspective offer?

What tools are available to help develop stochastic parameterizations
of intermittent turbulence associated with coherent structures in the
SBL?
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Quasigeostrophic dynamics

In extratropics, synoptic and larger scales dominated by approximate
balance between pressure gradient force, Coriolis force

Dynamics due to (relatively) small perturbations from geostrophic balance

Flow along constant θ surfaces quasi-2D with streamfunction ψ

In quasigeostrophic approximation, PV approximated by

q = ∇2ψ + βy + ∂z

(
f20

N(z)2
∂zψ

)

with dynamics

∂tq + ∂xψ∂yq − ∂yψ∂xq = S

where z is a “vertical” coordinate (relative to the isentropes)

Poisson equation for q (+ BCs) can be inverted to obtain all dynamically
relevant quantities
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Global transport structure
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