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Structure of the Atmosphere:
Troposphere & Stratosphere

ATemperature decrease in
the Troposphere is due to
adiabatic decompression

AMidIatitude upper -
tropospheric Jet form due
to strong temperature
gradient between Pole and
Equator.

AThe temperature in the
Stratosphere increases due
to the absorption of solar

Typical TemperaturandZonalWind profilesfor July  (5diation by ozone
at 40S, togetherwith the distribution of the 91-levels
in the IFS. Tp denotesthe Tropopause Sp the
Stratopause the modeltop also correspondgo the

Mesopause
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CO2 and O3 zonal mean concentrations
from GEMS as used in Cy35r3
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Structure of the Atmosphere: Stratosphere &

Mesosphere

A As heating due to ozone starts to decrease with height, so does the
temperature

A Radiative heating/cooling of summer/winter hemispheres causes air
to rise/sink at the summer/winter poles, inducing a summer to winter
pole meridional circulation

A Coriolis torque induced by meridional circulation to produce
easterly/westerly jets in the summer/winter hemispheres

A The large Coriolis torque implies the existence of some eddy forcing
to balance the momentum budget. This is provided by the
breaking/dissipation of vertically propagating planetary waves, and
small-scale non-orographic gravity waves. GWs transport energy and
momentum vertically

A Planetary waves add extra drag Iin the winter stratosphere,
particularly northern winter (this is resolved by the model)



Radiosonde observations of gravity waves

Pronounced waviness in profiles due to gravity waves
Vertical wavelength ~12km
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Fig. . Winter and summer temperature sounding at Wallops Island (38°N). _
From Lindzen (1981)
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Sources of (non-orographic) gravity waves: convection, fronts, jet-stream activity

Gravity waves 405 o March-May, 1992-1994
Vertical wavelengths: 1-10s km T e 2 e e \ (%
Horizontal wavelengths: 10s-1000s km

Unresolved or under-resolved by the IFS

Jiang et al. 2005 %
Seasonal climatology of gravity = \ - Vi
waves from UARS MLS R sl 2 Ly

Longitude Longitude
Fig. 3. Seasonal mean fields of MLS normalized radiance temperature variance at 38 km. For December-February 1991-1994 and March-May
19921994, the values are computed using measurements from limb-scan NA orbits; for June-August and September-November 1992-19%, limb-
scan SD data are used. The dotted white contours are UKMO winds at about same altitudes and averaged over MLS measurement days.
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Fig. 4. Seasonal mean precipitation (mm/day) maps derived from the NOAA Climate Prediction Center Merged Analysis of Precipitation (CMAP),
and averaged for the same MLS limb-scan observation days.



Wave representation _
y (t,X,2)= (2 cos(kx +mz -wh;

y (t, )—E’ Z) — E( Z) é(l2§+mz-wt)
w= frequency

—

kl= horizontal wavenumber

m = vertical wavenumber

C= E =horizontal phase speed
L .

¢, = —— =group velocity
Lk

w= w-kU; ¢ = U Intxinsic frequency

and phae speed



What 1| s-oaographico gravit

Orographic gravity waves are supposed to be stationary
(O=0 => zero horizontal phase speed)

Non-orograpgic gravity waves are non -stationary, and
therefore have non -zero phase speed. The
parametrization problem is therefore 5 -dimensional!

Y(],z,k,w, 1)

Depending on gridpoint /, height z, wavenumber &,
frequency O, and direction
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How to proceed for a simple parametrization

Define a launch spectrum

Define the relation between ¥ and a. This is called the dispersion
relation, and depends on the equation system (hydrostatic or non-
hydrostatic shallow water) used to derive the waves (see Appendix in
convection Lecture Note).

Define in which physical space one wants to propagate the wave

spectrum : either ¥ -a coordinate frame or W -m resp.
C -m coordinate frame.
For practical reasons one wants to have conservative propagation

from one level to the other aslong as there is no dissipation .

Define dissipation procedure, i.e. critical level filtering + some
adhoc nonlinear dissipation mechanism to account for wave braking
as amplitude increases with height due to decreasing density .



Dispersion relation for gravity waves
, Kk°N? (@1- w?/N?)

m

Wt (1- f°1 W)
w’IN°Y 0 (hydrostatic wave dynamig
f2/w°Y 0 (no rotation)

Wavelike solutions exist for f 2 < 171/2 <N\ 2

For simplicity we only consider hydrostatic, non-rotational
waves which also allows to ignore the effect of back
reflection of wav

eflection of waves 2_k2N2_N2

m
W C°
Wavelike solutions exist for Wz >0 and critical level

filtering occurs when the intrinsic phase speed approaches
Zero



Physically based gravity wave scheme

Rely on realistic winds to filter the
upward propagating (unrealistic)
gravity wave source.

Consist of spectrum of waves via hydrostatic
non-rotational dispersion relation

m —— = — A
74 C
: ;
20 _2p - _ § i
m=—:;k=—;w=w- kU;c=c-U Net easterly | .. 5
/ . / h momentum deposition :

U: background wind; N: buoyancy Hiba polar winter je
Gravity wave source: launch globally -=—=-
constant isotropic spectrum of waves at : :
each grid point as function of, for example,

c. Assume constant input momentum flux
200 hPa j :
N ' / :
0 60
W E U or ¢ (mn/s)
_ critical level filtering (U=c)

Net input waves don’t reach upper stratosphere/

momentum S mesosphere

flux =0




Simplified hydrostatic non-rotational version of Warner and
Mclintyre (1996) scheme (Scinocca, 2003) - WMS

~

1. Inany azimuth, G, the launch spectrum is specified by the total wave energy per unit mass, Ij_E

2. Thisis chosen to be the standard form of Fritts and VanZandt (1983), whichin M - W space
IS
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3. Itis assumed to be separable in terms of M and W.

ot o

4. Thedependenceon Mis E- m° for m<m’ and E" m' for m>m’

5. with s=1, t =3, 1 ¢ 5I/3

6. m is atransitional wavenumber estimated to correspond to / 0 2-3km inthe
troposphere (Allen and Vincent, 1995)

7. The o6tail spectrumb iIis | argely independent of

0

tli




POWER SPECTRAL DENSITY (m/s)2 /(cycle/m)

Observations: Fritts and VanZandt (1983) and VanZandt (1982)
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FIG. 1. Spectra of horizontal velocity versus vertical wavenumber

162
WAVENUMBER (cycle/m)

as a function of altitude.

Fig. 1. Power spectral density F{w) of the horizontal wind u
versus frequency. The central solid curve is the mean observed
spectrum estimated by ¥innichenko (1970). The upper and lower
limits of the hatched areas are the “envelopes formed by the
maxima and minima'' of the observed spectra that wentl into
estimating the mean, The model F () spectrum is shown by the
dashed curve.



Wave momentum flux

unsaturated saturated

Im*

Ar he characteristic vertical wavenumber m* separating the saturated
and unsaturated slopes is 2" / 2km, with 2km the characteristic vertical
wavelength.

here is one free parameter in the scheme that allows to shift the
saturation curve (dashed blue curve) to the right, with the result that non-
linear dissipation is occuring at greater heights. As we will se, and as
documented in the literature, this has important consequences for the
simulation of the QBO



1) Specify in terms of momentum flux spectral density, roF, using group velocity rule

roF,(mw,j)=r,c IJ_E(m W,/ )

9z ~
2) Where Cy, =Huw/pm=w/m for hydrostati ¢ dynamics

3) mand w are not invariant to vertical changes in U(z) and N(z) (i.e. dependent variables). Hence
spectral elements in mand w space are also not invariant. Consequently E5 and 7 F,(m,w,; )
are not conserved for conservative propagation, i.e. Eliassen-Palm theorem

4) Chose C- /' space to describe the vertical propagation of the wave field
2

FE@ W )=d B(m, " W/J_“(m'f'//_) Sl

~

5) Use dispersion relationship to remove out dependence on M and integrate out dependenceon, W

which gives (Scinocca, 2003) % (0:/0 UO % / 2 p 1
— 90,
reE(c,/j)=rA %—e/—g % T o

a
aem (c-U)Q
N

where the constant A is all terms which are independent of helght 1+

|- OO:On

¢

Non-hydrostatic limits NZP. 2P Galilean Transform

. 3 0 —_
(more physically A = Bm, _ i ~
realistic) 2-p U=U U, andc & U,







