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atmospheric normal modes

o atmospheric normal modes are zonally-asymmetric (wave)
solutions to the primitive equations with a radiation upper
boundary condition, and no internal or boundary forcing

0 approximate/asymptotic analytical solutions exist for a
background atmosphere at rest (e.g., Hough, 1898; Longuet-
Higgins, 1968; etc.)

o normal modes have structures that are global in latitude and
“external” in altitude, with vertical structure ~ exp(x z/2H)
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dispersion relation fors =1

normal modes (h, ~ 10 km) * the dispersion relation curves correspond to

inertia-gravity eigensolutions of the horizor_ltal structure
6. - |-k waves (Laplace’s) equation
c - ~
‘ H * atmospheric normal modes correspond to
8, 8; 68, 8, solutions that also satisfy the homogeneous
~10.0 . B vertical structure equation
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The SABER instrument on TIMED

TIMED satellite: Thermosphere-lonosphere-
Mesosphere Energetics and Dynamics

SABER instrument: Sounding of the Atmosphere
Using Broadband Emission Radiometry

SABER Measurements and Applications
Wavelength Altitude Range
Parameter (pn) Application (km)
CO, 14.9 & 15.2 T, density, IR cooling rates, P(z), non-LTE 10-130 41— « the results
Oy 2.6 O, conc., coo.ling rates, solar heating, chemistry  15-100 presented here
and dynamics studies se v.2.0
O, (1A) 1.27 O; conc. (day), inferred [O] at night, 50-105 u o
energy loss for solar heating efficiency Temperat_u re
CO, 4.3 CO, conc., mesosphere solar heating, tracer 85-150 retrievals in the
OH () 20& 1.6 HO, chem., chemical heat source, dynamics, 80-100 altitude range
inference of [O] and [H], PMC studies ~17-100 km
NO 5.3 Thermosphere cooling, NO,, chemistry 20-180
H,O 6.9 HO, source gas, dynamical tracer 15-80
2 2 iRl - data spans the
The Jehns Hepkins University Applied Physics Laboratory periOd 2002-2015
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TIMED/SABER data

« TIMED is a high-inclination polar orbiter, with a precession period
of ~120 days

 TIMED must “yaw” twice per precession cycle (~60 days) to keep
the SABER radiometer from looking directly at the Sun

« |atitudes observed are 52°S — 83°N and 52°N - 83°S in alternate
yaw cycles; latitudes in the range £52° are observed continuously

process data for £52° using Salby’s (1982) asynoptic mapping
technigue, which yields a synoptic spectrum with Nyquist limits
o~zxlcpdands~0-7
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Viewing processed SABER data

The asynoptic mapping technique yields a synoptic
wavenumber-frequency spectrum:

1. The spectrum can be viewed directly to identify variance
associated with particular waves

2. The spectrum can be used to construct amplitude/phase
structures for a given wavelength and frequency band using
the squared coherence method (Hayashi, JMSJ, 1971)

3. The spectrum can be used to synthesize the space-time
evolution of particular waves over specified wavenumber
and/or frequency bands to examine their behavior in time,
longitude, latitude and altitude
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Westward-propagating waves

spectrum fors =1 @ 48°N coherent quasi-stationary structure
AMP =1, f=(—0.0047,0.0058), bp=g4

8.0,6.1)
bw=0.0105, sig=0.65, 25 Jan 2002-2

Jan 2015

RMS AMP m=1, lat=48.00, max=0.77 14
25 Jan 2002-22 Jan 2015, bw=0.0046

SCALE HEIGHT

—40 —20 o 20 40
LATITLIDE

SCALE HEIGHT

!

PHI m=1, f=(—0.0047,0.0058), bp:(24-
bw=0.0105, sig=0.65, 25 Jan 2002-2

8.0,6.1)
Jan 2015

124
':E 104
& -85 km
3 °]
-0.05 0.00 0.05 0.10 0.15 0.20 0.25 .
FREQUENCY (CPD) 57
I E— o]
0.00 0.13 0.26 0.38 0.51 0.64 0.77 N
—40 -0 o 20 40
. . . LATITUIDE
positive frequencies: westward propagating I
0.20 1.12 703 205 287 478 a.70

« westward spectrum is dominated by quasi-

_ @ denotes base point
stationary waves of long wavelength (A, ~ 55 km)

data plotted only where Coh? is
significant at 1-sigma level
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Rossby normal modes?

spectrum fors =1 @ 48°N

RMS AMP m=1, lat=40.00, max=0.20
25? Jan 2002:—22 Jan 2|015, bw=(|3.0046

14
i s = 1 Rossby normal modes
12 \
- Periods (d)
. ] Divergent Rossby waves on a Sphere DJF winds (Kasahara, 1980: JAS)
&5 [-s 0 1 2 3 4
5 |
T i
Ll 4
S‘ # | 1 1.20 4.85 9.91 18.39 28.08
o 1 ¢ 2 1.71 384 7.27 14123 2147
gl "3 2.30 428 7.40 13165 b
1 4 2.90 521 8.20 1355 =
T 1 1 1 1
] i i i i
#] § = zonal wavenumbfr / = merididnal index. | i
l i E i
Madden (Tellus, 2007) . . . .
002  0.05 0.10 0.15 0.20 0.25 I I
FREQUENCY (CPD) : 10-day H 25-day
! wave ! wave
000 003 007 010 013 017  0.20 5-day 16-day
wave wave
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SCALE HEIGHT

SCALE HEIGHT

AMP m=1, f=(0.1874,0,20772)‘ bp=(48.0,4.0
bw=0.0202, sig=0.65, 25 Jan 2002-22 Jan 2015

142] T = -
:> ~° o (
& :%
] —"""'6-‘60‘
i

10
8]
6
4
-40 -20 0 20 40
LATITUDE
PHI m=1, f=(0.1874,0.2077%, b§=548AO,4.O)
bw=0.0202, sig=0.65, 25 Jan 2002-22 Jan 2015
14 AN
12
10 | -
~30---___ - - p - |~ 85 km
8 v . O A -
= :S:’ \_-._-’_, -30- :\""'--—30—”_.-"
7] g 5
e—— e ————————— I
4 Uv_—
riw"__"-__'__-l_—" T A'T"'l'(-\,
-40 -20 0 20 40
LATITUDE
.. |
0.00 0.23 047 070 093 1.17  1.40
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Rossby normal modes, s =1

| -s =1 (5-day wave)

period ~ 5 days
£l globally coherent structure

symmetric meridional structure,
no nodes in latitude

external vertical structure
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SCALE HEIGHT

SCALE HEIGHT

Rossby normal modes, s =1

AMP m=1, f=(0.0865,0.1076), bp=(—48.0,4.0)
bw=0.0211, sig=0.65, 25 Jan 2002-22 Jan 2015

B
12_;_"93?

_L\“w-___,_./o_

-40 -20 0 20 40
LATITUDE

PHI m=1, =(0.0865,0.1076), bp=(—48.0,4.0)
bw=0.0211, sig=0.65, 25 Jan 2002-22 Jan 2015
‘90‘60"\-‘) ‘(“60/‘ : * - - ] - -

;"30

}60\\
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| -s =2 (10-day wave)

gl period ~ 10 days
globally coherent structure

asymmetric meridional structure,
with node at the Equator

(quasi) external vertical structure
(4, > 85 km)
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Rossby normal modes, s =1

AMP m=1, f=(0.0650,0,0777£, bp=(52.0,4.0
bw=0.0126, 'sig=0.65, 25 Jan 2002-22 Jon 2015

14—:”,,|K\.a-' = . = '
1\ Wy, w

| -s =3 (16-day wave?)

SCALE HEIGHT

gl period ~ 14.3 days

o o . 0 i Z globally coherent structure
LATITUDE
PHI m=1, f_=(0-0650.0-0777%. b5:552.0,4,0) ? SymmetriC meridional structure,
bw=0.0126, sig=0.65, 25 Jan 2002-22 Jan 2015 . . .
o PR with nodes in the subtropics
- . 60-___--""“
12 3 , -l )7' g external vertical structure
4 =7 () T — .-: =
o =% \-3},{{9 St (but 4, is very long, ~ 80 km)

* this and higher order modes are difficult to
identify unambiguously because their
structures are very similar to the background,
guasi-stationary wave structure
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16-d vs. guasi-stationary structures

Normal Modes 2015

SCALE HEIGHT

SCALE HEIGHT

quasi-stationary component

AMP m=1, f=(— 0004—700058) bp= 548.0,6,1)
bw=0.0105, sig=0.65, 25 Jon 2002-22 Jan 20715

—40 =20 o 20 40
LATITLIDE
PHI m=1, f=(— 0004700058) R 46.0,6.1)

b= 00105 sig=0.65, 02-22 Jan 2015

—40 —20 n) 20 40
LATITUDE

. T
0.20 1.1z 2.0% 285 .87 4.78 58.70

SCALE HEIGHT

SCALE HEIGHT

16-day s = 1 Rossby normal mode

AMP m=1, f=(0.0650,0.0777), bp=(52.0,4.0
bw= 00126 S|g 0.65, 25 Jan OO =22 Jan 2015

:"'\\‘ -

—40 -20 0 20 40
LATITUDE

PHI m=1, f= {0065000???; g g52040)
bw=0.0126, sig=0.65, 25 Jan 200 2 Jan 2015

. %&3‘1_#{

LATITUDE

0.10 0.37 0.63 0.80 1.17 1.43 1.70

+ 16-day wave has considerably longer 4,

e otherwise, very similar structures
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Rossby normal modes, s = 2

SCALE HEIGHT

SCALE HEIGHT
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AMP m=2, f=(O.2369,0,25793{,It}3 =2(§2.O‘4_26 .
- Jan

bw=0.0211, sig=0.85, 25 Jan

| -s =1 (4-day wave)

gl period ~ 4 days
globally coherent structure

-40 -20 0 20 40

LATITUDE gl symmetric meridional structure,

owZ0.03 11 sige0.65, 35 Jon F005-95 Jen 3015 (quasi) external vertical structure

(L, > 85 km)

* no other Rossby modes of s = 2 could be
identified unambiguously (indistinguishable
from low-frequency background)

* no Rossby modes of s > 2 could be identified
unambiguously (no coherent structures found
and/or indistinguishable from background)
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Rossby-gravity normal modes?

Periods (d)
Divergent Rossby waves on a Sphere DJF winds (Kasahara, 1980: JAS)
-5 0 1 2 3 4
| 4858 9091 18.39 28.08
g 2 3.84 7.27 14.23 21.47
3 4.28 7.40 13.65 -
4 5.21 8.20 13.55 -

§ = zondl wavenumber I = meridional index.

expected periods of
RG normal modes
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three Rossby normal modes of s =1
and one normal mode of s = 2 are
identifiable in SABER data

modes with | - s = 0 belong to the
low-frequency (westward) branch of
the Rossby-gravity manifold

are any RG modes identifiable in
SABER data?
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Rossby-gravity normal modes, s = 3

AMP m=3, f=(0.4923,0.5134), bg (- 3201212
bw= 00211 sig=0.65, 25Jon2022 5

2 Jon 20

| -s =0 (2-day wave)

gl period ~ 2 days

SCALE HEIGHT

gl globally coherent structure

s (but not coherent below ~ 40 km)
o 2o Lmléuoe 20 10 anti-symmetric meridional
PHI m=3, f=(0.4923,0.5134), bp=(-32.0,12.1) StrUCture’ nOde at Equator

bw= OO2'I‘I sig=0.65, 25 don 2002 22 Jon 2015

g external vertical structure
(but long 4, ~ 85 km)

SCALE HEIGHT

* note base point in upper mesosphere

» the lack of coherence below ~ 40 km
suggests that this mode is uniquely
forced at high altitude
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Lx ~ 9000 km
(s ~ 3 in mid-latitudes)

75

phase speed
c ~é0m/s

L

kep | 50

(10-65-1 -Cq 1
i - (ms—")

growth rate
t~5d

L |
05 10 15 20
k(108 m1)

FiG. 2. Adiabatic growth rate kc; (solid) and phase speed ¢ (dashed) for the fastest growing wave
perturbations to the flow of Fig. 1 as a function of zonal wavenumber k. M: mesospheric mode, S;

muml mode, Plumb (JAS, 1983)




(s,0) spectrum of the “2-day wave”

spectra in the upper mesosphere (85 km)

RMS AMP at lat=36.00, z=12.10 sh, max=0.15
bw=0.0105 25 Jan 2002-22 Jan 2015

36°N, 85 km

RMS AMP at lat=-36.00, z=12.10 sh, max=0.14
bw=0.0105 25 Jan 2002-22 Jan 2015

|
36°S, 85 kI'I!I

WAVENUMBER

0.1 0.2 0.3 0.4 0.5 .6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7
FREQUENCY (CPD) FREQUENCY (CPD)
I mew N S _— N
-001 001 004 007 009 012 0.5 -0.01 001 004 006 009 011 0.14

» the “classical” 2-day wave, s = 3, o = 0.5 cpd, coincides with the s = 3 Rossby-gravity normal mode
 there is also power along c = 60 m s! at other s, o that correspond to normal modes

» large power ats =1, o=0.15 cpd (marked with X) does not coincide with a normal mode
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composite seasonal cycles

seasonal cycles at 12 SH (~85 km)

s=1,5-day wave

s =3, 2-day wave

Lotitude

» the higher-frequency normal modes tend
to have largest amplitude near the
solstices, and largest in local summer

Lotitude

» the similarity in seasonal evolution suggests

0.326 3 0,520 a (partly) common source of excitation at
4 ? 'r high altittudes
o (. exo ~ ) A
00

200 300
time (d.o.y.)
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composite seasonal cycles

seasonal cycles at 12 SH (~85 km)

Latitude

s=1, 16-day wave

Latitude

Normal Modes 2015

» the lower-frequency Rossby normal modes

have seasonal cycles with largest amplitude
in local winter

» they behave (and are forced?) like the

guasi-stationary Rossby wave continuum
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seasonal cycles

seasonal cycles at 12 SH (~85 km)

s =1, 6.5-day wave

Latitude
o

-20

-40

..............

100 200 300

100 200 300

time (d.o.y.)
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: 5-d vs. 6.5-d

» the s =1, 6.5-day wave has a distinctive
seasonal cycle, with largest amplitude
near the equinoxes

» the s =1, 5-day normal mode has a
different seasonal cycle, with maximum
amplitude near the solstices, especially
local summer
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s = 1 structures near 7= 5 days

s=1, r~5days s=1, r~6.5days
AMP m=1, f=(0.1874,0.2077), bf:§48,0,4,0 AMP m=1, f=(0.1438,0.1649), bs:(—56,0,12,12
bw=0.0202, sig=0.65, 25 Jaon 2002-22 Jon 2015 bw=0.0211, sig=0.65, 25 Jan 2002-22 Jaon 2015

V- —

DLE
=

o

—_—

SCALE HEIGHT
@
|

SCALE HEIGHT

—40 -20 0 20 40 —-40 -20 0 20 40

LATITUDE LATITUDE
PHI m=1, f=(0.1874,0.2077), bg: 48.0,4.0) PHI m=1, f=(0.1438,0.1649), bp=(—36.0,12.1)
bw=0.0202, sig=0.65, 25 Jan 2002-22 Jan 2015 bw=0.0211, sig=0.65, 25 Jan 2002-22 Jan 2015

T oo — e———
.,.,120\/——90\—&'

——— clear phase tilt

SCALE HEIGHT
@
1
.l
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£
&
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'
[
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I¥
“
'
¢
L
e
-
T
SCALE HEIGHT
[=:]
- |

7 — - = i W 1 .
wp A== regae-ma0n Tl . (although 2, is long)
almost no //) [
g ) e —— [
phase tilt T —~___—+
— — — :
—40 -20 0 20 40 —40 -20 0 20 40
LATITUDE LATITUDE
. T m T
0.00 0.23 0.47 0.70 0.83 1.17 1.40 0.00 0.33 0.67 1.00 1.33 1.67 2.00

» the 5-day normal mode (left) is clearly distinct from 6.5-day wave (right)
» the 6.5-day wave has the largest amplitude of the two and is more coherent throughout

» it would be difficult to distinguish these waves without adequate vertical and frequency resolution
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5-day wave confusion?

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 115, D0O1109, doi:10.1029/2009JD012545, 2010

a few studies from the last 20 years... The 5-day wave in the Arctic and Antarctic mesosphere
and lower thermosphere

K. A. Day' and N. J. Mitchell"

GEOPHYSICAL RESEARCH LETTERS, VOL. 21, NO. 24, Received 27 May 2009; revised 6 October 2009; accepted 15 October 2009; published 15 January 2010.

PAGES 2733-2736, DECEMBER 1, 1994 [1] The 5-day planetary wave in the polar mesosphere and lower thermosphere has been
. ) investigated using meteor radars at Esrange (68°N, 21°E) in the Arctic and Rothera (68°S,
Observations of the S-day wave in the 68°W) in the Antarctic. The measurements span the 9-year interval from October 1999
h to De::f-:mber 2008 and the 4-year mter\ja] from l?f:bruary 2005 to Decemb-er 2008,
mesosphere and lower thermosphere respectively. The height range covered is approximately 80—100 km. Horizontal wind
1 variance within a wave period range of 4—7 days 1s used as a proxy for the activity of
D.L. Wu,” P. B. Hays and W. R. Skinner the 5-day wave. Strong wave activity is seen in winter and late summer.
Department of Atmospheric, Oceanic and Space Scisnces, University of Michigan,
Ann Arbor
Abstract. The 5-day planetary wave has been detected in the
winds measured by the High Resolution Doppler Imager (HRDI) - OF - QR { i ;
on the Upper Atmosphere R ch Satellite (UARS) in the JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. D20, 4640, doi:10.1029/2002JD003349, 2003
mesosphere and lower thermosphere (50-110 km). .
d phere ( ) The 6.5-day wave in the mesosphere and lower thermosphere:
The most Evid for 1 linic/t " ic instability
significant amplitude response appears near the period of ~6 vidaence tor barocunic/parotropic instabuity
$1.3 days st zonal wavemumber cne for all the four latifudos. R. S. Lieberman,' D. M. Riggin,' S. J. Franke,” A. H. Manson,” C. Meek,’ T. Nakamura,”

The observed period is consistent with the radar measurements 4 , < s

in the same region (Massebeuf et al., 1981; Manson et al., T. Tsuda,” R. A. Vincent,” and I. Reid”

1982), which also suggested a longer period (5.5-6 days) for Received 21 December 2002; revised 11 May 2003; accepted 19 June 2003; published 24 October 2003.

the 5-day wave. This 5-day wave signal is extracted in the . . .
[1] A westward propagating zonal wave number 1 wave with a period near 6.5 days was a
prominent feature in the mesosphere and lower thermosphere (MLT) during the 1994
equinoxes. The meridional structure of the wave in the upper stratosphere and the MLT is
consistent with the 5-day wave structure predicted by normal mode theory.
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Conclusions: Normal modes in SABER
temperature observations

Periods (d)
Divergent Rossby waves on a Sphere DJF winds (Kasahara, 1980: JAS)
[-s 0 I 2 3 4
1 1.20 485 & 991 18.39 28.08
g 2 1.71 3.84 1.27 14.23 21.47
"3 230 F  4.28 7.40 13.65 -
4 2.90 5.21 8.20 13.55 -

§ = zonal wavenumber [ = meridional index.

» four Rossby and one Rossby-gravity normal modes are identifiable in SABER T data

* the higher-frequency Rossby modes (s =1, 5-day and s = 2, 4-day) may be excited at least in
part by the instability associated with the Rossby-gravity s = 3, “2-day wave”

* the slower Rossby modes (s = 1, 10-day and 16-day) appear as part of the continuum of
Rossby waves in local winter

* the prominent Rossby s = 1, 6.5-day wave is distinct from the 5-day normal mode and has
largest amplitude near the solstices
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