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Excitation of Equatorial Waves by
Tropical Convection:

Inferences from Global OLR Observations
and Comparison with GCMs



Introduction

Deep convection is a major source of energy input to the tropical
atmosphere. In a time-mean sense, convection redistributes heat
and drives the Hadley and Walker celis; in addition, the unsteadi-
ness of convection is the major excitation mechanism for transient
motions in the tropics. Because convection occurs on spatial scales
too small to be resolved in General Circulation Models (GCMs), its
effects must be parameterized. That is, a method must be devised
that produces an estimate of convective effects (e.g., precipita-
tion rate, rate of latent heat release) in terms of fields resolved by
the model (e.g., temperature, wind divergence, water vapor mixing
ratio).

The parameterizations of convection is an "“art”, relying not just on
physical considerations, but also on experience an empirical “tun-
ing” of convection codes. In general, convective parameterizations
produce reasonable agreement between computed annual or sea-
sonal mean precipitation and observations thereof. On the other
hand, the variability of parameterized convection has not received
much attention until fairly recently, but it is now clear that:

e Different convective parameterizations produce widely differ-
ent variability, especially at high frequencies (periods < 5 d).

e Convective variability determines the nature of the vertically
propagating wave spectrum produced by GCMs

e Some of the difficulties encountered in the simulation of the
tropical wind oscillations can be ascribed to insufficient wave
forcing by parameterized convection
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This lecture discusses some recent research that addresses these
issues by examining:

e The variability of convection in the tropical atmosphere as
inferred from satellite observations of the outgoing longwave
radiation (OLR) field

e The variability of convection as calculated by parameteriza-
tions used in different GCMs

e The impact of different convective parameterizations on the
“climate"” of the tropical middie atmosphere produced by GCMs
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1. The GCI Dataset

e OBSERVATIONS OF OLR FROM ISCCP
— processed by Salby et al (1991)
— spatial resolution: 0.7° long. x 0.35° lat.

— time resolution: 3 hours

e CONVERSION TO HEATING RATES
— Ricciardulli and Garcia (2000)

— OLR =Ty —»DCH

e DCH IS PROXY FOR Qconv IN TROPICS
— Horizontal distribution and time dependence
— No information of vertical profile
— Vertical profile adopted from observations

— Tends to overestimate convective variance



_E_srm.q'rmc, Q° Freom OLR OBIERVATIONS

OLR ~v g-T'“

pRi

o chosen Yo emphasize hirh, cold clocd &
presumea iy assoclated with conlection.

Deep Conlectiie Achvity Thdex
(Hewdon aud Woolberny, TGR., 9, 6423 (1942)

Dekt = { (Te - Tbr) Tor 2 To
© Tor 2 To
vy lafewt—

Can be reloeted B :fl‘e.z.if:if'm'du G

Kt veless) by Cugparing DAt with obs.

of Precips bition - ,
[Hendm ¢ tmedberny , 14437

P = 4. (Te~Tbr)
4
- . ~T4,) [ Ricsiardulli gud Gareis,
| Q b (To-Thr s, S7 8467, 2000 ]



Estimating Convective Heating from OLR

e Clearly the most desirable way of measuring the effects of
convection would utilize a method that observes directly the
convective processes in question. For example, tropical pre-
Cipitation can be measured by a network of raingages or ob-
served by radar. Since precipitation is the result of the con-
densation of atmospheric water vapor, precipitation rate is
directly related to the release of latent heat of condensation.
Thus, that reliable observations of the former are also a good
indicator of the latter. However, observations of precipitation
are often not available on a global basis, so it is necessary to
use other, indirect means of estimating precipitation and the
attendant latent heat release.

¢ OLR observations have been made from satellites for many
years. The International Satellite Cloud Climatology Project
(ISCCP) gathers data from several polar orbiting and geo-
stationary satellites (Schiffer and Rossow, 1983). Some of
these data has been reprocessed by M. Salby and colleagues
(Tanaka et al., 1991; Salby et al., 1991) into a dataset of
OLR covering the entire globe, with horizontal resolution of
0.35° of latitude by 0.7° of longitude, and time resolution of
3 hours. Hendon and Woodberry (1993) have shown how
OLR observations can be used to infer convective activity,
and this method has been used by Bergman and Salby (1994)
and Ricciardulli and Garcia(2000) to estimate global spectra
of convective heating.

e OLR methods may overestimate the variance of convection.
Recent work by Horinouchi (in press) suggests that overesti-
mation of variance by the OLR method can be severe in some
cases. On the other hand, the shape of the spectrum derived
from OLR observations is similar to that obtained from redar
measurements. See also Ebert et al (1996), and Manton and
Ebert (1998).
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The following figures show

e Mean and standard deviation of convective heating estimated
from OLR observations for winter 1984

e As above, but for the distribution of variance in three fre-
quency bands

e Comparison of spectra of convective precipitation inferred
from two OLR methods (dashed curves) and from radar (solid)
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2. Convection in GCMs

e Convective processes are small scale (a few km)
e Cannot be resolved in global models

e Parameterizations of convection differ among GCMs

— NCAR CCM3
* 142, 30 levels

* Zhang-McFarlane (1995) parameterization
* Hack (1984) parameterization

— Aquaplanet GCM (Horinouchi and Yoden, 1998)
x 142, 40 levels

* Moist convective adjustment

e All model output of Qconv Sampled at 3 hours



Convection statistics are obtained from several state-
of-the-art GCMs for analysis and comparison to the es-
timates from OLR observations. Several examples are
shown in the following figures:

e Mean and standard deviation of convective heat-
ing in CCM3 with the Zhang-McFarlane convective
parameterization

e As above, but for the distribution of variance in
three frequency bands

e Mean and standard deviation of convective heating
in the ECHAM model

e As above, but for the distribution of variance in
three frequency bands
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3. Wave Excitation by Convective Heating:
Physical Mechanism
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Time-dependent heating can excite equatorial waves when
the spatial and temporal characteristics of the heating
match those of the waves as determined by their dis-
perison relationship.

e Convective heating enters the governing equations
as a time-dependent forcing term in the thermody-
namic energy equation (see previous page)

e One can use the method of Salby and Garcia (1987)
to obtain estimates of the efficiency with which
convective heating excites equatorial waves (as dis-
cussed below)

e This depends on frequency, horizontal, and vertical
projections of the heating function onto the struc-
ture of the various equatorial wave modes

e The vertical projection depends on the depth of the
troposphere over which the heating operates; the
vertical projection function selects discrete ranges
of frequency/wavenumber
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Wave EXxcitation: Theory

Assume:
e Linearized Primitive Equations
e Non Isothermal Atmosphere (N2 constant)
e Thermal Dissipation a=(10 days)~1; no friction
e Decompose all fields into Fourier series in k,w
Then the governing equation for wave motions is:

K 0T _, w
eV (1, 2)] = L5104 (u, 2)] = e |55 J(u, )]
wDH 0z

where C = (—N—)2

This equation is separable,

¢LI::)(N7 Z) - Z’n cI:m(z")e‘i:m(:u')
and

I (p, 2) = ZnQin (2) 9%, (1)

where ©% (u) are the Hough modes, which satisfy Laplace’s
Equation.
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The system separates into:

e Laplace’'s Equation
%[Ok (1)] + €5, @kn() =0

e Vertical Structure Equation

L
WQM + (mkn)2 = Qfn
where
A%n(z) — zn(z)e—z/QH
Aw  — o2/2H ik __a_ [ —z/H ~w :l
an € wDHI_Bz € an(z)
r=1+2
wD
and

Gl 1 }1/2

is the Dispersion Relation.
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Assuming Q% (z) = Q% f(z), the solution is:

e Vertical structure of individual components

w .
ngn — 4 K’i‘l[m'z_ P,n: e(1/$2H—zm)z

where P_, is a "vertical projection function”, which
depends on the integral of the heating profile, f(z),
times the Green’s functions solutions to the vertical
structure equation.

(Recall also that Q% depends on the projection of

the horizontal structure of the heating onto the nt*
Hough mode.)

e Summation over all Hough modes
cb(;c)(“a Z) = an)%m(z)@%m(p’)
e Total geopotential field

o1, 2) = T x DY (1, 2)e*oe ™t

e The vertical component of EP flux can be expressed
in terms of the geopotential

k w
[Falin = N2 Re(m) |®%,(2)]?
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Vertical Projection

e It can be shown (Salby and Garcia, 1987)
that P, has several maxima, the first two
occurring when:

27

Az = — ~2D (First projection response)
m
2 2 o

Az = T §D (Second projection response)
m

e In all calculations presented, D = 10 km
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4. Comparisons of GCMs vs Observations

e Time Series at sample gridpoints

e Spectral analyses
— Spectra of heating
— Spectra of geopotential

— Spectral distributions of F,
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The performance of numerical models can be compared with each
other and with observations according to several criteria, including:

e Time series of convective heating
e Mean and variance distributions in physical space
e Wavenumber-frequency spectra of heating

¢ Wavenumber-frequency distributions of vertical component of
EP Flux, also inferred from the characteristics of the heating

Comparisons using several of these criteria are shown in the follow-
ing figures:

e Time series of convective heating at an oceanic location: two
NCAR CCM3 runs and OLR data

e Wavenumber-frequency spectra of heating inferred from OLR
data compared to spectra obtained with both of the param-
eterizations used in the NCAR CCM3, and with the param-
eterization used in AGCM. Some model results resemble the
spectrum inferred from OLR data, while some produce rela-
tively little variance at high frequencies

e Wavenumber-frequency spectrum of heating obtained with
ECHAM

e Table comparing numerical values of the mean and variance
of the heating from the different models

e Spectra as a function of frequency only (summed over all
wavenumbers). This figure compares spectra obtained from
OLR data with those obtained from the two NCAR CCM3
parameterizations, and from the AGCM
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As above, but comparing OLR, CCM3 running the Zhang-
McFarlane parameterization, and ECHAM

Wavenumber-frequency distribution of the vertical component
of EP flux inferred from OLR and obtained with various mod-
els.

As above, for the ECHAM model

Vertical component of EP Flux as a function of frequency,
inferred from OLR observations and calculated from the two
NCAR CCM3 parameterizations and from AGCM. The two
NCAR models excite inertia-gravity waves weakly

As above, but comparing OLR with the Hack parameteriza-
tion in CCM3 and with ECHAM. Note the stronger excitation
of inertia-gravity waves
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Frequency (cpd)

Heating power spectrum (ECHAM, 128 days, 15N-15S)
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MEAN CONVECTIVE HEATING AND STANDARD DEVIATION
(21N-21S) FOR GCI AND VARIOUS GCMs

GCI CCMZ CCMH AGCM ECHAM

Mean (K d1) 1.0 1.1 1.1 0.3 1.3
VAR (K2 d~2)
T>10d 2.2 0.7 5.5 1.1 1.5
2<7<10d 4.4 0.4 8.3 3.1 1.4
6 hr<7<2d 11.0 04 1.5 4.1 4.1
TOTAL (K? d—2) 176 15 153 8.3 7.0

24



K*day™ cpd™

K*day™ cpd™

K*day™

HEATING POWER SPECTRA COMPARISON, (15N—15S)

a) Linear
250 T | T | T T T T ]
[ GCI ]
20-_ _. ceMm-z -
o CCM—H ]
15 —
L e AGCM N
10 =
5t By ]
. ‘,c’ i«y.\- -
C . . . ) 7
0] T 'L;' [P \~J. I_ i e P eyt =1
-4 -3 -2 -1 0 1 2 3 4
Frequency (cpd)
b) Log—Log
10000 glllll T T ||||||| T T IIIIIII T T . [} Ml‘lrlillll T T TTTHT T T '||H§
10.005— 3
1.00 = =
= :
C 4 ' ]
o.10 "}y E
§ ! i S 3
C l A I
0.01 b s IR liis 1 Lol Lol rd i
-10.0 -1.0 -0.1 0.1 1.0 10.0
Frequency (cpd)
¢) lwlxPower spectral density
20 _III[I! T 1 Illllll T |II|||I T T ll]”ll T 1 FTTTTT T1 lllll]_
150 .
10F -
L -~ ]
51 » ]
B 7% i~ i
: 4 Il N S, hy .——"‘,“ v*\'u“ :

10.0

25



-4

25
20
5
Y 15
%
9 10
R
5
0
100.000
- 10.000
o
O
2 1.000
I>\
O
© 0.100
X
0.010
0.001
—1
20
15
>
3 10
Y
5

HEATING POWER SPECTRA COMPARISON, (15N—15S)

@]
~—
L
3
9]
Q
=

III[IIIIlIIII!IllIIIIII

-3 -2 -1

1

Frequency (cpd

b) Log—Log

_pjlll'llllLl_Lll'llll,IIll

IIH|'|T| IIIIIITI'I IIIIHIIl LLALL

FI O |III|III 1 |IIIIIII 1

T IIIIIII

! IIIIII|

ILELRAL

I lIlIHl

IR

lllllll!l IlIIILl_I_' Ll m]_

0.0 -1.0 -0.1

0.1

Frequency (cpd)

c) lwlxPower spectral density

1.0

1

@]

.0

T T T IIIIIIII T |III|1TI T

IIII‘IIIII‘TTII'IWTI

L BLILLLE

FTTTTT

lIIIIllIilIIII'!OII

10.0



Frequency

Frequency

4.0

Vertical Component of EP Flux

CCM: Zhang-McFarlane

2] 20 E &0 a0 im 120

7 s

B0 Rl

Zonal Wavenumber Zonal Wavenumber

27



1.0

0.8

0.6

| F, |

0.4

0.2

0.0

VERTICAL COMPONENT OF EP FLUX COMPARISON

a) Linear

llllll!llllllllllll

[0
GCl

CCM-Z

A

III‘IIIlIII[IIIlII!

-4

10

— . q=3

107
-1

1.0

0.8

0.6

0.4

I wxF, |

0.2

0.0

b) Log

—Log

-1 0 1
Frequency (cpd)

N

mrirTT

IIII|T|'I IIIIIﬂTl IIIIIﬂTI TTin

Lt L

M “N |
« “,

. >

. g

IIIIIIIJ 1 | IIIIIHI

(| Llill

ais

IIIILl]_l IIIIIJ_I,IJ I|l||l|_|,| IIIIIu]_I [T

%
Lo b1l

0.0

-1.0

c) | wxF, |

-0.1 0.1
Frequency (cpd)

1.0

10.0

TITTE T T

IIIIII‘IIIIIII'III

i
Ot tm"ﬁ:llLl

A
{

IIIIIIII T T Illlllll

™~ .
NN
~ *’,’

M

Sy

| o ulu’?&."*m Lttt

1T TTTT

-10.0

-1.0

-0.1
Frequency (cpd)

0.1

1.0

28



VERTICAL COMPONENT OF EP

FLUX COMPARISON

a) Linear
35F T I ] T | T T T T T
-____ GCl =
30 -
i C _ _ _ ECHAM ]
25 —
8 F —.... CCM-H :
o 20 =
2 c | 3
£ 15 1 3
o - I ]
) 10 i E
A - 4 3
5@ =
C Moo . 3
Ot | | | ) —me) [~ 1 _ ] 1 ] -
-4 -3 -2 -1 0 1 2 3 4
Frequency (cpd)
b) Log—Log
1000000 TTTT 17T T Iljllll T T |||1||| T T T T |||l||| I T TTTTTI T T |||||§
_ 10.0000 1
o 3
S-1.0000 E
£ 0.1000 <
E 3
IO 0.0100 , :
0.0010 s N
- "
OOOO] 0 L Y | J_HILLI | JIJIJ_LI 1| i1 IIIIlIl | | IIIIJI| [ N
-10.0 -1.0 -0.1 0.1 1.0 10.0
Frequency (cpd)
c) | wx(F,) | spectral density
B.O_llllll T 1 IIT|||1 T T Pllll—[l I T 1 |||||I| 1 IIIIll' T T TTiTTh
r i ]
25F i 3
C ! .
C | .
‘}‘m 20 :' _:{
S 1.5F 3
o - 3
- 1.0 -
0.5F . 0N o
: / .\\ , J_,‘_\".‘ PR :
00Ottt | liig v ] — ~ =™ 1o
-10.0 -1.0 -0.1 0.1 1.0 10.0

Frequency (cpd)

29



5. IMPLICATIONS FOR TROPICAL
DYNAMICS

e Convective parameterizations usually designed
to reproduce the mean distribution of con-
vective heating

e Parameterized convective heating often mis-
represents actual heating variability

e Convective heating is main excitation mech-
anism for transient motions in the Tropics

e Vertically-propagating waves

— QBO and SAO

e Wave phenomena in the troposphere

— Madden-Julian Oscillatioh

30



e Wave driving plays a central role in both wind os-
cillations

e High phase velocity waves are likely to be most ef-
fective for the SAQO; lower phase velocity waves, for
the QBO

Geopotential Response
4.0 e
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4.0

G 20 48 64 36 100 128

Zonal Wavenumber
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To examine the effect of differences in the spectra of
excited waves on the performance of GCMs, consider
different ranges of phase velocity. Fast waves are more
likely to influence the SAO because they are better able
to propagate to high altitudes; slower waves are more
likely to be involved in the forcing of the QBO. Ac-
cordingly, consider seprately the performance of models
for:

e Waves of phase velocity ¢ > 30 m s 1.
e Waves of phase velocity ¢ < 30 m s 1,

These ranges of ¢ correspond roughly to first and second
vertical projection response maxima discussed earlier
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Waves of ¢ > 30 m s~ 1
The following figures show:

e Frequency spectra of F, inferred from OLR data
and derived from the NCAR CCM3 using the Hack
convective parameterizations. The model produces
variance of F, comparable to that inferred from
OLR for Kelvin waves, but underestimates the forc-
ing of inertia-gravity waves. The Zhang-McFarlane
parameterization (not shown) underestimates the
forcing for all waves and almost all frequencies com-
pared to the OLR results

e The zonal wind at the Equator in three runs of the
NCAR CCM3: In the top panel CCM3 is run with
the Zhang-McFarlane parameterization plus addi-
tional forcing due to a specified spectrum of (unre-
solved) small-scale gravity waves. The middle panel
shows a run with the same model except that smali-
scale gravity wave driving is removed; the SAO
disappears in this run. Comparison of these two
runs suggests that small-scale gravity wave driving
iS necessary to simulate the SAO. However, the bot-
tom panel shows a CCM3 run using the Hack con-
vection parameterization and no small-scale gravity
wave driving. The SAO reappears in this run. One
may conclude that (1) there is more than one way
to produce a SAO in a GCM; (2) if the frequency
distribution of F, inferred from OLR is correct, then
small-scale gravity wave driving may not be essen-
tial for producing the SAO.
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Zhang-McFarlane convection; with parameterized gravity waves
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Waves of ¢ <30 m s—1

The following figures show:

e Frequency spectra of F, inferred from OLR data
and derived from the NCAR CCM3 with the Hack
convective parameterizations. Compared to the OLR
results, excitation of inertia-gravity waves is weak
in the CCM3 run

e Frequency spectra of F, inferred from OLR data
and derived from the AGCM model. Excitation of
inertia-gravity waves is comaparable for the model
and the OLR observations in this case

e Zonal wind evolution inthe equatorial lower strato-
sphere in the AGCM. A QBO is evident in the lower
stratosphere (sigma coordinate = 0.1 corresponds
to 100 mb)
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Low-frequency waves

The effects of convective parameterizations are evident
even in the troposphere. The following figures show:

e Power spectra of heating derived from OLR data
and from model runs with both NCAR CCM3 con-
vective parameterizations. Even at frequencies typ-
ical of the tropospheric Madden-Julian Oscillation
(MJO) the Hack parameterization excites waves
more efficiently than the Zhang-McFarlane param-
eterization

e Hovmoller diagram showing the MJO in CCM3 run

with the Hack and Zhang-McFarlane parameteriza-
tions
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CONCLUSIONS

e Parameterizations produce widely different convec-
tive variability in GCMs, e.g.:

— CCM3/Zhang-McFarlane: Very little variance
at all frequencies

— CCM3/Hack: Variance at low frequencies com-
parable to observations; much less than observed
at higher frequencies

— AGCM: Comparable to GCI observations over a
wide range of frequency
e These differences have profound impacts on model
tropical dynamics:
— SAO and QBO
— MJO
e Systematic analysis of convective parameterizations

may be required to improve transient behavior, es-
pecially at high frequencies

e Work is also needed to determine more reliably the
spectrum of convective variability from global OLR
observations
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