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Scales of orography and atmospheric processes

L ~ 1000ï10,000 km

L ~ 100-1000 kmL ~ 1-10 km

courtesy of shaderelief.com

Length scales of Earthôs orography



From Rontu (2007)

Surface elevation along the latitude 

band 45oN, based on SRTM 3ôô data 

(65 m horizontal resolution)

ÅPlanetary/synoptic scales give largest variance 

(most important for global weather and climate)

ÅBut variance on all scales (small and mesoscale 

variations influence local weather and climate)

Height scales of Earthôs orography

Information on scales by performing a 

spectral analysis on the data

1000-10000 km100-1000 km

Corresponding orography spectrum, i.e. variance 

of surface height as a function of horizontal scale, 

along the latitude band 45oN

GCMôs have horizontal scales 

~ 10-100 km, so not all 

processes related to orography 

are explicitly resolved 



Some mountain-related atmospheric processes
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Stratification measured by N (Brunt -Vaisala frequency)

Stably stratified N>0 (i.e. potential temperature increases with height)

Unstably stratified N<0 (i.e. potential temperature decreases with height)

From Rontu (2007)



Resolved and parametrized processes

Inertial 

waves

Hydrostatic drag

After Emesis (1990)

Wave dragForm drag

Rossby 

waves

Pressure drag

Explicitly represented by resolved flow

Parameterization required

Viscosity 

of the air

Upstream 

blocking

Orographic 

turbulence

(L<5km)

Gravity 

waves

(L>5km)

DragLift

drag

lift

(scales below a few kmôs: turbulent form drag

Below smallest scale, turbulent surface friction: roughness length)



From Bougeault (1990)

Upstream / low-level blocking

Orographic turbulence 

(see Turbulent 

Orographic Form Drag)

Gravity waves and low-level blocking  

Mountain waves = gravity waves = buoyancy waves



Fundamentals of gravity waves

ÅBasic forces that give rise to gravity waves are buoyancy restoring forces.

ÅIf a stably stratified air parcel is displaced vertically (i.e., as it ascends a mountain 

barrier) the buoyancy difference between the parcel and its environment will produce a 

restoring force and accelerate the parcel back to its equilibrium position.

ÅThe energy associated with the buoyancy perturbation is carried away from the 

mountain by gravity waves.

ÅGravity waves forced by mountains often óbreakdownô due to convective overturning in 

the upper levels of the atmosphere, in doing so exerting a decelerating force on the large-

scale atmospheric circulation, i.e., a drag.

ÅThe basic structure of a gravity wave is determined by the size and shape of the 

mountain and by vertical profiles of wind speed and temperature.

ÅA physical understanding of gravity waves can be got using linear theory, i.e., the 

gravity waves are assumed to small-amplitude.

ÅGravity waves that do not break down before reaching the mesosphere are dissipated by 

óradiative dampingô, i.e., via the transfer of infra-red radiation between the warm and 

cool regions of the wave and the surrounding environment.



Linear gravity -wave theory
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See Smith 1979;Houze 1993; Palmer et al. 1986

Scorer parameter
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The linearized momentum equation can 

be reduced to a single equation for the 

vertical velocity

Assumptions:

ÅConsider two-dimensional airflow in an x-zplane over a óridgeô

ÅWaves are linear, i.e. small amplitude

ÅRidge is sufficiently narrow that the Coriolis force can be neglected

ÅWKBJ assumption: scale heights of background quantities such as density, temperature, 

and velocity, are longer than a gravity wave vertical wavelength.

ÅSteady-state

ÅBoussinesq flow: density differences are sufficiently small to be neglected, except where 

they appear in terms multiplied by g

ÅAtmosphere inviscid

)(zU is the speed of the basic state flow

)(zN is the Brunt-Vaisala or buoyancy frequency
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Constant wind speed and stability, sinusoidal ridges

Consider an infinite periodic ridge in which                                 , i.e. sinusoidal terrain

is the horizontal wavenumber with L the width of the ridge
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Solutions to the previous 

momentum equation can be 

written as

A and B are complex coefficients and Re denotes the real part

is the vertical wavenumber
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Defining

the solution may be 

written as
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Upper boundary condition implies B=0

Radiation condition implies B=0 (i.e., the 

perturbation energy flux must be upward)



k>l (i.e. narrow-ridge case)

(or equivalently U/L>N, i.e. high frequency)

Evanescent solution (i.e. fading away)

k<l (i.e. wider mountains) 

(or equivalently U/L<N, i.e. low frequency)

Wave solution

0wu

Åwaves decay exponentially with height

Åvertical phase lines

Åno momentum transport

Åenergy/momentum transported upwards

Åwaves propagate without loss of amplitude

Åphase lines tilt upstream as z increases
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Durran, 2003



intrinsic frequency (U/L) > buoyancy frequency (N), i.e. LN/U<1

intrinsic frequency (U/L) < buoyancy frequency (N), i.e. LN/U>1

See Houze 1993 and Palmer et al. 1986U/L : intrinsic frequency of wave

(i.e. frequency based on time it takes for a fluid particle 

to pass through disturbance)

wave cannotpropagate 

i.e.k>l: solution decays (or amplifies with height) ïevanescent solution

not possible to support oscillations at frequencies greater than N

wave canpropagate 

i.e.k<l: sinusoidal solution ïwaves propagate without loss of amplitude

Non-dimensional length: NL/U
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LN/U>1 for L~1 km (with U=10 ms-1, N=0.01s-1)
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More generally, vertical transport only possible when the 

frequency of the waves is bounded above by the 

buoyancy frequency and below by the Coriolis frequency
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Vertical variations in wind speed and stability, 

isolated mountain case

N = 0.01 s-1

U = 10 ms-1

More realistic terrain and atmospheric profile

If the vertical variations in U and N are such that the Scorer parameter decreases 

significantly with height then trapped lee waves can extend downstream of an isolated ridge

Above 3 km N is 

reduced by a 

factor of 0.4

---

Wave propagates 

vertically in the lower 

layer and decays 

exponentially in the 

upper layer 

Gravity wave              Trapped lee wave

Durran, 2003

Necessary condition                                           and
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Parametrization of trapped lee 

waves is not typical, see Gregory 

et al. 1998.



Evident from radiosondes

Gravity waves observed over the Falkland Islands from radiosonde ascent

Vosper and Mobbs



Evident from satellites (AIRS: Atmospheric Infra-red 

Sounder)

Alexander and Teitelbaum, 2007



Durran, 2003

Evidence of gravity waves in cloud formations

Trapped lee waves


