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Abstract

Recen t observ ational w ork sho ws that three factors con trol the formation of deep con v ection

o v er tropical o ceans; the saturation fraction of the trop osphere, surface moist en trop y �uxes,

and the strength of con v ectiv e inhibition. A linearized, t w o-dimensional, non-rotating mo del

of the tropical atmosphere is presen ted here whic h incorp orates all of these factors in to its

con v ectiv e closure in a simpli�ed fashion. T w o t yp es of large-scale unstable mo des dev elop

in this mo del, a slo wly propagating �moisture mo de� whic h is driv en primarily b y saturation

fraction anomalies, and a con v ectiv ely coupled �gra vit y mo de� whic h is go v erned b y anomalies

in con v ectiv e inhibition caused b y buo y ancy v ariations just ab o v e the top of the planetary

b oundary la y er. The gra vit y mo de maps on to the equatorial Kelvin w a v e in the earth's

atmosphere and the predicted propagation sp eed for this mo de is close to the observ ed phase

sp eed of con v ectiv ely coupled equatorial Kelvin w a v es. F or reasonable parameter v alues the

gro wth rate p eaks at zonal w a v en um b ers at whic h Kelvin w a v es exhibit the greatest sp ectral

energy . The computed v ertical structure matc hes that of observ ed Kelvin w a v es, but is

pro duced b y a simple sin usoidal v ertical heating pro�le with half-w a v elength equal to the

depth of the trop osphere.
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1 In tro duction

Recen t w ork indicates that precipitation o v er w arm tropical o ceans is con trolled b y three

factors:

1. Ra ymond et al. (2003) sho w ed from in situ observ ations in the tropical east P aci�c that

the existence of ev en a w eak stable la y er just ab o v e the planetary b oundary la y er (PBL)

is su�cien t to inhibit the dev elopmen t of deep con v ection and asso ciated precipitation.

This con�rms earlier results of Firestone and Albrec h t (1986) obtained from dropsonde

measuremen ts in the tropical P aci�c. (See this pap er for a summary of earlier results.)

V arious dynamical pro cesses can generate or remo v e these stable la y ers.

2. Bretherton et al. (2004) found using passiv e micro w a v e observ ations from satellite that

precipitation is highly correlated with the saturation fraction (precipitable w ater di-

vided b y saturated precipitable w ater) of the trop osphere. Sob el et al. (2004) came

to similar conclusions using data tak en near K w a jelein Island. Results from n umerical

cloud mo dels also supp ort this conclusion (Lucas et al., 2000; Derb yshire et al., 2004;

Ra ymond and Zeng, 2005).

3. In addition to con v ectiv e inhibition, Ra ymond et al. (2003) found that infrared brigh t-

ness temp erature (and hence precipitation) is highly correlated with surface moist en-

trop y �uxes in the tropical east P aci�c. This is in agreemen t with similar observ ations

from the equatorial w estern P aci�c b y Ra ymond (1995) and o v er the en tire tropical

P aci�c b y Bac k and Bretherton (2005).

A ccording to these results, a minimal mo del of the con trol of precipitation o v er w arm tropical

o ceans should therefore include, explicitly or implicitly , the e�ects of con v ectiv e inhibition

(CIN) due to stabilit y in the 700� 850 hPa la y er, saturation fraction through the trop osphere,

and surface moist en trop y �uxes.

The ab o v e list is notable for the absence of con v ectiv e a v ailable p oten tial energy (CAPE)

as a con trol on precipitation. Though negativ e CAPE certainly precludes deep con v ectiv e

rainfall, the uniformit y of the tropical temp erature pro�le means that in man y cases this

can only o ccur when the PBL moist en trop y is to o lo w. Under suc h conditions the CIN is

also large, whic h means that negativ e CAPE is not indep enden t of CIN o v er w arm tropical

o ceans, and the reduction of CIN results in su�cien t CAPE for deep con v ection under most

circumstances. F urthermore, when c hanges in CAPE are due to temp erature c hanges in the

free trop osphere, the e�ect of CAPE con trol of con v ection is to damp large-scale disturbances,

since con v ectiv e heating aloft then o ccurs in regions of larger CAPE and co oler air, resulting

in the destruction of a v ailable p oten tial energy . Observ ations in the tropics generally �nd

the opp osite, i. e., hea vy rainfall is correlated with w armer than normal temp eratures in the

middle and upp er trop osphere and decreased CAPE (Ramage, 1971; McBride and F rank,

1999).

Linearized mo dels are frequen tly used to test ideas ab out the coupling of con v ection and

large-scale dynamics in a minimal and th us easily understo o d con text (e. g., Ha y ashi, 1970,

1971a,b,c; Lindzen, 1974; Chang, 1977; Eman uel, 1987; Chang and Lim, 1988; W ang and

Rui, 1990; Y ano and Eman uel, 1991; Eman uel, 1993; Neelin and Y u, 1994; Map es, 2000;
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Ma jda and Shefter, 2001a,b; F uc hs and Ra ymond, 2002, 2005; Ma jda et al., 2004; Bon y and

Eman uel, 2005; Khouider and Ma jda, 2006; etc.). In the con text of an equatorial b eta plane

mo del, solutions represen ting the Madden-Julian oscillation (MJO; Madden and Julian, 1994)

and con v ectiv ely coupled Matsuno mo des are generally sough t (Matsuno, 1966; Lindzen,

1967; Wheeler and Kiladis, 1999). Prominen t among the latter mo des is the equatorial

Kelvin w a v e, whic h is distinguished from the MJO b y its smaller zonal scale and faster

propagation sp eed. In the ev en simpler con text of a t w o-dimensional, non-rotating domain,

only con v ectiv ely coupled gra vit y w a v es, whic h ha v e longitudinal dynamics iden tical to Kelvin

w a v es, and slo w-mo ving moisture mo des (Sob el and Horinouc hi, 2000; Sob el et al. 2001) are

to b e exp ected. The moisture mo de w orks b y enhancing precipitation in regions of high

h umidit y , and is though t to op erate in easterly w a v es, monso on troughs, and other slo wly

mo ving tropical disturbances. The moisture mo de ma y ev en represen t some asp ects of the

MJO (Grab o wski and Moncrie�, 2004).

A particularly in teresting linearized t w o-dimensional mo del is that of Map es (2000). F ol-

lo wing from earlier w ork on the v ertical structure of con v ectiv e heating in the tropical tro-

p osphere (Map es, 1993; Map es and Houze, 1995), Map es (2000) dev elop ed a mo del in whic h

this heating is a sup erp osition of �deep con v ectiv e� and �stratiform� pro�les with fundamen tal

and �rst harmonic baro clinic mo de structures resp ectiv ely . The con v ectiv e heating is forced

b y the relaxation of CIN and the stratiform heating lags the con v ectiv e heating b y a sp eci�ed

in terv al. The result is an unstable, con v ectiv ely coupled gra vit y mo de whic h mo v es at the

observ ed sp eed of con v ectiv ely coupled equatorial Kelvin w a v es and has their observ ed v er-

tical structure in temp erature. Others (e. g., Ma jda and Shefter, 2001b; Ma jda et al., 2004;

Khouider and Ma jda, 2006) ha v e dev elop ed v ariations on the original mo del of Map es (2000).

Recen t observ ations (Straub and Kiladis, 2002) and cloud resolving sim ulations of con v ec-

tiv ely coupled gra vit y and equatorial Kelvin mo des con�rm the t w o-mo de v ertical structure

(P eters and Bretherton, 2006; T ulic h et al., 2007). Ho w ev er, questions remain as to the origin

of this structure; is it a consequence of the cloud ph ysics of deep con v ection, whic h is prone

to pro ducing heating in the upp er trop osphere and co oling b elo w in its deca ying phase, or is

it more a consequence of large scale dynamics?

W e attempt to answ er this question b y exploring a simpli�ed mo del of the tropical at-

mosphere whic h is v ertically resolv ed and therefore do es not presupp ose the existence of

a t w o-mo de v ertical structure. F uc hs and Ra ymond (2007) dev elop ed suc h a mo del as an

extension to the shallo w w ater mo dels of F uc hs and Ra ymond (2002, 2005). Ho w ev er, the

con v ectiv e closure of these mo dels assumes that precipitation is related solely to the satu-

ration fraction of the trop osphere. The purp ose of this pap er is to mo dify the forcing of

precipitation in the mo del of F uc hs and Ra ymond (2007) to include con trol of precipitation

b y CIN. In so doing, w e incorp orate what w e b eliev e to b e the most imp ortan t asp ect of the

equatorial w a v e mo del of Map es (2000). Unlik e Map es (2000), w e assume only a simple, �rst

baro clinic mo de heating pro�le in order to a v oid imp osing a priori a t w o-mo de solution on

the dynamics.

Section 2 reexamines observ ations analyzed b y Straub and Kiladis (2002) of a Kelvin w a v e

in the tropical east P aci�c. Changes made to the mo del of Ra ymond and F uc hs (2007) to

incorp orate CIN con trol of precipitation app ear in section 3 while parameter v alues needed

b y the mo del are estimated from observ ation in section 4. Mo del results are compared with

observ ations in section 5 and conclusions are dra wn in section 6.
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2 Observ ed structure of Kelvin w a v es

The TEPPS pro ject (T ropical East P aci�c Pro cess Study; Y uter and Houze, 2000) stationed

the researc h v essel R onald H. Br own near 125� W , 8� N for appro ximately t w o w eeks in

August 1997 in order to study the con v ection in the east P aci�c in tertropical con v ergence zone

(ITCZ). The ship w as equipp ed with a C-band scanning Doppler radar, made in situ w eather

observ ations, and launc hed six radiosondes p er da y . As rep orted b y Straub and Kiladis

(2002), this pro ject observ ed a particularly clean example of the passage of an equatorial

Kelvin w a v e.

W e analyzed the radiosonde observ ations from this pro ject to obtain the time series of

CIN and saturation fraction. The few bad soundings in the time series w ere eliminated and

in terp olation w as made across the resulting data gaps. The deep con v ectiv e inhibition index

(DCIN) w as calculated as in Ra ymond et al. (2003),

DCIN = st � sbl (1)

except that the b oundary la y er en trop y sbl w as de�ned as the a v erage moist en trop y in

the in terv al [800; 1000] hPa and the threshold moist en trop y st w as tak en as the a v erage

saturated moist en trop y o v er the in terv al [750; 800] hPa. These in terv als corresp ond roughly

to the tradewind con v ection la y er and the tradewind in v ersion. The saturation fraction w as

calculated as the ratio of precipitable w ater in the sounding to the precipitable w ater whic h

w ould ha v e existed for the same temp erature pro�le but 100% relativ e h umidit y through

the trop osphere. In addition, the surface �ux of moist en trop y Fes w as estimated using the

simple bulk form ula

Fes = � sCUe(sss � sbl) (2)

where � s is the surface air densit y , C = 0:001 is the transfer co e�cien t, Ue = (U2 + W 2)1=2

is the e�ectiv e surface wind, where U is the actual observ ed b oundary la y er wind and W =
3 m s� 1

is a gustiness correction (Miller et al. 1992), and sss is the saturated moist en trop y

at the temp erature and pressure of the sea surface. A sea surface temp erature of 29� C w as

assumed, whic h is close to the observ ed v alue.

Figure 1 sho ws a time series of v ariables deriv ed from TEPPS soundings. The Kelvin w a v e

axis passed the ship at appro ximately 2000 UTC on 18 August 1997 and w as accompanied

b y half a da y of rain. The wind previous to the passage w as easterly and it increased in

strength and v eered to southeasterly as the w a v e axis approac hed. A t 2000 UTC the wind

shifted abruptly to out of the south and then b ecame ligh t w esterly . Another short p erio d of

rainfall o ccurred appro ximately 24 h after the �rst onset of rain. Note that b oth p erio ds of

rainfall w ere asso ciated with p eaks in the saturation fraction near a v alue of 0:9:
Figure 1 also sho ws that negativ e excursions of DCIN coincided with or led the dev elop-

men t of rain. F rom 16 to 18 August the decrease in DCIN w as caused primarily b y a decrease

in the threshold moist en trop y st . After this time un til the passage of the w a v e axis b oth

st and the b oundary la y er moist en trop y sbl increased somewhat, k eeping DCIN near zero.

Just after the passage of the w a v e axis sbl decreased signi�can tly , no doubt as the result of

con v ectiv e do wndrafts. This resulted in a signi�can t increase in DCIN.

Figure 2 indicates that the increased winds b efore and during the passage of the w a v e

axis caused a large increase in the surface moist en trop y �ux. After the w a v e passage the
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�uxes dropp ed to lo w er v alues consisten t with the w eak b oundary la y er winds at this time.

Figure 2 also sho ws that increased en trop y v alues dev elop ed through the lo w est 300 hPa as

the w a v e axis approac hed. Higher v alues then app eared aloft with a lag of � 1 d. Eviden tly

shallo w con v ection with tops b elo w 700 hPa redistributed surface �uxes e�cien tly b efore the

passage of the w a v e axis. As the w a v e passed, this con v ection apparen tly deep ened, whic h

allo w ed the increased v alues of moist en trop y to reac h at least 300 hPa. The increase in

moist en trop y re�ects an increase in the trop ospheric h umidit y , whic h in turn is related to

the observ ed increase in saturation fraction during the rain p erio ds.

Figure 3 sho ws radiosonde sounding plots from the Br own at 4 h in terv als from 1200 UTC
on 17 August 1997 through 2000 UTC on 18 August. The soundings sho w the dev elopmen t

of a stable la y er in the saturated moist en trop y b et w een 750 hPa and 900 hPa, pro ducing

signi�can t DCIN. This stable la y er then breaks do wn, lea ving no DCIN at 2000 UTC on 18

August. The decrease in the area b et w een the moist en trop y and the saturated moist en trop y

curv es in �gure 3 re�ects the increase in saturation fraction o v er the p erio d sho wn in �gure

1. Note that a deep, w ell-mixed PBL had dev elop ed b y 2000 UTC. A t no time during this

in terv al is there a lac k of CAPE, as de�ned b y a parcel lifted adiabatically from 1000 hPa.

Ho w ev er, the depth of the unstable la y er, as indicated b y the maxim um initial heigh t of a

parcel exhibiting p ositiv e CAPE, increases dramatically o v er the in terv al.

The increase in b oundary la y er moist en trop y seen in �gure 1 is lik ely due at least partially

to the enhanced surface winds, resulting in increased surface moist en trop y �uxes. Ho w ev er,

a careful examination of �gures 1 and 2 sho ws that the increase in b oundary la y er moist

en trop y preceded the increase in wind sp eed, indicating a di�eren t initial origin for the

enhanced moist en trop y . Figure 3 sho ws that this initial increase o ccurred in a shallo w la y er

near the surface, probably as a result of b oundary la y er redev elopmen t follo wing a previous

con v ectiv e ev en t. The increase in moist en trop y at the lo w est lev els ma y therefore b e at least

partly coinciden tal and not coupled to the Kelvin w a v e dynamics.

T o summarize the observ ations, precipitation w as link ed to b oth enhanced v alues of the

saturation fraction and small or negativ e v alues of DCIN, caused initially b y a decrease in the

saturated moist en trop y just ab o v e the planetary b oundary la y er. The increase in saturation

fraction b egan b efore the onset of precipitation. This probably resulted at least partially

from the enhanced surface �uxes during this time, though some moistening seemed to o ccur

b efore the surface �uxes increased. Upstream of the w a v e axis DCIN decreased as a result of

the disapp earance of the stable la y er cen tered near 750 hPa. Previous to its dissipation, the

en trop y excess w as con�ned to b elo w 700 hPa. Only after the stable la y er's demise did the

en trop y increase ab o v e this lev el. The deep con v ection and resulting precipitation w ere th us

related to the moistening of the atmosphere, but they w ere dela y ed appro ximately one da y

b y the existence of the stable la y er. Therefore, DCIN app ears to ha v e pla y ed a signi�can t

role in the timing of the precipitation in this ev en t.

The ab o v e results are deriv ed from a single Kelvin w a v e. Roundy and F rank (2004)

dev elop ed a climatology of equatorial w a v es from outgoing longw a v e radiation (OLR) and

satellite-deriv ed precipitable w ater data. A particularly in teresting result of this w ork is that

while the Kelvin w a v e signal is as strong as those of equatorial Rossb y w a v es and the MJO in

a w a v en um b er-frequency p o w er sp ectral plot of OLR, the Kelvin w a v e is m uc h w eak er than

the other mo des in an analogous precipitable w ater plot. (see their �gures 2 and 3). Th us,

for a giv en anomaly in upp er lev el cloudiness, the anomaly in precipitable w ater is m uc h
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less in Kelvin w a v es than in the other men tioned mo des. This is in con trast to the ab o v e-

describ ed TEPPS case and suggests that the TEPPS observ ations ma y not b e completely

represen tativ e.

3 Mo del

The mo del of F uc hs and Ra ymond (2007) found b oth slo wly propagating mo des asso ciated

with moisture anomalies and more rapidly mo ving con v ectiv ely coupled gra vit y mo des. Ho w-

ev er, only the moisture mo des w ere unstable. The equatorial w a v e mo del of Map es (2000)

illustrates the imp ortance of CIN in the destabilization of gra vit y mo des. P erhaps t w o fun-

damen tally di�eren t destabilization mec hanisms exist for tropical w a v e mo des; trop ospheric

h umidi�cation as explored b y Sob el et al. (2001) and F uc hs and Ra ymond (2002, 2005, 2007),

and the relaxation of CIN in v estigated b y Map es (2000). W e seek to incorp orate b oth of these

mec hanisms in to a minimal mo del whic h displa ys their w orkings in as simple and clear a fash-

ion as p ossible. W e accomplish this with an extension of the mo del of F uc hs and Ra ymond

(2007, hereafter FR).

The t w o-dimensional, linearized, Boussinesq system of FR leads to an equation for the

v ertical v elo cit y w
d2w(z)

dz2
+ m2w(z) =

k2

! 2
SB (z) (3)

and p olarization relations for the buo y ancy b and the scaled moist en trop y p erturbation e

b = (i=! )(SB � ΓB w) (4)

e = (i=! )(SE � ΓE w) (5)

where the x and t dep endence tak e the form exp[i(kx � !t )] with k and ! b eing the zonal

w a v en um b er and frequency . The v ertical w a v en um b er is m = kΓ1=2
B =! and ΓB is the (con-

stan t) square of the Brun t-Väisälä frequency . The scaled p oten tial temp erature p erturbation

or buo y ancy is de�ned b = g�
0
=TR where �

0
is the p erturbation p oten tial temp erature and

TR = 300 K is a constan t reference temp erature. The moist en trop y p erturbation is scaled b y

g=Cp where g is the acceleration of gra vit y and Cp is the sp eci�c heat of air at constan t pres-

sure. The quan tit y ΓE = de0=dz where e0(z) is the scaled am bien t pro�le of moist en trop y .

The scaled moist en trop y source term is denoted SE .

As in FR, w e assume that

SB = (m0B=2) sin(m0z) z < h (6)

where B is indep enden t of z and m0 = �=h , h b eing the heigh t of the trop opause. W e

therefore do not allo w the shap e of the heating pro�le to v ary with the phase of the w a v e,

th us neglecting the di�erences in heating pro�les b et w een con v ectiv e and stratiform regions

p ostulated b y Map es (2000) and others.

The di�erence b et w een the mo del of FR and the presen t mo del lies en tirely in the form of

B . The v ertically in tegrated heating anomaly due to the scaled precipitation P and radiativ e

co oling rate R anomalies is assumed to tak e the form

Z h

0
SB dz = B = P � R = � (1 + ")

Z h

0
q(z)dz + � CIN (es � et ) (7)
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where � is a moisture adjustmen t rate. The v ariable " quan ti�es the e�ect of cloud-radiation

in teractions whic h are assumed to cause a radiativ e heating anomaly in phase with precipi-

tation (see F uc hs and Ra ymond, 2002). The pro�le of scaled mixing ratio anomaly is giv en

b y

q(z) = e(z) � b(z) (8)

and has the scaling factor gL=(CpTR) where L is the laten t heat of condensation.

The �rst term on the righ t side of (7) is prop ortional to the precipitable w ater anomaly

and constitutes the en tire heating in the mo del of FR. W e use precipitable w ater rather than

the saturation fraction as suggested b y Bretherton et al. (2004), whic h is equiv alen t if the

saturated precipitable w ater do es not c hange signi�can tly . W e ha v e v eri�ed that v ariations

in saturated precipitable w ater ha v e only minor e�ects in our mo del, and w e therefore ha v e

ignored these b ecause of the complications that they in tro duce.

The second term is new, and represen ts the e�ect of CIN on heating. The quan tit y

es is the scaled p erturbation in b oundary la y er moist en trop y es = s
0

blg=Cp , while et is a

similarly scaled threshold v alue of the p erturbation moist en trop y . Th us, the con tribution

to precipitation and heating is p ositiv e when es > e t and negativ e otherwise. The constan t

� CIN go v erns the sensitivit y of precipitation rate to deep con v ectiv e inhibition.

W e set et equal to the saturated moist en trop y p erturbation at elev ation Dh , where

D is this elev ation expressed as a fraction of the trop opause heigh t h . In the simpli�ed

thermo dynamic sc heme of FR, et is related to the buo y ancy anomaly b(D ) at elev ation Dh ,

b(D ) b y

et =

2

41 +
L
Cp

 
@rs
@T

!

p

3

5 b(D ) � � tb(D ) (9)

where r s is the saturation mixing ratio at elev ation Dh . In tropical conditions near 800 hPa
the dimensionless parameter � t � 3:5 , a result easily v eri�ed from a sk ew T -log p c hart.

The b oundary la y er moist en trop y is sub ject to a balance primarily b et w een a p ositiv e

tendency due to surface moist en trop y �uxes and a negativ e tendency due to con v ectiv e

do wndrafts and turbulen t en trainmen t of dry air in to the b oundary la y er. The details of this

balance are di�cult to represen t in a simple mo del, due to the complexit y of the pro cesses

in v olv ed. Here w e mak e the simple, but incomplete assumption that stronger surface wind

sp eeds cause increased surface ev ap oration whic h results in enhanced b oundary la y er moist

en trop y ,

es = � sE: (10)

The quan tit y � s is a constan t and E is the surface ev ap oration rate anomaly scaled with the

same scale factor as q. The ev ap oration rate anomaly tak es the form

E =
C∆qUus

(U2 + W 2)1=2
(11)

where C is the surface bulk transfer co e�cien t, ∆q is the scaled di�erence b et w een the

saturation mixing ratio at the sea surface temp erature and pressure and the sub cloud mixing

ratio, U is the am bien t zonal wind at the surface, W � 3 m s� 1
is a constan t needed to accoun t

for gustiness (Miller et al. 1992), and us is the p erturbation surface zonal wind obtained from

w via mass con tin uit y . F ortunately , as w e sho w b elo w, �uctuations in the surface moist
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en trop y ha v e little e�ect on the fundamen tal dynamics of our con v ectiv ely coupled gra vit y

mo des.

T o summarize, the v ertically in tegrated heating can b e written as the sum of three con-

tributions, B = P1 + P2 � R where

P1 = �
Z h

0
q(z)dz (12)

P2 = � CIN [� sE � � tb(D )] (13)

R = � �"
Z h

0
q(z)dz: (14)

W e further sub divide P2 in to a part P2s ha ving to do with surface �ux v ariations

P2s = � CIN � sE (15)

and a part P2t related to v ariations in the buo y ancy ab o v e the b oundary la y er

P2t = � CIN � tb(D ): (16)

W e �nally note that the v ertical in tegral of the moist en trop y source term SE can b e related

to the scaled surface ev ap oration rate E and radiativ e co oling rate R anomalies

Z h

0
SE dz = E � R (17)

in the absence of signi�can t surface sensible heat �uxes.

Solution of (3) with an upp er radiation b oundary condition yields

w(z) =
m0B

2ΓB (1 � Φ2)

�

sin(m0z) + Φ exp
�

�
i�
Φ

�

sin(mz)
�

(18)

and substitution of this in to (4) results in

b(z) = �
im 0B

2�� (1 � Φ2)

�

Φ sin(m0z) + exp
�

�
i�
Φ

�

sin(mz)
�

(19)

for the trop osphere, where � = hΓ1=2
B k=(�� ) is the dimensionless w a v en um b er and where

Φ = != (�� ) = m0=m is the dimensionless phase sp eed. Com bining (4), (5), (7), and (8)

results in an equation for the v ertically in tegrated heating B ,

B = �
i� Φ + "
1 � i� Φ

� CIN [� sE � � tb(D )] +
1 + "

1 � i� Φ

"

E + (1 � ΓM )
Z h

0
ΓB wdz

#

(20)

where ΓM is a v ersion of the gross moist stabilit y of Neelin and Held (1987) and is de�ned

here as

ΓM =
Z h

0
ΓE wdz

, Z h

0
ΓB wdz : (21)
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Finally , com bining (18), (19), and (20) with the help of (9), (10), and (11) results in the

disp ersion relation

� Φ3 + iΦ2 � � Φ � i + i(1 + ")(1 � ΓM )F (Φ) � ΛG(Φ)=� +
(" + i� Φ)[� t L(D; Φ) + � sΛG(� )=(1 + ")]=� = 0 (22)

where the dimensionless WISHE parameter Λ (wind-induced surface heat exc hange; Y ano

and Eman uel 1991) is de�ned

Λ =
(1 + ")m0C∆qU

2� Γ1=2
B (U2 + W 2)1=2

: (23)

The dimensionless parameters � t = � t � CIN m0=(2� ) and � s = � s� CIN represen t the sensi-

tivit y of precipitation to buo y ancy anomalies ab o v e the PBL and to surface en trop y �ux

v ariations. Setting � s = � t = 0 returns us to the disp ersion relation of FR.

FR assumed that the scaled am bien t moist en trop y e0(z) tak es a piecewise linear form in

the trop osphere, whic h results in a gross moist stabilit y ΓM equal to

ΓM =
∆e[2H � 1 + cos(�H ) + K (H; Φ)]

2H (1 � H )F (Φ)
�

∆e[2H � 1 + cos(�H )]
2H (1 � H )

: (24)

As describ ed b y FR, the parameter H is the fractional heigh t relativ e to the trop opause of

the minim um in the am bien t moist en trop y pro�le and ∆e is the scaled di�erence b et w een the

surface and trop opause v alues of moist en trop y (assumed to b e the same) and the minim um

v alue at this heigh t. The appro ximated form on the righ t side of (24) is v alid when jΦj2 � 1 ,

as is true for all of the in teresting mo des studied here. Note that this appro ximate form

is real and indep enden t of Φ, whic h means that ΓM can b e treated as a constan t external

parameter under these conditions.

The auxiliary functions F (Φ), G(Φ), K (H; Φ), and L(D; Φ) are de�ned

F (Φ) = 1 +
Φ2

2
exp

�

� i
�
Φ

� �

1 � cos
� �

Φ

��

; (25)

G(Φ) = 1 + exp(� i�= Φ); (26)

K (H; Φ) = Φ2 exp
�

� i
�
Φ

� �

H � 1 � H cos
� �

Φ

�

+ cos
� �H

Φ

��

; (27)

L(D; Φ) = exp(� i�= Φ) sin(�D= Φ) + Φ sin(�D ): (28)

4 P arameter estimation

T able 1 lists the dimensionless free parameters o ccurring in the disp ersion relation (22), and

the range of v alues used in the presen t w ork. The �rst three of these, " , H , and ∆e, are

assigned the v alues used in FR, resulting in ΓM � 0 . Here w e consider the WISHE parameter

Λ and the three additional parameters asso ciated with the con trol of con v ection b y CIN; the

scaled heigh t of the con trolling stable la y er for con v ection D , the sensitivit y of precipitation
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to stable la y ers at this elev ation � t , and the sensitivit y of precipitation to surface moist

en trop y �uxes � s .

Certain dimensional v ariables are needed to compute these non-dimensional parameters.

These, with their assumed v alues, include the depth of the trop osphere h = 15 km, the

Brun t-Väisälä frequency Γ1=2
B = 0:01 s� 1

, and the moisture adjustmen t rate � = (1 d)� 1
. The

fundamen tal baro clinic mo de v ertical w a v en um b er is m0 = �=h = 2:09 � 10� 4 m� 1
and the

sp eed of h ydrostatic gra vit y w a v es with this v ertical structure is Γ1=2
B =m0 = 48 m s� 1

.

Examination of �gure 1 suggests that the zonal wind a v eraged b efore and after the passage

of the Kelvin w a v e is ab out 2 m s� 1
from the east. Using the other parameter v alues assumed

in FR, this leads to a dimensionless WISHE parameter of Λ � � 0:28 . W e also are in terested

in the simpler case in whic h there are no mean easterlies. A ccording to (23), Λ = 0 in

this case. Observ ations sho w that stable la y ers o ccur frequen tly near an elev ation of 2 km
in the tropics (Firestone and Albrec h t, 1986; Ra ymond et al., 2003). F or h = 15 km, this

corresp onds to D = 0:17 .

The next easiest parameter to estimate is � s . A ccording to (12) and (13),

� s = � s� CIN =
@P
@E

; (29)

where the buo y ancy at z = Dh and the precipitable w ater are held constan t. Measuremen ts in

the east P aci�c ITCZ during the EPIC pro ject (Ra ymond et al., 2004) sho w ed the dep endence

of infrared brigh tness temp erature TIR on b oth precipitation rate and surface moist en trop y

�ux Fes at constan t DCIN. Since the sensible heat �ux is m uc h less than the laten t heat �ux

at the o cean surface, the en trop y �ux can b e related appro ximately to the ev ap oration rate.

Using these measuremen ts w e �nd that

@P
@E

�
L
TR

@TIR =@Fes

@TIR =@P
� 1:7 (30)

for EPIC. Unfortunately , these measuremen ts w ere uncon trolled for precipitable w ater. Ho w-

ev er, Bac k and Bretherton (2005) used satellite measuremen ts o v er the en tire P aci�c ITCZ to

infer the dep endence of precipitation on b oundary la y er wind sp eed U for di�eren t v alues of

column relativ e h umidit y or saturation fraction, i. e., precipitable w ater divided b y saturated

precipitable w ater. V alues of @P=@Eranged from 2 to 9 as the saturation fraction increased

from 0:71 to 0:80 . (W e used a con v ersion factor @U=@E= 2 (m s� 1)=(mm d� 1) based on

plausible bulk �ux form ula parameters.) Unfortunately , these n um b ers are not con trolled for

con v ectiv e inhibition. Giv en the uncertain ties in b oth sets of n um b ers, w e ten tativ ely assume

a plausible range of v alues for � s to b e 2 < � s < 8 .

Less certain is the ev aluation of � t . P erhaps the easiest route to the determination of this

parameter is an indirect one via the de�nition of � s and an indep enden t estimate of � s : from

the de�nition of � t and (29) w e ha v e

� t =
� t � CIN m0

2�
=

� t � sm0

2�� s
: (31)

As (10) sho ws, � s can b e written

� s =
@es
@E

� � bl
@sbl

@Fes
; (32)
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where the partial deriv ativ e is tak en at constan t precipitable w ater and b(D ) and where � bl is

the b oundary la y er air densit y . F rom �gures 1 and 2 w e note that the b oundary la y er en trop y

and surface �uxes increase as the Kelvin w a v e approac hes the ship, with ∆sbl � 15 J K� 1 kg� 1

and ∆Fes � 0:4 J K� 1 m� 2 s� 1
, resulting in � s � 45 s m� 1

if � bl = 1:2 kg m� 3
.

One can argue that the ab o v e estimate is �a w ed in that the mean v alue of b oundary

la y er moist en trop y (or equiv alen t p oten tial temp erature) actually do es not c hange m uc h

in going from con v ectiv ely quiescen t to activ e regions; the standard deviation of the moist

en trop y simply increases, as there are higher v alues due to the stronger winds and surface

�uxes whic h t ypically o ccur under these conditions, and there are lo w er v alues due to the

dep osition of lo w en trop y air in the b oundary la y er b y con v ectiv e do wndrafts (see Ra ymond,

1995). A v eraging the b oundary la y er en trop y o v er the full passage of the Kelvin w a v e (see

�gure 1) supp orts this view. Th us an alternativ e estimate on this basis w ould b e � s � 0 .

F or the purp oses of this pap er w e pic k in termediate v alues with the range 15 s m� 1 �
� s � 30 s m� 1

. T ogether with the condition 2 � � s � 8 , the region in the � s � � t plane to

b e studied is sho wn b y the unshaded area in �gure 9. As a con trol case, w e pic k � s = 7 and

� t = 12 . This c hoice is represen ted b y the blac k dot in �gure 9.

5 Results

W e �rst discuss results for the parameter set presen ted in table 1 with Λ = 0 . In this case

there are no mean easterlies, WISHE is turned o�, and the v alue of � s b ecomes irrelev an t.

In other w ords, surface heat �ux v ariations ha v e no mo dulating e�ect on con v ectiv e heating

in the linearized case presen ted here and the DCIN is con trolled exclusiv ely b y v ariations in

the saturated moist en trop y at the top of the PBL.

The ro ots of the disp ersion relation (22) w ere obtained n umerically . Figure 4 sho ws the

phase sp eed Re(! )=k and the gro wth rate Im(! ) as a function of zonal w a v en um b er l , de�ned

as the circumference of the earth divided b y the zonal w a v elength. Three t yp es of mo des are

seen; a single stationary moisture mo de unstable o v er a wide range of w a v en um b ers; east w ard

and w est w ard mo ving con v ectiv ely coupled gra vit y mo des with phase sp eeds near 18 m s� 1

and maxim um gro wth rates near l = 7 ; and fast but deca ying gra vit y mo des mo ving to the

east and w est with phase sp eeds near the fundamen tal baro clinic mo de sp eed of 48 m s� 1
. In

the absence of mean easterlies the mo des exhibit east-w est symmetry . Not sho wn are higher

harmonics of con v ectiv ely coupled gra vit y mo des whic h mo v e with sp eeds near 10 m s� 1
and

ha v e m uc h lo w er gro wth rates than the other mo des.

Due to the b eta e�ect near the equator, the w est w ard-mo ving mo des ha v e no analog in

the earth's atmosphere. Ho w ev er, equatorially trapp ed Kelvin w a v es ha v e the same zonal

dynamics and disp ersion relations as the east w ard-mo ving gra vit y mo des as long as surface

friction is neglected. Comparison with the observ ational results of Wheeler and Kiladis (1999)

and Roundy and F rank (2004) sho ws go o d agreemen t b et w een the illustrated con v ectiv ely

coupled mo de's phase sp eed and the observ ed equatorial Kelvin w a v es. F urthermore, the

maxim um in the computed gro wth rate near l = 7 agrees w ell with the w a v en um b er of

maxim um Kelvin w a v e sp ectral p o w er sho wn in these pap ers.

The v ertical structure of the east w ard-mo ving con v ectiv ely coupled gra vit y mo de is in

go o d agreemen t with the observ ed zonal-heigh t structure of Kelvin mo des. Figure 5 sho ws
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the con v ectiv e heating and buo y ancy anomalies in the x � z plane for the east w ard-mo ving

gra vit y mo de. The c haracteristic �b o omerang� structure noted b y Wheeler et al. (2000)

and Straub and Kiladis (2002) in observ ations and b y P eters and Bretherton (2006) and

T ulic h et al. (2007) in cloud resolving n umerical sim ulations is seen in our mo del result, with

w est w ard-tilting con tours of buo y ancy anomaly up to the trop opause, topp ed b y east w ard-

tilting con tours in the stratosphere. The lev el at whic h the tilt c hanges sign is somewhat

higher than observ ed b y Straub and Kiladis (2002). This could b e related to the simpli�ed

heating pro�le used in our mo del. P ositiv e buo y ancy anomalies are seen in the middle and

upp er trop osphere in the region of maxim um con v ectiv e heating, with negativ e anomalies

b elo w. This is consisten t with the net generation of a v ailable p oten tial energy b y the heating.

W e note that the gra vit y mo de structure seen here is absen t in the deca ying gra vit y mo des

of FR.

The origin of the buo y ancy anomaly structure b ecomes clear when the solution for the

anomaly is split in to homogeneous and inhomogeneous parts, represen ted resp ectiv ely b y the

terms prop ortional to sin(mz) and sin(m0z) in (19). These are sho wn in �gures 6 and 7. The

inhomogeneous part of the buo y ancy anomaly leads the righ t w ard-mo ving heating maxim um

and has a simple, v ertically orien ted structure. The homogeneous part is larger in amplitude

and more complex, with a tilt to the w est b elo w the trop opause ( z=h < 1 ) and an east w ard

tilt ab o v e ( z=h > 1 ). The solution ab o v e the trop opause is b / exp[i(kx � mz)], whic h

explains the east w ard tilt. The v ertical w a v en um b er m has a negativ e imaginary part, whic h

causes a decrease in amplitude with heigh t. This part of the solution is consisten t with an

up w ard radiation b oundary condition of an exp onen tially gro wing solution.

Belo w the trop opause the sin usoidal form of homogeneous part of the buo y ancy anomaly

can b e written in terms of complex exp onen tials as b / exp[i(kx + mz)] � exp[i(kx � mz)].

Near the surface the exp onen tial terms ha v e nearly the same amplitude and the resulting

in terference pattern therefore has nearly v ertically aligned constan t phase lines. Ho w ev er, at

higher altitudes (but b elo w the trop opause) the negativ e imaginary part of m causes the �rst

term to dominate, resulting in the w est w ard tilt of constan t phase lines seen in �gure 6.

The tilts of constan t phase lines b elo w the trop opause dep end in this mo del on the fact

that the mo de is gro wing in amplitude with time. This explains wh y the tilted structure w as

not seen in the deca ying mo des of F uc hs and Ra ymond (2007). One migh t argue that non-

in tensifying con v ectiv ely coupled mo des should therefore exhibit non-tilted constan t phase

lines b elo w the trop opause. This w ould b e true if suc h steady mo des exhibited no dissipation.

Ho w ev er, it is easy to demonstrate that a mo del in whic h Newtonian damping stabilizes an

otherwise gro wing mo de retains the spatial structure of the undamp ed mo de. Therefore, as

long as the mo de is either in tensifying or is neutral due to Newtonian or similar damping,

the tilted structure b elo w the trop opause is robust.

Figure 8 sho ws the pattern of v ertical v elo cit y relativ e to the pattern of heating. The

v ertical v elo cit y is mostly prop ortional to the heating as exp ected, but deviations from this

balance sho w a w est w ard tilt in the trop osphere, exhibiting enhanced up w ard motion at lo w

lev els on the east side of the heating and enhanced ascen t at high lev els on the w est side, as

is seen in observ ed Kelvin w a v es.

With the ab o v e-noted tilts, our mo del repro duces the observ ed v ertical structure of con-

v ectiv ely coupled equatorial Kelvin w a v es. This is true in spite of the fact that the shap e

of v ertical pro�le of heating is (b y design) indep enden t of w a v e phase. Our results therefore
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c hallenge the assertion of Map es (2000), Ma jda and Shefter (2001b), etc., that the b o omerang

structure of equatorial Kelvin w a v es is due to phase-lagged bimo dal con v ectiv e heating.

W e no w explore the e�ects of turning on WISHE in the mo del. Figure 10 sho ws the

phase sp eeds and gro wth rates of all mo des for the parameter c hoices sho wn in table 1 with

Λ = � 0:28 , corresp onding to mean easterly �o w. The c hanges in comparison to the non-

WISHE case sho wn in �gure 4 are fairly minor; the moisture mo de no w mo v es to the east for

long w a v elengths and the east w ard-mo ving con v ectiv ely coupled mo de has a sligh tly higher

maxim um gro wth rate at a somewhat longer w a v elength than the w est w ard-mo ving mo de.

The v ariations in phase sp eed, maxim um gro wth rate, and w a v en um b er for this maxim um

are sho wn as a function of � s and � t for the east w ard-mo ving con v ectiv ely coupled mo de in

�gure 9. The c hanges in the structure of the con v ectiv ely coupled gra vit y mo des compared

to the non-WISHE case are v ery small and are not sho wn.

The moisture mo de has a v ery di�eren t v ertical structure than the con v ectiv ely coupled

gra vit y mo de. Figure 11 illustrates the heating and buo y ancy anomalies for the moisture

mo de with w a v en um b er l = 2 and mean easterly �o w. As �gure 10 sho ws, the moisture

mo de at this w a v en um b er propagates to the east as a result of the WISHE mec hanism. This

is re�ected in the east w ard shift of the heating maxim um relativ e to the buo y ancy maxim um.

The buo y ancy anomaly do es not exhibit the tilted structure seen in the gra vit y mo de in the

trop osphere. Ho w ev er, in the stratosphere an east w ard tilt is seen, as is to b e exp ected of

an east w ard-mo ving disturbance. The v ertical v elo cit y accurately mirrors the heating in the

trop osphere for this mo de, and is not sho wn for this reason. Moisture mo de gro wth rates

are relativ ely insensitiv e to v ariations in � s and � t , though increasing � s tends to decrease

east w ard propagation sp eeds.

The slo w east w ard mo v emen t at small w a v en um b ers of the moisture mo de tempts us to

iden tify this mo de with the MJO. Ho w ev er, the gro wth rate of this mo de decreases somewhat

at long w a v elengths and there are man y other factors to b e considered in relation to the MJO,

suc h as the questionable existence of mean equatorial easterlies, the p ossible role of meridional

moisture gradien ts (Sob el et al., 2001), o�-equatorial v ortical structure, etc. Nev ertheless,

the suggestion that the mec hanism of moisture mo de instabilit y ma y pla y some role in the

dynamics of the MJO remains plausible, esp ecially giv en the results of Grab o wski (2003)

and Grab o wski and Moncrie� (2004) using �ne-scale n umerical mo deling, whic h sho w that

the MJO-lik e disturbance in their mo del v anishes when trop ospheric moisture v ariabilit y is

suppressed. As Sob el et al. (2001) p oin t out, man y slo wly propagating con v ectiv e mo des in

the tropics exhibiting a broad range of scales ma y dep end on the moisture mo de mec hanism.

This is consisten t with the lac k of scale selectivit y seen in this mo de.

The iden ti�cation of the east w ard-mo ving con v ectiv ely coupled gra vit y mo de with the

equatorial Kelvin w a v e is more robust. This mo de is only mo di�ed sligh tly b y WISHE and

is relativ ely insensitiv e to v ariations in � s . Increasing � s tends to increase the ratio of P2s

to P2t . The greatest parameter sensitivit y of the gra vit y mo de is to v ariations in � t , with

increasing v alues of this parameter asso ciated with higher gro wth rate maxima o ccurring at

shorter w a v elengths, as is illustrated in �gure 9. Setting � t = 0 causes the gra vit y mo de to

deca y .

Figure 12 sho ws the v arious con tributions to the total precipitation as a function of

w a v e phase for the east w ard-mo ving con v ectiv ely coupled gra vit y mo de at zonal w a v en um b er

l = 5:5 , whic h is the w a v en um b er of maxim um gro wth rate for the east w ard-mo ving gra vit y
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mo de with WISHE. Most of the precipitation asso ciated with this w a v e comes from P2t , i. e.,

the reduction of CIN as a result of w a v e-induced co oling ab o v e the PBL. There is a signi�can t

con tribution to the precipitation from P2s , but this has little e�ect on the w a v e gro wth rate

as the resulting heating is in quadrature with the dominan t heating asso ciated with P2t .

This is consisten t with the result that turning o� WISHE causes only minor c hanges in w a v e

b eha vior. This comp onen t of the heating also has only minor e�ect on the propagation sp eed

of the mo de since the v ertical w a v elength of the homogeneous part of the solution, whic h

determines the propagation sp eed, is largely set b y the upp er radiation b oundary condition.

V ery little of the precipitation is asso ciated with precipitable w ater p erturbations, i. e., P1 ,

in agreemen t with the near-in visibilit y of the equatorial Kelvin w a v e in the satellite-observ ed

precipitable w ater �eld.

Some disagreemen t exists b et w een our results and the observ ations of the TEPPS Kelvin

w a v e. In particular, though DCIN sho ws a decrease a few da ys b efore the w a v e due to a

decrease in st as predicted b y the mo del, the picture gets more complicated within 24 h of

the w a v e passage; increases in b oth sbl and st result in DCIN remaining near zero. P erhaps sbl

increases at least partially b ecause of increased surface �uxes, and st follo ws as the resulting

con v ection stabilizes the en vironmen t.

The moisture mo de has v ery di�eren t c haracteristics. F or large w a v en um b ers ( l = 10)
the precipitation is almost completely asso ciated with P1 , or precipitable w ater anomalies,

as �gure 13 sho ws. Changes in CIN due to c hanges in buo y ancy of air ab o v e the PBL ( P2t )

are negligible and only a small amoun t of precipitation comes directly from surface �uxes

( P2s). As with the gra vit y mo de, this con tribution is in quadrature with the primary heating,

resulting in w eak propagation to the east.

F or longer w a v elengths ( l = 2 ), the picture is more complicated. Buo y ancy anomalies

ab o v e the PBL ( P2t ) ha v e a somewhat larger e�ect, but are still minor compared to the e�ect

of precipitable w ater anomalies. Ho w ev er, surface �uxes pla y a m uc h larger direct role, with

P2s b eing almost as large in magnitude as P1 . This is again in quadrature with P1 , so it acts

primarily to induce the east w ard propagation of moisture mo des at long w a v elengths.

6 Conclusions

This pap er presen ts a minimal mo del for con v ectiv ely coupled tropical disturbances in a

non-rotating en vironmen t. The rainfall rate pro duced b y the mo del is a function of b oth

trop ospheric precipitable w ater and con v ectiv e inhibition, as suggested b y observ ation. T w o

t yp es of unstable mo des are predicted b y this mo del, a slo wly mo ving �moisture mo de� in

whic h the primary con trol of precipitation is the precipitable w ater, and a more rapidly

propagating �gra vit y mo de� in whic h precipitation is con trolled primarily b y c hanges in con-

v ectiv e inhibition asso ciated with w a v e-induced buo y ancy anomalies just ab o v e the planetary

b oundary la y er. The gra vit y mo de has almost the same zonal dynamics as equatorial Kelvin

w a v es and inferences ab out the east w ard-mo ving branc h of the former can b e applied to the

latter mo de. The gra vit y mo de is relativ ely insensitiv e to WISHE.

T w o elemen ts distinguish the presen t mo del from its predecessors. First, the mo del is able

to pro duce b oth the moisture mo de and the con v ectiv ely coupled gra vit y mo de. Second, the

mo del repro duces the observ ed structure of the gra vit y mo de without imp osing it a priori
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via complicated heating pro�les asso ciated with shallo w con v ection and stratiform rain.

The �rst elemen t arises from the observ ationally driv en realization that b oth con v ec-

tiv e inhibition and trop ospheric precipitable w ater act to con trol precipitation. Our results

suggest that di�eren t t yp es of atmospheric phenomena o v er tropical o ceans act to pro duce

precipitation primarily through one or the other of these mec hanisms.

The second elemen t constitutes a ma jor simpli�cation o v er the mo dels of Map es (2000),

Ma jda and Shefter (2001b), Khouider et al. (2006), etc., in whic h the t w o-mo de v ertical

structure of the equatorial Kelvin w a v e is link ed to a similar t w o-mo de structure in the

v ertical heating pro�le. Our mo del sho ws that a simple �rst baro clinic mo de heating pro�le

is su�cien t b y itself to pro duce the observ ed t w o-mo de structure of the Kelvin w a v e.

This gets to a fundamen tal p oin t of con v ectiv ely coupled Kelvin w a v e dynamics: Do es the

observ ed t w o-mo de v ertical structure result from the cloud ph ysics of stratiform rain areas

or do es it come from the in trinsic dynamics of the Kelvin w a v e itself ? Our results p oin t to

the latter and further suggest that the ev olution of cloud b eha vior through the life cycle of a

Kelvin w a v e passage is go v erned primarily b y w a v e dynamics rather than cloud ph ysics. The

mec hanisms b y whic h this o ccurs are still b eing sorted out, but the recen t results of T ulic h

et al. (2007) ma y p oin t the w a y .

The moisture mo de pro duced b y the curren t mo del is v ery similar to that seen in mo dels

whic h omit the dep endence of precipitation rate on con v ectiv e inhibition, suc h as F uc hs and

Ra ymond (2002, 2007). Iden ti�cation of this mo de with actual tropical disturbances is still in

question, but Sob el et al. (2001) suggest man y p ossible candidates. One di�erence b et w een

our results and those of Sob el et al. (2001) is that negativ e gross moist stabilit y (or at least a

negativ e equiv alen t gross moist stabilit y including the e�ects of cloud-radiation in teractions)

is needed to destabilize the moisture mo de in our case. Ho w ev er, Sob el et al. (2001) sho w that

moisture mo des can b ecome unstable in a three-dimensional, rotating en vironmen t exhibiting

meridional moisture gradien ts ev en when the gross moist stabilit y is p ositiv e. The di�erence

b et w een our mo del and that of Sob el et al. (2001) lies primarily in the large-scale dynamics

and not in the precipitation closure.

The propagation sp eed of the gra vit y mo de ( � 18 � 19 m s� 1
) is comparable to observ ed

Kelvin w a v e propagation sp eeds, and for a reasonable c hoice of mo del parameters the maxi-

m um gro wth rate o ccurs near the zonal w a v en um b er of observ ed maxim um sp ectral energy

for this mo de ( l � 5 � 7 ). F urthermore, the tilted v ertical structure of the temp erature

p erturbation agrees with observ ations. These factors suggest that our mo del comes close to

capturing the essen tial ph ysics of con v ectiv ely coupled equatorial Kelvin w a v es.
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P arameter V alue Commen t

" 0:2 cloud-radiation in teraction

H 0:5 scaled heigh t of moist en trop y minim um

∆e 0:26 scaled magnitude of en trop y minim um

ΓM � 0 appro ximate gross moist stabilit y

Λ 0; � 0:28 WISHE parameter

D 0:17 scaled heigh t of CIN threshold la y er

� s 7 sensitivit y to surface en trop y �ux

� t 12 sensitivit y to stable la y ers

T able 1: Non-dimensional free parameters in the disp ersion relation (22). WISHE indicates

wind-induced heat exc hange while CIN means con v ectiv e inhibition. The t ypical v alues used

in the presen t calculations are giv en in the second column.
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Figure 1: Time series deriv ed from TEPPS soundings of the passage of a con v ectiv ely coupled

equatorial Kelvin w a v e through 125� W , 8� N. (a) Zonal ( Vx ; w esterly p ositiv e) and meridional

( Vy ; southerly p ositiv e) comp onen ts of the b oundary la y er wind. (b) Comp onen ts st and sbl

of (c) deep con v ectiv e inhibition DCIN. (d) Saturation fraction of trop osphere. The timing

of signi�can t rain w as deriv ed from Straub and Kiladis (2002). Notice the rev ersed time

scale, whic h mak es east to the righ t in a time to space con v ersion follo wing the w a v e.
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Figure 2: Time series of (a) the pro�le of moist en trop y p erturbation computed relativ e to

the six da y p erio d sho wn (con tour in terv al 4 J K� 1kg� 1
, thic k line indicates zero p erturbation,

p ositiv e con tours solid, negativ e con tours dashed) and (b) the estimated surface moist en trop y

�ux in the Kelvin w a v e passage. Notice the rev ersed time scale as in �gure 1.
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Figure 3: Ship R on Br own soundings at 4 h in terv als on 17 and 18 August 1997 at 125� W ,

8� N. The left curv e in eac h plot is the moist en trop y and the righ t curv e is the saturated

moist en trop y .
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Figure 4: Real part of phase sp eed (upp er panel) and imaginary part of frequency (lo w er

panel) for the con trol case with Λ = 0 . The dotted lines sho w the moisture mo de, solid lines

sho w the east w ard and w est w ard mo ving gra vit y mo des, and short-dashed lines sho w rapidly

mo ving gra vit y w a v es with fundamen tal baro clinic mo de structure. Note that the gro wth

rates of east w ard and w est w ard mo des coincide in this plot.
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Figure 5: Heating anomaly (shading with ligh ter indicating p ositiv e v alues) and p erturbation

buo y ancy (or temp erature; solid con tours indicating p ositiv e v alues, dashed con tours nega-

tiv e, with the hea vy con tour indicating zero) for the con v ectiv ely coupled gra vit y mo de with

no WISHE ( Λ = 0) at the zonal w a v en um b er of greatest instabilit y l = 7 , as a function of

w a v e phase ( x=� where � is the horizon tal w a v elength) and scaled heigh t z=h. The con tour

in terv al is arbitrary .
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Figure 6: As in �gure 5 except just the homogeneous part of the buo y ancy .
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Figure 7: As in �gure 5 except just the inhomogeneous part of the buo y ancy .
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Figure 8: As in �gure 5 except that the con tours sho w v ertical v elo cit y instead of buo y ancy

anomaly .
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Figure 9: The allo w ed range of parameters � s and � t suggested b y observ ation is encom-

passed b y the p olygon. The thic k solid con tours represen t v alues of maxim um gro wth rate

for con v ectiv ely coupled gra vit y mo des in units of in v erse da ys, the thin solid con tours rep-

resen t phase sp eed in meters p er second, and the thic k dashed con tours indicate the zonal

w a v en um b er for whic h the gro wth rate is maximal. The dot represen ts the parameter set in

table 1.
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Figure 10: As in �gure 4 except that WISHE is turned on ( Λ = � 0:28 ). The solid line

represen ts the east w ard-mo ving con v ectiv ely coupled gra vit y mo de while the long-dashed

line represen ts the corresp onding w est w ard-mo ving mo de.
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Figure 11: Heating rate and buo y ancy anomaly as in �gure 5 except for moisture mo de with

w a v en um b er l = 2 and with WISHE turned on.
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Figure 12: Decomp osition of precipitation as a function of w a v e phase for the east w ard-

mo ving con v ectiv ely coupled gra vit y mo de with zonal w a v en um b er l = 5:5 and with WISHE

turned on.
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Figure 13: As in �gure 12 except for moisture mo de with zonal w a v en um b ers l = 2 (upp er

panel) and l = 10 (lo w er panel).
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T able Captions

1. Non-dimensional free parameters in the disp ersion relation (22). WISHE indicates

wind-induced heat exc hange while CIN means con v ectiv e inhibition. The t ypical v alues

used in the presen t calculations are giv en in the second column.

Figure Captions

1. Time series deriv ed from TEPPS soundings of the passage of a con v ectiv ely coupled

equatorial Kelvin w a v e through 125� W , 8� N. (a) Zonal ( Vx ; w esterly p ositiv e) and

meridional ( Vy ; southerly p ositiv e) comp onen ts of the b oundary la y er wind. (b) Com-

p onen ts st and sbl of (c) deep con v ectiv e inhibition DCIN. (d) Saturation fraction

of trop osphere. The timing of signi�can t rain w as deriv ed from Straub and Kiladis

(2002). Notice the rev ersed time scale, whic h mak es east to the righ t in a time to space

con v ersion follo wing the w a v e.

2. Time series of (a) the pro�le of moist en trop y p erturbation computed relativ e to the six

da y p erio d sho wn (con tour in terv al 4 J K� 1kg� 1
, thic k line indicates zero p erturbation,

p ositiv e con tours solid, negativ e con tours dashed) and (b) the estimated surface moist

en trop y �ux in the Kelvin w a v e passage. Notice the rev ersed time scale as in �gure 1.

3. Ship R on Br own soundings at 4 h in terv als on 17 and 18 August 1997 at 125� W , 8� N.

The left curv e in eac h plot is the moist en trop y and the righ t curv e is the saturated

moist en trop y .

4. Real part of phase sp eed (upp er panel) and imaginary part of frequency (lo w er panel)

for the con trol case with Λ = 0 . The dotted lines sho w the moisture mo de, solid lines

sho w the east w ard and w est w ard mo ving gra vit y mo des, and short-dashed lines sho w

rapidly mo ving gra vit y w a v es with fundamen tal baro clinic mo de structure. Note that

the gro wth rates of east w ard and w est w ard mo des coincide in this plot.

5. Heating anomaly (shading with ligh ter indicating p ositiv e v alues) and p erturbation

buo y ancy (or temp erature; solid con tours indicating p ositiv e v alues, dashed con tours

negativ e, with the hea vy con tour indicating zero) for the con v ectiv ely coupled gra vit y

mo de with no WISHE (\Lam b da=0) at the zonal w a v en um b er of greatest instabilit y

l=7, as a function of w a v e phase (x/\lam b da where \lam b da is the horizon tal w a v e-

length) and scaled heigh t z/h. The con tour in terv al is arbitrary .

6. As in �gure 5 except just the homogeneous part of the buo y ancy .

7. As in �gure 5 except just the inhomogeneous part of the buo y ancy .

8. As in �gure 5 except that the con tours sho w v ertical v elo cit y instead of buo y ancy

anomaly .

9. The allo w ed range of parameters � s and � t suggested b y observ ation is encompassed

b y the p olygon. The thic k solid con tours represen t v alues of maxim um gro wth rate

for con v ectiv ely coupled gra vit y mo des in units of in v erse da ys, the thin solid con tours

35



represen t phase sp eed in meters p er second, and the thic k dashed con tours indicate

the zonal w a v en um b er for whic h the gro wth rate is maximal. The dot represen ts the

parameter set in table 1.

10. As in �gure 4 except that WISHE is turned on ( Λ = � 0:28 ). The solid line repre-

sen ts the east w ard-mo ving con v ectiv ely coupled gra vit y mo de while the long-dashed

line represen ts the corresp onding w est w ard-mo ving mo de.

11. Heating rate and buo y ancy anomaly as in �gure 5 except for moisture mo de with

w a v en um b er l = 2 and with WISHE turned on.

12. Decomp osition of precipitation as a function of w a v e phase for the east w ard-mo ving

con v ectiv ely coupled gra vit y mo de with zonal w a v en um b er l = 5:5 and with WISHE

turned on.

13. As in �gure 12 except for moisture mo de with zonal w a v en um b ers l = 2 (upp er panel)

and l = 10 (lo w er panel).
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