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ABSTRACT

How the surface boundary heating (sea surface temperature) and cumulus adjustment process affect the
location, structure, energetics, and dynamics of the intertropical convergence zones (ITCZs) is investigated. A
series of experiments is performed with a general circulation model where the lower boundary is specified to be
water at a fixed sea surface temperature (SST), an aqua planet. All experiments are run using equinoctal
insolation with no longitudinal variation in SST. Two different convective parameterization schemes (Kuo and
moist convective adjustment) and several different zonally symmetric SST distributions are used in these ex-
periments.

The location of the ITCZ is found to be sensitive to the convective parameterization scheme and the SST
distribution. The model with the moist convective adjustment scheme produces an ITCZ over the tropical SST
maximum, even under conditions where the SST gradient is weak. By contrast, the model with the Kuo convective
parameterization is not as sensitive to SST distribution: the model with the Kuo scheme yields two ITCZs
straddling the equator at approximately 7° latitude for a wide variety of SST distributions, including when the
warmest water is located on the equator. The location of the ITCZ affects the structure and strength of both
the time-mean Hadley cells and the subtropical jets. Furthermore, the equatorial wave spectrum is strongly
influenced by the type of cumulus parameterization scheme used. The “convective characteristics” for each
parameterization scheme are presented in detail to elucidate the influence of the large-scale environment on
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convection.

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 width, roughly
aligned in the east-west direction. Over land the ITCZs
tend to follow the seasonal march of the sun. Over the
Pacific Ocean, however, there is a distinct precipitation
minimum over the equator during all seasons ( Taylor
1973; Jaeger 1976) with the ITCZ generally located
north of the equator. There is a slight tendency for two
off-equatorial ITCZs to form over the eastern Pacific
Ocean in boreal spring. The ITCZ constitutes the up-
ward branch of the large-scale meridional Hadley cir-
culation through which the midlatitudes are directly
linked to the tropics. The thermally direct Hadley cir-
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culation must exist within the latitudes where there is
insufficient angular momentum provided by the cur-
vature of the earth to balance a radiative equilibrium
wind profile (Schneider 1977, 1984; Held and Hou
1980; Dunkerton 1989). Moreover, in a moist atmo-
sphere the upward branch of the Hadley cell should
manifest itself as a thin zone of cumulus towers—the
ITCZ.

There is a propensity for the observed ITCZ to occur
over the warmest sea surface temperature (SST) (Fig.
1; see also Saha 1971). In Fig. | we have displayed the
“meridional sea surface temperature differences”
(SSTD) across the equatorial Pacific Ocean for the
March~May season, with the location of the climato-
logical maximum in rainfall (i.e., the ITCZ) super-
imposed. Here, SSTD is defined as the difference be-
tween the SST and SST on the equator along the same
meridian. Thus, the SSTD indicates the strength and
direction of the (dominant) meridional SST gradient
averaged between any location and the equator. Neg-
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FIG. 1. A contour plot of the equatorial Pacific Ocean “meridional
sea surface temperature differences” (SSTD) across the equatorial
Pacific Ocean for the March-May season (see text). The location of
the climatological maximum in rainfall (i.e., the ITCZ) for March-
May is indicated by a heavy dashed line. The plot is produced using
the monthly averaged SST from COADS and the precipitation es-
timates from Dorman and Bourke (1979). The contour interval is
0.5°C and positive (negative) contours are solid (dashed).

ative SSTD values flanking the equator indicate a SST
maximum near the equator, while positive values north
of the equator in conjunction with negative values
south of the equator indicate a “large-scale” meridional
SST gradient with warmer water north of the equator
and colder water south of the equator. A careful ex-
amination of the observations plotted in Fig. 1 indicates
that it is not solely the SST that determines the position
of the ITCZ. In the Pacific the ITCZ tends to be located
in the Northern Hemisphere even when the highest
SSTs are situated south of the equator. Additionally,
there is a rather large area in the central Pacific where
the SST gradients are weak, yet the ITCZ is found well
to the north of the equator (Fig. 1). Also, note that in
the western Pacific the SST is a maximum on the equa-
tor, yet the maximum in precipitation is still sharply
confined and is located off the equator (see also Jaeger
1976).

The axisymmetric model studies of Pike (1971),
Schneider (1977), and Goswami et al. (1984 ) produce
precipitation maxima over the warmest water. Pike’s
study is unique in that the axially symmetric atmo-
spheric model is coupled to an axially symmetric ocean
model, whereby cold water is upwelled along the equa-
tor and the ITCZ is forced off the equator. Neelin and
Held (1987) develop a simple atmospheric model for
the low-level convergence based on the moist static
energy balance. In this model the low-level convergence
is directly related to SSTs, with maximum convergence
(precipitation ) occurring over the warmest water. The
meridional spatial scales for the precipitation are much
larger than those observed, however, especially in the
western Pacific where the SST gradients are generally
small.

The studies of Charney (1966) and Holton et al.
(1971) suggest that off-equatorial ITCZs may exist with
maximum SST on the equator due to processes inher-
ent to the atmosphere. Charney (1966, 1971) theorizes
that the structure and dynamics of the ITCZs are gov-
erned by conditional instability of the second kind
(CISK), where moisture convergence is maintained
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by boundary-layer pumping, Charney argues that the
position of the ITCZ is determined by a balance be-
tween the supply of moist static energy, decreasing from
the equator to the pole, and boundary-layer conver-
gence that increases with the Coriolis parameter; how-
ever, Charney’s hypothesis is questioned by Schneider
and Lindzen (1977).

Holton et al. (1971) argue that zonally propagating
equatorial waves may help to organize convective ac-
tivity off the equator in the tropics (wave—CISK)
through a singularity in the (Ekman) boundary-layer
equations and, hence, may significantly contribute to
the time-mean convection (the ITCZ). The maximum
boundary-layer convergence associated with these
waves occurs at the critical latitude where the local
Coriolis frequency equals the frequency of the wave.
The authors in this study note that the 4-5 day easterly
waves observed in the tropical eastern Pacific (Wallace
and Chang 1969) should achieve maximum fueling
from wave-CISK at a critical latitude of about 6° and,
in a time average, be manifest as an ITCZ (or, in an
axially symmetric atmosphere, two ITCZs paralleling
the equator at about 6° latitude ). Chang (1973) shows
that the critical latitude argument holds for a finite-
depth boundary layer. While Holton et al. (1971) sug-
gest the observed off-equatorial ITCZ in the Pacific
may be wave induced, they point out that the cause
and effect is not clear. Charney (1973), on the other
hand, suggests it is a preexisting ITCZ that sets the
vertical and horizontal scales of the waves.

Recently, the question of what determines the po-
sition of the ITCZ has resurfaced in connection with
atmospheric models. Hayashi and Sumi (1986) run a
general circulation model (GCM) with the lower
boundary condition set to a global ocean surface (an
aqua planet) with zonally and hemispherically sym-
metric sea surface temperatures monotonically de-
creasing from the equator. They find two ITCZs strad-
dling the equator even though the SST maximum is
prescribed to be on the equator. Swinbank et al. (1988)
repeat Hayashi and Sumi’s aqua planet experiment us-
ing the European Centre for Medium-Range Forecasts
(ECMWF) GCM and also report twin ITCZs flanking
the equator. Lau et al. (1988), however, in a similar
aqua planet experiment with the GFDL GCM, find
one ITCZ on the equator. In their case, the sea surface
temperature is determined by the condition that there
is no net averaged energy flux through the lower
boundary. Lau et al. (1988, appendix A) suggest that
their aqua planet climatology differs from that in Hay-
ashi and Sumi (1986) and Swinbank et al. (1988) be-
cause of the differences in surface energy fluxes that
arise from the different SST boundary conditions.

Thus, over an ocean with SST maximized on the
equator there still seems to be some question as to
whether the atmosphere favors a single ITCZ centered
on the equator, as suggested by the axisymmetric theory
and calculations, or two I'TCZs paralleling the equator,
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as Charney (1966) and Holton et al. (1971) suggest.
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 choose an aqua planet configuration so as to avoid
the complicating effects of orography and landmass
heating on the location of the ITCZs. Furthermore, the
SST is zonally symmetric, eliminating the possible ef-
fect of time-mean zonally asymmetric circulations on
the position of the ITCZ. The effect of zonal asym-
metries is currently being studied. With one exception,
the set of experiments described in this paper features
changes only in the prescribed SST and the parame-
terization scheme for convection. The maximum solar
radiation is directly over the equator in perpetual 21
March conditions in all experiments.

The paper is organized as follows. In section 2 we
give a brief description of the general circulation model
used and the convective parameterization schemes im-
plemented in it. We summarize in section 3 the various
experiments and the distinguishing characteristics of
each experiment. Two experiments are compared, in
some detail, using the “standard” SST distribution but
different convective schemes. We isolate the differences
between the convective schemes by discussing their
“convective characteristics” in section 4, and in section
5 the effect of the two convective parameterizations on
zonally asymmetric motions is explored. The effect of
the location of the ITCZ on the large-scale circulation
1s discussed in section 6, and we present the conclusions
and a discussion in section 7.

2. The general circulation model
a. Description of the model

For this study of the ITCZ we use version one of the
National Center for Atmospheric Research Commu-
nity Climate Model (CCM 1) (Williamson et al. 1987;
Hack et al. 1989; hereafter CCM ). The simulations are
carried out at T42 resolution, using an approximately
2.8 degree Gaussian grid, with 12 unequally spaced
vertical levels. The sigma values of the 12 levels are
0.991, 0.926, 0.811, 0.664, 0.500, 0.355, 0.245, 0.165,
0.110, 0.060, 0.025, and 0.009. The standard model
contains a convective adjustment parameterization
following Manabe et al. (1965) and large-scale stable
condensation. No diurnal cycle is used. Simple bulk
aerodynamic parameterizations of surface exchange
and subgrid-scale vertical diffusion are included
(Deardorff 1972). Radiatively active clouds are formed
that depend upon the characteristics of the convective
processes and large-scale condensation to define the
location, depth, and some of the optical properties of
the cloud.

We have modified the standard version of the CCM
to make an aqua-planet version by modifying the sur-
face boundary condition to an all-ocean surface. The
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solar radiative fluxes are fixed at the 21 March values
and, for some experiments, we have replaced the stan-
dard convection scheme with a Kuo-style scheme dis-
cussed below.

b. Description of the convective schemes

The following experiments parameterize convection
with either the moist convective adjustment (MCA)
scheme or a modified Kuo scheme. The MCA scheme
used in the CCM is described in Williamson et al.
(1987) and is after the work of Manabe et al. (1965).
Essentially this scheme adjusts a saturated, unstable
column of air to the moist-adiabatic lapse rate, con-
serving moist static energy. Relative humidities that
exceed saturation due to convective adjustment are
adjusted to 100% with the excess water vapor instantly
rained out.

The other parameterization for convection used in
our experiments is derived from Kuo (1965, 1974),
Anthes (1977), Donner et al. (1982), Donner (1986),
and Krishnamurti et al. (1983). Briefly, the precipi-
tation is assumed to be proportional to the moisture
convergence in the column. A simple “plume type”
steady-state cloud model predicts in-cloud properties
and mass fluxes. The closure assumptions of the pa-
rameterization determine the rainfall rate within the
grid box (determined by the “b” parameter). The
plume model also predicts a rainfall rate (determined
by a Kessler-type microphysical parameterization).
The ratio of the two rainfall rates is assumed to define
the fractional area occupied by the clouds within the
grid box. Nonhydrostatic effects and pressure differ-
ences between cloud and environment are incorporated
in the present scheme following Donner (1986). The
closure assumptions for the b parameter suggested by
Krishnamurti et al. (1983) are used. The parameter-
ization scheme yields moisture and heat tendencies
for the grid box by cloud transport and condensation
processes.

For the purpose of later discussion, it is useful to
enumerate the tests made on the large-scale properties
of an air column by the Kuo scheme to determine if
convection is allowed. These are as follows: 1) a lifting
condensation level must exist below 500 mb; 2) con-
ditional instability must exist within the column; 3)
the column-mean relative humidity must exceed 50%;
4) there is a convergence of moisture into the column
from horizontal transport and surface fluxes; and 5)
the vertical velocity must be positive below the lifting
condensation level. When all these tests are satisfied,
the vertical profile of temperature and moisture is
passed to the plume model, which computes in-cloud
properties. If the cloud is diagnosed to be more than
200 mb deep and to precipitate, then the closure cal-
culations are performed and grid-scale tendencies as-
sociated with phase change and cloud transport are
calculated.
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TABLE 1. Summary of experiments discussed in this paper.

A summary of the nomenclature for each of the 11 experiments performed. Each experiment
in the matrix is identified by the type of convective scheme (prefix) and the lower boundary sea
surface temperature condition (suffix). Two convective schemes are used: Kuo and moist convective
adjustment. These are denoted by the prefix “Kuo” and “MCA,” respectively. The two experiments
“Kuo90” and “KuoNwv” are variations on the standard Kuo experiments (see section 3a). Blank
matrix elements indicate experiments that were not performed.

A variety of zonally symmetric sea surface temperature distributions are prescribed. These sea
surface temperature (SST) distributions are shown schematically below, and plotted for some of
the cases in Fig. 2a. The SST distributions are summarized here: Std: The standard SST distribution.
SST is symmetric about the equator with maximum SST on the equator. This distribution is the
observed SST distribution for 21 March, zonally averaged and symmetrized about the equator.
Peq: A strongly peaked symmetric SST distribution, with a marked maximum SST on the equator.
The maximum SST is as in the standard case. Poeq: As in the Peq case but with the peak in the
SST located in the Northern Hemisphere. Flat: Constant SST equatorward of 30° with a value
equal to the SST on the equator from the standard SST profile. Feb 1: SST is asymmetric about
the equator with maximum temperature in the Southern Hemisphere. It is representative of the
climatological February temperatures in the central Pacific. Feb 2: SST is similar to the Feb 1
distribution but the equatorial asymmetry has been further emphasized: the maximum SST is
greater than that in the Feb 1 case. Oct: The SST is the symmetrized climatological October SSTs
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from the central Pacific, which features a SST minimum on the equator.

Kuo - { KuoNwv-Std

Kuo90 - St

Scheme for Sea Surface Temperature
Convection
Flat Std Oct Feb 1 Feb 2 Peq Poeq
Kuo ‘|| Kuo - Flat | Kuo - Std | Kuo - Oct | Kuo - Feb 1{Kuo - Feb 2| Kuo - Peq | Kuo - Poeq

{ MCA-Std | MCA - Oct l

e

A AN

3. Experiments and results

a. Description of the experiments and summary of
the results

This section briefly describes the 11 experiments
performed to ascertain the sensitivity of the position
of the ITCZ to the SST and the convective parame-
terization scheme. The experiments, summarized in
Table 1, are labeled by the type of convective scheme
(MCA or Kuo) and then by one of seven different zon-
ally symmetric SST distributions: all experiments are
performed with perpetual equinoctal (21 March) in-
solation. We will refer to a standard SST distribution
(Std) as the observed zonally averaged SST for 21
March, symmetrized about the equator, with the SST
modified near the poles so temperatures remain above
freezing. A description and schematic representation
of the different SST distributions used are given with
Table 1. In Fig. 2a we show the SST distributions for
the standard experiments, the climatological October
distribution (Oct), the February distribution (Feb2)
and the equatorially peaked distribution (Peq). A de-

tailed comparison of the standard experiments using
the different convective schemes (Kuo-Std and MCA-
Std) is given in section 3b.

Two special experiments are performed, labeled as
Ku090-Std and KuoNwv-Std. In Kuo90-Std the rela-
tive humidity criterton in the Kuo scheme (condition
3, section 2b) is changed to 90%, while KuoNwv-Std
uses the Kuo scheme in a zonally symmetric config-
uration so that no zonally asymmetric waves are
present.

Each of the 11 experiments is run for at least 80 days
with the standard experiments run for at least 120 days;
only the last 60 days are used in all the time averages.
Initial conditions are taken from an arbitrary day of a
prior integration in a statistical steady state, It usually
takes less than ten days for the ITCZs to adjust to either
a new SST distribution or a new convective parame-
terization scheme. Sharp ITCZs form in each experi-
ment, demonstrating that intense convergence zones
are a robust feature of the earth’s circulation. Selected
time- and zonal-mean circulation statistics are pre-
sented in Table 2. The most striking results from the
experiments documented in Table 2 are as follows:
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FIG. 2. (a) The prescribed meridional distribution of sea surface
temperature vs latitude for the “standard” experiments discussed in
this paper (“Std,” solid line). The February (“Feb2,” short dashed
line), October (*“Oct,” dotted line), and peaked (*‘Peq,” long dashed
line) sea surface temperature distributions are also shown. (b) The
meridional distribution of zonally averaged precipitation vs latitude
for selected experiments (mm day~'): Kuo-Std (solid line), MCA-
Std (dashed line), and KuoNwv-Std (dotted line) (see text). In each
case the average is taken over a 60-day period after a minimum of
20 days’ spinup.

(i) A single general circulation model with identical
forcing and boundary conditions yields a tropical cir-
culation that is qualitatively changed by changing only
the parameterization of convection in the model (Kuo-
Std and MCA-Std).

(i1) The model with a Kuo scheme produces two
off-equatorial ITCZs with a SST distribution that max-
imizes on the equator (Kuo-Std) or with SST uniform
in the tropics (Kuo-Flat).

The propensity for the Kuo scheme to form two
ITCZs is apparent even with the heightened asym-
metric February SST boundary conditions (Kuo-Feb2;
see Table 2 and Fig. 2a). The CCM with the Kuo
scheme does give a single convergence zone when the
SST is sharply peaked (Kuo-Peq, Kuo-Poeq) or the
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relative humidity criterion (condition 3, section 2b) is
changed t0 90% (Ku090-Std ). We will for the moment
concentrate on the differences between Kuo-Std and
MCA-Std experiments.'

b. Comparison of the standard experiments

The zonal- and time-averaged daily rainfall from the
model runs with the standard SST distribution and
either the MCA or Kuo convective parameterizations
is shown in Fig. 2b. We note that the equatorial ITCZ
in the MCA-Std case has significantly more rainfall
than the off-equatorial ITCZ in the Kuo-Std case. Fig-
ure 3 shows the power of 12-hour averaged rainfall
versus period and latitude for the two cases. As the
aqua planet is longitudinally symmetric, this figure is
produced by combining the statistics at each longitu-
dinal point. The total rainfall is surprisingly white at
all latitudes in both cases, although less so for the Kuo-
Std case. The white spectra are in agreement with
ISCCP cloud brightness spectra in the vicinity of the
ITCZ (Hendon, personal communication 1990). With
few exceptions the power in rainfall near the equator
is larger in the MCA-Std than in the Kuo-Std case at
all periods, especially equatorward of the rainfall max-
imum in Kuo-Std. In both cases prominent spectral
peaks are associated with the ITCZ. In addition, the
intraseasonal oscillation (also called the Madden-Ju-
lian and 30-60-day oscillation) can be identified with
a period of about 25 days in both the Kuo-Std and
MCA-Std runs. While the phenomenon is, however,
more difficult to observe in the precipitation and mo-
mentum fields (not shown) in the Kuo-Std case, it is
dominant in the MCA-Std case. The difference in the
rainfall spectra between the two cases is remarkable
and is simply one facet of the consequences of changing
the convective scheme in a GCM. We anticipate from
Fig. 3 that various wave types leave their imprint in
these rainfall spectra and that the wave spectra differ
considerably between the schemes. This is further dis-
cussed in section 5.

The zonal-mean velocities are shown for the two
cases in Fig. 4. In the tropics, the low-level velocity
profile shows little difference between the two cases.
The evaporation due to the zonally averaged zonal
component of the wind (as well as the net evaporation)
is also very similar in each case (not shown). The sub-
tropical jets in the MCA-Std case are stronger and are
situated closer to the equator than in the Kuo-Std case.
The tropospheric zonal velocities are significantly larger
in the MCA-Std case between 38°S and 38°N than in
the Kuo-Std run except in the lowest model levels

"In the Kuo-Std experiment the moist convective adjustment
scheme is left on, so that subsequent to adjustment by the Kuo scheme
any residual unstable layers are stabilized. The MCA scheme in this
run, however, accounts for less than 10% of the total precipitation.
The MCA scheme is not used in any of the other model integrations
that have included the Kuo scheme.






