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RESUMEN

Se ha iniciado un estudio sobre el mantenimiento y la dinámica de las
Zonas de Convergencia Intertropical (ITCZ) mediante la aplicación de un
modelo de Circulación General de la atmósfera, ya que la dinámica y energía
de los procesos que mantienen a tales zonas no se conocen suficientemente, a
pesar de su gran importancia. En este artículo se analiza la forma en que el
esquema utilizado para parametrizar la información de cúmulos afecta a la
situación de las ]TCZ y a la circulación tropical a gran escala. Se han reali-
zado una serie de experimentos con un Modelo de Circulación General, en el
que se supone que el borde inferior es agua con una temperatua superficial
(SST) fija, és decir, un «planeta acuoso». Todos los experimentos se reali-
zaron bajo condiciones equinocciales sin variación zonal de la SST, utili-
zando dos esquemas diferentes para parametrizar la convección (esquema
Kuo y de «ajuste convectivo húmedo»).

De los resultados obtenidos se deduce que la situación de las ITCZ es
sensible a los esquemas de convección y a la distribución de la SST. El
modelo con un esquema de «ajuste convectivo húmedo» siempre sitúa las
ITCZ sobre el máximo de SST, incluso con un débil gradiente de la SST. Por
contra, el modelo con un esquema Kuo no es tan sensible a la distribución de
la SST, observándose que, con una gran variedad de distribuciones de SST,
incluyendo el caso en que la máxima SST está sobre el ecuador, las dos ITCZ
se localizan siempre a 70> de latitud a ambos lados del ecuador. La repercusión
global de este comportamiento es notable, ya que la situación de las ITCZ
afecta a la estructura e intensidad de las células de I-ladley, en promedio~
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temporal, de las corrientes en chorro subtropicales y de la circulación tropical
a gran escala.

AESTRACE

We bave initiated a study of the maintenance and dynamics of the
Intertropical Convergence Zones (ITCZs) using a General Circulation Model
of the atmosphere, The dynamics and energetics of the processes maintaining
tbe ITCZs are poorly understood despite the fact that tbey are such a
prominent feature in the general circulation of thc atmosphere. In this paper,
we explore how the cumulus adjustment process affects the location of thc
ITCZs and the large-escale tropical circulation. Wc report on a series of
cxperiments with a general circulation model of an aqua planet where thc
lower boundary is specified to be water at a fixed sea surface temperature
(SST). AII experiments are run using equinoctal conditions with no
longitudinal variation in 551k Two different convective parameterization
schemes (Kuo and moist convective adjustment) and several different zonally
symmetríc SST distributions are used in these experiments.

We find that the location of the ITCZ is sensitive to the convective
parameterization scbeme and the SST distribution The model witb the moist
convective adjustment scbeme always produces an ITCZ over the tropical
SST maximum, even under conditions where the SST gradient is weak. 13y
contrast, the model with 4w Kuo convective parameterization is not as
sensítive to SST distribution. The model with the Kuo scheme yields two
ITCZs straddling the equator at approximately 70> latitude for a wide variety
of SST distributions, including when the warmet water is located on the
equator. The locafion of the ITCZ affects the structure and strength of both
the time mean Hadley celis and the subtropical jets, as well as thc large-scale
tropical circulation.

1. INTRODUCTION

The Intertropical Convergence Zones (ITCZs) are prominent features of
the earth’s atmosphere. They appear in satellite photographs as bands of
clouds on the order of a few degrees of latitude in thickness, roughly aligned
in the east-west direction. The ITCZs over land tend to follow the seasonal
march of the sun. However, over the Pacific Ocean there is a distinc
precipitation minimum over 4w equator during al! seasons (Taylor, ¡973;
Jaeger, 1976) with the ITCZ generally located north of the equator. ITCZ are
inherently related to the thermally direct Hadley circulation in the tropícs.
The latter circulation must exist in the tropics because there is insufficient
angular momentum provided by the curvature of the Earth to balance a
radiative equilibrium wind profile (Schneider, ¡977, 1984; HeId and Ron,
1980; Dunkerton, ¡989). Moreover, in a moist atmosphere the upward
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branch of the Hadley Gel! should manifestitself as a thin zone of cumulus
towers the ITCZ, Hence, the ITCZ are intimately involved in determining the
global atmospheric circulation.

There is a propensity for Ibe observed ITCZ to occur over the warmest sea
surface tamperature (SST) (Saha, 1971). In figure 1 we have displayed the
(<meridional sea surface temperature differencess> (SSTD) across dic equatorial
Pacific Ocean for the March-June season, with the location of the
climatological maximum in rainfalí (i.e., the ITCZ) for March to May
superposed. Itere, SSTD is defined as SST less SST on the equator along a
une of constant meridian. The SSTD indicates the streng and direction of
meridional SST gradient averaged between any location and 4w equator. A
careful examination of the observation plotted in figure 1 indicates that it is
not solely the SST that determines the position of dic ITCZ. in 4w Pacifir 4w
ITCZ tends to be located in the Northern Hemisphere even when the highest
SSTs are situated south of the equator. Additionally, diere is a rather large
area in dic central Pacifie ~itere dic gradients are weak, yet 4w ITCZ is found
off and well to the north of the equator (fig. 1). Also, note that in the western
Pacific the 551 is a maximum on the equator, yet the maximum in
precipitation is still sharply confined and is located off the equator (see also,
Jaeger, 1976).

Modelling studies of dic ITCZ have been done with both two-dimensional
axisymmetric models and general circulation models. Ihe axisymmetric

Figure 1—A contour plot of the equatorial Pacifjc Ocean «meridional sea surface
teruperature djfferences» (SSTD) across (he equatorial Pacjfjc Ocean for (he March-June
season. Here, SSTD is defined as SST less SST on (he equator along a ¡inc of <onsaní
meridian. lnasrnuch, SSTD indjca(es (he srength and djrec(jon of merjdjonal SST
gradient averaged between any locatjon and the equator. Hence. negative values flanking
the equawr jodicate a SST maximum near the equator. whjle pos~tive values nodh of (he
equator jn conjunction with negative values south of ihe equator jndjcate a «large-scale»
meridional SST grad~cnt wj¿h warrner water north of ihe equator and colder water south
of <he equator. The locatjon of (he climatological maximum in rainfail (i,e. - the ITCZ) for
March lo Ma>’ is jodicated by a heavy dashed ljne. Thc plol 5 produced using Ihe averaged
March and April SST from COADS and the precipitation estimates from Dorman and
Bourke (1979). The contour jnterval is 0.50>C and posilive (ntgalive) coniours are solid
(dashed).

150 180 150 120 90
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models presented in Pike (1971), Schneidcr (1977) and Cioswami el al (1984)
always produce precipitation maxima over 4w SST maximum. Pike’s study
is unusual in that he couples an axially symmetric atmospheric model to an
axíally symmetric ocean model, whereby cold water is produced along the
equator by upwelling and thc ITCZ is forced off the equator.

The studies of Charney (1966, ¡973) and Holton el al (1971) suggest that
olf-equator¡al ITCZs may exist with maximum SST on the equator due to
processes inherent to the atmosphere. Charney argues that the structurc and
dynarnics of the ITCZ’s are governed by conditional instability of tbe second
kind (CISK), where moisture convergence is maintained by boundary layer
pumping. Charney argues that the position of the ITCZ is determined by a
steady balance between (he supply of moist static energy, decreasing frorn the
equator to the pole, and Ekman layer convergence which increases with the
Coriolis parameter. However, Charney’s hypothesis is questioned by Schneider
and Lindzen (1977).

¡-lolton eral (1971) discuss a singularity in the Ekman layer equations or
zonally propagating waves (wave-CISK). The maximum boundary layer
convergence associalrd with these waves occurs ata critical latitude whcre (he
local Coriolis frequency equals the frequency of 4w wave. Holton eraL (1971)
note the 4-5 da>’ easterly waves observed in the tropical eastern Pacific
(Wallace and Chang, 1969) should achieve maximum fueling from wave-
CISK Ekman pumping at a critical latitude of about 60 and, in a time
average, be manifest as an ITCZ (or, in an axially syrnmetric atmosphere, two
ITCZs paralleling the equator at about 60 latitude). While Holton ci aL
(1971) suggest the observed off-equatorial ITCZZ in the Pacific rnay be wave
induced, they point out the cause and cffect is not clear. Charney (¡973), on
the other hand, suggests it is a preexisdng ITCZ which sets the vertical and
horizontal scales of (he waves.

Recently, the question of what determines the position of the ITCZ has
resurfaced in connection with atmospheric models. l-layashi and Sumi (1986)
run a general circulation model (GCM) whh the lower boundary condition
set to a global ocean surface (an aqua planet) wllh zonally aud hemispherically
symmetric sea surface temperatures monotonically decreasing from the
equator. They find two ITCZ’s straddling (he equator even though the SST
maximum is prescribed [o be on (he equator. Swinbank aral (1988) repea
Hayashí and Sumi’s aqua plane experiment using the ECMWF GCM, and
also report twin ITCZs flanking the equator. However, Lau er aL (1988), in
a similar aqua planet experiment with the GFDL GCM, find one ITCZ on
the equator. In their case, the sea surface temperature is deteimined by (he
condition that there is no ne average energy flux through (he lower
boundary. Lau el al (¡988, Appendix A) sugges that their GFDL aqua
planet simulation obtains one ITCZ, in contrast to the other studies, due it
dífferences in surface energy fluxes that arise from the different SST
boundary conditions.

Thus, over an ocean with SST maximized on 4w equator there still seems
it be sorne question whether the atmosphere favors a single ITCZ centered on
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the equator, as suggested by the axisymmetric theory and calculations, or two
ITCZs paralleling the equator as suggested by Charney (1966) or ¡-lolton eé~ aL
(1971). We have run a set of experiments with a GCM in an aqua planet
configuration to examine the processes that determine the position and
maintenance of the ITCZ. We chose an aqua planet configuration so as to
avoid [he complicating effecs of orography and land-mass heating on (he
location of the ITCZs. With one exception, the set of experiments described
in this paper feature changes in only the prescribed SST and the
parameterization scheme for convection. The maximum solar radiation is
directly over the equator in perpetual March 21 conditions in alí experiments.

The paper is organized as follows: In section 2 we give a brief description
of the model used and the convective parameterization schemes implemented
in it. We summarize in Section 3 (he various experiments and the
distinguishing characteristics of each experiment. We examine (he effect of
the location of the ITCZ on the large-seale circulation in Section 4, and
present our conclusions and a discussion of the results in Section 5. The
reader is referred to a companion paper, submitted to JournalofÁímospheric
Scienees, for an extended analysis of (he experiments discussed in [bis paper.

2. IHE GENERAL CIRCULATION MODEL

2.1. Deseription of 11w model

Tlw global general circulation used in (bis study is (he NCAR Community
Climate Model-l (hereafter, CCM) and is described in Williamson cí al.
(1987). The radiawlon package for the model is described in Kiehl el al (1987),
At the surface a bulk aerodynamic parameterization is used to specify the
fluxes of heat, momentum and moisture; the parameterization of dic
planetary boundary layer follows Deardorff (1972). Alt of [he experimens
are performed at T42, affording a horizontal resolution at the equator of
approximately 2.80 by 2.80. There are [2 layers in the vertical.

2.2. Descríption of Ihe Convective Sehemes

One of two different convective parameterization schemes is used in cadi
of the experiments we have run: the moist convective adjustment scheme or
a modified Kuo scheme. ile moist convective adjustment (MCA) scheme
used in the CCM is described in Williamson eraL (1987) and is based on the
work of Manabe el al (1965). This scheme adjusts a moist, unstable column
of air to the moist adiabatie lapse rate. Relative humidities that exceed
saturation dueto (he large-scale motions and moist convective adjustment are
acijusted [o lOt) %, with [he excess water vapor instantly rained ou[.

The basis of the Kuo parameterization used in our experiments
foflows from the work of Kuo ((965, ¡974), Anthes (¡977), Donner el al
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(¡982> aud Krisbnarnurti el aL (¡983). Briefiy, (he precipitation is assumed to
be proportional to the moisture convergence in Use colurnrt. A simple «plume
ype» síeady state cloud model predicts iwcloud properties and tnass lluxes,
ile closure assumption of the pararneteriz-ation determines thc rainfal rate
wíthin [he grid box (determined huy dic Kuo «b» paramrser). The plume
inodel also predicts a rainfalí rate (determined by a Kessler type microphysical
par-arneterization). ile ratio of dic two ramial! cates is assumed to define dic
fractional aiea occupied by (he clouds wUhin thc grid box. Non-bidrostatic
effecs and pressure differenccs between cloud and envirflnrnent are incorpo-.
rated in dic preseul scheme following Donner cia!, (1982>, as are risc closure
assumptions mr the ob» parameter suggcsted by Krishnaínurti eral (1983).
Sorne -addiúonal constrainu are included it identify instances where
environmetal conditions are clearly not suited br convection and lo enforce
mass and encrgy conservation.

Wc note thar both dic Kuo aud moist convecdve adjustrnen( schernes
affe.ct (he potential cnergy of dic atmosphere by modifying ihe vertical
distribution of temperature and water vapor, although neither scheine
transfers buoyancy consistcntly. Wc refer Use reader to Tiedtke (1986> for an
overview of ihe paraneteri¿.ation of convecrion in general circuladon modeis.

3. EXPERIMENIS

31. Basic Experímdnts

Tite experimc.nts discussed in this papee use either dic MCA or Kuo
convective parameterízation schenw with one of sk difltrent zona/I
sí’mrne¡rie 551 disrributions. Ihese experiments are sumniarized in Table 1.
Wc wil] refer to a standard 551 distribution (Std) as file observed x.onally
averaged SS’~t for March 21, symmetrized about dic equabor, with the 551
inodified near dic potes so teniperatures remain aboye frcezing (Hg. 2a). ile
551 distribution denoted by «Peq» has a marked maximuns $51 peakcd oit
the equator. ile 551 distribution lebaled «flan> feanires constaní £51
equatorward of 300>, wúh a valuc equal it Use 551 un (he equator from bbc
standard $51 profile.. Ihe «[<eN» 551 profíle is representative of thc
climatological February temperatures in the central Pacific Occari where Ihe
551 is asymmelric about Use equator. Ihe hernispheric asyrnmetry in dic
Febí SST profile has been enipliasixed even more in Ihe «Feb2» $51
distribution. Tite case labeled «Oa» uses the clirnatological October SSTs of
dic central Pacifie and feanires a slight 551 minimum on (he equator. Re
551 distribudon br Use Std, Peq, Oct and Feb2 are shown iii figure Za, Each
cxperíment is run for a least 80 days, with thc standard experimnents run for
at leasí 120 days; only data from Use las 60 days are used in tlw time averages.
Sharp I1CZ(s) form in eacl-i experirnení, demonstrating thai these intense
convergence zones are a robust fenture of tite Eardi’s circulation. [nitial
condiilorss are tal-en frorn an arbitrary das of a prior integration in statistical
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(see text). In each case the averaged 5 taken over a 60 day period afier a mjnjrnurn of 2<)
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steady statc. It usually takes Iess titan ten days for the ITCZs (o adjust to
either a new SST distribution or a new convective parameterization scheme.

The most sriking resuhs from thc cxperiments documentd in Table 1 are
as follows:

(L) A single general circulation model with identical forcing and
boundary conditions yields a tropical circulation that is qualitari ve/y
changed by changing only the parameterization of convection in the
model (Kuo-Std and MCA-Std).

(u) The model with a Kuo scheme produces two off-equatorial ¡TCZ with
a SST distribution that is peaked on tite equator (Kuo-Std) or with
SST uniform in tite tropics (Kuo-Flat).

Re propensity for the Kuo schcmc to form two ITCZ is apparent even
with the heightened asymmetric Eebruary SST boundary conditions (Kuo-
Feb2: Table 1 and fig. 2a). Tite 0CM with tite Kuo scheme does give a single
convergence zone when the SST is sharply peaked (Kuo-Peq) on tite equator.
Wc will for tite moment concentrate on the differences between Kuo-Std and
MCA-Std experiments

lable 1 cap0on:
Thc cxpcr~rnenis are jdenijfjed jo ihe iefy hand column. The case ji jdenijfjed Ijrsi by he iype

of convecijvc seherne. ejther Kuo or mojst convecijvc adjostnicni. and ihen by ihe lower
boundary sca surface lemperalure condjíjon (see Hg. 2). The second colurno jndjcaies ihe
locaijon of ITCZ(s) br cadi model ron. Thc prccip~íaí~on js found jn colunin ibree, whjle he
perceniage of ihjs preeip~(atjon ihal 5 Convec(jve (Rol large-seale prccjpjiatjon) 5 jndjcated iii

colunin four. Fhc locaijon and specd of (he subíropjcal eh are noled jn Ihe last lwo colonos.

Tabk 1

I~I-C2 PRECIPITA TbK <$i.. CONVEO) VE JET JET SPEEI)

LOCA nON
CA SE

S.H. N.H,

(oím/dai) PRECIPITATION LOCA TION Ún/.v)

SIl. N.H. S.H. N.H. .5,11. N.H. SR. NR,

Roo-VIal 7’ 7’ 7.3 7.0 76% 76% 52’ 490 21 25
Kuo-Febl lO’ 7’ 0.8 8.0 71% 77% 40’ 46’ 46 45
Koo-Feb2 13’ 4’ 12.5 8.0 68% 72% 40’ 40’ 49 45
Koo-Oct 7’ 7’ 0.7 10,2 76% 76% 40’ 37’ 5Q 48
MCA-Oci 7’ 7’ 7.4 8.0 62% 62% 40’ 36’ Sl Sí
Kuo-Std 4-7’ 4-7’ 8.3 8.7 80% 80% 40’ 40’ 39 37

MCA-Std Eq. 4.6 65% 32’ 29’ 42’ 41’
Koo-Peq Fq. 9.0 66% 33’ 30’ 40’ 38’
Kuo-Ste-Nwv Fq. 10.0 78% 240 24’ 68’ 65’

¡ ¡he Reí prec~pilal 00 for (he K uo—Síd case is d oe lo large—seale p rec~ p~lahion. mo ¡sí
coovecijve preejpjIat~on aod Kuo precip~laljon. ihe M CA sehenie jn íbjs ríío. however.
accoyinis br iess ihan lO 95. of Ihe lolal prec~pilal~on. Thc M CA scheme ji nol used jn aov of
ihc y,ihcr ni odel jníegral~oit s thai boye i nelíídcd Ihe K 00 seherne.
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Tite zonal and time averaged daily rainfalí from tite model runs with tite
standard SST distribution and either (he MCA or Kuo convective paramete-
rízadons is shown itt figure 2b. Wc note that tite equatorial ITCZ in tite
MCA-Std case has significantly more rainfail ihan tite off-equatorial ITCZ in
dic Kuo-Std case, figure 3, shows Ite power of 12 hour aveíaged rainfail
versus frequency aud latitude for tite two cases. As tite aqua planet is
longhudinally symmetric i¿his figure was produced by conibining the statistics
al cacit longitudinal point. Tite total rainfalí is surprisingly white al alí
latitudes in both cases, with tite exception bcing tite Kuo-Std cm (he equator.
Tite white speetrum is in agreemení with ISCCP cloud brightness specua
(Hendon, 1990, personal communication) in tite viciniíy of tite ITCZ. Witit
few excepfions tite power in rainfalí is larger in tite MCA-Std titan lix tite
Kuo-Std case al ah frequencies and alí latitudes, especially equatorward of
tite rainfail maxinxum la Kuo-S«l. In both cases prominent spectral peaks are
associated witit dic ITCZ, but titese pcaks are more pronounced in the MCA-
Std case. in addi(ion, tite intraseasonal oscillation (alta. tite Madden-Julian
and 30-60 day Oscillation) can be identified in botit tite Kuo-Std and MCA-
Std model, albeit widi a period of about 25 days. However, while tite
pitenomenon is difficult to observe la (he momenwm and precípitation fields
in (he Kuo-Síd case, it is dominarn in tite MCA-Std case (c.f. tite 20-25 day
power on the equator in figures 3a and it). Tite difference in tite ramial!
spectra betwecn tite two cases is remarkable and is simply one facet of tite
consequences of changing tite convective seheme ir a 0CM.

Tite zonal velocities are shown for dic two cases in figure 4. Tite jets in tite
MCA-Std case are faster titan in tite Kuo-Std run and are situated closer to
the equawr. Tite tropospheric zonal velocifies are significanfly larger in tite
MCA-Std case between 380>5 and 380N titan lii tite Kuo run except in tite
lowest model levels equaitrward of 200>. We note that tite jet axis in tite Kuo-
Sid case is almost venically oriented, whereas ir tite MCA-Std case tite jet
axis has a pronounced equatorward tilt ¡eading Lo tite equatorward posit ion
of tite jets (in (he lower troposphere tite location of tite axis is almosí identical
in cach of tite runs). Wc wihl díscuss (he zonal mean circulations in relation lo
tite poshion of tite ITCZ in Section 4.

Tite convective iteating mr tite two standard cases is shown in figure 5.
Heating and vertical velocity are, to a good approximation, related to eaeh
other ir (he tropics by (he static stabilliy (Holton, 1979). Pleitee, tite vertical
velocity fleid resembles tite iteating distribution in tite vicinity of tite ITCZs.
Tite heafing maximum due to convective processes un tite MCA-Síd case is
fonud on tite equator and is larger titan tite heating maxima in tite Kuo-Std
case. Wc note that (he vertical distribution of tite time averaged andíransiení
convecúve heaing (vertical velocliy) are afleeted by tite convective paramete-
rization (cf., fig. 3 aud 5 and (he companion paper).

Tite rnass streamfunction (hg. 6) reinforces tite differences in tite
csrcularion between tite Kuo-Std and tite MCA-Std cases alluded to aboye.
Tite meridional circulation in tite MCA-Std case is almosuSO % sironger titan
in the Kuo-Std case, wúh (he upward motion confined lo a narrow zone itt
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CAS(. 2132

TIflZ AY(flAG( rm OAYS 64.0 TO 10.5 fl( 0.5
Zoilo- AVCRA& FR(t1 -1000 10 177.2 (~CR(ES

u

53

CASE. ~i CCflI.’ - A&t4 RAiLT - $4221- (42 - 2 [11(23

(1~( AVEROGE rQl DAIS 90.0 10 49,5 Gr 0.5 U
Zoilo- ItERASE (201 -1000 10 177.2 (IGOEES

Figure 4.—A n,erjdjonal cross section of <he zonally averaged zonal velocjty over (he (it)

Kuo-Std and (b) MCA-Std case. The time averages are over 60 days. ¡he coniour jolerval
js 5 m/s.
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CASE Cta

TIME 60(0402 0>30 CAOS 60.0 00 t1M5 Sf 0%
<GuIso- 4000602 rOo., - t etC .0 10 t 73 2 0000053

1
3~• 50 30 0 —lo —3’ —1’.--> —90

Figure 6—A meridional cross section of (he zonally averaged meridional mass siream
funcijon for Che (a) Kuo-Sld and (b) MCA-Sid case. ihe lime average is over 60 da>’. ihc
contour inierval is I.v lO’” kg/ m¡s in (a); 2v lO~> kg/m/s in (b).
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the vicinity of the equator. The rising branch of tite Hadley circulation in tite
Kuo-Std case is latitudinally wider and meridional circulation celís extend
further poleward. These results are consistent with Schncider (1977), who
argued that a concentrated heat source will produce a Hadley circulation that
is stronger titan titat produced by a diffuse iteat sourcc witit the samc
integrated heating.

3.2. A Zonally Symmetric Solution

Wc have integrated the CCM with tite Kuo convective adjustment seheme
in a axisymmetric (two dimensional) configuration (Kuo-Std-Nwv) which
permist no zonally propagating disturbances. Titus, the only significant
model change from tite Kuo-Std case is the reduction in the degrees of spatial
freedom ~. After a few days of model integration, tite double ITCZ structurc
in the initial conditions crodes. In the time mean circulation a srong single
ITCZ is found on tite equator, indicated by tite distribution of precipitation
displayed in figure 2b. Tite zonally asymmetric transients are clearí>’ an
important element in producing tite steadystate solution in tite Kuo-Std case,
moving the ITCZ off the equator and modifying tite attendant large-seale
mean tropica¡ circulation.

Tite ITCZ in tite axially symmetric CCM (with tite Kuo seheme) is found
over thc warmest water. Titis is consistent with tite results of <he otiter axially
symmetric simulations (Schneider, 1977; Scitneider and Lindzen, 1977; l-’ike,
1971; Cioswami el al, ¡984) and tite MCA-Std case, but conrary to tite
results of tite fulí titree dimensional Kuo-Std simulation. Tite axisymmctric
Kuo integration (Kuo-Std-Nwv) does allow tite pitysics postulated by
Charney (1971) for maintaing off equatorial ITCZs: i.e., tite competition
between Ekman pumping and tite moist static energy. However, the
círculation in the Kuo-Std-Nwv case, characterized by one ITCZ on tite
cquator, is contrary to Charney’s hypotitesis. Holton et al (1971) argue titat
zonally propagating equatorial waves may help organize convcctive activity
off tite equator in tite tropics (wave-CISK) througit a singularity in tite
(Ekman) Boundary laycr and, hence, may significantly contribute to tite
zonal time mean convection (tite ITCZ). Thc importance of thc zonally
asymmetric motions in the Kuo-Std simulation, made apparent by tite Ktío-
Std-Nwv experiment, is consistent with titis hypothcsis for maintenance of
the off-cquatorial ITCZs, but it does not prove that tite postulated
rnechanism is indeed occurring.

Holton ci al. (1971) specilically suggest 4-5 day wavcs may be particularly
important in organizing surface moisture convergence and, itence, convection
off tite equator. Titese waves were implicated, in part, because titey are an

ubiquitous feature of tite tropical tropospherc (Wallace and Chang. ¡969;

— l)iflusion is cniianced in Kuo—Sld—Nwv casc oiodcl lo siahilize thc nomcrics jo thc niodel
‘‘si íatosphcrc.
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Reed and Recker, 1971; Nitta el aL. 1975; Liebmann and Hendon, 1990). Wc
have analyzed the wave energy at periods near four days for four of tite cases
in a companion paper and find tite convective scheme itas a significant impact
on both tite location of the convection and the equatorial wave-spectrum. For
example, tite three dimensional structure and the dispersion characteristics of
tite synoptic energy (frequency and wavenumber, pitase and group velocities)
in tite Kuo-Std case are consistent witit a mixed Rossby gravíty wave,
described by Matsuno (1966); this wave is not found in tite MCA-Std case.
However, it does not appear titat tite mixed Rossby gravity waves alone
account for significant precipitation in Kuo-Std case. Ratiter, tite collapse of
tite two ITCZ in tite Kuo-Std case to one ITCZ in tite Kuo-nwv-Std case
appears to be due to tite reduction of transient mechanisms (i.e., tite
elimination of zonally propagating Rossby and mixed Rossby Gravity waves)
in the two-dimensional geometry that can efficiently organice the boundary
layer flow off the equator.

4. THE EFFECT OF THE LOCATION OF THE ITCZ ON THE [ARCE
SCALE CIRCULATION

lnthis section we examine the strengtit and location of tite midíatitude jets
in relation to tite location and strengtit of tite model ITCZs. The position and
speed of tite jet maximum, and tite position and precipitation rate in tite
ITCZ is given for eacit of the separate experiments in Table 1. Tite Kuo-Std-
Nwv and Kuo-Flat cases are exceptional. The jets in tite Kuo-Flat case are
not simply related to tite Hadley circulation because extraordinary and
discontinuous temperature gradients exist at 3Q0 latitude; titis case is not
discussed below. The Kuo-Nwv-Std is the only case with no zonally
asymmetric waves. Of al! tite model experiments, the Kuo-Nwv-Std case itas
tite higitest jet speeds and tite jets are centered closed to tite equator (fig. 7);
tite maximum wind is about 80 % of that expected ifa parcel was to conserve
angular momentum in traversing from tite equator to the latitude of tite jet
core. Tite circulation is similar to that given by the non-linear axisymmetric
Hadley cdl models of Scitneider (1977) and HeId and Hou (1980) (see, in
particular, Reíd and Hou’s numerical results for a non-linear l-ladley
círculation witit moderate vertical diffusion (Sm2 sec 1) ). Perhaps tite most
notable difference between the zonal mean Kuo-Nwv-Std circulation and tite
calculations presented in Reíd and Hou (1980) is tite pronounced slope of the
jet maximum equatorwards from its absolute maximum near 240 and 165
mb. Aboye 165-110 mb tite solution produced by tite CCM witit westerly
winds over tite equator is probably dictated by tite large horizontal diffusion
in tite stratosphere. Comparing figures 4 and 7 it is evident that tite presence
of zonally asymmetric waves decreases tite amplitude of the jets and moves
them poleward.

The remaining experiments in Table 1 can be categorized into cases tn
witich one ITCZ is found over tite equator (MCA-Std. Kuo-Peq). or two
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Figure 7.—A meridional croos seetion of the zooally averaged zonal velociy br the Kuo-
Nwv-Síd case. The time average is over 60 days. Contour iníerval is 4 m/s.

ITCZs straddle tite ecuator (Kuo-Febl, Kuo-Feb2, Kuo-Oct, MCA-Oct,
Kuo-Std). lo doing so, we fiod that it is tite posirion of tite ITCZ(s) that
determines the location and strcngtit of the mid-latitude jest ratiter titan tite
amount of precipitation in tite ITCZ or tite convective scheme titat is utilized.
Whereas the titree cases characterized by a single ITCZ located on tite
equator feature jet maxima located near 300>, each of the experiments with
ofí-equatorial ITCZs have jets located at about 400> latitude. The jet structure
in the single ITCZ cases is much less barotropic titan titose in tite double
ITCZ cases: tite jet maximum síanis down wards and polewards so that in tite
lower tropospitere tite maxunum winds are located near 400> (cg., Hg. 4W.
Tite jet location is relatively insensitive to itow far tite ITCZ is situated from
thc equator, as long as it is off tite equator (cf, Kuo-Febl, Kuo-Feb2, Kuo-
Ocí, MCA-Oct, Kuo-Std). Furtitermore, in tite February cases (Kuo-Febl,
Kuo-Eeb2) both the Northern and Southern Hemispitere jets are al tite same
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latitude even titough the precipitation is antisymmetric about tite equator in
both intensity and location.

The speed of the jet maximum is also dependent on the location of tite
ITCZ(s): tite experiments that produce off-equatorial ITCZs generally itave
stronger jets titan those in tite experiments that itave a single ITCZ. The only
notable exception to this is the Kuo-Std case, where tite jet speeds are
anomalously low in comparison with tite otiter off-equatorial ITCZ cases.
The difference in thejet speeds in tite single and double ITCZ model cases can
be simply understood from angular momentum considerations: an angular
momentum conserving parcel will acquire a larger zonal velocity if it travels
from 50> to 350 than if it travels from the equator ~O 300> due to tite increased
curvature of tite earth witit latitude.

Finally, the amount of precipitation (which is correlated with the
magnitude of the iteating and titus the strength of tite internal forcing) itas
little effect on tite jet strengtit or its location (cf. tite Kuo-Peq and N4CA-Std
and cases, each itaving a single ITCZ on the equator). The Kuo-Oct and
MCA-Oct cases have very similar jet structures and amplitudes, even though
tite convective scheme and precipitation amount is different in each case. Tite
insensitivity of the jet maxima and location of tite jet maxima to the
dominant rype of precipitation is noted and documented in tite companion
paper.

5. DISCUSSION AND CONCLUSION

Wc have performed integrations with a general circulation model (NCAR
GCM) in an aqua planet configuration, foreed with symmetric equinoctal
(March 21) insolation in order to examine the dynamics and thermodynanucs
associated with tite Intertropical Convergence Zones (ITCZ). The model
spatial truncátion is T42. Tite sea surface temperature (SST) is prescribed and
zonally symmetric. Since tite ITCZ are intimately tied to the SST and small
scale convective processes, we itave performed several integrations using
various SST distributions. Twin integrations using identical SST and solar
insolatión but with different parameterization schemes for convection have
also been performed.

Qualitative changes in tite location of tite ITCZ and in tite large-scale
tropical circulation are realized in tite same general circulation model by
employing two different parameterizations of deep convection: modified Kuo
and Moist Convective Adjustment. Tite model wítit the moíst convectíve
adjustment parameterization always forms a single ITCZ over tite warmest
water. By contrast, tite Kuo scheme favors a double ITCZ straddling the
equator, even given a meridionally fIat or ‘standard’ SST distribution (SST is
maximum on the equator, decaying poleward, and zonally symmetric).
However, tite model witit tite Kuo seheme does produce one ITCZ over tite
warmest water (e.g., tite Kuo-Peq case) when tite warmest water is flanked by
very large SST gradients.
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We have shown that, with SST maximum on ihe erjuator, zonally
asymmetric motions are necessary for tite model with tite Kuo schcme to
achieve off-cquatorial ITCZ; tite two off-equatorial ITCZ converge to one
ITCZ on tite equator in the absence of tite zonally asymmetric moíions. These
results are contrary to Charney (1966, 197!) who argued that tite ITCZ
should be off ihe equator even in tite absence of tite zonally asymmeíric
motions. In moving from titree dimensions to two dimensions in tite model
wíth the Kuo seheme, tite collapse of tite two off-equatorial ITCZ to one
ITCZ on the equator appears to be due to tite reduction of transient
mechanisms that can efficiently organize tite boundary ¡ayer flow in tite two-
dimensional model (i.e., tite eliminations of zonally propagating Rossby and
míxed Rossby Gravity waves).

Wc have compared tite time mean moist static energy distribution and
moíst statíc energy budget for three regions (within the ITCZ, tite tropical
boundary layer and tropical subsidence regions) in tite Kuo-Std and MCA-
Std cases in the companion paper. Tite time mean moist static energy budget
is relativcly insensitive to tite parameterization for deep convection. However,
thcr are significaní differences in tite transients that appear in tite twin
integraíions using tite two convective parameterizaíions, including striking
dífferences in tite intraseasonal oscillation. Tite different spatial and temporal
scalcs associated wiíit tite heating in tite two schemes will favor the forcing of
different global wavc modes (see, Salby and Ciarcia, ¡987; Garcia and Salby,
987). An examination of tite atmospheric columos immediately before the

parameterized convection occurs indicates tite mechanisms thai maintain the
tropical moist static energy budgeí are different in each of tite two cases
because of tite initerent diffcrences in tite adjustment process for deep
convection Y

Tite sensitivite of tite time mean tropical circulation and ITCZ to tite
specific parameterization for convection is one of tite key resulis of titis work.
It implies the location of tite time averaged convection may be determined
through a delicate balance between boundary layer processes, the SSF
distribution. and tite nature of tite convective adjustment In tite model. the
nature of the convection depends on tite convective seheme. Tite tropical
círculation ín tite model with moisí convective adjustment scheme is strongly
influenced by even weak SSF gradients; it takes ratiter large SST gradients to
change the preferred location of convection with tite Kuo scheme. It is
Iikely thai strong SST gradients determine tite position of tite ITCZ bv
enhancing tite boundary ¡ayer convergence over the region of maximum SST
vía hydrostatica¡Iy indueed pressure gradients (Schneider and Lindzen, 1976.
Lindz.cn and Nigam, 987; Tiedtke el al 1988; Battisti el al., ¡992). However.
(itere are regions in the deep tropies whcre SSF gradiens are weak cnough
(cg.. annually in dic Indian and western Pacilic Ocean, and in boreal spring
in tite central and lar easíern Pacifie) that SST may not determine tite

¡he :ioitlvsis of ihe tr;iosicols ;tttd 11w ítomspher¡c coiumtís jusí prior lo coilvecijon is•
rcporícl iii tltc COt1O~~itttT(tR p¿Ipcr submittcd te il,c jr,urnal cd A/n,o.cp/ute Scic’,tces.
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location of the ITCZ (see, fig. 1). Tite position of the ITCZ in titese regions
may be determined by processes internal to tite atmosphere (specifically tite
convective and boundary layer processes). Our results specifically indicate
that in these regions the qualitative aspects of a general circulation model
climatology could be quite sensitive to tite parameterization of tite subgrid
scale convection. Moreover, our results indicate that even witen the zonal
mean tropical circulation and tite location of tite ¡TCZs are intensitive to tite
convective scheme (i.e., in regions of large SST gradients), tite nature of tite
tropical transients will be bighly dependent on tite convective scheme.

Various investigators have reported on tite global sensitivity of climate
and forecast models to tite parameterization scheme for convection (e.g.,
Donner el aL, 1982; Donner, 1986; Tiedtke, 1984; Tiedtke cí al. 1988). These
impacts are, in general, subtle outside of tite tropics. However , the impact of
different subgrid seale cumu¡us parameterizations on tite climate of a coupled
atmospitere/ocean model may not be as subtle. Our results indicate titat tite
mean and transient atmospheric circulation west of tite dateline in the tropics
may be very sensitive to the quantitative and subtle aspects of convection.
Indeed, Tiedtke el al (1988) noted that employing a Kuo convective
parameterization itt tite FCMWF model resulted in a major change in [he
tropical 850 mb circulation. If a comparable change is registered in the
surface wind, then the climatological wind stress and hence tite SST will be
affected. Tite variability in the climate of the tropical Pacific is presently
dominated by tite interannual ENSO pitenomenon (Rasmusson and Carpenter,
1982)—a pitenomenon that has world-wide impacts (e.g., see Rasmusson
and Wallace (1983) and references titerein for an overview of tite global
ENSO pitenomenon). Tite chararcteristics and strength of ENSO, itowever,
are titought to be extremely sensitive to tite climatological mean atmosphe-
re/ocean state (cg., l3attisti and Hirst, 1989). Thus, an assessment of tite
validity of tite climate simulated from a model of tite coupled atmosphere/ocean
system will likely require, in part, the evaluation of both tite steady and tite
transient circulation associated witit the convective adjustment processes in
tite atmosphere and tite atmospheric general circulation model.
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