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Lecture 1. Atmospheric processes associated with orography

Lecture 2: Parameterization of subgridscale orography



Scales of orography and atmospheric processes“ECMw -
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Heili ght scal es of EartaECMWE
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Some mountainrelated atmospheric processes cECMWF

Table 2.1 Some mountain-related atmosphenc processes

Scale Orographic phenomena Time scale Horizontal scale

Planetary  Planetary waves Weeks 1000 - 10000 km

Essential dynamics

barotropic, hydrostatic
conservation of absolute vorticity

Cyclo- and frontogenesis
Synoptic  Large-scale precipitaiion Days 100 - 1000 km
Orographic lift

Buoyvancy waves and blocking!
Local Tt ' ions Hours - Day
Orographie comvecton I - 100 km

Meso

Fog and low clouds

baroclinic
quasi-geosirophic, hydrostatic
conservation of potential vorticity

'stable stratification
hrydrostatic — nonhydrostatic
rotatmg — nonrotabing
directional effects

Small Twrbulent eddies Mimutes - Hours  100m = | km non-hydrostatic
Micro 10 m mn—rnt_ating_ From Rontu (2007)
IS-{'III'D[JIE
Stratification measured byN (Brunt-Vaisala frequency) g oo
Stably stratified N>0 (i.e. potential temperature increases with height) N = 58_
Unstably stratified N<O (i.e. potential temperature decreases with height) Z




Resolved and parametrized processes S ECMWF

After Emesis (1990)

Pressure drag Iith
/ drag_>
Lift Drag
Hydrostatic drag Form drag Wave drag

Gravity | | Inertial | | Rossby

waves waves waves

Viscosity || Orographic || Upstream
of the air | | turbulence || blocking (L>5km)

(L<5km) -
(scales below a few kmos: tur EEXPUGItly representeg by resolved flow

Below smallest scale, turbulent surface friction: roughness length) Parameterization required



Gravity waves and lowlevel blocking S ECMWF

Mountain waves = gravity waves = buoyancy waves

Generation of turb Orographic turbulence

Mountainwaves (see Turbulent
Upper flow Orographic Form Drag)

Generation of turbulence by roughness

R
R

Formation of
a regional wind

.......

™ Upstream / low-level blocking

......

Lower flow eneratiog of turbulence by shear

Deviated flow

From Bougeault (1990)



Fundamentals of gravity waves cECMWF

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

Af 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.

AThe energy associated with the buoyancy perturbation is carried away from the
mountain by gravity waves.

Aravity waves forced by mountains often
the upper levels of the atmosphere, in doing so exerting a decelerating force on the large
scale atmospheric circulation, i.e., a drag.

Arhe 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.

AA physical understanding of gravity waves can be got using linear theory, i.e., the
gravity waves are assumed to smadmplitude.

AGravity waves that do not break down before reaching the mesosphere are dissipated by
0radiative dampi ngo6, -redradiation beiwaen thdvaarmtamda n s
cool regions of the wave and the surrounding environment.



Linear gravity -wave theory S ECMWF

Assumptions:

AConsider two-dimensional airflow inanx-zpl ane over a O6ridgeb
Anaves are linear, i.e. small amplitude

ARidge is sufficiently narrow that the Coriolis force can be neglected

ANVKBJ assumption: scale heights of background quantities such as density, temperature,
and velocity, are longer than a gravity wave vertical wavelength.
fSteady:state

Moussinesq flow: density differences are sufficiently small to be neglected, except where
they appear in terms multiplied byg
Aatmosphere inviscid

The linearized momentum equation can 02 02
. : W W 5
be reduced to a single equation for the + +1°w=0
vertical velocity Ox?  07°
2 2
Scorer parameter |12 = N" 10U | ~ N
u? U oz° U

U (z) is the speed of the basic state flow

N(z) is the Brunt-Vaisala or buoyancy frequency U—-‘*//\
See Smith 1979;Houze 1993; Palmer et al. 1986 = S




Constant wind speed and stability, sinusoidal ridges <~
P y = o ECMWEF

Consider an infinite periodic ridge in which h = ho sinkx . i.e.sinusoidal terrain

k =27 [ L isthe horizontal wavenumber withL the width of the ridge

Solutions to the previous | - |
momentum equation can be | yw = Re I\e' (X+mz)_|_ Be' (k< m2) )
written as

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

m? =1%—k? s the vertical wavenumber

Defining Ly R
=K =ik w=Re & e 1" + g 9 k>l or U/L>N

the solution may be P
written as w = Re Ae “™°+ Be

i (x—mz:

1
K k<l or U/L<N

W = Ae_|”|Z sinkx  Upper boundary condition impliesB=0

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

W= AsIn(kx*mM2)  berturbation energy flux must be upward)




CCECMWF

k>l (i.e. narrow-ridge case) k<I (i.e. wider mountains)
(or equivalently U/L>N, i.e. high frequency) (or equivalently U/L<N, i.e. low frequency)
Evanescent solution (i.e. fading away) Wave solution
Avaves decay exponentially with height ~Zenergy/momentum transported upwards
Avertical phase lines Avaves propagate without loss of amplitude
Ao momentum transport Aohase lines tilt upstream ag increases
w= Ae “ sinkx w = Asin(kx+ mz)
E .....................................................................
E . o TN ANV AN ANV A WAV AN,

Cross-Ridge Distance (km) Cross-Ridge Distance (km)

Figure 1: Streamlines in steady airflow over an infinite series of sinusoidal ridges when N =
01s 1. U =15ms ™', and the wavelength of the topography is (a) 8 km (case Uk > N) or (b)

40 km (case Uk < N). The flow is from left to right. The lowest streamline coincides with the Durran, 2003
topography.



Non-dimensional length:NL/U S ECMWF

U/L : intrinsic frequency of wave See Houze 1993 and Palmer et al. 19¢
(i.e. frequency based on time it takes for a fluid particle
to pass through disturbance)

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

l.e. k>l: solution decays (or amplifies with height) evanescent solution
not possible to support oscillations at frequencies greater thax

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

l.e. k<I: sinusoidal solutioni waves propagate without loss of amplitude

2 _ 12 _ |2 N 2

m Real valuedm for waves that transport momentum k2 < ——

U 2

More generally, vertical transport only possible when the
f2<U?/L%< N? frequency of the waves is bounded above by the

buoyancy frequency and below by the Coriolis frequencgy

—_—
h LN/U>1 for L~1 km (with U=10 ms?, N=0.01s%)
-z =

L

U




Vertical variations in wind speed and stability,
Isolated mountain case

CCECMWF

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 ridc
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Figure 2: Streamlines in steady airflow over an isolated mountain as predicted by linear theory
when (a) @ = 10 km. N is constant. and N ho /U = 0.6: (b) @ = 5 km. N is constant throughout

each of two layers such that between the surface and 3 km Npho/U = 0.6, and above 3 km

Nuho/U = 0.24.

u

o

Above 3 kmN is
reduced by a
factor of 0.4

Wave propagates
vertically in the lower
layer and decays
exponentially in the
upper layer

Parametrization of trapped lee

waves is not typical, see Gregory

et al. 1998.

Durran, 2003



Evident from radiosondes S ECMWF

Gravity waves observed over the Falkland Islands from radiosonde ascent

1

Ascent rate /ms
2 4 6
| | B

-60 -40 -20 0 20
Temperature e
Figure 3: Radiosonde measurements of temperature

(solid) and ascent rate (gray) deduced from the 1100
UTC MPA ascent on 9 February 2001. Vosper and Mobbs



Evident from satellites (AIRS: Atmospheric Infra-red PN
Sounder) 'wECMWF
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Figure 2. Maps of the wave event at four altitudes in AIRS vertically gridded radiances plotted as T,z
on 10 September 2003 at ~04:20Z. The estimated noise levels are 0.07 K (10 km), 0.07 K (20 km),
029 K (33 km), and 0.30 K (43 km). The black line in the last panel shows the location of cross sections
shown in subsequent figures.

Alexander and Teitelbaum, 2007



Evidence of gravity waves in cloud formations cECMWF

Clouds Produced by Vertically Trapped Mountain Waves

w Trapped lee waves

Durran, 2003



