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ABSTRACT

A coupled atmosphere—ocean—coastline model driven by solar radiation is advanced to understand the essential
physics determining the annual cycle of the intertropical convergence zone (ITCZ)—equatoria cold tongue (ECT)
complex and associated latitudinal climate asymmetry. With a thermocline depth similar to that of the western
Pacific, the aquaplanet climate is latitudinal symmetric and stable. The presence of an oceanic eastern boundary
supports an east—west asymmetric climate and an ECT due to unstable air—seainteraction and counter stabilization
provided by zonal differential surface buoyancy flux. Formation of latitudinal climate asymmetry requires the
presence of the ECT.

The antisymmetric solar forcing due to annual variation of the solar declination angle can convert a stable
latitudinal symmetric climate into a bistable-state latitudinal asymmetric climate by changing trade winds, which
in turn control annual variations of the ECT. The ECT then interacts with ITCZ, providing a self-maintenance
mechanism for ITCZ to linger in one hemisphere, either the northern or southern, depending on initial conditions.
The establishment of the bistable-state asymmetry requires a delicate balance between counter effects of the
antisymmetric solar forcing and self-maintenance. Two factors are critical for the latter: (i) The annual variation
of ECT follows the SST of the ITCZ-free hemisphere and the meridional SST gradients between the ECT and
ITCZ sustain moisture convergence, which prolongs residence of the ITCZ in summer hemisphere. (ii) The
latent heat released in the ITCZ produces remarkable asymmetry in Hadley circulation and trades between the
two hemispheres, and the stronger evaporation cooling in the ITCZ-free hemisphere delays and weakens the
warming and convection development in that hemisphere.

The annual cycle of insolation due to the earth—sun distance variation may convert the bistable-state asymmetry
into a preferred latitudinal asymmetric climate. The earth’s present orbit (with a minimum distance in December
solstices) favors ITCZ staying north of the equator by compelling the ECT into a delayed in-phase variation
with the Southern Hemisphere SST. With annual-mean solar forcing a tilted eastern boundary can support a
weak preferred latitudinal asymmetry. Inclusion of the annual variation of insolation can dramatically amplify
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Dynamics of the ITCZ-Equatorial Cold Tongue Complex and Causes of the

the asymmetry in the mean climate through the self-maintenance mechanism.

1. Introduction

The ITCZ characterized by a narrow band of bound-
ary layer convergence and deep convective clouds con-
stitutes an ascending branch of the Hadley circulation
and plays a central role in maintaining tropical circu-
lation, transporting heat and momentum poleward, and
balancing water and energy in the troposphere. Over the
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eastern-central Pacific and Atlantic Oceans, the ITCZ
ismostly in the Northern Hemisphere (NH) and exhibits
a distinct annual cycle in its strength and latitudinal
locations.

Meteorological explanations of why the ITCZ tends
to form away from the equator were primarily based on
atmospheric internal dynamics, which emphasize the
role of the planetary boundary layer processes in or-
ganizing deep convection. Charney (1971) argued that
the preferred latitude for ITCZ is determined by a bal-
ance between the Ekman pumping efficiency, which in-
creases with latitude and the moisture supply, which in
turn decreases with latitude. Holton et a. (1971) viewed
ITCZ asresulted from zonally propagating synoptic dis-
turbances, which maximize boundary layer convergence
at a critical latitude (around 8°) where the frequency of
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Fic. 1. Observed climatological monthly mean (a) surface zonal and (b) meridional (c) winds
(m s™1), SST (°C), and (d) rainfall (mm day—*). Observed annual-mean surface zonal (solid) and
meridional (dashed) winds (e), SST (solid), and rainfall rate (dashed) (f) over the eastern Pacific
Ocean zonally averaged from 150°W to the American coast. The surface winds and SST are
derived from COADS climatology (Sadler et al. 1987). The rainfall data are obtained from Xie

and Arkin (1996).

the transients equal s the Coriolis parameter. Waliser and
Somerville (1994) demonstrated that a positive feedback
between the midtropospheric latent heating and low-
level convergence may enhance organization of con-
vection at latitudes about 4°—12° lat without invoking
the two mechanisms mentioned above. Wang and Li
(1994) derived a solution for the EKman pumping in an
equatorial beta-plane boundary layer, which shows that
convergence is associated with low pressure and east-
ward and poleward winds. Large-scale equatorial west-
erlies are often associated with off-equatorial lows and
poleward winds, which tend to repel convection away
from the equator. While atmospheric internal dynamic
processes may coerce I TCZ away from the equator, they
failed to explain why the ITCZ favors aparticular hemi-
sphere, or the latitudinal climate asymmetry.

Figures 1 and 2 show climatologica mean and annual
cycle of the surface winds, precipitation, and SST zon-
ally averaged for the eastern (150°W to the American
coast) and the western (110°E to the date line) Pacific,
respectively. The annual-mean rainfall and SST are
nearly symmetric about the equator in the western Pa-
cific, whereas they are highly asymmetric in the eastern
Pacific. The annual cycles also differ remarkably be-
tween the eastern and western Pacific. These contrasting
features are found in a larger longitudinal extent be-
tween the Eastern and Western Hemispheres (Mitchell
and Wallace 1992; Waliser and Somerville 1994). There
is, however, one notable feature common to both the
western and eastern Pacific, that is, the surface zonal
and meridional winds are always significantly stronger
in the winter hemisphere. Another notable featureisthat
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Fic. 2. Same as in Fig. 1 except for the western Pacific Ocean zonally averaged from 110°E to
the date line.

the annual march of ITCZ is in tandem with the un-
derlying SST variation, both at the equator and at the
northern subtropics. The coupled variation of the ITCZ
and equatorial cold tongue (ECT) was documented by
Murakami et al. (1992) and Mitchell and Wallace
(1992). These studies suggest that the ITCZ in the West-
ern Hemisphere oceans is not determined by atmospher-
ic internal dynamics alone. Both the ITCZ and the ECT
belong to the same coupled climate system over the
eastern Pacific and Atlantic Oceans.

Philander et al. (1996) attributed the latitudinal cli-
mate asymmetry to two sets of factors: interactions be-
tween ocean and atmosphere that are capable of con-
verting symmetry into asymmetry, and the geometries
of the continents that determine in which longitudes the
interactions are effective and in which hemisphere the
warmest water and the ITCZ are located. Chang and
Philander showed that the positive meridional wind—
SST feedback can yield an unstable antisymmetric mode
that is relevant to explanation of the north—south asym-

metry in SST. In coupled ocean—atmosphere general cir-
culation models, however, Philander et al. (1996) found
that this unstable antisymmetric mode failed to generate
appreciable climate asymmetry. Instead, they discov-
ered the importance of the positive feedback between
low-level stratus clouds and SST via changing short-
wave radiation in keeping ITCZ mostly north of the
equator. In their experiments, the parameterized stratus
clouds were overdeveloped compared with observa-
tions, thus the role of stratus-SST feedback may be
somewhat exaggerated. Nevertheless, the positive stra-
tus—SST feedback was elucidated by the linear stability
analysis of Li (1997), and the efficiency of Peruvian
stratus clouds in lowering SST in the Southern Hemi-
sphere (SH) and equatorial regions were confirmed by
Ma et al. (1996) using observed stratus clouds embed-
ded in their coupled models.

The current explanation of the latitudinal climate
asymmetry has been based on unstable air—sea inter-
action but ignored the potential roles of the annual var-
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iation of insolation. Whereas the air—sea interaction is
one of the major playersin the annual cycle of the ECT,
it does not explain why the equatorial SST variation
should have an annual period. Solar radiation forcing
must control the period of the SST variation at the equa-
tor even though not in a direct manner. The question is
how this happens. Wang (1994) hypothesized that the
antisymmetric insolation forcing can regulate the ECT
indirectly through changing the intensity of the trade
winds. He showed that the decline of the austral winter
trades in the SH initiates coastal warming off Peru,
which then *‘propagates’ equatorward and westward
through air—sea interaction and causes annual weaken-
ing of the ECT. Liu and Xie's (1994) theoretical analysis
demonstrates how an extratropical annual forcing along
the coast of South America can effectively influence the
ECT through equatorward and westward propagation of
the coupled disturbances by wind-evaporation—entrain-
ment feedback (also see Xie 1996). Wang's hypothesis
was based on the finding that the annual variation of
eastern-central Pacific climate is alternatively dominat-
ed by an antisymmetric (w.r.t. the equator) component
peaking in February and August and a quasi-symmetric
component peaking in May and November, both having
aperiod of 1 yr (see aso Nigam and Chao 1996; Chang
1996). The former is forced by differentia insolation
between the NH and the Southern Hemisphere (SH)
whereas the latter originates from atmosphere—oceanin-
teraction. The antisymmetric component behaves like a
monsoon with cross-equatorial flow reversing its direc-
tion annually. It was referred to as an “‘invisible” mon-
soon because its amplitude is small compared with the
mean trade winds so that the invisible monsoon reflects
the annual variations of the strength of the trade winds.
In the present study we will refer to this antisymmetric
component of the annual cycle in the eastern Pacific as
invisible monsoon.

We believe that the formation of the latitudinally
asymmetric mean climate and the annual variation of
the ITCZ—ECT complex are interactive. Failure to con-
sider the feedback of the annual variation to the mean
climate may lead to an incomplete or inadequate phys-
ical explanation of the mean climate. In the present pa-
per, we will explore the cause of the latitudinal mean
climate asymmetry and the annual variation of the
ITCZ-ECT complex using a consolidated theoretical
framework. Section 2 describes the theoretical model.
To understand the role of the continental boundary, we
start with examination of an aquaplanet climate in sec-
tion 3, which is relevant to understanding the annual
cycle in the western Pacific. This forced axialy sym-
metric equilibrium state is stable to perturbations anti-
symmetric about the equator, while unstable to an east-
erly perturbation in the presence of an eastern ocean
boundary. Sections 4 and 5 discuss causes of the lon-
gitudinal and latitudinal climate asymmetriesin the east-
ern Pacific and Atlantic Oceans. In section 6 we further
explore causes of the preferred latitudinal asymmetry
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of the present climate. The physical processes that are
responsible for the climate asymmetry and the annual
cycle of ITCZ-ECT complex are summarized and dis-
cussed in the last section.

2. The two-dimensional climate model

We consider the annual variation of the ITCZ-ECT
complex as a response of the coupled atmosphere—
ocean—coastline system to solar radiation forcing. Inthis
section, we put forward a quasi-two-dimensional (me-
ridional-vertical) model to describe such a forced cli-
mate system in order to elucidate essential physical pro-
cesses determining the annual cycle of the ITCZ-ECT
and the associated latitudinal climate asymmetry.

a. The coupled atmosphere—ocean—coastline model

The ITCZ convergence and direct ocean influence are
primarily confined to the atmospheric boundary layer.
But the condensational heating released in the free tro-
posphere actively interacts with the boundary layer
flows. Therefore a simplest atmospheric model suitable
for study of ITCZ should include both the boundary
layer and the lowest vertical mode of the free-atmo-
spheric circulation. For this reason, the two-and-a-half
layer tropical climate model developed by Wang and Li
(1993) is adopted as the atmospheric component of the
coupled model. Detailed formulation of the zonal-mean
atmospheric model is presented in the appendix.

The ocean model is used to model SST variation. The
mixed layer thermodynamics is thus an essentia ele-
ment. The upper-ocean dynamics is also needed when
coastal effects are considered. A two-dimensional ver-
sion of Zebiak and Cane’'s (1987) model meets our
needs. The detailed formulation of the zonal-mean ocean
model is given in the appendix.

The zona averages were applied to a finite longitu-
dinal domain. The effects of an ocean eastern boundary
will be discussed in detail in section 4. The possible
east—west difference in SST and associated zonal winds
due to the presence of a continental boundary will be
included in the ocean dynamics and thermodynamics.
Major parameters appearing in the coupled model equa-
tions and the corresponding values used in the present
study are listed in Table 1.

b. Solar radiation forcing

Observed downward shortwave radiation flux on the
surface under clear sky, F,, is displayed in Fig. 3a,
which was computed based on the monthly mean values
compiled by Budyko and Miller (1974). To facilitate
physical interpretation, it is advantageous to express F,
as a sum of an annual mean F,,, and a symmetric (F.)
and an antisymmetric (F,) (with respect to the equator)
component of the annual variation:
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TABLE 1. Parameters and their values used in the coupled model.
Symbol Parameter Value
A SST forcing coefficient 8m2s2K?
E Rayleigh damping coefficient in the boundary layer 1lday*
€, Rayleigh friction coefficient in the free atmosphere 1/2 day—*
C, Atmospheric gravity wave speed of the first-baroclinic mode 50 mst
d Nondimensional depth of the boundary layer 0.25
n Newtonian cooling coefficient in free atmosphere 1lday*
r Ratio of the equilibrium temperature at p, to SST 0.7
Co Drag coefficient 1.3 X 10°3
Ce Moisture transfer coefficient 1.6 X 1073
@ Longwave radiational cooling coefficient 18W m2K?
b Condensational efficiency coefficient 0.7
H, Depth of the ocean mixed layer 30 m
H Mean depth of the thermocline 150 m
DT, Temperature difference across the mixed layer base 17K
g Reduced gravity in the upper ocean 56 X 102 ms2
€ Rayleigh frictional coefficient in the upper ocean 1 (100 day-H-*
re Viscosity coefficient in ocean Ekman layer 1day—*
K Ocean diffusion coefficient 10°3m?st
Fo=F,+ F,+ F, (21) F,dominates, the antisymmetric component hasits con-
_ iy sequential impact in an indirect manner. The sum of F,,
Frn = Foo€ 0%, (218 F_ and F, shown in Fig. 3b is an excellent approxi-
) mation to the observed value (the maximum difference
T i -2
F. = F,|0.042 cos—(t + 8) is less than 8 W m-).
T
. 3. The axially symmetric climate on an
+ 0.04 cos—(t — 82)|, (2.1b) aquaplanet
T

2
F. 0.98F00(yl> cos™2(t — 172),  (2.1¢)
T

m

where 7 = 365 days, F,, = 320 W m~2 denotes the
annual-mean shortwave flux under clear sky at the equa-
tor, and y,, = 9900 km measures an e-folding scale for
the decrease of annual-mean insolation, F,, with lati-
tude, which is small within 30° lat: the shortwave flux
at 30° lat is only about 8% less than that at the equator.

The annual variation is dominated by the antisym-
metric component (F,), which measures the insolation
contrast between the NH and the SH and is caused by
the annual variation in the solar declination angle (Fig.
3d). The minor symmetric component of annual vari-
ation (F.) (Fig. 3c) includes a semiannual cyclein solar
declination (maximized on the equator) due to the
change in declination angle and an annual cycle due to
changes in the sun—earth distance (maximized on the
northern winter solstice when the earth is closest to the
sun). At the equator, F, is dominant, because F, van-
ishes. At about 4° |at, the two components have the same
magnitude. Therefore, the variations in the symmetric
component are important only in the oceanic equatorial
waveguide. The antisymmetric component has a much
larger amplitude in the subtropics (102 W m-2 at 30°
lat). Aswill be demonstrated, the prominent annual cy-
cle of the solar radiation in the subtropics (the antisym-
metric component of insolation) has a considerabl e con-
trol on the tropical climate. Even at the equator where

Consider first an aquaplanet and neglect land effects.
In this case, the upper-ocean dynamics do not play a
significant role in annual variation of SST if the ther-
mocline is as deep as in the western Pacific. The mixed
layer meridional currents can be well approximated by
Ekman flow. Thus, the ocean can be simply described
by the Ekman dynamics, Eq. (A15), and the mixed layer
thermodynamic equation, Eq. (A9) with AT, = 0.

To focus on the role of annual variation of solar forc-
ing, we intentionally specify an axially symmetric dis-
tribution of cloud amount. Both the deep convection
and stratus clouds would affect the downward radiation
flux to the ocean (thus SST) and be influenced by SST.
The interaction is complicated and we defer this com-
plexity to future study. With a symmetric distribution
of cloudiness similar to that observed in the western
Pacific:

 [oss, lp] = 20°,
053 + 0.1(j¢| — 20)/10,  |¢| > 20°,

the coupled model yields an axially symmetric aqua-
planet climate: the annual-mean SST, surface zonal
winds, and rainfalls are all nearly symmetric about the
equator (Figs. 4ef).

The resultant steady annual cycles of rainfall, bound-
ary layer winds, and SST (Figs. 4a—d) bear close simi-
larities to the observed western Pacific climate (Fig. 2).
Discrepancies are seen in the phases of zona wind and
rainfall and the amplitude of the equatorial zonal wind.

(3.1)
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Fic. 3. (8) The observed net shortwave radiation flux (W m~-2) at the surface under clear sky
(adopted from Budyko and Miller 1974). (b) The same quantity asin (a) except that it is computed
from analytical approximation [Eq. (2.1)]. (c) and (d) Respectively, the equatorial symmetric and
antisymmetric components of the annual variation in the shortwave radiation flux.

These discrepancies are primarily due to the land influ-
ence on the observed annual cycle in the western Pacific.
The maximum rainfall and convergence zone migrates
following the maximum SST, which lags local maximum
insolation by about 2-3 months. Note that, the surface
winds in the winter hemisphere are much stronger than
those in the summer hemisphere, indicating apronounced
asymmetry in Hadley circulation with winter circulation
amplifying greatly while the summer cell becomes very
weak. Thisis consistent with observations and the theory
of Lindzen and Hou (1988), who found that a moving
peak heating even 2° off the equator leadsto aremarkable
asymmetry in the Hadley circulation. Another notable

feature is the rapid transition between the summer and
winter. Even though the seasonal march of solar forcing
is a smoothed sinusoidal variation, the atmospheric cir-
culation experiences much more abrupt changes during
the transitional seasons. This suggests that the abrupt
poleward shift of ITCZ during spring observed in the
eastern hemisphere monsoon regions may originate from
atmospheric internal dynamics.

With annual-mean solar forcing the coupled system
reaches a steady symmetric climate. Initial asymmetric
perturbations in SST and winds were applied to the
steady symmetric climate. This coupled steady state is
stable to the imposed antisymmetric perturbations, even
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Fic. 4. Asin Fig. 1 except for the model simulated aquaplanet axially symmetric climate with
the present-day annual cycle of insolation forcing.

though these perturbations initially generate strong
cross-equatorial flow and differential evaporation cool-
ing between the NH and the SH. When the depth of the
mean thermocline was reduced from 150 m to 100 m
or 50 m, the resultant climate remains symmetric about
the equator and stable to antisymmetric perturbations.
The major difference liesin that the SST near the equa-
tor is lowered due to the enhanced upwelling-induced
cooling and the rainfall tends to be concentrated in off-
equatorial zones (more evident double ITCZ). The at-
mosphere—ocean interaction, such as meridional wind—
SST gradient feedback (Chang and Philander 1994) or
wind—evaporation feedback (Xie and Philander 1994),
is unable to create latitudina climate asymmetry in
those cases. The former is a destabilizing mechanism
but the induced instability is weak and confined to the
equatorial waveguide. Its effect is overwhelmed by the
effect of antisymmetric solar forcing. The wind—evap-
oration feedback, in fact, suppresses antisymmetric per-
turbation and tends to maintain an axially symmetric

climate. For instance, consider an initial positive SST
anomaly that is placed north of the equator where mean
easterlies dominate. The SST anomaly would induce a
low surface pressure (Lindzen and Nigam 1987) and an
associated cyclonic wind anomaly due to the earth’s
rotation. The total wind speed thus decreases (increases)
on the equatorward (poleward) side of the anomalous
cyclone. The differential wind speed would causewarm-
ing (cooling) on the equatorward (poleward) side of the
SST anomalies. The positive SST anomaly would shift
toward the equatorial warmest water. The wind—evap-
oration feedback thustendsto eliminate theinitial asym-
metries in the SST field.

4. Causes of the equatorial east—west
climate asymmetry

The aquaplanet symmetric climatic state is not only
stable to monsoon perturbations forced by antisymmet-
ric solar forcing but also stable to equatorial zonal wind
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perturbations. The air—seainteraction in this case causes
neither latitudinal nor zonal asymmetry. This, however,
is not the case when land serves as an eastern ocean
boundary.

In the presence of an ocean eastern boundary, the
symmetric climatic state becomes unstable to a surface
easterly perturbation. The instability arises from thein-
teraction between the east—west (Walker) circulation and
zonal SST gradients via equatorial upwelling as visu-
alized by Bjerknes (1969). Surface easterlies induce
equatorial upwelling and make the thermocline shoal to
the east. The upwelling induces stronger cooling in the
east because a shallow thermocline brings cold water
closer to the mixed layer base. Thisresultsin awestward
increase in SST along the equator, which induces awest-
ward pressure gradient force that in turns enhances the
easterly perturbation. This positive feedback leads to a
simultaneous amplification of equatorial easterlies and
zonal SST gradients. The Bjerknes (1969) hypothesis
was originally advanced to explain the development of
Pacific warming/cooling. It was later applied to under-
stand the formation of the annual cycle (Horel 1982,
Wang 1994) and mean climatology (Dijkstraand Neelin
1995; Jin 1996) of the equatorial Pacific SST.

The establishment of the east—west asymmetry re-
quires a restoring mechanism to balance the effect of
coupled instability. This is provided by zonally differ-
ential latent and sensible heat fluxes. The loss of latent
heat increases with increasing SST provided the wind
speed is invariant. Thus, the westward SST gradient
must induce a higher (lower) latent heat loss in the
central (eastern) Pacific, which prohibits the increase of
westward SST gradients. The coupled system will reach
an equilibrium due to the coupled instability being bal-
anced by the damping provided by the zonally differ-
ential buoyancy flux.

Surface easterly perturbations are expected at the
equator even under a symmetric insolation force and
lower boundary conditions. This is due to the equator-
ward transport of angular momentum and the constraint
of angular momentum conservation and the vertical mo-
mentum diffusion (Held and Hou 1980). The resultant
surface equatorial easterlies on an aquaplanet climate,
however, are rather weak (less than 1 m s*; Waliser
1997, personal communication). The unstable air—sea
interaction at the equator, however, can amplify the
equatorial easterlies and associated westward SST gra-
dients, resulting in a finite-amplitude east—west asym-
metry. The argument here emphasizes that the observed
equatorial easterlies are largely a result of air—sea in-
teraction.

Let us estimate the strength of the east-west asym-
metry based on the argument presented earlier in this
section. At an equilibrium state, the Rayleigh friction
associated with the equatorial surface zonal wind, u,,
is approximately balanced by zonal SST gradient-in-
duced pressure gradient force (Lindzen and Nigam
1987), thus,
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Eu, Aax'

the meaning of the symbolsin (4.1) isexplained in Table

1. In the upper ocean, the westward wind stress is ap-

proximately balanced by an eastward pressure gradient

force associated with the thermocline tilt—the Sverdrup
(1947) balance:

4.2)

@ _ paCD
ax  p,H

The easterly induced equatorial upwelling can be solved
from Ekman dynamics [Eq. (A15)], which yields (e.g.,
Wang and Fang 1996)
_ Hs(H - Hs)
YT

!

|UalUA. (4.2)

_(H _ HS)B paCD

V-V = Pa>p
‘ r p.H

|UalU.

(4.3)

From (A9), the equilibrium mixed layer temperature is
governed by

W Q=) = Q-
a0 T = G,

where the horizontal advection of temperature was ne-
glected. Although zona currents transport heat east-
ward, its effect is largely offset by equatorward cold
advection by coastal current (e.g., Peru Current). As a
result, the horizontal advection probably plays a minor
role in creating east-west equatorial asymmetry. For
simplicity, we neglect the zonal variationsin u,, w, and
the shortwave and longwave radiation fluxes. Taking
longitudinal (x) derivatives of Eq. (4.4) yields
—1 9Qu
p.Cu X’
To derive an analytical expression, we adopt the fol-
lowing approximations for the surface latent heat flux
[see Eq. (2.10) in Wang and Li 1993]

th = chaCEquuAl(T - 293)! (46)

and for the temperature difference across the mixed lay-
er base (Battisti and Hirst 1989)

T—T.,= AT, — Ah. 4.7
Substituting Egs. (4.6) and (4.7) into (4.5) leads to

oh L aT

H —=—= Kqlual—-

W. (W))\BX pWCWPaCE qluAl ax

Obviously, awesterly perturbation induces downwelling

(w < 0) [Eq. (4.3)], so that, from Eq. (4.8), the zonal

SST gradient vanishes, implying that the forced zonally

symmetric climates are stable to westerly perturbations.

An easterly perturbation, however, induces equatorial
upwelling, thus combining (4.8) and (4.3) leads to

BC, . oh L aT

UA— = —=CcK,—.
Hrz2 %"ox  C, © “ox

Use of Egs. (4.1) and (4.2) in (4.9) yields

th

, (44

WMM%U—TQ: (4.5)

w

(4.9)

—(H — Hy) (4.9
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meridional (dashed) winds and (b) SST (solid) and rainfall (dashed)
obtained from the coupled model simulation with annual-mean solar

forcing and the equatorial east—west climate asymmetry in the pres-
ence of an eastern ocean boundary.
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Given the parameter values listed in Table 1 and A =
4 X 1072 K m1, the estimated equatorial zonal wind
is about —3 m s~t. The corresponding equatorial zonal
SST gradient isabout 0.5 X 10-¢ K m~1, corresponding
to a AT, = 4 K between 80°W and 150°W.

Both u, and AT, are equatorialy trapped due to the
change of signs in the Coriolis parameter across the
equator. It is reasonable to assume that they have a
meridional structure of the lowest parabolic cylindrical
function (Gill 1980):

Uy = U,(O)e O/, (4.11a)
(AT,)e = AT,(0)e O/, (4.11b)

where u,(0) = —3 m s, AT,(0) = 4 K, and the L,
and L, represents, respectively, the atmospheric and oce-
anic equatorial Rossby radius of deformation.

In the presence of an oceanic eastern boundary, we need
to incorporate the east—west asymmetry, that is, the equa
torial easterlies and zonal SST difference [Eq. (4.11)] in
the ocean model. The total atmospheric boundary layer
winds (ug and vg), which drive the ocean, should be the
sum of the forced zonally symmetric wind (u, and v,) and
the zonally asymmetric wind (U,): (Ug, vg) = (U, + U,,
v,). The zona temperature advection associated with zonal
SST gradient should be also included.

With annual-mean solar radiation forcing, F(y), the
steady climate is symmetric about the equator but is char-
acterized by an equatorial cold tongue in the eastern basin
due to the effect of the eastern ocean boundary (Fig. 5).

Uy = (4.10)

5. Causes of the latitudinal climate asymmetry

Different from the aquaplanet climate, the steady state
with an ECT in the eastern basin can be unstable to
finite-amplitude antisymmetric perturbations, as dem-
onstrated by Li (1997) and Xie (1997). The growth rate
depends on intensity of the east—west asymmetry (thus
the thermocline depth) and the dissipation. The expla-
nation of the latitudinal climate asymmetry has been
primarily based on the instability of the coupled mean
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basic state to antisymmetric perturbations (Chang 1996;
Li 1997; Xie 1997). The role of the annual cycle in
insolation has been neglected. In this section we dem-
onstrate that the antisymmetric solar forcing can convert
a stable latitudinal symmetric climate to a bistable lat-
itudinal asymmetric climate.

In our experiment, for the parameters given in Table
1, the symmetric climate forced by annual-mean inso-
lation in the presence of the eastern boundary (or sig-
nificant mean easterlies and ECT) is stable to antisym-
metric perturbations, that is, the coupled antisymmetric
modes are decaying. This was confirmed by time in-
tegration of the model for the symmetric climate with
an imposed small-amplitude initial antisymmetric dis-
turbance.

When this coupled system is forced by the annual
mean plus antisymmetric solar forcing, F . (y) + F.(y, t),
the resultant annual cycle and the annual-mean climate
is shown in Fig. 6. Note that all model parameters are
identical to those used in Fig. 5. With the antisymmetric
solar forcing included, the ITCZ tends to be biased to
one hemisphere, showing evident north—south asym-
metry. Depending on initial conditions, the resultant
ITCZ can stay in either the NH or SH. This provides
firm evidence that the nonlinear effects of the annual
variation forced by antisymmetric solar radiation can
generate latitudinal asymmetry, provided the ECT or
the east—west equatorial asymmetry preexists.

The process causing the latitudinal asymmetry in-
volves a self-maintenance mechanism arising from the
interplay between the ECT and ITCZ regulated by the
antisymmetric solar forcing. For convenience of dis-
cussion, suppose initially the ITCZ and corresponding
high SST occur in the SH during southern solstice (late
December) as the case shown in Fig. 6. When the sun
moves back to the equator in the ensuing equinox season
(late March), the SST in the SH (NH) subtropicsreaches
its maximum (minimum) due to ocean thermal inertia
and the negligible role of the thermal advection. The
strongest hemispheric thermal contrast renders the
southern ITCZ reach maximum intensity. We note that
the equatorial SST islargely controlled by the easterlies
originated from the ITCZ free hemisphere (the NH in
this case) through upwelling-induced vertical tempera-
ture advection. The annual cycle of the ECT has thus
a phase delay compared to the annual variation of the
SST in the ITCZ-free hemisphere and reaches a maxi-
mum cooling in April-May in the case discussed. There-
fore, when the sun moves to the NH, the ITCZ remains
in the SH, because the ECT is coldest in April-May,
and the SST gradients south of the ECT drive the bound-
ary layer winds southward, converging into and main-
taining the southern ITCZ. This local ECT-HTCZ in-
teraction acts against the effect of the hemispheric dif-
ferential solar forcing. Thus, the feedback between the
ECT and ITCZ provides a ‘*self-maintenance’” mech-
anismthat prevents ITCZ from following the maximum
insolation moving back to the equator when northern
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Fic. 6. The same as in Fig. 1 except for the model-simulated climate with annual mean plus
antisymmetric component of insolation forcing. The equatorial zonal climate asymmetry (the
equatorial easterlies and east—west SST gradients) was included in the ocean component of the
coupled model. Note that the resultant latitudinal asymmetry depends on initial conditions.

solstice (late June) comes. The phase delay of the annual
cycle of the ECT to that of the ITCZ-free hemisphere
isimportant in the self-maintenance mechanism. During
the following equinox season (late September), the NH
SST becomes highest, a weaker northern ITCZ devel-
ops, and the southern ITCZ becomes weakest. Note that
the NH SST warming and I TCZ convection in the boreal
fall are weaker than their counterparts in the boreal
spring. An important reason for that is the lasting evap-
oration cooling in the NH during the preceding two
seasons when the surface winds in the NH are remark-
ably stronger than those in the SH. The off-equatorial
heating released in the southern ITCZ is responsible for
the remarkable asymmetric Hadley circulation and as-
sociated trade winds (Lindzen and Hou 1988; Waliser
and Somerville 1994). The enhanced and prolonged
evaporation cooling in the NH effectively delays and
weakens the warming up of the NH water and the de-

velopment of northern ITCZ. Thus the interaction be-
tween the ITCZ convection and the meridional SST gra-
dient associated with the ECT under the regulation of
antisymmetric solar forcing results in an latitudinal
asymmetry in the annual-mean climate.

In the above argument, a critical point is the com-
petition between the self-maintenance mechanism (sup-
ported by the ocean thermal inertia and the ECT-ITCZ
interaction) and the efficiency of antisymmetric solar
radiational forcing in overcoming ocean thermal inertia.
Obviously, the maximum solar declination angle and
the period of the earth’s orbital rotation are two critical
factors. The former determines the amplitude of the an-
tisymmetric forcing, while the latter determine the ac-
cumulated antisymmetric heating in changing hemi-
spheric SST contrast. Because the cloud amount is spec-
ified, which does not interact with circulation in the
present model, it is unable to adequately assess the ef-
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Fig. 7. The same as in Fig. 6 except that the annual variation of the symmetric insolation
forcing is included. Note that the resultant latitudinal climate asymmetry does not depend on the

initial condition.

fects of the changes in solar forcing. However, the cou-
pled GCM experiment performed by Giese and Carton
(1994) shows that when the length of the solar year is
increased to 18 months, the ITCZ may cross the equator
into the SH and the mean climate becomes latitudinally
symmetric.

Although the antisymmetric forcing can cause lati-
tudinal asymmetry in the mean climate, it does not ex-
plain why the ITCZ and warm SST are mostly in the
NH. Additional factors are needed to account for this
preferred latitudinal climate asymmetry.

6. Causes of the preferred latitudinal
climate asymmetry

We found that one of the possible factors favoring
ITCZ in the NH in the present climate is the annual
variation of the sun—earth distance, which produces the
annual variation of the symmetric solar forcing, F(y, t)

[EQ. (2.1b)]. When this forcing component is included,
extended numerical integration of the coupled model
(for 100 yr) indicates that the NH ITCZ will eventually
dominate (Fig. 7). This preferred development of ITCZ
in the NH does not depend on initial conditions. The
reasons follow. Over the equator, the symmetric solar
forcing dominates. During late December (late June),
the earth—sun distance is minimum (maximum), thusthe
annual harmonic of the symmetric insolation at the
equator reaches maximum (minimum). This tends to
coerce ECT to bewarmest during late March and col dest
in late September; that is, the ECT isforced to vary in
phase with SH SST. That favors establishment of an
ITCZ north of the ECT (recall that when southern ITCZ
isfavored, the ECT iswarmest in September and col dest
in March which isin phase with the NH SST variation).

Philander et al. (1996) proposed another mechanism
for the preferred latitudinal climate asymmetry in the
eastern Pacific. The northwest—southeast-tilted eastern
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Fic. 8. Schematic diagram showing the coastline geometry and
projection of the trade winds to alongshore direction considered in
Eq. (6.1).

boundary favor stronger alongshore winds in the SH,
which induce stronger coastal upwelling and lower SST.
The latitudinal asymmetric SST along the coast then
could break the symmetric climate. The coupled GCM
experiments, however, show that atilted western Amer-
ican coastal line can generate only a very weak latitu-
dinal asymmetry when the coupled model is forced by
annual-mean solar radiation. We will show that thisis
the case in the present two-dimensional model, however,
the annual variation of insolation can dramatically am-
plify the latitudinal asymmetry in the mean climate.

To parameterize the effect of atilted coastline in the
guasi-two-dimensional model, consider a straight east-
ern boundary, which forms an angle 6 with the meridian
(Fig. 8). Define the orientation of the coastline by a unit
vector, |, that has a positive northward component, thus
the northward alongshore wind component can be ex-
pressed by

V,= V-l = (6.1)

The coastal upwelling associated with the offshore Ek-
man transport depends on the sign of the Coriolis pa-
rameter and the direction and strength of the alongshore
wind stress (or in alinear version, the alongshore wind
speed) (O'Brien and Hurlburt 1972), thus

we = —B’f(ug Sin@ — v, cosh),

—Ug Sinf + vy cosb.

(6.2)

where B’ is a coefficient that can be determined empr-
ically by fitting observation. Equation (6.2) provides a
guantitative estimate of the upwelling along the coast
due to the effects of the tilted coastline. The resultant
asymmetry in coastal upwelling provides a source of
latitudinal asymmetry in SST.

The zonal SST difference between the mid-Pacific
(Ty) and the eastern boundary (T.) induced by coastal
upwelling can be approximately determined by the fol-
lowing thermodynamic balance between vertical tem-
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perature advection and surface evaporation cooling [Eq.

(A9)]:
AT, L.p.C
(We — wy) = Pae

Hs prst

where the zonal variations in shortwave radiation, long-
wave radiation, and horizontal advection of temperature
have been neglected. In the midocean, there is no off-
equatorial upwelling due to the absence of the ocean
boundary. Use of (6.2) in (6.3) leads to

AT, = — fB(ug Sind — v, cosb), (6.4)

where B is a coefficient determined by the model pa-
rameters and B’.

Equation (6.4) depicts an eastern boundary effect on
the off-equatorial east—-west SST asymmetry. Dueto the
tilt of the coastline, the projected alongshore wind in-
duces stronger cooling in the SH than in the NH. This
results in a latitudinal asymmetric boundary forcing,
which can affect zonally averaged SST and circulation
by horizontal advection process. Note that the coastal
upwelling at the equator vanishes due to vanishing Cor-
iolis force, but the equatorial easterlies support east—
west SST difference. Therefore, for a tilted coastline
shown in Fig. 8, the total east—west SST difference in-
cludes two components. that induced by east—-west
asymmetry, (4.11b), and that induced by coastal asym-
metry (6.4). Assume 6 = 45°, the estimated annual-
mean east—west SST difference as a function of latitude
is shown in Fig. 9b, which is qualitatively similar to
observed long-term mean SST difference between the
American coast and 150°W derived from the Compre-
hensive Ocean—-Atmosphere Data Set (COADS) (Fig.
9a) except beyond about 9°N where the alongshore
winds in the model induce downwelling, which does
not affect coastal SST.

If the zonal temperature advection associated with the
equatorial and coastal asymmetric SST distribution is
included in the mixed layer thermodynamic equation,
the climate under annual-mean solar radiation forcing
exhibits a moderate asymmetry with the highest SST
and maximum convection located at 5°N, although a
weaker ITCZ appears also around 5°S (Fig. 10). The
moderate latitudinal asymmetry obtained here is con-
sistent with the results of Philander et al. (1996).

When the annual variation in solar radiation is in-
cluded, the latitudinal asymmetry in an annual-mean
climate is remarkably amplified (Figs. 11e,f). Thisin-
dicates a profound contribution of the antisymmetric
solar radiation forcing and associated transient invisible
monsoon to formation of the annual-mean latitudinal
asymmetric climate. The physical processesresponsible
for the amplification of the climate asymmetry are es-
sentially the same as those discussed in the previous
section. The interaction between the ITCZ convection
and the meridional SST gradient associated with the
ECT provides a primary self-maintenance mechanism
to keep the ITCZ and highest SST in the NH.

quuAl(TE - Tw)! (63)
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FiG. 9. (a) The observed long-term mean SST difference between
the American coast and 150°W (east—west) derived from COADS.
(b) The model counterpart of (a) computed from the parameterized
coastal upwelling and equatorial zonal climate asymmetry.

To assess contributions of various individual air—sea
interaction processes to the formation of latitudinal cli-
mate asymmetry, we performed a series of numerical
experiments with the model that produces the resultsin
Fig. 11.

In the first experiment, the cooling induced by equa-
torial upwelling was removed from the mixed layer ther-
modynamic equation. This effectively suppresses the
ECT. Without the ECT, the mean climate is symmetric
(Fig. 12a). The presence of the equatorial upwelling is
necessary for the latitudinal climate asymmetry evenin
the presence of the continental asymmetry.

When the dependence of evaporation on wind speed
is removed by replacing model winds with the annual-
mean winds, the simulated climate is nearly symmetric
about the equator (Fig. 12b). The wind—evaporation
feedback is hence one of the most important processes
for the self-maintenance mechanism. This confirms the
claim made by Xie and Philander (1994) and Xie (1996)
based on their linear coupled model analysis with a
specified equatorial upwelling. It is, however, important
to recall that without the ECT or the east-west asym-
metry, this mechanism alone cannot generate latitudinal
asymmetry, asshown in Fig. 12a. Thewind—evaporation
mechanism can act to either stabilize or destabilize a
symmetric climate depending on the existence of the
ECT. In the presence of an ECT, the equatorward shift
of a positive SST anomaly due to wind—evaporation
feedback (as described earlier in section 3) would en-
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Fic. 10. The sameasin Fig. 5 except that the effect of a northwest—
southeast-titled eastern ocean boundary on ocean dynamics is in-
cluded in the coupled model. The moderate latitudinal asymmetry
results from the specified coastline asymmetry.

hance the thermal contrast between the off-equatorial
warm water and ECT, which would in turn enhance
moisture convergence into the ITCZ and the ECT-ITCZ
interaction.

Themeridional SST gradient associated with the ECT
in forcing surface winds plays an appreciable part. When
meridional SST gradient forcing is removed from the
atmospheric boundary layer momentum equation, the
simulated SST difference between the ITCZ and the
equator is significantly reduced (Fig. 12c). The climate
asymmetry is also sensitive to changes in the efficiency
of convective heating (figure not shown). These results
indicate that the ITCZ-ECT interaction heavily relies
on the feedback between convection-induced winds and
meridional SST gradients.

If the meridional wind stress applied to the upper
ocean is suppressed, the solution does not alter appre-
ciably (Fig. 12d), indicating that the antisymmetric cou-
pled unstable mode, which relies on meridional wind
stress, is not an essential process for generation of lat-
itudinal climate asymmetry. This conclusion agreeswith
Philander et al.’s (1996) assessment using coupled
GCMs. The meridional wind stress, however, does con-
tribute to the strength of the cold season SST at the
equator.

Presumably (although not demonstrated in the present
model), the low-level cloud—radiation feedback would
also enhance the cooperative feedback between the ECT
and ITCZ (Mitchell and Wallace 1992). This has been
demonstrated by Li (1997).

7. Conclusions and discussion

The annual march of ITCZ and associated mean cli-
mate asymmetry is a complex response of the coupled
atmosphere—ocean—coastline system to solar radiation
forcing. Critical elements determining the response in-
clude the land serving as an eastern ocean boundary,
the antisymmetric insolation forcing (due to annual var-
iation in the solar declination angle), the ITCZ-ECT
interaction regulated by the antisymmetric solar forcing,
and the annual variation of the symmetric insolation
(due to annual variation of the earth—sun distance). The
main points we would like to emphasize are summarized
as follows.
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Fic. 11. The same as in Fig. 6 except that the effect of the tilted American coastline (the
eastern boundary of the ocean) on ocean dynamics is included in the coupled model.

1) Without land effects, an aguaplanet mean climate
of the coupled atmosphere-ocean system is symmetric
with respect to the equator (Fig. 4), resembling that over
the western Pacific warm pool (Fig. 2). Without an east-
ern boundary, the symmetric climate is stable to anti-
symmetric (monsoon) perturbations. Wind—evaporation
feedback acts to damp antisymmetric perturbations and
to maintain the symmetric climate.

2) It is the existence of land as an ocean eastern
boundary that supports afinite-amplitude east—west SST
gradient and associated easterlies and an ECT in the
eastern ocean basin. The equatorial zonal asymmetry
arises primarily from a balance between a coupled in-
stability caused by SST gradient—zonal wind interaction
and a stabilization caused by zonally differential surface
buoyancy flux. The existence of the east-west asym-
metry (or an ECT) is a necessary condition for creating
a latitudinal climate asymmetry in the eastern Pacific
and Atlantic Oceans.

3) The antisymmetric solar radiation forcing drives

annual variation of the easterly trades, which in turn
control annual variations of the ECT through changing
upwelling. The annual cycle of the ECT is essentially
a phase-delayed annual cycle of the ITCZ-free hemi-
sphere. The interaction between the meridional SST gra-
dient associated with the ECT and convection in the
ITCZ provides a self-maintenance mechanism that pre-
vents ITCZ following the sun and favorsits stay in one
hemisphere, either the NH or the SH depending on ini-
tial conditions. This bistable latitudinal climate asym-
metry results from a delicate balance between the self-
maintenance mechanism and the strength of antisym-
metric insolation force (the period and amplitude of the
variation in the solar declination angle). This mecha
nism relies on the mean stratification of the ocean (ther-
mocline for instance) but does not rely on unstable cou-
pled modes.

4) There are three key processes that ascertain the
self-maintenance mechanism. (i) Thedelay of theannual
cycle of the ECT with respect to the SST in the ITCZ-
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Fic. 12. Annual-mean SST (solid) and rainfall rate (dashed) simulated by the coupled model
with annual cycle solar forcing and presence of the eastern ocean boundary in the experiments
in which (a) the cooling associated with the equatorial upwelling is suppressed, (b) the wind-
dependent evaporation is suppressed, (c) the SST gradient forcing on surface winds is suppressed,
and (d) the meridional wind stress applied over the upper ocean is suppressed.

free hemisphere prolongs ITCZ's stay in the summer
hemisphere. (ii) The meridional SST gradients between
the ECT and I TCZ enhance moisture supply to the sum-
mer hemisphere ITCZ and sustain its strength there as
long as the ECT remains. (iii) The off-equatorial heat
source associated with the summer hemisphere ITCZ
produces remarkable asymmetric Hadley circulation
with winter hemisphere surface winds being much stron-
ger, thus, the excessive evaporation cooling in thewinter
hemisphere delays and weakens the warming and ITCZ
development there.

5) Theannual variation of the solar radiation induced
by the variation in the sun—earth distance favorsthe ECT
to vary in phase with the annual cycle of the SH SST.
This in-phase variation favors placement of warmest
SST and ITCZ into the NH. Therefore, the annual cycle
in the sun—earth distance can convert the bistable cli-
mate asymmetry into a preferred latitudinal asymmetry.
The present-day sun—earth distance favors ITCZ staying
in the NH.

6) With the annual-mean solar forcing, a northwest—
southeast tilt of the eastern ocean boundary results in
only a moderate preference of ITCZ in the NH (Phi-
lander et al. 1996). However, the antisymmetric solar
forcing (due to the annual cycle in the solar declination
angle) can substantially amplify the asymmetry viathe
mechanism described in (3) and (4) above.

Comparison of the mean climate asymmetry obtained
in the experiments with and without the annual variation
of insolation (Figs. 10a,b and 11ef) clearly indicates
the critical roles of the antisymmetric insolation forcing
in the formation of the mean climate in the eastern Pa-

cific and Atlantic Oceans. The antisymmetric insolation
can act as either a contributor or a breaker to the lati-
tudinal asymmetry, depending upon the competition be-
tween the ECT-ITCZ interaction and the antisymmetric
solar forcing. The strength of the antisymmetric forcing
varies with the period and maximum range of the var-
iation in the solar declination angle. Sufficiently strong
antisymmetric forcing (large amplitude or long peri-
odicity) can, in principle, break latitudinal climateasym-
metry, as demonstrated by Giese and Carton’s (1994)
GCM experiments. When the antisymmetric forcing
cannot overcome the thermal inertia of the ocean and
the resistance arising from the self-maintenance mech-
anism of the ITCZ-ECT complex, it contributes to gen-
eration of thelatitudinal climate asymmetry by changing
trade winds, by indirectly regulating annual variation of
the ECT, and by initiating ITCZ-ECT interaction. It is
important to recognize that the formation of the mean
climate asymmetry is largely attributed to the annual
cycle of the coupled system. Therefore, explanation of
the mean climate formation without considering its an-
nual variation or explanation of the annual variation by
specifying a latitudinal asymmetric mean climate may
lead to an incomplete physical picture.

The ITCZ-ECT interaction involves active ocean—
atmosphere interaction. An effective ocean—atmosphere
interaction requires significant changesin SST and con-
vection be involved. Three processes may most effi-
ciently change SST on large spatial scales: vertical ad-
vection associated with upwelling, downward solar ra-
diation flux regulated by cloud amount, and surface la-
tent heat flux. From an oceanographic point of view,
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air—sea interactions associated with these processes
should be potentially important. From an atmospheric
point of view, the processes affecting convection and
low-level moisture convergence contribute most to ac-
tive air—sea interaction. Indeed, our sensitivity experi-
ments indicate that the atmosphere—ocean interactions
via changing the surface latent heat flux and moisture
convergence are fundamental to the self-maintenance of
latitudinal climate asymmetry. It should be pointed out
that the stratus cloud decks are very effective at blocking
solar radiation and changing SST, therefore, the cloud—
radiation—SST feedback can be as effective as wind—
evaporation feedback in promoting the self-maintenance
mechanism.

The present model results indicate that both the var-
iation of the earth—sun distance and the coastal forcing
induced by atilted eastern boundary are capable of se-
lecting a preferred hemisphere. Because the model does
not include cloud—radiation—SST feedback, it is unable
to assess whether one is a more obvious candidate than
the other in selecting the preferred latitudinal climate
asymmetry. Other factors, such as hemispheric asym-
metric distribution of land and ice coverage, can also
serve as a symmetric climate breaker. But the annual
cycle of solar forcing can further amplify the preferred
latitudinal climate asymmetry as demonstrate in the pre-
sent model. In view of the simplicity and limitations of
the present theoretical model, some of the ideas and
conclusions proposed in this study need to be tested
using three-dimensional coupled models with more
complete physics. This is under current investigation.

Acknowledgments. The authors would like to thank
S. G. H. Philander, S.-P. Xie, W. Kessler, and G. Holland
for their insightful comments. Two anonymous review-
ers have provided thorough review and valuable com-
ments, which helped improve the manuscript. Thanks
are also extended to Mr. L. Wu and Mr. X. Fu for their
assistance in processing data and preparing the manu-
script. Support from the NOAA/PACS Program and
ONR/Marine Meteorology Program under Grant 0014-
95-1-1230 are greatly appreciated.

APPENDIX

Formulation of the Coupled
Atmospher e-Ocean—Coastline M odel

a. The atmospheric model

In the slab boundary layer, the zonal-mean winds, u,
and v, are governed by

ou,
ot

M

(A.19)

— Byv, = —Eu,,

—m—%+#1
ay oy

avb

— + Byu, = (A.1b)

where A measures the boundary layer pressure gradient

WANG AND WANG

1845

induced by SST gradients, which are proportional to the
gas constant R and the depth of the boundary layer
(Lindzen and Nigam 1987), E is a Rayleigh friction
coefficient. The meridional advection of meridiona mo-
mentum has been neglected in (A.1b), because it does
not affect the solution appreciably.

The geopotential at the top of the boundary layer was
assumed to equal the geopotential in the lower free tro-
posphere. The free tropospheric motion stimulated by
convective heating is described by the lowest baroclinic
mode only (Gill 1980). The zonal-mean winds, u, and
v,, and geopotential ® in the lower free troposphere are
governed by

Jou,
— — = — A.2
n Byv, €U, (A.23)
d
ot a — T €Uy — ay, (A2b)
P v,
— + 2=+ d=2| = + :
S+ C (W day) @+ Q). (42

where e, denotes the free atmosphere Rayleigh damping
coefficient; C, the dry atmospheric gravity wave speed
of the lowest baroclinic mode; C, the specific heat at
constant pressure; Ap and p, the half-pressure depth of
the free troposphere and the pressure at the middle of
the free troposphere, respectively; d = (p, — p.)/Ap is
nondimensional boundary layer depth with p, and p,
being the pressure at the surface and at the top of the
boundary layer, respectively; Q. and Q, denote convec-
tive heating and longwave radiational cooling in the
midtroposphere, respectively.

Following Davey and Gill (1987), the midtropos-
pheric temperature perturbation is assumed to relax
back, via longwave radiation, to an equilibrium tem-
perature that has the same pattern as SST with areduced
variance. Thus

2p,
’|RAp

Q, = uC O+ r(T— T, (A3

where u isthereciprocal of the Newtonian cooling time;
2p,/(RAP)D is the perturbation temperature at p,; (T —
T.) the deviation of SST from its domain mean T, =
298 K; and r is the ratio of the temperature departure
from the equilibrium temperature at p, to the SST de-
viation. The convective heating rate associated with pre-
cipitation rate P, is

gL,
Ap

Q. = oP,, (A9

where g and L, are the gravity and latent heat, respec-
tively, 6 is a convection switch-on parameter, which

depends on both the rainfall and SST (Wang and Li
1993);
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=

, if T=301KandP, > 0,
T, — 299)/2, if 299 < T < 301 K,

and P, > 0,
0, otherwise.

2
Il

(A.5)

[

The precipitation rate P, is determined by the boundary
layer and lower free troposphere moisture convergence
and surface evaporation E,:

Wy, 4 2V

Ap b>
——|g,— + dg,—| +
g<q 2y T G0y E,

Here we assumed that only a fraction, b, of the total
moisture convergence condenses out, releasing latent
heat. The mean specific humidity in the boundary layer
and the lower free troposphere, g, and q,, is estimated
by (Wang 1988)

O = (P — PI)[M(ps — Pl (A.69)

0o = Go(P — pP&)/[M(p. — P)],  (A.Bb)

where m is the ratio of the air density scale height (H
= 7.8 km) and water vapor density scale height (H,, =
2.3 km); the surface air specific humidity is determined
by SST via the following empirical formula (Li and
Wang 1994):

P=b

r

. (A6)

Jo = [0.972 X T(°C) — 8.92] X 103. (A.7)
The surface evaporation is calculated by
E, = p.CelVs|[ay(T) — do], (A.8)

where p,, Cg, |Vg|, and g, are, respectively, the air den-
sity, turbulent heat transfer coefficient, surface wind
speed, and saturation specific humidity at SST. When
the time mean wind speed [Vg| < 4 m s, E, is cal-
culated using a constant |Vz| = 4 m s to account for
transient wind effects on evaporation.

b. The ocean model

The mixed layer temperature T (or SST) zonally av-
eraged in a longitudinally bounded basin is described
by the mixed layer thermodynamic equation

aT aT 9 dJ
R R Y iV
ot ay oy \ay

_ QSN(l - Y) B Q|W B th _ ATx aZT
= u—+ k—,
prst Lx ay2

(A.9)

where 7{ represents the Heaviside function of x, u,, and
v, the mixed layer zonal and meridional currents, AT,
is the difference between the SST and the temperature
of the water upwelled into the mixed layer, p,, the water
density, C,, = 4.2 X 103 JKg~* K the heat capacity
of the water, H, the depth of the mixed layer, and Q,,,
Q.. and Q,, are, respectively, the downward heat flux
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at the sea surface due to shortwave radiation, longwave
radiation, and evaporation, respectively; vy = 0.1 ac-
counts for penetrated shortwave exiting through the bot-
tom of the mixed layer; « the turbulent diffusion co-
efficient. For simplicity, the heat fluxes are estimated

by

Q.. = Fo(1 — @)1 — 0.622C), (A.10a)
Qu = o(T — 273), (A.10b)
Qn = LE, (A.10c)

where «, is albedo with a value of 0.08 used over the
ocean, F, is shortwave radiation reaching the surface
under clear sky, and C the total cloudiness, which is
estimated, based on an observed total cloud fraction
from the COADS as a function of latitude:

C=O.44+O.27><M

0 (A.12)
Note that this distribution is symmetric about the equa-
tor so that the mean cloudiness does not create latitu-
dinal climate asymmetry. The mixed layer currents can
be written as sums of vertical mean currents, u,,and v,
in the active upper ocean and the vertical shear, u, and
v,, across the mixed layer base:

(u )—u+uH_HS Rl
S’US m e H 7Um ve H *

(A.12)

Theu,, and v, are governed by zonally averaged upper-
ocean dynamical eguations:

ou, T,
— - = - + .

p Byv,, €U, o’ (A.1339)
AL b T gM o (aaan)
e = —TE€ - —, .

h o °h
M~ et (A.130)
ot ay ay?

where H is the mean thermocline depth, g’ the reduced
gravity, €, the Rayleigh damping coefficient in the upper
ocean, and the wind stresses are estimated from the bulk
formula

(Txi 'Ty) = paCDlvBl(uB! UB)- (A-14)

The vertical shears u, and v, can be solved from the
steady mixed layer Ekman dynamics:

ru, — Byv, = —, (A.152)
p,H

w

Fw, + Byu, = —L. (A.15b)
pH

w
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