Equatorial Waves and Tropical Dynamics
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Tropical Meteorology

Dynamics of equatorial regions very different to
midlatitudes. Low latitudes can influence higher
latitudes through ‘teleconnections’. E.g.: influeraf
the El Nino Southern

Oscillation (ENSO) _ .
Major difference

70 | midlatiudes vs tropics
/ Coriolis f =2Q sing
L, N
704 small in tropics
[ =0f /dy largest at

4°10°4° equator

Earth is spherical and rotates:
Energy sources

1. lateralforcing from midlatitudes
2. barotropicenergy conversions

3. systematicnteraction with convective heating
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Governing equations

N
In log-pressure co-ordinates (= —H Inﬂ, - bz
Po Dt
with b _0 +uh.D+WDi):
Dt ot azD
Momentum:
(a"'uh'D +C(Fajuh + fk Duh =[P (41)
ot 0z
. 0P _RT
Hydrostatic: = 4.2
Y 0z- H (4.2)
Continuity: au+(.)V+6WD—WD:O (4.3)
ox oy o9z° H
Thermodynamic:
2
(a+uh.DjT+WDN - (4.4)
ot R C

P
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Scaling analysis

D~2.5x10 nr vertical depth

L~10°m horizontal length

U ~5ms* horizontal velocity

r~10¢ time

H ~8x10 nr scale height

N ~1.2x10% & buoyancy frequency

ou 0
ath+uh.Duh+wDa?uh+fk Duh:_DcD

>

U U WU fU b

T L D L
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Midlatitudes: f ~10“s'andRo ~U /fL small so

Coriolis term balances pressure gradienin.

Tropics: f <10 s*andRo= 1. If assume vertical
velocity W small, Coriolis termfU ~10* ms? usually

dominant on LHS, henc&b ~ 100nf 2.
From hydrostatic equatioh ~ ER% ~1K.

Small size off In tropics: leads teemall geopotential

(hence temperature) fluctuatiovs midlatitudes.

Temperature fluctuations associated waitiailable

potential energy:

- In tropics disturbances must grow by means other

than baroclinic energy conversions.
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Consider thermodynamic equation & assume flow
adiabatic J=0)

[] 2
oT G0 T L WONCH
0t R
T uT WN?H
T L R

Local time rate of change of temperature dominates
horizontal advection and hence
RT
HN 7
we assumed.

W ~ ~ 2.5x 102 ms?! —vertical velocity smalas

Balances in continuity equation:

ou N ov ~U _5x 108 5—1, 5WD~W ~10° 71 and
ox ay L 0z~ D
% ~3x10 " s, Considerable cancellation between

. ou ov W b
divergence terms—+—~— ~ .
ox oy D N?%D?
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Clouds

Latent heat dominant source of energy of tropical
circulation with radiative heating secondary role.

Small scales help determiagength/location of

convectionthat drives large-scale flow.

Distribution of radiative heating/cooling strongly
Influenced by distribution & physical charactemstiof

clouds.Parameterised in models

Equatorial waves

Equatorial waves areapped near equatdPropagate in
zonal vertical directiongoriolis force changes sign
at the equator.

Diabatic heating by organised tropical convectian c
excite atmospheric equatorial waves, wind stresars

excite oceanic equatorial waves.
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Atmospheric equatorial wave propagaticzifects of
convective stormeommunicatedarge longitudinal

distances remote response to localised heat source.

Oceanic equatorial wave propagation, can causeé loca
wind stress anomalies to remotely influence

thermocline depth and SST.

Fastest moving waves atastwardgoropagating<elvin
waves Typical Kelvin waves for Pacific move at ~3

ms?! and take-2 months to cross Pacific

Other wavesequatorial Generation of Kelvin

Rossby wavesMore slowly & Rossby waves

moving (fastest Rossby wave gives rise to Pacific

~1/3 speed of Kelvin wave) & | ... o< cillatiorEl

phase velocities propagate Nino Southern

westward Oscillation (ENSO).
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Equatorial g-plane
Following Matsuno (1966).

Use shallow water model. Equatorfaplane Cosg = |,
sing=¢=yl/a, f=/py).

Linearised shallow water equations for perturbation

a motionless basic state of mean depthre:

ou’ 0P’
- BW = - 4.5
ot Py 0X (4.5)
ov 0P’
By = - 4.6
" BY oy (4.6)
0P’ ou ov
+ +21 =0 4.7
o ghe( ox ay] (&.7)

where®’ = gh' is the geopotential disturbance.
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Seek solutions in form of zonally propagating waves

l.e. assume wavelike solutions but retain y-vaorati
(v, @) =Rd[ii (/)9 ¢)P )]} expl kx-ct )
Substituting into (4.5-7) gives:

2~ 2 2.,2
M+£g_kz_kﬁ_ﬁ y ]\7:0

dy* | ghe w gh
RequireV to decay to zero at largy|.

Schrddinger equationwith simple harmonic potential
energy. One solution= 0. Other solutions exist only
for givenk If w takes particular value.

Non-dimensionalise and set

A-(a k? - kﬁJr Zandv Fy)eY /2

aw

1/2
(glf]e)l/4 y

whereY =
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Then can be re-written adermite differential
equation F" -2YF'+ 2AF = C.

Solutions which satisfy the boundary conditions are
F=cH,, whered =nforn=0,1,2.. andH(Y) is a

Hermite polynomial.

The first few Hermite polynomials are:

Ho =1, Hy(Y) = 2Y, Ho(Y) =4Y% -2,
Ho(Y) =8Y3 -12v.

Hy=1. H =2 H=#'-2 H=8"-12x; Hy=I16"-482+12

Figure 19: The latitudinal structure of the first few equatonial modes: Hy(yv) exp( 3-3;" 2) l,r'l'h‘z.

Clearly the solutions are ‘trapped’ near the eqguiayo
the exponential.
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Horizontal dispersion relation:

\/ﬁ[aﬂ_kZ_Mj:Zn+1,n:O,1,2.. (4.8)
B | 9he w

Cubic inw, so 3 roots forv whenn & k are specified.

At low frequenciesw, a)Z/ghe smaller than other terms

& Gk = ~ Pk
2+ 2n+1)8 1o

waves westward-propagating as opposite sign tdx.

. Equatorial Rosshy

At high frequenciegy, —kfS/w small &

@ = +/(2n+1)B,[gh, +k’gh, . Eastward &

westward propagatinigertio-gravity waves.

For casen =0, from (4.8),

o i)

Eastward-propagatingertio-gravity wave &
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westwardRossby-gravitywave (Yanal wave).

Properties of Rossby & gravity waves in different
limits.

For casel = 0, equations fofi,7,® derived from (4.5-

4.7) give dispersion relation for fast-moving eamsiv

propagatingelvin wave: cyqin =+ ghk with

2
meridional structure ofi = uy exp - Py . Zonal
2\/ghe
velocity and geopotential perturbations vary imuate

as Gaussian functions centred on the equator.

—_—
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nn:é:j:m:
&./
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( >
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Velocity & pressure distributions in horizontal p&a

for (a) Kelvin waves, and (b) Rossby-gravity waves
(Matsuno 1966).

—Equa.mr
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n= WA WA

Westv{arq inertio- Eastward inertio-

/ gravity

Mixed Rossby- 1 .
gravity . / Kelvin

Figure1 Dispersion curves for equatorial waves (upto n = 4) as
a function of the nondimensional frequency, v*, and zonal wave-
number, k*, where v* = v/(8\/gh)"/?, and k* = k(,/ghi/p)"/>.
For all but the Kelvin wave, these dispersion curves are solutions of
eqn [13]. Eastward-propagating waves (relative to the zero basic
state employed) appear in the right-hand quadrant, and westward
propagating waves appear on the left. (Adapted from Matsuno
(1966).)

Zonalphase spee@, = w/k (position wrt origin).

Zonal component ajroup velocityc, =0dw/ dk (local

slope of curves).
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Zoology of equatorial waves

Rossby wave®nly propagate to west, whereas their
energy (group velocity) may propagate to east mtwe

Mixed Rossby-gravity wavedhave westward and

eastward energy propagation.

Kelvin wavesare non-dispersive with phase
propagating relatively quickly to east at same dzee
their group.

Eastward inertio-gravity waveshave phase and group

velocities to east.

Westward inertio-gravity waveshave phase velocity
to west and group velocity also to west exceptéy
low zonal wavenumbers.
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Phase speed

Inertio-gravity > Kelvin > Rossby waves

Typical values of the Kelvin wave speed are in eang
Ce = \/ﬁ ~10- 50ms* in troposphere (corresponding
to h, =10- 250m) with higher values in middle
atmosphere. For internal ocean waves that propagate
along thermocline, = 0.5- 3ms* (corresponding to

h. =0.025- 1n).

Scale

The horizontal scale of waves is determined by

1/2
equatorial Rossby radiuk,= («/ghe/,B) . For

troposphere, with value dof, above, this gives 6-13°

latitude. For internal modes in ocean, it givesad.&
latitude.
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westward mixed Rosshy-gravity (WMRG) wave, the eastward mixed Rossby-gravity (EMRG) wave, the
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for winds and 51 for divergence
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Figure 70. Horizontal wind (vector) and divergence {colour) solutions of theoretical equatorially trapped
waves with meridional wind v =D (y/y,) e* "™ Here D, is a parabolic cylinder function, n isthe meridional

Rosshy wave, and the westward inemio-gravity (WIG) and the eastward inertio-gravity (ENG) waves, Units

mode number, and the trapping scale y,=6° and zonal wave number k
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Model experiment

Multilevel primiti

ve equation atmospheric model

forced by imposed heating over 2 days. Heating

representative o

f latent heating in organized

n

convection. 205hPa. Horiz winds (vectors), temp
perturbation (contours). Red colour |
first panel shows imposed heating
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Observations

Kelvin waves & Rossby-gravity waves observed from
balloon soundingever Pacific. Propagating vertically
Into stratosphere from tropospheric source (immpabrta
source of momentum).

Height (km)
Pressure (hPa)

328 332 336 340
Julian day

Time-height plot of meridional component of windoeded by
balloon soundings taken at equatorial island ofrdNaGontours
3m/s, southerly (red), northerly (green)

Oscillation 4-5 days: Rossby-gravity wave.
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Wave-number Frequency Spectrum of
Convectively-Coupled Equatorial Waves
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(A)  Westward Zonal wavenumber, s  Eastward (B) Westward Zonal wavenumber, s  Eastward

Wave-number frequency spectral peaks of satellite-
observedutgoing long-wave radiatiofOLR) between
15°N and 15°S.

(A) antisymmetric component w.r.t. equator; (B)
symmetric component. Superimposed are dispersion
curves ofequatorial wavef@Wheeler and Kiladis, 1999;
Wheeler et al, 2000).
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Equatorial Rossby Wave n=1

(OLF* v, (U Vl}

L 1| convectively

— 1 Horiz
\\\ | structure of

coupled n=1

| Rossby

| wave over

PR 21 days.

80°E 100°E 120°E

140°E 160°E  180° 160°W 140°W 120°W 100

40°N [ \ff

30°N 4 ) ) N

200N N e\ [
0 10°N 422" &
R N Shading/hatching = -
S 10°s A S ve/+ve OLR

20°S - - { anomalies,

30°S | enhanced/suppresse

80°E 100°E 120°E 140°E 160°E 180°

160°W 140°W 1

convection. 850hPa

40°N
30°N -
20°N + /Ty =

-~ | streamfunction

-~=| (vectors) anomalies.

(contour) & wind

Q

30°8
80°E 100°E 120°E 140°E 160°E

180°

Longitude

72600

160°W 140°W 120°W 100°W

Typical lower tropospheric Rossby wave. Suppressed

convection in conjunction with equatorward flow.

Modulates large-scale tropical weather.
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850mb

 a50mb, | Streamfunction

contours with

orange/purple
[as0mb, | Shading + wind

vectors and OLR

anomalies -

suppressed (red) &
enhanced (blue)

convection of an

observed n=1

¥ B50mD, |
: equatorial Rossby

waVve.

mﬁ'n ' ' ' mh' ' ' "W

83tmt IJF, BF 7.6 7.5 200, 0. 30— 27

Period of disturbance ~12 days. Enhanced convectio
In poleward flow, suppressed convection in

equatorward flow (Kiladis and Wheeler, 1995)
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Mixed Rossby-gravity wave

=

141

K|

140°E .

-

Westward phase speed of waves, period ~5days.

Asymmetric convection patterns. The latitudinal

S. (TOGA-

coverage of these plots 17.5°N to 17.5°

COARE)
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