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ABSTRACT

A regional model is used to study the radiative effect of boundary layer clouds over the southeast Pacific
on large-scale atmosphere circulation during August–October 1999. With the standard settings, the model
simulates reasonably well the large-scale circulation over the eastern Pacific, precipitation in the intertropi-
cal convergence zone (ITCZ) north of the equator, and marine boundary layer stratocumulus clouds to the
south. In a sensitivity experiment with the radiative effect of liquid clouds south of the equator over the
eastern Pacific artificially removed, boundary layer clouds south of the equator almost disappear and
precipitation in the ITCZ is reduced by 15%–20%, indicating that the stratocumulus clouds over the
southeast Pacific have both local and cross-equatorial effects.

Examination of the differences between the control and sensitivity experiments indicates that clouds
exert a net diabatic cooling in the inversion layer. In response to this cloud-induced cooling, an in situ
anomalous high pressure system develops in the boundary layer and an anomalous shallow meridional
circulation develops in the lower troposphere over the equatorial eastern Pacific. At the lower branch of this
shallow circulation, anomalous boundary layer southerlies blow from the boundary layer high toward the
northern ITCZ where the air ascends. An anomalous returning flow (northerly) just above the cloud layer
closes the shallow circulation.

This low-level anomalous shallow circulation enhances the subsidence over the southeast Pacific above
the cloud layer, helping to maintain boundary layer clouds and temperature inversion there. Meanwhile, the
strengthened cross-equatorial flow near the surface enhances moisture convergence and convection in the
ITCZ north of the equator. This in turn strengthens the local, deep Hadley circulation and hence the
large-scale subsidence and boundary layer clouds over the southeast Pacific. This positive feedback there-
fore enhances the interhemispheric climate asymmetry over the tropical eastern Pacific.

1. Introduction

Marine boundary layer (MBL) clouds cover on an
average one-third of the earth’s oceans (Klein and
Hartmann 1993). The high albedo (30%–40%) of MBL
clouds compared to the underlying ocean surface
(�6%) gives rise to the large deficits in the absorbed
solar radiative fluxes both at the top of the atmosphere

and at the underlying ocean surface, while their low
altitude prevents significant compensation in thermal
emission (Randall et al. 1984; Norris 1998). The MBL
clouds can also modify the boundary layer structure
and the fluxes both at the sea surface and across the
temperature inversion through condensation and pre-
cipitation, generation of turbulence, and radiative
transfer (Moeng 2000; Yuter et al. 2000; Stevens et al.
2003). Despite their climatic importance, these low
clouds are poorly simulated in many state-of-the-art
global atmospheric general circulation models (GCMs;
Bretherton et al. 2004).

Over the southeast Pacific off South America, an ex-
tensive MBL stratocumulus (SCu) cloud deck reflects
incoming solar radiation and reduces the local sea sur-
face temperature (SST), which in turn enhances the
SCu clouds by strengthening the capping temperature
inversion. This positive feedback and its potential con-
tribution to realistic simulations of the intertropical
convergence zone (ITCZ) over the eastern Pacific have
been demonstrated by coupled general circulation
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model (CGCM) experiments (Philander et al. 1996; Ma
et al. 1996; Bachiochi and Krishnamurti 2000). These
studies show that the radiative cooling due to the pres-
ence of MBL clouds strengthens the SST gradients in
both the meridional and zonal directions, enhancing the
trade winds. The subsequent interaction of SST and the
trade winds takes the form of westward-propagating
coupled waves (Xie 1996), causing a basin-wide adjust-
ment in ocean and atmosphere circulation (Yu and
Mechoso 1999; Gordon et al. 2000; Xie and Saito 2001).

MBL clouds also have a net radiative cooling effect
on the lower troposphere. With steady-state linear
primitive equation models, Nigam (1997) and Bergman
and Hendon (2000) found that this radiative atmo-
spheric cooling is important for seasonal variations in
cross-equatorial surface winds over the tropical eastern
Pacific. Nigam (1997) further proposed a positive feed-
back in which the longwave radiative cooling of the
MBL due to the SCu cloud deck over the tropical
southeastern Pacific generates southerly surface winds,
which in turn enhance SCu clouds by increasing the
meridional cold advection and latent heat flux. Linear
steady-state models, however, can only elucidate the
atmospheric circulation responses to the specified
cloud radiative cooling but not the response and feed-
back of MBL clouds and ITCZ to the cloud-induced
circulation changes. Therefore, further studies with
more realistic models are required to investigate this
positive feedback and to understand its potential effect
on the eastern Pacific climate.

The objective of this work is to further study this
positive feedback over the tropical eastern Pacific with
a regional climate model developed at University of
Hawaii’s International Pacific Research Center (here-
after IPRC–RegCM). The use of a regional atmo-
spheric model is justified by the finding of Bergman and
Hendon (2000), who concluded that cloud–radiative
forcing tends to mostly influence regional circulations.
More importantly, the IPRC–RegCM with the use of a
relatively large model domain allows interaction among
atmospheric circulation, MBL clouds, and ITCZ con-
vection, as described in Wang et al. (2004a,b). In our
study, the observed SST distribution is used as the
lower boundary condition to exclude the positive feed-
back between MBL clouds and the underlying SST and
thus to focus on the positive feedback between MBL
clouds and the atmospheric circulation. We will show
that MBL clouds have both local and remote effects
and enhance the interhemispheric climate asymmetry
over the tropical eastern Pacific through a positive
cloud-circulation feedback, as hypothesized by Nigam
(1997).

The rest of the paper is organized as follows. The
next section describes the numerical model and design
of numerical experiments. Section 3 discusses the simu-
lated boundary layer clouds and their local effect on the
boundary layer structure over the southeast Pacific off
South America. Section 4 examines the large-scale at-

mospheric forcing induced by boundary layer clouds
over the southeast Pacific. Main conclusions are drawn
in the last section.

2. The model and experimental design

a. The IPRC–RegCM (version 1.2)

The model used in this study is the regional climate
model, IPRC–RegCM, developed at the International
Pacific Research Center. A detailed description of the
IPRC–RegCM (version 1.1) and its performance in
simulating regional climate over East Asia can be found
in Wang et al. (2003). The model has also been used in
modeling the regional climate over the eastern Pacific,
including the response of the atmosphere to the Pacific
tropical instability ocean waves (Small et al. 2003),
simulation of boundary layer clouds over the southeast
Pacific (Wang et al. 2004a,b), and the effect of the
Andean mountains on eastern Pacific climate (Xu et al.
2004).

The model uses hydrostatic primitive equations in
spherical coordinates with � as the vertical coordinate.
The model equations are solved with a fourth-order
conservative finite-difference scheme on an unstag-
gered longitude/latitude grid system and a leapfrog
scheme with intermittent use of an Euler backward
scheme for time integration. The model has 30 levels in
the vertical with high resolution in the planetary bound-
ary layer (11 levels below 800 hPa). The model physics
include the cloud microphysics scheme of Wang (1999,
2001); a mass flux scheme for subgrid shallow convec-
tion, midlevel convection, and deep convection devel-
oped by Tiedtke (1989) and modified by Nordeng
(1995) and Gregory et al. (2000); the radiation package
developed by Edwards and Slingo (1996) and further
improved later by Sun and Rikus (1999); the Bio-
sphere–Atmosphere Transfer Scheme (BATS) devel-
oped by Dickinson et al. (1993) for land surface pro-
cesses; a modified Monin–Obukhov similarity scheme
for flux calculations at the ocean surface (Wang 2002);
and a nonlocal E–� turbulence closure scheme for sub-
grid-scale vertical mixing (Langland and Liou 1996),
which was modified to include the effect of cloud buoy-
ancy production of turbulence kinetic energy (Wang
1999). Table 1 provides a summary of the physical pa-
rameterization schemes used in the IPRC–RegCM ver-
sion 1.2.

The modified mass flux scheme uses a CAPE (con-
vective available potential energy) closure and consid-
ers the organized entrainment/detrainment based on a
simple cloud plume model for deep convection (Nor-
deng 1995; Gregory et al. 2000). The cloud water/ice
detrained from cumulus towers is allowed to contribute
to grid-scale cloud water/ice, which leads to improved
model cloudiness calculation in the IPRC–RegCM
(Wang et al. 2003). This feedback of the detained cloud
water/ice depends on the environmental relative hu-
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midity so that immediate and complete evaporation of
detrained cloud water/ice is assumed for relatively dry
conditions. Specifically, only the portion (qd) of the de-
trained cloud condensates (qd) is used to increase the
grid scale cloud water mixing ratio

qd � Max�0.0, � RH � RHc

1 � RHc
�qd�, �1�

where RH is the mean relative humidity in a grid box
and RHc is a critical relative humidity below which the
detrained cloud condensates evaporate immediately
and is set to be 0.8 in our application. Note that the rest
of the detrained cloud condensates are assumed to
evaporate instantaneously and increase the environ-
mental relative humidity. The partitioning of the de-
trained cloud condensates between cloud water and
cloud ice above the freezing level is a function of tem-
perature given by Rockel et al. (1991) [see Eq. (1) in
Wang et al. (2003)].

As indicated in Wang et al. (2004a,b) and McCaa
and Bretherton (2004), the simulation of MBL stra-
tocumulus clouds depends strongly on the parameter-
ization of shallow convection in the model. In the
IPRC–RegCM, the mass flux scheme of Tiedtke (1989)
is used. For a reasonable simulation, Wang et al. (2004a)
adjusted the fraction of the cloud ensemble that pen-
etrates into the inversion layer and detrains there into
the environment from the default value 0.33–0.23 [	 in
Eq. (21); Tiedtke (1989)] for shallow convection. This is
used in conjunction with the simple Kessler (1969)

drizzle parameterization in the cloud microphysics
scheme (Wang 1999, 2001), with the threshold cloud
water mixing ratio set at 0.4 g kg�1 above which effec-
tive conversion of cloud water into rainwater (or
drizzle) occurs. In this new version of IPRC–RegCM
(V1.2) used here, we increased this threshold to 0.5 g
kg�1 to reduce drizzle from SCu clouds and used the
fraction of 0.3 for detrained clouds in the inversion
layer. These adjustments in parameters improve the
simulation of boundary layer clouds near the coast of
South America in the new version of the IPRC–RegCM
(see section 3a).

The radiation package includes seven/four bands for
longwave/shortwave radiation calculation. We consid-
ered a full coupling between the cloud microphysics
and the cloud water/ice path used in radiation calcula-
tions. The cloud radiative properties are calculated
based on Sun and Shine (1994) for longwave radiation,
and Slingo and Schrecker (1982) and Chou et al. (1998)
for shortwave radiation. Sun and Pethick (2002) found
that this is a good combination for marine SCu clouds.
Note that because of the lack of information of cloud
condensation nuclei, which depends on the size distri-
bution of water-soluble species (sulfates, organics, sea
salt, and nitrates) and the degree of solubility and the
mixing ratio of individual species within a given size
fraction, the cloud droplet number concentration
(CDNC) has to be specified in the model. Although the
simulated MBL SCu clouds could be very sensitive to
this specification (e.g., McCaa and Bretherton 2004),
we simply set CDNC to be 100 cm�3 over the ocean and
300 cm�3 over the land: both are representative for the

TABLE 1. List of physics parameterization schemes used in the IPRC-RegCM (version 1.2). Also included are references and
comments where necessary.

Physical process Scheme Reference Comments

Grid-resolved moist
processes

Bulk mixed-ice-phase cloud
microphysics

Wang (1999, 2001) Based mainly on Lin et al. (1983), Rutledge and
Hobbs (1983), and Reisner et al. (1998).

Subgrid-scale
convection

Shallow convection, midlevel
convection, and deep
convection

Tiedke (1989); Nordeng
(1995); Gregory et al.
(2000)

With CAPE closure and organized entrainment
and detrainment. Coupling between subgrid-scale
convection and grid-resolved moist processes via
cloud-top detrainment (Wang et al. 2003).

Mixing Vertical: 1.5-level nonlocal
turbulence closure

Langland and Liou
(1996)

Modified to include cloud buoyancy production of
turbulence (Wang 1999).

Horizontal: fourth order Wang et al. (2003) Deformation and terrain-slope dependent diffusion
coefficient.

Surface layer over
ocean

Bulk scheme Fairall et al. (2003) TOGA COARE v3.0

Radiation Multiband Edwards and Slingo
(1982); Chou et al.
(1998)

Seven bands for longwave, four bands for
shortwave, full coupling between cloud
microphysics and cloud liquid/ice water extent.

Cloud optical Longwave radiation Sun and Shine (1994)
properties Shortwave radiation Slingo and Schrecker

(1982); Chou et al.
(1998)

With specified cloud droplet number concentration
(CDNC) of 100 cm�3 over ocean and 300 cm�3

over land.
Cloud amount Semi-empirical scheme Xu and Randall (1996) Dependent on relative humidity and cloud liquid/ice

water extent.
Land surface

processes
Biosphere–Atmosphere

Transfer Scheme (BATS)
Dickenson et al. (1993) Modified algorithm for solving leaf temperature to

ensure a convergent iteration of numerical
solution (Wang et al. 2003).
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